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The paper describes the development of a constitutive model for a poorly graded sand, which was used in
geotechnical experiments on buried pipes (reported elsewhere). The sand was tested extensively in the
laboratory to determine the state parameter constants. Triaxial tests on the sand included conventional
drained triaxial compression tests, as well as more specialized shearing tests at constant mean effective
stress and others at constant volume. Single element simulation of the triaxial tests was performed to val-
idate the proposed constitutive model. The adopted model allowed non-linear elastic behaviour prior to
yielding. After yielding of the sand, the state parameter-based model for the sand permitted non-associ-
ated plastic flow. Dilation and frictional strength were both dependent on the current value of the state
parameter. The combination of laboratory testing and single element modelling resulted in the selection
of a single set of material constants for the soil, which adequately described the full range of triaxial tests.
Subsequently the model was applied to the problem of a plate loading test on the sand and the model
predictions were compared with the test data.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

A series of full scale soil-structure interaction tests was con-
ducted on uPVC pipes, buried in dry sand, to provide recommenda-
tions on the safe cover heights for shallow buried pipe installations
subjected to traffic loading. These tests were reported previously in
Cameron [1]. The chosen sand was poorly graded and angular,
being sand used in the production of concrete. This sand was cho-
sen to represent a poor quality backfill.

Finite element modelling of the buried pipe tests was under-
taken to understand the observed non-linear behaviour of the
pipe-soil systems. A constitutive model for the sand was required,
and after some investigation, a variation of the state parameter
model developed by Been and Jefferies [2] was adapted for this
purpose. The sand was tested extensively in the laboratory to
determine values of the material constants for implementation of
the state parameter model.

Triaxial tests on the dry sand included conventional isotropi-
cally consolidated and drained tests, with shearing at a constant
axial rate of strain, constant mean effective stress shearing tests
and constant volume tests. All tests were conducted on samples,
nominally 100 mm in diameter and 200 mm high, with initial sam-
ple density indices varying between 30% and 80%. Axial strains
were taken to 20–25%, in order to approach critical state and to
study the dilational behaviour of the sand.
ll rights reserved.

A. Cameron).
Inspection of the triaxial data revealed non-linear elastic behav-
iour prior to reaching yield. Therefore the constitutive model in-
cluded this aspect of the soil’s behaviour, along with the
observed dilational behaviour.

The emphasis in this work has been on the non-linear behaviour
of sand prior to shear yielding and the varying rate of dilatancy
once yield has occurred, with ultimately no further dilatancy once
the critical state of deformation has been reached. Many existing
constitutive models for sands ignore these important effects.
2. Model formulation

The constitutive model for the sand adopted in this study was
based on the state parameter concept [2]. The state parameter, n,
is the difference between the current void ratio of the sand, e,
and the void ratio at critical state, ec, at the same value of mean
stress, i.e.:

n ¼ e� ec ð1Þ

Since the critical state line (or CSL) for sand may be approxi-
mated by a straight line in a plot of void ratio against the natural
logarithm of mean stress, p0, it follows that the state parameter
may also be defined as:

n ¼ e� Cþ ksslnp0 ð2Þ

where C is the void ratio at a reference mean stress (1 kPa) and kss is
the slope of the critical state line.

mailto:donald.cameron@unisa.edu.au
http://www.sciencedirect.com/science/journal/0266352X
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A simple yield criterion was adopted for demarcation between
the elastic (f < 0) and the elasto-plastic (f = 0) phases of soil
behaviour:

f ¼ q�Mp0 ¼ 0 ð3Þ

The gradient of the peak strength failure envelope, M, is not
constant but varies with the friction angle, /0, which in turn varies
with the current value of the state parameter.

Collins et al. [3] reviewed Been and Jefferies’ data on the varia-
tion of friction angle, /0, on state parameter and subsequently
proposed:

/0 ¼ /0cv ¼ Aðe�n � 1Þ ð4Þ

where A is a material constant and /0cv is the constant volume or
critical state, angle of friction.

With this formulation, the current strength of the sand may be
evaluated, provided the CSL, the void ratio and effective mean
stress are known. Soil dilation may be estimated by adopting Bol-
ton’s [4] findings for sand, which suggest that for plane strain
conditions:

ð/0max � /0cvÞ ¼ 0:8W ð5Þ

where W is the angle of dilation and /0max is the peak angle of
friction.

It may be shown that the rate of dilation, D, for triaxial com-
pression can be expressed by [5]:

D ¼ dep
p

dep
q
¼ �6 sin W
ð3� sin WÞ ð6Þ

This equation is essentially a flow rule for yield behaviour of the
sand. The angle of dilation provides the rate of change, D, of plastic
volumetric strain (dep

p) with change of plastic deviatoric strain
(dep

q).
The non-linear elasticity of sand was incorporated by reviewing

research into changes in shear modulus with void ratio and stress
state. It has been proposed [6] that the current secant shear mod-
ulus, Gs, depends on the soil constants, f and g, as well as the ratio
of the current shear stress, s, to the peak shear stress, smax, in the
plane strain formulation:

Gs

Go
¼ 1� f

s
smax

� �g

ð7Þ

where Go is the small strain shear modulus.
The small strain shear modulus was assumed to be a function of

both the initial void ratio, eo, and the current effective mean stress,
after [7]:

Go ¼ Cg
ðeg � eoÞ2

1þ eo

 !
ðpaÞ

ð1�ng Þðp0Þng ð8Þ

where Cg, ng and eg, are material constants, eo the initial void ratio
and pa is the atmospheric pressure.

A tangent shear modulus, Gt, for plane strain may be derived by
differentiating Eq. (7) [8], which resulted in the following
equation:

Gt

Go
¼ Gs=Goð Þ2

1� f ð1� gÞ s
smax

� �gh i ð9Þ

The generalisation of Eq. (9) to three-dimensions was made,
based partly on [9] and by analogy. The resultant expression after
differentiation to determine the tangent shear modulus was:

Gt

Go
¼ ðGs=GoÞ

1� f ð1� g
ffiffiffi
J2

pffiffiffiffiffiffiffiffi
J2max

p �
ffiffiffiffiffi
J2o

pffiffiffiffiffi
J2o

p
� �� � ð10Þ
where J2 ¼ 1=6 ðr01 � r02Þ
2 þ ðr02 � r03Þ

2 þ ðr01 � r03Þ
2

h i
is the devia-

toric stress invariant, J2o the value of J2 at the commencement of
monotonic loading, J2max the maximum value of J2 attainable at
the current effective mean stress, p0, corresponding to the failure
criterion (Eq. (6)).

The tangent bulk modulus, Kt, was allowed to increase as a
power law function of mean effective stress [9,10], given by:

Kt ¼ Dsðp0Þnk ðpaÞ
ð1�nkÞ ð11Þ

where Ds and nk are considered to be material constants.
Since Gt and Kt, are both independently formulated, conserva-

tive elasticity is not guaranteed. Therefore, Poisson’s ratio varies
in this model with the elastic moduli.

In order to achieve realistic modelling of soil behaviour, it was
found necessary to place a lower limit on Gt relative to Go, which
reduced with increasing deviator stress. This requires the introduc-
tion of a further material constant, rg, the ratio of the minimum va-
lue of Gt and Go, which could vary between zero and unity. If rg is
zero, there is no limit on the reduction of Gt with deviator stress.
However if rg is unity, there is no reduction in Gt with deviator
stress.

It is noted that in the proposed model the elastic domain is not
closed on the hydrostatic axis, which implies, for example, that
oedometric behaviour of the sand must be perfectly elastic. This
is an acknowledged shortcoming of this model for some stress
paths. However, the stress paths of interest in the studies consid-
ered here and elsewhere by the authors, i.e., triaxial shearing and
the behaviour of backfill sand around embedded pipes subject to
surface loading, involves predominantly shear loading. For these
stress paths the model is capable of providing reasonable predic-
tions, as will be demonstrated.

The equations presented above are the basis for the constitutive
model of sand with a non-linear, elasto-plastic stress–strain law
and post-yield dilation, with non-associated flow. This combina-
tion of non-linear elasticity and a variable rate of plastic dilation,
culminating in no further dilation at the critical state, is a defining
feature of this unique constitutive model for sand.

The model requires values for 12 material constants, namely: k,
C, A, /c, Ds, nk, Cg, eg, ng, f, g and rg. The following sections outline
how these values were determined for the sand.

3. Description of the sand

The sand was angular, poorly graded and was composed of 97%
quartz, 1% muscovite, 1% feldspar and 1% tourmaline and iron
Fig. 1. Scanning electron microscope image of the sand.
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oxides. The angularity of the sand is clearly evident in the scanning
electron microscope slide shown in Fig. 1.

Key particle sizes, D10 and D60, were 0.16 and 0.41 mm, respec-
tively. The sand had a uniformity coefficient of 2.6 and a coefficient
of curvature of 0.92. The particle density was 2.66 t/m3 and the
maximum and minimum densities were 1.75 and 1.405 t/m3,
respectively. The maximum and minimum void ratios were 0.893
and 0.520, respectively.

4. Triaxial testing procedure

A series of triaxial tests was conducted to evaluate the state
parameter material constants. The series included conventional tri-
axial tests and both constant mean stress and constant volume
tests. All samples were tested dry and the test samples were pre-
pared to density indices ranging between 30% and 80%. Most of
the tests were conducted on samples compacted to a medium
dense state, reflecting the general level of compaction achieved
with the backfill in the buried pipe experiments. Large axial strains
were achieved, usually between 20% and 25%, in order to approach
critical state.

Samples were set up at the desired dry density by clamping a
split tube former over the bottom pedestal and applying a small
vacuum pressure to hold the sample membrane to the inside of
the former. The soil was placed in layers, which were rodded uni-
formly to achieve the desired sample height for the required den-
sity. After securing the sample a vacuum pressure of 10–15 kPa
was transferred to the sample through the drainage port to main-
tain its shape while the former was removed. An example of a
ready-to-test dry sand specimen is provided in Fig. 2.

Although lubricated and over-sized platens have been advo-
cated to ensure uniform sample stresses [10], conventional platens
were used. This decision was based on practicality and the adop-
tion of a length to diameter ratio of the sample, which was suffi-
ciently large to minimise this problem [11]. All samples were
approximately 100 mm in diameter and 190 mm high and so had
a length to diameter ratio of 1.9.

A membrane thickness of 0.35 mm was found to be the practical
minimum thickness for this sand to ensure leaks did not occur at
the large sample strains attained in the tests. The influence of
the membrane on the soil response was considered [12], but was
estimated to be negligible.

Samples were isotropically consolidated at the rate of 2.5 kPa/
min before commencing sample shearing at a strain rate of no
Fig. 2. An example of a prepared dry sand sa
more than 0.05 mm/min. The initial consolidation settlement was
relatively small and was assumed to be isotropic. Volume changes
were estimated from cell fluid volume changes (de-aired water),
which were measured by a GDS hydraulic ram system. Volumes
were corrected for cell volume changes in response to cell pressure
changes and for the penetration of the loading ram. Axial strains
were measured electronically outside the cell, while axial load
was measured inside the cell.

Samples were noticeably barrelled at the end of testing as indi-
cated in the photographic example on the right-hand side of Fig. 2.

5. Test results

5.1. Strength of the sand

The peak friction angle was found to increase almost linearly
with density index. The critical state shear strength, /0cv , was esti-
mated from the triaxial data (refer Fig. 3) to be 31.5�.

5.2. The critical state line

It was found that the interpreted position of the critical state
line (CSL) varied slightly between the different types of tests, as
indicated in Fig. 4. However, as is often the case with triaxial tests
on sand, particularly for dense samples, interpretation of the end
point of each test (critical state) is problematic because localised
mple and deformed shape after testing.
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deformations (shear bands) can occur, i.e., homogeneous deforma-
tion is not always achieved. The chosen CSL was based on the con-
stant volume tests as it gave lower positive values of ð/0max � /0cv Þ at
a state parameter near zero than either of the other two alterna-
tives. Theoretically /0max must equal ð/0cv Þ at critical state, i.e., when
the state parameter is zero. The critical state line was defined by
values of C of 1.07 and k of 0.055. Material constant, A, was found
to be 0.98 (refer Fig. 5 and Eq. (4)).

5.3. Dilation of the sand

Bolton [4] recommended that dilation, expressed as the rate of
change of total volumetric strain to change in total axial strain,
could be estimated by �0.3IR, where IR is a dilation index. The rec-
ommendation was found to be appropriate for this sand, provided
the dilation index, IR, was expressed in terms of the density index
of the sand, ID, as follows:

IR ¼ IDðQ � lnp0Þ � 1 ¼ IDð9� lnp0Þ � 1 ð12Þ

Bolton’s dilatancy index was formulated originally with a value
of Q of 10. However, he had anticipated that lower values of Q
might be appropriate for more angular sands.
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It was found from the triaxial data that the dilation index was
directly proportional to the state parameter:

IR ¼ �10:7n ð13Þ

Bolton recommended that the effective strength difference
(ð/0max � /0cv Þ in degrees could be approximated by 5IR for plane
strain conditions and 3IR for triaxial conditions. For this sand, Bol-
ton’s equation for plane strain proved to be a reasonable approxi-
mation to the triaxial compression data. Indeed better estimates
were possible with a slightly higher multiplier of 5.6 on the dila-
tion index.

Bolton also recommended that the effective strength difference
for plane strain could be approximated by 0.8w. This relationship
has been applied to triaxial conditions by numerous researchers.
Using Eq. (6), the maximum dilation angle for triaxial conditions,
Wmax, was derived from the triaxial data and compared with
ð/0max � /0cv Þ. These data have been plotted in Fig. 6. Three of the
five ‘‘constant volume” tests have been included in this plot as
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the cell deformation correction had been programed incorrectly,
allowing some dilation during testing. The legend in Fig. 6 high-
lights these tests as imperfect ‘‘constant volume” tests.

Bolton’s linear relationship has been plotted in Fig. 6 and
although the line passes through the data, a poor correlation was
evident. Although the line of best fit for the data had a gradient
of almost 0.8 (0.79), the correlation coefficient was just 0.14.

Stronger correlations were found for linear relationships be-
tween the estimated maximum dilation angle and both IR and n
(with correlation coefficients of 0.80 and 0.85, respectively). The
plot of dilation angle against state parameter is provided in
Fig. 7. The two relationships were:

wmax ¼ 7:09IR degrees ð14Þ
wmax ¼ �75:2n degrees ð15Þ

Eq. (15) is attractive in its simplicity, and suggests that state
parameter and the flow rule may provide the basis of a powerful
model for the stress-deformation behaviour of sand. This issue
probably requires further investigation but is not pursued further
in this paper.

6. Parameter values

The critical state friction angle, /0cv , CSL and material constant, A
(Eq. (4)) were presented in the previous section, thus accounting
for four of the twelve material constants required by the model.
The remaining model constants were determined by curve fitting
the stress–strain and dilational behaviour of the sand as revealed
from the triaxial testing. No systematic method of curve fitting
was pursued in this study – the so-called ‘‘best fit” predictions of
the experimental data were determined merely by inspection. A
single element model was developed in a spreadsheet and subse-
quently the model predictions were compared with the triaxial test
results to evaluate the remaining soil material constants.

6.1. Comparison between model predictions and test data

The selection of model parameters was based on the degree of
fit of the model output to the variation of both stress ratio (q/p0)
and volumetric strain, with axial strain. Chosen values of the mate-
rial constants are provided in Table 1. The comparisons of the tri-
axial test data with the model employing these material
constants are provided in Figs. 8–10, for the three sets of triaxial
data. The initial density index of the sand is indicated on each plot.

The comparisons provided in the stress–strain and volumetric
strain–axial strain plots are remarkably good for the majority of
tests, although the predicted transition from elastic to elasto-plas-
tic behaviour was relatively abrupt, and the peak stress therefore
tended to be overestimated. It is worth noting that the pressure
and density dependent behaviour of this sand has been captured
well over the ranges investigated (mean stress from approximately
50–800 kPa and density index from 30% to 80%) using only a single
set of model parameters. This observation reinforces the potential
of the model, which is based on pressure-dependent, non-linear
elasticity and the state parameter concept.

7. Finite element modelling

The state parameter model was implemented in finite element
program, AFENA [13]. In order to validate the implementation, sin-
Table 1
Values of material constants from the single element model.

k C A /c (�) Ds nk Cg eg ng f g rg

0.055 1.07 0.98 31.5 200 0.5 300 2.3 0.5 0.99 0.2 0.03
gle finite element analyses of the conventional triaxial tests were
performed, and the predictions were compared with the single ele-
ment results from the spreadsheet. Axi-symmetric analyses were
conducted with a single eight-noded quadrilateral element, having
nine Gauss points, representing a quarter of the triaxial specimen.
Appropriate boundary conditions were applied to the finite ele-
ment model.

Good comparisons were obtained between the test data, the
single element method and the AFENA finite element analyses
(FEA). It is worth noting that singularities at the triaxial stress con-
dition and subsequent difficulties with stress integration in the fi-
nite element analyses can occur at low mean stresses and at the
sharp corners of the Mohr–Coulomb failure envelope in the p plane
of stress space. In order to avoid these difficulties, the apex of the
Mohr–Coulomb line was approximated with a hyperbola and the
corners were rounded using circular arcs, in accordance with [14].

7.1. Application to plate loading tests

The stiffness of the compacted dry sand was evaluated by two
simple, plate loading tests on the surface of the sand, while the
sand was contained within a cylindrical steel drum. The diameter
of the loading plate was 270 mm. The steel drum was 1.15 m
high and had an internal diameter of 565 mm. The density index
of the soil was 75% on average, found by weighing the sand in
the drum.

The soil was modelled with 440, 15-noded triangular elements,
each element having 12 Gauss points. The axi-symmetric mesh is
depicted in Fig. 11. Boundary conditions are illustrated for a mesh
with an interface joint between the sand and the steel drum. The
joint was removed and the appropriate boundary displacement
conditions were applied, when either perfectly rough or perfectly
smooth conditions were adopted at the sidewall. For the smooth
wall case, vertical fixity was required along the base, while hori-
zontal displacements were constrained at either side boundary.
For the perfectly rough wall model, the vertical displacement
was also constrained along the outer surface.

Prior to applying load to the plate, an arbitrary average initial
stress state was applied throughout the soil mass, consisting of
10 kPa, vertically and 4 kPa, horizontally. A non-zero initial stress
state was necessary to initiate the analysis because of the stress-
dependence of the material behaviour. The assumed small initial
stresses should have had minimal effect on the predictions, since
the stress field in the soil soon becomes dominated by the applied
surface loading.

Loading through the rigid plate was simulated by enforced
incremental displacements of the 21 surface nodes over the radius
of the plate. The load on the plate at a particular displacement was
determined by summation of the reactions at these same nodes.
The displacement increments were typically 0.005 mm. These
small size steps were found necessary to provide reasonable
numerical stability of the finite element analyses.

The joint at the sidewall was a Goodman type, elasto-plastic
interface element, which required elastic shear stiffness, a normal
stiffness, and an effective angle of interface friction. The joint inter-
face was assumed to be non-cohesive and non-dilatant. A series of
direct shear box tests of an interface were conducted to provide
joint parameters. Subsequently, the values adopted for the joint
stiffness were 1.0 � 104 kPa/m for the shear stiffness and
1.0 � 107 kPa/m for the normal stiffness. The joint strength was de-
fined by an angle of friction of 25�.

7.2. Soil variables

A series of Mohr–Coulomb analyses was first attempted, which
did not include the state parameter concept. A wide range of
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Fig. 8. Comparison of single element model and test data – conventional triaxial tests.
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effective friction angles and angles of dilation were trialed, in an at-
tempt to match the experimental data. The sidewall boundary was
treated as either perfectly smooth or perfectly rough.

For the state parameter FEA runs, the soil density index was as-
sumed to be 50%, 75% or 85%. Density indices were converted to
initial void ratios on the basis of the maximum and minimum void
ratios for the sand. In this series of analyses, usually a joint was
incorporated at the sidewall.

7.3. FEA results

Upon review of the results of the Mohr–Coulomb analyses, it
was found that as the strength and dilation of the sand were in-
creased, the stiffness of the soil to the surface loading also in-
creased. A rough wall condition gave a significantly stiffer footing
response than the comparable smooth wall case. Nonetheless,
the experimental data could not be matched, even after unrealisti-
cally adopting a peak effective friction angle of 50� and a dilation
angle equal to the friction angle. The initial stiffness predicted by
the Mohr–Coulomb model was substantially less than that of the
sand as revealed in the plate load tests. Up to a plate deflection
of 1 mm, the predicted stiffness was approximately 30% of the stiff-
ness derived from the test.

The state parameter model was considerably more successful at
predicting the stiffness of the plate-soil system. The load–deflec-
tion plots for the three assumed initial density indices are provided
in Fig. 12. In all these analyses, an interface joint was incorporated
along the sidewall. Very few analyses achieved the target plate dis-
placement of 10 mm. Some finite element analyses ended prema-
turely after the development of tension in Gauss points near the
singularity at the edge of the loading plate and close to the soil
surface.
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Fig. 9. Comparison of single element model and test data – constant mean stress tests.
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It is apparent that a sand density index, ID, of 85% brought the
finite element analysis in line with the experimental data. As the
density index decreased, the modelled sand response was less stiff.
The density index determines the soil’s initial void ratio and, with
the effective mean stress, determines the state parameter, which
impacts directly on the peak friction angle and dilation of the soil,
as well as the soil stiffness.

The influence of the frictional resistance at the side-wall on the
soil response was then examined by running finite element analy-
ses with a sand ID of 85% and with either perfectly rough, or
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Fig. 10. Comparison of single element model and test data – constant volume tests.

Fig. 11. The mesh for FE analysis of the plate loading test (scale in metres).
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Fig. 12. State parameter finite element analysis outputs with Goodman joint at
sidewall and variable initial soil density index.
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perfectly smooth, walls. It was observed that the jointed wall mod-
el resulted in a load–deflection curve that was slightly less stiff
than the response of the rough wall analysis. In contrast the output
from the smooth wall case indicated significantly less initial stiff-
ness, approximately 30% less up to a plate displacement of 2 mm.

Output from the most successful FEA (soil ID = 85% and a Good-
man joint included) at a plate displacement of 4 mm is provided in
Figs. 13 and 14. Fig. 13 provides contours of the vertical deflections
of the sand. Very little deformation was evident in the lower half of
the mesh. While the plate had pushed down the underlying sand
surface uniformly by 4 mm, the adjacent sand surface had settled
only by 1 mm. Fig. 14 indicates the locations of plastic Gauss
points. Yield had extended beside the edge of the plate to a depth
of 0.4D, approximately, where D is the plate diameter. All surface
elements outside the loaded area had yielded as well as the ele-
ments along the sidewall within a depth of 0.1D. Yield in this zone
was anticipated as the stress levels are low near a free surface.



Fig. 13. Vertical deformations (in metres) of the sand under plate loading from FEA
analysis (plate displacement of 4 mm).

Fig. 14. Yield locations within the top of the mesh (plate displacement of 4 mm).
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8. Summary and findings

The major findings of the triaxial testing program were;

(a) The critical state shear strength parameter for the sand, /0cv ,
was estimated to be 31.5�.

(b) The position of the critical state line in e � lnp0 space varied
slightly between the different types of tests, with the con-
stant volume tests providing a ‘‘higher” CSL, defined by val-
ues of C of 1.07 and k of 0.055.
(c) The material constant A [3] required to define the relation-
ship between ð/0 � /0cv Þ and state parameter, n, was deter-
mined to be 0.98.

(d) Bolton’s dilatancy index [4] was formulated with Q
being equal to 9, rather than 10, for the angular sand in this
study.

(e) Bolton’s dilatancy index [4] was found to be directly propor-
tional to the negative of the state parameter, i.e., IR = �10.7 n.

(f) The recommendation of ð/0max � /0cv Þ ¼ 3IR for a triaxial
stress state [4] was found to greatly underestimate the dif-
ference in shear strength angles for this sand. Interestingly,
Bolton’s equation for plane strain ð/0max � /0cv Þ ¼ 5IR was a
better approximation to the triaxial compression data.

(g) The flow rule for triaxial conditions, when applied to the
experimental data, yielded estimates of dilation angle (wmax)
which were found to correlate well against both Bolton’s
dilation index and state parameter. The state parameter cor-
relation was found to be slightly stronger. The dilation angle
in degrees can be approximated by multiplying n by a factor
of �75.

From a review of the soil behaviour, an elasto-plastic, isotropic
model incorporating the state parameter concept has been devel-
oped. Yield was defined by the Mohr–Coulomb criteria. Deforma-
tions during yielding are based on a non-associated flow rule
defined by Bolton’s findings and the state parameter concept.

The application of a spreadsheet for single element modelling of
triaxial test data was shown to be valuable for developing soil con-
stitutive models and evaluating material constants. The single ele-
ment model incorporated non-linear elasticity with the shear and
bulk modulus not directly linked. The non-linearity requires eight
material constants. A set of material constants was established,
which adequately modelled the majority of the triaxial tests on
the sand. Subsequently the model was incorporated into finite ele-
ment program AFENA. The single element analyses of the conven-
tional triaxial tests were found to compare favourably with the
finite element predictions of the same tests, thus validating both
implementations of the model.

The state parameter model was then applied to the numerical
modelling of a plate loading test in the sand, confined within a
drum. This geotechnical problem is difficult to model because
of the stress singularity at the edge of the rigid loading plate
and the likelihood of tension and plastic yielding near the un-
loaded soil surface. It was observed that the state parameter
model was superior to the simpler Mohr–Coulomb model, in
which a constant effective angle of friction and angle of dilation
are assumed. The state parameter model constantly updates val-
ues of both dilation and angle of friction based on the current
effective stress and void ratio of the soil, i.e., based on the value
of the state parameter.

The implementation of an interface joint along the sidewall im-
proved the modelling of the plate load test with the state parame-
ter, when compared with the assumption of a perfectly rough
sidewall condition. In contrast, a perfectly smooth wall was found
unable to represent the test data adequately.

The average density index of the soil in the plate loading tests
was estimated to be 75%, however a density index of 85% was re-
quired in the finite element analyses to achieve the best match
with the load–deflection test data. It could be concluded that the
average density index was underestimated or the proposed soil
model may need further improvement.
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