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SUMMARY

In recent years, considerable attention has been given to the formulation of con-
stitutive cquations for soil media. Elastic models, endochronic models, and many
clasto-plastic models with various degrees of complexity have been developed. Pre-
vost, (1986) proposed a multisurface plasticity model to describe the soil nonlinearity,
clasto-plasticity, hysteretic behaviour and stress path dependency including shear
stress induced anisotropy. Yielding is controlled by a set of nested yield surfaces
which are described as a family of ellipsoidal cylindrical surfaces in the principal
stress space. During shearing, the motion of the yield surfaces was expressed by a
combination of the isotropic and kinematic hardening rules of plasticity. The model
requires a set of parameters related to each yield surface. These are the geometric
configuration of the yield surfaces and their associated plastic parameters. Prevost
used the model to analyze a number of soil-structure interaction problems. How-
ever, the verification of the capabilities of the model has been carried out by Prevost
alone. This is due to the complexity of the model, and the insufficient information
in the literature regarding the techniques used for the identification of the model
perameters, the details of the constitutive equations and the hardening rule.

The objective of this research work is to asses merits and shortcomings of Prevost’s
model. The mathematical derivation of the model parameters, the constitutive
cquations and the hardening rule are also presented in detail. The accuracy and
the versatility of the model are highlited by comparing the model predictions with
the actual tests data.

A laboratory testing program provided some of the data to be used in this research
work. The soil tested was a crushed quartz sand. The following tests were per-
formed.

1. A scries of drained conventional triaxial compression, CTC, tests carried out on
loose, medium dense and dense sands at different confining pressures.

2, A series of undrained conventional triaxial compression, CTC, tests carried out
on loose, medium dense and dense sands at different confining pressures.

3. A series of isotropic compression, ICT, tests carried out on loose,medium dense
and dense sands.

4. A series of drained and undrained conventional triaxial extension, CTE, tests
carried out on loose, medium dense and dense sands.
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5. A stress path test carried out on a dense sample under 137.89 kPa of initial mean
stress.

In addition to these tests, the published data of Montreal Workshop (1980) were
used to generate a larger data base for the model evaluation. Moreover, Tatsuoka
and Ishihara’s (1974) cyclic tests were used to investigate the capabilities of the
model in simulating the cyclic behaviour of Fuji river sand.

The model was coded into three computer programs. The details of these programs
are given in the following:

1. PARAMETER is a computer program developed for the purposc of the deter-
mipation of the initial model parameters for both clay and sand in drained and
undrained conditions. The program also permits the prediction of the initial model

parameters of any other test from the given triaxial compression and extension tests.

2. PREDICTIONS is a three dimensional stress driven computer program. It
simulates the soil behaviour in drained conditions for monotonic or cyclic loading.
A numerical solution technique is proposed for the implementation of the model
in a computer prograin. The objective of this solution technique is to control the
given stress increment so that the overlapping of the yield surfaces will be avoided.

3. SIMULATIONS is a three dimensional stress driven computer program. It allows
for the model predictions of the soil behaviour in undrained tests. Since the effect
of the volumetric strain on the initial geometric configuration of the yield surfaces is
absent, the values of the converged effective stress increments were computed from
the zero volumetric strain condition, €, = 0.

The initial model parameters of the crushed quartz sand, Ottawa sand and Fuji
river sand were determined. These initial parameters were obtained by combining
the triaxial compression and extension test results. The smooth experimental data
were approximated by linear segments of a constant tangent moduli. Each segment
can be viewed as a region bounded by two yield surfaces. Thus, the stress space
is devided by a family of yield surfaces of which the outermost yicld surface is the



Lounding failure surface.

Prevost’s pressure sensitive model was used to predict the drained behaviour of
crushed quartz sand. The model predictions were compared with the experimental
values. The conclusion was that the model simulates successfully the shear stress
strain behaviour. The initial stiffness of the soil was modelled well and the shear
stress strain curves agreed with the experimental values at least up to 80 % of the
shear strength. During some predictions, the model underestimated or overesti-
mated the observed strength of the scil. The reasons for this are the motion of the
cutermost yield surface and the model parameter identification technique.

A shortcoming of the model is apparent in its predictions of the volumetric strains.
The reason for this is the type of non-associative flow rule used in the model for-
mulation. It is suggested that the volumetric strain rate equation should be made
a function of the current =oil porosity or the current soil relative density to reflect
the gradual increase of the soil density as the loading process continues.

The capabilities of the model were further tested for complicated stress path tests
in three dimensional stress space using Ottawa sand. Although the model predic-
tions agreed well with the experimental values, the failure loads were not captured
occasionally. The initial stiffness of the soil was modelled well and the predicted’
shear stress strain curves agreed with the experimental values up to 80 % to 90 %
in all cases.

The capabilities of the pressure non-sensitive modei for describing the undrained
soil behaviour was evaluated by comparing the results of undrained CTC-CTE tests
carried out on crushed quartz sand samples with the predicted curves. It was shown
that the model was able to predict the shear stress-strain-pore water pressure curves
successfully. However, some inaccuracies in the model predictions were observed.
The model was not able to simulate the ultimate loads of a number of tests and the
predictions were ended before the failure load could be reached.
It should be noted that the pressure non sensitive model is not able to simulate
the softening of the soil after the soil strength has been reached. When the stress
point reaches the outermost yield surface, the sample is considered failed, because
the plastic modulus related to the outermost yield surface is equal to zero during
all stages of shearing. Thus, it is recommended that the model should include an
_additional parameter to model the softening of the undrained shear stress strain
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curves after the shear strenght has been reached.

The present research was extended to investigate the following aspects of the pres-

sure sensitive model.

1. The ability of the model to simulate the strain softening,

[

. The ability of the model to simulate the shakedown phenomecnon,
3. The ability of the model to simulate the behaviour of sand samples subjected to
small, large and variable amplitude of cyclic loading.

On the basis of these investigations, the following conclusions were reached:

1. The pressure sensitive model is capable of reproducing the softening of the stress-
strain curve, but at larger level of axial strain than the observed valucs.

2. The model simulates successfully the hysteretic soil behaviour and its accumu-
lative strains, however it fails in simulating the shakedown phenomenon.

3. A shortcoming of the model is clear in its predictions of the volumetric strain.
It was believed that the reason for this is the type of non associative flow rule used
in the derivations of the constitutive 1elations of the model. Somechow, the cffect of
the current relative density should be included in the model formulations.
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Glossary of Notations

Only the stress and strain tensors notations are presented in this glossary. The

remaining notations and symnbols used in the thesis are defined in the text.

oij stress tensor

G;; = dojj slress tensor increment

a;-j . effective stress tensor

a;; = doy; effective stress tensor increment

Si; deviatoric stress tensor

S‘,-_,- devialoric stress tensor increment

P mean pressure

P mean pressure increment

P elfective mean pressure

P effective mean pressure increment

b;; Kronecker delta

P&, spherical stress tensor

h =0 1** invariant of the stress tensor, trace(s)
Ja ond invariant of the stress tensor, itrace(o)?
Ja 374 invariant of the stress tensor, -:Etrm':f.-(o')a
Jap 24 invariant of the deviatoric stress tensor, itrace(S)?
Jap 34 invariant of the deviatoric stress tensor, 3tracc(8)3
€ij strain tensor

&j = de; strain tensor increment

e deviatoric strain tensor

éij = dej; deviatoric strain tensor increment

€ij6ij spherical strain tensor

€Gi = € volumetric strain

dei; = épsilon, | volumetric strain increment

€ =€ elastic volumetric strain

def; = €2 elastic volumetric strain increment

=e plastic volumetric strain

def; = ¢éf plastic volumetric strain increment

ef; elastic deviatoric strain tensor

€ elastic deviatoric strain tensor increment

e'i”- plastic deviatoric strain tensor

cf; plastic deviatoric strain tensor increment

q deviatoric stress, oy — 0y

q deviatoric stress increment

€ strain difference, shear strain, ¢; — €3

€ strain difference increment

P equivalent plastic deviatoric shear strain, [(2ef;ef;)!/?

vii




Contents

1 INTRODUCTION 2
1.1 General . . . .. i i i it e e e e e e e e 2
1.2 Statement of theProblem . ... ... .. ... ... ......... 2
1.3 Research Objectives . . .. ... ... ..o, 4
14 ScopeofResearch . ............. ..o 5

2 ELASTICITY AND CLASSICAL PLASTICITY THEORIES 6
21 Imtroduction. ... ... ..o i in e 6
22 Theoryof Elasticity . ... ... ... .o 7
23 Classical Theory of Plasticity . . . .« o vvvvnvnenn e 7

2.3.1 Concept of the Yield Surface and Yield Criterion . . . . . .. 8
232 HardeningConcept .. ......... ..y 9
233 | General Stress-Strain Relations and Flow Rules .. ... .. 10
2.4 Plasticity AppliedtoSoils . . . .. .. ..... ... o, E 12
2.4.1 Drucker’s Postulate ....... A 12

viii



2.4.2 Shapc of the Yield Surface .. ... ... ... ... .....

243 HardeningRules ... .. ..... ... . ... . ......

3 ELASTO-PLASTIC SOIL MODELS

3.1
3.2

3.3

3.4

3.5

4.1
4.2
4.3

4.4

45

4.6

Introduction . . . . . . . . . .. .. e e
Drucker-Prager Model . . . . ... ...................
Critical State Concept . . . . . . . . . . ... .. ...
331 Cam-clayModels . . . . . . .. .. it ittt e
332 CapModels . . . .. ... ... ... ...

Multisurface Models . . . . . . . . .t i it e e e e e e e

PREVOST’'S MODEL

Introduction . . . . v . 0 v v i it e s e e e e e e e e e e

Field Work-Hardening Moduli Concept . . . . . . ... ........
FlowRule ...................... I
Hardening Rule . . . . . . .. ... i i ittt it i eens
4.5.1 TranslationRule . ........................
4.5.2 Expansion/ ContractionRule . . . ... ............

Interpretation of Prevost's Model . . . .. ... .. e e e e

ix

15

15

16

18

20

21

22

23



46.1 Yield Functions .. ... ... .. ... 31

4.6.2 Stress-Induced Anisotropy . . . . . ... .o oL 31

4.6.3 Interpretation of the Field Work Hardening Concept . . . . . 32
4.6.4 Pressure Sensitive Model . .. .. ... ... ......... 34
4.6.5 Pressure Non-Sensitive Model . . . .. ... ... ... .. .. 35
46.6 Model Parameters . . .. ... ... ... ... . ... 37

5 LABORATORY TESTING 39
51 Introduction. . . .. .. . . oot i it i ittt i e 39
5.2 Description of the Sand Tested . . . . . ... ... .. ..o 40
5.3 DPreparationoftheSamples . ..................... 41
54 Testing Procedure . ........ ... i 42
55 TestResults . . . . . . v v v v v it i i i ittt e c e 43
5.6 Interpretationof Test Results . .................... 43
5.6.1 Isotropic Compression Tests . . . . . ....... ... ... 43
5.6.2 Drained CTC Tests ... ... .. I 44

5.6.3 Drained StressPath Test . . ... .... ... ... 44
564 Undrained CTC Tests . . .. ... ..o v v i v v v vnn 45
5.65 Drained and Undrained CTE Tests . . . . - - « - . .+« . . . 46

5.7 Summary of the Data for Peak Points . . ... ............ 46



6 PARAMETER IDENTIFICATION 52

6.1 Imtroduction. . . . . . . & i v v i i v v it i i e e e e e 52
6.2 Model Parameters . . . . .. . . oottt e e 52
6.2.1 Isotropic Parameter ... .................... 53

6.2.2 Elastic Parameters . . . . ... ... ... ... ..., 56

6.2.3 PlasticParameters . . . . . .. . . ... . 0o 56

6.3 Parameter Identification Technique . . . . .. . ... ... ... ... 57
6.4 PARAMETER, Computer Code . ... ................ 60
6.4.1 Flowchart J 60
642 InputData ... .. ... i it vttt 61
643 OutputResults . . ... ... ... ... 61

65 OttawaSand ... ... . . . it i e 61
66 FujiRiverSand . . . . . . .o o i i i i it i i e e 62
6.7 Undrained Model Parameters . . .. ... ... ... ... ...... 62
6.8 Predictions of the Model Parameters for Other Tests . . . . . .. .. 63
7 IMPLEMENTATION OF THE MODEL 73
701 Introduction. . . . v v v v v i it ittt it it i et 73
7.2 Computer Program PREDICTIONS. . . . . . . oo v vnnn.... 73
7.3 Computer Program SIMULATIONS. . .. ... ... ......... 79
74 ProgramFlowchart . . . . ... ... ... .. i 80



8 MODEL SIMULATIONS AND DISCUSSIONS 95

81 Introduction. .. ... . .. . i i it e e 95
82 Crushed QuartzSand ... ....... ... ... ... ... ... o7
8.2.1 Drained CTC Tests, Loose Samples . . ... ......... 97
8.2.2 Drained CTC Tests, Medium-Dense Samples . . ... .. .. 99
8.2.3 Drained CTC Tests, Dense Samples . . ... ......... 100
8.2.4 Isotropic Compression Tests . . . . .. ... ... ....... 101
825 DrainedCTE Tests. . .. ... ....... . ... .. 102
8.2.6 Undrained CTC Tests, Loose Samples . . .. . ... ... .. 103
8.2.7 Undrained CTC Tests, Medium-Dense Samples . . . . .. .. 104
828 Undrained CTE Tests . .. ... ... ... 104
8.3 Discussionsand Conclusions . . . . .. .. ... .. 106
8.3.1 Pressure Sensitive Model . ... ........... ... .. 106
8.3.2 Pressure Non-Sensitive Model . ... ............. 110
84 Ottawa Sand . . . ..o v i it i it i e e e 111
841 Conclusions .. .. ... v ittt 114
8.5 Fuji River Sa.nd .............................. 115
8.5.1 Discussions and Conclusions . .. ... ............ 116
9 AN EVALUATION OF THE ADDITIONAL CAPABILITIES OF
THE MODEL 124

xii



9.1 Introduction. . . . . . . . . i v i i v e i e e e e e e e 124

9.2 Softening of the Stress Strain Curve . . ... .. ... .. ...... 124
93 Shakedown . .. .. ... ... . ... .. e 125
9.4 Small Amplitude CyclicLoading . ................... 126
9.5 Large Amplitude Cyclic Loading . .. ................. 128
9.6 Variable Amplitude CyclicLoading . ................. 128
9.7 Conclusion Regarding the Cyclic Simulations . . ... ........ 129
10 CONCLUSIONS AND RECOMMENDATIONS 130
10.1 Conclusions Regarding the Pressure Sensitive Model . ... ... .. 130
10.2 Conclusions Regarding the Pressure Non-Sensitive Model . ... .. 131
10.3 General Conclusions . . . . ... . . ittt i i 132
10.4 Recommendations . ... ... ... ...t vnnnnn. 133
A GENERAL STRESS STRAIN RELATIONS 141
B MODEL PARAMETERS 143
B.1 List of the Model Parameters . . . .......... e e 143
B.2 Laboratory Tests Needed . ... .................. 144
B.3 Parmneterldentiﬁcation..............}..; ...... 144



B.3.1 Determination of the Polar Angle . . . . . ... ... ... 145

B.3.2 Initial Model Parameters . . .. ... .. ... ... . ... 147

B.4 Undrained Model Parameters . . . . ... ... ... ....... 148
B.5 Computer Program PARAMETER . ... ... ... .... ... 148

B.5.1 ExampleofInput Data . .................. 149

B.5.2 Example of Qutput Results . . . ... ........... 150

B.5.3 PARAMETER Listing . .................. 153

C LABORATORY TESTING 159

D MODEL SIMULATIONS 175

E AN EVALUATION OF THE ADDITIONAL CAPABILITIES OF
THE MODEL 207

F COMPUTER PROGRAM PREDICTIONS

F.l Introduction . . . . .« v v v v v v v vt i i e e 225
F.1.1 GuidetoInputData ... ................ 225
F.1.2 ExampleoftheInput Data ... ................ 296
F.1.3 Example of the OQutput Results .. ........... L. 227

G COMPUTER PROGRAM SIMULATIONS
G.1 User’s Guide for SIMULATIONS . ................. 235

G.1.1 ExampleoftheInput Data . .. ............ 935

xiv



G.1.2 Example of the Output Results

--------------



List of Tables

5.1

5.3

5.4

5.5

5.6

5.7

6.1

6.2

6.3

6.4

6.5

Test results, drained CTC test, 03 =1378%Pa ... ...... .. 48
Summary of the Tests Performed . . . .. ... .. ... .. ... .. 49
Summary of the Drained CTC Test Results . . . ... ... ..... 50
Summary of the Undrained CTC Test Results . . . . ... .. ... 50
Summary of the Drained CTE Test Results . . ... ... ... ... 51
Summary of the Undrained CTE Test Results . . .. ... ..... 51
Ultimate Faillure Data . . . ... ... ... .oy 51
Measured values of (1) for crushed quartzsand . .. ...... ... 53

Initial modél parameters of loose crushed quartz sand, drained test
03=13T.89kPa ... ... ittt ittt e e e 65

CTC model parameters of loose crushed quartz sand, drained CTC
test 03 =137.89kPa . . . . . ¢ . i e e e e 68

CTE model parameters of loose crushed quartz sand, drained CTC
test o3 = 137.89kPa . . . . . . . e e e e e s 68

Initial model parameters of medium-dense crushed quartz sand, drained
test o3 =1378%Pa . ... ... ... .. e 69

xvi



6.6

6.7

6.8

6.9

6.10

6.11

8.1

8.2

8.3

8.4

8.5

Initial model parameters of dense crushed quartz sand, drained test
G5 = 13T89KPG o o o e e e e 69

Initial model parameters of Ottawa sand, drained test o3 = 68.95kPa 70

Initial model parameters of Fuji river sand, drained test o3 = 196.14kPa

W e . e e ae s e im emmm s e m  xosemoaaa s T0

Initial model parameters of loose crushed quartz sand, undrained test
o3 =137.80kPa . . . . . i i it e e e e e e 71

Initial model parameters of medium-dense crushed quartz sand, undrained
test ga = 137.89KPa . . . & L i i e e e e e e e e 71

Predicted initial model parameters of loose crushed quartz sand,

drained test a3 = 275.T8kPa . . . . . . v« v it v i it e 72
Computed Strain Ratio Related to fs .. ... .. e e 109
Computed Flow rule Values Related to fs . .. ... ......... 110

A = 0. Initial model parameters of loose Fuji river sand, drained test,
03=196.14kPa . . . . . . ¢ ¢ i ittt e e e 117

A = 50. Initial model parameters of loose Fuji river sand, drained
test, 03 =196.14kPa . . . . . . i i i e e e 117

A = 100. Initial model parameters of loose Fuji river sand, drained
test, 03 =196.14kPa . .. . . . . . ittt ee.. . 118

xvii



Chapter 1

INTRODUCTION

1.1 General

The numerical techniques used to solve the load-deformation problems must satisfy
the conditions of compatibility of strains, the boundary conditions, the equilibrium
equations and the stress-strain relations. Linear and nonlinear clastic, visco-elastic
and elasto-plastic models have been used to idealize the stress-strain behaviour of
soils. It is the choice of the constitutive law determines whether the solution ob-
tained is realistic and meaningful. In recent years much effort has been devoted
to the development of constitutive laws for soils, and several schools of thought on
the philosophy of constitutive modelling have emerged. A rough count shows that
there are nearly 50 models published in the literature. However, there has been
insufficient evaluation of these models with respect to actual soil behaviour .

1.2 Statement of the Problem

Prevost used the multisurface thcbry of plasticity proposed by Mroz (1967) and Iwan
(1967) to develop two elasto-plastic models to describe the non-linear, anisotropic,
and stress-path dependent behaviour of soils subjected to complex loading paths



involving loading and subsequently unloading-reloading in an arbitrary direction.
These models were rinmed pressure non-sensitive model and pressure sensitive model,
Prevost (1977a, 198G). The first moclel was restricted to describe only the undrained
clay behaviour in which the effect of the hydrostatic pressure on yielding of the soil
was ignored. The model used a series of nesting yield surfaces subdividing the stress
space into regions of a constant work-hardening moduli. It was recognized, Prevost
(1977a), that the soil undergo both clastic and plastic deformations upon loading,.
The elastic behaviour was assumed to be isotropic and linear. The anisotropy and
non linearity result from the plastic behaviour of the soil. During shearing, the
change in the plastic propertics is expressed by the translations and expansions or
contractions of the yield surfaces. Prevost (1978) has generalized the pressure non-
sensitive model to include the drained conditions by introducing the hydrostatic
pressure term into the vield functions. This is called pressure sensitive model. It
was based on the same concept as tlie pressure non sensitive model. In the pressure
sensitive model, the elastic behaviour was considered to be isotropic but non-linear.
The anisotropy resulted from the plastic soil behaviour. A new hardening rule was
selected to describe the motion of the yield surfaces during the plastic flow. The
model was further generalized by introducing a new flow rule in the formulation,
Prevost (1986). |
Prevost’s model ! is a general model applicable for both clay and sand. Its consti-
tutive formulation incorporates drained and undrained situations involving a set of
model parameters. These are the geometric configuration of the yield surfaces and
their associated elastic and plastic shear and bulk moduli. A non associative flow
rule was used. Prevost (1986), with a degree of non associativity parameter related
to each yield surface.

Prevost used the model to analyze bearing capacity problems, Prevost (1979a),
stability of dams, Prevost et al. (1985a, 1985b), and offshore gravity structures,
Prevost et al. (1981c) for monotonice, cyclic and dynamic loading conditions. How-
ever, it appears that the verification of the performance of the model is limited to
Prevost’s research work. The reason for this is the model complexity. The model
uses a large number of parameters. These parameters are inter-connected and not
constants. They vary with the applicd stresses and the volumetric strains developed.
During shearing, the yicld surfaces translate and expand or contract isotropically.

1The term Prevost’s model refers to the pressure sensitive model which degenerates to the pressure
non sensitive model when it is used to idealize the undrained soil behaviour.
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Two types of expansions were introduced, Prevost (1986). Instantancous expansion
due to the total volumetric strain developed in the soil element and a permancent
expansion duc to the plastic strains developed in the soil sample. The stress point
moves in the stress space pushing the inner yield surfaces to the exterior and the soil
deformations are computed in an incremental fashion. This concept complicates the
computations for the model simulations, because the motions of the yield surfaces
during loading and unloading events have to be remembered.

The statement of the problem relevant to the present study can be expressed as
follows:

In the literature, Prevost (1977a, 1977b, 1979a, 1979b, 1979c, 1980, 1981a, 1981b,
1981c, 1985a, 1985b, 1985¢, 1986), the model is not well documented with respect
to the mathematical derivation of the model parameters, the techniques used for the
model parameter identification from experiments and the mathematical derivation
of the hardening rule. In addition, there is no evidence of the ability of the model
to simulate to the following aspects of the soil behsviour:

1. The failure loads, meaning the observed strength of the soil,

2. The softening of the soil after the peak strength has been reached, and

3. Shake-down aspect, meaning the densification of the loose soil subjected to cyclic
loading,

1.3 Research Objectives

The main goal of this research work is to assess the merits and shortcomings of
Prevost’s model. Within this general framework, the efforts are aimed to achieve
the following objectives:

1. to investigate of the versatility and accuracy of the model by comparing the
model simulations with the actual test data,

2. to evaluate the accuracy of the model in defining the failure loads,

3. to study the performance of the model in simulating the softening of sand samples
after the shear strength has been reached,

4. to investigate the ability of the model in simulating the shake down,

5. to examine the response of the model to a large or a small amplitude cyclic
loading.

6. to review the assumptions involved in the derivation of the constitutive relation,
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hardening rule, flow rule and the identification of the model parameters to clarify

their influenc on the performance of the model.

1.4 Scope of Research

The steps taken in this research to achicve its objectives are listed as follows :
. A literature review
. An extensive study of Prevost’s model

. Laboratory testing

1
2
3
4. Development of a computer program to obtain the model parameters
5. Implementation of the model into computer programs

6. Simulations of stress strain behaviour and comparisons with actual test data

7. A study of the ability of the model in simulating the strain softening, failure
states, shake-cown aspect and the response of the model for large or small amplitude

of cyclic loading.
The details of these steps are deseribed below :

1. The literature review involves a study of the theory of elasticity, the classical
theory of plasticity, the plasticity theory applied to soils and a review of the elasto-
plastic soil models with the emphasis on the concept of critical state and cap models.

2. The derivation of the constitutive equations and the hardening rule of Prevost’s
model will be given in details. This section will include an explanation of how the
model works to simmulate the mechanical behaviour of soils during shearing. '

3. The laboratory testing will include a series of triaxial tests carried out on a
crushed quartz sand. The following tests will be performed:

a) A series of drained conventional triaxial compression, CTC, tests carried out on
loose, medium dense and dense sands at different confining pressures.

b) A series of undrained conventional triaxial compression, CTC, tests carried out
on loose, medium dense and densc sands at different confining pressures.

¢) A series of isotropic compression, ICT, tests carried out on loose, medium dense
and dense sands.



d) A series of drained and undrained conventional triaxial extension, CTE, tests
carried out on loose. medium cense and dense sands.

) Stress path tests.

These tests will be used to determine Prevost’s model parameters. Following the
parameter identification. the mocdel will be used to predict the constitutive behavior

of the soil subjected to different confining pressures.

4. This step concerns with the determination of the model parameters of the crushed

quartz sand, Ottawa sand and Fuji river sand.

5. The model will be implemented in a three dimensional stress-driven computer
program. The flowchart, program listing, the program manual and samples of input
data and output recsults will be presented.

6. It is the purpose of this step to obtain the model simulations of the laboratory
tests. Since the experimental program is restricted to the conventional testing in
the triaxial plane, the experimental data of Montreal Workshop (1980) will also
be used to gencrate a larger data base for the model evaluation for different stress
paths in & three dimensional stress space. Moreover, Tatsuoka and Ishihara’s (1974)
cyclic tests will be used to investigate the performance of the model in simulating
the cyclic behaviour of soils. ‘

7. An investigation will be conducted to study the ability of the model in simu-
la.ting the softening, shake down aspect, failure loads and its response to large and
small amplitude of cyclic loading. Concluding remarks will be given and ways of
improvement of the model will be proposed. '

[4) ]



Chapter 2

ELASTICITY AND CLASSICAL
PLASTICITY THEORIES

2.1 Introduction

A brief review of the elasticity and the classical plasticity theories is presented in
this chapter, because the formulations of the elasto-plastic models of Prevost fall
within the framework of these theories. This review gives the main assumptions
involved in the derivation of an elasto-plastic constitutive relation and emphasizes
the need for certain modifications and extensions to the classical theory of plasticity
when it is applied to soils.

Prevost’s constitutive relations use the normality rule of plasticity to compute the
plastic strain increments, employ an ellipsoidal shape yield surface and combine the
isotropic and kinematic hardening rules. In view of this, a review of Drucker’s pos-
tulate, various shapes of yield surfaces and hardening rules used in the geotechnical

ficld are presented in Section 2.4.



2.2 Theory of Elasticity

‘The majority of the constitutive relations for soils are based on the energy principles
of a continuous media. The energy principles state that any body can possess energy
in various ways. If it is in motion, it possesses kinetic energy. Any other cnergy
not related to its motion is called intrinsic energy. The total energy is the sum of
the kinetic and intrinsic energies, Kurdaze et al. (1979). The assumption of the
linear elastic material behavior is the simplest way to model the soil behavior under
a given set of stresses.

gi; = Cisnen (2.1)
where Cj;i; are 81 coefficients of a symmetrical fourth order tensor.

The existence of the strain energy function and the assumption of homogenous-
isotropic material reduces the 81 coefficients to 2, Solomon (196S).

ci; = Mew)bi; + 2Ge;; (2.2)
where A and G are Lame's constants, §; is the Kronecker delta.
The application of this idealization to soil ignores its plasticity and its nonlincarity.
However, soil non-linearity can be preserved. In this case, the cocfficients Cj;x are
not constants but depend on the applied stresses. This is usuzlly accomplished by
fitting the stress-strain data for a given test in mathematical functions and deter-
Immng the relationships between the coefficients C;;x and the other parameters such
as density, confining pressure, etc. Specific examples are the hyperbolic idcalization,
Duncan and Chang (1970), and spline functions, Desai (1971).

2.3 Classical Theory of Plasticity

The objective of the classical theory of plasticity is to offer a mathematical descrip-
tion of the mechanical behavior of a material in the plastic range. It was based on
certain simplifying assumptions, Hill (1950):

a. The stress-strain relations are time independent.

b. The material is isotropic and Bauschinger effect is neglected.

In general, a constitutive model based on the classical theory of plasticity contains
1. A yield criterion specifying the state of stress at which the plastic flow occurs.
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2. A hardening rule specifying the change of plastic properties of the material in
the course of plastic flow.
3. A flow rule specifying the direction of the plastic strain rate vector for given

stresses and stress rate vectors.

2.3.1 Concept of the Yield Surface and Yield Criterion

A state of stress at a generic point in a medium is defined in a nine dimensional
stress space. Any program of loading can be regarded as a path in this space. For
many materials, it is assumed that there exists about the origin a domain called the
clastic range in which a change of stress, do;;, produces no change in the permanent
strains. If the permanent strains occur, the medium is said to be in plastic state.
The plastic domain is bounding the elastic range and defines a yield surface. A yield
criterion is a law defining the limit of the elasticity under any possible combination
of stresses, Hill (1950).

In the one dimensional stress space, the yield surface is represented by a point, called
a yield stress which is the limit of a pure elastic zone. Generally, the magnitude
of the yield stress in tension is not the same as in compression. This phenomena
is called Bauschinger effect, Calladine (1969). Furthermore, if the orientation of
the individual grains of the material skeleton are randomly distributed and they
have no preferred direction during straining, the yield stress and the macroscopic
stress-strain relations do not vary with direction. In this case, the material is said
to be isotropic. It follows that the isotropic yielding depends only on the magnitude
of the principal stresses and not on their directions. Thus, the yield criterion can
be expressed as a function of the three invariants of the stress tensor.

(I, J2, J3) = 0. (2.3)

It should be emphasized that only functions symmetrical in the three principal stress
space are permissible to be a possible yield function. It is observed experimentally
that yielding of metals is unaffected by the hydrostatic pressure either applied alone
or superposed on some state of combined stress, Hill (1950). This means that there
is no plastic volume change due to the applied hydrostatic stresses,

def =0  (24)
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0}/ \0;

Figure 2.1: Tresca and von Mises yield criteria on the 7 plane.
and Eq 2.3 reduces to the form:
J(J2,J3) = 0. (2.5)

The negligence of Bauschinger effect and the assumption of the isotropy of the
madterial implies that the yield surface may be represented, in the stress space, by a
piecewise smooth uniform cylinder of infinite length whose axis is the space dingonal
0, = 03 = 03. The well known Tresca and von Mises yicld criteria, Fig 2.1, nre
represented by a rectangular hexagon and a circle on the 7 plane respectively.

2.3.2 Hardening Concept

When dealing with hardening mauterials, the yicld surface changes shape and locn-

tion as the plastic deformation occurs. The hardening rule describes the response

of the yicld surface during a loading process. It is assumed that the motion of the

yield surface should be restricted to merely increase in size without any change in

shape, Hill (1950). It follows, for example, that the von Mises yield sutface is always

a circle in 7 plane, expanding uniformly during loading.

However, the loading, unloading and neutral loading are defined according to whether

the direction of the vector do is directed towards the exterior or the interior of the
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yield surface or tangential to it, Prager (1949).

Qida' >0 f=0. loading (2.6)
do
gj—rda =0 f=0. neutral..loading (2.7)
e
of .
-a-;da' <0 f=0. unloading (2.8)

In soils, the above definitions of loading and unloading may be violated when one
deals with the softening of the material. Under a loading process the yield surface
decrease its size after the peak strength has been reached.

In metal plasticity two measures of hardening are used, Hill (1950), the plastic work
( W, ) and the equivalent plastic strain { € ). The reason for this, the elastic work
cannot produce hardening and the equivalent plastic strain provides a measure of
the plastic distortion. If the hardening is formulated in terms of plastic work, the
material is said to work harden whereas when the hardening is formulated in terms
of the plastic strain it is said to strain harden. The assumption that hardening
occurs if the plastic work is done implies that the radius of the von Mises yield
surface, for example, is a function of W,

W, = j oi;del; (2.9)
The equivalent plastic strain in this case is :
9
& = f (gde:-:-de%)% (2.10)

where the integrations in Eqs 2.9 and 2.10 are carried over the strain paths.

2.3.3 General Stress-Strain Relations and Flow Rules

The development of the stress-strain relations in the plastic range requires the sat-
isfaction of the following conditions:

1. Irreversibility condition

2. Continuity condition

3. Uniqueness condition

4. Consistency condition

Note that on account of the irreversible character of plastic deformation, the work

10



expended on plastic deformation cannot be reclaimed. This means that the plastic
work increment is always positive for any change in plastic deformations, W, > 0.
If the discontinuities in the stress-strain relation are to be avoided, the neutral
change of the stress is considered as a limiting case for either the loading or unload-
ing cases, Prager (1949). This is called the condition of continuity which requires
that, df = 5%{_;(10.—,- =0.

For neutral loading, the condition def; = 0 is satisfied by assuming that:
def; = Gy;df (2.11)

where G;; is a symmetric tensor. The elements of G;; are functions of the stress
components but not their increments. Thus Eq 2.11 takes the following form:

dep G,Ja of down (2.12)

where k and 1 are dummy subscripts.

The function G;; must satisfy the condition that the principal axes of the plastic
strain increment must coincide with the principal stress axis. This is called the
uniqueness condition, Prager (1949), and it is satisfied by choosing:

dg
Gi; = haa;,- (2.13)
In which G;; = 0 to ensure zero plastic volume change. Thus, Eq 2.12 will be:
dg of
P = 9
de haau Ba,,, dd‘k; (-.14)

In Eq 2.14, g and h are scalar functions of the deviatoric stress invariants, h rep-
resents the rate of strain hardening, The function g is called the plastic potential
function.

Eq 2.14 defines the plastic strain increment vector as normal to the plastic potential
g This is called the normality rule, Hill (1950). Once h and g are chosen, Eq 2.14
determines def; and a new yield surface is thereby produced. Since the new yield
surface must pass through the new stress point, the functions g and h cannot be
chosen arbitrarily but must satisfy the consistency condition, Prager (1949), which
states that loading from a plastic state must lead to another plastic state.

When the functions g and f are chosen to be the same, the term associative flow
rule is used whereas the term non-associative follow rule is used when the functions
g and f are different.

11



2.4 Plasticity Applied to Soils

It is the purpose of this Section to present a brief review of Drucker’s postulate,
various shapes of the yield surfaces and hardening rules used in geotechnical field.

2.4.1 Drucker’s Postulate

Drucker’s postulate, Drucker (1950), as applied to an elasto-plastic solid is stated
as follows:

Consider an element initially in some state of stress. Distinct from the previously
existing state of stress, an additional set of stresses are applied and then removed.
The work done by the added set of stresses, in cycle of application and the removal
of the added stresses, is not negative. This implies that the yield surface must be

convex and the plastic strain increment vector must be normal to it.

doijdel; > 0 (2.15)
22t
iy = Nz | (2.16)

In which X is a positive scalar factor of proportionality. Mathematical proof of the
convexity and the normality was given by Philips and Seirakowski (1965).

Note that in soils, Drucker’s postulate is violated in the zone of the strain softening
after the peak strength. Simply, because the quantity given by Eq 2.15 would be
negative.

2.4.2 Shape of the Yield Surface

Various shapes of yield surfaces have been suggested. Roscoe and Burland (1968)
proposed an ellipsoidal yield surface in the three dimensional stress space. Schofield
and Worth (1968) suggested a bullet shape. An open ended and capped cones were
proposed by Drucker and Prager (1955) and Lade (1977). Ellipsoidal cylinder shape
was proposed by Prevost (1977a, 1978, 1986).



2.4.3 Hardening Rules

During plastic deformations, the material experiences a hardening and this results
in a change of the plastic material properties. An initially isotropic material may
remain isotropic or become anisotropic. A perfectly plastic material experience no
hardening, Desai and Siriwardane (1984).

When the stress point touch the yield surface and attempts to move beyond it,
the consistency condition requires that the yield boundary has to move with it. In
isotropic hardening case, the yield surface expands uniformly without change in the
form or position, Fig 2.2a. However, the kinematic hardening rule does not permit
the change in size or form of the yield surface and the hardening of the material
gives the change in position of the yield surface as a function of stress increment,
Scott (1985). Thus, the yield surface is dragged by the stress point to satisfy the
consistency condition, Fig. 2.2b.

A more general case than the previous two can be postulated to accommodate both
translation and expansion of the yield surface. This was achieved by combining both
isotropic and kinematic hardening rules, Iwan (1967), Mroz (1967; 1978), Mroz et
al. (1979), Prevost (1977a, 1978, 1986).

13
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Figure 2.2: Hardening rules -of plasticity: a) Isotropic. b} Kinematic.
( From Scott, 1985 )
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Chapter 3

ELASTO-PLASTIC SOIL
MODELS

3.1 Introduction

Soils are extremely complicated engineering material whose constitutive response
depends on a large number of factors including density, grain size distribution, types
of minerals, chemistery of pore water, drainage condition, confining pressure, stress
path, Ko and Scott (1967). Moreover, the material characteristics such as hetero-
geneity and anisotropy play a fundamental role in the microstructural behavior of
soils and require the consideration of parameters at the microstructure level, Vijay
and Tien (1976).

Since it is not possible to review all the existing elasto-plastic soil models, the scope
of this chapter was restricted to review Drucker-Prager model, the critical state
concept involving both Cam clay and Cap models, multisurface models and the
bounding surface models. Drucker-Prager model is presented as an example of the
elastic-perfectly plastic idealization. The critical state concept is presented to estab-
lish a theoretical background towards an understanding of the role of the outermost
yield surface which eventually becomes the failure surface in Prevost’s model. The
bounding surface model have a similar concept as the multisurface models.

15
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Figure 3.1: Representation of Drucker-Prager model.
( From Desai and Siriwardaine, 1984)

3.2 Drucker-Prager Model

In an attempt to include the effect of the hydrostatic stresses on yielding of soils,
Drucker and Prager (1952) suggested a generalized yield criterion which includes
the effect of all principal stresses. They assumed that the soil is an isotropic and
clastic-perfectly plastic material. The von Miscs yicld criterion was modified to
have a cone shape yield surface rather than a cylinder.

f = \/ sz - C\'JI -k =0 (3.1)

In which a and k are material parameters related to the frictional and coliesive
strengths of the material. The total strain increment is considered to be the sum of
the elastic and plastic strain inctements. The elastic strains were calculated using
Hooke’s law and the normality rule of plasticity was used to compute the plastic
strain increments. The stress strain relation was given as, Chen and Baladi (1985).

dO,'J' R I{Ekk(sij 4+ 2G'de.-,- - (—31.1.&6;,' + \C/;}Sl"_) (3.2)
D

in which K and G are the elastic bulk and shear moduli. ) is the same as defined
in Eq 2.16.
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As shown in Fig 3.1, the plastic strain increment vector has a negative component
which indicates a négative plastic volume change.

The use of the mode! leads always to a prediction of dilation accompanying a shear-
ing action which is not observed for all types of soils. Normally consolidated clays
and loose sands may not dilate during shearing,.

3.3 Critical State Concept

A soil element, undergoing shear distortion, eventually reaches a critical state con-
dition in which it can continue to distort without further change of void ratio and

shearing resistance. Roscoe (1958)

The introduction of isotropic hardening rule, led to a generation of a family of
soil models developed by the Cambridge soil mechanics group. The critical state
concept was introduced as a general description of the soil behavior and its failure
criterion, Atkinson and Bransby (1977). Any state of soil defined by P,qe!
can be represented in a three dimensional P', q, e space. In drained conventional
triaxial tests, it was observed that the stress paths follow a unique surface in the
P', q, e space. This is called the state boundary surface.
Any soil element in a state of equilibrium will lie inside the volume enclosed by the
boundary surfaces and the planes € = énor 8nd € = €pin, Fig 3.2. The critical state
line, E—F, is the locus of the failure points for all shear stresses under both drained
and undrained conditions. Its projection onto the P’ —g and e — InP’ subspaces are
straight lines . . .
g=MP (3.3)

e=ey— AnP' (3.4)

eo is the value of the void ratio for P’ = 1.0 KN m~2
M is the slope of the critical state line.
) is the slope of the virgin line in e — InP' plot.

le is the current void ratio
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Figure 3.2: Representation of the critical state concept.
(From Ansal, 1977)

The shape of the state boundary surface was expressed by the following equation,
Roscoe and Burland (1968).

Pe = e(e"—e)/‘\ (3.5)

3.3.1 Cam-clay Models

The projection of the critical state line onto ¢ — P' plot is treated as an open ended
fixed outermost yield envelope. An additional sct of yield loci may be added to
account for the continuous yielding of the material during the plastic flow. Can-
cloy formulation was the first comprehensive mathematical description of the soil
behavior based on this concept, Chen and Baladi (1985). Roscoe (1963) suggested
the following function of the yield locus:

dq dp
4P + i 0. (3.6)

where = ,—37 and Y= -;“,—g—.
The yield locus expands uniformly during plastic deformation. The total strain
‘increment is assumed to be the sum of the elastic and plastic strain increments and
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Figure 3.3: Representation of the modified Cam clay model.
(From Dungar, 1986)

there is no recoverable encrgy associated with the shear distortion .

de = de® -+ de” (3.7)
de, = de” (3.8)
det = 0, (3.9)

‘The elastic volumetric strain‘is determined from the isotropic compression test.

. k dP'
cle,, (l n e)'—j_;-' (310)

k is the slope of the swelling line in the e — Inp plot .
The normality rule of plasticity governs the formulation of the plastic stress-strain

relations:
A=k (dP dn
P —
de? = 1+e(P' +¢+") (3.11)
1
P — P
-de, =M def (3.12)

" Later, this model was modified by Roscoe and Burland (1968) in which an ellip-
soidal shape of the yield locus was chosen, Fig 3.3. This choice was based on a
considera.tibl_l of the energy dissipated in the soil element. This is the so-called 'the
modified can clay model ". It was assumed only part of the volumetric strain is

recoverable, however, the elastic shear strain does not exist.
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Figure 3.4: Representation of the Cap model.
(From Desai and Siriwardane, 1984)

3.3.2 Cap Models

In the Cam clay models, the behavior of the soil was expressed by using quanti-
tics relevant to the conventional triaxial tests where the effect of the intermediate
stress was ignored. In an attempt to use the concept of the critical state to three
dimensional stress-strain relations, a nonlinear, elasto-plastic and isotropic work
hardening model was developed by DiMaggio and Sandler (1971). The proposed
yield function consists of two parts. A fixed ultimate cuvelope joining the initial
part of Drucker-Prager to the von Mises yield surfaces with smooth transition as
sliown in Fig 3.4. The second part is a moving cap serves to express the hardening
of the material during the plastic deformations. The shape of the cap was governed
by the following conditions: '

1. Under a hydrostatic loading coucition, no shear deformations occur.

2. Once the stress point reaches the fixed envelop no more volume change will occur.
In order to achieve these conditions an elliptical shape of the cap was assumed. It
forms = right angle with J, axis and intersects with the fixed envelop in a way that
the tangent to the cap, at the intersection point with the envelop, is parallel to the
J1 axis.

The total strain increment is equal to the sum of the elastic and plastic strain
increments.
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Figure 3.5: Representation of the multisurface model.

(From Iwan, 1967)

The rule of isotropic work hardening used in the above models implies that during
unloading the material behaves elastically. |

However, soil tests indicate that upon unloading botl clastic and plastic deforma-
tions occur well before the stress is fully reversed, Prevost (1977). This is similar to
Bauschinger effect observed for metals. In order to account for the inverse plastic
deformations, Prevost (1978&) proposed a multisurface elasto-plastic model with
a combination of the isotropic and kinematic rules in which the yield surface is

allowed to translate in the stress space and change its sizc as well.

3.4 Multisurface Models

A theoretical development in plasticity by lwan (1967) showed how continuousty
occurring yielding in a single element can be represented by 2 sct of nested surfaces
in the principal stress or any other stress space, Fig 3.5. A similar concept was
proposed by Mroz (1967) to describe the behavior of metals. Later, this concept
was extended to model the soil behavior, Prevost (1978a). The details concerning

the multisurface modelling are given in the next chapter.
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Figure 3.6: Representation of the bounding surface model.
(From Mroz et al., 1979)

3.5 Bounding Surface Models

The muliisurface models can be reduced to a simplified version in which only two
surfaces are considered, Fig 3.Ga, a yield surface and a bounding surface, Mroz
et al., (1979). The plastic moduli can be obtuined by an interpolation along the
distance joining the stress point on the yield surface, and its conjugate point on
the bounding surface %. The yicld surface is allowed to change its size, expand or
contract, and translate in the stress space similarly to the concept adopted for the
nested surfoces, .

If the size of the yicld surface may be degencrates to n point, the pure clastic domain

vanishes Fig 3.6b. In this case, only the bounding surface and the stress point are
considered.

?I'he definition of the conjugate point is given in the next chapter.
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Chapter 4

PREVOST’S MODEL

4.1 Introduction

Prevost (1986) proposed a mathematical model to describe the nonlinearity, anisotropy,
elasto-plasticity, and stress path dependency of saturated soils subjected to complex
loading paths involving loading and subsequently unloading-reloading in an arbi-
trary direction. The model accounts for both drained and undrained conditions. It
combines the isotropic and kinematic hardening rules, developed originally by Iwan
(1967) and Mroz (1967).

The objective of this chapter is to present the mathematical derivation of Prevost’s
stress strain relations. The main assumptions involved in the model formulation
will be pointed out. A general interpretation of the Prevost’s model is presented
in Section 4.6 which will clarify how the model works in predicting the mechanical
behaviour of soils during shearing.

4.2 Stress Strain Relations

Prevost(1978) recognized that soils undergo both clastic and plastic deformation si-
multaneously upon loading. The elastic behaviour is considered nonlinear isotropic.
The anisotropy, however, is assumed to be the result of plastic deformations. The
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elastic strain rate components are related to the components of the stress tensor by
the generalized Hooke's law, Eq 2.1. The normality rule of plasticity was used to
compute the plastic strain rate vector and a non-associative flow rule was adopted.

The plastic strain rate vector was given as follows:

) <L>
éP.

ATATE

In which P and Q are the vectors normal to the plastic potential surface, g, and the

P (4.1)

yield surface, f, respectively:

- of
Qi; = Fog (4.2)
Pi= 5 (43)
_{of af\'"?
Q! = (50_,,6_0',:) (4.4)

< L > is the plastic loading function which is related to the projection of the stress
rate vector onto the normal of the yield surface:

< L>= }IJ—Q& (4.5)

H is the plastic modulus associated with the yield function f.

The bracket symbol <>, used in Eq 4.1, is defined as:
<L>=LifL>0,and<L>=0ifL<0.

The yield surface was visualized as a surface in the stress space represented by a
function of the type:

flo—€) —K"=0 (4.6)

in which £ is the position of center coordinates of the yield surface and K is a
measure of its size. The exponent, n, was taken equal to 2, Prevost (1978).

The stress space was viewed as -hydrostatic and deviatoric stress subspace.
c=5+P§ (4.7)

S(s;;) is the deviatoric stress tensor, P' is the effective mean normal stress and
6(6;;) is the Kronecker delta.
By analogy with Eq 4.7, the parameter £ was introduced as:

E=a+ s (4.8)
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o and 3 are the deviatoric and hydrostatic components of €.

Following this anaiogy, the vectors Q and P can be decomposed:
Q=Q +Q" (4.9)
P=P +P's (4.10)

In which @', Q”, P’ and P" are the projections of the vectors Q and P onto the
hydrostatic and deviatoric stress subspaces.

. 9f n_ 9f
=55 8Q" =35 (4.11)
P=Q 3P = %’7 (4.12)

The plastic strain rate vector was decomposed into volumetric and deviatoric com-
ponents.

& = 6 | (4.13)
F=e %ega (4.14)

Combining Eqs 4.1, 4.9, and 4.10, the plastic stress strain relations can be written
as follows:

€ = <L>3P 4.15
Q2 (4.15)
& = Iﬁll—z <L>P (4.16)
In which the plastic loading function < L > can be determined from Eq 4.5 :
1 ] - "N 2
<L>=< (@5+3Q"P) (4.17)

The details concerning the derivation of the general elasto-plastic stress strain re-
lations are presented in Appendix A.

The functions f and g in Eqs 4.2 and 4.3 and the parameters H and £ in Eqs 4.5 and
4.6 cannot be chosen arbitrarily but must satisfy the necessary conditions, Prager
(1949), as explained in chapter 2.

Once f and g are chosen, Eq 4.1 determines the plastic strain rate vector due to
a given stress rate vector. A new plastic state is thereby produced at the new
stress state and it is represented by an update yield function in agreement with the
consistency condition, Prager (1949).

%(a -8 -nK"'K=0 (4.18)

where K is the change in size of the yield surface.
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4.3 Field Work-Hardening Moduli Concept

The concept of field work-hardening moduli was first proposed by Mroz (1967) to
model the metal behaviour. Later, Prevost (1977a, 1978, 1986} applied it to model
the behaviour of soils. According to this concept, Prevost (1978), a collection of
yield surfaces, fq, fi, f25-000n f» with respective sizes Ko, N1, K2, .oonen... K, divide
the stress space into regions of constant tangent moduli, as explained in Section
4.6. These surfaces are similar in shape. Thus, Eq 4.6 can be written in a general
form: .
fm(o = &5) = (Ka)" (4.19)
In which the superscript or subscript m indicates the quantities corresponding to
the yield surface f,.
A set of yield surfaces are allowed to translate and expand or contract. The stress
point moves from a yield surface f, towards f,41 pushing the inner yield surfaces
fi — fm. Note that all yield surfaces expand or contract uniformly depending on the
volumetric strain developed in the soil element. Thus all yield surfaces which are not
reached by the stress point expand or contract isotropically whereas the remaining
surfaces are in mutual contact at the stress point undergoing both translation and
expansion or contraction. A plastic moduli is associated with each yield surface,
and it is allowed to vary as explained later. The surface, f;, is a failure surface
and plays the role of a bounding surface. The stress point and the inner yield
surfaces, fo, f1,..+eey fp-1, cannot go beyond f,. The plastic moduli associated with
the outermost yield surface, H,, is allowed to be less than zero for unstable materials
and greater than a zero for stable materials !. At the critical state condition,H, is
equal to zero. The variation of H, along the outermost yield surface was expresse.d
as, Prevost (1978).

H, = gA(P - ﬂ"‘)-(—%  (420)

In which ) is a material parameter to be determined from the consolidation test
results, 8 represents the center of coordinates of the yield surface. Equation 4.20
was derived on the basis of the following assumption, at the critical state condition,
the hydrostatic stress does not effect the yielding of the soil and the value of the
plastic modulus in Eq 4.5 plays the role of the plastic shear modulus. Moreover,

1Unstable materials present a softening of the stress strain curve after the peak strengfh whereas
stable materials exhibit only hardening of the stress strain curve.
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its expansion or contraction was considered to be function of the plastic volumetric
strain alone, as explained in Section 4.5. During shearing, the outermost yield
surface expands or contracts towards the critical state condition defined as H, = 0.

Similarly, the variation of H,, along the yield surface f,, is sclected such that:

Hp = hm + \/ﬁl—g"‘—lB:u (4.21)

In which hm and (hm + Bj,) are the plastic shear modulus and the plastic bulk
modulus respectively .

The surface f; enclosing a pure elastic region can be chosen as a degenerate yield

surface K? = 0. In this case, f, coincides with the stress point and represents the
current state of stress.

4.4 Flow Rule

A non-associative flow rule is adopted. The plastic potential function, g, , associated
with the yield surface, f,., is selected such that:

P =Q (4.22)

P'=Q"+4n(Q : @)} (4.23)
A, is the degree of a non-associativity parameter which is determined from the
experimental result. Note that an associative flow rule was assumed for the outer-
most yield surface, fp, Prevost (1986). Eqs 4.22 and 4.23 were selected such that
the rate vector of the deviatoric component of plastic strains remains normal to the
projection of the yield surface in the deviatoric stress subspace.

4.5 Hardening Rule

Prevost(1978) selected a new hardening rule to describe the motion of the yield
surfaces during the loading process. Prevost’s hardening rule consists of an isotropic
expansion or contraction and the translations of the yield surfaces during loading,.
In the fdllowing both translation and expansion or contraction rules are derived.
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Figure 4.1: Typi=al representation of the field work-hardening comcept.
(Fromn Prevost, 1978)

4.5.1 ‘Translation Rule

Eq 4.19 represents a family of yield surfaces. All the surfaces are similar in shape.
By similarity, the following equation can be derived:
U ik SO ok AL i S (4.24)
IKm-1 Km I{mtl

For any point M on the surface f,,, there exists a conjugate point R on the surface

Sm+1 for which the gradient vectors %%‘1 and Qfﬁﬂ have the same direction. The two
surfaces cannot overlap or intersect but they contact each other at the conjugate
point, Mroz (1967). ' |
In Fig 4.1, M denotes a point on f,,. Its conjugate on f,.4, is R.

Let u be the vector connecting the point M to R. The vector u can be defined as

follows: Fomb1

. Km
Let 60 and S0’ denote the motions of the stress points M and R during the loading

p= (0 ~&™) = (e — &™) (4.25)

action.

§o and o’ must satisfy two conditions;
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1. The consistency condition.
2. The translation must occurs along the local normal on the yield surface.
At points M and R, Eq 4.18 takes the form:

5™ = £m 4 (KM (4.26)

l(gm |'2
gmHl = gl 4 (KMt g . (4.27)
|Qm l.lQm+l I
in which Q™¢™ = Q™60 and QmE™+! =0 .
~ In order to avoid overlapping, the instantaneous translations £m and £"™*! must
occur such that:
bo = 6c + bpp (4.28)

in which éu is a scalar parameter.
Combining Eqs 4.26, 4.27 and 4.28 one gets:

. . I{m+l)n-—l I'\"m+1 (I\'m)n—lf\'m) Qm
m_ gmbl ( - + 6 4,29
e e AR
&u can be determined from the consistency condition:
Q™ (éc — é0')
S =< 4,30

The translation of the yield surface, £™, can be decomposed into hydrostatic and
deviatoric components, as shown in Eq 4.8:

£m = Ay + 86 (4.31)

in which p' is the projection of the vector u onto the deviatoric subspace, 8 is the
hydrostatic component of £ and A is scalar parameter.

From Eq 4.26 one gets :
Em =™ — n(K"‘)“-‘Ii"“lg’f—:l2 =iy’ + 86 (4.32)
From Eq 4.7, 4.9 and 4.32, one may write:
g™ =P — n(K™™'K™ (lg"‘)l* (4.33)
p'=8- n(k'“)“"‘fc'"(Ig,zl2 (4.34)
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Comparing Eq 4.34 and 4.8 one gets:
M =a (4.35)

The consistency condition allows the determination of A, and Eq 4.35 will be :

. (Qirﬂ.S'_ n(ﬁ’m)n-l}'\'m(]%';m"l[f) ’
Q™ = 7

T (4.36)

4.5.2 Expansion/ Contraction Rule

The expansion or contraction of the outermost yield surface f, is assumed to be 2
function of the current density. Prevost (1978) selected the following expression for
the isotropic expansion or contraction of the yield surface.

K? = KPe'e (4.37)

Eq 4.37 is similar to the logarithmic relationship between the void ratio and effective
mean stress used for the derivation of the equation of the critical state line, Eq 3.4.
In order to ‘ensure the isotropic expansion or contraction of the yield surfaces, it
was assumed that all surfaces expand or contract uniformly:

WB2 = Bl = B o= AKNER (4.38)

In which K is the initial size of the surface currently pushed by the stress point.

Note that Eq 4.29 describes the following hardening rules:

If K™ = K™+ = 0 and ™ = ™+ &£ 0 — pure kinematic hardening.
If K™ = Km+1 £ 0 and €™ = £m+1 £ 0 — isotropic-kinematic hardening.
If K™ = Km+1 £ 0 and €™ = £™+1 = 0 — pure isotropic hardening.

4.6 Interpretation of Prevost’s Model

This Section concerns with a general interpretation of Prevost’s model to clarify
how the model predicts the mechanical behavior of soils during shearing. Note that
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all stresses are effective and the compressive stresses are considered to be positive.
Also, let’s consider Y as a vertical axis and X and Z are the horizontal axes of the
stress space.

4.6.1 Yield Functions

For a three dimensional stress state, a yield criterion can be generalized by incorpo-
rating all the invariants of the deviatoric stress tensor, Hill (1950). Since yiclding
of soils is effected by the hydrostatic pressure, a yield criterion has to include the
first invariant of the stress tensor, Mroz et al., (1979). Prevost’s model ignores the
effect of the third invariant of the deviatoric stress tensor and uses a von Mises type
yield criterion. Equation 4.19 was given as follows, Prevost (1978).

3 ! m b 111
:?'-(S.'j - a}';)(.S',-j - Of:?) 4. Cg(P - B )= (K )2 (4.39)

Equation 4.39 is an ellipsoidal cylinder surface in the stress space whose main axis

is parallel to the space diagonal. a and # are the coordinates of the center of its
deviatoric section.

C= 735 : axis ratio of the ellipse.
K : size of the ellipse.

4.6.2 Stress-Induced Anisotropy

Prevost (1977a) assumed that the soil anisotropy is developed during its consoli-
dation and deposition process which, in most cases, takes place under no lateral
strain. In Equation 4.39, the tensor « is not proportional to the Kronecker delta,
&, therefore yielding is anisotropic. If Y coincides with the consolidation direction,
ar = a, and az; = a,; = 0. The initial positions of the yield surfaces reflect the
past stress strain history. In particular, o]} are a direct expression of the material
memory associated with the loading history., From the hardening rule adopted, Eq

4,36, it follows that da;; = 0 ( for ¢ # j ) and the material’s transverse isotropy is
preserved.
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4.6.3 Interpretation of the Field Work Hardening Concept

Prevost’s models were based on the concept of the field work hardening, Mroz
(1967), which was described in Section 4.3. In order to explain this concept further,
let us consider a specimen of initially isotropic material subjected to a monotcaically
increasing load in tension. The smooth experimental curves are approximated by a
linear segments. Each segment is regarded as a region bounded between two yield
surfaces. Thus, the model consists of a series of nested yield surfaces subdividing
the stress space into regions of a constant tangent moduli, Fig 4.2b. Each region
is called a field of constant work-hardening, Iwan (1967). Obviously, the degree of
accuracy achieved by this representation is dependent on the number of segments
used, Fig 4.2a.

The process of loading and subsequently unloading-reloading can be described as
follows:

When the stress point moves from the origin along the vertical axis towards point
B, Fig 4.20, it reaches the elastic limit at the point A, Fig 4.2a. The circle f moves
along this axis until it contacts the circle f; at B. At this stage, all other circles
remain fixed and the plastic moduli between A and B is defined as a constant
parameter H;. When the stress point moves from B to C, the circles fo, fi are
translated together by the stress point until they reach the circle f> at C. Up to
now, the circles f,....f, remained fixed. The plastic moduli, H, between B and
C is constant. When the stress point moves from C to D, the circles fo, fi, f; are
translated until they reach the nesting surface f; and the surfaces fs, ...f» remain
fixed .

Consider now the process of loading in the inverse direction, i.e, unloading. After
reaching point G 2, the circle fo is translated until it contacts the circle f; at H. The
circles fi, fa....fn remain fixed. Note that the process of unloading can be described
as in loading case, as explained above. It should be emphasized that the stress
difference between G and H is twice the difference between stresses at A and B,

Mroz (1967).

?Poiut G represents the elastic limit upon unloading.
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Figure 4.2: Multisurface representation of loading-unloading-

reloading process.
( From Mroz, 1967 )
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a) P’ — q stress subspace. b) CP’ — ¢ stress plot.
(From Prevost, 1986)

4.6.4 DPressure Sensitive Model

The term pressure sensitive model was used, Prevost (198G), to namne Prevost’s
model when it is applied to simulate the drained soil behaviour.
In drained conventional triaxial tests o, = o,, therefore, the yield function reduces

to: :
(g—a™)? + CHP' - ™) = K], (4.40)
g=0y—0z - (4.41)
a, = %a (4.42)
ar =a, = —%a . - (4.43)

In Eq 4.40, the yield surfaces are all ellipses in the (P’ — q) stress subspace or all
circles in the transformed plot (¢ — CP'), Fig 4.3. OC and OE are the critical state
lines for both compression and extension respectively. The points O and E on the
outermost yield surface define the critical state condition.
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4.6.5 Pressure Non-Sensitive Model

If Prevost’s model is applied to simulate the undrained soil behaviour, the term
pressure non-sensitive model will be used.

Undrained shearing of saturated soils imposes the condition €, = 0 and generates
pore water piessure. The derivation of the model parameters is explained in ap-

pendix B. The constitutive equations, Eq A.1 and Eq A.2, reduce to the following
form: ’

1 2
de, = (ﬁ + ﬁ)d(a‘, —0y) (4.44)
dP' = 3%.4(1(0, - 0z) 7 (4.45)

The change in the pore water pressure is related to the change in the cffective
stresses by, Terzaghi (1943):

é’;j = &;J- + Pwé,-,- (4.46)
in which P, is the change in the pore water pressure given as follows, Prevost (1978):
p, = JAB+H), (4.47)

= €

HE+4) "
Equations 4.33 and 4.36 express the translation of the yield surfaces during shearing.
Since €, = 0, K = 0, the stress point moves along a stress path joining the apexes of
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the yield surfaces, P = ™, Fig 4.4. Thus, the hydrostatic component of the yield

function vanishes and Eq 4.39 reduces to the following form:

2S5 = a)(Sy — aff) - (K" = 0. (448)
The translation rule, Eq 4.33 and Eq 4.36 simplify to the form :
B=P (4.49)
&= Ap (4.50)
in which g in Eq 4.25 takes the form:
= —(I"’"“"1 K™)S; = (aff K™ — ofiF T E™) (4.51)

I m

It should be noted that Prevost’s kinematic rule is preserved in any stress subspace.
When some stress component vanish, a set of the initial yicld surfaces are repre-
sented by the non vanishing components. In the pressure non-sensitive model, the
change in parameters H (plastic moduli) and I (size) are made to be function of
the €}, Prevost (1977a). The parameter K starts to change upon the first loading
reversal. Once the yicld surfaces reach their limiting sizes 3, Their associated plastic
moduli start to vary.

Under cyclic loading conditions, the update sizes of the yield surfaces are given as
follows:

K™ =FEKI+$6 (4.52)

In which K and A™ are the initial size and the update sizes of the yield surface
S The functions § are found by comparing the experimental cyclic (rapid, strain
controlled simple shear test) and monotonic (sldw, monotonic increasing loading)
stress strain curves, as shown in Fig 4.5. After a number of cycles, the decrease in
the peak amplitude vanishes and the yield surfaces reach their limiting sizes. At
this stage, the parameters H,, start to change. Their variations are determined
by fitting into a parabolic function the experimental stress strain curve where the
ultimate limiting values of '™ are substituted, Prevost (1977a).

Under cyclic loading conditions, the pressﬁre non-sensitive model simplifies to a
total stress model. It cannot be considered as particular case of the pressure sensi-
tive model because the hardening of the material is not the same in both models.

3After a number of loading unloading reloading cycles, the yield surfaces reach a state where the
change in appliced stresses produce no change in sizes.
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Figure 4.5: Comparison of the rapid (cyclic) and slow (monotonic) simple shear test
results.

(From Prevost, 1977a)

The procedure of determining the change of the parameters K and H was based on
a curve fitting procedure using spline functions, Prevost (1977a), rather than an
analytical procedure as shown in the pressure sensitive model.

4.6.6 Model Parameters

The model requires a set of parameters. These are elastic parameters and the
geometric configuration of the yield surfaces and their associated plastic parameters,
as listed in Appendix B, Section B.1. Their dependency upon the effective mean
normal stress and the volumetric strain are assumed as follows, Prevost (1986).

X = XO(% n (4.53)
0
Y =Y (4.54)
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in which X = B,G,h,B'and ¥ = a,8, 1\,
P': Current effective mean normal stress.
P, Initial effective mean normal stress.

The subscript zero is used for the initial values at the reference mean effective stress

Py
In Eq 4.20, the paramcter A is computed from the isotropic compression test:
1dP
A= — 55
P de, (4.55)

The list of the model parameters, experimental data needed and a complete math-
ematical derivation of the model parameters are presented in Appendix B. The
details concerning the technique used to approximate the experimental stress strain
curves, identification of the initial geometric configuration of the yield surfaces and

their associated plastic parameters are presented in Chapter 6.
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Chapter 5

LABORATORY TESTING

5.1 Introduction

The objective of this experimental work is to obtain data to be used in this research
work. The tests were used to determine the parameters of Prevost’s model. Fol-
lowing the parameter identification, the model was used to predict the behaviour of
the soil subjected to different loading paths under different confining pressures. The
laboratory testing involved a series of conventional drained and undrained triaxial
tests. A total of 23 tests were carried out on a crushed quartz éand, as summarized
in Table 5.2. The following tests were performed.

1. A series of drained conventional triaxial compression, C'T'C, tests carried out on
loose, medium dense and dense sand at different confining pressures.

2. A series of undrained conventional triaxial compression, CTC, tests carried out
on loose, medium dense and dense sands at different confining pressures.

3. A series of isotropic compression, ICT, tests carried out on loose, medium dense
and dense sands. '

4. A series of drained and undrained conventional triaxial extension, CTE, tests
carried out on loose, medium dense sands.

5. A stress path test carried out on a dense sample under 137.89 kPa of initial mean
stress,
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Figwie 6.1 Grain size distiibution

5.2 Description of the Sand Tested

The sand used in this investigation is a factory crushed quartz sand. The man-
ufacturer designated the sand as a silica -24. The particie shape is angular and
the coeflicient of unifornity is 2.6. From the grain size distribulion curve it would

appear that it is a fine to medium sand, Fig 5.1,

The specific gravity, the minimum and the maximum void ratios are G, = 2.65,
emar = 1.10 and emin = 0.42 respectively. The minimum void ratio was obtained by
vibrating the sand in the relative density mold using an electrical vibrator, model
V 30. The maximum void ratio was obtained using the ASTM standard method D
2049-69.
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5.3 Preparation of the Samples

A raining device was used to prepare the soil sample. The raining device is a 200
mm diameter tube, placed over the cell base with the split-inold and topped with a
set of 5 sieves # 10 US standard, Fig 5.2. The samples were prepared by depositing
the sand with the use of funnels and allowing a free fall of the sand into the split
mold through the set of sieves. A series of calibration tests were performed. The
results obtained show that any state of density can be obtained by varying the
height of the raining tube, Fig 5.3. The uniformity of the density was checked by
using the raining device and pouring the sand into a graduate cylinder and check
the density at different stages.

A heights of 10cm, 90cm and 200cm of the raining tube were used to prepare the
loose, medium-dense and dense soil samnples respectively.
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5.4 Testing Procedure

All tests were preformed using a triaxial machine, The soil samples were prepared
into a Scm in diameter and 10cm in height cylindrical split-mold. Then, the sample
was placed into the triaxial chamber. After filling the chamber with deaired water,
the desired counfining pressure was applied. _

All samples were saturated by applying 15 kPa of back pressure and the degree of
saturation was checked by determining Skempton’s B parameter at the start of each
test. To enhance the saturation rate, the samples were first purged with a carbon
dioxide.

The rate of strain was 0.12 mm/min to avoid any development of pore water pressure
in the drained series and to avoid any non- wiformity of the pore water pressure
generation in the undrained series, Bishop and Henkel (1962).

The triaxial compression tests, CTC, were carried out by increasing the axial stress.
The load and the axial displacement were recorded from dial gages. The volume
change was monitored from the burrette of the volume change device. However, the
pore water pressure was monitored by using a pressure transducer for the undrained
series.

An electrically driven, hydraulically actuated triaxial machine, known as U.B.C
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triaxial machine, was used to carry out the conventional triaxial extension, CTE,
tests. The sample preparation was the same as for the CTC series. The tests were
carried out by decreasing the axial stress and keeping the lateral stresses constant.
The upward load was applied by pulling up the loading ram while the cell pressure
was kept constant throughout the test. The axial load was monitored by using a
load transducer. The volume change and the axial displacement were monitored by
using two L.S.G.T known as linear strain gage transducers.

The usual apparatus for the triaxial cell was used to carry out a series of isotropic
compression tests, ITC. The hydrostatic stresses were applied by using the constant

pressure mercury pot system. The volume change was recorded from the burrette
of the volume change device.

5.5 Test Results

As commonly used in Geotechnical Engineering, the compressive stresses are con-
sidered to be positive. The stress parameters used in this investigation are the
effective mean principal stress, P’ = (—°1+3—“31, and the deviatoric stress, ¢ = o, — 03,
in which o, and g are the axial and the radial effective stresses. The volumetric
strain is defined as €, = €; = (€& + 2¢;3) where ¢, and €3 are the axial and the radial
components of the strains developed in the soil sample.

The test results are presented in Appendix C. Table 5.1 shows a sample of the re-
sults of a drained, CTC, test carried out on loose soil sample at o3 = 68.94kPa.
Table 5.2 shows the tests performed together with the corresponding figures.

5.6 Interpretation of Test Results

5.6.1 Isotropic Compression Tests

Figures C.1, C.2 and C.3 show the isotropic compression test results for three differ-
ent initial densities represented in the (P' — ¢,) plot. Each test includes a swelling
curve where the plastic vo. .metric strains can be observed. These tests were used:
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to determine the isotropic parameter A, Eq 4.55.

5.6.2 Drained CTC Tests

Figures C.4 and C.5 show the effect of initial density on the stress-strain behaviour
of the sand for confining pressures of 68.94 kPa and 137.89 kPa. Increasing values
of relative density lead to an increase in the ultimate deviatoric stress values. In
other words, the dense material exhibits a higher shearing resistance than the loose
material. ‘
The dilatancy is the tendency of the material to expand as the shear takes place.
The dense material is strongly dilatant with the degree of dilatancy decreasing as
the initial density decreases, Figs C.4b and C.5b. For example, the tendency for
compression of loose samples is much greater than the dense samples. This effect
can be seen by comparing Figs C.G, C.7 and C.8.

As illustrated in Fig C.6, an increasing confining pressure has two major effects on
the stress-strain characteristics of the loose samples. It increases the strain values
at the ultimate deviatoric stresses, and reduces the tendency of the soil to dilate.

Similar effect was observed for both dense, Fig C.8, and medium dense samples,
Fig C.7.

5.6.3 Drained Stress Path Test

Many existing models fail in predicting the plastic strain and the soil nonlinear-
ity during unloading. Prevost’s model uses a set of nesting yield surfaces and +he
stress increment vector is always directed towards the exterior of the yield surface.
Thus, during shearing the soil sample is considered to be in loading at all stages
of shearing regardless of whether the applied stresses are increasing or decreasing,.
Therefore, the soil experiences plastic straining under any loading path accept for
the neutral loading.

The stress path test was perfbrmed for the purpose of investigating the capabilities
of Prevost’s model in simulating the behaviour of a given soil subjected to complex
loading paths. Using the U.B.C triaxial machine, the test was carried out by in-
creasing or decreasing the axial stress while the variation of the applied confining
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pressure was controlled by changing the cell pressure. The back pressure was kept
constant.

Another objective of this test is to evaluate the capability of Prevost’s model in
simulating the behaviour of soils near failure conditions. At near failure stages
the plastic moduli approaches zero and most of the mathematical models for soils
predict large non-recoverable strains which may not be observed in experiments.
Further, this test allows a study of the effect of the inversion of the strain direction
on the stress strain volume change characteristics of the soil. For these purposes,
the state of stress was brought up near the failure line and then was reduced as
indicated by points 2,5 and 7 in Fig C.9a. Note that the decrease of the deviatoric
stress, shown in paths 2—3 and 7--8, was accompanied by a decrease in the confin-
ing pressure. The path 5 —6 was obtained by keeping the deviatoric stress constant
and increasing the conlining pressure, Figure C.9b shows the stress strain curve
obtained. The corresponding volumetric strain is shown in Fig C.10a and the axial
strain volume change relationship is presented in Fig C.10b.

5.6.4 Undrained CTC Tests

Investigations similar to that described above were conducted for the undrained
behaviour of the soil. Undrained shearing of a fully saturated soil generates a pore
water pressure. During shearing, the generation of the pore water pressure can
be explained on the basis of the dilatancy behaviour of the soil tested. The dense -
samples tend to dilate, this tendency for dilatancy leads to a decrcase of the pore
water pressure which causes an increase in the effective stresses. As the pore water
pressure continue to decrease, the effective confining pressure continue to increase
until it reaches one of the following limiting conditions, Seed and Lee {(1967):

1. The effective confining pressure builds up to a value equal to a critical value at
which there is no further tendency for the sample to dilate. Thus, the pore water
pressure would have no tendency to change and the failure of the sample occurs
with the effective confining pressure equal to the critical confining pressure value.

'2, The pore water pressure drops to a value equal to -1 atmosphere. At this stage,
cavitation occurs. In this case the soil sample will be brought to failure under a
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known pore water pressure equal to -1 atmosphere.

The effect of the initial density on the stress-strain characteristics is shown in Fig
C.11. The loose samples, Fig C.12, would tend to compress with a resulting increase
in the pore water pressure. During shearing the effective confining pressure continue
to decrease until it reaches a stage in which there would be no tendency for the
volume to change and correspondingly no change in the pore water pressure, and
the failure occurs with the effective confining pressure equal to its critical value.
By comparing Fig C.12 and Fig C.13, it is clear that the shearing resistance of the
mediuin dense samples are higher than those obtained for the loose samples. This
is due to effect of the initial density. However, the pore water pressure generation
is directly dependent on the tendency of the soil to dilate as explained above.

5.6.5 Drained and Undrained CTE Tests

Prevost’s model combines the extension stress-strain curves with the corresponding
compression curves to determine a set of elastic and plastic parameters. These
parameters control the model simulation of the mechanical behaviour of the soil for
both extension and compression loading conditions.

Figure C.14 shows the drained extension, CTE, test results for three initial state
of densities at o3 = 137.89 kPa. The corresponding volume change curves are also
represented in the same figure.- The effect of the initial density on the stress strain
volume change characteristics is similar as explained for the CTC tests. Figure C.15
represents the undrained CTE test results. The corresponding pore water pressurés
are presented in the same figure.

5.7 Summary of the Data for Peak Points

A survey was done on the tests summarized in Table 5.2 to determine the failure
conditions. Prevost’s model uses an outermost yield surface as a bounding failure
surface. The parameters related to this surface, such as size and position, are
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determined from the peak values of CTC and CTE test results. During shearing, the
plastic moduli related to this surface decreases or increases towards zero depending
on whether the material is stable or not. Then, the soil fails when the stress point
reaches the critical state line. Tables 5.3, 5.4, 5.5, and 5.6 summarize the peak
values. Table 5.7 gives the peak friction angle and the corresponding slopes of the

failure lines in (g — P’) stress subspace for both compression and extension.

Note:

Note that the parameters used in Table 5.1 are defined as follows:
NUMB......ccccruvrrninnns Number of data point.

STRA...ccoiiveievrennnne Axial strain, €, (%).

DST..ccovvrerenineranas .. Deviatoric stress, o, — 03, kPa.
PST...ccoviivcnnranennns Vertical stress, oy, kPa.

STRR.....ccoooverennnnnnn Stress ratio, f:-;-

V.STReci v Volumetric strain, €,, (%).
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Table 5.1: Test results, drained CTC test, o3 = 137.89k Pa
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Table 5.2: Summary of the Tests Performed

Test | Test | Drainage Initial Initial | Initial | [nitial | Figure Sample
# | type | condition | confining dry relative | void category
. pressure | density | density | ratio
(kPa) | (g/em®) | (%) | (%)
1 iCT 1.385 37.86 913 C-1 Loose
2 ICT 1.524 59.18 739 C-2 Medium - dense
3 ICT 1.800 93.33 A72 C-3 Dense
4 | CTC | Drained GS.94 1.373 34.69 93 C-6 Loose
5 | CTC | Drained 137.89 1.398 39.11 .895 C-6 Loose
6 CTC | Drained 275.78 1,399 39.29 .894 C-6 Loose
7 | CTC | Drained 413.G6 1.383 36.48 016 C-6 Loose
8 | CTC| Drained 68.94 1.544 62.07 716 C-7 | Medium - Dense
9 | CTC| Drained 137.89 1.559 64.18 700 C-T | Medium - Dease
10 | CTC | Drained 275.78 1.548 61.91 712 C-7 | Medium - Dense
11 | CTC | Drained GS.94 1.809 04.25 465 C-8 Dense
12 | CTC | Drained 137.89 1.801 03.43 471 C-8 Dense
13 | CTC | Undrained | 137.89 1.394 38.42 901 C-12 Loose
14 | CTC | Undrained | 275.78 1.397 38.94 896 | C-12 Loose
15 | CTC | Undrained | 413.G66 1.386 37.01 912 | C-12 Loose
16 | CTC | Undrained | €8.94 1.542 61.78 718 | C-13 | Medium - Dense
17 | CTC | Undrained | 137.89 1.521 58.74 7142 | C-13 | Medium - Dense
18 | CTE | Drained 137.89 1.360 32.33 948 | C-14 Loose
19 | CTE | Drained 137.89 1.571 65.71 687 | C-14 | Medium - Dense
20 | CTE | Drained 137.89 1.800 93.33 472 | C-14 Dense
21 | CTE | Undrained’| 137.89 1.3561 30.48 063 | C-16 Loose
22 | CTE | Undrained | 137.89 1.526 59.47 736 | C-15 | Medium - Dense
23 | SPT | Drained 137.89 1.801 93.43 471 C-9 Dense
C-10
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Table 5.3: Summary of the Drained CTC Test Results

Test | Initial Initial | Ultimate | Ultimate | Axial | Volumetric | Figure

# | confining | relative | deviatoric | hydrostatic | strain strain
pressure | density stress pressure
(kPa) (%) (kPa) (kPa) (%) (%)
4 68.94 34.69 177.40 128.073 8.14 0.179 C.6
5 137.89 39.11 303.00 238.890 9.00 -0.781 C.6
G 275.78 39.29 568.70 465.347 9.53 -1.333 C.6
7 413.66 36.48 790.64 677.207 9.40 -2.11 C.6
8 68.94 62.07 225.76 144.199 6.46 2.198 C.7
9 137.89 64.18 476.68 296.783 7.36 1.694 C.7
10 275.78 61.91 856.59 561.309 9.35 1.766 Ca
11 68.94 94.25 307.532 171.451 5.538 3.223 C38
12 137.89 93.43 560.761 324.810 5.731 1.731 C.8
Table 5.4: Summary of the Undrained CTC Test Results

Test | Initial | Initial | Ultimate | Ultimate | Axial | Pore water | Figure

# | confining | relative | deviatoric | effective | strain | pressure
pressure | density stress | hydrostatic
pressure
(kPa) (%) {kPa) (kPa) (%) (kPa)

13 137.89 38.42 280.44 209.570 19.03 21.798 c.i12
14 275.78 38.94 497.69 374.612 18.57 67.071 C.a2
15 413.66 37.01 526.291 388.580 10.40 200.53 Cc.12
16 68.94 61.78 636.04 344.150 8.342 | -63.200 C.13
17 137.89 58.74 755.371 447.920 C.13

9.249

-58.2400
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Table 5.5: Summary of the Drained CTE Test Results

Test | Initial Initial | Ultimate | Ultimate | Axial | Volumetric } Figure
# | confining | relative | deviatoric | hydrostatic | strain strain
pressure | density stress pressure
(kPa) | (%) (kPa) (kPa) (%) (%)
18 137.89 32.33 -88.61 108.350 | -13.31 -0.38 C.14
19 137.89 65.71 -97.49 105.390 -6.87 1.40 C.14
20 137.89 93.33 -112.17 100.500 -3.82 1.03 C.14
Table 5.6: Summary of the Undrained CTE Test Results
Test | Initial | Initial | Ultimate | Ultimate | Axial | Pore water | Figure
# | confining | relative | deviatoric | effective | strain | pressure
pressure | density stress | hydrostatic
pressure
(kPa) (%) (kPa) (kPa) (%) (kPa)
21 137.89 30.48 -97.20 20.17 -14.49 85.32 C.15
22 137.89 59.47 -336.4 107.35 -8.230 -81.60 C.15
Table 5.7: Ultimate Failure Data
Angle of friction | Slopes of the failure lines
g $. | M. M.
Loose 30.51 | 28.250 | 1.222 1.123
Medium-dense | 38.281 | 33.15 | 1.561 1.337
Dense ~ | 42.870 | 41.70 | 1.759 1.709




Chapter 6

PARAMETER
IDENTIFICATION

6.1 Introduction

This chapter deals with the identification of the model parameters for the crushed
quartz sand, Ottawa sand and Fuji river sand. These parameters are determined
from the conventional triaxial compression, CTC, and extension, CTE, tests. In
these tests, the loading axes coincide with the principal axes of the anisotropy ten-
sor a. Thus, according to model the material exhibits a cross anisotropy and its
transverse isotropy is preserved during shearing. A complete mathematical deriva-
tion of the model parameters is presented in Appendix B.

6.2 Model Parameters

The model parameters can be obtained from isotropically consolidated drained tri-
axial compression and extension tests with volume change measurements. In the
compression test, the axial stress is increased to reach the failure state, while in
the extension test, the axial stress is reduced to reach the failure state. In order to
identify the model parameters, both tests must be performed at the same initial cell
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Table 6.1: Measured values of (A) for crushed quartz sand

State of A
density
Loose 84.190
Medium-dense | 137.980
Dense 214.185

pressure which remains constent throughout the test. As explained in Appendix B,
the test results must be presented in the form of graphs, ¢ — € and P’ — ¢, where:
1" ¢=0,-0y

2. E=¢ — €

3. P' = (i)

4. €, = €; + 2¢3.

Typical plots of ¢ — € and P’ — ¢, are shown in Fig 6.1. The smooth experimental
data are approximated by linear segments of constant tangent moduli. Each scg-
ment can be viewed as a region bounded by two yield surfaces. Thus, the model
consists of a series of nested yield surfaces of which the outermost yield surface is
the bounding failure surface. The size of the first yicld surface is degenerated to
zero. Thus, the pure elastic zone vanishes and the model simulates an elasto-plastic
soil behaviour from the start of the stress strain curve.

6.2.1 Isotropic Parameter

Figure 6.2 shows the results of an isotropic compression test carried out on a loose
sample of the crushed quartz sand. When the stress point reaches the outermost
yield surface, the soil sample is in a normally consolidated state. It was assuned,
Prevost(1980), that the isotropic compression test results are plotted as a straight
line parallel to the projection of the critical state line in the InP’ — ¢, plane. Thus,
the parameter A is simply determined from Eq 4.55. Table 6.1 shows the values of
A for dense, medium-dense and loose samples of crushed quartz sand.
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Figure 6.1: Typical Sand Behaviour:
a) Shear stress-strain curve.

b) Volumetric stress-strain curve.

* (From Prevost, 1987)
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6.2.2 Elastic Parameters

The first parameters that can be obtained from the data are the initial elastic shear
modulus, Gy. and the initial elastic bulk modulus, By, corresponding to the reference
stress P,. These are obtained from the initial gradients of the g. — & and P —¢,
curves, respectively:

1.Go = (4/2€)initiat

2.By = (P [éuinitiat

The computer program, PARAMETER, was used to compute the initial elastic
model parameters which are presented in Tables 6.2 to 6.10. The elastic soil non-
linearity is introduced through the variation of the parameters G and B during
shearing according to Eq 4.53.

6.2.3 Plastic Parameters

The plastic parameters related to each yield surface are listed in Section B.1 of
Appendix B. For the simplicity, the plastic parameters are classified into two cate-
gories.

1. Geometric parameters: a, 8, K, (positions and sizes).

2. Constitutive plastic parameters: B', h, 4, (plastic shear modulus, parameter B’
and degree of non associativity).

These parameters are determined from the condition that the slopes q/E are the
same in both triaxial compression and extension tests when the stress point reaches
a yield surface, f,,. Since the soil behaviour in compression and extension are dif-
ferent, the same tangent modulus is not found for the same shear stress value in
compression and extension data, but similar slope may exist at different shear stress
levels. For example, when the stress point reaches a yield surface f, ¢. # g. but
(‘Jc/Eu = Qe/ge) .

The parameters related to the outermost failure surface are found by noting the
points at which the stress-strain curves flatten out in both compression and exten-
sion, peak points. The geometric configuration of the outermost yield surface is

determined according to the following equations:

P 3oP
1. H(Ic = !\EL:O"-
Kr=3ab

2. M, = 5 -



where M. and M, are the slopes of the failure lines in ¢ — P’ plot.

6.3 Parameter Identification Technique

This section concerus with the technique used to determine the model parameters.
As an example, only a loose state of density is considered. The same technique was
used for both medium-dense and dense sands.

Having decided on the number of the yield surfaces, NYS, the stress-strain curve,
g — € is subdivided into intervals along ¢ axis or & axis, as shown in Fig 6.3. The
gradieﬁt % or % is obtained for each interval. A search is then made for a point on
the extension curve with the same gradient. The two points with matching gradi-
ents are then transferred to the g — P’ plot and joint to the origin Py. This defines a
yield surfaces in triaxial plane, Fig 6.4. Then, the associate:| plastic parameters are
determined according to Eq B-31 to Eq B-37. If the extension g, axis ( or €. axis )
was subdivided into intervals and the corresponding &. ( or ¢. ) from its slope, the
values obtained for ¢, or € diverge dramatically from the experimental extension
curve.

In here, the stress-strain curves of the extension tests were first fitted with a log-
arithmic or a hyperbolic function and the values of g. (or €,) were determined by
taking the derivative of the function at a specified points.

During shearing, the geometric parameters vary according to Eq 4.54 while the
elastic and plastic parameters vary according to Eq 4.53. Thus, one can imagine set
of circular nesting yield surfaces, in C P’ — ¢ stress subspace, with initial positions,
initial sizes and initial related plastic parameters. During shearing these surfaces
expand or contract isotropically depending on the current value of the volumetric
strain developed. Their associated parameters vary depending on the current ap-
plied hydrostatic stress values, ‘
Table 6.2 shows the initial model parameters obtained for the loose sand. Table 6.3
and Table 6.4 show the model parameters related to the «rained CTC and CTE
tests of 137.89 kPa of initial confining pressure. The initial model parameters re-
lated to the medium-dense and dense sands are represented in Table 6.5 and Table
6.6 respectively. Eleveu yield surfaces were used in the calculations of the model
parameters related to the crushed quartz sand.
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6.4 PARAMETER, Computer Code

PARAMETER is a computer program which is used to determine the initial model
parameters. The program listing is presented in Appendix B, accompanied with an

example of input data and output results for the loose sand.

6.4.1 Flowchart

The determination of the polar angles related to each yield surface is the corner
stone in the identification of the model parameters. Since 1iq B.30 contains a sign
+/- (depending on the sign of the product tang..tang.), it will be emphasized on
the procedure of solving for ¢, and ¢,. For the simplicity, the program flowchart is
presented in the following form:

1. Read the input data.

2. Determirie the elastic parameters.

3. Determine the polar angles associated with each yield surface;
3.1 First solution (tan¢..tan¢. < 0)

a 5= '21?,"(37c%:: + 37:1\;:)

b. T = CiH2Es

IF % - | NN GO TO 3.2

Else;.couunnnes solve for ¢. and ¢,

GO TO 3.3

32 8= (373 - 31.4)

Solve for ¢. and ¢,

3.3 Check the overlapping of the yield surfaces.
4. Determine the plastic parameters.

5. Print the output results.”
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6.4.2 Input Data

The input data required are:

Drainage conditions: drained or undrained.

Isotropic parameter, A, noted as { W ) in the program.
Number of yield surfaces, NY'S.

Soil type, sand or clay.

Initial confining pressure, P,.

Shear and volumetric stress-strain test results as determined from Section 6.3.

B e

6.4.2 Output Results

The output lists the following:
1. Initial elastic parameters.
2. Polar angles related to each yield surface.

3. Initial geometric configuration of the yield surfaces and their associated initial
plastic parameters.

6.5 Ottawa Sand

The drained behaviour of Ottawa sand was considered. The published data of
Montreal Workshop (1980) was used to identify the model parameters. The sand,
whose gradation is shown in Fig 6.5, was compacted by aerial pluviation up to 1.73
g/ em® ( D, = 87) and tested in dry condition. The stress strain curves used for the
parameter identification are shown in Fig 6.6 where a CTC and CTE tests under 10
psi of cell pressure are shown. The program output of the initial model parameters
is shown in Table 6.7 where nine yield surfaces were involved.
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Figure 6.5: Ottawa Sand, grain size distribution.

6.6 Fuji River Sand

Tatsuaka and Ishihara (1974) carried out a series of drained cyclic tests on samples
of Fuji River sand. Their data was used to investigate the performance of Prevost’s
model in simulating the cyclic behaviour of samples subjected to stress reversal from
compression to extension and vice versa. The stress strain curves used to identify
the model parameters are shown in Fig 6.7. The model parameters are presented

in Table 6.8 in which 10 yield surfaces were involved.

6.7 Undrained Model Parameters

In the particular case when ¢, = 0, the geometric configuration of the yield surfaces
are represented to cover the effective stress path of the isotropically consolidated
undrained CTC and CTE tests. The initial sizes and positions of the yield surfaces
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remain constant during shearing, A = 0. In this case, the model formulation pre-
sented in appendix B reduces to;

Y, =Y. = —B and RCE = C&=& .

In which B is the initial elastic undrained bulk modulus determined from B = 4+3G
where A and G are Lame’s constants.

The model parameters are determined using the same technique as explained in
the drained case. PARAMETER, computer code, was used to calculate the model
parameters for the crushed quartz sand. Knowing the polar angles, the model pa-
rameters are determined from Eqs B-31 to B-37. Table 6.9 and Table G.10 show
the model parameters for the crushed quartz sand for both loose and medium-dense
soils. It should be noted that the initial geometric configuration of the yicld surfaces

coincide with those related to the test used.

6.8 Predictions of the Model Parameters for Other
Tests

The multisurface theory of plasticity combines the isotropic and kinematic harden-
ing rules to model the soil behaviour, Prevost (1977a, 1978, 1986). The hardening
rule is expressed by the translation and the expansion/ contraction of the yicld
surfaces during shearing. Their initial positions and sizes and the associated initial
plastic parameters reflect the past stress-strain history of the material.

A set of initial nesting surfaces are ranged in a way to envelope the line of stress-path
followed during teﬁting. The stress point moves from one yield surface to another
following the loading path. Thus, there is always a set of initial yield surfaces re-
lated to each path. At this stage the following question must be asked:

If the initial plastic model parameters represent the stress-strain history of the soil,
why Prevost’s models employ a set of initial plastic parameters related to cach
loading path? In other words, does the soil element have a diffcrent stress-strain
histories related to each stress path followed during testing?

This question can be answered as follows: :

The soil element has not different stms-str&ih.histories, but the parameters deter-
mined from CTC-CTE tests at low confining pressure do not erase the muiti-level
soil anisotropy. However, the parameters determined from CTC-CTE tests at high
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confining pressure has two major effects:

1. These parameters ignore the volumetric memory of the soil element at low con-
fining pressures.

2. The failure loads will exceed their real values.

It should be noted that the multi-level soil anistropy corresponds to the values of
the parameter a at high shear stresses and the volumetric memory corresponds to
the initial sizes of the yield surfaces.

Knowing the initial model parameters determined from given CTC-CTE tests, the
initial model parameters for other tests can be predicted. The purpose of the com-
putation procedure implemented in the PARAMETER computer code is to find an
equivalent initial geometric configuration of a set of nesting surfaces (related to the
tests to be predicted) to those determined from the given tests without disturbance
of their initial orientations. The procedure involves a variation of the initial elastic
and plastic parameters according to the following formula:

PP
X, = Xo(—5* (6.1)

The above formula is similar to Eq 4.53 in which:

Xo = Go, Bo, h and B .

X, = Gg, By, by and Bj.
P|J is the initial hydrostatic pressure of the given test.
PP, is the initial hydrostatic pressure of the test to be predicted.
The initial parameters, Gy, By, ho, and By, are the same as defined in Eq 4.53. The
superscript, , is used to identify the initial values at a reference PP,
The initial sizes and positions of equivalent yield surfaces are found to be directly
dependent on the eqmva.lent stress levels. They expand/ contract uniformly de-
pending on the ratio ( —F ) whether it is greater or less than one. The equivalent
stress levels correspond to the stresses, q and P', of the reference PP, which have
to satisfy the orientation condition.
Table 6.11 shows the predicted initial model parameters of drained CTC-CTE tests
under 275.78 kPa of initial hydrostatic pressure (loose sample) using the results
shown in Table 6.2 as input data. The initial model parameters for all tests used in
this research work, were first predicted as explained above and used as an input data
for PREDICTIONS or SIMULATIONS !. Thus the model uses a double prediction

'PREDICTIONS and SIMULATIONS are computer programs in which the model has been
implemented.




Table 6.2: Initial model parameters of loose crushed quartz sand, drained test
o3 = 137.89k Pa

GO - 14119.6G6 80 = 55066.69

n = .30 Janbda = 04,19

ALPHA | BETA K H 1] A
2 20.90 150.50 27.36 0.54€ 406 -.11E+08 0.20
3 %8,0% 121.18 70.08 0.98%E105 -.B4E105 -4 .67
4 63.78 118.53 79.59 0.15E£105 -, 92E104 -2.01
S 66.87 111.09 85.88 0.69E104 —-.2%5E104 =1.70
8 60.83 87.50 87.62 0.25E104 -.12E104 -1.12
7 54.29 102.23 e1.50 0.1GE104 —-.54E103 -0.03
B 55.08 89.32 96 .56 G.14E404 -, 50E103 -0.92
9 58.186 100.27 104,74 0.12E104 -.40E103 ~0.85
10 56.82 97.89 110.63 0.62E103 —-.24E403 -0.93
11 49,38 £88.24 120.48 0.23E403 -.J7E402 -0.87

process to simulate the soil behavior.

lPR.ED_IC‘I‘IONS and SIMULATIONS are comnputer programs in which the model has been
implemented. |
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(LFrom Moutreal Workshop, 1980)
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Table 6.3: CTC model parameters of loose crushed quartz sand, drained CTC test
o3 = 137.89%k Pa

GO = 14118.68 BO = 55066.69 n = .50 1 anbdag = B4.1%

ALPHA BETA Km Tin 1] A
2 21.50 154.35 28.06 0.57E106 -.11E308 0.20
3 63.04 131.60 76. 11 0.11E406 —-.83E105 | -4.67
4 77.52 139.68 93.7% 0.17E105 -.10E405 -2.81
3 B81.47 151.94 117.47 0.81E+04 -.29E404 -1.70
6 108.10 173.238 155.71 0.32E404 -, 15E+04 -1.12
7 98.54 185%.55 166.08 0.20E404 -.6BE+03J ~0.83
e 101.98 183.094 178.84 0.17E404 - —-.G4E40) -0.92
9 108.5) 187.13 195.45 0.16E404 -.62E410) -0.95
10 109.66 188,94 213.51 C.82E403 -.32E103 -0.93
1" 83.30 189.61 232.53 0.30E403 -.4BE402 -0.87

Table 6.4: CTE model parameters of loose crushed quartz sand, drained CTC test
o3 = 137.89kPa

GO = 14119,.66 BO = 55066.69 ne= .50 lonbda «= B4.19
ALPHA BETA Km hn Ben Am
2 21.%0 154.35 28.06 0.54E106 -.11E100 0.20
3 60.54 126.39 - 73.10 0.90E105 -.B3E10% -4.67
5 B2.54 137.11¢ 100.00 0.87E1D4 -.21E104 -1.70
8 90.0% 144,43 129.71 0.24E104 ~.11E104 -1.12°
7 0.3 151,22 135.35 0.15E404 ~.51E10) -0.83
8 83.09 151.30 147.10 0.13E104 -.47€103 -0.92
9 89.72 154.70 161.59 0.11E104 -.45E103 ~0.95 .
10 89.52 154,24 174.30 0.57E103 -.22E103 ~-0.93
" 73.07 147,18 180.47 0.20E40) -.33E402 -0,87
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Table 6.5: Initial model parameters of medium-dense crushed quartz sand, drained
test o3 = 137.89kPa

GO = 3§215.00 B0 = 34683.32 n = .50 fombda = 137,99
ALPHA BETA K H ] A
2 43.21 152.06 62.60 0.45E406 -.45E107 0.73
3 111.66 101.45 124.59 0.19E105 —-.11E105 -4.92
4 101.23 122.79 139.62 0.16E10S ~-.91E104 -1.76
5 105.40 ' 119.43 149.95 0.77E404 ~-.25E104 -1.29
6 122.17 133.56 ’ 191.66 0.40E404 -, 14E104 -1.56
7 184,10 176.69 309.85 0.24£404 -.65E103 -1.89
8 350.91 320.69 638.26 0.11E404 -.22E103 ~1.89
9 542.84 513.14 1016.28 0.63E103 —.13E403 -1.81
10 823.03 787.78 1567.99 0.45E+403 -.87E402 -1.73
11 2144.34 2295.05 4337.96 0.26E+403 -.56E402 -~1.58

Table 6.6: Initial model parameters of dense crushed

quartz sand, drained test
o3 = 137.89kPa

GO = 40411.28 B0 = 14396.55 n = .50 lombdo = 214,18

ALPHA BETA K H B A
2 -1.28 120.57 ‘ 40.36 0.14E407 ~.3GEIUG 2.29
3 38.06 134.90 - 59.76 0.3GE UG -.34E107 -B8.45
4 30.05 124.62 97.95 0.12E106 -, {GE 0B -1.50
] 116.48 66.89 152.02 0.3GE105 -.29E105 -5.71
8 127.54 76.16 145.93 0.17€105 -.12E405 -3.29
7 140.85 154.59 229.09 0.49E104 ~, 12E104 -1.59
8 234.55 201.83 371.98 0.35E104 -.11E104 -1.74
g 495.02 377.94 837.32 0.19€104 ~.54E103 -2.04
10 2564.41 1900.73 4G03.49 0.89E+103 -.22E403 -2.22
11 2120.17 2390.47 5168.60 0.41E103 -.24E103 -1.16
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Table 6.7: Initial model parameters of Ottawa sand, drained test o3 = 68.95kPa

GO = 5208.33 B0 = 4274.36 n o= .50 lombda = 13.13

ALPHA BETA K n B A
2 1.93 11.50 3.05 0.22E106 -.11E407 0.87
3 4.64 10.52 7.70 0.11E105 ~-.55€404 ~1.46
4 6.09 12.0% 11.72 0.42E404 -, 14E404 ~1.35
5 6.95 12.97 14.85 0.23E404 -~.G0E+$03 -1.38
6 8.86 13.44 17.59 0.17E404 -.57E403 -1.27
7 9.62 14.93 20.81 0.13E104 -.31E403 -1.45
8 11.97 15.31 24.06 0.53E403 -.10E403 ~1.29
9 8.53 17.80 28.20 0.45E403 -.76E402 -1.01

Table 6.8: Initial model parameters of Fuji river sand, drained test g3 = 196.14kPa

GO = 15636.01 80 = 14603.37 n= .50 lombdg = 10.00

ALPHA BETA K H B A
2 -1.44 206.17 49.48 0.11E+407 -.52E+407 0.87
3 22.14 173.62 121.61 0.30E+05 -, 18E+05 -1.91
4 18.33 173.00 156.39 0.12E+05 -,58E+04 ~1.50
S 22.10 171.38 191.88 0.72E+04 -, 29E+04 -1.46
6 28.92 174.51 216.76 0.40E+04 -, 16E+04 -1.28
7 21.84 175.45 226.36 0, 14E+04 -.GOE+QJ ~1.06
8 14.92 172.79 243.02 . 13E+04 -.52E403 -1.04
9 9.92 170.96 256.70 0.9GE+03 -.43E4+03 -1.02
10 9.85 173.56 266.14 0.60E+03 -.27€E403 -1.04



Table 6.9: Initial model parameters of loose crushed quartz sand, undrained test

o3 = 137.89kPa

GO = 6090.79 BO -~ 16242.09 n = .50 lombda = 0.00
ALPIA BETA K fl ] A
2 26.06 148.13 49,27 0.4BE106 ~-.14E107 ~3.74
3 55.80 131.02 93.75 0.13E10S -.11E105 -1.02
4 53.17 124.67 1z.37 0.32E104 -.50E104 -0.89
5 _58.53 119.50 137.68 D.B5E103 -.84E 403 -0.85
] 66.65 118,94 167.85 0.B4E403 -.63E403 -1.10
7 72.85 121.41 189.66 0.70E403 -, 21E103 -1.25
8 83.33 $131.59 214.46 0.70E403 -.24E403 -1.38
g 91.08 133.40 230.77 0.37E103 - 1SE4103 -1.41
10 94.64 135.28 244.72 0.28E403 -.50E402 -1.50

Table 6.10: Initial model parameters of medium-dense crushed

quartz sand,
undrained test o3 = 137.89kPa

71

GO = 16025.64 BO = 42735.04 n= .5 lonbda = 0.00

ALPHA BETA K H B A
2 65.5%9 120.940 130,27 0.20E107 -.20E102 =1.70
3 110.90 113.70 229.57 0.33E109% -.19E103 -1.08
4 86.79 141.57 293.27 0.80E404 -.43E104 -1.59
5 99.48 163.41 353.80 0.58E404 -.35E402 -1.49
] as3. 71 223.19 4110.48 0.35E104 0.19E40Y9 =1.03
7 :145.30 251.20 407.79 0,20E104 0.80E104 -1.19
) 170.75 272.34 $33.26 0.13E104 O.42E404 -1.21
9 194,76 329.08 573.74 0.65E403 0.42€404 -1.0%
to  222.10 347.13 631.02 0.44E403 0.64E403 ~-t. 11



Table 6.11: Predicted initial model parameters of loos

e crushed quartz sand, drained
test 0y = 275.78k Pu

GO =« [9968.20 U0 - 77875.94 n = ,5Q lombda = 64.19

ALPIA BEVA ) K i 1] A
2 41.93 J00.99 .91.72 O.76E 106 ~. 15E100 .20
3 16,10 242.35 110.16 U.l14E108 ~.12E¢00 -4,67
4 131.56 237.05 159.17 0.22E105 ~. 1JE105 -2.81
5 133.74 222.17 171.76G D.97E104 =.J5E U4 =1.70
6 121.65% 195.11 175,23 0.36E104 - 17E104 -1.12
7 108,58 204.4%6 1803.01 U.22E104 - 7GE10) -0.83
1] 110,12 190,64 193.12 0, 19E1014 - 71E103 -0.92
9 116,21 200.5% 209.47 U.17e104 -.GOEI03 -0.95
:? 113.6) 195,79 221.25 U.0LEL) =.MMEI103 -0.93

88.75 196.48 240.95 0.32E403 -.52E402 -0.87



Chapter 7

IMPLEMENTATION OF THE
MODEL

7.1 Introduction

The implementation of Prevost’s models in computer codes is described in this chap-
ter. A successful computer implementation is necessary to provide proper results
for the model to be evaluated accurately. The pressure sensitive and pressure non-
sensitive models were coded in two computer programs named PREDICTIONS and
SIMULATIONS respectively, Derradji-Aouat and Evgin (1988a, 1988b). The im-
plementation of the models involves integration of the elastic-plastic rate eﬁuations
using a suitable numerical method. The proposed solution technique, the implemen-
tation of the constitutive relations and the flowcharts are presented in this chapter.
The input and output samples are given in Appendices F and G respectively.

7.2 Computer Program PREDICTIONS.

The pressure sensitive model was coded in a three dimensional stress driven com-
puter program, where increments of stress were provided as input and the corre-
sponding increments of strains were computed as output. . ‘y
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According to the pressurc sensitive model, the stress space is divided by a set of
cylindrical yield surfaces. These yield surfaces are not stationary but change sizes
and locations during a stress increment. When the stress point goes from a yield
surface, fm, to another one, fn+1, as shown in Fig 7.1, the active yield surface !
changes size and location depending on the volumetric strain, Eq 4.54. The stress
point cannot pass beyond the surface f,4, and goes to the surface fr4i, (2 > 1).
Otherwise, the plastic parameters of the surfaces f,4y to finsi-1 Wwill not be used
in the calculations of the plastic strains, the original piecewise representation of
the stress strain curves will be destroyed, and the overlapping of the yield surfaces
will occur, Fig 7.2. As a definition, the converged stress increment is the stress
increment which captures the active yield surface at its new position. The active
yield surface either contracts to state B or expands to state BB, Fig 7.3, depending
on the volumetric strains developed in the soil element. In this case, an iterative
approach is necessary whereby the strain driven algorithin is performed repeat-
edly until the convergence to some prescribed tolerance is achieved, i.e 2%. The
first iteration is a conservative guess of the plastic volumetric strain increment, i.e
e'* = .001, Derradji- Aouat and Evgin (1988a). The numerical problem, regarding
the control of the magnitude of the stress increments, was overcome by introducing
an over/under shoot solution technique. For a given stress increment, the stress
point may go beyond the yield surface fr41 (overshot), remain inside fn4, (under-
shot) or capture it at its new position. The stress increments were controlled by
solving the update active yield functions for the converged stress increment. Using
this solution procedure, a high degree of accuracy was achieved. Figure 7.4 shows
a back prediction type of a test carried out on crushed quartz sand of a loose soil
sample under 137.89 kPa of initial hydrostatic pressure. ,

The stress increment may remain on the yield surface f.,, but this situation occurs
only in the neutral loading case. The unloading is defined when the component of
the stress increment vector, normal to the current yield surface, is directed towards
the inside. This can be expressed as follows:

Q6 = %& =Q'S+3Q"P<o0 . (7.1)

IThe first yield surface outside the yield surface currently pushed by the stress point is called the
active yield surface.
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Figure 7.1: Geometric configurations of the yield surfaces



§ +4§ "5STING piaId DAIDIOIA

w) tazzuns paty

-z #w} "3IDLNS PIBLY

/

jiod ssalg

sa0elIns PAIA at[3 Jo JuiddepsaaQ :g't 23]

A0 NIVLS
'y o

T

et
o

| 2
e § ©

1..
o

]
=]
vy

~ oGOl

< o081

- 0'CIT

- 0°CS%

nd’| 'SSIULS NUYOIVIAID



Stress point

New position of the
\ / active yield surface

Original position of the
active yield surface

— Yield surface
currently pushed

Figure 7.3: Isotropic motion of the active yield surface



At the same time, the vector Q& is directed towards the exterior of the first yield
surface of a degenerated size which is located at the stress point 2. Thus, the process
of unloading will be regarded as loading in the inverse direction starting from the
point of stress reversal. For unloading. a new axes sy stem( X. Y ) is used, as shown
in Fig 7.5. The initial sizes, positions of the yield surfaces and their associated
plastic parameters are those that correspond to the start of the loading from A.

The same procedure is valid for the reloading curves using the axes system (XX,
YY). Thus, there are three axis systems: one fixed axes system and two moving axis
systems related to the monotonic loading, unloading and reloading cases. Figure
7 6 shows the model simulation of the test presented in Fig 7.4 but involving a cycle
of loading-unloading-reloading.

For a given converged stress increment, the corresponding strain increments are
calculated according to Eq A.1 and Eq A.2. The stress point moves from a yield
surface fn to the active yield surface. The sizes of the inner yield surfaces fi — fm
change according to the developed plastic deviatoric strains, Eq 4.37. However,
the external yield surfaces fn41 — fp expand or contract and change their locations
depending on the volumetric strain increment, Eq 4.54. Their related plastic param-
eters vary according to Eq 4.53. The translation of the inner yield surfaces towards
the conjugate point is achieved according to Eq 4.33 and Eq 4.36. The direction of
translation of the inner yvield surfaces is computed by defining the direction of the
vector relating the stress point on the current yield surface to its conjugate point
on the active yield surface.

For the cyclic loading events, the update sizes and the positions of the yield sur-
faces must be remembered. This requires a considerable amount of computer stor-
age. The double iteration procedure, for both the converged stress increment and
the strain driven algorithm, increases the computer CPU time. An output of the
program results related to the test shown in Fig 7.4 is presented in Appendix F
~ where the converged stress increments, update geometric configuration of the yield
surfaces and the predicted strain increments are shown.

2The first yield surface has a zero size. Always, it is located at the stress point and represents
the current stress state,
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7.3 Computer Program SIMULATIONS.

Prevost's pressure non-sensitive model was coded in a thiree dimensional stress
driven computer program where increments of total stress were provided as in-
put and the increments of strains corresponding to the converged effective stresses
were computed as output, Derradji-Aouat and Evgin (1938b).

Undrained shearing imposes the condition ¢, =0 and Eq A.l reduces to the form:
wB Qo

s _ _aprB Q0 o
P 3 HIQF (7.2)

For a given stress increment, the dummy yield surfaces do not change sizes and
locations. When the stress point reaches the active yield surface, the value of
the effective hydrostatic pressure increment can be defined from the active yield
function, Eq 4.39.

P(N) = (é(m _ —(sm —a? 2) +pm = P(N=1) (7.3)

where the superscript (m) corresponds to the active yield surface fm. N is the stress
increment number.

The converged stress increment is defined as the effective stress increment which
satisfy both Eq 7.2 and 7.3. In this case, an iterative approach is necessary whereby
the total stress driven algorithm must be performed repeatedly until the convergence
is achieved, Derradji-Aouat and Evgin (1988b). In this thesis, the accuracy of 98%
was achieved.

The overshoot-undershoot solution technique was introduced depending on whether
the stress pomt goes beyond the active yield surface or remains inside, as explained
in Section 7.2. Using this procedure high degree of accuracy can be achieved. Figure
7.7 shows a back prediction of undrained CTC test carried out on loose soil sample
of crushed quartz sand. The results shown in Table 6.9 were used as input data.
The computer program SIMULATIONS was restricted to monotonic increasing
loading conditions. Under cyclic loading conditions, the pressure non-sensitive
model is reduced to a total stress model where the change of the plastic param-
eters of the inner yield: surfaces requires data from static and cyclic simple shear
tests, as explained in Chapter 4, Thus, the hardening rule is not needed to be
implemented in the progmm This reduces the computer storage and CPU time.
The examples of input data and output results are presented in Appendix G.
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7.4 Program Flowchart

The fowcharts for the computer programs PREDICTIONS and SIMULATIONS
will be presented in the following. The control parameters used in the master cards
and the variables or constants used in the initialization blocks are defined in the

programs manuals, Derradji-Aouat and Evgin (1988a, 1988b).
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Flow Chart of the Program PREDICTIONS
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Chapter 8

MODEL SIMULATIONS AND
DISCUSSIONS

8.1 Introduction

The purpose of this chapter is to present the model simulations of the laboratory
tests. The model predictions were compared to the actual test data to assess the
performance of the model. The versatility and accuracy of the model was high-
lighted with respect to the observed soil behaviour. The stress paths shown in Fig
8.1 were used to generate the data base for model evaluation. Since the labora-
tory testing program, Chapter 5, was restricted only to the conventional testing in
the triaxial plane, the experimental data of Montreal Workshop(1980) was used to
generate the model appraisal for complicated stress paths in the three dimensional
stress space. Moreover, Tatsuoka and Ishihara's (1974) cyclic tests were used to
investigate the response of the model in simulating the observed cyclic behaviour
of the soil.

This chapter also includes a general discussions and conclusions to point out the ca-
pabilities and the shortcomings of both pressure sensitive and pressure non-sensitive
models. A new formulation of the non-associative flow rule function is proposed here
to improve the model simulations.
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8.2 Crushed Quartz Sand

The model simulations of the behaviour of crushed quartz sand in various tests are

presented next. Note that the tests are numbered according to Table 5.2.

8.2.1 Drained CTC Tests, Loose Samples

Test # 4, o3 = 68.95kPa, Fig D.4

The model underestimated the shear stiffness and strength of the soil. The model
predicted increasing compressive volumetric strains whereas the soil tended to di-
late. It was believed that such simulation of the volumetric strains is highly influ-
enced by the type of the non-associative flow rule adopted in the model formulation,
as it will be explained later. The model overestimated the observed shear strain.
This is apparent from the observation of the unloading-reloading cycle. Both pre-
dicted and observed curves had unloading from the same deviatoric stress level at
which the observed shear strain was less than the predicted value.

Test # 5, 03 = 137.89kPe, Fig D.5

The model predictions of this test were in excellent agreement with the experimental
data. However. it should be noted that this test was used for the determination of
the initial model parameters. Thus, Fig D.5 shows back prediction of the test and
does not represent the performance of the model.

Test # 6, o3 = 275.78kPa, Fig D.6
The predicted shear stress strain curve was in excellent agreement with the observed

soil behaviour. However, the model shows less compaction than the observed values.
The reason for this is the type of non-associative flow rule adopted.

Test # 7, 03 = 413.66 kPa, Fig D.7
The predicted shear stress-strain curve agreed well with the experimental values.
However, the model underestimated the volumetric strains.

A shortcoming of the model is apparent in its predictions of volumetric strains.
Comparisons of predicted volumetric strains of tests #4, #5, #6 and #7 show that
the predicted values are very close to each other and they are limited within small
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range, as shown in Fig 8.2. The predicted volumetric strains of tests #4, #6 and #7
are close to the values of the volumetric strains observed in test # 5. Note that test
#5 is the test used originally in the determination of the initial model parameters
I In tests #6 and #T7. the predicted values of €, were underestimated, however
they were overestimated in test #4. In all cases, the model either overestimated
or underestimated the observed volumetric strains trying to match the volumetric

strain curve used originally in the determination of the initial model parameters.

8.2.2 Drained CTC Tests, Medium-Dense Samples

Test #8, a3 = 65.95k Pa, Fig D.8

The initial stiffness of the soil was modelled well, but the predictions were termi-
nated before the failure load could be defined. The model succeeds in predicting
the dilation of the sample. However, the predicted plastic strains were less than the
experimental values. The predicted shear stress strain curve agreed well with the
observed shear stress strain values up to 80 % of the ultimate load. Thereafter, the
predictions were terminated. This can be explained as follows:

The dummy yield surfaces change sizes as a function of the current volumetric strain,
Eq 4.54. Thus, they decrease their sizes when dilatancy occurs and the stress point
reaches the outermost vield surface before the actual soil failure occurs. '

Test #9, o3 = 137.89kPa, Fig D.9

The predictions were in excellent agreement with the experimental values. Again,
the mocel succeeded in simulating the dilatancy of the soil, but. the predictions were
terminated before the failure load could be defined. This was due to the contraction
of the outermost yield surface as dilatancy occurred, as mentioned in the previous
test.

Test #10, o3 = 275.78kPa, Fig D.10

The predicted shear stress strain curve agreed well with the observed values. The
model was able to predict the observed soil dilatancy, but the volumetric strain
versus shear strain curve flattened out trying to match the volumetric strain values
used originally in the determination of the initial model parameters, test #9.

IThe initial model parameters of tests #4, #6 and 57 were predicted from the experimental
data of CTC test #5 and CTE test #13.
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In all three tests, regarding the medium-dense samples, the predicted shear strain
were larger than the observed values during unloading. The experimental results
show that the shear stress strain curves drop vertically during loading in the inverse
direction, unloading. It was believed that the size and the shape of the sand grains
play a major role in such behaviour. Rowe (1962). The multisurface theory of
plasticity is not capable of modeling this behaviour for the following reasons:

1. The elastic paramcters are not constants.

2. Upon unloading, the soil nonlinearity occurs when the stress point moves from a
yvield surface fn, to a surface f,.41 because the parameters related to these surfaces
are different. Moreover. these parameters vary according to the current volumetric
strains and the applied hydrostatic pressure.

The nonlinearity of the shear stress strain curve and the soil plasticity are imposed
by the concept of the multisurface theory of plasticity, reason #2. Even if it was
assumed that the elastic behaviour of the soil is linear and the model parameters
are not dependent on the hydrostatic pressure and the volumetric strains, the model
still generates a Masing soil behaviour. Therefore, the vertical drop of the shear

stress strain curve upon unloading, as it was observed experimentally, cannot be

modelled.

8.2.3 Drained CTC Tests, Dense Samples

Test #11, 03 = 68.95kPa, Fig D.11

The predicted values of the shear stress strain curve and the volumetric strain versus
shear strain curve agreed well with the experimental values. Two remarks can be
made: " |

1. The predictions were terminated well before the failure load could be reached.
This is due to the contraction of the cutermost yield surface when dilatancy occurs.
2. The unloading-reloading cycle observed in the experimental data is missing in

the predicted curve. The reason of this will be explained during the discussion of
the next test.

Test F#12, o3 = 137.80kPa, Fig D.12
In this test, the predicted shear stress strain curve and the volumetric fesponse of
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Figure 8.3: Isotropic compression test, field of yield surfaces.
( From Prevost, 1978).

the soil agreed well with the observed soil behaviour.

In ¢lassical theory of plasticity the loading must occur from a yield surface. The
reasons for this are explained in Chapter 2. The deviatoric stress level ? of 280
kPa was found to be bounded between two yield surfaces. Unloading from that
stress level was not possible, as it was explained in Chapter 7. The same situation
occurred during the predictions of the stress path test, test # 23. The predicted
curves were the same as the predictions of test # 12 and the model simulations
were ended during the first loading path, path 1-2 Fig C.9.

8.2.4 Isotropic Compression Tests

For cohesionless soil samples prepared in the laboratory, a;; = 0, Pre ~st (1979b).
The yield surfaces are initially centered along P axis and tangent to each . ther at,
the origin of the (q - P) stress subspace. During the virgin consolidation, the stress
point moves along P axis and translates the inner yield surfaces, as shown in Fig
8.3. All inner yield surfaces increase their sizes the same amount as expressed by
Eq 4.37. Upon loading in the inverse direction (swelling), the stress point travels

2A deviatoric stress level at which the unloading occurs
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backwards along P axis. The yield surfaces decrease their sizes isotropically, €5 < 0.
The model parameters were obtained by combining the experimental virgin consol-
idation and swelling curves, Prevost (1. 79b). Since the effect of the shear stress
anisotropy does not exist. the constitutive equation A.1 reduces to the following

form: . !
==+ )P .
(5 +F) (8.1
In which H = h+ B’ and H = h = B’ are the plastic bulk modulus associated with
the virgin consolidation and swelling curves 3

Tests 3£1, #2 and #3, Figs D.1, D.2, and D.3

The model predictions were in excellent agreement with the experimental values.
The parameters were obtained by combining the virgin consolidation and swelling
curves of isotropic compression tests, Fig C.1, C.2 and C.3. The model was then used
to predict the same tests using these parameters. The back prediction procedure is
the reason for achieving such high accuracy in the model simulations.

8.2.5 Drained CTE Tests

Test F18, o3 = 137.89kPa, Fig D.13

The model predictions were in excellent agreement with the experimental results.
Both the shear and volumetric soil behaviour were modelled well. The initial stiff-
ness of the soil was a little higher than the observed value. The reason of this is
attributed to the computation of the elastic shear modulus in which its initial value
was determined from the corresponding compression test (test # 5) and not from
the extension curve, as explained in Chapter 6.

Test #19, o3 = 137.89kPa, Fig D.14

The initial stiffness was modelled well. The predicted values of the shear stress

strain curve agreed with the experimental curve until the ultimate shear strength

was reached, 100 %. Then, the predictions were terminated. The observed strain
“softening could not be predicted. It is believed that either one of the following two

reasons is behind the termination of the model predictions.

3The polar angles associated with the virgin consolidation and swelling curves are equal to £90°
respectively.
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1. Inability of the model to simulate the progressive failure of the soil after the
ultimate value of the shear strength has been reached, strain softening.

9. Influence of the curve fitting procedure adopted for the extension tests to allow
for the determination of the initial model parameters satisfying the slope condition,
as explained in Chapter 6.

The first reason suggests that the capabilities of the model to simulate the strain
softening have to be checked. This will be highlighted in Chapter 9, Section 9.2.
The second reason is explained within the framework of the discussion of the next
test, test #20.

Test #20, o3 = 137.89kPa, Fig D.15

The model predictions agreed well with the experimental values up to the ultimate
shear strength of the soil. Then, the predictions were terminated. The determi-
nation of the initial model parameters requires that the slope condition has to be
satisfied. Since the soil behaviour in extension and compression are different, the
model parameters are not those related to the extension or compression curves, but
a combination of the two. The softening observed in extension curve, test # 20, is
not observed in the corresponding compression curve, test # 12. This provides non
consistency of combining the two tests to allow for the determination of the initial
model parameter related to the outermost yield surface. Consequently, it disturbs
the model simulations at failure stages. More details regarding the inaccuracy of
the model in defining the failure loads will be given later.

8.2.6 Undrained CTC Tests, Loose Samples

Test #13, o3 = 137.894Pq, Fig D.16

The predicted shear stress strain curve agreed well with the experimental values.
The model simulated successfully the initial stiffness of the soil and the hardening
of the stress-strain curve as the load increased. The response of the pore water
pressure was modelled well. The model showed the ability of predicting the positive
_ pore water pressuré change as the sample tended to compress.

Test F#14, o3 = 275.78kPa, Fig D.17 ,
The model predictions were in good agreement with the experimental data. The
initial stiffness and the failure load were underestimated slightly. This effects the
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computed values of the elastic bulk modulus, as explained previously in Chapter
6. Consequently, there was a slight difference between the computed and measured

pore water pressure values.

Test #15, o3 = 413.66kPa, Fig D.18

The difference between the observed and predicted curves in test # 14 became more
clear as the initial confining pressure increased from 275.78 kPa ( test # 14 ) to
413.66 kPa ( test # 15 ). Regarding test # 15, the model underestimated the initial
stiffness of the soil and overestimated the failure load. Also, the pore water pressure
was underestimated. The reasons for this are explained later.

8.2.7 Undrained CTC Tests, Medium-Dense Samples

Test #16, o3 = 68.95kPa, Fig D.19

The predicted shear stress strain curve agreed well with the experimental values up
to the shear stress level at which unloading occurred. In general, the model showed
reasonable predictions of the shear stress strain curve. However, the response of the

pore water pressure and the failure load were underestimated.

Test 17, o3 = 137.89kPa, Fig D.20
The model predictions of this test were in excellent agreement with the experimental
values. The model simulated successfully the development of the positive pore water

pressure at the initial stage of shearing and the negative pore water pressure as the
sample tended to dilate.

8.2.8 Undrained CTE Tests

Test #21, o3 = 137.89kPa, Fig D.21

The predicted shear stress strain curve agreed well with the experimental values, at
least up to 80 % of the shear strength of the soil. Then, the predictions were ended
before the actual soil failure occurred. The model succeeded to simulate the initial
stiffness of the soil and the gradual increase of the pore water pressure as the load
continued. Since the model did not capture the failure load, the predictions of the
pore water pressure were ended well before the observed soil failure.
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Test #22, g3 = 137.80kPa, Fig D.22
The model simulated the initial soil stiffness properly. As the shear stress level
increased, the model overestimated the observed shear stress strain curve and the

predictions were terminated before the actual soil failure occurred.

The comparisons presented in Sections 8.2.6, 8.2.7 and 8.2.8 suggest that Prevost’s
pressure non-sensitive model describes the undrained soil behaviour reasonably well.
The model simulates satisfactorily the prepeak shear stress strain curves, at least up
to 80 % of the shear strength of the soil. However, the model suffers from 2 setback
in simulating the failure loads in some cases, as it will be discussed in Section 8.3.
In gencral, the differences between the predicted and observed undrained soil be-
haviour are thought to be due mainly tc the following reasons.

1. The experimental pore water pressure versus shear strain curves are not used in
tlie determination of the initial model parameters. As the loading process continues,
the pore water pressure was computed from Eq 4.47, Chapter 4, which is directly
dependent on the current values of the elastic bulk modulus, the plastic modulus
and the elastic shear modulus. For other tests different than the CTC-CTE tests
used for the identification of the initial model parameters, the values of H, B and G
have to be predicted using Eq 6.1. Thus, the predictions of the pore water pressure
passes through a series of predictions and computations of the model parameters
which may reduce the accuracy of the model simulations.

2, The loading unloading and reloading affect the predictions. A cycle of loading,
unlonding and reloading was performed for each test, which could not be predicted
for the reasons explained in Chapter 4 and Chapter 7. This effects the observed soil
behaviour because the stress strain curves obtained from monotonic shearing tests
are different than those obtained from shear tests where cycles of loading unloading
are included. This is due to the differences in change of the soil density in the
tests with cycles of loading-unloading compared to the monotonic shearing tests, as
explained in Chapter 5. It should be noted that Prevost’s models do not take into
account the change of the soil density as loading continues. The model formulations
are independent of the current soil density.

3. Necking of the soil specimen, observed in the undrained CTE tests, is another
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reason for the differences between the observed and predicted curves. Some in-
accuracies may be introduced in the experimental procedure by the non-uniform
deformation conditions which are developed in the soil sample at large shear strain

levels due to necking of the specimen.

8.3 Discussions and Conclusions

The following discussions and conclusions were based on comparisons made between
the model simulations and the test results of crushed quartz sand.

8.3.1 Pressure Sensitive Model

Prevost’s pressure sensitive model was used to predict the drained CTC-CTE tests
presented in Chapter 5. The model simulations were compared with the experi-
mental values. The conclusion was that the model succecded to simulate the shear
stress strain curves. The initial stiffness of the soil was modelled well and the shear
stress strain curves agreed with the experimental valucs at least up to 80 % of the
soil shear strength. However, the model suffers from inaccuracies in its simulations
of the failure loads. In some of the predictions, the model overshot or undershot
the observed strength of the soil. The reasons for this were investigated. The pa-
rameters controlling the motion of the outermost yiefd surface and the technique
used in the determination of the initial model parameters arc the main reasons for
the model of not being able to capture the failure loads. In addition, possxbly the
shape of the yield surface has contributed in these inaccuracies, Prevost (1987)

As it was pointed out previously, the outermost yield surface contracts or expands
depending on whether the soil element exhibits contractive or expansive behaviour.
A theoretical investigation was conducted to study the influence of the parameter
), in Eq 4.54, on the simulated soil behaviour. A series of predictions of drained
CTC test were performed for the loose sample of Fuji river sand. The experimental
data of this send was given in Fig 6.7. The values of the parameter A were varicd
between 0 and 100. Figure 8.5 shows the test results together with the model simu-
lations for each value of A. As ) increased, the predicted shear stress strain curves
varied within a very small range. It was observed that the failure load was highly
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underestimated for A = 100. For A = 50, the model overestimated the shear strain
at failure state. The failure load was captured exactly for A = 0, Fig 8.6.

Tables 8.3, 8.4, and 8.5 show the initial model parameters of Fuji river sand for
A = 0, 50, and 100 respectively. It can be seen from Table 8.5 that the initial model
parameters for A = 100 are not realistic because there is a high degree of overlap-
ping of the initial yield surfaces. For example, the initial size of the yield surface
# 8 is much larger than the initial sizes of the yield surfaces # 9 and # 10. Such
overlapping was due to the fact that the value of the parameter A was not consistent
with the other input data given to the computer program PARAMETER. In other
words, the past soil stress history and its memory were not computed properly. This
inconsistency of the initial model parameters effects the model simulations. Often,
the convergence conditions required in PREDICTIONS for certain yield surfaces
can never be met and. as a result, divergence occurs. In the case shown in Fig 8.6,
the last computed results are those related to the yield surface fp-1. They are not
related to the outermost yield surface f,.

Table 8.4 show the initial model parameters for A = 50. The overlapping of the
yield surfaces occurred. However, the degree of error of the computed initial model
parameters was negligible compared to the previous case where A = 100. In this
case, the convergence conditions in PREDICTIONS were satisfied, but the inaccu-
racies observed in the initial model parameter influenced the predicted curves and
model either overshot or undershot the failure loads, as shown in Fig 8.5.

Table 8.3 shows the initial model parameters when the influence of the isotropic
parameter does not exist, A = 0. The model simulated accurately the shear stress
strain curve and the failure load was defined exactly. However, the model showed
very poor predictions of the volumetric strain. This has led to the following ques-
tions. .
1. Why did the mode! simulate accurately the shear stress-strain curve and poorly
the volumetric strains when A =07

2. Is this accurate predictions of the shear stress-strain curve and the failure load
were obtained because the multisurface theory of plasticity was originally developed
for metals where A=07?

Answers for these two questions are not available at this point because the answers
have to consider not only the effect of the isotropic parameter, but also the effect
of the shape of the yield surface and the effect of the assumption made for the
motion of the outermost yield surface, Eq 4.37. On the basis of the results shown
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in Fig 8.5, it is highly recommended that more research has to be done to assess
the performance of the multisurface theory of plasticity in defining the failure loads
for soils.

The contribution of the technique used in the determination of the initial model
parameters to the unstable behaviour of the model in defining the failure loads will
be highlighted within the discussion of the performance of the pressure non-sensitive

model in simulating the vndrained soil behaviour. Section 8.3.2.

A shortcoming of the model is clear in its predictions of the volumetric strains. The
reason for this was believed to be related to the type of the non-associative flow
rule used in the model formulation. It was found that when the stress point reaches
a given yield surface fn, the numerical values of the function (3P"/K)™ are the
same for given series of tests i. This means that the strain increment ratio, SVR,
is constant regardless of the intensity of the applied stresses.

SVR = &/é, (8.2)

This statement will be substantiated by using the following example:

Let's consider the series of drained CTC tests carried out on loose soil samples
of crushed quart.z sand, tests # 4, #5, #6 and #7. Remember that test # 5 was
originally used for the identification of the initial model parameter. When the stress
point reaches the yield surface #5, in test #5, the strain increment ratio (€/¢,) is
the same as if the stress point reaches the yield surface # 5 in tests ##4, #6, and #7,
as shown in Table 8.1. Similar statement is valid for the remaining yield surfaces.
This means that the same (€ versus ¢,) plot is obtained in all four tests, as shown in
Fig 8.2. Also, Table 8.2 shows that the value of the function of (3P"/K) is constant

in all tests. By combining Eqs A.1, A.2, B.4 and B.3, the following equation can be
obtained:

3Pu m
) = 9C cos by, + A V06 €OS G| tan dpm (8.3)

From Eq 8.3, it is clear that the same value of the function (3P"/K) was obtained to
fulfil the orientation condition, Chapter 6. In other words, the value of (3P"/K)™
is constant because both the polar angle and the degree of non-associativity are
constant parameters. Consequently, the initial overlapping of the yield surfaces was
avoided. In order to avoid such inconvenience, the following improvements of the

4Note that P is the projection of the vector normal to the plastic potential surface onto the
hydrostatic axis and K is the current size of the given yield surface fm.
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Table 8.1: Computed Strain Ratio Related to fs

Yield surfaces # ...cccovvvmmrecennens fs )Degree of non-associativity....coeennd 4s = =1.7
Polar angle.......ccoeeeninennenneens = (10.71)°
Test | Ho Go By g P € & | Efé
# |(kPa)| (kPa) | (kPa) (kPa)|{(kPa)| (%) | (%)
4 | 3510 0984.10 | 3893S.00 [ 23.03 7.67 10.5650 | 0.1354 | 4.17
5 5000 | 14119.G6 | 55066.69 | 40.06 | 15.3¢ | 0.7944 | 0.1904 | 4.17
6 6640 | 1996S.20 | 77875.94 | 92.12 | 30.68 | 1.1828 | 0.2836 | 4.17
7 8740 | 24455.95 | 95378.19 | 135.46 | 46.02 | 1.3651 | 0.3272 | 417

model are suggested:

1. The volumetric strain rate equation should be made a function of the current
soil density or the current soil porosity to reflect the gradual increase of the rel-
ative density as the hydrostatic pressure increases. This can be accomplished by
multiplying Eq A.1 by  ®. In other words, multiplying the hydrostatic component
of the non-associative flow rule function by the current soil porosity. In this case,
the initial soil porosity, ng, will be viewed as an addltxona.l initial model parameter.
Its variation, during shearing, can be made a function ot the current hydrostatic
pressure, by analogy to Eq 4.53. In this case, the effect of the current soil porosity
can be introduced into the flow rule function and Eqs 4.22 and 4.23 will be:

P- - Q:

P'=(Q" +4n(Q : @)%)7
where 7 is the current soil porosity, 17 < 7 < maz-
The advantage of this procedure is not only to simulate more accurately the observed

volumetric strains for a given set of tests, but also to include the change of the soil
density as loading continues for a single test.

(8.4)
(8.5)

For a given cyclic test, the loose
sample gradually becomes denser as the number of cycles increases, Tatsuoka and
Ishihara (1974). The model as it was proposed by Prevost (1986), does not consider
the change of the soil density as the number of cycles increases. It was found that
for each cycle,' the model produces the same amount of volumetric strain, Chapter

Sy is the current soil porosity.
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Table 8.2: Computed Flow rule Values Related to fs

Test o 3 Size | Deviatoric | Hydrostatic | 3 P”
# stress stress :‘l%"
(kPa) | (kPa) | { kPa )| (kPa) ( kPa) ( kPa)
4 45.73 72.97 38,73 S$4.04 96.96 34.88 | 0.594
5 | 91.47 | 151.94 | 11747 168.08 193.92 69.77 | 0.594
6 182.92 | 303.88 | 234.04 336.16 387.84 139.55 | 0.594
7 274.38 | 455.82 | 352.41 504.24 581.76 209.33 | 0.594

9. This has led to the following statement:

As the number of cycles increases, the model produces ever increasing volumetric
strains. According to the model, if a loose soil sample was subjected to cyclic
loading condition, the sample conserves its initial density and the volumetric strain
never converges to a limiting value. More details of this are given in Chapter9.

2. Another possibility to avoid the shortcoming observed in the volumetric strain
predictions is to allow the rotation of the initial yield surfaces when their initial
geometric configuration is predicted from given CTC-CTE tests. Simply, the con-
dition of conservation of the orientation will not be respected. During shearing, the
initial orientation of the yield surfaces must be conserved to avoid the overlapping
and conserve the validity of Prevost’s hardening rule presented in Chapter 4. This
can be accomplished by assuming a variable degree of non-associativity and not a
constant parameter. However, this suggestion complicates the computation of the
initial model parameters when they arg‘predicted for other tests.

8.3.2 Pressure Non-Sensitive Model

The capabilities of the pressure non sensitive model for describing the undrained
soil behaviour was highlighted by comparing the test results presentgd in Chapter
5 with the predicted curves. It was shown that the model was able to predict the
shear stress-strain-pore water pressure curves properly.  However, some inaccuracies
in the model predictions were observed. The model was not able to capture the fail-
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ure loads of a number of tests and the predictions were ended before the failure load
could be defined. The reason for this is strictly related to the concept used for the
determination of the initial model parameters. In order to satisfy the same slope
condition, the extension shear stress strain curves were expressed by mathematical
functions, as explained in Chapter G. In most cases, if the ultimate shear strength
of the soil in compression was reached at a given shear strain level, the soil shear
strength in extension will not necessary be reached at same shear strain level. The
compression ultimate shear stress was used to identify the initial geometric config-
uration of the outermost yield surface. The corresponding extension shear stress
was computed to satisfy the slope condition which may or may not correspond to
the ultimate value. Thus, the initial geometric configuration of the outermost yieid
surface may not correspond to the ultimate value of the extension shear stress strain
curve. This limits the ability of the model in capturing the actual failure loads, but
it captures the maximum extension shear stress used in the determination of the
initial model parameters and the model predictions will be ended when the stress
point reaches the outermnost yield surface. The model predictions of tests # 21 and
# 22 were plotted together with the fitted curves used in the determination of the
initial model parameters. The model predictions were 100 % matching the fitted
curves, as shown in Fig 8.7. This proves that the model simulations are highly ef-
fected by the procedure of the determination of the initial model parameters. Thus,
it is recommended that more research has to be done to investigate the possibility
of eliminating the slope condition.

It should be noted that the pressure non-sensitive model is not able to simulate the
softening of the soil after the peak strength has been reached. When the stress point
reaches the outermost yield surface, the sample is considered to be failed, because
the plastic moduli related to the outermost yield surface is equal to zero dunng
all stages of shearing, A = 0 in Eq 4.20. Thus, it is recommended that the model
should include a parameter to be able to model the softening of the undrained shear
stress strain curve after the soil shear strength has been reached.

8.4 Ottawa Sand

The experimental data used in this Section were collected from the proceédings
of the Workshop on Limit Equilibrium, Plasticity and Generalized Stress-
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Strain in Geotechnical Engineering, held at McGill University, Montreal, Canada
(Yong and Ko, 1980). The tests had been conducted on prismatic samples of Ottawa
sand in a cubical testing device under stress controlled conditions. The samples were
first consolidated under equal all around pressure, then tested dry.

Prevost's model was used to predict the stress paths shown in Fig 8.4. The objective
was to check the ability of the model to simulate the behaviour of soils subjected
to three dimensional stress actions. In this case, the soil looses its initial transverse
isotropy .and becomes totally anisotropic material, This is due to the fact that the
increments of the anisotropic tensor a. Eq 4.36, depend of the deviatoric stress
increments. Since the values of the lateral deviatoric stress increments, 3., .‘5’,, are
different, the increments of the component of a are also different, &, # &,.

Triaxial Compression, TC Test, Fig D.23 .
In a true triaxial testing device, the sample was subjected to 103.5 kPa of initial
hydrostatic stress. Then, the lateral stresses were reduced while the vertical stress
was increased such that the hydrostatic stress remained the same. The test was
carried out in such a way that BB, stress ratio, remains constant:
oy — 03
o, -3
Thus, the variation of the principal stresses could be obtained by solving three
non-linear system of equations:

o) = 3P+ (BB -2)o; oy = 3P 4+(1—2BB)o,

BB +1 ’ BB +1

o3 was obtained by knowing 01,02 and BB value.
Figure D.23 shows both the experimental and the predicted shear stress strain
curves. The model underestimated the shear strength of the soil. The failure loads
were not captured and the sample failed before the actual failure occurred. However,
the initial stiffness of the soil was modelled well and the predicted shear stress strain
curves were in excellent agreement with the experimental values up to 80 %.

BB = (8.6)

(8.7

Triaxial Extension, TE Test, Fig D.24.

In this test, the lateral stresses were increased while the vertical stress was reduced
such that the stress ratio BB remained constant. The sample was first subjected to
103.5 kPa of initial hydrostatic stress, then sheared with constant mean pressure,
Figure D.24 shows both the experimental and the predicted shear stress strain
curves. The model underestimated the shear strength of the soil. The predictions
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Figure 8.4: Stress paths used for predictions of the behaviour of Ottawa sand.
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agreed well with the experimental values up to 80 %.

By comparing the experimental and the predicted shear stress strain curves for both
TC and TE tests shown in Figs D.23 and D.24, it is clear that the predicted curves
diverge from the experimental values at failure stages. The model missed to capture
the failure loads and the shear strength of the soil was underestimated. The initial
stiffnesses were modelled well and the predicted curves agreed with the observed

soil stress strain curves up to S0%.

Simple .‘Shear Stress Path, SS Test, constant mean pressure = 34.5 kPa,
Figs D.25, D.26 and D.27 .

The simple shear stress path test was conducted in the octehedral plane. One of
the lateral stresses was kept constant. The other lateral stress was decreased and
the vertical stress was increased by the same amount such that the ratio BB was
kept constant and the mean pressure was the same throughout the test.

Figures D.25, D.26 and D.27 show the experimental and the model predictions of
the shear stress strain curves. The model succeeds to simulate this test. The failure
loads were captured. The initial stiffness was modelled well. The predicted shear
stress strain curves were in excellent agreement with the observed values.

Simple Shear Stress Path, SS Test, constant mean pressure = 137.9 kPa,
Fig D.28, D.29 and D.30 .

Figures D.28, D.29, and D.30 show the test results plotted together with the model
predictions. Accept for the comparison shown in Fig D.28, the model predictions
agree well with the experimental values. The reasons for the divergence of the
predicted curve from the test results, shown in Fig D.28, are not clear. However, it.
is believed that the experimental results of the plot gy — o2 versus €, — €3 are not
consistent with the two other plots shown in Figs D.29 and D.30.

8.4.1 Conclusions

The following conclusions were based on the comparisons between of the model
predictions of the observed behaviour of Ottawa sand.

1. The model is capable of predicting accurately the shear behaviour of soils in
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complicated stress path tests. Although the model predictions agreed well with the
experimental values, the failure loads were not captured occasionally, The initial
stiffnesses were modelled well and the predicted shear stress strain curves agreed

with the experimental values up to 80 %, at least, in all cases.

9. From the theory view point. the model cannot reproduce the circular stress path
test. The reason for this is very clear. The stress point moves along the same yield
surface fn, and the stress increment vector is tangential to the yield surface. For
this neutral loading case, the model does not produce plastic strains, see Chapter 2.
Thus, the mode] simulates linear clastic soil behaviour in which ¢, = 0 if the mean
pressure is kept constant during testing. Otherwise the model simulates nonlinear

elastic soil behaviour

8.5 Fuji River Sand

Tatsuoka and Ishihara {1974) conducted a series of drained cyclic tests on saturated
loose samples of Fuji River sand. The tests were carried out by changing the axial
load from extension to compression and vice versa. The confining pressure was
kept constant. The test results show that the soil exhibits hysteretic behaviour and
accumulates strains. The shear stress strain hysteresis loops decrease their sizes
gradually as the number of cycles increases. Also, the tendency of the soil for com-
paction reduces as the number of cycles increases. Eventually, the sample reaches
a high density where further compaction is not possible, Tatsuoka and Ishihara
(1974). In this thesis, this characteristic behaviour of soil where the volumetric
strains reach an ultimate constant value is called the shake down aspect.

The computer program, PREDICTIONS, was used to predict the results of a
drained cyclic test carried out on loose soil sample of Fuji river sand under ini-
tial confining pressure of 196.14 kPa. Figure D.31 shows the model predictions of
the first 4 cycles together with the test results. It is obvious that the model succeeds
to simulate the hysteretic soil behaviour and the accumulative strains. However, it
reproduced larger shear strain than observed experimentally and fails in reproduc-
ing the shake down aspect. Whereas the experimental volumetric strains converge
towards a limiting value, the model predicts ever increasing volume change.
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8.5.1 Discussions and Conclusions

The following discussions and conclusions were based on the comparisons between

the model predictions of the ohserved cyclic behaviour of Fuji river sand.

With respect to the inability of the model to simulate the shake down aspect, a
theoretical investigation was carried out to study the influence of Prevost’s flow
rule on the model simulations. It was observed that the shape of the q versus 3P"
plot has the same shape for each cycle. as shown in Fig 8.8a. If each function
(3P")"‘ was normalized with respect to the current sizes K™, a linear plot of the
function ( q versus 3P"/K ) could be obtained. In the test shown in Fig D.31,
the values of the functions (3P"), related to the yield surface # 4 were normalized
with respect to the current size, [y. the resulted plot of the function ( q.versus
(3P"/K) ) is presented in Fig 8.8b where linear relation can be observed. Note that
the curved plot A-B in Fig 8.8b is related to the primary loading before any stress
reversal occurred. After the first cycle was completed, the model produced the same
amount of the plastic volume change at the end of each cycle. As it is shown in
Fig 8.9, the model produced almost 5 % of plastic volumetric strain in cycles # 2,
# 3 and #4. It will be shown in Chapter 9 that as the number of cycles increases,
the model produced ever increasing volume change. At the end of each cycle, the
model reproduces the same amount of volumetric strain. There is no upper limit
for the predicted volume change to converge.
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Table 8.3: A = 0. Initial model parameters of loose Fuji river sand, drained test,

s = 196.14kPa

GO = 1{5636.0% 80 = 14603.37 ne= 5¢ lambda = 0.00

ALPHA BETA K H 8 A
2 -0.86 208.78 49,51 0.12E407 ~.67E407 0.87
3 23.87 178.22 125.87 0.29€405 ~.10E+05 -1.98
4 20.79 180.286 164.48 0. 11E+05 -.56E+404 -1.56
3 25.53 181.96 205.2% 0.71E+04 -.29E+04 -1.51
6 35.50 189.54 238.37 0.39E+04 -.16E+04 -1.35
7 31.30 194.88 256.45 0.14E404 ~.56E+403 -t.17
8 27.01 195,65 281.Q0 0.13E404 —.47E403 -1.18
9 25.29 197.18 302. 11 0.92E+03 -.3BE+03 ~-1.18
10 27.53 201.80 317.20 0.57E+403 -.23E403 -1.21

Table 8.4: A = 50. Initial model parameters of loose Fuji river sand, drained test,

o3 = 196.14kPa

GO0 = 15636.01 B0 = 145603.37 na 50 lgmbda = 50,00
ALPHA BETA K H e A
2 -4,.60 196.04 50.30 0.96E+06

. . =-,25E407 0.87
i I:,‘l‘g :32.33 106.72 0.31E4+05 -, 1BE4+05 -1.63
p 10.79 '3‘.30 128.5%3 0.12E+05 -.61E4+04 -1.2%
e a.93 125‘83 147.15% 0.7SE+04 -, J1E104 -1.26
3 -‘.'2 116.42 149.77 0.44E404 =.19E 04 =-0.97
: -l5'45 106‘9 141,24 0.15E404 =,82E403 -0.59
3 -25.78 99. ) 142.31 0.14E404 -,B5E+03 ~0.49
" _29.‘2 .37 142.66 0.10E+04 =-.91E4+03 -0.38
. 98.40 144.090 -.71E403 -0.3%

-

0.83E+03
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Table 8.5: A = 100. Initial model parameters of loose Fuji river sand, drained test,
oa = 196.14% Pa

GO = 15636.01 BO = 14603.37 n= .50 lombda = 100,00

ALPHA BETA K H B A
2 =11.32 184.01 54.26 0,88E+06 -.13E407 0.87
3 €.00 137.26 92.41 0.29E+05 -.14E405 -1.26
4 =-0.02 118.84 102.19 0.13E+05 -.60E+04 -0.93
5 0.98 100.30 106.79 0.77E+04 —-. J1E+04 -1.00
6 -5.73 84.38 -97.48 0.45E+04 -.24E+04 -0.58
7 =19.01 71.72 85.99 0.16E+04 -.31E+04 -0.02
8 -28.28 -564.80 -1331.90 0.60E+02 -.11E+02 -27.3}
g -36.63 -175.24 483.30 0.14E+03 ~.32E402 -9.81
10 -40.69 -126.67 371.96 0.12E+403 -.28E+02 ~7.42
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Figure 8.5: Drained CTC test, comparison of predicted and measured stress strain
cutves, loose sample of Fuji river sand, o3 = 196.14kPa. ‘

a) Shear stress strain curves.

b) Volumetric strain versus shear strain curves.
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Figure 8.6: Drained CTC test, comparison of predicted and measured stress strain
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a) Shear stress strain curves.

b) Volumetric strain versus shear strain curves,
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Chapter 9

AN EVALUATION OF THE
ADDITIONAL CAPABILITIES
OF THE MODEL

9.1 Introduction

This chapter presents the results of a theoretical investigation which was conducted
to study the ability of the model to simulate:

1.. Strain softening,

2. Shakedown,

3. Behaviour of sand subjected to small and large amplitude cyclic loading.

9.2 Softening of the Stress Strain Curve

Hardening or softening of the material is modelled by changing the value of plas-
tic modulus, H,. The model uses an associative flow rule for the outermost yield
surface. The plastic modulus related to the outermost yield surface was given ac-
cording to Eq 4.20. It should be noted that Eq 4.20 was based on the assumptions
discussed in section 4.3. When the stress point reaches the outermost yield surface,
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the plastic modulus increases or decreases towards zero depending on whether the
soil exhibits softening or hardening, as shown in Fig E.1.

For the purpose of investigating the ability of the model in simulating the softening
of the soil, the computer program, PREDICTIONS, was used to predict the be-
haviour of a dense soil sample of crushed quartz sand subjected to monotonically
increasing loading. The test was carried out on a 4 inch diameter by 8 inch high
cylindrical sample, Rahman (1974). The sample was sheared in dry conditions un-
der g3 = 344.7kPa. The test results are presented in Fig E.2 together with the
model simulation. The experimental data showed a softening behaviour of the soil
after reaching the peak of the stress strair curve at 7% of axial strain. The model
prediction is in excellent agreement with the experimental data up to the peak
value. Then, the model shows negligible hardening of the stress strain curve which
is not observed in the test results. An investigation was conducted to study the
variation of the plastic moduli related to the outermost yield surface as the loading
process continued. It was found that the variation of the plastic moduli, Hy, is small
compared to what is observed experimentally. Indeed, the plastic moduli decreases
and drops below zero, then increases towards zero. However, this situation occurs
after reaching 30% of the axial strain, as shown in Fig E.3. Thus, the model is not
capable to simulate the softening of the material at observed axial strain level.

9.3 Shakedown

Loose soil samples compact during cyclic loading. The rate for compaction reduces
as the number of cycles increases. Eventually, the sample reaches a high density and
further compaction does not occur, Tatsuoka and Ishihara (1974). Tlns is called
shakedown, Prevost(1987).

For the purpose of investigating the ability of Prevost’s model in sunulatmg the
shakedown, a constant amplitude of cyclic load was provided as input data for the
computer program PREDICTIONS. The input data shown in Fig E.4 was provided
as follows:

From a spherical stress state of 137.89 kPa, a loose sample of the crushed quartz
sand was subjected to a sinusoidal cyclic excitation by increasing the axial stress
to 337.89 kPa, then reducing it to 137.89 kPa. In other words, the deviatoric
stress varied between 0 and 200 kPa in a sinusoidal manner as a function of time.
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The program output shows that the model simulates the hysteretic behaviour of
the soil and the shear strains accumulate as the number of cycles increnses, Fig
E.5. Figure E.6 shows the predicted volumetric strains. No indication is observed
regarding the ability of the model in simulating the shakedown phenomenon. The
volumetric strain versus shear strain plot, Fig E.G, shows that the volumetric strains
keep increasing monotonically. Even during the 10 cycle, the model produces
volumetric strain increments similar to those observed during the start of the cyclic
loading. The predictions could be improved if the plastic volumetric strain rate
equation was made a function of the current relative density or the current soil
porosity. This statement can be explained as follows:

Within the framework of multisurface theory of plasticity, in & cyclic loading case,
the stress varies between prescribed limits. The stress point translates only a certain
number of yield surfaces and the remaining yield surfaces are not dragged by the
stress point. In the case shown in Fig E.5, only the first five yield surfaces were
subjected to translations and expansions. The remaining yield surfaces did not
experience any kinematic hardening. In here, the translated yield surfaces are called
the activated yield surfaces and the remaining yield surfaces are called the dummy
yield surfaces because they are not involved in the computations of the plastic
strains.

The difference between Eqs 9.1 and 9.2 is the type of non-associative flow rule
adopted in the model formulation, Eqs 4,22 and 4.23.

eﬁ=';—I3P"i%% | 1)
e’=?1{- I%l% | (9.2)

Since the model simulations are reasonable for shear stress strain curves, the inabil-
ity of the model to simulate the shakedown phenomenon can attributed to Eq 0.1.
Thus, the effect of relative density should be introduced into the formulation of the
non-associative flow rule.

9.4 Small Amplitude Cyclic Loading

The initial geometric configuration of the yield surfaces is not centered with respect
to the hydrostatic axis, P, because: '
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1. The model uses stress induced anisotropy.

9. The stress strain characteristics in compression and extension are not the same.
The stress level which is required to reach the 2% vyield surface in compression
may correspond to the 4** (or more) yield surface in extension. The amplitude
of the cyclic loading must be provided in a such way that the stress level reaches
at least the 2% yield surface in compression. Otherwise, the model simulates an
elastic behaviour in compression during the first cycle. During the 2t* cycle, the
model simulates an elasto-plastic soil behaviour in compression because the 2th yield
surface was dragged when the stress point goes to the extension portion of the stress
space.

In order to evaluate the model for small amplitude cyclic loading, the following
input data was used:

From a spherical stress state of 137.89 kPa, a loose sample of crushed quartz sand
was subjected to a sinusoidal cyclic excitation by increasing the axial stress to 257.89
kPa, then reducing it to 97.89 kPa in a sinusoidal manner, as shown in Fig E.T.
During the 1** cycle, the number of activated yield surfaces in compression( 4 yield
surfaces ) is less than the number of activated yield surfaces in extension ( 7 yield
surfaces ), for the reasons given above. Thus, the 1°t cycle can be considered as
a disturbance of the initial geometric configuration of the yield surfaces and the
renl cyclic model simulation starts from point A, as shown in Fig E.8. Figure E.9 .
shows the model simulation of the shear stress strain curve for a large number of
cycles. Again the model succeeds in simulating the hysteretic soil behaviour and
the accumulative strains. Figure E.10 shows the volumetric response of the soil
sample. No indication is observed regarding the ability of the model in simulating
the shakedown phenomenon. The inability of the model to simulate the shakedown
phenomenon is demonstrated in Fig E.11 by plotting the volumetric stress-strain
curve. The model fails to simulate the convergence of the volumetric strains to a
steady state as the number of cycles increases.

It should be noted that small amplitude cyclic loading does not erase the anisotropy
induced by the previous loading history because the stress state does note reach the
dummy yield surfaces.
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9.5 Large Amplitude Cyclic Loading

The ability of the model in simulating the behaviour of sand subjected to a large
amplitude cyclic loading is analyzed here. With the objective of activating all the
existing yield surfaces and erasing any previous anisotropy, accept for the outermost
yield surface, a large amplitude cyclic loading was provided as input data for the
computer program, PREDICTIONS. The cyclic load shown in Fig E.12 was applied
as follows:

From a spherical stress state of 137.89 kPa, a loose sample of crushed quartz sand
was subjected to 2 sinusoidal cyclic excitation by increasing the axial stress to 397.89
kPa, then reducing it to 87.89 kPa in a sinusoidal manner. The model succeeds in
simulating the hysteretic behaviour and the accumulative shear strains, Fig E.13.
Starting from the first cycle, the yield surfaces reach their limiting sizes and the
model simulates the soil behaviour in almost a kinematic manner, i.e the hardening
is introduced only through the translation of the yield surfaces. This conclusion is
obtained from Fig E.14 in which the volumetric strain at 6 % of the shear strain was
0.72 % and at 50 % of the shear strain was 1.1 %. Since, the change of volumetric
strain is relatively small compared to the change of shear strain , the influence of
the 1sottop1c hardening rule is very limited. The kinematic hardening had major
influence on the results. The model continues to reproduce almost the same amount
of shear strain for each cycle. The sample never fails as long as the stress level
remains inside the outermost yield surface. The volumetric response of the sample
is shown in both Fig E.14 and Fig E.15 in which the shakedown phenomenon is not
is observed.

9.6 Variable Amplitude Cyclic Loading

The model simulations of the behaviour of sand sample subjected to mixed ampli-
tude cyclic loading, from small to large amplitude or vice versa, is presented here.
The input data shown in Fig E.16 was provided to the computer program as follows;
From spherical stress state of 137.89 kPa, a loose sample of crushed quartz sand was
subjected to a cyclic excitation by increasing and decreasing the axial stress in a
sinusoidal manner, as shown in Fig E.16. The program output, Fig E.17, show that
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the transition from the a small to a large amplitude of the cyclic loading disturbs
the trend of the developed volumetric strain curve. It seems that the volumetric

strain-shear strain curve is, somehow, a combination of the two previous cases.

9.7 Conclusion Regarding the Cyclic Simulations

A shortcoming of the model is apparent in the volumetric response, Fig E.10, E.11,
E.14, E.15 and E.17. Whereas the experimental work show that the volumetric
strain converge toward a limiting value, Tatsuoka and Ishihara (1974), the model
predicts ever increasing volumetric strain change with each cycle. ! This is shown
by studying the response of the medel for both a small and a large amplitude of
cyclic loading. It can be concluded that the model is unable to predict the shake-
down phenomenon. However, the model succeeds in simulating the hysteretic soil
behaviour and the accurnulative shear strains as the number of cycles increases.
The ability of Prevost’s model in simulating the cyclic behaviour of the soil plays an
important role in solving complex Geotechnical Engineering problems. In the liter-
ature, a large number of elasto-plastic soil models were published. However, they
cannot be applied to cyclic loading condition. For example, cap models by Roscoe
and Bruland (1968), DiMaggio and Baladi (1971), Baladi and Rohani (1979). These
'cap models have been based on the classical theory of plasticity using isotropic hard-
ening alone, see Chapter 3. The most obvious limitations of these models are:

1. They do not adequately model the stress induced anisotropy.

2. They are not applicable to cyclic loading conditions.

Similar limitations apply to other models, Lade and Duncan (1975), Griffiths,
Molenkamp and Smith (1982). It may be argued that isotropic hardening rules
are adequate for situations in which only monotonically increasing loading occurs.
However, it is unlikely that such restrictions can be met in every geotechnical prob-

lem.

: 1The same conclusion was reached by Prevost (1987) for his new model which was based on the
same concept as the model in question. ‘
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Chapter 10

CONCLUSIONS AND
RECOMMENDATIONS

The following conclusions have been drawn on the basis of comparisons between the
model simulations and the actual test data.

10.1 Conclusions Regarding the Pressure Sensi-
tive Model

1. The initial soil stiffness was modelled well and the predicted shear stress strain
curves ngreed with the experimental values, at least up to 80 % of the ultimate
load.

2. In some predictions, the model overshot or undershot the observed strength of
the soil. The concept used for the contraction or expansion of the outermost yield
surface and the parameter identification technique were the main reasons for the
model of not being able to capture the actual failure loads.

3. A shortcoming of the model is apparent in its predictions of the volumetric
strains. One reason for this was believed to be the type of non-associative flow rule
used by the model. It is suggested that the volumetric strain rate equation should
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be made a function of the current relative density to reflect its gradual change as the
loading process continues. This suggestion was made on the basis of comparisons
between the static test results with the model predictions, and also the predicted
and observed cyclic behaviour of both Fuji river sand and crushed quartz sand

subjected to small and large amplitude cyclic loading.

4. The model is capable of simulating accurately the shear behaviour of soil in

complicated stress path tests in three dimensional stress space.

5. The model is able to simulate the strain softening. However, because of the
inaccuracies in its definition of the failure loads, the model reproduced the softening
of the shear stress strain curve at a larger shear strain level than the observed value.
It was found that the variation of the plastic modulus related to the outermost yield
surface is very small compared to what is observed experimentally. Indeed, the value
of the plastic modulus related to the outermost yield surface dropped below zero,
then increases towards zero. However, this situation occurred at a very large shear

strain level.

6. Under cyclic loading conditions, the model is unable to predict the shake-down
phenomenon. Whereas the experimental volume change of loose samples converged
towards a limiting value, the model simulated ever increasing volume change. This
was demonstrated by stucying the response of the model for small, large and variable
amplitude of cyclic loading. On the other hand, the hysteretic soil behaviour and
the accumulative shear strains were simulated successfully as the number of cycles

increased.

10.2 Conclusions Regarding the Pressure Non-
Sensitive Model

1. The capabilities of the pressure non-sensitive model for describing the observed

. undrained soil behaviour was evaluated by comparing the test results with the
predicted curves. It was shown that the model was able to predict the shear stress-
strain-pore water pressure response properly. However, there are some inaccuracies
in the model predictions. For example, the model was not able to capture the failure
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loads of a number of tests and the predictions were terminated before the actual
failure load could be defined. The model predictions of the pore water pressure were
in agreement with the observed values. The model was able to predict the positive
pore water pressure at initial stages of shearing, then negative pore water pressure

as the sample tended to dilate.

2. The pressure non-sensitive model is not able to simulate the softening of the shear
stress strain curve after the peak strength has been reached. When the stress point
reaches the outermost vield surface, failure ocecurs, because the plastic modulus

related to the outermost yicld surface is equal to zero during all stages of shearing,.

3. Under cyclic loading conditions. the pressure non-sensitive model reduces to
total stress model in which the generation of the pore water pressure is ignored.
Moreover, the identification of the hardening parameters is based on a curve fitting
procedure of the static and cyclic simple shear tests, Thus, the accuracy of the
model simulations depends highly on the accuracy achieved by the curve fitting
procedure of the experimental data.

'10.3 General Conclusions

In the following, the term Prevost’s model will correspond to both pressure sensitive
and pressure non-sensitive models at the same time. ‘

1. Prevost’s model can be considered as one of the most complicated and sophisti-
" cated soil models existing in the field of geotechnical engineering. The model tends
to be a general theory applicable for both sand and clay. Its formulation mcludes
both drained and undrained situations. Thus, the model is academically elegant,
but unlikely to be favoured by the practicing engineers. This is due to the model
complexity.

2. The determination of the initial model parameters was based on a curve fitting
procedure using the extension tests data. It was shown that the accuracy of the
model simulations was directly related to the accuracy of the fitted extension curve.

3. The initial elastic model parameters are determined from the compfession stress

strain-volume change curves. These parameters are assumed to be the same for both
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compression and cxtension cases. This assumption effects the model simulations of
the initial soil stiffness for extension tests, because the soil behaviour in compression

and extension are different.

4. The model uses lines for failure in compression and extension. These lines have
a constant slopes. The model does not consider curved failure lines to reflect the

gradual reduction of the peak friction angle as the mean pressure increases.

5. The model involves a large number of parameters. These parameters are variables
and interconnected. This complicates both the model implementation in computer
programs and the computation procedure for the model simulations. For the cyclic
events, the update geometric configuration of the yield surfaces must be remem-
bered. This requires a considerable amount of computer storage and increases the

CPU time.

6. The model can be considered as a powerful tool to simulate the cyclic shear
stress strain behaviour of soil. This may play very important role in solving complex
boundary value problems.

' 7. The multisurface theory of plasticity represent-s;a' more versatile and powerful
tool for describing the constitutive behaviour of soils than it seems to be recognized.

10.4 Recommendations

1. It is highly recommended that further research has to be done to investigate the
following aspects:

1.a. The possibility of reducing the number of the model parameters and simplifying
the constitutive relations. These will reduce the computations cost and minimize
-~ the complexity of the model implementation in computer programs.

1.b. The effect of the assumption made for the motion of the outermost yield
surface, Eq 4.37. This allows for a better understanding of the inaccuracies of the
model in its predictions of the failure loads.

l.c. The effect of the shape of the yield surface on the model simulations of the
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volumetric deformation behaviour of soil.

9 1t is recommended that a certain softening parameter should be used to model

the softening of the shear stress versus shear strain behaviour in an undrained casc.

3. It was suggested that the model formulation should be made a function of the

current relative density of the soil.
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Appendix A

GENERAL STRESS STRAIN
RELATIONS

The general elasto-plastic stress-strain relations of Prevost can be written as follows:

P Qo
=35 + H3P QF (A.1)
' Qo
E r)G HQ IQI-_} : . (A‘g)
These constitutive equations can be inverted:
2
2Geé — E-G—Q X {A.3)
P = Bi, - 263313".3( (A4)
In which:
X= Qé+ 3636, (A.5)

QP+ 3)+3(Q )V +9HQF
In a more general form, the constitutive relation for the finite deformations was
given by Prevost (1986):

'

C:ée=0 (A.6)
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In which:
¢ is the effective Cauchy stress tensor.
¢ is the rate of deformation tensor.

Prevost (1986) proposed the following C tensor:

1 B,
C=E—H+Q:E:P(E:P)(Q:E) (A7)

In which:

H is the plastic modulus, see Eq 4.5

Q and P are symmetrical 9nd order tensor, see Eq 4.9 and 4.10.
E is a 4t* order tensor of the elastic moduli.

E= Aaubabc + G(ancabd + Sndsbc) (AS)

A and G are Lame's constants, §,5 = Kronecker delta.
Since f = ¥(S;; — a;;)* + CHP — B)? = K%, the values of Q" and Q" are expressed
as follows:

Q' =3(S;; — aij) (A.9)
Q" =3(P- ) =3tr(Q) (A10)
and |
| P =g | (A.11)
P = %tr(P) = tr(Q) + An(@ : @)} ' (A.12)
IQJ? in Eqs A-1 and A.2 takes the form:
i = 2 = QP +31Q = oK (A13)

Taking into consideration Egs 4.9 and 4.10, the following expression may be obtained
Q:E: P = Btr(P)ir(Q) +26(P : Q) (A1)

Eq A.6 will have the following general form:

2GQ'¢ + 3BQ ¢
H+2GQ" : @ + B3Q'3F

Where B = A + £ is the bulk modulus.

i

& =2Gé+ (3BP'5) (A.15)
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Appendix B

MODEL PARAMETERS

B.1 List of the Model Parameters

The formulation of Prevost’s model involves the following set of elastic and plastic

parameters.

A a4

S":“'P’!"!"F"

C.

Elastic parameters:
G elastic shear modulus.
B elastic bulk modulus.

Plastic parameters:

a and J are the center coordinates of the yield surface.

K is the size of the yield surface. )

h is the plastic shear modulus.

A is the degree of non-associativity.

B’ is a plastic parameter in which (h + B') is the plastic bulk modulus.

Isotropic parameter: A

Note that each yield surface requires a new set of plastic parameters. Thus, the
total number of parameters is ( 6 X NY'S + 3 ) in which NYS is the number of
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the vield surfaces and 3 corresponds to the elastic parameters and the isotropic

parameter.

B.2 Laboratory Tests Needed

A complete determination of the model parameters require the following data:

1. Experimental stress strain ‘curves for both triaxial compression and extension

tests originating from a common mean effective stress P}, given in the form:

Compression g. versus €, P, versus € .
Extension ge versus & P, versus € .

in which € is the strain difference :
E=¢€ —¢€; (B.1)

2. Experimental data of an isotropic compression test.

B.3 Parameter Identification

The initial model parameters are determined from the condition that the slope, %, of
both triaxial compression and extension curves are the same when the stress point
reaches a yield surface fi. '

The initial elastic parameters Go and B, are determined from the steepest slopes :
observed in the ( g. versus & ) and ( P versus ) plots respectively.

When the stress point reaches the yield surface f, Fig B.1, the following relations
may be obtained:

g=a+ Ksin¢ , (B.2)

P=ﬂ+%~ms¢ : (B.3)

From Egs A.1, A.2, B.2 and B.3 the following stress strain relation can be derived:
€ 1 1 . .

i~ 3G + Eéln¢(sxn¢+C7cm¢) . (B.4)
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Figure B.1: Geometric representation of the polar angle ¢.
(From Prevost, 1986)

1

% t (2C cos ¢ + AV6 cos | tan ¢|) % (sin¢ + Cycos ¢) (B.5)

¢ is called the polar angle formed at the center of a given yicld surface f,, between
the current stress point on this surface and the horizontal axis through the yield
surface center which is parallel to the CP_' axis in the transformed plot, Fig B.1. -

B.3.1 Determination of the Polar Angle !

From Fig B.1 one derives the following equations:

g = a + Ksin g, (B.6)
P.=8+ %—cos Pe . (B.7)

ge = a+ I sing, ' . ] (B.8)
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i
P¢=ﬁ+%cos¢, (B.9)

Note that the subscripts ¢ and e are used to identify the compression and the
extension tests respectively.

Since the model parameters a, 8 and K depend on the volumetric strain, Eqs B.G,
B.7, B.S and B.9 will be:

Ae§

e+ Gc— %ot
sin ¢, = —_—I{oe-“f’ (B.10)
Aet
. Qe —OoC "
sin ¢, = TR {B.11)
P. - ﬁoe.\cﬁ
COS P = C—EK;,T‘?_ (B.12)
P, - ﬁue-\ti

cos g = C— =33 (B.13)

From Eqs B.10, B.11, B.12 and B.13 one gets:
. ¢ o ¢ _ qce.h: — qee.\eﬁ B4
sin ¢, — sing, = T +%) (B.14)

_c P’ — P’ B
COS ¢¢ -— COS ¢e -_— I\.o 6'\(¢=+‘=) ( . 5)
Let RCE = %&%‘-}:, RCE can be determined from Eqs B.14 and B.15:
P, — P,eMc—)

RCE=C pRpapR Yy (B.16)

Eq B.16 can be written in the following form:

1 1 2RCE 1 1

-1)=0 B.1T
g T g T T ReE tmditeng, (B.17)

Since the model parameters G, B, h and B’ depend on the mean cffective stress,
the stress strain relations in Eqs B.4 and B.5 will be:

AL
(%) % - %; = ‘-I%osiné(sincﬁ + Cycos ) (B.18)
¢ - :
P\"¢ 1 1. 1, /6
% 75 = E—(smqb + C cos ¢)§-‘;(-C cos ¢ + AVGcos¢|tang|) (B.19)
in which :

Howho+ Bocosé " (B20)
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Let’s consider the following transformations:

P\"e 1 1
— ) - — == 2
(Pc') ¢ 2Go X (B-21)
P\"¢ 1 1
Ty e _ 2 B.22
(P&) P D ¥ (
= (sin¢ + Cycosg) (B.23)
Thus, Egs B.18 and B.19 can be written as follows:
XL = Hio- sin ¢. 1. (B.24)
1 1 T, =
= }I—-g- (ZC cos ¢ + AVE cos ¢.| tan ¢c|) (B.25)
Xi = -f%o sin ¢. T, (B.26)
]
1 1 7,
— = ——— (2 : . 27
Y. = E3y ( C cos ¢ + AV6 cos ¢ | tan ¢ I) (B.27)
From Eqs B.24, B.25, B.26 and B.27 one gets
1 1
—_—— — 2
tange.  2C (3"" Y. ‘4‘/-) (B-28)
11 X,
= 3G (3 g AVE ) (B.29)

Note that the sign ( + ) is used when tané < 0 and the sign ( - ) is used when
tang > 0. '
Adding Eq B.28 and B.29 one gets:

1 1 1 Xe X.
tand. - tang,  2C (3152 2 957) (B-30)
The sign ( + ) is used when the product (tané.tang,) < 0.
Thus, the two Eqs B.17 and B.30 provide the solution for tang. and tang,.
B.3.2 Initial Model Parameters
I\'nowling ¢. and ¢, the parameters can be obtained .
1. degree of non associativity :
1 1 X.
- -9
T (375 tan e 2c) (B.31)
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2

. initial sizes of the yield surfaces :

qce-.\cf, —_ qee-.\cg

(o = 2
Ko = ng. —sine. (B-32)
3. Initial positions of the yield surfaces :
ap = gee™% — Nosin &, (B.33)
PR ¥
Bo = Pe™ — % oS ¢ (B.34)
4, Initial value of the parameter B':
X.sing T. — X, sin ¢ T,
¢ __ =te ele e ele =
Bo = €0S P — COS P (B.35)
5. initial plastic shear modulus :
ho = X, sin ¢.T. — By cos ¢, (B.36)
6. Initial plastic modul :
Ho = ho + Bj cos . (B.37)

B.4 Undrained Model Parameters

In an undrained case, €, = 0, the model parameters are determined from the condi-
tion of the equal slopes of both compression and extension triaxial curves when the
stress point reaches a yield surface fm. Knowing ¢. and ¢., the model parameters
are determined from Eqs B.31 to B.37 with the condition that ¢, =€, =0.

B.5 Computer Program PARAMETER

In the following, PARAMETER listing and examples of input data and output
results are presented. The control parameters used in the master cards are defined
in the manual presented at the beginning of the program listing.

-
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B.5.1 Example of Input Data

In the following, the compression and extension test results used for the determina-
tion of the model parameters, correspond to the test shown in Fig 7.4, are presented

as an example of input data:

FILE: PARAMETE DATA * UNLV D'/OF OTTAWA CMS

1.84.193.11.1.137.89.0137.89
0

. . 137.89 , . A ¢ N
49.56 , 154,41 , 0.000300 , 0.001755
84.43 , 166,03, 0.000980 , 0.00336
122.07 , 178.%8 , 0.001950 , 0.006915
168.08 , 193.92 , 0.003720 , 0.0143
234.69 , 216.12 , 0.006830 , 0.0449
247,33 , 220.33, 0.007080 , 0.053505
259,06 , 224,24 , 0.0072320 , 0.062%35
280.10 , 231,26, 0.007410 , - 0.080565
297.28 , 236.98 , 0.007810 , 0.108625
303. « 238.89 , 0.00781 »  0.13109%
0. . 137.89, 0. » 0.

- -%.00 , 135,22, 0.00030 ., -0.000177
-10.50 , 134.49 , 0.00050 , ~0.000430
-15.20 , 132,82, 0.00120 , =0.0009%
-22.30 , 130.39, 0.002% , -0.00230
-34.00 , 126,56, 0.00468 , -0.00734
-42.00 , 123.89 , 0.00463 , -0.01280
~-49.00 , 121.%8 , 0.0050 , -0.0182
-34.00 , 119.89 , 0.00513 , -0.0224

. =-65.00 , 118.22 , 0.0054 , -=0.04037
-87. 108.890 , 0.0048 , -0.1518
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B.5.2 Example of Output Results

In the following, the results of the data shown in Section B.5.1 are presented as an

example of output results:

MODEL PARAMETERS

S0P LSNP R R R RRRRREN

CONTROL INFORMATION

Test type......ccvvvvnnnces 1
Drained CTC test........1
Undrained CTC test......2

SOIL TYPE.....iveeannnnnnns
SAND ....ccvrveesnrrnnannsl
CLAY .vvcaccneonss PP ]

NUMBER OF TIELD SURFACES... "

VOLUMETRIC EXPONENT. ... .00t 84.19

INITIAL MEAN PRESSURE.........137.89

INPUT COMPRESSION TEST DATA

Q P EPY EPX EPV EPY-EPX
0.00 137.89 0.0000 0.0000 0.0000 0.0000
49.56 134.41 0.1270 -0.0483 0.0300 0.173%
84.43 166.03 0.2567 -0.0793 0.0980 0.3380
122.07 178.%8 0.5260 -0.18%35 0.1830 0.615
168.08 193.92 1.0780 -0.3530 0.3720 1.4310
234.69 216.12 3.2210 -1.2690 0.6830 4.4900
242.33 220.33 3.8030 -1.547% 0.7080 $.350%
239.08 224.24 4.4130 =-1.8403 0.7320 6.253%
280.10 231.20 5.6180 =-2.430% 0.7410 8.0565
207.28 238.98 . 7.5020 ~3.3805 0.7810 10.862%
303.00 23%8.89 9.0000 -4.1093 0.7810 13.1095%

INPUT EXTENSION TEST DATA

A
<N
QE PE | EPY EPX EPY -f*‘”\L\EPY-EPX
0.00 137.89 0.0000 0.0000 0.0000 0.0000
=35.00 138.22 -0.0018 0.0139% 0.0300 -0.0177
=-10.5%0 134.49 -0.0120 0.0310 0.0500 =0.0430
=15.20 132.82 =0.0207 0.0703 0.1200 -0.0910
-22.%0 130.3% - -0.0700 0.1600 0.2500 -0.2300
-34.00 126.38 =0.3340 0.4000 0.4660 -0.7340
-42.00 123.89 -0.6983 0.5817 0.4530 -1.2800
-49.00 121.%8 =1.0487 0.7233 0.35000 -1.8200
-54.00 119.89 -1.3217 0.9183 0.5130 =2.2400
-55.00 118.22 -2.5113 1.5257 0.5400 -4.0370
-87.00 108.¢9 -9.9600 $.2200 0.4800 -15.1800
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POLAR ANGLES

151

compresslon extenalon

dagreas degrees

2 89.72 -70.82

3 16.32 ~76.40

4 28.38 -87.66

5 40.71 262.27

6 54.39 253.01

7 63.62 244,64

B B1.44 244.60

9 61.38 242.80

10 G1.49 242 .44

11 63.28 243.11

INITIAL MODEL PARAMETERS
GO = 14119.66 B0 = S55066.69 ns= 50 lombda = 84.19
ALPHA BETA K H 8 A

2 20.96 150.5%50 27.36 0.54E+06 -.11E+408 0.20
3 58.05 121.18 70.08 0.99E+0% —.84E4+05 —-4.67
4 65.78 118.53 79.59 0. 15E40% -.92E+04 -2.81
5 66.87 111.09 85.688 0.6SE+04 =-.25E404 -1.70
6 60.83 97.56 87.62 0.25E+04 -.12E404 -1.12
7 54.29 102.23 91.50 0.16E+04 -.54E403 -0.83
8 55.08 99.32 96.56 0. 14E404 -.S0E+03 -0.92
9 58.16 100.27 104.74 0.12E404 =.4BE+03 -0.95
10 56.82 97.89 110.63 0.62E+03 -.24E403 -0.93
1" 49.38 98.24 120.48 0.23E403 -.37E4+02 -0.87



GO =

14119.66

CTC, MODEL PARAMETERS

152

1

BO = 55066.69 n = ,50 lombdg = B84.19

ALPHA BETA Km Hm Bm Am
2 21.50 154.3% 28.06 0.57E+06 -.11E+08 0.20
3 63.04 131.60 76.11 0.11E+406 -.93E+405 -4.67
4 77.%2 139.68 93.79 0.17E405 -.10E+05 -2.81
3 91.47 151.94 117.47 0.81E+04 -.29E404 -1.70
6 108.10 173.38 155.71 0.32E+04 -. 15E+04 -1.12
7 98.54 185.55 166.08 0.20E+04 -.GBE+03 -0.83
8 101.98 183.94 176.84 0.17E+04 -.64E4+03 -0.92
9 108.53 187.13 195.45 0.16E+04 -.62E403 -0.95
10 109.66 188.94 213.51 0.82E+03 -.32E403 -0.93
11 95.30 189.:6% 232.53 0.30E+03 —.48E+02 ~-0.87

CTE, MODEL PARAMETERS

GO = 14119.66 BO = 55066.69 n= .50 lombda = 64.19

ALFPHA BETA Km Hm Bm Am
2 21.50 154.35 28.06 0.54E+06 -.11E+408 0.20
3 60.54 126.39 73.10 0.98E+05 -.83E+05 -4.67
4 72.77 131.13 88.05 0.15E+405 -.90E+04 -2.81
S 82.54 137. 11 - 106.00 0.67E+404 -.24E4+04 -1.70
6 90.03 144.43 129.7 0.24E404 -.11E404 -1.12
7 80.31 151.22 135.35 0.15€404 -.51E+03 -0.8)
8 83.88 151.30 147.10 0. 13E+04 -.47E+03 -0.92
9 89.72 134.70 161.59 0.11E404 -.45E+403 -0.95%
10 89.52 154.24 174.30 0.57E+403 -.22E403 -0.93
" 73.97 147.18 180.47 0.20E+03 -.13E402 -0.87



.

5:3  PARAMETEI Listing

PARAMETER [latling

Parometer |s o compuler code which allows the determingttion of

Preaveost'

2 model porameters from conventloan! trloxial compression

and extenslon tests, The program Incorporatas drained and

undrained veralonas

of o glven CIC-CIE tenls, the progrom permlits the predictions

for both sand ond clay. Uslng the test resulls

of the Inltiol mode] paromelerw for any other teats,

THUPUT DALA
L X EXE N Y RN
loput
CD = Dralnage conditlons Drolned CIC tesl = §
Undrafned CIC tlesl = 2
S5 = Soll 1ype Sond = |
Clay = 2
HYS = Humber of yleld eurtgecen
W = lsolroplic parcmetsr, Lombdg
PO = Inltlal confining prassure
HPP= Inltlal conflining pressure of the predicted tos?
Input 2

———=—  Inpul of the trioxial comprossion teat resylts
aC

Deviatoric streas
PC = Hydrostatlc stress
CI'D = flavlatorke slraln
EPY = volumetrlc straln

Inpul of the trioxlal extenslon lest resulte
QE

= Deviotoric alrass
PE = Hydrostatlc slress
-

Input 3

EPDE Devialorle strain
EPVE Volumelric straln

PARDOOYO
PARODO20O
PARDODO3O
PARQOOA0Q
PARCOOS0
PAIO00GO
PARQOOQ70
PAROOOBO
PARDQO9Q
PAROO1Q0Q
PARGO110
PARROO120
PARDD130
PARVOYAD
PARDOISO
PARDO1GO
PAROOI70
PARODIBO
PAROO IS0
PAROC20D
PARDO210
PARLO220Q
PARQO230
PAROO240
PARIOGZS0
PARUL2E0
PAILU270
PAIOL200
PAIROD290
PAROO300
PAlOO3 10O
PAIOO320
PAIIOO 330
PAROO340
PARDOJISO
PANDLIGO
PAROO37O
PAROD3BO
PAIIQG 390
PAROO400
PARDOAD
PAROVA20
PARO0430
PAROO440
PARGO450
PARODAGO
PaltoL470
PARODABO
PAROD490

onaonnnoonnnnonnncoononnoncnnccccncncnncnonnncnnnnn

INTEGER 1,J,HYS,ST,CT,C0.CIR
REAL*B W,C,M,L,.P0,G0,00, HPP

DIMEHS | 0N oc(zo).Pc(zo).Ethzo).EPr(:o).EPZ(zo).EPv(zo).EPutzo)

DIMENSION CE(20),PE(20),EPXE(20),EPYE(20
DIMENSION EPDE(20),00E(20),DPE (20) ,RE (20
UIMENSION X1(20),X2(20),X3(20),X4(20),X5(20),X6
DIMEHSION XC1(20),vC1(20),XE1(20),7€E1(20)
DIMENSION XC(20),YC(20),XE(20),VE(20)

DIMEMSIOH DeC(20) ,0PC(20) ,RC(20 .DEPbgzoi.DEPV 20

DIMENSION A(20),RCE (20 +RCE1(20) ,RCE2(20),7(20),5(20).51(20)
DIMENSION A1(20),7S(20 -J51(20) .DEL1(20) ,DEL2(20),U(20) ,v(20)

DIMENSION A2(20},0C(20),0E(20),1C(20)},1E(20
DIMENS|ON DE(20},m11(20 .Augzo .cl?:oi

DIMENSIOM BM(20) ,PH{20),AM{20)} . XK (20 +TT1(20)
CIMENS1OH ALPO§20;.BEIO 20;.ALP 20),.BET{20),0K(20)
DIMENS]ON ALPE(20) ,BE1E(20),XKE(20

DIMENSION EUM(ZO).EP"(ZO).PUM(zﬂ).PPH(ZU)
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+EPZE(20) ,EPVE(20)
.DcPusizo;.oEPva(zo)
20

+AQ(20 .UA(ZO).TT(ZO).AH(ZO)

PARCO500
PARDOS 10O
PAIIOUS 20
PAIIOUS 3O
PARRDOS540
PARQO550
PAROOS60
PARUDS 70
PAROUSB0
PARDOS90
PARDOS00Q
PAROOG 10
PAIODG20 .
PARODG 30
PARDOG40
PARODES0
PARODGEQ
PAROUG7Q
PAROUGEO
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DIMENSION U1(20),v1(20),55(20) .AHH{20)

PAROOG690

c PAROQ700
c PARCO710
c i. Control Input PAROQ720
C . PARCO730C
WRITE(6,9777) . PARQO740

9777 FORMAT("1°,//35%,* MODEL PARAMETERS 'L, 3X/35X,19(***)//) PARDO750
c PARQO750
WRITE(6,9998) PAROO770

9998 FORMAT(//19X, 'CONTROL INFORMATION',3X/19X,19(*~"}/) PAROQ7B0
C PARGO790
C=3/(29.5) PARQQBOO
READ(S,*) CD,W,NYS,ST,PO.HPP PAROO810
PARO0B20

WRITE(6,1000) CDO,ST,NYS, W HPP PAROOB30

1000 FORMAT(/15X, 'Test type’®,18(’'."),13/20X, 'Drained CTC test®, PAROQB40
18(". ').'l'.ZX/ZOX 'Undrolnod CTC test’ 6(' ), 2. 2X/3X, PAROOBS50

- 212X, 'SOIL TYPE®, 18(' *),13/20X,"SAND *,20(°. ') i PAROOBGO
32X/20X ‘CLAY °* 21(' ') '2' 3, PARQOB70 .
4/15X%, "NUMBER OF YIELD SURFACES' w3(*.").15/15X%, PAROOBBO
S*VOLUMETRIC EXPONENT’,9('.*).F8. 2/15X, * INITIAL MEAN PRESSURE®, PAROOBS0
69(".").F6.2) PAR00900

c PARQOS10
c PARO0920
c 2. Compresion Test Dota PAROC930
C PARQO940
c PAROO950
WRITE(6,9997) PAR0OQ960

9997 FORMAT(//19X,* INPUT COMPRESSION TEST DATA’,1X/19X,29('=*), PAR00970
1!!//10X.‘G'.IOX.'P'.9X.’EPY' 8Xx, 'EPX‘.BX.'EPV'.BX. PAROOSB0
2'EPY-EPX’ ,2%X/5X,73(".")) PARQO990

DO 10 I=1,NYS PARO1000

READ s,.¢) ac(1),.PC(1), EPV(I) EPD(1) PARO1010

i ;-(EPV(I)H‘EPD(I)) PAR01020

EPX =EPY(1)=EPD(1) PARQ1030
PARO1040

m‘mE(e ,1010) ec(1),Pc(1),EPY(1)*100, EPK(I)‘I.....EPV(I)MOO EPD(I) ::20:3:3

0

1010 FORMAT(SX,2(F9.2,2X),F2.4,2X ,F9.4,3X.F9.4,3%,F9, 4) PARO1070
10 CONTINUE PARO10B0

c PARO1090
00 11 =2, NYS PARC1100
DeC(1)=GC(1)-CC{I-1 PARO1110

DPC l -PC !-1 PARO1120
‘PARO1130

DEPD& ;-EPD ;-EPD | £ I PARO1140
DEPVY(1 PARO1150

11 CONTI1 PARO1180

c PARO1170
C PARO1180
c 3. Extenslon Test Dato PARD1190
C - PARO1200
c ‘ . PARO1210
WRITE(S,9998) PARD1220

9996 FORMAT(//!OX.' INPUT EXTENSION TEST DATA *,tx/19X,29(*-*), PARO1230
11X//10X,*QE* 9%, *PE* ,BX, "EPY"* , 7X, "EPX"* 9!.'EPV' PARO1240
29!.'EPT-£PK'.2X/5X 73(' '}) PARD1250Q
PARO1260

PO 1S =1 ,NYS PARO1270
READ(S,*) GE(I).PE(!1),.EPVE(I),.EPDE(I) - PARD1280

EPYE ;-(EWE(I)u-EPoE(l))/ PAR01290
1)=EPYE(1)-EPDE(1) PAROQ1300

PARO1310

WRITE(S, 1020) eE(1),PE(1) ,EPYE(L)*100,EPXE(1)*100,EPVE{1)*100,  PARO1320
1EPDE(1)*100 PARO1330
1020 FORMAT(SX,2(F9.2,2X) ,F9.4,2X,F9.4,3X,F9.4,3X,F9.4) PARO 1340
15 CONTINUE PARO1350
PARO1360
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DO 16 !-2 NYS PARQ1370
DQE 1)=Qe(I- 1; PARO1380
DPE -PE 1)-PE(I- PARO1390
RE( l)-DPE /DQE(I) PARO1400
DEFDE& =EFDE —EPDEE 1; PARO1410
DEPVE -EPVE -EPVE 1- PARO1420
16 CONTINUE PAR01430
c PARQ1440
c PARQ 1450
c 4, Elostic Parometers PAR01460
c PARQ1470
c PARO1480
AN=1. PARO1490
IF(ST.EQ.1) AN=.5 PARO1500
ZEw(HPP/P0O) * *AN PAR01510
GO=,5*2€°(0QC(2)/EPD(2)) PARG1520
IF(CD.EQ.2) GOTO 122 PAR01530
. BO=ZE®DPC(2)/EPV(2) ~ PARO1540
GOTO 113 PARO1550
C122 BO=B8*ZE*GQ/3 PARG1560
122 BO=8+*G0O/3 PARG1570
113 M=1/(2°G0) PARG1580
L=1/80 PARO1590
c PARQ1600
c PARO1610
c 5. Polar Angles PARO1620
C PAR01630
c PARO1640
WRITE(B,1901) . PARO1650
1901 FORMAT("1°,24X, 'POLAR ANGLES®,2X/24X,13("~'),1X) PARO1660
WRITE(S, 1902) : PARO1670
1902 FORMAT(!QX. eomprotllon + 10X, "extension’ , 4x/i4X, PARO1680
15X, 'degrees’, 14X, ‘degrees’ ,2X/13X,38( = ')/) PARD1690
c PARO1700
00 20 =2 ,NYS PARO1710
c PARQ1720
c PARO1730
C 5.1 Trenstormatlon of the stress-straln relations PARG1740
C PARO1750
c : PARO1780
ANwt, PARO1770
IF(ST.EG.!) ANa. S PARQ1780
c : PARO1790
1)=( PC(1)/(P0) )"AN PAR01800
1)=DEPD(1)/(ZE*DRC(1 PAR01810
1)=DEPV{] ZE‘DFC l PARD1820
1)={ PE{1 )**AN : PARO1830
-DEPDE E‘Daﬁi ;; PARO1840
-DEPVE l ZE*DPE(IL PARO1850
xcu(r)-xt(|)°x 1)-u PARO1860
XC{1)=1/xC1(1). PARO1870
YCl(I)-X!(l)'XS(I)-L PARQ1880
YC(1)=1/vC1(1) PARO1BS0
XEl(l)-K4(I)‘X5(I)-M PARO1300
XE(I)mt/XEN(1) : PAR01910
YE1(I)mXa(1)*X8(1)-L PARO1920
YE(1)=1/YE1(1) PARO1930
c PARO1840
A(l)-sxp(n-(ewu)-twe(l))) 4 PARO1950
1 }=EXP ﬂ‘{EPV(l);; ‘ PARO1960
A2 1)=EXP(W* (EPVE(] ) . PARO1870
c PARQ1980
RCEY ;-PCE ;-PE ; PARO1990
RCE2 . PARQ2000
RCE(I)-C‘RCE!(I) Rccz PAR02010
Cc o PARQ2020
C 5.2 Solve for the potar angles ’ ‘ PARQ2030
c PARD2040
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1)m2*RCE(I 1-RCE(1)*RCE(!
S19et §3§Ré Ot
ss{l) T(1)-s(1))/(T(1))
IF(SS(l).GT.0) GOTO 50
5.2.1 Flrat solutlon

2RE(I)‘XE(I)/YE(l)))/(Z‘C)

0000

CTR=1

TS(1)=T(1)*S(1

SELHT s g eis o)
Vlil; ET(IJ-S(I))/(T(I)‘U1(|))

lF(Ut(l).GT 0) GOTO &1

© GOTO 68
61 IF(V1(I).LT.0) GOTO S5

68 UI(1)=(TS(1)=SORT(DEL1( °r(1))
Vlzl; iT(l)-S(l))}(T(l)

5.2.2 2nd solution

onoo

30 CTR=2

51(l)-((J‘RC(l)‘XC(l)/TC(l)) (3*RE(1)*XE(1)/YE(1)))/(2°C)
TS1(1)=T(1)*S1(1)

DE 2(1)=SQRT((2-TS1(1))**2 + 4*T(1)*(T(1)+S1(1
E ;-%-§+TS$ 1)+os£2%%))/(;-1( §)) (F(Is1e)
I)m=s1(1)+01(1)
IE(U(1).GT.0) GOTO 62
oTO 67
62 1F(v1(1).GT.0) GOTO 55

8.2.3 Check for overioping

o000

67 O -(;ﬁ:}§|(l)-gsz(|))/(z°r(|))
|r§01(1) GT.0.) GOTO 5%

{ ;-(-z+rs|(|)+n£Lz(l))/(2'T(l))
1)==51(1)+U1(1)

5.2.4 Angular transformation

53 BB=180/3. 141592654

et

IF OTR.EO 1 GOTO 13
IF(CTR.NE.3) GOTO 77

GEis=oet1)

0o aOoon

i)

7 OCEI}-OC(I)
OE(1)=3.1415926544+0E(1)

c~13 IF(CTR.EQ.1) OC(1)=t.5708-0C(1)
c 5.3 Print out of the polar ongles
c
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PAR02050
PARO2060
PARQ2070
PARQ20BO
PAR02090
PARQ2100
PARO2110
PARO2120
PARO2130
PARO2140
PARQ2150
PAROQ2160
PARO2170
PARO2180
PARD2190
PARQ2200
PARQ2210
PARQ2220
PAR02230
PARO2240
PARO2250
PARD2260
PARQ2270
PAR0228B0
PARG2290
PAR02300
PARDZI10
PARO2320
PARQ2330
PARO2340
PARO2350
PAR0O2360
PARQ2370
PARQ2380
PARO2390
PARO2400
PARD2410
PARD2420
PARD2430
PARD2440
PARO2450
PARD2460
PARD2470
PARO2480
PARD2490
PARQ2500
PARO2510
PARD2520
PAR02530
PARO2540
PARD2530
PARG2580
PARO2S70
PARO2%80
PARQ2590
PARQ2600
PARQ2610
PARO2620
PAR02630
PARQ2640
PARQ2650
PARQ2660
PARD2670
PARO26BO -
PAR02690
PARQ2700
PARD2710
PARD2720
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c PARQ2730
WRITE(6,3) 1,0C(I)*BB,0E(1)*ED PAR02740

3 FORMAT(!OX 15 AX,F7.2,14%,F7.2) PARO2750

c PARO2760
4 . PARD2770
C 5.4 Eliminatlion of the effect of volumetric strains PAR02780
c PAR0Q2790
c PARD2800
sEXP(-W*EPV(I]) PARG28B10

«EXP{-W*EPVE(])) PAR02820

-PC sEXP(-WeEPV(i) PARO2830

C PARO2840
FOM = (HPP/PQ) PAR0O2850

c PAR02860
c PARQ2870
] 6. Plastic Parometers PARO28B80
C PARQ2890
c ) PARD2900
c 6.1. INITIAL SIZES OF THE YIELD SURFACES PAR02910
c PAR02920
RR{ ;-SIN(OP(I))-SIN OE(I); PARD2930

1)=( AO{1)=UA(1})}/(RR(1) ) PARO2940

c PARQ2950
c 6.2. INITIAL POSITIONS OF THE YIELD SURFACE PAR02960
c . PARO2970
ALPO{ ;-FOM'E AQ(1)-0K ;‘SIN(Ocil)) PARD2980
BETO(1)}=FOM*{TT({1)-(OK(1}/C)*COS{0OC(1))) PARD2990

c PAR0O3000
oK(1)=Fome( oK(1) ) PAR03010

c PARO3020
{ ;-SINEOC ;I+C‘RC{ ;‘COS ;; PARO3030
1)=SIN(OE +C*RE *COS(OE PARO3040

c PARO3OS0
Cc 6.3. PLASTIC BULK MODULUS PARO3060
c PARO3070
-COSEOC(I))—COS(OE(I)) PARG3080

af3C(1 )’SIN(OC(I))‘TC(I))-(XE(l)'SIN(OE(I))‘TE(I)) PARG3090

BM =AH{1)/DE(1) ‘ PARO3100

c PARO3110
c 6.4. PLASTIC SHEAR MODULUS PARD3120
c PARO3130
PH(l)—(xc(l)'SlN(Oc(l))‘TC(l)-BM(l)‘COS(OC(l))) PARO3140
PARDO3150

[ PARO3160
Cc 6.5. DEGREE OF NON-ASSOCIATIVITY PARO3170
c PARO3180
-3‘RC(I)‘KC )‘TAN(OC(I))/YC(I) PARO3150
1)=1/(ABS(TAN ; PAR03200
1)=(1/(6%*. 5))‘Gl(l *(AD(1)-2+C) PARO3210

Cc PAR03220
AHH(l)-PH(l)+BM(I)‘COS(OC(l)) PARO3230

20 CONTI PARO3240

‘ coooo-oooooo.ooo-oo..ooo-oooooooo-oooo--ooooooonooo-oo--ooo-o--oanooo-topqu3zsq
c PARC3260
c 7. PRINT OUT OF THE MODEL PARAMETERS PARQ3270
c PARO3280
COPSEERIRS0040004000850000¢R000EIESREERCONNSSANTNIIsOEstRItttstssitnsdsPARDS290)
c - PARO3300
C. PARO3310
- 7.1 INITIAL MODEL PARAMETERS PARO3320
(o] PARO3330
c PARO3340
WRITE(6,9900) PAR03350

2900 FORMAT(// 30X, ' INITIAL MODEL PARAMETERS'.4X/29X 26('=*)//) PARO3360
c PARO3I3I70
WRITE(6,9990) GO, BO AN W PARO3380

9980 FORMAT(OX.'GO - F9 2.,5%,'80 @ *,F9.2,5%,'n = * ,F3.2,5X, PARD3390
1*lambda » * ,FB8.2, sx/) ‘ PARO3400
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WRITE(6,9905)

9505 FORMAT(BX *ALPHA’ , 10X, "BETA",10X,* K *.4X," H *,6X,*' B

17%," A L.3X/3K,75(°=),3x/)

DO S00 1=2,NYS

WR1TE(6,600) I1,ALPO(I),BETO(1},0K(1) ,PH(1).BM(1),AM(1)
500 CONTINUE
600 FORMAT(15,2X,F?.2,5X,2(F8.2,6X),2(E8.2,4X),F9.2)

IF(CD.EQ.2) GOTO 9999
IF(PO.NE.HPP) GOTO 9999

c

o000

7.2 MODEL PARAMETERS, CTC test
WRITE (8,9300)
9300 FORMATi 17,//.30X,* CTC, MODEL PARAMETERS®,4X/10X,
119%,24{*~*)/7)
WRITE(6,9990) GO,B0,AN,W

WRITE(6,9915)

9915 FORMAT(BK *ALPHA® , 10X, BETA' ,10X,* Km '.4X," Hm °,6X,°

17X, * ¢ /3K, 75(-"), 3X/)
DO 510 I-2 NYS

ALP(D)=ALPO(1)*A1(1]
St
PEM{ ] )=BM ox1(1
PPHEI;-PH l§‘11 1

WRITE(6.600) 1,ALP{1),BET(1),XK(I).PPH(I).PEM(1) AM(1)
510 CONTINUE

7.3 MODEL PARAMETERS, CTE test
WRITE(6,9400)

9400 ronunri// aox.° CTE, MODEL PARAMETERS®,4X/10X,
119%,24(°=")//)

WRITE(6,99590) GO,B0,AN,W

WRITE(S,9915)

ono

511 1=2,NY$

ALPE -ALPO ;‘Azi l

BETE -BETO eA2(1

XKE (1)mOK(1)*A2 l

EBM(1)=BM(1)*x4(1

£PH( 1 )=PH(I -x4

leTE(o 800) I,ALPE(1],BETE(1) ,XKE(1) ,EPH(I) .EBM(1) ,AM(I)
. 511 CONTINVE
9999 STOP

END

158

PAR03410
* ,PAR03420
PAR03430
PAR03440
PAR03450
PAR03460
PARQ3470
PAR03480
PARO3490
PARD3500
PAR03510
PARQ3520
PAR03530
PARO3540
PAR03550
PAR03560
PAR03570
PAR03580
PARC3590
PAR03600
PAR03610
* ,PAR03620
PAR03630
PAR03640
PAR03650
PAR03660
FAR03670
PAR03680
PAR03690
PAR03700
_PARD3710
PAR03720
PAR03730
PAR03740
PAR03750
PAR03760
PAR03770
PAR03780
PARD3790
PAR03BO0O
PAR03810
PAR03820
PAR03830
PAR03840
PAR03850
PARQ3B60
PAR03870
PAR03880
PARQ3890
PAR03900
PAR03910
PAR03920
PAR03930



Appendix C

LABORATORY TESTING

This Appendix presents the results of laboratory tests discussed in Chapter 5. In
the figures, all stresscs are effective. Compressive stresses and expansive volumetric

strains are indicated as positive.
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HYDROSTATIC PRESSURE, kPa

600.0 k- Isotropic compression test
Loose sample »
500.0 |- oe
s
400.0 |-
s §
300.0 | o &
D.. :.
o »
200.0 |-
C J
100.0 | o .
| ...o' .‘.."'
0.0 .L-.L__ ) N \ A
0.0 05 1.0 1.5 2.0

Figure C.1: Isotropic compression test, loose soil sample.
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HYDROSTATIC PRESSURE, kPa

Isotropic compression test
600.0 |- .
Medium—dense sample
500.0 |- §
s ¢
400.0 |- S8
| S s
300.0 } ¢ o
3 o
200.0 |- .
o »
100.0 |- e o
[ .l":..' o'..
0 . ,
0.0 L k osheres—
0.0 0.5 1.0 15

VOLUMETRIC STRAIN 7%

Figure C.2:. Isotropic comnpression test, medium-dense soil sample.
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HYDROSTATIC PRESSURE, kPa

600.0 |- Isotropic compression test
Dense sample »
500.0 } o
s
400.0 |- &
)
300.0 |- ¢
200.0 | o
.““
»"
100.0 |- P
-.‘... .
0.0 ..t‘.‘.. ] . t N 1 " t
0.0 0.2 0.4 0.6 0.8 1.0

VOLUMETRIC STRAIN 7%

Figure C.3: Isotropic compression test, dense soil smx‘lple.
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Figure C.4: Drained CTC tests, effect of the initial density, o3 = 68.94. kPa

.16



600.0
e w® %v.00
....." hd hadll ® e e
500.0 -~
d ) ... o BNk ']
Q_. - .Q.G-G"U"G"U" reQ
- & ¢ ow
- .' a *
tn . e
1 a00.0 | .o
:‘;‘-J- &
n $
| - -: .:‘ eeliboaneres
S 3000} g g 8787 oot
o 3 PR
S Rl ool
< FE aT e bEnst
e ) ee
% 200.0 |-¢i } g@ o MUuM
;: g D 100SL
x4 t?','- :
"-'j . 3
8 S T
100.0 8 ¢
H
: i
L
R
0.0 '_é - -:' l_? L] L) ] ] [ ] [
0.0 1.0 2.0 3.0 4.0 5.0 G.0 7.0 8.0 9.0

AYIAL SIRAIN, %

23
e
2 e .*
» .
-z_ 1.3 . ...
< . Y * o
o 1. P o
" & o
.3 _." .E,-L“
O o o
I . o®
e - o
- - O
Lﬁ "~ U,.O
X e o
3 ° ' o*.0"°
g [ B E' _.-'_:@'...
Tap s
-3 [ Rl 1N T IR
T N N AU R o ITE o B R Rt PYTPPR § TPPNY AR |
Ry e 2.0 3.0 a0 .0 .0 e . e

AXIAL STRAIN, %

Figure C.5: Drained CTC tests, effcct of the initial density, o5 = 137.8kPa
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DEVIATORIC SR

VOLUMETRIC STRAIN, %

AXIAL STRAIN, %l

Figure C.6: Drained CTC tests, loose soil samples.
a) Shear stress-strain curves.
b) Axial strain-volumetric strain curves.
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Appendix D

MODEL SIMULATIONS

The purpose of this Appendix is to present the figures corresponding to the model
predictions discussed in Chapter 8. Each figure includes the experimental data
indicated with full circles and the model predictions with dotted lines.
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Figure D.1: Hydrostatic pressure versus volumetric strain, test # 1.
Comparison of predicted and measured volumetric stress strain curves, loose sample
of crushed quartz sand.
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Figure D.2: Hydrostatic pressure versus volumetric strain, test # 2.
Comparison of predicted and measured volumetric stress strain curves,
medium-dense sample of crushed quartz sand.
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Figure D.3: Hydrostatic pressure versus volumetric straiﬁ, test # 3. -

Comparison of predicted and measured volumetric stress strain curves, dense sample
of crushed quartz sand. L
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Figure D.12: Drained CTC test #12.

Comparison of predicted and measured stress strain curves, dense sample of crushed
quartz sand, o3 = 137.89kPa.

a) Shear stress strain curves.

b) Volumetric strain versus shear strain curves.
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Figure D.16: Undrained CTC test #13.

Comparison of predicted and measured stress strain pore water pressure
loose sample of crushed quartz sand, (03 )iniiat = 137.89kPa.
a) Shear stress strain curves.

curves,

b) Pore water pressure versus shear strain curves.
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Figure D.17: Undrained CTC test #14.

Comparison of predicted and measured stress strain pore water pressure curves,

loose sample of crushed quartz sand, (3)initia = 275.78kPa.

a) Shear stress strain curves.

b) Pore water pressure versus shear strain curves.
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Figure D.18: Undrained CTC test #15.

Comparison of predicted and measured stress strain pore water pressure curves,

loose sample of crushed quartz sand, (¢3)initiar = 413.66kPa.

a) Shear stress strain curves.

b) Pore water pressure versus shear strain curves.
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Figure D.19: Undrained CTC test #16.

Comparison of predicted and measured stress strain pore water prcgsurc' curves,
medium-dense sample of crushed quartz sand, (o3)initiat = 68.95k Pa.

a) Shear stress strain curves.

b) Pore water pressure versus shear strain curves.
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Figure D.20: Undrained CTC test #17.

Comparison of predicted and measured stress strain pore water pressure curves,
medium-dense sample of crushed quartz sand, (03)initiat = 137.89kPa.
a) Shear stress strain curves,

W

b) Pore water pressure versus shear strain curves.
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Figure D.21: Undrained CTE test #21.

Comparison of predicted and measured stress strain pore water pressure curves,
loose sample of crushed quartz sand, (3 )initiat = 137.89%k Pa.

a) Shear stress strain curves.

b) Pore water pressure versus shear strain curves.
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Figure D.22: Undrained CTE test #22,

Comparison of predicted and measured stress strain pore water pressure curves,
medium-dense sample of crushed quartz sand, (03)initiar = 137.89k Pa.
a) Shear stress strain curves.

b) Pore water pressure versus shear strain curves.
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Figure D.23: Ottawa sand, TC test, constant mean pressure = 34.5kPa.

Comparison of predicted and measured shear stress strain curves.
0y — 03 Versus €, ~ €3

- 198



-5.0 |-
-15.0 |-
| .
| .
;4 M
Y |
l
|
-25.0 |- .
....... )
—35.0 ) !'!l.o'.otl.tluooloocooo
®
— " Predicled
-45.0 . ' | | . | . '
-2.4 -1.9 -1.4 0 -
€ — 63, %

Figure D.24: Ottawa sand, TE test, constunt mean pressure = 34.50Pa

Comparison of predicted and measured shear stress strain curves.
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Figure D.26: Ottawa sand, SS test, constant mean pressure = 34.54kPa

Comparison of predicted and measured shear stress strain curves.
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Figure D.27: Ottawa sand, SS test, constant mean pressure = 34.5kPa

Comparison of predicted and measured shear stress strain curves.
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Figure D.28: Ottawa sand, SS test, constant meun pressure = 137.894 Pa.

Comparison of predicted and measured shear stress strain curves.
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Figure D.29: Ottawa sand, SS test, constant mean pressure = 137.89k Pa.
Comparison of predicted and mecasured shear stress strain curves.
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Appendix E

AN EVALUATION OF THE
ADDITIONAL CAPABILITIES
OF THE MODEL

This Appendix presents the results of the theoretical investigation discussed in
Chapter 9. The figures are presented in the following'sequence:

1. Figures regarding the strain softening.

2. Figures regarding the shakedown phenomenon.

3. Figures regarding the small amplitude cyclic loading.

4. Figures regarding the large amplitude cyclic loading,.

5. Figures regarding the variable amplitude cyclic loading.
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and the critical state line O-E.

b) Typical stress-strain curve regarding the stress puth D-D

c) Typical stress-strain curve regarding the stress path E-E}
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Appendix F

COMPUTER PROGRAM
PREDICTIONS

F.1 Introduction

The computer program PREDICTIONS consists of a driver and a constitutive pres-
sure sensitive subroutine, Derradji-Aouat and Evgin (1988a). This appendix con-
tains guide to input data and examples of input data and output results.

F.1.1 Guide to Input Data

The input data to the computer program PREDICTIONS consists of conirol con-
stants and numerical values of the parameters used in the constitutive equations of
the model. It should be noted that the input data are free formatted and has to be
read in the following sequence:

Cerd 1: TSO,DATYP,TTYP,CTS.

Card 2: NYS,Ps, W, Go,Bo.
. Card 3: (PP(L3), I =1,NYS),J =1,6)

IF ( DATYP.= 1) GOTO 4.1
IF ( TTYP = 1) GOTO 4.2

225



4.2 Card 4: STR3, NUC, QINC.

Card 5: ( QUN(I), [=1,NUC )
GOTO 5

4.3 Card 4: PE, NUC, QINC, BD.
Card 5: ( QUN(I), I=1,NUC )
GOTO 5

4.4 Card 4: AME,CQ,.,CQ, T, TIN
5. End

F.1.3 Example of the Input Data

In the following, the input data correspending to the test shown in Fig 7.4 is pwe-
sented as an example to illustrate the sequence of input presented in section F.1.2.

2 ’ 2 ' 1

1t , 137.89 , B84.19 , 14119.66 , 55066.69 , 137.89
0. » 137.89 , Q. . a, ., Q9. . 0.00
20.96 , t50.50 , 27.35% , 540000. , =-11000000. |, 0.20
53.05 » '2‘ - '8 . 70.08 » 990000 » -840000 . -4-67
65.78 , (18,53 , 79.59 , 15go0. -9200, , =2.81
66.87 , 111,09 , @5.88 , 6500. , -2500., , =1.70
60.83 , 97.% , B7.62 , 2500. , =1200. , =1.12
54,29 , 102,23 , 91.5% , 1600. , -540, , =-0.83
55.06 , 99.32 , 96.56 , 1400. , -500. , =-0.92
58.‘6 » ‘00027 » ‘04.7‘ . '200; Y —4300 . -0.95 *
56,82 , g7.89 , 110.63 -, 620. , =240, , -0.93
49.38 , 98.24 , 120.48 . 230. , -37. , =0.87
137.89,2,10

0.,400.



F.1.3 Example of the Output Results

The results correspending to the test shown in Fig 7.4 are presented in the following
pages. For a given arbitrary stress increment, the computer program provides the
following results:

1. The converged stress increment.

2. Active yield surface. _

3. The update geometric configuration of the yield surfaces.

4. The strains corresponding to the converged stress increment.

S
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CONVERGED STRESS STATE

SIGMA 1-1
SicuAa 1=-2
Sicva 1-3
SlcMa 2-2
SIGMA 2-3
SicMA 3-3

187.890
0.000
0.000

137.890
0.000

137.890

ACTIVE YIELD SURFACE

2

UPDATE GEOMETRIC CONF[GURATION

YSs ALPHA ALPHA ALPHA BETA S1ZE
1-1 2-2 3-3
! 33.3335 -16.6665 —16.8665 154.5565 0.0137
2 14,3925 ~7.1962 -7.1962 155.0145 28,1704
3 39.6620 -19.8310 -19.8310 124.1924 71.8221
4 44.9435 -22.4717 -22.4717 121.4766 81.5686
5 45.6882 ~-22.8441 ~22.8441 113.8516 88.0149
6 41.5614 -20.7807 -20.7807 99.9853 89.7982
7 37.0931 =18.5465 -18.5465 104.7714 93.7746
B 37.6192 -1B.8096 -18.8096 101,78%0 98.9604
9 39,7372 -19.8686 -19.8686 102.7626 107.3438
10 38.8217 -19.4108 -19.4108 100.3235 113.3802
1" 33.7384 -16,8692 -16.B692 100.6822 123.4751

CORRESPENDING PREDICTED STRAINS

EPS]ILON
EPSILON
EPSILONH
EPSILON
EPSILON
EPSILON

1-1

Q.125
0.000
0.000
-0.048
0.000
-0.048

CONVERGED STRESS STATE

S1GMA
SIGMA 1
SIGMA 1
SIGMA 2
SIGMA 2
SicMA 3

1-1

-2
-3
=2
-3
-3

227.275
0.000
0.000

137.890
0.000

137.890

ACTIVE YIELD SURFACE

3

2
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UPDATE GEOMETRIC CONF IGURATION

)

ALPHA ALPHA ALPHA BETA SIZE
1-1 2-2 3-3
| 59.0019 -29.5007 ~29.5007 165,9539 3.8360
2 40.0610 =20.0304 -20.0304 166.4119 31.9927
3 42.4381 -21.2191% =21.219 132.8852 76,8493
4 48.1030 -24.0515 -24.0515 130.0164 B87.3028
5 48.9001 ~24.4500 -24,4500 121.8554 94.2024
& 44.4832 —22.2416 -22.24186 107.0142 96.1110
7 39.7007 -19.8503 -19.8503 112.1368 100.3670
8 40.2638 -20.1319 -20.1319 108.9448 105.9173
9 42.5307 -21.2654 -21,2654 109.9869 114.8900
10 41,5508 -20.7754 ~20.7754 107.3762 $121.3508
1 36.1102 ~18.0551 -18.0551 107.7601 132.1553
CORRESPENDING PREDICTED STRAINS
EPSILON t-1 0.280
EPSILON 1-2 0.000
EPSILON 1-3 0.000
EPSILON 2-2 -0.085
EPSILON 2-3 0.000
EPSILON 3-3 -0.085
CONVERGED STRESS STATE
SIGMA 1-1 267.167
SIGMA 1-2 0.000
SIGMA 13 0.000
SIGMA 2-2 137.890
SIGMA 2-3 0.000
SIGMA 3~3 137.890
ACTIVE YIELD SURFACE 4
UPDATE GEOMETRIC CONFIGURATIGN
A §:) ALPHA - ALPHA ALPHA BETA SI1ZE
1-1 2-2 3-3
) 83.8575 =-41.9285 -41,9285 176.8022 9.7711
2 64.9166 -32.4582 -32.4582 177.2602° 37.9278
3 67.2937 -33.6468 =33.6468 143.7335 82.7843
4 $2.4319 -26.2159 =26.2159 141.7169 95. 1594
5 52,9790 =26.4895 -26.4B95 132.0196 102.0600
6 48.1936 -24.0968 -24.0968 115.9405 104.1278
7 43.0122 -21.5061 -21.5061 121.4904 1008.7388
8 43.6223 -21.8111 -21.8111 118.0321 114.7521
9 46.0783 ~23.039% ~23.0391 118.1611 124.4733
10 45.0167 -22.5083 -22.5083 116.3327 131.4730
1" 39.1222 ~19.5611 -19.5611 116.7488 143.1787
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CORRESPENDIHNG PREDICTED STRAIHS
EPSILON 1-1
EPSILOH 1-2

EPSILON |
EPSELON 2
EPSELOH 2-
EPSILOH 3

0.599
0.000
0.000
-0.197
0.000
-0.197

COHVERGED STRESS STAITE

SIGHA
S1GKA
5 1GMA
SIGua
S5106MAa
SI1GMA

-1
1-2

1=
2-
2-
3-

Gl L N L

306.227
0.000
0.000

137.890
0,000

137.8%0

ACTIVE YIELD SURFACE 5

UPDATE GEOMETRIC CONF IGURATION

TS

CORRESPENDING PREDICTED STRAINS

EPSILON -1
EPSILON t-2

EPSILON 1-3
EPSILON 2-2

EPSILON 2-3
EPSILON 3-3

1.074
0.000
0.000
~0.354
0.000
-0.354

CONVERGED STRESS STATE

SIGMA
S1GMA
SIGMA
SicMA
SiGMA
SIGMA

1-1
1-2
-3
2-2
2~3
3-3

374 .48%
0.000.
0.000

137.890
0.000

137.890
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ALPNHA ALPHA ALPHA BETA S1ZE
-1 2-2 3-3
1 103.9329 ~51.9662 ~51.9662 184.7879 23.7795
4 84.9920 ~42.4958 -42.4958 185.2458 51.9362
3 B87.3691 ~43.6845 -43,6845 151. 7191 96,7928
4 72,5073 ~36.2536 ~36.2536 149.7025 109.1678
5 60.9252 -30.4626 -~30.4626 151.8210 117.3678
6 55.2221 ~27.6110 ~27.6110 132.8491 119.3137
7 49.2850 =-24,6425 ~24.6425 139.2083 124.5971
8 43.9841 -24.9921 ~24.9921 135.2458 131.4874
9 52.7983 -26.7..1 ~26.3991 136.5394 142.6263
10 51.5818 -25.7909 -25.7909 133.298S 150.6468
i 44.8277 -22.413B -22.4138 133.7751 164.0597



ACTIVE YIELD SURFACE

UPDATE GEOMETRIC CONF IGURATION

YS ALPHA

ALPHA

6

ALPHA BETA S12E
1-1 2-2 3-3
1 129.6441 -64.0217 -64.0217 197.5105 60.4452
2 110.7032 -55.3514 ~55.3514 ° 197.9765 BO.6019
3 113,0804 -56.5400 -56.5400 164.4498 133.4585
4 98.2186 -49,1092 -49.1092 162.4332 145.8335
5 85.6364 -43.3121 —-43.318} 164.5517 154.0335
6 72,3397 -36.1698 -J36.1698 174.0293 156.2981
7 64,0687 -32.0343 -32.0343 160.9656 161.9715%
8 §4.9774 ~32.4887 -32.4887 175.8144 170.9287
9 68.6358 ~34.3179 -34.3179 177.4960 185.40088
10 67.0544 -33.5272 -33.%5272 173.2830 195.8351
1B 58,2743 -29.1371 -29.137N 173,9026 213.2714
CORRESPENDING PREDICTED STRAINS
EPSILON 1-1 3.334
EPSILON 1-2 0.000
EPSILON 1-~3 0.000
EPSILON 2-2 -1.328
EPSILON 2-3 0.000
EPSILON 3-3 -1.328
CONVERGED STRESS STATE
SIGMA 1-1 387.890
SIGMA 1-2 0.000
SIGMA 1-3 0.000
SIGMA 2-2 137.830
SIGMA 2-3 ¢.000
SIGMA 3-3 137.890
ACTIVE YIELD SURFACE 7
UPDATE GEOMETRIC CONF [GURATION
¥s ALPHA ALPHA ALPHA BETA SIZE
-1 2-2 3-3
\ 137.0941 -68.5631 -6B8.5631 201 .46861 6G2.9335
2 118. 1531 -59,0928 =59.0928 201.9241 91.0902
3 120.5303 =-60.2814 -60.2814 168.397) 135.9468
4 105.6685 ~52.8506 -52.8506 166.3807 148, 3219
5 94.0063 ~47.0595 -47.0595 160.4992 156.5210
6 79.7897 -39.9112 =39.9112 177.9768 150.7864
7 65,9909 -32.9952 =32.9%52 186.3940 166.8302
8 66.3104 ~33.1552 ~33.1552 179.4211 174.4352
9 70.0438 -35.0219 -35.0219 181.1373 189.2123
10 68,4300 ~-34.2150 -34.2150 176.8378 199.8526
" 59.4698 -23.7349 ~29,7349 177.4704 217.6465
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CORRESPENDING PREDICTED STRAIMS

EPSILON (-1
EPSILOH 1-2
EPSILOH 1-3
EPSILOH 2-2
EPSILON 2-3
EPSILON 3-3

J3.939
0.000
0.000
~1.618B
0.000
~1.618

CONVERGED STRESS STATE

SIGHMA 1-1
SIGMA
SIGMA 1
SICMA 2
SIGMa 2-
SIGMA 3

395.383
0.000
0.000

137.890
0.000

137.890

ACTIVE YIELD SURFACE 8

UPDATE GEOMETRIC CONF IGURATION

¥Ss ALPHA ALPHA ALPHA BETA SI1ZE
1-1 2-2 3-3

1 140.4861 -70.259 =70.2591 203.3224 65.6929
2 121.5452 -60.7888 -60,7888 203.7904 93.84%96
3 123,9223 -61.9774 -61.9774 170.2636 138.7062
4 109.0605 ~54,.5466 =54,5466 168.2470 151.0813
5 97.4784 -48,7555 ~48,7555 170.3655 159.2812
6 83.1817 -41.6072 41,6072 175.8431 161,5458
7 69.3826 -34.6913 -~34.6913 188.2603 169.5896
8 67.6364 -33.8182 ~33.8182 183.0091 177.9235
9 71.3522 -35.6761 =35.6761 184.5208 192.7467
10 63.7082 -34,8541 -34.8541 180. 1411 203.5857
" 60.5806 ~30.2903 -30.2903 180.7852 22%.7121,

CORRESPENDING PREDICTED STRAINS

EPSILOH 1-1
EPSILON 1-2
EPSILON 1-3.
EPSILON 2-2
EPSILON 2-3
EPSILON 3-3

4.323
0.000
0.000
-1.799
¢.000
-1.79%

CONVERGED STRESS STATE

SIGMA 1-1
SiGMa 1-2
SIGMA 1-3
SIGMA 2-2
S1GMA 2-3
SIGMA 3-3

415.633
0.000
0.000

137.890
0.000

137.890
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ACTIVE YIELD SURFACE 9

UPDATE GEOMETRIC COHNF IGURATION

Ys ALPHA ALPHA ALPHA BETA S1ZE
1-1 2-2 3-3

1 154.0874 ~77.0597 -77.0597 210.1214 65,5209
2 $35.1464 -67.5894 -67.5894 210.5793 93.6776
5 137.5236 ~68.7780 -6B8.7780 177.0526 138.5341
4 122.6618 -61.3472 -61.3472 175.0360 150.9092
5 111.0796  -55.5561 -55.5561 177.1545 159.1091
6 96,7829 -48.4078 -48.4078 186.6321 161.3738
7 82.9838 -41,.4318 -—41.4918 195.0492 169.4175
8 81.2377 -40.6188 -40.6188 189.7980 ¥77.7514
9 72.0656 -36.0327 -36.0327 186.3657 194.6739
10 70,2048 =35.1024 -35.1024 181.4244 205.0361
11 61.0122 -30.5061 -30.5061 182.0731 223.2915
CORRESPENDING PREDICTED STRAINS

EPSILON 1-1 5.500

EPSILON 1-2 0.000

EPSILON 1-3 0.000

EPSILON 2-2 -2.383

EPSILON 2-3 0.000¢

EPSILON 3-3 -2.383
CONVERGED STRESS STATE

sicMAa 1=} 4234.343

SIGMA 1-2 0.000

SIGMA 1-3 0.000

SIGMA 2-2 137.890

SIGMA 2-3 0.000

SIGMA 3-3 137.8390
ACTIVE YIELD SURFACE 10

UPDATE GEOMETRIC CONFIGURATION
¥s ALPHA ALPHA ALPHA BETA SI2E

1-1 22 3-3

1 163.4444  -81.7302 -81,7382 215.1620 70.0305
2 144,5034 =72.2679 -72.2679 - 215.6200 90.9872
3 146.8808 ~73.4565 -73.456%5 182.091) 143.84238
4 132.01B8 -66.0257 -66.0257 180.0767 156.2189
5 120,4367 -60.2346 ~60,2346 182,1952 164.4188
) 106.1400 -53.0863 ~-53.086)3 191.6728 166.6834
? 92.3409 ~46.1703 -46.1703 200.00899 174.7272
8 90,5947 . -45.2973 -45.2973 194.8387 183.0611
9 81.4226 -40.7112 =40.7112 191.4064 199.9835
10 73.0128 ~35.5063 -36.5063 188.6807 213.2367
" 63.0073 -31.5036 -31.5036 188.0269 230.5933
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CORRESPEHDING PREDICTED STRAIHS

EPSILOH
EPSJLON
EPSILON
EPSILON
EPSILONH
EPSILONH

1-1
1-2

7.552
0.000
0.000
-3.390
0.000
-3.3%0

CONVERGED STRESS STATE
SIGMA 1-1
SICMA 1-2
Sicha 1-3
SICGMA 2-2
SICMA 2-3
SIGMA 3-3

442.246
0.000
0.000

137.890
0.000

137.890

ACTIVE YIELD SURFACE 11

UPDATE GEOMETRIC CONFIGURATION

Y5 ALPHA ALPHA ALPHA BETA SIZE
1-1 2-2 3-3

1 167.7158  -B3.8739 -B3.8739 217.4392 72.5137
2 148.7749  -74.4036 -74.4036 217.8972 100.6704
3 151.1520 -75.5923 =75,5923 184.3704  145.5270
4 136.2902 -68.1614 -68.1614 182.3538 157.9021
5 124.7081 ~62.3703 -62.3703 184.4723 166.1020
6 110.4114  =55,2220 -55.2220 193,9499 16B,3666
7 96.6123 -4B.3061 -48.3061 202.3671 176.4104
8 94.8661 =47.4330  ~-47.4330 197.1159  184,7443
9 85.6941 =42.8470 -42.B470 193.6835 2G1.6667
10 77.2842 =3B.6421 -3B.6421 190.9578 214,9199
1" 63.6373 -31.8186 ~31.8186 189.9069 232.8988

CORRESPENDING PREDICTED STRAINS

EPSILON
EPSILON
EPSILON
EPSILON
EPSILOM
EPSILON

1-1
1-2
1-3
2-2
2-3
3-3

.

0.000
0.000

T —=4.415
0.000
-4.415
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Appendix G

COMPUTER PROGRAM
SIMULATIONS

G.1 User’s Guide for SIMULATIONS

The computer program SIMULATIONS consists of a driver and a subroutine for
the pressure non-sensitive model, Derradji-Aouat and Evgin(1988b). This appendix
contains guide to input data and examples of input data and output results.

The input data to the computer program SIMULATIONS is the smne as the PRE-
DICTIONS input data. Since the computer code SIMULATIONS was restricted to
monotonic loading conditions, the value of CST docs not exist.

G.1.1 Example of the Input Data

In the following, the input data correspending to the test shown in Fig 7.7 is pr;
sented as an example to illustrate the sequence of input data.
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2 . 2 . 1 . 1
to , 1{137.89 , 00.00 , 6Q90.79 ., 16242,09
0. , 137.89 , O, . 0. ., 0. , 0.00
26G.06 148.13 49,27 0.2GE406 —.14E407 ~3.74
55.80 131.02 93.75 0.,80E+04 —.11E+05 -1,02
53.18 124.67 117.36 0.88E+03 ~.50E404 -0.89
58.53 " 119.50 137.68 0.48E403 -.B4E403 -0.85
66.65 118.94 167.86 0.51E403 -.63E403 -1.10
72.85 121.41 189.66 0.56E+03 -.24E403 -1.25
83.33 131.59 214.46 0.55E403 -, 24E403 -1.38
91,08 133.40 230.77 0.2BE403 ~-. 156403 ~1.414
94,64 135.28 244,72 0.25E+402 -.50E+02 ~1,50
137.09,2,10
¢.,900.

G.1.2 Example of the Output Results

The results correspending to the test shown in Fig 7.7 are presented in the following

puges. For a given arbitrary total stress incrcmen‘t, the computer program provides
the following results:

1. The converged effective stress increment.

2. Active yicld surfnce.

3. The strains and pore water pressure corresponding to the converged effective
stress increment,
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FILE: ROB RESULT * UNIV D*'/OF OTTAWA CMS
INITIAL MODEL PARAMETERS
GO = 6090.79 BO = 16242.09 lambda =  0.00000

ALPHA BETA K H B A
1 0.00 137.89 0.00 0.00E+00 0.00E+00 0.00
2  26.06 148.13 49.27 0.26E+06 ~-. 14E407 =3.74
3 55.80 131.02 93.75 0.B80E+04 -.1tE4+05 -1.02
4 53.18 124.67 117.36 0.68E+03 ~.BOE+04 -0.689
5 58.53 119.50 137.68 0.48E403 —.BAE+0OX ~0.85
6 66.65 118.94 167.86 0.51E+03 —-.63E403 ~1.10
7 72.85 121.41 189.66 0.56E+03 -, 24E403 -1.25
8 83.23 131.59 214,46 0.55E+03 -.24E403 -1.38
9 91.08 133.40 230.77 0.20E403 ~.15E403 -1.41
10 94.64 135.28 244.72 0.25E403 -.50E+02 -1.60

PRESSURE NON SENSITIVE SIMULATION
ACTIVE YIELD SURFACE 2

CONVERGED EFFECTIVE STRESS STATE
SIGMA 1-1 212.302
SIGMA 1-2 0.000
SIGMA 1-3 0.000
SIGMA 2-2 137.890
SIGMA 2-3 0.000
SIGMA 3-3 137.890

CORRESPENDING FREDICTED STRAINS
EPSILON 1-1 .
EPSILON 1-2 0.000 .
EPSILON 1-3 0.000 "~ -
EPSILON 2-2 ~0.203
EPSILON 2-3 0.000
EPSILON 3-3 -0.203

' GENERATED PORE WATER PRESSURE 10.102
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FILE: ROB RESULT *  UNLIV D'/OF OTTAWA CMS

ACTIVE YIELD SURFACE 3

CONVERGED EFFECTIVE STRESS STATE

SIGMA 1-1 274.656
SIGMA 1-2 0.000
SIGMA 1-3 0.000
SIGMA 2-2 137.890
SIGMA 2-3 0.000
5IGMA 3-3 137.890

CORRESPENDING PREDICTED STRAINS

EPSILON 1~ 1.102
EPSILON 1-2 0.000
EPSILON 1-3 0.000
EPSILON 2-2 -0.551
EPSILON 2-3 0.000
EPSILON 3-3 -0.551
GENERATED PORE WATER PRESSURE 30.180
ACTIVE YIELD SURFACE 4

CONVERGED EFFECTIVE STRESS STATE

SIGMA 1-1 295.091
S5iGMA 1-2 0.000
SIGMA 1-3 0.000
SIGMA 2-2 137.890
SicMa 2-3 0.000
SIGMA 3-3 137.850

CORRESPENDING PREDICTED STRAINS

EPSILON 1~ 2.184

EPSILON 1-2 0.000

EPSILON 1-3 0.000

EPSILON 2-2 -1.092

EPSILON 2-3 0.000

EPSILON 3-3 -1.092
GENERATED PORE WATER PRESSURE 40.003

ACTIVE YIELD SURFACE S

CONVERGED EFFECTIVE STRESS STATE

SIGMA 1-) 319,907

SIGMA 1-2 0.000

SIGMA 1-3 0.000

- SIGMA 2-2 137.890
SIGMA 2-3 0.000
SIGMA 3-3 137.890

CORRESPENDING PREDICTEDSSTRA!NS

EPSILON 1-14
EPSILON 1-2 0.000
EPSILON 1-3 0.000Q
EPSILON 2-2 -2.377
EPSILON 2-3 0.000
EPSILON 3-3 -2.377
GENERATED PORE WATER PRESSURE 50.362
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FILE: ROB

RESULT

* UNIY D'/OF OTTAWA CMS

ACTIVE YIELD SURFACE

CONVERGED EFFECTIVE STRESS STATE

SIGMA 1-1
SIGMA 1-2
SIGMA 1-3
SIGMA 2-2
SiGMA 2~-3
SIGMA 3-3 |

346,784
0.000
0.000

137.890
0.000

137.890

CORRESPENDING PREDICTED STRAILNS

EPSILON 1-1
EPSILON 1-2
EPSILON 1-3
EPSILON 2-2
EPSILON 2-3
EPSILON 3-3

8.699
0.000
0.000
-4.349
0.000
—-4,349

GENERATED PORE WATER PRESSURE

CONVERGED EFFECTIVE STRESS STATE

SIGMA 1-1
SIGMA 1-2
SIGMA 1-3
sicMa 2-2
SIGMA 2-3
SIGMA 3-3

ACTIVE YIELD SURFACE

365.37
0.0Q0
0.000

137.890
0.000

137.890

CORRESPENDING PREDICTED STRAINS

EPSILON 1-1
EPSILON 1-2
EPSILON 1-3
EPSILON 2-2
EPSILON 2-3

EPSILON 3-3

11.402
0.000
0.000

=5.701
0.000

~5.701

GENERATED PORE WATER PRESSURE

CCNVERGED EFFECTIVE STRESS STATE

SIGMA 1-1
SIGMA 1-2
SIGMA 1-3
SicMA 2-2
SIGMA 2-3
SIGMA 3-3

ACTIVE YIELD SURFACE

0.000
0.000
137.890
0.000
137.890

~

CORRESPENDING PREDICTED STRAINS

EPSILON 1-~1
EPSILON 1-2
EPSILON 1-3
. EPSILON 2-2
EPSILON 2-3
EPSILON 3-3

15.262
0.000
0.000
'0.000
-7.631

GENERATEOQ PORE WATER PRESSURE
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46,566

40.538

27.946



FILE: ROB

RESULT

ACTlV

. UNIY D’ /0F OTTAWA CMS

E YIELD SURFACE

CONVERGED EFFECTIVE STRESS STATE

SIGMA
S1GMA
SIGHMA
51GMA
SIGMA
SI1GMA

1-1
1-2
1-3
2-2
2-3
3-3

408,380
0.000
0.000

137.8%0
0.000

137.890

CORRESPENDING PREDICTED STRAINS

EPSILON 1-1
EPSILON 1-2
EP5ILON 1-3

EPSILON 2-2

EPSILON 2-3
EPSILON 3-3

GENERATED PORE WATER PRESSURE

ACTIV

19.136
0.000
0.000

-9.568
0.000 .

-9.568

26,232

E YIELD SURFACE 10

CONVERGED EFFECTIVE STRESS STATE

SIGMA 1-9
SIGMA 1-2
SlcMA 1-3
SIGMA 2-2
SIGMA 2-3
3I1GMA 3-3

418,137
0.000
0.000

137.890
0.000

137.890

CORRESPENDING PREDICTED STRAINS

EPSILON 1-1
EPSILON 1-2
EPSILON 1-3
EPSILON 2-2
EPSILON 2-3
EPSILON 3-3

GENERATED PORE WATER PRESSURE

22.347
0.000
0.000

-11.174
0.000
=11.174

20.840
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