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STRESSES AND DEFORMATIONS IN FLEXTBLE LAYERED

PAVEMENT SYSTEMS SUBJECTED TO DYNAMIC LOADS

by S.F. Brown, B.Sc.

Abstract

Many of the proposed rational design methods for
flexible pavements are concerned with the stresses and

strains which occur in the wvarious layers of the
structure. The purpose of the work reported is to
investigate, in the laboratory, the complete stress and

strain distributions set up in the different layers

under dynamic loads.

Two systems have been investigated, a single layer of

clay and a two layer system consisting of a granular

base on a clay subgrade. The loading in each case

consisted of a single pulse having a duration of loading

b;tween O.1 and 2 sec. The load was uniformly dis—

tributed over a circular area and of varying magnitude.
In-situ measurements of stress andﬂstfain were made

- using ﬁressure and strain cellg,ﬁét various orientations.

Surface deflection was measuréd;with‘a rectilinéarj

:pbfentiometer. r

Stress and strain distributions were determined by

'
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moving the load relative to the buried transducers.

By superimposing results, values of principal stresses
and strains and maximum shear were derived. By
combining stress and strain measurements, values of
in-situ elastic modulus and Poissonts ratio were
calculated.

Results were compared with elastic theory, both
Boussinesq and layered system, the latter being computed
using a recently developed program. Stresses showed

good agreement with theory in both systems, but strains,

being dependent on modulus, were less easy to predict

theoretically.
In-situ values of modulus were stress dependent for
both materials. For the clay, at low stress levels,

the modulus increased sharply with decreasing stress,
while for the granular material modulus increased with
sfress level,

In the two layer system results compared less
favourably'with*theory’ but the important values of

tensile horizontal stress above the interface and

vertical strain below the intepfaée appear to be predicted

adequately. The values of modular ratio were near to

unity and hence Boussineéqﬁtheory was equally as

adequate as the 1ayeredhsysté@ﬁapprpach for most effects.,

-



Strains were predicted with fair accuracy when local
values of modulus were used i.e., those in the neigh-
bourhood of the points concerned. The assumption
of perfect roughness at the interface, used in most
theoretical solutions, was shown to be wvalid.

The stress dependence of modulus is thought to be
one of the main problems at present in the application

of layered system theory and, for the calculation of

strains, in the use of the Boussinesq approach also.



SYNOPSIS

An experimental investigation.tp determine
stresses, strains and deflections in model road
pavement test sections is being conducted at the
University of Nottingham as part of a major effort to

establish a rational approach to the design of flexible

pavements,

This thesis describes the second phase of the
project and deals with a single layer subgrade of
Keuper marl and a two layer system incorporating a
granular base layer as well,

A great deal of work has been done to investigate
the behaviour of the earth pressure cell and the strain
cell, both of which instruments were of primary impdftance

in the main investigation,

Measurements of stress and strain were made in

both the systems described above, when they were subjected

to dynamic load analogous to that provided by a passing

vehlicle,

Both the clay and granular materials were found



to have non-linear stress/strain relationships, but
stresses were in general predicted well by linear
elastic theory. For the prediction of strain by this

means, a knowledge of the stress/strain relationship

for the material is required,
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INTRODUCTION

&

The work described in this thesis is the Author's
main contribution to a major experimental research

project in the field of flexible pavement design,

being undertaken at Nottingham University.

A

The majority of highway pavements, today, are

designed 1argely by empirical rules based on simple
tests carried out on subgrade soils, and on experieaoe.
The most common design method i1is that based on the

California Bearing Ratio (C. B.R ) of the subgrado and

is the one recommended for use in the'U.K.l 'Whilo it

has been claimed that the C.B.R. design method, because

of improvements made in recent years is a "rational"

approach to flexible pavement design,2 no one disputes
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the fact that it is largely empirical. Thare is some
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confusion, therefore, in tho 1itoraturo as to the definition
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'thlo is the definition used in what follows.
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The Nottingham University project is part of a

world wide effort now being made, particularly in N.
America and Western Europe to try and evolve structural

design, or "rational" design methods for flexible pave-

ments.

The main shortcoming of the C.B.R. method is that

it takes little or no account of the strength of the

upper layers in a pavement structure, Since it is based
on experience under certain conditions, there is a danger
in extrapolating the results to new conditions,

elither of climate, loading or type of construction.
The best of the varlous proposed rational design methods
aim‘po determine the critical stresses and strains in

the various layers, and to ensure that these do not

ILvew

exceed*permiseible values for theﬁmateriale being used.
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This is the usual approach in probleme of structural

e

deeign,ibut it ie much more complicated when the

etruoture is a flexible pavement, because of the
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complex behaviour of road making materials and under-w
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lying eoile.
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Moet of the euggeated rational design methods are

LA

baeed on the theory ofﬁelasticity and ite,applioationL)

to what ie known as a "three-layer eystem" This is a
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cracking in the upper layers. Road making materials,
particularly unbound granular bases, cannot carry very
much tension, particularly in the case of bound bases

when subjected to repeated loading, because of the

possibility of fatigue failure. Tensile stresses, which
have their maximum values at the bottom of the surface
an%ébase layers, must therefore be limited to avoid
cracking. Apart from the obvious structural weakness
caused by the presence of cracks, they also allow
moisture to enter the pavement resulting in additional
weakness, particularly to unbound bases, and to all
materials in the event of frost.

. These theoretical design methods have, in many

cases, assumed elastic behaviour of the pavement without

sufficient Jjustification. Bituminous materials are

5

.

known to be visco-~elastic” and most fine grained soils

and granular materials have non-linear stress-strain.

rélationshipa,éfso tﬁé assumption of linear elasticity is,

onfthe face of it, a sweeping. one. *“Whiffin.apd Lister7
~in a paper concerned with the applicability of élaatic
théory~8howedithatunder dynamic conditioﬁs i.e:m

- vehicle speeds in excess of 15 m.p.h.,;pavements appear

"t0. behave elastically,*providedwthat*fﬁilu:e is not

r . - o .
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If pavement materials are approximately elastic

in behaviour under traffic loading conditions, then

there is justification for using theories based on

this assumption. At the present time these are the

only ones available, although work is progressing on a

visco~elastic approach, which would more completely

describe the behaviour of the bituminous materials

in particular.8

Two elastic constants are used to define each
material in the theory of elasticity approach. These
are Young's modulus (E) and Poisson's ratio (V). The
effectiveness of the theory then depends on how well

these values can be predicted, and various suggestions
have been made for methods to determine, in particular,”

the in-situ modulli of pavement materials, - Poisson's
ratio has less effect on stresses in a layered system
than modulus, Peattie9~having shown that a reduction.

from 0.5 to 0,35 only seriously affects horizontal

stress at the bottﬁm of the top lavyer.

There are three main interdependent topics which
require investigation before a rational approach‘tO‘fhe
design of flexible pavomeniscan.be*sﬁccessful.* There

needs to be an adequate theoretical undefstanding of the
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strains and deflections at different locations.

behaviour of layered systems, and this subject has
already received a good deal of attention although

it has been somewhat isolated from experimental work.
Secondly controlled laboratory testing of model pave-
ments and paving materials needs to be conducted. The
validity of theoretlcal approaches can be checked by
comparison with measurements on model pavements, The
strength characteristics of solls, and base and surface
layer materials subjected to repeated dynamic loading
can be evaluated using suitable specimens. This could
provide the appropriate elastic congtants for use in
theoretical analyses and also indicate safe working
stresses or strains. Finally full ggéleﬁroadﬂtests
are required to check whether design procedures evolved
from a combinations of theory and laboratory. testing are

e

s;tisfapyoryhin practice.

Toos A .

... The.main aim of the Nottingham University project,

iy X

the validity of linear elastic solutions to three

layer systems, by tTesting model pavements in the .

=
b "'-E"
o

- laboratory.. .The procedure consists essentially of
_ o T A S A A

\

.applying a single dynamic.load pulse. to_ the.structure
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and measuring, by means of buried transducers,_ stresses
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By testing a model pavement made up of typical
road making materials, important information can be
obtained about the performance of different types of
material. The present programme includes a typical
clay subgrade, a granular material which may be used
as a sub-base on main roads or a base on minor roads,
and a bituminous material found in surface and base
layers. Several typical materials have therefore

been catered for and others could be included in future

pavement structures.
While endeavouring to make the pavement as

realistic as possible, it has been necessary to make

certain compromises.  The granular base layer was of a

smal}er particle size (%-in maxiﬁum) than found in
practice, so. that the transducers which were developed
for use in clay, could.work satisfactorily. This thesis
gpg§_n9t;4qqltyﬁthitb9 bituminous layer, but it .is
possible that a sandsheet mix.would have to be used,

again._to facilitate instrumentation.. . ...-. .
R *1-2 “ A, fx a im e o, . oreEe o p N - A e . 5 L -

W
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-Since _theoretical. solutions. were to be.checked,
it was -necessary to make the ,pavement follow, as .
LroL N .-y *’“j““{ - win -~ N3 - e n - - - . - H v . e

LRI

closely as possible, the assumptions.involved .in these

B_qi]_.uti%on,s;.l . .The loading system ;\#as -there :ff'ore,: arranged

sbdthat afunifofmly diétributed load was applied over




circular area through a flexible platen. In practice

L7910

the contact area 1is usually olliptical although

it depends on the type of tyre and its inflation

pressure.

If a wheel load were applied_to the model pavement,
1t would be difficult to control the load and especially

the rate of loading if the wheel was to be rolled across
the surface, The circular platen,which.was adopted

is kept stationary and a single load pulse applied,

This produces the gradual lncrease, and then decrease,

of stress atha point in the pavement as occurs when-a

wneel passes over it; ' The differenco between.the'two

»

types of loading is greater at the surfaoo since undsr

T - ‘t"‘"

a*rolling load there is an instantaneous increase in
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contact pressure as ths whssl arrives. Another
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diffsrsnce is that of rate of loading which.beneath.a
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rolling 1oad decreases with.depth, while for the
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stationary pulseﬂit is constant.
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Earlyworkﬁon this*project was descrlfod by Tory11

n!’

I."__.”
-Iﬁ‘ -

. 3
g . q‘u..
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dynamic strains, and it was realised that this instrument,

in conjunction with the less novel earth pressure

cell, could provide important information about the
in-situ moduli of subgrade soils and possibly granular
bases, as well as indicating strain distributions.
This thesis deals with tests on single and two
layer systems, The single layer work is an extension
of Tory's contribution. He obtained stress, strain
and surface deflection measurements but they were not
comprehensive enough to calculate many other effects.
The present work includes measurements from ,which ‘the
complete description of stress ahdratrain.at a large
number of points has been obtalned:both  for -the single
and .two layer systems. * Other, more important derived
results, were values of. modulus and-'Polssont's ratio

at these .same points, so that the wvariation of these:

elastic "constants" could ibe studied. . - .

n
A ar R

fgwmﬁPriorﬁtoqTory'sﬁwork,-in—situﬁstrains had not : = =¥
beenisuccessfully*measured.mf:The main :contribution of
this thesis is, therefore, to present in-~situ dynamic
strain measurements and values of. principal 'strains

and also .values of elasti; constants for a clay and a

granular material calculated from in-situ-measurements

of stress and strain. These items have not previously
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been presented, but other workers have produced

- e

comprehensive informatiorn about stress distributions

although not under dynamic conditions, and only for

12,13

either a singie layer system or the subgrade of

14,15 16

a two or three layer system. The work herein

presents measurements at the interface and within the

base layer for tﬁe first time.

Incidental to the main project but equally important,
is the work described in Chapters 3 and 4 on calibration
of the pressure and strain cells used ‘in the main

investigation. These instrumehts“ﬁeré originally

develeped“by Sparrowfand*Tory,l7 and they have now

been thoroughly tested and their perfofmance‘assessed
in a clay and a granular material. The most important
:poinf iiiustfatedhbyﬁthe“pressufe cell tests is that

o oo “a . - e oy, Y ) !* _ . | ,
since the instrument has to work in a three dimensional
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stress field 1t must not be cross-sensitive i.e.,
3 e F 4 -, 9

Tstresses other than.normal to the direction of measurement

Jshould"haﬁe”neﬁeffect on the cell output. This point
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is emphasised because it is believed: that many of’the
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pressufeﬁcelis*which.have beenmused in.the past are
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CHAPTER 1 REVIEW OF CONTRIBUTIONS TO THE

PROBLEM OF LAYERED SYSTEMS

1.1 Theoretical solutions to lavered systems

Almost all the papers published in the last twenty

vears dealing either theoretically or experimentally
with the problem of layered systems have used as their

starting point the important paper by Professor

Burmister published in 19h3.3 In this paper, Burmister
applied the principles of the theory of elasticity to

a two=layer system and later extended his work to the

more useful three-layer problem.18 Details of these

two systems are shown in figs. 1 and 1.l. Since the

appearance of Burmister's paper a good deal of work has

- ooy i F e
-~ L ~ ¥, i = - . L "-.I'El' F)

been.carried out in eeveral countries to try and

- o e nt

1
LT a

eetabli&h a rational approach to the deeign of flexible

pavements, but now, over twenty years later, the eemi-
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empirical California Bearing'Ratio method ie Btill the
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most'widely used.
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h With the increasing'uee of the electronic computer,
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equations have become more numerous and general, while
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experimental work on component materials and model
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pavemente has provided a better underetanding of the

1.
&
R “-l-'hu “hi ﬁ_h “l“*

LI Lo 1 hi""’-l - -



mmmwwmw—ﬁwmwmirﬂfﬁTa PR s R
* = Ll | o - -
1 o I =

]

+ v

¥

S T . |
- 12 - o
~—ud, load over a
circular area *
. - IR
| : .
- AVER No MODULUS OF
| - = ' ELASTICITY Ej
- — o
| | AYER No.?2 MODULUS OF
| , ELASTICITY E2
, | th . : kL
Y J ! ﬂ L E
‘ b ) | ‘ Co e ".P{I. S *' . . ' ‘.n.
-~ '+ FIG, 1.1 THE TWO LAYER SYSTEM . -7 =
behaviour of flexible pavement’ structures under dynamic -
| load‘ 1‘;; . 4f - ; R . Ff_-'_. - -}r,i"” :f;‘:i . :'“ﬁ ; .;‘::’ .- ,Zw_;;, ,;.Htﬂr; ) ..il; '-;f:*‘r K o o .
... - Burmister” used hiértweW1ayer equatione to calculate e
R , R R LT 1 T N
- eurface deflections in,varioue1caeea, but Fox- . in’19h8 _;»55
| - _‘?': ;“ ST H_ ; ‘i e ' - R SR l | J:-, A : , oo e l,.; d
“?was the first to‘evaluate'etreesee in' a’ two layered ?rT‘*adl
' system for various values of-the governing parameters:.: . -~ . '
R P M R SR ‘j:‘i ‘711_-‘_,,?‘ S A RTS i, L .
: ’ ’ ‘. i} YT ‘ I oe PooYy o, i e T Lo et
Q;El/E2'andja/h.T~jTheee results ‘were: restricted to positions

e en.the'axie of the .load,’ but he also used . a“relaxation e

oM

™
-
\ r
i
. +
-,
I
-
- ok
L
[ ]
r
+
-
[
LI
-
T
N »
[
T 1
"
iy
- - P

- 1
“ - I | P i )
¥ - - “_J' E] - - - . i . !
. l? 7 r - I'I - r e L 8 < i 9 - ¢ - Ll .l" [ . I .--.' t-. - ' _I-"" . -~ ;o i - - K I i . r < ) -

i A h - " - -'f £ * - n ¥ - 1 = "‘L - r - -y [y a . - L] 4 a ‘i. E ror i 3 . L. .
- - - - L) H [ o L h, - - ) . . e % i w
) ' ". " N L N a ! - i? - v - - - & 4 "

— r N ;

- -method to provide more comprehensive information” about “ﬂf';

. 1
e .,
4
-
- - .
- d " Y - i« I - 'y v r= -1 0ok iy 4 - -
'l ’ * £ " £ o * 1‘- - L 5 " - N oo ' ' - " " A 3 - g Tt I k " " N ] N ol ' :
- . g . = - " P ' Ty | ¥ “ oo - S 1
o Ao ¥ bow, * - ¥ II'- v ™ LI ) oL - LA oA * -. .-|. ’ i v 1 r ! 4 e I: + - W
.ih - . . i - - 1 ol s L/ . *~ -.'
- [ ] ) =+ -,
Ft v -
-
. stresses at various depths and radii in;four different A
¥
- - F -~ LY - 4
i a #
i - - - ' r o, T 4 5 ™ T ' - 4 . *
' + - " ? - * s . -y P - LI 1 r '
¥ Lo el T - - - 7 d . & " x 3 l.--'. - | I . My r y d *+ -'S__.r ' v e * oy *' i a
- " ' -3 3 g | - e . ' w ' - : o 1 - - - “
" - - - ‘, - t r ¥ -ul"-l - '!'-' Y - - K ". .ﬂ - N - ; -‘ & 5 P - 1" . )
) - ' - - ’ 1 - I - ¥ . S Myt + - S * - - o ; * VoS r .
- . P £, 1. C. . : - T e 3 "
I - " ) L S 'L = i:"-r - ¥ .:-'-t' ‘!* K ; i # 1 ; - . ~ .-: M T i N r :l': - ( : i & o A
" i h - -
bw 0 a e: e s B ellls Hoa, ! * - " *_f' Lo 7 Y - 'l‘--.TJ;. A 1. » x¢ Py + 4 "'-"; £ i, [ o .t
i + - - " i L ™ ¥ 1 "
r "I - a r ¥ i T e - ] ¥ F i; - vt - we 1 - = * * H -
| J ' 2 » - - - - . - "
F 'y -1' 1 - * - : 7 - - ™ - a * o " * "" ! | " k
- li = . J'..-* - - - 1, - :l'. 3 - ’ ¥ = - ||_"' - - . r - + » ™ LA T o« 1k [ & .r i * ’ ' N
< ol T u * * oo - r ! * i -+ ! -~ ur ‘l : . ¢ " 1 = . - * P - - 1
J£ = 1 ¥ - ~ O 1.. L » 4 - "'_ - T i) £ - ' " A N ] * wp? He
L J - ;
‘,;‘ , ; . 1 . - " * . — L L ‘-.. . + ‘# ’ 'y . - . . :
- . ar ! * ¥ v LY - . Lo a - - . T L
— ‘ * - L]
- - 1 - N - - n
) The Bama y ear Hank and. Scrivner 3.130 roduced a " : '
' i
Fl ,.!*_ '-ul
1y - - - ]
- o * s ~
[ Y
. _ ] i" = = "1_ - K, ha . - X I. L - - M . - - .
T mL oy . ' - ' i 1 Ty - . - * s "- * Tt 1 - - g < " " YT, ..
Y Fy 4 — - N i - g"' L. L > 0= - - - L] T -—— - % 1 ol ": [} - -
' . . rooy ' - [ v ks ' - . - - r - -« " 1 L - L & .
- + ' T * F r L T i Py ) ¥ ~! ’ k. = -t l ? !
\ r e i v, w4 ~r ¥ A% . - v 4 .~ - - 4
-IE + a - - ]
-
=
r : " - '
;1imited number of solutions to the Burmister equations T
L3 .I
T ’ -
A t oA
1 L L] 1 - - - L * i. 1 - 4 ¥
- - e - -
_ -*_ L% . " - o F - _-h_ & F.r ! { ™ . . - - - f ] - ! ‘r‘i L] - v 1 r - -
" w r = Y ™ 1 v ] ! T - - B Tt 1, w7 « - * B * At Ty
‘ - e b » L" - . ol L - 'H.~ - -+ " L] .! o
= [ | LI 1 . - P 5 - - - =1 = &+

-
o o - I L
S P WAL e & LN j et A L“rl".~"""!1:1.'_'T_-:'e"... A *-_t-_.r‘ “VE'T '.Lﬂ‘t - Nl & N | TP



AP e . e o F—ﬁwi

e, O . yT e 4

- 13 -

calculating vertical and radial stress Just above and
below the interface for wvarious two layered systems and
also either side of the top interface of a three layer

system.
Three years later, Acum and Fox21 extended Fox's

original work to a three layered system by calculating

stresses on the axis for several different systems,
but the values were only those at the two interfaces,
just above and below in each case. The important
parameters were ky = E1/E2, kX3 = E2/E3, a; = a/h, and
H = hl/hg. They considered 6 values of k,, 5 values
of kg, 2 values of a; and 4 values of H, producing
results for most combinations of the chosen values.

It was not until 1962 that more comprehensive results
were published by Jones22 who with the aid of a digital
computer, the Ferranti Mark I, extended the work of
Acum and Fox. Jones increased the number of wvalues
of the four parameters and his results occupiedeBftables
against the 8 of Acum and Fox.

* Despite tﬁis apparently comprehensive set of results,
the three layer problem was still not completely -solved .
sin¢§ the avallable values were restricted to those at

the interfaces and on the axis of the load., While -

maximum and therefore critical values occur on the axis
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under a single wheel, for a dual wheel the worst
condition may occur midway between wheels and this

effect can oniy be calculated by superposition of two
results off the axis. A further restriction to the

use of these tables is that they are only suitable if the
dimensions and elaatlic constants of a particular pave-
ment correspond to those tabulated. 1t was, however,
clear from Jones'! paper that complete tables of results,

universally applicabie, would not -be practicable and
that the computer should be programmed to solve the

particular problem reqﬁifed;

This was further illustrated by the even greater
volume of resﬁiéa, mainly for two layered systems, produced
by. Mehta and Veletsofs.z3 They computed stresses and:
deformations atjééfibﬁé’depfha:and radii for systems-
‘with 8 different values of a/h‘using an Illiac computer.
thiésbﬁ'é ratio was %ékén'ééTOiZSZihﬁbSthmlayefs, o
whereas Jones et al had us;a‘O.gf"ﬁfMeh%dyéhd Veletsos
:&iQi“howévéfi“ﬁroduceisbge“stfegs:fésﬁlt§4dﬁ the axis’
‘fbr:QafyingiPéiééén:é ratio, the values taken'being O,
"0.25 and 0.5." “Their Ul tables ‘of results'includedsome
:fdf:thfé;,ifou§;énd?five*léﬁgred systems, ‘and they also
;ébﬁéidepéd*someTBrBBI;EEIwithzﬁerféctl§‘smboth conditions

L
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at the interface.’ : =« ~w =7 clDoLIiumecainiin dino
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Joneszu also produced in 1962, tables to calculate

vertical surface deflection for three layered systems.
The parameter values he used were slightly more

numerous than for his stress results published earlier

and he took Poisson's ratio as 0.35 instead of 0,5 for

each layer. Results were again restricted to the axils

of the load.

The equations for calculating the stress distribution

in a semi-infinite soil mass, as opposed to the more

complicated layered systems, were originally presented

by Boussinesq.25 His theory has however been used to

.

predict stresses beneath a pavement, although it lgnores
the greater stiffness of the upper layere. Frdhlich26

overcame this by'including a concentration.factor to take

{

account of the extra strength of these layers. A lot

Y

]

of‘intereet over the yeare hae centred on the original

Boussinesq problem'with a view to trying to verify his

Ly

P

L

eqnatione by experiment.’ Thie ”eingle layer“ system

-

‘_ - L 3 L
t‘ ";-?.'1

L l'l.-m*f-l-

'has'becn studied in detail by severaliworkers ae'well as

™ -n.-i"".-l‘lq?""

...-
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the.Author, but the'Waterwaye Experiment Station'made a

H

major contribution'both experimentally and theoretically.

3 i

Again'with.the aid of a computer, Ahlvin andUlery27
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produced a.very comprehensive and ueeful set of tables to
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infinite mass subjected to a circular U.,D. load.
Values of modulus and Poisson's ratio for the material
are not built into the tables, but can be chosen appro-
priately by the user, Because of the smaller number of
variables involved in this single layer problem, a set
of tables 1s suitable for solving most systems whereas
for two or three layered systems it is not,.

When work on the Author'!s two layered system was
in progress, Sheli made available a computer program

developed byiJones28 using a UNIVAC 1107 computer to

solve the multilayer problem completely. The only
d;awback;wag,thatzof a;l elastic solutipns,;namely the
assumption qf,}ingar élastic behaviour for all layers.

A program dealing with a variable modulus is being ﬁ
developed at the time of writing.“”  The program which was
used, can deal with any number of layers up.to about_ ten,
alﬁhépgh i# practice, any;hipg#g:ga?g;ﬂFhapffgg:_occupies
a great deal of computing time, but this snag 1s being
‘pygrcope.?? .- Values of modulus and Poisson's. ratio can
be specified for each laye:Haﬁd_;esultg,tpgps}FEingJQf a
ful;_desc?;pt}on*qfiqt;egs*ahd1§traiq,“plp§E¥?ptiggl and
radial displacement, can be computed for any desired ,
‘;chtionfwthTh%?ﬁigqhqppg,;a:major agvahcegqgmppgv;pQS}Y

published solutions,. which were necessarily restrictive.

—
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The future development of Jones' program-to.cater for a- -
variation of :modulus with depth should be .even more

useful, since one of the major conclusions of this thesis
is that the granular base layer and subgrade materials
have.stress dependent moduli. As shown in Chapter 7
and elsewhere? modulus can be taken- approximately as
varying with depth, provided the - -radius-is restricted to
less than that of the loaded area. An approximate

method for dealing with:the.variable modulus problem .has.

also been outlined by Cummings and Gerrard.?o

5 - - N .
+ 'L -n-E " B - - 1

l.2 .Experimental determination of stresses in..
uflaxered:exetemei o+ S U S IRTCE

.« Useful :and relevant laboratory-tests :on model:pave-

ments  -have -been .comparatively.few in number. ....0One.reason

for .this.is.the practical difficulty.of measuring in-situ

stresses :and -strains.:v.The:.single-layer system:was:;

dealtnwith;injagfeirlyfcompreheneive;wayfbymthe Water-

12,13

ways Experiment Station.>. .’ »», They :studled :-two.test

eectiens,‘one of-sand:.and :the.other:of .silty. clay and
produced siress distribution.plots .which: showed :good::

‘agreement with .the; Boussinesq eolution.h Thererwere two

main.shortcomings to .this. work;when thought of'in terms

fof‘pavement behaviour. Firstly, no reliable strain
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measurements were taken so that in-situ values of modulus

L

and Poissont's ratio could not be calculated direct and,

-

secondly, the loading was applied statically,

Work on pressure measurements in sand as a single

-E;J‘I

layer system, beneath a base layer and beneath a base
with asphaltcsurfacinghas been carried out by Allwood,31
Hu32 and Buck33 at Birmingham'University. Again static
loadingwas applied and no strain measurements were taken.

In the single layer system.studied by Hu, a lot of stress

measurements were taken on various planes and the results

~ - .
- ¥
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presented in the form of pressure bulbs, A lot of time
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was spent in calibrating the pressure cells, but as

- - “'1;’ ';" . 3 ;.- -

pointed out by*Toryll alluding to Allwood's work'with

-
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the same cells, no attention appears to have been paid
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to cross-sensitivity3 which could introduce large errors
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particularly to horizontal stress measurements.
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In the two and three layer systemswhich'Hu#
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upper 1ayers, the argument being that in a pavement
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stressed upper layers.

An artificial interface in the form of waterproof

paper was introduced between the layers which departs
from practice, and makes comparison with layered theory

difficult, since perfectly rough conditions are generally

assumed at the interface.

Although stress measurements were superimposed in
order to calculate shear stresses and principal stresses,

no check appears to have been made on whether stresses at

a point produce an equilibrium condition. This is
particularly necessary since Hu concludes that the sand
is not homogeneous or ‘isotropic and presumably superposition

introduces - errors, which-need correcting before using the

stresses to derive other values. - -

One of the main coriclusions of Hu's 'thesis is that

since the.sand behaves-in an:"elastic-plastic" manner, -

no .solution is possible ‘by:the theory of ‘elasticity. - While

this may well be.true for static conditions, -under dynamic
traffic loading, the ‘theory of elasticity may well be

valid,:andgbecausetof this it is important that conditions
of loading. on model“pavements*qhould“be’dynamfb’in”‘““"ﬁw:
cﬁaracter.ﬁw-auck, however,ip&!ﬁted”out“tha posbibiiitfﬁhi

that results-under static’'conditions may not be applicable
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McMahon andlYoder measured vertical stress
resulting from the application of a statlic load through a

rigid platen. Both single layerﬂ(clay 5ubgrade) and
two layer (granular base on clay) systems were .tested,
but the results did not correlate particularly well either

with Boussinesq or Burmister two layer solutions. Again

only subgrade stresses were measured.

Sowers and_Vesicl6 also measured vertical subgrade
stress beneath various types of base layer subjected to
static load applied through single and dual wvehicle tyres.
They concluded that for unbound bases, Boussinesq's
theory predicted vertical stresses adequately, but for
bound bases with significant tenslle strength two layer

theory was more accurate. The systems they tested were

in fact three layers although the theoretical solutions

were based on two ;ayer theory. The values of modulus

used to determine theoretical values were based on laboratory

tests and were not necessarily the appropriate values for

the materials in-situ.

iy’ ety = = pe Ty - L o - 1 -

- "1\. T
-
J -

Measurements of vertical stress in a sand subgrade
beneath different types of base layer were also reported
15 |
by Trollope, Lee and Morris, Repeated static loading

was applied and the stress distributions were compared
LT ' S R CI b ORIt e A
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with Boiussinesq and with Burmister two layer theory, In
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order to apply the latter a rather curious method was
used to obtain values of modulus for the two layers.

For concrete and soil cement bases, modulus was determined.
from beam tests and using this wvalue in conjunction with
measurements of surface deflection, the subgrade modulus
was calculated using two layer theory. Armed with the
values of modulus: thus. obtained, two layer theory was

used to predict vertical subgrade stresses, Very good
agreement was not surprisingly reported. . A test of the
applicability of two layer. theory would have been demon-
strated better.by calculating E, from the vertical stress
measurements. and then using them to predict surface -
deflections. : The reason for this is .that deflection.: .-
is far more dependent on modular ratio than vertical stress.
Either way, the approach:is:not very satisfactory and - :
emphasises the n;;dhfor.infsitu measurements of modulus.

for .both layers.:::
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l.3 ' Determination of In-situ Elastic Constaﬂfgtmﬂf;.
©:;+i Because in-situ -strains.have not. been successfully

measured in the past (except by Tory), values .of. modulus

for-the pavement materials have not been calculated from
stress and strain measurements and hence  other methods

have had :to be adopted. . .Three approaches have been used
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byhfarious experimentors in this field. They are j
repeated load triaxial tests on undisturbed samples,

usually of subgrade soil, plate loading tests, both static

and dynamic,*andvibratioﬁ testing of pavements,

A considerable amount of work on repeated loading of
clay triaxial specimens has been carried out:at the
Uniﬁefsit;‘éf California under Professor Seed. He and
his colleagues have pointed out the various factors

affectiné the modulus of 6lay",3h not least of which is

that of stress level, a conclusion also reached by the

Author from in-situ measurements. =~ One ‘criticism’ of
repeated load ‘triaxial tests 'is that -the specimen-is not
subjected ‘to the same sequence ‘of stress-as occurs ‘under
a pavement.  “*The passage of a wheel load produces a

shear reversal ‘which’cannot ‘be reproduced ‘in a“triaxial -
éellfﬁ¥%8ﬁ55r6ﬁ35‘has#deéignédﬁan apparatus which*is an

P.
- "‘..
"'!ih_ LEI::

attempt“to overcome this difficulty, ===t T

5

3
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-Repeated ‘load ‘tests have-also been carried out on

PR Y I " .. . N ﬂ 6 - . 1 o ? -
granular materials under Seed  and‘:elsewhere Sﬁandsherefpg

again the stress-dependence’of - modulus makes ‘the’- "

applicatidn?of“triaxial%testsitdﬁbévementiperfbrménce
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Not much®*work“ appears -to have been done :on-bound*

P - s . Ve e g L1 e I R S R
base course mixes, but the-behaviour .of-asphalt surface
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layer materials has been extensively investigated. The
stiffness of asphalt mixes can be obtained from the

Nomograph presented by Van der Poel,36 which was the
result of testing a considerable number of asphalt speci-

mens. The most important factors affecting the modulus
of asphalt mixes are rate of loading and temperature,

both of which are likely to wvary significantly in an

actual pavement,

Static plate load tests have been used extensively,
particurarly by Burmdster,37 to determine values of in-

situ modulus, both for a homegeneous soll mass and . for
a two layer system._ For the 1atter, modulus is cal-

culated'with.tha aid of Burmister's theoretical'work

i-.. ‘\-.-l '\'ll '-"1- r 'F' -

on two layered eystems.

o B

Vibration, or "non-destructive" testing of pavements
and pavement eubgrades has been carried out by the

Koninklijke-Shell La‘boratorium:I.n..Amsterdam38 to hl and

;bybtheRoadJResearch_Laboratory;in.England_uzrtO 46

-,

Shellfhave

M A&

:used two. methods to evaluate pavement strength,

T

using a.heavy'vibrator at relatively'low frequencies

el

.l- r.-.,

(5 to 60 c.p.s.) and a 1ight electrodynamic*vibrator

‘i a .-H.- . Tod v ia :;‘* Y. ; ¥ .h_. ;5

tat higher frequencies (up to 3 000 c.p.s.)

¥ iy
r A :ﬂ'% Tm
-

*The:heavy*

vibrator has been ueed to determine the etiffness of a -

""*‘._
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"pavement structure simply byhrelating the applied force
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to the déflectiona It has also been used as a source
of deeply penetratiﬁg*waves, fromWhose velocity of
propagation, the subgrade modulus can be calculated.
Thegﬂigh fréqﬁenéy light wvibrator with wvery much lower
penetrétionvwas also used as a source of waves to
determine the dynamic moduli of surface layers, or of
the subgréde when placed directly theredﬂtbefore con-

struction, Thé‘RoadqReseéfEh.Léborétory have also'ﬁsed
this latter method and extensive work on the probleﬁs

of“ﬁé?e‘ﬁropagation ihflayéred systems has been done by

f‘m 1-,-&1

Jones in connection with.their test programs.42 to 46

L : o ‘ e S . - - L SR S
A convenient, if somewhat approximate, result of the Shell

%

work is' a simple relationship between dynamic moduiﬁgﬁand

C.B.R. of subgrade namely E = 1400 (C.B.R.) (1b/sq.in.jv

*

*‘Although'vibration methods can determine the in-situ

L ]
L “p
ey ey
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modulus of each layer in a pavement, since neither stress
T T S O UL e T
noxr strain have been measured in the pavements tested,

b TR

it is not yet clear whether these values of modulus can
be used in layered system thebfy'to"écchrately preddct
K1 - T E

stresseé'andﬁstrains. - Heukelom and Xlomp have checked

T -
» sy

the deflection measurements taken with.their heavy

"u-,.

vibrator against calculated values based on wave. propagation

L]

measurements of modulus, with some success. =~ This type
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of vibration is, however, not exactly analogous~-to
traffic loading because the' rate of loading is constant

with-depth, whereas under traf}ic it decreases with-
depth. The rate of loading may also be faster than
the worst conditions in a real pavement.' ° Since it
appears:from results by Seed et a16‘asnwe11 as those
herein, that the modulus of both fine grained and

granular materials is stress dependent, results from:the

light vibrator are open to question, because little or

no stress is applied to the systen.
- Cyclical plate_16ading;testsﬁ?”have also been carried

out, since these were considered to represent:traffic
loading-better than“either static plate:iload: tests or
vibration methods.: HOnce;agaig,rhowever,ﬁfﬁe values.of:  :: .
modulus:which resulted have not been :proved: to.be reliable
for-use-in layered system theory,’-except in-some_ cases
*for#thetcalculatioﬁ?ofashrféceﬁdeflections.ﬂﬂfm~*

= '~ The detefminationéthin—situ values of modulus from
stress -and-strain measurements-is likely to be‘more. - . -
accurate and realistic than anfwgfffhe%methodaidetailed*WA
ﬂabdvegaand=iﬁis:istthe+épproach”adoﬁ%ed‘herein.ﬂ1¢The
values of modulus'thus obtained have been used in-both:

singlé”anditwo 1ayer‘theory‘inforderitoldeterminGTBfreas

and'strain distributions which'were then compared-with:
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measured values, ‘- This approach does not produce unique
values of modulus for the construction materials being
used, but allows a study of the variation of modulus

and, incidentally, of Poisson's ratio to be made. The

results may well be only applicable for the particular
installation from which they were obtained, but a good

deal of fundamental information about ‘the applicability

of layered system theory to actual. layered systems has

been obtained. Eo - e C L e
1.4 Proposed Rational Design Methods : . . - ;.

" The method which at present comes closest to the

ideal structural design approach' is that developed by ::. .

Shell and presented 1.:)'_v,r'-2E’ea.t1.‘.:l.e’4 andDorman;&BPappropriately,

at the International- Conference on the Structural:.Design -
of‘hsphaltfPavements'in.1962.15=Ifxwa3 improved: by.:: . =~
Dorman*and¢Metcalf&2*in.l96h‘andahaa»beeﬁ presented in

50,51 |
other forms .elsewhere.” -7 v - i....0 S50 usnne » 838 g

h Ty YE RN Y R

- The Shell design methodi..is.based. on -the .three.,layvyer

elasticﬁtheory*resultaiofﬁJones%i:and-theinjinterpretatipn

by Peattie.§%~:Theglatteriauggested&uthat,pavementsf

;:should be:desigﬁed in order to-limit.vertical.strain in

‘the :subgrade .and ;tensile .stresses and strains in.the- ...

T de el

“upper :layers. - The -design method also uses the results
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obtained by Heukelom and Klompulkfor dynamic moduli of
typical bases and subgrades from vibration testing, and
in particular the corfelation they reported between
dynamic modulus and C.B.R. -

The permissible vertical strain in the subgrade is
taken as 650 m:l.c::'c:»--s1:::'.'=nin‘..u8 The problem of fatigue
arises as the result of repeated applications of-tensile

stress to the bituminous layers, the suggested permissible
tensile. stress being 700 1b/sq.in. Dorman and -Metcalf
improved the design curves based on the:above criteria
to allow for different traffic intensitlies, by incor- .-
porating fatigue life .results., - . - o . |

S Burmister%? has proposed a design method:wherein the
critical effects are deflection and.shear stresses. . 0n '
the reasonable- -assumption .that there is._perfect:continuity
at interfaces, he pointa;out;thattif;the.modular ratios ..
between adjoining layers are high, .then large:shear.:
stresses:wlill result, : . These shear. stresses:will:ronly

be mpbilisedbyfdefleptionﬁtakingéplace.fffPlate*bearing.

tests.are-used ' to:calculate elastic moduli and' then:using

b
P

layered system theory vertical:and,shear:stresses are

calculated., :-.These, and-the overall-deflection: should:: -

i

not;exceed.certaincpérmissibloﬂvalues.;ihAfsmall difference

in.modulus between. adjacent. layers-is recommended,: :=:
. a :q( ) . )




In Burmistert!s:approach there is no mention of the
important fatigue aspect, although many writers, in

particular Hveem,?j*have shown -that there is a correlation

between transient deflection and.the occurrence of

surface cracks, which are explained-in*ierms of fatigue.
This deduction is based on the fact that. the pavement
is adequate in other ways, there being no permanent

deformation of any magniltude.

Most papers, other than those mentioned above,
have admitted that while a rational design method is
desirable it is not yet attainable,- and-the majority of

contributions have therefore not attempted to present a

complete design procedure. - The difficulty . with:the -:

Shell approach is that*their*designris bagéd on :theoretical

calculations of stress and in particular:strain,-which
have in the past beennfery,difficult;to measure . in-situ,.
Checks on the design figures have not ‘therefore .been .
repqrfed‘yet. Tpié:problemwisﬁbeingaovercomeibymtheJxﬂﬁa‘
Nott;pgham‘Univefsity ﬁroject and by Shell ‘laboratories.:
inﬂHqiland and Germany. . Papers are to be . presented:at

the Second Internation Conference ‘on the .Structural .. ..

. Design ofAsphalt Pavementsq;showing strain:measurements

in bituminous layers., - The measurements ;so-far at . : e

. "

'Nottingham are those presented hereiﬁ*dealingiwifhwan
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unbound base and a clay subgrade.

From a selection of the many papers contrubuting
"to the problem of flexible pavement design by rational
methods, several points emerge which-are of interest.
In North America, particularly, State Highway Authorities
have recently revised their design procedures in the light
of developments, and in particular as a result of the

A.A.S.H.O., road test findings. The Asphalt.  Institute

have produced revised recommendations for :‘thickness

54
55

design, the background to which was described by Shook

and Finn and extensions have been presentedmbYFShook_56

The main short-coming of the AA.S:H.Q0." test is that
while surface deflections -were measured, very:-few in-situ
-stresses, -and no strains;‘were:reéorded.57% ‘Typical of -~
- the present’outlookisﬁthatiofiNorttharolin;‘andf
‘Massachusetts., iHick35§:deécribes?hOWJthe thickness .of-
-pavements-in "North Carolina is-.determined-by-:using«-
"‘Boussinesq stress distributions. " The:variation-of.-stress
aﬁwith*depihLisfplottedfforvthe*requiréd wheel :load, - The
Hdepthéétiwhich‘the;stressiequalsltﬁefallowablé”beafiﬁgﬁh
;gtfeés‘for the soil-is .noted: and - the pafementﬁcoﬁstruoted
:tofa:thicknesé~éqﬁalﬂtoithié depth. “ :This procedure
;iéllittle:better~thanithe?CJBIR.fapproach:ﬂsince:it lgnores

the’strength of ’the -pavement structure itself;: =iInirzu-
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59

Massachusetts, layered system theory is used as an:

indication of pavement thickness but details are based
on the A.A.S,H.0., test findings. Current design
practice in England i1s based on the recommendations of

Road Note 29.l This method depends on subgrade C.B.R.

values, which are tabulated.for-a variety:of soils. . - '
These recommendations are based on experience and on.full

scale tests carried out by the Road Research Laboratory,

Several writers have expressed doubt -about.the

validity of elastic. layered system.theory,?!GP one
important criticism being that since road making. materials
are-very weak in.tension, the.tensile modulus is:nearly
zero., - Elastic.theory.assumes 1t to be equal .in tension.

and compression,.. .- Another criticism.is thatfthe;materialsf'

-] L

arejnotfelastic;*butfvisco-elastic,;and;Baker61;has
suggested .that a visco-elastic. theory, when:available,: .
should .be-more .accurate than:the present.elastic: one..-
The programme. for the Second International: Conference: at

Ann:ArborB;lists;severalspapers on this topic. Any

visco-elastic:theory is going: to.be:more:complicated: than
the: already.complex elastic approach,.and.while: an exact
theoretlcal .model.is desirable, it is doubtful whether .

a 'visco~-elastic-solution.will be practicable. at-this-

stage.... This point . is emphaélsed%by;the fact _that visco-
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elastic materials will behave elastically, if the rate

of loading is sufficiently high, and the applications

of load frequent enough.

41

Heukelom and Klomp have shown that an unbound

base i1s not likely to have a modulus more than twice

that of the subgrade, although they show that theoretically
it could be three times larger. The strength of the

base layexr can be improved by using a binder and there

is now an increasing trend towards bituminous bound bases.

McLeod62 has pointed out that the choice could well be an

econoqic one depending on the availability of suitable
aggregates for unbound construction. If there is a
shortage, then a thinner bound layer is likely to be used.
The possibility of wastage of aggregate is also illustrated,
sincekthe:e would*appeapﬂto_ye an optimum thickness of
pavement above which the‘%oaqjcarpying'capgqi?y per inch

1s greatly reduced. _Th%g_gptimuqktgicknass! which is
the .total pavement depth, is given as l.5 to 2 times the

radius of the loaded . area.,

ve Tl

~.:..:A great deal of effort, particularly in the United
States has been put into investigations concerning
Qef;qgt{qghq§ l9¥§;ed*qutgqstrnﬁThiq}%siphiefly;pecause
9?5?@3ﬁqagg;wi?giwhiph;it:qan;bQJQPQQPpgg’-qaéggaﬁuqhw

. means ashthg Benkelman beam!63'andhence checked against



- -r-\_‘q‘—' _41:’"-& Fr\""‘- . .
x maai TR vl WRAER A A RN b "
ﬂmm'ﬂmm w PV TORWRTE K 'I'ﬂ'm?ﬂ?t'ﬁﬂ- N

theoretical ﬁredictions. It also follows from the

correlations shown by*‘Hveem53 and also theA.A.S.H.0;57

andW.A.S.H.0.6h tests between deflection and the incidence

of cracking.

‘The University of California6 have extensively
investigéted.the factors affectingﬁdefleotion and the

wajﬁin,whiCh.it can be accurately pre&ibted. They have
used elastic theory, but realised the problems involved,
particularly in regard to the correct choice of values of
modulus for each layer. A thorough review of the factors
affecting modulus of various pavement materials is
presented, the main conclusion being that modulus varies

within a:laygf;Tﬁhereas“élésfic theory assumes it to be

¥ % - .
1"?.l .- LA S - - . w -

constant. . - R
“If the radius is restricted, Seed et al show that

modulus may be taken as varying with depth alone. " “In

S T T A LT P S I AL I
predicting the deformation of a two layer system consisting

of an unbound granular base on a fine grained subgrade,

the structure is divided into layers of different, constant
S A TR e e T T e et e e s T e T e |
modulus, Since modulus is stress dependent, the stress
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levels are first determined using Boussinesq theory.'

%

The corre sponding modulus is 'th-einﬂ Jdetver:mine'd | from A sl Ty

relationships between stress and modulus for each material
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obtained from repeated load. triaxial tests and plate
loading tests. By considering points at the top and bottom

of each layer an average value of modulus for the layer

is found. The vertical deformation of each layer is

calculated as the difference between vertical deflections

at top and bottom of the layer. These calculations are

performed with the aid of Ahlvin and Ulery's tables.27

The total pavement deflection is then obtained by summing

the contribution of individual layers.

¥ 8

The procedure used for the two layer system is based
on:Bcnssinesq:stress_gistribnttcns since other workers have
shown this to be apprcgriate.for an unbound base. A
three layer system was also tackled, but in this case
Bquggineeq*thecryﬂwas nct ccnstcerea-adequate, because of
the greater stiffness of the top layer. : A method of

successive approximation*was used to determine surface

Ly

deflections in this case. The procedure involves

% - o -
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estiqa