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ABSTRACT 

The growth in the international usage of flexibly bedded pavers since World War II has 

brought about the need fully to understand how pavers bedded in sand function. The design 

methods are based upon the concept of making pavers and their bedding sand equivalent to 

conventional pavement construction materials. Experience has shown that pavers do not 

behave as a collection of individual units but rather interlock so that they behave in a 

manner close to that of flexible materials. The nature of a pavement surfaced with pavers is 

therefore depending on the pavers, the joints, and the way in which the two relate as well as 

the foundation on which the pavers rest. 

In this Thesis, a way in which pavers distribute stresses resulting from rolling loads has 

been investigated and an understanding of the interlocking process thereby developed. This 

Thesis explains the theoretical analysis and demonstrates how it can be used to establish 

the nature and value of interlock. Chapter 1 concentrates on this process by starting to 

introduce concrete paver pavements and goes on outlining the principles upon which the 

remainder of this Thesis is based. The achievement of full interlock in the surface level of a 

paver pavement is an essential part of any successful paver pavement. It is important to 

understand the principles and specifications for the materials and construction process in 

order to satisfy the requirements of paver pavement components. Because of this reason, 

Chapter 2 outlines the major contents of UK specifications for the materials and 

construction methods likely to be used for the construction of paver pavements. Chapter 3 

is concerned with the existing structural design of concrete paver pavements carrying 

vehicular traffic ranging from trucks to heavy industrial vehicles and aircrafts. Design 

criteria for such pavements are established and a range of methods for their analysis and 

design are reviewed. Chapters 4 and 5 show how the variations of patch loading on the 

surface of pavers can be calculated. Chapter 6 presents the bedding sand stress calculation 

method which can be used to determine the patterns of stress within the bedding material 

and it shows how these patterns develop as a patch loading rolls across pavers. All possible 
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eccentric load patches on the surface and their all vertical compressive stress distributions 

in bedding sand were calculated for chamfered rectangular pavers (with and without 
interlock), non-chamfered rectangular and nine proprietory shaped pavers. The nine 

proprietory shaped pavers analysed in this Thesis are commercially important on a 

worldwide basis. Chapters 7,8 and 9 explains how the bedding sand stress calculation 

method can be applied to proprietory shaped pavers. A common proprietory shaped paver 
has been selected as an example in Chapter 7 to show how all possible vertical compressive 

stress regimes of proprietory shaped pavers can be calculated for all realistically possible 
load patches. The remaining proprietory shaped pavers are analysed in Chapter 8. The 

results of the analyses presented in Chapters 5,7 and 8 are shown in Chapter 9. The results 

are being used in the development of paver jointing systems and it is now possible to assess 

more effectively the tolerances required in paver installation. 

Although paver pavements appear to be very simple structures they are in reality very 

complicated, possibly one of the most complicated of all civil engineering structures. In 

order to predict the future performance of paver pavements, a vast number off 

simplifications must therefore be made. One of the most promising approaches to this is to 

apply accurate modelled Finite Element Analysis obtaining the data related with systematic 

behaviour of paver pavements on the surface level from the results of this Thesis. 
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GLOSSARY OF NOTATION 

0.3 the decimal 0.3 repeats indefinitely (see Sections 5.2 to 5.10 and 7.2) 

QA the vertical compressive stress value beneath the circumscribing rectangular 
border of a paver's corner A (see Sections 6.2,6.3,7.2,8.2 to 8.9,9.2 and A. 2) 

N total applied load (see Sections 4.2,4.3,5.2 to 5.10,6.2,6.3,7.2,8.2 to 8.9,9.2 

and A. 2) 

F surface area of patch loading (see Sections 4.2,4.3 and 5.2 to 5.10) 

V volume of a vertical compressive stress block (see Sections 6.2,6.3,7.2,8.2 to 

8.9,9.2 and A. 2) 

X applied load patch or the vertical compressive stress block's centroid distance in 

the x axis (see Sections 4.2,4.3,5.2 to 5.10,6.2,6.3,7.2,8.2 to 8.9,9.2 and A. 2) 

applied load patch or the vertical compressive stress block's centroid distance in 

the y axis (see Sections 4.2,4.3,5.2 to 5.10,6.2,6.3,7.2,8.2 to 8.9,9.2 and A. 2) 

f (x) line function according to the x axis (see Sections 4.2,4.3,5.2 to 5.10,6.2,6.3,7.2, 

8.2 to 8.9,9.2 and A. 2) 

f (y) line function according to the y axis (see Sections 4.2,4.3,5.2 to 5.10,6.2,6.3,7.2, 

8.2 to 8.9,9.2 and A. 2) 

f (x, y) surface function of vertical compressive stress block beneath a paver (see Sections 

6.2,6.3,7.2,8.2 to 8.9,9.2 and A. 2) 

ahx the boundary line function of a paver which through corners a and b in the x axis 

(see Sections 5.2 to 5.10,6.2,6.3,7.2,8.2 to 8.9,9.2 and A. 2) 

ahy the boundary line function of a paver which through corners a and b in the y axis 

(see Sections 5.2 to 5.10,6.2,6.3,7.2,8.2 to 8.9,9.2 and A. 2) 

7jx the distance of intersection point 1 in the x axis for the proprietory shaped paver's 

tetrahedral stress block (see Section 7.2.1) 

7jy the distance of intersection point I in the y axis for the proprietory shaped paver's 

tetrahedral stress block (see Section 7.2.1) 

X 



51, the distance of intersection point 1 in the x axis for the proprietory shaped paver's 

short-pentahedral stress block (see Section 7.2,2) 

Sly the distance of intersection point I in the y axis for the proprictory shaped paver's 

short-pentahedral stress block (see Section 7.2.2) 

Lex the distance of intersection point 1 in the x axis for the proprietory shaped paver's 

long-pentahedral stress block (see Section 7.2.3) 

I, ly the distance of intersection point I in the y axis for the proprietory shaped paver's 

long-pentahedral stress block (see Section 7.2.3) 

fix the distance of intersection point 1 in the x axis for the proprietory shaped paver's 

partial-hexahedral stress block (see Section 7.2.4) 

ly the distance of intersection point 1 in the y axis for the proprietory shaped paver's 

partial-hexahedral stress block (see Section 7.2.4) 

MIx the distance of intersection point I in the x axis for the proprietory shaped paver's 

absolute-hexahedral stress block (see Section 7.2.5) 

Mly the distance of intersection point i in the y axis for the proprietory shaped paver's 

absolute-hexahedral stress block (see Section 7.2.5) 

a..... z corner names or distances (see Sections 4.2,4.3,5.2 to 5.10,6.2,6.3,7.2,8.2 to 

8.9,9.2 and A. 2) 

Z!! = is a approximation symbol in numeric analysis which implies equal when rounded 

to places shown (see Section A. 2.1) 

A, B, C and D the comer names of a paver's circumscribing rectangular border (see 

Sections 4.2,4.3,5.2 to 5.10,6.2,6.3,7.2,8.2 to 8.9,9.2 and A. 2) 
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CHAPTER ONE 

BASIC INTRODUCTION TO TIIE 13EIIAVIOIJR OF F1 EXIBI4Y 

BEDDEI) INTERLOCKING PAVER PAVEMENTS 

Synopsis 

The paver pavement and its surfacing are a structurally major clement in modern highway, 

industrial and airport projects. The full understanding of their behaviour, function and 

performance under different load regimes and environmental conditions is fundamental to 

providing adequate paver pavements. This Chapter concentrates on this process by starting 

to introduce concrete paver pavements and goes on outlining the principals upon which the 

remainder of this Thesis is based. 



Chapter 1: Basic introduction to the behaviour of flexibly bedded interlocking paver pavements 

I. I. Introduction 

Since the first UK application of concrete paving blocks as a highway pavement material in 

19731, the development of flexible concrete paver pavements has brought about the need 
for fully understanding the mechanical behaviour of segmental paving systems. This is 

structurally imperative if a satisfactory level of performance in segmental pavements is to 

be achieved. Block paving consists of a large number of small, rigid slab with flexible 

joints between them. The nature of a block paved surface may therefore depend on the 

blocks, the joints, and the way in which the two relate - as well as the foundation on which 

the blocks rest. Block paving is particularly useful paving material in that it provides a very 

strong and flexible surface which can support concentrated loads indefinitely without 

suffering deformation. 

The research reported in this Thesis describes the mathematical solution to the behaviour 

of the surface components of flexibly bedded concrete paver pavements. In order to 

understand the mechanical problem associated with the behaviour of paver pavements it is 

necessary to have a basic understanding of their principals and functions. This Chapter 

briefly outlines the general overview, and the nature of concrete paver pavements in 

engineering applications. 

1.2. A brief historical note on segmental paving and general outlook 

Segmental paving has been used for many years in road construction as a surface material. 

Initially, it was used by the Minoans, on the island of Crete some 5000 years ago2. Stone 

paved roads were used in Egypt around the time of Christ's birth2. These roads were used 

to transport the large stone blocks in the construction of the Great Pyramide. It is probable 

that the joints between the paving stones were grouted with bitumen. The jointing serve the 

following functions. 
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Chapter 1: Basic introduction to the behaviour of flexibly bedded interlocking paver pavements 

9 tabulate to make a smoother surface which is more comfortable to walk on 

" easier for wheels to roll over 

" it was used to prevent rain water from entering the embankments upon which many 
historic roads were constructed. 

During the Roman Empire these kind of roads rapidly spreaded from Rome, to Italy, 

Northern Europe and parts of Asia and Africa2. Sand, a mixture of sand and bitumen, 

granulated slag, dry cement mortar or damp cement mortar were used. The original Greek 

paving systems based on the use of flat, irregularly shaped stones is still used today for 

surfacing village roads2. When they were designed, the weight and volume of traffic, and 

the strength of the underlying soil was taken into consideration 2. Roman roadbuilders 

realised that the strength of many soils was influenced by its water content. Centuries after 

the demise of the Roman Empire, many European countries attempted to rebuild national 

road systems2. In order to satisfy the needs of people for an economic transportation 

system. 

Until the invention of concrete flags, segmental paving was limited to stone and later clay 

products, the choice depending on their relative costs. In the nineteenth century, factories 

started to experiment with the production of wet-cast concrete flags, essentially copies of 

stone products. Large hydraulic presses were invented and used by the manufacturers. This 

technique allowed high-speed production of good quality and very uniform, durable 

products, at much lower cost than stone flags. The process is used for the manufacture of 

concrete kerbs and products of different cross-sections. Concrete blocks were first used as a 

substitute for the traditional clay products2. Originally all the operations in building 

segmental pavements were carried out manually and these traditional methods were also 

adopted in block laying. Fortunately, block paving and plate vibrators were being 

developed at the same time and the compaction of the laying course and levelling of the 

pavement surfaces with these plates was a natural outcome. 
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Chapter 1: Basic introduction to the behaviour of flexibly bedded interlocking paver pavements 

Engineering progress has led to the need for paving system that is adaptable, economic, 
long lasting and easy to maintain. In more recent years, the qualities of segmental paving 
have been revived. The merits of segmental paving are such that they provide uniform and 

close dimensional tolerances in order to be competitive in many situations with most other 

paving methods. Segmental paving construction costs had to be reduced. 

Segmental paving intended to inspire architects, planners and engineers to look forward 

and develop further ideas and applications. The advantages of segmental paving include its 

good resistance to softening by oil or petroleum spillage, and its resistance to staining. 
Another advantage is its hard surface that resists indentation from high local stress, such as 

storage racks, or loaded trailer-legs, but it can also accommodate major ground 

movements, such as those that often occur over reclaimed land. Surfacing with flexible 

segmental units allows easier and lower cost opening and closing of a paved surface over 

trenches dug as compared with other paving forms'. Concrete blocks, flags, and clay pavers 

can be made to retain adequate skid and slip resistance, thereby satisfying the highway 

requirements. Architects have welcomed segmental paving systems that have given them 

opportunities to improve the appearance of the floorscapes of residential areas, pedestrian 

precincts, town centers, gardens and parks and ample scope to expertise their aesthetic 

design skills. Small units allow the paving of the most complex plan and vertical shapes 

which can be considered with variations in surface texture and color within a pavement. 

Some examples of segmental paving include4 : Accident prevention zone, airfield paving, 

bulk storage areas, bus terminals and stops, car parks, crawler lanes, residential roads, cycle 

tracks, deterrent paving, dockside paving, emergency roads, farm roads and yards, floors, 

footways, forecourts, industrial estates, junctions, landscape paving, light-reflecting 

surfaces, lorry parks, markets, roundabouts, overlays, petrol stations, playgrounds, 

quadrangles, railway stations platforms, roll on/roll off terminals, speed deterrents and 

traffic barriers. Concrete blocks are being used for the paving of airfields although their use 

on airport runways seems unlikely, at least in the near futures. The very flat surfaces 
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Chapter 1: Basic introduction to the behaviour of flexibly bedded interlocking paver pavements 

required from modem runways, with maximum longitudinal falls of 1%, means that the 

surface regularities achieved with normal block pavement construction techniques 

precludes their use in such situations6. Concrete paving blocks have been used for paving 

aircraft hard-standings and turning areas for both civil and military airfields6. Ben-Gurion 

International Airport, Israel and Luton International Airport in England are prime examples 

of military and civil applications respectively3. 

1.3. The role of paver pavements in hip-hwav engineering applications 

The pavement design can be divided into two parts, firstly the plan and elevation, and 

secondly the structural design which involves the selection of the thickness and types of 

materials used in the various layers. Both parts of the design process depend upon the type 

and volume of traffic. The aim is to achieve the best possible combination of performance, 

durability, safety, maintenance, appearance, low-cost and general surface water free, 

resulting in an economical pavement. Initially four factors are important for structural 

pavements, which are subgrade strength, traffic loading, traffic volume and intended design 

life, measured in either number of traffic movements or time. 

The manufacture of segmental pavement elements ranges from the digging out of suitable 

stones with simple hand tools, through to the use of modern, computer controlled 

machinery for making both concrete and clay products7. 

In an ever expanding industry, trying to prophesy the future is difficult. In 1989, Knaptons 

estimated the worldwide annual sales of blocks and pavers as 240 million square metres 

and growing rapidly. There is also other evidence that the various forms of segmental 

paving meet the present and future needs of very many different industrial, commercial and 

residential pavements where aesthetics are important. Segmental paving is considered by 

some to be somewhat better than either bituminous or in-situ concrete paving'. Co- 

ordination of different segmental materials, which will develop, will allow designers to 
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Chapter 1: Basic introduction to the behaviour of flexibly bedded interlocking paver pavements 

create even more interesting patterned paved area, introducing symbols and information as 

paver inlays. It is very likely that blocks will also be more widely used for heavy duty 

pavements and urban roads as a simple means of improving road safety4. 

New methods of pavement design as opposed to overlays are being developed for use in 

block pavements on new construction sites9. The normal pavement design problems are 

achieved by equivalence approach which provides high strength and dimensional 

consistency of pavements connected with their low-cost. In a wide range of paving 

applications, concrete blocks can offer advantages in such different areas as costs, 

construction, aesthetics and characteristics. The experience at Luton Airport has shown that 

block paving can resist aircraft loads (including turning movements) and jet engine blast4. 

It has also offered resistance to aviation fuel, hydraulic oil, anti-icing and de-icing fluids4. 

Concrete blocks can successfully resist erosion caused by the efflux of a jet engine4. 

However, special heat and erosion resistant joint-sealers must be used instead of the 

traditional jointing sand. It was concluded that block pavements were suitable for all 

airfield pavement which are subjected to slow-moving aircraft4. 

1.4. The nature of flexibly bedded concrete paver pavements 

Figure 1.1 illustrates the principal elements of concrete block pavement consisting of a 

number of layers which have various functions ensuring the pavement remains stable, 

durable and safe for a period of time, under the action of weather and large numbers of 

load applications. 

It can be seen in Figure 1.1, apart from pavers (wearing course) and bedding sand (laying 

course) the details of the modem concrete paver pavement varies little from a conventional 

flexible pavement. 
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Chapter 1: Basic introduction to the behaviour of flexibly bedded interlocking paver pavements 

The general experiences of concrete paver pavements indicates that the principal elements 

of a block pavement can be grouped in three components the surface, the structure and the 

foundation. Figure 1.2 shows a typical cross section of a pavement surfaced with pavers. 

The roadbase comprises the pavement structural course and the sub-base and capping 

represent the foundation. 

Model Pavers 

Roadbase 

Sub-base 

Sub-formation ---' 

Figure 1.2: Typical cross section of a pavement surfaced with pavers. 

7 

Figure 1.1: Principal elements ol'a concrete paver pavement. 



Chapter 1: Basic introduction to the behaviour of flexibly bedded interlocking paver pavements 

1.4.1. The Surface 

The surface of a concrete paver pavement is that component which most immediately 

affects traffic. The needs of traffic are that the surface should be sufficiently uniform to 

allow traffic to pass in comfort and safety at reasonable speeds, that it should not be so 

slippery as to allow vehicles to skid in wet whether, and that it should be sufficiently free- 

draining to avoid intrusive spray or pools of standing water in wet weather. 

The surface of a concrete paver pavement structurally carries the applied loads by traffic 

and distributes the resulting loading over the layers beneath so that the stress transmitted to 

the soil does not exceed a safe value for the subgrade. Therefore, lt should provide a 

running surface that will be safe and sufficiently strong to resist the effects of traffic and 

weather, with a minimum of maintenance over a long period. The surface also protects the 

underlying soil from the ingress of water and consequent variations in moisture content and 

thus assists in the maintenance during the design life of a uniform state of stability in the 

soil. Hence, it should provide a durable, non skid, non-slip, rideable and attractive upper 

surface to the pavement. yln addition, the bedding sand layer in the surface reduces the 

friction between the pavers and the sub-base, and prevents the movement of paving blocks 

into a porous sub-base. ' 

Flexible paver pavements are structurally complex systems consisting of individual pavers 

at surface level. Paver paving forms the top surface of the pavement and must therefore 

meet the significant requirements for a wearing course. It should support traffic loads 

without undue deformation, present a surface with suitable characteristics for the safe and 

comfortable passage of traffic, and provide protection to the underlying layers of the 

pavement and its foundation from the harmful effects of weather and traffic. An 

understanding of the way in which these objectives are achieved is important to the 

successful use of the joint materials (could be sand). Joints 0-6 mm wide are formed 

around each paver. ) 
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1.4.1.1. Interlock 

From the earliest use of pavers, it was observed that the combination of rigid paving units 

and flexible joints formed a stable surfacing material with inherent strength and stability 

grater than might have been anticipated. 

The matrix of joint material should effectively prevent any block from moving downwards 

or rotating, and thus ensure that the surface remains stable. The stress transferring between 

adjacent pavers at the surface level of paver pavements produce a flexible surface in which 

pavers act together as a system. The frictional forces provide stress transferring between 

joint material/paver interface are set up by compacted sand in the surface level. This 

systematic mechanism of flexible paver pavement is the crucial part of the behaviour of 

paver pavements. 

The structural benefit provided by concrete block pavers has been defined in terms of 
interlock and Knapton8 originally defined interlock as the inability of an individual paver to 

move independently of its neighbours. Ile categorised interlock into its three components 

viz.: rotational, vertical and horizontal. 

Horizontal interlock is achieved by herringbone laying pattern or possibly by the use of a 

proprietory shaped paver. A pavement incorporating full interlock can sustain high levels of 

applied load. An interlocking paver pavement can be observed to behave in a manner 

whereby the pavers act together as a system such that the pavement has more of the 

character of a flexible homogeneous material rather than that of a collection of individual 

units behaving independently. Because of this, virtually all of the research into the 

behaviour of concrete block paving has focused upon establishing relative performance 
factors between pavers and conventional flexible pavement construction materials. 
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Figure 1.3 illustrates how rotational interlock is achieved by providing edge restraint and 

how vertical interlock is provided by the joint filling material. These concepts and 

definitions were first postulated by Knaptonx. 

Interlock is developed during the installation of the pavers. The paving is commonly 

agitated by a vibrating plate compactor, the effect being to cause the laying course material 

to flow into the open joints and to be compacted, thus providing conditions in which full 

interlock can develop. The functions of the laying course are twolbld: to fill any 

irregularities in the surface upon which the material is to be laid, and to bed the paving 

blocks and filling of the joints so that interlock may develop. 

The effect of the applied loading is to tend to cause the block to move laterally, in the 

direction of the applied load and to rotate, owing to the eccentricity of the load. Rotation is 

resisted by the interlock. Rotational interlock is sufficient to prevent block rotation in all 

but the most severe circumstances. It has been found that in certain applications - for 

I0 

Figure 1.3. Interlock in pavers. 
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example where lateral forces are large, frequently repeated and always in the same sense 

and at the same positions- even the deepest block with the best resistance to rotation is to a 

limited degree liable to be moved but the general experience in all but the most difficult 

applications is that the surface of the pavement will remain stable. 

Lateral movement of blocks is resisted partly by the frictional forces which develop 

between block and laying course. However these alone are often incapable of preventing 

total movement and so the designer seeks to prevent the movement of individual blocks by 

laying them to a pattern or bond so that no block may move in isolation and so that no lines 

of weakness exist in the surface. 

If a single isolated paving block subjected to a vertical patch load is considered with 

uniform support conditions in its bedding sand, the applied force is distributed over the 

lower face of the block, causing the sand below the block to become compacted and 

particularly if the load is repeated a number of times in same place and the sand initially is 

uncompacted, this tends to cause the underlying sand to flow from beneath the block to less 

highly stressed adjoining areas. If there is a lack of symmetry in the loading or support 

conditions there will be a corresponding lack of symmetry in the resulting movement of the 

block. Its downward movement will be associated with rotation and with the compaction of 

the laying course beneath and on one or more sides of the block. Frictional forces on the 

sides of the block are created which tend to resist vertical movement. In order to resist the 

deformation one ensures that the sand in the laying course is well compacted before traffic 

is admitted to the surface of the pavement. ) 

Each of these three types of interlock is now considered in detail. 



Chapter 1: Basic introduction to the behaviour of flexibly bedded interlocking paver pavements 

1.4.1.1.1 Vertical interlock' (see Figure 1.3. ) 

Once a vertical load is applied to an individual paver without vertical interlock, that paver 

can slide down vertically between its neighbours. Vertical interlock is achieved by 

vibrating the pavers into a well graded sharp sand during construction. This induces the 

sand particles to rise 25 mm into the pavers' gaps which are from zero to 6 mm. These well 

graded sands in pavers' gaps include particle of size from almost zero to 6 mm. Therefore, 

this circumstance allows a vertically loaded paver to transfer its load to its neighbours 

through shear. 

1.4.1.1.2 Rotational interlock' (see Figure 1.3. ) 

If a vertical load were applied to a paver asymmetrically, that paver would rotate laterally 

toward the direction of applied load . Therefore, if the neighbouring pavers are prevented 

from moving laterally by edge restraint, an individual paver is prevented from rotating and 

rotational interlock is achieved. If sand is brushed into the surface, this can help to cause 

rotational interlock. Knapton and Barber' suggested that maximum particle size of 3 mm 

sand should be used for this purpose. 

1.4.1.1.3 Horizontal interlock' 

According to Knapton and Barber', particularly when rectangular blocks were laid in 

stretcher bond pattern with their longer axis transverse to the principal direction of traffic, 

horizontal braking and accelerating forces move pavers along the line of the road and 

eventually the pavers break as the corners of one row of blocks transmit high local tensile 

stress into the next row. This circumstance may be removed by using a shaped block or by 

using a rectangular block laid in a herringbone pattern. It has been said by Knapton and 

Barber' that although creep cannot be totally eliminated at severe braking locations, its 
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effect can be reduced to a level whereby breakage is eliminated and there is no visual 

consequence. 

1.4.1.1.4 The effect of interlock in stress dissipation 

In 1976, a test area comprising a2mx2m concrete paver pavement was constructed over 

a group of 24 pressure measuring cells in order to quantify the effect of interlock in 

dissipating applied load. A static vertical load of 50 kN was applied to the surface of a 

series of 8 pavements which had six different paver shapes (see Figure 1.4. ) and the stress 

at the bottom of a 50 mm layer of sand was measured by means of recording the pressure 

cells' data. Figure 1.5. shows the recorded vertical stress expressed as a percentage of the 

applied surface pressure. As can be seen in Figure 1.5, as load increased, the measured 

percentage of the applied load decreased, reducing to 60%. This implies that the greater the 

applied stress the greater the load spreading ability of the pavers. It was found that the load 

spreading ability of a paver pavement was substantially independent of paver shape, block 

thickness and bond pattern. ) 

Shape 1 Shape 2 Shape 3 

Chamfer E* 

I 

to 

" 
17U mm 

Shape 4 Shape 5 Shape 6 

Figure 1.4: The six different paver shapes 
tested. 
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Figure 1.5: The stress recorded by the 
pressure cells. 
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(It was inferred by means of comparing the load dissipating ability of concrete pavers with 

that of a conventional flexible pavement, that 80 mm pavers over 50 mm sand is equivalent 

to 160 mm of bituminous material. Interlock allows a concrete paver pavement to be 

considered as a flexible pavement. ) 

The principal UK paver pavement design guide, BS7533: 19929 uses conventional flexible 

pavement design technology with a one to one equivalence factor between pavers and 

asphalt, i. e. 100mm thickness of bedding sand and pavers is equivalent structurally with 

100 mm asphalt. This assumption is supported by observations of the performance of 

pavers on trafficked areas 1° 
. 

1.4.2. The Structure 

The purpose of the pavement structure component is to distribute traffic loads so that the 

stresses and strains developed by them in the subgrade and the sub-base are within the 

capacity of the materials in these layers. 

The roadbase material comprises lean concrete, dense tarmacadam, dense bitumen 

macadam, rolled asphalt, wet-mix macadam, dry-bound macadam, soil-cement or cement- 

bound granular material. The sub-base is also a load-distributing layer but is of weaker 

material than the roadbase. The sub-base, in addition to reducing the stresses and strains 

developed in the subgrade, may help to protect it from frost action. It also provides a 

suitable working platform on which to construction the upper layers of the pavement. The 

load-distributing capacity of individual layers is a function of both their thickness and the 

mechanical stiffness of the materials in them. 

For a conventional heavily trafficked pavement, the thickness of roadbase subjected to a 

high number of standard axles was determined by Knapton and Barber, using the 

conclusions from the initial research by the Cement and Concrete Association"., , It was 

assumed that 80 mm pavers plus 50 mm sand was equivalent to 160 mm rolled asphalt, 225 
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mm lean concrete or 170 mm dense macadam. It was possible to deduct these thicknesses 

from the total thickness of surfacing plus roadbase specified in Road Note 2912 to obtain 

the residual thickness of roadbase required underneath the sand. The resulting roadbase 

thickness is shown in Figure 1.6. As for residential roads, the sub-base was obtained from 

Figure 6 of Road Note 2912. Cross-falls to drainage channels of 1: 40 and longitudinal falls 

to drainage channels of 1: 180 were suggested. 80 mm paver thickness was recommended'. 

A significant experiment concerned with the use of heavy vehicles on a concrete paver 

pavement was reported in the Proceedings of the Institution of Civil Engineers' 
.A 

pavement consisting of a poorly graded sand sub-base, a 50 mm sand laying course and 80 

mm pavers was constructed over a subgrade with a CBR of 3%-5%. The pavement was 

trafficked by heavy commercial vehicles in an industrial yard and despite the poor quality 

of the underlying layers, the pavement performed well. Where the pavement was 

constructed over a soft spot, a deformation of 100 mm took place rapidly. It was assumed 

that no structural failure was obtained although this pavement was underdesigned and 

although a localised serviceability failure took place. 
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Figure 1.6: Roadbase thicknesses required beneath pavers for pavements carrying up to 80 

million standard axle loads'. 
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1.4.3. The Foundation 

The purpose of the sub-base beneath a flexibly bedded concrete paver pavement is to form 

a surface which will enable the pavement to be constructed without damage to the subgrade 

or its protective seal and it provides a smooth and even interface between the pavement and 
its substrate at low cost. In addition, it improves the uniformity of the support given to the 

pavement and it contributes to the structural strength of the pavement. 

Sub-base materials must be hard, durable, chemically inert and frost resistant. They must 
be suitably graded so that they are capable of being compacted to a high density and, when 

in this condition, they must not be susceptible to shrinkage, swelling or loss of stability 

resulting from changes in moisture content. The sub-base materials may consist of granular 

materials, stabilised soils or lean concrete. The range of materials includes naturally 

occurring gravel, crushed stone or concrete, industrial waste materials such as hard clinker, 

burnt colliery shale, spent oil shale and crushed slag. 

The surface of sub-bases should be as regular as possible, in order to produce the interlock 

and friction between the underside of the pavement and the top of the sub-base and so to 

promote easier temperature movement and stress relief in the pavement. 

The required thickness of sub-base is determined from the cumulative number of standard 

axles to be carried and the California Bearing Ratio (CBR) of subgrade (see 1.4.4 ). The 

thickness of subgrade improvement layer (Capping layer) can be determined in terms of 

the subgrade CBR values. If the value of CBR is 2% to 5%, the designer can choose the 

thickness of subgrade improvement layer, this allowance depends on the discretion of the 

engineer. It is dependent on how, when and where the CBR was measured, the knowledge 

of behavior of subgrade soil, and the extent of subgrade improvement layer and sub-base, 

how often it will be trafficked, closeness of subgrade drainage, and the likely construction 

time. According to BS 7533: 19929, if the CBR of the subgrade is more than 5%, subgrade 
improvement layer (Capping layer) materials are not required. 
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During construction of industrial, commercial and housing projects, the sub-base layer in 

carriageway construction is often used as a site access road. It is therefore essential to 

provide an adequate thickness of sub-base with a suitable specification. LR 113214-The 

Structural Design of Bituminous Roads-shows that soils can have lower Californian 

Bearing Ratio (CBR) values during construction than when measured in-situ. This is 

because drainage may be poor and the soil is disturbed by trafficking. Many clay soils in 

the UK exhibit CBR values of 1 to 2% during construction. In such circumstances LR 

113214 recommends the use of a 600mm capping layer with a minimum 150mm thickness 

of DTp Type 1 granular sub-base material. If less is provided, contamination, initially of 
the capping layer, and loosening of the sub-base material can occur during site operations. 
The use of geotextile materials at the subgrade/capping layer interface can cure the 

problem of contamination from below but, even with a geotextile, the LR 113214 

thicknesses of material are still required. If the subgrade and/or sub-base become 

overstressed during construction, a permanent loss of strength can occur leading to poor 

performance of the finished pavement. Cement or lime stabilisation is often used for the 

capping layer material to provide a firm foundation for the 150mm thickness of sub-base 

material. Geotextiles should not be considered to provide any enhancement of strength to 

the pavement construction. 

1.4.4. The Subgrade 

Pavement thickness is a function of the cumulative number of standard axles to be carried 

during the design life and the strength of the subgrade is also a principal factor in 

determining the thickness of the pavement. The strength of subgrade is assessed on the 

California Bearing Ratio (CBR) scale. In the UK the CBR test is used almost exclusively 
by engineers for soil strength classification, although the Plate Load Test is used in some 

countries. Details of the CBR test are now documented as follow 15: 

This test has been carried out by California State Highway Department since 1929. This 

method is carried out to determine the relationship between force and penetration when 
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the force is applied to a cylindrical plunger of cross-sectional area 1935 mm2. The value 

of penetration and the ratio of force which is defined as a standard force are expressed as 

a percentage of the California Bearing Ratio (GBR). The test is more applicable in 

tropical and subtropical areas where there are drier conditions under roads and airfields. 

In order to apply this test the following apparatus as described in B, S 1377: Part 4: Page 

21: 199015 is required: 5 mm and 20 mm BS test sieves, a cylindrical metal mould, three 

metal plugs described in the same reference, a cylindrical metal plunger having a cross- 

sectional area of 1935 mml, a machine for applying the test force through the plunger, 

apparatus for measuring the penetration, three annular surcharge discs, two different 

metal rammers, a compression machine for static compaction, an electric vibrating 

hammer, a steel rod, a steel straightedge, a spatula, a means of measuring the movement 

of the top of the specimen during soaking, a balance capable of weighing up to 25 kg 

readable and accurate to 5 g, an apparatus for moisture content determination, filter 

papers. 

The test is applied on material which passes the 20 mm 13S test sieve. If the soil contains 

particles larger than this the fraction retained on the 20 mm test sieve is removed and 

weighed before preparing the test sample. If this fraction is greater than 25%, the test 

cannot be applied. The maximum particle specimen si: e does not exceed 20 mm. The test 

conditions are described in BS 1377: 1-'art 4: Page 2015. Thorough mixed soil is kept for 24 

h before compaction. One of the alternative compaction methods can he used. There are 

two main compaction methods: Static and Dynamic compaction. These methods comprise 

different alternative application methods. 

Static compaction : For compaction of the mass of wet soil to appropriate dry density, the 

requiring mass of wet soil is calculated front the equation: 
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m1=ýM(100+w)lý 

Where : 
?M is the mass of soil (in g) 

V�1 is the volume of the ('BR mould (in cm3) 
w is the moisture content of soil (in %) 

J is the specified dry density (in Mg / m3) 

For air voids specification the fbllowing equation is used: 

1- 
Va 

_ 
100 fj 

1w 
PS 1001'w 

Where: 

! 'd (in Mg - m3) is the dry density 

V, (in %) is the air voids expressed as a 
percentage of the iota! volume of soil 

Pý is the particle density (in Mg m3) 

w is the soil moisture content (in 9, ()) 
11, is the density of water (in Mg /m3) 

Method 1: The mould is taken with its collar and baseplate, and is covered by a filler 

paper. The weighed soil is poured slowly into the mould, while being tapped constantly by 

the steel rod. The tapping; is continued until the level of soil reaches the level (about 5 

mm to 10 mm) above the top of the mould. After tapping, a filler paper is placed on the 

top of the soil followed by a 50 mm thick plug and the specimen is compressed in the 

compression testing machine until the top of the plug is even with the top of the collar. 

The load is applied constant for at least 30 s and then released. After compaction the plug 

and filter paper is removed with the collar. If the specimen is not tested immediately the 

top plate of the mould is screwed to prevent evaporation. Where the air content is less than 

5% in the compacted soil, the sample is allowed to stand for 24 h before testing. 

Method 2: The mould is taken as in Method 1. The wet soil is split into three equal parts, 

and each sealed in a container to prevent loss of moisture. One third of the soil is poured 

into the mould. The three plugs is then filled, with handles removed, and the soil is 

compressed using the compression machine until the thickness of the soil, after removal 

of the load, is one third of the depth of the mould. The second and third layers is added in 

a similar manner to the first. In this last stage one plug only is used and it is pushed in 
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until the top surface is even with the top of the collar. Storage and curing of the spacimen 
is as in method 1. 

Dynamic compaction : Three methods can he used for dynamic compaction. 711e first two 

are used where the required density can he obtained by a process of dynamic or 

vibrational compaction. The third is used where a given amount of compactive effort is to 

be applied to the soil as in the standard compaction test. 

Method 1: The mould is taken with its baseplate and is weighed to the nearest 5g (m2). 

The collar is then filled and a filler paper placed in the bottom. The dry density of the mass 

of wet soil is prepared as for the static compaction. Iltis quantity is divided into, f ve equal 

parts and sealed in a container to prevent loss of moisture by evaporation. The soil is then 

compacted into the mould with the collar which is attached in five equal layers using 

either the BS 2.5 kg yammer or 4.5 kg rammer. Each layer is given evenly distributed 

blows over the surface to ensure that the layer after compaction occupies one fifth of the 

height of the mould. The final level of the soil is just above the top of the mould 77ie collar 

is then removed and the soil trimmed evenly with the top of the mould using a steel 

straightedge. The mass of the mould with haseplate attached and containing the sample is 

then measured to the nearest 5g (m3). 

Method 2: The mould and the wet soil is prepared exactly as in Method 2 for static 

compaction. One third of the wet soil is poured into the mould and compacted by a 

vibrating hammer. Vibrational compaction is applied until the thickness of the layer is 

equal to one third of the depth of the mould. The second and third layers are added and 

compacted in the same manner so that the_ inal surface of the soil is level with the top of 

the mould. The mould with baseplate is then weighed (m3). 

Method 3: The mould with its baseplate is prepared and weighed as in Method I. The 

collar is then filled and a filter paper placed in the bottom. About 6 kg of the soil at the 

required moisture content is prepared. Two levels of compaction can be used ; the firs! is 
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the BS 2.5 kg rammer and the second the BS 4.5 kg rammer. Enough soil is placed in the 

mould using the light rammer with the collar attached Two further layers are added and 

compacted in the same manner so that the final level is less than 6 mm above the top of the 

mould The collar is then removed and any excess soil trimmed evenly with the top of the 

mould using a steel straightedge. The mould with haseplate is then weighed (m3). 

Soaking procedure: Soaking of ('BR test samples is not normally used in the UK, but in 

certain cases it may be used. It can be carried out as given below. Aller compaction the 

baseplate is replaced. The collar is fitted to the other end of the mould and the thread 

packed with petroleum jelly. The specimen is then placed in a bath of water and the water 

level kept just below the top of the collar. Surcharge masses as required are then placed 

on the specimen. The time taken for the water to reach the top of the specimen is observed. 

Unless this happens within 3 days, the top of the specimen is flooded and the specimen lefi 

to complete its normal soaking period. The normal soaking period is 4 days. When soaking 

is complete, the sample is removed from the bath and allowed to drain for 1S min. The 

baseplate is replaced, the collar and perforated plates are removed and the specimen is 

then weighed to the nearest 5g (m4). 

Test procedure : The mould, containing the sample, with the haseplate in position, but 

the top face uncovered, should he placed on the lower platen of the testing machine. 

Surcharge masses as required are placed on the specimen. The plunger is seated under a 

force of SO Nfor a bearing ratio of up to 30 % or 250 Nfor bearing ratio above 30 ? 16, and 

is made to penetrate the specimen at a uniarm rate of value mm/min. The haseplate is 

removed from the lower end of the mould, and fixed on the upper end, and the mould and 

contents are then inverted. Me testing procedure described above is repeated on the other 

end of the specimen. After the penetration tests have been completed, samples of the soil 

each of about 350 g are taken from immediately below the penetrated surface of the two 

ends of the specimen and the moisture contents determined. Filling material used in the 

end first tested is not included in the moisture content sample. 
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Calculations :A graph indicating force on the plunger against penetration is drawn on 

the graph. The points are drawn through and a smooth curve is found. The curve is 

normally convex upwards. If the initial portion is concave upwards, correction is 

necessary. In this case a tangent is drawn at the point of greatest slope and is extended to 

cut the penetration axis. The curve is then shifted to the le/t so that the point of 

intersection of the tangent with the penetration axis coincides with the origin. This gives 

the corrected curve for CBR values. 

The standard force penetration curve corresponding to 100 % (7312. value für given 

penetration is defined as the force (read from the smoothed curve) required to cause a 

given penetration expressed as a percentage of the force required to cause the same 

penetration on the standard curve. The ("BR value is calculated at penetrations of 2.5 mm 

and 5 mm, and the higher value taken. 

For calculations of dry density of unsoaked specimens, the bulk density (p in Mgim3) of 

the specimen is calculated. For statically-compacted or vibatory specimens this is done 

from the equation. 

mt 
2305 

For dynamically-compacted specimens this is done from the equation. 

(m3-m2 

2305 

The dry density, p, in Mg%m?, of the specimen is calculated from the equation. 

_ 
100P 

Pd 
100+ ww 

is the moisture content of the soil (%). 
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During the service life of the pavement, saturated subgrade may occur and should be 

taken into account in design and the CBR method should include the soaking procedure. 

Alternatively equilibrium suction index CBR values may be used when it is clear that 

saturated condition will never occur. For fine grained soils, the equilibrium suction index 

CBR can be determined from the plasticity index (PI) as shown in Table 1.1. 

Effective subgrade drainage is need to maintain long-term CBR values at the equilibrium 

suction index value. The CBR values measured in the test must he truly representative of 

those obtaining throughout the site. In this case the lowest recorded values should be used, 

or for the places on which lower values are recorded, appropriate designs should be 

provided for different parts of the site. In addition soji spots which have given lower C BR 

values may be removed so that those unrepresentative C'BR result would be ignored. The 

strength of soil is a junction of its moisture content. Me in-service strength may be much 

lower than the recorded CBR values. In the interpretation o/' investigation data, this 

situation must be taken into account since CBR values may have been obtained as a high 

figure e. g in summer because of dryness of soil. More detail is provided in HS 6717: part 

316 or BS 6677: part 3f7 

It can be concluded that although the procedure of the CBR test is very complex to prepare 

for most design situations, the test has a worldwide applicability to assess the strength of 

the subgrade which is principal factor in determining the thickness of the pavement. In UK 

practice, usually the Atterberg limits are measured instead of CBR for clay and other fine 

grained soils, because determining the Atterberg is much more convenient than 

determining CBR directly and more importantly, the Plasticity Index (P1) values allows the 

engineer to determine not just the CBR of the soil as tested but a design CBR which takes 

into account how the soil will be treated, or mistreated during construction (see Table 1.1). 

The two Atterberg Limits are Liquid Limit (LL) and the Plastic Limit (PL). Each of these 

limits is a moisture content: LL is the moisture content at which a soil passes from the 

plastic to the liquid state and PL is the moisture content at which a soil becomes too dry to 

be in a plastic condition. Each of these moisture contents is determined by a simple test set 
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in BS 1377: 199018 "Methods of Test for Soils for Civil Engineering Purposes". Once these 

values are found for a soil, the value of the PI is subtracted from the value of the LL to 

obtain the Plasticity Index (PI). Then PI can be used to assess the CBR of the soil as shown 
in Table 1.1. 

Table 1. Equllitxtum suction Nidex CBR values 

Type of soil 
I 
pbftity j 

High water table Low water table 

construction c«, aons Corwft tlcn cor mom 

Good ROOF AWOKW Good 

Heavy clay 70 1.5102 221.5t02 2 21o2.5 
60 1.5102 22 to 2.5 1.61o2 2 2t02.5 

50 1.5102 2102.5 2t02.5 2 2102.5 2102.5 

40 2t02.5 2.6103 2.5103 2.5 3 31o3.5 

Si Clay 30 2.5t034 3104 3.5106 3103.5 4 4106 
Sandy CbV 20 2.51o4 14#05 4.5107 3104 5to6 6t08 

10 1.5to3.5 31o6 3.5107 2.5to4 4.5to7 7to>8 

Sift -111221122222 
Sartd(POW graded) - is 
Sand(weN graded) -a>. 
Sandy 9fß 
(Well 9) - 
Note I: This Nable Inacates rmx ixxa rbk. eKtur. tee of exlrxMtxunn e Mots of CDR 'or cambinatmons of Fror, crvt rat><o 
and good con5truc'ion Cana Sons wen high end low canto, tnhvr Good corO tlau Dorton WhoSe Ihn sWO xum, is 
protected promONy with a subgrade irnprcrvvment Ivytr a subbase and the stle, S weg) dralnW with aaeocate Inl 
This results In suoglodos rove' getting wottor thou MaS ogc Nd Um molSMo contents barroom the fleshed rood 
Poor corx7Nons paean where tf ece is Pik) of no suugocle protectkxi and ronfictill occus on a pearly dralneorl stlo 
so that Inc soll Is rt11V wetted 
Note 2: A hKltr water Name is r wie 300 r or kiss below formation keel and Si coru*tant with lnetI r lwe s, rt> xr nl 

Table 1.1: Equilibrium section index CBR values. 

Experience has shown that on wet cohesive soils commonly found in Britain, C13R values 

are very low and values usually range between 2% and 7°%%. Here lies one of' the problems 
inherent in using CBR values for most UK design situations. For most design situations it 

can have one of only five values viz: 2%, 3%, 4%, 5%, or 7% or more, beyond which the 

ground is so strong that a nominal sub-base or foundation layer is required and the road 

section design is based entirely upon the amount of traffic. If' the CFR of' the subgrade is 

less than 2%, then the ground needs to be improved in some way before the road is built. 

The three construction conditions shown in Table 1.1 refer to the effectiveness of' site 
surface drainage during construction. For example, poor construction conditions apply 
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when no subgrade drainage is introduced so that the soil can become fully wetted during 

rain. Good construction conditions apply when the subgrade is protected by the 

construction of the pavement as soon as the subgrade is exposed so that it is never wetted. 

PI actually helps the paver pavement designer who may not be able to predict site 

conditions during the design process. In such a case, the design could be based upon 

average construction conditions. This will often result in the provision of a 300mm thick 

capping layer beneath a 150mm thick sub-base. Should the site conditions differ from the 

average assumption, then either the 300mm capping material can be eliminated, or an 

additional 300mm capping is added. In this way, the decision on how much subgrade 

protection to introduce is left to the contractor who can make a judgment based upon all 

technical and commercial issues applying at the time. Since the overall serviceability of 

the paver pavement is strongly dependent upon the characteristics of the subgrade soil, an 

error of assessment of CBR at subgrade can result in significant problems and an 

inappropriate design can be expensive to rectify. It is recommended that the most 

appropriate approach to provide a measure of the subgrade is to determine the Plasticity 

Index and then adopt the design philosophy of LR1132 Appendix C'a 

1.5. The modes of failure in paver pavements 

Replacing a failed concrete paver pavement can be a very costly operation, especially when 

the pavement fails for no apparent reason although it has been properly designed and 

constructed. Some appreciable vertical movement or partial individual paver disorientation 

or deterioration does take place owing to external or internal force applied to the block 

paving itself (such as partial failure of the subgrade or disregarded maximum stress 

functions cause bedding sand failures can occur beneath the wearing course) cannot be 

tolerated in some cases by the paver paving which will disengage its integrity and will not 

keep the mechanism in physical balance. It may be that such a deformation will render the 

pavement unable to satisfy the requirements of traffic for the reasonably stable surface. 

This structural deterioration can be prevented considering the maximum stress values 
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which is described in Chapters 6 and 9. For full interlock, the jointing materials must 

successfully transfer maximum shear stress without any failure. 

The types of paver pavement failure can be defined by taking a very broad view: 

" The failure below the surface 

" The failure of the surface 

Wheel Whool 

load load 

Pavc? rn flt *exting ccurs+ Bound Bound 
Surrace Lc v rý cogs 

__ Pavement upper roac±bose. layer layer 
Stiucturc Lower roadbose 

Subbase 

, )rlv,,,,,, r� t Unbound Unbound 
f wnr_iatixý COpp n0 layer Horizontal strain layer layer 

causes failure 

Sode Subgrade Subgrade 
Vertical strain 
causes failure 

Figure 1.7: Examples offäilure modes. 

Figure 1.7 shows a flexible paver pavement whose structure is simplified to one bound and 

one unbound layer and which is subjected to a vertical wheel load. The modes of failure 

illustrated are horizontal strain at the bottom of the bound layer, causing the upward 

propagation of vertical cracks through the layer; and vertical strain at the top of the 

subgrade, causing consequent deformation in the bound and unbound layers and possibly 

leading to deformation at the surface. Tensile failure at the bottom of the bound layer may 

be avoided either by the provision of sufficient thickness of bound material to contain 

horizontal stresses within acceptable limits for a given material, or by providing a material 

26 



Chapter 1: Basic introduction to the behaviour of flexibly bedded interlocking paver pavements 

of sufficient strength to resist the stresses which will arise in a bound layer of sufficient 

thickness. / 

The thickness, the grading and the angularity of the bedding sand have been shown to be 

crucial to the behaviour of block pavements under traffic. Several'`' '" '' investigations on 

the influence of bedding sand on paver pavement failure concluded that particularly fine 

crushed rock sand grains in the bedding sand were breaking down under a large number of 

repeated loads with the result that a high percentage of the sand grains became as line as 

silt which was then squeezed upwards as a paste through paver joints and fine crushed rock 

material appears to perform less well than naturally occurring silica sands. Knapton2" 

reported that fine crushed rock often suffers from two inherent weaknesses. Firstly, grains 

of size I mm or less are usually very angular such that very small pieces (less than 50 

microns) easily become detached. These small pieces are easily transported by moisture 

and can form a lubricating slurry. Secondly, fine crushed rock usually contains a proportion 

of very fine material from the start and this also can form a lubricating slurry. In extreme 

cases there can be such a high proportion of this very fine material that the sand becomes 

effectively solid and prevents the free flow of water. The performance characteristics of 

different sands were assessed using micrographs to distinguish between suitable and 

unsuitable sands. 

Figure 1.8: Micrographes of the naturally occurring sand and line crushed rock sand. 
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Micrographes of two sands are shown in Figure 1.8. It was reported that the first sand 
(3842) in Figure 1.8 the naturally occurring sand was suitable for heavily trafficked paver 

pavements and the second sand (3861) in Figure 1.8 fine crushed rock was found to 

perform poorly in practice. Because this material has not been subjected to natural 

weathering small protrusions on each particle may become dislodged under channelised 
traffic. 

The photograph shows many such loose grains of diameter less than 100 microns. It is 

these grains which form a lubricating paste and lead to loss of bedding sand strength. The 

principal sources of naturally occurring sands are the quaternary alluvium deposits, which 

were deposited in relatively recent times and have not been compacted to form solid rock. 
For this reason the individual grains of sand have retained their structure and are rounded 

with a smooth and natural glassy surface. Their intact structure and their smoothed 

spherical surface means that the grains do not abrade each other and break down into 

smaller particles, but remain intact, thereby maintaining a stable sand bedding course. 
Knapton and Cook21 also categorised the sands in UK. This categorisation can be seen in 

Figure 1.9. The Geological Survey Ten Mile Map of the UK illustrates the nature of river 

alluvial deposits. Typically they exist in narrow bands, usually less than Ikm wide, in either 

present or former river valleys (see Figure 1.9). Alluvial deposits were formed in recent 

geological time and individual particles of sand have not been cemented together to form 

solid rock. For this reason the grains of sand have a smooth and natural glassy surface. 
Categorisation is based on how much of a particular sand passed the 600 micron and 75 

micron aperture sieves. These sizes were selected to eliminate single size materials and to 

place controls on the percentage of `fines'. Essentially the less the percent passing the two 
designated sieve sizes, the better is the sand suited to heavy duty applications (see Figure 

1.9). 
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1.6. Conclusion 

This Chapter outlined the principals upon which the remainder of this Thesis is based. The 

observed interlocking behaviour and typical bedding sand failures of paver pavements were 

propounded. One of the major conclusions of this Thesis is that the pattern of stress 
development in paver bedding sand is complex and depends upon the size, shape, 

orientation and speed of the load as well as paver geometry and laying pattern. Many of the 

hitherto unexplained bedding sand failures can be understood by examining the way in 

which local vertical stress transients develop and travel through bedding sand. The bedding 

sand failures can be prevented considering the maximum stress values which are developed 

in Chapters 4,5,6,7,8 and 9. For the full interlock, the joint materials must successfully 

transfer maximum shear stresses without any failure. The performance to date of paver 

paving in providing a durable low maintenance surface for traffic has resulted in wide 

acceptance. Paver paving provides the designer and specifier with more options for 

constructing safe and environmentally acceptable pavements than most alternative forms of 

construction. Accordingly, the use of segmental paving to satisfy the requirements of safety 

and the environment is likely to increase as the designer becomes more familiar with these 

advantages. The inherent structural benefit associated with well fitting small clement 

pavement surfacing systems has been recognized and is now used commonly in pavement 

constructions. This development of flexible small element paving constructions has 

brought about the need for fully understanding the complex mechanical behaviour of 

segmental paving system. This Thesis seeks to define the state of the art and to explore 

more fully the true behaviour of paver systems in order to explain the observed behaviour. 
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CHAPTER TWO 

UK SPECIFICATIONS FOR ROAD MATERIALS ANI) 

CONSTRUCTION METHODS 

Synopsis 

This Chapter outlines the major contents of UK specifications for the materials and 

construction methods likely to be used for the construction of paver pavements. The 

achievement of full interlock in the surface level of a paver pavement is an essential part of 

any successful paver pavement. It is important to understand the principals and 

specifications for the materials and construction process in order to satisfy the requirements 

of paver pavement components. Specifications for paver pavements worldwide show 

considerable commonality in the requirements of all the paving materials. Where major 

differences are found these usually arise from differences in the indigenous materials and, 

more frequently, from differences in climate or ground conditions. Variations also result 

from differences in sampling and testing procedures. The Chapter concentrates on 

explaining the actual material properties and construction methods used in paver 

pavements which are directly related with the advanced material modelling under most 

loading conditions. 
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2.1. Introduction 

Fundamental in the analysis of material strength properties are the underlying assumptions of 

how these properties should be characterised Actual material properties are complex in several 

ways. A non-linear stress-strain relationship is the rule rather than the exception under most 
loading conditions. This can be accounted for but it normally requires advanced material 

models as well as appropriate information from tests. If this is not completed in a satisfactory 

manner there will be a model uncertainty which might be significant. Material properties are 

complex in many respects. At least to the extent where these characteristics can be revealed 
from experimental information. Based on such information it is possible to identify several 

aspects which could be of importance in a failure state design. 

In the UK, the Department of Transport (DTp) "Specification for Highway Works" is used 

commonly for many categories of pavements even those where DTp is not involved. It is used 
for all categories of pavement particularly those surfaced with pavers. Due to this fact the DTp 

specification is explained in this Chapter, particularly in relation to block paving can be seen in 

Figure 1.2 which shows pavement cross section illustration, the courses in a typical pavement 

material suitable for each of those courses are described in this Chapter. 

Figure 1.2 shows that a pavement comprises three elements, the surface ( pavers in this case), 

the structure and the foundation (generally granular materials are used in the foundation and 

sometimes these may be stabilized) and bound material are used in the structure. The 

construction of granular materials is undertaken according to a method specification whereby 

the contractor selects a combination of material and compaction equipment which will ensure a 

stable pavement course. On many contracts the engineer will need to be satisfied that the 

proposed method is satisfactory and may require that a trial area be constructed. He will then 

undertake density tests prior to approving the proposed method. The trial area is usually part of 

the finished work. In this respect, it could be argued that the DTp is a performance 
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specification and the method adopted is a means of ensuring that the performance achieved 
during the trial remains consistent throughout the contract. 

2.2. Unbound materials for sub-base and roadbase 

Slag materials are described in BS 10472 in order to be used in sub-base and roadbase whether 

or not it is air cooled blast furnace slag. BS 13773 accepts that a 2: 1 water to material ratio can 

be used for the materials other than slag when placed within cement-bound materials, concrete 

pavements, concrete structures or concrete products. BS 13773 states that up to 225mm 

compacted specified unbound material thickness can be spread in one layer. (thickness alter 

compaction is specified by the designer). Greater than 225mm compacted thickness unbound 

material should be laid in two or more layers, the minimum compacted thickness should be 110 

mm. The lowest layer in several layers of unbound material should be the thickest layer. 

DTp specification' states that after the material has been laid, compaction should be performed 

as soon as possible and full compaction should be applied to the area of longitudinal and 

transverse joints. Table 2.1 shows alternative method for the compaction of unbound materials. 
Unless the contractor proves an alternative method, equivalent or better than the specified 

method at site trials, Table 2.1 can be used. Before overlaying, in the process of compaction, 

the surface should be free of any layer ridges, cracks, loose materials, pot holes, ruts or other 

defects. It is concluded that defective areas should be removed and new material should be laid 

and compacted. 

It is stated in DTp specification' that Table 2.1 can be applied for following purposes. 

The number of passes is the number applying to each point on the surface of the layer in the 

process of compaction. Each point on the surface of layer should be traversed by the 

compaction plant in its operation mode. In Table 2.1, the compaction plant is classed in terms 

of static mass. When the total mass on the roll is divided the total roll width, the mass per 
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metre width of roll can be found. If a roller has more than one axle, the class of the machine 

can be categorised in terms of the axle giving the highest value of mass per metre width. For 

pneumatic-tyred rollers the mass per wheel can be found if the total mass is divided by the 

number of wheels. Vibratory rollers can either be self-propelled or towed, whereas smooth- 

wheeled rollers require mechanical vibration, applicable to one or more rolls. On a self- 

propelled machine with mechanical transmission the vibratory rollers have to use the lowest 

gear and the speed should be 1.5-2.5 km/h for a towed machine or a self-propelled machine. 
When higher gear or speeds are used the increases of passes should be arranged. In addition, 

the mechanical vibration is applied to two rolls which are working together. 
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Table 2.1: Compaction requirements for granular materials Type 1, Type 2 and wet-mix 

macadam. 

Half the number which is given in Table 2.1 for the applicable mass per metre width of one 

vibrating roll can be taken as the minimum number of passes. However if the mass per metre 
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width of the rolls compare to each other and if the result of this comparison show differences, 

the number of passes can be determined as for the roll with the smallest value. Furthermore, the 

minimum number of passes may be calculated in terms of treating the machine, the roll with 

the higher value of mass per metre which can be equaled to a single vibrating roll with a mass 

per metre width. If Vibratory rollers work without vibration, this roller can be categorised as 

smooth-wheeled rollers. It is added that the recommendations of the manufacturers should be 

taken into consideration in the operation of the vibratory rollers. All such rollers should be 

equipped with apparatus which show the frequency of the mechanism of operating and speed 

of travel. Vibrating-plate compactors are machines with a base-plate by which a source of 

vibration consisting of one or two eccentrically weighted shafts are attached. If the vibrating- 

plate compactor's area in relation with the surfaces of material being compacted is divided by 

the total mass of the machine in its working condition, the mass per square metre of base-plate 

of a vibrating-plate compactor can be determined. The recommendation of the manufacturer 

about the frequency of vibration should be used in the process of operation of vibrating-plate 

compactors. Less than 1 km/h traveling speed is generally used for operation but in some cases 
higher speeds can be imperative, in these cases the number of passes can be raised in terms of 
the increasing proportion of travel speed. Vibro-tampers are engine driven machines with 

reciprocating mechanism on a spring system by which oscillations occur in the base-plate. 

Power rammers are manually operated machines which are induced by explosions within an 
internal combustion cylinder. When the compacting shoe makes one strike, one pass of a power 

rammer has been made. Either type of compaction plant or different categories of the same 

plate may be allowed such that the number of passes for each is proportional to the appropriate 

number in Table 2.1 or the combination can produce the same compactive effort as singular 

operated ones (see Table 2.1). 

The DTp specification' defines two categories of pavement sub-base materials Typc 1 and 
Type 2. The requirements are as follows. 
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2.2.1. Granular sub-base material Type 1 

This is high quality material whose strength is largely independent of moisture content. Type I 

Granular materials consists of the following: Crushed rock, crushed slag, crushed concrete or 

well burnt non-plastic shale. This material must be well-graded and in accordance with Table 

3 2.2. Materials passing the 425µm BS sieve are deemed as non plastic by BS 1377, which have 

been tested as such This material may be transported laid and compacted without the 

possibility of it drying out or segregating. This material also consists of 10% fine values of 50 

kN or more when it is tested in compliance with BS 8124. However, these samples must be 

tested in a saturated and surface dried condition. Prior to carrying out the tests the selected test 

portions must be soaked in water at room temperature for 24 hours without having previously 
been oven dried. 

Table 2.2: Sub-base lype 1 Range of Grading 

BS sieve size Percentage by mass Passing 
75 mm 100 
37.5 mm 85-100 
10 mm 40-70 
5 mm 25-45 
600 Pm 8-22 
75 i" 0-10 

The Perle size shah be deteffnkned by the washing and 
slaving method of BS 812` Pat 103 

Table2.2: Sub-base Type 1 range of grading. 

2.2.2. Granular sub base material Type 2 

This is not high quality material whose strength is dependent on moisture content. Type 2 

granular material usually consist of these : Natural sands, gravels crushed rock, crushed slag, 

crushed concrete or well burnt non-plastic shale. According to DTp specification' these 

materials should be well graded and should lie within the grading envelope of Table 2.3. In 

addition, Type 2 materials can usually lose strength in wet conditions and contain some clay 

and it may be necessary to protect it from weather more effectively. 
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Table 2.3: Sub-base Type 2 Range of Grading 
BS sieve size Percentage by mass passing 

75 mm 100 
37.5 mm 85-100 
10 mm 45-100 
5 mm 25-85 
600 µm 8-45 
75 gm 10 

The particle size shall be determined by the washing and 
sieving method of BS 8124 Part 103 

Table 2.3: Sub-base Type 2 range of grading. 

Materials passing the 425µm BS sieve, tested in compliance with BS 13773, should have a 

Plasticity Index (PI) of less than six. This material should also comply with the minimum CBR 

requirement and BS 13773 Test 16, with surcharge discs. It should be tested at the density and 

moisture content likely to develop in equilibrium pavement conditions. Additionally, the 
density should correlate to a uniform air voids of 5% content and an optimum moisture content 

as specified by BS 58355. According to DTp specification', the material can be transported, laid 

and compacted at a moisture range of 1% above to 2% below the optimum as determined by 

BS 58355 and also without drying out or segregating. When tested in accordance with BS 8124, 

the material must have a 10% fine value of 50 kN or more, except that these samples shall be 

tested in saturated and surface dried conditions. The selected test portions should be soaked 

under water at room temperature for 24 hours without having been oven dried. 

2.2.3. Wet-mix macadam 

Wet-mix macadam is a mixture of granular material and water which binds it together. 

Wet-mix macadam can be made and consist as follows: 

The coarse and fine aggregate consist of crushed rock or crushed slag. This aggregate is shown 
in Table 2.4. According to DTp specification', the materials should be tested in a saturated and 

surface dried condition with 10% fine value of 50 kN and in accordance to BS 8124. Prior to 

testing the selected test portion is soaked under water at room temperature for 24 hours without 

having been oven dried. When determined against BS 8124: Section 105.1, the flakiness should 
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be less than 35. This material is mixed in a mixer as specified by BS 13056 or approved by the 

Engineer. The wet-mix macadam can be laid and compacted at the optimum moisture content 

of - 0.5% as specified by BS 58355. Additionally, the compacted thickness of each layer should 

not be more than 200 mm. Any area with loose surface in fines should be removed and 

replaced with properly graded material. 

Table 2.4: Wet-mIx Macadam Range of Grading 
Bs sieve sloe Percentage W mass PAM 

50 mm --- 100 
37.5 mm 95-100 
20 mm 60-80 
lo mm 40-60 
5 mm 25-40 
2.36 mm 15-30 
600 µm 8-22 
75 µm 0-8 

The particle atze ahoi be dete«thed by the washing and 
sieving method of BS 812'Prat 103 

Table 2.4: Wet-mix macadam range of grading. 

2.3. Bituminous roadbase and surfacing materials 

Two types of bituminous material can be used, DBM (Dense Bituminous Macadam) and 

asphalt. The most important difference between these materials is that DBM is stiffer than 

asphalt material but can crack whereas asphalt material is more flexible than DBM material. 

According to DTp specification 1, aggregates should be clean, hard and durable. Clean 

vehicles should be used in order to transport bituminous materials under the discretion of the 

consulting engineer. It should be covered over in the process of transit or awaiting tipping. It 

can use dust, coated dust or water inside of the vehicles in order to help tipping of the mixed 

materials. However the amount should be minimum. An approved self-propelled paving 

machine can be used for spreading, leveling and tamping practically. The mixed material 

should be supplied to the paver continuously without delay after arrival at the site. The rate of 

delivery of material should be taken into account. The type of paver and its rate of travel should 

be determined and also its uniform flow of laying width should be provided. The material 
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should be laid in accordance with the recommendations of British Standard BS 5947. If 

bituminous material is hotter than 145°C , laying of material can be dangerous because of heat 

damage. Refer to the British Standard Guide Page 19, section 901 Bituminous Roadbase 

and Surfacing Materials sub-section Laying. DTp specification' states that the following 

stages can be allowed in the situation of hand laying of any bituminous material; 

" For laying regulating courses of irregular shape and varying thickness; 

" In confined spaces where it is impracticable for a paver to operate; 

" For footways; 

" At the approaches to expansion joints at bridges or viaducts; 

" For laying mastic asphalt in compliance with BS 14478. 

According to DTp specification', in order for regularity requirements to be satisfied for 

compaction, bituminous material should be laid and compacted in layer thicknesses otherwise 

full strength is not attained. The minimum thickness in one pass of the paver must be 90 mm . 
If the full course thickness then it is less than 90 mm. The material mentioned should be 

uniformly compacted without causing any undue displacement of the mixed material. This 

process should be completed whilst the temperature of the mixed material is greater than the 

minimum rolling temperature as stated by British Standard. The rolling should continue until 

all roller marks are removed. The compaction is carried out using 8-10 tonnes of dead-weight 

smooth wheeled rollers with a width of not less than 450 mm or multi wheeled pneumatic tyred 

rollers of equivalent mass or by vibratory rollers or a combination of these. Wearing course and 

base course material should always be surface finished with a smooth wheeled roller ( either a 

dead-weight or vibratory roller in non vibrating mode). However note that vibratory rollers 

should not be used on bridge decks. A vibratory roller can be used if it is capable of the 

standard compaction of an 8-tonne dead-weight roller. The performance of these rollers can 

be measured by the following: 

" TRRL Report 11029 
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" Producing the necessary evidence under comparable conditions by the Engineer. 

The material is rolled in a longitudinal direction with the driven rolls nearest the paver. The 

roller first compacts the material closest to the joint and then move from the lower to the upper 

side of the layer, overlapping on successive passes with half the width of the rear roll or in the 

case of a pneumatic- tyred roller, at least the nominal width of the tyre. Rollers should be 

prevented from standing on newly laid material as there is a risk of deformity. The adequacy of 

these compaction is determined by the Engineer using the Percentage Refusal Density of the 

laid material in the following manner: 

2.4. Trial areas 

The construction of granular materials is undertaken according to a method specification 

whereby the contractor selects a combination of material and compaction equipment which 

can ensure a stable pavement course. On many contracts the engineer can need to be 

satisfied that the proposed method is satisfactory and may require that a trial area is 

constructed. The engineer can then undertake density tests prior to approving the proposed 

method. The trial area is usually part of the finished work. In this respect, it could be 

argued that the DTp is a performance specification and the method adapted is a means of 

ensuring that the performance achieved during the trial remains consistent throughout the 

contract. 

According to DTp specification 1, prior (at least 3 days) to laying the dense macadam, the 

Contractor should lay a trial area to demonstrate the compaction plant and rolling 

procedure selected to achieve the specified Percentage Refusal Density. Trial tests should 

be carried out so that the engineer can approve the construction materials and methods. On 

the main project, the tests are done as a check. The trial should not be less than 30m nor 

more than 60m in length. If this trial complies with the contract, then it can form part of the 

works. Materials used in the trial are similar to that of the main works. Three pairs of cores 
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(each 150 mm nominal diameter) is taken from trial areas, each cut in compliance with BS 

59810 by a coring machine approved under BS 401911. Two core pairs, at least, can be from the 

wheel track zones of a completed carriageway. Wheel track zones referred to here range from: 

(0.1m and 1.1m), (2.55m and 3.15m) from the center of the "nearside" lane markings for each 

running lane. In order for material to be considered "acceptable", the British Standards Manual 

states that the "Percentage Refusal Density" should not be less than 93 %. The "Percentage 

Refusal Density" is calculated according to the procedures (refer to the BSM). Furthermore, 

where the required level is not achieved the trial area shall be removed and the trial repeated. 

2.5. Main works 

According to DTp specification', no material can be laid until the engineer has accepted the 

material laid in the trial area. The contract is judged by determining the Percentage Refusal 

Density for areas of 1000 m3 or from the material laid in any one day which is less than areas of 

1000 m3. The core pairs mentioned above is then taken from each area for determination as 

directed by the Engineer. Longitudinal joints in materials should not be situated in wheeled 

track zones whenever they are to undergo the percentage Refusal Density Test. The bituminous 

material laid should be in a continuous length with 300 tonnes from one source before material 

from another source is used. However this requirement may be waived by the Contractor with 

the approval of the Engineer (i. e. the constituents of materials from different sources are 

identical in quantity and quality and laying and compaction characteristics are similar). In 

accordance with BS 498712, the walls and base of all holes from which core samples are cut 

should be dried, painted with hot bituminous binder and filled to the underside of the wearing 

course level with dense laid macadam, well rammed in the layers not exceeding 50 mm. In 

order to prevent entrance of loose material into the joint when the joint of a structure is 

expanded or approached, a paver laying basecourse or wearing course should be taken out of 

use. All chippings should be applied uniformly to the surface and be rolled into the wearing 

course in such a manner that they are effectively held and provide any specified texture depth. 

Hand-raking of wearing course material which has been laid by a paver and the additions of 

42 



Chapter 2: UK specifications for road materials and construction methods 

such material by hand-spreading to the paved area for adjustment of level can be permitted 

only in the following circumstances: 

" At the edges of the layers of material and at gullies and manholes; 

" At the approaches to expansion joints at bridges and viaducts; 

" Where otherwise directed by the engineer 

According to DTp specification', joints between laying widths or transverse joints should be 

made in wearing courses, the material has to be fully compacted. All joints should be made up 

at least 300 mm from parallel joints in the layer beneath and in a layout agreed by the engineer. 

Bituminous material should be kept clean and uncontaminated. Upper roadbase material, in 

pavements without basecourse, and basecourse material should not be left uncovered for more 

than three consecutive days after being laid. The engineer may extend this period in terms of 

requirements. 

2.6. Dense tarmacadam roadbase 

Dense tarmacadam roadbase is described in BS 498712. DTp specified that the aggregate 

should be in dry surface condition in the process of mixing. If the coarse aggregate is gravel, 

admixtures can be added as much as 2% of Portland cement. The mass of the total mix and the 

percentage of fine aggregate can thus be decreased accordingly. If the gravel is limestone, 

cement is not required. The tar should comply with BS 76". 

2.7. Dense bitumen macadam roadbase 

Dense bitumen macadam roadbase is described in BS 498712. According to DTp 

specification', the aggregate should be in dry surface condition in process of mixing. If the 

coarse aggregate is gravel, admixtures can be added as much as 2% of Portland cement or 
hydrated lime. The mass of the total mix and the percentage of fine aggregate can thus be 
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decreased accordingly. If the gravel is limestone cement is not required. Binder should be 

petroleum bitumen complying with BS 369014. Part I or tar bitumen complying with BS 369014 

Part 3. The penetration of the bitumen or tar bitumen mixture should be either 100 pen or 200 

pen grade. 

2.8. Rolled asphalt roadbase 

Rolled asphalt roadbase is described in BS 5947: Part 1 for roadbase mixtures. If the coarse 

aggregate is gravel, admixtures can be added as much as 2% of Portland cement The mass of 

the total mix and the percentage of fine aggregate can thus be decreased accordingly. jr the 

gravel is limestone, cement is not required. The binder should comply with BS 36901s. 

2.9. Rolled asphalt basecourse 

Rolled asphalt base course is described in BS 5947: Part I for base course mixtures. If the 

coarse aggregate is gravel, admixtures can be added as much as 2% of Portland cement The 

mass of the total mix and the percentage of fine aggregate can thus be decreased accordingly. 

If the gravel is limestone, cement is not required. 

2.10. Dense bitumen macadam basecourse 

Dense bitumen macadam course is described in BS 498712 for dense graded basecourse 

macadam. According to DTp specif ication', the aggregate should be in dry surface condition in 

process of mixing. If the coarse aggregate is gravel, admixtures can be added as much as 2% of 

Portland cement or hydrated lime. The mass of the total mix and the percentage of fine 

aggregate can thus be decreased accordingly. If the gravel is limestone, cement is not required. 

The binder should be petroleum bitumen complying with BS 369014: Part: I or tar bitumen is 

described in BS 369014 : Part 3. 

44 



Chapter 2: UK specifications for road materials and construction methods 

2.11. Dense tarmacadam basecourse 

Dense tar macadam base course is described in BS 498712 for dense graded basecourse 

macadam. According to DTp specification', the aggregate should be in dry surface condition in 

process of mixing. If the coarse aggregate is gravel, admixtures can be added as much as 2% of 
Portland cement. The mass of the total mix and the percentage of fine aggregate can thus be 

decreased accordingly. If the gravel is limestone, cement is not required. 

2.12. Bitumen macadam basecourse 

Bitumen macadam base course is described in BS 498712 for 40 mm nominal size single course 

material. According to DTp specification', the aggregate should be in dry surface condition in 

process of mixing. If the coarse aggregate is gravel, admixtures can be added as much as 2% of 
Portland cement or hydrated lime. The mass of the total mix and the percentage of fine 

aggregate can thus be decreased accordingly. If the gravel is limestone, cement is not required. 

2.13. Tar macadam basecourse 

Tar macadam base course is described in BS 498712 for 40 mm nominal size single course 

material. According to DTp specification', the aggregate should be in dry surface condition 
before mixing. If the coarse aggregate is gravel, admixtures can be added as much as 2% of 
Portland cement The mass of the total mix and the percentage of fine aggregate can thus be 

decreased accordingly. If the gravel is limestone, cement is not required. 

2.14. Rolled asphalt wearing. course (recipe mix) 

The material is described in BS 5947: Part I for wearing course recipe mixtures. According to 

DTp specification', composition of the material should be accounted for by the method which 

is described in BS 5947.40 pen I-ID bitumen can be used under the discretion of the Engineer. 
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Rock or slag which is crushed with a polished stone value not less than 45 should be used. 

Nominal coarse aggregate content should be 30% by mass of the total mix for new works. The 

Marshall stability and flow for wearing course design mixtures is described in BS 5947: Part 1. 

BS 59810: Part 3 can be used for determination of the design method and the design binder 

content for compaction. BS 59810: Part 1 can be used for determination of the plant mixture 

and also the requirements for the wearing course design mixture should be suitable for the 

engineer. 

2.15. Dense bitumen macadam wearinif course 

Dense bitumen macadam wearing course is described in BS 498712. According to DTp 

specification, the aggregate should be in dry surface condition in process of mixing. The 

course aggregate should have the minimum polished stone value. 

2.16. Dense tar surface wearing course 

Dense tar surface wearing course is described in BS 527316. According to DTp specification', 

the course aggregate content for road use should be 35% and for hand standing 5%. 

2.17. Cold asphalt wearing course 

Cold asphalt wearing course is described in BS 498712. According to DTp specification', the 

course aggregate should have the minimum polished stone value. The aggregate should be in 

dry surface condition in process of mixing. 

2.18. General requirements for cement-bound materials 

These are usually concrete with low cement and water content so they can be constructed 

using paving machines rather than conventional structural concrete method. According to 
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DTp specification', the following clauses can be a guide for construction of cement-bound 

materials. 

Cement-bound materials should comply with Table 2.5. Water should comply with BS 5328' 

Section 11.3 and slag should comply with BS 10472. When the materials other than slag and 

the test is carried out in compliance with BS 8124,500mm of cement-bound materials, concrete 

pavement, concrete structure or concrete product which should have a soluble sulphate content 

not exceeding 1.9 g of sulphate (expressed as SO. 3) per litre is added to this material. Table 2.5 

can be used for convenient manner of the test of batching and mixing. The mix-in-plant 

method which is described in Table 2.5 is used and materials are batched by mass. The 

materials should be batched and mixed in accordance with BS 5328' Section 13.2. Continuous 

mixers are used and materials are batched by mass, the continuous mixers should comply with 

Table 2.5 of BS 1305`' when tested in compliance with BS 3963 "'. 

Table 2.5: Cement-bound Materials 
Field Regts Specimen Requirements 

category C1a1se 
BCr? C Content comac"M 

Cuing C 
ST«ýa 

MMrr be 7 Day 

Tesiing Cpý 
stength 

wnm2 
Average 
(Note 2) Hoge 31 

CBM1 1036 Iu164n-Place Vortxne To9Jt regilrernenf fa 96% Of Cube Ckxw 1040 BS 1924 BS 1924 4.5 2.5 
Of or Mass shenglh, wrfooe WO. Derully (Test 11) (Test 11) 
A, b 1n rt regLiary and ffh (Note 1) or BS 1851 

(rkxr 116) 
7.0 4.5 CBM2 1037 

CBM3 1038 WWr-plorvl MOSS B5 1881 BS 1881 10.0 6.5 
(R7t 111) (Fort 1161 

I 
CBM4 1039 15.0 10.0 

Table 2.5: Cement-bound materials. 

Plant-mix cement bound material should be removed immediately from the mixer and 

transported directly to the point at which the material is laid. During the transit from the mixer 

to the laying site and whilst awaiting tipping, the material should be protected from the 

weather. In order to prevent segregation and drying, the cement-bound material should be laid 
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and spread evenly. As soon as possible spreading should proceed without delay. In order for 

spreading of roadbase cement-bound material, paving machine or a spreader box can be used. 

Cement bound material should be spread in one layer evenly so that the total thickness is 

determined after compaction. Longitudinal or transverse construction joints, unless vertical 

forms are used, the edge of compacted cement-bound material should be reduced to a vertical 

face where the correct thickness of properly compacted cement-bound material has been 

obtained. In the case of cement-bound sub-bases under a concrete surface slab or continuously 

reinforced concrete roadbase, longitudinal construction joints in the sub-base should be 

staggered by at least 300mm from the position of the longitudinal joints in the concrete surface 

slab or continuously reinforced concrete roadbase, and by Im for transverse joints. In order to 

prevent segregation, after the spreading of the cement-bound material, compaction should be 

performed at once. Around the longitudinal and transverse construction joints, special care 

should be applied to obtain full compaction. Table 2.5 can be used for testing of compaction. 

Compaction should be done within 2 hours of the addition of the cement. This period that is 

necessary or appropriate can be modified under the discretion of the Engineer. After 

completion of compaction, compacting equipment should not be carried on the cement-bound 

material for the duration of the curing period. On completion of compaction, the surface of any 
layer of cement-bound material should be well-closed, free from movement under compaction 

plant and from ridge, cracks, loose material, pot holes, ruts or other defects. The areas having 

the loose segregation or defect, should be removed to the full thickness of the layer, and new 

cement-bound material laid and compacted. According to DTp specification', one of following 

methods should be applied to cure on completion of compaction layers of cement-bound 

material during a minimum of 7 days. 

" Covering with an impermeable sheeting with joints overlapping at least 300 mm and set to 

prohibit egress of moisture. 

9 Bituminous spraying 

" Spraying with a curing compound 
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10 days prior to the start of the main cement-bound material works, a trial area (at least has the 

proportions 400m length and 222m width) should be laid to evaluate the suitability of the 

proposed materials, mix proportions, mixing, laying, compaction plant and construction 

procedures. The applicable area should include one longitudinal and one transverse 

construction joint. The test should be carried out with the specification. Unless the test is 

approved by the Engineer, the main works should be started. Aller confirmation, the materials, 

mix proportions, mixing, laying, compaction plant and construction procedures should not be 

modified without the permission of the engineer. 

2.19. Use of nuclear density gauges with cement-bound material 

According to DTp specification, the operation, warming up and the standardisation of the 

gauge should be done in accordance with the manufacturers recommendations. The gauge 

should be applied by the direct transmission mode of operation. Prior to the preliminary trial 

and in the process of changing the compound of the mix to the cement-bound material, the 

material should be checked in the following manner. With similar proportions of the cement- 
bound material which is suggested for use in the main works, two blocks should be made 

approximately 380 x 500 x 200 mm (deep). Blocks should be made by compacting the cement- 

bound material into a mould in four equal layers. During the four minutes, each layer should be 

compacted uniformly by using a vibrating hammer. The top layer should be even with the 

mould by traveling to obtain a smooth surface. A hole 18-25 mm in diameter should be formed 

through the full depth of the block (200 mm) and at a normal to the surface. The hole shall be 

125 mm from one end of the block and in the center of the 380 mm dimension. The wet 
density of the blocks should be calculated from the dimensions and mass of each block. A 

nuclear density gauge can be used within one hour of weighing each block in order to take 

three density readings with source rod lowered to a depth of 150 mm and the gauge in the same 

position. The variation between the calculated density and the average of the three measured 
density values of each block should be determined as a percentage of the calculated density. If 

the difference between the variations for the two blocks is 1% or less, then readings taken by 
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nuclear density gauges used to measure the field density of the cement-bound material should 

be corrected by the average amount of the variation for the two blocks. The correction should 

be done either by using the gauge biasing device in compliance with the manufacturers 

instructions or by multiplying the derived in situ wet density by the appropriate factor. In all 

other cases the gauge manufacturer should be advised. The gauge should be at least 150 mm 

away from any vertical projection or edge. A smooth and level surface should be prepared on 

which to place the gauge in compliance with the manufacturers instructions. The 

manufacturers guide plate can be used to form an 18-25 mm diameter hole to the required 

depth, normal to the surface, by driving in a steel pin. The gauge should be positioned and the 

source rod lowered to the required depth. The gauge should be firmly seated by rotating it 

about the source rod with a slight back and forth motion. The gauge should be pulled so that 

the source rod is in contact with the wall of the hole and no air gap exists between the source 

and detection tube. One reading of one minute duration should be taken and recorded. The in 

situ wet density should be determined in compliance with the manufacturers instruction. 

2.20. Manufacturing specifications for precast concrete paving 

BS 671719: Part 1 shows the manufacturing specifications for precast concrete paving 

blocks which are used for the construction of low speed roads and industrial and other 

paved surfaces in terms of all categories of static and vehicular loading and pedestrian 

traffic. Paving blocks are produced using one or more binders or binder constituents which 

are ordinary Portland cement (BS 1220), Portland-blastfurnace cement (BS 1422': Part 2), 

Portland pulverized-fuel ash cement (BS 658822), pulverized-fuel ash (BS 389221: Part 1), 

ground granulated blastfurnace slag (BS 669924) in terms of requirements of the relevant 

British Standards. Paving blocks are produced using one or more aggregates which are 

natural crushed or uncrushed aggregates(BS 88225: 1993), air-cooled blastfurnace slag (BS 

10472: 1983), pulverized-fuel ash (BS 389223: Part 1,2), ground granulated blastfurnace 

slag(BS 669924) in terms of the requirements of the relevant British Standards. The fine 

aggregate which passes a5 mm sieve according to BS 41026 should not include more than 
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25% by mass of acid-soluble material either in the fraction contained on, or the fraction 

passing, a 600 mm sieve. 

According to DTp specification1, the water should be very clear like drinking quality or the 

recommendations of BS 314827: 1980 should be taken into account. This can be used for 

different accelerating, delay and water-reducing agents which should comply with BS 

507528: Part 1. For pigments BS 101429 is used and calcium chloride should comply with 

BS 358730. Concrete described as natural colour contains no pigment. The surface layer 

should be formed as an integral part of the block and should be not less than 5 mm thick in 

composite paving blocks. Additionally, the binder content of the compacted concrete 

should be not less than 380 kg/m3. Paving blocks constructed of different binder 

constituents should have a higher binder content than paving blocks made in a similar way 

using only Portland cement for equivalent durability. According to DTp specification', the 

size thickness of paving blocks should not be less than 60 mm. Type R blocks should be 

rectangular and its work sizes are 200 mm length, 100 mm width. Type S blocks can be of 

any shape fitting within a 295 mm square coordinating space and the work size is not less 

than 80 mm. The preferred work size thicknesses are 60 mm, 80 mm and 100 mm. The 

measured maximum dimensional deviations from the stated work should be for length ±2 

mm, for width ±2 mm, for thickness ±3 mm and each side should be perpendicular to the 

wearing surface and the opposite face for paving blocks. The compressive strength of 

paving blocks should not be less than 49 N/mm2 and the crushing strength of any 

individual block should not be less than 40 N/mm2. 

According to DTp specification', in order to carry out the compressive strength test the 

following sampling procedures should be taken into account. 

" The paving blocks are divided each designated approximately equal section, including 

not more than 5000 blocks before laying. All samples are clearly marked at the time of 

sampling so that they are clearly defined. Two blocks are taken from each group. 
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" The samples are send to the test laboratory, and in order to prevent the blocks from the 

damage in transit, precautions are taken. 

" The paving blocks are protected from damage and contamination factors until they have 

been tested. As soon as possible the tests are carried out after the samples have been 

taken. 

DTp specification' states that in process of marking the following particular notes have to 

be written. 

" the name, trade mark or other means of identification of the manufacturer 

" the number and date of the British Standard 

" the type of binder constituent(s) used 

" the type of admixture(s) used 

2.21. The installation of interlocking pavini 

BS 671719 is a British Standard used in the manufacturing of pavers (Part 1) in their 

installation (Part 3). The aspect of BS 671719 relevant to the reasons are as follows: 

Installation of pavers has to be codified because the structural behavior of the surface 

depends upon joint spacing sand stability, sand thickness and joint material, all these 

factors are dependent upon quality of laying. 

2.21.1. Construction of pavement 

Construction should be in compliance with the Department of Transport Specification for 

Highway Works 19861. The subgrade and sub-base (and roadbase where necessary) is 

prepared with consideration to the following specifications. 
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" The surface levels are within the tolerances given in Table 2.6. 

9 The longitudinal falls and crossfalls are such that no depressions hold water. (A 

minimum longitudinal fall of 1.25% and a minimum crossfall of 2.5% are 

recommended. ) 

9 The surface should be tight and dense enough in order to prevent laying course material 

during the design life. 

9 Provision is made to: 
(1) Water should be drained from the laying course in service, e. g. by installation of 
drainage when the laying course is on impermeable foundations. 

(2) Migration and loss of laying course material should be prevented from draining, 

e. g. by using a geotextile. 

" The extent of the site prepared for block laying includes enough room to provide 

adequate foundations and backing for any edge restraint. 

Table 2.6: Tolerances on surface levels 
Layer of Pavwr* MCLXWTKxn PertnfeW 

dmtMon ham Aeslpn WM 

ffvn 

sub-base t 2O 

roodbCSO ills 

Surface cause: 

averol 6 

flatness 10 Inder a 3m 
thaýdeý7pa 
2 between 

aclaceM to gullies. adjacent blockt 
aýrtace ürýnage 
charnels rnd aýMe1s + 6. -0 
Note. The pee slble dovia tans for the upper 
level or drdnope hals and cfaneb shaid be 
+0. -0 mm to ensue posItIve cra 

Table 2.6: Tolerances on surface levels. 

According to DTp specification', edge restraints should be adequate to support traffic load 

and in order to prevent loss of laying course material from under the surface course. Figure 

2.1 shows edge restraints. Additionally, the surface course should not be vibrated until the 

edge restraint, together with any concrete haunching which has given sufficient strength. 
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Figure 2.1: Typical block paving construction 
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Haunching is made to an edge restraint on the paving face vertical down to the level of the 

underside of the laying course. 

Laying course: 

According to DTp specification', naturally occurring sand can be used or crushed rock 
fines graded in compliance with Table 2.7. The moisture content of the laying course 

material should be as uniform as possible and the material should be moist without being 

saturated. The material should be covered with any material to be stockpiled. Furthermore, 

the laying course should be compacted so that after the compaction it forms a layer. It 

should be constructed approximately 50 mm thick below the paving blocks, (where closer 

tolerances are given in Table 2.6 for the level of the sub-base have been achieved, or 

where a roadbase has been used, a thinner laying course can be used, however, the 

materials should not be less than 25 mm thick at any point. ). According to DTp 

specification, the laying course should be constructed using the method explained in the 

following items (a) and (b). 

Table 2.7. Grading for laying course sand and 
joinfingsand (using sieves corn) g with BS4101°) 

Nominal apefte Percentage by mass passing 
of sieve size riuough sieve 

Laying Course Jointln sand 
sand i%% 

10.00 mm 100 100 
5.00 mm 90 - 100 100 
2.36 mm 75 - 100 95 - 100 
1.18 mm 55 - 90 90 - 100 
600 µm 35 - 70 55 - 100 
300 Fun 8-35 15 - 50 
150 Pm 0- 10 0-15 
75 tim 0-3 0 -3 

NOTE. Sand should be graded by washing, 
In accordance Idecanting2gr 

Table 2.7: Grading for laying course sand and jointing sand. 

(a) Pre-compaction: The material which is in a loose uncompacted layer should be spread 

to about the required final depth below the surface profile. This layer should be compacted 
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using a vibrating plate compactor. Another layer of material is spread 15 mm thick and it is 

leveled to create a loose surface on which the paving blocks can be placed. 

(b) Compaction after laying: The material should be spread loose in a uniform layer, and it 

should be leveled to a thickness required to the paving blocks have been laid and vibrated 
into place. The aim of spreading the laying course is to produce a uniform surface and for 

specifying design profiles and falls, at the uniform degree of compaction. 

If any disturbance to the prepared laying course sand owing to pedestrian or wheel traffic 

occurs, before placing the paving blocks, the area of laying course material should be 

leveled again. 

Surface course: 

According to DTp specification1, the paving blocks should be laid in terms of tolerances 

given in Table 2.6. The small changes can be done in order to keep up the bond pattern and 

the joints should remain enough for sand filling. Additionally, the blocks should be in the 

correct order and the first row of the blocks should be aligned against the edge restraint or 
by using a straightedge or string line. The uniformity of the blocks should be checked 

periodically e. g. by using string lines, and necessary changes can be done. All paving 
blocks are laid followed by closers. mulling of the blocks is completed before compaction 

commences. Whenever possible, infilling to boundaries and obstructions should be 

completed as the laying of the surface course proceeds. The paving blocks can be trimmed 

to shape and size to form boundaries. 

DTp specification' states that one-third of the full blocks should not be used. The edge of 

the paving blocks area should be restricted with blocks which have different placing shape 

against the edge of the area. Working around any obstruction or iron ware the paving 
blocks should be made with concrete with a maximum aggregate size of 10 mm and a 28- 
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day cube compressive strength of 40 N/mm2 to form a more regular shape, and the paving 

blocks should be cut to be adjacent to this area. The iron ware is being provided in 

combination with the paving blocks. In addition, the surface course should be fully 

compacted using a plate compactor with a plate area which is not less than 0.25 m2, 

transmitting an effective force on the plate not less than 75 kN/m1 and frequency of 

vibration is in the range 75 Hz to 100 Hz. Otherwise, any compacting equipment which is 

given the same degree of compaction or better can be used. It is important to fill the lower 

portion of the block-to-block joint with the laying course material. After laying all areas of 

paving except edge strip should be compacted as soon as possible. The tolerances of 
finished surface level can be checked using Table 2.6. Over the surface course sand or 

crushed rock fines should be spread and brushed into the joint after compaction of the 

surface course. The sand which can stain the pavement colour should be taken into 

consideration. Filling between the joints is very important. The dry material can cause rapid 

joint penetration; that is why materials complying with the grading in Table 2.7 should be 

used. The block paving should be vibrated to ensure complete filling of the block-to-block 

joint by the surface-applied sand. Joint filling and final compaction should be completed as 

soon as practicable after laying. Further compaction may be necessary for block paving 

which is used for industrial vehicles or high point loads after joint filling. According to 

DTp specification', if weather conditions put the performance of the pavement into risk, all 

operation should be cancelled. After an early period of traffic use the surface of the 

pavement should be checked and additional sand filling must be brushed. 

2.22. Conclusion, comments and discussion 

It can be concluded that unbound materials are usually complying with one of several 

possible particle size grading envelopes. The most widely used specification for paving 

materials is the Department of Transport (DTp) "Specification for Highway Works"', which 

includes three forms of unbound material and two broad forms of cement-bound material, 

roller compacted and poured, that may be used as sub-bases. The unbound materials are known 
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as Type 1, Type 2 and wet-mix macadam. Type I materials have to be made of crushed rock, 

crushed slag, crushed concrete or well-burnt, non-plastic shale. Surface water can penetrate the 

joints of newly laid flexible paver pavements and therefore the requirement for a non-moisture- 

susceptible material immediately beneath the laying course is important. Type 2 materials can 

be made from the same aggregates as Type 1, but also from natural sands and gravels. The 

Department of Transport design requirements31 permit the use of Type 2 materials beneath 

bituminous surfaced roads only for pavements designed to carry less than 400 commercial 

vehicles a day at opening and they should have a CBR of 30% or more when tested in 

accordance with the method described in BS 13773. This type of material is not recommended 

directly beneath the laying course of a segmental pavement, as it may be weakened greatly 

when wet, owing to the presence of the plastic fractions. Wet-mix materials are made from a 

combination of sand and crushed rock or slag sand. The coarse fraction of the aggregate is 

required to have a 10% fines value of 50 kN or more when tested in accordance with BS 8124, 

the tests being made with the aggregate in both a dry and saturated states, to ensure that the 

aggregate particles do not break down in service. There are some other requirements 

concerning the aggregate and its grading. These aggregates are mixed with water and laid and 

compacted within 0.5% of their optimum moisture content. These materials would be suitable 

for use beneath paver pavements although their use in practice is uncommon. 

The Cement-Bound Material form I (CBM I) is a soil cement, either mixed in-situ, or pre- 

mixed, which has to contain sufficient cement to reach a minimum average seven-day cube 

compressive strength of 4.5 N/mm2 and not lose more than 20% of its strength aller seven 

days immersion in water, a simple way of detecting an excess of soluble sulphates. CBM 2 

materials are made of selected aggregates within a broad grading envelope and with a 10% 

fines values of 50 kN or more4, mixed with enough cement to give an average seven-day 

cube strength of not less than 7.0 N/mm2. Mixing is allowed to be either in-situ or at a 

central plant. CBM 3 and CBM 4 materials are made of closely graded aggregates 

complying with the requirements of BS 88225 and mixed with cement in a central mixing 

plant. The amount of cement added is that required to give seven-day cube strength of not 
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less than 10 N/mm2 and 15 N/mm2 for each material, respectively. In addition, for the 

heavily trafficked roads which require a roadbase, any of the following materials may be 

used: dense tar macadam, dense bitumen macadam, rolled asphalt, CBM 3 or 4, all of 

which are detailed in this Chapter. Bituminous-bound roadbases have not been used 

extensively beneath paver paving, probably because of the relative costs of bitumen and 

cement-bound materials, rather than for any technical reason. Only one case has been 

reported in the UK32, apart from situations where pavers have been used as overlays to 

existing bituminous pavements. CBM 3 materials are the most popular bound roadbase 
beneath paver pavements. There is no reason why any material known to be suitable for a 

roadbase cannot be used for the construction of a sub-base, although this should usually be 

too expensive. In the UK the laying course materials for paver pavements are usually 

defined as a clean, sharp concreting sand33, with less than 3% of silt and clay and not more 

than 10% retained on a 5mm BS sieve. A low silt/clay content is required to ensure that the 

sand can be easy to screen to a uniform level and cannot become unstable when wet. 

The major contents of UK specification outlined in this Chapter facilitates the progress of 

the construction and the material types which can be used in the construction of paver 

pavements rather than to ensure the highest quality of engineering. An example of this is 

the trial area which allows plenty of initial testing so as to prove the method and materials, 

after which the trial method is adopted with very little testing. Efficient specifications for 

all the materials and construction processes used are an essential part of any successful 

pavement. Many manufactures deliberately increase their range of products to meet 

particular wishes of clients and to be able to offer a greater choice. To extend or restrict the 

range of products should be a commercial management decision. Complying with any 

specification requires the introduction of a quality control system and, increasingly, a 

quality assurance scheme, which in turn demand sampling and testing procedures to 

monitor the variation of the products, not just to be assured that they comply with a 

particular specification but also to be able to predict production trends that will, if left 

unchanged, cause the product to pass outside the specification limits. BS 671719 requires 
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that the minimum average compressive strength for pavers, based on a sample of 16 pavers, 

should be 49 N/mm2, with no individual strength less than 40 N/mm2. A specification 

should contain both upper and lower limits for properties of products, such as strength. The 

manufacturer does not wish to set the average too far above the minimum because 

increasing strength is usually synonymous with increasing costs. ýIn addition, 

researche34'35'36 has shown that in typical highway loading situations, the pattern of stress 
development in paver bedding sand (laying course) is complex and depend upon the size, 

shape, orientation and speed of the load as well as paver geometry and laying pattern. Many 

of the hitherto unexplained bedding sand failures can now be understood by examining the 

way in which local vertical stress transients develop and travel through bedding sand (see 

Chapters 6 and 9). For the full interlock, the jointing materials and/or laying course 

materials must transfer maximum shear and vertical stress transients without any failure 34, 

35' 36 In cases where water is present in sands including a significant fraction of fine 

material, the mechanism whereby sand instability can develop has been explained. Rapidly 

changing stress levels can result in pressure developing in water in bedding sand which can 
lead to instability. It is recommended34' 35.36 that sands should be specified which permit 

water to flow as freely as possible where traffic and water may occur concurrently. The 

data relating to pavers of different geometries indicates that there arc differences in 

performance of different pavers although the effect is likely to be of minor structural 

consequence. The only exception to this is the difference between chamfered and non- 

chamfered pavers. By forcing the load patch inboard of the paver perimeter, chamfered 

pavers reduce bedding sand stress levels and are therefore to be preferred in trafficked 

pavements. Because of the described reasons, particularly, the specifications of the strength 

of laying course materials under different moisture contents are as important as their other 
defined properties. ) 
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CHAPTER THREE 

STRUCTURAL DESIGN OF PAVER i'AVEMI NTS 

Synopsis 

This Chapter is concerned with the existing structural design of concrete paver pavements 

carrying vehicular traffic ranging from trucks to heavy industrial vehicles and aircrafts. 
Design criteria for such pavements are established and a range of methods for their analysis 

and design are reviewed. The Chapter also focuses upon the principles of the structurally 

equivalence thickness technique based on the development of the bedding sand stress 

calculation method which is presented in Chapters 4,5,6,7,8 and 9. 
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3.1 Introduction 

This Chapter outlines paver structural design procedures, methods and analytical 

techniques. Three main current approaches to the analysis of paver pavements can be 

described. 

1) Layered elastic system analyses 

2) Finite element analyses. 

3) Mathematical analyses in the surface course. 

1) Layered elastic system analyses: The layered elastic theory is a conventional and 

widely used approach to analyse the paver pavement. Such procedures are already weil 

established for conventional flexible pavement design. Some local road authorities 

recommend a hierarchy of computer-based elastic analyses of the design of road 

pavements'. Here a pavement is modelled as a succession of layers each having linear 

elastic properties. The stresses and strains throughout the pavement may then be calculated 

as functions of the load magnitudes and placement and the layer thickness and properties. 

2) Finite element analyses: The use of both slab and elastic layer theory presupposes that 

the paver course can be modeled in terms of an equivalent continuous elastic layer whose 

properties can be determined by plate load tests, accelerated trafficking studies or Falling 

Weight Deflectometer measurements. An alternative to this is to use finite element 

techniques to model the pavers as an articulated surfacing having defined load or 

displacement transference characteristics at the joints between neighboring paving units. 

Finite element studies of paver paving have been reported both in Japan and Netherlands. 

The Japanese study2 was restricted to a consideration of the paver surfacing. The Dutch 

study3,4, s, 6,7, s, 9, io was more comprehensive in that the analysis included an assessment of 

a complete paver/base/sub-base/subgrade system. 
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3) Mathematical analyses in the surface course: An alternative format mathematical 

analysis is developed in this Thesis (see Chapters 4 to 9) in which vertical stresses in the 

bedding sand are calculated by considering vertical and rotational equilibrium of the 

pressures applied to the upper and lower horizontal paver surfaces. It is assumed that the 

paver is structurally rigid in relation to the bedding sand so a planar stress regime can be 

assumed at the paver/sand interface. This assumption is justified by the values of Young's 

Modulus which would normally be applied to concrete (30,000N/mm2 ) and to sand in 

compression (30ON/mm2). )If tension were to be permitted to develop between the paver 

and the bedding sand the solution would be relatively straightforward/Tension cannot be 

developed in uncemented sand so it is assumed that compressive stress is developed in 

some parts of the interface and zero stress is developed elsewhere. By ensuring vertical and 

rotational equilibrium, three equations can be developed (one vertical equilibrium and two 

rotational equilibrium equations, one in each orthogonal direction) which can be solved to 

obtain the values of the vertical stress in the bedding sand at each corner of the lower 

horizontal surface of the paver. The stress at any point along the paver boundary can then 

be determined by linear interpolation. Loading is applied asymmetrically to each paver at 

all times and the resulting pattern oI7compressive stress in the underlying bedding sand 

cannot be calculated on a simple load spreading basis since the laying course material 

cannot accommodate tensile stress. ) ) Before the mathematical stress calculation in the 

bedding sand can be analysed, it is necessary to select a particular patch loading on a paver. 
('he benefit of this type of analysis is that it provides a very clear understanding of the 

complex pattern of time dependent stresses in bedding sands when the pavement is 

subjected to rolling loads. )This work is fully described in Chapters 4,5,6,7,8 and 9. 

In this research, a choice had to be made between these three techniques. The finite 

element method although shown to be capable of closely modelling the observed 
load/deflection behaviour of paver pavements, is more suited as a research tool than for 

routine design. In particular the method is slow and requires expert adjustment of the 

model to account for any change in the properties or sequence of the pavement layers, also 
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it is difficult to model interfaces between pavers and jointing materials have different 

elastic properties. )By contrast, a wide range of elastic layer analyses are already in common 

use for pavement design. These analyses may be quickly and easily varied to model a wide 

range of pavement types even by technically naive users. The mathematical analyses 

address accurately the nature of interlocking paver pavements at the surface level and 

provide more accurate inputs for analysing the behaviour of paver pavement's courses 
beneath the surface. 

Accurate computation of stresses and strains in pavement structures consisting of different 

layers and materials whose behaviour is usually influenced greatly by time, temperature, 

moisture, etc., is an extremely complex task. Although the use of modern techniques such 

as the finite element method, in dealing with the non-linear response of pavement 

materials, is useful as a research tool, it still lacks practical applicability. The most 

promising design approach still appears to be that based on the use of linear elastic theory. 

In this approach, the non-linear characteristics of the material can be handled by an 

iterative process, whereby a different set of values for the elastic constants is used for each 

stress level. Other changes in material properties with time, temperature and moisture may 
be dealt with in a similar manner. )In addition, the Finite Difference Method14 may also be 

used in solving such types of problems. In this method the paver surface is divided into a 

grid, and a general fourth-order difference equation is developed for each nodal point in the 

grid. The deflection at any specific point is expressed in an individual difference equation 
for that particular point, and then is replaced by finite difference equations. Therefore the 

problem reduces to solving a large number of simultaneous algebraic equations instead of 

one complex differential equation. The solution produces the value of the deflection at 

each individual grid point. Once the deflections are obtained, they are substituted into the 

appropriate difference expressions to determine moments, shear and reactions at the nodal 

points in the paver. The difference equations for mesh points near or on the boundaries of 

the paver have to be modified from the general pattern of finite difference coefficients at 

interior points, in order to satisfy the boundary conditions. The modification of the 
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(boundary conditions is one of the difficulties of the finite difference method, and 

sometimes limits its use. 

The finite element method has been used for analysing rigid pavements on elastic 

foundations, considering the subgrade either as an elastic continuum or as a Winkler-type 

foundation'5 and then this technique has been adapted to the flexible pavements" (sec 

Figure 3.1). If a Winkler-type foundation is considered, the subgrade is represented by 

springs having a constant modulus of reaction Ks. This means that the subgrade reaction 

per unit area at any point is proportional to the vertical deflection at that point, but 

independent of the vertical deflection of any other point. If an elastic continuum foundation 

is considered in the finite element solution, the slab is treated as an assemblage of plate 

elements, while the foundation is treated as an idealised half-space. A Winkler-type 

foundation is much more representative than the elastic continuum foundation for paver 

pavements because of the individual paver behavior of pavements occurs non-interlocking 

case (see Figure 3.1). The flexibility matrix for the foundation is obtained by determining 

the deflections at all points for each location of a unit vertical point load. The stiffness 

matrix of the foundation is obtained by inverting the flexibility matrix. It is then combined 

with that of the paver to obtain the complete stiffness matrix of the structure. 

The existing usage of the finite element method is as follows. The pavement is first 

divided into individual rectangular elements joined at discrete finite numbers of nodal 

points. The foundation is considered as consisting of a series of rectangular pressure areas 

whose centers coincide with and remain in contact with the nodal points of the pavement. 
The pressure is assumed to be constant within each rectangle (see Figures 3.38 and 3.40). 

The stiffness coefficients at the nodal points of the foundation are determined by inverting 

the flexibility matrix of the foundation. The flexibility matrix can be obtained by using the 

Boussinesq equation, relating the vertical displacement, of the upper surface of an elastic 
half-space, to an applied vertical force. As a result the finite element method needs correct 

and appropriate inputs modelling the true behavior of interlocking paver pavements. 
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Therefore, the result of mathematical analysis can be used in finite element analysis in 

order to achieve more accurate design procedures for the whole pavement structure, but the 

accurate behaviour of the paver/bedding sand interface is difficult to model. 

Figure 3.1: Difference between a Winkler subgrade and an elastic subgrade. 

A paver pavement incorporating full interlock can sustain high levels of applied load. An 

interlocking paver pavement can be observed to behave in a manner whereby the pavers act 

together as a system such that the pavement has more of the character of a flexible 

homogeneous material rather than that of a collection of individual units behaving 

independently. Because of this, virtually all of the research into the behaviour of concrete 

block paving has focused upon establishing relative performance factors between pavers 

and conventional flexible pavement construction materials. This Chapter also explains 
design methods based on the flexible behavior of a paver pavement. 
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3.2. Paver pavement design methods 

The identification of the design parameters is crucial to the formulation of a design 

methodology for paver pavements. It is therefore necessary to understand how 

pavements behave in service. This can only be possible by studying full-scale paver 

pavements under the action of actual or simulated traffic. Generally paver pavements 

tend to perform in a manner which is qualitatively similar. The thickness of pavers can 

be changed from 60 to 100 mm in practical pavements. Under traffic, paver pavements 

tend to develop interlock. (Once the load-spreading ability of the pavers increases, the 

rate of accumulation of deformation reduces)When a paver pavement constructed on a 

granular base course becomes fully interlocked, it reaches a stable equilibrium 

condition which is unaffected by either the amount of traffic or by the magnitude of the 

wheel load (within the range from 24 to 70 kN). In the process of developing interlock 

the pavers behave as a structural layer rather than just as a wearing course. ('aver 

pavements can typically reveal elastic deflections between 1 and 2 mm and yield only 

small rutting deformations. ) Consequently, the main design criterion for paver 

pavements including those with granular bases is that the deformation which 

accumulates during the development of interlock should be kept within suitable limits 

so that riding quality and drainage characteristics of the road surface are not 

substantially impaired. If a paver pavement has a stabilised base or sub-base, large 

deflections should not be tolerated in the pavement under traffic, although in the case of 

pavements that include a granular base large deflections may not be harmful to the 

pavers themselves. They may lead to the development of cracking within the base or 

sub-base. Once the cracks occur, they may tend to open the joints between the pavers 

and thereby, destroy or diminish the degree of interlock. (In addition, the cracks may 

assist the progress of the movement of rain water down through the pavement with a 

consequent loss of strength in the subgrade) For these reasons deflection should be 

limited to values which will not cause cracking during the design life of the pavement. ) 

As a result, the design should include some measure of both load and traffic intensity. 

In this respect, the load influences the magnitude of the deflection while the traffic 

intensity can be related to the amount of deflection that can be tolerated if a fatigue 

failure is to be avoided. 3 
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The existing design procedures of paver pavement may be assigned to four basic 

categories: 

1-) Design based on experience; 

2-) Design based on field experience and laboratory tests (empirical design method); 

3-) Design based on equivalence; 

4-) Design based on mathematical models. 

3.2.1. Design based on experience 

Here, block and base thicknesses are chosen on the basis of experience. Not only must 

the existing pavement be materialistically the same, but also it should be old enough, 

and able to maintain satisfactory long term performance according to road construction 

specifications. The design procedures are often presented as a design catalogue which is 

a summary of local knowledge (see Figures 3.2,3.3 and 3.4), The materials to be used 

in the catalogue are standard materials and it is not possible to adjust for better or 

poorer materials. The catalogues do not give any indications on what will be the 

performance of the different structures. It is therefore severely restricted since they 

cannot be extended beyond the bounds of the constraints used in the initial 

development. 

I 
3.2.2. Design based on field experience and laboratory tests (empirical design 

method) 

(Until 
the publication of the Department of Transport's present guide19 for highway 

pavement design in 1984 all categories of highway pavement in the UK were designed 

according to Road Note 2920. This manual provides the design background for road 

construction. It is based on the performance of experimental roads interpreted in the 

light of structural theory. The advances which have been obtained from the research of 

the Transport Research Laboratory have been used to develop a new method for the 

structural design of road pavements. The structural design has been used for bituminous 

roads in order to build public road networks. Design curves were developed to measure 
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the thickness of each layer and all pavement thicknesses in terms of traffic volume and 

strengths of the subgrade. The empirical method of design was used in developing Road 

Note 2920. However, according to the TRRL Laboratory Report 113219, the empirical 

method of design does not provide a satisfactory basis for the design of roads for traffic 

levels such as those observed on experimental roads. Furthermore, this method does not 

accommodate for new or improved materials. After the publication of Road Note 2920, 

experimental roads have carried more traffic, some over 20 msa, and for new design 

procedures, the effect of traffic volumes has been taken into consideration in order to 

design pavements. This was done by Monismith and Witczak21 in 1983. The TRRL 

Laboratory Report 113219 is based upon stress analysis supported by the previous 

empirical experiments. For many conditions, the dynamic stress and strain that come 

from changing traffic loads can be calculated with reasonable accuracy using a multi- 

layer linear elastic model. 

The stress of each layer can also be calculated, taking into account the variation in 

stiffness of bituminous materials with changing temperature. These calculations are 

necessary using cracking and deformation data (based on laboratory testing) for long- 

term performance. The results are suitable for characterising the stress and strain 

behaviour of pavements. Prediction of long-term performance from them is much less 

certain. Road pavements which demonstrate long-term performance are based on 

models in Laboratory tests which attempt to simulate conditions whereby road 

pavements are much simplified. 

Although the results of these tests are generally suitable for the determination of the 

dynamic stress and strain behaviour of pavements, determination of long-term 

performance is much less limited. Some assumptions are made to simplify calculations 

such that the materials of pavements are treated as idealised material (It is assumed that 

idealised material treat as homogeneous or isotropic layers). As a result structural 

theory has been used quite often in many complex models developed with the 

principally objective of characterising particulate material used in road construction. 

Specifically inhomegenious particulate materials. Road Note 2920 had been used for 20 

years before 1970. Further significant increases have been observed of the damaging 
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power of commercial vehicles since 1970, when the last third edition of Road note was 

published. 

3.2.2.1. 
Design criteria for designs based on field experience and laboratory tests 

(empirical design method) 

The basis of mechanistic design method is that pavements must adhere to structural 

criteria to give satisfactory service. TR 113219 explains that the more important design 

criteria are (see Figure 3.5): 

" When the subgrade sustains traffic loading, excessive deformations that are 

controlled by the vertical compressive stress or strain at formation level, are not 

desired. 

" The cracking of bituminous and cement bound materials used in foaJbase designs 

are not desired for long life performance under the influence of traffic. Horizontal 

tensile stress or strain, at the bottom of the roadbase must be considered to provide 

control. 

" In order to create a satisfactory construction platform the load spreading ability of 

granular sub-base and capping layers must be sufficient. 

" The internal deformations of considerable thickness of bituminous materials must 
be restricted. These deformations are a function of their creep characteristics. 

In practice, other factors also have to be considered such as the effects of drainage. 

The basic inputs that must first be acknowledged for road design include the 

determination of design life, the traffic loading and strength of the subgrade on which 

the road is to be built. According to TRRL 113219 these basic inputs must be taken 

account in the first stage of road design. 
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Fabgw Crack 

-- -- P, HodzoMd tensile sman 

Horizontal tense stress 

I, rtbound kryers 
a= vermcai 

and strain 

Figure 3.5: Critical stress and strains in a bituminous pavement. 

3.2.2.2. Design life considerations for design based on field experience and 

laboratory tests (empirical design method) 

The recommended design life according to Road Note 292 and LR 11321` is 20 years 

for bituminous roads and 40 years for concrete roads. In addition, the end of the design 

life was associated with surface ruts of 20 mm in the case of flexible pavement or 

cracking, and crazing in the case of rigid pavement. Roads in a failed state such as this 

are in need of a strengthening overlay or partial reconstruction. However, it is added 

that strengthening a pavement in such damaged conditions does not necessarily result in 

satisfactory subsequent performance. 

TRRL 11321`' showed how Lister 22 (1972) examined the surface state of the road and 

distinguished between both sound and critical conditions. The basis of this approach 

was the comparison between surface condition and structural integrity. Lister" (1972) 

defined the beginning of critical structural conditions such as rutting or the onset of 

cracking in the wheel paths. In the analysis of the performance of experimental roads, 

when the rutting in the wheel path is greater than 10 mm or when cracking is seen, the 

design life has been decided as a surface condition. When there is indication of damage 

to the road it is best to overlay at this point instead of allowing the road to achieve 

critical damage conditions. This is not only cheaper but also takes advantage of the 
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stability of the existing road structure. Failure to strengthen the road at the onset of 

surface failure may lead to structural failure and the resulting remedial work will then 

involve complete road reconstruction. 

Abel123 (1983) recommended that the initial design life might be longer than 20 years. 

Furthermore he states that when design life is calculated, variability of pavement 

performance, cost of traffic delay and other extra costs must be taken into account. 
Figure 3.6 summarised his work. 
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Figure 3.6: Discounted cost over 40 years for different design lives of roads with a 
bituminous roadbase. 

Accordingly it can be noted that for bituminous pavements, the optimum design life 

costs shown for 40 years life does not differ markedly from 20 years costs. Abell'' 

states that roads would survive with 85 per cent probability without requiring a 

strengthening overlay to extend their lives. This design that uses 10 mm rut criteria for 

structural deterioration will give a longer life than Road Note 292" which is based on 20 

mm rut deterioration. Using deflection measurements, the life of the road can be 

extended by using strengthening overlay methods unless there are some factors that 

deter the overlay approach. 
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The method which Abel123 (1983) uses is not very sensitive because it cannot predict 

the design life for 40 years. This method has risks and analysis is more complex. 20 

years design life seems more appropriate. At the end of the 20 years, the life of the road 

can be extended, structural deterioration can be reconstructed, and may be adapted to 

the real design life. Roads can be re-aligned or widened to accommodate increased 

traffic density. 

'3.2.2.3. Traffic considerations for dcsiin based on field experience and laboratory 

tests (empirical design method) 

Cumulative numbers of 80 kN standard axle loads are taken as a criteria in Road Note 

2920. The designer has to estimate the number of standard axle load from the number of 

commercial vehicles. This is referred to as the vehicle damage factor on motorways and 

other heavily trafficked roads. Currer and O'Connor24 (1979) suggested that vehicle 

damage factors should be calculated for the design of new roads. Later, Addis and 

Robinson25 (1983) developed an equation for calculating the total number of 

commercial vehicles using the slow lane of a public road carriageway In, over a design 

life of n years, based on a knowledge of the initial traffic flow Fo and for an annual 

growth rate of r. Their equation is: 

Tn = 365 Fp (3.1) 
r 

If r=0, that is no traffic growth is anticipated, then the equation reduces to: 

T� = 365 Fon (3.2) 

It has also been determined that the number of standard axles per commercial vehicle, 
i. e. the vehicle damage factor, can be calculated from: 
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0.35 0.26 1.0 
D 

`i 

) 

+ 0.082) - 0.92t + 0.082 3.9`tsso 

Where: 
D: The vehicle damage factors. 

t: year of opening relative to 1945 
(e. g. t fora road to be opened in 
19'X, - 19`X, -1945-51). 
F: average annual daily flow (AADF). 

(3.3) 

From equations 3.1 and 3.2, Table 3.1 has been calculated and shows the total number 

of commercial vehicles after 20 years, for initial daily commercial vehicle now 

(IDCVF) of 50 to 1000 and for annual traffic growth rates from 0 to 5%. 

IDCVF 0 1 

(Wowth Rate % 
2 3 4 3 

50 0.37 0.40 0.44 0.49 0.54 0.60 

100 0.73 0.80 0.8) 0.98 1.09 1.21 

200 1.46 1.61 1.77 1.96 2.17 2.41 

300 2.19 2.41 2.66 2.94 3.26 3 62 

400 2.92 3.21 3.53 3.92 4.33 4.83 

300 3.65 4.02 4.43 4.90 5.43 6.03 

600 4.38 4.82 5.32 3.88 6.32 7.24 

700 5.11 5.63 6.21 6.87 7.61 8.43 

800 3.84 6.43 7.09 7.83 8.70 9.66 

1000 7.30 8.04 8.87 9.81 10.87 12.07 

Table 3.1: Cumulative number of commercial vehicles-millions; design life=20 years 

Table 3.2 shows the calculated values for vehicle damage factors, from equation 3.3, for 

public roads opening in the UK any year from 1990 to 2020. 

Year 50 100 200 

Daily now of awn via1 vcfiklw 
MDF 

300 4110 500 600 800 1000 

190)0 0.53 0.65 0.84 1.02 1.18 1.32 1.46 1.69 1.89 

1992 0.60 0.71 090 1.08 1.25 1.40 1.54 1.78 1.98 

1994 0.65 0.76 0.96 1.14 1.31 1.47 1.61 1.86 2.07 

1996 0.69 0.81 1.01 1.20 1.38 1.54 1.68 1.94 2.16 

1998 0.74 0.83 1.07 1.26 1.44 1.60 1.73 2.02 2.24 

2000 0.78 0.90 1.12 1.32 1.50 1.67 1.82 2.09 2.31 

2002 0.83 0.94 1.17 1.37 1.33 1.72 1.88 2.15 2,38 

2004 0.87 0.99 1.21 1.42 1.60 1.78 1.93 2.21 2.44 

2006 0.90 1.02 1.25 1.46 1.65 1.82 1.98 2.26 2.50 

2008 0.94 1.06 1.29 1.50 1.69 1.87 2.03 2,31 2.35 

2010 0.97 1.09 1.32 1.34 1.73 1.91 2.07 2.36 2.60 

2012 1.00 1.12 1.36 1.37 1.77 1.95 2.11 2.40 2.64 

2014 1.02 1.15 1.39 1.60 1.80 1.98 2.14 2.43 2.68 

2016 1.05 1.17 1.41 1.63 1.83 2.01 2.17 2.47 2.71 

2018 1.07 1.20 1.43 1.65 1.83 2.03 2.20 2.49 2.74 

2020 1.09 1.22 1.46 1.67 1.87 2.06 2.23 2.52 2.77 

Table 3.2: Vehicle damage factors 
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3.2.2.4. Subgrade considerations for design based on field experience and 
laboratory tests (empirical design method) 

In the design of road pavements, the strength and stiffness of the subgrade are required 
to fulfil two design functions: 

" to characterise the subgrade as a foundation of the road to carry traffic. 

" to find out the likely in-service long-term strength and stiffness of the subgrade after 

the construction stage. 

The stresses of the subgrade resulting from traffic loads must be reduced until the 

deformation is at the prescribed level at the end of the design life. The strength and 

stiffness of the subgrade are directly related to the magnitude of stresses at the 

formation level. Thereby, the stresses and strains experienced by the overlayers are 
directly influenced by the stiffness of subgrade. 

Moisture conditions directly affect the stiffness and strength of the subgrade. It is 

assumed that during the in-service life of the pavement, both pavement and foundation 

should be drained. The values of subgrade stiffness and strength related to moisture 

conditions of the subgrade in the design of a road is taken into account under wet 

conditions. These however might differ significantly from their values in dry weather. 

The relationship between the various physical properties of a soil and its stiffness and 

strength are complex and vaguely understood. The California Bearing Ratio (CIR) test 

(see Section 1.4.4. ) is used for the assessment of stiffness and strength in spite of its 

limited accuracy. However, the CBR test gives unrealistically low results on wet 

cohesive soils near saturation. For the design of new roads it can be applied to 

laboratory samples that have been compacted at the appropriate field moisture content. 

It can also be used to test material in-situ. This situation is very useful because subgrade 

strength needs to be measured when existing roads are being reconstructed. This can be 

done by in-situ CBR testing in pits or by making bore holes and using the cone 

penetrometer described by Black26 (1979). According to the TRRL 113219, for the 
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cohesive soils CBR can be estimated with a soil suction method described by Black and 

Lister27 (1979). Measurements of the stiffness modulus of subgrade soil is necessary to 

calculate stress and strain in the road pavement and in the subgrade soil. The value of' 

CBR is a measure of stiffness, at large strain and low strain rate. 

JE 
= 17.6(CBR)0, &l MPa (3.4)19 

Where CBR is in per cent; this can be used between 2 and 12 per cent 

3.2.2.5. Capping layer considerations for design based on field experience and 

laboratory tests (empirical design method) 

If the CBR of the subgrade is less than 5 per cent, the Department of "Fransport2x (I978) 

suggested using a suitable capping layer constructed from low costs local available 

materials. In addition, the capping layer reduces the risk of damage during construction 
by providing a firm platform for compaction of the sub-base. Cement-bound materials 

above the capping layer can improve the structural contribution of these layers. Black 

and Lister 27 (1979) observed that extra capping layer eliminates any reduction in the 

strength of subgrade. 
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Figure3.7: Dynamic vertical strain at formation level beneath a 40 kN wheel load 
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For capping layers, analysis of dynamic vertical strain, for various combination of 

capping layer stiffness and thickness, has been performed for 150 mm sub-base. This is 

illustrated in Figure 3.7. 

3.2.2.6. Sub-base considerations for design based on field experience and laboratory 

tests (empirical design method) 

Sub-bases that use granular material are structurally meaningful and provide a working 

platform for transportation, laying and compaction. This layer must be frost-resistant 

and unyielding to the action of weather. In wet weather, cement-bound sub-bases may 

be preferred. For construction of granular sub-bases and cement bound sub-bases, linear 

elastic theory can be used. The stress generated by construction traffic and temperature 

in a cemented sub-base will generally cause it to crack. The magnitude of the crack will 

be influenced by the amount of traffic, strength and thickness of the sub-base and the 

stiffness of the subgrade and any capping layer. 

LogN 75 
h(CBR)o63 

= ------ 190 

h: the thickness (mm) of granular material 

required to limit rut depth to 75 mm for a 

given traffic level and subgrade CBR. 

(3.5) 
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Figure 3.8: Thickness of sub-base required to carry construction traf tic 
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Tests on unpaved roads were carried out by the US Corps of Engineers29 to determine the 

thickness (h) mm of granular material required to limit rut depth to 75 mm. N is the 

number of standard 80 kN axles. The formulation was developed by Webster and Alford3° 

(1978) and characterized by Giroud and Noiray31 (1981). In addition, for limited 

deformation, about 40 mm, the following equation was demonstrated by Pike, Acott and 
Leech32 (1977). 

0.63 w hcm: 
h CBRý h: the thickness (mm) of granular material LogN40 = -0.24------- (3.6) 

190 required to limit rut depth to 75 mm for a 
given traffic level and subgrade CUR. 
N: the number of standard 90 kN axle. 

This equation has been used to determine the thickness of sub-base required for different 

levels of cumulative construction traffic as shown Figure 3.8. 

3.2.2.7. Multi-laver linear elastic analysis to paver pavement design 

A design method developed by Barber and Knapton33 has been formulated in a way which 

preserves the engineers' freedom to specify sub-base and base material types and thickness 

in the pavement. This method was the paver pavement design method based upon multi- 

layer linear elastic analysis to be used widely. Therefore, it is described in detail. Barber 

and Knapton33 define four primary requirements for a pavement: 

`I-) Low cost of constcµction. 

2-) Low maintenance costs. 
`3-) High reliability. 

4-) Known design life. 

It is assumed that paver pavements with cement bound bases are the best solution available 
for these requirements. It is also stated that a successful design should take the following 

parameters into account: 

80 



Chapter 3: Structural design of paver pavements 

9 port layout and operation (Barber and Knapton33's paper was written in the port 

pavement context) 

" future uses and development 

" type of trafficking (vehicle speeds; wheel loadings; number of loadings) 

" static loading (point loads; impact loading) 

" surface pollution (hydraulic oil; de-icing salts) 

" strength of subgrade 

" anticipated settlement (short term; long term) 

" climate 

" availability of local materials 

The development and use of a series of design charts that have been derived from a basic 

design philosophy was described by Barber and Knapton33. The wide use of computers 

supported the development the semi-analytical approach in highway design and this made it 

possible to extend the empirical design rules beyond their original bounds to include 

motorways and industrial pavements. The most successful of these analysis techniques has 

been the multi-layer elastic model. It was stated that several computer programs of varying 

degrees of complexity had been developed, and their work used a simplified analytical 

technique developed by Ullidtz and Peattie34. This has been adopted because of its speed of 

execution, particularly when several hundred pavement structures are being analysed, as 

was the case for each design chart. The pavement model used in this work is illustrated in 

Figure 3.9. The assumption was that the contact area between the tyre and the pavement 

was circular with a contact stress equal to the tyre pressure. The analysis program gives the 

vertical stress and strain, and the radial strain at each interface. Two design criteria have 

been established and generally applied to pavements: 

1-) Fatigue cracking of base material. 

2-) Progressive vertical deformation of the subgrade. 
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In the structure of the paver pavement, the tensile radial strain at the bottom of the hound 

layer and the compressive vertical strain at the top of the subgrade were considered as the 

two design parameters. A relationship was developed between these two strains and the 

design life, i. e. numbers of load repetitions to failure of the pavement. These critical strains 

for a whole range of pavement structures were established and the results were plotted as a 

design chart. Figure 3.10 was given as an example of design charts. For each chart the 

following variables are held constant: 

" Surfacing (material type - 80 mm thick concrete pavers) 

" Base (material type - cement bound material) 

" Sub-base (material type, granular, thickness; elastic modulus) 

" Subgrade (CBR - California Bearing Ratio) 

The variables for each chart are: 

" Base (thickness; elastic modulus) 

" Loading (magnitude of loading) 

a 
contact stress egici 
to 

concrete blocks 

4 h2 

4 *ER, 

EZ, 

Figure 3.9: Pavement model developed by Barber and Knapton". ER-, is the critical strain 

in the base, EZ4 is the critical compressive strain in the sub-base. 

On each chart an example line has been drawn showing how the graphs are related: 
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i-) The strength of the basecourse, i. e. its elastic modulus, is the starting point on the 

ordinate of the bottom graph. Project horizontally to the intercept of the curve representing 

base thickness and then vertically to the centre graph. 

ii-) This graph has two ordinate scales; the one on the left is the tensile radial strain at the 

bottom of the bound layer and the right hand scale is the compressive vertical strain at the 

surface of the subgrade (both are scaled in microstrain). Unlike highway design, where 

there is a statutory maximum axle load for pavements, in port areas the maximum load is 

variable. Consequently the central graph has a series of curves representing the magnitudes 

of loading, which are given in Port Area Wheel Loads' (PAWL's) increasing in multiples of 

two. 

iii-) The two outer graphs represent the fatigue characteristics of the pavement base, on the 

left, and the subgrade, on the right. Thus projecting horizontally across both outer graphs 

and descending to the abscissae gives the anticipated design life for each constraint. The 

actual design life is the lower of the two values. 

The wheel loading is characterised in terms of the Port Area Wheel Load, or PAWL, which 

is defined as a 12 tonne wheel load with a damaging factor of unity. Table 3.3 gives typical 

values for handling equipment in common use. The design charts given in Barber and 

Knapton33's paper cover a range of subgrade strengths, Figure 3.10 gives a typical example 

of the design charts for CBR 5% with a surfacing of 80 mm concrete pavers. Table 3.4 

gives typical values for the elastic moduli of various base materials necessary for the input 

in (i). Barber and Knapton33 suggest that if possible the true values should be established 
from laboratory tests since they are dependent on the characteristics of locally available 

materials. 
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Lean Concrete Base 

Charoctedetlc Strength N/mm' 

compre6sive f exurd 
24.0 4.0 
18.0 3.0 
12.0 2.0 
6.0 1.0 

is 1oß 10' 10' 
Design Life (No of Repetitions) 

Radfal 
Stain 

150 
t- 
aa. o 4 

4 ep 
100 I no 1 x. o 

A 
A 

ni 

A 
A 
" 

60 A 

Y 110' 

ons) Ekis$c 
Modulus 
E2 
N/mm' 

10000 1ºº ýº 
RR 

III 
. ý\\ 

\ 

100: 

Vertical 
Subgrade 
Strain 
EZ, 

500I 

4 

300 

200 

100, 

0l 
10' 10° 10' 10' 10' 

Design Life (No of Repetitions) 

Figure 3.10: The design chart cover a range of subgrade strength, CBR 5%, with a surfacing 

of 80 mm concrete pavers. 

PAWL rarhgs 
Type of vehicle � Q, _ _ darncK" 

been Wh" load 

Road Udler 0.00 002 0.02 

20 ft teffniwl trailer 
1x20 ft containers 0.01 0.10 0.14 
W0 ft conlakxws 0.01 : 0.94 1.55 

40ft temrd1r er 
1x40 ft contaYie s 0.01 0.05 0.02 
2x241t contdners 0.01 0.26 ! 0.18 
2x40 ft bias 0.01 0.39 0.25 
4x20 ft containers 0.01 2.62 2.01 

Front lift trucks 
23.5 t capadly 0.80 10.0 15 0 
28.0 t capaclly 1.05 1 1.0 175 
37.0 t copcKAV 

i St ddl 
5.0 20.0 35.0 

er ra e carr 
4 wheals 0.80 3. DO 2.06 
8 vAleels 0.80 1.40 0.60 

Table 3.3: Typical Pawl values for handling equipment in common use. 

It was stated by Barber and Knapton;; that there are two principal elements in a pavement: 
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Surfacing. Should be of a high durability and strength to resist the severe surface loads and 
high contact stresses. 

Base. The principal structural component of the pavement that spreads the load so the 

subgrade is not overstressed. 

Coarrxes* o 
Strength 
NknrW 

Flexile 

Nhnrý 

Elan is 
Moduks 
P1hrm' 

Lem concrete 6 1 27,000 
12 2 35,000 
18 3 42,000 
24 4 48,000 

Cement Bound 3 0.6 15,000 
gnawar matwu 6 1.0 17,000 

9 1.5 20,000 
12 2.0 22,000 

Soil Cement 2.5 0.6 3-7,000 
5.0 1.0 i 5.11, 

Table 3.4: Typical values for the elastic moduli of the various base materials. 

A secondary element is the sub-base that is provided where the pavement is constructed 

over a weak subgrade to give extra strength at low cost and to provide a good working 

surface for subsequent construction. 

Despite the variety of pavements most structures can be divided into one of six broad 

categories, as indicated in Figure 3.11. It was assumed that asphaltic materials have been 

used extensively for both highway and aircraft pavements and their applications to 

industrial paving seemed logical. However, three characteristics of the asphaltic mix have 

resulted in an overall poor performance in port applications: 

1-) The stiffness, or strength, of a bituminous material decreases as the temperature rises. 

2-) The stiffness of a bituminous mix decreases as the loading time increases; i. e. the 

slower the vehicle the lower the strcngth. 
3-) Surface oil pollution slowly dissolves the bituminous binder, leaving it more susceptible 

to scuff and frost attack. 
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Figure 3.12. 
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Figure 3.11: Pavement constructions generally fall into one of six broad categories. 
Figure 3.12: Original pavement specification in Denmark. Wheel loading: 1 Pawl. Construction: 40 mm 
asphalt concrete wearing course (100 pen); 200 mm asphalt base course (100 pen); 230 mm 
Macadam base; 150 mm mechanically stabilised gravel. 
Figure 3.13: Modified pavement specification in Denmark. Wheel loading, 1 Pawl. Construction: 40 mm 
asphalt wearing course (100 pen); 80 mm asphalt base course; 300 mm asphalt base; 150 mm 
mechanically stabilised gravel. 
Figure 3.14: Typical all-asphalt paving, Wheel loading: 1 Pawl. Construction: 100 mm asphalt wearing 
course and dense bitumen macadam base course; 200 mm wet mix macadam base; 150 mm Type 2 
granular sub-base. 
Figure 3.15: Typical cement-bound base pavement. Wheel loading: 1 Pawl. Construction: 100 mm high 
stone content asphalt wearing and base course; 250 mm lean mix concrete. 
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/It is reported by Barber and Knapton33 that for low speeds, a typical mix stiffness for a 100 

Penetration bitumen mix is approximately 2300 N/mm2, compared to 7000 N/mm2 used in 

highway design calculations where the speed is nearer 80 km/hr. This is reflected directly 

by rutting and indentation, particularly in the summer months. The durability of asphalt 

surfacing can be greatly improved if a high stone content and a low penetration bitumen is 

used. In this case the mix stiffness is more likely to be 4500 N/mm2 (50 Penetration 

bitumen, 55-65% stone content), and this gives much greater durability against indentation, 

rutting and oil damage. However, the stiffer mixes generally exhibit poorer fatigue 

characteristics and are more prone to structural cracking. Also low binder contents are 

more susceptible to surface damage from severe tyre screwing. Fatigue cracking may be 

overcome by the use of a cement bound base. Although an asphaltic pavement is 

considered to be flexible, excessive differential settlement will lead to cracking and 

subsequent breakdown of the bound layer. The surface can be patched easily, but this is 

rarely satisfactory as pneumatic tyres rapidly pull the new material out. In large settlement 

areas, therefore, asphaltic surfacing is often rejected in favour of a more durable material. 

Generally, bitumen bound bases have not been used widely except in Denmark because of 

their low stiffness and their poor fatigue characteristic. There is an established asphalt 

industry, and two construction techniques have been used in Denmark. The first illustrated 

in Figure 3.12 was based on highway design methods with modified thickness to 

accommodate increased loading. The structure's performance was not completely 

satisfactory and when a further area was laid the specification was changed to that 

indicated in Figure 3.13. This proved to be satisfactory. The diference in performance can 

be explained when the two structures are analysed. The two critical strains in the first 

structure are much greater than those in the second. It was also assumed that the latter was 

quicker, easier and less expensive to construct. In the UK, the port areas in which asphaltic 

construction has been used have experienced very severe problems with critical pavement 

damage. An analysis of the structure in Figure 3.14 indicates why; both of the critical 
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strains are very high and well above the material's ultimate strains. The performance of 

these three structures should be contrasted with that of composite structures, i. e. asphaltic 

surfacing over a lean mix concrete base as shown in Figure 3.15. Here, with a high strength 

base, the tensile strain in the asphalt is very low and may become compressive in some 

structures_; the_critical strain is then that at the base of the cement bound layer. The vertical 

subgrade strain is also very low. It is, generally found that this form of construction gives a 

much more durable pavement. A wet mix macadam has been used as the base material in 

two of the structures give4 above. This has also been used under a concrete paver surfacing 
for an industrial pavement in the UK. It is a relatively weak material being almost 

analogous to_ soil cement but is claimed to be more tolerant to subgrade settlement. 
Traditionally, asphaltic materials have been economical for paving, but the recent 

increasing cost of oil, in the UK, has made it comparable to other more expensive surfacing 

materials such as concrete pavers. 

It is also stated that it is possible to improve the surface durability of asphalt with a cement 
based grout. A surface layer of approximately 40 mm thickness of open texture, bitumen 

coated aggregate (no fines) is laid. Into this is rolled/vibrated a resin cement grout that is 

left to harden. It takes around 28 days to develop its full strength. The final stiffness of the 

surfacing is high, about 12,000 N/mm2, and gives much greater resistance to surface loads. 

However, high strength, or. semi-rigid, surfacings are very, susceptible to cracking owing to 

the_ high-tensile 
_stresses.. 

developed under-loading. The strength of the supporting base 

material is critical and the manufacturers have carried out design research based on the 

multi-layer elastic model. Since the material is not as flexible as a true asphalt, experience 
indicates that, under conditions of modest differential settlement, surface cracking will 

occur whereas a traditional asphalt mix would roll out. However, these cracks are fine and 

widely spaced and do not affect the overall integrity of the pavement. An alternative to 

cement resin is an epoxy asphalt mix which is highly resistance to oil attack. Construction 

is fast and efficient as the thermosetting mix hardens in about 90 minutes. Its use in port 

areas is not very widespread and where it is used is restricted to heavily polluted areas such 
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as loading bays. Although both these methods provide increased durability, they have 

higher construction cost. The use of these materials may not be adopted for large parking 

and operating areas owing to higher cost rate. 

It is reported that in-situ concrete pavement gives very durable surface that can withstand 
high contact stresses, and provides good riding quality. However, it is noted that there are 

two difficulties which make the use of rigid pavement construction impracticable in many 

cases: 

" Subgrade settlement cannot be accommodated without excessive cracking. 

" Some provision for thermal expansion/construction must be made. 

It was stated that in the older port developments that concrete paving was commonly used, 

either unreinforced or with a single layer of mesh reinforcement and regular expansion 
joints. Reinforced concrete is adequate for all but the heaviest of loading providing the site 
is not prone to settlement. Unfortunately this is rarely the case in a modern development 

and if a concrete structure is laid cracking must be expected. It is also noted that 

unreinforced concrete is completely unsuitable, and even at sites where extensive top and 

bottom steel reinforcement have been used problems with cracking have not been 

overcome. It is also added that regular expansion joints are necessary, but these are 

expensive to install and form inherent weaknesses within the structure. Cracking usually 

manifests itself across the comers and along the joints. Problem associated with expansion 
joints can be overcome with a continuously reinforced pavement. Here adequate 

reinforcement is included to distribute the stresses evenly through the concrete. Thus, 

instead of large cracks developing at intervals of 5 to 7 metres, transverse cracking is fine 

and closely spaced, 1 to 2 metres. A hard concrete surface is ideal and the necessary 
flexibility can be achieved by using a precast concrete surfacing material that can be relaid 

as settlement takes place. 
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It is noted that precast concrete surfacing gives several advantages: 

" Good quality control in manufacture. 

" Full strength achieved in off-site curing. 

" Little plant needed for laying. 

" Immediate trafficking. 

" Easy relaying as settlement takes place. 

Reinforced rafts or slabs are generally 2 metres square and usually have a protective steel 

angle surround or have a chamfer around the top edge instead. Various thicknesses are 

available but the heavy duty 150 mm thick slabs are recommended. The high cost of 

construction has, unfortunately, not been reflected by a good performance record in the port 

environment. (The principal problem seems to be settlement of the subgrade. Uneven 

settlement leads to steps developing between adjacent units and pumping. This has to be 

rectified as quickly as possible as surface water and rocking washes out the supporting 

sand, making the problem worse. ) Some experiences indicated that the problems of hogging 

and high wheel loads made the/ precast rafts inappropriate for use in areas operated by 

rubber tyred terminal trailers. Overall costs are significantly greater than the alternative 

precast concrete surfacing, concrete pavers. 

According to Barber and Knapton33, concrete pavers give the same advantages as the raft 

system, a highly durable and hard surface, but they also have the flexibility associated with 

asphaltic construction. (The dimensions of pavers are 100 mm x 200 mm and because they 

have adequate thickness, tensile cracking does not occur. )Since the structure is already 

"cracked" the surfacing can accommodate extensive deformation without damage. The 

pavers are laid by hand on a layer of screeded but uncompacted sand. 

The surface is vibrated to give the final profile and this forces the sand up into the joints, so 

converting the individual units into a homogeneous surfacing. If the pavers are made of 
high quality concrete the surface durability is excellent, it can withstand the very harsh 
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loading from trailer dolly wheels without any problems. Once interlock has developed, the 

strength of the surface layer is high and thus a large elastic modulus is used in the design 

chart. 80 mm pavers are common and performance has been perfectly satisfactory in port 

areas. The initial cost of construction may be slightly higher than that of an asphaltic 

construction, but existing paver pavements have required little maintenance. The overall 

costs, therefore, are lower. Surface water will drain through the backfill and if settlement 

around any soft spots becomes excessive, the pavers can be lifted and relaid in a few hours. 

This makes for one of the most cost effective forms of paving available for port areas. ) 

It was stated that cement bound base materials are the most successful form of 

construction. Cement bound materials are divided into three broad groups by Barber and 
Knapton33: 

" rolled dry lean concrete 

" cement bound granular material 

" stabilised soil cement 

It is noted that which of these materials is the most suitable depends on materials and plant 

available; soil stabilisation of a sandy gravel subgrade can be significantly less expensive 

than lean concrete, despite the greater thickness and higher cement content required. All 

cement bound materials require a curing period to develop full strength, but this rarely 

causes a delay as the surfacing can be laid during this time. 

It is generally recognised that the higher the strength the better, although this aggravates 

problems of shrinkage cracking. 
(Lean concrete is generally regarded as a non-flexible 

/ 

material, but it has proved to be sufficiently flexible to follow site settlement to a 

remarkable degree) It is assumed that in areas of settlement, an angular aggregate will give 

better durability as frictional interlock across cracks is very high. 
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3.2.2.8. A Mechanistic design using the design parameters obtained from laboratory 

test 

Shackel35's design procedure described here involves two stages, comprising: 

" The empirical characterisation of paver paving systems. 

9 The application of mechanistic analyses to paver pavements. 

According to Shacke135, the justification for an empirical approach to characterising paver 

pavements is that pavers can be manufactured and laid to much more consistent tolerances 

and specifications than most other types of flexible pavement materials. Therefore, the 

properties of pavers are less likely to vary from one project to another. Shackel35 carried 

out a series of accelerated trafficking tests of paver pavements. It was shown that just two 

criteria are important in assessing the response of paver pavements to traffic. 

(In the case of paver pavements incorporating granular bases, the prime indicator of 

performance is the permanent or rutting deformation. By contrast, for pavements using 

stabilised bases the principal performance criterion is the elastic deflection. 'The results of 

the tests are shown in Figures 3.16 and 3.17 for rutting and deflection respectively. 

According to Shacke135, mechanistic analysis can be important because of the complexity, 

cost and length of time involved in accelerated trafficking evaluations of pavements. The 

levels of performance achieved in a prototype pavement would be applied under 

conditions where the insitu subgrade has a strength at least equal to that studied in the 

accelerated trafficking tests. For each level of subgrade strength considered in paver 

pavement design it would be necessary to test a series of prototype pavements. 

(A study of relationships between pavement thickness and subgrade CBR indicates that for 

increases in CBR beyond 50% there is usually little significant reduction in pavement 
thickness. Accordingly, the relationship between CBR and thickness can effectively be 
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replotted as a series of factors, Fs (the thickness factor) by which the thickness at a CBR of 
50% or greater must be multiplied to yield the necessary depths of cover. This is shown in 

Figure 3.18. Shacke135 assumed that it is possible to calculate the thickness needed to 

achieve the some level of performance at some other CBR value. 

There are two analysis techniques which are based upon elastic deflection and rutting 
deformation in mechanical design method. (The CHEVRON36 linear elastic computer 

analysis was used to examine the structure shown in Figure 3.19(a). The load used in the 

deflection analysis was a single 40kN wheel with a tyre pressure of 0.6N/mm2. The purpose 

of the analysis was to examine the effects of varying the subgrade modulus (and hence 

CBR) and the base course thickness). The values of moduli assigned to each of the flexible 

material layers were selected from tables of typical values collated by Paterson and Maree36 

from both accelerated trafficking and laboratory tests of actual pavement materials. 

The selection of suitable values to characterise the pavers was more difficult. Values of the 

apparent modulus of a paver layer vary from 4.415N/mm2 reported by Seddon37 to 8N/mm2 

quoted apparently without any experimental justification by Tait38. The results of the 

CHEVRON36 analysis were rearranged (using the techniques of multiple regression to 

determine how the base thickness should vary in order to maintain a constant level of 

elastic deflection at the surface. of the pavement. This information was used to draw curve c 
in Figure 3.19. The relationship between CBR and modulus, was based on data given 
NAASRA39, Paterson and Maree36 and others, is taken into consideration in Shackel's 

work. 

It should, be-noted that the relationship given as Figure 3.18(c) is relatively insensitive to 

changes in-the material properties, given. in Figure 3.19(a) and can therefore be used with 

confidence to cover most practical situations. ýInspection 
of Figure 3.18 indicates that the 

thickness factor, Fs, based on the criterion of maintaining a constant level of deflection in 

the pavement requires the pavement thickness at low CBR to be rather greater than that 
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given by the conventional CBR, cover relationship (curve b and d)) This shows that the 

criterion of constant deflection is suitably conservative for general use. According to 

Shackel35, it is necessary to design such pavements in accordance with the criterion of 

maintaining the deflection within acceptable limits. In other words the design should be 

based on curve c in Figure 3.18. 

According to Shacke135, it is appropriate to base the design on-- considerations of 
deformation only for, granular.. bases. The ELSRUT computer program developed at the 

University of California and described by Freeme and Monismith40 was used in order to 

determine how the thickness of. a granular base should be varied to -maintain the 

deformation inthe pavement. constant. This program may be allowed to determine the 

deformation in a pavement resulting from a specified number of load repetitions. This 

program was used to calculate the rut depth after 10 000 repetitions of a 40kN single wheel 
load (tyre pressure 0.6N/mm2) in the pavement structure shown in Figure 3.19(b). Then, 

using multiple regression techniques, the thickness factor/CBR relationship given as curve 

a in Figure 3.18 was obtained. (Shacke135 assumed that the criterion of maintaining a 

constant level of deformation (rutting) requires greater pavement thickness than that given 
by the CBR/cover relationships (curves b and d))except at low CBR as may be seen in 

Figure 3.18. CBRlcover relationships of ELSRUT40 was used as a reference in Shackel's 

design procedures. 

(hackel's 
original design curves were published for granular materials only. Suitable base / 

materials for this form of construction are expensive. Using this form ý of construction is 

expensive where the subgrade CBR is low and therefore requires substantial pavement 

thickness; For this reason the design method has been revised to cover three types of 

pavement structure. The structures and the recommended range of subgrade CBR for which 

each is thought to be most economical are as follows: 

Granular base on subgrade (CBR>30%). 
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Granular base on cement-stabilised sub-base (CBR<30%). 

Cement-stabilised base and sub-base (CBR<10%). 

The data has been plotted in Figure 3.16 and has been obtained for prototype pavements in 

a fully interlocked condition. The data may be rearranged using the techniques of multiple 

regression to show the thickness of granular base needed beneath various thicknesses of 

paver to yield specified degrees of rutting. This is shown in Figure 3.20. From Figure 3.20, 

the combinations of base thickness and paver thickness needed to give a specified level of 

rutting at the development of full interlock may be selected for all pavements constructed 

on a subgrade similar to that used in the prototype pavements. In Figure 3.20 subgrade CBR 

was in excess of 60%. For pavements having CBR below 60% the thickness as given in 

Figure 3.20 should be multiplied by the suitable value of Fs given as curve a in Figures 

3.18. 

Figure 3.18 and 3.20 were combined in a single nomograph for the design of road 

pavements in order to provide suitable design parameters and performance criteria. Figure 

3.21 has been plotted on the basis of a design single wheel load of 36kN and a specified rut 
depth of 6mm. This degree of rutting is considerably less than that which would be 

tolerated in actual roads. The designs shown in Figure 3.21 are believed to be conservative. 

The upper limit of thickness of a granular base is typically between 150 and 200 mm but 

economically this thickness varies from country to country. (When the pavement 

incorporates a stabilised layer it becomes necessary to consider both the magnitude of the 

applied load and the number of load repetitions in order to ensure that the sub-base will not 

crack) 

In order to determine the thickness of sub-base, the pavement structure shown in Figure 

3.19(c) was analysed using the linearly elastic CHEVRON36 computer program. The effects 

of varying the paver thickness, sub-base thickness and subgrade modulus on the surface 
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deflection are shown in Figure 3.22 for a 40kN single wheel load. The subgrade modulus 

may be assessed in terms of the CBR of the subgrade material. 

Figure 3.22 may be interpreted as a relationship between traffic intensity, subgrade CBR 

and sub-base thickness and may be used for design purposes (as shown by line (a) on the 

figure for 0.6 million standard axle loads ). (X-study of Figure 3.22 shows that it is not 

possible to reconcile the requirements of a high volume of traffic with a low subgrade 

CBR, In this kind of situation some alternative form of construction should be used -) it 

should be noted that the relationship between deflection and pavement life assumed in 

Figure 3.22 was derived for pavements with bituminous surfacing whose tolerance to 

deflection is, much less than that of paver pavements. The design in Figure 3.22 assumes 

that no cracking can be tolerated in the sub-base whereas in practice the granular base 

would act as a barrier against crack propagation. /The resilient deflection of the pavement 

provides the principal criterion of performance. ' The elastic deflections of paver pavements 

with a granular base. appear to be little affected by either the load magnitude or number of 

load_ repetitions. Typical data were given in Figure 3.17. These data may be rearranged by 

multiple regression techniques to show graphically the relationship between basecourse 

thickness and.. paver thickness(for specified levels of elastic or resilient deflection) This is 

shown in Figure 3.23. 

From-_Figure_3.23 
_the_ 

basecourse thickness may be selected beneath any designated paver 

thickness to yield _a , specified 
, 
surface deflection. This deflection. 

-may 
be related to the 

design__life of the pavement expressed in numbers of standard axle loads by using . the 

relationships published by Croney41. These values can be seen in Figure 3.23 which is 

plotted in terms of the thicknesses of granular base needed to control the deflection to 

designated levels. 

It has been assumed that each centimetre of stabilised base is equivalent in performance to 

1.5 centimetres of granular base. This assumption has been checked using elastic deflection 
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as the equivalence criterion by means of a series of CHEVRON36 computer analyses for a 

range of base thicknesses and moduli. Figure 3.23 may be used to design a pavement to 

yield a given design life provided that the subgrade CBR is equal to that used in the 

prototype pavement (>60%). For other values of subgrade CBR the thickness of stabilised 
base, given in Figure 3.23 should be_ multiplied, by the appropriate factor. Figure 3.18 in 

which Fs is taken from curve c and Figure 3.23 may be combined as a nomograph such as 

that given in Figure 3.24. 

Property Bedding Granular Cement-treated Cement-treated Untreated 
sand base base suMwse sub-base 

(a) Particle size distribution 
percentage passing 53.0 mm - 100 - 

37.5 - 85-100 100 
26.5 - - 84-94 
19.0 - 60-90 71-84 
13.2 - - 59-75 
9.52 0 - - 
4.75 95-100 30-65 36-53 Max size Max size 
2.36 80-100 - - 2/3 layer 2/3 layer 
2.00 - 20-50 23-40 
1.18 50-95 16-43 thickness thickness 
600p 25-60 - - 
425 µ - 10-30 11-24 or63 mm which- 
300 10-30 9-27 - ever is smaller 
150 µ 5-15 - - 
75s 0-10 5-15 4-12 

(b) Plasticity 
Liquid limit (max) % 25 - - - 
Plasticity index (max) % non-plastic 6 6 6 12 
Linear shrinkage (max) % 3 - - - 

(c) Strength 
Unconf. comp. strength (MPa) n/a - 1.5 (min) 3.0 (max) 0.75 (min)1.5 (max) - 
10 % FACT (min) n/a 60 kN 110 kN - - 
ACV (max) n/a - 20% - - 
Soaked CBR at 95% mod. MDD n/a 90% - - 45% 
Max swell at 100% mod MDD n/a 0.5% - - 0.5% 

(d) Compaction 
Min % mod. AASHTO MDD n/a 98% 97% 95 % 95 % 

Table 3.5: Recommended minimum standard for base and sub-base materials. 

The relationship between the wheel loading first applied to the pavement and the in situ 

subgrade CBR was plotted in terms of the performance of the pavements under accelerated 
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trafficking, as shown in Figure 3.25. Here all results have been included irrespective of 

paver shape or laying pattern. Figure, 3.25 should be considered only as the first 

approximate. check of the design methods and much more testing . will be needed before the 

validity oL afety of any_design method can be,. determined with certainty. In-using the 

design method, it is important to use materials whose quality is at least equal to that used in 

the-various accelerated trafficking tests. A list of the minimum recommended standards to 

be achieved in each layer of the pavement is given in Table 3.5. 

3.2.3 Design based on equivalence 

This section deals with BS 753342: 1992 which is an adaptation of the methodology 

propounded in TRRL Laboratory Report LR 113219 (see Section 3.2.2). Pavers are 

substituted in place of asphaltic material by using BS 667743: Parts 1,2,3 and BS 

671744: Parts 1&3 which define the characterisations of surfacing materials. BS 753342: 1992 

is dealt with in this section because it describes the UK's principal design method for 

highways surfaced with pavers. (BS 667743: Parts 1,2,3 and BS 671744: Parts 10 indicate 

how clay and concrete block pavers can be manufactured and laid. These guides give 

procedures for pavements constructed with clay or concrete block pavers. ) 

The British Standards can be used for all pavements up to 18000 kg axle load and up to 

12,000,000 cumulative standard axles including both highway pavements and industrial 

pavements where traffic shows similarity with highway vehicles: it excludes very heavy 

duty pavements. Pavers can be clay or concrete. Laying course (bedding course) is a layer 

on which pavers are bedded between the roadbase and pavers. Subgrade is natural or 

constructed soil layer below the pavement layers which transmit the load. Subgrade 

Improvement Layer (Capping Layer) is laid at the top of the subgrade in order to improve 

the strength of the foundation of the pavement. The sub-base comprises one or more layers 

below the roadbase. The roadbase comprises one or more layers above the sub-base. The 

component of the pavement are illustrated in Figure 1.2. The design of new pavements is 
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based on the method which is given in TRRL Report (Transport and Road Research 

Laboratory) 113219 "The structural design of bituminous roads". 

3.2.3.1. Subgrade assessment 

The strength of the subgrade is a principal factor in determining the thickness of pavement. 

The strength of subgrade is assessed on the California Bearing Ratio(CBR) scale. This test 
is used for determination the strength of subgrades (see Section 1.4.4). During the service 
life of the pavement saturated subgrade may occur and should be taken into account in 

design and the CBR method can be used the soaking procedure. Alternatively equilibrium 

suction index CBR values may be used when it is clear that saturated condition will never 

occur. For fine grained soils, the equilibrium suction index CBR can be determined from 

the plasticity index (PI) as shown in Table 1.1 (see Sections 3.2.2.4 and 1.4.4 for details). 

cumulati ve frafflC vok, rrýe of traffic wtwcr, is in excess 
of this table. 

Volume 20 years design life 40 years design life NOTE: mu tage Is based upon the 
Of 
traffic Zero growth 2% growth Zero growth 2% WWOWth 

normal spectrum of tight to heavy 
Corm orcial vohlclw In hvlcd UK 
hi hwa s Mor the desi ner bellow 

cv/d msO mss mss Also g g y . e . there is a greater proportion of light 
30 0.2 0.3 0.4 0.6 co«rmerctal Vehicles than normal, 

these w11 be lese damaglnp, hence 

120 0.9 1 2 3 more can be pemvtted. Cornersaty 
If a higher proportion are rear engined 

250 2 3 7 9 buses or heavy commercial vehicles 
500 6 8 1) ii fewer maybe pemVtted and 

cdcubtlonc based on axe damage 

1000 'I n ) 'I factors are recommendod, as 
dosc 1bod In TPRL Poport 1132. 

Table 3.6: Relationship between commercial vehicles per day and the number of standard 

axle for design lives of 20 years and 40 years at growth rates of 0% and 2% per annum. 
If the rut depth exceeds 10 mm, resetting the pavers may be necessary during the life of a 

pavement. 

3.2.3.2. Desiin life 

The number of standard axles (msa) or the number of commercial vehicles pcr day (cv/d) 

should be taken into consideration for design of the pavement. Table 3.6 was taken from 
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BS 753342: 1992 page 7. According to BS 753342: 1992, a 20 year design life is generally 

applicable unless access for possible maintenance of the roadbase is likely to be difficult 

and expensive. Zero growth is likely to be applicable for the pavement which serves a finite 

area. However, 2% growth is recommended in BS 753342. 

3.2.3.3. Selection of pavement components 

Figure 1.2 shows the general cross-section of the pavement not all components need to be 

present in every pavement. According to BS 753342, design can proceed with the 

determination of CBR values. Figure 3.26 illustrates a flow chart which can be used to 

determine pavement course thickness for various combinations of CBR and traffic loads. 

Firstly, the design CBR and the amount of traffic expected to use the pavement, expressed 

in million standard axles, are determined as described in Section 1.4.4. The thickness of 

subgrade improvement layer (capping layer) has been described in Section 1.4.3. 

3.2.3.3.1. Sub-base 

According to BS 753342: 1992, in road construction if the sub-base is not to be employed as 

a site access road and a subgrade improvement layer is present then the thickness of sub- 

base should be 150 mm, or if there is no subgrade improvement layer the thickness of sub- 

base should be 225 mm. If a subgrade improvement layer has been used and the road is to 

be employed as site access road, the sub-base thickness should be increased as indicated in 

Figure 3.26 in terms of the amount of traffic which will flow directly over the sub-base. 

The number of standard axles trafficking the sub-base or the number of dwellings being 

constructed or the equivalent size in square metres of the industrial or commercial property 
being constructed should be determined for the amount of traffic. If one of these three 

ways cannot be chosen then it can be assumed that the road will serve a large development 

trafficked by 5000 standard axles. If the projected traffic loading exceeds 2 msa the sub- 
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or 
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base strength should be at least equivalent to a CBR of 30%. The sub-base should be 

protected from the effects of weather when its surface is exposed. 

Figure 3.27: Design curve for roads with bituminous roadbase (from 'IRRI, laboratory 

Report 1132 w: page 18). 

3.2.3.3.2. Roadbase, Laving Course, Pavers 

According to BS 75334`', for the roadbase and laying course, BS 671744: Part 3 or 13S 6677'1: 

Part 3 the following may be appropriate to use. 

Roadbase: Roadbase specifications for Cement Bound Materials (CBM) and Dense 

Bitumen Macadam (DBM) are defined in Clauses 1038 and 908 of the Department of 

Transport Specification for Highway Works 45 and Figure 3.27 indicates these definitions. 

When the level of cumulative traffic is less than 500,000 standard axles and the pavement 

cannot be found in special categories, then it is not required to provide a roadhase. 

However, a minimum roadbase thickness of 130mm has been included in Figure 3.26 by 

taking into account practical construction issues. 

Laying Course: BS 6717.14 or BS 6677 4? require the preparation of the laying Course. The 

nominal thickness of Laying Course is assumed to be 50mm for unbound roadhases and 

30mm for bound roadbases. 
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Pavers: Pavers are generally 50mm or 65mm for clay and 60mm to 65mm or 80mm for 

concrete. In this research, the experiments have been conducted on 80mm thick rectangular 

concrete pavers since they are the most widely used in the UK. 

3.2.3.4. Pavement course specification 

Pavement construction materials are specified in terms of the relevant clauses indicated by 

the Department of Transport Specification for Highway Works45, Table 3.7. The 

recommendations of BS 667743: Part 2 for clay pavers and BS 671744: Part 3 for concrete 
block pavers can be used for the laying course and jointing. 

Table 8.7: Spedfcatlm foi hUwmy Watts 
doUSW 

ccgeOaya maledcl Clause nufft« 
Cement board motedd 1 1036 

Cement bound ffx7kW l2 1037 

Cement band nx tedd 3 1038 

Cement band maledel 4 1039 

Kramart qually c cz eta 10011o 1034 

Dens blhmen maoodarn 903 

Hot roled aephcdt 904 

type 1 ganuku abase m ted 803 

14P* 2 grcrsi i -bc e ffxO9 d 804 
Wet rtlbt frlooOUOR1 805 

&t ate ki ro emert maledel 613 

Table 3.7: Specification for Highway Works clauses* 

3.2.3.5. Pavement overlay design 

There are two design methods for pavement overlay design. 

1) Deflection beam method 

2) Component overlay design method. 

0 The following Clauses from the Department of Transport Specification for I lighway Works, 1986 edition, are 
referred to in the text; Clause number: 613,616,803,804,805,903,904,908,1001 to 1034 inclusive, 1036 
to 1039 inclusive. 
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In BS 753342, the deflection design method is preferred for existing flexible roads, the 

component overlay method is mentioned for other types of roads or industrial areas. 

IDeflection Beam Method: This method is described in TRRL Reports 83346,83447 and 

83548. It is assumed that the overlay material will be a bituminous bound material. These 

Reports were adapted by BS 753342: 1992 to overlaying with clay or concrete block pavers 

and the material conversion factors shown in Table 3.8 are taken for these applications. 

labte 8.6: Mates l oortiaflon to" ae InWg 

Ca$epay d mdeki MdeAd Cans*) kic$ 

Cement bouWrtxaakl 1 tCBM1) 0.4 0.2 to 0.6 

Cement bctmO ff U2 (CBM2) 0.5 0.3 to Q7 

Cement boind indeed 3 )CMS) 0.7 0.6 to 0.9 

Cemer* bcin l mrleid 4 K: ") 0.7 0.5 to 0.9 

Rammart gua*yaonm% 1.7 1.5 to 1.9 

Dorm ph m coodO. 1 1.0 0.9101.1 

Hot pied onlial 1.1 0.9 b 1.1 

qWt kmd npcapQf 0.7 0.6100.9 

Wet-ft* oray 0.46 0.3 b0.6 
MV I ý 5% w 0.3 0.15100.4 
awermci dd flha CBRof1, 
11'De 1 vQ*b RARKNO ^K 0.2 0.1100.25 
over n e4kf Wttt a CDR d<6% 

lor rlrbooe rrdedal type par 2 0.2 0.1100.25 
y ow vMhaC8Rdý-S% m akm 

over MOO" wem a Cent or <6% 
0.1 QO6 b Q16 

0.1 am to 0.16 

Table 3.8: Material conversion factors for evaluating highway pavement materials. 

Component Overlay Design Method: The condition of each course in an existing 

pavement is expressed as an equivalent thickness of a standard material. This allows the 

present conditions of material to be taken into account. 

The thickness and condition of each course of the existing pavement is determined. It can 

be done by undertaking trial excavations or by taking cores. After identification of each 
type of material in the pavement, an MCF (Material Conversion Factor) is assigned to that 

material (Table 3.8). The thickness of each course is multiplied by the MCF to get the 

equivalent thickness of DBM. The equivalent thickness of pavers is given in Table 3.9. 
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Table 3.9: Ecivalent thickness of pavers 
Paver thickness (mm) DBM equivalence (mm) 

80 120 

65 105 

60 100 

50 90 

Table 3.9: Equivalent thickness of pavers. 

The degradation which can take place in each course of the pavement can eventually be 

resurfaced. The equivalent thickness of each course is multiplied by two factors which are 

CFI and CF2. CFI is applied by taking account of cracking and spalling. CF2 is used for 

rutting and settlement. ' 1f the failure is in the sub-base, the subgrade improvement layer or 

the subgrade BS 753342 assumes that it may not be possible to overlay the existing 

pavement. ; CF I and CF2 are found for each course in terms of the condition of the material 

in the existing pavement as indicated in Tables 3.10 and 3.11. 

Table 3,10: Condition factor CF1 
Conti flon of material CFI 

As new 1.0 

Slight cracking 0.8 

Substantial cracking 0.5 

Fully cracked, or crazed and spoiled0.2 

Table 3.11: Condition factor CF2 

Degree of localized Hitting or localized settlement CF2 
mm 
Oto10 1.0 
11 1o 20 0.9 

21 to 40 0.6 

41 and above 0.3 

"Tables 3.10 and 3.1 I: Condition factors CF I and CF2. 

3.2.4. Design based on mathematical models 

An alternative analysis to the design of concrete paver pavements is to use finite element 

techniques to model the pavers as an articulated surfacing having defined load or 
displacement transference characteristics at the joints between neighboring paving units. 

Finite element studies of paver paving have been reported both in Japan and Netherlands. 

The Japanese study2 was restricted to a consideration of the paver surfacing. The Dutch 
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stud}' 
4' 5,6,7,8,9,10 is propounded in this section because it is more comprehensive in that 

the analysis included an assessment of a complete paver/base/sub-base/subgrade system. 
(The benefit of this type of analysis is that it provides a very clear understanding of the 

complex pattern of time dependent stresses in foundation when the pavement is subjected 

to rolling loads. ) 

A wheel track apparatus was used to determine the effect of an unbound base on the 

structural behaviour of concrete paver pavements so that six test sections (at the pavement 

test area of The Road Railroad Research Laboratory of Delf University of Technology) can 
be tested and 275000 repetitions of 6kN wheel load were applied concurrently. The wheel 

track apparatus is a joint steel construction, consisting of eight beams. A little wagon with 

rubber tyre which could be turned centrally was fixed at each beam. The tyres were able to 

load up to P=6kN, the tyre pressure p=0.6N/mm2 and the maximum running speed was 10 

km/h. The difference between the six concrete paver test sections was in the thicknesses of 

the unbound base. The pavement structure of each section is as follows: 

- The thickness of rectangular concrete pavers is h1=80 mm in herringbone bond for each 

test section- 

- The thickness of the bedding layers is h2=50 mm of crushed sand for each test section. 

- The thicknesses of the crushed concrete unbound bases (h3) are given in Table 3.12. 

- The thicknesses of the Eastern Scheldt sand unbound bases (h4) are given in Table 3.12. 

- The subgrade consists of about 1.5 m Eastern Scheldt sand on clay (see Figure 3.28). 

The average in-situ dry density of the crushed concrete base material is 93.3 % of modified 

maximum Proctor density (mpd). The average in-situ water content is 6.9 percent. In test 

sections 2 through 5 the average in-situ dry density of Eastern Scheldt sand sub-base 

material is' 100.1 % mpd, the average in-situ water content is 8.9 percent. However, the 

average in-situ dry density of the Eastern Scheldt sand in sections 1 and 6 is only 96,7 % 

mpd with a average water content of 8.2 percent. 
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EquMalent No. of 
Traffic Category RepefflonS of 
Category 9MIbol 18-kips ndard Aide 

Ocoaslanal 1 0.7 10° 
Very-Light 2 2.0 10' 

3 0.7 10° 
MedkffTi-Ught 4 2.0 10' 

mMedfurn-Heavy 5 7.0 10' 
Heavy 6 2.0 10' 

vyý 7 7.0 10' 
F kdLstid 8 4.410° 
Very-Heavy-kidushid 9 2.010° 

Table 3.12: Thickness of unbound base and sand sub-base in the six concrete block test 

sections. 

h concrete 
, N paver kW 

---- 
9 layer ý 

ha unbound base 

sand sub-base 
h4 

subgrade 

Figure 3.28: Concrete paver pavement structure used in the Dutch studys. 

63 d 

. 63 

äý 

61 

Figure 3.29: Stresses applied to specimen in the cyclic loading triaxial tests. 

Cyclic loading triaxial tests are undertaken to determine fundamental stress/strain 

parameters for the unbound materials. A sample size of 400m x 800m is used for this test 
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(see Figure 3.30). The constant, all around confining stress (a3) simulates the constant 

overburden stress in the road construction ( see Figure 3.29). 

. Aetic or 

Load Cal 
to vacuum supply 

Figure 3.30: The outline of 400mm x 800mm cyclic loading triaxial apparatus used in 

Dutch study'. 

The cyclic deviator stress(od) which simulates the in-situ stress resulting from traffic load 

varies between zero and a preset value at a frequency of I 1-iz. The major principal stress 

((Yf) is then equal to 61 = 6d +63. The intermediate principal stress (o2) is equal to the 

minor principal stress (o) and the total of principal stress 0 is equal to- 

o =ai +62+63=Qd+363 

In order to generate the confining stress (o, ) the apparatus is adapted a partial vacuum 

inside the sample. A 100kN hydraulic actuator is used to apply cyclic deviator stress (o, j) to 

the sample (see Figure 3.30). Two pexiglass rings mounted on the sample at 1 /3 and 2/3) of 

sample height respectively support four vertical Linear Variable Displacement Transducers 

( LVDT) in order to determine the axial deformation Two horizontal LVDT are used to 

determine the radial deformation. The resilient and plastic behavior of the unbound 
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materials of the test sections were determined with the cyclic loading triaxial tests. The 

triaxial sample is tested at various levels of the confining stress ((jz) and the deviator stress 

(ed) in order to determine the resilient strain parameters of the materials. The resilient 

modules Mr and Poisson's ratio (v) can be calculated for characterizing the resilient 

behavior of unbound materials as follows. 

Where: 

Mr = 
6' 

11 = 
Er"r Mr = resilient modulus 

Car Ea, r v= Poisson's ratio 
Ea, r = axial resilient strain of the sample 

Er- radialresilient strain of the sample 

The stress-depency of Mr is usually described with the following equation 

where: 

Mr = kl 9k, Mr = resilient modulus 
ki, k2 -- material parameters 
0= sum of principal stresses 

Mr-O relationships resulting from the Dutch study5's cyclic loading triaxial tests are 

illustrated in Figure 3.31. 

f 

000 
600 (3) 

400 Il ) 

300 

200 

150 

100 - 

50 

1 Ea11an SchoU Sped 
C - rud od Sand 

3 CRid'ved CaKNole 

loo 200 400 300 

Figure 3.31: Mr-O relationships is used in the Dutch study' for the unbound materials 

applied in the six concrete block test sections. 
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In order to determine plastic strain parameters three samples of each material which are the 

crushed sand, the crushed concrete and the Eastern Scheldt sand are tested at the same 

confining stress 03) with a different level of the deviator stress (ad). Figure 3.32 illustrates 

three different stress ratio of n= 6d / 63, the axial permanent strain (c ý, ) against the 

number of load applications (N) for the crushed concrete and Eastern Scheldt sand. Falling 

weight deflection measurements were regularly undertaken on the test section in order to 

find resilient deformation behaviour. A dynamic load ( loading time 0.02 s) is applied on 

the pavement structure by using a circular plate (diameter 0=300mm). Deflections (d) were 

determined for the distance of 0,0.3,0.5,1.0,1.5 and 2.0 m from the centre of the loading 

plate (see Figure 3.33). 

30D. Eadern Schekll Sand _ 1000 
n-6 900 
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3 n-4 3 800 2y n-10 
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600 

(1) 
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3w 
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Nunber of foci Repe1llorr 

Figure 3.32: e,, p-N relationship of the unbound materials applied in the six concrete block 

test sections. 

In order to measure the deflections, a 6kN load was applied by the wheel track in the 

concrete paver test sections . 
The some of the test results can be seen in Figure 3.34. As can 

be seen in Figure 3.34 and 3.35 when the base thicknesses increase, the deflections 

decrease. It is assumed that the load spreading capacity of concrete paver pavements 

increases with increasing base thickness. In addition, when the number of load repetitions 

increases, the deflections decrease and it is therefore assumed that the load spreading 

capacity increases with increasing number of repetition. 
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Figure 3.33: Outline of a falling weight deflection measurement. 
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Figure 3.34: Average deflection curves of the concrete block test sections alter N0 and 

after N=275.000 wheel load repetitions. 

Deflection measurements are applied to determine the permanent deformation behaviour 

(rutting) of the test sections. Figure 3.36 gives the average cross section profiles of the test 

sections at various numbers of applied wheel load repetitions. Figure 3.37 indicates the 

progress of the rutting with increasing number of load repetitions. The Figure 3.36 and 3.37 

indicates that the rutting behavior of sections 1 and 6 are much worse than the behaviour of 

section 2 through 5, and the thickness of the unbound base has a slight effect on the rutting 

behaviour of the test sections. 
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Figure 3.35: Average maximum deflection (d�) of the concrete paver test sections as an 

function of the number of wheel load repetitions. 
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Figure 3.36: Average cross profiles of the concrete paver test sections after various 

numbers of wheel load repetitions. 

The development of rutting in Dutch study5 is defined by the following equation 

RD = ap6/0.6 (N610.6)bp6/oý 

Where: 

RD = nican rut depth (mm) 
N6� p 6, = cumulative number of (%% heel track appar tus) 

w heel loads (P -G kN. p=0.6 N/ mm`) repetitions 

ap, 0.6 and b,, (, O (, = rutting coefficients for the total 

pavement structure, subjected to ý%heel loads. 
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Figure 3.37: Average rut depth of the concrete paver test sections as a function of the 

number of wheel load repetitions. 

The calculated rutting coefficients ar, (, A, (, and bp(, /(, (, and the regression coefficient r in Dutch 

study5 are given in Table 3.13. 

wheel track apparatus loads 
(P=6kN, p=0.6N/mm'; N, �h) 

Seetun a�Q, b=bp r 
1 and 6 0.853 0.225 0.988 

2 0.795 0.177 0.941 
3 and 5 0.753 0.156 0.893 
4 0.818 0.162 0.942 

falling weight loads 
(P=6kN, 4=300mm; N,,,,,, 

a, WO� b,,.,,, =bo 
0.315 0.225 

0.299 0.177 

0.283 0.156 

0.306 0.162 

equivalent standard wheel loads 
(P=40kN, 300mm; N 

..,., J 

a6, M*= bP 

2.146 0.225 

2.006 0.177 

1.889 0.156 

2.059 0.162 

Table 3.13: Rutting coefficients aF, and b,, (with respect to the mean rut depth) of the test 

sections for various types of wheel loads. 

The maximum deflection d(, (in the centre of the load) in Dutch study5 is considered by 

Boussinesq's equation. 

I do, 6/O. 6 = 2.63 do, 6/0300 

where 
d6/() f, = maximum deflection due 

to a wheel track apparatus wheel load 

dO (, /03($) = maximum deflection due 

to the falling weight Ioad (P -6 kN, 

0- 300 mm) 
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1 

N6/ý300 = 2.65bp610.6 N6/0.6 

where: 
N6/#300 = cumulative number of 
falling weight load repetitions 
bp6/0.6 = see the relevant equation 
N6/0.6 = see the relevant equations 

The rutting of the concrete paver pavements in Dutch study5 is defined by the following 

equation: 

RD = ap6/ý300"(N6/ý300) 
býiýsoo 

Where, 
RD = mean rut depth (mm) 
N6/ ýWt = see the relevant equation 

app, / 03gt and bp, / O3(X) = rutting 

coefficients for the total pavement 
structure, subjected to wheel loads 

The rutting coefficients ap64300 and b,, Gý300 (=bp6ro. 6 = bp) of the various test sections in 

Dutch study5 are calculated as follows. The number of actual traffic wheel loads (for 

instance P=4OkN, 4=300mm) is calculated from the number of falling weight loads using 

an AASHTO. -type load equivalency factor in terms of rutting. 

I 

N40/0300 = (6 )bp N6/0300 
40 

Where, 

N4o/ý3® = cumulative number of 

equivalent standard single wheel loads 
N6/ý3O = see the relevant equation 
bp = rutting coefficient for the concrete 

paver pavement under construction 

The rutting of concrete paver pavements in terms of repeated equivalent standard single 

wheel loads is defined in Dutch study5 by the following equation. 

* One of the major conclusions of the AASHO (American Association of State Highway Officials) Road Test 
was the development of equivalence damage factors for different axle loads. The tests showed that damage 
sustained by a pavement was dependent on the vehicle's axle load, but independent of pavement structure. The 
relationship has been verified by results from other test pavements and studied in more detailed by l: leukelom 
and Klomps1 
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where: 
RD = mean rut depth (mm) 

bp N. 101 300 = see the relevant equation RD = ap40/0300"40/0300 
ap301 300 and bp = rutting coefficients 
for the total pavement structure, 

subjected to equivalent standard single 
wheel loads (P = 40 kN, 0= 300 mm) 

The one of the analysis type conducted in Dutch studys was two-dimensional finite element 

modelling technique and this two-dimensional ICWS STRUDL5 finite element model was 

used in the analysis of the concrete paver test sections. The details of the two-dimensional 

finite element modelling are as follows. 

The model thickness is 1 mm. The concrete paver layer is modeled by a number of 

indeformable rigid body elements that represent the concrete pavers which are joined 

together using vertical linear springs symbolising the shear resistance of the joints (see 

Figure 3.38). The spring stiffness k (N/mm) of the joints is defined by the following 

equation. 

G. hl. l G. h, 
Where: 

k=h1= 
2w G =shear modules of the joints (N / mm2 ) 

ht = concrete paver thickness (mm) 

w= actual joint width (mm) 

The concrete pavers are joined to the underlying bedding layer using vertical linear springs. 
The spring stiffness k'(N/mm) in Dutch stud? is defined by the following equation. 

where: 
c. b. l c.. b3 

k==c= bedding constant (N / mm ) 22b= 
concrete paver length or width (mm), 

considering herringbone bond 
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Figure 3.38: Two-dimensional finite element model is used Dutch study5 for concrete paver 

pavements. 
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Figure 3.39-a and 3.39-b: (a) Joint stiffness (k) of the concrete paver test sections as a 

function of the number of wheel load repetitions, (b) Support stillness (k') of the concrete 

paver test sections as a function of the number of wheel load repetitions used in Dutch 

study'. 

It is assumed in Dutch study5 that no bending moments are transmitted in the paver layer 

and only vertical displacements of the pavers occur. ', The measured maximum deflection 

(d�) is used as a displacement in two dimensional finite element model. The spring 

stiffnesses k and k' are calculated by means of trial and error. In Figures 3.39-a and 3.39-h, 

the progress of k and k' is illustrated with the number of wheel load repetitions. It is shown 
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in Figures 3.39-a and 3.39-b(that the characteristic progressive stiffening behaviour and the 

supporting spring k' increases with increasing base thickness, ) but the joint stiffness k is 

hardly related to the base thickness. 

CA linear-elastic multilayer computer program BISAR5 in Dutch studys is used to calculate 

the elastic compression of each layer for every deflection measurement because the 

calculated stresses, strains and displacements within the bedding layer, the base, the sub- 

base and the subgrade are not reliable owing to the supporting springs k' taking a significant 

part of the load in the two dimensional finite element analysis (see Figure 3.38). ) 

Another analysis type was conducted in Dutch studys was the axial-symmetric finite 

element modelling technique in which the calculation of stresses, strains and displacements 

within the pavement structure below the rigid body top layer were determined in the axial- 

symmetric finite element model instead of the two-dimensional model. The details of the 

axial-symmetric finite element modelling are as follows. 

The concrete paver layer is shown as a pure shear layer consisting of a number of 

indeformable rigid bodies which are joined together by vertical linear springs. The stiffness 
K of these springs is (see Figure 3.40): 

Where: 

1K = 2mk k= spring stiffness according to the 
relevant equation(N / mm per mm) 
r= distance to the loadcenter (mm) 

The pavement (the bedding layer, the base, the sub-base and the subgrade) are modeled by 

the resilient modules Mr and Poisson's ratio (v). The rigid body elements in the axial- 

symmetric finite element representation are fixed to the underlying bedding layer. All rigid 
bodies are only fixed at one point to prevent tensile stresses in the bedding layer except the 

loaded rigid body. The springs in the other points was introduced with very low stiffness k". 
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Figure 3.41: Vertical dynamic stresses within the test sections 1 and 6 at several depths 

below the concrete paver layer (load P=6kN and joint stiffness k-2. ON/mm). 

The measured deflection curves of the test sections 1 and 6 in Dutch study' were calculated 

considering the axial-symmetric finite element model (see Figure 3.40) for 180,000 wheel 
load repetitions. In this calculation the Mr-6 relationships from Figure 3.41 and the 

minimum joint stiffness k=2. ON/mm (from two-dimensional finite element calculations, 

see Figure 3.39-a) were used. It is assumed that there is hardly load transfer from the 

loaded rigid body concrete paver to adjacent pavers and the vertical dynamic stress 

distribution below the loaded rigid paver is similar to the stress distribution below a very 

stiff foundation, with peak stresses below the edge of the loaded paver, as can he seen in 

Figure 3.41. It is noted in Dutch study5 that the regular vertical dynamic stress distribution 

is reached at depth of about 0.2 m below the concrete paver layer. In addition, it is also 

assumed that especially in long term performance there is admirable correspondence 

between measured load and calculated rut depth ( see Figure 3.42). In the Dutch study'''. ", s 

the resilient (deflections) and permanent(rutting) deformation behaviours of the test 

pavement were determined by falling weight deflection measurements and level 

measurements. Rigid body and permanent deformation behaviours were analysed using 
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progressive stiffening theory in Dutch study6. The analysis was conducted using elastic and 

permanent progressive stiffening coefficients for the various layers of the test pavement 

structure. The Dutch study' concluded that the load equivalency coefficient is dependent 

on the total pavement structure, especially on the subgrade modulus of elasticity. 

22. NMOPN*d vakms OCdCukded 
vvluei 

1 
I Secllons 3 and 5 

0 50000 100000 15000D 200000 250000 
Number of load RepaM IOM 

Figure 3.42: Comparison of the measured load and calculated rutting behaviour of the test 

sections 3 and 5 (load P=6kN, p=0.6N/mm2). 

The falling-weight deflection measurements were used to determine the resilient and the 

permanent deformation behaviours of the concrete paver test pavements. A 50kN dynamic 

load was applied through a circular plate of diameter 300mm. The contact pressure was 
0.707N/mm2 and the loading time was 0.02s. The deflections (d) were measured at 

distances of 0,0.3,0.5,1.0,1.5 and 2.0 m from the centre of the loading plate. The 

modulus of elasticity E(, (N/mm2 ) of the subgrade in Dutch study' was calculated by the 

following formula. 

Where: 
log E0 = 3.869 -1.009 log d2 d, = deflection (, um) at a distance of 2m from the centrc of the 

loading plate (50kN load) 

E0 = The modulus of clasticit of the subgrade (N / mm, ) 

It was assumed in Dutch study' that maximum deflection decreased with increasing time 

(number of axle load repetitions) and all the test pavements indicated the characteristic 

progressive stiffening behaviour of stable concrete paver pavements. The level 
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measurements, indicated that the rut depth increased with decreasing bearing capacity and 

with increasing traffic loading of the test pavement. The progress of rutting on the test 

pavements in Dutch study6 is described by the following equation. 

Where: 
RDc = ap Nb' RD, - charectcristic rut depth (mm), 30 per cent probability of exceeding 

N= cumulative number of equivalent 8OkN standard axle loads per lane 

ap, bp = rutting coefficients with respect to the total pavement structure. 

The cumulative number of equivalent 8OkN standard axle loads N is obtained by addition 

of the relative damage. The most widely used model for this relative pavement damage 

uses the AASHTO-type load equivalency factor 1e according to: 

m where: 
L= axle load (W) 

e Lst Lst = standard axle load (= 80 kN) 

m= load equivalency coefficient 

With respect to rutting, m for concrete paver pavements is given by: 

1 where: m=- bp bp = rutting coefficient 

It was assumed that the rutting behaviour (such as rutting coefficients at, and b1, ) of concrete 

paver pavements is highly dependent on the total pavement structure, or the measured 

characteristic rut depth, the estimated number of load repetitions and the distribution of 

axle loads. In the two dimensional finite element representation the concrete paver layer is 

modeled as a pure shear layer. The concrete pavers are represented as indeformable rigid 

body elements which are interconnected by linear vertical springs with stiffness k, can 

move only in the vertical direction. The rigid body paver elements are supported by linear 

vertical springs with stiffness k', which represents the connection of the concrete paver to 
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the underlying bedding layer. CThe layers below the concrete pavers , the bedding layer, the 

unbound base, the sand sub-base and the subgrade are investigated with a system of 

continuous elements and characterised by the modulus of elasticity and Poisson's ratio) The 

following empirical equation is used for calculation of the modulus of elasticity Ei 

(N/mm2) of the sand sub-base and unbound base. 

where: 

Ei=l. E; +l with 1= 0.206 h0.45 (2 ý 1: 4) hi = thickness(mm) of the course considered 
Ei+j = modulus of elasticity (N / mm2)of 
the underlying course. 

The two dimensional finite element model is loaded so as to induce a displacement equal 

to the measured maximum deflection do at the centre of the load. The ICES STRUDL6 

finite element program is used to determine the parameters of each deflection curve. The 

spring stiffnesses k and k', were found for the test pavements wheel track by means of trial 

and error. It was assumed that the joint stiffness k substantially increases with time 

(number of load repetitions) and the support stiffness k' slightly increases with time on the 

test pavements. The progressive stiffening theory developed at Delft University of 

Technology6 is used for the analysis of the permanent deformation behavior of the test 

pavement. The basic equation of the progressive stiffening theory is (see Figure 3.43): 

d(L\hp) 
_ 

df2 
=f 

Where: 
Aht, = permanent deformation in a layer of unbound material 

dN l f, = elastic compression of the layer (= the deflection at 
the top of the layer minus the deflection at the bottom of 
the layer) due to an equivalent 40kN standard wheel 
load (8OkN standard axle load) 
f2 = permanent deformation relationship of the unbound material. 

for a granular material the compaction relation f2 is given by: 
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where: 

I f2 
= am N bm N= number of equivalent 80kN standard axle 

load repetitions per lane (in the wheel track) 

am, bm = permanent deformation coefficients 

of the granular material. 

The elastic compression fl of a granular layer can be described as: 

where: 

if N <_ N 1: fl = dm = constant 
N= initial number of equivalent 8OkN standard 

-logN 
axle load repetitions per lane (in the wheel track) 

if N>N l- fl =p+q. e until progressive stiffening occurs 
dmax, p, q= elastic deformation coefficients of 

the granular layer 

d 

Figure 3.43: Schematical representation of permanent deformation functions. 

The permanent deformation Ah,, in a layer of granular material in a concrete paver 

pavement was obtained from the equations described below: 

ti 

if N> NI: 4h4) = dmax. am. Nhm +a1n. p. 
(Nh'" 

_Nbm+ 
am bm q (Nbm u. 1. t_Nbm u. 4tis1 

bn, - 0.4343 

Where: 
N= number of equivakrot ROkN standard axle load repetitions per lane (in the wheel track) 
N, = initial number of equivalent ROkN standard axle load repetitions per lane (in the wheel track) witil prugressl e stiflenmg occur. 
\ht, = pernianent del<muatiun in a layer of unbound material 

1ma. P, q= elastic defi>nnation coefficients of the granular layer 

am, bm = permanent detonation coefficients of the granular material. 
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On the concrete paver pavement, the degree and extent of rutting were taken into account 
in the Dutch design method6. The permanent deformation (rutting) calculations were 

carried out according to the progressive stiffening theory. The initial number of equivalent 

8OkN standard load repetitions before progressive stiffening coefficients (4.,, p, q) was 

determined by means of calculations according to Ivanov49is equivalency theory. ! q-values 

of the concrete paver pavement is calculated with following formulation: 

i 
Dc bp Where: 

ap- acceptable number of equivalent 80 kN standard Weloa d repetitions per lane 
p in the wheel track (making allowance for the lateral load distribution) 

RDA = charecteristic rut d pth (30 per cent probability of exceeding); standard: RD, - 15tnm 

ap, bp = rutting coefficients with respect to the total pavement structure. 

The load equivalency coefficient m of concrete block pavements is calculated from the 
following equation: 

m=1.87 + 183 Ep I5 Whore: 
Ep - modules of elasticity (N / mm2) of the subgradc, according to the relevant cquation. 

(It was assumed that the pavement life mainly depends on the subgrade modulus EO and, in 

case of a low E0-value, also on the sand sub-base thickness) In addition the value of the Eo 

should fulfill the following equation. 

EO lhsand10.6) 33 whcrc: 
Ep - modulus of clasticity (N / mm2) of the subgradc 
h. d - sand sub - base thickness (m). 

Five design charts were developed for concrete paver pavements with an unbound base and 

a sand sub-base, for subgrade modulus values of 30,40,60,100 and 140 N/mm2. Each 

design chart applies to both a crushed concrete base material and a crushed 

concrete/crushed clay bricks base material. Two design charts are shown in Figure 3.44. 
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Figure 3.44: Design charts of the Dutch study6 for concrete paver pavements installed with 

rectangular pavers (thickness 
_>0.08m) 

in herringbone bond, 0.05 m crushed sand bedding 

layer, an unbound base and a sand sub-base. 

It was assumed that under normal road traffic shear failure of a concrete paver pavement 

with an unbound base is most unlikely{lt was also assumed that the pavement life depends 

on the base material and the base thickness, and the load equivalency coefficient m also 
depends on the base material, base thickness, the sand sub-base thickness, and the 

subgrade modulus. ) For concrete paver pavements with a crushed concrete base the 

following values were calculated in the Dutch study6: 

maximum m value: m=3.81 + 242E "S 

mean m value: m=2.97 + 95 Ep .S 

minimum m value: m=2.30+70E'-s 

Table 3.14 illustrates two design examples of the Dutch study6. It is assumed in the design 

examples of Table 3.14 that the total thickness of unbound base and sand sub-base should 

be minimum to reduce construction costs. Table 3.14 includes two traffic loadings: 

- case 1 for residential street: total number of axle load repetitions per lane in the wheel 

track during design life: 2.106; axle load distribution: 5kN: 85%, lOkN: MOM 5%, 

50kN: 5%. 
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-Case 2 for industrial road: total number of axle load repetitions per lane in the wheel track 

during design life: 15.106; axle load distribution: SkN: 50%, l OkN: 10%, 30kN: 15%, 50kN: 

15%, 7OkN: 6%, 9OkN: 2.5%, 1 lOkN: 1.2%, 130M 0.3%. 

Subgrade modulus of elasticity 
L,, (N/mm") 

40 
Traffic case I case _ case 
Pavement structure SI CCS CBS S"ý ((S ('Rs" 4S cY 
Load equivalency coefficient m 

42} 

Jý 
i 

(the equations* respectively) 26 3 .33.1 2.6 3.3 3.1 .03.0 
Total number (N) of equivalent 
80kN standard axle load repetitions 10.048 0.031 0.035 2.57 I 2.44 

2.4610.07"_'! 0.0? 
per lane in we wncei tracx aunng 
design life (. 10") 
Concrete paver thickness (m): minimum 0.08 0.08 0.08 - Crushed bedding sand layer (m) 0.05 0.05 0.05 - Crushed concrete base (m) 

- 0.10 -- Crushed concrete/crushed clay bricks base (m) 1-- (10 
Sand sub-base (m) 0 

. 
90 0.40 0.40 - 

140 

'us S" (US ('H5 

2.8 2.0 3.0 2.8 

2.87 2.47 2.5 11 

0.08' - 0.08 0. (IK 0.08 - 0.08 0.118 
0.05 - 0.05; '0.05 (1.05 - 0.05 0.05 
0.30 (l. lllý -- '0.13 - 

----0.1O - 0.15 
1.1O 0.00 0.0011 (1.11(1 - (1.00 0.00 

S =sand sub-base only 
CCS=cnished concrete base and sand sub-base 
CBS=crushed concrete/crushed clay bricks base and sand sub-base 

* equations: m=1.87+183E,,, Sm=2.97+95E,;, 1 m=2.72+95E�" 
** pavement structure impossible hr the present combination of traffic loading N and subgrade modulus l? 

� 
*** overdesigned because a base and a sub-base are not necessary, as concerns the hearing capacity of the concrete 

paver pavement structure 

Table 3.14: Some design examples of the Dutch study" for rectangular concrete paver 

pavements. 

3.3. Discussion and comments 

This Chapter has shown that a wide variety of methods are available for the design of 

concrete paver pavements. The methods vary widely in the degree to which they 

incorporate design and performance criteria which are appropriate to paver pavements. A 

variety of design methods based on the use of charts and nomographs have been presented. 

However, it is important to recognise that such methods are, in general, unlikely to yield as 

an optional design solution as the various analytical procedures. Once an analysis 

procedure has been selected the designer's task is to select that combination of paver, base, 

and (where appropriate) sub-base that will most economically satisfy the service 
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requirements of the pavement. ýUsually the designer has a choice of material. Moreover, he 

must decide whether a sub-base is needed or whether in-situ stabilisation of the subgrade 

should be considered. The number of feasible design solutions is normally large. Therefore, 

different design alternatives need to satisfy the speed, convenience and performance of the 

construction techniques in different climates and traffic conditions. The availability of the 

construction materials are also important to select a design type. This criteria needs to be 

established to help choose amongst the various alternatives. The criteria such as initial 

construction costs and discounted annual costs are largely subjective or judgmental and, 

therefore, rely on the skill and knowledge of the designer as well as they are quantifiable 

and are usually perceived by the pavement owner or user as paramount in the choice of a 

particular pavement design for their successful application. For this reason cost is being 

increasingly treated as a routine input to modem paver paving design procedures. 

Consideration of the preceding sections show that designers have a wide and sometimes 

bewildering choice of design methods for paver pavements. Often the thicknesses indicated 

by one method will differ significantly from that required by some other procedure. The 

following example is applied to the design methods described in Section 3.2.3 and Section 

3.2.2.8 respectively in order to reveal that how paver pavement designs vary from one 

design method to another. 

(If 
a road which has 20 years design life and is planned to be built in the UK on the heavy 

clay subgrade which has 4% CBR value and if its initial traffic flow is expected to be 500 

commercial vehicles per day in each direction with an annual traffic growth of 5%, the 

solution could be as follows by using the design based on equivalence technique (see 

Section 3.2.3). 

Commercial vehicles per day at opening (F0) is 500. Annual growth rate (r) is 5%. Design 

life (n) is 20 years. The total number of commercial vehicles (Tn 6.0345 million cvs) can 
be calculated using Equation (3.1) can be seen in Section 3.2.2.3. Assuming road to be 
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opened in 1997, then t=52 and F=500 and, from Equation (3.3), D=1.5718 and therefore 

total traffic=6.0345 x 1.57189.4850 msa. Following the recommendations given in LR 

113219, for the CBR 4% a capping layer of at least 350mm thickness and a sub-base of 

150mm are required (see Figure 3.7). From Figure D2 of LR 113219, the roadbase thickness 

of dense bound macadam or hot-rolled asphalt required to satisfy the traffic conditions 

would be 300mm. Replacing part of this bituminous material with pavers (80mm) and sand 
(30-50mm) from Table 3.8, it can be seen that this allows the asphalt thickness to be 

reduced to 150mm. Alternatively, examining the use of a cement-bound base, complying 

with the requirements of CBM 3 (see Section 2.18), the required lean concrete roadbase 

thickness = 150/0.7= 214mm. This results in two alternative designs, as follows: 

80mm pavers 80mm pavers 
30-50mm laying course 30-50mm laying course 
150mm hot -rolled a halt roadbasc 214nun CBM 3 roudhase 
150 mit sub - base 150mm sub - base 
350mm capping layer 350mm capping layer 

The UK approach to design has been criticized by many who regard the adoption of Road 

Note 2920 sub-base design curves as conservative. Technically, this criticism has some 
justification but there is no doubt that the use of a familiar design technique has been of 

major benefit to the development of paver paving in the UK. Also, virtually all UK paver 

pavements are performing satisfactorily and first time users frequently respecify the 

material for subsequent work. It is also true that the formal approach to design adopted in 

the UK has prompted engineers in traditional paver paving countries to reassess their 

approach to design. The paver pavement design method is based on concept of making 

pavers and their bedding sand equivalent to conventional pavement construction materials. 

Experience has shown that pavers do not behave as a collection of individual units but 

rather interlock so that they behave in a manner close to that of flexible materials such as 

asphalt (see Figure 6.17). This observation is also used as an assumption to develop the 

bedding sand stress calculation method described in Chapters 4,5,6,7,8 and 9. The 

mathematical solutions of the vertical compressive stress distributions beneath the paver 
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types described in Chapters 6,7,8 and 9 concluded that there are minor differences in the 

performance of different pavers and the load spreading capability of both shaped and 

rectangular pavers is similar (see Figures 6.21,9.1,9.2,9.3,9.4,9.5,9.6,9.7,9.8 and 9.9). 

The equivalent design method does not restrict the use of the paver types which is 

commercially available at present. In conclusion, it can be emphasised that equivalent 
design technique addresses to the true behaviour of paver pavement. 

If Shacke135,50's design curves, diagrams and recommendations (see Section 3.2.2.8) are 

used for the same inputs, the results could be: 

80mm unipave/ interpave blocks 

20mm laying course 
300mm gravel base 

550mm cement - stabilized sub - base 

The condition of the road network is of vital importance to the economy of any country. 
The task of the highway authorities is to maintain the system to those standards that will 

provide for the lowest overall costs of transportatior4 as related to paver pavements. The 

comparison of the last two design results reveal that Shackel3s, 50's design method is of 
limited value in this context. By implication Shackel3S" 50's design method described in 

Section 3.2.3.8 can also be considered to be conservative because it requires substantially 

higher cost base thicknesses. In addition Shackel35" 50's design curves, diagrams and 

recommendations based upon the assumption that interpave pavers (see proprietory shaped 

paver 1 in Figure 5.1) perform better than rectangular pavers in service. However, as noted 

above, one of the major conclusion of this Thesis is that the data relating to pavers of 
different geometries indicates that there are differences in the performance of different 

pavers although the effect is likely to be of minor structural consequence (see 6.21,9.1, 

9.2,9.3,9.4,9.5,9.6,9.7,9.8 and 9.9). It can be seen from the figures that the only 

exception to this is the difference between chamfered and non-chamfered pavers. By 
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considering the load patch as a paver perimeter, chamfered pavers reduce bedding sand 

stress levels and are therefore to be preferred in trafficked pavements. 

3.4. Conclusion 

Each of the design methods described in this Chapter has benefits and disbenefits but none 

of them model paver pavements accurately subjected to rolling loads. It is important to 

consider paver pavement's bedding sand specification for accurately modelling. The 

applicability of some design methods presented in this Chapter can be disputed because of 

both lack of input-variables about behaviour of pavers at surface level and accuracy of 

modelled materials used in pavement construction are non-isotropic and exhibit varying 

degrees of elastic, plastic and viscous characteristics. Their input-variable deficiencies at 

surface level were formed the bedding sand stress calculation method described in 

Chapters 4,5,6,7,8 and 9. Two characteristics have to be established if paver pavement 

levels are to be modeled accurately; these are resilient (or elastic) behaviour and permanent 

(or plastic) behaviour. (These 
are generally regarded as the relationship between applied 

stress and recoverable strain, and permanent strain and number of load applications, or 

design life. The result of the mathematical model analysis researches into the behaviour of 

pavement structures relates directly with the accurate determination of the component 

material ultimate strengths. )All materials used in pavement construction are non-isotropic 

and exhibit varying degrees of elastic, plastic and viscous characteristics. A mathematical 

model can be no more accurate than the accuracy of the input variables, hence research into 

material characterisation has followed closely behind the development of the analysis 

methods. The only analytical technique available that encompassed this degree of 

complexity is the finite element method. Unfortunately this requires a vast amount of 

computer resources, and the information currently available on materials is too variable to 

justify the material characterisation has, therefore been directed toward quantifying the 

elastic, both linear and non-linear, and the visco-plastic behaviour. This Chapter also 

outlined the design method based upon finite element analysis research (see Section 3.2.4) 
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in which the parameters depend on simple empirical relationships. However, these 

techniques whose reliability directly related with the accuracy of the modeling are very 

useful in developing an understanding of the essential problems of paver pavement design. 

The assumptions which are accepted in Dutch studys' 6. ?' s' 9' 10 (see Section 3.2.4) do not 

address the true dynamic behaviour of paver pavement because of the following reasons: 

In principal, it can be assumed that spring constants (k) are not different from each other at 

the surface (see Figures 3.38 and 3.40). However, in the process of time assemblage of 

spring elements' constant can chance because of number of applied load, moisture, 

temperature, concentrated dynamic or static load application etc. The behavior of paver 

pavement at the surface shows unique characteristics (see Figure 6.17), the solution by 

directly applying the flexible pavements' mathematical modeling techniques cannot be 

compatible. The patch load applications on the surface varies in terms of contact load 

area's position (see Chapters 4 and 5). There are five main vertical compressive stress 

regimes which can occur beneath pavers according to magnitude and position of patch 

loads. These are conceptually (see Chapters 6,7,8 and 9): 

" tetrahedral stress regimes 

" long-pentahedral stress regimes 

" short-pentahedral stress regimes 

" partial-hexahedral stress regimes 

" absolute-hexahedral stress regimes 

The compression area beneath pavers bounded by force equilibrium line can only behave 

elastically and the other bottom surface area (apart from compression section) has zero 

stress value, (so elastic behaviour in this area cannot occur because tension cannot be 

developed in uncemented sand so that compressive stress is developed in some parts of 
interface and zero stress is developed elsewhere. jDeflections and stress distributions are 
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function of applied tyre pressure and they change three dimensionally by exceeding tyre 

pressure in-certain points beneath pavers) In the Dutch studys' 6.7.8,9,10 the force- 

deformation relationship at the surface of the paver pavement does not satisfy the 

equilibrium of applied load pressure because of the analysed model ( exp. See Figures 3.38 

and 3.40). The expression of the equilibrium at each nodes is not compatible in terms of the 

patch loadings and the vertical compressive stress regimes vary in bedding sand. Behaviour 

of paver pavement systems should not be attempted to solve by referring first to 

conceptually simple structural assemblies involving linearly elastic springs, because(force- 

deformation relationships of construction materials are also function of time, moisture 

contents, temperature etc) The problem relates with dynamic and non-linear mechanistic 

behaviour of paver pavements and equilibrium of force, force-deformation relationships 

should be satisfied. In addition, material categorisations are closely related with accuracy 

of mathematical modeling. Especially bedding sand has direct influence to stress 

distribution. It has to be categorised properly in terms of maximum stress values. Stress 

distribution can change for stabilised and non-stabilised joints. This should also be 

considered in mathematical modeling. Uncertainties in paver pavement design often may 

be overcome by changing to a computer-based analytical design methodology. Here the 

designer may freely specify the properties of the pavers, base, sub-base and subgrade. 

Accordingly each design, may, be. tailored to suit such factors as the cost and availability of 

materials. Moreover, no simplifying assumptions concerning the loading conditions need to 

be made. Analytical paver pavement design involves the formulation and solution of a 

boundary value problem. This requires the determination of the stresses and strains at 

critical locations throughout the pavement. These. are compared with the values that would, 

theoretically, be predicted to cause. failure of the pavement. 
(Failure 

may be the result of 

either excessive rutting or, in the case of bound materials, of extensive cracking leading to 

a loss in both strength and stiffness)(see Figure 1.7). (Typically, as shown in Figure 3.5, the 

critical stresses and strains occur either on or near the vertical load axis at the bottom of all 

bound layers and at the top of the subgrad! Provided the critical stresses and strains can be 

calculated it is possible to predict the service life of the pavement. ) Conversely, for a 
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-designated . service life, it is possible. to calculate what values of stress and strain can be 

tolerated to determine what combination of layer thicknesses is required if these stresses 

andstrains_are_not to be exceeded. ) The Dutch design method described in this Chapter 

(see Section 3.2.4) is based on finite element analysis. Even though it is specific to 

particular types of base material and varies narrow ranges of subgrade conditions, its 

fundamental analysis technique can be very useful to understand the complex pattern of 

time dependent stresses by applying advanced accurate paver pavement modelling 

subjected to rolling loads. (A particular advantage of such analysis technique is that they are 

capable of modelling non-linear visco-elastic shear sensitive anisotropic materials and 

complex dynamic and/or static loading conditions. ) 
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CHAPTER FOUR 

PATCH LOADING ON RECTANGULAR PAVERS 

Synopsis 

This Chapter presents a method to calculate the static vertical compressive pressures 

applied onto rectangular pavers (chamfered and non-chamfered) by rolling loads. It 

examines in detail the way in which patch loading applied to the wearing surface of 

rectangular pavers is transmitted as vertical stress into the underlying bedding material. The 

vertical compressive stresses in the bedding material are calculated for rectangular pavers 

(see Chapter 6) by considering vertical and rotational equilibrium of the pressures applied 

to the upper and lower horizontal paver surfaces. There is a direct relation between the 

pressure applied onto a paver surface and resulting vertical compressive stress distribution 

beneath the paver (see Chapters 6,7,8 and 9). It is therefore necessary to select a particular 

patch loading applied onto paver before the stresses in the bedding material can be 

analysed. This Chapter develops the general equations to the total applied pressures and the 

centroid distances of the variations of all realistically possible patch loadings for 

rectangular pavers. 
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Chapter 4: Patch loading on rectangular pavers 

4.1. Introduction 

This Chapter defines the patch loads on chamfered rectangular pavers. These patch load 

calculations are the first step of the bedding sand stress calculation method,. 2.3 described 

in Chapter 6. Paver paving consists of a large number of small, rigid units with flexible 

joints. The nature of a paver paved surface may therefore depend on the pavers, the joints 

and the way in which the two relate - as well as the foundation on which the pavers rest. 

The effect of the applied loading is to cause loaded pavers to move vertically owing to the 

value of the applied load and to rotate owing to the eccentricity of the load. Rotation is 

resisted by the interlock4. Most pavers produced in the UK are chamfered5. The 

introduction of a chamfer may aid laying by indicating the top face of the block. The 

chamfer reduces sharp edges which, in turn, makes work more comfortable for the layer 

who may handle several thousand pavers in a day. Chamfers also lessen spalling and reduce 

the effect minor differences in level between adjoining pavers5. Normally a chamfer 

reduces the wearing surface area by 20%-30%. Because of this the stress distribution 

beneath rectangular pavers was analyzed for both chamfered and non-chamfered cases. 

Throughout the research, the total applied load (N) onto pavers was calculated using the 

following equation for 0.8N/mm2 tyre pressure (Figures 4.1 and 4.2). 

Where, 
N=0.8 FN= applied load onto paver (N) 

F load patch surface area (nun) 

0.8 = tyre pressure of highway vehicle (N / mm2 ) 

4.2. Patch loadings on chamfered rectangular pavers 

Figure 4.1 shows the relationship between contact zone of a commercial vehicle's dual rear 

wheels and pavers laid on 45 degree "elbow" pattern, that is, with the visually strong 

herringbone effect running orthogonally to the direction of the vehicle. This is a common 

laying arrangement on highways and industrial areas' 2,3 
. 
The green shaded areas represent 
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Chapter 4: Patch loading on rectangular pavers 

a part of full contact between tyre and pavers and have been produced by applying wet 

paint to a vehicle's tyres and lowering them onto the pavers. The tyres were inflated to a 

pressure of 0.8N/mm2 and a load of 10,000kg was applied through the entire axle such that 

each individual wheel transmitted 2,500kg into the pavers. From this, it was found that the 

applied patch loads could be idealised by Line I and Line 2 shown in Figure 4. I cutting 

through each other orthogonally. The chamfered rectangular model paver illustrated in 

Figure 4.1 is used in the stress analysis. This paver is 200x l OOx8Omm (length, width, 

thickness) with a chamfer of width and depth 5mm around its upper perimeter. The paver's 

thickness is of no consequence in the determination of the vertical stress values. 
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Figure 4.1: Contact load patch resulting from typical dual rear wheels of a commercial 

vehicle and the dimensions assumed for pavers in the stress analysis. 

lt is assumed that each tyre contact area has rectangular proportions (380 x 220mm) and 

the distance between the wheel prints is 50mm. e'en different plan relationship were 

calculated by turning the local wheel axes 0° through relative to the global axes. As can he 

seen in Figure 4.2, the resulting pattern of compressive stress in the underlying bedding 

sand cannot be calculated on a simple load spreading basis, because loading is applied 
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asymmetrically to each paver most of time. The red shaded lines on the contact load areas 

illustrate some examples of the patch loadings on the chamfered rectangular pavers laid to 

45 degree herringbone pattern. 
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Figure 4.2: The plan relationship between contact zone ofa commercial vehicle's dual rear 

wheels placed 0" angle to the global axes. 

Before analysing the vertical stresses in the bedding sand, it is necessary to select a 

particular patch loading on a paver. Figure 4.3 shows representative examples of' patch 

loading arrangements on pavers from which it can he seen that in the general case the 

centre of gravity of the paver is displaced from the centre of applied pressure. The 
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vehicle tyres. In virtually all load situations, the centroid of the applied load do not 
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Chapter 4: Patch loading on rectangular pavers 

determined 23 different load patches which are commonly applied to the individual 

rectangular pavers illustrated in Figure 4.3. In the general case, the patch load centre is 

displaced in both the transverse and the longitudinal directions of the paver. The 

distances a, b, c, d, h, i, q, r and z characterise the patch loading and are used in the 

development of bedding sand contact pressure. In those calculations, a paver of 

thickness 80mm and plan dimensions 200mm x 100mm with a chamfer of width and 

depth 5mm around its upper perimeter is used. A, B, C and ID are the corner points of 

the bottom surface of the rectangular model paver. In each of these load applications 

the centroid of the chamfered rectangular pavers divides the surface into lour equal 

parts and the centroid of the possible applied load areas should be in Area I in order to 

be able to force the stress at corner A positive and maximum all the time. Corner A was 

selected as a pivot point. If the centroid of the applied load is in Areas 2,3 or 4, by 

changing the position of the model paver and by using one of the 23 possible applied 

load patches shown in Figure 4.3, the correct stress function can be found fix the 

individual chamfered rectangular pavers. Therefore, wherever the centroid of the 

possible applied load patches is on the surface of the model paver, it can he found by 

using the same logic. Before analysing the stresses in the laying course, it is necessary 

to select a particular patch load on the chamfered rectangular paver shown in Figure 

4.3. The general geometric solutions of the surface areas (F) and the centroids 

(X and Y) of 23 possible patch loads on chamfered rectangular pavers can be 

calculated as follows. 
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Figure 4.4: The applied load patches I and 2. 
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Chapter 4: Patch loading on rectangular pavers 

As can be seen in Figure 4.4, as the distance q in the load patch 1 changes from corner 

A to C, the distance r scans the model paver from corner A to B. Therefore, in this 

simple geometric patch load application which can search the half of the chamfered 

rectangular model paver, the variable surface areas of the triangle patch and their 

centroids in x and y direction are: 

F= Qý, Y= Q 
and X-3 

23 

Similarly, in patch 2, when the distance h varies from corner A to C, the distance z 

scans the paver from corner B to U. In order to simplify the vertical stress calculations, 

the stress analysis was conducted in terms of the pivot point A which must have 

positive and maximum stress, it is therefore necessary to keep the centroid of the 

applied load in Area 1, so, in that case z<_ h. Hence, the general solution of these 

changeable patch load surface areas and their centroids can be calculated by the 

following simplified equations according to the distances h and z. 
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Figure 4.5: The applied load patches 3 and 4. 



Chapter 4: Patch loading on rectangular pavers 

Figure 4.5 shows two possible load patches. The solution to patch 3 is straightforward 

according to the changeable distances h and a which scan the paver surface in the y and 

x direction respectively. F=ha, Y= and X=. In patch 4 (i5a), the distance i 
22 

changes from corner C to D while a varies from corner A to B. Therefore the solution 

to the surface load areas and their centroids are: 

30(a+2i) a2+ai+i2 F=45(a+i), Y= and X= 
a+i 3 (a+i) 
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Figure 4.6: The applied load patches 5 and 6. 

Figure 4.6 illustrates load patches 5 and 6. Patch 5 scans the chamfered model paver by 

the changeable distances i and z. The general solution to these variable surlice areas 

and to centre of gravities is as follows: 

F=0.5(17100+ 90i+190z-iz), 

-1539000- 16200 1-17100z+90 i z- 190 z2 +I z2 
= Y 

3(-17100-901-190z+i z) 

-3249000 - 17 100 i- 90 i2 - 72200 z+ 190 ii+ i' z 
3(-17100-90i-1907+ii) 

Centroid of the 
rectangular model 
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Chapter 4: Patch loading on rectangular pavers 

Patch 6 illustrated in Figure 4.6 has three changeable distances which are a, b, c. While 

the distance b chances in they direction, the distances a and c (c_a) similarly scan the 

paver in the x direction. By calculus, 

ab(b2+2ac-c2} 
F= , 2 (a2 

+b 2) 

-= 
b(2a2b2+b4+3a3c-3a2c2+ac3) 

3 (a2 
+ b2Xb2 +2ac- c2 

) 

ab4+3a2b2c+3 a3 c2-2 a2 c3 -b2 c3 

3(a`+b2Xb`+2ac-c`) 
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Figure 4.7: The applied load patches 7 and 8. 

Load patch 7 in Figure 4.7 can be calculated similarly, the only ditThrencc is in the 

position of the patch. The solution to the variable surface area and its centroids is: 

ab(c-a)2 Y- ab(a-c) 
and X-a3+2ab17+2a2c+h`c 

2 (a2 
+b 2) 3 (a2 

+b 2) 3 (a2 
+ h2 ) 

For patch loading 8 shown in Figure 4.7 when the distance a moves in the x direction, 

the distances b and d (d<b) change in the y direction and they scan the paver in a 

similar way. The solution to this possible applied load patch is: 
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The applied load patch 9 The applied load patch 10 

Figure 4.8: The applied load patches 9 and 10. 

The varying surface area and the centroids of patch load 9 shown in Figure 4.8 can be 

solved in a similar manner to patch load 8. The only difference is the position of the 

load patch. The equations are: 

F-ab(a2+2bd-d'`) Y a4b+3a2b2d+3b3d2-a2d3-2b2d3 
2 (a2 

+ b2) 3 (a2 
+ b2) (a2 

+2bd d2 ) 

a(a4+2a2b2+3b3d-3b2d2 +bd. ') 

)dd2) 

For patch load 10 illustrated in Figure 4.8, when the distance z (z- b) moves in the v 
direction, the distances b and d (d--5 b) change from corner A to C. It can he recalled 

that the centroids of the applied load surfaces must he in Area 1. 't'hcrctlore, the relation 

between the distance b, z and d should be z--: b and d: 5 b. The equations Im the surläce 

areas and for their centroids are as follows: 
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F= 
95 36100b+2bed-bd2+36100z-2bdz+d2z-bz2+z3 

36100+b2 -2 b z+z2 

Y= (-1303210000 b2 -108300 b3 d- 3 b4 d2 + 36100 b d3 +2b 3 d3 -1303210000 bz 

+108300 b2 dz+9 b3 d2 z- 36100 d3 z-6 b2 d3 z -1303210000 z2 -9 b2 d2 z2 

+6bd3z2+72200bz3+b3z3+3bd2z3-2d3z3-72200 z4-3 b2 z4 +3bz5-z6) 
/(3(36100+b2-2bz+z2)(-36100b-2b2 d+bd2 -36100z+2bdz-d2 z 

+b z2 - z3 )), 

X= (190(-13032 10000 b- 72200 b3-3 b4 d+3 b3 d2 - b2 d3 -2606420000 z 

+216600b2z-216600bdz+12b3dz-12b2d2z+2bd3z-3b3z2 

+216600dz2-9b2dz2+15bd2z2-d3z2-144400 23+4b2z3-6bdz3-6d2z3 

+bz4+6dz4-225))/(3(36100+b2-2bz+z2)(46100b-2b2d+bd2 

-36100z+2bdz-d2z+bz2-z3)) 

As can be seen in Figure 4.9, when the distances z and b move along the short side of 

the paver, the distance c varies in the x direction. In that case, the distance z should be 

smaller than the distance b and the position of the patch load surface area's centroids 

should be in Area 1 in terms of the varying distance c in the x direction. Hence, the 

general solution of patch load 11 to the surface area and its centroids is: 

95 (36100b-380bc+bc2+36100z-c2z-bz2+z3) 
F= 

36100+b 2 
-2b z+ z2 , 

Y= (24760990000 b2 - 390963000 b2 c+ 2057700 b2 c2 - 3610 b2 c3 + 24760990000 bz 

-2057700 b c2 z+ 7220 b c3 z+ 20851360000 z2 - 216600 b2 z2 -3b 
4 z2 -3610 c3 z2 

-938600 b z3 -7 b3 z3 +1155200 z4 + 39 b2 z4 - 45 b z5 +l6 z6)/(57 (36100 + b2 

-2bz+z2)(36100b-380bc+bc2+36100z-c2z-bz2+z3)), 
X= (247609900000 b+ 13718000 b3 -108300 b3 c- 20577000 b c2 + 72200 b c3 

+b3 c3 + 495219800000 z+ 108300 b2 cz- 72200 c3 z-3 b2 c3 z- 41154000 b z2 

-570 b3 z2 +3b c3 z2 +27436000 z3 + 1520 b2 z3 - C3 z3 -1330 b z4 + 380 z5) 
/ (3 (36100 + b2 -2b z+ z2) (36100 b- 380 bc+b c2 +36100 z- c2 z-b z2 + z3 )) 
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Centroid of the 
applied load area 
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Figure 4.9: The applied load patches II and 12. 

Another load patch shown in Figure 4.9 has a trapezium shape whereby the distances z 

and d change along the short side of the model while the distance s scans the paver in 

order to find the probable patch load surface areas having their centroids in Area 1. The 

solution to this contact load area and to its centroids according to the changeable 

distances (d, s, z) is., 

F -2520000 -16200 d+ 90 d2 + 90 s2 -44200 z+ 180 dz- d2 z+380 sz- s2 z 
= 2(, -190+ s) 

Y= (161190000 + 2187000 d- 90 d3 + 1539000 s -16200 s2 + 4707000 z- 24300 dz 

+d3 z- 34200 s z+90 s2 z+ 36 100 z2 380 s z2 + s2 z2) 
/(3 

(2520000 + 16200 d 

-90 d2 - 90 s2 + 44200 z -180 dz+ d2 z- 380 sz+ s2 z)) 

X= (-111384000000- 196830000 d+ 2187000 d2 - 8100 d3 + 6173 10000 s+ 17100 s3 

-90s 
4- 2737640000 z+ 4374000 dz- 48600 d2 z+ 180 d3 z+ 34295000 sz 

-108300s 
2 Z- 190 s3 z+ s4 z+ 729000 z2 - 24300 d z2 + 270 d2 z2 - d; z2 ) 

/(3(I9O+s)(252OOOO+Iý2OOd_9Od2_9Os2+442OOz_18Odz+d2z_38Osz 

+s2 z)) 

In the applied patch load 13 illustrated in Figure 4.10, the distances a and s change 

along the long side of the model while the distance d scans the paver in the y direction 

in order to find the probable patch load surface areas having their centroids in Area 1. 
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The solution to this contact area and to its centroids according to the changeable 

distances (a, d, s) is: 

45 (8100-a2 
-180 d +d2 +s2) 

F 
-a +s 

1 458000 - 90 a2 - 24300 d+ d3 - 90 as+ 180 s2 Y= 
3(8100-a2-180d+d2+s2) 

-65610000 +a 4+ 2187000 d+ 90 d3 - a3 s-a s3 +s 4 
X= 

3 (-a+s)(8100-a2 -180 d+d2 +s2) 

Centroid of the I' a rectangular model s D 

Area 4 ! Area 
_ -rea--1j a- ---- a--2 -------- Ä 

X 

Centroid of the 
applied load area 

The applied load patch 13 

V 
,i1 

Centroid of the 
load araa rectangular model 

D 
Area 31 ea 4 

Area I ÄreaZ 

9X 

Centroid of the 
applied load area 

The applied load patch 14 

Figure 4.10: The applied load patches 13 and 14. 

In load patch 14 shown in Figure 4.10, while the distances b and z scan the model paver 

in the y direction, the distance d varies along the short side to ensure that the load patch 

surface area has its centroids in Area 1. The general solutions are: 

95 (d-b)2 (b-z) 
F= 

36100+b2-2bz+z2' 

Y= 
72200b+b3+36100d+2b2d-2b2z-4bdz+bz2+2dz2 

3 (36100+b 2- 
-2 

bz+ z2 
I 

147 



Chapter 4: Patch loading on rectangular pavers 

X= 
1901-b3+2b2d-bd2-216600z+b2z-8bdz+d2z+6bz2+6dz2-6z3 

3 (-b+d) 36100+b2 -2 bz+z2 

Centroid of the 
load a rectangular model m- a 

Do 
3' ea 4 

Ar 1I Area. 2 

ZX 

Centroid of the 
applied load area 

The app/led load patch 15 

Y 
AppIi Centroid of the 
load arSa rectangular model 

--Area 
3 

a4_- 
13 

------"- --_---------- ýcf Area 2d 

"ACentroid of the-' 
applied load area 

The applied load patch 16 

X 

Figure 4.11: The applied load patches 15 and 16. 

As can be seen in Figure 4.11, the distances b and z (z<_ b) vary in they direction while 

the distance c scans the paver in the x direction. The simplified general solution of 

patch 15 to the surface area and its centroids is: 

95(b3+380bc-bc2-b2z+c2z) 
F= 

36100+b2-2bz+z2 

Y= (72200 b4 + b6 + 20577000 b2 c -108300 b2 c2 + 190 b2c3- 72200 b3 z-3 b5 z 

+108300bc2z-380bc3z+3b4z2+190c3z2-b3z3)/(3(b3+380bc-bc2 

-b2z+c2z)(36100+b2-2bz+z2)), 

X= (190 b5 + 108300 b3 c+ 20577000 b c2 - 72200 b c3 - b3 C3 - 380 b4 z -108300 b2 cz 

+72200 c3z+3 b2c3z+190b3z2-3bc3z2+c3z3)/(3(b3+380bc-bc2-blz 

+c2 z) (36 100 + b2 -2bz+ z2 )) 

The surface area of load patch 16 and its centroids illustrated in Figure 4.11 can be 

solved according to the varying distances a, b and d which change in the y and x 
directions respectively. The solutions are: 
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F- 
5320000-72200 a+190a2-44200b+380ab-a2 b+180bd+190d2-bd2 

2(-90 + d) 

Y= (235144000000 - 3909630000 a+ 20577000 a` - 36100 a3 - 2737640000 b 

+41154000 ab- 216600 a2 b+ 380 a3 b+ 6859000 b2 -108300 a b2 + 570 a2 b2 - a3 b2 

+138510000d+3645000bd-24300bd2+17100d3-90bd3-190d4+bd4)/ 

(3 (-90 + d) (-5320000 + 72200 a -190 a2 + 44200 b- 380 ab+ a2 b- 180 bd- 190 d 

+b d2 )), 

X= (-2314010000 + 20577000 a -190 a3 + 15257000 b- 108300 ab+ a3 b +- 8100 b2 

+3249000 d- 34200 bd -180 b2 d- 72200 d2 + 190 b d2 + b2 d2)/(3 (-5320000 

+72200 a-190 a2+44200b-380ab+a2 b-180bd-190d2+bd2 )) 

V 

Centroid of the 
applied load area 

The applied load patch 17 

Applied Centroid of the 
load ama rectangular model 

D 
ea? 3 Area 4 

T- ------- 
A, Area 2 

Centroid of the 
applied load area 

The applied load patch 18 

Figure 4.12: The applied load patches 17 and 18. 

For load patch 17 shown in Figure 4.12, the distances a and d progress in the long side 

of the paver while the distance z scans the paver in the y direction. The general 

geometrical solution to the surface area and its centroides can be expressed as the 

following equations. 

F= (138510000+6498000 a- 17100 a2 + 729000 d- 34200 ad+ 90 a2 d- 17100 d2 

+90 d3-1 539000z+190 a2 z-24300dz-380adz-a2dz+190 d2z+2ad2z 

-d3z+180dz2)/(2(44200-380d+d2-180z+z2)), 
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Y= (2 (44200 -3 80 d+ d2 -180 z+ z2)(((-190 + d)2 (-90 + z) (17100 - 90 a+az 

-d z)3) 
/(6 (44200 - 380 d+ d2 -180 z+ z2 )3 )+ ((-190 + d) (-90 + z) (-8100 

-190 a+ 190 d+ad- d2 + 90 z)2 (-11205000 + 17100 a+ 85500 d- 90 ad -180 d2 

+32400 z -190 az+ 190 dz+adz- d2 z -180 z2 ))/(6 (44200 - 380 d+ d2 -180 z 

+z2 )3 +(4050 (1539000 +36100 a- 380 ad +a d2 -17100 z- 90 dz+d z2 )) 
/ 

(44200 - 380 d+ d2 -180 z+ z2 ))) 
/ (138510000 + 6498000 a- 17100 a2 + 729000 d 

-34200 ad+ 90 a2 d -17100 d2 +90 d3 -1539000 z+ 190 a2 z- 24300 dz-380 adz 

-a2dz+190d2z+2ad2z-d3z+180dz2), 

X= (2 (44200 - 380 d+ d2 -180 z+ z2) ((45 (1539000+36100 a -380 ad+a d2 

-17100 z-90 dz+d z2 )2) / (44200 -3 80 d+ d2 -180 z+ z2 )2 + ((190 - d) (-90 + z) 

(17100-90 a+ az-d z)2 (3078000+116400 a -1140 ad+3a d2 - 34200 z -180 az 

-180 dz+ az2 + 2dz2)) / (6 (44200 - 380 d+ d2 -180 z+ z2 )3) + ((190 - d) (-90 + z) 

(-8100 -190 a+ 190 d+ad- d2 + 90 z)2 (3078000 + 72200 a+ 44200 d- 760 ad 

-380 d2 +2a d2 + d3 - 34200 z- 360 dz+3d z2 )) 
/ (6 (44200 - 380 d+ d2 -180 z 

+Z2)3))) 
/ (13 8510000 + 6498000 a -17100 a2 + 729000 d- 34200 ad+ 90 a2 d 

-17100 d2 + 90 d3 -1539000 z+ 190 a2 z- 24300 dz-3 80 adz- a2 dz+ 190 d2 z 

+2ad2z-d3z+180dz2) 

As can be seen in Figure 4.12, for load patch 18, while the distances z and b change in 

the x direction, the distance a scans the paver to determine the possible surface areas 
having their centroids in Area 1. The general geometrical solution to this load patch is: 

F= 190 b- 
3429500 

+ 
1805 0a- 

95 z+ , 

X= (247609900000 - 2606420000 a+ 6859000 a2 - 20577000 bz+ 108300 abz 

+570 b2 z2 -190 z4 +a z4)/(3 z (-6859000 + 36100 a+ 380 bz -190 z2 +a z2 )), 
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Y= (-2606420000 + 13718000 a+ 108300 bz- 72200 z2 + 190 a z2 + a2 z2) 

(3z(-6859000+ 36100 a+380b z- 190 z2+az2)) 

Tr- load ar"a Centroid of the 
z ___ rectangular model 

Area 3a4 

Ar 2 
X 

Centroid of the 
applied load area 

The applied load patch 19 

Y 
-0-Applind Centroid of the a 

rectangular model 
ný 

Area 4º 
--Area3 ------ 7, --- . ----- ------ qreq Area 2 

Centroid of the 
applied load area 

The applied load patch 20 

Figure 4.13: The applied load patches 19 and 20. 

For load patch 19 shown in Figure 4.13, while the distance a and z (z<a) vary in the x 

direction, the distance b scans the model paver to determine possible load patch surface 

areas having their centroids in Area 1. The general solution to the surface area and its 

centroids for this load patch is: 

45 (a3 
+180ab-ab2-atz+b2 z) 

F= 
8100+a2-2az+z2 

X= (16200 a4 +a 6+ 2187000 a2 b- 24300 a2 b2 + 90 a' b3 -16200 a3 z-3 a5 z 

+24300ab2z-180ab3z+3a4z2+90b3z2-a3z3)/(3(a3+l80ab-ab2_a2z 

+b2z)(8100+a2-2az+z2)), 

Y=(90a5+24300a3b+2187000ab2-16200ab3-a3b3-180a4z-24300a2bz 

+16200b3z+3a2b3z+90a3z2-3ab3z2+b3z3)/(3(a3+180ab-ab2_a2z 

+b'` z) (8100+ a2 -2az+ z2 )) 

In the case of load patch 20's application illustrated in Figure 4.13, the distances a, b 

and z (z<b) change in the x direction of the model paver. The general geometrical 

solution of this changeable load patch surface area and its centroids is: 

I 5I 



Chapter 4: Patch loading on rectangular pavers 

F= 
45(8100a+a3+8100b-a2 b-2abz+2b2z+az2-bz2 

8100+a2-2ab+b'` I 

X= (30 (-65610000 a -16200 a3 - a5 -131220000 b+2 a4 b+ 24300 a b2 - a3 b2 

-8100b3+48600abz+6a3bz-48600b2z-15a2b2z+12ab3z-3b4z 

-24300 a z2-3a3z2+24300bz2+6 a2bz2-3ab2z2+a2z3-2abz3+1,2z3)) 
/((8100+a2 

-2ab+b2) (-8100 a-a3 -8100 b+a2 b+2 ab z-2 b2 z- a z2 

+b z2 )), 

Y= (65610000 a2 + 16200 a4 + a6 + 65610000 a b- 16200 a3 b-3 a5 b+656 I OOOOb2 

+3a4b2-a3b3-24300ab2z+24300b3z-3a3bz2+9a2b2z2-9ab3z2+3b4z2 

+8100az3+2a3z3-8100bz3-6 a2bz3+6ab2z3-2 b3z3)/(3(8100+a2 

-2ab+b2)(8100a+a3 +8100b-a2b-2abz+2 b`z+a z2-bz2)) 
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Figure 4.14: The applied load patches 21 and 22. 

Figure 4.14 shows the possible applied load patches 21 and 22. In the triangular load 

patch 21, while the distances a and b (a<b) vary in the long side of the model paver, the 

distance z scans the paver by changing in the same direction in order to determine the 

possible load patch surface areas having their centroids in Area 1. In this case the 

general geometrical solutions are as follows: 

F 
45 (-a+ b)2 (-a + z) 

8100+a2-2az+z2 
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30 (-a+ b) (-a+ z) 
8100+a 2-2a z+ z2 

Y= 
16200 a+a3+8100b+2a2b-2a2z-4abz+az2+2bz2 

8100+a2-2az+z2 

For load patch 22, the distances a, b and z (a<b) vary in the long side of the model 

paver in order to determine the possible load patch surface areas having their centroids 
in Area 1. The difference between load patch 20 and 22 is that the line through the 
distance z in patch 20 (see Figure 4.13) can exceed the long side of the model paver. 
Although the results of some surface areas can be similar both in load patches 20 and 
22, they basically generate different patch loadings. The general geometrical solution to 
load patch 22's surface area and its centroids is: 

45 (8100b-a2 b+2 ab2+8100z+a2z-2 abz-bz2+z3 
F= 0 8100+b2-2bz+ 

X= (30 (65610000 b+ a3 b2 + 16200 b3 -3 a2 b3 +3a b4 + 131220000 z-2 a3 bz 

+6 a2 b2z -6a b3 z+ a3 z2 - 48600 b z2 -3 a2 b z2 +3a b2 z2 -3 b3 z2 + 32400 z3 

+8b2z3-7bz4+2z5))/((8100+b2-2bz+z2)(8100b-a2 b+2ab2+81002 

+a2z-2abz-bz2+z3)), 

Y= (-8100 a3 b+ 65610000 b2 + 24300 a b3 -2 a3 b3 +3 a2 b4 + 8100 a3 z 

+65610000 b z- 24300 a b2 z+ 6 a3 b2 z- 9 a2 b3 z+ 65610000 z2 -6 a3 b z2 
+9a2b2z2+21 z3-16200bz3-31 bz3-b3z3+1620024 +3 b2 z4 

-3bz5+26)/(3(8100+b2-2bz+z2)(8100b-a2 b+2ab2+81002 

+a2z-2abz-bz2+z3)) 

As can be seen in Figure 4.15, the triangular load patch surface area and its centroids 

which should be in Area 1 can be calculated using geometrical calculus. The distances 

a and b (a<b) change in the long side of the model paver, while the distance z scans the 

paver in the same direction. The difference between load patch 21 and 23 is that the line 

through the point a cuts through the long side of the model paver in load patch 23 and it 
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cuts through the short side of the model paver in load patch 21. Some load patch surface 

areas and their centroids might be similar, but they basically generate different patch 

loadings. The simplified general geometrical solutions of the possible varying load 

patch 23's surface area and its centroids can be found using the following equations: 

F- 
45 (a-b)2 (b - z) 

8100+b2-2bz+z' 

30 (a - b) (-b + z) 
8100+b2 -2 b z+z2 

X= 
8100 a+16200b+2ab2+b3-4abz-2b2z+2az2+bz2 

Appli 

y 
Centroid 

of 
the 

z rectangular model 
DM 

Aa 31 . Area 4 
---k---ý"=- A`1'. Area 2 

.:...... ..... 
ßý 

X 
AI' 

Centroid of the 
applied load area 

The applied load patch 23 

8100+b2-2bz+z2 

Figure 4.15: The applied load patch 23. 

4.3. The selected special load patch applied to rectangular pavers 

A special load patch which allows the comparison of the analysed pavers (see Figure 

5.1) in terms of their vertical compressive stress distributions was selected (see Figure 

4.16). This special load patch functionally generates the maximum stress value was 

assumed for analysing each proprietory shaped paver (see Chapter 5). The special patch 

load which is applied to all shaped pavers scans the circumscribing rectangular border 

from its lower left corner to its upper right corner with defining distances a and b 

(b=a/2) in the longitudinal and in the transverse axes respectively (see Chapter 5 for 
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more detail). If the special patch loads are initially considered acting on rectangular pavers, 

the solutions are as follows. 
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C `\ 

D SIC 

,o Areä 3k'_ 4 

A<a ---- 
15 

CeMbroid of the applied 
load area under line 1 

The special applied load line 1 
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rºAmIied rec tanaular model 

bid area 

rea3 Area 4 - 
_ ý_ ±Ar ' Area 2 

AIa- 
-ºHI 

x 
Line 1 Centroid of the applied 

load area under line 2 Line 2 
The special applied load line 2 

Figure 4.16: The special load patch application for chamfered rectangular paver. 

As can be seen in Figure 4.16 the special patch loads are bordered by Line I and Line 2 

which scan the paver from its lower left corner to its upper right corner with distances a 

and b (b=a/2). For both Line I and Line 2 cases, the patch load's surface areas and 

centroids can be calculated by using the following equations: 

For Line 1 (see Figure 4.16): 

-68500+ 740a- a2 7886000- 11100 a- 540 a2 + a3 F= X= 
, 43 (68500 

- 740 a+ a2 
) 

4805000+l1100 a-570 a2 +a3 
= Y 

6 (68500 
- 740 a+ a2 

) 

For Line 2 (see Figure 4.16): 

a2 aa F= 4 X= 
3 and Y= 

6 
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Figure 4.17 illustrates the application of the selected special patch load for a non- 

chamfered rectangular paver formed by Line I and Line 2 which scan the paver from its 

upper right corner to its lower left corner with distances a and b (b=a/2). In terms of the 

changeable distance a, the patch load's surface areas and centroids can be calculated by 

using the following equations: 

For Line I (see Figure 4.17): 

2 
F= -20000 + 200 a-a, 

4 

For Line 2 (see Figure 4.17): 

X- 8000000 - 600 a2 + a3 
3 (80000_800a+a2) 

Y- 8000000 - 600 a2 + a3 

6 (80000 
- 800a + a2) 

2--a 
F= 

4X3 
and Y= 

6 
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Figure 4.17: The special load patch application for non-chamfered rectangular paver. 
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4.4. Conclusion 

This chapter defined a method to calculate the variations of the patch loads for rectangular 

pavers. It will be shown in Chapter 6 that there is a direct relation between the pressure 

applied onto a paver surface and resulting vertical compressive stress distribution; and 

there are five main vertical compressive stress regimes (see Figure 6.1) which can occur 
beneath rectangular pavers according to magnitude and position of patch loads. Because of 

this reason, this Chapter developed the general equations to the total applied pressures and 

the centroid distances of the variations of all realistically possible patch loadings for 

rectangular pavers. It is therefore necessary to select a particular patch loading applied onto 

paver before the stresses in the bedding material can be analysed. The vertical compressive 

stresses in the bedding material are calculated for rectangular pavers in Chapter 6 by 

considering vertical and rotational equilibrium of the pressures (which are defined in this 

Chapter) applied to the upper and lower horizontal paver surfaces (see Figures 4.3 to 4.17, 

6.2 to 6.16, and 6.21). Many analytical design procedures assume that the load patch is a 

disk whose diameter can be determined on the basis of assessing wheel load and contact 

stress (see Chapter 3). It will be shown in Chapter 6 that pavement analysis must take into 

account the true shape of the patch loading (see Figures 4.1 and 4.2). Highway loadings 

must be considered as direct input criteria rather than static circular plate load assumptions 

because of the unique behaviour of pavers on the surface level of a paver pavement (see 

Chapter 6). The true behaviour of concrete block paving under highway loading can be 

understood only when the way in which asymmetrically loaded pavers transmit wearing 

surface applied patch loads into the underlying bedding sand has been studied (see 

Chapters 6 and 9). This Chapter also included the selected special load patch applied to 

rectangular pavers. This load patch which functionally generates the maximum stress value 

allows the comparison of the analysed pavers (see Figure 5.1) in terms of their vertical 

compressive stress distributions. 
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CHAPTER FIVE 

PATCH LOADING APPLIED TO PROPRIETORY SHAPED PAVERS 

Synopsis 

This Chapter concentrates on calculating the vertical pressures applied onto the selected 

nine proprietory shaped pavers (see Figure 5.1) by rolling loads. The calculation technique 

used in this Chapter for analysing the pressures applied onto proprietory shaped pavers is 

based on the method described in the previous chapter for rectangular pavers. The vertical 

compressive stress regimes in the bedding material are calculated for proprietory shaped 

pavers (see Chapters 7,8 and 9) by considering vertical and rotational equilibrium of the 

pressures applied to the upper and lower horizontal paver surfaces. It is therefore necessary 

to calculate the patch loadings applied onto proprietory shaped pavers before the stresses in 

the bedding material can be analysed in Chapters 7,8 and 9. This Chapter develops the 

general equations to the total applied pressures and the centroid distances of the variations 

of a realistically possible patch loading which is specially selected for proprietory shaped 

pavers in order to compare the pavers in terms of the stress distributions which they 

generate. 

159 



Chapter 5: Patch loading applied to proprietory shaped pavers 

5.1. Introduction 

Figure 5.1 illustrates the paver shapes which were studied. Apart from chamfered and 

non-chamfered rectangular pavers whose load patches were described in Chapter 4, the 

most commonly used 9 proprietory shaped pavers' patch loadings have been analysed 

using an extension of the method described for the rectangular pavers (see Chapter 4). 

From the analysis previously set out in Chapter 4, it has been possible to identify the 

patch load configuration which leads to the greatest vertical compressive stress values 
beneath the pavers. The greatest stresses are produced when the special patch load 

illustrated in Figure 4.16 and 4.17 is applied. This is now used in the patch loading 

analyses of 9 proprietory shaped pavers shown in Figure 5.1. 

Chamfered Nou-ckamfered Proprielury roprietery 
Reeh. nyulur Rectaagolar Shaped hrped 
Paver Paver PaverI avert 

5' yitrý 

Proprletory jProprictory Proprietory Ropntýto V 
Shap941 

x Shaped Shaped Shc#wd 
Paver 3 (Paver 4 "ý, Paver 5 PC l6 

Proprietary Proprietor] Pruprietory 
sha; ° Sbaped Sºaped 
Paver 7 Paver 9 Paver 9 

Figure 5.1: The two rectangular (chamfered and non-chamfered) and nine proprietory 

shaped pavers were analysed. 

If each proprietory shape is considered of having a circumscribing rectangular paver, all 

patch loadings for shaped pavers can be analysed by placing x, y transverse and 

longitudinal axes on the circumscribing rectangular surface and by calculating the 
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Chapter 5: Patch loading applied to proprietory shaped pavers 

function for each actual boundary line. In order to reduce the geometrical complexity of 

the work, a special load patch which functionally achieves the maximum vertical 

compressive stress values was assumed for analysing each proprietory shaped paver. 
This selected special patch loading which were analysed for rectangular pavers in 

Section 4.3 is useful for allowing a meaningful comparison of the pavers in terms of the 

maximum stress values which they generate. This special patch load applied to all of 

the shaped pavers scans the circumscribing rectangular border from its lower left corner 

to its upper right corner with defining distances a and b (b=a/2) in the longitudinal and 
in the transverse axes respectively (see Figure 5.2). Therefore, according to the 

distances a in the longitudinal direction, the real loading area of the shaped blocks is 

computed using the shaped blocks' real border line functions. Hence the centre of 

gravity of the special patch loading when applied to each of the shaped paver can be 

computed in order to analyse the stresses generated by each paver. The Chapter defines 

the application of this selected special patch load to 9 proprietory shaped pavers. 

5.2 The selected special patch load applied to proprietors shaped paver 1 

The special patch load which characterises the maximum idealised vertical compressive 

stress value was selected for proprietory shaped paver 1 as described in Section 4.3 and 
5.1. Common patch loadings which functionally generate maximum corner stress values 

were applied to the shaped pavers so allowing a meaningful comparison of the 

effectiveness of each shape in load dissipation. In each case, a circumscribing 

rectangular paver has been analysed and the negative effects generated by the dentations 

have been included in the results. Figure 5.2 shows the application of the critical load 

patch shape to the proprietory shaped paver 1.15 different patch load applications can 
be generated in which the lines which form the boundaries of the patch loadings can 

scan the paver from its lower left corner to its upper right corner with distances a and b 

(b=a/2). The patch load application I can be seen in Figure 5.2 and is bordered by Line 

1. Line 1 scans the paver from corner h to i in terms of the changeable distance a in the 

x direction. If x, y transverse and longitudinal axes have their origin comer A of this 

circumscribing rectangular shape, it can be seen that each corner of the actual paver is 

connected by lines which form the real shape of the paver. The functions of these lines 
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can be calculated using basic geometrical rules. The boundary line functions for 

proprietory shaped paver l are shown in Table 5.1. 

ä 
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bad area 
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_120-i- 
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_15_t' 
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load area under fine I 
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15 

Line 1 

Distances (mm) 

Figure 5.2: The selected special patch load application I for proprietory shaped paver I. 

qux= 50-3.3y uhx=50+1.3y hcx =135-4.3y cdx=135+1.3v 
quy = 15 - 0.3x ahy = 0.75x - 37.5 hcy = 31.154 - 0.230x (, -qv = 0.75x -101.25 

Ilex= 205-3.3y eft =205+0.6y fgx=228.3-0.3y glzr=163+0.6v 
dev= 61.5-0.3x ýfy= 1.6x-341.6 fgv= 685-3x ghv= I. 6x-271.6 

hix= 536.3.3y 
_jix=23.3+1.3y 

kjx= 561.6-4.3y mkr=1.3v-61.6 
hiv = 161- 0.3x 

. 
jiy = 0.75x -17.5 kjy = 129.615 - 0.2301 x mky = 46.25 + 0.75x 

nmx =381.6-3.3y Onx=0.6y-51 pox =28.3-0.3y yp. r=0.6v-9 

nmv = 114.5 - 0.3x ony = 85 + 1.6x poy = 85 - 3x qpv = 15 + 1.6. r 

Table 5.1: Boundary line functions for proprietory shaped paver 1. 

In Table 5.1 the first two letters of each line function characterise the corner names as 

can be seen in Figure 5.2 
. 

By using the line functions in 'Table 5.1 for shaped paver I 

and the line functions which define the patch load boundaries, which are of the form 
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Chapter 5: Patch loading applied to proprietory shaped pavers 

fy = b(1- ä), f= a(1 - 
b) in the x and y axes, the intersection points between the 

paver boundary lines and the load patch boundary line can be calculated 

mathematically. Table 5.2 shows the intersection points which can be seen in Figures 

from 5.2 to 5.16. 

Plx _ 
a(b -161) and Ply = 

b(a - 536.6) 
ly P a(b + 271.6) 

2x and P 2y 
b(a -163 ) 2y b-0.3a a-3.3b b+1.6a a+0.6b 

_ 
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and P 
b(a - 23.3) Pa x- 3y P a(b -129.615) and P 

b(a - 561.6) 
4 ý` 4y b+0.75a a+1.3b b-0.2301a a-4.3b 
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a(b - 685) 
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b(a - 228.3) 

Psy _ 
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and Pty 
b- 3a a-0.3b b+0.75a a+1.3b 

P7x = 
a(b -114.5) and P __ 

b(a - 381.6) 
7y P= a(b + 341.6) 

8X and P_ 
b(a - 205) 

8y b-0.3a a-3.3b b+1.6a a+0.6b 
a(b - 61.5) b(a - 205) 

and P9y = P9x a(b - 85) b(a + 51) 
Ptox = and Ploy = b-0.3a a-3.3b b+1.6a a+0.6b 

_ a(b + 101.25) 
and P1__ 

b(a -135) Pl lx - 1y P 12x 
a(b - 31.154) 

and P __ 
b(a -135) 12x 12y b+0.75a a+1.3b b-0.23a a-4.3b 

a(b - 85) 
and P 13y 

b(a - 28.3) 
13y P13x - 

a(b + 37.5) 
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0.6a(b - 15) 
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b(a + 9) 
lsy '15x - 

a(b -15) and P b(a - 50) 
16y = P16x = 

a+0.6b a+0.6b b-0.3a a-3.3b 

Table 5.2: The intersection points between the lines which form the patch load 

boundary with distances a and b in the x and y directions and line functions bounding 

the proprietory shaped paver 1. 

The surface area and centroid distances for the system illustrated in Figure 5.2 can be 

calculated using the data in Table 5.1 and Table 5.2 and are as follows: 

220 P2x t'2x 

F= $ßcfr- Jghycfr+ ffgydx- 

0 205 205 

220 220 220 

$Jj'cfr+ Jfgycfr- feJidx '2x 1'2x 205 

50 70 135 155 205 15 15 

-Jqay dx- Jabydx- Jfydx-Jcdydx-ffydr-Jpoydx+Jqpydx 
0 50 70 135 155 00 
15 15 15 15 Pr 65 85 

- 
J110 dx+ jonydx- j fydx+ j110 dx- Sfydx+Jnmydx+frnkydx 

0000 15 15 65 
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150 170 Pax 

+f key ax + $ji. ytfr+ fihydx 

85 150 170 

The evaluation of the integrals yields the following equation: 

F= -75665.2 + 465.194a - 0.567306a2 

220 P2x P2x 220 220 220 

F 
fxfrcfr- Jxghydx+ fxfgycLv- $xfrcfr+ fxfvdx- fxefycfr 

0 205 205 1-12x 1'2x 205 

50 70 135 155 205 15 

-f xgay dx- f 
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Jxfycfr-Jxcdydx-fxfydx-Jxpoydx 

0 50 70 135 155 0 
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+f xgpydx- 

Jx 110dx+ f 
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jxfydz+ jx 110 clx- 
Jxfydx 

00000 15 

65 85 150 170 Pjr 
+f x nmy dx +fx mky dx + 

fxkjydxý fxjlydx+ fxthycfr 

15 65 85 150 170 

The evaluation of the integrals yields the following equation: 

- 
0.910259-519.342 + a)(62558.4 - 468.969a + a2 

) 
X= (-596.352 + a)(-223.654 + a) 

1 
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000 25 25 70 

25 25 110 40 85 15 

-f y22ody+ 
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15 15 15 15 110 110 

+Jyalxcly - 
Jvbcxdv+ Jvuhxdy_ Jyqaxdy- Jvmiody+ Jvnmy 

0000 95 95 

110 110 110 110 

- 
fYi']' 

c v+ JYkirdv JY. ti d y+ f yhLYdy 
95 95 fig Piv 

The evaluation of the integrals yields the following equation: 

Y 
0.121857(1 161.97-uX-568.918+aX-278.843+u) 

= (-596.361 + aX-223.68 + u) 

Line I in Figure 5.2 scans the paver between comers h and i. It should therefore be 

noted that for the solutions above to be valid for the patch load application 1, the 

variable distance a in the x direction must lie in the range: 410>a>390mm. 
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Figure 5.3: The selected special patch load application 2 for proprietorv shaped paver I. 

Figure 5.3 illustrates the special patch load application 2lr the proprietory shaped 

paver I. Line 2 scans the paver between corners i and g in terms of the variable distance 
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Chapter 5: Patch loading applied to proprietory shaped pavers 

a in the x direction. By using the paver line functions in Table 5.1, the equations of the 

intersection points in Table 5.2 and the patch load boundary line function which is 

fy = b(1- 
ä), 

f= a(1- b) 
in the x and y axes, the special patch load's surface area 

and centroid distances can be calculated as follows: 

220 t2x P2x 220 220 220 50 

F= Jfjicfr_ f gh: yd+ ffgyc- Jß'c+ f fgvc&- fefy- $qay 
0 205 205 P2x P2x 205 0 
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-J fy dx+ jib dx _ 
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The evaluation of the integrals yields the following equation: 

F= 4187.27 + 55.694 la - 0.0423059a2 
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jx 
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mky dx jx kjy dx + 
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The evaluation of the integrals yields the following equation: 

0.210259(-1082.68 + a)(72.6617 + a)(354.145 + a) 
(-1387.78 + a)(71.3196 + a) 
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Y 
FI 

110 25 25 P2y 70 ß'2y 
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The evaluation of the integrals yields the following equation: 

- 
0.228206 -1014+aX73243.9 -126.002a +a2) 

Y= (-1387.76 + aX71.3502 + a) 

Line 2 in Figure 5.3 scans the paver between corners i and g. It should therefore be 

noted that for the solutions above to be valid for the patch load application 2, the 

variable distance a in the x direction must lie in the range: 390>a>345mm. 

Figure 5.4 illustrates the special patch load application 3 for the proprietory shaped 

paver 1. Line 3 scans the paver between comers g and j in terms of the variable 

distance a in the x direction. By using Table 5.1, Table 5.2 and the patch load boundary 

line function which is fy = b(1- x ), fx = a(1- b) 
in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated according to the distance a. 
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The evaluation of the integrals yields the following equation: 

F= -8626.67 + 129.972a - 0.149939a2 
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Figure 5.4: The selected special patch load application 3 for proprietory shaped paver 1. 
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The evaluation of the integrals yields the following equation: 

0.06(-696.505 + a)(-142.67 + a)(2349.18 + a) 
(-794.227 + aX-72.4393 + a) 
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The evaluation of the integrals yields the following equation: 

_ 
0.29996 1 -631.57 + aX44739.7 - 258.544a + a2 

) 

Y= (-794.414 + aX-72.424 + a) 

Line 3 in Figure 5.4 scans the paver between comers g and j. It should therefore be 

noted that for the solutions above to be valid for the patch load application 3, the 

variable distance a in the x direction must lie in the range: 345>a>340mm. 

Figure 5.5 illustrates the special patch load application 4 for the proprietory shaped 

paver 1. Line 4 scans the paver between corners j and k in terms of the variable 

distance a in the x direction. By using the paver line functions in Table 5.1, the 

equations of the intersection points in Table 5.2 and the patch load boundary line 
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function which is fy = h(1- 
ü), 

fr = u(1-) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows: 
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Figure 5.5: The selected special patch load application 4 for proprietory shaped paver 1. 
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The evaluation of the integrals yields the following equation: 

F= -50746 + 377.72 la - 0.514256a2 
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The evaluation of the integrals yields the following equation: 

0.550846(-487.289 + aX-148.943 + a)(-102.161 +a) 
(-557.94 + a)(-176.988 + a) 
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The evaluation of the integrals yields the following equation: 
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Line 4 in Figure 5.5 scans the paver between corners j and k. It should therefore be 

noted that for the solutions above to be valid for the patch load application 4, the 

variable distance a in the x direction must lie in the range: 340>a>305mm. 
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Figure 5.6: The selected special patch load application 5 for proprietory shaped paver 1. 

Figure 5.6 illustrates the special patch load application 5 for the proprietory shaped 

paver 1. Line 5 scans the paver between corners k and f in terms of the variable 

distance a in the x direction. By using Table 5.1, Table 5.2 and the patch load boundary 

f=(xJ= u(1- - line function which is ) in the x and y axes, the special patch h 1- ý), rh 

load's surface area and centroid distances can be calculated according to the distance a. 
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Chapter 5: Patch loading applied to proprietory shaped pavers 

65 P6x 

+f nmy dz + 
Jmkydx 

15 65 

The evaluation of the integrals yields the following equation: 

F= -16852.6+155.474a - 0.149925a2 

220 220 220 220 50 70 
Jxßid_ fxfydx+ ffgyth- Jxefydx_Jxqaythc_fxabydx 

0 P5x '5x 205 0 50 
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xfydx- 
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xcdydx- 
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xfydx- 
jxpoydx+ f 

x9Py -fx 11o dx 
70 135 155 000 
15 15 15 "6x 65 I6, r 

+ jxonydx- jxfydx+ fx llOdx- Jxfydx+Jxninydx-f fxrnkydc 

000 15 15 65 

The evaluation of the integrals yields the following equation: 

0.06(-825.297 + aX-168.643 + a)(1993.94 + a) 
(-913.653 + aX-123.014 + a) 

1 

rl 

110 25 25 P5y P5y 25 
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jygaxdy- Sy65dy+ fynmxdy- Jyn±cdy 

000 95 95 95 
P6y 110 110 

+ jy65dy- fyfxdy-4- Jy65dy 

95 P6y P6y 

The evaluation of the integrals yields the following equation: 
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Chapter 5: Patch loading applied to proprietory shaped pavers 

_ 
0.29997(-728.9 +u 

X25229.9 
- 246.33a + u2 

) 

Y= 
(-914.033 + aX-122.979 + a) 

Line 5 in Figure 5.6 scans the paver between corners k and f. It should therefore be 

noted that for the solutions above to be valid for the patch load application 5, the 

variable distance a in the x direction must lie in the range: 305>a>270mm. 
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Figure 5.7: The selected special patch load application 6 for proprietory shaped paver 1. 

Figure 5.7 illustrates the special patch load application 6 for the proprietory shaped 

paver 1. Line 6 scans the paver between corners f and m in terms of the variable 
distance a in the x direction. By using Table 5.1, Table 5.2 and the patch load boundary 

line function which is /;, = h(1- ü), /= u(1- h) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated according to the distance a. 
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-Jgayd- Jpoyd+ jpyd- jliod+ jonyd- jfyd+ JIl0 - 5JJCIX 
0000000 15 
65 ß'6x 

+J nmy dx + fmicyth 

15 65 

The evaluation of the integrals yields the following equation: 

F=0.0423059(2204.47 - a)(-96.5971 + a) 

F 
X 

11 
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The evaluation of the integrals yields the following equation: 

X 0.210259(1773.02 - aX-142.342 + aX476.583 + a) 
(-212945 

+ 2301.06a - a2 

110 I'8y I'8y 15 15 15 
Y= F, 

[SYfxdY_ 
Jyfxdy+ Jycfxdy_Jyqaxdy_fybcxdy+fyabxdy 

000000 
15 15 40 85 110 110 

-f yaexay+ Jycdxay- Jygpxdy- jypoxdy- Jyonxdy- fyfxdy 

00 15 40 85 P6y 

110 P6y P6y 

+f ynmdy- Jymlcxdy+ Jynmxciy 
P6y 85 85 

175 



Chapter 5: Patch loading applied to proprietory shaped pavers 

The evaluation of the integrals yields the following equation: 

- 
O. 228215(1691.22-u)(21354.8- 167.31 lu+ u2 

) 

Y= 
(-207388+2301.76u-a2) 

Line 6 in Figure 5.7 scans the paver between corners f and m. It should therefore be 

noted that for the solutions above to be valid for the patch load application 6, the 

variable distance a in the x direction must lie in the range: 270>a>255mm. 
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Figure 5.8: The selected special patch load application 7 for proprietory shaped paver 1. 

Figure 5.8 illustrates the special patch load application 7 For the proprietory shaped 

paver 1. Line 7 scans the paver between corners m and n in terms of the variable 

distance a in the x direction. By using Table 5.1, Table 5.2 and the patch load boundary 

line function which is f;, = h(1 - ), f= u(1- ) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated according to the distance a. 
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220 220 P8 155 205 70 135 
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jgpydx- j110 dx+ jonydz- fjidx+ Jnmydx 
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-f fydx+ J110 
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00 

The evaluation of the integrals yields the following equation: 

F= -43153.8 + 365.168a - 0.567401a2 

Fl 

220 220 p8x 155 205 70 
fxßc&- Jxfycfr_ Jxefythc_ Jxcdydx_ Jxdeydx-$xabydx 

0 Pgx 205 135 155 50 

135 50 15 15 15 15 

-f xbcydx- 
f 

xgaydx- 
jxpoydx+ f 

xgpydz- 
Jx 110dx+ f 

xonyclx 
70 00000 
P7x P7x 15 15 

-f xfyclx+ 
Jxnmydx-Jxß'dxýJx11Odx 

15 15 00 

The evaluation of the integrals yields the following equation: 

X=0.910259-414.584 
+ a)(23944.1- 259.939a + a2) 

(-487.579 + aX-155.987 + a) 
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Chapter 5: Patch loading applied to proprietory shaped pavers 

The evaluation of the integrals yields the following equation: 

0.121857(-179.115 + u)(-341026 + 1154.87u - u2 
) 

Y= 
(-487.601 + u)(-155.978 + a) 

Line 7 in Figure 5.8 scans the paver between corners m and n. It should therefore be 

noted that for the solutions above to be valid for the patch load application 7, the 

variable distance a in the x direction must lie in the range: 255>a>235mm. 
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Figure 5.9: The selected special patch load application 8 for proprictory shaped paver 1. 

Figure 5.9 illustrates the special patch load application 8 for the proprietory shaped 

paver 1. Line 8 scans the paver between corner n and e in terms of the variable distance 

a in the x direction. By using Table 5.1, Table 5.2 and the patch load boundary line 

function which is jy = b(l - 
-), Jr = u(1- 

Y) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows. 
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00000 

The evaluation of the integrals yields the following equation: 

F= -11817.3+ 98.464a + 1.59773.10-6a2 
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The evaluation of the integrals yields the following equation: 

X 
0.153 851(-147.297 + aX660.646 + a)(4.62198.107 + a) 

= 
-7.39627.109 + 6.16274.107 a+a2 
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The evaluation of the integrals yields the following equation: 

1.18511.107(64443.81-154a + a2) 

-7.39627.109 + 6.16274.107a + a2 
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Chapter 5: Patch loading applied to proprietory shaped pavers 

Line 8 in Figure 5.9 scans the paver between corners n and e. It should therefore be 

noted that for the solutions above to be valid for the patch load application 8, the 

variable distance a in the x direction must lie in the range: 235>a>205mm. 
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Figure 5.10: The selected special patch load application 9 for proprietory shaped paver 

Figure 5.10 illustrates the special patch load application 9 for the proprietory shaped 

paver 1. Line 9 scans the paver between corner e and d in terms of the variable distance 

a in the x direction. By using Table 5.1, Table 5.2 and the patch load boundary line 

function which is fý, = h(l - 
Ü), 

fr = u(l - -) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows. 
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The evaluation of the integrals yields the following equation: 

F= 12024.4 - 134.135a + 0567308a2 
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The evaluation of the integrals yields the following equation: 

X- -666873 + 23254.3a -189.924a2 + 0.516395a3 

12024.4 -134.135a + 0567308a2 
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The evaluation of the integrals yields the following equation: 

7173 17 -1 1627.7a + 61.4313a2 - 0.069099a3 

12024.4 -134.135a + 0567308a2 

Line 9 in Figure 5.10 scans the paver between corners e and d. It should therefore be 

noted that for the solutions above to be valid for the patch load application 9, the 

variable distance a in the x direction must lie in the range: 205>a>185mm. 

Figure 5.11 illustrates the special patch load application 10 for the proprietory shaped 

paver 1. Line 10 scans the paver between comers d and o in terms of the variable 
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Chapter 5 Patch loading applied to proprietory shaped pavers 

distance a in the x direction. By using Table 5.1, Table 5.2 and the patch load boundary 

line function which is f, = h(1- ü Jt = a(1- ) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows. 
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The evaluation of the integrals yields the following equation: 
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Figure 5.11 - The selected special patch load application 10 for proprietory shaped paver 
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aP 1" a 135 70 50 
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0 135 Pt lx 70 50 0 

15 15 Plox Plox 

-f xpoydx+ 
Jxgpydx- Jxfr+ JxonY]dz 

0000 

The evaluation of the integrals yields the following equation: 

-238633+ 1255.48a + 10.3633a2 + 0.00889544a 
x3 = 

-5943.71 + 60.1154a + 0.0423075a2 

b Pity Aly 15 15 15 

Jyfxdy- Jyfxdy+ Jycdrdy-Jybcxdy+fyabxdy-$yqaxdy 
ý, 
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1oo0000 

F 40 85 Ploy b 
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The evaluation of the integrals yields the following equation: 

-50859.6- 627.76a + 9.8473 l a2 + 0.00965453a 
y3 = 

-5943.71+ 60.1154a + 0.0423075a2 

Line 10 in Figure 5.11 scans the paver between corners d and o. It should therefore be 

noted that for the solutions above to be valid for the patch load application 10, the 

variable distance a in the x direction must lie in the range: 185>a>170mm. 

Figure 5.12 illustrates the special patch load application 11 for the proprietory shaped 

paver 1. Line 11 scans the paver between corners o and c in terms of the variable 
distance a in the x direction. By using Table 5.1, Table 5.2 and the patch load boundary 

line function which is fj, = b(1- 
ü), 

fx = a(1 -1) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows. 
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The evaluation of the integrals yields the following equation: 

F= -4390.14 + 50a + 0.05a 2 
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Figure 5.12: The selected special patch load application 11 for proprictorv shaped paver 
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The evaluation of the integrals yields the following equation: 
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X= -268376 + 1873a + 6.4a2 + 0.0166667a3 

-4390.14 + 50a + 0.05a2 

b Pity Aly 15 15 15 
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The evaluation of the integrals yields the following equation: 

Y- 
40104.4 - 675.7a + 0.977167a2 + 0.0449757a3 

-4390.14 + 50a + 0.05a2 

Line 11 in Figure 5.12 scans the paver between corners o and c. It should therefore be 

noted that for the solutions above to be valid for the patch load application 11, the 

variable distance a in the x direction must lie in the range: 170>a>135mm. 

Figure 5.13 illustrates the special patch load application 12 for the proprietory shaped 

paver 1. Line 12 scans the paver between corners c and b in terms of the variable 

distance a in the x direction. By using Table 5.1, Table 5.2 and the patch load boundary 

line function which is fy = b(1- 
ä), 

f= a(1- 
ý) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows. 
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The evaluation of the integrals yields the following equation: 
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1'= 2250.88 - 48.1926a + 0.412963a2 
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Figure 5.13: The selected special patch load application 12 for proprietory shaped paver 
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The evaluation of the integrals yields the following equation: 

-45413+3561.19a -55.1191a2 +0.289113a3 
2250.88 - 48.1926u + 0.412963u' 
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h 

-f ypox(y- fyfttly 
40 P1 311, 

The evaluation of the integrals yields the following equation: 

78517.8-1529. -')-')a+7-300')6a 
2+0.0293629a3 

Y= 
2250.88 - 48.1926a + 0.412963a2 

Line 12 in Figure 5.13 scans the paver between corners c and b. It should therefore be 

noted that for the solutions above to be valid for the patch load application 12, the 

variable distance a in the x direction must lie in the range: l35>a>lOOmm. 
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Figure 5.14: The selected special patch load application 13 for proprictory shaped paver 

Figure 5.14 illustrates the special patch load application 13 for the proprietory shaped 

paver 1. Line 13 scans the paver between corners b and p in terms of the variable 

distance a in the x direction. By using Table 5.1, Table 5.2 and the patch load boundary 
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Chapter 5: Patch loading applied to proprietory shaped pavers 

line function which is fy = b(1- -x), fs = a(1-1) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows. 
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The evaluation of the integrals yields the following equation: 

F= -1388.76+245a+0.05a2 
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The evaluation of the integrals yields the following equation: 

-268142 + 457.75a + 13a2 + 0.0166667a3 
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The evaluation of the integrals yields the following equation: 

188 
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8261.34 + 31.9194a - 2.8475a2 + 0.044973u3 
2 

-1388.76+24.5a +0.05a 

Line 13 in Figure 5.14 scans the paver between corners b and p. It should therefore be 

noted that for the solutions above to be valid for the patch load application 13, the 

variable distance a in the x direction must lie in the range: l00>a=95mm. 
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Figure 5.15: The selected special patch load application 14 for proprietory shaped paver 

Figure 5.15 illustrates the special patch load application 14 for the proprietory shaped 

paver 1. Line 14 scans the paver between corners p and a in terms of the variable 

distance a in the x direction. By using Table 5.1, Table 5.2 and the patch load boundary 

line function which is f, = h(1- x), fT = a(1 -: 
K) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows. 

a n /1"11 50 II Sr IISr 

F= Jfj! 
tJ - 

f f' (LV - Jahvdx -JgavA- tL'a + ft/pi, (La 
0 Ii, iY 50 000 
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The evaluation of the integrals yields the following equation: 

F= -801.925 + 18.4616a + 0.0423059a2 

aa P14x 50 A5x A5x 

X=F fxfydx- fxjy'dx- fxabydx-fxqaydx- Jxd+ JxPYcfr] 

0 ß'14x 50 000 

The evaluation of the integrals yields the following equation: 

-161302 + 213.017a + 339943a2 + 0.00889519a3 
X= 

-801.925 + 18.4616a + 0.0423059a2 

b 4114y ßay 15 "15y b 
Y= 

! fyfxdy- Jyfxdy+ Jyabxdy_Jyqcudy_ f 
yqpxdy- 

$yfxdy 

0000 15 I'15y 

The evaluation of the integrals yields the following equation: 

-319.155 -10653 la + 2.91613a2 + 0.009651 83a 

-801.925 + 18.4616a + 0.0423059a2 

Line 14 in Figure 5.15 scans the paver between comers p and a. It should therefore be 

noted that for the solutions above to be valid for the patch load application 14, the 

variable distance a in the x direction must lie in the range: 95>a>50mm. 

Figure 5.16 illustrates the special patch load application 15 for the proprietory shaped 

paver 1. Line 15 scans the paver between corners a and q in terms of the variable 
distance a in the x direction. By using Table 5.1, Table 5.2 and the patch load boundary 

line function which is fy = b(1- äf. 
= a(1- 

Z) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows. 
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Figure 5.16: The selected special patch load application 15 for proprietory shaped paver 

1. 

C! /IGx a /I5x 

/' =f fvdx- f 
gayc! x- 

f 
. 
fvclr- J fydc+ f 

gpvdx 
00 /16x 00 

The evaluation of the integrals yields the following equation: 

F= 510.575 - 34.0384a + 0.567306a2 

t1 1) 16. v a "I 5x p 15r 

ý' =J 
J_r fvc r_ 

J 
xgayclz_ 

Jx dx - 
Jx! 

+ 
Jx 

qpv 

H 

00 1j6� 00 

The evaluation of the integrals yields the following equation: 

-13942.7 + 1394.27u - 46.4756u2 + 0516395u3 

510.575 - 34.0384u + 0.567306u2 

15 

25 3D view of the special applied load 
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Chapter 5: Patch loading applied to proprietory shaped pavers 

b1 i6y 15 f'i5y b 
F fyfxdy- J 

yfxdy- 
fyqaidy- fyqpxdy- Jyfxdy 

00 A6y 15 P15y 

The evaluation of the integrals yields the following equation: 

Y- 
9524.28- 697.137a + 14.7283a2 - 0.0690956a3 

510.575 - 34.0384a + 0.567306a2 

Line 15 in Figure 5.16 scans the paver between corners a and q. It should therefore be 

noted that for the solutions above to be valid for the patch load application 15, the 

variable distance a in the x direction must lie in the range: 50>a>30mm. 

5.3. The selected special patch load applied to proprietory shaped paver 2 

Figure 5.17 illustrates one of the common patch load application to proprietory shaped 

paver 2 (see Figure 5.1). It may be recalled that in these common load applications, the 

lines which define the patch loading gradually scan the paver from its lower left comer 

to its upper right corner with distances a and b (b=a/2). The proprietory shaped paver 2 

is analysed with the similar logic described for the shaped paver I in Section 5.2. The 

patch load applications principally generate five types of idealised vertical compressive 

stress dissipations beneath pavers which are tetrahedral, short-pentahedral, long- 

pentahedral, partial-hexahedral and absolute-hexahedral as described in Chapters 6,7 

and 8. The solutions of these five vertical stress distributions were given in Chapter 6 

for rectangular pavers. The solutions of the vertical compressive stress regimes for 

proprietory shaped pavers (see Figure 5.1) are particularly complex so iterative 

solutions have been used in their evaluations. The numerical solutions have been 

conducted by using Mathematical, Maple2 and Nag 3 mathematical software. However 

the arithmetical solutions to the absolute-hexahedral case have been calculated for each 

proprietory shaped paver (see Chapters 7 and 8). For this reason the evaluations of the 

patch loads' integrals relating only to the absolute-hexahedral stress cases are 

documented in this Section for the proprietory shaped paver 2. 
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Figure 5.17: The selected special patch load application I for proprietory shaped paver 

2. 

Figure 5.17 illustrates the special patch load application I for the proprietory shaped 

paver 2. Line I scans the paver between corners n and p in terms of the variable 

distance a in the x direction. It may be recalled that each shaped paver is of' a 

circumscribing rectangular border. If x, y transverse and longitudinal axes have their 

original corner A of this circumscribing rectangular shape, it can be seen that each 

corner of the actual paver is connected by lines which form the real shape of the paver. 

The functions of these lines can be calculated using basic geometrical rules. The 

boundary line functions for the proprietory shaped paver 2 are shown in Table 5.3. 

In Table 5.3 the first letters of each line function characterise the corner names as can 

be seen in Figure 5.17. By using the line functions in Table 5.3 shaped paver 2 and the 

line functions which define the patch load boundaries, which are of the form 

h(1 -f= u(l - in the x and y axes, the intersection points between the 

paver boundary lines and the load patch boundary line can be calculated 
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Chapter 5: Patch loading applied to proprietory shaped pavers 

mathematically. Table 5.4 shows the intersection points which can be seen in Figures 

5.17 to 5.24. 

bcx=20+y dex=90-y fgx=130+y hix=200-y 

bcY = -20+x deY = 90-x fgy = -130 +x 
hiy=200-x 

kix=200+y mmnx=310-y utx=-90+y yx=-26. +1.3y 
kly = -200 +x mmnY=310 -x utY = 90 +x zW = 20+0.75x 

qrqx = bcx wxr=dex srx = hix pox=mmnx 

qrqy = bcy wxy = dey sry = hiy poy = mmny 

Table 5.3: Boundary line functions for proprietory shaped paver 2. 

1k = a-220 Pa 110 2y 
13y = a-310 1'qy = 125 

Ply =110 2 13x =620-a Pox = a-250 
PZs = 220 

Psy=a-310 
Pa 117.5 6y 

17y=0.3a-6.6 I8y=110 
P 620 -a sx = 2 

p6x - 235 I )7x =13.3 + 0.3a 1' a- 220 sx = 

19y=a-200 Ploy=125 Ply=0.3a-66.6 
P9x = 400-a Pi0x = a-250 nix =133.3+0.3a 

Table 5.4: The intersection points between the lines which form the patch load 
boundary with distances a and b (b=a/2) in the x and y directions and line functions 

bounding the proprietory shaped paver 2. 

The surface area and centroid distances for the system illustrated in Figure 5.17 can be 

calculated using the data in Table 5.3 and Table 5.4 and are as follows: 

aa 235 235 235 200 185 145 

F= f. y - fjj, th_ fJj, cL+ $mmnydx- fklydx_ $/iiyd_ Jl5cfr- ffgycfr 
0 235 220 220 220 185 145 130 

90 75 35 15 15 ! jr 20 35 

-Jd - f15 - fbydr- jwxyax+J, yd- JJ3ch+f11Odr+fu: yd 75 35 20 0000 20 
75 90 130 145 185 200 ! jx 

+f 125 dr+ f 
srydz+ 

Jiiodx+ fqrqydx+ JiiocL+ J'poydxý fllOdx 

35 75 90 130 145 185 200 
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The evaluation of the integrals yields the following equation: 

F, - 
747.063 - aX- 132.93 7+ a) 

4 

FI 

aa 235 235 235 200 
fxfid_ Jxfrx_Jxfycfr+Jxmmnydx_Jxk! cfr_Jxh: ydx 
0 235 220 220 220 185 

185 145 90 75 35 15 

- 
jxl5dx_ Jxfgy5xdeydx_Jx15dx-$xbcydx-JxwxydJc 

145 130 75 35 20 0 

15 1'jx 20 35 75 90 

+f xzyydx- 
Jx+Jx11Od+JxuO'dX+5X125cfr+fxs? YdX 

000 20 35 75 

130 145 185 200 P, 
11 

+f x110dx+ 
Jxqrqydx+ Jxlloth+ $xpoydx+ Jx1iOcLx 

90 130 145 185 200 

The evaluation of the integrals yields the following equation: 

X- (-626.77 + aX-161.885 + a)(128.656 + a) 
3(-747.063 + a)(-132.937 +a) 

bb 125 125 125 125 
Y= F, 

Jyfxdy_ Jyfxdy_ Jyutxdy- Jyqrqxdy+ Jysrxdy_ jyfxdy 

0 125 110 110 110 110 

125 90 75 35 15 15 

+ jyopxdy- jywxxdy- jy15dy- jy7xdy- f ydeXdy+ jybCXdy 
110 75 35 20 00 

15 15 Pty 20 35 75 

-Jyhixdy+ 
f 

yfgxdy- 
Jyfxdy+y22Ody+fyklxdY+fY235dY 

0000 20 35 

90 P2 y 
+f ymmnxdy+ 

Jy 22OdY 

75 90 

The evaluation of the integrals yields the following equation: 
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Chapter 5: Patch loading applied to proprietory shaped pavers 

Y= 
(-611.173 +a)(-] 98.878 + uX 150.051 +a) 

6(-750.887 + u)(-129.113 + u) 

Line I in Figure 5.17 scans the paver between corners n and p. It should therefore be 

noted that for the solutions above to be valid for the patch load application 1, the 

variable distance a in the x direction must lie in the range: 440>a>435mm. 
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Figure 5.18: The selected special patch load application 2 for proprietory shaped paver 
2. 

Figure 5.18 illustrates the special patch load application 2 for the proprietory shaped 

paver 2. Line 2 scans the paver between corners p and o in terms of the variable 
distance a in the x direction. By using the paver line functions in Table 5.3, the 

equations of the intersection points in Table 5.4 and the patch load boundary line 

function which is fi, = h(1- 
-), 

fý = u(1-) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows: 

aa 235 235 235 200 185 145 
1=f fydx- J[vdx- Jfi; dx+ Jintnnydx_ fkivdi- J/nyth- J15 dx- Jti'dx 

0 235 220 220 220 185 145 130 
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90 75 35 15 15 Pox 20 35 

- fdeydx_ Ji5dx_ jbcydx- f 
wxydx+ 

J., 
yydx_ 

Jfrd+f11Odx+JuOdx 

75 35 20 0000 20 

75 90 130 145 Pox 200 200 ii. v 

+$125dx+ jsrydx+ $11Od-f- Jqrqydx+ Jllodx- fßcfr+ Jpoyd. 
r- 

Jfyd. r 
35 75 90 130 145 P3x Ax 200 

''Ix 

+ 5110 dx 

200 

The evaluation of the integrals yields the following equation: 

F, -3 
604.122 - a)(-249.212 + a) 

4 

1aa 
235 235 235 200 

X= F Jxßcfr_ Jxfydx_ Jxfith+ $xmmnyd- Jxkiydx_ fxhiydr 

0 235 220 220 220 185 

185 145 90 75 35 15 

-f xl5dx- 
$xfgydx_fxdeyx_fxl5cfr-fxbcydX--fxWXyth 

145 130 75 35 20 0 

15 Pox 20 35 75 90 

+fx yydx- 
Jx+Jx11Odx+Jxuiydx+Jx125dX+JXSrYcLX 

000 20 35 75 

130 145 ß'4 200 200 Ijr 

+f x110dx+ 
Jxqrqydr+ JxiiOdx_ Jxß'd+ Jxpoydx_ Jxfydx 

90 130 145 1'3x ''3x 200 

FI 
X 

Jx 11 O CSC 
200 

The evaluation of the integrals yields the following equation: 

X- 
(-551.057 + aX-259.344 + a)(1386.4 + a) 

9(-604.122 + a)(-249.212 + a) 
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Y1 
F 

bb 125 125 125 P3y 

Jyfxdy- Jyfxdy_ fyutxdy- Jyqrqxdy+ fysrxdy_ Jyfxdy 

0 125 110 110 110 110 
P3y 90 75 35 15 15 

+ Jyopxdy- f 
ywxxdy- 

Jy15dy- f 
yzyxdy- 

f 
ydexdy+ Jybcxdy 

110 75 35 20 00 

15 15 Pty 20 35 75 

- 
jyhixdy+ jyfgxdy- Jyfxdy+Jy22Ody-1-5y/dxdy+fy235dy 

0000 20 35 

90 P2y 

+Jy mmnx dy + 
fy220 dy 

75 90 

The evaluation of the integrals yields the following equation: 

5(-545.788 + aX-284.88 + aX-45.3322 + a) 
18(-616.142 + aX-257.192 + a) 

Line 2 in Figure 5.18 scans the paver between corners p and o. It should therefore be 

noted that for the solutions above to be valid for the patch load application 2, the 

variable distance a in the x direction must lie in the range: 435>a>420mm. 

Figure 5.19 illustrates the special patch load application 3 for the proprietory shaped 

paver 2. Line 3 scans the paver between corners o and mit in terms of the variable 
distance a in the x direction. By using the paver line functions in Table 5.3, the 

equations of the intersection points in Table 5.4 and the patch load boundary line 

function which is fy = b(1- ä), f, = a(l - 6) 
in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows: 

aa 235 235 235 200 185 145 

F= f fydx- ffrcfr_ ffrcfr+ fmmnyth- fklyac_ J/nycfr_ f15th_ fjgya 

0 235 220 220 220 185 145 130 

90 75 35 15 15 Pox 20 35 

-f deydx- f 15dr- f bcydx- f 
wxydx+ fz 

ydx- 
5JJcfr+J11Ocfr+fuydv 

75 35 20 0000 20 
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Figure 5.19: The selected special patch load application 3 for proprietory shaped paver 

2. 

The evaluation of the integrals yields the following equation: 

T. - 
745.839 - u4-134.161 + u) 

4 

l 
X=- 

1ý' 

aa 235 235 235 200 
Jx. 5dx_ Jxfi'dx_ Jxfrcfr+ JxmmnyLi_ jxklydx- Jxhiv(/x 

0 235 220 220 220 185 
185 145 90 75 35 15 

-fx l5dx- Jxfgyth- Jxdcycit_ Jx 15cl_r- Jxbcv 
clx- 

JxwxvcLv 

145 130 75 35 20 0 

15 P4,20 35 75 90 

+jx _yy cLv - 
Jxtth±Jx 1 10 dx +fx ury clx +fx 125 c1_Y +f .r . srv c! _r 

000 20 35 75 

130 145 '4x 

+fx1 10 di +Jx qrqy (Lr +Jx 110 di 

90 130 145 

\\\dine3 
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The evaluation of the integrals yields the following equation: 

X- (-626.525 + a)(-171.504 + aX 13 8.03 + a) 
3(-745.839 + aX-134.161 +a) 

Y 
FI 

bb 125 125 125 90 
Jyfxdy- Jyfxdy_ Jyutxdy- Jyqrqxdy+ Jysrxdy_$ywxxdy 

0 125 110 110 110 75 
75 35 15 15 15 15 

-Jy15dy- 
Jy. 

yxdy- Jydexdy+ f ybcxdy- f yhirdy+ f yfgxdy 
35 20 0000 
Pty 20 35 75 90 ''2y 

- 
Jyfxdy+fy22ýdy+fyklxdy+Jy235dy+fymmnxdy+ Sy22Ody 

00 20 35 75 90 

The evaluation of the integrals yields the following equation: 

(-659.123 + a)(-207.509 + a)(206.632 + a) 
(-783.529 + a)(-156.471 + a) 

Line 3 in Figure 5.19 scans the paver between corners o and mn. It should therefore be 

noted that for the solutions above to be valid for the patch load application 3, the 

variable distance a in the x direction must lie in the range: 420>a>400mm. 

Figure 5.20 illustrates the special patch load application 4 for the proprietory shaped 

paver 2. Line 4 scans the paver between corners mit and q in terms of the variable 

distance a in the x direction. By using the paver line functions in Table 5.3, the 

equations of the intersection points in Table 5.4 and the patch load boundary line 

function which is f= b(1- 
ä), 

f= a(1- 
b) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows: 

a 

F= f fydx_ 
a 
$J5cfr_ 

235 235 
$ßldr+ fmmnydx- 

235 
Jklycfr_ 

200 185 
jhiyd_ f15th_ 

145 
ffgydr 

0 235 P5x Psx 220 185 145 130 

200 
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/ 90 75 35 15 15 qr 20 35 

-f deydx- j15c/x_ jhcvdx_ jwxyA+ J_yydx_ J/'cLv+JI1Odi+Jui); dx 

75 35 20 0000 20 
75 90 130 145 / 

+f 125 dx +f sry dx +J 110 c+ 
jgrqy 

clx +f 110 ax 

35 75 90 130 145 

The evaluation of the integrals yields the following equation: 

1_- 
(636.723 - aX-203.277 + a) 
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Figure 5.20: The selected special patch load application 4 for proprietory shaped paver 

X=ý 
F' 

na 235 235 235 200 185 

Jx., yd- jx. rydx- jxfydx+ Jxmmnydv- Jxklydx- jxhiYcir 
-f xl5d 

0 235 /5, PS 
r. 

220 185 145 

145 90 75 35 15 15 / 

-fx. fg'dx $xdeysix 
- 

Jxl5dz- Jxbeydx 
- 

Jxwxydx+ f 
x: iyd 

jx. 1vcLv 
130 75 35 20 000 
20 35 75 90 130 145 ! '4x 

+ 
jx iioi+ Jxlily 

ax+ 
Jx 125dx+ jxsrydx+ Jx I10A+ jxgry_Ydx+ Jx I10dx 
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The evaluation of the integrals yields the following equation: 

200(-585.991 + a)(-256.259 + a) 
(-636.723 + a)(-203.277 + a) 

bb 125 125 125 90 75 
Jyfxdy_ Jyfxdy_ Jyutrdy_ fyqrqxdy-l- fysrxdy-Jywxrdy_JyIsdy 

0 125 110 110 110 75 35 

_ 
35 15 15 15 15 r5y 20 

Y= 
ý-f 

yzyxdy- 
f 

ydexdy+ 
f 

ybcxdy- 
f 

yhixdy+ 
f 

yfb'xcly- Jyfxdy+fy22Ody 

20 000000 

35 75 Psy 

+fy klx dy +fy 235 dy + 
Jymmnxdy 

20 35 75 

The evaluation of the integrals yields the following equation: 

(-561.191 + a)(34452.7 - 368.809a + a2 
) 

3(-653.918 + a)(-216.082 + a) 

Line 4 in Figure 5.20 scans the paver between corners mit and q. It should therefore be 

noted that for the solutions above to be valid for the patch load application 4, the 

variable distance a in the x direction must lie in the range: 400>a>395mm. 

Figure 5.21 illustrates the special patch load application 5 for the proprietory shaped 

paver 2. Line 5 scans the paver between corners m and qr in terms of the variable 
distance a in the x direction. By using the paver line functions in Table 5.3, the 

equations of the intersection points in Table 5.4 and the patch load boundary line 

function which is f, = b(1- ä), f= a(1- b) 
in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows: 

90 75 
F= Jfydx- Jfydr_Jhiycfr_ fl5cfr- 

1lffgvcfr_$deycfr-f15th 

0 235 220 185 145 130 75 35 
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35 15 15 1'7 
r 20 35 75 90 

- 
Jbeydr- Jwxydx+ J_yydx- Jx+J11Oth+Jutydx+JI25dx+fsrvdx 

20 0000 20 35 75 
130 P7r 

+f1l0 dx + 
Jqrqydx 

90 130 

The evaluation of the integrals yields the following equation: 

P. - 
(1257.67-aX-72.326+a) 
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Figure 5.21: The selected special patch load application 5 for proprietory shaped paver 
2. 

aa 235 200 185 145 90 
fxn'dx- fxtv dx - 

Jx kiy dx - 
Jx hEy dx -fx 15dx- JxtgvA- Jx dcv dx 

0 235 220 185 145 130 75 
75 35 15 15 P7. 

T 20 35 
X=1-! x 15dr- jxbcydx- Jxiixydx+ jxzyydz- Jx/ydx+JxItOdx+Jxulvdx 

35 20 0000 20 
75 90 130 I' 7. v 

+fx 125dx+ f 
xsrydx+ 

fx 110c! x+ 
f 

xgrqyclr 
35 75 90 130 
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The evaluation of the integrals yields the following equation: 

X- 
(-107339+a)(-152.208+aX1345.8+a) 

- 9(-1257.67 + aX-72.326 + a) 

bb 125 Ply P7y 125 
Jyfxdy- Jyfxdy- Jyutxdy_ Jyqrqxdy+ fysrxdy- Jyfxdy 

0 125 110 110 110 Ply 

125 90 75 35 15 15 F+ fysrxdy-$ywxxdy-fy15dy-fyzyxdy-fydexdy+fybcxciy 

I'7y 75 35 20 00 

15 15 '6y 20 35 "6v 

- 
Jyhixdy+ Jyfgxdy- Jyfxdyi-Jy22Ody+fyldxdy+ fy235dy 

0000 20 35 

The evaluation of the integrals yields the following equation: 

Y- 
5(-964.984 + a)(50203.7 - 256.016a + a2, 

18(-1257.58 + a)(-72.4196 + a) 

Line 5 in Figure 5.21 scans the paver between corners m and qr. It should therefore be 

noted that for the solutions above to be valid for the patch load application 5, the 

variable distance a in the x direction must lie in the range: 385>a>350mm. 

Figure 5.22 illustrates the special patch load application 6 for the proprietory shaped 

paver 2. Line 6 scans the paver between corners qr and s in terms of the variable 
distance a in the x direction. By using the paver line functions in Table 5.3, the 

equations of the intersection points in Table 5.4 and the patch load boundary line 

function which is fy = b(1- ä), f= a(1 -K) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows: 
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aa 235 200 185 145 90 75 
f''= Jfycir- Jfi'd_ Jkivdx- Jhiyd_ JI5dx_ JJgyd_Jdevdv_J15dx 

0 235 220 185 145 130 75 35 

35 15 15 820 35 75 90 

- 
Jhcydr- Jwxydx+ J-ryydx- Jfi'cLi+f110di+Ju/vcLv+J125th+Jsn'Lv 

20 0000 20 35 75 
1-18.1: 

+jl10dr 
90 

The evaluation of the integrals yields the following equation: 

F 
(763.282 - 

4-146.718 + u) 
= 4 

Appled 
b®d area 

Centroid of the 
pr ry shaped 

c1l m 

o- ------ArelArea4------- -1 Area 1' Area 2 

,, Line 6 

- Aa ox 
15 15 10 15 15 10 15 20 15 

B 
A 

Centroid of the applied 
load area under line 6 

The special applied load line 6 Distances (mm) 

Figure 5.22: The selected special patch load application 6 for proprietory shaped paver 
2. 

aa 235 200 185 145 
X=! fxffr_ Jxßfr_ Jxklydx_ Jxhvd_ fx 15cdx- Jxfkvdx 

0 235 220 185 145 130 

90 75 35 15 15 IKr 

-f xdeydx- 
fx 15dx-$xhcydx- f 

xwxydx+$xzyvdz- 
fx. tjd 

75 35 20 00 l1 
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20 35 75 90 tx 
+f x 110 dx +fx uty dx +fx 125 dx +fx sry dx + 

JxllOcfr 

0 20 35 75 90 

The evaluation of the integrals yields the following equation: 

(-648.345+aX-173.355+aX161.7+a) 

3(-763.282 + aH-146.718 + a) 

bb 125 125 125 90 

F 
Jyfxdy_ Jyfxdy_ Jyuzxdy_ Jyfxdy+ fysrxdy_Jywxxdy 

0 125 110 110 110 75 

75 35 15 15 15 15 

-f y 15dy- jyzyxdy- Jydexdy+ f 
ybcxdy- 

f 
yhixdy+ 

f 
yfgxdy 

35 20 0000 

P6y 20 35 Pby 

-I yfxdy+ 
jy220dy+ f 

yklxdy+ 
JY235dY] 

00 20 35 

The evaluation of the integrals yields the following equation: 

(-655.286 + aX-137.638 + a)(87.9246 + a) 
6(-763.222 + aX-146.778 + a) 

Line 6 in Figure 5.22 scans the paver between corners qr and s. It should therefore be 

noted that for the solutions above to be valid for the patch load application 6, the 

variable distance a in the x direction must lie in the range: 350>a>325mm. 

Figure 5.23 illustrates the special patch load application 7 for the proprietory shaped 

paver 2. Line 7 scans the paver between corners s and r in terms of the variable 
distance a in the x direction. By using the paver line functions in Table 5.3, the 

equations of the intersection points in Table 5.4 and the patch load boundary line 
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function which is f, = b(1- 
ü), 

fr = u(1-) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows: 

a j215 

, b' = j. & -0 
235 220 

35 15 15 

-f bcyd- Jwx'd + jyyd 
20 00 

90 1191 PK 
W 

+Isrydx- f. fydx+ fllodx 

p 90 90 

200 185 145 90 75 

c- 
fhivdx- JI5dv_ $fvdx_Jdevdi_JI5ix 

185 145 130 75 35 

/io. r 20 35 /io_r 90 

- 
Jc+Jiioa+Jutyix+ fl25Lv_ ft'tLx 

00 20 35 /ýY 

The evaluation of the integrals yields the following equation: 

3(535.437 - aX-20123 + a) 
4 

Applied 
load area ý" 

Centroid of the 
proprietory shaped Distances (mm) 
paver 2 

r 

m 

Arta i Area 2 Pý 

Line7 

x 
15 15 40 15 40 15 40 15 20 15 

B 

A 

Centroid of the applied 
load area under fine 7 

The special applied load line 7 

Figure 5.23: The selected special patch load application 7 for proprietory shaped paver 

2. 
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_1aa 
235 200 185 145 

X= F 
Jxfydr_ $xfydx- Jxklydx_ $xh: 

ydx- 
JxI5dx_ Jxfgydx 

0 235 220 185 145 130 

90 75 35 15 15 13 10. r 

-f xdeydx- 
fx 15dx- f 

xbcydx- 
Jxwxydx+ jxzyydx- fxfycfr 

75 35 20 000 

20 35 plox 90 90 fRr 

+f x 110dx+ jxutydx+ $xI25dx_. fxfydx+ 5xsrydx- Jxfydx 

0 20 35 P9x f9x 90 
PHx 

+fx110dx 
90 

The evaluation of the integrals yields the following equation: 

X- (-559.491 + aX-209.928 + aX559.419 + a) 
9(-535.437 + a)(-201.23 + a) 

Y1 

bb 125 p9y pyy 90 
Jyfxdy- Jyfxdy_ Jyulxdy_ Jyfxdy+ Jysrxdy_Jywxrdy 

0 125 110 110 110 75 
75 35 15 15 15 15 

- 
jy 15 dy- f 

yryxdy- 
f 

ydexdy+ 
f 

ybcxdy- 
Jyhixdy+ f 

yfgxdy 
35 20 0000 
ß'6y 20 35 r6y 

- 
Jyfxdy+ jy220dy+ jyklxdy+ jy235dy 

00 20 35 

The evaluation of the integrals yields the following equation: 

54-455.625 + aX-222.656 + aX57.28 I+ a) 
18(-535.4 + 4-201.267 + a) 

Line 7 in Figure 5.23 scans the paver between corners s and r. It should therefore be 

noted that for the solutions above to be valid for the patch load application 7, the 

variable distance a in the x direction must lie in the range: 325>a>310mm. 
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Figure 5.24 illustrates the special patch load application 8 for the proprietory shaped 

paver 2. Line 8 scans the paver between corners I and t in terms of the variable distance 

a in the x direction. By using the paver line functions in Table 5.3, the equations of the 

intersection points in Table 5.4 and the patch load boundary line function which is 

fý = h(l - 
x), f, = a(1 -: 

K) in the x and y axes, the special patch load's surface area 
ah 

and centroid distances can be calculated as follows: 

loader 

Cerebroid of the 
proprietary shaped Distances (mm) 
paver 2 
Tp 

r 
W, 

mit 

/area Z' Aras 2 
---- 

b/ fi 
Line 8X 

15 15 40 15 40 15 40 15 20 15 
B 

8 

Cantroid of the applied 
bad area under fine 8 

The special applied load line 8 

Figure 5.24: The selected special patch load application 8 for proprietory shaped paver 

2. 

aa I'll, 200 185 145 90 75 
F=f fydx- Jfidx- Jkivdx_ Jhiyth_ J15dx_ JfkvtLt-fdcycli-JI5dx 

0 Pi 1r 220 185 145 130 75 35 

35 15 15 p Ox 20 35 

- jheyA 
_ jwxy+ j_yyd-_ Jfrcfr+JI1Odx+JuivcL+ J125c1x 

20 0000 20 35 

The evaluation of the integrals yields the following equation: 

+u) 
1- 

(999.949 - a)(- 150.051 

6 
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aa Pi 1,200 185 145 
Jxfydx_ Jxfrdx_ Jxklydx_ Jxhiydx_ Jx 15 dx- Jxfgydx 

0 Pax 220 185 145 130 

90 75 35 15 15 1jp, r !- jxdeydx- jx 15dx- Jxbcydx- Jxwxydx+ f 
xryydx- 

Jxfydx 

75 35 20 000 
20 35 PI 0, 

+f x110dx+ 
jxuydx+ JxI25dx 

0 20 35 

The evaluation of the integrals yields the following equation: 

4(-817.324 + aX-120.479 + aX-55.9466 + a) 
9(-999.949 + aX-150.051 + a) 

bb 125 90 75 35 
Jyfxdy- fyfxdy_Jyudy_fywxrdy-Jy15dy-5yyxdy 

0 125 110 75 35 20 

15 15 15 15 lily 20 
F 

-fydexdy+fybcxdy-Jyhixdy+fYfgxdY- 
Jyfxdy+fy22Ody 

000000 
Pity 

+f yklxdy 
20 

The evaluation of the integrals yields the following equation: 

(-858.214 + aX- 182.245 + aX440.46 + a) 
9(-999.883 + a)(-150.117 + a) 

Line 8 in Figure 5.24 scans the paver between comers I and t. It should therefore be 

noted that for the solutions above to be valid for the patch load application 8, the 

variable distance a in the x direction must lie in the range: 305>a>285mm. 
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5.4. The selected special natch load applied to nronrietorv shaped paver 3 

Figure 5.25 illustrates one of the common patch load application to proprietory shaped 

paver 3 (see Figure 5.1). It may be recalled that in these common load applications, the 

lines which define the patch loading gradually scan the paver from its lower left comer 

to its upper right corner with distances a and b (b=a/2). The proprietory shaped paver 3 

is analysed with the similar logic described for the shaped pavers I and 2 (see Sections 

5.2 and 5.3). The patch load applications principally generate five types of idealised 

vertical compressive stress dissipations beneath pavers which are tetrahedral, short- 

pentahedral, long-pentahedral, partial-hexahedral and absolute-hexahedral as described 

in Chapters 6,7 and 8. The solutions of these five vertical stress distributions were 

given in Chapter 6 for rectangular pavers. The solutions of the vertical compressive 

stress regimes for proprietory shaped pavers (see Figure 5.1) are particularly complex so 
iterative solutions have been used in their evaluations. The numerical solutions have 

been conducted by using Mathematical, Maple2 and Nag 3 mathematical software. 
However the arithmetical solutions to the absolute-hexahedral case have been 

calculated for each proprietory shaped paver (see Chapters 7 and 8). For this reason the 

evaluations of the patch loads' integrals relating only to the absolute-hexahedral stress 

cases are documented in this Section for the proprietory shaped paver 3. 

Figure 5.25 illustrates the special patch load application 1 for the proprietory shaped 

paver 3. Line 1 scans the paver between corners e and g in terms of the variable 

distance a in the x direction. It may be recalled that each shaped paver is of a 

circumscribing rectangular border. If x, y transverse and longitudinal axes have their 

original corner A of this circumscribing rectangular shape, it can be seen that each 

corner of the actual paver is connected by lines which form the real shape of the paver. 

The functions of these lines can be calculated using basic geometrical rules. The 

boundary line functions for the proprietory shaped paver 3 are shown in Table 5.5. 

In Table 5.5 the first letters of each line function characterise the corner names as can 
be seen in Figure 5.25. By using the line functions in Table 5.5 shaped paver 3 and the 

line functions which define the patch load boundaries, which are of the form 
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Jy = b(1 -a, Js = a(1- 
-) in the x and y axes, the intersection points between the 

paver boundary lines and the load patch boundary line can be calculated 

mathematically. Table 5.6 shows the intersection points which can be seen in Figures 

5.25 to 5.27. 

APPbd 
load area 7-, 

caw Of die 
ý ýri 3ory shaped 

65 96 47.5 

40 38 Distances (mm) 
LV h 14.5 
aý 1fi 

-- -- 
Area 34- 

----- 
b-. 

a1 IArea 2\ 62.5 
'1\ 

4. 

38 1` 40 meine 1 
1ý 

AB IN. X 

L 47.5 L26.51 - 
96 65 

-- -ý 
T, -11 ä 

Cenfold of the lied 
load area Under I 

The special applied load line 1 

Figure 5.25: The selected special patch load application I for proprietory shaped paver 

3. 

uhx = 
26.5y-318.25 

hcx = 
8925-96y 

cdx = 
6800+65y 

14.5 52.5 40 
318.25 + 14 5x 8925 - 52.5x 40x - 6800 

ab y y . he _ by cdy _ 26.5 96 65 
I9995-47.5v 26.5v-381.75 18292.5 - 96y 

clex = Lx_ f fýx _ 
77 14.5 52.5 

19995- 77x 14.5x + 381.75 18292.5 - 52.5x 
ýcýy = c _ . 

1kv 
47.5 26.5 96 

65y- 7475 5462.5 - 47.5v 
9/IX = hax - 40 77 

40x + 7475 5462.5 - 77x 
h_ y hay _ 65 47.5 

Table 5.5: Boundary line functions for proprietory shaped paver 3. 
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Ply = 0.725a-188.174 Pty = 0.261a+6.875 

Px = 375.848 - 0.446a 1-12x = 0.476a - 13.724 
Pay = 5.882a-2049.588 P4y = 0.275a+51.482 
Paz = 3811-10a P4x = 0.446a -102.679 

Table 5.6: The intersection points between the lines which form the patch load 

boundary with distances a and b (b=a/2) in the x and y directions and line functions 

bounding the proprietory shaped paver 3. 

The surface area and centroid distances for the system illustrated in Figure 5.25 can be 

calculated using the data in Table 5.5 and Table 5.6 and are as follows: 

aa 235 235 235 1' 1 1'21 161 
F= j fydx- JJjid- fcdycfr- JJJ'cfr+ fdeyth- fJd+ $efyti*- ffyd 

0 235 170 P, x rlx 161 161 0 

65 161 47.5 74 170 
+$Shydx + 

ffgydx- Jhayd. 
-' 

fabydx- Jbcyd* 

0 65 0 473 74 

The evaluation of the integrals yields the following equation: 

F=0.230871(709.276 - aX-133.727 + a) 

aa 235 235 235 IZr 

fxfydx- Jxfydx_ Jxcdydx- Jxfydxý Jxdeycfr_$x. yt 0 235 170 Pi, 11,161 

P2x 161 65 161 47.5 74 
_+ jxefydx- Jx 

x+ 
f 

xghydr+ 
f 

xfgydz- 
fx/zaydx-fxabydx 

161 00 65 0 47.5 
170 

-fx bcy dx 

74 

The evaluation of the integrals yields the following equation: 
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X- - 
0.0 104878 -647.884 + aX-192.216 + a)(17453.4 + a) 

(-709.274 + aX-133.727 + a) 

Y= 
11 
F 

bb 155 155 155 ß'2y 

Jyfxdy- fyfxdy_ fy. ghxay- fyfxdy+ fyfgxdy- Jyefxdy 
0 155 115 Pty 132 y 102.5 

Pty 52.5 52.5 38 40 40 

+fy. fgxdy- fybc, 
xdyý 

fyabxdy_ f 
ybcxdy- 

f 
yfxdy+ 

f 
ycdzdy 

102.5 38 38 000 
Ply ply 115 

- jy. xdy+ Jydexdy- Jy/zaxdy 
40 40 38 

The evaluation of the integrals yields the following equation: 

Y=0.328085-610.801 
+ a)(50901.1- 297.09a + a2) 

(-709.274 + aX-133.727 + a) 

Line 1 in Figure 5.25 scans the paver between corners c and g. It should therefore be 

noted that for the solutions above to be valid for the patch load application 1, the 

variable distance a in the x direction must lie in the range: 421.5>a>375mm. 

Figure 5.26 illustrates the special patch load application 2 for the proprietory shaped 

paver 3. Line 2 scans the paver between corners g and f in terms of the variable 
distance a in the x direction. By using the paver line functions in Table 5.5, the 

equations of the intersection points in Table 5.6 and the patch load boundary line 

function which is fy = b(1- x ), f= a(1- b) 
in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows: 

aa 235 235 235 1'2x 1}1 161 

F= jfydx- JJcfr- JcdycL- JJ$'cfrý fdeydx- Jfycfr+ Jefydx- 5fydx 
0 235 170 Pix Pax 161 161 ß'3x 
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161 P4r P4 
Y 47.5 74 170 

+ 
jfgvdx- J&dt+ JghytLv_ Jhaydi_ Jabyth_ Jbcyth 

PIr 000 47.5 74 

The evaluation of the integrals yields the following equation: 

F=3.0094(457.31- aX-299.829 + a) 

v Applied 
k)ad 

Centrold of the 
proprietory shaped 
paver 3 

47.5 

40 31 38 Distances (mm) 
h 14.5 

62. Area 34. 
--' a 1*-Area 

--- --- --- 
62.5 

14. '"ý 

38 ý\ 40 ýine2 

47.5 L26.51 96 65 

Centroid of the applied 
load area under One 2 

The special cpplied load line 2 

Figure 5.26: The selected special patch load application 2 for proprietory shaped paver 

3. 

X 
FI 

aa 235 235 235 /zc 

$x. frdx- Jxfidx_ Jxcdyd- Jxfiia+ fxdevtix- Jx. tdx 

0 235 170 ß'1.11 161 

p2 161 161 ' 4x ' 4r 47.5 

+ 
JxJIidx- Jxdx+ Jxfidx- Jxdx+ Jxghydx- Jx/uzvdx 

161 /3,. I3 000 

74 170 

- 
Jxahy dx- Jxbcydx 

47.5 74 
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The evaluation of the integrals yields the following equation: 

- 
3.! 1946(322.706 - a)(173520 - 825.984a + a2 

) 

x=- (-457.433 + a)(-299.684 + a) 

bb P4y P3y 13y P2 
y 

F $yfxdy_ Jyfxdy- Jyghxdy- fyfxdy+ Jyfgxdy_ Jyefxdy 
0 Ay 115 P2y Il y 102.5 

ß'2y 52.5 523 38 40 40 
+ Jyfgxdy- Jybcrdy-i- Jyabxdy-fybccdy- f 

yfxdy+ 
Jycdxdy 

102.5 38 38 000 
ply ply 115 

-f yfx dy +fy dex dy -fy hax dy 
40 40 38 

The evaluation of the integrals yields the following equation: 

_ 
1.90508(-42 1264 + a)(99429.6 - 625.759a + a2 

) 
Y= (-457.31 + aX-299.829 + a) 

Line 2 in Figure 5.26 scans the paver between comers g and f. It should therefore be 

noted that for the solutions above to be valid for the patch load application 2, the 

variable distance a in the x direction must lie in the range: 375>a>366mm. 

Figure 5.27 illustrates the special patch load application 3 for the proprietory shaped 

paver 3. Line 3 scans the paver between comers f and h in terms of the variable 
distance a in the x direction. By using the paver line functions in Table 5.5, the 

equations of the intersection points in Table 5.6 and the patch load boundary line 

function which is fy = b(1- ä), j= a(1 - 
Y) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows: 
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Y 
ApplM 
bad ar 

Centrofd of the 
proprietofy shaped 

96 

40 ý 

-- h 

62.3 
-- -- 

Area 31ý 
' 

_l: --J.......... ................ .i 
14. 

38 

----- -- ------- 

Distances (mm) 
4.5 

62.5 

40 Line 3 

-0 X 

Centroid of the alg9W 
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The special applied load line 3 

Figure 5.27: The selected special patch load application 3 for proprietory shaped paver 

3. 

aa 235 235 235 14r ptx 

F= f fydx- ffdx- Jcdvdt- Jfrdx+ Jdcydx- J fydx+ Jghvdx 

0 235 170 Ijr fjr 00 

47.5 74 170 

- 
J/iuydr_Jahva_ Jhcydx 

0 47.5 74 

The evaluation of the integrals yields the following equation: 

F=0.22357(866.76 - aX-203.587 + a) 

aa 235 235 235 /'l, 
JxJi, 

cLr_ 
Jxfith_ fxcdydx- Jxß'dx+ Jxdcydv_ Jx/ydv 

10 235 170 11 0 
X=- 

I' P4 47.5 74 170 

+f _r ghv car -fx hay car -fx ahy cl_r - 
J. 

v hcy dr 

00 47.5 74 
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The evaluation of the integrals yields the following equation: 

0.000751889(-846.354 + aX-223.464 + a)(181405 - a) 
(-866.763 + aX-203.586 + a) 

bb P4y 40 40 liy 

Y=F, Jyfxdy- Jyfxdy_ Jyghxdy-Jyfrdy+$ycdrdy_ Jyfxdy 

0 P4 y 115 00 40 

Ply 52.5 525 38 115 

+ jydexdy- Jybcxdy+ Jyabxdy-Jybcxdy-- Jyhcudy 

40 38 38 0 38 

The evaluation of the integrals yields the following equation: 

0.332952(-732.077 + aX-176.29 + aX-98.9176 + a) 
(-866.76 + a)(-203587 + a) 

Line 3 in Figure 5.27 scans the paver between corners f and h. It should therefore be 

noted that for the solutions above to be valid for the patch load application 3, the 

variable distance a in the x direction must lie in the range: 366>a>315mm. 

5.5. The selected special patch load applied to nroprictory shaped paver 4 

Figure 5.28 illustrates one of the common patch load application to proprietory shaped 

paver 4 (see Figure 5.1). It may be recalled that in these common load applications, the 

lines which define the patch loading gradually scan the paver from its lower left corner 

to its upper right corner with distances a and b (b=a/2). The proprietory shaped paver 4 

is analysed with the similar logic described previously (see Sections 5.2,5.3 and 5.4). 

The patch load applications principally generate five types of idealised vertical 

compressive stress dissipations beneath pavers which are tetrahedral, short"pentahedral, 

long-pentahedral, partial-hexahedral and absolute-hexahedral as described in Chapters 

6,7 and 8. The solutions of these five vertical stress distributions were given in Chapter 
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6 for rectangular pavers. The solutions of the vertical compressive stress regimes for 

proprietory shaped pavers (see Figure 5.1) are particularly complex so iterative 

solutions have been used in their evaluations. The numerical solutions have been 

conducted by using Mathematical, Maple2 and Nag 3 mathematical software. However 

the arithmetical solutions to the absolute-hexahedral case have been calculated for each 

proprietory shaped paver (see Chapters 7 and 8). For this reason the evaluations of the 

patch loads' integrals relating only to the absolute-hexahedral stress cases are 

documented in this Section for the proprietory shaped paver 4. 

-op- Appled 
load 

Centrold of the 
proprietory shaped 
paver 

f Distances (mm) 

IQL P, 
30 Area 3, /Area 4 N, 

l4rea 1 Area 2 

Line 1 
ýo AX 11 ho 50 . 1001 , 40 10 \" 

Centoid of the apphed 
load area under One I 

The special c )piled load line 1 

Figure 5.28: The selected special patch load application I for proprietory shaped paver 

4. 

Figure 5.28 illustrates the special patch load application 1 for the proprietory shaped 

paver 4. Line I scans the paver between corners f and e in terms of the variable distance 

a in the x direction. It may be recalled that each shaped paver is of a circumscribing 

rectangular border. If x, y transverse and longitudinal axes have their original corner A 

of this circumscribing rectangular shape, it can be seen that each corner of the actual 

paver is connected by lines which form the real shape of the paver. The functions of' 

these lines can be calculated using basic geometrical rules. The boundary line functions 

for the proprietory shaped paver 4 are shown in Table 5.7. 
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abx=60-6y bcx=60+5y cdx=240-4y dex = 197.5 + 0.25y 

aby=10-0.16x bcy=-12+0.2x cdy=60-0.25x dey=-790+4x 

efx = 222.5 - 0.25y fgx = -160 + 4y ghx = 560 - 5y hix = -540 + 6y 

efy= 890-4x fgy=40+0.25x ghy=112-0.2x hiy= 90+0.16x 
Ux = 22.5 - 0.25y jax = -2.5 + 0.25y 
Uy=90-4x jay=10+4x 

Table 5.7: Boundary line functions for proprietory shaped paver 4. 

In Table 5.7 the first letters of each line function characterise the corner names as can 

be seen in Figure 5.28. By using the line functions in Table 5.7 shaped paver 4 and the 

line functions which define the patch load boundaries, which are of the form 

f =h(1- 
ä fý = a(1 -b in the x and y axes, the intersection points between the 

paver boundary lines and the load patch boundary line can be calculated 

mathematically. Table 5.8 shows the intersection points which can be seen in Figures 

5.28 to 5.30. 

Ply = 26.6+0.16a 

1'lx = 0.6a - 53.3 

1) =-127.143+0.571a 
P2x = 254.286 - 0.143a 

13y=0.4a-87.7 

13x = 175.5 + 0. Ia 

4y186.6 - 0.3a 

'4x = -373.3 + 1.6a 

Psy = 67.5 + 0.125a 

''5x = 0.75a -135 

Table 5.8: The intersection points between the lines which form the patch load 

boundary with distances a and b (b=a/2) in the x and y directions and line functions 

bounding the proprietory shaped paver 4. 

The surface area and centroid distances for the system illustrated in Figure 5.28 can be 

calculated using the data in Table 5.7 and Table 5.8 and are as follows: 

aa 210 210 210 200 160 60 
F= Jfydx- $Jjid*- fcdyd+ $efyd, 

_ 
fdeydx_ fcdydx- $bcycLr-fabydx 

0 210 P2x P2x 200 160 60 0 

The evaluation of the integrals yields the following equation: 
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F=0.202381(662.926 - aX-97.0741 +a) 

aa 210 210 210 200 
fxJjicfr_ Jxjj'd_ Jxcdydx+ JxeJ$'dx_ fxdeyd_ fxcdycfr 

0 210 P2x P2x 200 160 

160 60 10 10 Irr 60 

X= -f xbcydx- 
f 

xabydx- 
jxyydz+ f 

xjaydx- 
fxfyd+Jx/iiydx 

60 00000 
160 Pax 

+ Jxghyctc+ Jxfgycix 

60 160 

The evaluation of the integrals yields the following equation: 

0.174603(-564386 +a)(-158.54+a)(728.58+a) 
(-662.926 + aX-97.0741 + a) 

Y_ 1 
F 

bb 100 100 100 Ijy 

Jyfxdy- Jyfxdy_ Jy/wdy_ Jyfrdy+ Jyglzxdy- Jyfgxdy 

0 100 90 Ijy Iiy 80 

Ily 90 50 10 10 10 

+ JYghxdy- JYJxdy- Jyjaxdy-5Yabxdy- f yfxdy+ f ybcrdy 
80 50 10 000 

20 20 I'2y 50 I2y 

- 
Jycdxdy+ jybcxdy- Jyfxdy+Jydexdy+ Jyefxdy 

10 to 10 to so 

The evaluation of the integrals yields the following equation: 

0.246032-553.653 + a)(33084.2 - 220.54a + a2) 
(-662.926 + a)(-97.0741 + a) 
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Line 1 in Figure 5.28 scans the paver between corners f and e. It should therefore be 

noted that for the solutions above to be valid for the patch load application 1, the 

variable distance a in the x direction must lie in the range: 380>a>320mm. 

? Applied 
load arm 

Cenftld of the 
proprietory shaped 
paver 4 

Distances (mm) 

30 Area P , Area 4 
---- ý4reä 

ýE1rea 
2 

Line 2 10 
Ab x 

i1 50 100 40 10 

Cenfroid of the applied 
load area under line 2 

The special applied road fine 2 

Figure 5.29: The selected special patch load application 2 for proprietory shaped paver 

4 

Figure 5.29 illustrates the special patch load application 2 for the proprietor shaped 

paver 4. Line 2 scans the paver between corners g and h in terms of the variable 

distance a in the x direction. By using the paver line functions in Table 5.7, the 

equations of the intersection points in Table 5.8 and the patch load boundary line 

function which is f;, = b(1- 
ü), 

fT = a(1- 
±) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows: 

a fiY a 200 160 60 10 10 
1= ft'av_ $deyd_ Jtfr- Jcdvdi- Jhcvtli_ Jai, 

i'tix_ 
Ji, 

veix+ 
Jiavdx 

0 200 A 160 60 000 

fox 60 P4 
x 

-f yy Jr + 
Jiny dr + 

Jghv 
t 

00 60 

1) 1) 1) 
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The evaluation of the integrals yields the following equation: 

F=0.388889(555.044 - a)(-150.67 + a) 

a Pax a 200 160 60 
5xfydx_Jxdeydx_ Jxfydx- 5xcdyd_ Jxbcydx-Jxabydx 

0 200 Pax 160 60 0 

F 10 10 P4 x 60 1I4 v 

- Jx yydx+ Jxjaydx- Jxyydx+Jxhzythc+Jxglzydx 
0000 60 

The evaluation of the integrals yields the following cquation: 

X-0.592593 -471.028 + a)(-143.37 + aX-81.7627 + a) 
(-555.044 +aX-150.67 + a) 

bb 100 100 100 90 

Jyfxdy- fyfxdy- Jy/uxdy_ Jyfxdy+ fygltxdy-fyyxdy 

0 100 90 14y P4y 50 

50 10 10 10 20 20 
Y= 

- 
-Jyjaxdy- 

f 
yabxdy- f yfxdy+ 

f ybrxdy- f ycdxdy+ f ybcxdy 
10 000 10 10 
P3y P3y 

-f yfxdy+ jydexdy 

10 10 

The evaluation of the integrals yields the following equation: 

i; = 
0.037037(-516.683+aX-173.099+a)(1495.5+a) 

(-555.044 + aX-150.67 + a) 

Line 2 in Figure 5.29 scans the paver between corners g and h. It should therefore be 

noted that for the solutions above to be valid for the patch load application 2, the 

variable distance a in the x direction must lie in the range: 310>a>260mm. 
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mod 
load area 

Centrold of the 
prrýtory shaped 

Distances (mm) 
Pý/D 

10 

10 30 Areq 3 ý, 
---AreA1 4Ärea 

! 
----- 

- --"---------- ------4 . --- --- ----- 
Line 3 

10 Ab 0x 
1 s0 100 40 10 

Centroid of the applied 
load area under fine 3 

The special applied load fine 3 

Figure 5.30: The selected special patch load application 3 for proprictory shaped paver 

4. 

Figure 5.30 illustrates the special patch load application 3 for the proprietory shaped 

paver 4. Line 3 scans the paver between corners h and d in terms of the variable 
distance a in the x direction. By using the paver line functions in 'Fable 5.7, the 

equations of the intersection points in Table 5.8 and the patch load boundary line 

function which is J. = b(1- X), Jc = a(1- ) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows: 

u fIl. 

Ji5dx_ $Jevcfr- 
a 

ft'cli- 
200 160 

_ Jaiydx_ l bcydx- 

60 

Jahvai- 
IO I0 

f U1'(%C Jqa 0 200 Irr 160 60 0 00 

-f _/y 
cLr +f iziy dic 

00 

The evaluation of the integrals yields the following equation: 

F=0.159722(846.16' - 4-126.01 1+ u) 
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a P3 a 200 160 60 
$xfydx_ Jxdeydx_ Jxf3idx- Jxcdyd_ fxbcydx-fxabydx 

10 200 Pax 160 60 0 

F 10 10 15x '5x 

- 
Jx Yydx+ jxjaydx- Jxfydx+ Jxlzzydx 

0000 

The evaluation of the integrals yields the following equation: 

X- 
0287037(-710.099 + aX-155.008 + a)(206.623 + a) 

(-846.163+aX-126.011+a) 

bb P5y 90 50 10 

fyfxdy- $yfxa'y_ JyhLdy-fyyxdy-fyjaxdy-fyabxdy 
0 P5y 90 50 10 0 

F 10 10 20 20 1'3y ß'3y 

-fyfxdy+ 
Jyb xdy- jycdxay+ fybcrdy- Jyfxdy+ Jydexdy 

00 10 10 10 10 

The evaluation of the integrals yields the following equation: 

0.1898 15 -702.046+a)(-119.028+aX38.5282+a) 
(-846.163 + aX-126.011 +a) 

Line 3 in Figure 5.30 scans the paver between comers h and d. It should therefore be 

noted that for the solutions above to be valid for the patch load application 3, the 

variable distance a in the x direction must lie in the range: 260>a>220mm. 

5.6. The selected special patch load applied to proprictory shaped paver 5 

Figure 5.31 illustrates one of the common patch load application to proprictory shaped 

paver 5 (see Figure 5.1). It may be recalled that in these common load applications, the 

lines which define the patch loading gradually scan the paver from its lower left corner 
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to its upper right comer with distances a and b (b=a/2). The proprietory shaped paver 5 

is analysed with the similar logic described previously (see Sections 5.2,5.3,5.4 and 

5.5). The patch load applications principally generate five types of idealised vertical 

compressive stress dissipations beneath pavers which are tetrahedral, short-pentahedral, 

long-pentahedral, partial-hexahedral and absolute-hexahedral as described in Chapters 

6,7 and 8. The solutions of these five vertical stress distributions were given in Chapter 

6 for rectangular pavers. The solutions of the vertical compressive stress regimes for 

proprietory shaped pavers (see Figure 5.1) are particularly complex so iterative 

solutions have been used in their evaluations. The numerical solutions have been 

conducted by using Mathematical, Maple2 and Naga mathematical software. However 

the arithmetical solutions to the absolute-hexahedral case have been calculated for each 

proprietory shaped paver (see Chapters 7 and 8). For this reason the evaluations of the 

patch loads' integrals relating only to the absolute-hexahedral stress cases are 
documented in this Section for the proprietory shaped paver 5. 

Figure 5.31 illustrates the special patch load application 1 for the proprietory shaped 

paver 5. Line 1 scans the paver between corners e and fin terms of the variable distance 

a in the x direction. It may be recalled that each shaped paver is of a circumscribing 

rectangular border. If x, y transverse and longitudinal axes have their original corner A 

of this circumscribing rectangular shape, it can be seen that each corner of the actual 

paver is connected by lines which form the real shape of the paver. The functions of 

these lines can be calculated using basic geometrical rules. The boundary line functions 

for the proprietory shaped paver 5 are shown in Table 5.9. 

In Table 5.9 the first letters of each line function characterise the corner names as can 
be seen in Figure 5.31. By using the line functions in Table 5.9 shaped paver 5 and the 

line functions which define the patch load boundaries, which are of the form 

fy = b(1- 
ä), 

f. = a(1 - 
Y) in the x and y axes, the intersection points between the 

paver boundary lines and the load patch boundary line can be calculated 

mathematically. Table 5.10 shows the intersection points which can be seen in Figures 

5.31 and 5.32. 
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abx = 3.6y bcx = 165 - 7.3y cdx = 165 + 3.6y 

ahy = 0.27x bcv = 22.5 - 0.136x cdv = -45 + 0.27x 

e/x=-183.3+3. by fgx=861.6-7.3y g/zx=-348.3+3.6y 

cfy=50+0.27x f , =117.5-0.136v ghy=95+0.27x 

Table 5.9: Boundary line functions for proprietory shaped paver 5. 

load area 

Centrold of the 
proprietory shaped 
paver 5 

Distances (mm) 

I 

80 

i 

Area 3 Area 4 
------------------ 

Area 1' ' Area 2 

loud line 1 

`+XI 
a A! 

Centroid of the applied 
load area under fine 1 

The special 

Figure 5.31: The selected special patch load application I for proprietory shaped paver 

5. 

fjy = 32.353+0.176, fey = 0.5a- 110 fay. = 161.55-0.1875, 

I jx = 0.647, - 64.706 Y2x = 220 1) ,x = -323.125 + 1.375, 

Table 5.10: The intersection points between the lines which form the patch load 

boundary with distances a and b (b=a/2) in the x and y directions and line functions 

bounding the proprietory shaped paver 5. 

The surface area and centroid distances for the system illustrated in Figure 5.31 can be 

calculated using the data in Table 5.9 and Table 5.10 and are as follows: 

-Line 1 

aý'ý u 
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aa 220 165 55 P. Y 55 165 

F=f. dx- Jet- Jcdydr- fbcyt-fabyt- J+fghyd+Jfvth 0 220 165 55 000 55 
Ax 

+J efy dx 

165 

The evaluation of the integrals yields the following equation: 

F=0.1 6177(799A26 - aX-80.5503 + a) 

aa 220 165 55 
fxfydx_ fxßicfr- Jxcdyth_ Jxbcydx-$xabydx- Jxfydx 

10 220 165 55 00 
F 55 165 II 

+f xglzydx+ 
JxfgydxýJxefydx 

0 55 165 

The evaluation of the integrals yields the following equation: 

X_ 0215694(669.612 - aX-136.802 + aX506.415 + a) 

-64394 + 879.976a - a2 

bb 110 110 110 Ily 

$yfxdy_ Jyfxdy_ fyghxdy- fyfxdy-e- Jyfgxdy- fycfxdy 
10 110 95 Ply 1jy 95 

F Iiy 15 15 "2y 15 "2y 

+ Jyfgxdy- Jybcrdy+ Jyabxdy- Jyfxdy+Jycthdy+ fy22Ody 

95 0000 15 

The evaluation of the integrals yields the following equation: 

0225481(652.185- a)(34124.4 -179.993a + a2) 

-64394 + 879.976a - a2 
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Line I in Figure 5.31 scans the paver between corners e and f. It should therefore be 

noted that for the solutions above to be valid for the patch load application 1, the 

variable distance a in the x direction must lie in the range: 440>a>355mm. 

Iona area "r 

Cenhroid of the 
story shaped 

payer 5~`T 
Distances (mm) 

V 15 iD 

Area 
_ 

Area 4p 
80 -- _a Areal: t Area 2 Line 2 

Centroid of the applied 
load area under line 2 

The special applied loud Ifne 2 

XI 

Figure 5.32: The selected special patch load application 2 for proprietory shaped paver 

5. 

Figure 5.32 illustrates the special patch load application 2 for the proprietory shaped 

paver 5. Line 2 scans the paver between corners f and d in terms of the variable 

distance a in the x direction. By using the paver line functions in Table 5.9, the 

equations of the intersection points in Table 5.10 and the patch load boundary line 

function which is Iv = h(l - 
x), f, = a(1 -y) in the x and y axes, the special patch 
uh 

load's surface area and centroid distances can be calculated as follows: 

aa 220 165 55 p 11C 1Y 55 
I' =j ft car -! ft clr -j ccc'y dx - 

fbcydx-Jahydx-- j iy d-Y + by dv + 
Jfgya'. 

v 
0 220 165 55 000 55 

The evaluation of the integrals yields the following equation: 
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F= 0343747(637904 - aX-152.099 + a) 

aa 220 165 55 ß'3x 

1 

JxJJdx_ fxßictc- fxcavd_ fxbcydx-fxabydx- Jxfycfr 

0 220 165 55 00 
F 55 Pax 

+ Jxghydx+ Jxfgydx 

0 55 

The evaluation of the integrals yields the following equation: 

0.458329(543217 - aX-155.411 + aX-637214 +a) 

-97024.7 + 790.003a - a2 

bb 110 110 110 15 
Jyfxdy- Jyfxdy- fyghxdy- 

. 
fyfxdy+ Jyfgxdy-$ybcxdy 

Y= 10 110 95 Icy I3y 0 

F 15 Pty 15 IZy 

+jyabxdy- fyfxdy+fycdxdy+ Jy22Ody 

000 15 

The evaluation of the integrals yields the following equation: 

Y-0.104166(568271 - aX-173.188 + aX396.505 + a) 

-97024.7 + 790.003a - a2 

Line 2 in Figure 5.32 scans the paver between corners f and d. It should therefore be 

noted that for the solutions above to be valid for the patch load application 2, the 

variable distance a in the x direction must lie in the range: 355>a>275mm. 
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5.7. The selected special patch load applied to proprietory shaped Haver 6 

Figure 5.33 illustrates one of the common patch load application to proprietory shaped 

paver 6 (see Figure 5.1). It may be recalled that in these common load applications, the 

lines which define the patch loading gradually scan the paver from its lower left corner 

to its upper right comer with distances a and b (b=a/2). The proprietory shaped paver 6 

is analysed with the similar logic described previously (see Sections 5.2,5.3,5.4,5.5 

and 5.6). The patch load applications principally generate five types of idealised 

vertical compressive stress dissipations beneath pavers which are tetrahedral, short- 

pentahedral, long-pentahedral, partial-hexahedral and absolute-hexahedral as described 

in Chapters 6,7 and 8. The solutions of these five vertical stress distributions were 

given in Chapter 6 for rectangular pavers. The solutions of the vertical compressive 

stress regimes for proprietory shaped pavers (see Figure 5.1) are particularly complex so 
iterative solutions have been used in their evaluations. The numerical solutions have 

been conducted by using Mathematical, Maple2 and Nag3 mathematical software. 

However the arithmetical solutions to the absolute-hexahedral case have been 

calculated for each proprietory shaped paver (see Chapters 7 and 8). For this reason the 

evaluations of the patch loads' integrals relating only to the absolute-hexahedral stress 

cases are documented in this Section for the proprietory shaped paver 6. 

Figure 5.33 illustrates the special patch load application I for the proprietory shaped 

paver 6. Line 1 scans the paver between corners e and fin terms of the variable distance 

a in the x direction. It may be recalled that each shaped paver is of a circumscribing 

rectangular border. If x, y transverse and longitudinal axes have their original corner A 

of this circumscribing rectangular shape, it can be seen that each corner of the actual 

paver is connected by lines which form the real shape of the paver. The functions of 

these lines can be calculated using basic geometrical rules. The boundary line functions 

for the proprietory shaped paver 6 are shown in Table 5.11. 

In Table 5.11 the first letters of each line function characterise the corner names as can 
be seen in Figure 5.33. By using the line functions in Table 5.11 shaped paver 6 and the 

line functions which define the patch load boundaries, which are of the form 
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f,, = h(1- -x), fC = a(1- ) in the x and y axes, the intersection points between the 

paver boundary lines and the load patch boundary line can be calculated 

mathematically. Table 5.12 shows the intersection points which can be seen in Figures 

5.33 to 5.35. 

Y 
Appled 
load area 

CeýAýýid of 

\\\ý.. opr8 7ý 
ý shaped 

72 
p 

Distances (mm) 

23 
___ 

Area3F' Area 4_ 
Area 1: I Area 2 

Line I 
72 

Q. ---- 13 
30 45 45 30 

CentrGld of 111eapp1i! d 
bad area under ine 1 

The special applied toad line 1 

Figure 5.33: The selected special patch load application I for proprietory shaped paver 

6. 

hcx = 75 + 0.9027y fgx = 
--55.7639 + 0.9027y 

hcv = -83.077 + 1.1077x fgy = 61.769 + 1.1077x 

Table 5.11: Boundary line functions for proprietory shaped paver 6. 

Px =a-334 P, i, = 05a-85 

P3, =167 P, X=170 
P31, = 0.3445a + 19.211 P4 ,= 72 

'3x = 0.31 la - 38.421 Pox =a -144 

Table 5.12: The intersection points between the lines which form the patch load 

boundary with distances a and b (b=a/2) in the x and y directions and line functions 

bounding the proprietory shaped paver 6. 
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The surface area and centroid distances for the system illustrated in Figure 5.33 can be 

calculated using the data in Table 5.11 and Table 5.12 and are as follows: 

aa 170 140 Px 30 95 Pj, r 
F= f)5 dx- f Jydx- f 72dx- jbcydx- ffyth+f95cfr+ffgvtfr+f167dr 

0 170 140 75 00 30 95 

The evaluation of the integrals yields the following equation: 

2 
F= -44114 + 252a -4 

aa 170 140 A, 30 
Jxßid, 

_ 
Jxfydx- Jx72cfr_ Jxbcydx_ Jxfydx-i-Jx95dx 

1 0 170 140 75 00 
F 95 A11 

+f x fgy dx + 
Sxl67dx 

30 95 

The evaluation of the integrals yields the following equation: 

-18253704 +247968a -1002a2 +a3 
4176456 

-1008a + a2 

bb 167 Pty "2 y 72 
Y=Ff Yfx dY - 

JYfx dY -f Yf x dY - 
fyfXdy+ fY17OdY+fYbcrdY] 

0 167 95 0 72 0 

The evaluation of the integrals yields the following equation: 

Y- 87642408-247968a-5 10u2 + a3 
6(176456- 1008u + a2 
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Line 1 in Figure 5.33 scans the paver between corners e and f. It should therefore be 

noted that for the solutions above to be valid for the patch load application 1, the 

variable distance a in the x direction must lie in the range: 504>a>429mm. 

aan area 

Centroid of the 
proprietory eropsd 

72 

Distances (mm) 

23 ý----Nea3-ý Area4- 
-- 

ýý\ 

A, L Area 1 r- Aron 2.. 
..... ---.. 

Line 2 

72 

01 x 

3n W; ?nA. q -An 044 -ice =-oi 

Cantrold of thaýpI id 
bad gros under Ine 2 

The specU app!! ed load line 2 

Figure 5.34: The selected special patch load application 2 for proprietory shaped paver 
6. 

Figure 5.34 illustrates the special patch load application 2 for the proprietory shaped 

paver 6. Line 2 scans the paver between corners f and d in terms of the variable 

distance a in the x direction. By using the paver line functions in Table 5.1 1, the 

equations of the intersection points in Table 5.12 and the patch load boundary line 

function which is f, = h(1- ü), 
u(1- 

-) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows: 

aa 170 140 13. 
r 30 /;, 

E= j&dx- f. &(Ix- j72clx- fhcYdV 
-Jfjidx+ 

595 A+ f 
. 
/ky x 

0 170 140 75 00 30 

The evaluation of the integrals yields the following equation: 
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a 
x=F jxfydx- 

Ax 

+Jx fgy dx 

30 

F= -12413.2 + 10421 la - 0.0777512a2 

a 170 140 A, 30 
fxdx-Jx72dX-JxbcYd- fxf$dxýJx95th 

170 140 75 00 

The evaluation of the integrals yields the following equation: 

0.103668(-1031.01 +aX-197.764 +aX858.155+ a) 
ý-1208.16+aX-132.145+a) 

bb I3y IZy 12y 72 
F Jyfxdy_ $yfxdy_ Jyfgxdy- $yfxdy+ 5y17Ody+Jybcdy 

0 Pay 95 0 72 0 

The evaluation of the integrals yields the following equation: 

0.281 499(-963.496 + a)(-128.954 + a)(-29.6354 + a) 
(-1208.16 + aX-132.145 +a) 

Line 2 in Figure 5.34 scans the paver between corners f and d. It should therefore be 

noted that for the solutions above to be valid for the patch load application 2, the 

variable distance a in the x direction must lie in the range: 429>a>314mm. 

Figure 5.35 illustrates the special patch load application 3 for the proprietory shaped 

paver 6. Line 3 scans the paver between corners d and c in terms of the variable 

distance a in the x direction. By using the paver line functions in Table 5.11, the 

equations of the intersection points in Table 5.12 and the patch load boundary line 
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function which is fy = b(1 - 
ä) , 

fr = u(1- ) in the x and y axes, the special patch b 

load's surface area and centroid distances can be calculated as follows: 

aa P4 
v 140 1'3.1 30 f'3x 

1'' _ fydY- Jfrdr_ J72cLv_ Jhcyth_ J)5cfr+J95d+ Jfgydx 

0 Pq_Y 140 75 00 30 

The evaluation of the integrals yields the following equation: 

F= 12235.8 - 52.7895a + 0.172249a2 

Appfiod 
urea 

Centroid of the 
-i propristory shaped 

72 j 

Distances (mm) 

----Aro23 
a3 

_ 
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A -- -R ,ýQI 
Be f Area 2 

Line 3 
72 I\ 

.I\ 

'Q---- I`x 

3D 45 ý ýý ýý 1º 

8 

Genisvid of the applied 
load area under fine 3 

The special applied load Une 3 

Figure 5.35: The selected special patch load application 3 for proprietory shaped paver 

6. 

a Pox 140 30 
X= fXJYdX- f 

xb'dx- 
f 

_r 
72clx- fxbcydx- JxJdx+Jx95dx 

0p 140 75 00 
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P3x 

+ 
JxfYcfr] 

30 

The evaluation of the integrals yields the following equation: 

1b Y=j. f Y. fx dy - 
0 

_ 
0.437002(33.3447 + a)(79702.5 - 471.918a + a2) 

X= 
71035.9 - 306.472a + a2 

b P3y 

fyfxdy- Jyfgxdy- 

P3y 95 

72 72 

Jyfxdy+ jybc dy 
00 

The evaluation of the integrals yields the following equation: 

Y=0.114833(513.085+a)(55707-345.793a+ 
a2) 

71035.9 - 306.472a + a2 

Line 3 in Figure 5.35 scans the paver between corners d and c. It should therefore be 

noted that for the solutions above to be valid for the patch load application 3, the 

variable distance a in the x direction must lie in the range: 314>a>284mm. 

5.8. The selected special patch load applied to proprietory shaped paver 7 

Figure 5.36 illustrates one of the common patch load application to proprietory shaped 

paver 7 (see Figure 5.1). It may be recalled that in these common load applications, the 

lines which define the patch loading gradually scan the paver from its lower left corner 

to its upper right corner with distances a and b (b=a/2). The proprietory shaped paver 7 

is analysed with the similar logic described previously (see Sections 5.2,5.3,5.4,5.5, 

5.6 and 5.7). The patch load applications principally generate five types of idealised 

vertical compressive stress dissipations beneath pavers which are tetrahedral, short- 

pentahedral, long-pentahedral, partial-hexahedral and absolute-hexahedral as described 
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in Chapters 6,7 and 8. The solutions of these five vertical stress distributions were 

given in Chapter 6 for rectangular pavers. The solutions of the vertical compressive 

stress regimes for proprietory shaped pavers (see Figure 5.1) are particularly complex so 

iterative solutions have been used in their evaluations. The numerical solutions have 

been conducted by using Mathematica', Maple2 and Nag3 mathematical software. 

However the arithmetical solutions to the absolute-hexahedral case have been 

calculated for each proprietory shaped paver (see Chapters 7 and 8). For this reason the 

evaluations of the patch loads' integrals relating only to the absolute-hexahedral stress 

cases are documented in this Section for the proprietory shaped paver 7. 

V - 

60ý _Area 
............... -.... 

--º load area 

Centrok1 of the ý 
Proprietory shaped 
paver 7 

1ýý 
l 

30 

rD 
Distances (mm) 

Area 4______ 

- ---- -------------- - one 1 Aroa2 

a_ 
Cemroid of the applied load area under Nro 1 

The special applied load line 1 

Figure 5.36: The selected special patch load application 1 for proprietory shaped paver 
7. 

Figure 5.36 illustrates the special patch load application 1 for the proprietory shaped 

paver 7. Line I scans the paver between corners e and f in terms of the variable distance 

a in the x direction. It may be recalled that each shaped paver is of a circumscribing 

rectangular border. If x, y transverse and longitudinal axes have their original corner A 

of this circumscribing rectangular shape, it can be seen that each corner of the actual 

paver is connected by lines which form the real shape of the paver. The functions of 

1 
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these lines can be calculated using basic geometrical rules. The boundary line functions 

for the proprietory shaped paver 7 are shown in Table 5.13. 

In Table 5.13 the first letters of each line function characterise the corner names as can 
be seen in Figure 5.36. By using the line functions in Table 5.13 shaped paver 7 and the 

line functions which define the patch load boundaries, which are of the fonn 

fy = b(1- ä f= a(1- 
b) in the x and y axes, the intersection points between the 

paver boundary lines and the load patch boundary line can be calculated 

mathematically. Table 5.14 shows the intersection points which can be seen in Figures 

5.36 and 5.37. 

abx = -10 + 3y bar=160-5.5y cdx =160 + 4y d ex = 202.5 - 0.25y 

aby=3.3+0.3x bcy=29.09-0.1818x cdy = -40 + 0.25x dey=810-4x 

efx=-90+3y fgx=590-5.5y ghx=-360+4y hax=22.5-0.25y 

efy=30+0.3x fV = 107.27 - 0.1818x ghy=90+0.25x hay=90-4x 

Table 5.13: Boundary line functions for proprictory shaped paver 7. 

PIx = 0.6a-36 I2y = -115.714+0.571a 13 =168.571-0.286a 
Ply =18 + 0.2a I2x = 231.429 - 0.143a 13x = -337.327+1.57 la 

Table 5.14: The intersection points between the lines which form the patch load 

boundary with distances a and b (b=a/2) in the x and y directions and line functions 
bounding the proprietory shaped paver 7. 

The surface area and centroid distances for the system illustrated in Figure 5.36 can be 

calculated using the data in Table 5.13 and Table 5.14 and are as follows: 

aa 200 200 

F= Jlyd- ffj- $cdy- JJJtfr+ 
0 200 160 1 Zx 

PC 40 150 1jr 

- Jf dx+ jshyc+ jj+a f bcy 
00 40 150 

200 160 50 20 
Jdeycfr- fbcydx-fabydx-f/, aydr 

1' 1 50 20 0 
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The evaluation of the integrals yields the following equation: 

F=0.1857 1 5(639.419 - aX-80.5792 + a) 

aa 200 200 200 160 
JxJidx_ Jxfydx-i- $xcdydx_ Jxßfr+ Jxdeydx- fxbcyth 

ý, 
-10 

200 160 P2x 12x 50 

F 50 20 Pax 40 150 lir 

- 
jxabydc- jxhaydx- fxfyd+fxghyd+fxfgyth+fxhcydx 

20 000 40 150 

The evaluation of the integrals yields the following equation: 

0.152382(553.083 - aX-127.625 + a)(781.956 + a) 

-51523.9 + 719.998a - a2 

bb 100 100 100 Illy fiy 
fyfxdy_ f 

yfxdy- 
f 

yghxdy- 
f 

yfxdy+ 
jyfb'vdy- jyefxdy+ jyefxdy 

10 100 90 Ply ply 80 80 

F P2 Y P2 y 10 90 20 20 20 
-f yefxdy+ 

Jydexdy+Jycdxdy-fylzaxdy-fybcxdy+fyabxdy-Jyhardy 

0 10 0 20 0 10 10 

The evaluation of the integrals yields the following equation: 

Y 
0.257142(530.745 -a)(31046.2 - 199.255a +a2) 

= 
-51523.9 + 719.998a - a2 

Line 1 in Figure 5.36 scans the paver between corners e and f. It should therefore be 

noted that for the solutions above to be valid for the patch load application 1, the 

variable distance a in the x direction must lie in the range: 360>a>3IOmm. 

Figure 5.37 illustrates the special patch load application 2 for the proprietory shaped 

paver 7. Line 2 scans the paver between comers f and d in terms of the variable 
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distance a in the x direction. By using the paver line functions in Table 5.13, the 

equations of the intersection points in Table 5.14 and the patch load boundary line 

function which is f;, = b(l - 
ü), fc = a(l - 

-) in the x and y axes, the special patch 

load's surface area and centroid distances can be calculated as follows: 

aa 200 200 200 160 50 20 

1- A_ Jfrdx_ jcdythc- J/j'dr+ 5dydr- fhcvdx_fabydx_Jhuya'x 0 200 160 112 
, 

/Z 
, 

50 20 0 

40 1; 
_Y 

- 
JJicLi+ jghyc 

x+ 
Jfgyd 

00 40 

The evaluation of the integrals yields the following equation: 

F=0.428549(513.933 - aX-149.402 + a) 

Y 0. AMW 
load area 

r-- º CeMroid of the 
"`\ proeory shaped 

paver 7 
40 110 30 

D 

10 Distances (mm) io 

-_ -Aron 
i3 Area 

_____ 60 ----A Areä: ý rea 
---- ------ -----. -........ Line 2 

ox 

20 110 I. 40 *I 

Cei*oid of Msapp lied 
load area under 6ne 2 

The special applied food line 2 

Figure 5.37: The selected special patch load application 2 for proprietory shaped paver 

7 

aa 200 200 200 160 
Jxd- Jxfd+ jxcdydv- Jxij'dx+ Jxdevdx- Jxhcvdi 

0 200 160 1', 
x 

12v 50 
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50 20 1'3x 40 1'3 

- jxabyd- f xhaydx- fxjy'dr+jxgliydr+ fxfiydx 
20 000 40 

The evaluation of the integrals yields the following equation: 

X-0.476161(448.607- aX-146.976 + aX-12.8982 + a) 

-76782.8 + 663.336a - a2 

bb 100 100 100 ! iy 
$yfxdy- $yfxdy_ Jyghxdy- Jyfxdy+ fyfgxdy_ fyfxdy 

}, 
-10 

100 90 Pay Ay 0 

F ply 10 90 20 20 20 

+f ydexdy+ jycdxdy- jyhaxdy- jybcxdy+ jyabxdy- f 
y/zardy 

10 0 20 0 10 10 

The evaluation of the integrals yields the following equation: 

0.0952431(469.117 - aX- 163.06 + aX412.178 + a) 

-76782.8 + 663.336a - a2 

Line 2 in Figure 5.37 scans the paver between corners f and d. It should therefore be 

noted that for the solutions above to be valid for the patch load application 2, the 

variable distance a in the x direction must lie in the range: 310>a>240mm. 

5.9. The selected special patch load applied to proprictory shaped paver 8 

Figure 5.38 illustrates one of the common patch load application to proprietory shaped 

paver 8 (see Figure 5.1). It may be recalled that in these common load applications, the 

lines which define the patch loading gradually scan the paver from its lower left comer 

to its upper right corner with distances a and b (b=a/2). The proprietory shaped paver 8 

is analysed with the similar logic described previously (see Sections 5.2,5.3,5.4,5.5, 

5.6,5.7 and 5.8). The patch load applications principally generate five types of 
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idealised vertical compressive stress dissipations beneath pavers which are tetrahedral, 

short-pentahedral, long-pentahedral, partial-hexahedral and absolute-hexahedral as 
described in Chapters 6,7 and 8. The solutions of these five vertical stress distributions 

were given in Chapter 6 for rectangular pavers. The solutions of the vertical 

compressive stress regimes for proprietory shaped pavers (see Figure 5.1) are 

particularly complex so iterative solutions have been used in their evaluations. The 

numerical solutions have been conducted by using Mathematica', Maple2 and Nag? 

mathematical software. However the arithmetical solutions to the absolute-hexahedral 

case have been calculated for each proprietory shaped paver (see Chapters 7 and 8). For 

this reason the evaluations of the patch loads' integrals relating only to the absolute- 

hexahedral stress cases are documented in this Section for the proprietory shaped paver 
8. 

ibbad 
area 

Cantroid of the 
fl. ý ̀  

prop ýEory shaped 
Paves 

"PL D 
'S .I--Ikh9. Distances (mm) 

ý. z 

70---- Area3 Area4 
---ý ---------- ý Lina 1 
Area 1. erea 2 

ti 
50 70 50 

a +ý' 
Centroid of the applied 
load area ender 8ne I 

The special applied load line 1 

Figure 5.38: The selected special patch load application I for proprietory shaped paver 

8 

Figure 5.38 illustrates the special patch load application I for the proprietory shaped 

paver 8. Line I scans the paver between corners g and h in terms of the variable 

distance a in the x direction. It may be recalled that each shaped paver is of' a 

circumscribing rectangular border. If x, y transverse and longitudinal axes have their 
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original corner A of this circumscribing rectangular shape, it can be seen that each 

corner of the actual paver is connected by lines which form the real shape of the paver. 

The functions of these lines can be calculated using basic geometrical rules. The 

boundary line functions for the proprietory shaped paver 8 are shown in Table 5.15. 

In Table 5.15 the first letters of each line function characterise the comer names as can 
be seen in Figure 5.38. By using the line functions in Table 5.15 shaped paver 8 and the 

line functions which define the patch load boundaries, which are of the form 

fy = b(1- 
ä), 

f,, = a(1 -Z) in the x and y axes, the intersection points between the 

paver boundary lines and the load patch boundary line can be calculated 

mathematically. Table 5.16 shows the intersection points which can be seen in Figures 

5.38 to 5.40. 

bcx=50+y hix=50+y dex=150-y jkx=150-y 
bcy=-50+x hiy=-50+x dey=150-x jky=150-x 

Table 5.15: Boundary line functions for proprietary shaped paver 8. 

Pjx =a- 200. P2x = 200 13x = 33.3 + 0.3 a Pqx =a -170 
Ply=100 Pty=0.5 a-100 jay=0.3a-16.6a J; y=85 

Table 5.16: The intersection points between the lines which form the patch load 

boundary with distances a and b (b=a/2) in the x and y directions and line functions 

bounding the proprietory shaped paver 8. 

The surface area and centroid distances for the system illustrated in Figure 5.38 can be 

calculated using the data in Table 5.15 and Table 5.16 and are as follows: 

aa 150 135 65 1lr 50 65 

F=f fydr- f lyr- f day -f 15 t- f bcyc- ffyd+f1OOd+f, jycL* 
0 200 135 65 50 00 50 

135 150 Pir 

+ J85t+ Jhiydx. I- fIOOdx 
65 135 150 
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The evaluation of the integrals yields the following equation: 

F- -90200 + 800a - a2 
4 

aa 150 135 65 ! jr 
Jxfydx_ Jxß'dx- jxdeydx- Jx15dx_fxbcydx- Jxfydx 

x_10 200 135 65 50 0 
F 50 65 135 1S0 Pjr 

+fx100dx+ fxkjydx+ Jx85dx+ 5xhiydx+ JxiOOdx 

0 50 65 135 ]50 

The evaluation of the integrals yields the following equation: 

X_1 1060000 - 600a2 + a3 
90200 - S00a + a2 

bb 100 

- 
Jyfxcv_ fyfxdy- JyhLrdy+ 

1 0 100 85 
F 15 15 

-f ydexdy+ jybcxdy 

00 

100 '2y '2y 
Jykjxdy- fyfxdy+ sY200dj 

85 00 

The evaluation of the integrals yields the following equation: 

Y-1 1060000 - 600a2 +a 3 

90200 - 800a + a2)- 

Line 1 in Figure 5.38 scans the paver between comers g and h. It should therefore be 

noted that for the solutions above to be valid for the patch load application 1, the 

variable distance a in the x direction must lie in the range: 400>a>350mm. 
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Figure 5.39: The selected special patch load application 2 for proprietory shaped paver 

8. 

Figure 5.39 illustrates the special patch load application 2 for the proprietory shaped 

paver 8. Line 2 scans the paver between comers h and i in terms of the variable 

distance a in the x direction. By using the paver line functions in Table 5.15, the 

equations of the intersection points in Table 5.16 and the patch load boundary line 

function which is fy = h(1- x), j, = a(1 -: 
K) in the x and y axes, the special patch 

uh 

load's surface area and centroid distances can be calculated as follows: 

a 150 135 65 I, 50 65 
f ft clX 

J ft cLY_ 
f dey dr -f 15 A-f bcy dx - 

Jtt+J1oodx+Jk, 
v/v 

0 200 135 65 50 00 50 

135 x 

+f 85 + Jhiyd 
65 135 

The evaluation of the integrals yields the following equation: 

-25600 + 1000a - u2 
12 
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aa 150 135 65 
Jxjjdr_ Jxß-Jxdfr-Jxl5cfr-Jxbcyc! 

x-- 
o 200 135 65 50 

F 50 65 135 P3. 
t 

+ 
jx100dx+ jxkjydx+ Jx85dx+Jx/iydc 

0 50 65 135 

The evaluation of the integrals yields the following equation: 

X- 111790000-1050000a-300a2 + a3 
9(25600 -1000a + a2 

I) 
f 

x- dx 

0 

bb 100 100 13y 

$yfxdy- Jyfxdy_ Jyfxdy+ Jykjxdy_ Jyhixdyý 

Y-10 100 13y fýy 85 
F P2y ß'2y 15 15 

-Jyfxdy+ 
fy200dy-fydavdy+fybcdy 

0000 

The evaluation of the integrals yields the following equation: 

_ 
5(-33992000+210000a-960a2 + a3 

1 25600 -l 000a + a2 

n3Y 

jykjx dy 
85 

Line 2 in Figure 5.39 scans the paver between corners h and I. It should therefore be 

noted that for the solutions above to be valid for the patch load application 2, the 

variable distance a in the x direction must lie in the range: 350>a>305mm. 

Figure 5.40 illustrates the special patch load application 3 for the proprietory shaped 

paver 8. Line 3 scans the paver between corners i and k in terms of the variable 

distance a in the x direction. By using the paver line functions in Table 5.15, the 

equations of the intersection points in Table 5.16 and the patch load boundary line 

247 



Chapter 5: Patch loading applied to proprietory shaped pavers 

function which is f,, = b(1 -a), fý = (41- 
Y) in the x and y axes, the special patch b 

load's surface area and centroid distances can be calculated as follows: 

Iý 
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70 
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Figure 5.40: The selected special patch load application 3 for proprietory shaped paver 

8. 

aa 150 135 65 f4r 50 65 

F_f. & dx- f. 6y dx_ f 
cleydx_ 

Jl5cLv-Jhcvth- JtitL+JIooav+Jk/vLv 

0 200 135 65 50 00 50 

4. r 

+f 85 cLx 
65 

The evaluation of the integrals yields the following equation: 

-70550 + 740a -a 
2 

4 

aa 150 135 65 I '4v. 

, k'_ 
ý_ f 

xfyclr -fx. fi, - 
JxdeyA- Jx 15 cL - 

Jx hei' dx - 
Jxfdv 

0 200 135 65 50 0 
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50 65 Ax 

+fxlOO + fxkjydx+ Jx85dx] 
0 50 65 

The evaluation of the integrals yields the following equation: 

X- 12317750 - 33300a - 510a2 + a3 
70550 - 740a + a2 

bb 100 

1 

fyfxdy_ fyfxdy- fyfxdy+ 

0 100 85 
F 15 15 

-f ydexdy+ f ybcdy 
00 

100 '2y '2y 
Jykjxdy- fyfxdyý Jy200dj 

85 00 

The evaluation of the integrals yields the following equation: 

Y- 134000 + 33300a - 600a2 + a3 
70550 - 740a + a2 

Line 3 in Figure 5.40 scans the paver between corners i and k. It should therefore be 

noted that for the solutions above to be valid for the patch load application 3, the 

variable distance a in the x direction must lie in the range: 305>a>250mm. 

5.10. The selected special patch load applied to nronrietory shaped paver 9 

Figure 5.41 illustrates one of the common patch load application to proprietory shaped 

paver 9 (see Figure 5.1). It may be recalled that in these common load applications, the 

lines which define the patch loading gradually scan the paver from its lower left comer 

to its upper right corner with distances a and b (b=a/2). The proprietory shaped paver 9 

is analysed with the similar logic described previously (see Sections 5.2,5.3,5.4,5.5, 
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5.6,5.7,5.8 and 5.9). The patch load applications principally generate five types of 

idealised vertical compressive stress dissipations beneath pavers which are tetrahedral, 

short-pentahedral, long-pentahedral, partial-hexahedral and absolute-hexahedral as 

described in Chapters 6,7 and 8. The solutions of these five vertical stress distributions 

were given in Chapter 6 for rectangular pavers. The solutions of the vertical 

compressive stress regimes for proprietory shaped pavers (see Figure 5.1) are 

particularly complex so iterative solutions have been used in their evaluations. The 

numerical solutions have been conducted by using Mathematical, Maple`' and Nag 3 

mathematical software. However the arithmetical solutions to the absolute-hexahedral 

case have been calculated for each proprietory shaped paver (see Chapters 7 and 8). For 

this reason the evaluations of the patch loads' integrals relating only to the absolute- 
hexahedral stress cases are documented in this Section for the proprietory shaped paver 

9. 
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Figure 5.41: The selected special patch load application I for proprietory shaped paver 

9. 

Figure 5.41 illustrates the special patch load application I for the proprietory shaped 

paver 9. Line I scans the paver between corners d and e in terms of the variable 

distance a in the x direction. It may be recalled that each shaped paver is of a 

circumscribing rectangular border. If x, y transverse and longitudinal axes have their 
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original comer A of this circumscribing rectangular shape, it can be seen that each 

corner of the actual paver is connected by lines which form the real shape of the paver. 

The functions of these lines can be calculated using basic geometrical rules. The 

boundary line functions for the proprietory shaped paver 9 are shown in Table 5.17. 

In Table 5.17 the first letters of each line function characterise the comer names as can 

be seen in Figure 5.41. By using the line functions in Table 5.17 shaped paver 9 and the 
line functions which define the patch load boundaries, which are of the form 

fy = b(1- ä), f, = a(1- b) 
in the x and y axes, the intersection points between the 

paver boundary lines and the load patch boundary line can be calculated 

mathematically. Table 5.18 shows the intersection points which can be seen in Figures 

5.41 and 5.42. 

abx=115-7.6y dey = 150 - 0.174x bcx=115+5.75y efx=5.75y-632.5 

aby = 20 - 0.174x dex=862.5-5.75y bcy=0.174x-20 efy=0.174x+110 

Table 5.17: Boundary line functions for proprietory shaped paver 9. 

Yx=1.534a - 460.123 '2x = 230 I 13 y=0.129a + 81.613 
Ply = 230 - 0.267a IZy = 0.5a-115 J3x = 0.742a -163.205 

Table 5.18: The intersection points between the lines which form the patch load 

boundary with distances a and b (b=a/2) in the x and y directions and line functions 

bounding the proprietory shaped paver 9. 

The surface area and centroid distances for the system illustrated in Figure 5.41 can be 

calculated using the data in Table 5.17 and Table 5.18 and are as follows: 

230 
F= JJjidx_ 

230 
$bcyth+ 

Px 1jx 115 

Jdeydx_ Jbcydx-i- Jefydx_ 
115 
Jabycfr 

AI Al 115 115 0 0 

The evaluation of the integrals yields the following equation: 
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F= 03833 1 8(706.918-aX-193.094+ a) 

230 230 Pjx Pjx 115 115 
X= 

3 JxjJid_ fxbcydx+ fxdeycfr- fxbcydx+ fxefyd_ Jxabydx 

Ax P, x 115 115 00 

The evaluation of the integrals yields the following equation: 

0.511091(606.49- aX24483.8 - 293.51a + a2 
) 

-136502+900.012a-a2 

20 20 P2 y iy Iiy 130 
Y= F, 

Jybcxdy_Jyabxdy+ Jy23Ody+ Jyfxdy- $ycfxdy+ $ydexdy 

00 20 12y 110 1iy 

130 

- 
Jyefxdy 

ply 

The evaluation of the integrals yields the following equation: 

0.0777809(635.869 - aX-235.334 + aX935.488 + a) 

-136502+900.012a-a2 

Line 1 in Figure 5.41 scans the paver between corners d and e. It should therefore be 

noted that for the solutions above to be valid for the patch load application 1, the 

variable distance a in the x direction must lie in the range: 450>a>375mm. 

Figure 5.42 illustrates the special patch load application 2 for the proprietory shaped 

paver 9. Line 2 scans the paver between comers e and fin terms of the variable distance 

a in the x direction. By using the paver line functions in Table 5.17, the equations of the 

intersection points in Table 5.18 and the patch load boundary line function which is 
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f, = b(l - 
ü), 

f, = a(1- h) in the x and y axes, the special patch load's surface area 

and centroid distances can be calculated as follows: 

N 

a ýý 
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Figure 5.42: The selected special patch load application 2 for proprietory shaped paver 

9. 

230 1 15 230 P3 x 
P, v 

Ff ft dc -j uhy qtr -J hcy dr+ J 
eft -f aby d 

'. 
i. Y `3Y 115 

00 

The evaluation of the integrals yields the following equation: 

F= 0.185487(915.735-a)(-144.253+u) 

230 115 230 fax '3r 

X=- Jx. ti'dx- Jxavdx- JxhcytL+ Jxtdx- Jxabvdx 

13v P; 115 00 

The evaluation of the integrals yields the following equation: 
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0.247317(778.894 - a)(-172.969 + aX291.863 + a) 

-132094 + 1059.99a - a2 

20 20 ply P3y P3y 

Y= 
F $ybc, 

xa'y_jyabxdy+ 
fy23Odyý fyfxdy. Jyefxdy 

00 20 P2 y 110 

The evaluation of the integrals yields the following equation: 

0.209693(759.797 - aX-133.642 + aX19.0785 + a) 

-132097 + 1059.99a - a2 

Line 2 in Figure 5.42 scans the paver between corners e and f. It should therefore be 

noted that for the solutions above to be valid for the patch load application 2, the 

variable distance a in the x direction must lie in the range: 375>a>270mm. 

5.11. Conclusion 

It can be recalled in Chapter 4 that a special load patch which functionally generates the 

maximum stress value was selected and applied to rectangular pavers in order to 

compare the analysed pavers (see Figure 5.1) in terms of their vertical compressive 

stress distributions. The nine proprietory shaped pavers analysed (see Figure 5.1) in this 

Thesis are commercially important on a worldwide basis. This Chapter developed the 

general equations to the total applied pressures and the centroid distances of the 

variations of a realistically possible patch loading which is specially selected for 

proprietory shaped pavers (see Figure 5.1) in order to compare the pavers in terms of 

the stress distributions which they generate. The calculation technique used in this 

Chapter for analysing the pressures applied onto proprietory shaped pavers is based on 

the method described in the previous chapter for rectangular pavers. The vertical 

compressive stress regimes in the bedding material are calculated for proprietory 

shaped pavers in Chapters 7 and 8 by considering vertical and rotational equilibrium of 

the pressures applied to the upper and lower horizontal paver surfaces. Chapter 9 will 
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show the evaluation of the algebraical solutions which are developed for the nine 

proprietory shaped pavers in Chapters 7 and 8 according to the variations of the 

common patch loading's general equations (which are defined in this Chapter) to the 

total applied pressures and their centroid distances in the xy-plane (see Figures 5.2 to 

5.42 and 9.1 to 9.9). It is therefore necessary to calculate the patch loadings applied 

onto proprietory shaped pavers before the stresses in the bedding material can be 

analysed in Chapters 7,8 and 9. The vertical compressive stresses in the bedding 

material are calculated for the shaped pavers in Chapters 7,8 and 9 by using the 

application of the bedding sand stress calculation method'' 2.3 to proprietory shaped 

pavers. The bedding sand stress calculation method'. 2,3 which is presented in the next 

Chapter based on vertical and rotational equilibrium of the pressures applied to the 

upper and lower horizontal paver surfaces. 
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CHAPTER SIX 

BEDDING SAND STRESSES IN RECTANGULAR PAVERS 

Synopsis 

This Chapter presents the bedding sand stress calculation method and the mathematical 

solution to interlock in concrete " paver pavements. The bedding sand stress calculation 

method which can be used for, determining the vertical compressive stress distributions 

beneath flexibly bedded concrete pavers is based upon the relationships between the 

applied patch loadings (see Chapters 4 and 5) and their resulting vertical stress distributions 

beneath pavers. The vertical stress distributions have been found for a range of patch 
loadings resulting from vehicle tyres rolling across }avers. This Chapter explains the 

application of the method to rectangular pavers. The vertical compressive stresses resulting 

from load patches (see Chapter 4) have been calculated for chamfered and non-chamfered 

rectangular pavers. In addition, the transfer stresses have been calculated across joints for 

interlocking chamfered rectangular pavers laid to 45 degree herringbone pattern. 
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6.1. Introduction 

This Chapter presents the bedding sand stress calculation method which can be used for 

determining the vertical compressive stress distributions beneath flexible bedded 

concrete pavers. This method represents the mathematical solution to interlock in paver 

pavements. Paver pavements are structurally complex systems consisting of individual 

pavers. The mathematical solution to interlock initially involves assessing the 

relationship between an applied load patch shape and its resulting vertical compressive 

stress distribution beneath individual pavers. The vertical stress distributions have been 

found for a range of patch loadings (described in Chapters 4 and 5) resulting from 

vehicle tyres rolling across pavers. In order to reduce the size of the system to one of 

manageable proportions, the following variables have been fixed at values which are 

commonly achieved in practice. Tyre pressure of 0.8N/mm2 has been assumed. In the 

case of rectangular pavers herringbone laying pattern has been assumed. Pavers of 

commonly installed size and shape have been analysed. The stresses resulting from load 

patches have been calculated for chamfered and non-chamfered rectangular pavers 

which are presented in this Chapter and for 9 proprietory shaped pavers (see Chapter 7, 

8,9). In addition transfer stresses presented in this Chapter have been calculated across 

joints for interlocking chamfered rectangular pavers laid to 45 degree herringbone 

pattern. The vertical stresses in the bedding sand are calculated by considering vertical 

and rotational equilibrium of the pressures applied to the upper and lower horizontal 

paver surfaces. It is assumed that the paver is structurally rigid in relation to the bedding 

sand so a planar stress regime can be assumed at the paver/sand interface 1,2,3. This 

assumption is justified by the values of Young's Modulus which would normally be 

applied to concrete (30,000N/mm2) and to sand in compression (300N/mm2). If tension 

were to be permitted to develop between the paver and the bedding sand the solution 

would be relatively straightforward. Tension cannot be developed in uncemented sand 

so it is assumed that compressive stress is developed in some parts of the interface and 

zero stress is developed elsewhere. 

By ensuring vertical and rotational equilibrium, three equations can be developed (one 

vertical equilibrium and two rotational equilibrium equations, one in each orthogonal 
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direction) which can be solved to obtain the values of the vertical stress in the bedding 

sand at each corner of the lower horizontal surface of the paver. The stress at any point 

along the paver boundary can then be determined by linear interpolation. 

6.2. The bedding sand stress calculation method for rectantular pavers 

In the case of rectangular pavers, Figure 6.1 shows the five principal bedding sand stress 

patterns. The five cases can be best understood by considering them sequentially. 

Initially, the applied upper surface patch load occupies one comer of the loaded paver. 

Bedding sand compressive stress occurs only at one lower paver corner and zero stress 

occurs at the remaining three corners. As the patch load occupies progressively more 

paver surface area, the situation illustrated is attained in which stresses are compressive 

at two paver corners. Eventually, the patch load creeps further over the paver so that 

three corners exhibit compressive bedding sand stress. Finally, compressive stress 

develops at each of the four corners. No matter how complex the patch loading might 

be, one of the five conditions in Figure 6.1 must represent the true state of vertical stress 

at the paver/bedding sand interface for rectangular pavers. 

The evaluation of paver comer stresses can be understood by reference to the first of the 

stress blocks in Figure 6.1. For rotational equilibrium, the stress block centroid co- 

ordinates must be equal to the easily calculable patch load centroid co-ordinates, hence 

the determination of values for the two stress block lengths I&t. Once those two 

lengths have been so determined, vertical equilibrium can be used to determine the 

volume of the stress block V (which has a dimension of force) since its value must 

equal the total downward force applied to the paver. Once V, I and t are known, it is a 

simple matter to evaluate aA, the vertical stress beneath corner A. 

The surface plane of the tetrahedral vertical stress distribution shown in Figure 6.1 

through the three points aA, I and t is given by the formula: 
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Chapter 6: Bedding sand stresses in rectangular pavers 

zyz1 
z represents the value of 

0010 or z= QA(1- 
Y- 1) the vertical stress at any 

1 
in the surface 

0t01 

By undertaking a volume integration of this function, the volume of the tetrahedron can 

be determined using the boundary line function of the tetrahedron in the xy-plane 

(y = t(1- j 
or x= 

{l 
-) This volume V represents the total force transmitted 

vertically through the paver to its underlying bedding material and is given by: 

1 
t(1-1) 

v=1 1(I AI 

00 

and the centroid distances of this volume in the xy-plane are as follows. 

J tlý 1J 
_ X=V Jf xcTA(1-h-1)dyý X=4 

L0 0 

r \1 rJ (_ ýJjY 
IýTA 

)ddy 

v 
00 

The following equations can be found by evaluating the tetrahedral mass and its 

centroid distances in terms of 1, t and aA. 

1=4X, t=4YandoA= 
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Chapter 6: Bedding sand stresses in rectangular pavers 

According to the bedding sand stress calculation method, N (total applied load) has to 

be equal to the total mass and the centroid of the applied load must be equal to the 

centroid of the vertical stress distribution occurs beneath the paver. Therefore, the 

equations can be formed as follows. 

1=4X, t=4Y and QA= 
3N 

8 XY 
= Applied load short side 

ccntroidal distance 

Y- Applied load long side 
ccniroidal distance 

N- total applied load 

Similar reasoning can be applied to the short-pentahedral vertical stress dissipation in 

Figure 6.1 in which case values are required for vA and ac. In this cases, there are three 

unknowns, vA , ac and t, the vertical stress run-out distance from the origin along the 

paver side in the y axis. 

The function of the surface of the short-pentahedral vertical stress distribution shown in 

Figure 6.1 through the three points aA, 0 and t is given by: 

x y z1 z represents the value of 0 
=0 or QA 1- -x 

(the 
vertical stress at any ß O 01 ( in the surface 0 t 0l 

From the geometry of the short-pentahedral stress distribution (see Figure 6.1), 

100 CA 
and m=t 

ac 

O'A - crC cIA 

Therefore, the stress function of the short-pentahedral mass is: 

f(X, y)= UAl1- ioo- iI+ýöo f(x, y)=: (>0) 
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By undertaking a volume integration of this function, the volume of the short- 

pentahedral mass can be determined using the boundary line function of the short- 

pentahedral mass in the xy-plane. This volume V represents the total force transmitted 

vertically through the paver to its underlying bedding material and is given by: 

6 
tC 
aA 100 

YJ0 J[UAýl- x +(7X 
dxdy 

00 100 100 
[10OcA 

_ 1 Yl 

t QA-vC tJ 

Sl xyO'Cx 
t 

jdxdY + °All- 100- t+ loo- 
ac 0 
aA 

50t0Ä + QAQC + aC) 
ýY= 

36A 

and the centroid distances of this volume in the xy-plane are as follows. 

tQC 
'CrA 100 

JJ (TA Ix +6Cx dxd A 100 r loo 

1y 

2 2) oa (CFA 
+CrC)\aA +ac 

y [1oOA (ll 
l- tJ 4CrA C+ QACrC + Qý A-ac , 

1 
+ff al Al l- 

100 
L+ 

100 
C dx dy 

ta 0 
aA 

1tac 100 aA 
fJ 

x[aAýl- loo tl 
+ acx dydz 

00 246A + 2aAaC + 3aß") 
Xyt 

1-ac)] -ac) X22 

100 

[ 

100aA 

] 
aA f aAaC + lTC 

+ff CAI- 
x 

-'y)+acx dy 
ioo 1 too 0 

dx 

tac 
aA 

According to the bedding sand stress calculation method, N (total applied load) has to 
be equal to the total mass and the centroid of the applied load must be equal to the 
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centroid of the vertical stress distribution beneath the paver. Therefore, the equations 

can be formed by evaluating the short-pentahedral mass and its centroid distances in 

terms oft, ßA and ßc as follows. 

N(50 -X+ b)(-5,000 + 3X2 + 200b - 3Xb) 
6A 

1,500,000Y X- 25 

N(-5000+ 3X2 + 200b - 3Xb) 
ac 750,000Y 

1800Y(25 - 
T)(50 -X+ b) 

t= 
(-50 + 3X + b)(5000 - 3X_2 - 2000b + 3Xb) 

Where: 

b= -5,000 + 3X - 3X2 

N=ZLoad 

X= Applied load short side centroidal distance 

Y =Applied load long side centroidal distance 

Note that for this solution to be valid for rectangular pavers of plan dimensions 200mm 

x 100mm, X must lie in the range: 21.1325<_ T: 5 78.8675mm 

Similar reasoning can be applied to the long-pentahedral vertical stress distribution in 

Figure 6.1 in which case values are required for ßA and 0B. In this case, there are three 

unknowns, aA, aB and f, the vertical stress run-out distance from the origin along the 

paver side in the x axis. 

The function of the surface of the long-pentahedral vertical stress distribution shown in 

Figure 6.1 through the three points aA, a and t is given by: 
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xyz1z 
represents the value of 0ÖI 

=0 or z= QA I- Y- 
-x the vertical stress at any f 

in the surface 0a01 

From the geometry of the long-pentahedral stress distribution (see Figure 6.1), 

a= 
200 QA 

and n=f 
t7B 

ý7A - OýB °rA 

Therefore, the stress function of the long-pentahedral mass is: 

f (x, Y) = QA 1- 
fx7 - 200 

+ 
200 

f (x, Y) = (> 0) 

By undertaking a volume integration of this function, the volume of the long- 

pentahedral mass can be determined using the boundary line function of long- 

pentahedral mass in the xy-plane. This volume V represents the total force transmitted 

vertically through the paver to its underlying bedding material and is given by: 

f 6B 
i7A 200 

V- f1 -f- y +ay d d0 
o 

[aA(I 

200 200 y 

f 6A-oB f 

ý1 xýJ 
ý 2ý 

ff 
[aA(1-_-__) 

+Crsy dydx 200 
fas o 

QA 

I 00f 
ýQA 

'{- 6AaB t CB 

and the centroid distances of this volume in the xy-plane are as follows. 
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fQB 
a'A 200 

II 
(x 

0 
[200o. 

A(ix)] 
O A-aB 

l1] 

IýJ 1 QB 0 

QA 

CB 
200f O 'A 

ff 
00 

y I+cB1' dydr 
200) 200 

f(a4 +aB 
ý((74 

+(T 
X 

2 +aAaB +aR 4aA(c7yA 

a 
(1 

__-+ 
aB Yd 

cir f 200 200 `ýl 

A 
(f- 406) 

200 y 

J1{A-rB)1 

200 200aA 

+ f 1 0 as I- QA 

50(aÄ + 2aAaB + 3a2) 
ýY= (a3 + QAag + Qý 

a 
(i- 

f- 
4-05) 

+av dJ A 200 y 

According to the bedding sand stress calculation method, N (total applied load) has to 

be equal to the total mass and the centroid of the applied load must be equal to the 

centroid of the vertical stress distribution beneath the paver. Therefore, the equations 

can be formed by evaluating the long-pentahedral mass and its centroid distance in 

terms off, aA and aB as follows. 

N(100 -Y+ a)(-20,000 + 3Y2 + 400a - 37a) 
crA 

12,000,0007 Y- 50 

1V(-20,000 + 372 + 400a - 37a) 
6B 6,000,000X 

3600X(50 - 
V)(100 

-+ a) 
(_100+3Y+a)(20,000-3Y2 

-400a+3Ya) 
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Where: 

a= 
4-20,000 

+ 600Y - 3Y2 

N=1: Load 

=Applied load short side centroidal distance 

= Applied load long side centroidal distance 

Note that for this solution to be valid for rectangular pavers of plan dimensions 200mm 

x 100mm, Y must lie in the range: 42.265: 5 y: 5 157.735mm 

Figure 6.1 shows the stress pattern when compressive stress occurs at three paver 

comers. Rotational equilibrium requires that the centroid of the stress block 

corresponds with the centroid of the load patch, hence values for the stress block 

centroid co-ordinates. 

Similar reasoning can be applied to the partial-hexahedral vertical stress distribution in 

Figure 6.1 in which case values are required for aA , QB and ac. The function of the 

surface of the partial-hexahedral vertical stress distribution shown in Figure 6.1 through 

the three points aA, a and 0 is given by. 

xy1 
z represents the value of 

00öý=0 
or z= crA 

(1- ä- the vertical stress at any 
, 
fl 

in the surface 
0a01 

From the geometry of the partial-hexahedral stress distribution (see Figure 6.1), 

a_ 
200 aA 100 aA 

'a= 
a(ß -100 

= 
200 ar 

and 
aA - aB CA - aC ß aA - aB 

b- 
ß(a - 200) 

- 
100 Qß 

a QA - QC 
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Therefore, the stress function of the partial-hexahedral mass is: 

f(x, y)=UA 1-ß- 
a 
?' f(x, y)=Z(>o) 

By undertaking a volume integration of this function, the volume of the partial- 
hexahedral mass can be determined using the boundary line function of partial- 
hexahedral mass in the xy-plane. This volume V represents the total force transmitted 

vertically through the paver to its underlying bedding material and is given by: 

b 200 

V=2 ff) 
0 

a00 ßa 

100x(1 ß) 

ll IaA(, 
1]dYth ýb 0a 

500'A (10000a2 
- 300a2ß+ 3a2ß2 -12O0ß3 + 6aß3) 

ýY= 
3aß2 

and the centroid distances of this volume in the xy-plane are as follows. 

b 200 
j f-Y QA 1ßä dydx+ 

L00 
100x1 

1ßI 

Jjx aA 1- j- y dydx 

b0 

2(375000a4 -10000a4ß+ 75a4ß2 + 4000000ß4 - 300a2ß4 +a 3#4 
ýX= 

a2 10000a2 - 300a2ß+ 3a2ß-12O0ß3 + 6aß3 

IalOO 

f IY1A(h1-x dxdy+ 

L00 

200" l a) 

l1y OrA i-ß- y 

adxdy a0 
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-1000(0000a4 + 4000000a4ß- 60000a4ß2 +400a4/? 3 + 4800 000000ß4 - 6J(x(XXN4rßa + 24l0NXkx2ß4 _a4 Y= 
4Waß(10000a2 - 300a2ß + 3a2ß2 -1Nßß3 + (aß3) 

According to the bedding sand stress calculation method, N (total applied load) has to 

be equal to the total mass and the centroid of the applied load must be equal to the 

centroid of the vertical stress distribution beneath the paver. Therefore, the equations 

can be formed by evaluating the partial-hexahedral mass and its centroid distances in 

terms of aA, a, 0 as follows. 

_ 
3Naß2 

ýA 
50(l OOOOa2 -- 300a2ß+3a2ß2 -120033 + 6aß3 

0= 8000000 + a4 
(-750000 

+ 20000%) -15Oß2 + 100007,17-30017 + 312X) + 

a2(600,84 -1200/33X) + a3(-2ß4 + 6X) 

0= 10.107a4 + 
(-48.108 

+64.106a-24.104a2 +a4 -48.104aY+2400a27)+ 

ß2(60000a4 -120000a3i)+fl3(-400a4 + 1200a3 )+ß 
-4.106a4 +4.106a37) 

The solution to these equations is particularly complex so an iterative solution has been 

used in their evaluation (see Appendix). 

The final part of Figure 6.1 shows compressive stress at each of the four paver corners. 

The function of the surface of the absolute-hexahedral vertical stress distribution shown 
in Figure 6.1 through the three points aA, a and 0 is given by: 

xy 
presents the value of 00 OýA 1_0 

or -= QA 1- y-x the vertical stress at any 

z rc 

Q001aQ 
in the surface 0a01 

From the geometry of the absolute-hexahedral stress distribution (sec Figure 6.1), 
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a_ 
200 QA 

and ýQ . 
100 (TA 

QA-QB cA-0C 

Therefore, the stress function of the absolute-hexahedral mass is: 

f (x, y) = QA - 
(QA 

- Qc)x 
- 

(QA - Q, i)y f(x, y) =Y (> 0) 
100 200 

By undertaking a volume integration of this function, the volume of the absolute- 
hexahedral mass can be determined. This volume V represents the total force 

transmitted vertically through the paver to its underlying bedding material and is given 

by: 

100 200 
- 

V =1 0 J[cA 
_ 

(6A - a() 
- 

(cA 

200 
RY dy dz V= 10000(crý, + cr(. 

) 
100 

00 

and the centroid distances of this volume in the xy-plane arc as follows. 

100200 
A --ý 

ýý 
y 

5q3al + 4aC - aA) 

voffXo 100 200 elf + ac. 

12001 1044a + 3a, a 
clxd 

R C- A 1JJ 
Cr 

(aA-ýC(6A-ýl))y 
y 

ooj 

vo0 A- 100 200 4all 
+ ac 

The solution follows the pattern of the solutions above such that three non-linear 

equations are established in QA, QB and ac. The solution of the absolute-hexahedral 

case is as follows: 
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O'A _ 
N(700- 6X- 3Y) 

2,000,000 

_ 
N(100-6X+3Y) 

ýý 2,000,000 

_ 
N(100+67-3Y) 

ýC 2,000,000 

Where: 

N= Load 

X= Applied load short side centroidal distance 

Y =Applied load long side centroidal distance 

Once the three comer stress values have been determined, the fourth comer stress al) 

can be determined from the following equation which is true as a result of the planarity 

of the stress variation: 

aD = QC+all-vA 

The vertical stress analysis for non-chamfered rectangular pavers can be calculated in a 

similar way. The only difference is in the patch load application since the chamfer 

reduces surface area of the patch loading by some 20%-30%, The stress patterns 

shown in Figure 6.1 can also be used for non-chamfered rectangular pavers. 

6.3. Evaluation of vertical stresses in bedding sand with & without interlock for 

rectangular paver pavement 

The solutions developed in the previous section are now used to develop relationships 
between patch load geometry and resulting vertical stress at the paver underside for 

rectangular pavers. Figures 6.2 to 6.16 show the development of paver corner stresses 
according to the different patch load applications in the case of a chamfered rectangular 

paver of dimensions 100mm x 200mm. The maximum stress beneath a 0.8N/mm2 patch 
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Chapter 6: Bedding sand stresses in rectangular pavers 

load is 1.15N/mm2 i. e. 45% overstress when only one comer of the paver develops 

positive stress. Figure 6.17 shows the individual and systematic behaviour of vertical 

stresses when the applied patch load boundaries are in line with rectangular paver 

boundaries (8° =0 in Figure 4.2) . 
Figures 6.18,6.19 and 6.20 show values of stress 

which develop within the bedding sand when a vehicle passes over rectangular pavers 

laid to a herringbone pattern. Figure 6.18 applies when the vehicle runs at angles of 

zero, 10° and 20°(as defined in Figure 4.2) to the orientation of the laying pattern, 

Figure 6.19 applies when the vehicle travels at 30°, 40° and 50° and Figure 6.20 

applies when the vehicle travels at 60°, 7011,80° and 90°. 

Each of Figures 6.17,6.18,6.19 and 6.20 shows bedding sand stresses both with and in 

the absence of interlock. The non-interlocking stresses are taken from the solutions to 

the equations set out in the last Section. In the case of interlock, the definition of 

interlock set out in Chapter 1 (see Section 1.4.1.1) is invoked as follows. If 

neighbouring pavers cannot move independently of one another, the bedding sand 

beneath them must accept similar compressive stress values along adjoining boundaries 

since any difference in neighbouring stresses would lead to differential strain in the 

sand and loss of vertical interlock. Therefore, along all of the paver boundaries, the 

stresses have been modified by taking the average of the two values along the sides of 

adjoining pavers. This is accomplished by assessing corner stress values and stress 

runout distances where appropriate. 

The stresses in Figures 6.17,6.18,6.19 and 6.20 are shown at points defined in Figure 

4.2. The lines joining the points show variation of stress along paver sides. Effectively, 

the lines shown in Figures 6.18,6.19 and 6.20 define the peak stresses in bedding sand 

and also provide an indication of the effectiveness of interlock for each vehicle/laying 

pattern orientation. Graphs with high peak stress values and low intermediate values 

indicate relatively ineffective interlock whereas uniform values with low peaks indicate 

more effective interlock. One interesting conclusion is that pavers are likely to perform 

better when their laying pattern runs in line with or at right angles to the direction of 

271 



Chapter 6: Bedding sand stresses in rest 
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traffic (0=0° or 900). When vehicles deviate by as little as 100 from these two 

directions, interlock performs less effectively. 

Common patch loadings which functionally generate maximum corner stress values 

were applied to chamfered rectangular, non- chamfered rectangular and to the nine 

proprietory shaped pavers (see Figure 5.1) being considered in this Thesis so allowing a 

meaningful comparison of the effectiveness of each paver shape in terms of load 

distribution. Figure 6.21 shows the vertical stress distributions beneath chamfered and 

non-chamfered rectangular pavers for the various common patch loadings. 

6.4. Implication of results 

Figures 4.2,6.18,6.19 and 6.20 show that the true behaviour of concrete block paving 

under highway loading can be understood only when the way in which asymmetrically 
loaded pavers transmit wearing surface applied patch loads into the underlying bedding 

sand has been studied. Even when full interlock is developed, any attempt to measure 

vertical stress in bedding sand will produce results varying from zero to nearly 70% 

greater than applied pressure according to the position where stresses are measured and 

according to the orientation of the load patch in relation to the laying pattern. The 

simplistic concept of spreading applied load through pavers such that stress gradually 

diminishes with depth does not apply to pavers. For this reason, any attempt to compare 

the behaviour of pavers with that of homogeneous material by comparing vertical stress 

in the bedding sand may lead to erroneous results. Figures 4.2,6.18,6.19 and 6.20 show 

that pavement analysis must take into account the true shape of the patch loading. Many 

analytical design procedures assume that the load patch is a disk whose diameter can be 

determined on the basis of assessing wheel load and contact stress. Such an approach 

must now be regarded as providing results of limited value in terms of the performance 

of the pavers and their bedding sand, although may still be valid in terms of overall 

pavement design1.2,3 
. Any assessment of the contribution of different laying patterns or 

different paver size or shape to overall pavement performance must be based upon the 

type of analysis presented in this Thesis. 
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Figures 4.2,6.18,6.19 and 6.20 also demonstrate why full scale testing of pavers must 

always be undertaken using true load patch size, pressure and shape and why rolling 
loads must be used if meaningful results are to be produced. At the University of 

Newcastle Upon Tyne, the early research into the behaviour of pavers4 was based upon 

measuring stresses in bedding sand when the paver wearing surface was loaded by a 

static circular plate (see Chapter 1, Section 1.4.1.1). Whilst the results provided an 
initial understanding of the behaviour of pavers and demonstrated the existence of 
interlock, the inability of such methods to register stress magnification generated at 

t paver corners led to sand specifications being inadequate in some circumstances' 2' 3 

The reason why some bedding sands have performed poorly under a combination of 

regular traffic and the presence of water can now be understood' 2,3. A combination of 

high levels of stress frequently develop in bedding sands and rapid changes in those 

stress values, in conjunction with hydrostatic pressure, have been the cause of several 

paver pavement failures1,2,3 
. Rapidly changing stress values lead to the development of 

normal pressures in water when the water cannot flow freely, such as is the case in 

sands including a significant proportion of fine material (defined as finer than 75 

microns) 1'2'3. In some cases, for example, even when full interlock is operating, 
bedding sand stress can change from 0. IN/mm2 to 0.9N/mm2 over a distance of 

100mm. A vehicle travelling at 30mph(50kph) would cover 100mm in less than a 

hundredth of a second. This means that stress can change at a rate exceeding 10ON/mm2 

/second1,2,3 
. Such a rapid change would lead to destabilising pressures developing in 

saturated bedding sands1' 2,3 
. 

This Chapter indicates that specifiers should avoid those 

bedding materials which would be disturbed by a combination of high levels of stress 

and moisture. In particular, material finer that 75 microns is considered to be likely to 

lead to bedding sand weakness and should be kept to a minimum' 2' 3. 

6.5. Conclusion and discussion 

This Chapter has presented the bedding sand stress calculation method and the 

mathematical solution to interlock in rectangular paver pavements. The bedding sand 

stress calculation method which can be used for determining the vertical compressive 
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stress distributions beneath flexibly bedded concrete pavers is based upon the 

relationships between the applied patch loadings and their resulting vertical stress 
distributions beneath pavers. This Chapter has explained the application of the method 

to rectangular pavers. Initially, the vertical stress distributions have been found for a 

range of patch loadings (described in Chapters 4 and 5) resulting from vehicle tyres 

rolling across chamfered and non-chamfered rectangular non-interlocking pavers (see 

Figures 6.2 to 6.16 and Figure 6.21). It has also been demonstrated that chamfered 

rectangular pavers have significantly enhanced load dissipation characteristics as 

compared with non-chamfered pavers (see Figure 6.21). This may account for some of 

the observed benefits inherent in chamfered pavers" 2,3. Paver joints should be narrow 

and should remain narrow and well filled in service in order that full interlock is 

maintained'' 2.3. By forcing the load patch inboard of the paver perimeter, chamfered 

pavers reduce bedding sand stress levels and are therefore to be preferred in trafficked 

pavements. 

This Chapter concludes that the deformations and the stress distributions are function of 

the applied full contacted tyre pressures (see Figures 4.2 and 6.17) and the stresses 

change three dimensionally by exceeding the tyre pressures in certain points beneath 

pavers (see Figures 6.2 to 6.21). The vertical stresses in the bedding sand are calculated 

by considering vertical and rotational equilibrium of the pressures applied to the upper 

and lower horizontal paver surfaces. By ensuring vertical and rotational equilibrium, 

three equations can be developed (one vertical equilibrium and two rotational 

equilibrium equations, one in each orthogonal direction) which can be solved to obtain 

the values of the vertical stress in the bedding sand at each corner of the lower 

horizontal surface of the paver. It has been shown that there are five main vertical 

compressive stress regimes (see Figure 6.1) which can occur beneath rectangular pavers 

according to magnitude and position of patch loads. These are conceptually: 

" tetrahedral stress regimes 

" long-pentahedral stress regimes 

" short-pentahedral stress regimes 
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" partial-hexahedral stress regimes 

" absolute-hexahedral stress regimes 

By determining stress values resulting from patch loading, this Chapter has illustrated 

discontinuities in the patterns of vertical stress beneath non-interlocking neighboring 

pavers. It argued that those discontinuities can occur only in the theoretical non- 

interlocking case (see Figure 6.17) and it used the values of the discontinuities to 

evaluate (for the first ever time) the true values of interlock which are established 

beneath neighboring pavers (see Figures 6.18,6.19 and 6.20). The importance of this 

evaluation of interlock stress is in the fact that it can be used to explain many 

phenomena known to exist in pavers which so far have been considered to be too 

difficult to understand. For example, it is shown that rapid changes in levels of 

compressive stress in bedding sand occur even with relatively low speed traffc1' 2.3 

These rapid changes in the presence of water are considered to represent the reason for 

bedding sand instability which has been observed in some pavements" 2,3 
. 
This Chapter 

has also compared different laying pattern orientations and confirmed that from a stress 

distribution point of the view the preferred orientation of pavers is when their axis runs 

at 90° to and in line with the direction of traffic (see Figure 6.20). The transfer stresses 

have been calculated across joints for interlocking chamfered rectangular pavers laid to 

45 degree herringbone pattern (see Figures 6.18,6.19 and 6.20). 

The first experimental justification 5 to the mathematical solutions presented in this 

Chapter has recently been conducted in Japan. The Japanese experimental study5 

concentrated on the determination of vertical compressive stress values beneath pavers 

and asphalt by using the pressure sensitive reactive papers which were installed to the 

upper surface of the sub-base of the test pavements. In this study5 the 8tf and 5tf static 

circular plate loads were used for paver and asphalt pavements respectively. The 

rectangular and shaped paver pavements were compared between different laying 

pattern orientations according to the vertical compressive stress distributions beneath 

the wearing course. Subsequently, the results have been compared with the stress 

values which the flexible materials generated. Figure 6.22 shows the results of the 
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Japanese experimental study5 for the vertical compressive stress distributions on the 

tested rectangular and shaped paver pavements' lower surface of bedding sand. 

SH: Straight paver + Hen ingbme Mid 
SS: Straight paver + Stretcher bond 
TH: Top typet Herringbone bond 
TS: Top type + Stretcher Mond 

Streu (kgflrm') 

10.0 
.ua. 0 nn 11. n 00 2 

Figure 6.22: The results of the Japanese experimental study' for the rectangular and 

shaped paver pavements' vertical stress distributions at the lower surface of bedding 

sand. 

The Japanese study5 in Figure 6.22 illustrates the discontinuities in the patterns of the 

vertical stress distributions beneath the non-interlocking neighbouring pavers because 

of both untreated sand joints (which cause non-interlock case) and the static circular 

plate loads, which were used, do not address to the true wheel patch loading (see 

Chapter 4). It has been shown in this Chapter that those discontinuities can occur only 

in the theoretical non-interlocking case (see Figure 6.17). Because of this reason, the 

vertical compressive stress values determined in the Japanese studys can only he 

compared with the stress distributions beneath non-interlocking neighboring rectangular 

pavers developed in this Chapter (see Figures 6.2 to 6.21). 

The most significant part of the Japanese experimental study5 is that the vertical 

compressive stress regimes beneath non-interlocking rectangular pavers (sec figure 0.1) 

which have been developed theoretically in this Chapter can he seen in Figure 6.23. 

276 



Chapter 6: Bedding sand stresses in rectangular pavers 

Figure 6.23 consists of the stress distributions given in Figure 6.22 for the tested 

rectangular pavers (SH and SS). The red lines shown in Figure 6.23 illustrate the 

boundary of the stress regimes beneath non-interlocking rectangular pavers (see Figures 

6.1 and 6.17). 

Figure 6.23: The results of the Japanese experimental study5 for the rectangular paver 

pavements' vertical stress distributions at the lower surface of bedding sand and the 

boundary of the vertical compressive stress regimes (red lines) beneath non-interlocking 

rectangular pavers have been developed theoretically in this Chapter (see Figures 6.1 

and 6.17). 

Pavers are particularly useful paving material in that they provide a strong and flexible 

surface which can support concentrated loads for long periods without suffering 

deformation', and because no complex or expensive plant is involved in its 

construction`'. The ability of block paving to withstand concentrated loads has led to its 

wide use at highway engineering applications'. A pavement incorporating full interlock 

has been proven to sustain high levels of applied load"` `' x. An interlocking paver 

pavement can be observed to behave in a manner whereby the pavers act together as a 

system such that the pavement has more of the character of a flexible homogeneous 

material rather than that of a collection of individual units behaving independently' 2, ̀ 
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Because of this, virtually all of the research into the behavior of concrete block paving 

has focused upon establishing relative performance factors between pavers and 

conventional flexible pavement construction materials'' Z' 3. 

The interlock mechanism whereby pavers act together as a coherent system which 

occurs as a result of load transfer and shear stress between neighbouring pavers. Pavers 

form the upper surface of the pavement and must therefore meet the requirements for a 

wearing course which are as follows. It should support traffic loads without undue 

deformation, present a surface with suitable characteristics for the safe and comfortable 

passage of traffic, and provide protection to the underlying layers of the pavement and 

its foundation from the harmful effects of weather and traffic' 2.3. These objectives can 

be achieved by ensuring that the joint and bedding course materials are successful in 

transferring maximum stresses without any failure. This matrix of joint materials should 

effectively prevent any paver from moving downwards and/or rotating which will 

ensure that the surface remains stable. By ensuring the sand is remained compact, the 

frictional forces must transfer the stresses between neigbouring pavers in the interlock 

mechanism. The paving is commonly agitated by a vibrating plate compactor which 

causes the laying course material to flow into the open joints and to be compacted, thus 

providing conditions in which full interlock can develop. The functions of the laying 

course are twofold: to fill any irregularities in the surface upon which the material is to 

be laid, and to bed the pavers and filling of the joints so that interlock may develop. 

The principal UK paver pavement design guide, BS7533: 19929 uses conventional 

flexible pavement design technology with a one to one equivalence factor between 

pavers and asphalt, i. e. 100mm thickness of bedding sand and pavers is equivalent 

structurally with 100mm asphalt. This assumption is based upon the research1°, " which 

is supported by observations of the performance of pavers on trafficked areas'Z. 

Because the equivalence thickness technique has been found to be adequate in day to 

day design, there has been no need to attempt to investigate rigorously the mechanics of 

the behavior of concrete block paving. Woodman13 has reported full scale testing in 

which levels of vertical strain were measured beneath rolling loads at the Transport 

Research Laboratory(TRL). He has concluded that pavers and their bedding sand 
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equivalence with no more than 10mm asphalt, rather than with the value of 100mm in 

BS 75339. Other unpublished experimental work at TRL has indicated that concrete 

pavers can actually magnify applied pressure such that stresses measured in the bedding 

sand have been found to exceed the tyre pressure of the load vehicle. 

There is clearly a contradiction between the findings of some researchers and the 

assumptions made by designers and by those drafting codes of practice. The apparently 

unconservative design assumptions being made world-wide on a daily basis are not in 

fact leading to the premature pavement deterioration levels which some research 

suggests should be occurring" 2.3. This Chapter investigated to resolve this 

contradiction by examining in detail the way in which patch loading applied to the 

wearing surface of pavers is transmitted as vertical stress into the underlying bedding 

material. It developed the equations of vertical and rotational equilibrium which are 

solved to determine the values of critical stresses beneath pavers. It first of all considers 

the case of zero interlock i. e. each paver comprises an individual unit unconnected to its 

neighbours and shows that the mathematical solution to this case results in stresses 

which exceed applied pressure by up to 70%. This is important because it means that 

any attempts to measure the effect of interlock should in fact compare measured 

stresses not with tyre pressure but with a value up to 70% greater than tyre pressure. 

The Chapter concludes that those researchers who have made an assessment of the 

equivalence of pavers with asphalt on the basis of comparing measured stress with 

actual applied pressure may have drawn inaccurate conclusions. It therefore explains 

the contradiction between the practitioners and the researchers and explains why the 

design assumption of one to one equivalence may remain valid. 

The complexity of the stress distribution in bedding sand may explain why some 

research conclusions e. g. Woodman13 have contradicted observed performance of 

pavers. The high stress transients shown in Figures 6.18,6.19 and 6.20 occur for short 

time periods in a rolling load situation and may be of little consequence when pavers 

are laid over some materials but may be more important in other situations. This might 

explain why some evidence" indicates that pavers perform better when laid over 

concrete bases than they do when laid over softer bitumen bound materials or granular 
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materials (better even when the additional stiffness inherent in concrete as compared 

with asphalt is taken into account)' 2' 3. 

Many of the hitherto unexplained bedding sand failures can be understood by 

examining the way in which local vertical stress transients develop and travel though 

bedding sand. In cases where water is present in sands including a significant fraction of 
fine material, the mechanism whereby sand instability can develop has been explained'- 
2,3 

. Rapidly changing stress levels can result in pressure developing in water in bedding 

sand which can lead to instability 1.2.3 
. Many regions permit sand specifications which 

can lead to instability when vehicles travelling at highway speeds use pavers bedded on 

saturated sand'' 2,3. It is recommended that such specifications be reviewed and that 

sands should be specified which permit water to flow as freely as possible where traffic 

. and water may occur concurrently 
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CHAPTER SEVEN 

STRESS CALCULATIONS FOR A COMMON 

PROPRIETORY SHAPED PAVER 

Synopsis 

This Chapter presents the application of the bedding sand stress calculation method to a 

common proprietory shaped paver (see proprietory shaped paver l in Figure 5.1). The nine 

proprietory shaped pavers analysed in this Thesis are commercially important on a 

worldwide basis. A common proprietory shaped paver has been selected as an example in 

this Chapter to show how all possible vertical compressive stress regimes of proprictory 

shaped pavers can be calculated for all realistically possible load patches (see Chapter 5). 

For the remaining shapes, the developed algebraical solutions of the absolute-hexahedral 

compressive stress regimes which occur beneath the circumscribing rectangular borders are 

given in Chapter 8. In the other paver stress regimes, iterative solutions (see Appendix) 

have been developed and given in Figures 6.21,9.1,9.2,9.3,9.4,9.5,9.6,9.7,9.8 and 9.9. 
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7.1. Introduction 

The Bedding sand stress calculation method for rectangular pavers described in Chapter 

6 has been applied to the nine non-rectangular shapes of pavers as shown in Figure 5.1. 

In each case, the circumscribing rectangular paver has been analysed and the negative 

effects generated by the shaped paver dentations have been included in the results. 

The vertical stresses for shaped pavers can be calculated by considering vertical and 

rotational equilibrium of the load patch pressures applied onto the upper paver surface 

as has already been described for rectangular pavers. For vertical equilibrium to be 

satisfied the total applied load must equal the total volume of the vertical compressive 

stress beneath the paver and for rotational equilibrium, the centroid distances of the 

applied load (X, Y, must coincide with the centroid distances of the total volume of 

the vertical compressive stress in the bedding sand. The assumptions which were used 
for rectangular pavers can be applied equally to proprietory shaped pavers. These are 
firstly the support conditions of the paver are uniform and secondly the pavers are 

structurally rigid in relation to their bedding sand. As may be seen in Figure 6.1 all 

stress blocks geometrically have the tetrahedron surface function. However only that 

part of the upper surface of these volumes which contacts the lower paver surface must 

be considered. Therefore, a method is required which calculates that part of the volume 

of a tetrahedron which is truncated by the paver boundary lines. This truncated volume 

can then be equalised to the total applied patch load and rotational equilibrium 

conditions can be applied by ensuring the centroid distances of the load patch and the 

truncated tetrahedron coincide. The vertical compressive stress function can be 

calculated by using the three resulting equations. The stress function is the function 

satisfies the equation of the vertical equilibrium and the two equations of rotational 

equilibrium. The complexity of the vertical compressive stresses calculation can be 

reduced by using the circumscribing rectangular boundaries of the shaped blocks (see 

Figure 5.1), with the proviso that the volume of actual vertical stress must satisfy the 

vertical and rotational equilibriums in each step of evaluating the stress function. The 

individual proprietory shaped pavers illustrated in Figure 5.1 are now analysed to 
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determine the vertical stress distributions by using the common applied load patch 

variations which are described in Chapter 5. This Chapter presents the application of 

the bedding sand vertical stress calculation method for a common proprietory shaped 

paver (see Figure 5.1, proprietory shaped paver 1). 

7.2. The Application of the bedding sand stress calculation method for nroprictory 

shaved Haver 1 

The proprietory shaped paver 1 shown in Figure 5.1 is analysed by using the method 
described in Chapter 6. Because this shape of paver is commercially important on a 

worldwide basis, it has been selected as the paver for which solutions will now be 

developed for all possible bedding material stress block shapes. For the remaining 

shapes, the developed algebraical solutions of the absolute-hexahedral compressive 

stress regimes which occur beneath the circumscribing rectangular borders are given in 

Chapter 8. In the other paver stress regimes, iterative solutions (sec Appendix) have 

been developed and given in Figures 6.21,9.1,9.2,9.3,9.4,9.5,9.6,9.7,9.8,9.9. 

Five vertical compressive stress regimes can occur beneath the circumscribing 

rectangular border of proprietory shaped paver 1. These are tetrahedral, short- 

pentahedral, long-pentahedral, partial-hexahedral and absolute-hexahedral compressive 

stress regimes as described in Figure 6.1. The negative effects generated by the 

dentations have been included in the results of these compressive stress regimes. 

7.2.1. Tetrahedral compressive stress regimes beneath the circumscrihinj! 

rectangular border for nronrietory shaped paver 1 

The intersection points which are between the line functions bounding shaped paver 1 

shown in Table 5.1 and the lines (which bound the bottom surface of the tetrahedral 

stress in the xy-plane) have the functions fy =1(1- 
1) 

, 
fx =1(I -: 

K in the x and y 

axes can be calculated mathematically. Table 7.1 shows the intersection points' 
formulae and the points are illustrated in Figures 7.1 to 7.24. 
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Table 7.1: The intersection points between the line which forms the tetrahedral stress 

block in the xy-plane and the line boundary functions of proprietory shaped paver I (t 

and I are the lengths of the stress block along the x and y axes respectively as illustrated 

in Figure 7.1). 
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Figure 7.1: Application I of the tetrahedral compressive stress distribution beneath the 

circumscribing rectangular border of proprietory shaped paver 1. 
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Chapter 7: Stress calculations for a common proprietory shaped paver 

The surface function of the tetrahedral compressive stress block beneath the 

circumscribing rectangular border shown in Figure 7.1 through the three point aA, I and 

t is given by: 

Ix y 
It 00l (I- 

,z 
0l0 -0ýf(x, Y) =z =QA -I 

00A 

The first application of the tetrahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.1 

can be calculated by using the data in Tables 5.1 and 7.1. The first two letters of each 

boundary line function in Table 5.1 for proprietory shaped paver 1 charecterise the 

corner names can be seen in Figure 7.1 (example: qay symbolises the boundary line 

function of proprietory shaped paver I in the y axis between corner q and a). The line 

functions which define the boundary of the tetrahedral stress block in the xy-plane (sec 

Figure 7.1) are of the form fy=1I 1- l), fx=tl 1-: L, ) 
- 

The following actual total volume V beneath the surface f(x, y) =: (> 0) and above 

the region in the xy-plane (see Figure 7.1) is calculated by subtracting the negative 

volume generated by the dentations of the shaped paver from the tetrahedral volume 
beneath circumscribing rectangular boundary of the paver. 

t fy t fr Tx Ty Trgay 

V= fff (x, y) dy c_ j Jf(xy)dydx_ J 5f(x, y)dydx_ J 5f(x, y)ycfr 00 Tjx 0000 Tl y 
T2x fY T2x (ZPY 

-jf f(x, y) dy dx- f Jf(x, y) dydx 
0 T2y 0 15 
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and the centroids of this volume in the xy-plane are at distances X and V from the axes 

(see Figure 7.1) which are given by the following equations. 
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T2y 9Px 1 fx 

-J 1yf(x, y)ddy- j Jyf(xy)dxciy 
is 0 r2y0 

Appendix which is included at the end of Thesis shows how to evaluate these integrates 

to the nonlinear system equations and how to apply the numerical analysis to those 

generated simultaneous equations in order to determine the roots of the equations 

iteratively. In the iterative solutions, the results are obtained by repeatedly performing 

the same sequence of steps until the specified conditions are satisfied and no longer 

change (see Appendix). Appendix also gives theoretical information about iterative 

solutions to nonlinear simultaneous equations. 

Application 2 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver I shown in Figure 7.2 can be calculated 
by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points aA, l and t. 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.2) is: 
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Figure 7.2: Application 2 of the tetrahedral compressive stress distribution beneath the 

circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.2) which are given by the following equations. 

k 71 
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fix 7iß ft 7Ix 
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Application 3 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver I shown in Figure 7.3 can he calculated 

by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points 6A, 1 and t. 
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Figure 7.3: Application 3 of the tetrahedral compressive stress distribution beneath the 

circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface 
.I 

(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.3) is: 
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V=f Jf(x, y)dydx- 
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t fy 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 
(see Figure 7.3) which are given by the following equations. 
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Application 4 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver I shown in Figure 7.4 can be calculated 
by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points aA, l and t. 
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Figure 7.4: Application 4 of the tetrahedral compressive stress distribution beneath the 

circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface f(x, y) = (> 0) and above the region in the 

xy-plane (see Figure 7.4) is: 

fy I h' its /i ii 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.4) which are given by the following equations. 

292 



Chapter 7: Stress calculations for a common proprietory shaped paver 

vi 

UI t JY TIT 

ffxf(x, y)dyd_ 
j Jxf(x, y)dycfr_ 

j (xf(x, 
y)dydr 

00 Tjx0 00 

Tx Ray TexqpY Tex 
. 
fY 

-J 
Jxf(x, 

y)dydx_ 
j Jxf(x, 

y)dydx_ 
j Jxf(x, 

y)dydx 
0 Ty 0 15 73x7zy 

Tax PoY T3 r 
Tay !ir P0Y 

-j 
Jxf(x, 

y) dydx- j Jxf(x, 
y) dydx- J Jxf(x, 

y) dydx 
T4x Tay 0 T2y 0 T3Y 

T4x onY T4x fY 

-j 
Jxf(x, 

y) dydx- j Jxf(xy) 
aydx 

0 85 074y 

Ifx TY. TYTr 

Y= 
V Jfyf(x, y)dxdy- j 5yf(x, y)dxdy- j fyf(x, y)dxdy 

00 0 Tjx 00 

15 qar T2y qpx Tay fi 

-$ fyf(x, y)dxdy- j Jyf(x, y) dy -f $yf(xy) cty 
Tjy 0 15 0 T2y Tjz 

T3y T3x 85 fr T4 
y onY 

-j Jyf(x, y) dy- j Jyf(x, y) c'Iy- Jf yf(x, y) tcxpry 
T2 

y0 
Tay 0 85 0 

Toy Pox 1 ft 

-Jf yf(x, y) d dy -jf yf(x, y) dxdy 
T3y T4x Toy 0 

Application 5 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver I shown in Figure 7.5 can be calculated 
by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points aA, l and t. 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.5) is: 
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Figure 7.5: Application 5 of the tetrahedral compressive stress distribution beneath the 

circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.5) which are given by the following equations. 
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Application 6 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver I shown in Figure 7.6 can be calculated 

by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points aA, l and t. 
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Figure 7.6: Application 6 of the tetrahedral compressive stress distribution beneath the 

circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface 
. 
1'(x, 

-v) =: (> 0) and above the region in the 

xy-plane (see Figure 7.6) is: 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 

(see Figure 7.6) which are given by the following equations. 
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Application 7 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver I shown in Figure 7.7 can be calculated 

by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points aA, l and t. 

The total volume V beneath the surface f(x, y) = -- (> 0) and above the region in the 

xy-plane (see Figure 7.7) is: 
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Figure 7.7: Application 7 of the tetrahedral compressive stress distribution beneath the 

circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 
(see Figure 7.7) which are given by the following equations. 
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Figure 7.8: Application 8 of the tetrahedral compressive stress distribution beneath the 

circumscribing rectangular border of proprietory shaped paver 1. 

Application 8 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver I shown in Figure 7.8 can he calculated 

by using Tables 5.1 and 7.1 and the surface function of' the tetrahedral compressive 

stress through the three points aA, I and t. 

The total volume V beneath the surface 
. 
1'(x, 

. 
t, ) __ (> 0) and above the region in the 

xy-plane (see Figure 7.8) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 
(see Figure 7.8) which are given by the following equations. 
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Application 9 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver I shown in Figure 7.9 can be calculated 
by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points aA, l and t. 
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Figure 7.9: Application 9 of the tetrahedral compressive stress distribution beneath the 

circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface f (x, v) (> 0) and above the region in the 

xy-plane (see Figure 7.9) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.9) which are given by the following equations. 
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Application 10 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver 1 shown in Figure 7.10 can be calculated 
by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points trA, 1 and t. 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.10) is: 
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Figure 7.10: Application 10 of the tetrahedral compressive stress distribution beneath 

the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.10) which are given by the following equations. 
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Figure 7.11: Application 11 of the tetrahedral compressive stress distribution beneath 

the circumscribing rectangular border of proprietory shaped paver 1. 

Application 11 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver 1 shown in Figure 7.11 can he calculated 

by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points crA, I and t. 
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Chapter 7: Stress calculations for a common proprietory shaped paver 

The total volume V beneath the surface f(x, y) =z (> 0) and above the region in the 

xy-plane (see Figure 7.11) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.11) which are given by the following equations. 
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Figure 7.12: Application 12 of the tetrahedral compressive stress distribution beneath 

the circumscribing rectangular border of proprietory shaped paver 1. 

Application 12 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver 1 shown in Figure 7.12 can he calculated 

by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points 6A, I and t. 

The total volume V beneath the surface 
. 
J'(x, 

_v) = (> 0) and above the region in the 

xy-plane (see Figure 7.12) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.12) which are given by the following equations. 
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Application 13 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver 1 shown in Figure 7.13 can be calculated 

by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points GA, 1 and t. 
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Figure 7.13: Application 13 of the tetrahedral compressive stress distribution beneath 

the circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface f(x, y) =.: (> 0) and above the region in the 

xy-plane (see Figure 7.13) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.13) which are given by the following equations. 
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Figure 7.14: Application 14 of the tetrahedral compressive stress distribution beneath 

the circumscribing rectangular border of proprietory shaped paver 1. 

Application 14 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver I shown in Figure 7.14 can be calculated 

by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points A. 1 and t. 

The total volume V beneath the surface 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 
(see Figure 7.14) which are given by the following equations. 
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Application 15 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver 1 shown in Figure 7.15 can be calculated 

by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points ßA, I and t. 

The total volume V beneath the surface f(x, y) : (> 0) and above the region in the 

xy-plane (see Figure 7.15) is: 
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Figure 7.15: Application 15 of the tetrahedral compressive stress distribution beneath 

the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.15) which are given by the following equations. 
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Figure 7.16: Application 16 of the tetrahedral compressive stress distribution beneath 

the circumscribing rectangular border of proprietory shaped paver 1. 
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Application 16 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver I shown in Figure 7.16 can be calculated 

by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points CIA, I and t. 

The total volume V beneath the surface f(x, y) = -- (> 0) and above the region in the 

xy-plane (see Figure 7.16) is: 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 

(see Figure 7.16) which are given by the following equations. 
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Figure 7.17: Application 17 of the tetrahedral compressive stress distribution beneath 

the circumscribing rectangular border of proprietory shaped paver 1. 

Application 17 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver I shown in Figure 7.17 can be calculated 

by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points A. I and it. 
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Chapter 7: Stress calculations for a common proprietory shaped paver 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.17) is: 
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and the centroids of this volume in the xy-plane are at distances X and V from the axes 
(see Figure 7.17) which are given by the following equations. 
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Figure 7. I8: Application 18 of the tetrahedral compressive stress distribution beneath 

the circumscribing rectangular border of proprietory shaped paver 1. 

Application 18 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver I shown in Figure 7.18 can be calculated 

by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points A. I and t. 

The total volume V beneath the surface . 
1'(x, y) _: (> 0) and above the region in the 

xy-plane (see Figure 7.18) is: 
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Chapter 7: Stress calculations for a common proprietory shaped paver 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 

(see Figure 7.18) which are given by the following equations. 
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Application 19 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver I shown in Figure 7.19 can be calculated 
by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points QA, I and t. 
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Figure 7.19: Application 19 of the tetrahedral compressive stress distribution beneath 

the circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface 
_/'(x, 

v) =: (> 0) and above the region in the 

xy-plane (see Figure 7.19) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.19) which are given by the tollowing equations. 
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Application 20 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver I shown in Figure 7.20 can be calculated 

by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points aA, l and t. 
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Figure 7.20: Application 20 of the tetrahedral compressive stress distribution beneath 

the circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface f(x, y) (> 0) and above the region in the 

xy-plane (see Figure 7.20) is: 
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Chapter 7: Stress calculations for a common proprietory shaped paver 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.20) which are given by the following equations. 

v 
X 

11 

Y 
VI 

I ß, t . 
fy Ti 2xefy 

ff xf(x, y) dydx- f fxf(x, y) dydx -f Jxf(x, y) dyd 00 T12x0 2050 

205dey TjzxT3y Tsx fv 

-f Jxf(xy)dydr- f Jxf(xy) dydx -f Jxf(x, y) dydx 
Tax 0 Tax 0 7i4x 7j3y 

Tjgxcdy 135bcy T15itTSy 

-f 
$xf(x, 

y)ciy dx- f fxf(x, 
y)dydx_ 

f $xj(x, 
y) dydx 

135 0 Ti 3, v 07 6x 0 

715x fy 7i6x aby 50 qay 

-f Jxf(x, y) dydx- f Jxf(xy) dydx- f Jxf(xy) tlydx T16X T15y 50 0T IX 0 

Tex Spy 72 c . 
l' 

-f fxf(x, y)dydx_ f Jxf(xy)dydx 
0 15 0 T2y 

I fX T 2y ft 7i2y 
e! %X 

f Jyf(x, y)dxdy_ f $yf(x, y)cixc! y_ $ $yf(x, y)cIxIy 
00 0 T12x 0 205 

T3ydex T3yTI Toy fr 

-$ Jyf(x, y)dxdy- f fyf(xy)dxdy_ $ fyf(x, y)dxdy 0 7i3x 0 7i4x ray 7i4 

Toycfr rsy hcx 7i3y ri5v 

-f 
fyf(x, 

y)dxdy- 
$ Jyf(xy)dxdy- f $yf(xy)dxdy 

0 135 0T sx 0 7i6x 
T 6y fx rl6y 

ahx 15gax 

-$ $yf(x, y)dy_ f Jyf(x, y)dxdy_$ 5yf(x, y)d. dy 
TI5yT6x 0 50 00 

T2y qPX !f 

-$ 
Jyf(x, y) d dy -j 

$yf(x, y) dx dy 
15 0 72y0 

321 



Chapter 7: Stress calculations for a common proprietory shaped paver 

Application 21 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver 1 shown in Figure 7.21 can be calculated 

by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points A. t and t. 
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Figure 7.21: Application 21 of the tetrahedral compressive stress distribution beneath 

the circumscribing rectangular border of proprietor_y shaped paver 1. 

The total volume V beneath the surface f(r, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.21) is: 
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Chapter 7: Stress calculations for a common proprietory shaped paver 

and the centroids of this volume in the xy-plane are at distances X and V from the axes 

(see Figure 7.21) which are given by the following equations. 

7=1I 
V 

dy t fy T2 , eft 
f Jf Jxf(x, y)dydx- j Jxf(xy)dydx 
00 r2x0 2050 

205 day TI3r 713y 7i ;Y IY 

-1 Jxf(x, y)dydx_ Sf Jxf(x, y)dydx_ j Jxf(x, y)dyd Tax 0 i4r 0 f4xT3y 

T14xaly 135hcy 70ahy 

-$ fxf(x, y)dydx- 1 Jxf(xy)dydx -j Jxf(xy) dy A 135 0 70 0 Soo 

5ogay T2r9l; y T2r A' 
-J 

Jxf(x, y) dydx- J 
Jxf(x, 

y)dydx- 
$ Jxf(xy)dydx 

00 015 0 r2y 

1 fx T12y Ix Ti 2yL fx 

r=v JJyf(x, y)ttcdy- j Jyf(x, y)ctcdy_ f fyf(x, y)dxdy 
000 r2x 0 205 

Ti 3y dex T Hy T 
3. r 

Tay fx 

-f Jyf(x, y)dxdy- j fyf(xy)dxdy_ j Jyf(xy)dxdy 
0 Tax 0 44, l ay rax 

T 4y cdc 15bcx 15abx 

-J Jyf(x, y)dxdy_J Jyf(x, y)dxdy_$ Jyf(x, y)ddy 
0 135 0 70 0 50 

15gax T2y qpx t fx 

-j Jyf(x, y)dxdy_ f fyf(x, y)clxcly- j Jyf(xy)dxdy 
00 150 72y0 

Application 22 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver 1 shown in Figure 7.22 can be calculated 

by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points QA, I and t. 
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Figure 7.22: Application 22 of the tetrahedral compressive stress distribution beneath 

the circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface f (x, v) =.: (> 0) and above the region in the 

xy-plane (see Figure 7.22) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 
(see Figure 7.22) which are given by the following equations. 
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Application 23 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver I shown in Figure 7.23 can be calculated 

by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points GA, I and t. 
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Figure 7.23: Application 23 of the tetrahedral compressive stress distribution beneath 

the circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface 
. 
J'(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.23) is: 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 
(see Figure 7.23) which are given by the following equations. 
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Application 24 of the tetrahedral compressive stress regime beneath the circumscribing 

rectangular border of proprietory shaped paver I shown in Figure 7.24 can be calculated 
by using Tables 5.1 and 7.1 and the surface function of the tetrahedral compressive 

stress through the three points aA, I and t. 

The total volume V beneath the surface f(x, y) = -- (> 0) and above the region in the 

xy-plane (see Figure 7.24) is: 
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Figure 7.24: Application 24 of the tetrahedral compressive stress distribution beneath 

the circumscribing rectangular border of proprietory shaped paver I. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.24) which are given by the following equations. 
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7.2.2 Short-pentahedral compressive stress rciimes V eneath the circumscrihinL 

rectanj ular border for proprietory shaped paver I 

The intersection points which are between the line functions bounding shaped paver I 

shown in Table 5.1 and the lines (which bound the bottom surface of the short- 

pentahedral stress in the xy-planc) have the functions fy = 1- b) 
, 

fx = b(1 - 
u) in 

the x and y axes can be calculated mathematically. Table 7.2 shows the intersection 

points' formulae and the points arc illustrated in Figures 7.25 to 7.52. 

The surface function of the short-pentahedral compressive stress block beneath the 

circumscribing rectangular border shown in Figure 7.25 through the three points aA, b 

and u is given by: 

329 



Chapter 7: Stress calculations for a common proprietory shaped paver 

xyz1 
h001 

=0 f(x, Y)=: =QA(1 
x y) 

0u0lh u) 
00 aA l 

The following equalities can be obtained from the geometry of the short-pentahedral 

compressive stress block (see Figure 7.25). 
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Table 7.2: The intersection points between the line which forms the short-pentahedral 

stress block in the xy-plane and the line boundary functions of proprietory shaped paver 

i (b and u are the lengths of the stress block along the x and y axes respectively as 
illustrated in Figure 7.25). 
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Figure 7.25: Application 1 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

The first application of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.25 

can be calculated by using the data in Tables 5.1 and 7.2. The first two letters of each 
boundary line function in Table 5.1 for proprietory shaped paver I charecterise the 

corner names can be seen in Figure 7.25 (example: ony symbolises the boundary line 

function of proprietory shaped paver I in the y axis between corner o and n). The line 

functions which define the boundary of the short-pentahedral stress block in the xy- 

plane (see Figure 7.25) are of the form ft =41- -11 J, ft = hI I -"I . 

The following actual total volume V beneath the surface J'(x, v) =: (> 0) and above 

the region in the xy-plane (see Figure 7.25) is calculated by subtracting the negative 

volume generated by the dentations of the shaped paver from the short-pentahedral 

volume beneath circumscribing rectangular boundary of the paver. 
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and the centroids of this volume in the xy-plane are at distances X and V from the axes 

(see Figure 7.25) which are given by the following equations. 
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Application 2 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.26 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points aA, b and u. 
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Figure 7.26: Application 2 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface 1*(x, 
_y) 

(> 0) and above the region in the 

xy-plane (see Figure 7.26) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.26) which are given by the following equations. 
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Application 3 of the short-pentahcdral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.27 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points QA, b and u. 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.27) is: 
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Figure 7.27: Application 3 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.27) which are given by the following equations. 
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Application 4 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.28 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points aA, b and u. 
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Figure 7.28: Application 4 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface 
_1'(x, 

y) = (> 0) and above the region in the 

xy-plane (see Figure 7.28) is: 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 
(see Figure 7.28) which are given by the following equations. 
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Application 5 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprictory shaped paver I shown in Figure 7.29 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points aA, b and u. 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.29) is: 
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Figure 7.29: Application 5 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.29) which are given by the following equations. 
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Application 6 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.30 

can he calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points c, b and u. 
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Figure 7.30: Application 6 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 
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The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.30) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 
(see Figure 7.30) which are given by the following equations. 
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Application 7 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.31 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points aA, b and u. 
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Figure 7.31: Application 7 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface 
. 
1'(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.31) is: 
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and the centroids of this volume in the xy-plane are at distances and 7 from the axes 

(see Figure 7.31) which are given by the following equations. 
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Application 8 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.32 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points A. b and u. 
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Figure 7.32: Application 8 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface . 
1'(x, y) _ (> 0) and above the region in the 

xy-plane (see Figure 7.32) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 
(see Figure 7.32) which are given by the following equations. 
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Application 9 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.33 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points aA, b and u. 
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The total volume V beneath the surface f (x, y) = (> 0) and above the region in the 

xy-plane (see Figure 7.33) is: 
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Figure 7.33: Application 9 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.33) which are given by the following equations. 
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Application 10 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.34 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points aA, b and u. 

The total volume V beneath the surface f(x, y) = -- (> 0) and above the region in the 

xy-plane (see Figure 7.34) is: 
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Figure 7.34: Application 10 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.34) which are given by the following equations. 
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Application 11 of the short-pentahedra) compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.35 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points aA, b and u. 
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Figure 7.35: Application 11 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

348 



Chapter 7: Stress calculations for a common proprietory shaped paver 

The total volume V beneath the surface f(x, y) _: (> 0) and above the region in the 

xy-plane (see Figure 7.35) is: 
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and the centroids of this volume in the xy-plane are at distances X and V from the axes 
(see Figure 7.35) which are given by the following equations. 
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Application 12 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.36 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points A. b and u. 
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Figure 7.36: Application 12 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface 1*(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.36) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.36) which are given by the following equations. 
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Figure 7.37: Application 13 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

Application 13 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.37 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedra) compressive stress through the three points 6A, b and u. 

The total volume V beneath the surface f(x, v) = (> 0) and above the region in the 

xy-plane (see Figure 7.37) is. 
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and the centroids of this volume in the xy-plane are at distances X and V from the axes 

(see Figure 7.37) which are given by the following equations. 
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Figure 7.38: Application 14 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

Application 14 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.38 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points A. b and u. 

The total volume V beneath the surface 
. 
f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.38) is: 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 

(see Figure 7.38) which are given by the following equations. 
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Application 15 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.39 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points QA, b and u. 

The total volume V beneath the surface f(x, y) _: (> 0) and above the region in the 

xy-plane (see Figure 7.39) is: 
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Figure 7.39: Application 15 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.39) which are given by the following equations. 
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Application 16 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.40 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points 0A. b and u. 

The total volume V beneath the surface f(x, y) = -- (> 0) and above the region in the 

xy-plane (see Figure 7.40) is: 
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Figure 7.40: Application 16 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y From the axes 

(see Figure 7.40) which are given by the following equations. 
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Figure 7.41: Application 17 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

Application 17 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.41 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pcntahedral compressive stress through the three points A. b and u. 

The total volume V beneath the surface f'(x, y) __ (> 0) and above the region in the 

xy-plane (see Figure 7.41) is: 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 
(see Figure 7.41) which are given by the following equations. 
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Figure 7.42: Application 18 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

Application 18 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.42 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points 6A, b and u. 

The total volume V beneath the surface . 
1'(x, 

_v) = (> 0) and above the region in the 

xy-plane (see Figure 7.42) is: 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 

(see Figure 7.42) which are given by the following equations. 
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Application 19 of the short-pentahedra) compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.43 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points aA, b and u. 
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Figure 7.43: Application 19 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface . 
f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.43) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.43) which are given by the following equations. 
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Application 20 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.44 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points aA, b and u. 

The total volume V beneath the surface f(x, y) =z (> 0) and above the region in the 

xy-plane (see Figure 7.44) is: 
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Figure 7.44: Application 20 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.44) which are given by the following equations. 
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Application 21 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.45 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points CA, b and u. 

The total volume V beneath the surface f(x, y) = ;. (> 0) and above the region in the 

xy-plane (see Figure 7.45) is: 
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Figure 7.45: Application 21 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.45) which are given by the following equations. 
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Application 22 of the short-pcntahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.46 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points QA, b and u. 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.46) is: 
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Figure 7.46: Application 22 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y From the axes 

(see Figure 7.46) which are given by the following equations. 
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Application 23 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.47 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points QA, b and u. 

The total volume V beneath the surface f(x, y) = -- (> 0) and above the region in the 

xy-plane (see Figure 7.47) is: 
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Figure 7.47: Application 23 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.47) which are given by the following equations. 
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Application 24 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.48 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points CA, b and u. 

The total volume V beneath the surface f(x, y) = :, (> 0) and above the region in the 

xy-plane (see Figure 7.48) is: 
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Figure 7.48: Application 24 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.48) which are given by the following equations. 
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Application 25 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprictory shaped paver I shown in Figure 7.49 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points QA, 1) and u. 

The total volume V beneath the surface f(x, y) = -- (> 0) and above the region in the 

xy-plane (see Figure 7.49) is: 
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Figure 7.49: Application 25 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.49) which are given by the following equations. 
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Application 26 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprictory shaped paver I shown in Figure 7.50 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points QA, b and u. 

The total volume V beneath the surface f(x, y) = -- (> 0) and above the region in the 

xy-plane (see Figure 7.50) is: 
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Figure 7.50: Application 26 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprictory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.50) which are given by the following equations. 
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Application 27 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.51 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points QA, b and u. 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.51) is: 
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Figure 7.51: Application 27 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 
(see Figure 7.51) which are given by the following equations. 
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Application 28 of the short-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.52 

can be calculated by using Tables 5.1 and 7.2 and the surface function of the short- 

pentahedral compressive stress through the three points aA, 1) and u. 

The total volume V beneath the surface f(x, y) =- (> 0) and above the region in the 

xy-plane (see Figure 7.52) is: 
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Figure 7.52: Application 28 of the short-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.52) which are given by the following equations. 
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Figure 7.53: Application I of the long-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

The following equalities can be obtained from the geometry of' the long-pentahedral 

compressive stress block (see Figure 7.53). 
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Chapter 7: Stress calculations for a common proprietary shaped paver 

The first application of the long-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.53 

can be calculated by using the data in Tables 5.1 and 7.3. The first two letters of each 
boundary line function in Table 5.1 for proprietory shaped paver I charecterise the 

comer names can be seen in Figure 7.53 (example: qay symbolises the boundary line 

function of proprietory shaped paver 1 in the y axis between corner q and a). The line 

functions which define the boundary of the long-pentahcdral stress block in the xy- 

plane (see Figure 7.53) are of the form fy = d(1- I, fx = k(1 - 
Y) 

The following actual total volume V beneath the surface f (x, y) =- (> 0) and above 

the region in the xy-plane (see Figure 7.53) is calculated by subtracting the negative 

volume generated by the dentations of the shaped paver from the long-pentahcdral 

volume beneath circumscribing rectangular boundary of the paver. 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 
(see Figure 7.53) which are given by the following equations. 

220 e 220 jv 220 e 220 fv 
X= 

1f fxf(x, 
y) dydx +ff xf(x, y)dydx- 

f jxf(x, 
y)dydx- 

f Jxf(x, 
y)dydr 

000e1.12.0 r12x e 

384 



Chapter 7: Stress calculations for a common proprietory shaped paver 

L12x efy 

-ff xf(z, y) dy dx- 
205 dey 

J$ xf(X, y) dydx- 
L1lx L13y 

fJ xf(x, y) dx- 
L, 1, fr 

Jf xf(r, y) dx 205 0 L13x 0 L14x 0 Li4x L13y 

L14x cdY 

-j 
jxf(x, 

y)dydx- 

135 bcy 
j Jxf(x, 

y)dydx- 

Lis. L, 3y 
j jxf(x, 

y)dydx- 
Llsx fi, 

J Jxf(x, y)dydx 
135 0 Ltsx 0 L16,, 0 L16x L15y 

L16x aby 

-jJ xf(x, y) dydx- 
SO qav 

$1 xf(z, y) dx - 
Llx Lly Llz 

1j xf(x, y) dx- J 
jS, 

5 xf(x, y) dx 50 0 Llx 0 000 Lly 

e 220 d fx e 220 L12y fx 
ff yf(x, y)dxdy+ ff yf(x, y)dxdy- f JyJ(r. y)dxdy- 

Jf 
yf(x, y)dxdy, 

00e0 0L1 e L12. ß 
L12y eft L1 3y der f 1Jy L11 L14y ft 

-j 
jyf (x, y) cfr dv -f 

JyJ(x, 
y) dx dy -j 

fyJ(x. 
y)drdy- 

jf 
yJ(x. y) dy 

0 205 0 L1 ýl L14.113Y 1,14X 1 Y- 
V L14y cdx 

145y bcx Llsy LI 116y Jr 

-j JyJ(x, y)drdy- f JyJ(x, y)Btxdy- j fyf(r, y)ddy- 1 
$y'J(x. y)dxdy 

0 135 0 Llsx 116, L, Sy flax 

L16yabx LIyq(U Lly L1, d ft 

-Jf yJ(x, y)d dy- J Jyf(x, y) 'dY- j jyJ(x, Y)d dy- j 5yf(x, y)dxtly 
0 50 0 L1z u0 Lly 0 

Application 2 of the long-pentahedrul compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.54 

can be calculated by using Tables 5.1 and 7.3 and the surface function of the long- 

pentahedral compressive stress through the three points 0A1 k and d. 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.54) is: 
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Figure 7.54: Application 2 of the long-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.54) which are given by the following equations. 
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Figure 7.55: Application 3 of' the long-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

Application 3 of the long-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.55 

can be calculated by using Tables 5.1 and 7.3 and the surface function of' the long- 

pentahedral compressive stress through the three points aA, k and d. 
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Chapter 7: Stress calculations for a common proprietory shaped paver 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.55) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.55) which are given by the following equations. 
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Figure 7.56: Application 4 of the long-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

Application 4 of the long-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.56 

can he calculated by using Tables 5.1 and 7.3 and the surface function of' the long- 

pentahedral compressive stress through the three points CIA, k and d. 

The total volume V beneath the surface f(x, y) __ (> 0) and above the region in the 

xy-plane (see Figure 7.56) is: 
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and the centroids of this volume in the xy-plane are at distances and 7 from the axes 

(see Figure 7.56) which are given by the following equations. 
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Application 5 of the long-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.57 

can be calculated by using Tables 5.1 and 7.3 and the surface function of the lonb- 

pentahedral compressive stress through the three points aA, k and d. 
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Figure 7.57: Application 5 of the long-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface f(x, y) = (> 0) and above the region in the 

xy-plane (see Figure 7.57) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.57) which are given by the following equations. 
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Application 6 of the long-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.58 

can be calculated by using Tables 5.1 and 7.3 and the surface function of the lonb- 

pentahedral compressive stress through the three points QA, k and d. 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.58) is: 
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Figure 7.58: Application 6 of the long-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.58) which are given by the following equations. 
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Figure 7.59: Application 7 of the long-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver I I. 

Application 7 of the long-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprictory shaped paver 1 shown in Figure 7.59 
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can be calculated by using Tables 5.1 and 7.3 and the surface function of the long- 

pentahedral compressive stress through the three points aA, k and d. 

The total volume V beneath the surface f(x, y) =z (> 0) and above the region in the 

xy-plane (see Figure 7.59) is: 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 
(see Figure 7.59) which are given by the following equations. 
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Chapter 7: Stress calculations for a common proprietory shaped paver 

Application 8 of the long-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.60 

can be calculated by using Tables 5.1 and 7.3 and the surface function of the long- 

pentahedral compressive stress through the three points aA, k and d. 
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Figure 7.60: Application 8 of the long-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface f (x, v) =: (> 0) and above the region in the 

xy-plane (see Figure 7.60) is: 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 
(see Figure 7.60) which are given by the following equations. 
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Application 9 of the long-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.61 

can be calculated by using Tables 5.1 and 7.3 and the surface function of the long- 

pentahedral compressive stress through the three points QA, k and d. 
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The total volume V beneath the surface f(x, y) = (> 0) and above the region in the 

xy-plane (see Figure 7.61) is: 
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Figure 7.61: Application 9 of the long-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver I I. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.61) which are given by the following equations. 
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Application 10 of the long-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.62 

can be calculated by using Tables 5.1 and 7.3 and the surface function of the long- 

pentahedral compressive stress through the three points 0A, k and d. 

The total volume V beneath the surface f (x, y) = .: (> 0) and above the region in the 

xy-plane (see Figure 7.62) is: 
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Figure 7.62: Application 10 of the long-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.62) which are given by the following equations. 
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Application 1l of the long-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.63 

can be calculated by using Tables 5.1 and 7.3 and the surface function of the long- 

pentahedral compressive stress through the three points QA, k and d. 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.63) is: 
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Figure 7.63: Application 11 of the long-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.63) which are given by the following equations. 
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Application 12 of the long-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.64 

can be calculated by using Tables 5.1 and 7.3 and the surface function of the long- 

pentahedra! compressive stress through the three points YA, k and d. 
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Figure 7.64: Application 12 of the long-pentahedra) compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface f(x, y)= (> 0) and above the region in the 

xy-plane (see Figure 7.64) is: 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 
(see Figure 7.64) which are given by the following equations. 
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Figure 7.65: Application 13 of the long-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

Application 13 of the long-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.65 

can be calculated by using Tables 5.1 and 7.3 and the surface function of' the long- 

pentahedral compressive stress through the three points A. k and d. 
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The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.65) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 
(see Figure 7.65) which are given by the following equations. 
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Application 14 of the long-pentahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.66 

can be calculated by using Tables 5.1 and 7.3 and the surface function of the long- 

pentahedral compressive stress through the three points aA, k and d. 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xyplane (see Figure 7.66) is: 
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Figure 7.66: Application 14 of the long-pentahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.66) which are given by the following equations. 
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7.2.4 Partial-hexahedral compressive stress regimes beneath the circumscrihina 

rectangular border for proprictory shaped paver 1 

The intersection points which are between the line functions bounding shaped paver 1 

shown in Table 5.1 and the lines (which bound the bottom surface of the partial- 

hexahedral stress in the xy-plane) have the functions fy = : 
(i 

- 
ý) 

, 
fx = 1C1- in 

the x and y axes can be calculated mathematically. Table 7.4 shows the intersection 

points' formulae and the points are illustrated in Figures 7.67 to 7.92. 

The surface function of the partial-pentahedral compressive stress block beneath the 

circumscribing rectangular border shown in Figure 7.67 through the thrcc points aA, I 

and t is given by: 

Iz y: 1 

o0 0°oý f(x, y) = --= aA I-i- l) 
00 CrA l 

The following equalities can be obtained from the geometry of the partial-hexahedral 

compressive stress block (see Figure 7.67). 

a= ____ and b= 
220aC 

and t. 
110crA 

CC Y 
CA (t 110. 

CA -CC CA-a13 CA - CC 

and 1- 
2M 7A 0'A (l - 220) 

QA - QB 1 
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therefore, Q- 
1(1-220) 

and b= 
1(t -110) 

1t 
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t(1-135) Miss = 
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and MZy =__+6_ 
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Table 7.4: The intersection points between the line which forms the partial-hexahedral 

stress block in the xy-plane and the line boundary functions of proprietory shaped paver 
I (I and t are the lengths of the stress block along the x and y axes respectively as 
illustrated in Figure 7.67). 

The first application of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.67 

can be calculated by using the data in Tables 5.1 and 7.4. The first two letters of each 
boundary line function in Table 5.1 for proprietory shaped paver I charecterise the 

corner names can be seen in Figure 7.67 (example: qay symbolises the boundary line 

function of proprietory shaped paver 1 in the y axis between corner (I and a). The line 

functions which define the boundary of the partial-hexahedral stress block in the xy- 

plane (see Figure 7.67) are of the form fy fx = 1ý 1- ; 

The following actual total volume V beneath the surface f(x, y) =: (> 0) and above 

the region in the xy-plane (see Figure 7.67) is calculated by subtracting the negative 
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volume generated by the dentations of the shaped paver from the part ial-hexahedral 

volume beneath circumscribing rectangular boundary of the paver. 
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Figure 7.67: Application I of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.67) which are given by the following equations. 
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Application 2 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.68 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points QA, I and t. 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.68) is: 
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Figure 7.68: Application 2 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.68) which are given by the following equations. 
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Figure 7.69: Application 3 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

Application 3 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.69 
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Chapter 7: Stress calculations for a common proprietory shaped paver 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points aA, l and t. 

The total volume V beneath the surface f (x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.69) is: 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 

(see Figure 7.69) which are given by the following equations. 
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Figure 7.70. Application 4 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

Application 4 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.70 

can be calculated by using "fables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points cYA, I and t. 
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Chapter 7: Stress calculations for a common proprietory shaped paver 

The total volume V beneath the surface f(x, y) =z (> 0) and above the region in the 

xy-plane (see Figure 7.70) is: 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 
(see Figure 7.70) which are given by the following equations. 
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Figure 7.71: Application 5 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietor_y shaped paver 1. 

Application 5 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.71 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points aA, I and t. 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 

(see Figure 7.71) which are given by the following equations. 
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Application 6 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.72 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points aA, I and t. 
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Figure 7.72: Application 6 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 

(see Figure 7.72) which are given by the following equations. 
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Application 7 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of propnetory shaped paver I shown in Figure 7.73 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points GA, I and t. 
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Figure 7.73: Application 7 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietor shaped paver 1. 

The total volume V beneath the surface f (x, v) =: (> 0) and above the region in the 

xy-plane (see Figure 7.73) is: 
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Chapter 7: Stress calculations for a common proprietory shaped paver 
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and the centroids of this volume in the xy-plane are at distances X and V from the axes 

(see Figure 7.73) which are given by the following equations. 
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Application 8 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.74 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points A. I and t. 
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Figure 7.74: Application 8 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory_ shaped paver 1. 

The total volume V beneath the surface J'(x, y) = (> 0) and above the region in the 

xy-plane (see Figure 7.74) is: 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 

(see Figure 7.74) which are given by the following equations. 
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Chapter 7: Stress calculations for a common proprietory shaped paver 

Application 9 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver l shown in Figure 7.75 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points TA, I and t. 
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Figure 7.75: Application 9 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface f (x, v) =: (> 0) and above the region in the 

xy-plane (see Figure 7.75) is, 
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Chapter 7: Stress calculations for a common proprietory shaped paver 

and the centroids of this volume in the xy-plane are at distances X and V from the axes 

(see Figure 7.75) which are given by the following equations. 
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Application 10 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.76 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points aA. I and t. 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.76) is: 
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Figure 7.76: Application 10 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.76) which are given by the following equations. 
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Application 11 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.77 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points aA, I and t. 

The total volume V beneath the surface f(x, y) = .; (> 0) and above the region in the 

xy-plane (see Figure 7.77) is: 
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Figure 7.77: Application II of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y From the axes 

(see Figure 7.77) which are given by the following equations. 
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Application 12 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.78 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points cA, l and t. 

The total volume V beneath the surface f(x, y) =- (> 0) and above the region in the 

xy-plane (see Figure 7.78) is: 
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Figure 7.78: Application 12 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.78) which are given by the following equations. 
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Application 13 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.79 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 
hexahedral compressive stress through the three points QA, I and t. 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.79) is: 
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and the centroids of this volume in the xy-plane are at distances X and V from the axes 
(see Figure 7.79) which are given by the following equations. 
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Figure 7.79: Application 13 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 
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Application 14 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of propnetory shaped paver I shown in Figure 7.80 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points GA, I and t. 
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Figure 7.80: Application 14 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver I. 

The total volume V beneath the surface 
. 
f(x, y)= (> 0) and above the region in the 

xy-plane (see Figure 7.80) is: 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 

(see Figure 7.80) which are given by the following equations. 
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Figure 7.81: Application 15 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

Application 15 of the part ial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.81 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points UA, I and t. 
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Chapter 7: Stress calculations for a common proprietory shaped paver 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.81) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.81) which are given by the following equations. 
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Application 16 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.82 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points A. 1 and t. 
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Chapter 7: Stress calculations for a common proprietory shaped paver 

The total volume V beneath the surface f(x, y) = :. (> 0) and above the region in the 

xy-plane (see Figure 7.82) is: 
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and the centroids of this volume in the xy-plane are at distances }C and V from the axes 

(see Figure 7.82) which are given by the following equations. 
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Figure 7.83: Application 17 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

Application 17 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietor shaped paver I shown in Figure 7.83 
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Chapter 7: Stress calculations for a common proprietary shaped paver 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 
hexahedral compressive stress through the three points aA, I and t. 

The total volume V beneath the surface f(x, y) =- (> 0) and above the region in the 

xy-plane (see Figure 7.83) is: 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 
(see Figure 7.83) which are given by the following equations. 
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Chapter 7: Stress calculations for a common proprietory shaped paver 
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Figure 7.84: Application 18 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

Application 18 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.84 

can be calculated by using "tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points aA, I and t. 
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Chapter 7: Stress calculations for a common proprictory shaped paver 

The total volume V beneath the surface f(x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.84) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 
(see Figure 7.84) which are given by the following equations. 
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circumscribing rectangular border of proprietory shaped paver l shown in Figure 7.85 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points A. I and t. 
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Figure 7.85: Application 19 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

The total volume V beneath the surface J(x, y) == (> 0) and above the region in the 

xy-plane (see Figure 7.85) is: 

440 

paiilal-hexahedral vertical 
stress function's border 



Chapter 7: Stress calculations for a common proprietory shaped paver 
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and the centroids of this volume in the xy-planc are at distances X and V from the axes 

(see Figure 7.85) which are given by the following equations. 
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Figure 7.86: Application 20 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

Application 20 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.86 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points GA, 1 and t. 
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Chapter 7: Stress calculations for a common proprietory shaped paver 

The total volume V beneath the surface f(x, y) = .; (> 0) and above the region in the 

xy-plane (see Figure 7.86) is: 
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and the centroids of this volume in the xy-plane are at distances X and V from the axes 

(see Figure 7.86) which are given by the following equations. 
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Figure 7.87: Application 21 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

Application 21 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.87 
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Chapter 7: Stress calculations for a common proprietory shaped paver 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 
hexahedral compressive stress through the three points aA, l and t. 

The total volume V beneath the surface f(x, y) = .; (> 0) and above the region in the 

xy-plane (see Figure 7.87) is: 
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Application 22 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.88 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial. 

hexahedral compressive stress through the three points aA, i and t. 
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The total volume V beneath the surface f(x, y) =i (> 0) and above the region in the 

xy-plane (see Figure 7.88) is, 
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and the centroids of this volume in the xy-plane are at distances X and V from the axes 
(see Figure 7.88) which are given by the following equations. 
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Figure 7.89: Application 23 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of' proprietory shaped paver I I. 

Application 23 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.89 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points 6A, I and t. 

The total volume V beneath the surface z (> 0) and above the region in the 

xy-plane (see Figure 7.89) is: 
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and the centroids of this volume in the xy-plane are at distances X and Y from the axes 
(see Figure 7.89) which are given by the following equations. 
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Chapter 7: Stress calculations for a common proprictory shaped paver 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 
hexahedral compressive stress through the three points aA, l and t. 

The total volume V beneath the surface f (x, y) =: (> 0) and above the region in the 

xy-plane (see Figure 7.90) is: 
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and the centroids of this volume in the xy-plane are at distances and 7 from the axes 
(see Figure 7.90) which are given by the following equations. 
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Application 25 of the partial"hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 1 shown in Figure 7.91 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 

hexahedral compressive stress through the three points cYA, I and t. 

The total volume V beneath the surface f(x, y) =- (> 0) and above the region in the 

xy-plane (see Figure 7.91) is: 
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Figure 7.9I: Application 25 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.91) which are given by the following equations. 
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Application 26 of the partial-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver I shown in Figure 7.92 

can be calculated by using Tables 5.1 and 7.4 and the surface function of the partial- 
hexahedral compressive stress through the three points GA, I and t. 

The total volume V beneath the surface f(x, y) =- (> 0) and above the region in the 

xy-plane (see Figure 7.92) is: 
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Figure 7.92: Application 26 of the partial-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 7.92) which are given by the following equations. 
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7.2.5. Absolute-hexahedral compressive stress regimes beneath the circumscribinL 

rectangular border for prop rietory shaped paver 1 

The application of the absolute-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprictory shaped paver 1 shown in Figure 7.93 

can be calculated by using the data in Tables 5.1. The first two letters of each boundary 

line function in Table 5.1 for proprietory shaped paver I charecterise the corner names 

can be seen in Figure 7.93 (example: qay symbolises the boundary line function of 

proprietory shaped paver I in the y axis between corner q and a). The line functions 

which define the boundary of the absolute-hexahedral stress block in the xy-plane (see 

Figure 7.93) are of the form fy = ý(1- 1ý 
, 

fx = !ý 1- iJ. 
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Figure 7.93. The application of the absolute-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 1. 

The surface function of the absolute-hexahedral compressive stress block beneath the 

circumscribing rectangular border shown in Figure 7.93 through the three points A. 

and t is given by: 
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The following actual total volume V beneath the surface 
. 
1'(x, y) =.: (> 0) and above 

the region in the xy-plane (see Figure 7.93) is calculated by subtracting the negative 

volume generated by the dentations of the shaped paver from the absolute-hexahedral 

volume beneath circumscribing rectangular boundary of the paver. 
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and the centroids of this volume in the xy-plane arc at distances X and Y from the axes 
(see Figure 7.93) which are given by the following equations. 
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The V, X and Y values can analytically be evaluated in terms of 1, t and a4. The 

following results which indicate the proportions of the absolute-hexahedral vortical 
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compressive stress block (see Figure 7.93) can be determined by applying vertical and 

rotational equilibrium between load patch and vertical compressive stress distribution 

(see Chapter 6). For vertical equilibrium condition the equality between the truncated 

volume (V) and the total applied patch load (N) must be satisfied and for rotational 

equilibrium conditions the centroid distances of the load patch (, t' , Y) must be 

coincided with the centroid distances of the truncated vertical stress block (X, 7), 

1=3.75(-0.1800509936.1019'1 + 0.3104471197.1017 7-y + 0.4906910692.1021 

-0.1284362480.1020Y+ 0.2724068857.10143jY2 +0.7181726473.1017Y2) 
/(0.6684767863.10123& 

+ 0.1074937353.10' 6XY-0.7237517192.10' 4 Y2 

-0.1196081166.1018 Y-0.6150290347.1017 7+0.6837281081.1019 ) 

t= -(-0.8763823140.1012X- 0.7334003330.109XY + 0.2388395454.1015 

-0.1933534306.1013 Y)/(0.359.107XY - 0.1842560800.109, k'+ 0.3599480970.1011 7 

0.1993029722.1013 

QA = -75N(0.8763823140.1012j+ 0.733400333.109 h'Y - 0.2388395454.1015 

+0.1933534306.1013 Y)(-0.1800509936.10' 5X+0.3104471 197.10' 3 
, l' Y 

+0.4906910692.1017 - 0.1284362480.1016i + 0.2724068857.1010 V2 

+0.71 81726473.10' 3 Y2) /(-0.6321413654.1033 XY+0.2536425027.1035 7 

+0.1300519976.1035 Y+0.3024622010.1031 -X Y2 - 0.6710577439.1032 Y2 

-0.8623981487.1032 X 2+ 0.1435118023.103 1X2 Y+ 0.2198660499.1028 X2 Y2 

+0.7843684608.1024 X2 Y3 + 0.2052762250.1()287-Y3 - 0.3992629612.1029i3 

-0.5072866600.1036) 

Therefore, the function of the absolute-hexahedral vertical compressive stress regimes 
can be determined as follows by inserting the I, t and cri values into 

f(x, y)=-7 =QA(1-1-1). 
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f (x, y) =z= NO. 46875.10-25 (0.2179210525.1040 XY - 0.8600659493.10417 

-0.4016333524.1042i; _ 0.1070397239.1038XY2 + 0.4198639202.1040-f2 

+0.1238347382.1033 )XY3 + 0.9779407197.1 028 yX2 Y3 + 0.1577935064.1039, t'2 

-0.2588654193.1037X2 Y-0.4664145978.1034X2 Y2 - 0.1997833007.1031ý2 Y3 

-0.1053416117.1035 XY3 - 0.1388611451.1038i3 - 0.4354701614.1041 x 

-0.9779618852.1041 y-0.1437334850.1037x V+0.5515039393.1039x7 

-0.5706142496.1037xY2 + 0.11 Y-0.3731730075.1034 XT 
3 

+O. 3317549028.1035 >; i72 + 0.3664535055.1032 x, 1'2 YZ + 0.2391866227.1035 x1'2 Y 

+0.4713654944.1035xXY2 - 0.1267902657.1038xXY + 0.1307362927.1029x 2 Y3 

+0.3305180864.1032 xXY3 - 0.1 y7X2 Y-0.1225539493.1038 yXY 

+0.1064312535.1032 yX2 Y2 + 0.1003815617.1036 yXY2 + 0.3498057004.103`yX 

+0.4326005762.1040 yY - 0.6054377737.1038 y7y2 + 0.2585048777.1036j473 

+0.1171964319.1044)/(-0.3950883409.1018 XY + 0.1585265642.10203? 

+0.8128249850.1019 Y+0.1890388756.1016 XY2 - 0.41941 10899.10 17 Y2 

, V2 Y2 -0.5389988429.1017. YZ +0.8969487644.101572'7+0.1374162812.1013- 

+0.490230288.109X2Y3 + 0.1282976406.1013XY3 - 0.2495393508.1014j73 

-0.3170541625.1021) 

The stress values beneath the corners of proprictory shaped paver I for the absolute- 

hexahedral vertical compressive stress regimes can now be determined by inserting the 

corner co-ordinates in the xy-plane into the stress function defined above (see Figure 

7.93). 

The vertical compressive stress beneath the corner a is 

Ca =-0.0000234375N(-0.1931573996.10 
8X Y+ 0.7303924745.10197' 

+0.4323962476.1020 Y+0.1043393115.10' 6X Y2 - 0.4891665096.1018 Y2 

017-Y2 -0.1074084549.1 + 0.1740901349.1015 X2Y+0.3539848063.1012 ,c2 YZ 

+0.168018943.109 X2 Y3 +0.1 110196342.1013 XY3 + 0.1759087626.1016Y3 
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-0.1192786548.1022) 
/ (-0.2469302131.1017 Xy+0.9907910263.101 81 

+05080156156.1018 7+0.118 X 72 - 0.2621319312.1016i2 

-0.3368742768.101672 + 05605929778.1014 127 + 0.8588517575.101 X22 

+0.30639393.108 X2 Y3 +0.8018602538.1011 Ty 3-0.1559620943.1013 Y3 

-0.1981588516.1020 ) 

The vertical compressive stress beneath the comer b is 

erb = -0.0001464843750N(-0.2215695482.1017 Y+0.8430846734.10 8 

+O. 5174807400.1019 -f + 0.1179738101.10' 5 Y2 - 0.5782105132.1017f 1 

-0.1153553985.1016X2 + 0.1865247690.1014X2 Y+0.3878649118.10' ýt'2 Y2 

+0.18719757.108 X2 Y3 + 0.1272602698.10127-y3 + 0.2053952490.10 1 3, f 3 

-0.1440881846.1021)/(-0.2469302131.10'7 y+0.9907910263.1018,1' 

+0.5080156156.10' 8«f + 0.1181492973.1 015TY 2 
-0.2621319312.10'6Y2 

-0.3368742768.1016X2 + 0.5605929778.1014 X2 Y+0.8588517575.101 1V2 Y2 

+0.30639393.108X2 Y3 +0.8018602538.10h133-0.1559620943.10 13 Y3 

-0.1981588516.1020) 

The vertical compressive stress beneath the comer c is 

crc = -0.000046875N(-O. 2922137113.10177-y+ 0.7220976950.1018 , l' 

+0.1569994974.1020 Y+0.2712836385.101 STY2-0.2142693728.1018 Y2 

+0.2265418650.1016 X2 - 0.4002282581.1014 , Y2 Y -0.1768602163.101 , l'2 Y2 

+0.14555816.108-12iß + 0.3 795104378. W12 j-? + 0.8993686294.10157' 

-0.3650497507.1021) 
/(-0.2469302131.10' 7Y+0.9907910263.1018 7 

+0.5080156156.10'$ Y+0.1181492973.10157y 2-0.2621319312.1016 Y2 

-0.3368742768.1016 X2 + 0.5605929778.1014 X2Y+0.8588517575.101 'A 2 Y2 

+0.30639393.1072y3 + 0.801860253 X Y3 - 0.1559620943.1013 Y3 
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-0.1981588516.1020) 

The vertical compressive stress beneath the corner d is 

ad = 0.5859375000.10-5N(0.1506524150.1017XY + 0.2361800583.1019v 

-0.8201128385.1 020Y - 0.94604 5 XY2 +0.1203015227.1019Y2 

, 
7k, 2 Y2 -0.3224788153.10'7X2 + 0.5502312240.1015ßl'2 Y +0.5877651185,1012- 

+0.87635319.108X2 Y3 - 0.1776804879.1013XV3 - 0.5293479755,1016-f3 

,V +0.1751456430.1022)/(-0.2469302131.1017XY + 0.9907910263.101 8 

+0.5080156156.1018 ]' + 0.1181492973.10' 5X]'2 
- 0.2621319312.10]6y2 

-0.3368742768.1016 X2 + 0.5605929778.10'Y + 0.8588517575.101 Ä'2Y2 

+0.30639393.108T273 +0.8018602538.101I X ]'3 - 0.1 Y3 

-0.1981588516.1020 ) 

The vertical compressive stress beneath the comer e is 

Qe = 0.2929687500.10-5 N(-0.4199899220.1018 XY+0.2705171267.10207 

-0.1731962998.1011i- 0.1040979755.10167-y2 +0.3028879990.101972 

-0.1368601379.1018 X2 ++0 .2848150885.101 
3X 272 0.2314671572.1016,727 

+0.682260993.109 X2 Y3 - 0.375 8540399.1013 Y-3 - 0.1465111918.1017 Y3 

+0.2792504881.1022) 
/(-0.2469302131.10' 7X Y+ 0.9907910263.101 8X 

+0.5080156156.1018 Y+0.118 - 0.2621319312.1016 Y2 

-0.3368742768.101612 + 0.5 605929778.1014 X2Y+0.8588517575.1011,1 2 Y2 

+0.30639393.108 X2 Y3 + 0.8018602538.1011 X Y3 - 0.1559620943.1013 Y3 

-0.1981588516.1020) 

The vertical compressive stress beneath the corner f is 

Q f= 0.00001171875N(-0.2291400483.1018 X Y+ O. 1101735355.1020 x 
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-0.1208281235.1020Y+0.5439018833.1015XY2 +0.3574233548.1018Y2 

-0.3939769333.1017-y2 + 0.6607478718.101 5 X2 Y+0.9159773193.1 012 X2 Y2 

+0.280712653.10972T3 - 0.4172370350.101 17Y-3 
-0.2061118296.101673 

-0.7640126750.1020)/(-0.2469302131.1017 Xy+0.9907910263.1018-. Y 

+0.5080156156.1018-f + 0.1181492973.10157Y 2-0.2621319312.1016 Y2 

-0.3368742768.1016 X2+ 05605929778.1014 X2 Y+0.8588517575.1011 X2 Y2 

+0.30639393.102F3 + 0.8018602538.10117Y 3-0.1559620943.1013F3 

-0.1981588516.1020) 

The vertical compressive stress beneath the corner g is 

as = 0.29296875.10-5 N(-0.1277867567.10 ")YY + 0.5153811170.1020 ,Y 

+0.1296241035.1021 Y+0.5985729564.1016XY2 - 0.1209184426.1019 2 

-0.1345378536.1018X2 + 0.2229383519.1016,1'2 Y+0.3593169660.10131'2 Y2 

+0.1366819497.1010 XZ Y3 + 0.4909891 275.10' 3 XY3 + 0.3444222270.1016y3 

-0.4053228320.1022)/(-0.2469302131.1017 XY + 0.9907910263.1018 

+0.5080156156.1018 Y+0.1181492973.1015 XY2 - 0.2621319312.1016 Y2 

-0.3368742768.1016X2 + 0.5605929778.1014 ,VY+0.8588517575.1011, V2 Y2 

+0.30639393.108X2 Y3 + 0.8018602538.101 1XY3 
- 0.1559620943.1013 Y3 

-0.1981588516.1020) 

The vertical compressive stress beneath the comer h is 

Qh = 0.00001171875N(-0.4436094595.1018 XY+0.1713895330.1020 , 1' 

+-0.6362228848.10207 + 0.2300579213.10167-y2 - 0.7020927493.1018 Y2 

-0.3881712225.1017 X2 + 0.6394258585.1015 72 Y+0.1102232013.10'3 X2 Y2 

+0.451852279.109X233 +0.2125384215.10'3X33 +0.2462717063.10633 

-0.1787834568.1022) 
/ (-0.2469302131.1017 XY + 0.9907910263.1018 
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+0.5080156156.1018 Y+0.1181492973.1015 XY2 - 0.2621319312.1016i2 

-0.3368742768.101672 +1 
2i+ 0.5605929778.101 4 0.8588517575.101 i X2 Y2 

+0.30639393.1087273 + 0.8018602538.101 1X Y3 -0.1559620943.1 013Y3 

-0.1981588516.1020 ) 

The vertical compressive stress beneath the corner i is 

0; =0.29296875.10-5 N(-0.1324317434.1019X Y+0.4622770179.1020 7 

+0.2636628860.1021 Y+0.8351212805.1016XY2 - 0.3431220533.1019 Y2 

-0.8290411417.10' + 0.1343494309.1016 X2 Y+0.2736307405.1013V2 Y2 

+0.1300418761.1Ol0X2Y3 +0.8706467499.1013XY3 +0.1391502793.10'7Y3 

-0.6440930290.1022) 
/(-0.2469302131.1017 Y+0.9907910263.1018 X 

- +0.5080156156.1018y + 0.1181492973.1015 XY2 - 0.2621319312.1016-f2 

-0.3368742768.1016X2 + 0.5605929778.1014, Y2 Y+0.8588517575.10' 1. x'2 Y2 

+0.30639393.108X2 Y3 + 0.8018602538.1011, ß'Y3 - 0.1559620943.1013 Y3 

-0.1981588516.1020) 

The vertical compressive stress beneath the corner j is 

Qj = 0.00001171875N(-0.2217264948.10' 8 XY + 0.7487634378.1019 X 

+0.4412156448.1020 Y+0.1475689597.10167-y2 - 0.6022352555.1018 Y2 

-0.1366376238.1017X2 +0.2208492690.1 015X 2Y+0.4609383783.1 012 , t'2 Y2 

+0.223063767.1091273 + 0.15469775 64.1013 X Y3 +0.2528022340.10'673 

-0.1025761785.1022) 
/(-0.2469302131.1017 Xy+0.9907910263.1018 7 

+O. 5080156156.1018 -f + 0.1181492973.10157-Y2 -0.2621319312.1 016Y2 

-0.3368742768.1016 X 2+03605929778.1014127 
+0.8588517575.101 1 -X2 Y2 

+0.30639393.108 12 Y3 +0.8018602538.101 1X Y3 - 0.1559620943.1013 Y3 

-0.1981588516.1020) 
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The vertical compressive stress beneath the corner k is 

- ak=0.29296875.10-5 N(-0.246600175.101$ XY - 0.6501330500.101$ X 

+0.1689450837.1021 Y+0.4344606102.1016T-y2 - 0.2946198421.1019 Y2 

+0.3926934803.1017X2 - 0.6895919840.1015T2 'f 
- 0.3785473920.10121'2 Y2 

+0.189160273.109X2 Y3 + 0.5 897063764.1013 XY3 + 0.1423222498.1017, T3 

-0.2739433920.1022)/(-0.2469302131.1017XY + 0.9907910263.1018X 

+0.5080156156.1018 Y+0.1181492973.1015 7Y2 
- 0.2621319312.1016y2 

-0.3368742768.1016X2 + 0.5605929778.1014 -X-2 f+0.8588517575.101 , V2 Y2 

+0.30639393.108X2 Y3 + 0.8018602538.101 l XY3 - 0.1 Y3 

-0.1981588516.1020) 

The vertical compressive stress beneath the corner m is 

Qm = -0.29296875.10-5 N(-0.1908112799.1018 XY+0.1692729734.1020 7 

-0.8176845559.1020 Y-0.1896151686.1016-T Y2 + 0.1923918910.1()19y2 

-0.6751841273.10h7 
2 

+0.1149689217.1016127+0.1271101284.1013-X2Y2 

+0.219003421.109X273 - 0.3378506522.1013, YY3 - 0.1042928642.107 Y3 

+0.4015507700.1021) / (-0.2469302131.1017 y +0.9907910263.1018- X 

- +0-5080156156.10187 + 0.1181492973.1015 , 1'72 - 0.2621319312.1016 Y2 

-0.3368742768.1016 X2 + 0.5605929778.1014 X27+ 0.8588517575.101 t Y2 Y2 

+0.30639393.10872-f3 + 0.8018602538.10117? - 0.1559620943.1013 Y3 

-0.1981588516.1020) 

The vertical compressive stress beneath the corner n is 

Q11 = -0.0000234375N(--O. 80 11646055.1017 XY+0.49069261.1019 7 

-0.1136777346.1020 Y-0.1306309553.10157-Y2 + 0.3183460558.1018 Y2 

-0.1748534845.1017 X2 +01954872929.10 15 X2 Y+0.3679652414.1012 X2 Y2 
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+0.90749222.108 X2 Y3 - 0.4479296450.10127Y-3 - 0.1 Y3 

-0.3860715125.1020) 
/(-0.2469302131.1017 Xy+0.9907910263.1018-, 

+0.5080156156.1018 Y+0.1181492973.1015 X Y2 - 0.2621319312.1016 Y2 

-0.3368742768.1016 X2 +0360592977&1014-X27+ 0.8588517575.101'2F2 

+0.30639393.108233 +0.8018602538.10117Y 
3 

-0.1559620943.101333 

-0.1981588516.1020) 

The vertical compressive stress beneath the corner o is 

Qo = -0.0000146484375N(-0.2275003912.1018 XY + 0.1125462208.1020 X 

+, 0.6784572520.1019-7+ 0.4343079290.1015 2+0.1895163748.1 018 Y2 

+0.1641684.1 0107-y3 + 0.233316679.109, Y3 - 0.3212268462.10171P2 

+0.5384436516.10 S X2Y + 0.7518960646.1012- , V2 Y2 - 0.1617360018.1016 Y3 

-0.6813934332.1021)/(-0.2469302131.1017 XY + 0.9907910263.10 181,17 

+0.5080156156.1018 Y+0.1181492973.101 5 7Y2 - 0.2621319312.10' 6 Y2 

-0.3368742768.1016 XZ + 0.5605929778.1014 h'2 "f + 0.8588517575.1011. Y2 72 

+0.30639393.108Y3 + 0.8018602538.101 XY3 - 0.1559620943.10' 3 r'3 

-0.1981588516.1020) 

The vertical compressive stress beneath the corner p is 

Qp= -0.0001171875N(-0.3747023323.107 XY + 0.1593545196.1019 7 

+O. 5296955390.1019 -Y + 0.1495415420.10'5Y2 - 0.4228239925.10'i2 

-0.3439012583.101672 +O. 5696525723.1014-X27 + 0.9221851765.101 i V2 Y2 

+0.35263807.1 08X 2 Y3 + 0.1271248628.1012 X Y3 + 09004738375.1014 Y3 

-0.1788647602.1021)/(-0.2469302131.1017 XY+0.9907910263.1018 1 

+05080156156.1018 Y+0.1 18 1492973.1015 XY2 - 0.2621319312.1016i2 

-0.3368742768.1016 X2 + 0.5605929778.1014 127 + 0.8588517575.101 1-12 72 
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+0.30639393.108 X2 Y3 + 0.8018602538.101 IT-y3 
-0.15596209411 013 Y3 

-0.1981588516.1020) 

The vertical compressive stress beneath the corner q is 

Qq = -0.29296875.1 0-5 N(-0.1995379601.1019XY + 0.8075950942.1020 X 

+0.3367432660.1021 Y+0.9198248964.10167-y2 - 0.329048254 1.101 ' Y2 

+0.8676640097.1013XY3 + 0.1851141899.10'°X2 Y3 - 0.1582911388.1018,1'2 

+0.2606930204.1016X2 Y+0.4504499098.101 3 XZ Y2 + 0.1000854134.1017 Y3 

-0.1025270036.1023)/(-0.2469302131.1017, ß'Y + 0.9907910263.1018 X 

+0.5080156156.1018«7+ 0.1181492973.1015 XY2 - 0.2621319312.1016Y2 

-0.3368742768.1016 X2 + 0.5605929778.1014 X2 Y+0.8588517575.101 x 1'2 Y2 

+0.30639393.108 X2 Y3 + 0.8018602538.101 1 XY3 -0.1 559620943.10 13 Y3 

-0.1981588516.1020) 

7.3. Conclusion 

This Chapter explained the application of the bedding sand stress calculation 

method"2.3 (see Chapter 6, Section 6.2) to a common proprictory shaped paver (see 

proprietory shaped paver 1 in Figure 5.1). The nine proprictory shaped pavers (see 

Figure 5.1) analysed in this Thesis are commercially important on a worldwide basis. A 

common proprietory shaped paver has been selected as an example in this Chapter to 

show how all possible vertical compressive stress blocks of proprietory shaped pavers 

can be calculated for all realistically possible load patches. This Chapter also 

algebraically developed the general equations to the variations of the absolute- 

hexahedral stress blocks' total volumes and the centroid distances for proprictory 

shaped paver 1 (see Section 7.2.5). The calculation technique used in this Chapter for 

analysing the stress distributions beneath individual proprictory shaped pavers I is 

based on the method described in the previous chapter for rectangular pavers. For the 

remaining shapes, the algebraical solutions which are given in Chapter 8 have been 
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developed for the absolute-hexahedral compressive stress blocks that occur beneath the 

circumscribing rectangular borders. In the other paver stress blocks, iterative solutions 

(see Appendix) have been developed and given in Figures 6.21,9.1,9.2,9.3,9.4,9.5, 

9.6,9.7,9.8 and 9.9. The vertical compressive stress blocks in the bedding material are 

calculated for proprietory shaped pavers in this Chapter and in Chapter 8 by considering 

vertical and rotational equilibrium of the pressures applied to the upper and lower 

horizontal paver surfaces. Chapter 9 will show the evaluation of the algebraical 

solutions which are developed for the nine proprietory shaped pavers (see Sections 7.2.5 

and 8.2 to 8.9) according to the variations of the common patch loading's general 

equations (which are determined in Chapter 5) to the total applied pressures and their 

centroid distances in the xy-plane (see Figures 5.2 to 5.42 and 9.1 to 9.9). The vertical 

compressive stresses in the bedding material are calculated for the shaped pavers by 

using the application of the bedding sand stress calculation method1.2' 3 to proprietory 

shaped pavers (see Sections 6.2,6.3 and 6.4 for the detail of the bedding sand stress 

calculation mathod'' 2' 3). 
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CHAPTER EIGHT 

CALCULATION OF STRESSES BENEATH EIGHT COMMON 

SHAPED PAVERS TAKING INTO ACCOUNT LOADS 

GENERATING ABSOI. UUTE-IIEXAIIEI)RAI, STRESS I'A'ITERN 

Synopsis 

The absolute-hexahedral vertical compressive stress regimes which occur beneath the 

circumscribing rectangular border of eight proprictory shaped pavers (sec proprictory 

shaped pavers 2,3,4,5,6,7,8 and 9 in Figure 5.1) can be analysed by using the similar 

method described in the previous chapter for proprictory shaped paver 1. This Chapter 

presents the application of the bedding sand stress calculation method (see Chapters 6 and 

7) to eight common proprietory shaped pavers in order to determine the algebraical 

solutions to the absolute-hexahedral vertical compressive stress regimes for all realistically 

possible load patches. In the other paver stress regimes, iterative solutions (see Appendix) 

have been developed and given in Figures 6.21,9.1,9.2,9.3,9.4,9.5,9.6,9.7,9.8 and 9.9. 
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8.1. Introduction 

The proprietory shaped pavers 2,3,4,5,6,7,8 and 9 shown in Figure 5.1 are analysed 

by using the similar method presented in Chapter 7 for proprietory shaped paver 1. Five 

vertical compressive stress regimes can occur beneath the circumscribing rectangular 

border of the shaped pavers. These are conceptually tetrahedral, short-pentahedral, 

long-pentahedral, partial-hexahedral and absolute-hexahedral compressive stress 

regimes defined in Chapter 6. The chosen proprietory shaped pavers are commercially 

important on a worldwide basis. The all possible bedding material vertical stress 

regimes of proprietory shaped paver 1 have been described in Chapter 7. For the 

remaining shapes, only the arithmetical solutions of the absolute-hexahedral 

compressive stress regimes are documented in this Chapter. In the other paver stress 

regimes, iterative solutions (see Appendix) have been developed. The Bedding sand 

stress calculation method for rectangular pavers described in Chapter 6 has been 

applied to the nine non-rectangular shapes of pavers as shown in Figure 5.1. In each 

case, the circumscribing rectangular paver has been analysed and the negative effects 

generated by the shaped paver dentations have been included in the results. The vertical 

stresses for shaped pavers can be calculated by considering vertical and rotational 

equilibrium of the load patch pressures applied onto the upper paver surface as has 

already been described for rectangular pavers. For vertical equilibrium to be satisfied 

the total applied load must equal the total volume of the vertical compressive stress 

beneath the paver and for rotational equilibrium, the centroid distances of the applied 

load (_X1 Y) must coincide with the centroid distances of the total volume of the 

vertical compressive stress in the bedding sand. The assumptions which were used for 

rectangular pavers can be applied equally to proprictory shaped pavers. These are firstly 

the support conditions of the paver are uniform and secondly the pavers are structurally 

rigid in relation to their bedding sand. As may be seen in Figure 6.1 all stress blocks 

geometrically have the tetrahedron surface function. however only that part of the 

upper surface of these volumes which contacts the lower paver surface must be 

considered. Therefore, a method is required which calculates that part of the volume of 

a tetrahedron which is truncated by the paver boundary lines. This truncated volume can 
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then be equalised to the total applied patch load and rotational equilibrium conditions 

can be applied by ensuring the centroid distances of the load patch and the truncated 

tetrahedron coincide. The vertical compressive stress function can be calculated by 

using the three resulting equations. The stress function is the function satisfies the 

equation of the vertical equilibrium and the two equations of rotational equilibrium. 

The complexity of the vertical compressive stresses calculation can be reduced by using 

the circumscribing rectangular boundaries of the shaped blocks (see Figure 5.1), with 

the proviso that the volume of actual vertical stress must satisfy the vertical and 

rotational equilibriums in each step of evaluating the stress function. The eight 

individual proprietory shaped pavers (the absolute-hexahedral vertical stress 

distribution of proprietory shaped paver 1 is analysed in Chapter 7, Section 7.2.5) 

illustrated in Figure 5.1 are now analysed to determine the absolute-hexahedral vertical 

stress distributions beneath the circumscribing rectangular borders by using the 

common applied load patch variations which arc described in Chapter 5. 

8.2. Absolute-hexahedral compressive stress regimes beneath the circumscribin 

rectaneular border for pronrietorv shaped paver 2 

The application of the absolute-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 2 shown in Figure 8.1 

can be calculated by using the data in Tables 5.3. The first two letters of cacti boundary 

line function in Table 5.3 for proprietory shaped paver 2 charectcrise the corner names 

can be seen in Figure 8.1 (example: bcy symbolises the boundary line function of 

proprietory shaped paver 2 in the y axis between corner b and c). The line functions 

which define the boundary of the absolute-hexahedral stress block in the xy-plane (sec 

Figure 8.1) are of the form f y= ß=: 
(1_.. ), 

fx = 
i(1- l) 

. 

The surface function of the absolute-hexahedral compressive stress block beneath the 

circumscribing rectangular border shown in Figure 8.1 through the three points aA, I 

and t is given by: 
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Figure 8.1: The application of the absolute-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 2. 

The following actual total volume V beneath the surface 
. 
/'(x, 

. v, ) =: (> 0) and above 

the region in the xy-plane (see Figure 8.1) is calculated by subtracting the negative 

volume generated by the dentations of the shaped paver from the absolute-hexahedral 

volume beneath circumscribing rectangular boundary of the paver. 
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and the centroids of this volume in the xy-plane are at distances X and 7 from the axes 

(see Figure 8.1) which are given by the following equations. 
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35zyx 

-j Jyf(x, y)dcdy 
20 0 

The V, X and Y values can analytically be evaluated in terms of /, land crA. The 

following results which indicate the proportions of the absolute-hexahedral vertical 

compressive stress block (see Figure 8.1) can be determined by applying vertical and 

rotational equilibrium between load patch and vertical compressive stress distribution 

(see Chapter 6). For vertical equilibrium condition the equality between the truncated 

volume (V) and the total applied patch load (N) must be satisfied and for rotational 

equilibrium conditions the centroid distances of the load patch (X, Y) must be 

coincided with the centroid distances of the truncated vertical stress block (X 
,Y), 

1= 0.8(0.1186410.107f - 0.73621579.108 )(0.306082571.109 YA'+ 0.2501661605.1013 Y 

+0.1258002658.1013T_ 0.3500377064.1015)/(0.9733856445.1016 YX 

+0.1421470447.10 3 Y2 X-0.1231894319.1019 Y+0.4662524862.1015-f2 

-0.6094991582.1 018 X+0.7464866404.1020 ) 

4(o . 
306082571.109YX+ 0.2501661605.1013 Y+0.1258002658.1013- 

-0.3500377064.1015 t= (0.2066552432.1010X+ 0.8202625.1 07 YX - 0.1007908704.1014) 

+0.1560928582.1012-f 

QA = -1ON(0.1186410.107 Y -0.73621579.108)(0.306082571.1097-, l' 

+0.2501661605.1013 Y+0.1258002658.10137_ 0.3500377064.10' s) 

/(0.6053741109.10 6 YX + 0.6407001075.10 12 Y2 X+0.1177822264.1026 Y 

+0.1680996933.1022 Y2 - 0.3773511452.1018X- 0.7373597779.1 027 ) 
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Therefore, the function of the absolute-hexahedral vertical compressive stress regimes 

can be determined as follows by inserting the I, t and aA values into 

f(z, y) =z= CrA(1- 
I-t 

f(x, y) =z=0.001N(-0.1452557692.101672T-0.1187198538.1020 Y2 

-0.5879890605.1019 YX + 0.2397858051.1022 Y +0.3704645683.1021- V 

-0.1030813146.1024 + 0.4866928223.1017xYX + 0.7107352235.1013 xY2 X 

-0.6159471595.1019x7 + 0.2331262431.1016x72 - 0.3047495791.10'9x-. l' 

+0.3732433202.1021x + 0.1847888266.1016yYX + 0.9731676326.1013y72, Y 

-0.2344973235.1020 )Y + 0.1851901279.1018yV2 - 0.1 yX 

+0.7420383028.102'y)/(0.2421496444.10! 3 YX + 0.256280043.109 Y2 X 

+0.4711289056.1022 Y+0.6723987732.1018 72 - 0.1509404581.10' SX 

-0.2949439112.1024 ) 

The stress values beneath the comers of proprietory shaped paver 2 for the absolute- 
hexahedral vertical compressive stress regimes can now be determined by inserting the 

corner co-ordinates in the xy-plane into the stress function defined above (see Figure 

8.1). 

The vertical compressive stress beneath the corner a is 

o'a = -4000N(0.363139423.109 
-y2 ,y+0.2967996345.10' 3 Y2 + 0.1469972651.1013 1.10137 'Y 

-05994645128.1015 Y-0.9261614208.1014 7+0.2577032865.1 017 ) 

/(0.2421496444.1013YX 
+0.256280043.109Y2,1'+ 0.4711289056.1022Y 

) +0.6723987732.1018 Y2 -0.1509404581.10157-0.2949439112.1024 

The vertical compressive stress beneath the corner b is 
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ab = -1000N(0.1310410647.1010 Y2 X+0.1 Y2 + 0.4906504960.10137-A-; 

-0.2274668619.1016 Y-0.3095146525.1015 X+0.9561644820. M17) 
/(0.2421496444.1013 YX + 0.256280043.109 Y2 X+0.4711289056.1022 Y 

+0.6723987732.1018 Y2 - 0.1509404581.1015T- 0.2949439112.1024) 

The vertical compressive stress beneath the corner c is 

ac = -1000N(0.1057825219.1010Y2X+0.9012539276.1013Y2 +0.4148747403.1013Y, Y 

-0.1830530560.1016 Y-0.2615200728.1015X+ 0.7888722385.1017) 
/(0.2421496444.1013 YX + 0.256280043.10` Y2 X+ 0.4711289056.1022i7 

+0.6723987732.1018 Y2 - 0.1509404581.10157- 0.2949439112.1024) 

The vertical compressive stress beneath the corner d is 

Qd = -20ON(0.38676556647.1010 Y2X+ 0.4459644390.1014 Y2 + 0.1 7. Y 

-0.7920758480.1016 Y-0.6981012060.1015X+ 0.3197874552.1018 ) 
/(0.2421496444.103 YX + 0.256280043.109 Y2 X+0.4711289056.10 22Y 

+0.6723987732.1018 Y2 - 0.1509404581.1015T- 0.2949439112.1024 ) 

The vertical compressive stress beneath the corner e is 

are = -40ON(0.2032239977.1010 Y2 X+0.2915542940.10' 4 Y2 + 0.3749138010.1013 YX 
16Y- 

-0.4608764018.10 0.2404748678.101 5X+0.1737235395.1018 ) 
/(0.2421496444.1013 YX + 0.256280043.109 Y2 7+0.4711289056.1022F 

+0.6723987732.1018 Y2 - 0.1509404581.10157- 0.2949439112.1024 ) 

The vertical compressive stress beneath the comer f is 
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,V af= -200N(0.2643009507.1010 Y2 X+0.5784460630.1014y2 - 0.2235580425.1013T- 

-0.7985633720.1016 Y+0.1285494225.1015T+ 0.2727984149.1018 ) 
/(0.2421496444.1013 YX + 0.256280043.10` Y2 X+0.4711289056.1022 Y 

+0.6723987732.1018-f2 - 0.1509404581.1015T- 0.2949439112.1024) 

The vertical compressive stress beneath the comer g is 

crg = -1000N(0.276016473.109 Y2X+ 0.8756100409.1013-f2 - 0.1204873642.10'3 YX 

-0.1152988685.1016 Y+0.7370446420.1014T+ 0.3783045 863.10 7) 

/(0.2421496444.1013 YX + 0.256280043.109 Y2 X+ 0.4711289056.1022F 

+0.6723987732.1018-f2 - 0.1509404581.1015X- 0.2949439 112.1024 ) 

The vertical compressive stress beneath the corner h is 

uh = 8OOON(O. 1O347O2.1OY2- 0.1082856239.1013 Y2 + 0.3939556165.10' 2 F- 

+0.1133262276.1015 Y-0.2445053698.10147 _ 0.2862590728.1016 ) 
/(0.2421496444.1013 YX + 0.256280043.109 Y2 X+0.4711289056.1022 Y 

+0.6723987732.1018 YZ - 0.1509404581.1015T- 0.2949439112.1024) 

The vertical compressive stress beneath the corner i is 

Qi = -5000N(0.6217449.107 Y2 X+0.2281146578.10' 3 Y2 - 0.7707931682.1012 YX 

-0.2331927464.1015Y + 0.4780691798.1 014 X+0.5686530112.1016 ) 
/ (0.2421496444.103 YX + 0.256280043.109 Y2 X+0.4711289056.1022f 

+0.6723987732.1018 Y2 -0.1509404581.1015-/l - 0.2949439112.1024 ) 

The vertical compressive stress beneath the corner j is 

485 



Chapter 8: Calculation of stresses beneath eight common shaped pavers taking 
into account loads generating absolute-hexahedral stress pattern 

QJ = 20000ON(555299Y2X - 0.5679553825.101 Y2 + 0.2413675743.1011 j 

+0.5213871500.1013 Y-0.1499922529.10137- 0.1048389208.1015 ) 

/(0.2421496444.1013 YX + 0.256280043.109 Y2 X+0.4711289056.1022"f 

+0.6723987732.1018 Y2 -0.1509404581.1015T-0.2949439112.1024) 

The vertical compressive stress beneath the corner k is 

Qk = 2000N(0.152846663.109Y27- 0.3827652544.1013 Y2 + 0.2432154625.1013 YX 

+0.2868898265.1015 Y-0.1515136814.1015-, V- 0.3063509050.1016 ) 

/(0.2421496444.1013 YX + 0.256280043.109 Y2 X+ 0.4711289056.1022 Y 

+0.6723987732.1018 Y2 - 0.1509404581.10 5X-0.2949439112.1024 ) 

The vertical compressive stress beneath the comer I is 

ý! = 2000N(0.279139377.109 Y2 X-0.24212421 16.10' 3 Y2 +0.281 1033402.10' 3 Y, V 

+0.6482079700.1014i_ 0.1755109713.10157+ 0.5301103125.1016 ) 

/ (0.2421496444.1013 YX + 0.256280043.10972X + 0.4711289056.1022i; 

+0.6723987732.101872 - 0.1509404581.10157- 0.2949439112.1024) 

The vertical compressive stress beneath the corner m is 

um = 2500N(0.379018323.109Y2X +0.1026048352.103Y2 +0.2278392934.103Y, k' 

-0.3233390800.1015Y - 0.1428430626.1015 7+0.1611349534.1017 ) 
/(0.2421496444.10' 3 YX + 0.256280043.109 Y2, V + 0.4711289056.1022 7 

+0.6723987732.1018 Y2 - 0.1509404581.10157- 0.2949439112.1024 ) 

The vertical compressive stress beneath the corner mit is 

CS 
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100N(0.9869106693.1010 Y2 X+0.5308003865.1014-f2 + 0.4993661429.1014 Y, l mit - 

-0.1067701612.1017Y - 0.3136773625.1016X+ 0.4581566309.1018) 

/ (0.2421496444.1013 YX +Y 2+0.256280043.1 09 0.4711289056.1022-f 

+0.6723987732.1018 Y2 - 0.1509404581.10 15 X-0.2949439112.1024) 

The vertical compressive stress beneath the corner n is 

an = 4000N(0.295386049.109 Y2 X+0.2252951606.1013-f2 + 0.1257654799.1013 )F. Y 

-0.3841740648.1015 Y-0.7918005488.1014? + 0.1516410729.1017 ) 

/(0.2421496444.1013 YX + 0.256280043.109 Y2 X+ 0.4711289056.1022-f 

+0.6723987732.1018 72 - 0.1509404581.10157- 0.2949439112.1024) 

The vertical compressive stress beneath the corner o is 

Co =1000N(0.1039397151.1010 Y2. Y+ 0.8965181176.1013 Y2 + 0.4057233550.1013 YX 

-0.1413506827.1016i; - 0.2557703037.10157+ 0.5319156275.1017) 

+ 0.256280043.109-f27+ 0.4711289056.1022 7 /(0.2421496444.1013'yX- 

+0.6723987732.1018 72 - 0.1509404581.1015, - 0.2949439112.1024) 

The vertical compressive stress beneath the corner p is 

oýp = 4000N(0.269690503.109 Y2 X+0.2927016040.10 13 Y2 +0.8387281603.10 12 Y, ý' 

-0.4182151845.1015 Y-0.5308500240.1014 7+0.1468087187.1017 ) 
/ (0.2421496444.101 3 YX + 0.256280043.109 32 X+0.4711289056.1022F 

+0.6723987732.1018 Y2 -0 . 
1509404581.1015 X-0.2949439112.1024) 

The vertical compressive stress beneath the corner q is 
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Qq =1000N(0.794467923.109Y2X+0.1161481366.1014Y2 +0.1408141351.1013YX 

-0.1426481874.1016 Y-0.9044017800.1014X+ 0.4379375468.107) 

/(0.2421496444.1013 YX + 0.256280043.10` Y2 X+0.4711289056.1022-f 

+0.6723987732.1018 Y2 - 0.1509404581.1015T- 0.2949439112.1024 ) 

The vertical compressive stress beneath the corner qr is 

X Qqr = 200N(0.2709412473.1010 Y2X+0.4400996403.1014Y2 +0.3251918970,10137 

-0.4911719077.1016 Y-0.2122279915.1015T + 0.1353226517.1018) 

/ (0.2421496444.1013 YX + 0.256280043.10972: ü+ 0.4711289056.1022f 

+0.6723987732.1018 Y2 -0.1509404581.10157-0.2949439112.1024) 

The vertical compressive stress beneath the corner r is 

cTr = 400N(0.643971013.109Y2X+0.2177185577.1014 Y2 -0.3240968738.10'3T ' 

-0.1839912379.1016-f+ 0.1986355833.1015T + 0.3033699383.1 017) 

/(0.2421496444.1013 (0.2421496444.10'3Y+ 0.256280043.109 Y2 h' + 0.4711289056.1022y 

+0.6723987732.1018-f2 - 0.1509404581.1015X- 0.2949439112.1024 ) 

The vertical compressive stress beneath the corner s is 

QS = 200N(0.1484766333.1010Y2X +0.5725812645.101472 -0.9993542025.1013YX 

-0.4976594313.1016 Y+0.6144226370.1015 7+0.8833361135.1017 ) 

/(0.2421496444.1013 YX + 0.256280043.109 72 X+0.4711289056.1022i 

+0.6723987732.1018 Y2 - 0.1509404581.1015 7-0.2949439112.1024 ) 

The vertical compressive stress beneath the corner t is 
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ßt = 400N(0.31647943.108 2X+0.2839593700.1014-f2 
- 0.9863699235.1013 V 

-0.1872349997.1016 Y-0.6119608975.1015T + 0.6842473650.1016) 

/ (0.2421496444.1013 YX + 0.256280043.109 Y2 X+0.4711289056.1022 Y 

+0.6723987732.1018 Y2 - 0.1509404581.10157- 0.2949439112.1024) 

The vertical compressive stress beneath the corner u is 

Q� = -100N(0.2399262513.1010 Y2X- 0.8545553939.1014 Y2 +0.4703237251.1014 YX 

+0.3048019399.1016-f - 0.2927789387.106X+ 0.1399223489.1018 ) 

(0.2421496444.1013 YX + 0.256280043.109 Y2 X+0.4711289056.1022 Y 

+0.6723987732.1018 Y2 - 0.1509404581.1015X- 0.2949439112.1024 ) 

The vertical compressive stress beneath the corner v is 

a,, = -16000N(0.23879581.108Y2X - 0.5311830431.1012-f2 + 0.3547889310.1012 Y, t' 

+0.1135078175.1014 Y-0.2210805341.1014T+ 0.1341068831.1016 ) 

/(0.2421496444.1013 YX + 0.256280043.109 Y2 X+ 0.4711289056.1022f 

+0.6723987732.1018-F2 - 0.1509404581.1015-. V'- 0.2949439112.1024) 

The vertical compressive stress beneath the corner w is 

Qw = -100N(0.5767068227.1010Y2 X-0.4795126130.1014 Y2 +0.5713580661.1014 yX 

-0.2873821390.1016 Y-0.3567717115.1016 7+0.3629786735.1 018) 
/ (0.2421496444.1013 YX + 0256280043.1 09 Y2 X+0.471 1289056.1022 Y 

+0.6723987732.1018 Y2 -0 . 1509404581.1015X - 0.2949439112.1024 ) 

The vertical compressive stress beneath the comer x is 
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Qx . -40ON(0.1451337307.1010 Y2 X- 0.5159748648.1013i; 2 + 0.1191978335.1014 Y, y 

-0.1289846733.1016-f - 0.7452598463.10157 + 0.9990893873.1 0' ) 

/(0.2421496444.1()13 YX + 0.256280043.109 Y2 X+ 0.4711289056.1022i7 

+0.6723987732.1018 Y2 - 0.1509404581.1015X- 0.2949439112.1024) 

The vertical compressive stress beneath the corner y is 

cry = -100N(0.9698019763.1010Y2X+0.5343705654.1014Y2 +0.4841828871,1&44 ' 

-0.1453927987.10'7 Y-0.3041896526.10167+ 0.6964510760.1018 ) 

/(0.2421496444.1013 YX + 0.256280043.109 Y2 X+ 0.4711289056.1022f 

+0.6723987732.10 18y2 
- 0.1509404581.1015T_ 0.2949439112.1024) 

The vertical compressive stress beneath the comer z is 

uz = -2000N(0.628962083.109-727+ 0.4084091411.10' 3 Y2 + 0.2921466420.101 3 Y, t' 

-0.9644317020.1015 Y-0.1837108556.1015X+ 0.4412027427.1017 ) 

/(0.2421496444.1013 YX + 0.256280043.109 YZ. Y + 0.4711289056.1022 Y 

+0.6723987732.1018 72 - 0.1509404581.1015T- 0.2949439112.1024 ) 

8.3. Absolute-hexahedral compressive stress regimes beneath the eircumserihin 

rectangular border for proprictory shaped paver 3 

The application of the absolute-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 3 shown in Figure 8.2 

can be calculated by using the data in Tables 5.5. The first two letters of each boundary 

line function in Table 5.5 for proprietory shaped paver 3 charecterise the corner names 

can be seen in Figure 8.2 (example: bey symbolises the boundary line function of 

proprietory shaped paver 3 in the y axis between corner b and c). The line functions 
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which define the boundary of the absolute-hexahedral stress block in the xy-plane (see 

Figure 8.2) are of the form fy = ýI 1- lJ, fx = lý 1- iI. 

Line 1f tap view of real 
rbew str rs wolum 

Centroid of the 
I shaped l/r 

38 
3D view of the apparent 

t 
gas absolute-hexahedral vertical 

Area 3: area 4. 
_--_-ss 

function's border occurs 
/M 1*.. »Anaa, 2_. 62.5 benea e paver 

Distances (mm) line 1 
,ý. 

ao 

- 
MY ̀l 

ý 47,5 pp; j&ý4 96 66 

°0°MUMMA Centrrold of the real vertical ft um 
Dow volume in x and y directions 

The top view of the apparent absolute-hexahedral varflcal stress functions' applications 

x 

Figure 8.2: The application of the absolute-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 3. 

The surface function of the absolute-hexahedral compressive stress block beneath the 

circumscribing rectangular border shown in Figure 8.2 through the three points A. 

and t is given by: 

xy 

100T_ 

0101 -O=> 

00 '7A 1 

The following actual total volume V beneath the surface 
.f 

(x, v) == (> 0) and above 

the region in the xy-plane (see Figure 8.2) is calculated by subtracting the negative 

volume generated by the dentations of the shaped paver from the absolute-hexahedral 

volume beneath circumscribing rectangular boundary of the paver. 
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235155 475hay 7438 161 235&v 

v= J ! f(x, y)dydx- ! jf(x, y)dydx -J Jf(x, y)dydx -j Jf(x, y)dyh- jf f(x, y)tyydr 
000 38 00 74 0 170 0 

235 dey 235155 187.5 ejy 161 fv 65ghy 

-ff f(x, y)dydx- Jf f(x, y)dydx- J JJ(x, y)dydx- j 
lf(x, 

y)dydx- j ! f(x, y)dydx 
187.540 161117 161 102.5 65102.5 0115 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 8.2) which are given by the following equations. 

235155 473hav 7438 161 bin, 

J Jxf(x, y)dydx- J Jxf(x, y)dydx- 
j jxf(x, 

y)dydr- 
j fxf(x, 

y)dyd* 
000 38 00 74 0 

_ 
235cdy 235 dty 235155 187.3 rfv 

X- -f 
1 xf (x, y) qty dr -ffxf 

(x, y) dy dv -Jj xf(x, y) dy d-fjxf (x, y) dy dr 

170 0 1875 40 161117 161 1023 
161 fkv 65ghv 

-J jx f(x, y) dy dx- J jx f(x, y) dyd L 
65 102.5 0115 

155235 115hax 3874 523bcx 

1l yf(x, y) dy- j jyf(x, y)cdrdy- jf yf(x, y)drdy- j Jyf(x, y)gtrdy 
00 38 0000 74 
40cch 117 der 155235 117 efx 

V-J1 
yf (x, y) d* dy -jjyf (x, y) d dy -fJyf (x, y) dr dy -fjyf (x, y) c! x cly 

0170 40 187.5 117161 102.5161 
155 fgx 155ghr 

-ff yf(x, y)dx dy -f fyf(x, y) dx dy 
102.5 65 115 0 

The V, X and Y values can analytically be evaluated in terms of It and o, t. The 

following results which indicate the proportions of the absolute-hexahedral vertical 

compressive stress block (see Figure 8.2) can be determined by applying vertical and 

rotational equilibrium between load patch and vertical compressive stress distribution 

(see Chapter 6). For vertical equilibrium condition the equality between the truncated 

volume (V) and the total applied patch load (N) must be satisfied and for rotational 

equilibrium conditions the centroid distances of the load patch (X, Y) must be 

coincided with the centroid distances of the truncated vertical stress block (X 
,Y). 
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I =1250(-0.1855540422.1015 + 0.6044669461.1012X + 0.1032919928.10137 

+0.1424415491.1010XY)(-0.73441981.108 + 0.484628X)/((-05543205905.1013 

+0.7373610375.1010X+ 05183906455.101 'T + 0.46109166.108YX)(0.9310745833.1010 

-0.605785.109(-0.1855540422.1015 + 0.6044669461.1012T + 0.1032919928.1013Y 

+0.1424415491.1010YX)/(-05543205905.1013 + 0.7373610375.1010 

+051 83906455.101' Y+ 0.46109166.1 O8YX) - 0.82722.1087+ 0.5107(-0.1855540422.1015 

+0.6044669461.1012X+ 0.1032919928.1013Y+ 0.1424415491.1010YX)X / 

(-0.5543205905.1013 + 0.7373610375.10'oX + 0-5183906455.101 lY + 0A6109166.1087-. V» 

-0.1855540422.1015 + 0.6044669461.1012 1+0.1 032919928.1013 Y 

+0.1424415491.101 OYX 
(-05543205905.1013 + 0.7373610375.10107 + 0.5183906455.1011 Y) 

+0.46109166.108 YX 

-62500N(-0.73441981.108 + 484628 X-0.1855540422.1015+0.6044669.161.1012X 
+0.1032919928.1013 Y+0.1424415491.10 ° YX 

aA «: (-0.1207889122.1031 + 0.7970603203.1028 X- 0.1201590023.1028 Y 

+0.7929036736.1025YX+0.6924301845.1017, +0.1385603579.1013W 

Therefore, the function of the absolute-hexahedral vertical compressive stress regimes 

can be determined as follows by inserting the I, t and OA values into 

f(x, y)=: = aA(1- 1-j 

f(x, y) =z=0.0005N(-0.533007989.1025 +0.7509456425.1l'- 0.2634400900.102, l'ý 023, 

-0.1463134614.1023 Y+0.1299564890.1021 YX - 0.2204479923.1018 T2 ) 
/(-0.1207889122.1 026 +0.7970603203.1 023X - 0.1201590023.1023 Y 

+0.7929036736.1020y-X+ 0.6924301845.1012T2 + 0.1385603579.101017, -V-2) 
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The stress values beneath the corners of proprietory shaped paver 3 for the absolute- 

hexahedral vertical compressive stress regimes can now be determined by inserting the 

corner co-ordinates in the xy-plane into the stress function defined above (see Figure 

8.2). 

The vertical compressive stress beneath the corner a is 

a'a = -50000N(0.1027909481.10tg -0.1008115815.1016E+0.2176413481.1013, t'2 

-0.5186086842.1015 Y+0.2674350372.1013 YX + 0.4934823419.101 O YX2 ) 
/(-0.1207889122.1026 + 0.7970603203.1023.1'- 0.1201590023.1023 7 

+0.7929036736.1020 YX+ 0.6924301845.1012 X2 + 0.1385603579.101 Q2) 

The vertical compressive stress beneath the corner b is 

Qb = -250000N(0.1438457832.1&7 -0.1375830429.1015, x'+0.2815192540.1012- 

-0.6853724742.1014 Y+0.3538139444.1()12y- + 0.6596429.109 U2) 

/(-0.1207889122.1026 
+ 0.7970603203.10237_ 0.1201590023.1023 7 

+0.7929036736.1020+0.6924301845.1012 X2 +O. 1385603579.10107. -V2) 

The vertical compressive stress beneath the corner c is 

Q, = -50000N(0.6699259940.10'7- 0.3755020200.1015,1'- 0.4392672970.1012,1' 

-0.7050320963.1015 Y +0.4196882753.10137. - 
, V+ 0.3005575839.10' ° Y, 1'2 ) 

/(-0.1207889122.1026 + 0.7970603203.1023X - 0.1201590023.1023 7 

+0.7929036736.1020 YX+0.6924301845.10IZX2 + 0.1 385603579.10 0 
. 
r, ) 

The vertical compressive stress beneath the corner d is 
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Qd = 50000N(0.1323421108.1017 - 0.4456769280.1015,, '+0.2364656809.1013- 2 

+0.2313221581.1015 Y-0.1735438061.1013 YX + 0.1379096217.1010 Ya'2 ) 

/(-0.1207889122.1026 + 0.7970603203.1023T_ 0.1201590023.1023 7 

+0.7929036736.10207X-+ 0.6924301845.1012T2 + 0.1385603579.10107, -V2) 

The vertical compressive stress beneath the corner c is 

Qe = 50000N(0.6272436030.1017 - 0.7028471012.1 015 T+0.1906669389.1013 XZ 

-0.4335999875.1015 Y+0.2238477200.1013 Y, + 0.4109439713.10tO Y, '2 ) 

/(-0.1207889122.1026 + 0.7970603203.1023T_ 0.1201590023.1 023 Y 

+0.7929036736.1020y-X+ 0.6924301845.1012T2 + 0.1385603579.10' ° Ya'2 ) 

The vertical compressive stress beneath the corner f is 

017 013- uf= 50000N(0.3185630371.1- 0.3826465005.10151'+0.1137852178.1 0V2 

-0.2576775406.1015 Y+0.1333196552.10 3 Y. Y+ 0.2422828439.10' ° Y', ) 

/(-0.1207889122.1026 
+ 0.7970603203.1023 X- 0.1201590023.1023 Y 

+0.7929036736.1020 YX + 0.6924301845.1012X2 + 0.1385603579.10107. r) 

The vertical compressive stress beneath the corner g is 

0.7090113890.1012.1'2 og = 50000N(0.2692601150.1017 - 0.7023330590.1014-X- 

-0.6200234002.1015 Y+0.3761009582.1013y-X+ 0.2180192133.10' ° YA'2 ) 
/(-0.1207889122.1026 + 0.7970603203.1023T_ 0.1201590023.1023-f 

+0.7929036736.1020 YX + 0.6924301845.1012T2 + 0.1385603579.101 O Yi2 ) 

The vertical compressive stress beneath the corner h is 
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uh = -50000N(0.5330079890.1017 - 0.7509456425.10157+ 0.2634400900.1013,2 

+0.1463134614.1015 Y-0.1299564890.1013 YX + 0.2204479923.101 O Yx. 2 ) 
/(-0.1207889122.1026 +O. 7970603203.10237_ 0.1201590023.1023 7 

+O. 7929036736.102 07X- +0.1385603579.10107rdY ) 

8.4. Absolute-hexahedral compressive stress regimes beneath the circumscribing* 

rectaniular border for nronrietory shaped paver 4 

The application of the absolute-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 4 shown in Figure 8.3 

can be calculated by using the data in Tables 5.7. The first two letters of each boundary 

line function in Table 5.7 for proprietory shaped paver 4 charecterise the comer names 

can be seen in Figure 8.3 (example: bey symbolises the boundary line function of 

proprietory shaped paver 4 in the y axis between corner b and c). The line functions 

which define the boundary of the absolute-hexahedral stress block in the xy-plane (see 

Figure 8.3)areof the form fy=I l- f), fx=11l- f). 

The surface function of the absolute-hexahedral compressive stress block beneath the 

circumscribing rectangular border shown in Figure 8.3 through the three points QA, 

and t is given by: 

xy.. l 

It 00l 
010 I= 

0ý f (x, y) = .. = aA(1-x- 
l 

00 QA 1 

The following actual total volume V beneath the surface f (x, y) =: (> 0) and above 

the region in the xy-plane (see Figure 8.3) is calculated by subtracting the negative 

volume generated by the dentations of the shaped paver from the absolute-hexahedral 

volume beneath circumscribing rectangular boundary of the paver. 
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Figure 8.3: The application of the absolute-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 4 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 
(see Figure 8.3) which are given by the following equations. 

210100 6 kahl. I60hc"i' 20 Ic"dt' 
X= 

16' jfx. f (x, y) dyd-Jf xf (x, v) cýv cli -$jx. / (x, v) dy üx -JfJv clr 

0000 60 0 1611 10 

20010 21010 21O c/et' 210 r/1' 

-J 
Jx. f(x, y) dydx- J Jx. f(x, y) dydx- f $x. i'(x, y)ciydc - .. 

/ 
-ý", yýclvcLv 

1000 200 0 200 10 20050 
210100 200 /kv 160, Khv' 60hru 

-J 
Jxf(x, 

y)dydx- 
J Jx. f(x, y)dydx- 

J Jx. /(x, y)dvdv- 
J Jx. /(x, v)ddi'dx 

160 90 160 90 60 80 0 90 
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I buy IOjLy 
-j 

jxf(x, 
y)dyA- 

J Jxf(xy)dydx 

050 010 

vi 

100210 10abx 20hcx 20L-dc 

ff yf (x, y) dxdy -Jf yf(x, y) dxdy -Jf yf(x, y) dx dy -f Jyf(x, y) dx dy 
00000 60 10160 
10200 10210 5üdex 9oefx 

-f Jyf(x, y) dxay -J Jyf(xy) qtr dy -ffy f(x, y) dr dy -J fyf(x, y) dr dy 
0160 0200 10200 50200 
100210 90fgx 100ghx 1(X)hix 

-Jfy. f (x, y) ' dy -ff yf (x, y) dy -ff yf(x, y) dx dy -Jf yf (x, y) (Ir cly 
90 160 80160 80 60 90 0 
9cvjx 50jax 

-Jf yf(x, y) dy -$ Jyf(xy) pry 
500 100 

The V, X and Y values can analytically be evaluated in terms of 1,1 and a4. The 

following results which indicate the proportions of the absolute-hexahedral vertical 

compressive stress block (see Figure 8.3) can be determined by applying vertical and 

rotational equilibrium between load patch and vertical compressive stress distribution 

(see Chapter 6). For vertical equilibrium condition the equality between the truncated 

volume (V) and the total applied patch load (N) must be satisfied and for rotational 

equilibrium conditions the centroid distances of the load patch (X, Y) must be 

coincided with the centroid distances of the truncated vertical stress block (, k' , 
7). 

I 
501851-133973 + 1000X) 

0.2584557613.1010 - 0.50185000.1081- 0.25421800.108X+ 500000Xi 

0.05-0.7920623795.1013 
+ 0.2753687945.10' X+0.6984601100.1011 Y 

+0.110339381.109 YX_ 
= t 

-0.3880304200.101 - 0.3343750.1077+ 0.77606084.108 Y+ 66875=Y=, 1='i 
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-0.1.108 N(- 133973 + 1000X -0.7920623795.1013 + 0.2753687945.1011 ý' 

+0.6984601100.1011 Y +0.110339381.10977) 
'CFA = 

-0.2218734814.1029 +0.1464907843.10277+0.1427139043.102412 

+O. 1007861518.1021 -f - 0.1318078007.1019 YX + 0.42 l 7437635.1016 Y, 1'ß 

Therefore, the function of the absolute-hexahedral vertical compressive stress regimes 

can be determined as follows by inserting the I, t and QA values into 

AX, y) = -I-' = QA(1-x1 -y ! 

f(x, y) =: =0.4.10-12 N(-0.5305748658.1031 + 0.5804911073.1029T 

-0.1376843973.1027TC2 +0.4678739816.1029-f - 0.2753175655.1027 7, k' 

-0.5516969050.1024 YX2 + 0.1961931951.1029x - 0.3529148288.1027xX 

+0.5044593427.1026xY - 0.6590871229.1024xYX+ 0.15411 50005.1025xT2 

+0.2109.1022 xYX2 + 0.5198559946.1029 y-0.343233198 j. 1027 yX 

-0.334375.1 024 yV-0.1039711989.1028 yY + 0.6864663963.1025 yYX 

+0.66875.1022 )Ty-T2)/(-0.4437469628.1022 +0.2929815686.1020-X 

,V +0.2854278086.1017XZ + 0.2015723036.1014-f - 0.2636156014.1012-)7- 

+0.843487527.1097V) 

The stress values beneath the corners of proprietory shaped paver 4 for the absolute- 

hexahedral vertical compressive stress regimes can now be determined by inserting the 

corner co-ordinates in the xy-plane into the stress function defined above (see Figure 

8.3). 

The vertical compressive stress beneath the corner a is 

QQ = -2000N(0.9571785326.1015 - 0.1092335575.1014 7 +0.2820562946.101 h'2 

-0.7278055654.1013 Y-0.4133418518.101 YX + 0.96964381.108 YX2 ) 
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/(-0.4437469628.1022 
+0.2929815686.10207+0.2854278086.1017T2 

+0.2015723036.1014 Y- 0.2636156014.1012 Y X+ 0.843487527.109 YX 2) 

The vertical compressive stress beneath the corner b is 

Qb = -2000N(0.8257178974.1015 - 0.7374844200.10137+ 0.9043079400.1010 

-0.9962830844.1013 Y+0.6297255858.101 1 YX + 0.85031381.108 YXZ ) 

/(-0.4437469628.1022 +0.2929815686.1020X+ 0.2854278086.1017,1'2 

+O. 2015723036.1014 -f 
- 0.2636156014.1012 Yh'+ 0.843487527.109 Yh'2 ) 

The vertical compressive stress beneath the corner c is 

ac = -2000N(0.2253891094.1015 +0.1056385168.1013, Y- 0.2044242070.10 h'2 

-0.6812901572.1013 Y+0.4869564518.10" YX + 0.161013 81.108 7V) 

/(-0.4437469628.1022 + 0.2929815686.1020X+ 0.2854278086.1 017-X2 

+0.2015723036.1014 Y-0.2636156014.10' 2 YX + 0.843487527.1097-. V2) 

The vertical compressive stress beneath the corner d is 

Qd = -2000N(0.1 724057523.10i5 +0.3193237402.1013, Y-0.3344037074.1011, t'' 

-0.9295893024.1 013 Y+0.6769767010.101 1 YX + 0.12604381.108 Y, t'2 ) 

/(-0.4437469628.1022 + 0.2929815686.1020X+ 0.2854278086.1017-V2 

+0.2015723036.1014 Y-0.2636156014.1012-7X- . 
2636156014.1012 YX + 0.843487527.109 Y, t'2 ) 

The vertical compressive stress beneath the corner e is 

oýe = 2000N(0.2827176824.1015 - 0.6644932646.103 X+0.3384767076.1011 X2 
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+0.1079088982.1013Y-0.1409853262.1011YX+0.45113619.108 
72) 

022 020X (-0.4437469628.1 +0.2929815686.1 +0.2854278086.1017 X2 

+0.2015723036.1014 Y-0.2636156014.10127-X + 0.843487527.1097,1 2) 

The vertical compressive stress beneath the corner t is 

af= 2000N(0.6593638390.1015 - 0.8684968572.1013 X +0.2809037074.1011, X, 2 

-0.7339498800.103 Y+0.4213695332.1011 YX + 0.943956191.108 7, V2) 

/(-0.4437469628.1022 + 0.2929815686.1020y + 0.2854278086.1017, V, 2 

. 2636156014.1012 YX + 0.843487527.1 0` ,V) +0.2015723036.1014 Y-0.2636156014.10127X- 

The vertical compressive stress beneath the corner g is 

arg = 2000N(0.3984380842.1015 - 0.5175183546.1013 X'+ 0.1642992070.10' , V'2 

-0.5663642296.1013 Y+0.3368032236.1011 YX + 0.64148619.108 F-'2 ) 

/(-0.4437469628.1022 + 0.2929815686.1020X+ 0.2854278086.1017X' 

14 Y +0.2015723036.10 - 0.2636156014.1 012 TX + 0.843487527.1091', V2) 

The vertical compressive stress beneath the comer h is 

Qh = 2000N(0.2139940918.1015 + 0.5101802380.1012? - 0.1573057940.101 : ý' 

y2 -0.1083140894.1014«i+ 0.7432072068.1011 i-, V+ 0.48718619.108 y- ) 

/(-0.4437469628.1022 + 0.2929815686.1020X+ 0.2854278086.1017T' 

+O. 2015723036.1014 -f - 0.2636156014.1012 YX + 0.843487527.109 YX2 ) 

The vertical compressive stress beneath the corner i is 

501 



Chapter 8: Calculation of stresses beneath eight common shaped pavers taking 
into account loads generating absolute-hexahedral stress pattern 

Q; = 2000N(0.1254089414.10' 5+0.5431624580.1013 7-0.3355562946.101 1 XZ 

-0.9357336170.1013 Y+0.6850043824.1011 YX + 0.10035619.1087. r) 

/(-0.4437469628.1022 +0.2929815686.1020X+ 0.2854278086.101772 

+0.2015723036.1014 Y-0.2636156014.1012'7-X+ 0.843487527.1097-X2) 

The vertical compressive stress beneath the corner j is 

aj = -2000N(0.5020550980.1015 - 0.7471660506.1013T+ 0.2779832946.101 '-, V2 

+0.9387483894.1012-f - 0.1226495229.1 01 YX + 0.39246381.1 08 YA2 ) 

/(-0.4437469628.1022 + 0.2929815686.1020X+ 0.2854278086.1017-X2 

+0.2015723036.1014-f - 0.2636156014.1012 YX + 0.843487527.109Y) 

8.5. Absolute-hexahedral compressive stress repimes beneath the circumscribing* 

rectangular border for nroprictory shaped paver 5 

The application of the absolute-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietary shaped paver 5 shown in Figure 8.4 

can be calculated by using the data in Tables 5.9. The first two letters of each boundary 

line function in Table 5.9 for proprietary shaped paver 5 charecterise the corner names 

can be seen in Figure 8.4 (example: bey symbolises the boundary line function of 

proprietory shaped paver 5 in the y axis between corner 1) and c). The line functions 

which define the boundary of the absolute-hexahedral stress block in the xy-plane (see 

Figure 8.4) are of the form fy fx = 1ý 1- y 
\1\1. 

The surface function of the absolute-hexahedral compressive stress block beneath the 

circumscribing rectangular border shown in Figure 8.4 through the three points caA, I 

and t is given by: 
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Figure 8.4: The application of the absolute-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 5. 

The following actual total volume V beneath the surface /'(x, v) =- (> 0) and above 

the region in the xy-plane (see Figure 8.4) is calculated by subtracting the negative 

volume generated by the dentations of the shaped paver from the absolute-hexahedral 

volume beneath circumscribing rectangular boundary of the paver. 

220110 55ahv I(, Shn 221)rdh 2-1(14, A. 
V= J 5, f(x, y)dvdx- 

J Jf(x, 
y)d, dx- J J. f(x, y)dºvdr 

f J. f(x, y)dvdr 
JJ f(x. y)d dx 

is (ý I<, s li IU )S 
1651kv 

-f 
j. f(x, y)dydx 

55 95 

and the centroids of this volume in the xy-plane are at distances X and Y From the axes 

(see Figure 8.4) which are given by the following equations. 
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220110 55aby 165b 220c 

J 
Jxf(x, y) dy d-j Jxf(xy)dydx- f 

Txf(x, 
y) dy d-JJ xf(x, y)dydir 

10000 55 0 1650 
V 220efy 165fgy 

-fJ xf(x, y) dy -ff xf(x, y)dydr 

165 95 55 95 

110220 15abx l5bcx IScdx 
f Jy f(x, y) dx dy- f Jy f(x, y) dx dy -! 

fy f(x, y) dx dy -f 
Jy f(x, y) dx dy 

Y- 1000 50 0 55 0165 
V ll0efx 110fgx 

-j 
fyf(x, 

y)dxdy- 
5 Jyf(x, 

y)dxdy 
95165 95 55 

The V, X and Y values can analytically be evaluated in terms of /, land aA. The 

following results which indicate the proportions of the absolute-hexahedral vertical 

compressive stress block (see Figure 8.4) can be determined by applying vertical and 

rotational equilibrium between load patch and vertical compressive stress distribution 

(see Chapter 6). For vertical equilibrium condition the equality between the truncated 

volume (V) and the total applied patch load (N) must be satisfied and for rotational 

equilibrium conditions the centroid distances of the load patch (X, Y) must he 

coincided with the centroid distances of the truncated vertical stress block (X ,Y). 

1= 52.5(15818X- 0.2327587.107XO. 941915451.1097Y + 0.6286380310.1012 X 

+0.1582393543.1013-f - 0.1871575247.10' 5)/(-0.6428037852.10 5 XY 

+0.2499772043.101312-f - 0.1280759908.1019Y+ 0.4966222642.1016- 

+0.4046089285.1017 Y+0.8092995561.1020 ) 

t=1.5(0.941915451.109 XY + 0.6286380310.1012 X+0.1 Y 

-0.1871575247.105)/(0.4417000085.1011 Y +0.16480225.108, %'Y - 0.2429145642.1 013 

-0.907801488.109 X) 

QA = -105N(15818X - 0.2327587.107)(0.941915451.109 -X Y+0.62 , k' 
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+0.1582393543.10137_ 0.1871575247.10' S) /(0.4212997008.1021 Xy 

+0.6072454491.101272-f + 0.8372042509.1024 7-0.3961850825.1015 72 

-0.619934,981.1023T_ 0.1231929188.1027) 

Therefore, the function of the absolute-hexahedral vertical compressive stress regimes 

can be determined as follows by inserting the 1, t and aA values into 

f(x, y) = -, = QA 
(1- 1- i) 

. 

f(x, y) 0.105.10-9 N(-0.1489921860.1024, E Y-0.9943796374.10261P2 

-0.2283791090.1027XY + 0.4423667434.1029X+ 0.3683158640.1029-f 

-0.4356254214.1031- 0.1224388162.1024x7Y + 0.4761470559.1021. Y 

-0.2439542682.1027xX+0.9459471700.1024xX2 + 0.7706836734.1025xY 

+0.1541522964.1029x + 0.4402146107.1025 ya'Y + 0.1737894660,1022 y, ý'2Y 

-0.2420749255.1027yX- 0.9573069292.10233. A - 0.6853967985.1027yY 

+0.3769365212.1029y)/(0.4212997008.10' 9 XY + 0.6072454491.1010 2Y 

+O. 8372042509.1022 X-0.3961850825.1013 X2 - 0.6199341981.1021 Y 

-0.1231929188.1025 ) 

The stress values beneath the corners of proprietory shaped paver 5 for the absolute- 

hexahedral vertical compressive stress regimes can now be determined by inserting the 

corner co-ordinates in the xy-plane into the stress function defined above (see Figure 

8.4). 

The vertical compressive stress beneath the corner a is 

0a =-210000N(0.74496093.108 X2 Y+ 0.4971898187.101 1 h'2 

+0.1141895545.1012 XY - 0.2211833717.1014 7-0.1841579320.10147 

+0.2178127107.1016) 
/ (0.4212997008.1019 XY+0.6072454491.1010 2Y 
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+0.8372042509.1022 X-0.3961850825.101372 -0.6199341981.10217 

-0.1231929188.1025 ) 

The vertical compressive stress beneath the corner b is 

4 v2 oib = -105ON(0.9673567803.1010 X2 Y+0.4884682975.1013- 

+0.1690810523.1014XY - 0.2718806571.1016X- 0.2697451044.1016Y 

+0.2943011802.1018 )/(0.4212997008.1019 XY + 0.6072454491.1010 2Y 

+0.8372042509.1022X-0.3961850825.1013X -0.6199341981.1021 Y 

-0.1231929188.1025 ) 

The vertical compressive stress beneath the corner c is 

uc = -210ON(0.3521396089.1010X2Y -0.2832165968.101372 

+0.1242907569.1014 XY - 0.1992110045.1015 X-0.1905160723.10' 6Y 

+0.9063706615.1017)/(0.4212997008.1019XY + 0.607245449 1.1010 2Y 

+0.8372042509.1022X- 0.3961850825.1013: '2 - 0.6199341981.1021 }' 

-0.1231929188.1025 ) 

The vertical compressive stress beneath the corner d is 

, crd = -10500N(0.442398337.109X2 Y-0.1086704137.1013,1'2 

+0.25531 56486.1013 XY + 0.9433264660.1014X - 0.3852709048.1015 7 

+0.9649036930.1016 )/(0.4212997008.10197Y + 0.6072454491.1010, V2 Y 

+0.8372042509.1022X_ 0.3961850825.1013X2 - 0.619934198 Y 

-0.1231929188.1025 ) 

The vertical compressive stress beneath the corner c is 
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o-e =1050ON(0.1469285789.1010 X2 Y+0.9814003740.10121,2 

+0.2289204232.1013 F-0.3606150647.1015 X-0.3686655736.1015-f 

+0.3181398040.101 7)/(0.4212997008.1019XY + 0.6072454491.1010I2 Y 

+0.8372042509.1022X- 0.3961850825.1013X2 - 0.6199341981.1021 Y 

-0.1231929188.1025) 

The vertical compressive stress beneath the corner f is 

Qf= 4200N(0.2366801773.101° Y+0.1188722588.1013X'2 

+0.4240559163.1013XY - 0.4753224458.1015T- 0.6752370350.1015-f 

+0.4420389070.1017 )�/(0.42 12997008.1019X7 + 0.6072454491.1010, c Y 

+0.8372042509.1022X_0.3961850825.1013X 
2-0.6199341981.1021 Y 

-0.1231929188.1025 ) 

The vertical compressive stress beneath the corner g is 

ag =1050N(O. 6836431467,10101'2 Y- 0.5794124565.1013, yl 

+0.2491228279.1014XY + 0.4190947780.1015X - 0.3813818542.1016 Y 

+0.6378851490.1017)/(0.4212997008.1019, ß'Y + 0.607245449 Y 

+0.8372042509.1022X- 0.3961850825.101392 - 0.6199341981.1021 Y 

-0.1231929188.1025 ) 

The vertical compressive stress beneath the corner h is 

crh =10500N(0.161078067.109X2 Y-0.1085323796.1013X2 

+0.1898247712.1013XY + 0.2123955642.10157(- 0.2828110946.1015 

-0.7753572630.1016)/(0.4212997008.1019XY + 0.6072454491.1010 2Y 

+0.8372042509.1022 X-0.3961850825.1013 2-0.6199341981.1021 7 

-0.1231929188.1025 ) 
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8.6. Absolute-hexahedral compressive stress regimes beneath the circumscribing 

rectangular border for proprietors shaped paver 6 

The application of the absolute-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 6 shown in Figure 8.5 

can be calculated by using the data in "Tables 5.11. The first two letters of each 

boundary line function in Table 5.11 for proprietory shaped paver 6 charecterise the 

corner names can be seen in Figure 8.5 (example: bey symbolises the boundary line 

function of proprietory shaped paver 6 in the y axis between corner b and c). The line 

functions which define the boundary of the absolute-hexahedral stress block in the xy- 

plane 
vl (see Figure 8.5) are of the form ft =t 1- 

, . 
J_r = 1- JI. 

LIne 1Y Tb. top view of rwl 
verMrl etreat volume 

Cantrow Of the º Ped 
paust 6 

72 

!, Ir16 1 

Ard, 34 Area a d 
j Area 1 Area 2 

i Distances (rnm) beneath 

i 
.ý 

ý/I 

., r 
IV 

ýy ý 

. 

ý, 

I' 

ýiY1ýrýYIýr 

1 

. l(1 45 4N J(1 

wllod ýr 

�ý, b.. A Csntrnid of ft real vei cal stress 
ý"wý Vold N In x and y directions 

The top view of ehe or-parent absolute -hexahedral vertical stress funcfbns' appllcatbns 

Figure 8.5: The application of the absolute-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 6. 

The surface function of the absolute-hexahedral compressive stress block beneath the 

circumscribing rectangular border shown in Figure 8.5 through the three points A. 
and it is given by: 

S09 

3D view of the apparent 
lute-hexahedral vertical 
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Ix yzl 

It 00l 
_0=>f(x, Y)=z=oA 

(1-x-y 
0101lt1 
00 QA 1 

The following actual total volume V beneath the surface f (x, y) =: (> 0) and above 

the region in the xy-plane (see Figure 8.5) is calculated by subtracting the negative 

volume generated by the dentations of the shaped paver from the absolute-hexahedral 

volume beneath circumscribing rectangular boundary of the paver. 

170167 140bcy 17072 954 v 30167 

V=f Jf(x, y)dydx- $ $f(x, y)dy cfr -J jf(x, y)dyd -j JI(x, y)dyth- j JI(x, y)dytic 
00 75 0 140 0 3095 0 93 

and the centroids of this volume in the xy-plane are at distances X and Y from the axcs 

(see Figure 8.5) which are given by the following equations. 

170167 140b 170 72 95 

J 
Jxf(x, 

y) dy -j 

Txf(x, 
y) dy d-j 5xf(x, 

y)dyd -j xf(x, y)dyd 
100 73 0 1400 3095 
V 30167 

-j 
fxf(x, 

y)dydx 
0 95 

167170 72bcx 72170 167fgx 

J 
Jyf(x, y) dx dy -f 

Jyf(x, y) dr dy -f 
Jyf(xy) dr dy -j 

fyf(x, y) dr dy 

y_1o00 75 0140 95 30 
V 16730 

-j Jyf(x, y)dxdy 
95 0 

The V, X and Y values can analytically be evaluated in terms of /, land cr, t. The 

following results which indicate the proportions of the absolute-hexahedral vertical 

compressive stress block (see Figure 8.5) can be determined by applying vertical and 

rotational equilibrium between load patch and vertical compressive stress distribution 

(see Chapter 6). For vertical equilibrium condition the equality between the truncated 
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volume (V) and the total applied patch load (N) must be satisfied and for rotational 

equilibrium conditions the centroid distances of the load patch (7, Y) must be 

coincided with the centroid distances of the truncated vertical stress block (7, T) 

1_ 
(52151 -315784067125 + 390004905X+ 335419410 Y+ 24112296XY 

3) 75784839745X+ 261346176XY - 2583993225145 - 66932974620Y 

_ 
(10431 315784067125 + 390004905X+ 335419410Y + 24112296XY 

t`6/ 
-270693930865 - 6441933258X+ 7998875530-F + 23593752 YX 

4 
-315784067125 09000490M 335419410f + 241122961v 

QA = (-0.02) 
22796259150449 + 181453583376 Y 

Therefore, the function of the absolute-hexahedral vertical compressive stress regimes 

can be determined as follows by inserting the 1, t and aA values into 

f(x, y)=z=CA(1 
x-y 
1t 

f (x, y) =z= (1 / 260750)N(1646813910056875-2033875579575. -1749212223150Y 

-125745623640YX+ 227354519235xX+ 784038528xYX- 7751979675435x 

-20079892386OxY - 8120817925950y- 193257997740yV+ 239966265900yY 

+707812560yYX)/(22796259150449 +1814535833767) 

The stress values beneath the comers of proprietory shaped paver 6 for the absolute- 

hexahedral vertical compressive stress regimes can now be determined by inserting the 

comer co-ordinates in the xy-plane into the stress function defined above (see Figure 

8.5). 

The vertical compressive stress beneath the corner a is 
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-315784067125 + 390004905X+ 335419410Y + 24112296 YX 
as = (-0.02) 

22796259150449 +181453583376-f 

The vertical compressive stress beneath the corner b is 

-106541543439925 -1501771336305'+1680913151265Y 

- 
(- l1 +6694273404 YX 

ab l 26075) 22796259150449 +1814535833767 

The vertical compressive stress beneath the corner c is 

-4632427034485 + 3176236255209X - 2516698083750 Y 

ac -(11 
+6996454920 YX 

152150) 22796259150449 +181453583376f 

The vertical compressive stress beneath the corner d is 

-51144305087095 + 4540363370619X - 37214916269 10 Y 

ýý 
(1 +11700686088YX 
152150) 22796259150449+181453583376V 

The vertical compressive stress beneath the corner e is 

_I cre 350 
-1378790910605 +5828600091X+ 5623271310Y +168786072 

22796259150449 +181453583376 

The vertical compressive stress beneath the corner f is 

-44580075274310 -12709281874837+1924925641545 1 

Uf_(11 
+6694273404 YX 

126075) 22796259150449 +181453583376 Y 
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The vertical compressive stress beneath the corner g is 

-25711072673143 + 542909991513T - 600944612862 Y 

(- 11 +1399290984YX 
ýý l 10430) 22796259150449 +181453583376f 

The vertical compressive stress beneath the corner g is 

-175067241418325 + 40786770729757- 4209516607470 Y 

crh _ 
(_ 11 +11700686088YX 
l 52150) 22796259150449 +181453583376? 

8.7 Absolute-hexahedral compressive stress regimes beneath the circumscribing 

rectangular border for nronrietory shaped paver 7 

The application of the absolute-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 7 shown in Figure 8.6 

can be calculated by using the data in Tables 5.13. The first two letters of each 

boundary line function in Table 5.13 for proprietory shaped paver 7 charecterise the 

corner names can be seen in Figure 8.6 (example: bcy symbolises the boundary line 

function of proprietory shaped paver 7 in the y axis between corner b and c). The line 

functions which define the boundary of the absolute-hexahedral stress block in the xy- 

plane (see Figure 8.6) are of the form fy = t(1- i) 
, fx = !ý 1- i) 

. 

The surface function of the absolute-hexahedral compressive stress block beneath the 

circumscribing rectangular border shown in Figure 8.6 through the three points GA, I 

and t is given by: 
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Figure 8.6: The application of the absolute-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 7. 

The following actual total volume V beneath the surface 
. 
/*(r, v) =_ (> 0) and above 

the region in the xy-plane (see Figure 8.6) is calculated by subtracting the negative 

volume generated by the dentations of the shaped paver from the absolute-hexahedral 

volume beneath circumscribing rectangular boundary of the paver. 

2001(1(1 2010 5010 5(kz/' 160b( v 

1' =f jf(x, y) Jv dx -JJ f(x. v) dv -Jj /(x. v) dv dx Jj f(. r. v) dv (, x J J, d'v (º 000 200 2010 51) 0 
200cdv 2(X)drt' 2(K) I(X) 180 1(X) 180 ef% 

- 
11 f(x, v)dydx- 

1f f(x, y)dvdx- 
1 J. f(x. v)dvdx- f(x, ý)clvclx 

ýJ(x, 
})clvdx 

16(1 0 IM 10 180 90 150 90 1508(1 
150 Jy 4Ogh1' 2Ufiav 

-JJ. f(x, y)dvdx- 
J I. 

f(x, y)ch. ch- 
J I. f(x, y)dj, dx 

40 80 (1 90 0 10 
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and the centroids of this volume in the xy-plane are at distances X and V from the axes 
(see Figure 8.6) which are given by the following equations. 

Xý- 
V 

Y_ ý 
-v 

200100 2010 5010 SOuby 
f fxf(x, 

y) dydx -J 
Jxf(x, 

y)dydx- jf xf(x, y)dydx- 
J Jxf(x. 

y) dydr 
00 00 200 2010 
160bcy 200&y 200cky 200 1(X) 

-j jxf(x. y)dydx- j Jxf(x, y)dyux- 5 jxf(x, y)dydr- jf 
xf(x, y)dydr 

50 0 160 0 180 10 180 90 
180100 180 Nfv 150 fv 40gh. V 

-j 
5xf(x, 

y)dyA- 
J jxf(x, 

y)dydx -j 
5xf(x, 

), )dydr- j 5xf(x, 
y)dydx 

150 90 150 80 40 80 0 90 
2(Way 

-f 
Jxf(x, 

y)dyA 
010 

100200 1020 1050 2Cthx 
ffy f(x, y) dt dy -jfyf (x, y) d dy -jfyf (x, y) clr c! y -$fyf (x, y) dr dy 
00 00 020 1020 
20f'cx 10&. (& 9(ikx 10p200 

-J 
fyj(x, y) dz dy -f 

fyf(x, y) dx dy -15yf (x, y) c1r dy -1 fyf(x, y) ch c1V 
030 0160 10180 90 180 
100180 9Oefx 100 fgx I O0 AX 

-j 
Jyf(x, 

y) cli dy -$ 
jYf(x, 

y) dr dy -jf Yf(x, Y) clr (ly -JJ yf(x, )') d cly 
90 150 80150 80 40 90 0 
9(Y, ar 

-f Jyf(x, y)clidy 
10 0 

The V, T and Y values can analytically be evaluated in terms of !, t and CIA. The 

following results which indicate the proportions of the absolute"hcxahcdral vertical 

compressive stress block (see Figure 8.6) can be determined by applying vertical and 

rotational equilibrium between load patch and vertical compressive stress distribution 

(see Chapter 6). For vertical equilibrium condition the equality between the truncated 

volume (V) and the total applied patch load (N) must be satisfied and for rotational 

equilibrium conditions the centroid distances of the load patch (X. Y) must be 

coincided with the centroid distances of the truncated vertical stress block ( X, 7). 
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15(34479-f-0.1737100.107 
0.374969963.109 YX + 0.8115167190.1012 Y 

+0.3440348828.1012 X-0.8856006375.1014 
10.1290601680J0'6+0.2989329300. b0'3Y2_0.1949576b03. b0'8Y 

+0.2783753631.10 5 Y2 -0.72610O7719.10'+ 0.9115639805.1019 

0.374969963.109i-X+ 0.8115167190.1012i + 0.3440348828.1012 
-0.25 

-0.8856006375.1014 t 
-0.251634742.109X+ 0.1073750.10 = YX + 0.2093923374.1 &2-0.3641094245.10' 0Y 

-25N(34479F-0.17371.107 
0.374969963.109 Y. -'+ 0.811516719.1012 Y 

+0.3440348828.1012, Y- 0.8856006375.1014 
0A _ 14 12-2-' 23" 0.8660844086.10 YX + 0.2051995274.10 YX+0.8282032771.10 Y 

X- 0.4710061792.1025 +0.2117408088.1021 Y2 -0.4910010330.1016- 

Therefore, the function of the absolute-hexahedral vertical compressive stress regimes 

can be determined as follows by inserting the 1, t and ctA values into 

x f(x, y)=: 4(t-l-ý 

f(x, y) 0.125.10-6N(-O. 1292858935.1020 Y2'V - 0.2798028495.1023y2 

-0.1121061840.1023 YX + 0.4463148131.1025 Y +0.5976229949.1024"1, 

-0.1538376867.1027 + 0.8604011200.1020 x Y, t'+ 0.1992886200.10 8x 72, t' 

-0.1299717402.1023x 
-f + 0.1855835754.1020x Y2 - 0.4840671813.1022 xx 

+0.6077093204.1024 x+0.4216530158.1020 yY, V - 0.1480873050.10' 8yy-'2X 
-0.5417833286.1023 yY + 0.5021651539.1021 1y-f2 - 0.174 $458841.1 o22 y, Y 

+0.1454941717.1025y)/(0.4330422043.1012 T+ 0.1025997637.1010Y2, Y 

+0.4141016386.1021 Y +0.1058704044.1 019Y2 -0.2455005165.1014-X 

-0.2355030896.1023 ) 
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The stress values beneath the corners of proprietory shaped paver 7 for the absolute- 
hexahedral vertical compressive stress regimes can now be determined by inserting the 

corner co-ordinates in the xy-plane into the stress function defined above (see Figure 

8.6). 

The vertical compressive stress beneath the corner it is 

QQ = -0.125.107 N(0.1042369.107 Y2 + 0.2258746626.1010 Y2 + 0.906816314.10` Y, 1' 

-0.3661421322.1012 Y-0.4833249702.101 ', 1'+ 0.1271340831.1014 ) 

(0.4330422043.10127, -y &0 Y21'+ 0.4141016386.1021 7 

+0.1058704044.1019Y2 -0.2455005165.1014X-0.2355030896.1023) 

The vertical compressive stress beneath the comer b is 

Qh = -6250N(0.1 1 85 1 8089.109 Y2 X+ 0.3401812798.1012i; 2 + 0.1213061345.10127�V 

-O. S45944SS46.1014 Y-0.6412404548.1013,1'+ 0.1887067727.1016) 
/(0.4330422043.1012y-A, + 0.1025997637.1010 Y2 V+0.4141016386.1021 Y 

+0.1058704044.1019 Y2 - 0.2455005165.1014T_ 0.2355030896.1023 ) 

The vertical compressive stress beneath the corner c is 

uc = 625ON(0.379151797.109 Y2X- 0.5002189548.1012y2 +0.511 1599040.101 _F. -t? 

+0.4767200576.1014 Y-0.3537689904.1013, t'- 0.1132083909.1016) 
/(0.4330422043.1012 YX+ 0.1025997637.10 10 Y2-X+ 0.41410163 86.1021 Y 

+0.1058704044.1019 Y2 - 0.2455005165.1014 X- 0.2355030896.1023 ) 

The vertical compressive stress beneath the corner d is 
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Cd =100000N(0.31810327.108 Y2 X-0.2405870238.1011 Y2 + 0.8023821275.100V V 

+0.1652412498.1013 Y-0.4849949451.1012T_ 0.2218300679.1014 ) 
/- (0.4330422043.10127-X+ 0.1025997637.1010 72, ß+0.4141016386.10217 

+0.1058704044.1019 Y2 - 0.2455005165.10147- 0.2355030896.1023 ) 

The vertical compressive stress beneath the comer e is 

Qe = 50000N(0.24038762.108 Y2X+ 0.5138770815.10' ' Y2 +0.2017869726.10 Y. 1' 

, k, +0.216236863&1015) +0.6880982875.1013 Y-0.1077648068.1013- 

/(0.4330422043.1012 T+ 0.1025997637.10'° Y2. Y+ 0.41410163 Y 

X-0.2355030896.1023) +0.1058704044.1019 Y2 - 0.2455005165.1014- 

The vertical compressive stress beneath the corner f is 

af= 3125ON(0.20470877.108 Y2,1'+ 0.5990672396.101 J V2 + 0.20274490 10.1011 TT 

-0.7282778404.1013 Y-0.1073417938.1013, x' + 0.2148561950.10' 5) 

- /(0.4330422043.1012y-X+ 0.1025997637.1 Ot Y2, l' + 0.4141016386.102"F 

+0.1058704044.1019 Y2 - 0.2455005165.1014-X- 0.2355030896.1023 ) 

The vertical compressive stress beneath the corner g is 

ug _ -625ON(0.395315501.109y2-X- 0.4595712948.1012-f 2+0.7104967524.1011 V 

+0.2949144232.1014 Y-0.4583004766.10131' - 0.3192971560.10' 5) 

/(0.4330422043.1012 YX +0.1025997637.1010 Y2. ß'+ 0.4141016386.1021-f 

X-0.2355030896.1023 ) +0.1058704044.1019 YZ - 0.2455005165.1014- 

The vertical compressive stress beneath the corner Ii is 
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,, = -50000N(0.65641117.108 Y2. Y - Q 0.4303644725.1011 Y2 + 0.1853935315.1011 FA' 

+0.1032254565.1013 Y _O., 100654248.1013X+ 0.5723233050.1014 ) 

/(0.4330422043.1012 Ya'+0.1025997637.10'° i2Y+0.4141016386.10217 

+0.1058704044.10'` Y2 - 0.2455005165.1014 7-0.2355030896.1023) 

8.8. Absolute-hexahedral compressive stress regimes beneath the circumceribini 

rectangular border for proprictory shaped paver8 

The application of the absolute-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprictory shaped paver 8 shown in Figure 8.7 

can be calculated by using the data in Tables 5.15. The first two letters of each 

boundary line function in Table 5.15 for proprictory shaped paver 8 charecterise the 

corner names can be seen in Figure 8.7 (example: bcy symbolises the boundary line 

function of proprictory shaped paver 8 in they axis between corner b and c). The line 

functions which define the boundary of the absolute-hexahedral stress block in the xy- 

plane (see Figure 8.7) arc of the form fy = r(1- !. fx 

The surface function of the absolute-hexahedral compressive stress block beneath the 

circumscribing rectangular border shown in Figure 8.7 through the three points QA, 1 

and t is givcn by: 

xy 
t0o0 

0 1=0=f(x, y)=-=aA(1-f-1) 1 
0 0a, 4 I 

The following actual total volume V beneath the surface f(x, ), ) =: (> 0) and above 

the region in the xy-plane (see Figure 8.7) is calculated by subtracting the negative 

volume generated by the dentations of the shaped paver from the absolute-hexahedral 

volume beneath circumscribing rectangular boundary of the paver. 
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Figure 8.7: The application of the absolute-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 8. 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 
(see Figure 8.7) which are given by the following equations. 
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100 hix 

-f Jyf(x, y)dxdy_ 
135 

100135 
1 Jyf(x1y)drdy_ 

85 65 

100jAr 

J Jyf(xy) dx cly 
85 50 

The V, X and Y values can analytically be evaluated in terms of /, t and CA. The 

following results which indicate the proportions of the absolute-hexahedral vertical 

compressive stress block (see Figure 8.7) can be determined by applying vertical and 

rotational equilibrium between load patch and vertical compressive stress distribution 

(see Chapter 6). For vertical equilibrium condition the equality between the truncated 

volume (V) and the total applied patch load (N) must he satisfied and for rotational 

equilibrium conditions the centroid distances of the load patch (, Y , Y) must be 

coincided with the centroid distances of the truncated vertical stress block (, Y 
, 

7). 

1- 
(51 1696869YX+ 11989579350X+ 32490640500Y -3281654295100) 
l 2094) 27YX + 2869601- 28696000 - 27007 

r-(51 
1696869YX+ 11989579350,1'+ 32490640500Y - 3281654295100 

12094) 1557010Y + 27YX - 77850500 -1350-X 

1696869 YX + 11989579350. x' + 32490640500 Y 
N -3281654295100 ýA 27216939500 27Y+286960 

Therefore, the function of the absolute-hexahedral vertical compressive stress regimes 

can be determined as follows by inserting the I, t and cfA values into 

f(x, y)=.: =0A(1-1-t). 

J(xy) =(N 
)(56538xYX 

+ 600894240x, 1' - 599447896750, t' ' 136084697500 

520 



Chapter 8: Calculation of stresses beneath eight common shaped pavers taking 
into account loads generating absolute-hexahedral stress pattern 

-2826900yX - 8484345YX + 56538yYX - 60089424000x - 5653800x Y+ 3260378940yY 

-1624532025007Y -163018947000y+16408271475500) 
/(277 

+286960) 

The stress values beneath the corners of proprietory shaped paver 8 for the absolute- 

hexahedral vertical compressive stress regimes can now be determined by inserting the 

corner co-ordinates in the xy-plane into the stress function defined above (see Figure 

8.7). 

The vertical compressive stress beneath the corner a is 

aQ -( 
-N 1 1696869Ya'+ 11989579350X+ 32490640500Y - 3281654295100 

127216939500) 27Y +286960 

The vertical compressive stress beneath the corner b is 

a=( -N )(I 131489YX+ 5980636950, Y - 2680760055100 + 32547178500Y 
b 127216939500) 27Y +286960 

The vertical compressive stress beneath the corner c is 

-N 1 792261YX+ 4186434930. Y- 2011434942100 + 227830030807 
ac 127216939500) 27V+286960 

The vertical compressive stress beneath the comer cl is 

Crd -( 
-N 1 729 Y, 1' - 4226084430-. 1'- 1170183006100 + 22862156280 Y 

127216939500) 27Y + 286960 

The vertical compressive stress beneath the corner c is 

cre -( 
-N )(729V, -V- 6037247850,1'-1478971575100 + 326602545001' 

127216939500) 27Y +286960 
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The vertical compressive stress beneath the corner f is 

_N1 
564651YX+ 12046190250X+ 878077335100 - 32716792500Y 

aJ `27216939500) 27Y+286960 

The vertical compressive stress beneath the corner g is 

(27216939500A N1 1695411 YX + 11989652250X - 2382301604900 + 32490786300 Y 
27Y +286960 

The vertical compressive stress beneath the corner h is 

N 11300313X+ 5980709850X-1781407364900 + 32547324300Y 
ýh `27216939500/ 27Y + 286960 

The vertical compressive stress beneath the comer i is 

j_(N1 
790803 YX + 4186507830X -1112082251900 + 22783148880Y 

127216939500) 27Y + 286960 

The vertical compressive stress beneath the corner j is 

_ -N 1 729YX + 4226011530T(+ 270830315900 - 22862302080Y) 
aj \ 27216939500) 27-f + 286960 

The vertical compressive stress beneath the corner k is 

-N 1 729YX + 6037174950X + 579618884900 - 32660400300 Y 
127216939500) 27Y +286960 

The vertical compressive stress beneath the corner I is 

Cr, -( 
-N )(12046117350T+ 566109YX- 32716938300Y - 21275355100 

127216939500) 27Y + 286960 
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8.9. Absolute-hexahedral compressive stress regimes beneath the circumscribint; 

rectangular border for proprietors shaped paver 9 

The application of the absolute-hexahedral compressive stress regime beneath the 

circumscribing rectangular border of proprietory shaped paver 9 shown in Figure 8.8 

can be calculated by using the data in Tables 5.17. The first two letters of' each 

boundary line function in Table 5.17 for proprietory shaped paver 9 charecterise the 

corner names can be seen in Figure 8.8 (example: bey symbolises the boundary line 

function of proprietory shaped paver 9 in the y axis between corner b and c). The line 

functions which define the boundary of the absolute-hexahedral stress block in the xy- 

plane (see Figure 8.8) are of the form fy = 11- ýJ 
, 

Jx = /(1- 

Line 1 
ýýof ý 

ver0i stress volume 

Centroid of the 
ry **d 

CTI 
Line I 

Area 3^ Area a 
qpý ------ - ------- Area1I Area 

. 
2. 

_..... _. _.,.... _... 

C 

7n; __s. i 

stress funft 
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... r . m. 
Cenfroid of the real vertical sirens 

anpiw volume in x and y directions 
The top view of the apparent absolute-hexchedral vertical stress functions ' 

dral vertical 
border occurs 

Distances (mm) 

Figure 8.8: The application of the absolute-hexahedral compressive stress distribution 

beneath the circumscribing rectangular border of proprietory shaped paver 9. 

The surface function of the absolute-hexahedral compressive stress block beneath the 

circumscribing rectangular border shown in Figure 8.8 through the three points 6A, I 

and t is given by: 
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Xy -- i 

010 1=0 f(X, Y)=: =aA(1- - 
t0 0 cA 1 

The following actual total volume V beneath the surface f(x, y) =: (> 0) and above 

the region in the xy-plane (see Figure 8.8) is calculated by subtracting the negative 

volume generated by the dentations of the shaped paver from the absolute-hexahedral 

volume beneath circumscribing rectangular boundary of the paver. 

230130 115aff(x, 

y) 

230 Miley 115 e 
V=JJf (r, y) a1' d' -J-j 

7f(r, 

y) C& -Jff (x, y) 4 (k -j 
$f(x. 

y) dy 6& 
0000 115 0 115110 0 110 

and the centroids of this volume in the xy-plane are at distances X and Y from the axes 

(see Figure 8.8) which are given by the following equations. 

230130 
f 

Jxf(x, y)dy&- 

ý, _ 
100 
V 113 efy 

-J Jxf(x, y)dydx 
L0 

110 

II5aby 

ff xf(x, y)dydx- 
00 

230b 
f 

Txf(x, 
y) dy dr - 

115 0 

230d 

J 
! 

xf (x, Y) dy dr 
115110 

130230 20ahx 2GScx 130 dex 

ff yf(x, y) d dy- J jyf(x, y) drdy- j Jyf(x, 
y) drdy- 5 $yJ(x, y) dxdy 

y= 
10000 0115 110113 
V 130efx 

-j Jyf(x, y)dxdy 
110 0 

The V, X and Y values can analytically be evaluated in terms of l, t and QA. The 

following results which indicate the proportions of the absolute-hexahedral vertical 

compressive stress block (see Figure 8.8) can be determined by applying vertical and 

rotational equilibrium between load patch and vertical compressive stress distribution 

(see Chapter 6). For vertical equilibrium condition the equality between the truncated 
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volume (V) and the total applied patch load (N) must be satisfied and for rotational 

equilibrium conditions the centroid distances of the load patch (X , Y) must be 

coincided with the centroid distances of the truncated vertical stress block (X, Y). 

126500(3T(- 460 
0.749018859.109XY + 0.269720068.1012T + 0.6303096566.1012 Y 

-0.8965914682.1014 
-") 

-0.3548542872.1015XY+0.1322438337.1013.0.2687283564.1018X I 
+0.1001472136.1016 X2 + 0.2331899602.101 7Y + 0.1765929200.1020 

000.749018859.109 
XY + 0.2697620068.1012T+ 0.6303096566.1012 Y 

500(0.749018859.1097Y- 
-0.8965914682.1014 

10.5272045601.10'3 Y+0.2654327709.1010XY - 0.3286746505.1015 (-0.25694575580.1 

01X 

CrA = 

-0.1304347826N(3X - 460 
0.749018859.1097Y + 0.2697620068.1012T 

_ +0.6303096566.1012 Y-0.8965914682.1014 

0.1520804086.10' 5XY + 891X2 Y +0.1151692957.1 018T+ 0.1038000.107,1'2 

-0.2331899603.101 Y-0.1765929199.1020 

Therefore, the function of the absolute-hexahedral vertical compressive stress regimes 

can be determined as follows by inserting the 1, t and QA values into 

f(X, y)-=CI'Aýý-1-zý. 

f (x, y) = z= 0.2608695652.10_1 1 N(-0.1123528289.1021 X2 Y- 0.4046430102.1023 X2 

-0.7731901473.10237-y + 0.1965339818.1026 7+0.1449712210.1026-y 

-0.2062160377.1028 - 0.1402586115.1021 xX Y+0.5227029000.1018 x72 Y 

-0.1062167417.1024 XT + 0.3958387889.1021 xX2 + 0.9216994474.1022 xY 

+0.6979957312.1025x + 0.14595 14606.1022 yX Y+0.7962983127.1018 yX 
2Y 
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-0.8678289028.1023 yx - 0.7708372740.1020 2-0.2425140976.1024 
yY 

+0.1511903392.1026 y)/(0.1520804086.1015 XY + 89 1X2 Y+0.1151692957.1018 7 

+0.1038000.107X2 _ 0.2331899603.10177 _ 0.1765929199.1020) 

The stress values beneath the corners of proprietory shaped paver 9 for the absolute- 

hexahedral vertical compressive stress regimes can now be determined by inserting the 

corner co-ordinates in the xy-plane into the stress function defined above (see Figure 

8.8). 

The vertical compressive stress beneath the corner a is 

Qa = -0.1304347826N(0.1928537253.101°X2Y+0.8401195114.1012T2 

+0.9625744522.1012XY - 0.3583548074.10'Sh'- 0.1929368030.1015 Y 

+0.3519559398.1017 )/(0.1520804086.10& S XY + 89 1. V2 Y+0.1 151692957.1018-, Y 

+0.1038000.107 XZ - 0.2331899603.1017'f - 0.1765929199.1020 ) 

The vertical compressive stress beneath the comer b is 

Ob = -. 05217391304 N(0.261209977.109 XZ Y-0.2528579850.1011 X2 

+0.4672437753.10127-y - 0.3719236440.1014 7-0.7778538235.1014 7 

+0.6297326430.1016) 
/(0.1520804086.10157Y- (0.1520804086.1015 XY+ 89 1 X2 7+0.1151692957.1018 7 

+0.1038000.107 X2 -0.2331899603.1 
07Y 

- 0.1765929 199.1020) 

The vertical compressive stress beneath the corner c is 

ac = 0.1304347826N(0.475896087.109727+ 0.9807389176.1012 X2 

-0.1607764065.10137-y - 0.1302422044.1015 7+0.2353349776.1015 7 

-0.3087790332.1016)/(0.1520804086.1015XY + 891X2Y + 0.1151692957.1018 7 
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+0.1038000.107 X2 - 0.2331899603.1017Y - 0.1765929199.1020) 

The vertical compressive stress beneath the corner d is 

ad = 6.52173913ON(0.38184661.108X2 Y+0.1683976417.1011 X2 

+0.2038724453.1011XY - 0.5729028136.1013T_ 0.4023807964.1013 Y 

+0.4825294144.1015 )/(0.1520804086.1015, Y +891T27 + 0.1151692957.1018? 

+0.1038000.107. X2 - 0.2331899603.1017-f - 0.1765929199.1020 ) 

The vertical compressive stress beneath the corner e is 

ore = 0.2608695652N(0.512767853.109X2 Y-0.4963724860.1011 X2 

+0.9628814378.1012 XY - 0.3843302860.1014T_ 0.1596975623.1015"f 

+0.7060091240.1016) 
/(0.1520804086.101 5 XY + 89 1X2 Y+0.1151692957.101 8X 

+0.1038000.107X2 - 0.2331899603.1017-f - 0.1765929199.1020 ) 

The vertical compressive stress beneath the corner f is 

v f=-1.304347826N(0.49520029.108727+ 0.9788702206.1011 X2 

-0.1664551839.1012 XY - 0.2021456050.10147+ 0.2435885728.1014 7 

+0.7981332920.1015) 
/ (0.1 520804086.1015X Y+ 891727 + 0.1151692957.101 8 

. ß' 

+0.1038000.107-y2 - 0.2331899603.101 77-0.1765929199.1020) 
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8.10. Conclusion 

It has been demonstrated in this Chapter that how the bedding sand stress calculation 

method" 2,3 (see Sections 6.2,6.3 and 6.4 for the detail of the bedding sand stress 

calculation mathod', 2,3) can be applied to proprietory shaped pavers. The absolute- 

hexahedral vertical compressive stress regimes which occur beneath the circumscribing 

rectangular border of eight proprietory shaped pavers (see proprictory shaped pavers 2, 

3,4,5,6,7,8 and 9 in Figure 5.1) has been analysed in this Chapter by using the similar 

method described in the previous chapter for proprietory shaped paver 1. This Chapter 

presented the application of the bedding sand stress calculation method" 2.3 (see 

Chapters 6 and 7) to eight common proprietory shaped pavers in order to determine the 

algebraical solutions to the absolute-hexahedral vertical compressive stress blocks' total 

volumes and centroid distances in the xy-plane for all realistically possible load 

patches. These developed equations for the absolute-hexahedral stress blocks will be 

used in Chapter 9 to evaluate the vertical compressive stresses beneath the proprietory 

shaped pavers resulting from the variations of the common patch loading described in 

Chapter 5 (see Figures 5.2 to 5.42 and 9.1 to 9.9). In the other paver stress regimes, 
iterative solutions (see Appendix) have been developed and given in Figures 6.21,9.1, 

9.2,9.3,9.4,9.5,9.6,9.7,9.8 and 9.9. The vertical compressive stresses in the bedding 

material are calculated for the shaped pavers ( sec Sections 7.2.5 and 8.2 to 8.9) by 

using the application of the bedding sand stress calculation method" 2. a to proprietory 

shaped pavers. 
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CHAPTER NINE 

EVALUATION OF STRESSES IN BEDDING SAND WITHOUT 

INTERLOCK FOR PROPRIETORY SIIAPEI)1'AVI: RS 

Synopsis 

This Chapter explains how the solutions developed in Chapters 5,7 and 8 can be used in 

the evaluation of vertical stresses in the bedding sand for the nine proprietory shaped 

pavers. The common patch loading (see Chapter 5) which functionally achieves the 

maximum stress values is used to compare the pavers in terms of the stress distributions 

which they generate. The vertical compressive stresses beneath the most commonly used 

nine shaped pavers (see Figure 5.1) can be analysed by applying the bedding sand stress 

calculation method (see Chapter 6) between the variations of the common patch loading 

and the stress regimes developed in Chapters 7 and 8. The developed algebrical solutions to 

the absolute-hexahedral stress blocks for the shaped pavers can directly be applied to the 

evaluation of the vertical stresses by using the variations of the common patch loading. In 

the other paver stress regimes, iterative solutions (see Appendix) have been developed and 

given in Figures 6.21,9.1,9.2,9.3,9.4,9.5,9.6,9.7,9.8 and 9.9. 
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9.1. Introduction 

The solutions developed for the nine proprietory shaped pavers (see Figure 5.1) in 

Chapters 5,7 and 8 are now used to determine relationship between patch load 

geometry (see Chapter 5) and resulting vertical compressive stress patterns (see 

Chapters 7 and 8). It may be recalled that apart from chamfered and non-chamfered 

rectangular pavers whose load patches and stress distributions have been described in 

Chapters 4 and 6 respectively, the most commonly used nine proprietory shaped pavers' 

patch loadings were analysed in Chapter 5 by using an extension of the method 
described for the rectangular pavers (see Chapter 4). It was shown in Chapter 6 that it 

has been possible to identify the patch load configuration which leads to the greatest 

vertical compressive stress values beneath the rectangular pavers. Therefore, in order to 

reduce the geometrical complexity of the work, a special load patch which functionally 

achieves the maximum vertical compressive stress values was assumed for analysing 

each proprietory shaped paver (see Chapter 5). This selected special patch loading 

which has also been applied to rectangular pavers in Chapter 6 (see Figure 6.21) is 

useful for allowing a meaningful comparison of the pavers in terms of the maximum 

stress values which they generate. The Chapter compares the proprictory shaped pavers 

according to the common patch loadings resulting vertical compressive stress patterns 

in bedding sand defined in Chapters 7 and 8. 

9.2. Evaluation of vertical compressive stresses in bedding sand without interlock 

for nronrietory shaped Pavers 

Common patch loadings which functionally generate maximum comer stress values 
have been applied to the shaped pavers so allowing a meaningful comparison of the 

effectiveness of each shape in load dissipation. Figures 9.1 to 9.9 show the bedding sand 

vertical compressive stress distributions are developed by the variations of the common 

patch loading for the analysed non-chamfered proprietory shaped pavers (see Figure 

5.1). The stress values are taken from the solutions to the equations set out in Chapters 

5,7 and 8. The developed algebraical solutions of the absolute-hexahedral compressive 

stress regimes which occur beneath the circumscribing rectangular borders arc given in 
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Chapters 7 and 8. In the other paver stress regimes, iterative solutions (see Appendix) 

have been developed. The following simple program for the proprietory shaped pavers 

is given as an example to explain how the solutions of the common patch loadings 

defined in Chapter 5 can be used in the evaluation of the algebraical solutions to the 

absolute-hexahedral compressive stress regimes are developed in Chapters 7 and 8. 
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(10118)'(b^2)+. 2265418650'(10^16)'(a^2)". 40022.82591#'(10^14)'(2^2)'b- 1768602I6*M'(10^II)'(a^2)'(b^2)+ 145558160"(10^q'(a^2)'(b^3) 
379510437X0 " (10 ̂  12)'s' (b " 3) + , 8993686294#' (10 ̂ I S) " (b ^ 3) " 36501975070' (I0 ^ 21)) 
1013w-s4/s2 
1014 s5 - (. 58593730' (10 ̂  -5))' n" (150652415#' (10 ̂  17)' a' b+ 2361110058144(W 19)**. 11201121)$StXItl001 M" (10 ^ 20)6b. 9460419009M' (10 2) + 
1203015227N'(10^19)'(b^2)-. 32247881530'(10^17)'(a"2)+ 5502312240'(10"I5)'(s12)'b+587765118508(10^12)'(4^2)6(b^2)" 176353190'(10^t)'(s^ 

2)' (b ̂  3) - . 1776804879# " (10 ̂  13)' a" (b " 3) - S293479755N " (10 ̂  16) " (b ̂  3) + , 175145643#' (10 ^ 22)) 
1015sd-OW 
1016 s6 " (. 292968750' (10 ^ -S))' n' (-, 4199899'"20' (10 ^ 18) "a"b+ , 2705171267# " (I0 ^ 20) "a. 17319629900' (10 " 21)' b- 10409797551 " (l0 " 16) " a' (b " 2) + 

. 302887999N'(I0"19)'(b^2)-. 1368601379#'(10^lf)'(a"2)+. 2314671572#'(10^16)'(4^2)'b+. 284$150885#'(10"13)'(a^2)'(b^2) # 6822t0993N'(10"9)'(a 
"2)"(b^3)" 3758540399#'(10^13)ea'(b^3)" 1465111918$'(! 0"17)'(b^3)+ 279250411810'00^22)) 
1017 se-s6/s2 
10180- 00001171875# " n' (-. 22914004X3# " (10 ̂  18)' a" b+, 11017353550 " (10 ̂  20)' a- . 120t2t 1235#' (10 ̂  20)' b+ $439018833#6(10^ 15)0s' (b ^ 2) + 351423)948* 
'(10"18)'(b^2)". 3939769333#'()0"17)"(s"2)+66074787150000010"(10^15)'(*^2)"b+9159773193#"(10^12)'(a^2)"(h^2)' 2*07126l3N"(10^9)"h^2)" 
(b"3). 4172370350' (10 ̂  11)' a' (b ̂  3) " 2061118296$'(10"16)'(b"3)- 7640126750' (10 ̂  20)) 
1019&f-s7/s2 
1020s8-(29_296875#'(10^-S))'n'(. 12778675670'(10^19)'a'b+ 5153811170'(10"20)'a+ 1296241035#'(10^21)'h+ 591tl729S 40"(lb^16)"a"(b"2)- 
12091844261"(10"19)"(b^2)- 134537ß536N'(10^I$)'(a"2)+. 22291ß3519M"(10^16)'(a^2)"b$ 3593169664'(10^13)"(s"2)'(b^2)+ 116M19497N"(t0^I0)' 

(a" 2)' (b ^ 3)+ 
. 
4909891275#' (l0 ^ 13)'s' (b ^ 3)+ 3444222. '7#' (10" 16)' (b ^ 3) " 40532283210" (10 ^ 22)) 

1021 a8-s8/s2 
1022s9- 00001171875#' n' ( . 4436094595#' (10 ̂  I8)' a' b+ 1713t953340' (l0 ^ 20)' o+ , 6362 2ß848M' ()0 ^ 20)' b+ 2X#!! 792130' (10 ^ 16) "a" (b ^ 2) " 70209274930 
"(10^1ß)'(b^2)- 3861712 »'(10^17)"(a^2)+. 639425ßS850'(10^15)'(a^2)'b+ 11022320131'(10^13)'(. ^2)'(b"2)+ 15185»'7911"(10^0)'(N^2)"(b"3) 
+, 2125384215#'(10"13)'s'(b^3)+ 2462717063#'(10^16)0(b^3)" 17878345680'(10^22)) 
1023 eh-s9/a2 
1024 hl - (. 292968754' (I0 ^ -5))' s' (-. 1324317434#' (10 ̂  19)' a' b+ 46227701790' (10 " 20)' a+ 263662861' (10 ^ 21)' b+ 8351212305N' (t0 " 16) " .' (b " 2) - 
3431220533N'(10^19)'(b^2)" 82904114170'(10^17)'(a"2)+ 1343494109#'(10^16)'(a^2)'b$ 27363074154'(10^13)'(s^2)'(b^2)+ 1310/117610'(10^10)" 

(a ̂  2)' (b ̂  3) + . 
t706467499M' (l0 ^ 13) " a' (b " 3)+ . 13915027930' (10 ̂  17)' (b ̂  3) " , 614093029. ' (l0 ^ 22)) 

1025si-hl/s2 
1026 h2 - . 000011718750' n' (, 221726494ßN' (10 " 18)' a' b+ 748763437$0' (10 ^ 19)' a+ 44121564400 " (10 " 20)' b+ 14756895970' (10 " 16)' a' (b ̂  2) " 6022332SC90 

(10 " )8) " (b " 2) " , 13663762380' (10 ̂  17)' (a ̂  2) + 2208492690' (10 ̂  15)' (a ̂  2)' b+ 4609 38 3 78 3#' (10 ̂  12)' (a " 2)' (b ̂  2) + 2230637670' (10 " 9)' (a " 2)6(b^))+ 
1546977564#'(10^13)"a'(b"3)+, 2528022340'(10^16)"(b^3)- 1025761785#"(10^22)) 
1027 s)-h21s2 
1028 h3 - (. 29296ß75N' (10 ^ "5))' n' (-. 24660(117.50 " (10 ̂  18)' a' b" 

. 65013 0S0' (10 ^ 18)' a+ l6ß91918370' (10 ^ 21)' b+ 414-1((161020' (10 1 16)' s' (h ^ 2) - 
2946198421 M' (10 ̂  19)' (b ̂  2)+ 39269348030' (10 ^ 17)' (a " 2) - . 6ß9591984N' (10 ̂  15)' (a " 2)' b" 371547392M " (10 " 12) " (a " 2)' (b ^ 2) + 119160271M' (10 ̂  9)' (a ̂  
2)' (b ^ 3)+. 5897063764#' (10 ̂  13)' a' (b ̂  3) +. 1423222498# * (10 ̂  17)' (b " 3) - 2739433921 " (10 ̂  22)) 
1029sk-h3/s2 
1030b4-(.. 29296875M'(I0"S))'n"(-. 190ß112799N'(10^I8)"a'b+, 1692129734#"(10^20)'a. $I7ot45559M'(10^20)'b" 18961S16t6M'(10^16)"a"N"2)+ 
192391ß91M'(! 0^19)'(b^2)-. 67518412739#'(10^17)'(a^2)+ 1149689217#"(10^16)'(a^2)'b+ 12711012ß4M'(10^13)'(a"2)'(), ^2)+ 21'N10)421N'(10^9)'(a 

^2)'(b"3)- 3379506322M'(10^13)'s'(b^3)- 10429'.! ß642M'(10^17)'(b"3)+ 401550770'(10^21)) 
1031sm-M/4 
1032 h5 - -00002343750 " n' (-. 80116460550' (10 ^ 17)' a' b+ 49069261 N' (10 ^ 19)' a- 11367773460' (10 ^ 20)' b- 13063095530 " (10 ^ 15) " s' (b ^ 2) + 31113460551-14 
(10" 18)' (b ^ 2) - 1748534ß45M' (10 ^ 17)' (a ^ 2) + 2954872929$' (10 ^ 15)' (s ^ 2) "b+ 36796524140 ' (10 ^ 12)' (a ^ 2)' (b " 2) + 9074922M' (10 ^ t)' (s ^ 2)' (b" 3) 
4479296450' (10 " t2)'s' (b ^ 3) -. 1811680761 M' (10 ^ 16)' (b "3) - . 

3860715I25M' (10 ^ 20)) 

1033 in - h5 / a2 
1034 h6 - (. 0000146484375#)' n' (-. 22750039120' (10 ^ 18)' a"b+ 11254622208*' (10 ^ 20)' s+ . 6784572520 6 (10 ^ 19)' b+ 414 07929*' (10 ^ 15) "a'01 2) + 
18951637480'(10^18)'(b^2)+ 16416ß4N'(10^10)6 a'(b^3)+. 2333166790'(10^9)'(a"2)'(b"3)- 32122604620 6 (10^17)'(s^2)+ 13N44365161'0 0^15)'(a^ 

2)' b+ 7518960646# * (10 ̂  12)' (a ̂  2)' (b ̂  2). t61736001 80 " (10 ̂  16)' (b ̂  3) - 68139343320' (10 ̂  21)) 
1035 so-h6/s2 
1036 h7 - ("0001171 ß75N)' n' (-. 3747023323#' (10 ̂  17)'s' b+, 15935451960 " (10 ̂  19) "s+, 5296955390' (10 ^ 19) "b+ 1499415420' (10 ^ 15)' a' (b ̂  2) " . 422S219925* 
" (10 ̂  17)' (b ̂  2) - 34390125830' (10 " 16)' (s ̂  2) + 5696523723#' (10 ̂  14)' (a ̂  2)' b+ 9221 tt 1 MSM' (10 ̂  11)' (s ̂  2) " (b ^ 2) + 352638070 " (10 ̂  8)' (a ̂  2) " (b' 7) + 
12712486280' (I O^ 12)' a' (b " 3) + 9004739375M' (I0 ^ 14)' (b " 3) " . 

17ß8(47602N' (10 ̂  21)) 
1037sp-h7/a2 
1038 h8 - (-, 29296ß75N' (10 ̂  -S)) " n' (-, 1995379601 N' (10 ̂  19)' a' b+ 8075950912#' (10 ^ 20)' a+ 336743266#'(10"21)'b4 91982489640' (10 ^ 16)' a' (b " 2) 
32904ß2541M'(10"19)'(b"2)+ 86766400979#'(! 0^13)'a'(b^3)+ It51141899M'(10"10)'(a^2)'(b"3)- 15ß2911388N'(10^1ß)"(s^2)+. 20095020411'(10^16) 
" (s ^ 2) "b+ . 45044990980' (10 ̂  l3)' (b " 2)' (a ̂  2) + . 10008541340' (10 ̂  17)' (b " 3). 10252700360' (10 ̂  23)) 
1039 sq - h8 / s2 

LPRINT 
1041 LPRINT'3new at Pout A-', ss-'Strom st Pout B-'; ab 
1042 f. PRSNT'SVw at Pout C-'; so, 'Strom at Pout D; d 
1043 LPRINT'Strom at Pont R' , s4'ß st Pout F-", of 
1044 LPRINT'Strev at Point 0-'; s& "Stress at Pont H-'; sh 
1045 MINT 'Strom at Pout I-", si. 'Stress Y Point J-*; si 
1046 LPRINT'Strm at Point K-'; sk, 'Strom it Pool M-', am 
1047 LPR)Nf 'Stems at Pout N-'; sm 'Strom st Pool O-'; so 
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1048 LPRINT -SUM at pout P-', . p, -Shen at Pout Qmm: aq 
1049 NEXT o 
1050 o-0 t-0n-0 a-0 b-0 st -0: s2-0: s3-0: s4-0: &0: /6.4: s7-0 s8.0: s9-0 hl-0' h2-0 hi-0: h4-0 h5-0. h6.0 h7.0 h8.0 sa-0 . h-0 sa-0 ad-0 ss-0 af-0 '8.11 sh-0' 
u-0' qß sk-0' am-0 /n-0: so-0:. p-0: sq-0 
1051 LPRINT rAcuWicn of vertical comprouive stress da+nb t on bawth prgw y shaped pam 2 tskhm into acaoue l the w6iod q+ecial ommmsm patch load sppIiaMnn I. vwum mm 
Saw" abalutehc, whe eil stress pattern bmwah the cuaamonboig ncten olar border (. e, Fouts S 17 ad 81 
1052 FOR o- 440 TO 435 STEP -S 
1053f-(747.063-0)4 (-132.937+o)/4 
1054nf'. 8 
1055 a- (-62677+ o) " (-161 885+o)(12$ 656+0) / (3 " (-747063 + o) " (-132 937 + o)) 
1056b-(-611 173+0)"(-198878+0)"(150051+o)/(6"(-750887+0)"(-129113+0)) 
1057 sl - "4000 "n"(. 363139423# " (10 ̂  9) " (b ̂  2) " t+ . 2967996345#' (10 ̂  13) " (b ^ 2) + 1469972651 #" (10 ̂  13) "b"t- 59940151284 " (10 ^ 15) "b" 92616142080 *(10^ 

14) "t+. 2577032865# " (10 " 17)) 
1058 82 - (. 2421496444# 0 (10 A 13) 4b"a+ 256280043# " (10 ^ 9) " (b " 2) 0t+ 47112190564' (10 4 22)' b+ 

. 
6723987732#' (10 110 )0( b^2 ). 15094043810 6 (10 1 13) 6a- 

. 
29494391124 4 (10 ̂  24)) 
1059a-al/s2 
1060 s3 - -1000 "n"(. 1310410647# " (10 ̂  10) " (b ̂  2) "t+ . 11823360134 " (10 " 14) " (b ̂  2)+ 49(, 504%#'(l0' I3) "b"a.. 227466ß6191 " (10 ̂  16) "b- . 3095146525# " (IO ^ 
15) " t+, 9561644824 " (10 ̂  l7)) 
1061 sb-s3/s2 
1062x4-"1000"n"(1057825219#"(10^l0)"(b^2)"a+. 90125392764'(10^I3)"(b^2)+. 41487474034"(10^13)"b't- 18305i056M"(10"I6)"b" 261520072ßN"(10^ 
15) 4a+ 7888722385# " (10 ̂  17)) 
1063sc-s4/a2 
1064 s5 - -200 0n"(. 3967655647114 (10 ̂  10) " (b " 2)' t+ 4459644390 " (10 ^ 14) " (b ̂  2) +, I I009ß90574 " (10 ^ 14) "b"a- 792075848M " (10 " 16) "b- 6991012060 " (10 ̂  
15) " s+ 3)97874552#' (10 ̂  18)) 
1065sd-aS/s2 
1066 s6 - -400' n4(. 20322399770 " (10 ̂  10) 6 (b ̂  2) 4 s+ 291554294# " (10 ̂  14) 0 (b ̂  2) + . 3749138010 (10 ̂  13) "b6s- 460876401 SN " (10 ^ 16) 6b- 2414 7400110 " (10 ̂  
15)"s+ 17372353954"(10"18)) 
1067 se-t6/s2 
1068 0- -200' n"(. 2643009507# " (10 ^ 10) 6 (b ^ 2) " a+ . 

5794460630 " (10 ^ 14)' (b ^ 2) " 22355804230 (10 ^ 13) "b6a- 7985631720 " (10 ^ 16) "b+ 12854942254 " (10 " 

15) 1 t+, 2727984149# " (10 ^ IS)) 
1069 f-s7/s2 
1070 s8 - -1000 "n"(. 276016473# " (l0 ^ 9) " (b ̂  2)'s+ ß7561004090000)OI N" (10 ̂  13) " (b ̂  2) " 12048736421(I0" 13) "b"t" , 11529886850 " (10 ^ 16) "h+ 73704464200 
(10' 14) "a+, 3783045863# " (10 ̂  17)) 
1071 sg - ill 1 s2 
1072 s9 - 8000' o" (1034702# " (10 ̂  7) " (b ̂  2) "t-. 10828362390 " (10 ̂  13) " (b ̂  2) + , 39395561650 " (10 ̂  12) "º"t+ , 1113362. '760 " (10 ̂  15) "b- 24450536980 " (I O^ 14) 
4s- 28625907280 " (10 116)) 
1073 sh - x91 s2 
1074p1--5000"n"(6217449#"(10^7)$(b^2)"t+. 22ß1146578N"(10^l3)"(b^2)-. 770793168: 1"(10^ 12)"b"t". 2331927464#"(l0^15)"b+ 4780691980"(10^ 
14)' a+ 5686530112# 4 (10 ̂  16)) 
1075 si - pt / s2 
1076 p2 - 200000' n' (555299 " (b ^ 2) "t" 

. 
5679553ß25N " (10 " 11) " (b ^ 2) +. 24136757434 4 (10 ^ 11) "b0t+ 521317150' (10 ^ 1)) 4b-1 4'19922529 " (10 ^ 13) "t 

1048389208N " (10 ^ 15)) 
1077 t- p2 I s2 
1078 p3 - 2000 "n"(. 132846663# " (10 "9) " (b ^ 2) 0a" . 3827632544# " (10 ̂  13) " (b"2)+ 34321546251 (10 " 13) "b"t+ 2ß68898265N' (10 1 15) $b-. 1515136/140 6 (10 ̂  
15) 1a- 306350905# 0 (10 ̂  16)) 
1079sk-p3/s2 
1080 p4 - 2000 0 n' ( 279139377# " (10 ̂  9)' (b ̂  2) "s-. 242 1242116# " (10 ̂  13) " (b 12) + . 

231 103)4020 " (10 ̂  1))' b"s+ . 648207970' (10 ̂  14) "b" . 1735109713# " (10 ^ 11) 
4a+ 5301103125# " (10 ̂  16)) 
1081 s1-p4/a2 
1082p$-2500"n"(37901ß323#"(I0^9)"(b^2)"a+. 102604ß352N"(IO^13)"(b^2)+, 2278)92934N"(l0^I3)"b"t- 3233190ßN"(10^lS)"b- 1128410626N4(10"11) 
". +, 1611349534# " (10 ̂  17)) 
1083 am-p5/s2 
1084 p6 - I00 "n0 (91169106691N " (10 ̂  10) " (b ̂  2) "t+ 5108007865010001 N" (10 ̂  14) " (b ̂  2)+ . 49916614290 " (10 114) "b"a" 10677016120 " (10 ̂  17) "b- 31367716250 
" (10 ^ 16)' a +. 45815663W# " (10 ̂  19)) 
1085 amm-p6/a2 
1086 p7 -4000 "n"(. 2953ß6049d1 " (l0 ^ 9) " (b ̂  2) "I+. 225_''9516064 " (10 ̂  l3) " (b ^ 2)+ 12376347998" (l0 ^ 11) "b"s" 3841740648M " (10 ̂  15) "h. 791 ß00i487999999# " 
(10^14)"1+ 1516410729#"(10^)7)) 
1087sn -p7/s2 
1088p8-1000'n"(10393971510"(10^10)"(b^2)"s+ 896515117680(10^13)"(b^2)+ 40572335500(10^1J)"b"t- l413506827N"(10^16)"b- 2. SS7703017N"(I0^ 
15)4t+. 33191562750"(10^17)) 
1089 so-p8/a2 
1090 p9 - 4000 "n"( 269690503# " (10 ̂  9) 4 (b A 2)' a+ 2927016044' (10 ̂  13) 4 (b 12) + . 83872116030 " (10 " 12)' b61.41821518430 " (10 ^ 15) 0b"5.10ß5W240 " (10 ^ 14) 
**+. 1468087187#0(10117)) 
1091sp-p9/s2 
1092h1-)000"n"(794467923#'(10^9)"(b^2)"t+. 11614ß1366N'(10^14)"(b^2)+ 14081413510"(IO^13)9b"s- 14264818740"(l0^16)"h" 904401784"(10^14) 
"a+ 4379375468#' (10 ̂  17)) 
1093q-hl/s2 
1091h2-200"n"(2709412173#"(10^10)"(b^2)"a+4400996403#"(10^14)"(b^2)+ 325191897#"(10^ I9)"b"s.. 49117190771"(Io^16)"b- 21: 227991504(10^ 
15)"s+ 135322651704(10^18)) 
1095gr-h2/s2 
1096h3-400'n"(6439710130"(10A9)"(bA2)"t+. 21771855774"(10^14)"(b^2)" 3240X873840 (10^13)"b"t" It199121790 * (10 1 16) *b+ 1986355ß11M"(10 
15)'a+ 3033699383#'(10"17)) 
1097=- h3ls2 
1098 h4 - 200 "n" (14847663330 " (10 ̂  10)' (b ̂  2)' a+ 57258 126454 " (10 ^ 14) ' (b ^ 2) " 99933420250 4 (10 1 13) "b4a- 49 765943 1 30 " (10 ^ 16) "b+ 61442263 IN " (10 ̂  
15)"t+ 8833361135#"(10^ 17)) 
1099. -h4/s2 
1100 h5 - 400 "n"( 316479430 * (10 A 8)' (b ^ 2) "s+, 28395937# " (10 ^ 14) " (b ^ 2). 996'. 6993350 " (10 ^ 13) "b6a" 11723499970 " (10 ^ 16) "b+ 6119H18975# " (10 AI S) " 

t+ 6842473650000001 N" (10 ^ 16)) 

1101s(-hS/a2 
1102 h6 - -100 0n"( 2399262513# " (10 ̂  10) " (b ̂  2) "t- 85455539390 " (10 ̂  14) " (b ̂  2) + 41132372_510 " (10 ̂  14)' b"a+ 314ß019199N " (10 ̂  16) "b" 29277893870 " (10 
^ 16)"a+ 13992234890"0 0"19)) 
1103su-h6/a2 
1104h7--16000"n"(238795810"(10^8)"(b^2)1a- 53118304310"(10^12)"(b^2)+ 351788931#"(10^12)"b"a+ 113507ß175N"(10^14)"b- 2210A0S341#*(10^ 
14)"t+, 13410688310"(10^16)) 
1105ovh7/s2 
1106 h8 - . 100 "n"( 57670682270 " (10 ̂  10) 6 (b ̂  2)'t " . 479512613#' (10 ^ 14)' (b ^ 2) + 5713580(!, 10 6 (10 ^ 14) "b"t- 2873121190 " (10 ̂  16) "b- )5677171150 " (10 
16) " a+ 36297867350 " (10 ̂  18)) 
1107 sr-h8/s2 
1108h9--100"n"(1451337307N"(10^10)"(b^2)"a- S1597496.411N"(10^I3)"(b^2)+ 11919793354"(10^14)"h's" 1289ß46731N"(10^I6)"b" 745259114630"00" 
15) " s+ 99908938734" (10 ̂  I7)) 
1109u-h91 2 
I 110 81 - -100 "a" (9698019763X' (10 ^ 10) " (b " 2) "t+ , 53437056540000010' (10 ^ 14) 0 (b ^ 2) " 484112ß871N " (10 ^ 14) "b"a- 14539279870 " (10 ^ 17) "b 
30413%526#. (10 ̂  16) *a +. 6964510W" (10 ̂  18)) 
1111sy-81/s2 
1112 82 - -2000 " n' (628962083# " (10 ̂  9) " (b ̂  2) "s+ 4084091411 #" (10 ̂  13) " (b ̂  2) + 2921466421 " (10 " 13) "b"t" 96441170199999990" (10 ̂  15)'b- 1837101S56N 4 
(10^I5)'a+. 4412027427#"(1097)) 
1113xz-g2/t2 
1114 MINT "t-', o. ^F-": h'N-'. 
II IS LPPJNT "Strom at Point A-", sR'Strr A Pour B-, sb 
1116 LPRIN "Sneers at Pout C-", u.. Sou at Pout D-'. sd 
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1117 LPRINT'Stress at Pout E-, se, 'SOms. t Point F-; st 
1I18 LPRINT Su at Point 0-'; S& "Strom at Poml H°', sh 
1119 (. PRINT 'Stnxs It Pout 1ý; as, 'Stress N Pout 3-'; sj 
1120 LPRAIT'Strew at Pout K-', al , 

"Strew at Pout L-'; sl 
1121 LPRINT'Stress at Point M-'; WL *Strew st Pol rd MN"; 'em 
1122 LPRINf 'Strom at Pout Nom'; as, 'Streu at Pond O-', so 
1123 LPRINT'Stress st Pout P-': 81% 'Suva At Pout Q-, sq 
1124 LPRINT'Stress st Point QR-; gr. 'Stres at Pout W. ar 
1125 LPRRJT'Snaas at Poft S-; w6 *Suva st Pout T-'; it 
1126 LPRINT 'Stress at Point U"; au, 'Stresa at Point Vr ; sv 
1127 LPRINT'Stre s at Point W-': sw. 'Stress It Point X-, sx 
1128 LPRINT'Stress it Point Y-", ay. 'Stiess st Pout Z-", a 
1129 NEXT o 
1130 oO f-0 w-0 . -O b-0 sl -0' s2-0,6310 2410'45-0* 96. O' s7-0tr s8--O s9-0- hl-0 h2-0 ht-0 h4-0: hS-0 h6-0, hl-G h8-0 h9-0 pi -0. p2-0 p)'0 p4-0 PS-0 p6-0 p7-0 
p8-0: p9-0" 111-0 82-0 m-0" ab-0" . c-0" sd-0" sa-0" sf-0: sg-0. sh'O" si-0- y-0: sk-0" 11-0 sm'O: am-0- in-0, so-0 sp-O %rO ¢-0 srO rr0 st-0 su-0' ss-0 sw-0 sx-0 
s9.0 sr-0 
1131 LPRINT'Cakvlation of veruwl compressive suns distrdwim beneath mend y shaped psva 3 hkin` ado wo=e the selected special airnmc l prdi krd spphanion 1's vrutr+ro 
generating absolute-hexahedral stress pattern beneath the crcumcnbun roctangulr border (am Fipira 525 and I 2)' 
1132 FOR o- 421.5 TO 375 STEP -5 
1133 f- 230871 0 (709 276 - o) 1 (-133 727+ a) 
1134n-f" 8 

1135&- 0104878 " (-647.884 + o)' (. 192.216 +o)' (17453.4 +o) / ((-709 276+ o)' (-133 727 + o)) 
1136b- 328085'(. 610801 + o) " (50901 1 -297 09' o +o ^ 2) / ((-709 276+ o) " (. 133727 + o)) 
1137m) - -50000 " n' (1027909481 #" (10 ̂  M). 100811581 SN " (10 ̂  16) "s+ 217 6/13481 N" (10 ̂  13) " (a ̂  2) - . 51860ß6841999999W (10 ^I S) "b+ 26743i0372N " (10 ^ 1.1)* 
a"b+ 4934823419#"(10^ 10)*b "(I^2)) 
1138 s2 - -. 12078891228 1 (10 ^ 26) +. 7970603203# 1 (10 ^ 23) 1a- 12015900-3# 1 (10 ^ 23) 1b+ 79290367360 4 (10 ^ 20) "b1s+ 69.14,10184%0 " (10 ^ 12)' (a ^ 2) + 

. 1385603579#"(10^ 10) "b"(5^2) 
1139m-al /R 
1140 s3 - -250000 "n1(. 1438457832#' (10 ̂  17) - 13758304298 " (10 ̂  I5) " "+ 2815192548 *(10 1 12) 1 (a " 2) - 6853724742999999#' (10 ̂  14) 1b+ 3538119444# 1 (10 ^ 12) " 
a"b+ 64964242998' (10 ̂  9)' b" (s ̂  2)) 
1)41ab -all /s2 
1142 s4 - -50000 "n1(. 669925994# 1 (10 ̂  17) - 37550202# 1 (10 ̂  15) "a- 4392672971 1 (10 ̂  12) 1 (a ̂  2). 705032(776j99O 990 0 (10 ̂  11) 1b+ 4196982753N 1 (10 1 13) " a' b 
+ 30055758390 1 (10 ̂  10) 1bI (s ̂  2)) 
1143sc-s4/s2 
1144 s5 - 50000' n" (1323421108# " (10 ̂  17) - . 44567692ßN " (10 ̂ I S)' a+ 2364656109#'(10"13)'(s'2)+ 2313221fß 1999pß " (10 ^I S) "b. 1735438061 N" (10 ^ 11) "a 
'b+ 1379D962I7#$(10^1(n"b"(s^2)) 
1145sd-s5/s2 
1146,6-50000'n"(627243603#"(10^17)-. 7028471012#"(10^1S)'iS 19066693898"(10^13)"(a^2)-4.1359991 759991399'(Iß"IS)"b 221ß47728"(1D^I))"a" 
b+ 4109439713# " (l0 ^ 10) "b" (o A 2)) 
1147w-s6/%2 
1148 s7 -50000 "n" (3185630371 #" (10 ̂  17) - . 3826465005# " (10 ̂ I S)'s + 11378521788" (10 ^ 13) " (a ̂  2) - 2576775406099999# " (10 ^ 15) "b+ 13331965521" (10 ^ I1) " 

"b# . 2422828439# " (I0 " 10) "b" (s ̂  2)) 
1149sf-042 
150 a8 -50000 "n"(. 269260115# " (I0 ^ I7) - . 7023330598 " (10 ̂  14) "a.. 7090113ß9M " (I0 ^ I2) " (s ^ 2)-. 6200234(X)2999990" (10 " 15)' b+ 87610095$21" (10 " 13) "asb 

+. 2180192133#"(IO"I0)"b"(. ^2)) 
1151 s4-s8/s2 
1152s9-. 50000'n'(5330079896'(10" 17) - 7509454: 58 " (10 ̂ I S) "s+ 

. 
263440(198 " (10 ̂  13) " (a ̂  2) + . 1463134(, 14SH9fl90N " (I0 ^I S) "b- 1299564898 " (10 ̂  13) "s"b 

+ 2204479923#"(10^ 10)1 b"(a^2)) 
1133sh-s9/s2 
1154 LPRINT's o. *F-; ('N-'; n. 'X-'. ti'Y-'; b 
1155 LPRINT "Stress st Pout Ate', w, 'Suva d Pout B", ob 
1156 LPRINT'Straw at Po" C-'; sc, 'Strm st Pout IY. d 
1157 LPRINT'Stress at Paul R-"; as, 'Strom r Posed F-', sf 
1158 LPRINT'Suva at Pont 01; sg 'Stress at Point H-', sh 
1159NEXTo 
1160 0-0 f-0 n-0 a-0 b-0 st-0 62.0" d-0: N-0.63-0 s6-0ý s7-0" st-0 99. O or-0, ab-0 ac-C' ad-0: srtr sf-C' 11-0 sh-0 
1161 LPRINT'Cslculstion of rarocal compressive sanw duanbwun beneath prgr" drped p"rar 4 tdung into wouunt the selected special amwmm pa ch kid apphanion I's Vsrutnwr 
Vamtmg absolute-heiahdral stress pattern beneath the cncumscnboig re tmguly border (see Fgpxa 5 28 end I 3)' 
1162 FOR o- 380 TO 320 STEP -S 
1163r- 202381 " (662.926 - o)' (-97.0741 + o) 
1164n-f" 8 
1165 s- 174603"(-564586+o)'(-15854+0)"(J28S8+0)/((. 662.9'1.6+0)"(-970741+0)) 
1166 b- 246032 0 (. 553 653 + o)' (33084.2 - 22054 0o+o 12) / ((. 662 926+ o)' (-97 0741 4 0)) 
1167 51 - -2000' n0( 9571785326#' (10 ^I S) - 109233557561 (10 ^ 14) " s+ 282056294611 0 (10 111) " (. ^ 2) - 727805565410 (10 ^ 13) 0b+ 41134185130 1 (10 1 11) " r' b+ 

969643810 0 (10 ^ 8) "b" (a ^ 2)) 

1168 a2 -- 44374696286 0 (10 ^ 22) + . 
29298156868 1 (10 ^ 20) 1s+ 28542780868 1 (10 ^ 17)1(s " 2) + 201 Sr-W360 1 (10 ^ 14) 0b" 26,161 S6014# 0 (10 ^ 12) 1a"b 

843487527#1 (10^9)1 b"(a^2) 
1169,, -sl/s2 
1130.3-. 2000'n'(8257178974#'(10"15)- 73748"2# " (10 ^ 13)* &+ . 

901307948 " (10 ^ 10) " (s ^ 2). 9962830144# * (10 ^ 13) "h+ 62972558588 " (10 ^ it "0 b+ 
85031380999999998 1 (10 ̂  8) 1b" (s ̂  2)) 
1171sb-s3/s2 

h+ 1172 s4 - -2000 "n"( 225389109481(10 ̂  15)+. 10563831680 1 (10 ̂  13)' a- 2044242070 6 (10 ^ 11) 6 (a ̂  2) - 611290157251 (10 ^ 13) 1b+ 4869564518451 (10 ̂  11) 1a6 
161013816"(10^ 8) 1 bI(5 ^2)) 
1173sc-s41 a2 
1174 s5 - -2000' n' (. 1 72 405 75 2 3# " (10 ^I S) + 31932374028 " (10 ^ 13) "a- 

. 
33440370740 " (IO ^1 I)' (s ^ 2) " . 

9295891024# " (I O" I3) "b+ 676976701 #" (lo ^ 11) "s"b+ 

12604381#"(10"8)"b"(a^2)) 

1175d-s5/s2 
1176 s6 -2000 " n' (. 28271768248' (10 ̂  IS) - . 66449326461 " (10 ̂  13)-e+ 33947670761" (10 ^ 11) " (s ^ 2) + . 10790889826" (l0 " 13) "b- 

. 
14(V853262#' (10 ^l 1) " s' b+ 

45113619# "(l0^8) "b" (a"2)) 
, 177 se-s6/s2 
178 s7 - 2000' n' (6593638396 " (10 ̂  15). 86849685728" (10 ̂  13) "s+ 2109037074#. (10a I I) " (s ^ 2) " 731949%944 000I N" (I0 ^ I1) "b+ 421 1695 3 328 " (10 ^ 11)' a 

b+ 94395619# " (10 ̂  8) "b" (a ̂  2)) 
I179sf-s7/s2 
1180 a8 - 2000' n"(. 3984380842#' (10 ̂ 1 S) - . 

31751 ß3546A s (l0 ^ 13) sa+ 
. 
1642992070 " (I0 "l l) " (s ^ 2) . 5(6)6422968" (10 " I3) "b+ 3$6803223651 " (10 ̂  11) "ssb+ 

641486196 ' (10 " 8) "b"(. " 2)) 
1181 s8-a8/s2 
l 182 s9 -2000 "n" (2139940918# " (10 ̂  M+ + 51018023840 (l0 ^ 12)'s- 1573037948 " (10 ^ 11)' (a " 2). 10831408940 6(10^ 14) "b+ 74320720684*(106 11) "aIb+ 
487186190"(10^8)16"(5^2)) 
1)83sh-s9/s2 
1184 pl - 2000 "n" (-. 1254089414# " (10 ^I S) + , 

543162458# " (10 ^ 13) "s-3355 56294651 " (I0 ^I I) " (a ^ 2). 935731617# " (10 ^ 13) "b+ 61500438233999990' (10 "I I) "4" 

b+ 10035619# " (10 ^ 8) " b' (s ^ 2)) 

1185 at-pl/s2 
1186 p2 - -2000 "n" (502055098# " (10 ^ 15) - 74716605068 " (IO ^ 13)' 6+ 27798329468 " (10 ^1 I) " (s ^ 2) 4 938748111910" (10 " 12)' b- 

. 
I226495229#' (IO ^l I) "s"b+ 

392463816' (10 " 8)' b' (a " 2)) 

1187sß-p2/s2 
1188 LPRINT'a"; a. T-0; f. 'N"'; it 'X-'; a6 *Y-% b 
1189 LPRINT'Strew at Point A-'; as, 'Stress at Pout B-'; ob 
11901. PRIIJT'Strew at Pout C-'. sc, "Strom at Point D-'. d 
1191 LPRINT'Stress at Poud E-'; se, 'Strom at Point F-", sf 
1192 LPRINT'Strom st Point 0"; a& 'Sum t Pout H-". ah 
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1193 LPRINT'Strms at Point F-; si, "Sows at Point 1-"; y 
1194 NEXT o 
1195 o-0 f-0 n-0 r0 b-0 at-0: s2-0" s3.0: s4-0: s5-0: 86-0: s7.0: s8.0 29.0, p(-0: p2-0 a-0: ab-0: so-0: ad-0" . O, d-0: s8-0 sh-0 a-0 y-0 
1196 U'RINT "Catouldwn of va, tica( compressive sirm distribution beneath piopnewy shaped quer 5 lakm4 into soooiar the selected special sanamn path load appiwdwo I's Andron 
generating absolute-hamhedrol streu pattern beneath the aoaumazbu ratlingdr border ( m Fi ze. 5 31 W8 4r 
1197 FOR o- 440 TO 355 STEP -S 
1198 f -. 16177 0 (799 426. o)' (-80.3503 + o) 
1199n-f". 8 
1200 s-(. 215694' (669.612 - o)' (-136 802+0)' (506 415 + o)) / (-64394 + 879 976 "o -(o " 2)) 
1201 b-(. 225481 "(65218S-o)'(34124 4-179 993'0+(o^2)))/(64394+879976'0-(o^2)) 
1202s1--210000'n'(74496093#011048)'(. ^2)'b+4971898187#'(10^II)'(s"2)+. 11418955450'(IO"12)"s'b". »I1813T11$'(10^14)'s" 184157932%0(10^ 
14) "b+ 2178127107# " (10 ̂  16)) 
1203 s2 - (. 4212997008# 0 (10 ̂  19) 0 a' b+, 60724544910 0 (10 ̂  10)' (s' 2) "b+ , 8312042508'999990' (10 ^ 22) 0s- . 39 6 18 108 25 0' (10 " 13) (s ^ 2) - . 

6(99341911099999` 0" 
(10 ̂  21)' b -. 12319291881t' (10 ̂  25)) 
1204 as-sl/s2 
1205 s3 - -1050 " n' (. 967356780300000(0' (10 ^ (0) " (a ^ 2)' b+ 49846829750 " (10 ^ 13) 0 (a ^ 2) + . 1690ß10523N' (10 ^ l4)' s' b" 27188065710 ' (10 ^ 16)' a 
2697451044#' (10 ̂  16)' b+. 29430118(20 4 (10 118)) 
1206 ab - s31 s2 
1207 s4 - -2100' 1*(. 3521396089# 0 (10 ̂  10)' (. ^ 2) " b-. 223.1165969# ' (10 ̂  13)' (6 " 2)+ 12429075690' (10 ̂  14)'6' b- 19921 ß004,3W (10 " I5) "s" 1905160723/ " (10 
^ 16)' b+ 90637066150' (10 ̂  17)) 
1208 so-s4/s2 
1209 s5 - ") 0500' n" (442398337# " (10 ̂  9)' (s ^ 2) "b-. )086704137%' (l0 ^ 13) " (, ^ 2) + . 

255313648GN " (t0 ^ 1))' s' b+ 9431264660' (10 ^ 14)' s- 38327090480' (10 " 
15) 4b+. 9649036930 " (10 ̂  16)) 
1210 ad-a5 /s2 
1211s6-10500"n'((469285789#"(10A10)'(aA2)'b+. 991400374M"(10^12)0(6^2)+ 2289204232#"(10"13)"s"b" 3009)506416 (10"IS)'s- 36ß66557360'((0 
^ 15)' b+ 318139804#' (10 ̂  17)) 
1212se-s6/s2 
1213 s7.4200' n' ( 2366801773#' (10 ^ 10)' (s ^ 2)' b+ 

.I 
1ß872588W (10 ^ 13) 0 (a ^ 2) + 4240339163%' (10113)'6' Is " 47512214580' ((0 " 15) as- 675 23 703 34' (10 ^ 

15) "b+. 4420389070 " (10 1 17)) 

1214 sf-s7/s2 
1215 x8 -1050 sns (6836431467# " (10 ̂  10)' (s ̂  2) *b- . 57941245639 " (l0 ^ 13)' (a ̂  2)+, 24912282799' (10 ̂  14)'6' b4 4190947789 " (10 ^ 15)' 6 -. 38138181426' (10 ̂  
16)'b+ 6378851494' (10 ̂  17)) 
1216sg-a8/s2 
1217.9-10500'n"(. 161078067#'(10^9)*(s^2)*b-. 1085323796M'(10^13)*(. ^2)+. 1891247712M"(l0^I3)'s'b+ 212.19556420'((0^IS)'s" 28281100406(t0^ 
13)' b- 775357263#' (10 ̂  16)) 
1218 ah-s9/s2 
1219 LPRINT *a-'; o, 'F-', C'N-'; IL 7C-1; R'Y"'; b 
1220 LPRINT'Straa at Point A-'; a., 'Sum at Pool B-'; ab 
1221 LPRINP'Shms it Pont Cý; w, 'Sum d Pont D-" ad 
1222 U'RUNf'Suess at Point B-", so, 'Straw at Point F''; sf 
1223 LPRINT "Strew at Point 0-'; a& 'Sum it Pont H' sh 
1224 NEXT o 
1225 o-0 f-O n-0a-0. b-O. sI-0 x2-0" . 3-0:. 4.0 65.0: s6': 67.0: 68-0, s9-0 st"O: ab-0" w-0 . d-0 se-0 d", 66.0 sh-0 
1226 I. PRINT'Calwleuon of varned coo. Im area &stnbutwn beneath props" sloped paver 6 Wcum irao sau se the selected special eomson patch load applrodiun I's van dstr 
genmarod absolue"haimho td stress pattern beneath the cuanumbog roarlgular border (see F4pres 5 33 rd 8 Sr 
1227 FOR a- 504 TO 429 STEP -S 
1228f-"44114+252"o"(o^2)/4 
1229n-f' I 
1230. - (-18253704 + 247968' o -1002' (o ̂  2) + (o " 3))! (3' (176456 - )008' o+o^ 2)) 
1231 b- (81642408.247968' o- 510' (o ̂  2) + (o ̂  3)) / (6 " (176456.1008' o+o^ 2)) 
1232 sl - (-1 / 50) " (n' (-315784067125# + 391X0)4905 " s+ 335419410' b +24112296 " s' b)) 
1233 s2 - (227962591504496+ 181453583376#' b) 
I234r-s1/s2 
1233 s3 - (-I / 26075)' (n' (-106541543439925# -13017713363050' a+ 16809131512650' b+ 66942734040 4 s' b)) 
1236 ab-a3/s2 
1237 s4 - (1 / 52150) " (n' (-46324270344850 + 3176236255209#' 6.251669808375000 b+ 69964549200 's " b)) 
1238 so-s4/s2 
1239 s5 - (I / 52150)' (n' (-511443050870950+ 45403633706190 0 37". 14916269100 0b+ 1170068M18ß# "s" b)) 
1240ad -s51a2 
124196 - (11350) 0 (n' (-1378790910605#+ 5828600091 N0 s+ 56232713 ION 0 b+ 1687ß6072b)) 
1242 se-s6/s2 
1243 s7 - (I / 26075) " (n 0 (-445800752743100.12709281874830's+ 19249256415450' b +6 69 42 73 41)40' s" b)) 
1244 sf-a7/s2 
124$ s8 - (-1 / 10430)' (n' (-257110726731430 + $429099915130' a" 6(109446128629' b+ 11992909ß4's' b)) 
1246sß-a8/s2 
1247 e9 - (-1 / 52150)' (n' ("1750672414183250+ 40786770729750's - 4209516607470Y' It + 11700686(880 " s' b)) 
1248sh-s9/s2 
1249 L RU9T'a-; 4'F-; 4 'N-', n, 'X-', a"'Y-, b 
1250 LPRINT'Sum at Point A-*, as. 'Sava it Post B-'. ab 
1251 MINT 'Strew at Pout C-"; so, 'S4as at Post D7` ad 
1252 LPRINT'Stress at Point B-`, me, 'Strom it Point Fr'; sf 
1253 LPRINT'Streu at Pool 0"; a&'Sloer at Point H-', sh 
1254 NEXT o 
1255 0.0 f 0: n-0 a-0 0. I0 0 s2-0: 63-0. M-0: x5-0:. 6-o- 67-0: s8. O 69-0 r-0 ob-0 sc-0 ad-0 sa-0 664 q-0. sh-0 
1256 LPRINT'Cdaldwn of motel oo ip eae streu distribution beneath propnalory shaped (seer 7 taking into r oou6 the aclaled "-al eon ul patch ked application V. "nations 
generating . bsolwo-hoobe&d sums pattern beneath the ciicsnambnn roaavulr border (aes Epee 536 and 8 6y 
1257 FOR a- 360 TO 310 STEP -S 
1258 f- 185715 " (639 419 - o) " (-80 5792 + o) 
1259 n-1". 8 
1260 s- (152382' (553 083 - o)' (-127 625 + o) " (781956+ o)) / (-51523 9+ 719 998 0o-o^ 2) 
1261 b-(257142'(530745-o) "(31046.2-199255'0+o ^2))/(515239+ 719998'o-o^2) 
1262s1--1250 (10^ 7)0 n0 (1042369'(10^7)0 (b^2)'a+ 2258746626#'(10^10)'(b"2)+ 90(4163146'(1009)"a b- 3(d142132-1M'((0^ 12)'b- 48332491020" 
(10^11)"s+ 12713408316"(10"14)) 
126352-(. 43304220439'(10^12)"s'b+. 1025997637M0 (10A10)0(b^2)0s+, 41410163ß6N'(10^21)"b+ 10587040440(10^19)4`(b^2)- 2455005I6SM4(10^14)"s- 
23550308960 " (10 ^ 23)) 

1264 as-a)/s2 
1265 s3 - 6250' n' (1185180890' (10 ̂  9)' (b ̂  2)'s + 34018127980' (10 ̂  12)' (b ̂  2) + . 121306135411' (10 ̂  12)' 6' b- 54594455466' (10 " 14) "b- . 641240444ßN' (10 ̂  
13)06+ 1887067727M'(10^16)) 
1266 ob-s3/a2 
1267 84 - 6250' n' (379151797#' (10 ̂  9)' (b ^ 2)' s- 5002189348#0(10^n. ' (b ^ 2) + 5I 1159904# " (I0 ^II )'s' b +476720057600(10^14)6b. 1537689 040 " (10 ̂  
13) "s- , 1132083909# " (10 ̂  16)) 
1268 ac - s4/ s2 
1269 x5 -100000' n' (31 ß 10327#' (10 ̂  8)' (b ̂  2)'s - . 240587023ßM' (10 " tI )' (b ̂  2) + , ß023821275N' (10 " 10)'6' b+ 163241249800(10^13)0b- 4149W9010"(104 
12)'. - 2218300679# " (10 ̂  14)) 
1270 ad-s5/82 
1271 66-500005n1 (. 24038762N'(10^8)0 (b^2)'a+. 513877081500 (10^11) "(b^2)+ 201786972600(l0^it)'s"b- 68809828751"(10^ 13)'b". 107764806$0'(10^ 
13) "s+ 21623686380 " (10 ̂  15)) 
1272 se-s6/s2 
1273 s7 - 31250' n' (. 20470ß77N' (10 ̂  8)' (b " 2)'s + 399067'. 39611' (10 ^ 11) " (b ̂  2) + , 

20214490(% s (10 ̂  11)' 6' b" 
. 
728277ß404M' (t0 ^ 13)' b- 10734179180' (10 " 

13)'a+ 2148561950"(10^ 15)) 
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1274 sfs7/s2 
1275 a8 . 6250' n' (. 395315501 N" (10 ̂  9) " (b ̂  2)' a- . 4595712949N " (10 ^ I2)' (b ^ 2) + 7104967520 ' (10 ̂  11) "a0b+ +-9491442320 (10 ^ 14) "b- A58300476640 (10 ̂  
13)"a- 319297156M"(10"15)) 
1276sg-s8/s2 
1277 9--50000'n65641117N"(10^S)'(b^2)"a-. 4303644T-Sk(10A11)'(bA2)f 1853935315#"(10^11)'s"b+ 1032254S6i#(10A 17)0 b. I100642480 0 (10 
13) "a+ . 57232330499999996 " (10 ̂  14)) 
1278sh-s9/a2 
1279 LPRINF's-"; o, 'F-'. (' 4 . 4'X°', a. 'Y-, b 
1280 LPRINT'Slrew at Pont A--, as. Slras at Point B-', sb 
1281 LPRII. l7.5trw at Po of C-. no, 'Strew at Pont D-', ad 
1282 LPRINT *Stress at Pout B-'; it Sums at Pont F-'; of 
1283 MINT "Strew at Pout C. -', ag'Saea at Puna H-', ah 
1284 NEXT o 
1285 oO. f-0 n-C) a-0 b-0 st-0: s2-0 s3-& s4-0. s5-0. S6-0.87-0" 01-0: a9-0. a-0: sb-0: w--O,, ad_0, W10: m": ago: sh"0 
1286 LPRWT'Calcu)tian of vatioal oompresaire area di ei laiton benauh propnelary shaped paves I taking imo socout the wlaud apxnJ aonmýrn patch lud appliapcn IY wia1u+n 

8enaatmg absolute- xebxbd coves pattern beneath the cocumsatbvig rsctangilar border (see Fig rea 5 38 aid 8 7)' 

1287 FOR o- 400 TO 350 STEP -S 
1288 f- (-90200 + 800' o- (o ̂  2)) /4 
1289n-f" I 
1290. - O1060000 -600 " (o ̂  2) + (o ̂  3)) / (3' (90200.800' o +(o ^ 2))) 
1291 b- (11060000 -600' (o ̂  2) + (o ̂  3)) / (6 " (90200.800 "o+ (o ̂  2))) 
1292 it - -n' (1696869' a"b+ 119895793504 a+ 3249(64050011' b- 32816542951004) 
1293 s2 - 27216939500# " (27 "b+ 286960) 
1294 a-a1/s2 
1295 a3 - -n " (1131489 " s' b+ 5980636950# "a- 2680760055100#+ 325471783008 " b) 
1296 ab-s3/a2 
1297 s4 - -n' (792261 "a"b+ 41864349304 "a- 20114349421001+ 22783003089# 0 b) 
1298 so-s4/a2 
1299 s5 - -n " (729 "a"b- 42260844300' a-11 701 8 3006 100# F 22862136280# 6 b) 
13004-s5/a2 
1301 s6 - -n " (729' a"b- 6037247350N' a- 14789715751000 + 32660254500M' b) 
1302se -a6/a2 
1303 s7 - n' ($64651 "a'b+ 120461902504" a+ 5780773351000.32716792500# " b) 
1304af-s7/s2 
1305 01 -n" (1695411 'a"b+ 11989652250# 4s- 23823016049004 + 324907863008' b) 
1306 . g- all s2 
1307 s9 - n' (1130031' a"b+ 5980709850N " a- 17814073649000 + 32547324. i00N' b) 
130*ah-a9/a2 
1309 pl -n" (790803' s' b+ 41865078309' a -1112082251900# + 227831488808 " b) 
1310si-pI/s2 
1311 p2 - -n' (729' a' b+ 42260115309 0a+ 2708303159009 - 228623020869 b) 
1312sß-p2/s2 
1313 p3 - -e' (729 " a' b+ 6037174950#' a+ 5796188849000 - 32660400300# b) 
1314ak-p3/a2 
1315 p4 - -n " (120461173500' a+ 566109' a' b. 32716938300#' b" 212753551004) 
1316 a1-p4/s2 
1317 LPRINT'a-. o. 'F-*; f; 'N-'. a "X-; a. 'Y-; b 
1311 LPR1NT Suns at Pout A-". so, 'Shaa a[ Pout B-', ab 
1319 LPRINT'Strews of Point C-", a0. Sum at Pour D. d 
1320 LPRINT "SVeas at Pout E. se, 'Sum at Pout F. of 
1321 LPRINT *Streu it Pout 0, e8, Strew it Pont H-"; sh 
1322 IPRINT'Strew at Pont 1-", in, 'Strew at Pont 3-'; sj 
1323 LPRINT'Strms at Point K''; alt Siren t Pmt L"', d 
1324 NEXT o 
1323 o0 f-0 n-9 s-0 b-0. sl-0: s2-0: s3-0. *M0 . S-0, s6-0: s7ß "8+0. a9-0" pl-0. p2-0: p3-0. p4-0 as-0 sb O so-0 d-& ar0 af- 0 09-0, ah-0, m -O y-0 sk 0 al-0 
1326 LPRINT'Calculadon of vatcal oompro wise suaa dWnbtian bens th propnAcsy shaped paver 9 taking into aooout the al. eted apecW con min poch load applioNoo 1's vtilnna 
Senennng absolute-hexaledd stress pattern beneath the cirewasitnbnvg roasWAi border (see Fgposa 5 41 end 111)* 
1327 FOR o- 450 TO 375 STEP -5 
1328f-. 383318"(706918-o)0 (-193094+0) 
1329n-Mll 
1330a-(511091 "(60649-o)0'(24483 8-293 51 "o+o^2))/(-116502+900012.0-0^2) 
1331 b-( 077809' (635 868 - o)' (. 235.334 + o) 0 (935488+o))/(-136502+ 900 012' o-o^ 2) 

"s 1332 at - -13043478266' n0 (1928531253#' (10 ^ 10)' (a ' 2)' b+ 
. 8401195114#' (10 ^ 12)' (s ^ 2) + 96257445228 s (10 ^ 12)' s' b" 

. 
35835480740 0 (10 1 13) 

192936803# 0 (10 ̂ 15) 0b+ 35195393980' (10 ̂  17)) 
1333 12 - (1520804096N " (10 ̂  15)' a' b+ 891 ' (a ̂  2) "b+ 11516929570 6 (10 ̂  18) "a+ 10384 " (10 ̂  7)' (a " 2) - 23319~30 " (10 ̂  17) 6b- 17659241994 s (10 ̂  20)) 
1334 a-sl/a2 
133513--521739)3044'n'(. 261209977$"(10^9)"(a"2)'b-252857989 '(10^11)6 (s^2) 4672A37753N'(10^12)"s"b". 371923644#"(10^14)'a-777ä38235N" 
(10 ̂  14) "b+ 6297326430 1 (10 ̂  16)) 
1336 ab - s3 / s2 
1337 s4 - . 

13043478268' n" (475ß96087N " (10 ^ 9) " (a ^ 2)' b+ 
. 
9ß07389176N' (10 ^ 12)' (a ^ 2) - I60776 065 " (I0 ^ 13)'s "b. 13024220448' (10 ^ %5)"s+ 23533497764 

" (10 ^ 15) "b- 30ß7790332N' (10 ^ 16)) 
133ßws4/s2 
1339 a5 -6 521739130 " n' (381ß4661N " (10 ^ 8) 0 (a ^ 2) 0b+ 1687976417#' (10 ^ 11) 1 (a ^ 2) + . 

203ß724453N' (10 ^ 11) 6s'b- 572902813599999911' (10 ^ 13) 6a- 

4023807964N " (10 ^ 13) "b+. 4825294144# " (10 ^ 15)) 
1340 ad -s5/a2 
1341 s6 - 26086956524 "n 31276795300000010 0 (10 ^ 9) " (s ^ 2)' b- 4963724860 " (10 ^ 11) ' (a ^ 2) + . 962811143711# ' (10 ^ 12) " a' b. 3843302864 4 (10 ^ 14)' a- 
1596975623N' (10 ̂  15) "b+ . 7060091241' ()0 ^ 16)) 
1342ae-a6/a2 
1343 s7 - -1.304347826#' n' (495200296' (10 ̂  8) 0 (a ̂  2)' b+ 9781702200 (10 ̂  11)' (a ̂  2). 16645518390 " (l0 ^ 12) "asb- 2021456058 4 (10 ̂  14)' s+ 24358817288 
(10^14)'b+ 792133292N"(10^15)) 
1344 if-s7/s2 
1345 LPRINT'a-', o IF--. "N-'; 4a. 'Y-'; b 
1346 LPRWT'Strea at Pout A-", a, Stress at Point B-; ab 
1347 LPRINT "Stress at Point C. at. Suer at Pout D-', d 
1348 LPRNT *Sum at Point S-, a, Sow at Poet F-'. of 
1349 NEXT o 
1350 END 

The results of this program can be seen in the last sections of the a distances which 

define the position of the common patch load applications in Figures 9.1 to 9.9. Figures 

6.21,9.1,9.2,9.3,9.4,9.5,9.6,9.7,9.8 and 9.9 show the vertical compressive stress 

536 



Chapter 9: Evaluation of vertical stresses in bedding sand without interlock for proprietory shaped pavers 

Olt, 
Sot 

SK{ 

c9ý 

5th: 

ci 

co 

cxz 

, 

F---- ---- lee i 

IIIIýý_ bbbbb Z/g=4 

S9Z 

t7Z 

Su 

SOZ 

5Kl fi 

S91 

St-l 

SZl N-d 

SOl 

cK 

S9 

5fi 

bbbbbto bbbbb 
S 

Cl \Z let O o0 �O rt N 

r- r-- -- OOOO 

t a2Ard padigs ac>J 
(zww/r) sýss, 'I. gs Ie'U-' A -"q l 

V 
U, 
QJ 
1.. 

4J 

Cd 

t1J 

M 
C 

cC 

C 

C 

C 

C C 

I- av 
Cr 

V -0 "C y 

ýy 
ß 

v; O 

'O ß 

r 
`n O 

E 

-O 
UU 

y 4y., 

0 

C t. 
DC 

C 

d CC 

U 

LL 



Chapter 9: Evaluation of vertical stresses in bedding sand without interlock for proprietory shaped pavers 

Ott 
Zt, 

opt, 

OtE 

NZ 

09Z 
0 t7 

OZZ 

ON L 

081 

091 

i Obl 

1. ' OZ l 

r ------ -- --- 001 

UK 

09 

Üb 
Z/g=q OZ 

c' o 00 ýD rt C'! o() t 

. -. ^- ý: ööö0 
Z . h, AI d p3degs ioj 

(zwar/N) sass3'1S ! ! 110A NI 

{ 

5Ca7. 
blot b 

vä.. 
c 

bbbb 

bbbb 

bbb 6 

to bbb 

bbbb 

b10 b 

IM a, 
a 
a 
ca 

b 
cý 0 

U 
r 
Cý 

a 

0 

0 
U 

4-. 
0 

0 
4- 

U 

.a "O CI 

C 

CCi 

0 

a o 

'ý o 
, ý, FE 

CJ V 

Cd ý 
U 

rL ý` 
m Cý 

C! '4 

y_ 

ä7 
b1, oo 



Chapter 9: Evaluation of vertical stresses in bedding sand without interlock for proprietory shaped pavers 

s Izr 
sor 

szý 
sof 

sz 

j 
I srz 

I; 
5z 

co--- 

I 
c91 

Srl 

sa l 

- I°Q 

sK 

zi=q ýý sr 
IIIIIý1 f 

sz to bbtbbbb 

N oc NO 
ý- 

- 
-- "-- 

6ÖOO 

.1 At d podr. yp io l 
i zutua/IN) sossoi15 IE""110A )q, l, 

n 
ý. 

73 

C" 
m 
ou 

LIZ 

0 
s 

c 
0 

O 

O 

O 

ctt 
I 
cC 

'ß f-1 

L1, y 
O 

ü =d 
r C+ 

-a y 
cif. 

cd 
Mý 

Ly 

v_ O 
'C7 ß 

rJ 

.= 'a 
u a., 

iJ v 
cc 

;. ö 0 
'n c 

ý: 

"4) occ 
GJr O 



Chapter 9: Evaluation of vertical stresses in bedding sand without interlock for proprictory shaped pavers 

paned jepoy j 

äý w cý > aý äm 
ý) 4 
0 M 

- 70 

4- M 
O0 

oxm 
ca ÜQ 

ýc" 
Z/p=U 

caned Iapc 

N 
L 

> N 

ca a I 
- 
D ö 
o - -v 
aý cu ä 
öo m 
v a) 

C 
0 

aý a v 
UQ 0 

" aC.. 

Or (D 
U 

fit 
Z/p=9 

. -ý 

eý 

(INC 

Svc 

six 
su 
51i 
Of 
S6Z 

VI sxz 
5LZ 
59Z 
55z 

srz 
b SZz 

slz 
b 50 Z 

561 
J_ sKI 

b 5LI 
591 

V' 551 
b Sri 

.' siI 

szI 
to 511 

Sill 
56 

5L 
S9 

b 55 

sr 
SIC 

sz 
yl 

`7 MN . -. p OOO ý' Oh -f M tý 

1.1APd p, dt qs ao, (zwül/r ) tiJtiti; l" US I '! U A 

O 

s 

Cý. 
C 
O 

u 
cam. 

O 
Y 
cC 

b .t 
v 4� Qv 
O 

ti 

U -0 
'Z: 3 V 

cC -S, 

V 
ti 

1^r 

U JV 

r 
-- r- 

O 

ý- 
ý 

ýt 

x 
f. ý Ö 



Chapter 9: Evaluation of vertical stresses in bedding sand without interlock for proprietory shaped pavers 

" 
(Ott, 

" ste 

paned lepow szr 
slr 
slit 
56! 

W, M i 'ý sttt 
r }! bLti 

4. U -tp 
I I j S9! 

! 55ti 
o - srr ö 

,E (D 
a su 

4- M C 
0p b sot 

a) 
t 56Z 

5Kz 
O SLz Q 

59Z 
U 

- i ssz 
a srz 

fi t t si z 
U« Z/u=y 

-. 
} rb szz 

siz E 
5oz 

p d S61 ane IapoI 
f 5K1 

I 'o ' SL1 

591 
N 551 

5r l m cß 
L7� 'ý Sti 1 

N 
O SZl 

E 
E sit 

ai Sol 
L ` 

. Cl. - e 56 
a _ sm ö ö 

; ec b SL 
S9 

. aý mý Ö x 55 
CL Ö 

U a 5F 
C 

L L 

5z 
O 

to i 
sl 

«E -- Z/F'=9 

S 17Ard pidiu1s io 

( zu w/N) sass a. ijS Iuz)t laA a4.1. 

P y 
r 
v. 
V 

cC 

cn 

cC 
0 

fV 

O 

O 
U 

4-ý 

VI 

C 

I- 
Cd 

y 
G. y 
C 
U Cd 

v "p -t7 v 
I- cd 

CÖ 

o 
-0 %s. 

0 

I 

UV 

7.1 I. 
N. 

f .ý 

v ý^ 

tj) 
I. L Ö 



Chapter 9: Evaluation of vertical stresses in bedding sand without interlock for proprietory shaped pavers 

HIS 

' ýsr 

JeAed epo#J m SLr 
: s917 I 

i 

. 0.0 

" ö ýrt 
c b 5tc 

Ü SU 

Z/u=Q slt 
ýb sut 

s6z 
imz 

itz 
5yz 
ssz 
srz ,.. i 
stz E 
5zz 

E 

!I BIZ ý 
50z 
bbl 

Japed japoyg 
ý. 
b 

581 
sLl 

M 591 

ca Cý v " ýtl 
ýý ý b SzI öm 'a t, ` III E j Sul 
a) 0 SO 
O p SL 

OQ G o I! -IQ cy 

Ü x Ü I 
__ {. 

, III 
5t 

uý 
Z/p=y 

ýý 

tit 

^ ^OOOOCOOOO 

9 . ºa: wd pidrt1s ic)I 
(z1 u1u/N) ti )SSA11ti )II-1, n , 'iI. 

I- 

I' 

V 

G. 
ca 

J) 

b 
C 

r-+ 
GC 

E 

C 

C 

'l. 

C 
.ý 
Cd 

aJ 

v a. 

cA-- 
v: 

'Z 0 

av 

-41 
O 

va 
fo 

C 
v 1. 

tM - 

:. o O 

vC 
f1ý c21 

caiý QC 
i-L. c 



Chapter 9: Evaluation of vertical stresses in bedding sand without interlock for proprictory shaped pavers 

. caned IapoW 
ca 

5t: ' EI 
srti cý - °- V --I 

I szti 
5lt 

ö-i 
cu 50: E^ aý ýa I 56z 

WL QI 58Z 
(D SLz 

4- cu 
O Oz 

-p ý 
55Z 

2O 5tZ 
c ä. sz 
aý a 
UQQ° 5zz 

c 5lz 
ýe. V soz 

Z/'=q 6l -ý ' ,b sKl ý 
ýLt! 

caned IapoW ; ssl 
Ail 5tI 

Q Sil 

CU SZ1 
fQV -Ibsll 
75 CO iU l 

56 
OE 

SH 
Ld Si. N 

I 5; 9 0 Co 
Öp_ 

C C]» 5Z 
(D CL .ýI 5l 

c 
1QMNO O00 f- D f`T MN "-" O 

"t 
v ^-^-^- 

ppOOOOÖOO 

Z/tc=q L J3At d padetls iO. 
(zww/N) sass lIS It'll)-OA nna 

ý, ý: ti 
^L 
i-ýr 

a. i 
ý-+r 

a 
ý, 

ci c 

!. J 

C.. 

E 
E 

C 
LA 
C 

co 

. 
l: 

a tu 
ti c 
. 1M. 
OL. ) .v 'T G 
t 

cCý 
cý - 

C 

NÖ 

`r O v 

O 
vV 

au ýu., r ýJ 

E 

tli 

mw 

aE 

bau o7ö 
Li, ö 



Chapter 9: Evaluation of vertical stresses in bedding sand without interlock for proprietory shaped pavers 

a) 
Co 

e) 

x. 4 

N 

O 
E 
U) L 

4- 0 

caned Iapow 

M 
a) 
cv 

cß O 

m 

4 

M 

paned lepoW' 

Co a) 
L- 
cc 

Co 
0 

'o a) 
n 

a 
OUr 
56f 

58! 
5L£ 

\ 

Iii 

k szf 

soz 

\ 
56Z 

\ 
sxz 

ýý 5LZ 
b 59Z 

SSZ 
10 in 

5fz 

1 5zz 
1 

5lZ 

ioz 

a! sKý E 
5Ll 

{b 
59l 

f! 55l 

StA ti -i '; zl b 

b sol 

b 
5L 
59 

sr b 
_+T sz 

b y 
"N-O ý` aC F `G If, -t M f1 - 

.. " .... 
ÖÖOÖOOOÖÖ 

o 

g . 1)At d padrtps auf 
( Luw/N) sass1a15 1i lJOA '-'41 

v 1 

v 
u a 3 
bJJ 

'L7 
ctt 
O 

cC 

0 

O 

O 

r 

O 

a-+ 
cC 

61 
. S: 

00 
Q! 

O 

IL) b 
'O v 

Ö 

cn O 
72 c2. 

uu 
.Ev 

:aO 
10 r_ 

mw 

C)C) 
C' 
v 
b_1J oc 

J.. O 



Chapter 9: Evaluation of vertical stresses in bedding sand without interlock for proprietory shaped pavers 

; 0- 
A 

A k 

caned 1apow " 
szr 
slr 

V ý 
tit 

Cc sRf 
O O 5Lt 
c Sgt 

N I 5St 

-o o I srt 
cu 

E 
'a 
(D 

(D cu 
L a b 51 

(ß 5111 
OO N S6Z 

72 S i SNZ 
. 14- 

O rj SLZ c ý. 
a) 59Z 

U< ý" 
i 

` srz E 
reg U stz E 

- Z/e-4 S; zz 
ee slz 

soz 

caned japo j I 5ý 1 
A s8I 

V 
I ý' 591 

L- cC I 551 
>. 

4 
L- b srI 

p bFl 
sz1 

ö 511 

E (D 
70 i 

sul 

(D C13 
b ! i6 

Ö0 CIS I gyp' m O 1 5L 
59 

L= ö ss 
c b sr 

Cl (1) ý UQ ºö s: 
ý- sz 

SI 
ýQ O 

U y 
Z/B=Q -r r r-ý oa ao rov. -r "ý 

- ý- --ý -öcöcööcöc 
c 

6 is id p dr qs J(J 
(zLutu/IN) ti, ssaaiý fr. '-)1a1aA'4.1. 

V 

cý u. 

0 

Q 

E 

O 

i.. 
0 

. rr 

CC 

y 

. 
t: 

y I.. 
G ;. 

CU 

$1' 

UV 
'E 0 

vw 

C 

:. Ö O 

mw 

V, rý 

v 

bZ J1olö 
wÖ 



PAGE 
NUMBERING 
AS ORIGINAL 



Chapter 9: Evaluation of stresses in bedding sand without interlock for proprietory shaped pavers 

distributions beneath the shaped pavers while the common patch loading varies with 

distance a which scans the paver from its lover left corner to its upper right corner. 

Figures 9.1 to 9.9 show that the true behaviour of concrete block paving for non- 

interlocking case of the shaped pavers under highway loading can be understood only 

when the way in which asymmetrically loaded pavers transmit wearing surface applied 

patch loads into the underlying bedding sand has been studied. If the rectangular pavers 
(with or without chamfer) are compared with the nine common proprietory paver 

shapes in terms of maximum stress values (see Figures 6.21 and 9.1 to 9.9), it can be 

seen that there is no major difference in structural performance. The load spreading 

capability of both shaped and rectangular block is similar. Figures 9.1 and 9.7 indicate 

proprietory shaped pavers 1 and 7 which generate stresses which are greater than those 

which rectangular pavers develop (see Figure 6.21). The shaped pavers 2,3,4,5,6,8, 

and 9 in Figures 9.2,9.3,9.4,9.5,9.6,9.8 and 9.9 show the dentated pavers which 
develop stresses similar to rectangular paver stress distributions (sec Figure 6.21). 

9.3. Conclusion 

This Chapter has demonstrated that how the algebraical solutions developed in Chapters 

7 and 8 can be evaluated in order to determine vertical compressive stress values 

beneath the dentated pavers. The algebraical solutions to absolute-hexahedral stress 
blocks has been developed for all realistically possible load patches by using the 

application of the bedding sand stress calculation method" 2.3 (see Chapters 6 and 7). 

These developed equations for the variations of the absolute-hexahedral stress blocks 

have been evaluated by using the variations of the common patch loading described in 

Chapter 5 (see Figures 5.2 to 5.42). The results of these evaluations have been given in 

Figures 9.1 to 9.9. In the other paver stress regimes, iterative solutions (see Appendix) 

have been developed and included in the results. 

Figures 9.1 to 9.9 show that the true behaviour of concrete block paving under highway 

loading can be understood only when the way in which asymmetrically loaded pavers 

transmit wearing surface applied patch loads into the underlying bedding sand has been 

studied. The simplistic concept of spreading applied load through pavers such that 
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stress gradually diminishes with depth does not apply to pavers. For this reason, any 

attempt to compare the behaviour of pavers with that of homogeneous material by 

comparing vertical stress in the bedding sand may lead to erroneous results. Figures 9.1 

to 9.9 demonstrate that pavement analysis must take into account the true shape of the 

patch loading. 

9.4. General conclusion of the Thesis 

Many analytical design procedures assume that the load patch is a disk whose diameter 

can be determined on the basis of assessing wheel load and contact stress' 2,3. Such an 

approach must now be regarded as providing results of limited value in terms of the 

performance of the pavers and their bedding sand, although may still be valid in terms 

of overall pavement design 1,2.3 
. Any assessment of the contribution of different laying 

patterns or different paver size or shape to overall pavement performance must be based 

upon the type of analysis presented in this Thesis. Figures 9.1 to 9.9 also show why full 

scale testing of pavers must always be undertaken using true load patch size, pressure 

and shape and why rolling loads must be used if meaningful results are to be produced. 
At the University of Newcastle Upon Tyne, the early research into the behaviour of 

pavers4 was based upon measuring stresses in bedding sand when the paver wearing 

surface was loaded by a static circular plate. Whilst the results provided an initial 

understanding of the behaviour of pavers and demonstrated the existence of interlock, 

the inability of such methods to register stress magnification generated at paver corners 
led to sand specifications being inadequate in some circumstances. 

The reason why some bedding sands have pcrfonned poorly under a combination of 

regular traffic and the presence of water can now be understood. A combination of high 

levels of stress (see Figures 6.2 to 6.21 and 9.1 to 9.9) shows to frequently develop in 

bedding sands and rapid changes in those stress values, in conjunction with hydrostatic 

pressure, have been the cause of several paver pavement failures'' z '''. Rapidly changing 

stress values lead to the development of normal pressures in water when the water 

cannot flow freely, such as is the case in sands including a significant proportion of fine 

material (defined as finer than 75 microns) 1.2' 3. In some cases, for example, cven 
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when full interlock is operating, bedding sand stress can change from 0.1N/mm2 to 

0.9N/mm2 over a distance of 100mm. A vehicle travelling at 30mph(50kph) would 

cover 100mm in less than a hundredth of a second. This means that stress can change at 

a rate exceeding l00N/mm2 /second. Such a rapid change would lead to destabilising 

pressures developing in saturated bedding sands 1,2,3. This Thesis indicates that 

specifiers should avoid those bedding materials which would be disturbed by a 

combination of high levels of stress and moisture. In particular, material finer that 75 

microns is considered to be likely to lead to bedding sand weakness and should be kept 

to a minimum 1.2, '. The complexity of the stress distribution in bedding sand may 

explain why some research conclusions e. g. Woodman' (sec Section 6.5) have 

contradicted observed performance of pavers. The high stress transients shown in 

Figures 6.17,6.18 and 6.19 occur for short time periods in a rolling load situation and 

may be of little consequence when pavers are laid over some materials but may be more 
important in other situations. This might explain why some evidences indicates that 

pavers perform better when laid over concrete bases than they do when laid over softer 
bitumen bound materials or granular materials (better even when the additional stiffness 
inherent in concrete as compared with asphalt is taken into account). 

If the rectangular pavers (with or without chamfer) are compared with the nine common 

proprietory paver shapes (see Figures 6.21 and 9.1 to 9.9) in terms of maximum stress 

values, it can be seen that there is no major difference in structural performance: the 

load spreading capability of both shaped and rectangular block is similar. Figures 9.1 

and 9.7 indicate proprietory shaped pavers I and 7 which generate stresses which are 

greater than those which rectangular pavers develop (sec Figure 6.21). The shaped 

pavers 2,3,4,5,6,8, and 9 in Figures 9.2,9.3,9.4,9.5,9.6,9.8 and 9.9 respectively 

show the dentated pavers which develop stresses similar to rectangular paver stress 
distributions (see Figure 6.21). Because experience indicates that rectangular pavers can 
be lain to more uniform and close joint spacing than some dcntated pavers, the above 

conclusion suggests that rectangular pavers may exhibit enhanced performance in 

practice. Interestingly chamfered rectangular pavers have significantly enhanced load 

dissipation characteristics as compared with non-chamfered pavers (sec Figure 6.21). 

This may account for some of the observed benefits inherent in chamfered pavers. 
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Paver joints should be narrow and should remain narrow and well filled in service in 

order that full interlock is maintained. 

It has been demonstrated that in typical highway loading situations, the pattern of stress 

development in paver bedding sand is complex and depends upon the size, shape, 

orientation and speed of the load as well as paver geometry and laying pattern. Many of 

the hitherto unexplained bedding sand failures can be understood by examining the way 

in which local vertical stress transients develop and travel though bedding sand. In cases 

where water is present in sands including a significant fraction of fine material, the 

mechanism whereby sand instability can develop has been explained'. 2' 3. Rapidly 

changing stress levels can result in pressure developing in water in bedding sand which 

can lead to instability 's 2,3. Many regions permit sand specifications which can lead to 

instability when vehicles travelling at highway speeds use pavers bedded on saturated 

sand. It is recommended that such specifications be reviewed and that sands should be 

specified which permit water to flow as freely as possible where traffic and water may 

occur concurrently1,2,3 . The data relating to pavers of different geometries indicate that 

there are differences in the performance of different pavers although the effect is likely 

to be of minor structural consequence. The only exception to this is the difference 

between chamfered and non-chamfered pavers. By forcing the load patch inboard of the 

paver perimeter, chamfered pavers reduce bedding sand stress levels and are therefore 

to be preferred in trafficked pavements. 

9.5. Recommendations to further researches 

In this Thesis, a way in which pavers distribute stresses resulting from rolling loads has 

been investigated and an understanding of the interlocking process thereby developed. 

This Thesis explains the theoretical analysis and demonstrates how it can be used to 

establish the nature and value of interlock. The benefit of this type of analysis is that it 

provides a very clear understanding of the complex pattern of time dependent stresses in 

bedding sands when the pavement is subjected to rolling loads. The achievement of full 

interlock in the surface level of a paver pavement is an essential part of any successful 

paver pavement. The behavior of paver pavement at the surface shows unique 
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characteristics (see Figure 6.17), the solution by directly applying the flexible 

pavements' mathematical modeling techniques cannot be compatible. The patch load 

applications on the surface varies in terms of contact load area's position (see Chapters 

4 and 5). There are five main vertical compressive stress regimes (tetrahedral, lonb- 

pentahedral, short-pentahedral, partial-hexahedral and absolute-hexahedral stress 

regimes) which can occur beneath individual pavers according to magnitude and 

position of patch loads (see Chapter 6). The compression area beneath pavers bounded 

by force equilibrium line can only behave elastically and the other bottom surface area 

(apart from compression section) has zero stress value, so elastic behavior in this area 

cannot occur because tension cannot be developed in uncemented sand so that 

compressive stress is developed in some parts of interface and zero stress is developed 

elsewhere. Deflections and stress distributions are function of applied tyre pressure and 

they change three dimensionally by exceeding tyre pressure in certain points beneath 

pavers. Behaviour of paver pavement systems should not be attempted to solve by 

referring first to conceptually simple structural assemblies involving linearly elastic 

springs, because force-deformation relationships of construction materials arc also 

function of time, moisture contents, temperature etc. The problem relates with dynamic 

and non-linear mechanistic behaviour of paver pavements and equilibrium of force, 

force-deformation relationships should be satisfied. In addition, material categorisations 

are closely related with accuracy of mathematical modeling. Especially bedding sand 

has direct influence to stress distribution. It has to be categorised properly in terms of 

maximum stress values. Stress distribution can change for stabilised and non-stabilised 

joints. This should also be considered in mathematical modeling. The mathematical 

analyses have been presented in this Thesis address accurately the nature of interlocking 

paver pavements at the surface level and provide more accurate inputs for analysing the 

behaviour of paver pavement's courses beneath the surface. Although paver pavements 

appear to be very simple structures they are in reality very complicated. In order to 

predict the future performance of paver pavements, a vast number off simplifications 

must therefore be made. One of the most promising approaches to this is to apply 

accurate modelled Finite Element Analysis obtaining the data related with systematic 
behaviour of paver pavements on the surface level from the results of this Thesis. The 

finite element method although shown to be capable of closely modeling the observed 
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load/deflection behavior of paver pavements, is more suited as a research tool than for 

routine design. All materials used in pavement construction are non isotropic and 

exhibit varying degrees of elastic, plastic and viscous characteristics. A mathematical 

model can be no more accurate than the accuracy of the input variables, hence research 

into material characterisation has followed closely behind the development of the 

analysis methods. The only analytical technique available that encompassed this degree 

of complexity is the finite element method. Accurate computation of stresses and strains 

in pavement structures consisting of different layers and materials whose behaviour is 

usually influenced greatly by time, temperature, moisture, etc., is an extremely complex 

task. As a result the finite element method needs correct and appropriate inputs 

modelling the true behavior of interlocking paver pavements. Therefore, the result of 

the mathematical analysis can be used in finite element analysis in order to achieve 

more accurate design procedures for the whole paver pavement structure. 

540 



References 

I Algin, H. M., Knapton, J., (1996), Research into paver interlock, Jml. of the 

Institution of Highway & Transportation & IiliE, Vol. 43, No. 03, p 20-24. 

2 Knapton, J., Algin, H. M., (1995), The Mathematical Solution to Interlock in 

Flexibly Bedded Clay Paving. Proc. of the 4th. Int. Masonry Conf. No. 7, Vol. 2, p 307- 

313. London. 

3 Knapton, J., Algin, H. M., (1996), The Mathematical Solution to Interlock in 

Concrete Block Paving. Proc. of the 5th. Int. Conf. on Concrete Block Paving, p 261-278, 

Tel-Aviv. 

4 Knapton J. and Barber S. D., (1980), UK Research into Concrete Block Pavement 

Design. Proc. Ist Int. Conf on Concrete Block Paving. Pp 33-37, University of Newcastle 

upon Tyne, UK. 

5 Woodman GR(1992). The Performance of Concrete Block Surfacing on a Cement- 

Bound Base in Airfield Pavements. Proc. 4th Int. Conf on Concrete Block Paving, 

Auckland, NZ. Pp. 253-262. 

341 



Appendix 

Iterative Solutions to the Nonlinear Simultaneous Equations 

S42 



Appendix: Iterative solutions to the nonlinear simultaneous equations 

A. I. Introduction 

This Section concentrated on explaining the solutions of the two-dimensional nonlinear 

simultaneous equations which have been encountered in the calculations of vertical 

compressive stress distributions beneath pavers (see partial-hexahedral case in Chapter 6, 

Section 6.1 and respectively tetrahedral, short-pentahedral, long-pentahedral, partial. 

hexahedral cases in Chapter 7, Sections 7.1,7.2,7.3,7.4 ). 

A. 2. Iterative solutions to the nonlinear simultaneous equations 

An equation that contains expressions such as 

x3, y 2, x1', 
xy 

(2y-zý2, sinx, cs, - x+y 

is called nonlinear in x, y, z, ..... 
because it cannot be written as 

ax+by+c +.... = constant (a linear equation in x, y, :,........ ) 

There are no direct methods available for solving the nonlinear system of equations 

presented in Chapters 6 and 7 such as are available for linear sets. In general, iterative 

approaches must be used, which require initial guesses or approximations of the solution 

values to get started. In the solutions of the two formed nonlinear equations are considered 

as f (x, y) =0 and g(x, y) =0 the two approaches have been used are: 

1) to reduce the equations to f (x) =0 form, then, to use numerical approximations to 

determine the positive roots. 

2) numerical determination the positive roots using the system equations. 
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The first approach is used for the evaluation of the partial-hexahedral stress regimes 

presented in Chapter 6. The second approach is used for the evaluation of the tetrahedral, 

short-pentahedral, long-pentahedral, partial-hexahedral stress regimes presented in Chapter 

7. The Newton-Raphson Method (Newton's Method of Tangents)' has been used in the 

numerical calculations of both the first and the second approaches. 

A. 2.1. The Newton-Raphson method for f(x) =0 forms 

Assume that an initial estimate x() is known for the desired root a of t'(x) =0 (see Figure 

AA). ). Newton- Raphson method' will produce a sequence of iterates ; x,,: n? which is 

anticipated to converge to a. Since x() is assumed close to a, approximate the graph of 

y= 
,f 

(x) in the vicinity of its root a by constructing its tangent line at (x0, / (. v0 )). Then 

use the root of this tangent line to approximate a; call this new approximation x,. Repeat 

this process, to obtain a sequence of iterates x,,. This leads to the following iteration 

formula. 

xn+ 1= Xrr - .f( 
rrr) 

n? 0 (l: q. A. 1. ) 

. 
>1(x, r 

) 

The process is illustrated in Figure A. l, for the iterates xi and x,. 

fanget line al x� 7 

tanget line at x. 
/Ic1 

slope I(ºJ 

1, =. 1(-L) (X X, xi h.. 

Figure A. I: The Newton-Raphson method'. 
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Newton- Raphson method' is the best known procedure for finding the roots of an 

equation. It has been generalised in many ways for the solution of the other more difficult 

nonlinear problems, for example, systems of nonlinear equations and nonlinear integral and 

differential equations. It is not always the best method for a given problem, but its formal 

simplicity and its great speed often lead it to be the first method that people use in 

attempting to solve a nonlinear problem. An approach to Eq. A. I is to use a Taylor* series 

development. Expanding f (x) about xn, 

f(x)=f(x�r)+(x-xi)f'(x,? )'+'(x - 2n) 
2f 

(b) 

with ý between x and x,,. Letting x=ac and using f (a) = 0, The following formula is 

obtained form the solution of the formula above for a. 

a=x� - 
f(xº, ) (a_xºr)2 f'eg , l) 

. 
f'(x�) 2 f'(x: ) 

with ý� between x,, and a. The error term (the last term) can be dropped to obtain a better 

approximation to a than xn, and it can be recognised that this approximation as x�+, from 

Eq. A. 1. Then 

_-(a-xn)2f 
ý(ftt) 

ný0 2f (x» ) 

This formula is used to show that Newton- Raphson method' has a quadratic order of 
convergence. The Newton- Raphson method' is widely used in practice because of its 

generally rapid convergence. However, there are cases in which convergence does not 

* For a discussion of Taylor's series see any advanced calculus book. 
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occur. One such example is shown in Figure A. 2 (a) where f"(x) changes sign near the 

root. A second case in which convergence may not occur is illustrated in Figure A. 2 (b). In 

this example, the initial approximation to the root was not sufficiently close to the true 

value, and the tangent to the curve for xr, has a very small slope, resulting in x,,, 1 being far 

to the right where a local maximum in the curve causes the difficulty. Other functions 

could be illustrated in which there is a jump to a root other than the one nearest to the first 

approximation. These difficulties can be avoided by having the initial approximation 

sufficiently close to the root value, but sometimes this is not possible. In that case other 

approximation methods can be used such as Broyden's method', the Secant method', 

Steepest Descend techniques' etc. 

/il)t 4"f( ) 

x Ix 

Jl 

(a) fh 

Figure A. 2: (a) A case of no convergence. (h) A second case ol'no convergence. 

Error estimation is calculated as follows using the mean value theorem: 

l (, r) _ 
.l rr) -f(a) =. f " (ý,, )(xn - a) rr - . 

ý, ý Yrr ) 

ý5r, ) 

with 4,, between x� and a. If f'(x) is not changing rapidly between x� and u, then we 

have 
. 
/'(4,, ) 1 

. 
1*'(. r,, ), and 

a- x� _- _( 
rn - r� 

r,, 

S40 



Appendix: Iterative solutions to the nonlinear simultaneous equations 

with the last equality following from the definition of Newton- Raphson method'. For 

Newton- Raphson method', the standard error estimate is 

a-x,, - x�+l - x,, 

For relative error, the following equality is used: 

a-x, 
, x��-x» 

a x, r+t 

A. 2.1.1. The Example of the Newton-Raphson method's application 

The variations of the partial-hexahedral vertical stress regime presented in Charter 6 

(Section 6.1) has iterativelly been calculated as follows. 

As can be recognised that the following three equations has already been developed in 

Chapter 6 (Section 6.1). 

aA - 
3Naß 2 

(Eq. A. 2) 
50(l OOOOa2 - 300a2ß+3a2ß2 -12O0ß3 + 6aß3 

0= 8000000 + a4(-750000 + 20000ß -l50ß2 + 10000x' - 300ß77 + 312,1') + 

a21600#4 - 1200/33 7) + a3(-2ß + 6fl3 7) 

0= 10.107a4 +fi4 
(-48.108 

+64.106a-24.104a2 +a4 -48.104aY+2400a21')+ 

ß2(60000a4 -120000a3 Y) +, 63(-400a 4+ 1200a3 7) + 
+4.106 

a4+4.106a 3 i') 
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QA can be evaluated from the solutions of the last two equations which arc reformed to the 

following form owing to the notational simplification by replacing a with x and 0 with y. 

O= 8000000y4 + x4 -750000+ 20000y -i soy2 +1 ooooh" - 3ooy, 7V+ 3y2 ") + 
1_ (Eq. A. 3) 

x2(600y4 -1200y3x)+x3(-2y4 +6y3X) 

0= 10.107x4 +y4(-48.108 +64.106x-24.104x2 +x4 -48.104x1 +2400x21)+ 

-'' 
(Eq n. 4) 

y2 
(60000x4 

-120000x3 7) + y3 
(-400x 4+ 1200x3Y) +y{-4.106xd + 4.10Y Y) 

The arithmetical solution of Eq. A. 3 according to x values yields the following positive root 

of the equation depends upon y. 

x=-((3 X-y)(y^3))/(2(-750000+ 10000X+20000y-300 Xy-I 50(y' 2)1-3 X(y^2)))-(((( 3 X- )^2) 
(y^6))/(+ 50000+10000X+20000y: 300X 1+0(y^2)+3X(y^2))^2-(400(y^3)(-2X+_y))^ 
750000 10000 X20000y-300X_y 150(y^) 3X)y 2))(2^(1/3 360000(y^6x(2X y)2)- 
96000000(y"4)(-750000+ 10000 X+20000y-300 Xy-150(y^2)+3 

X(y^2))))/(3(-750000 
+ 

10000 X+20000y-300Xy-150(y^2)+-3 X(y 2))(-864000000((3 X-y^2)(y^10) X432000000 
(y^9)((-2 X+y)^3)+345600000000(y^7)(-2 X+y)(-750000+ 10000 +20000y-300 X y-150 
(yA2)+3 X(y^2))+(-4(360000(y^6)((-2 X+ y)^2)-96000000(y^4)(-750000+-10000 X +20000y. 
300Xy-150(y^2)+3X(y'2)))^3+ (-864000000((3X-)^2Xy^10)+-432000000(y^9X(-2X+y 
)^3)+345600000000(y^7)(-2X+y)(-750000+ 10000X+20000y -300Xy. I50(yA2)+-3 X (y^2) 
))^2)^(1/2))^(1/3))+(-864000000((3 X-y)^2)(y^ 10)+432000000(yA9X(-2 X+y)^3) f 
345600000000(y^)(-2 X+y)(-750000+ 10000 X+20000y-300 X y-150(y^2) 13 X (y^2 )) + (. 
4(360000(y^6)((-2X+y)^2)-96000000(y^4x-750000+10000X+ 20000y300Xy-15U(y^2) 
+3X(y^2)))^3+(-864000000((3X-y)^2)(y^10)+432000000(y^9x(-2X+ )^3)+- 

000+10 00X+20000y- 00Xy-150(yA2 +-3X(y^^))) A2 )^ 
(1/2)) (1/3)/(3(2 (1/3))(-750000+10000 20000y-300 y 150(y^2) 4-3(y^2)))) (1/2)/2 
+((2 ((3X-y)^2)(y^6))/(-750000+ 10000X+20000y- 300Xy-150(y_'2)*3X(Y"2))^2. (800 
(y^3)(-2X+y))/(-750000+10000X+20000y-300Xy-150(y'2) +3X(y^2))-( 2'( 1/3) 
(360000(y^6)((-2* X+y))^2-96000000(y^4)(-750000+ 10000 X+20000y-300 Xy 150(y^2) 
+3X(y^2))))/(3(-750000+10000X+20000y-300Xy-150(y^2)"-3X(y^2)X. 864000000((3 X- 
y)A2)(y^ 10)+432000000(y"9)((-2 X+yr3)+345600000000(y^7)(-2 X+y)(-750000 + 10000 
X+20000y-300Xy-150(y^2)+3X(y^2))+ (. 4(360000(y^6)((-2X+y)^2)-96000000(y^4)(- 
750000+10000X+ 20000y-300 Xy-150(y^2) +3 X(y^2))) ^3+(-864000000((3 X- yQ0000 Xy A 
10)+432000000(y^9)((ý-2 X+y)^3)+345600000000(y^7x-2 X+y)(-750000 * 10000 
y -300Xy-150(y^2)+3X(y^2)))^2)^(1/2))^(1/3))-(-864000000((3X. y)^2xy^ 10)} 
432000000 (y^9)((2 X+y)^3)+345600000000(y^7X-2 X+yx-750000+-10000 X+20000y - 300 X y150(y^2)+3X(y 2))+(-4(360000(y' 6)((-2X+y) 2)- 96000000(y"4)(-750000+ 
10000 X+20000y-300 Xy-150(y"2) +3 X (y^2)))^3+(-864000000((3 X-y)^2xy^ 10) f 
432000000(y^9)((-2 X+y)^3)+345600000000(y^7)(-2 X+y)(-750000+ 10000 X +20000y- 
300Xy-150(y^2) +3X (y^2)))^2)^(1/2))^(1/3)/(3(2^(1/3))(-750000+- 10000X+20000y. 
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300Xy-150(ý`2)+3X(y^2)))-((-8 (3X-y)^3)(y^9))/(-750000+10000X+20000y-300Xy - 
1 50(y^2)+3X(y^2))^3 +(4800(3LX-y)(y^6)(-2X+y))/(-750000+10000X+20000ý y-300Xy- 
150(y^2)+33X(y^2))^2)/(4((((3X-)^2)(y^6))/(-750000+ 10000X+20000ý y-300Xy-150 
(y^2)+3X(y^2))^2-(400(y^3)(-2X+y /(-750000+10000X+20000y-300Xy-150(y^2)} 
3X( jý^2))+(2^(1/3)(360000(y^6)((-2X+y)^2)-96000000(y^4x-750000 + 10000X+20000 - 
300Xy-150(y^ý2'+3X(y^2))))/(3(-750000+10000X+20000y-300Xy. 150(y^2) f3X(y' 2))(- 
864000000((3X_y) 2) (y 10)+432000000(y 9ý ((-2X+y) 3)*345600000000(y^7)(-2X+y)(. 
750000+10000X+20000y-300X_ýy-150(y^2)+3Xýýýy^2))+(-4(360000(y^6X(-2X+y)^2). 
96000000(y^4x-750000+10000X+2000_0_y-300Xy-150(y'2)+3X(y^2)))^3+(-864000000 
((3 X-y)^2)(y^10)+ 432000000(y'9)((-2 X+y)^3)+345600000000(y^7)(-2 X+y)(750000 
+10000X+20000y-300Xy-150(y^2)+3X(y^2)))^2)^(1/2))^(1/3))+(-864000000((3X. -y)^2) 
(y^10)+432000000(y^9)((-2X+y)^3)+ 345600000000(y^7)( -2 +yx. 50000+f 10000 X+ 
20000y-300Xy-150(y 2)+z3X(y^2))+(-4 360000(y^6)((-2X+y)^2)-96000000(y^4x-750000 
+10000 X+20000y-300Xy-150(y^2)+3X(y^2)))^3+(-864000000((3X-y)^2)(y^ 10)F 
432000000(y^9)((-2 X+y)^3)+ 345600000000(y^7)(-2X+y)(_75000a++ 10000X+ 20000y. 
300 Xy -150(y^2_)+3 X(y^2)))^2)^(1/2))^(1 /3)/(3(2^(1 /3)X-750000+-10000 X+20000y-300 
Xy-150(y^2)+3 X(y^2))))^(1/2)))^(l /2)/2 

According to this x value which is the algebraical solution of Eq. A. 3, Eq. A. 4 can be 

reformed and solved numerically by using the following program written for Mathcntatica 

computer softwearz. This program is based on the Newton-Raphson method' which is one 

of the most powerful and well-known numerical methods for solving a root-finding 

problem f(x)=O. The Newton iteration proceeds by finding better and better 

approximations to a zero of function with the formula x1+1 xi -I(xi) fThe package of 

this program which is written by using Mathematica software's language2 defines two 

functions, F(x)zero[ ] to find roots of functions, and F(x)FixedPoint[ ] to find fixed points 

of functions. The F(x)zero[ ] implements Newton-Raphson method's iteration formula 

(Eq. A. 1). It is called as F(x)zero[expression, variation, starting point]. It can also be called 

as F(x)zero[function, starting point]. The command F(x)FixcdPoint[function, starting point] 

finds a fixed point of the function f starting the iteration at starting point. Both functions 

perform up to $RecursionLimit many iterations to find a root or fixed point of the given 

function. If they cannot find one within the precision of the starting point given, they print a 

message and return the value found so far. F(x)zero[f 
, x0J first finds the precision of xO 

and then artificially raises the precision of the starting point by some amount so that the 

fixed-point calculations are performed at a higher precision. It then commutes the 

derivative f of the given function f. The result is assigned to a local variable so that it does 
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not need to be recomputed at each iteration step. The fixed point of the pure function (It- 

ll#]/fp[#])& which corresponds to Newton's formula x, +1- 
xi -! (xi) can then be found. 

After returning from the fixed point calculation, fires] is calculated. If the fixed point could 

not be found fires] would be close to zero. The expression Accuracy[xOa]-Precision[xOa] 

finds the number of zeros to the right of the decimal point in xOa. If this number is less than 

the precision was started with, a message is printed. To find a fixed point of the function 

f(x), a numerical root of the function f(x)-x is found in the program. 

F(x)FixedPoint[function, starting point] therefore simply calls F(x)zero[ ] with the pure 

function (f[#]-#)&. The program goes through many levels of contracting new pure 

function from old ones by calling F(x)FixedPoint[function, starting point]. Nevertheless, it 

is capable of differentiating them correctly. 

BeginPackage["F(x)NewtonIteration"] 
F(x)zero:: usage="F(x)zero[expr, x, x0] finds a zero of expr as a function of x using the 

initial guess x0 to start the iteration. F(x)zero[f, x0] finds a numerical root of the 
function f. The recursion limit determines the maximum number of iteration steps 
that are performed. " 

F(x)FixedPoint:: usage=" F(x)FixedPoint[f, x0] finds a fixed point of the function f using 
the initial guess x0 to start the iteration. " 

F(x)Newtonlteration:: noconv="Iteration did not converge in 'l, steps. " 
Begin[ "`Private"'] 
F(x)zero[expr , x_, x0] : =F(x)zero[Function[x, expr], xO ] 
F(x)zero[f, xOj := 

Block[ {res, xOa, prec=Precision[xO], fp=f}, 
xOa=SetPrecision[xO, prec + 10]; 

res=FixedPoint[(# - fl#]/fp[#])&, xOa, $RecursionLimit]; 
xOa=fjres]; 
If [Accuracy[x0a]-Precision[x0a]<prec, 
Message[F(x)NewtonIteration:: noconv, $RecursionLimit]]; 
N[res, prec] 

] 
F(x)FixedPoint[f , x0J : =F(x)zero[(f[#]-#)&, x0] 
End[ ] 
Protect[F(x)zero, F(x)FixedPoint] 
EndPackage[] 
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Here is a example by considering non-chamfered rectangular paver and the special patch 
load applications (see Figure 4.17): 

Consider a=155mm and b=77.5mm (see Figure 4.17). Therefore N -4805N. 

7=51.66667mm and 7=25.83333mm can be found. By using the evaluated equation (Eq. 

A. 4) and the program given above for Mathematica computer software (F(x)zero[Eq. A. 4, 

y, 100]) y=103.06912mm can be found. By using the given positive root of Eq. A. 3 

x=206.13824mm can be calculated. By inserting these values into Eq. A. 2, the vertical 

compressive stress(QA) beneath the corner A of the non-chamfered rectangular paver can 

be found as 1.34999N/mm2. If these values are inserted into the surface function of the 

vertical compressive stress, any point beneath the surface can then be evaluated with 

considering the co-ordinate points wished to be calculated such as all '0.0.1019941 N/ tttm2 

can be found for x=0 and y=100, QC=0.04019941 N/mm2 can be determined for x-200 

and y=0. 

By applying same procedure for a=160mm (sec figure 4.17), the following results can be 

determined N=5120N, 7 =53.33333mm, 7 =26.66667mm, y- I 07.85707mm, x-215.71414 

mm, o'A=1.321379 N/ mm2, Qg=0.09625863 N/ mm2 and crc=0.09625867 N/ mtn2. 

Likewise for a=165mm, the following results can be determined N-5445N, , 1' -55nttn. 

Y=27.5mm, y=112.26826mm, x=223.87883mm, cr4 -1.303089N/ mm2, rs1, '0.138987 N/ 

mm2 and °c=0"1423968 NI mm2. 

The results can be seen in Figure 6.21. 
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Appendix: Iterative solutions to the nonlinear simultaneous equations 

A. 2.2. The Newton-Raphson method for 2x2 systems 

Rather than use subscripts, a general 2x2 nonlinear system is denoted by the simplified 

notation. 

(EI) f (x, y) = 0, or simply f (x)=0 x (Eq. A. S. ) 
(E2) g(x, y) = 0, or simplyg(x)=0 

where x= 
Y 

The vector x is identified with the point (x, y) on the xy-plane. As a result, roots 

x-[x y]T of Eq. A. 5 can be interpreted geometrically. The graphs of the equations 

f (x, y) and z= g(x, y) are surfaces Yf and Z. whose intersection is a curve C in 

xyz-space, as illustrated in Figure A. 3 (a). Setting f (x, y) and g(x, y) to zero corresponds 

to intersecting EJ and Eg with the xy-plane (za0). So a root x of C1 and F2 corresponds 

to a point at which the curve C meets the xy-plane. Ixt xe(xk, yk) be a current 

approximation of x=(x, y). If 11f denotes the tangents plane to Yf at the point ly (xw, 

f( Xk)) and fIg denotes the tangents plane to Eg at the point 1g. ( Xk, . 9( xw)), then 1i 

and fig will intersect in a line L, as shown in Figure A. 3 (b). For xk sufficiently close to x, 

L will lie near the curve C, and so the point xk+1 where L meets the xy-plane should be 

closer to the desired root X than Xk. If points x=(x, y) near xk arc written as 

x=(x, y), where x= xk + dr and y= yA + cly 

then the z-coordinate of points (x, y, z) on the planes nf and [i, can be found using the 

tangent plane equation obtained in calculus: 

a C7 
On [If: :=f (xk Yh) +ff (xk , Yk )dx +L f(xk 

, j'k )d)' (t q. A. 6a) 
3 

On Hg: =1; (xk, Yk)+ 1; (xk+Yk)d'c+ C7 
9(xkthVY (Eq. A. 6b) 

3' 
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Appendix- Iterative solutions to the nonlinear simultaneous equations 

Setting z=O in Eq. A. 6 yields a linear system in the variable ax and d y. Its matrix from is 

Jk dx=-f(xk), that is, 

`3 a f(Xk) f(xk) [dx] 

___ 
f(Xt) aý ay 

al 
g(Xk) 

a 

h(x�) 

dy 
h( 

x4 

id- 42v -f(xº) 

(Eq. A. 7. ) 

The solution of Eq. A. 7, which is denoted as dxk, is what must be added to xk to get Xk+i 

where the line L meets the xy-plane in Figure A. 3(b). Thus, the iteration depicted in Figure 

A. 3(b) is 

xk+Fxk+dxk, where dxk is obtained by solving Jk dx -f(xk) (Eq. A. 8. ) 

The 2x2 matrix that is evaluates at Xk to get Jk in Eq. A. 7 is 

a >(x, v) -I(x, Y) X t(x. v) f (x)= °ý' 
, the Jacobian Matrix at x for f(x) (14 A. 9 ) 

g(x, y v) 
X 

K(x, Y) º' ý, º(. r, v) 
- 

La i 

r. i 

Pf "0 
fit 

Pgo 94 
- V, y) 

i 
-1 

:: 

'v) 

(a) 
\` 

(h) 

Figure A. 3: (a) Surface Ij and 1, ; (b) "Their'Tangent Planes, II/ and I Ix 
, at xw. 
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Appendix: Iterative solutions to the nonlinear simultaneous equations 

Since Jk=f (xk), the increment in Eq. A. 8 can be expressed as dxk =-[f (xk)]'' f(xk). 

Accordingly, the iteration (Eq. A. 8) is referred as the Newton-Raphson method' for solving 

the 2x2 system f(x)=O. 

A. 2.2.1. The Examnle of the Newton-Ranhson method's annlication 

The most of the two dimensional nonlinear simultaneous equations which have been 

encountered in the calculations of vertical compressive stress regimes (see tetrahedral, 

short-pentahedral, long-pentahedral, partial-hexahedral cases in Chapter 7, Sections 7.1, 

7.2,7.3,7.4 respectively) have been calculated using the Ncwton-Raphson method 

described above. The following example gives the details of the application of this method 

to the equations. 

Application 1 of the tetrahedral vertical compressive stress regime for proprictory shaped 

paver 1 can be calculated using the following program which is based on Newton's method 

for solving two nonlinear system equations written for Mathematica computer software 
(see Section 7.2.1 in Chapter 7). 

qpx=0.6 y-9; qpy=15+1.6666666 x; poy=85-3 x; pox=28.3333-0.3333 y; onyr85+1.6666 x; 
onx=0.6 y-51; nmy=114.5-0.3 x; nmx=381.6666-3.3333 y; mky=46.25+0.75 x; mkx-1.3333 
y-61.6666; kjy=129.615-0.2301 x; kjx=561.6666-4.3333 y; jiy=0.75 x-17.5jix-23.3333+ 
1.3333 y; hiy=161-0.3 x; hix=536.6666-3.3333 y; bhy=1.6666 x-271.6666; bhx-163+0,6 y; 
fgy=685-3 x; fgx=228.3333-0.3333 y; efy=1.6666 x-341.6666; efx-205+0.6 y; dcyr61.5- 
0.3 x; dex=205-3.3333 y; qax=50-3.3333 y; gay=15-0.3 x; abx=50+1.3333 y; aby=0.75 x- 
37.5; bcx=1354.3333 y; bcy=31.154-0.23 x; cdx=135+1.3333 y; cdyr0.75 x-101.25; ON 
=t(1+271.6666)/(1+1.6666 t); tl0y=l(t-163)/(t+0.61); t1 lx=t(1-685)/(I-3 t); tl ly-l(t-228.3333 
)/(t-0.33331); tl2x=t(1+341.6666)/(1+1.6666 t); tl2y=1(t-205)/(t+0.6 I); t 13x-t(1-61.5)/(1-0.3 
t); tl3y=1(t-205)/(t-3.33331); tl4x=t(l+101.25)/(1+0.75 t); t14y=1(t-I35)/(t+1.33331); t15xs' 
t(1-31.154)/(1-0.23 t); tl5y=1(t-135)/(t-4.33331); t16x=t(1+37.5)! (1+0.75 t); t16y-l(t"50)/(t+- 
1.33331); tlx=t(1-15)/(1-0.3 t); tly=1(t-50)/(t-3.33331); t2x=0.6 t(I-15)/(t+0.61); t2yil(t+9)/( 
t+0.6 1); t3x=t(1-85)/(1-3 t); t3y-1(t-28.3333)/(t-0.33331); t4x=t(1-85)/(1+1.6666 t); t4y=I (t+- 
5 1)/(t+0.61); t5x=t(1-114.5)/(1-0.3 t); t5y=1(t-381.6666)/(t-3.33331); t6x=t(I-46.25)/(I+0.75 t) 
; t6y=1(t+61.6666)/(1+1.33331); t7x=t(1-129.615)/(1-0.2301 t); t7y=1(t-56 I. 6666)/(t. 4.3333 I) 
; t8x=t(1+17.5)/(1+0.75 t); t8y=1(t-23.3333)/(t+1.33331); t9x-t(I-161)/(1-0.3 t); t9y-l(t- 
536.6666)/(t-3.33331); fy=1(1-x/t); fx=t(1-y/1); f= 0A (1-x/t-y/I); v=Factor[Collcct[ Simpl ify[ 
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Integrate [f, {x, 0, t}, {y, 0, fy)]- Integrate[f, {x, tl x, t), {y, 0, fy} ]-Integrate[f, {x, 0, t l x), {y, 0, t l y} ]- 
Integrate[f, {x, 0, tlx}, {y, tly, gay}]- Integrate[f, {x, 0, t2x), {y, t2y, fy)]-Integrate[f, {x, 0, t2x), (y, 
15, gpy}]], QA ]]; X=Factor[Collect[Simplify[ 1/v (Integrate [f x, {x, 0, t), {y, 0, fy}]-Integrate 
[f x, {x, tlx, t), {y, 0, fy)]-Integrate[f x, {x, 0, t 1 x}, {y, 0, t ly) ]- Integrate[fx, { x, 0, t l x), {y, t l y, qay 
fl-Integrate[fx, {x, 0, t2x}, {y, t2y, fy}]-Integrate[fx, {x, 0, t2x}, {y, 15, gpy}])], l ]]; Y=Factor[ 
Collect[Simplify[ 1 /v (Integrate[f y, {y, 0,1), (x, 0, fx) ]- Integrate[f y, {y, 0, t l y}, {x, t l x, fx } ]- 
Integrate[f y, {y, 0, tly), {x, 0, tlx}]- Integrate[f y, {y, tly, 15), {x, 0, gax)]- Integrate[f y, {y, 15, 
t2y), {x, 0, gpx}]- Integrate[f y, (y, t2y, l}, {x, 0, fx) ])], t]]; Solve[v= =N, 04]; aA = QA . /%; 

eql=Collect [Expand[xx Denominator[X ])-Numerator[ X 11,1]==0; X =.; eql=%% . /xx. 

>X; eq2= Collect[Expand[yy Denominator[ Y ])-Numerator[ Y ]], t]= -0; Y =.; eq2=%% 

. 
/xx->Y; Do[( (eql=gl, t)==0; eq2=f(I, t)==I)); j21=D[eg2,1]; j22=D[eg2, t]; jl2=D[egl, t]; 

j11=D[egl, l]; j=(jll, jl2), {j21, j22}}; f-{{egl, 0}, {eg2,0)); y=flnverse[j]; itersolition- { 
(1,01, { t, 0})+y; 1=Part[itersolition[[111,1]; t=Part[itersolition [[2J], 1]; Print[ I, t]}, (20)]; a4 

Therefore, the following tetrahedral stress regime's volume can be found from the 

program. 

V= (2.77556.10-17QA(-17417t + 792.5lgt - 40.5469191 + /10 t-7.36352.1019l 12 + 

1.4727.101917: 2 
-9.81803.1 017,812 + 2.18178.10161912 + 2.19367.10191513 - 4.38734.101863 

+2.9249.101717t3 -6.49977.1 015,813 - 8.76484.1019/414 + 1.75297,101915,4 -1.16865.101811)14 

+259699.10161714 + 1.25207.10201315 - 250415.10191415 + 1,66943.101815ts - 3.70985.10161615 
(Eq 

. 
A. 10) 

-6.23327.10191216 +124665.10 
19,316 

- 8.31102.10171416 + 1.84689.1061516 + 1.32448,10191.17 

-2.64896.10181217 + 1.76598.10171317 - 3.92439.10151417 -1.03378.101818 + 2.06755.10171,18 

-1.03378.1018tß + 2.06755.10 171. t8 -1.37837.101612,8 + 3.06304.101413t8)) / (l(l - 0.300031)2 

(1- 0.31)3(1+ 1.666671)3) 

The following centroid distances 7 and 7 can be determined from the program. 

X= (5.90492.1015(-2.77464.10-121912 - 3.46829.10"1311012 -1.08384.10-1411112 + 

50625.1713 - 13500.1813 +1350.1913 - 60.11013 + 11113 - 417.977.1614 +111.46 1.1714 - (Eq. A. 11) 

11.1461.1814 + 0.49538.1914 - 0.00825633.11014 + 296664.1515 - 79110.4.1('15 + 7911.04. /7,3 

-351.602.1815 + 5.86003.1915 - 299760.1416 + 79935.9.1516 - 7993.59. /616 + 355.271.1716 - 

5.92118. j8 6+ 78575.8.13tß - 20953.6.1417 +2095.36.1517 - 93.1269.1617 + 155212.1717 + 
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8520.02.1218 - 2272.01.1318 + 227.201.1418 -10.0978.15,8 + 0.168297.1618 - 6220.59.1.19 + 

1658.82.1219 -165.882.1319 + 7.37255.1419 - 0.122876.15t9 + 674.22.110 -179.792.1., 
10 + 

17.9792.12110 - 0.799076.13,10 + 0.0133179.14110))/((1- 0.31)(1+ 1.66667.1)(-17417, + 

792.5181- 40.5469191 + /lot - 7.363 52.10191612 + 1.4727.1019/712 - 9.81803.1017/8,2 + 

2.18178.10161912 + 2.19367.10191513 - 4.38734.10181613 + 2.9249.10171713 - 6.49977.1015/813 

-8.76484.10191414 + 175297.1019/5,4 - 116$65.10181614 + 259699.1016/7: 4 + 1.25207.1020/3 t5 

-2.50415.10191415 + 1.66943.101815t5 - 3.70985.10161615 - 6.23327.10191216 + 1.24665.10191316 

-831102.10171416 + 1.84689.10161516 + 1.32448.10191.17 - 2.64896.101812t7 + 1.76598.1017 /317 

-3.92439.101514t7 - 1.03378.101818 + 2.06755.10171. t8 -1.0337&10'8t8 + 2.06755.1017/. t8 

-137837J01612t8 + 3.06304.101413,8)) 

Y= (4.03489.1015(-8.13156.10-7115 - 4.94871.10-'11ßt + 1.15256.10-7115t - 0.26033.11312 + 

0.030137.11412 - 0.00100455.11512 -148172.11213 + 296343.11313 - 1975.61.11413 + 43.9025.11 st; 

-290146.11114 + 54654.2.11214 - 3193.61.11314 + 40.9691.114/4 + 11514 + 295735.11015 - 59826.8.1 Its 

+4079.11.1t2t5 - 96.691.11315 + 0.201476.11415 + 412150.19,6 - 71004.7.110,6 + 32103.111 t6 + 

30.2169.11216 - 3.38522.11316 - 5082 12.1817 + 942203.1917 - 5291.79.! 1017 + 51.6234.11117 + 

2.19905.11217 -13096.7.1718 - 5362.06.18tß + 1421.66.19tg -102.538.110,8 + 2.36487.11 It8 + 

295941.1619 - 44690.9.1719 + 1046.41.1819 + 105.612.1919 - 4.29552,110,9 - 217875.15110 + 

33679.16110 - 925.797.17110 - 673912.18110 + 293215.19110 + 82111.1.14111 -125493.15111 + 

320.272.16,11 + 273068.17tl 1 
-1.14747.18111 -18600.5.13112 + 2778.12.14112 - 59.6123.15,12 - 

7.04831.16t12 +0.27910 ., 
7tl2 + 2565.6 1.12,13 - 371.622.13,13 + 5.90825.14113 + 1.12647.15111- 

0.0419255.16t13 -199.695.1.114 + 27.8567. /2,14 - 0.246161.13,14 - 0.101927.17,14 + 0.0O357989.1511'1 

+6.75442.115 - 0.900589.1.115 + 0.00400261.11115 - 0.00013342.14115 + 3.02537.1 0'`)1't 16 ))/ 

((1- 030003. t)3(/ - 0.3. t )2 t. (1 + 1.66667. t X-174171 + 792.5/8, - 403469191+1101 - 7.36352.1 &9 f, 12 

+1.4727.10191712 - 9.81803.10178,2 + 2.18178.101619t2 + 2.19367.10191513 - 4.38734,1018/13 (L q. A. 12) 

v14 +29249.1017/7,3 - 6.49977.1015P13 - 8.764ß4.101914t4 + 1.75297.10191514 -1.16965.10's1( 

+239699.1016/7,4 + 1.252073020/3,5 - 2.50415.101914(s + 1.66943. lO'a/sts - 3.70985.1016%rs 

-6.23327.101912,6 + 114665.1019,316 - 831102.1017 1416 + 1.84689.1016/516 + 1.32448.10191., 7 

-2.64896.1018,2t7 + 1.76598.10171317 - 3.9243930151417 -1.03378.101818 + 2.06755.10, ' 1,18 

-1.03378.101818 + 2.06755.10171.98 -137837.1016/2,8 + 3.06304.10141; 18)) 

The program evaluates the following QA value from Eq. A. 10 by applying the rotational 

and vertical equilibrium (see Chapter 6). 
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O'A = (-1. N. (1-0.30003.1)2(-1+03)3(/+1.66667.1)3)/(-4.82974.10-1Sl71+2.19963.10-1418 

-1.1254.10-15/9t+2.77556.10-17,101-2043.79.1 
612 + 409.757.1712 -272505.1812 +0.605567.19,2 

(Eq. A. 13 

+608.866.15(3 -121.773.16t3 + 8.11822.17t3 - 0.180405. /8: 3 
- 2432.73. /4: 4 + 486.546. /st4 - 

32.4364.1614 +0.720809.17: 4 +34751.1315 - 695.04.14t5 +46336.15t5 -1.02969.16,5 -1730.08.1216 

+346.016.1316 -23.0677.1416 + 0312616.1516 + 367.618.1.17 - 73.5235.1217 + 4.90157.1317 - 

0.108924.14t7 - 28.6931.18 + 5.73862.1.18 - 0.382574.1218 + 0.00850166.1318) 

The program evaluates the following equations from Eq. A. II and Eq. A. 12 by applying 

the rotational and vertical equilibrium (see Chapter 6). 

0= -3.98122.1018110 + 1121. X+5.16889.10ýý t 16X +1ýý (64. t2 -590492.1013t3 - 403469, t.. ß' 

+2.18178.101612 X) + 110 (2(48.12 + 354295.101713 + 4.8753.101314 + 7923. t. X- 

9.81803.1017t2X+233179.1016t3X)+19(16384.12 -7.97164.101813 - 292518.101514 

3.4603.1016r5 -174. t. X +1.4727.1019t2X-1.0493L101 
8t37 + 6.17795,1015t4X5 + 

18(7.97164.101913 +658165.101614 +2.07618.101gts + 3.49641.1016,6 - 7.36352.101912 X 

+137396.1019t3X - 2.78008.107t4X + 1.64362.10'StST) +/7(-2.98937.1()2013 - 

658165.1017t4 - 4.67141.10'9t5 - 2.09784.101816 - 9.16512.101517 - 7.86981.10' 9t3. k' + 

4.17012.1018,4X-7.39629.101615X-432172.10'616X)+16(2.46812.10'8,4 +4.67141.1020,5 

+4.72015.101916 +5.49907.1 617t7 - 9,93778.1014,8 -2.08506.1019,47 + 1.10944.10'siST 

+2.03478.1018t6X+3.98657.1016,71)+15(-1.75178.102115 -4.72015.1020,6 -1.23729.10' 

+5.96267.101618 +725572.101419 -534722.101915T- 3.05216.1019165 -1.79396.1018,75 

-1.42915.101618X) +! 4 (1.77006.102116 +123729.1 02017 - 1.3416.1018,8 - 4.35343.10(', 9 
- 

7.86413.1013tIO +1.52608.1 020161 + 2.69094.10' 9 t7 X +6.43117.1 017sR X+2.38081.10' 5,9X) 

+i. (3.67321.1019t9 + 1.06166.1018110 - 8.03524.10'819X -1.03378.1017t107) + 13(-4.63984.1020,7 (Eq. A. 14) 

+1.3416.1019,8 +9.79523.1017t9 +4.71848.10' tto -134547.1020t77 - 9.64676.10 18 8- 

1.07137.1017195 -1.53152.1014,10)6 + 12 (-5.031.101918 - 9.79523.1018,9 -1.06166.1017,1° + 

4.82338.1019tgX+1.60705.101gt9X+6.89185.10151 10X5 

0=3.28099.109115 +(L996751010114 -4650411018115). 1 - Q00012207.13t 16 +113(-272534.101('+ 

3.63378.10151-1.61501.101313 + 5.38336101114 + 418805.101SY - &3761 L10141. Y+ "8.307.101312Y 

-1.2409L101213Y)+t14(8.0574610171-L12399.101712 +9.9323L1&411 +4.11262101414 - 
(C(j. /x. 15) 

1.44445.101315 -1.2094210171. Y+ 241883: 101612Y -1.61255.101S13Y + 158345101W) 

+t 13(-103519.101912 + 1.49945101813 - 2.3839L101614 - 4.54519.101515 + 1.6916510140 
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+133797.1019,2j-3.07595.1 01713Y +2.05063.1 01614 i- 4.55696.1014 is Y) +t 12 (750508.10191; 

-1.12094.101914 +2.40529.101715 +2.84392.101616 -1.12614.1015/7 -1.12606.101913Y 
+2.25211.101814 Y- 150141.101715Y+333647.1015/61)+11l(-331309.102014 +5.06359.10191' 

-1.29226.101816 -1.1018.101717 + 4.6299.101518 +5.19809.101914i-1.03962.101915i+ 

6.93078.1017161 _ 1.54017.101617 Y) + 110 (8.79103.102015 -1.35891.102016 + 3.73549.101817 + 

2.71916.101718 -1.18309.1016 /9 -135117.1020151 +3.10233.1019/6 Y-2.06822.1018 /' 1+ 

459605.1016181) + t9 (-119409.102116 + 1.80323.102017 - 422213.101818 - 426133.101719 + 

1.73319.1016110 + 2.92553.102016Y - 5.85106.1019171 + 3.90071.101ß1$Y - 8.66824.1016,91) + I8 

(528436.101917 + 2.16353.101918 - 5.73623.1 01 l) + 4.13731.1017110 - 954197.1015111- 

3.19072.102017 Y+6.38143.1019187-4.25429.1018/9Y+9.45397.10'6/101)+17(2.05058.1021/8 - 

3.8017.102)/9 + 2.13518.1019110 - 2.08295.1017111 - 8.87295.1015112 + ß5909.102018j - 
3.11818.101919Y + 2.07879.10181101 -4.61953.10161111) + t6(-1.66298.1021/9 + 2.86496.1020/1 - 

1.29532.1019111 -1.21922.1017112 + 1.3659.1016113 -150736.1019/9Y + 3.0147L1O1g110Y - 

2.0098L1017111 Y+4.46624.101 5112i) + t5(-L19326.1021110 +2.41395.1 020111 -1.64588.1019/12 + 

3.9013 8.1017113 -8.12933.1014114 +3.38252.10191101-6.76504.10181111+ 4.51002.10171121 - 

1.00223.10161131) + t4 (1.1707L1021111 - 220524.1020112 + 128859.1019/13 -1.65306.1017114 - 

4.03489.1015115 + 9.67082.10181111-1.93416.10181121 + L28944.1017113Y - 2.86543.101 511 A Y) + t3 

(5.97857.1020112 - L1957L10220113 + 7.97139.1018114 - L77142.10171'5 - 7.36352.10191121 + 

1.4727.1019 /131 _ 9.81803.10171141 + 2.18178.10161151) + �2(9.12017.1014/13 - 1.216.1014114 + 

4.05325.1012115 - 174.1131 + 792.5.1141- 40.5469.1151 + /16v) 

The program calculates the roots of Eq. A. 14 and Eq. A. 15. Then, the results allow to 

determine aA from Eq. A. 13. By using the procedure described in Section A. 2.1.1 the 

stress function and the stress beneath the corners can be determined. The results arc shown 

in Figure 9.1. 
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