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SYNOPSIS: The stress-strain behaviour of a granular soil is highly palh dependent In this paper, ‘numerical soil testing' based on the distinct element method 

is introduced to investigate the stress-strain behaviour of a granular soil along constant-stress-ratio and constant-stress-increment-ratio paths. Comparisons with 

experimental results indicate that numerical soil tests can reproduce all the major observed stress-strain characteristics of soils under different stress paths. This 

numerical tests enable us to gain insights into the complicated deformation behaviour of granular materials.

INTRODUCTION

The deformation behaviour of granular soils is highly non-linear, and stress 

state and stress path dependent. Two kinds of do,^0 stress path tests have 

been studied recently. One is the constant-sliess-ralio lest (J?=o,/o,=constanl), 

designated as the A-test, and the other is the constant-stress-incfement-ratio 

test (p=da1/do,=constant), designated as the p-test The deformation 

behaviours of soils under these two stress paths are very important. The A-tesl 

satisfies the condition of ‘constant level of strength mobilization' (Lo, 1985). 

It has been observed that the soil responses of A-tests are significantly 

different fiom those of constant a, test The p-test is a useful test to 

investigate the stress-dilatancy relation of granular soils, a property which is 

central lo the understanding of Ihe flow rule of soils using the framework of 

plasticity theory.

Extensive laboratory W-tests and p-tesls have been conducted in the past (Lo, 

1985; Lo & Lee, 1990). However, some unavoidable defects exist in the 

experimental tests. One of the main obstacles in stress palh tests is that strain 

data are difficult to be determined accurately because the strains manifested 

under certain da,«0 paths can be significantly smaller than those for do,=0 

tests for the same change in axial stress. Therefore, the influence of boundary 

effects such as bedding errors and membrane penetration enors is significant 

in stress path tests. Moreover, both V?-test and p-test involve simultaneous 

variation in o, and a,. A precise control of a, and o, is therefore essential for 

performing an experimental stress path lest Apart from ihe above problems, 

another major limitation of experimental tests is that the microstructure of a 

granular soil is very difficult to be observed. Although many researchers have 

recognized the importance of microstructure on the behaviour of granular soils 

in the stress path tests, there have been very few attempts to measure the 

microstructures of soils to date.

In this paper, a numerical testing method based on the distinct element method 

(DEM) has been developed lo simulate stress path tests of granular soils. In 

this approach, the soil sample is idealized as a two-dimensional assembly of 

discs. The overall response of the sample is obtained by tracking the 

movements of all the particles within the assembly. Using this DEM, a soil 

test can be simulated in the computer, so it can be described as numerical soil 

testing. The DEM was firstly introduced to study the stress-strain behaviour 

of a particulate medium by Cundall & Strack (1979).

The method has been used to investigate the mechanical behaviour of granular 

soils (e.g. Cundall, 1984,1988; Rothenburg & Bathurst, 1991). However, most 

of the numerical simulations in the literature are limited to simple test 

conditions such as biaxial compression test (do,=0) and simple shear tesL This 

paper aims to investigate numerical testing of a granular soil under the 

conditions of A-tests and p-tests and examine whether the DEM can reproduce 

the essential stress-strain characteristics of soils under these stress paths.

EXPERIMENTAL TEST RESULTS

Lo and Lee (1990) have carried out a series of /{-tests and p-tests on dense re

constituted sample of Sydney Sand which is a medium grained, uniformly 

graded quartz sand. The testing procedures are shown as Fig. 1. The samples 

were initially consolidated isotropically to a consolidation stress of 100 kPa 

(path OA in Fig.l) and then loaded along the da,=0 path (AB) until the 

specified stress ratios were reached, /{-tests were then conducted along the 

path BC and p-tests along the path BD or BD'.

Fig.l Stress paths for R-test and p-test
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Fig.2(a) shows a typical p -t. curve of a A-test, where p  is the mean stress and 

e, is the volumetric strain. To facilitate the comparison of stress-strain curves 

for different A-tests, the curves are adjusted so that all tests are assumed to 

commence at a reference mean stress of 200 kPa, i.e. point A as defined in 

Fig.2(a) is treated as the new common starting point for all the stress-strain 

curves. Fig.2(b) shows the range of p -i, curves for different values of R 

(R= 1.5 to 4.38). Fig.2(c) gives the y curves of the A-test, where y is (he 

shear strain.

Volume strain e, (%)

(a) p  - e„ curve

Volume strain e, (%) 

(b) p  - ev curves

Shear strain y (%)

(c) p - y curvcs

Fig. 2 Stress-strain behaviour for R-tests

(Experimental results, Lo & Lee (1990))

The R-y curves for p-tests are given in Fig.3(a). The R-e, relation is shown in 

Fig.3(b) while the relations between the stress ratio R  (=o,/o3) and dilatancy 

D  (^1-deyde,) for both A-lests and p-tests are presented in Fig.4. The results 

presented in Figures 2 to 4 will be used to validate the numerical stress path 

tests.

Shear strain y (%) 

(a) R - y curves

Volume strain ev (%)

(b) R - ev curve

Fig.3 Stress-strain behaviour for p-tests

(Experimental results, Lo & Lee (1990))

Fig.4 Relation of R  and D  for both R-tests and p-tests 

(Experimental results, Lo & Lee (1990))
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NUMERICAL TESTING METHOD 500

The distinct element method is used in the present study. A computer program 

adapted from the program BALL (Cundal) & Strack, 1979) has been 

developed to simulate the stress-strain behaviour of granular materials. The 

test assembly used in the present analysis consists of three different sizes of 

circular particles with the particle size distribution as shown in the following 

table. The method for generating the particle assembly is described in detail 

in Liu (1992).

Size (mm) 0.1 0.15 0.2

Proportion

(%)

Theoretical 50 40 10

Actual 56.35 36.48 7.17

A total of 488 particles were generated from the above theoretical size 

distribution. The generated assembly used in the present study is shown in 

Fig.5. The porosity is 0.244. The Hertz’s theory is incorporated in the contact 

deformation analysis. The following parameters were used for the particles in 

present study: Young’s modulus E=100 GPa, Poisson ratio u=0.2 and 

coefficient of inter-particle friction=0.55.

Fig.S Generated soil assembly for numerical testing

In performing the numerical stress-palh testing, it was necessary to control the 

boundary stresses such that they would follow a specified stress path. A stress- 

controlled boundary was adopted. The applied stress paths in the numerical 

tests were similar to those used in the experiments (Fig. 1). The sample was 

firstly isolropically consolidated to ISO kPa and then loaded along the constant 

o,=150 kPa to the desired principal stress ratio R0. Then, the boundary stress 

increments (Act,,, Ao33, Ao13) were directly applied to the boundary of the 

sample simultaneously. These increments meet the condition:

In /{-tests, Aa, 1/AaJJ=(a1/a J)0=fl0, Aa13=0.

In p-lests, p=Aan/Aa33=constant, Aa]3=0.

NUMERICAL TEST RESULTS

A series of numerical tests have been performed to simulate the stress-strain 

behaviour of a granular material under stress-path tests. Fig.6(a) shows a 

typical p -£„ curve for loading, unloading and reloading of a /{-test. The 

volumetric strain is almost totally recoverable during unloading. This suggests 

that unloading along a constant /{-path is essential elastic. Fig.6(b) shows the 

p-i, curves for different values of R. The curves fall within a very narrow 

band, suggesting that for a given initial state, the p -t, relationship is essentially 

independent of R. Unlike the p -t, curves, the p-f curves (Fig.6(c)) depend on 

the magnitude of R. The results in Fig.6 minor those observed from 

experiments as shown in Fig.2.

The R-y curves under p-tesls are given in Fig.7(a). It can be observed from the 

R-t, curves in Fig.7(b) that the effect of p on volumetric strain is more 

pronounced. The observations minor those observed in the laboratory (Fig.3).

(a) p-e, curve (R=1.8)

volume strain e v

(b) p-Ev curves

shear strain y

(c) p-y curves

Fig.6 Stress and strain relation for R-tests 

(Numerical results)

The stress dilalancy relations (R-D) of the numerical /{-tests and p-tesls are 

presented in Fig.8. The influence of p on total strain increment ratio is 

evident. Again, the numerical tests reproduce the essential features of the 

stress-dilatancy relations observed from experiments (Fig.4).

In performing a numerical test, information on the variation of microsiructure, 

such as the distribution of contact normals, can be easily stored during the 

test. Fig.9(a) presents distributions of contact normals for /(-tests. The distance 

between a dot and the centre of the circle represents the proportion of contact 

normals within the assembly that have the same orientations as indicated by 

the dot. It can be seen that the microstructure manifests little variation during 

a /{-test as the distribution is relatively even in every direction. This 

observation supports the conclusion that the deformation in /{-test is small and 

can be regarded as elastic. In contrast, the microslruclure in p-test shows large 

variation, as indicated by the non-symmetrical distributions of contact normals 

as shown in Fig.9(b).
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CONCLUSIONS

The deformation characteristics of granular soils have been examined under 

a range of numerical A-tests and p-tests. It is observed that the numerical soil 

tests are able to reproduce the major stress-strain characteristics observed in 

the laboratory for a granular soil. This finding gives greater confidence to 

researchers in using numerical soil tests for studying the stress-strain 

relationships of soils. A distinct advantage of numerical soil testing is that the 

variation of microstructure during a stress path test can be easily detected.

Shear strain y

(a) R-y

(b) R-e,

Fig.7 Stress and strain relation in p-tests 
(Numerical results)

Fig.8 R and D relation in p-tests 
(Numerical results)
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Initial state strain at 0.0 Shear strain y=0.603%

Fig.9(a) Contact normal distribution in R-test (R=2.0)
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Shear strain y=2.655%, p=-0.027 Shear strain y=1.722%, p=-1.0

Fig.9(b) Contact normal distribution in p-test

2 8


