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For the solution of soil-structure interaction problems in geotechnical engineering, the
magnitude of the load transferred at the interface and the corresponding displacements
have to be known. Based on observations made in laboratory tests, the interface is defined
as a thin layer of soil next to the surface of the structural member. The soil behaviour in
the interface layer can be significantly different from the behaviour of soil in the soil mass

due to the influence of the surface roughness of the structural member.

The development of a mathematical model for the mechanical behaviour of soil-structure
interfaces requires a full knowledge of both the stress and strain states within the
laboratory soil samples. It is difficult, however, to measure all components of stresses and
strains experimentally everywhere in a sample. Considering the stresses, only the average
values of the normal stress and shear stress acting on the contact surface are determined
from the measured normal and tangential forces. In the direct shear interface tests, the
tangential displacement of the interface plate and the displacement in the direction
perpendicular to the top of the soil sample are measured. It is also possible to measure the
amount of slip between the interface plate and soil sample if a simple shear type of

apparatus is used in the experiments.

The main objective of the present investigation is to determine stresses and strains
numerically in both the direct shear type and simple shear type of interface tests. The
finite element method of analysis is used for this purpose. A commercial finite element

program, Plaxis, is employed in the calculations.
An experimental program is carried out for two reasons: (1) to provide input data for the

soil model used in the finite element analysis and (2) to assess the reliability of the

numerical results given by Plaxis.
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Triaxial tests were performed to determine the input parameters for the Hardening-Soil
model used in the numerical analyses. The experiments on sand-concrete interface were
carried out using the Cyclic Three-dimensional Interface (C3DI) apparatus. The results
showed that the ratio of the interface friction angle to the soil friction angle is

approximately 0.84.

The numerical analyses of interface tests, using the Hardening-Soil model in Plaxis,
showed that for a specified normal stress and shear stress acting on the interface the
calculated and measured tangential displacements do not agree. When the compression or
dilation of the soil sample is considered, in the direction perpendicular to the interface, the
calculated and measured values also become significantly different from each other.
Furthermore, it was found that the state of stress and strain in the soil samples are not
uniform. The stress paths followed in the simple shear interface tests are different than the
stress paths in simple shear tests used for characterizing the stress strain behaviour of soils.
Finally, it was observed that the principal stress axes rotate substantially during the

application of the tangential displacement in both the direct shear and simple shear

interface tests.
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1.1  General

In many geotechnical engineering problems soils interact with structural materials. These
types of problems are known as soil-structure interaction problems. A few examples are
pile foundations, sheet pile walls, anchors, soil nails, retaining walls, tunnels, and
pipelines. The contact zone between the soil and the structure is named the interface. It is
a thin layer of soil ranging between 4 to 10 times the average particle size of the soil in

which a shear band forms.

The soil behaviour in the interface layer is different than that of the soil mass. The soil
behaviour in the interface layer is influenced by the surface roughness of the structural
member as well as the difference in mechanical properties of the soil and the structural
material. Previous studies show that, in general, the factors influencing the behaviour of
the interface include the soil type and grain size distribution, relative density of soil,
moisture content of soil, drainage conditions, magnitude of normal stress, and boundary
conditions in the direction normal to the interface. Furthermore, sliding and debonding
may occur at the interface, which in turn influences the stress-deformation behaviour of the

interface.

The interface is characterized by its shear strength parameters and stress-displacement
relations. Shear strength parameters, as illustrated in Figure 1.1, include adhesion, ¢,, and
friction angle between the soil and the structural material, 8. These parameters are
normally required for stability analysis of practical engineering problems. However, for an
elaborate analysis of soil-structure systems, the stress-displacement relations of interfaces
are to be known. In order to achieve this objective, many interface testing devices have

been used to obtain the strength parameters (Potyondy, 1661; Brummund and Leonards,



1973; etc) and stress-displacement relations (Desai et al., 1985; Boulon and Plytas, 1986;
Yoshimi and Kishida, 1981; Fakharian and Evgin, 1996). However, the research on
interface behaviour (Uesugi and Kishida, 1986; Evgin et al., 2003) shows that additional
experimental and numerical investigations are required. Li (2001) used a simple shear type
soil container in his interface tests to study the development of the interface layer. The
components of the horizontal displacement were idealized schematically as shown in
Figure 1.2. The total tangential displacement consisted of the displacement due to the
deformation of the sand mass, &;, the displacement due to the deformation of the sand in
the interface layer, &, and the sliding displacement, &; (the relative displacement between

the steel plate and the bottom aluminium plate).

In order to solve soil-structure interaction problems, it is important to accurately model the
interface behaviour. Several interface models have been developed (Desai et al., 1985;
Ghaboussi et al., 1973; Desai and Rigby, 1995; Boulon et al., 1995), however, there are
still uncertainties about the interface behaviour and reliability of existing constitutive

models needs to be improved.

1.2  Statement of the problem

Four parameters are normally measured during an interface test, the normal stress, G, the
shear stress, 1, the volume change or normal displacement, v, and the shear or tangential
displacement, u. For the common case of constant normal stress, shear stress and normal
displacement variations are usually plotted against tangential displacements. These values

measured in conventional interface tests are not sufficient for progress in interface studies.

To develop a realistic mathematical model for interfaces, which predicts the strain
increments for the given stress increments or vice versa, the knowledge of the stress and
strain states in a soil sample at all stages of an experiment is required. However, the
existing experimental interface testing methods only provide information on the average
normal stress and the average shear stress acting on the contact surface. There are no

means to-date to determine the magnitude of the normal stress, Gy, acting on the plane



perpendicular to the interface surface. Neither the distribution of normal stresses nor the
components of strains are measured. Therefore, numerical analysis is necessary to obtain

this information.

1.3  Objectives of the research

The objectives of this research are:
e To characterize the interface behaviour by determining the states of stress and
strain in the laboratory experiments using the finite element method of analysis.

e To validate the finite element results by comparing the experimental data with

finite element predictions.

14  Scope of the work

First, a literature survey was done to review commonly used constitutive models for soils.
The reason for this review is that the constitutive models for interfaces are developed by
modifying the models for soils. Second, a series of consolidated drained triaxial tests were
performed on medium size quartz sand under three different confining pressures. The
experimental results were used to obtain the soil properties and the parameters of the
Hardening-Soil model. Third, a series of direct shear interface tests were conducted on a
sand-concrete interface using the interface apparatus, C3DI (Fakharian and Evgin, 1996).
The relationships between the average values of shear stress, normal stress, vertical
displacement, and tangential displacement were determined. Fourth, various finite element
analyses were performed with the finite element code, Plaxis, using the soil properties and
model parameters determined experimentally. The finite element predictions of the states
of stress and strain, Mohr circles and stress paths were determined in order to characterize
the interface behaviour. The reliability of the finite element results was evaluated by
comparing the average values of stress and displacements determined experimentally and

numerically.



1.5 Qutline of the thesis

Chapter 2 presents a literature review of existing constitutive soil models most commonly
used in geotechnical practise and the basis on which they are formulated. The Hardening-

Soil model is described in detail, which is the soil model used in this study.

Chapter 3 outlines the capabilities of the finite element code Plaxis for the analysis of
geomechanics problems. The features are reviewed with emphasis on the interface

element.

Chapter 4 presents the experimental triaxial test results. The input parameters for the
Hardening-Soil model are then determined from the stress-strain curves. A comparison

between the experimental results and the model predictions is made for further analysis.

Chapter 5 explains the C3DI interface testing device used in this study, the materials used
for the tests such as sand and concrete, and the testing procedure. The test results are then

presented and discussed.

Chapter 6 presents the results of two-dimensional finite element analyses of three direct
shear interface tests and a simple shear interface test. The model predictions of shear stress
versus tangential displacement and normal displacement versus tangential displacement are
compared to experimental observations. The mean stress, relative shear stress, total
volumetric strain, and normal and shear stresses along the interface are presented and

discussed.

Chapter 7 presents the numerical analyses results for the states of stress and strain in a
direct shear interface test and a simple shear interface test. The Mohr circles and stress
paths, for various stages during the test simulations, are illustrated and discussed.

Furthermore, the changes taking place in the orientation of principal stresses are presented.

Chapter 8 summarizes and concludes this study. Recommendations for future research are

also presented.
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2.1 Introduction

Constitutive models describe the soil behaviour. Mathematical equations are used to relate
the stress, O, strain, €, and time. The most frequently used soil models can be categorized
into elastic models and plastic models. Furthermore, the soil behaviour is idealized by

these models using linear and/or non-linear curves.

The elastic soil model allows for the soil body to return to its original state of deformation
when all the stress increments are reduced to zero as illustrated in Figure 2.1. The model is

represented by either a linear, multi-linear or hyperbolic curve.

The plastic soil models assume that there exists a loading value which if exceeded, the soil
will not return to its original undeformed shape when unloaded as shown in Figure 2.2.
This stress point is called the yield point. The recovered and non-recovered strain
components of the total strain are called elastic strain and plastic strain, respectively. The

general types of plastic models are rigid or elastic, perfectly plastic and elasto-plastic.

In this chapter, various existing soil models will be summarized. The Hardening-Soil

model will be described in detail since it will be further used in this study.

2.2 Linear elastic model

The stress-strain relation of this model is linear as shown in Figure 2.1. The only two soil
parameters required to model the o-¢ relation are Young’s modulus, E, and Poisson’s ratio,
v. Hooke’s Law is a well-known linear elastic model with the following simple relations

for plane strain problems:
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In the analysis of geotechnical problems, the linear elastic model is used for structural

members made of steel and concrete.

2.3 Multi-linear elastic model

The multi-linear elastic model uses the same relation as the linear elastic model, however,
once certain stress levels, oy, are reached, Young’s modulus and Poisson’s ratios change to

different values as seen in Figure 2.3.

2.4 Hyperbolic model

The non-linearity of stress-strain response of soils is modelled by using a tangent modulus,
E; that reduces with increasing deviator stress. The most widely used hyperbolic model is

by Duncan and Chang (1970) based on the hyperbolic function by Kondner (1963).

(Ul - 03) = (2.2)

where: (61-03) is the deviator stress
o, is the major principal stress
o3 is the minor principal stress

a and b are constants

Constants a and b define the shape of the stress-strain curve as shown in Figure 2.4 and are

obtained as illustrated in Figure 2.5 where:



“=z (2.3)
and
R,
[ S 2.4)
(6~03), (o1-0),
where: E; is the initial tangent modulus

{C1-03)ur is the ultimate deviator stress

(61-G3)¢ is the maximum deviator stress determined from experiment

R is the failure ratio determined from Eq. 2.4

The value of Ry is always smaller than or equal to one. Values between 0.7 and 1.0 are
conventionally applied to soils. However, values as low as 0.5 have also been determined

from experimental data.

If constants a and b in Egs. 2.3 and 2.4, respectively, are substituted in Eq. 2.2, we obtain:

£
R, |
E, (01 —03)fJ

i

(2.5)

(51 "'(73)=
{1

Experiments show that the initial tangent modulus is a function of the confining stress, G3
in the case of triaxial testing. Eq. 2.6 is one of the forms relating the initial tangent

modulus to the confining stress (Duncan and Chang, 1970).

_ w93
E;=Kp (;;7} 2.6)

where: pIEf is the reference stress
K is the modulus number

n is the modulus exponent



In most cases, the atmospheric pressure is used for the reference stress, p™ .

Using the Mohr-Coulomb failure criterion, the deviator stress at failure can be determined

using the following equation.

_ 2ccos¢+20,8ing
1-sing

(Ul -0 )f 2.1

where: ¢ is the cohesion intercept

¢ is the angle of friction

For triaxial tests, Duncan and Chang (1970) assumed that the minor principal stress, 03, is

constant , and therefore, the tangent modulus, E,, can be expressed as:

E = 99, (2.8)
og,

By performing the differentiation of Eq. 2.8 for Eq. 2.5, the tangent modulus, E;, becomes:

1
E,
E,= — 2.9)
1 &R, |
____;________'
Ei (01 - 03 )f_[
If the expression of strain given in Eq. 2.5 is substituted in the above equation, the

following expression is obtained.
2
Et = I-MRf Ei (2.10)
(01 —0; ) 7

Substituting Egs. 2.6 and 2.7 into 2.10 gives the following key relation of the hyperbolic

model, where the tangent modulus corresponds to the stress state of the soil at that instant.
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Once the tangent elastic modulus is determined from Eq. 2.11, the stress-strain relation is

written in the following incremental form, for a constant Poisson’s ratio:

Ao, ] 1-v v 0 |[ae, ]
I-v 0 Ag,

0 %—VJ Any_f

(2.12)

3

A% = Toa
az)| d-2v)(1+v)

This model has proven incapable of adequately predicting soil response at high stress
levels. Furthermore, it does not model the effects of intermediate principal stresses, the

volume increase due to shear stress, nor the strain softening.

2.5 Rigid or elastic, perfectly plastic model

The simplest form of plastic modelling is the rigid, perfectly plastic model, where there are
no elastic strains and no change to a fixed yield surface. Before the soil reaches the yield
point, there is no deformation as illustrated in Figure 2.6. Beyond the yield point, only
plastic deformations occur. This model oversimplifies the real behaviour of soil, however,

it has been used to estimate the bearing capacity of the soil.

The elastic, perfectly plastic model is similar to a rigid, perfectly plastic model, however, it
allows for elastic strains to develop until the yield point is reached. The model is not
adequate for granular soils in which non-recoverable strains, work hardening, and after-

peak softening are common.

10



2.5.1 Mohr-Coulomb model

The Mohr-Coulomb model is an elastic, perfectly plastic model useful to model simple
problems or problems with very limited information about the characteristics of a soil.
However, it does not represent the behaviour of the soil at different states of stress very
well. Only five parameters are required for this model including cohesion, friction angle,
Young’s modulus, Poisson’s ratio, and dilatancy angle. Figure 2.7 shows typical test

results modeiled by the Mohr-Coulomb model.

2.6 Elasto-plastic models

Elasto-plastic models presume that elastic strains develop before the yield stress and past
the yield stress, plastic strains occur. There are three types of elasto-plastic models:
(1) perfectly plastic, (2) strain hardening, and (3) strain softening as illustrated in Figure
2.8. The relation between stress and strain is based on their incremental components.
Furthermore, the relations are established on the basis of the following concepts: yield and

failure criteria, flow rule and hardening law or hardening-softening law.

Yield and failure criteria

The yield criterion, f, is usually a function of stresses. In stress space, f represents a
surface. When the state of stress remains inside the yield surface during a stress change,
only elastic strains develop. If the yield surface expands during the stress change, both

elastic and plastic strains occur.

The failure criterion, F, is also a function of stresses. Failure occurs when F=k, and the
plastic deformation becomes unlimited. k, is based on soil properties. The failure

function, representing the failure surface in stress space, limits the yield surface.

Flow rule

The direction of the elastic strain increments is in the same direction as the stress

increments. The direction of the plastic strain increments, however, does not necessarily

i1



coincide with the direction of the stress increments. As a result, a flow rule is proposed to
determine the direction of plastic strain increments. In other words, the relative magnitude

of the components of plastic strain increments is determined by the flow rule.

A plastic potential function, g, defines a plastic potential surface in stress space. The
direction of the plastic strain increment is normal to this surface. The relative magnitude
of the components of a plastic strain increment is calculated from the following equation

(i.c. the flow rule}):

og
de;’ = B :

o0

)

(2.13)

where: B is a plastic multiplier based on a hardening law

For pure elastic behaviour B is zero, whereas for plastic behaviour, B is a positive number.

A model has either an associated or non-associated flow rule. The associated flow rule
implies that the plastic potential function, g, is equal to the yield function, f However, the
yield function of some models leads to an over-prediction of dilatancy. In order to
improve predictions, various models have been developed with non-associated flow rules,

where the plastic potential function is different from the yield function.

Work-hardening law

In most soil models, the yield surface expands from its initial posotion until it meets the
failure surface. The expansion of the yield surface is assumed to be related to the amount
of plastic work done during loading. The value of B in Eqg. 2.13 is determined from the
mathernatical relation between the yield function and the plastic work (Lade, 1977). The
work-hardening law determines the magnitude of plastic strain increments. Hardening
signifies that after unloading and reloading, the soil would yield at a higher stress level

than the previous yield stress level.

12



Prager (1959) proposed two ways to describe the yield surface evolution: isotropic and
kinematic hardening. The isotropic hardening rule allows for 2 uniform expansion of the
yield surface from the hydrostatic axis as shown in Figure 2.9. The kinematic hardening
rule implies a translation of the yield surface with a stress point when this point increases
beyond the current yield surface as illustrated in Figure 2.10. The isotropic models apply
mainly to monotonic loading while for cyclic loading, the kinematic hardening rule is more

appropriate.

2.6.1 Hardening-Soil model

The Hardening-Soil model is an advanced soil model using an non-associated flow rule,
taking into account isotropic hardening behaviour of soils, including soil dilatancy, and
introducing a yield cap. It is developed by Schanz and described by Plaxis (1998). It
accounts for shear hardening and compression hardening. Shear hardening is used to
model non-recoverable strains due to primary deviatoric loading. Compression hardening
is used to model non-recoverable plastic strains due to primary compression in oedometer

loading and isotropic loading.

The Hardening-Soil model can simulate the behaviour of both soft soils and stiff soils.

The basic characteristics of the model are:

e Stress dependent stiffness according to a power law
e Plastic straining due to primary deviatoric loading
e Plastic straining due to primary compression

e FElastic unloading/reloading condition

e  Mohr-Coulomb failure criterion
The main disadvantages of this model is that it does not account for softening due to soil

dilatancy, as is the case for dense sands after the peak stress level is reached. Furthermore,

since it is an isotropic hardening model, it does not model cyclic loading

13



Hyperbolic relationship for standard drained iriaxial test results

The Hardening-Soil model uses a hyperbolic relationship between the vertical strain, €,
and the deviatoric stress, (0;-03), in primary triaxial loading as shown in Figure 2.11.

Compression is negative. The stress-strain curves are described by:

- 1 (0-1"0'3)
2E, 1"(0'1 "0'3)/(0'1 ”63)3

& for (01-03)< (01-03)¢ (2.14)

where: (01-03), is the asymptotic value of the shear strength = (G1-03)¢Rs
R is the failure ratio

(01-G3)s is the ultimate deviatoric stress, derived from the Mohr-Coulomb

failure criterion, and is given by the following equation:

2sing

(2.15)
1—-sing

(6, -0;), =(ccotp-o,)

Eso 1s the confining stress dependent modulus for primary loading and is given

by the equation:

(2.16)

wf| CCOLP—0O }
E50=E50f(__"""3_)

ceotg+p™

Eso™ is a reference modulus corresponding to a reference confining pressure

ref

p

m is the exponent for stress level dependent moduli

For unloading and reloading conditions, the stress-dependent modulus is:

E =E ref CCOt¢—O-3 ¥ (217)
T Accotg+ p™
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where:

Eu™ is the reference Young’s modulus for unloading and reloading, given by:

E SN =3p7(1-2v ) x*

K*=K/(1+e,)
¥ is the swelling index
£, 18 the initial void ratio

Vyr 18 the Poisson’s ratio for unloading and reloading

Approximations for triaxial test conditions

(2.18)

The yield function considering plastic strains, for drained triaxial loading conditions with

0,’=03" and ©;’ being the major compressive stress, is:

where:

F=r-7
}; is a function of stress as follows:

?: 1 (0'1"03) 2(61_03)

Es 1—(0'1_03)/(0'1"0'3)0 E

ur

v? is a function of plastic strains as follows:

Y =—(2¢f —¢€))

g/ is the plastic vertical strain

£7 is the plastic volumetric strain

(2.19)

(2.20)

2.21)
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For stiff soils, plastic volume changes tend to be relatively small (Plaxis, 1998). Thus, Eq.

2.21 can be approximated by:

yP =287 (2.22)

When considering the primary loading of a standard drained triaxial test, the yield
condition f =0 applies, thus, resulting 47 = 7 . Substituting Eqgs. 2.20 and 2.21 into this

relation gives:

817 ~ _1_? - 1 (Ul - 03) - (Ul - 0‘3) (2.23)
1 2 2E, 1-—(61—-0'3)/(0’1—0'3)0 E

ur

In addition to the plastic strains, the model accounts for elastic strains, which are given by

the following equations:

(0, -0) o, -0
—5;='—1E'.::'3— 85:8;_____‘/”( IE 4)

ur

(2.24)

For the deviatoric loading stage of the triaxial test, the axial strain is the sum of an elastic
component given by Eq. 2.24 and a plastic component according to Eq. 2.23. Therefore, it

follows that:

- 1 (61"03)
2E 1"(61 “03)/(01 “0'3),,

g =gt g (2.25)

Equation 2.25 matches the hyperbolic Eq. 2.14. It is thus made clear that the Hardening-

Soil model yields a hyperbolic stress-strain curve under triaxial testing conditions.

16



Plastic volumetric strain for triaxial states of stress

The plastic volumetric strain, &7, is related to the plastic shear strain, §”, as expressed by

the following equation. The relationship is based on the dilatancy angle of the soil.

& =siny, 7” (2.26)

where: W 18 the mobilized dilatancy angle given by:

sing, —sing,,

sinly, = 227
V=1 sin ¢, sing, (2:27)
Ocv is the critical state friction angle
O is the mobilized friction angle given by:
o, -0
sin @, = 1 3 (2.28)

O, +0, —2ccot ¢

The above equations are based on the stress-dilatancy theory by Rowe (1962). The theory
states that a material contracts for small stress ratios (0m<®cy) and dilates for high stress
ratios (dm>bev). At failure, the mobilized friction angle equals the friction angle, ¢, and Eq.

2.27 can be expressed by:

_ sing—siny

= - (2.27a)
I-singsiny

sin

Therefore, the critical state friction angle is found by the soil’s friction angle, ¢, and

dilatancy angle, .

17



Dilatancy cut-off

Following extensive shearing, materials reach a state of critical density where they can no
longer dilate. This phenomenon of soil behaviour is taken into consideration by the
Hardening-Soil model using a dilatancy cut-off option. The dilatancy cut-off occurs when
the volume change corresponds to a state of maximum void and hence, the mobilized
dilatancy angle, ¥, is automatically set to zero as shown in Figure 2.12. The relation

between the volumetric strain, €,, and the void ratio, e, is:

(e, —£")= ln( Lte ] (2.29)

l+e,,

where: &, is positive for dilatancy

Sinit 18 the in-situ void ratio of the soil body

The initial void ratio and the maximum void ratio of the soil are required parameters to

model the dilatancy cut-off behaviour.

Cap yield surface

The yield condition f =0 of Eq. 2.19, generates a shear yield surface for a given a

constant plastic shear strain, Y, Figure 2.13 illustrates yield loci for different constant
values of the plastic shear strain. However, these shear yield surfaces do not describe the
plastic volume strain that is measured in isotropic compression. Therefore, a second type
of yield surface is introduced to close the elastic region in the direction of the p-axis. Asa
result of this second cap yield surface, it becomes possible to formulate a model with
independent input of both the secant modulus in drained triaxial test, Esg"', and the tangent

modulus for oedometer loading, Eqed™

The triaxial modulus controls the shear yield
surface and the oedometer modulus controls the cap yield surface. Actually, Esg™ controls
the magnitude of the plastic strains that are associated with the shear yield surface, and
Eoed™ controls the magnitude of the plastic strains that originate from the cap yield surface.

The cap yield surface is defined by an equation similar to that of an ellipse as follows:

18
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[ =5+ p*-p! (a=c cotd) (2.30)

R

where: @ is a cap parameter that relates to K™
K™ is the coefficient of earth pressure at rest for normally consolidated soils
Pp is the isotropic pre-consolidation stress
p = -(G1+02+063)/3
g = 61+(8-1)0:-803
8 = (3+sind)/(3-sind)

The position of the cap yield surface is determined by the isotropic pre-consolidation
stress, pp. The hardening law relating the pre-consolidation stress to the volumetric cap

strain ,5° is as follows:

YT il g (2.31)
where: B is a cap parameter that relates to Eqq™ which is defined as:
E,,” = pIA (232)
AF=A(1+e,)

A is the compression index

The shape of the cap yield surface is an ellipse in the p-g plane as indicated in Figure
2.14. The symbol p, denotes the length of the ellipse on the p-axis and op, on the g -axis.

In other words, p, defines the magnitude and o the aspect ratio of the ellipse. The ellipse

is used as both a yield surface and as a plastic potential. Therefore:
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g = Qfé— with: A =l";( prff J Pf{:f (2.33)
og 2p\p p

Figure 2.14 shows the simple yield lines and Figure 2.15 shows the yield surfaces in the

principal stress space.

Parameters of the Hardening-Soil model

The failure parameters of the Hardening-Soil model are:

c: Cohesion
o: Friction angle

y: Dilatancy angle
The soil modulus parameters are:

Esg"’f: Secant modulus in standard drained triaxial test
Eoed™: Tangent modulus for primary oedometer loading

m: Power for stress-level dependency of moduli
Other parameters are:

Eu" Unloading/reloading modulus

vy  Poisson’s ratio for unloading/reloading

p™:  Reference stress for moduli

Ko Ko-value for normal consolidation given by 1-sin¢
Re Failure ratio (61-63)¢#/(01-63)a

Cinc:  Increase in cohesion with depth
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Cohesion and friction angle, ¢ and ¢

Cohesion and the angle of friction are the parameters of the Mohr-Coulomb failure
criterion. Mohr circles representing the failure conditions are plotted for all triaxial tests
performed. The cohesion is the intercept of the Mohr-Coulomb failure envelope, and tang

is the slope of the failure envelope as shown in Figure 2.16.

Alternatively, the test data can be plotted in the p-g coordinate system. In this case, the
Mohr circles are represented by their summits. At failure, (61-G3)s /2 and (61+63)¢/2 are
the values of q and p, respectively. The intercept of the line corresponding to failure in the
p-q plot (alternative line) is related to the cohesion, ¢, and the friction angle, ¢, is equal to

sin”'tanyy,.q, where W, is the angle between the alternative line with the horizontal axis.

Dilatancy angle,

Clay soils tend to show little dilatancy (y=0), with the exception of heavily over-
consolidated layers. On the other hand, the dilatancy of sand depends on both the density
and on the friction angle. For quartz sands, the order of magnitude is y=¢-30° (Plaxis,
1998). For ¢-values less than 30°, however, the angle of dilatancy is mostly zero. A small

negative value for y is only realistic for extremely loose sands.

Poisson’s ratio, v

By definition, for triaxial compression tests, Poisson’s ratio is the ratic between the change
in radial strain, Ag,, to the change in axial strain, Ag,, resulting from a change in axial stress

as:

y =25 (2.34)
Ae ’

a
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During conventional drained triaxial testing, axial and volumetric strains, €, and &,
respectively, are usually measured. Poisson’s ratio is expressed in terms of these measured
quantities. The change in volumetric strain is the sum of change in strain in all three

directions (%, y, and z). For triaxial condition, this is equivalent to:

Ag, = Ag, + 2A¢, (2.35)
or
Ae = Ag, ~Aeg, (2.36)
2
Therefore,
Y=o Ae, — Ag,
'—‘—““2 A (2.37)

a

Noting that during a triaxial test, Poisson’s ratio varies considerably. Furthermore, as
Poisson’s ratio also varies with confining stress, different values are expected for Poisson’s
ratio calculated from different tests. This makes selecting a single representative value for

the Poisson’s ratio difficult. A value between 0.2 and 0.4, however, is usually used for

drained conditions.

Moduli Esg™, E,ei® and m

The secant modulus in drained triaxial test, Esg™, is defined for a reference minor principal

stress of G3=p™.
There is no relation between the secant modulus in drained triaxial test, Eso, and tangent

modulus for primary oedometer loading, Eqeq. The tangent modulus for one-dimensional

compression is given by the following equation:
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| CCOLP—O 5
Eoed = Eoe{] rlf (238)
ccotg+p

Where:  Eoed™ is a tangent modulus at a vertical stress of -61’=p™ as in Figure 2.17

In order to simulate a logarithmic stress dependency, as observed for soft clays, m should
be taken equal to 1.0. According to Plaxis (1998), Janbu (1963) reports values of m around
0.5 for Norwegian sands and silts, whilst Von Soos (1980) reports various different values

in the range of 0.5<m<1.0.
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Theoretically-transformed curve of hyperbolic stress-strain curve
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Figure 2.7  Mohr-Coulomb model idealized form (Plaxis, 1998)
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Figure 2.8

v

Typical stress-strain curves of an elasto-plastic model (1) perfectly

plastic, (2) strain hardening, and (3) strain softening
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Figure 2.9  Isotropic hardening law

Figure 2.10 Kinematic hardening law
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Figure 2.15 Shear and cap yield surface of the Hardening-Soil model in principal stress
space (Plaxis, 1998)
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CHAPTER 3
PLAXIS: FINITE ELEMENT PROG
THE ANALYSIS ( VIECHANICS PROBLET

S

3.7 Introduction

Plaxis is a finite element program designed to analyze the deformation and stability in
geotechnical engineering projects. It can perform either plane strain or axisymmetric
analyses. A plane strain analysis is chosen when a structure has a uniform cross section
over a certain length. The displacements perpendicular to this cross section are assumed to
be zero. An axisymmetric analysis is used for circular structures with a uniform radial
cross section around the central axis, where the deformation and stress state are assumed to

be identical in any radial direction.

A selection of five models is available to simulate the behaviour of soil and other structural
materials depending on the degrees of accuracy required. They are the linear elastic
model, the Mohr-Coulomb model, the Hardening-Soil model, the Soft Soil model, and the
Soft Soil Creep model.

Plaxis is configured by four sub-programs: Input, Calculations, Output and Curves. The
Input program is a user-friendly graphical program which enables a quick generation of
complex finite element models. The Calculations program defines the construction stages
and performs the actual calculations. A detailed graphical presentation of the
computational results is then illustrated in the Output program. Finally, the Curves
program generates load-displacement curves, stress-strain diagrams and stress paths that

give an insight into the global and local behaviour of the soil.

A general description of Plaxis features is given below with emphasis on the features used

in this study.
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3.2 Constitutive models in Plaxis

3.2.1 Linear elastic model

The linear elastic model is based on Hooke's law of linear elasticity. It is primarily used to
model the behaviour of structural material rather than the soil behaviour. The simple
model involves only two elastic parameters, that are Young's modulus, E, and Poisson's

ratio, v.

3.2.2 Mohr-Coulomb model

This elastic-perfectly plastic model is used as a first approximation of the soil behaviour in
general. The computations of this model are very fast given that an average constant
modulus is used for the soil. The model involves five parameters, that is Young's modulus,

E, Poisson's ratio, v, the cohesion, ¢, the friction angle, ¢, and the dilatancy angle, .

3.2.3 Hardening-Soil model

The elasto-plastic model, considering hardening plasticity, is used to simulate the
behaviour of sands, gravel and overconsolidated clays. It accounts for stress-dependency
of moduli, where the moduli increase with pressure. The limiting states of stress are
described by the cohesion, ¢, the friction angle, ¢, and the dilatancy angle, y. The soil
modulus is described by the triaxial loading modulus, Eso, the unloading modulus, E,;, and

the oedometer loading modulus, Egeq.

3.2.4 Soft-Soil model

This is a Cam-Clay type model which can be used to simulate the behaviour of soft soils
like normally consolidated clays and peat. The model performs best in situations of

primary compression.

3.2.5 Soft-Soil creep model

This is a second order model formulated in the framework of viscoplasticity. The model

can be used to simulate the time-dependent behaviour of soft soils.
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3.3 Input program

The Input program is used to create a finite element model and specify the material
properties and boundary conditions. To set up a finite element model, a two-dimensional
“geometry model” composed of points, lines and other components must be drawn. The
generation of a finite element mesh is automatically performed by Plaxis based on the
input of the “geometry model”. The final part of the input comprises the generation of

water pressures and initial effective stresses to set the initial state.

3.3.1 Types of elements

There are two types of triangular elements available in Plaxis, the 6-node triangular
element and the 15-node triangular elements. The 15-node element is more accurate,
giving a smoother stress distribution in the soil, however, the calculation process is very
time-consuming. When numerous elements are required, the 6-node element is an efficient

selection.

3.3.2 Geometry

The generation of a finite element model starts with a geometry model, consisting of
points, lines and clusters, representing the problem of interest. Points and lines are entered
by the user, whereas clusters are generated by the program. Second, structural objects or

special conditions are assigned to the geometry model.

Wall and plates

A beam in Plaxis is a structural object used to model slender structures with a flexural
rigidity and a normal stiffness. Therefore, since the beam represents a real plate in the out-

of-plane direction, it is used to model walls and plates.

Beams are composed of beam elements with two degrees of freedom for displacement and
one for rotation. The input parameters required to describe the beam are the flexural

rigidity, EI, and the axial stiffness, EA.
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Geotextiles

Geotextiles are used to model soil reinforcement that has no compressive resistance The

normal stiffness is input as a parameter to calculate the tensile force in the material.

Node to node anchors

Node-to-node anchors are used to model a spring tie between two points. They are a two-
node elastic spring element that can undergo tension and compression. The input

parameter is a constant spring stiffness.

Fixed end anchors

Fixed-end anchors are similar to node-to-node anchors, except one end of the spring is

fixed.

Tunnels

Tunnels are used to represent circular and non-circular tunnels in the ground. It is built of

arcs having a radius and a radial angle increment.

Interface

Soil-structure interfaces are modelled in Plaxis by applying an interface geometry line.
The interface behaviour is modelled in Plaxis by an elasto-plastic model. The Mohr-
Coulomb failure criterion differentiates the elastic displacements from the plastic slip. The

interface exhibits elastic behaviour when the shear stress, 1, is:
7| <o, and+c, (3.1)
where: G, is the normal stress

& is the friction angle of the interface

¢, is the adhesion of the interface

The soil behaviour is plastic when both sides of Eq. 3.1 are equal.
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The friction angle, cohesion, and dilatancy angle of the interface are obtained from the soil

properties and a strength reduction factor, Ry, in the following manner.

Cu = Rmtcsoil (3'2)

and
tand =R, tang,, (3.3)
v; =0 for Rine < 1, otherwise Wi=Wsoil 3.4)

When the interface is elastic, relative displacements perpendicular to the interface and

parallel to the interface occur. The magnitudes of these displacements are:

ol #

Elastic normal displacement = — (3.5)
oed i
and
. . T,
Elastic distortion = z;— (3.6)
where: Eoed; is the one-dimensional compression modulus of the interface

G; is the shear modulus of the interface

t; is the virtual thickness of the interface

The shear and compression moduli are related by the expressions:

I-v,

E, . =2G,
1-2v,

oed i

G. =R G, <G v, =045 (3.7

s0i soil

The virtual thickness as stated by Plaxis (1998) is an imaginary dimension used to obtain
the material properties of the interface and is defined as the virtual thickness factor times
the average element size. The average element size is determined by the global coarseness

setting for the mesh generation.
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Prescribed displacement

Prescribed displacements are imposed on geometry lines to contro] their displacements.
During calculations, the magnitude of the prescribed displacement is the product of the

input value and the load multiplier entered in the Calculations program, Mdispl.

Tractions

Tractions are distributed loads applied to geometry lines. During calculations, the
magnitude of traction loads is the product of the input value and the load multiplier,
MioadA and MloadB.

Point forces

Point forces are concentrated forces that act on a geometry point and represent a line load
in the out-of-plane direction. During calculations, the magnitude of point forces is the

product of the input value and the load multiplier, MloadA and MloadB.

Mesh generation

Manual mesh generation is very time-consuming. Plaxis saves precious time by
automatically generating the finite element mesh based on the geometry model. A global
coarseness can be applied and a local mesh coarseness parameter is available to refine the
mesh in areas where it is expected to have large stress concentrations and large
displacements. The local coarseness parameter is set by the local element size factor for
each geometry point. Also, the mesh can be refined around specific structural objects,

interfaces, and individual soil clusters.

34  Calculations program

The Calculations program executes three types of finite element calculations, namely a
Plastic calculation, a Consolidation analysis and an Updated mesh analysis. The
calculation process is divided into calculation phases to separately perform cases such as

activating a load system or prescribed displacement, simulating a construction stage,
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introducing a consolidation period, or calculating a safety factor. The calculation phase is
then divided into calculation steps, to apply the load in small increments, to correctly
simulate the non-linear behaviour of soil. Plaxis has an automatic load stepping procedure

that determines the proper load increments.

3.4.1 Types of calculation

Plastic calculation

This calculation executes an elastic-plastic deformation analysis. Its stiffness matrix is
based on the original generated mesh. Therefore, this calculation is appropriate for cases

where only small deformations are expected.

Consolidation analysis

A consolidation analysis analyzes the development and dissipation of excess pore
pressures as a function of time. It is applied when the material of the model includes

saturated clay-type soils.

Updated mesh analysis

This analysis performs a plastic calculation. The stiffness matrix is based on the deformed
geometry, as opposed to the Plastic calculation, by updating the mesh. It is appropriate to

use this calculation when large deformations, as for soft soils, are expected to occur.

3.4.2 Types of load steps

The non-linear behaviour of soil is accurately modelled by applying small load increments.
To achieve this, the calculation in Plaxis is performed by one of three load step procedures.
For plastic calculations a selection can be made between Manual control and Load
advancement (ultimate level or number of steps). For consolidation analysis the Automatic

time stepping procedure is to be used.
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Manual control

This procedure allows the user to manually input the magnitude of the load step. It is
crucial to ensure that the step size is not too large, otherwise too many iterations will be

required for equilibrium and the solution might even diverge.

Load advancement

Small load increments require many calculation steps while large increments need
excessive iterations to reach equilibrium, both of which are time-consuming. Plaxis
features an automatic load step procedure that optimizes the step size to obtain an efficient
calculation process. The Load advancement ultimate level and the Load advancement

number of steps use the automatic loading step procedure, presented below from the Plaxis

user manual.

When the first calculation step is applied, a series of iterations are carried out in order to

reach equilibrium. There are three possible outcomes of this particular process. These

ouicomes are:

1. If the solution reaches equilibrium within a number of iterations that is less than the
desired minimum control parameter, then the calculation step is assumed to be too
small. In this case, the size of the load increment is multiplied by two and further

iterations are applied to reach equilibrium.

2. If the solution fails to converge within the desired maximum number of iterations,
then the calculation step is assumed to be too large. In this case, the size of the load

increment is reduced by a factor of two and the iteration procedure is continued.

3. If the number of required iterations lies between the desired minimum and the
desired maximum, then the size of the load increment is assumed to be satisfactory.
After the iterations are complete, the next calculation step begins. The initial size of

this calculation step is made equal to the size of the previous successful step.
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Hlitimaie level

This option terminates the calculation when one of the following three cases is satisfied:
(1) the number of additional calculation steps is reached, (2) a user-specified load level is

applied, or (3) a failure load is reached.

Number of steps

In this option the number of additional calculation steps is always fully performed, even if
failure is reached during the calculation. Hence, the load level is only determined at the

end of the calculation.

Automatic time stepping

When performing a consolidation analysis, the Automatic time stepping procedure selects
appropriate time steps. The time steps are increased if too few iterations are required per
step, or decreased when excessive iterations are required due to an increasing amount of

plastic deformation.

3.4.3 Selection of displacement and stress points

Nodal points and stress points, at desired locations on the generated mesh, can be selected

to generate load-displacement curves, stress paths and stress-strain diagrams.

3.5 Output program

The Output program gives a graphical output of the deformations and the stresses in the

soil and interface, as well as the forces in structural elements.

3.5.1 Deformations

Deformations are visualized by a deformed mesh superimposed on the initial geometry and
by the total or incremental displacements and strains (horizontal and vertical) displayed as

vectors, contour lines or shaded areas. Compression is negative.
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3.5,2 Siresses

The total and effective stresses can be illustrated as principal stresses, where the length and
direction of each line in the plot represents the magnitude and the direction of the principal
stress. Also, they can be presented as contour lines or shaded areas of the mean stress and

relative shear stress. Compression is negative.

Relative shear stress

The relative shear stress indicates the proximity of the stress point to the failure envelope
and is equal to T/Tmax, Where 7 is the shear stress and Tmex is the maximum value of shear

stress for the case where the Mohr's circle is expanded to touch the Coulomb failure

envelope.

3.6 Curve program

The Curves program generates load or time versus displacement curves, stress-strain

diagrams and stress or strain paths. These curves can be further used to analyze the local

behaviour of the soil.
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4.1

4.1.1

Soil description

Experimental drained triaxial tests

The soil samples consisted of a medium size crushed quartz sand. The grain size

distribution of the sand is illustrated in Figure 4.1 and the general properties are described

in Table 4.1. The minimum void ratio was determined according to ASTM standard

D4252-91 and the maximum void ratio according to D4253-93,

Table 4.1 Soil properties
Soil type Mean | Minimum | Maximum | Minimum | Maximum | Uniformity
grain size, unit unit void ratio, | void ratio, | coefficient
Dso (mm) | weight, weight, €min Emax Cy
Yinin Ymax
&N/m®) | (kN/m%)
Medium crushed 0.6 1312 | 1606 0.65 1.02 2.06
quartz sand

4.1.2 Experimental data and strength parameters

Three consolidated drained triaxial tests were performed under a series of confining

pressures, 63 = 100 kPa, 200 kPa, and 300 kPa. The sand samples were medium dense

with relative densities of 46.8% for o3 = 100 kPa, 44.6% for 63 = 200 kPa, and 42.4% for

03 = 300 kPa. During the test, readings of the axial load, the axial displacement and the

volume change were taken.

approximately 12%.

The tests were conducted until the axial strain reached




The deviatoric stress versus axial strain curves for the three drained triaxial tests under
various confining pressures are presented in Figure 4.2. It is observed from these curves
that the experimental ultimate deviatoric stresses are 330 kPa at 63 = 100 kPa, 605 kPa at

63 = 200 kPa, and 897 kPa at 63 = 300 kPa.

The volumetric strain versus axial strain curves for the three drained triaxial tests are
presented in Figure 4.3. The sand sample under o3 = 100 kPa, was compressing until the
axial strain of 1.5% was reached and henceforth, began dilating. On the other hand, the
sand samples under o3 = 200 kPa and 300 kPa, compressed without any dilation. The
sample at 63 = 200 kPa reached a constant volumetric strain of 1.14% at 5.59% axial strain

and the sample at 63 = 300 kPa reached a constant volumetric strain of 2.87% at 10.89%

axial strain.

The Mohr circles corresponding to failure, based on the ultimate deviatoric stresses, are
sketched in Figure 4.4. The angle of the failure envelope represents the internal friction
angle of the medium crushed quartz sand and was measured to be 37.0°. The intercept of
the failure envelope line with the shear stress axis represents the cohesion. There is no

cohesion, as is typical for sands.

An alternative method to determine the internal friction angle and cohesion of a soil, other
than the Mohr circles, is by plotting the p-g graph where p = (61r+63)/2 and q = (01+G3)/2.
The line joining the points corresponding to various stress states is called the Ke-line. The
angle of the K¢-line, W,.q, is related to the internal friction angle by sin¢ = tany,4 The
cohesion is related to the intercept of the K¢-line with the y-axis. As is shown in Figure
4.5, the internal friction angle of the medium crushed quartz sand was found to be 37.0°

and there is no cohesion.
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4.2 Determination of Hardening-soil model parameters from triaxial tests

Dilatancy angle, v

The dilatancy angle, v, is determined from the volumetric strain versus axial strain curve
of the drained consolidated triaxial test. When the soil sample no longer compresses, the
part of the curve corresponding to dilation, according to the Hardening-soil model,
becomes linear. The slope of this linear section of the curve is defined in terms of the

dilatancy angle by 2siny/(1-siny) as shown in Figure 2.12.

From Figure 4.3, the dilatancy angle of the sand sample is 4° at 63 = 100 kPaand 0° at 63 =
200 kPa and 300 kPa.

Secant modulus, Es’

The first step to determine the reference secant modulus for drained triaxial test, Esoref, for
a reference confining pressure, pmf, is to calculate the ultimate deviatoric stress, qg, using
Eq. 2.15 and a friction angle of 37°. Accordingly, the ultimate deviatoric stress was found
to be 302 kPa at 63 = 100 kPa, 605 kPa at o3 = 200 kPa, and 907 kPa at o3 = 300 kPa.
Subsequently, as illustrated in Figure 2.11, a point on the deviatoric stress versus axial
strain curve is placed at half the value of the ultimate deviatoric stress. A line joining this

point and the point (0,0) is drawn. The slope of this line is the reference secant modulus

for a reference confining pressure.

As measured from Figure 4.6, the secant modulus of the sand sample was calculated to be
41,970 kPa for a reference confining pressure of 100 kPa, 23,434 kPa for p™ = 200 kPa,
and 22,670 kPa for p™' = 300 kPa.

Other parameters

The tangent modulus for primary oedometer loading, Eoeg™, is set equal to Eso™ by default
in Plaxis. Hence, Eoeq™ = 41,970 kPa for p™ = 100 kPa, 23,434 kPa for p™ = 200 kPa, and
22,670 kPa for p™ = 300 kPa.
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The unloading/reloading modulus, Ey', is set equal to 3Esy by default in Plaxis.

Therefore, B = 125,910 kPa for p = 100 kPa, 70,302 kPa for p™ = 200 kPa, and
68,010 kPa for p™ = 300 kPa.

The power for stress-level dependency of modulus, m, is typically set to 0.5 for sands
(Plaxis, 1998). Poisson’s ratio for unloading/reloading, vy, is typically set by default to
0.2 in Plaxis. The failure ratio, Ry, by default in Plaxis is 0.9.

Summary of model parameters

Table 4.2 summarizes the model parameters for the Hardening-soil model for various

confining pressures of the experimental consolidated drained triaxial tests.

Table 4.2 Summary of model parameters for Hardening-Soil model

Set 1 Set 2 Set3
p™ (kPa) 100 200 300
¢ (kPa) 0 0 0
¢ (degree) 37 37 37
W (degree) 4 0 0
Eso™ (kPa) 41,970 23,434 22,670
Eoed™ (kPa) 41,970 23,434 22,670
m 0.5 0.5 0.5
Eu™ (kPa) 125,910 70,302 68,010
Vur 0.2 0.2 0.2
Ry 0.9 0.9 0.9
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4.3 Comparison of experimental results and model predictions

In this section, the three sets of parameters listed in Table 4.2 will be used to model the
sand behaviour under drained triaxial conditions. The resulting deviatoric stress versus
axial strain curves and volumetric strain versus axial strain curves will then be compared to
the experimental drained triaxial test results. The set of model parameters that best

models, on average, the experimental triaxial test results will be used for further analysis.

4.3.1 Deviatoric stress versus axial strain curves

Each set of parameters is used to model the behaviour of sand in drained triaxial conditions
for three confining pressures of 63 = 100 kPa, 200 kPa, and 300 kPa. The secant modulus,
Esp, is calculated using Eq. 2.16 for increments of deviatoric stress, g, beginning from 0
kPa up to the ultimate deviatoric stress, g¢. Corresponding axial strain, £, is determined
using Eq. 2.14. The deviatoric stress versus axial strain curves using the Hardening-soil
model, are plotted in Figure 4.7 for parameter set 1 from Table 4.2, in Figure 4.8 for set 2,

and in Figure 4.9 for set 3. The experimental deviatoric stress versus axial strain curves

are also plotted on the same graphs for comparison.

Parameter set 1 based on the test results corresponding to the confining pressure of 100
kPa does not predict well the experimental results for a confining pressure of 200 kPa and
300 kPa. The sand sample was denser than the sand samples for a confining pressure of
200 kPa and 300 kPa, which results in a steeper slope than the observed results. Parameter
set 2 gives good model predictions in comparison to the experimental results. Parameter
set 3 also gives good results, however, the ultimate deviatoric stress is reached at an axial

strain larger than the observed results.

Therefore, based on the deviatoric stress versus axial strain curves, it seems that parameter

set 2 would be most suitable to model the behaviour of the soil.
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4.3.2 VYVolumetric strain versus axial strain curves

The secant modulus, Eso, and the axial strain, €, for increments of deviatoric stresses, g,
are calculated as indicated in section 4.3.1. The total volumetric strain, &,, is the addition
of the elastic component, €,°, and the plastic component, &,°. The elastic component is the
sum of the elastic normal strains, €%, €°, and &;°, which are determined using Eq. 2.24.
The incremental plastic component is related by a factor of sinyy, to the incremental plastic
shear strain, ¥, as stated in Eq. 2.26. The total plastic shear strain is obtained from Eq.
2.20 for drained triaxial tests and is divided into increments for corresponding deviatoric
stress increments. The critical state angle, ¢.,, and the mobilized friction angle, O, are
determined using Egs. 2.27a and 2.28, respectively. The mobilized dilatancy angle, W, is

calculated by Eq. 2.27. The plastic volumetric strain increments are summed for each

deviatoric stress to give the plastic volumetric strain component,

The resulting volumetric strain versus axial strain curves using the Hardening-soil model,
are shown in Figure 4.10 for parameter set 1 from Table 4.2, in Figure 4.11 for set 2, and
in Figure 4.12 for set 3. The experimental volumetric strain versus axial strain curves are

also plotted on the same graphs for comparison.

Parameter set 1 based on the confining pressure of 100 kPa does not predict well the
experimental results for confining pressures of 200 kPa and 300 kPa. The sand sample of
this set was denser than the sand samples for a confining pressure of 200 kPa and 300 kPa.
As a result, this set models the volumetric strain for the other confining pressures by
predicting that the samples will dilate after a certain axial strain, which is not the case for
the observed results. Parameter sets 2 and 3 also do not produce results that match the

experimental results very well, which shows that the model can be further improved.

Parameter set 2 gives slightly better predictions on average for the three confining

Pressures.
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4.3.3 Model parameters for the Hardening-soil model

The model parameter set 2 from Table 4.2 is illustrated to be the best out of the three sets
to represent the sand behaviour, based on the experimental drained triaxial tests.

Henceforth, these model parameters will be used in the analysis of interfaces using the

Plaxis finite element code.
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CONCRETE INTERFACE B

5.1 Sand and concrete interface tests

To characterize interface behaviour and determine the shear strength parameters, direct
shear type tests were conducted. Three tests were performed on sand-concrete interfaces

over a range of constant normal stresses.

5.1.1 Test apparatus

A 3-D interface testing device, C3DI, developed and described by Evgin and Fakharian
(1996) was used for testing. The apparatus is schematically illustrated in Figure 5.1. The
main components of the apparatus are the loading system, the data acquisition system, and
the soil containers. The operation of the C3DI is automated by a computer controlled
system, BENCHMATE.

The loading system of C3DI consists of a vertical loading unit, a horizontal loading unit,
and a reaction frame. The vertical loading unit is a pneumatic actuator which applies the
normal load in the y-direction. The horizontal loading unit comprises of an X-Z loading
table controlied by two ball screw stepper motors capable of applying monotonic loads, as
well as displacement or load controlled cyclic shears in the x and z-directions
simultaneously. In this study, displacement-controlied tests were performed in the x-
direction with a displacement rate of 1 mm/min. The reaction frame is capable to

withstand 2.5 times the maximum applicable normal and tangential loads.
The data acquisition system includes two transducers that measure the applied loads in the

x and y-directions and five LVDTs that monitor the displacement in the x and z-direction.

In this study, two load transducers and two LVDTSs were used to monitor the experiment.
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The load transducers were used to measure the normal load in the y-direction and the
tangential load in the x-direction. One LVDT was used to measure the tangential
displacement in the x-direction, which represents the displacement of the interface plate.
The other LVDT was used to measure the displacement in the y-direction representing the

height change of the sample.

The soil containers of the apparatus can be either direct shear type or simple shear type. In
this study, a direct shear type soil container was used. The direct shear type container is a
25 mm thick, hollow square box, with inside are of 100 mm x 100 mm. The bottom of the
aluminium container is sealed with foam to minimize the leakage of sand during shearing.
A 1 mm thick sheet of Teflon is glued to the bottom of the foam in order to minimize the
friction between the box and the interface plate (structural material). The container is
placed on a 300 mm x 300 mm interface plate. The size of the interface plate assures that

the interface contact area remains constant during shearing.

5.31.2 Test materials

Soil

The soil used in the study was medium crushed quartz sand. The sand properties are
described in Table 4.1.

Structural material

The structural material used in this investigation was concrete, whose mix design is shown
in Table 5.1. The concrete plates, shown in Figure 5.2, were produced by casting the
concrete directly into a form. The concrete plates were cured for two weeks, in a humidity

room under constant temperature of 21°, to allow for the development of adequate strength.

The average roughness of the concrete plate, Rpax, was 27 pm for five sampling locations

and at a length of L = 15 mm.
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Table 5.1 Concrete mix design

Materials Quantity
(kg)
Water 1.0
Cement 1.3
Aggregates 54

5.1.3 Sample preparation

The direct shear type container was centered on the concrete plate. The sand was carefully
scooped and rained smoothly and uniformly into the container with a minimal height. This
method resulted in loose to medium dense sand. The relative density of the sand samples
ranged between 40-50%. The top surface was then levelled using a suction device. The
concrete plate was then fixed to the C3DI loading table. The loading piston of the
interface testing device was slowly lowered to touch the sand surface. The LVDTs were

then placed on the box to measure displacement.

5.1.4 Test procedure

Once the sample was prepared and placed in the testing device as described in section
5.1.3, the normal load was applied and the initial normal displacement was measured.

Before starting the shearing, all LVDTs were reset to zero.

Monotonic tests were performed with a constant normal stress. First, the normal load was
applied. Subsequently, the concrete plate was displaced at a rate of 1 mm/min until the
total displacement reached was 5 mm in the x-direction. Three interface tests were carried

out at constant normal stresses of 100 kPa, 200 kPa, and 300 kPa.
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5.1.5 Test results and observations

The relative density of the sand sample was 50.7%, 43.3%, and 46.2% for the 100 kPa, 200

kPa, and 300 kPa constant normal stress, respectively.

The shear stress versus tangential displacement curves for the three tests under various
constant normal stresses are presented in Figure 5.3. It is observed from these curves that
for a constant normal stress of 100 kPa, the maximum shear stress is 66 kPa which
required a tangential displacement of 1.6 mm. For the 200 kPa constant normal stress, the
maximum shear stress was 131 kPa attained at a tangential displacement of 2.3 mm, while
for the 300 kPa constant normal stress, the maximum shear stress was 191 kPa attained at a
tangential displacement of 3.0 mm. In the case of 100 kPa constant normal stress, it can be
seen that the shear stress reached approximately 2/3 of its maximum shear stress before a
significant displacement. This is probably to some extent due to a higher relative density

in comparison to the other sand samples.

The normal displacement versus tangential displacement curves are shown in Figure 5.4.
It is observed that the sand samples were compressing until the maximum shear stress was
attained. Afterwards, the sand began to dilate. As the constant normal stress increased, it
can be seen that the rate of dilation, however, decreased. This behaviour is typical for
interfaces between rough surfaces and medium dense sand as observed from various test
results. Furthermore, the 100 kPa constant normal stress test is denser that the other two

samples, which also contributes to the higher rate of dilation.

The ratio of shear stress to normal stress versus tangential displacement curves are
presented in Figure 5.5. The maximum stress ratio was 0.71, 0.67, and 0.65 for the
constant normal stress tests of 100 kPa, 200 kPa, and 300 kPa, respectively. It is seen that
the stress ratio decreases as the normal stress increases. The high value for the 100 kPa
constant normal stress test can partly be attributed to the higher relative density with

respect to the sand samples in the other two tests.
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Interface strength properties

Figure 5.6 plots the maximum shear stress versus the normal stress. It can be seen that the

shear strength increases linearly with the normal stress. The interface friction angle is

32.2°. There is no adhesion between the sand and concrete.
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Figure 5.2
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Concrete plates for the direct shear interface test
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HAPTER 6
NSIONAL FINITE ELEMENT ANALYSES OF

In this chapter, three direct shear interface tests under a constant normal stress of 100 kPa,
200 kPa, and 300 kPa and a simple shear interface test under a constant normal stress of
300 kPa are simulated using the finite element program Plaxis. Various representations of
the soil mass and interface layer are analysed to determine their effect on the predicted
results of the interface behaviour. The model predictions of the shear stress, normal
displacement, mean stress, relative shear, total volumetric strain, and stresses developed in
the interface elements are presented and discussed. Subsequently, a comparison is made
between the experimental results, presented in the previous chapter, and the modelled

behavicur of the interface.

6.1 Finite element analyses of direct shear interface tests

Four analyses of different geometries are performed to determine the most suitable
geometry representing the direct shear interface test. The four model predictions are
compared to the experimental observations, presented in a previous chapter, as a basis for

selection of the most suitable geometry for further analysis.

Once the geometry and input parameters are selected, detailed analyses are performed and
compared to the observed experimental results presented in the previous chapter. The
numerical values of the mean stress, relative shear stress, and total volumetric strain are
presented, as well as the normal stresses and shear stresses that develop in the interface

elements.
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6.1.1 General settings

Plane strain model

The direct shear interface test is subjected to normal loads and tangential displacements in
the y and x directions, respectively. The cross-sectional area of the soil sample remains
constant along the z direction. Therefore, the strain normal to the x-y plane, €, and the
shear strains, Yy, and ¥y, are zero. This state of strain is called plane strain. Hence, the

direct shear test will be modelled by a plane strain model using the x-y coordinate system.

Elements

The analyses are performed using a six-node triangular element. It provides a second order
interpolation for displacements. The element stiffness matrix is evaluated by numerical

integration, using a total of three Gauss points (stress points).

Geometry and material properties

The geometry configuration has the same dimensions of the actual C3DI direct shear
device described in a previous chapter. The main parts are the 27 mm x 100 mm steel cap,
the 20 mm x 100 mm soil mass with a possible interface soil layer, and the 15 mm x 200
mm concrete plate. The steel cap and concrete plate are modelled using the linear elastic
model while the soil mass and interface layer are modelled using the Hardening-Soil
model. In order to select the geometry and input parameters that best match the

experimental results presented in the previous chapter, four different cases are analysed.

In all four cases, an interface element is placed along the contact surface of the sand and
the concrete plate to allow slippage. The roughness of the interface is modelled by
selecting a suitable value for the strength reduction factor, Riy. This factor relates the

friction angle of the interface to the friction angle of the soil mass.
In all four cases, the shear stress, at the bottom centre of the sand sample, and the normal

displacement, at the bottom centre of the steel cap, are compared with the experimental

results. Accordingly, the most suitable geometry is chosen for analyses.
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Geometry #1

This case includes a soil mass without an interface soil layer as illustrated in Figure 6.1.
The interface is only represented by the interface element, where Ry is 0.84. This value is
obtained from Eq. 3.3, using the friction angle of sand, $=37°, and the friction angle of the
interface, 8=32.2°, which are based on the triaxial and interface tests, respectively. Table

6.1 summarizes the input parameters as obtained from previous chapters.

Table 6.1 Input parameters for Geometry #1
Material p™ c o Y Eso™ | Boea™ | Eo™ | Rin Vur
(kPa) | (kPa) (kPa) | (kPa) | (kPa)
Soil mass 200 0 37° 0° | 23434 | 23434 | 70302 | 0.84 | 0.20
Concrete plate | - - - - | 2x107 - - - 0.15
Steel cap - - - - | 2x108 - - - 0.15
Geometry #2

An interface layer, ten times the grain size (6 mm), is introduced to model the interface
behaviour as illustrated in Figure 6.2. Below the interface layer, a layer of interface
elements are used to allow slippage to take place. The material properties of the interface
layer are the same as those of the soil mass except that the friction angle is 32.2°. The
interface elements have Rj,=1.00 since the friction angles of the interface layer and the
interface elements are equal. Table 6.2 summarizes the input parameters as obtained from

previous chapters.

Table 6.2 Input parameters for Geometry #2

Material P | ¢ ) ¥ | Ese™ | Boed™ | Bu™ | Rim | Vur
(kPa) | (kPa) (kPa) | (kPa) | (kPa)

Interface layer | 200 | O |322°| 0° | 23434 | 23434 | 70302 | 10 | 020

Soil mass 200 | O | 37° | 0° | 23434 | 23434 | 70302 | 1.0 | 0.20

Concrete plate | - - - - | 210’ - - - 0.15

Steel cap - - - - | 2x108 - - - 0.15
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Geometry #3

This case is similar to Geometry #2. However, to study the effect of the moduli on the

modelling results, the secant modulus, tangent modulus, and unloading/reloading modulus

were reduced approximately in half. The geometry is illustrated in Figure 6.3. Table 6.3

summarizes the input parameters as obtained from previous chapters.

Table 6.3 Input parameters for Geometry #3
Material ™ c ¢ Vv | Eso™ | Boeed™ | Ew™ | R | Vur
(kPa) | (kPa) (kPa) | (kPa) | (kPa)
Interface layer | 200 0 |322° O 12000 | 12000 | 36000 | 1.0 | 0.20
Soil mass 200 0 37° 0° | 23434 | 23434 | 70302 | 1.0 | 0.20
Concrete plate - - - - 2x10 - - - 0.15
Steel cap . . - - | 2x108 - - - 0.15
Geometry #4

In order to reduce the effect of a sudden change in the friction angle between the interface

elements and the soil mass in Geometry #2 and Geometry # 3, the following change is

made in this case. The interface layer is given a soil friction angle equal to 34.6°, which is

the average of the soil mass friction angle and the friction angle of interface elements. The

strength reduction factor for the interface elements then becomes Rin=0.91, computed by

Eq. 3.3. Figure 6.4 illustrates the geometry and Table 6.4 summarizes the input parameters

as obtained from previous chapters.

Table 6.4 Input parameters for Geometry #4
Material p c ¢ ¥ | Eso™ | Boed™ | B | Rie | Vur
(kPa) | (kPa) (kPa) | (kPa) | (kPa)
Interface layer | 200 0 |34.6°| 0° | 23434 | 23434 | 70302 | 0.91 | 0.20
Soil mass 200 0 37° 0° | 23434 | 23434 | 70302 | 1.0 | 0.20
Concrete plate - - - - 2x107 - - - 0.15
Steel cap - - - - | 2x10® - - - 0.15
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Boundary conditions

On the right and left boundaries of the steel cap and soil mass, a horizontal displacement
fixity was introduced to restrict movement in the x direction and allow a vertical
displacement in the y direction only. A vertical displacement fixity was placed at the
bottom boundary of the concrete plate to restrict movement in the y direction. Figure 6.1

shows these boundary conditions.

Traction and displacement

A uniformly distributed normal stress is applied along AA on the cap, as illustrated in
Figure 6.1. This load simulates the constant normal stress applied during the direct shear
interface test. Along the bottom of the concrete plate, a gradually increasing horizontal
displacement of maximum 5 mm is specified to simulate the movement of the plate.

Figure 6.1 illustrates the location of the displacement.

Comparison between modeling resulis and experimental results

Three finite element analyses were performed for each geometry case for a constant
normal stress of 100 kPa, 200 kPa, and 300 kPa. To compare the shear stress versus
tangential displacement predictions of the four geometries, the bottom centre point of the
soil sample in each geometry was selected. Similarly, the bottom centre node of the steel
cap was selected for all geometries, for comparison of the normal displacement versus

tangential displacement predictions.

Figures 6.5, 6.6, and 6.7 plot the predicted shear stress versus tangential displacement of
the four cases and the experimental results from the previous chapter for an applied
constant normal stress of 100 kPa, 200 kPa, and 300 kPa, respectively. Geometry #1 gave
a more or less linear relation for shear stress versus tangential displacement, before the
ultimate shear stress is reached. Although, the ultimate shear stress is similar to the actual
experimental results, the predicted values of tangential displacement deviated from the

experimental results as the shear stress approached the shear strength of the interface.
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Geometry #2 also resulted in an approximately linear relation for shear stress versus
tangential displacement before the ultimate shear stress is reached, however, at a specific
tangential displacement, there is a sudden drop followed by an increase in shear stress
value. An analysis using geometry #3 was performed to study the effect of the moduli on
the interface behaviour. The goal was to see if by reducing the moduli, a better result can
be obtained than the linear shear stress-displacement relation obtained from Geometry #1
and #2. The analysis shows that the shear stress-displacement relation has a curvature,
therefore, the results improved in comparison to a linear relation. However, the curve is
shifted away from the experimental results and thus, predicts unreal tangential
displacements for a given shear stress. Also, there is a sudden decrease and increase in
shear stress at a tangential displacement before the ultimate shear stress is reached.

Geometry #4 produced a linear shear stress versus tangential displacement relation.

However, it overestimated the ultimate shear stress.

Figures 6.8, 6.9, and 6.10 plot the predicted normal displacement versus tangential
displacement of the four cases and the experimental results for an applied constant normal
stress of 100 kPa, 200 kPa, and 300 kPa, respectively. The analyses for all geometry cases
underestimate the normal displacement in comparison to the experimental results.
Geometry #1 and Geometry #4 produce very similar predictions. The results of Geometry
#2 are not similar to the experimental results. While Geometry #3 also shows a different
behaviour than that observed in the experiments. Hence, in comparing the normal
displacement predictions to experimental results, none of the geometries produced good

predictions.

In summary, it is assumed that Geometry #1 produces more consistent predictions for the
experimental shear stress versus tangential displacement, as well as the experimental
normal displacement versus tangential displacement relations than the other geometries.

Therefore, it will be used for further detailed analyses.
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Mesh generation

In Plaxis, the mesh is automatically generated. However, an option is available to refine
the mesh at locations where siress concentrations and large deformations are expected. In
this study, a medium size mesh was generated for the full geometry and then, the steel cap,
soil mass and interface elements were further refined to give a fine mesh. A schematic

presentation of the mesh is presented in Figure 6.11.

6.1.2 Calculation

There is a choice of three types of calculations in Plaxis. The Plastic Calculation is most
suitable for the following analyses, because the analyses include elastic-plastic behaviour.
The Load Advancement Ultimate Level algorithm available in Plaxis is the second
calculation method to choose. It determines the load step size automatically and terminates

the calculation when one of the following criteria is satisfied:

e The maximum number of additional calculation steps has been performed.
e The total specified load and displacement has been applied.

e A collapse load has been reached. Collapse occurs when the applied load reduces

in magnitude in two successive calculation steps

The calculation is broken down into two phases. In the first phase, the constant normal
stress is applied. The second phase includes the preservation of the constant normal stress

and the application of tangential displacement to the concrete plate.

Selection of stress points and nodes for monitoring interface behaviour

Ten stress points are selected, as shown in Figure 6.11, where the development of stresses
are examined. Ten nodal points are also selected, as illustrated in Figure 6.12, at locations

where displacement response is required.
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6.1.3 Resulis and discussion

Shear stress

The shear stress versus tangential displacement curves at specified locations, as illustrated
in Figure 6.11, are presented in Figures 6.13, 6.14, and 6.15 for a constant normal stress of
100 kPa, 200 kPa, and 300 kPa, respectively. In the three analyses, it is observed that the
shear stresses increase along the interface, from the left to the right vertical boundary. The
shear stress at Point K, near the left vertical boundary of the box, suddenly decreases. This
is due to the side effects where the soil is not allowed in the analysis to move horizontally
because of the imposed boundary conditions while in reality, the soil is capable of moving
horizontally. Furthermore, at the end of the analyses, the shear stress at Point T is

continuously increasing and does not reach failure.

To compare the model predictions with the experimental results, an average shear stress
acting along the whole length of the interface is calculated at every stage of analysis for all
three constant normal stress tests. This average is obtained by adding the shear stress
times the distance for points L, M, N, O, P, Q, R, and S and by dividing the total force by
the total distance between these points. Accordingly, the predicted maximum shear stress
for the constant normal stress of 100 kPa test is 62 kPa, while the experimental maximum
shear stress is 66 kPa. Similarly, for the constant normal stress of 200 kPa and 300 kPa
tests, the predicted values are 125 kPa and 187 kPa, respectively, and the experimental

values are 131 kPa and 191 kPa, respectively. These results are plotted in Figure 6.16.

Even though the model gives good predictions of the average maximum shear stress along
the interface, it does not predict well the tangential displacement corresponding to a shear
stress as shown in Figure 6.16. Considering the test with normal stress equal to 300 kPa,
the experimental tangential displacement is twice as much of the predicted value at 180
kPa shear stress. Similarly, for a given tangential displacement the predicted values of
shear stress are €ither significantly smaller or larger than the measured values. The model

predictions seem to be produced using an elastic, perfectly plastic model.
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Normal displacement

The normal displacement versus tangential displacement curves at specified locations, as
illustrated in Figure 6.12, are presented in Figures 6.17, 6.18, and 6.19 for a constant
normal stress of 100 kPa, 200 kPa, and 300 kPa, respectively.

To compare the model predictions to the experimental results, the normal displacements at
point C are used. Accordingly, the predicted maximum normal displacement for the
constant normal stress of 100 kPa test is 0.025 mm, while the experimental maximum
normal displacement is 0.170 mm. Similarly, for the constant normal stress of 200 kPa
and 300 kPa tests the predicted values are 0.035 mm and 0.044 mm, respectively, and the
experimental values are 0.208 mm and 0.226 mm, respectively. These results are plotted

in Figure 6.20.

In summary, the model underestimates, up to roughly 6 times, the normal displacement for

a given tangential displacement.

Mean siress

The mean stresses that develop in the direct shear box are presented in Figures 6.21, 6.22,
and 6.23 for the constant normal stress tests of 100 kPa, 200 kPa, and 300 kPa,
respectively. It is observed that the mean stresses are very low at the left boundary of the
soil and they increase gradually towards the right side of the direct shear box, in the
direction of the tangential displacement. The maximum mean stress occurs typically in the
bottom right corner of the sand. For the 100 kPa constant normal stress test, the maximum
mean stress is 190 kPa in compression and for the 200 kPa and 300 kPa constant normal

stress tests, the mean stresses are 361 kPa and 574 kPa in compression, respectively.
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Relative shear siress

The “relative shear stress”, used in Plaxis, gives an indication of the proximity of the stress
point to the failure envelope by dividing the shear stress reached by the maximum shear
stress obtained from the Mohr-Coulomb failure envelope. In the direct shear interface test,
it is seen from Figures 6.24, 6.25, and 6.26 that the soil in the bottom left side of the
sample has reached the maximum shear stress. The relative shear stress ratio decreases

gradually, within the soil mass, towards the right boundary of the box.

Total volumetric strain

The total volumetric strains for the tests with constant normal stress of 100 kPa, 200 kPa,
and 300 kPa are illustrated in Figures 6.27, 6.28, and 6.29, respectively. Starting from the
left side of the sample, the soil dilates at a decreasing rate towards the right side, in the
direction of tangential displacement, and eventually compresses. In the 100 kPa constant
normal stress analysis, the maximum volumetric strain is approximately 1.20% dilation at
the left side and 0.7% compression at the right side of the soil mass. In the 200 kPa
constant normal stress analysis, the maximum volumetric strain is 1.60% dilation at the left
side and approximately 1.00% compression at the right side. In the 300 kPa constant
normal stress analysis, the maximum volumetric strain is 2.20% dilation at the left side and

1.40% compression at the right side of the soil sample.

Stresses in interface elements

The normal stress and the shear stress along the interface for the 100 kPa constant normal
stress analysis are plotted in Figures 6.30 and 6.31, respectively. The effects of the
boundary conditions can be seen at both sides of the plots. The maximum normal stress is
129.90 kPa in compression and the maximum shear stress is 78.01 kPa. For the 200 kPa
constant normal stress analysis, the normal stress and the shear stress along the interface
are plotted in Figures 6.32 and 6.33, respectively. The maximum normal stress is 257.21
kPa and the maximum shear stress is 154.30 kPa. Finally, for the constant normal stress of
300 kPa test, Figure 6.34 illustrates the normal siress and Figure 6.35 shows the shear
stress along the interface, where the maximum normal stress and shear stress are 390.20
kPa and 233.99 kPa, respectively.
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6.2 Finite element analysis of a simple shear interface test

Two geometries are analysed to determine the best geometry representing the simple shear
interface test. The selection of the most suitable geometry is made by comparing the two
model predictions with the experimental observations by Li (2001). Once the geometry
and input parameters are selected, a detailed analysis is performed and presented for a
constant normal stress of 300 kPa test and compared to observed experimental results. The
numerical values of mean stress, relative shear stress, and total volumetric strain are also
presented, as well as the normal stresses and shear stresses that develop in the interface

elements.

6.2.1 General settings

Plane strain model

The simple shear interface test is subjected to the same loads and displacements in the y
and x directions, respectively, as the direct shear interface test. Hence, the cross-sectional
area can be assumed constant along the z direction. The plane strain model will be used

for the analysis.

Elements

The analysis is performed using a six-node triangular element. Plaxis uses a second order
interpolation for displacements and the element stiffness matrix is evaluated by numerical

integration using a total of three Gauss points (stress points).

Geomelry and material properties

The geometry configuration is based on the actual dimensions of the sample in
experiments performed by Li (2001). The main parts are the 27 mm x 100 mm steel cap,
the 12 mm x 100 mm soil mass with a possible interface soil layer, and the 15 mm x 200

mm steel plate. The steel cap and steel plate are modelled using the linear elastic model
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while the soil mass and interface layer are modelled using the Hardening-Soil model. Two
geometry cases are analysed to study the effect of introducing an independent soil layer
representing the interface, where the thickness of the layer is determined experimentally by
Li (2001).

In both cases, an interface element is placed along the contact surface of the sand and the
steel plate to allow for slippage. The roughness of the interface is modelled by selecting a
suitable value for the strength reduction factor, Ry The shear stress in the interface, at the
bottom centre of the simple shear type soil container, and the normal displacement, at the
bottom centre of the steel cap, are compared with the experimental observations by Li
(2001). Accordingly, the most suitable geometry is chosen to perform the detailed

analysis.

Geometry #1

This case includes a soil mass without an interface soil layer as illustrated in Figure 6.36.
The interface is only represented by the interface elements, where Riy 1s 0.66. This value
is obtained from Eq. 3.3, using the friction angle of sand, ¢=37°, and the friction angle of
the interface experimentally determined from interface tests by Li (2001), §=26.6°. Table

6.5 summarizes the input parameters as obtained from previous chapters.

Table 6.5 Simple shear test input parameters for Geometry #1
Material P ¢ ¢ | ¥ | Esd™ | Boed™ | BEo™ | Rie | Vur
(kPa) | (kPa) (kPa) | (kPa) | (kPa)
Soil mass 200 0 37° 0° | 23434 | 23434 | 70302 | 0.66 | 0.20
Steel plate - - - - | 2x10° - - - 0.15
Steel cap - - - - | 2x10® - - - 0.15
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Geometry #2

An interface layer, 8 mm thick determined experimentally by Li (2001), is introduced to
model the interface behaviour as illustrated in Figure 6.37. The interface elements are still
present to allow slippage. The material properties of this layer are the interface properties
and Rin=1.00 since the friction angle of the layer, $=26.6°, is equal to that of the interface.

Table 6.6 surnmarizes the input parameters as obtained from previous chapters.

Table 6.6 Simple shear test input parameters for Geometry #2
Material pref < ¢ W E50r6f Eoednzf Eurref Rint Var
(kPa) | (kPa) (kPa) | (kPa) | (kPa)

Interface layer | 200 0 [266°| 0° | 23434 | 23434 | 70302 | 1.0 | 0.20

Soil mass 200 0 37° 0° | 23434 | 23434 | 70302 | 1.0 | 0.20

Steel plate - - - - 2x107 - - - 0.15

Steel cap - . - - | 2x10°8 - - - 0.15
Boundary conditions

A vertical displacement fixity is placed at the bottom boundary of the steel plate. To
simulate the stack of plates, a uniformly distributed horizontal stress is applied at the
vertical boundaries of the soil sample. The magnitude of the horizontal stress is equal to
the vertical stress times K, where K, = I-sin¢. Figure 6.36 shows these boundary

conditions.

Traction and displacement

A uniformly distributed stress is applied between points AA along the cap. This normal
stress applied at the boundary remains the same during the simple shear interface test.
Along the bottom of the steel plate, a gradually increasing tangential displacement up to 5
mm is applied to simulate the movement of the steel plate. Figure 6.36 illustrates the

location of the applied stresses and the displacements.
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Comparison between the modelling results and experimental results

A finite element analysis was performed for each geometry case for a constant normal
stress of 300 kPa. To compare the shear stress versus the tangential displacement
predictions, the bottom centre siress point in the soil sample was selected for each
geometry. Similarly, the same nodal point was selected for both geometries, at the bottom
centre of the steel cap, for comparison of the normal displacement versus the tangential

displacement predictions.

Figure 6.38 plots the predicted shear stress versus tangential displacement of the two cases
and the experimental results from Li (2001). The results of Geometry #2 are unstable with
respect to the shear stresses as the tangential displacement increases. It does not reach a
constant ultimate shear stress as the observed experimental results. Hence, Geometry #1

better models the experimental results than does Geometry #2.

Figure 6.39 plots the predicted normal displacement versus tangential displacement of the
two cases and the experimental results. Geometry #1 underestimates the experimental
normal displacement. Geometry #2 predicts that the soil mass undergoes continuous
normal displacement during the test, however, the experimental results show that the

normal displacement no longer changes at approximately 3.5 mm.

Geometry #1 is chosen for the detailed analysis of the simple shear interface test.

Mesh generation

In Plaxis, the mesh is automatically generated. However, an option is available to refine
the mesh at locations where stress concentrations and large deformations are expected. A
fine mesh is generated in the sand and is further refined along the interface element. A

schematic presentation of the mesh is shown in Figure 6.40.
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6.2.2 Calculation

As in the direct shear interface tests, a Plastic Calculation is performed using the Load
Advancement Ultimate Level algorithm, which determines the load step size automatically.
The calculation is broken down into two phases. In the first phase, the constant normal
stress and the horizontal stress at the sand boundaries are applied. The second phase
maintains the constant normal stress and horizontal stress while the steel plate is displaced

horizontally.

Selection of stress points and nodes for monitoring interface behaviour

Ten stress points are selected, as shown in Figure 6.40, to study the stress advancement at
these locations. Ten nodal points are also selected, as illustrated in Figure 6.41, at

locations where displacements are investigated.

6.2.3 Results and discussion

Shear stress

The shear stress versus tangential displacement curves at specified locations, as illustrated
in Figure 6.40, are presented in Figure 6.42 for a constant normal stress of 300 kPa. It can
be seen that the highest shear stresses occur at the left boundary of the sand box and
gradually decrease towards the right boundary, in the direction of the tangential

displacement.

The average of the shear stress curves is calculated to compare the model predictions and
the experimental results. The average shear stress is obtained by adding the shear stress
times the distance for points K, L, M, N, O, P, Q, R, S, and T and dividing by the length of
the sand box. Figure 6.43 plots the average shear stress and the experimental resuls.
Accordingly, the predicted maximum shear stress is 140 kPa in comparison to the

experimental value of maximum shear stress of 149 kPa.
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Similar to the direct shear interface test results, the model gives close predictions of the
average maximum shear stress along the interface, but it is conservative. Initially, it
underpredicts the shear stress for a given tangential displacement and subsequently, it
overpredicts the shear stress. Plaxis is not efficient in predicting the curvature of the shear
stress versus tangential displacement curve. However, this can partly be the result of the
fact that the interface elements in Plaxis are only modelled using the Mohr-Coulomb

model, which is an elastic-perfectly plastic model.

Normal displacement

The normal displacement versus tangential displacement curves at the specified locations,

as shown in Figure 6.41, are presented in Figure 6.44 for a constant normal stress of 300
kPa.

To compare the model predictions to the experimental results, the normal displacements at
point C are used. Figure 6.45 shows the calculated normal displacement in comparison to
the experimental results. The predicted maximum normal displacement is 0.064 mm while
the experimental maximum normal displacement is 0.257 mm. Once again, the model

underpredicts the normal displacement.

Deformed mesh

The deformed mesh illustrating the movement of the sand with respect to its initial position
is shown in Figure 6.46. The model does not take into account the interface layer to

predict the movement of the sand, consequently, the sand boundary is linearly sloping.

Mean stress

The mean stresses that develop in the simple shear box, for a constant normal stress of 300
kPa, are presented in Figure 6.47. It is observed that there is not a great difference among

mean stresses in the sand sample. The maximum mean stress is 789 kPa in compression.
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Relative shear stress

The “relative shear stress”, used in Plaxis, gives an indication of the proximity of the stress
point to the failure envelope by dividing the shear stress reached at a specific time by the
maximum shear stress obtained from the Mohr-Coulomb failure envelope. In the simple
shear interface test, it is seen from Figure 6.48 that the soil in the majority of the right hand
side of the sample has reached the maximum shear stress. The relative shear stress ratio

slightly decreases at the left hand side of the box.

Total volumetric strain

The shadings of the total volumetric strains for a constant normal stress of 300 kPa are
illustrated in Figure 6.49. The left hand side of the soil mass compresses at a decreasing
rate towards the right side, in the direction of tangential displacement, and eventually the
soil dilates. The maximum volumetric strain is approximately 0.8% compressive at the left

side and 0.8% dilative at the right side of the soil mass.

Stresses in interface elements

The normal stress and the shear stress along the interface for a constant normal stress of
300 kPa are plotted in Figures 6.50 and 6.51, respectively. It is seen that both the normal
and shear stresses are largest at the left hand side of the sample. Moving from left to right,
stresses level off until the centre of the sand interface is passed and eventually they start
decreasing. The maximum normal stress is 683.07 kPa in compression and the maximum

shear stress is 310.27 kPa, both occurring at the left boundary.
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Constant Normal Stress

Tangential Displacement

Figure 6.1  Geometry #1: No interface soil layer, interface represented by the Plaxis
interface reduction factor, Ry = 0.84, resulting in an interface friction angle,
§=322°

Constant Normal! Stress
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Interface Elements

1

=

Tangential Displacement

Figure 6.2  Geomeiry #2: Interface represented by an independent soil layer where
Riw=1.0, $=32.2° and there is no reduction in the moduli, Eso, Eceq, and Ey
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Figure 6.3  Geometry #3: Interface represented by an independent soil layer where
Rin=1.0, $=32.2° and the moduli, Esq, Eoeq, and Ey, are reduced by
approximately 0.5 times
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Figure 6.4 Geometry #4: Interface represented by an independent soil layer where
Rux=0.91, resulting in an interface friction angle 8 = 32.2°, $=34.6° and
there is no reduction in the moduli, Esq, Ecea, and By
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Figure 6.30 Profile of normal stress in the interface for a constant normal stress=100 kPa

Extreme normal stress: 129.90 kPa

Figure 6.31 Profile of shear stress in the interface for a constant normal stress=100 kPa

Extreme shear stress: 78.01 kPa
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Figure 6.32 Profile of normal stress in the interface for a constant normal stress=200 kPa

Extreme normal stress: 257.21 kPa

Figure 6.33 Profile of shear stress in the interface for a constant normal stress=200 kPa

Extreme shear stress: 154.30 kP2
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Figure 6.34 Profile of normal stress in the interface for a constant normal stress=300 kPa

Extreme normal stress: 390.20 kPa

Figure 6.35 Profile of shear stress in the interface for a constant normal stress=300 kPa

Extreme shear stress: 233.99 kPa
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Constant Normal Stress

Stack of Plates |
Simulation |

Interface Elements

Steel Plate i

i
Tangential Displacement

Figure 6.36 Geometry #1: No interface soil layer, interface represented by the Plaxis
interface reduction factor, Ry = 0.66, resulting in an interface friction angle,
5=266°

Constant Normal Stress

Stack of Plates
Simulation

~

Figure 6.37 Geometry #2: Interface represented by an independent soil layer where
Rin=1.0, $=26.6°
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Figure 6.38 Plaxis results for shear stress versus tangential displacement curves for the

geometries in Figures 6.36 and 6.37 in comparison to the experimental

results, constant normal stress = 300 kPa
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Figure 6.39 Plaxis results for normal displacement versus tangential displacement curves

for the geometries in Figures 6.36 and 6.37 in comparison to the

experimental results, constant normal stress = 300 kPa
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Figure 6.40 Schematic presentation of the locations of stress points for simple shear test

Figure 6.41 Schematic presentation of the locations of nodal points for simple shear test
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different locations on the interface, as illustrated in Figure 6.41, constant

normal stress = 300 kPa
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Figure 6.45 Comparison of the results of experiments and Plaxis for normal displacement

versus tangential displacement curves related to a simple shear test
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Figure 6.50 Profile of normal stress in the interface for a simple shear test at a constant

normal stress=300 kPa. Extreme normal stress: 683.07 kPa

Figure 6.51 Profile of shear stress in the interface for a simple shear test at a constant

normal stress=300 kPa Extreme shear stress: 310.27 kPa
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CHAPTER7
IN STATES IN SOIL-STRUCT
INTERFACE TESTS

To develop a realistic mathematical model for interfaces, which predicts the strain
increments for the given stress increments or vice versa, the knowledge of the stress and
strain states in a soil sample at all stages of an experiment is required. However, the
existing experimental interface testing methods only provide information on the average
normal stress and the average shear stress acting on the contact surface. There are no
means to-date to determine the magnitude of the normal stress, Oy, acting on the
perpendicular plane to the interface surface. Neither the distribution of normal stresses nor
the components of strains are measured. In this chapter, the stress and strain components

in the soil sample (interface) are presented.

7.1 Direct shear interface test

In the previous chapter, a finite element analysis of a direct shear interface test, using the
finite element code Plaxis, was carried out for a constant normal stress of 300 kPa. The
problem was analysed as a plane strain case and the Hardening-soil model was used to
simulate the behaviour of the soil. The stress and strain states of the soil, the Mohr circles,
the stress paths, and the orientation of the principal stresses at various locations along the
interface, as illustrated in Figure 6.11, are presented below. The results of the stress point
K, can be overlocked since they are unrealistic due to the modelling limitations of the

boundary effects, as explained in the previous chapter.
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7.1.1 Stress and strain states

Stress state

Figure 7.1 shows the variation of the horizontal stress, G,, as the loading of the interface
progressed from the initial condition to the failure state. Initially when the constant normal
stress is applied, the horizontal stress is 120 kPa. As the tangential displacement is
applied, O, increases nonlinearly until a tangential displacement of approximately 0.75
mm. Subsequently, Oy remains constant except at a few points. The maximum horizontal
stress along the interface occurs at the right boundary and decreases towards the left
boundary. Oy is approximately 236 kPa at the left side of the shear box and increases to

723 kPa towards the right side.

The variation of the vertical stress, &y, is plotted in Figure 7.2. The initial vertical stress,
when only the constant normal stress is applied, is 300 kPa. During the tangential
displacement, Oy slightly changes. Points L and M exhibit a slight decrease from the initial
vertical stress value, while the other points show an increase. The vertical stress ranges
from 222 kPa to 385 kPa along the interface from the left side to the right side of the

interface, respectively.

Strain state

The horizontal normal strains, €, are shown in Figure 7.3 for points along the interface, as
the loading of the interface progressed from the initial condition to the ‘failure state. The
value of g, increased from the left side to the right side of the interface. The maximum
horizontal strain at various locations along the interface ranged from 0.03% to 1.28%,

where compression is positive.

The vertical normal strains, &y, are shown in Figure 7.4. Along the interface, the left side

and middle exhibit similar compressive vertical behaviour while at the right boundary,
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Points S and T show dilative behaviour. The maximum compressive and dilative vertical

strains are 0.16% and 0.47%, respectively.

The shear strains, Yxy, are shown in Figure 7.5. The value of vy, decreased from the left
hand side towards the right hand side of the interface. The maximum shear strain, at
various locations along the interface, ranged from 1.90% to 5.40%, where compression is

positive.

7.1.2 Mohr circles, stress paths, and orientation of principal stresses

Mokr circles

The experimental set-up of the direct shear interface test is similar to that of the direct
shear (DS) test used to investigate the soil behaviour in general. The initial state of stress
and the state of stress corresponding to failure in a DS test are shown in Figure 7.6. At
failure, the normal stress on the failure plane, Oy, is the same as the initial normal stress,
Oy. Additionally, the horizontal stress, G,, becomes larger in magnitude than the vertical
stress, Gy. The orientation of the failure plane in a direct shear test is horizontal. The

position of the pole is shown in the figure.

Figure 7.7 shows the states of stress at Point P in the analysis of direct shear interface test
for various tangential displacements. Initially, when the constant normal stress is applied
and the tangential displacement is zero, Oy is less than G,. During shearing, the magnitude
of ©; quickly increases and becomes larger than that of 6,. The sand failure envelope and
interface failure envelope are obtained from the experimental results presented in previous

chapters.

The states of stress in the direct shear test and in the direct shear interface test are seen to

be similar.
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Stress paths

The stress paths at various points along the interface are shown in Figure 7.8. Before each
point along the interface reaches the interface failure envelope, both the yield surface and

the cap yield surface expand. Points R, S, and T do not reach failure.

Orientation of principal stresses

On the planes where the maximum or minimum normal stresses occur, there are no
shearing stresses. These planes are called the principal planes of stress and the stresses
acting on these planes are the maximum principal stress, 6;, and the minimum principal

stress, Gs.

The orientation of the principal stresses in the soil sample when the constant normal stress
is applied and before tangential displacement takes place is shown in Figure 7.9. The
vertical red line of the “+” sign represents G; while the horizontal line represents 63. The
orientation of ¢; and &3 is 90° and 0° to the horizontal, respectively. However, at the end
of the test when failure conditions are reached, the orientation of the principal stress
changes. The orientation and relative magnitudes of the principal stresses, in the soil
sample, are illustrated in Figure 7.10. An enlarged view of the orientations at the bottom
right corner of the soil sample are shown in Figure 7.11. It is seen that the principal planes
rotate clockwise approximately 60°. The shorter line of the red “+” sign represents s,

while G, is represented by the longer line of the “+” sign.

The magnitudes of the principal stress are highest at the right hand side and increase

gradually towards the right side.
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7.2  Simple shear interface test

In the previous chapter, a finite element analysis of a simple shear interface test was also
carried out for a constant normal stress of 300 kPa, using the Plaxis software. The problem
was analysed as a plane strain case and the Hardening-soil model was used to simulate the
behaviour of the soil. The stress and strain states of the soil, the Mohr circles, the stress
paths, and the orientation of the principal stresses at various locations along the interface,

as illustrated in Figure 6.40, are presented below.

7.2.1 Stress and strain states

Stress state

Figure 7.12 shows the variation of the horizontal stress, Oy, as the loading of the interface
progressed from the initial condition to the failure state. Initially when the constant normal
stress is applied, the horizontal stress is 120 kPa. As the tangential displacement is
applied, Oy increases nonlinearly until a tangential displacement of 0.7 mm, followed by a
sudden change in the slope of the curve before it becomes constant. The peak horizontal
stress along the interface decreases from the left hand side of the interface to the right hand
side. Oy is approximately 424 kPa at the left side of the simple shear box and decreases to

118 kPa towards the right side.

The variation of the vertical stress, oy, is plotied in Figure 7.13. The initial vertical stress
is 300 kPa, when only the constant normal stress is applied. Duﬁng the tangential
displacement, Gy increases from its initial value at the left hand side of the interface while
the right hand side shows a decrease in oy from the initial vertical stress. ©y ranges from

367 kPa to 176 kPa along the interface from the left hand side to the right hand side,

respectively.
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Sirain state

The horizontal normal strain, &, at a number of points along the interface is shown in
Figure 7.14, as a function of various stages of the test, from the initial condition to the
failure state. The highest value of g, is at the right boundary and decreases towards the left

hand side of the interface. The horizontal normal strain ranged from -1.48% to 0.41%

along the interface, where compression is positive.

The vertical normal strains, €y, are shown in Figure 7.15. The right hand side of the
interface exhibits the largest vertical normal strains and decrease towards the left
boundary. It can be noted that no extension is occurring in the vertical direction. The

maximum compressive vertical normal strain is 1.26%.

The shear strain, Yy, at a number of points along the interface is shown in Figure 7.16.

The value of 7Yy, varies significantly along the interface. The maximum shear strain is

6.4%.

7.2.2 Mohr circles, stress paths, and orientation of principal stresses

Mohr circles

The initial state of stress and the state of stress corresponding to failure in a simple shear
(SS) test, used to investigate the soil behaviour in general, are shown in Figure 7.17. The
inner circle represents the initial state of stress and the outer circle represents the state of
stress at failure. Since the horizontal stress, Oy, and the vertical stress, Gy, are constant and
only the shear stress, Ty, increases, the Mohr circle enlarges about the same centre as the
initial Mohr circle until it becomes tangent to the failure envelope. In addition, the
horizontal stress, Oy, is smaller than the vertical stress, Gy, contrary to the direct shear test.
An important detail to note is the location of the pole. The failure plane is not horizontal

as in the direct shear test.
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Figure 7.18 shows the numerical results of the states of stress in the simple shear interface
test for various tangential displacements at Point P. From the initial condition to the
failure state, Oy is less than ¢,. However, during shearing, the magnitude of oy increases at

a faster rate than that of oy.

The states of stress in the simple shear test and the simple shear interface test are not
similar. The Mobhr circles of the simple shear interface test, as the test progresses, do not
enlarge about the same centre of the initial Mohr circle. The reason being that o increases
in the simple shear interface test as opposed to the direct simple shear test where it remains

constant.

Stress paths

The stress paths at various points along the interface are shown in Figure 7.19. Before
each point along the interface reaches the interface failure envelope, both the yield surface
and the cap yield surface expand, except for Point T. For Point T, when the tangential
displacement is applied, only the cone yield surface is expanding. After failure conditions
have been reached in the interface, the finite element code, Plaxis, predicts randomly

changing results that are bounded by the failure envelope of the sand.

Orientation of principal stresses

The orientation of the principal stresses in the soil sample when the constant normal stress
is applied and before tangential displacement takes place is shown in Figure 7.20. The
vertical red line of the “+” sign represents ¢; while the horizontal line represents ©j.
Initially, the orientation of 0y and o3 is 90° and 0° to the horizontal, respectively.
However, at the end of the test when failure conditions are reached, the orientation of the
principal stress changes as in the direct shear interface test. The orientation and relative
magnitudes of the principal stresses, in the soil sample, are illustrated in Figure 7.21. An
enlarged view of the orientations at the bottom left corner of the soil sample is shown in
Figure 7.22. It is seen that the principal planes rotate clockwise approximately 45°. The
magnitudes of the principal stress are highest at the left hand side and decrease gradually

towards the right side.
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Horizontal normal strain, €,, versus tangential displacement curves at

Figure 7.3

different locations on the interface for a direct shear interface test, constant

normal stress = 300 kPz
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Figure 7.9  Principal stresses and their orientation before a tangential displacement is
applied for a direct shear interface test, constant normal stress = 300 kPa
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Figure 7.10 Principal stresses and their orientation at failure condition for a direct shear

interface test, constant normal stress = 300 kPa

Figure 7.11 Principal stresses and their orientation at failure condition in the bottom right
corer of the soil sample for a direct shear interface test, constant normal
stress = 300 kPa
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locations on the interface for a simple shear interface test, constant normal
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Figure 7.20 Principal stresses and their orientation before a tangential displacement is

applied for a simple shear interface test, constant normal stress = 300 kPa
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Figure 7.21 Principal stresses and their crientation at failure condition for a simple shear
interface test, constant normal siress = 300 kPa

Figure 7.22 Principal stresses and their orientation at failure condition in the bottom left
corner of the soil sample for a simple shear interface test, constant normal
siress = 300 kPa
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8.1 Su

ry

The development of a mathematical model for the mechanical behaviour of soil-structure
interfaces requires a full knowledge of the states of stress and strain within the laboratory
soil samples. However, with the existing interface testing devices it is difficult to measure
all components of stresses and strains everywhere in a sample. The direct shear type and
simple shear type interface tests, provide the average values of normal stress and shear
stress acting on the interface, obtained from the measured normal and tangential forces. As
for displacements, the tangential displacement of the interface plate and the displacement
normal to the top of the soil sample are measured. Additionally, if a simple shear type of
apparatus is used in the experiments, it is also possible to measure the amount of slip

between the interface plate and soil sample.

The purpose of this study was to characterize the soil-structure interface behaviour in terms
of the stress and strain states. This is accomplished by performing a numerical analysis of
the direct shear and simple shear interface tests, using the commercial finite element

program Plaxis.

An experimental program was carried out for two reasons: (1) to provide input data for the
soil model used in the finite element analysis and (2) to assess the reliability of the
numerical results given by Plaxis. First, three drained consolidated triaxial tests for
medium crushed quartz sand were performed under different confining pressures to
determine the soil properties and the Hardening-Soil model parameters for the finite
element analyses. Subsequently, a series of direct shear interface tests were conducted

between sand and concrete for constant normal stresses of 100 kPa, 200 kPa and 300 kPa.
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The measured shear stresses and normal displacements were plotied versus the tangential
displacement as basis of comparison for the numerical analyses. The ratio between the

interface friction angle and soil friction angle was found to be 0.84.

Finite element analyses were performed simulating the experimental direct shear interface
tests (these tests were conducted as part of the present investigation) and a simple shear
interface test by Li (2001). The model predictions of the shear stress and normal
displacement versus tangential displacement were compared to the experimental
observations. The mean stress, relative shear stress, and total volumetric strain within the
soil sample and the normal stress and shear stress along the interface were calculated. The
states of stress were evaluated at various locations along the interface and the numerical
values of the horizontal and vertical stresses were presented. The states of strain were also
examined along the interface and the horizontal normal strain, vertical normal strain, and
shear strain were presented. The Mobhr circles for a point on the interface, at various stages
during the tests, are drawn using the numerically determined normal stresses and shear
stresses. The Mohr circles of the direct shear type and simple shear type interface tests
were compared to the general direct shear test and simple shear test of soils. The stress
paths are also presented. Finally, the orientation of the principal stresses at the initial

condition and at failure was compared.

8.2 Conclusions

The conclusions of this investigation are as follows.

e For a specified normal stress and shear stress acting on the interface, the calculated and
measured tangential displacements do not agree only when the stress state moves

closer to the failure state.
°  When the compression or dilation of the soil sample in the direction perpendicular to

the contact surface is considered, the calculated and measured values become

significantly different from each other when failure is approaching.
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s The state of stress and the state of strain in the soil samples of interface tests are not
uniform. In the direct shear interface tests, stresses and strains near the vertical sides of
the sample container are different than those in the middle section of the soil container.
However, the stresses calculated in the middle of the interface at the time of failure are

very close to the average values of measured normal and shear stresses.

» The stress paths followed in simple shear interface tests are different than the stress

paths in simple shear tests used for characterizing the stress-strain behaviour of soils.

e« The numerical analysis using Plaxis indicates that the principal stress axes rotate
substantially during the application of the tangential displacement in both the direct

shear type and simple shear type interface tests.

8.3 Recommendations for future research

The validity of the conclusions provided here is based on the assumption that the results of
the numerical analysis are a true representation of interface behaviour. This assumption
may be justified when the soil failure is not near. As it is well known, the results of
numerical analysis is only as good as the constitutive model used for the material
behaviour. In this thesis, various difficulties were encountered using the Hardening-Soil
model. In addition, the ability of the Hardening-Soil mode! used in Plaxis to correctly

predict the soil behaviour under the rotation of principal stresses needs to be investigated.

Once the reliability of the calculated states of stress and strain is established, it would then
be possible to use this information to develop reliable constitutive models for interfaces. It
appears that by making corrections to a presently used model, one can eventually reach a

more reliable constitutive relation.
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