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T h e  e ffe c ts  o f s tre s s  a n d  p o re  w a te r  p re s s u re  s ta te s  o n  th e  re s ilie n t p ro p e r tie s  o f  g ra n u la r  

m a te r ia ls

Le s  e ffe ts  d e s  é ta ts  d e  c o n tra in te  e t d e  p re s s io n  in te rs tit ie lle  s u r  le s  p ro p r ié té s  ré s il ie n te s  d e s  m a té r ia u x  

g ra n u le u x

A .R .D AW SO N , U n ive rs ity  o f N o tt in g h am , U K  

A .G O M E S  C O R R E IA , L a b o ra tò r io  N a c io n a l d e  E n g e n h a r ia  C iv il ( LN E C ), P o rtu g a l

SYNOPSIS: This study concerns the evaluation of the resilient properties of granular materials as 

used in design and structural evaluation of flexible pavements. Based on the results of cyclic 

triaxial test program performed on a sand, clayey sand and a aggregate it is shown that the K6 

model does not properly describe the response of granular materials under a wide range of stress 

paths. For such conditions a more detailed stress-strain model was used and found to be applicable 

for saturated and unsaturated conditions using the effective stress principle. For more compli

cated stress situations applied with a hollow cylinder apparatus, which is intend to simulate the 

type of stress that occurs in roads under a moving wheel, a more general law is necessary.

1 INTRODUCTION

The soils beneath pavements and the unbound 

aggregate layers of road construction are sub

jected to a variety of stresses and pore water 

pressures. The levels of these stresses and 

pressures are very different from the condi

tions usually considered in geotechnical en

gineering problems.

The conditions peculiar to soils and ag

gregates in or under pavements are as follows:

a) normal stresses in unloaded pavements are 

very low;
b) pore pressures are small in magnitude and 

frequently negative;
c) the materials are often partially satu

rated;

d) traffic loading applies repeatedly rotated 

stress field to the soil or aggregate.

In order to be able to design and analyse 

pavements structures (both concrete and bitu

minous) it is necessary to quantify the stiff

ness properties of the lower layers of the 

construction. Many models have been proposed 

for this (some of which are covered in this 

paper) but, because of the complexities out

lined above, they have generally been developed 

for simplified cases.

It is the purpose of this paper to compare 

some existing models for granular materials 

behaviour with laboratory test results obtained 

on samples under controlled, realistic, stress 

and pore water conditions.

Many of the findings will also be applicable 

to other soils but discussion of this is beyond 

the scope of this paper.

The paper commences with a brief summary of 

the test methods used.

Then the comparison of model prediction and 

measured behaviour is considered under three 

headings.

Firstly the effect of stress level is review

ed. Secondly the arrangement of stresses, and 

p a r t i c u l a r l y  the effect of imposed stress 

rotation, is discussed. Finally the role of 

pore pressures, especially in partially satu

rated soils is considered.

2 TEST METHODS

The primary device used in the testing work has 

been the repeated load triaxial test apparatus. 

Machines capable of testing samples of 70 mm 

and 150 mm diameter, have been used at , LRPC- 

Clermont Ferrand, LNEC - Lisbon and at the 

University of Nottingham. Each piece of equip

ment is servo-hydraulically controlled and 

features full on-sample instrumentation and the 

ability to cycle both deviatoric and confining 

pressures.
Further details on the equipment can be found 

in Gomes Correia (1985,1987) and Thom (1988), 

respectively.
Some modifications to the basic machines have 

been carried out in order to facilitate suction 

measurements and these are described in a 

following section.
In addition to the triaxial test equipment a 

repeated load hollow cylinder test apparatus 

(HCA) was developed (O'Reilly et al. 1987 ) to 

investigate the effect of a repeatedly imposed 

rotating stress field. The HCA as used was only 

able to test dry material of maximum size 4 mm 

to which a constant confining stress was ap

plied by a vacuum. A repeated axial stress and 

an independent repeated torque could be ap

plied, thus simulating a succession of wheel 

loads approaching, crossing and departing from 

an element of sand contained in the wall of the 

cylindrical sample.

3 EFFECT OF STRESS PATH

In common with most geotechnical materials, 

stiffness response is highly stress-dependent. 

The conventional manner of dealing with this is 

the " KB " model (Hicks & Monsmith 1971) for 

which :

Ka

E = Ki 0

where E is the elastic modulus, 0 is the bulk 

stress (the sum of any three orthogonal normal
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stresses) and Ki and K 2 are material constants.

This model has been applied to a sand (fig 1) 

which was tested in the triaxial apparatus 

(Gomes Correia 1985) over a wide variety of 

stress paths in the compression zone (fig.2). 

Whereas the K0 model may reasonably predict 

response to axial stresses, when repeated 

confining stresses are applied the prediction 

of strains may not be very good, and this is 

reflected in Figure 3. The observed volumetric 

strain during a wide variety of stress paths 

is compared with the predicted value calculated 

on the bases of the generalized Hooke Laws, 

assuming a constant Poisson's ratio of 0.35 (a 

conventional value for a granular material).

1 - S A N D

2  - C R U S H E D  R O C K  ( B a r d o n  H i l l )

3  .  C L A Y E Y  S A N D

4  -  A G G R E G A T E  ( D T p T i p e l  E n v e l o p e )

Fig 3. Prediction of volumetric and shear 

strains - K0 m o del.

Fig 1. Gradings of materials tested.

Fig 2. Stress paths used in sand test.

Clearly the model is inadequate. It was for 

this reason that an improved model was devel

oped by Pappin (1979). He separated volumetric 

and shear strain effects, producing a different 

model for each, but both of the general form:

6 = fn 6 (q, p ' )

where £ is either volumetric or shear strain, q 

is the deviatoric stress and p' the mean 

normal effective stress. 6 indicates that £ is 

a function of the change in the parameters q, 

p' . Full details of the two functions are 

contained in Pappin (1979).

Pappin's equations were used to predict the 

volumetric strain behaviour of the sand, as 

before. Figure 4 shows that the prediction is 

now very good and thus the Pappin model is 

prefered to the K0 model. This is a useful 

finding as the original model was developed for 

aggregates.

When shear strains are considered the K0 

model is fairly reliable although the Pappin 

model is even better.

4 EFFECT OF APPLIED STRESS SYSTEM

In the triaxial test the imposed stresses must 

necessarily be principal stresses. In normal 

equipment the axial stress will always be the 

major principal stress and the confining press

ure will provide the minor principal stress. 

Clearly this does not simulate the stresses
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experienced by geotechnical materials in roads, 
even though cycling of radial and axial 

stresses (in, and in opposite phase) may be 

used. In pavements, stress levels not only 

increase as traffic passes, but also the plane 

on which the principal stress acts remains 

approximately orthogonal to a line joining the 

wheel and the soil element. Thus the stress 

field rotates as the load passes.

M e a s u r e d  S t r a i n  ( m i c r o s t r a i n )

Fig 4. Prediction of volumetric strain - Pappin 

model.

In order to determine whether or not this 
rotation effect was important HCA testing was 

carried out on a sand derived from a crushed 

rock (F i g . 1).

Firstly, only repeated axial loading was ap

plied. Figure 5 shows that the Pappin model 

adequately predicts the volumetric strain under 

these limited conditions in the HCA. Next the 

test was repeated but this time with the addi

tion of a repeated torque. The prediction based 

on the Pappin model is now rather poor (see 

Figure 6) particularly at low stress levels. If 

the Pappin model is used to predict shear 

strains the results are even worse with a near 

random variation of predicted to actual values. 

A new model is therefore being developed to 

incorporate the effects of imposed shear. The 

same data as that presented in Figure 6 is 

presented in Figure 7, this time with the 

predicted value being derived from the new 

model. The model is rather complex and can not 
be discussed here. Interested readers should 

consult Thom (1988).

- 0. 08 ( 5 ( j - ) 2 )

Fig 5. Prediction of volumetric strain - Pappin 

model (data from HCA under repeated 

axial loading).

Fig 6. Prediction of volumetric strain - Pappin 

model (data from HCA under repeated 

torque).

Fig 7. Prediction of volumetric strain - Thom 

model (data from HCA).

5 EFFECT OF PORE WATER PRESSURES

The models discussed so few were developed for 

dry soils. As real pavement materials are not 

dry it is important to determine whether granu

lar soils obey the effective stress principle 

under cyclic loading. Pappin (1979) showed that 

a saturated granular material could be d e 

scribed by his models if an effective stress 

approach was adopted. Gomes Correia (1985), has 

show that the Pappin model can also be used in 

effective stress terms to describe both the 

volumetric and shear resilient behaviour of a 

saturated sand.

For the clayey sand (Fig. 1) it would not be 

sensible or practicable to develop a model for 

the dry condition, since such a soil cannot 

exist. However, models developed on other dry 

soils have been calibrated against its b e 

haviour, assuming the effective stress prin

ciple applies. Reasonable results, were ob

tained (Gomes Correia 1985). The volumetric 

strain relationship is shown in Figure 8.
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M e a s u r e d  S t r a i n  ( m i c r o s t r a i n )

Fig 8. Prediction of volumetric strain using 

effective stress principle in a satu

rated clayey sand.

However in most pavements partially saturated 

materials exist. This may be because of incom

plete drainage control (Dawson 1985) or because 

of the fine grading of the soil. As a result, 

it is almost certain that pore suctions will 

exist. Pavement performance will often be very 

sensitive to the level of such suctions (Brown 

and Dawson 1985). Suctions have been measured 

on a number of occasions both in the laboratory 

(OCDE 1973), (Dawson 1985) and in the field 

(Van G a n s e  a n d  B r u l l  1971), ( R a i m b a u l t

1986).Thom (1988) carried out uniaxial tests on 

a dolomite limestone aggregate. He demonstrated 

that the partially saturated aggregate can, at 

certain moisture contents, compaction level and 

grading, exhibit a small strength. If this- 

strength is compared with that of a similar, 

dry, sample the effect of suction can be de

duced (fig. 9), (Thom 1988). In all cases the 
suctions m e a s u r e d  have been quite small 

(usually 4 - 8  k P a ) and it may therefore be 

argued that they can be ignored and a total 

stress approach adopted. This was done for a 

partially saturated sand using the Pappin model 

and the result is shown in Figure 10 (Gomes- 

Correia 1985).

Because of this poor prediction some develop

ments of the triaxial apparatus for measuring 

negative pore pressure were carried out so as 

to study partially saturated soils.

The negative pore pressures levels applied in 

the soil tested use the suction plate method. 

At the bottom of the specimen a porous ceramic 

ring with an air entry value of 100 kPa was 

used. At the centre of this ring was placed a 

small diameter, membrane (permeable to air but 

not to water) in order to control the pore air 

pressure.

The negative pore water equilibrium is estab

lished with water provided by a self compensa

ting water, or mercury control system, applied 

at a known suction beneath the porous ring. The 

system can be adapted to apply higher suctions 

levels by changing the porous discs for high 

air entry values, and using the pressure plate 

method. This is a variant of the suction plate 

method in which an air pressure is applied by 

the special membrane while the water in the 

porous ring remains at atmospheric pressure. 
The results of Figure 10 are represented in

Figure 11 using an effective stress approach 

and incorporating the measured suctions. It can 

be seen that the use of a total stress ap

proach, ignoring suctions, is significantly 

worse. Similar improved modelling of shear 

strains can also be achieved by the effective 

stress with suction approach.

B r o a d l y  G r a d e d  ------------ ►S i n g l e  S i z e d

Fig 9. Deduced negative pore pressures due to 
suction.

Fig 10. Prediction of volumetric strain using 

total stress in a partially saturated 

sand.

Similar findings were found by Thom (1988), 

who tested aggregate (Fig. 1) at varying de

grees of saturation. He tested the material 

with pore pressure coefficient, B, values 

(Skempton 1954) Of 0,0.5 and 0.9. Using his 

model (which for triaxial testing gives com

parable results to that of Pappin (1979) - see 

above) he obtained a good prediction of both 

volumetric and shear strain (Fig. 12).
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F i g  11. Prediction of volumetric strain using 

effective stress in a partially satu

rated sand.

E , = 4 1 0  ( 6 ( l n p ' ) ) ® ( 6 p ) '  - 1 6 2  ( f i l i n g ) I 2 )1 “  

e ,  = 5 0 ( 6 ( l n ( ^ - ) ) ) 86 ( 6 t  ♦ ’/3& s-)i7

500

2 ~ A00 
—  c

M e a s u r e d  S t r a i n  

( m i c r o s t  r a i n )

Fig 12. Prediction of volumetric and shear 

strains using effective stress in a 

partially saturated crushed granite.

6 CONCLUSIONS

1. When aggregate, sands and clayey sand were

tested under repeated loading, their resilient

strain response was highly dependent. This is 

particularly so far volumetric strains.

2. The K6 model is not adequate for predict

ing strains, particulary volumetric strains, 

under such stress conditions. For triaxial

loading the Pappin model was far superior.

3. Real pavement materials, particularly

those high in the structure, are subjected to 

repeated stress rotation under wheel loading. 

The Pappin model cannot adequately predict

strains under these conditions, particularly 

the shear strains. Thom's model appears a good 

approach for overcoming this problem.

4. Repeated hollow cylinder testing is one 

way of studying the influence of rotating 

principle stress fields.

5. An effective stress approach, that is

incorp o r a t i n g  a measurement of pore water 

pressures, is required to study the resilient 

properties of granular materials.

6. In unsaturated granular materials negative 

pore pressures usually occur and must be 

measured. A technique has been described for a 

measuring and controlling negative pressures in 

the triaxial test.
7. The response of partially saturated granu

lar materials to repeated loading requires an 

effective stress model incorporating measure

ments of those pore pressures. These pressure 

must be incorporated even though they may be 

small.
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