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ABSTRACT

The growth in the international usage of flexibly bedded pavers since World War Il 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 matenals and
construction methods likely to be used for the construction of paver pavements. Chapter 3
i1s 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 vanations 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 1t 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
proprictory 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 eflectively 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

the decimal 0.3 repeats indefinitely (see Sections 5.2 t0 5.10 and 7.2)

the vertical compressive stress value beneath the circumscnibing rectangular

border of a paver’s corner A (see Sections 6.2,6.3, 7.2, 8.2 10 8.9, 9.2 and A.2)
total applied load (see Sections 4.2,4.3,5.2t05.10,6.2,6.3,7.2,8.2t089,9.2
and A.2)

surface area of patch loading (see Sections 4.2, 4.3 and 5.2 t0 5.10)

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

8.9,9.2and A.2)

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

the x axis (see Sections 4.2,4.3,5.2105.10,6.2,6.3,7.2,821t089,9.2and A.2)

applied load patch or the vertical compressive stress block’s centroid distance in
the y axis (see Sections 4.2,4.3,5.21t05.10,6.2,6.3,7.2,8.2t08.9,9.2 and A.2)
line function according to the x axis (see Sections 4.2, 4.3, 5.2 t0 5.10, 6.2, 6.3, 7.2,

8.2108.9.9.2 and A.2)
line function according to the y axis (see Sections 4.2, 4.3, 5.2t05.10,6.2, 6.3, 7.2,

8.2108.9,9.2 and A.2)

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

abx

aby

6.2,6.3,7.2,821t089,92and A.2)
the boundary line function of a paver which through corners a and b in the x axis
(see Sections 5.2t05.10,6.2,6.3,7.2,8.21t089,9.2 and A.2)

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

(see Sections 5.2 10 5.10,6.2,6.3,7.2,8.2t089,9.2and A.2)

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

tetrahedral stress block (see Section 7.2.1)

the distance of intersection point 1 1n the y axis for the proprietory shaped paver’s

tetrahedral stress block (see Section 7.2.1)



b

A, B,Cand D

the distance of intersection point 1 in the x axis for the propnetory shaped paver’s

short-pentahedral stress block (see Section 7.2.2)

the distance of intersection point 1 1n the y axis for the proprietory shaped paver’s

short-pentahedral stress block (see Section 7.2.2)

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)

the distance of intersection point 1 1n the y axis for the proprietory shaped paver’s

long-pentahedral stress block (see Section 7.2.3)

the distance of intersection point 1 1n the x axis for the proprietory shaped paver’s

partial-hexahedral stress block (see Section 7.2.4)

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)

the distance of intersection point 1 in the x axis for the proprictory shaped paver’s

absolute-hcxahedral stress block (see Section 7.2.5)

the distance of interscection point 1 1n the y axis for the proprictory shaped paver’s

absolute-hexahedral stress block (see Section 7.2.5)

corner names or distances (see Sections 4.2,4.3,5.2105.10,6.2,6.3, 7.2, 8.2 to

8.9,9.2and A.2)
Is a approximation symbol in numeric analysis which implies equal when rounded

to places shown (see Section A.2.1)

Sections 4.2,4.3,5.2t05.10,6.2,6.3,7.2,8.21t08.9,9.2 and A.2)

the corner names of a paver’s circumscribing rectangular border (see
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CHAPTER ONE

BASIC INTRODUCTION TO THIE BEHAVIOUR OF FLEXIBLY
BEDDED INTERILOCKING PAVER PAVEMENTS

Synopsis

The paver pavement and its surfacing are a structurally major element 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

1.1. Introduction

Since the first UK application of concrete paving blocks as a highway pavement material in
1973', 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 1f 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 1s particularly useful paving matenal 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

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

engineering applications.
1.2. A bricef historical note on seemental paving and general outlook

Segmental paving has been used for many years in road construction as a surface matenal.
Initially, it was used by the Minoans, on the island of Crete some 5000 years ago’. Stone
paved roads were used in Egypt around the time of Christ’s birth’. These roads were used
to transport the large stone blocks in the construction of the Great Pyramid®. It is probable

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

following functions.
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e tabulate to make a smoother surface which is more comfortable to walk on
e casier for wheels to roll over
e 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 ltaly,
Northern Europe and parts of Asia and Africa®. 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 roads’. When they were designed, the weight and volume of traffic, and
the strength of the underlying soil was taken into consideration’. 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 systems®. In order to satisfy the needs of pcople 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 ninctecnth century, factories
started to expcriment 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 products®. 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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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 1n 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 1s 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

opportunitics to improve the appearance of the floorscapes of residential areas, pedestrian
precincts, town centers, gardens and parks and ample scope to expertisc their aesthetic
design skills. Small units allow the paving of the most complex plan and vertical shapes

which can be considered with vaniations 1n surface texture and color within a pavement.

Some examples of segmental paving include® : 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 future’. The very flat surfaces
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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 situations®. Concrete paving blocks have been used for paving
aircraft hard-standings and tuming areas for both civil and military airfields®. Ben-Gurion
International Airport, Israel and Luton International Airport in England are prime examples

of military and civil applications resl:.'u::ctively3 .

1.3. The role of paver pavements in hichway engineering applications

’{I‘he pavement design can be divided into two parts, firstly the plan and elevation, and
secondly the structural design which involves the sclection 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 f{ree,
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 1s difficult. In 1989, Knapton®
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 1s 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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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 safety”.

New methods of pavement design as opposed to overlays are being developed for use in
block pavements on new construction sites’. 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 charactenistics. The experience at Luton Airport has shown that
block paving can resist aircraft loads (including turning movements) and jet engine blast®
It has also offered resistance to aviation fuel, hydraulic oil, anti-icing and de-icing fluids*.
Concrete blocks can successfully resist erosion caused by the efflux of a jet engine®
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 aircraft®.

1.4. The nature of flexibly bedded concrete paver pavements

Figure 1.1 1illustrates 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 modern concrete paver pavement varies little from a conventional

flexible pavement.
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Figure 1.1: Principal elements of a concrete paver pavement.

'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 Pavement
L aying course surface
Roadbase Pavement
e e | structure
Koigers; fre e e
Formation sl il udinaepy T ke i | Pavement
Subgrade Improvement | | [ foundation
@....ﬂ ;.gﬁ"!? &‘i}pﬂh”lg Erﬁ ver) oy .
Sub-formatlon |

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

The surface of a concrete paver pavement 1s 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 spceds, 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 docs not excced a safe value for the subgrade. Therefore, It should provide a
running surface that will be safe and sufliciently 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 moisturc 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.yIn 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 weanng 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 achicved 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 Knapton® originally defined interlock as the inability of an individual paver to

move independently of its neighbours. He 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.



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

; b, b T
s -'-l

-nq ..-1-‘;*1 *ﬁf 1 ﬁ\’@ il A NIV | "‘q'ﬁ.i"'ﬁ“ KO <
E:ﬁh R Z L b m’ﬂﬂ”ﬁf‘m “‘rr- .Li-,a :ihrr el s el
Sy 0 ‘-.. - *'." AT g TS e AR "\

t " l
._I:J. r l.|__‘*.d_llrr'.l 'il.l.: 1 = h*‘
L L L R B T s W Tk
| .'Ia-'-. I i # i, N 1

No vertical interlock Vertical interlock

R oL ﬂ*-r;-l-rt'-:, v*prd-wﬂwﬂw-: ?‘F"‘;’l TR

SRS ‘3’2 ‘mw& ﬂ,m e
O AT H g

.i" Fl_q""r

""':F"

3 £ i =Lk {~Fak S el o %A
3‘5@ w e mww P ww:** B :iﬂ‘v
I -J..

i | :i' Y= -
I"" . . v T ot \'- o e w1 |
) J i er. -.-__n. 1| '.|l. r"'. 4% 'F'il' =il :.l_'*‘_"l-_.'-p‘|_'1‘.‘|rr...r' I.._‘.i_ ’l'.

No rotational interlock Rotational interlock

Figure 1.3. Interlock 1n pavers.

Figure 1.3 illustrates how rotational interlock 1s achieved by providing edge restraint and
how vertical interlock 1s provided by the joint filling material. These concepts and

definitions were first postulated by Knapton®

Interlock is developed during the installation of the pavers. The paving 1s 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 twofold: to fill any
irregularities in the surface upon which the matenal 1s 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 1s sufficient to prevent block rotation in all

but the most severe circumstances. It has been found that in certain applications - for
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example where lateral forces are large, frequently repeated and always in the same sensc
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.

/1f 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 repcated a number of times in same place and the sand 1initially 1s
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.

11
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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 i1s 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

12
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effect can be reduced to a level whereby breakage 1s eliminated and there is no visual

conscquence.

1.4.1.1.4 The effect of interlock in stress dissipationl

In 1976, a test area comprising a 2 m x 2 m 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.)
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Figure 1.5: The stress recorded by the
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( ’lﬁt 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 1s equivalent
to 160 mm of bituminous material. Interlock allows a concrete paver pavement to be
considered as a flexible pavemcnt.j)

The principal UK paver pavement design guide, BS7533:1992” 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 i1s supported by observations of the performance of

pavers on trafficked areas'” . )

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, densc tarmacadam, dense bitumen
macadam, rolled asphalt, wet-mix macadam, dry-bound macadam, soil-ccment 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''. Tt was

assumed that 80 mm pavers plus 50 mm sand was equivalent to 160 mm rolled asphalt, 225

14
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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 29'° to obtain
the residual thickness of roadbase required underneath the sand. The resulting roadbase
thickness 1s shown in Figure 1.6. As for residential roads, the sub-base was obtained from
Figure 6 of Road Note 29'*. 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.

'10 20 30 4 50 & 70 80
Cumulative number of standard axies x10°

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, 1t 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,

bumnt colliery shale, spent o1l 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 (sce 1.4.4 ). The
thickness of subgrade improvement layer (Capping layer) can be determined 1n 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 7533:1992°, 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 1132'*-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 dratnage 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
1132 recommends the use of a 600mm capping layer with a minimum 150mm thickness
of DTp Type 1 granular sub-base matenal. 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 matenals at the subgrade/capping layer interface can cure the
problem of contamination from below but, even with a geotextile, the LR 1132"

thicknesses of matenal 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 matenal 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'”:

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 mm*. 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 (CBR). 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 BS 1377 : Part 4 : Page
21:1990" 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 mm’, 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 BS 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 size does not exceed 20 mm. The test
conditions are described in BS 1377:Part 4: Page 20°. Thorough mixed soil is kept for 24
h before compaction. One of the alternative compaction methods can be used. There are

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

different alternative application methods.

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

requiring mass of wet soil is calculated from the equation:
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Where -
— "m (100 + w)lii my 1s the mass of soil (in g)
1_00 Vo 18 the volume of the CBR mould (in cm’)
w is the moisture content of soil (1n %)

m

Py is the specified dry density (in Mg / ’"3)

For air voids specification the following equation is used.:

Where:

Py (in Mg m’ ) is the dry density
V,, (in %) is the air voids expressed as a
percentage of the total volume of soil

P is the particle density (in Mg m‘?)

w is the soil moisture content (in %)

D, is the density of water (in Mg / m‘;)

Method 1 : The mould is taken with its collar and baseplate, and is covered by a filter
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 filter 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 fitted , 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 be used for dynamic compaction. The first two
are used where the required density can be 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 5 g (m2).

The collar is then fitted and a filter paper placed in the bottom. The dry density of the mass
of wet soil is prepared as for the static compaction. This quantity is divided into five 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 rammer or 4.5 kg rammer. lach 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. The 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 baseplate attached and containing the sample is

then measured to the nearest 5 g (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 final 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 1. The
collar is then fitted 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 first 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 baseplate is then weighed (m3).

Soaking procedure: Soaking of CBR 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. After 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 left
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 15 min. The
baseplate is replaced, the collar and perforated plates are removed and the specimen is

then weighed to the nearest 5 g (m4).

Test procedure : 7The mould , containing the sample, with the baseplate in position, but
the top face uncovered, should be 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 50 N for a bearing ratio of up to 30 % or 250 N for bearing ratio above 30 %, and

is made to penetrate the specimen at a uniform rate of value mnvmin. The baseplate is

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

contents are then inverted. The 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 left 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 penctration curve corresponding to 100 % CBR. value for 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 CBR value is calculated at penetrations of 2.5 mm

and 5 mm, and the higher value taken.

['or calculations of dry density of unsoaked specimens, the bulk density (p in Mg/ma) of
the specimen is calculated. For statically-compacted or vibatory specimens this is done

from the equation.

The dry density, p; in Mg/m’ , of the specimen is calculated from the equation.

~100P

P, =
17100+ w

w 1s 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 (Pl) 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 be 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 soft spots which have given lower CBR
values may be removed so that those unrepresentative CBR result would be ignored. The
strength of soil is a function of its moisture content. The in-service strength may be much
lower than the recorded CBR values. In the interpretation of 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 BS 6717:part
3" or BS 6677: part 3",

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 (PI) 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 trcated, 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 1n a plastic condition. Each of these moisture contents is determined by a simple test set
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in BS 1377:1990"° “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.

__Tablel.Equbu'nwcﬂmhdexCBRvdues

Type of soi Plasticity | High water table Low water fable
INdeX | consuction condiions | Construction condifions
: —— ‘ - ? - :
Poor | Average Good | Poor Average | Good
! | ‘ F |
Heavy 70 15102 | 2 2 (1812 | 2 | 21025
Clay 60 15102 | 2 | 21025 15102 2 | 21026
50 1512 21025 (21025 @ 2 21025 | 21025
| .
| |
_ 40 21025 |25103 ‘2.5::3 256 | 3 | 31035
Siity clay 30 125135 3104 351006 (31035 | 4 | 4ws
| | | |
Sandy clay 20 26104 | 4105 | 45107 |34 |5106 | 6108
10 l:.sms.s 306 | 3517 25104 (45107 | 710> 8
| e s | I G e |
Sitt | ‘]J]L'|5|2_!2]];'|:'2 2_‘ 2|22
Sand(poorly graded) | - - P -
Sand{well graded) - - 40 -
Sandy gravel |
(well groded) - !- 0 -
|

Note |1: This table iIndicates reasonable estimates of equilibium values of CBR for combinations of poor, average
0ond good construction conations with high and low water 1ablos. Good conations poartain whoto tho subgrode Is
protected promptly with a subgrade improverment lkayer o sub-base and the site s well drained with adeauate 1alk
his results In subgrades never getting wetter than thelr equiibrum molisture contents benoath the finished road.
Poor conations pertain where there is ittle or no subgrode protection and rainfall occurs on a pooty drained she

O that e soll Is fully wetted.
Note 2: A high water table is one 300 mm or less below formation level and is consistent with Ineffectve sub-sol

arainage. A low waler table is | m or moie dDelow formation level.

Table 1.1: Equilibrium section index CBR values.

EExperience has shown that on wet cohesive soils commonly found in Britain. CBR 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 1s 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 CBR 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 1s 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 dccision 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. Sincc the overall serviceability of
the paver pavement is strongly dependent upon the charactenstics of the subgrade sotl, 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 approaéh to provide a measure of the subgrade is to determine the Plasticity

Index and then adopt the design philosophy of LR1132 Appendix c* )

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 extcrnal 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:

e The failure below the surface

e The failure of the surface

Wheel Wheel
load load
- \ 4
ement |
Surface a Bound Bound
Pavernent 5 6 { layer layer
Structure /o <
Pavernent { [ERE AR SRRIAR RS | Unbound Unbound
Foundation) | Cappinglayer | Horizontal strain layer layer
- causes failure
Subgrade | Subgrade
Vertical strain 9

causes failure

Figure 1.7: Examples of failure modes.

Figure 1.7 shows a flexible paver pavement whose structure 1s 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 matenal, or by providing a matenal
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of sufficient strength to resist the stresses which will arise 1n a bound layer of sufficient

thickness. |

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

21

—

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 fine 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. Knaptonz“
reported that fine crushed rock often suffers from two inherent weaknesses. Firstly, grains
of size Imm 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 lubnicating slurry. In extreme
cases there can be such a high proportion of this very fine matenal that the sand becomes
eftectively 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 fine 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) 1n 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 1n 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 rctained 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 Cook*' 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 1km 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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Chapter 1: Basic introduction to the behaviour of flexibly bedded interlocking paver pavements

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 1s 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 AND
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 matenial are used in the structure. The
construction of granular materials 1s 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 engincer will neced 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 1s a means of ensuring that the performance achieved

during the trnial remains consistent throughout the contract.

2.2. Unbound materials for sub-base and roadbase

Slag materials are described in BS 1047° in order to be used in sub-base and roadbase whether
or not it is air cooled blast furnace slag. BS 1377’ accepts that a 2:1 water to material ratio can
be used for the materials other than slag when placed within cement-bound matenals, concrete
pavements, concrete structures or concrete products. BS 1377° states that up to 225mm

compacted specified unbound material thickness can be spread in one layer. (thickness after
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 afier the material has been laid, compaction should be performed

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

transverse joints. Table 2.1 shows alternative method for the compaction of unbound materials.
Unless the contractor proves an alternative method, cquivalent or better than the specificd
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, loosc matcrials, pot holes, ruts or other

defects. It 1s concluded that defective areas should be removed and new matenial 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 valuc 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.

TABLE 2.1 Compachion Requirements kr Gronuiar Matedals Types 1 ([Clause 803) and 2 ([Clause 804)
and Wet-Mix Macadam (Clause 805)

ype of compoction piant Catagory Nurmber of passes 101 iayert ot exceeding
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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 passcs. However if the mass per metre
35



Chapter 2: UK specifications for road materials and construction methods.

width of the rolls compare to each other and if the result of this companison 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 1s 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 basc-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 opcration of vibrating-plate
compactors. Less than 1 km/h traveling speed 1s 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 shoec 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 Type 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 1
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
2.2. Materials passing the 425um 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 812%. 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.

BS sleve size

75 mm
37.5 mm
10 mm
5mm

The particle size shall be determined by the washing and
sleving method of BS 812* Part 103 h

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
eranular material usually consist of these : Natural sands, gravels crushed rock, crushed slag,
crushed concrete or well bumnt non-plastic shale. According to DTp specification' thesc
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 sleve size Percentage by mass passing

5mm 100
37.5 mm 85-100
10mm 45-100
5mm 25-85
600 Bm 8-45
75 310

The particle size shall be determined by the washing and
sieving method of BS 812° Part 103

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

Materials passing the 425um BS sieve, tested in compliance with BS 1377°, should have a
Plasticity Index (PI) of less than six. This matenal should also comply with the minimum CBR
requirement and BS 1377° 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 5835°. 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 5835 and also without drying out or segregating. When tested in accordance with BS 812*,

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 812*, 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 812* 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 1305° 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 5835°. 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 matenial.

Table 2.4; Wet-mix Mo_c:odc:m Range of Grading

Bs slove size Percentage by mass passing
50mm } o 100

37.5mm ¢5-100

20 mm 60-80

10 mm 40-60

5 mm 25-40

2.36 mm 16-30

600 pm 8-22

7% wm 08 __
The particle size shal be determined by the washing and
sieving method of BS 812Part 103

Table 2.4: Wet-mix macadam range of grading.

2.3. Bituminous roadbasc and surfacing materials

Two types of bituminous material can be used, DBM (Decnse Bituminous Macadam) and
asphalt. The most important difference between these materials 1s that DBM s stiffer than

asphalt material but can crack whereas asphalt matenal i1s more flexible than DBM matenal.

According to DTp specification', 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 matenal
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should be laid in accordance with the recommendations of British Standard BS 594°. 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;

e For laying regulating courses of irregular shape and varying thickness;
¢ In confined spaces where it is impracticable for a paver to opecrate;
e For footways;

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

e For laying mastic asphalt in compliance with BS 1447°,

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

compaction, bituminous material should be laid and compacted in layer thicknesses otherwisc
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 matecrial 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 continuc 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 pncumatic 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:

e TRRL Report 1102’
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e 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 matenal and compaction equipment which
can ensure a stable pavement course. On many contracts the engincer 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', 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 arc similar to that of the main works. Three pairs of cores
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(each 150 mm nominal diameter) is taken from tnal areas, each cut in compliance with BS
598'” by a coring machine approved under BS 40 19!, 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 Bntish 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 engincer has accepted the
material laid in the trial area. The contract is judged by determining the Percentage Refusal

Density for areas of 1000 m’ or from the material laid in any one day which is less than areas of
1000 m’. The core pairs mentioned above is then taken from each arca for determination as

directed by the Engineer. Longitudinal joints in matenals 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 onc 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 matenials from different sources are
identical in quantity and quality and laying and compaction characteristics arc similar). In
accordance with BS 4987%, 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 matenal which has been laid by a paver and the additions of
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such material by hand-spreading to the paved area for adjustment of level can be permitted

only in the following circumstances:

o Atthe edges of the layers of material and at gullies and manholes;
o At the approaches to expansion joints at bridges and viaducts;

e 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 engincer.
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 4987, 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 4987'°. 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 3690'. Part 1 or tar bitumen complying with BS 3690"*
Part 3. The penetration of the bitumen or tar bitumen mixture should be either 100 pen or 200

pen grade.
2.8. Rolled asphalt roadbasc

Rolled asphalt roadbase is described 1in BS 594 Part 1 for roadbase mixtures. If the coarse
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