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ABSTRACT 

Interaction between the superstructure and foundation depends on the behavior of 

soil supporting the foundation. To study the behavior of interfaces, it is necessary to 

characterize the behavior at the interface, model constitutive relationships mathemat

ically, and incorporate the model together with the governing equations of mechanics 

into numerical procedures such as the finite element method. Such an approach then 

can be used for solving complex problems that involve dynamic loading, nonlinear 

material behavior, and the presence of water, leading to saturated interfaces. 

In this dissertation, a general model, called the Disturbed State Concept consti

tutive model has been developed to model saturated Ottawa sand-Concrete interface 

and saturated Nevada sand. In the DSC, the material is assumed to transform contin

uously from the relative intact state to the fully adjusted state under loading. Hence 

the observed response of the material is expressed in terms of response of relatively 

intact and fiilly adjusted states. The DSC model is a unified approach and allows for 

elastic and plastic strains, damage, and softening and stiffening. 

The model parameters for saturated Ottawa sand-Concrete interface and satu

rated Nevada sand are evaluated using data from laboratory tests and are used for 

the verification of DSC model. The model predictions showed satisfactory correlation 

with the test results. 

In this dissertation, a new program based on concept of neural computing is 

developed to facilitate determination of interface parameters when no test data is 

available. The back propagation training algorithm with bias nodes is used to train 

the network. The program is developed in FORTRAN language using Microsoft 

Developer Studio. The reason for selecting FORTRAN as a programming language 

to develop Biased Artificial Neural Network (BANN) simulator is due to its proficiency 

in number crunching operations which is the core requirement of the ANN. 
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A nonlinear dynamic finite element program (DSC-DYN2D) based on the DSC 

model is used to solve two problems, a centrifuge test and an axially loaded pile 

involving interface behavior. 

Overall, it can be stated that the DSC model allows realistic simulation of complex 

dynamic soil-structure interaction problems, and is capable of characterizing behavior 

of saturated interfaces involving liquefaction under dynamic and earthquake loading. 
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Chapter 1 

INTRODUCTION 

1.1 General 

The subject of soil-structure interaction has attracted the attention of engineers 

worldwide over the last four decades. Foundations are subjected to loads, which may 

induce high pressures in soils causing considerable deformations between soils and 

structural materials. These deformations may eventually affect the forces transferred 

at the foundation level. This phenomenon is referred to as Soil-Structure Interaction. 

Conventionally, the superstructure is analyzed independently from the foundation 

and the soil medium, assuming that there is no interaction. The derived loads are 

used in the design of an appropriate foundation. Foundation design necessitates 

incorporating relatively large factors of safely as a result of simplifying assumptions 

made in the design procedure. The approach is to find an acceptable solution for a 

particular type of problem by employing empirical techniques derived from years of 

experience for specific materials and types of loading. 

As in the foundation design procedure, simplifying assumptions are also made 

when designing the superstructure. Two such critical assumptions are that firstly, 

the foundation does not yield under the influence of loads transmitted via the super

structure. This is erroneous, since it is a well known fact that most foundations settle 

as the soil medium deforms. Depending on the soil type, the consolidation process 

may be immediate or extend over long periods of time. Secondly, the superstruc

ture is flexible and free to move as the foundation settles. These assumptions are 

self-contradictory and may not yield realistic predictions. 

The above discrepancy is introduced because the foundation and the superstruc

ture are considered as two different entities and act independent of each other. This 
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can be rectified by considering interaction between the two whilst designing the foun

dations. The interaction between the foundation and superstructure in turn depends 

on the behavior of soil supporting the foundation. Thus, to study the behavior of 

interfaces, it is necessary to characterize the behavior at the interface, model con

stitutive relationships mathematically, and incorporate the model together with the 

governing equations of mechanics into numerical procedures such as the finite element 

method. Such an approach then can be used for solving complex problems that involve 

dynamic loading, nonlinear material behavior, and the presence of water, leading to 

saturated interfaces. 

1.2 Statement of Problem 

When a structure is subjected to static or dynamic loading, the entire system 

including the structure, foundation and the interface has to resist the loads without 

exceeding allowable maximum stresses and deformations. The current design prac

tices often ignore or grossly simplify the influence of dynamic behavior of interfaces 

on the overall response of the structure-foundation system. Under dynamic loading, 

relative movements can occur between the structure and the foundation which can 

eventually lead to failure of the entire system. Thus, it is believed that ignoring or 

simplifying the of role of interfaces can cause significant errors in design of structures 

and foundations. This area of research has attracted researchers to study the basic 

material behavior of mterfaces and its modelling, under static and dynamic loading 

conditions, and establish the influence of interfaces on the over all behavior of the 

structure - foundation system. 

Considerable amount of research has been done to model and test dry interfaces 

under monotonic, and quasistatic loading. Some research towards cyclic testing un

der dry conditions has been reported. However, testing and constitutive modelling, 

including factors such as cyclic loading, normal and shear displacements and stress 
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amplitudes, and pore water pressures, have not been reported. Since many practical 

situations can involve the above factors, it is desirable to undertake research towards 

enhanced understanding of interface behavior leading to improved procedures for 

analysis and design of geotechnical structures subjected to dynamic loading. 

1.3 Scope of Research 

The proposed research aims at 

1. To model the behavior of saturated Ottawa Sand-Concrete interface, saturated 

Nevada Sand, and saturated Nevada Sand-Aluminum interface using unified 

disturbed state concept (DSC) model. 

2. To determine DSC model parameters for Ottawa Sand-Concrete interface and 

Nevada Sand using laboratory test data. 

3. To verify the DSC model with respect to the tests used in parameter determi

nation and back predicting independent tests that are not used in parameter 

determination. 

4. To develop an artificial neural network for determination of Nevada Sand-

Aluminum interface parameters firom the available Ottawa Sand-Steel and Sabin 

Clay-Steel interface parameters. 

5. To predict behavior of pile-soil interaction using interface parameters obtained 

from Artificial Neural Network and compare it with the data from centrifuge 

testing. 

6. To predict, by using the finite element procedure, the interface behavior and 

liquefaction for an axially loaded pile using interface parameters obtained from 

the tests. 
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7. To propose procedures for analysis and design of structures and foundations by 

using realistic constitutive and computer models. 

1.4 Organization of Text 

Various constitutive models related to the present work are reviewed in Chapter 2. 

Basic concepts of HiSS model and Unified Disturbed State Concept (DSC) model are 

presented in this chapter. A historical review of Artificial Neural Networks (ANN), 

Nework classification and basic concept of Back Propagation Neural Networks are 

also presented in this chapter. 

Chapter 3 is devoted to the development of the Disturbed State Concept model. 

It includes details of the constitutive relations of the Relative Intact (HI) state, Fully 

Adjusted (FA) state and the Observed or Average stress-strain relation based on 

the RI and FA states of the material. Incremental form of DSC model and DSC 

formulation for interfaces is developed in this chapter. 

In Chapter 4, procedures for evaluating DSC model parameters for Ottawa Sand-

Concrete interface under saturated conditions are presented. All laboratory test re

sults used for finding the parameters are presented in this chapter. DSC model is 

verified by back predicting the laboratory tests after the parameter evaluation. 

In Chapter 5, procedures for evaluating DSC model parameters for Nevada Sand 

are presented. All laboratory test results used for finding the parameters are presented 

in this chapter. DSC model is verified by back predicting the laboratory tests after 

the parameter evaluation. 

Chapter 6 is aimed at constructing an Aritificial Neural Network and discusses 

Back Propagation Neural Network in detail. Different requirements for network con

figuration and formulation of back propagation network is presented in this chapter. 

Development of program for this study is briefly presented in this chapter. Interface 

paramters for Nevada Sand-Aluminum interface are predicted using the developed 
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program in this chapter. 

In Chapter 7, the proposed DSC model is used to simulate Centrifuge test and 

an anally loaded instrumented pile. For the centrifuge test, results are compared 

against the testing results. 

Chapter 8 summarizes the extent to which the objectives have been achieved. 

Conclusions of the present study are highlighted in this last chapter. 
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Chapter 2 

REVIEW OF CONSTITUTIVE MODELS AND ARTIFICIAL NEURAL 
NETWORKS 

2.1 General 

Modeling behavior of any material realistically under multiaxial stresses plays 

an important role in successful application of any numerical method such as finite 

element, finite difference and boundary integral equation method. Material behavior 

under the effects of external excitations are described in terms of stress-strain relations 

known as constitutive laws or constitutive models. Stress is the traction per unit area, 

while strain is defined as deformation over original length. Both stress and strain are 

tensors. In this research, strain is defined as the engineering strain based on small 

deformations. 

In this chapter, a review is presented on various constitutive laws and Artificial 

Neural Networks. The first part deals with various constitutive laws including elastic, 

plactic, HISS and DSC models. The second part reviews artificial intelligence and 

artificial neural networks. 

2.2 Constitutive Models 

2.2.1 Elastic Constitutive Models 

A material to be ideally elastic should possess the ability to regain its original 
form completely after removal of all the external forces causing it to deform and there 
is one to one correspondence between stress and strain. For a linear elastic material, 

the constitutive law can be expressed as 

"ii — ^JU (2.1) 
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where Ojy is stress tensor, eu is strain tensor, and Ciju is the fourth order symmetric 
tensor of elastic material constants. For isotropic materials, Ciju in Eq. (2.1) can be 
expressed as [1] 

where A and fi are Lame's constants, and Sij is the Kronecker delta, defined as 

Equation (2.2) is the least applicable constitutive law for geological materials but is 

often used in practice due to its simplicity. 

To facilitate modeling non-linear behavior, many non-linear elastic constitutive 

laws have been developed. Fig. 2.1 shows the stress strain response for a linear 

and nonlinear elastic material. Although non-linear constitutive laws overshadow 

the linear elastic laws, they cannot depict plastic or irrecoverable deformations when 

the material is unloaded. Hence, they are not suitable for materials having plastic 

deformation characteristics. 

2.2.2 Perfect Plasticity Models 

Deformation of geomaterials in elastic range is usually very small. They do not 

recover their original form completely upon removal of forces causing the deforma

tion. The irrecoverable part of deformation in the form of strain is called the plastic 

strain,c?- and the recoverable part of the strain is called the elastic strain, efy. 
It is observed that when stress reaches a certain level, significant plastic strains 

occur and this stress level is called the yield stress or strength. Based on this prop
erty, for some materials, it is assumed that before the stress reaches a certain state, 
the material is elastic (plastic strain =0), and after the stress reaches the yield 

strength, the stress remains constant while the strain increases. In the first part, the 
stress-strain relation is assumed as linear elastic. In the second part, the shear stress 
holds constant and plastic strain increases indefinately (ef^- =: 0, c?- / 0), see Fig. 2.2. 
The total strain in the incremental form is decomposed as 

Cyu = XSijSu + li(SitSti + ittiik) (2.2) 

Sij = lif i = j,Sij = 0 if j (2.3) 



Linear Elastic Response 

Non Linear Elastic Response 

FIGURE 2.1. Schematic of Elastic Stress-Strain Response 
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Shear Stress 

Yield Stress (Strength) 

Shear Strain 

Plastic Strain Elastic Strain 

FIGURE 2.2. Schematic of Stress-Strain for Perfect Plasticity 
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*3 *3 *3 
(2.4) 

These models are called perfectly plastic models, l^resca, Von Mises, Drucker-

Prager and Mohr-Coulomb are such models. The TVesca criterion assumes that the 

material yields when the maximum shear stress on any face reaches a limit of 

0.5<7y, where <Ty is the yield strength in a uniaxial (tension or compression) test. The 

Von Mises criterion assumes that material yields when the shear stress in the octahe

dral face, Toet, reaches a critical value. In both cases, the yield stress is indq)endent 

of the hydrostatic stress ^ (where Ji is the first invariant of stress tensor, ffij). Fig. 

2.3 and Fig. 2.4 show the yield surfaces in these two models, where J^d is the second 

invariant of deviatoric stress tensor. the octahedral plane, the lYesca surface is a 

hexagon and Von Mises surface is a circle. 
For firictional materials such as rocks, soils and concrete, the yield strength in

creases with the hydrostatic stress The Mohr-Coulomb criterion assumes that the 

yield shear stress is determined by cohesion and normal stress as 

where r is the yield shear stress on a plane, c is cohesion, an is the normal stress 

acting on the given plane and 0 is the angle of friction. The Drucker-Prager criterion 

[2] uses a smooth approximation of the Mohr-Coulomb criterion to make the yield 

surface in the octahedral plane a circle. The shapes of the yield surfaces for the two 

criteria are the same on Ji - y/J^ plane. Fig. 2.5, and different on the octahedral 

plan, Fig. 2.6. 

2.2.3 Hardening Plasticity Models 

Experimental observations indicate increase in yield strength with deformation 

for most materials. This behavior of materials is termed as hardening. Hardening 

r = c + (Tn^aw(0) (2.5) 
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V^2D 

Tresca and Von Mises 

A 

FIGURE 2.3. Von Mises and Tresca Yield Criteria in Ji — Space 
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Von Mises 

Uniaxial tension 

Pure shear 

Tresca 

FIGURE 2.4. Von Mises and TVesca "^eld Criteria in Octahedral Plane 
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2D 

Drucker - Prager and Mohr - Coulomb 

FIGURE 2.5. Mohr-Coulomb and Drucker-Prager Yield Criteria in — y/J^ Space 
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Drucker-Prager 

Mohr-Coulomb 

FIGURE 2.6. Mohr-Coulomb and Drucker-Prager Yield Criteria in Octahedral Plane 
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is also defined in terms of plastic strain or plastic work. Many hardening laws have 

been developed to model this behavior of materials. They are: 

1) Isotropic hardening 

2) Kinematic hardening 

3) Anisotropic hardening 

Isotropic hardening rule assumes a fixed uniform expansion of the yield surface 

without distortion and translation in the stress space, with the plastic strain or plastic 

work increasing, as shown in Fig. 2.7. The yield surface is fixed if there is no plastic 

strain as in unloading. Elastic behavior is assumed from unloading to reloading untill 

the stress state reaches the yield surface again. 

Kinematic hardening, on the other hand, allows translation in the stress space 

while the shape and size of the yield surface is constant as shown in Fig. 2.8. Kine

matic hardening was introduced by Ishilinski [3] and Prager [4] and improved by many 

researchers [5], [6], [7]. 

Anisotropic hardening combines both isotropic and kinematic hardening, allowing 

the yield surface to expand uniformly, and translate in stress space without any change 

in the original shape and orientation of the initial jrield surface, as shown in Fig. 2.9. 

Further details about hardening laws are given in Desai and Siriwardane [8]. 

2.2.4 Continuous Yielding Plasticity Models 

Geologic materials exhibit nonlinear behavior from the begining of the deformation 

process, in which a distinct yield point cannot be observed. Continuous yielding 

plasticity models were developed to capture this behavior of soils. The models based 

on critical state soil mechanics developed by Roscoe and coworkers, known as Cam-

Clay model [9], [10], [11] simulate the material behavior which, under shear, passes 

through progressive states of yielding before approaching 'failure" at a cricital void 

ratio. This model is capable of capturing consolidation, drained, and undrained 



Oi 

FIGURE 2.7. Isotropic Hardening in AI - AJ Space 
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FIGURE 2.8. Kinematic Hardening in AI — ff2 Space 



FIGURE 2.9. Anisotropic Hardening in <TI — (TJ Space 
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behavior. Other continuous yielding models that are similar to the critical state 

models are Cap model [12], HiSS model [13], [14], [15] and Bounding Surface models 

[16], [17], [18], [19], [20], [21]. Figures 2.10 and 2.11 show the yield surfaces in the 

Cam-Clay model and Cap model respectively. 

2.2.5 HiSS Models 

The idea of Hierarchical Single Surface (HiSS) modeling approach was proposed 

by Desai [22] and then formalized [13], [14]. This modeling approach allows for 

progressive development of models of higher grades corresponding to different levels 

of complexities. This approach has been successfdly used to model both solids, and 

interfaces and joints [14], [15], [23], [24], [25], [26]. The basic form in the HiSS family 

is the Sq model. The single yield surface fimction F in a non-dimensional form is given 

by 

= 0  (2.6) 
PS 

where 

F, = (1 - fiSr)" (2.8) 

5. = (2.9) 
^ ''2D 

where Ji is the first invariant of stress tensor, Jjo, J3D are the second and third 

invariants of the deviatoric stress tensor atj. 7, 0, m, n, Ji, (= 3R) are material pa
rameters, Pa is the atmospheric pressure having the units of stress, a is the hardening 
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FIGURE 2.10. Cam-Clay Model in Ji — y/J^D Space 
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FIGURE 2.11. Cap Model in Ji - ̂ /J^ Space 
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function expressed as 

a = <>{(,(., (D) (2.10) 

where are trajectories of plastic strain tensor e?- expressed as follows 

e = ( 2 . 1 1 )  

iD= [{d^jdEif)' (2.12) 

Ct>=y ̂  i<fcsi (2.13) 

and 

(2.14) 

is the deviatoric plastic strain tensor. A simple form of a is given as 

a = a  ( 2 . 1 5 )  

where ay and are material parameters. Other forms of hardening fimctions are 

proposed by Desai, [27]. Ft describes the shape of the yield surface in the Ji - y/J^ 

space. Fig. 2.12 shows the shape of with different a, which becomes smaller as the 

yield surface expands. F, is the function describing the shape of the yield surface in 

the octahedral plane as shown in Fig. 2.13, which reflects the difference in strength 

between an octension test and compression test. 

Based on the basic model, ($o, several models in the HiSS family were proposed to 

simulate other complicated behaviors of soils [14]. Amongst them, uses a nonasso-

ciative flow rule, which was used to model some sands which show lower shear dilation 

than predicted by (Sq. <^2 is anisotropic hardening model, and uses the same fam

ily of single yield surface to define virgin yielding and the ultimate behavior as in 

other hierarchical models. It can predict plastic strains during non-virgin loading 

and captures induced anisotropy through the use of a nonassociative flow rule. 



Ultimate Surface 
a = 0 

Yield Surfaces, F 

3R 

FIGURE 2.12. Yield Surface in Ji - Plane Defined by 
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P = 0.8 

P = 0.4 

3 = 0.0 

FIGURE 2.13. "^eld Surface in Octahedral Plane Defined by F, 
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2.2.6 Disturbed State Concept (DSC) 

The idea of Disturbed State Concept was introduced by Desai [28] to characterize 

the behavior of an over consolidated clay exhibiting softening behavior expressing 

the observed response in terms of its response in normally consolidated state as the 

reference state. This idea was later formalized as the Disturbed State Concept (DSC) 

[29], [26], to model the behavior of a wide range of materials. 

The philosophy behind DSC is "When a material is subjected to external excita

tion or loading, micrcstructural changes take place inside the material. Initially, the 

material is in the relative intact (RI) state. As the external disturbance increases, 

the material is transformed from realtive intact state, through a process of conscious 

self adjustment, to the fully adjusted (FA) or critical state" [29]. Hence the material 

is composed of randomly distributed clusters of the material in the intact (RI) and 

fiilly adjusted (FA) states. The disturbance or self-adjustment may be caused by 

anisotropic dislocation, microcracking, damage, fracture and creep. It is defined by 

a disturbance function D. Thus the observed or average response can be represented 

(related by D) by responses of the materials in RI and in FA states which are called 

reference states. The material in RI state can be modeled as ideal elastic, perfect 

plastic or any constitutive laws as that in the HiSS family. The f^y adjusted state 

is usually modeled as the critical state, or other applicable models. 

DSC model has been successfully used to characterize behavior of interfaces [23], 

[24], dry cohesionless soils, [30], undrained behavior of clay [31], and steel-saturated 

sand interface [32], steel-saturated clay interface [33]. 
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2.3 Artificial Neural Networks 

2.3.1 General 

Artificial Intelligence (AI) as the name implies is simply a way of making a 

computer think intelligently. This is accomplished by studying how people think 

when th^ are trying to make decisions and solve problems, breaking those thought 

processes down into basic steps, and designing a computer program that solves prob

lems using those same steps. AI thereby provides a simple, structured approach to 

designing complex decision making problems that are not based on definite algorithm. 

A standard computer program can only provide answers to problems for which 

it is specifically programmed. If a standard program need to be modified in order 

to accomodate new information, the entire program may have to be scanned until 

the new optimum space is found to insert the modifications. This is not only time 

consuming, but other parts of the program may be adversely affected in the process 

and errors may result. 

By simplifying the way programs are put together, AI imitates the basic human 

learning process by which new information is absorbed and made available for future 

reference. The human mind can incorporate new knowledge without changing the way 

the mind works or without disturbing all the other facts that are already stored in the 

brain. An AI program works in a very much same way. It is apparent that the changes 

made to AI programs are far simple to implement than those made to standard 

programs. Also an AI program possesses a notable characteristic which is equivalent 

to a vital characteristic of human intelligence. Each minute piece can be modified 

without affecting the structure of the entire program. This flexibility provides a 

greater programming efficiency and understandabililty in a word "Intelligence", [34]. 

Creating an Artificial Intelligence (AI) system that has the flexibility, creativity 

and learning abililty of the human brain is a major goal in AI research. The attempt 

to immitate the functioning of human brain has been marked in history by periods of 
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feverish activity, followed by waning interest, and culminating today with the most 

intensely directed studies ever under taken by countries, corporations and universities 

(35]. 

With the advancement in knowledge about the functioning of the human brain, 

the desire to develop a computing algorithm that could simulate the human behavior 

has increased when it was realized in the early days of the AI that no machine can pass 

the so called "lairing Test" for the machine intelligence. Since then, there have been 

a number of attempts to simulate the human intelligence atleast partially. This gave 

rise to many sub branches of Al such as Robotics, Expert Systems, Natural language 

processing. Speech and Vision recognition and so on. It has now been established that 

the unusual capacity of a human brain to perform many tasks at a time, is due to 

massive parallel processing using basic fimctioning unit, called ''Neuron". Although 

an exact model of the human brain is not available, the researchers in computer science 

field believe that even with an approximate model of the human nervous system, it 

will be possible to develop an algorithm that has increased capacity to mimic the 

fimctioning of the human brain. 

The potential range of AI applications is so vast that it covers virtually the entire 

breadth of human intelligence activity. It is difficult to accomodate every application 

in the present work and hence, only Artificial Neural Networks are discussed in this 

study. 

2.3.2 Artificial Neural Networks - A New Computing Paradigm 

Neural Networks, like AI itself, date back to 1940s. McCulloch and Pitts [36] derived 

theorems related to models of neural system and published the first systematic study 

of ANN. They derived neurons as simple logic gates, the AND, OR and NOT gates 

familiar to logic designers [37]. Donal Hebb, [38], proposed the first training algorithm 

and learning rule for simplified models of ANN. This became the starting point of the 



44 

development of training algorithm for ANN. FVank Rosenblatt, [39], defined neural 

network structure called the The Perceptron" and it was simulated in detail on 

an IBM 704 computer at the Cornell Aeronautical Laboratory. The preliminary 

research on perceptron created a lot of interest through out the world and many 

successful applications were claimed in this period. Windrow and Hoff, [40], were 

the first engineers who designed ANN tools that they simulated on computers and 

implemented their design in hardware. 

The nets using the perceptrons failed very early as thqr could not produce good 

results for complicated problems. Marvin Minsky and Seymour Papert, [41], studied 

perceptron in detail and concluded that artificial nets using single layer are incapable 

of carrying out a variety of tasks because they have limited processing capabilities. 

Minsky and others attempted to apply the theory of nets. This resulted in receding 

interest and the researchers were discouraged. This was the begining of "Dark Age" 

which continued upto 1980. 

After a long period, the field of ANN again generated a lot of interest after 1980, 

mainly because of the success of the training algorithms for the multilayer ANN. In 

1985, a special issue of cognitive science was devoted to the subject of "Connection-

ism" which was a new name for the field of ANN modeling, and which emphasized the 

idea that it was the topology of the connections in networks that was critical to its 

behavior. Another reason for the reviewed popularity of connectionist models was the 

fact that parallel computers became available.Rumelhart, [42] described the "Back 

propagation algorithm" for multilayer nework. This algorithm led to many successfiill 

network developments in variety of fields. After 1986, this concept of ANN is being 

dug out and researched for its applications in various fields. 

A Neural Network consists of number of interconnected processing elements, com

monly referred to as "Neurons". The neurons are logically arranged into two or more 

layers and interact with each other via weighted connections. These scalar weights 

determine the nature and strength of the influence between the interconnected neu
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rons. Each neuron is connected to all neurons in the next layer. There is an INPUT 

layer where the data are presented to Neural Network and an OUTPUT layer that 

holds the response of the network to the input. It is the intermediate layers, known 

as HIDDEN layers, that enable these networks to represent and compute complicated 

associations between patterns. 

In ANN, its easy to develop the knowledge base as it is in the form of numbers 

and not in the forms of IF-THEN rules or Critical Decision nodes. Moreover, ANN 

has better chances of becoming a learning system due to its inherent capability to 

learn from new problems simultaneously as it is used more and more in future. The 

only disadvantage of ANN approach is that it lacks the explanation facility as all the 

knowledge is stored in the form of numbers and therefore, its also popularly called as 

"Black Box'. 

2.3.3 Neural Networks Classification 

The ANN which is called a connectionist model, parallel distributed processing 

model, a neuromorphic system and so on, is developed by using approximate neurons. 

There is no definite rule for configuration of the network. There are different models 

developed by different researchers. The classification of ANNs is shown in Figure 2.14 

[431. 

The ANNs are classified based on whether it is binary or continuous valued. They 

are further subdivided based on training procedures i.e. supervised or imsupervised 

learning. In this study, feed forward back propagation model based on supervised 

learning is used and hence is discussed below. 

2.3.4 Back Propagation Neural Network 

Many configurations of artificial neurons can be used depending on their nodal 

functions to suit particular requirements. The feed forward back propagation network 
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is used for mapping complicated relationships between discrete input and output 

neurons. The network as shown in Figure 2.15, is presented with a set of sample input 

and the corresponding output vector which defines the desired unknown relationship. 

Neural networks possesses "knowledge" which is stored in weights of the connec

tions between neurons. These weights are represented in matrix form. After ^tting 

knowledge i.e. the weights, the network will produce the correct answer to some tol

erable extent for the given input. However, it is important to know how the network 

acquires the knowledge. Patterns are presented to the network in sequence, and the 

weights are adjusted to capture this knowledge in the form of numbers. This weight 

adjustment scheme is known as "Learning". The network, after its successful learn

ing, correlates the vector space to arrive at a generalized relationship to define the 

unknown fimction. 

The first layer in the network is called the Input layer. The last layer is called 

the Output layer and the layers between the input and output layers are called the 

Hidden layers. The network may have one or more hidden layers. 
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FIGURE 2.15. Typical Feedforward Neural Network 
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Chapter 3 

DERIVATION OF DISTURBED STATE CONCEPT MODEL 

3.1 Introduction 

The Disturbed State Concept (DSC) model has been successfully used in predicting 

the behavior of many materials such as rock interfaces, sands and clays, sand-steel and 

clay-steel interafaces and electronic packaging. In DSC, the material is assumed to 

transform continuously and randomly from the relatively intact (RI) state to fully ad

justed (FA) state, Fig. 3.1, under external excitation (mechanical or thermal forces). 

The transformation involves microstructural changes that cause microcracking and 

damage. The fully adjusted state is an asymptotic state that can not be further 

disturbed. Hence, the observed response of the material is expressed in terms of the 

response of relatively intact state which excludes the effects of disturbance and that 

of the fully adjusted state (critical state). The transformation of material fitjm RI 

state to FA state is defined by the disturbance function D, Fig. 3.2. The original 

idea for the DSC was proposed by Desai [28], and subsequently formalized for vari

ous applications. The following description is adopted from various publications, e.g. 

[27]. 

3.2 Reference State I: Relative Intact State 

The relative intact (RI) state is an idealized state which includes only the hardening 

behavior and excludes the disturbance effects. Many elasto-plastic models can be used 

to characterize RI state. Here, in this study, the basic model in HiSS family, model, 

is used to represent the behavior of material in the RI part. The do model has been 

successfully used to predict response of both cohesive and cohesionless materials and 
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FIGURE 3.2. Schematic of Stress-Strain Curve With Disturbance 
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interfaces. 
The ^0 model is based on associative plasticity and isotropic hardening. The yield 

function in the ($o model is given as [15] 

F = ^-FbP, =0 (3.1) 
Pa 

where 

F, = (1 - iSSrr (3.3) 

o «^3D /O 
= -^7L5 (3-4) 

^ •'2iJ 

Ju = SR (3.5) 

and Fft is related to the shape of the yield surface in Ji - space, Fig. 2.12 (with 
Sr = constant), F, is related to the shape of the yield surface in the octahedral space. 

Fig. 2.13, (Ji = constant), Sr is stress ratio, Ji, J20 and Jzd, are the invariants 
of stress tensor, as defined in Appendix A, Pa is the atmospheric pressure, 7, P, 
m are the material parameters associated with the ultimate behavior, and n is the 
phase change parameter. The hardening fiicntion, a in its basic form, can be defined 
in terms of the plastic strain trajectory and can be expressed as 

« = ̂  (3-6) 

where a\ and r}\ are material parameters and ^ is trajectory of the plastic strain 
expressed as 

f = J (3.7) 
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« = (3.8) 

where tie?- is the tensor of incremental plastic strain. Another form of hardening 
function used by Wathugala and Desai [15], and Katti and Desai [31], is given by 

a = .. (3.9) 
(& + )*• 

where hi, and are hardening parameters, is the volumetric part of the 
plastic strain defined as 

= y ̂  \̂ %\ (3.10) 

while ^0 is the trajectory of the deviatoric plastic strain defined as 

dfo = (3.11) 

= de? - 5 Sii (fcjj (3.12) 

and is the tensor of deviatoric plastic strain. 

In plasticity theory for small strains, the total is decomposed into two parts, elastic 
strain and plastic strain therefore 

« = 4 + 4 (3.13) 

or in incremental form 

= + (3.14) 

The elastic strain is related to the stress by the elastic constitutive relation as 

dffij = Cijiti de^i (3.15) 
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According to plasticity theory, the plastic strain increment is orthogonal to the 
potential surface, Q, (for associated flow rule as used in the study, Q = F). Thus the 
plastic strain increment can be aq>ressed as 

= Ang (3.16) 

where n^- is a unit tensor, normal to the potential surface, Q, defined as 

n9i = a P-_ Wjj  

\dau Ooki) 

1/2 1̂ 11 
(3.17) 

Q Q 1 (3.18) 

A is the proportionality scalar parameter and || || denotes norm. Substituting Eq. 
(3.16) into E)q. (3.7) and using Eq. (3.18), it can be derived that 

d^ = X (3.19) 

Substitution of Eq. (3.14) into Eq. (3.15) and using Eq. (3.16) yields 

(hij = Cf,u(<fetl - "fcu) 

= Cf̂ uideu - dCng) (3.20) 

Differentiating yield function, F = 0, yields consistent^ condition as 

dF = ^daij + ̂ d^ = 0 (3.21) 
ocTij 
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Substitution of Eq. (3.20) into Eq. (3.21) gives 

(3.22) 

Now substitution of in Eq. (3.20) leads to 

dxTij — Cfjifi deiu 
SL. re 
damn ^mnpq "W a( 

(3.23) 

where 

Cf^. n9.E-Ct 'f,v. 'SZ~ 
(3.24) 

damn ^mnpq flf 

Equation (3.23) is the incremental form of the stress-strain relation for the RI state. 

3.3 Reference State II: Fully Adjusted State 

The fully adjusted state of the material is an asymptotic state at which the 

material may not further be disturbed. The FA state is modeled using critical state 
concept. At critical state conditions, shear deformations can continue without further 
changes in the volume of the material. For soils, the final void ratio of the material 
attained in a shear test is related to the hydrostatic stress Jf at the critical state as 

where el is the critical void ratio when Jf = 3pai A is the material constant as shown 
in Figure 3.3. At the critical state, the maximum shear stress then can be expressed 
as 

(3.25) 

or 

(3.26) 
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In 

FIGURE 3.3. Plot of Critical State Line in — ef Space 
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y/j^ — mJf (3.27) 

where m is the slope of the critical state line as shown in Figure 3.4. 

3.4 Disturbance Function D 

Once the RI and FA states are defined, next step is to formulate the disturbance 
function D. Progress of microcraddng, compaction, or dilation would be direction 

dependent and therefore lead to anisotropic disturbance. It is usually difficult to 
measure the directional properties of deforming materials and for practical purposes, 
D is treated as a scalar, in an average sense. There are a number of ways to define 
D. The most fundamental way is to measure mass or volume of the material in the 
FA state. The disturbance function D then can be defined as 

where Mf is the mass of solids in the critical state, and is the total mass of solids. 
Assuming density of the material in critical state to be equal to that in the Rl state, 
leads to 

where is the volume of solids in FA state and V, is the total solid volume. It 

would be difficult to measure these quantities due to lack of proper testing devices 

and hence, indirect approaches are needed to express disturbance D. One way is to 

define D firom measurements of stress-strain response. Another way to express D is 

in terms of variables such as plastic strain trajectory. 
The disturbance D can be defined as 

where i, a and c denote the relative intact, observed and fiilly adjusted stress state 
and a denotes the measure of stress such as r or y/Jio- The disturbance increases 
as the deformation increses. At the beginning of loading, the material is assumed to 

(3.28) 

(3.29) 



FIGURE 3.4. Plot of Critical State Line in Jf - Space 
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be entirely in RI state and so the disturbance D is zero. As the loading increases, 
the deformation increases and consequently the disturbance D increases. When D 
approaches 1, the material is in the critical state. The following function is used in 
this study to represent the disturbance, D 

D = i3.(l - exp{-A {(of))  (3.31) 

where A, Z, and Du are material parameters, and is the trajectory of deviatoric 

plastic strains as defined before. Figure 3.5 shows the disturbance functions with two 

sets of different constants: {Ax, Z\) and Z^). 

3.5 DSC formulation for interfaces 

Contacts can occur in concrete, soils and rocks, composites and structure -

medium combinations. The subjects of contacts, firiction, interfaces and joints involve 

extensive research. To model the behavior of interfaces, thickness of the interface 

zone, t, is required. One way is to perform tests in which deformation behavior 

at the interface is measured, and thickness is calculated accordingly. Other way 

is to determine the thickness of the zone of influence around asperities by X-ray 

computerized tomography and acoustic methods. Once the thickness is determined, 

RI and FA behavior of interface can be defined to formulate DSC for interfaces. 

3.5.1 Reference State I: Relative Intact State 

The RI behavior can be simulated using an elastoplastic model. As discussed 

earlier in this Chapter, for this research, the do model is used to characterize RI state 
of the interface. Yield fiuction for two dimensional interface can be specialized as 
[27] 

where 3R is the intercept along negative axis as shown in figure 3.6,7 is the 
ultimate parameter and a is the hardening growth function, expressed as 



D 

FIGURE 3.5. Schematics of Disturbance Function D vs. (D 
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FIGURE 3.6. Yield Surface in — r Plane 
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where a and b are the hardening parameters and ^ is the trajectory of plastic shear 
and normal displacements, expressed as 

^ — J = Cd + (3.34) 

Here, and are the relative plastic shear and normal displacements, respectively. 
The total values of relative shear and normal displacements , and Vr, can be 
expressed as [24] 

Ur = + ̂  u' (3.35) 

Ur = V® + v** + u* (3.36) 

where u' and are the elastic deformations of the asperities, VP and are the 
plastic deformations of the asperities, and u' and v' are the slip displacements. Since 
the last two displacements are difficult to separate and are irrecoverable, they are 
combined as vF and v'' as 

lir = t4« + u" (3.37) 

V r  =  V ®  + ( 3 . 3 8 )  

These displacements, vf and v'' are then used for modelling the interface behavior. 

3.5.2 Reference State II: fViily Adjusted State 

As expressed in case of solids, fully adjusted state for interfaces can be charac
terized by critical state concept as discussed in section (3.3). The void ratio-pressure 

relationship for interfaces can be expressed as 

e" = e" - A /r» j (3.39) 
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where is the critical void ratio and A is the material parameter. At critical state, 
the maximum shear stress is expressed as 

= mal (3.40) 

where m is the slope of the critical state line. 

3.5.3 Disturbance Function 

The disturbance function D, can be defined based on shear stress, r, as 

T* — ^ = (3«) 

For cyclic behavior, disturbance as a fimction of cycles, N(time), is calculated based 
on the RI and observed value at peak of each cycle as 

The following function is used in this study to represent the disturbance, D 

D = Z)«(l - exp{-A (Cd)^)) (3.43) 

where is the deviatoric plastic displacement trajectory. 

3.6 Incremental formulation for DSC 

Consider a material element with thickness t subjected to loading, Figure 3.7. 
The total force on the face A is 

F = + F® (3.44) 

where F* and F*' are the forces on the intact area A* and the disturbed (fiilly adjusted) 
area A'', respectively. Dividing each term in the E!q. (3.31) by the nominal area A 
leads to 

A~ A* A'^ A' A ^ ^ ^ 



FIGURE 3.7. Schematic of a Disturbed Element Subjected to Loading 
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FYom Eq. (3.29), D can be expressed for the element as 

At A 
(3.46) 

where t is the thickness of the elements. Substituting Eq. (3.33) into Eq. (3.32) and 
using tensor notation for the stresses leads to 

<7^ = (1 - D) 4 + Datj (3.47) 

where <7^-, and are the average (observed) stress, the stress in the intact part 

and the stress in the fully adjusted part, respectively. 
Contracting the index of the above equation (Ji = an) gives 

= (1 - D) Ji+D jf (3.48) 

Subtracting one third of Eq (3.35) from Eq. (3.34) leads to a similar relation for 

the deviatoric stress, Sij: 

Stj = (1 - D) Sij + DSfj (3.49) 

It is assumed that the deviatoric stress, Sij, in the FA state is proportional to that 
in the RI state. Then the following relation can be derived 

cc _ 
^ij -

2D no 5= (3.50) 

Equations (3.36) and (3.37) lead to 

5?.SS- = [(1 - D)Stj + [(1 - i))4 + DS?.] (3.51) 

( l -£ ) )  +  D SijSij (3.52) 
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= 2 (1 ~ *^2D *^2D^y/ *^2^ 

which yields 

— (1 — D)yJ + Dy/j^ 

(3.53) 

(3.54) 

The incremental form of the stress relation can be fomid by differentiating Eq. 
(3.34) as 

daf^ = (1 - D)da\j 4- Ddaf^ + - 4) 

Using Eqs. (3.37) and (3.27), afj can be expressed as 

1 2D 1 

Differentiating Eq. (3.26) yields 

dJt = 3p, exp (f^) (-f) = f (1 + 

and 

dSii = dffli — - 6ii dainm 2 V mm 

(3.55) 

(3.57) 

= - 5 'iiCnW <<4, 

= (CT/H -1 (3.58) 
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Differentiation of Eq. (3.43) leads to 

=  f ( l  +  eo)  

Jfm 
y^ijU ~ ^°*3^mnklJ ~ 2 J«^ ^mnU dd kl 

— ^ij^k + 

The dD term is evaluated by differentiating Eq. (3.30) as 

dD = ̂ d£D = 

where dl^o can be derived from E<^. (3.11), (3.12), (3.16) and (3.22) as 

<fi> = (nDpgnow)':^ 

Hence 

ti9 
di 

E:C!<u<ku dD — D Ap~ d̂tfi vl dan tjkl 
au - UuAe K^opq^DnP _ 

da^n^mnst^st ^ 

(3.59) 

(3.60) 

(3.61) 

— Rki de]gi (3.62) 
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The average stress in incremental form is finally obtained as 

AtJ = (1 - + D*iifud4, 

+DQijud^u + {"tj - (3-63) 

where 

(Cf« - (3.65) 

dF Qt, 

Ru = (3.66) 
da^n mnst'̂ at a( 

In case of undrained loading, there is no volume change, hence den = 0. Thus 

de'' = de* = de" (3.67) 

Then Eq. (3.50) can be expressed as 

d-'S = (3-68) 

where 

= (1 - D)Cf„ + D^jSu + DOiiu + K - 4)«« (3-69) 

^jkl = 
Jfrn 
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Chapter 4 

DETERMINATION OF PARAMETERS AND VERIFICATION OF DSC 
MODEL FOR SATURATED OTTAWA SAND-CONCRETE INTERFACE 

4.1 General 

Test results and parameter determination of Ottawa sand-Concrete interface under 

saturated conditions is discussed in this chapter. The determined parameters are 

verified by back predicting the three tests and one independent test. Brief description 

of the interface testing device along with its capabilities are also discussed. 

4.2 Cyclic Multi-Degree-Of-FVeedom Shear Device 

Early work on testing interfaces and joints concentrated on the Mohr-Coulomb 

failure criterion in which strength parameters of the interface were sought, namely the 

adhesion or cohesion intercept Ca, and angle of friction 4>- Later, researchers became 

interested in shear sti&ess, k„ and normal stiffiiess of interface kn- More recently, 

researchers have studied the development of relative motions at the interfaces, con

tinuous yielding, effect of pore water pressure, roughness of structural material and 

other environmental aspects. Detailed review of interface test device can be found in 

[44]. Most of the devices do not operate under undrained conditions nor do they allow 

for cyclic loading under simple shear conditions. This following section presents the 

cyclic multi-degree-of-freedom device with pore fluid pressure effects (CYMDOF-P) 

that allows static and cyclic testing under direct and simple shear deformation modes, 

drained and undrained conditions and measurement of interface fluid pressure. 

The CYMDOF-P device is result of ongoing research on testing and constitutive 

modelling of interfaces under static and cyclic conditions. The previous (^clic multi-

degree-of-freedom (CYMDOF) device for dry interfaces was designed and fabricated 
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by Desai, and was used in number of studies [45], [46], [47], [48], [49], [50]. Develop

ment of present CYMDOF-P device followed conception and original design by Desai 

[45], and fabrication with major modifications in design by Desai and Rigl^ [51]. 

Figure 4.1 is a schematic of the new CYMDOF-P device used for testing interfaces 

under saturated conditons in this research. The CYMDOF-P shear device is intended 

for the general testing of interfaces formed between materials such as concrete, steel, 

rock, sand, clay, geosynthetics, and alike. Interfaces can be "smooth", or '̂ ugh". 

Details of the device and method of operation are not discussed here and can be found 

in [51]. 

4.3 Ottawa Sand-Concrete Interface Tests 

In order to model the behavior of saturated Ottawa sand-Concrete interface, 

a series of drained and undrained shear tests were performed with three different 

concrete roughnesses. Normal pressures of 35 kPa, 70 kPa and 207 kPa were used to 

test the interface. The tests were conducted using CYMDOF-P shear device where in 

Ottawa sand at 60 % relative density was used. For this research, data from Ottawa 

Sand-Concrete interface tests with medium roughness is used to find the DSC model 

parameters. Test data of one drained compression test, three undrained one way 

simple shear tests, and three undrained cyclic shear tests is used and is presented in 

the following sections. 

4.3.1 Test Results 

4.3.2 Drained Compression Test 

Figure 4.2 shows the response under normal stress, and normal displacement, 

v, for the drained compression test on saturated Ottawa sand- Concrepte interface. 

The normal pressure was unloaded three times in order to find the normal stiffiiess. 
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FIGURE 4.1. CYMDOF-P Shear Device 
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FIGURE 4.2. Plot of Nonnal Pressure vs. Nonnal Displacement 
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4.3.3 Undrained One Way Shear "Tests 

Figure 4.3 to Figure 4.8 show the results of undrained one way simple shear tests 

on saturated Ottawa sand - Concrete interface with normal pressures of 35 kPa, 70 

kPa and 207 kPa, respectively. Figures 4.3, 4.4, and 4.5 show the response of shear 

stress, r, versus horizontal displacement, u. Figures 4.6, 4.7, and 4.8 represent excess 

pore water pressure, p, versus time, t. 

4.3.4 Undrained Two Way Cyclic Shear Tests 

Results of undrained cyclic tests, on fiilly saturated Ottawa sand-Concrete interface 

with normal pressures of 35 kPa, 70 kPa and 207 kPa, respectively are shown in 

Figures 4.9 to 4.17. The interface was tested under constant total normal pressure 

and horizontal displacement (amplitude = 5 mm) at a sinusoidal frequency of 0.38 

Hz. Figures 4.9, 4.10 and 4.11 show shear stress, r, and horizontal displacement, u. 

Figures 4.12, 4.13, and 4.14 show the excess pore water pressure versus time, and 

Figures 4.15, 4.16, and 4.17 show the response of effective normal pressure with time 

for the three tests. 

4.4 Interface Parameters Determination 

In this section, details are given to find parameters for DSC model from the 

laboratory tests as presented in previous section. The parameters are grouped into 

three categories and are listed in Table 4.1. As interface tests are used to find the 

parameters, in order to use the "solid" model in this research, conversion of some 

parameters from interface notation to general notation is required and is discussed 

where the relevant parameters are determined. 
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FIGURE 4.3. Plot of Shear Stress vs. Horizontal Displacement, — 35 kPa 
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FIGURE 4.4. Plot of Shear Stress vs. Horizontal Displacement, = 70 kPa 



76 

Horizontal Displacement, mm 

FIGURE 4.5. Plot of Shear Stress vs. Horizontal Displacement, (7„ = 207 kPa 
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FIGURE 4.6. Plot of Excess Pore Water Pressure vs. Time, an = 35 kPa 
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FIGURE 4.7. Plot of Excess Pore Water Pressure vs. Time, an = 70 kPa 
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FIGURE 4.8. Plot of Excess Pore Water Pressure vs. Time, <7N = 207 kPa 
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FIGURE 4.9. Plot of Shear Stress vs. Horizontal Displacement, = 35 kPa 
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FIGURE 4.10. Plot of Shear Stress vs. Horizontal Displacement, = 70 kPa 
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FIGURE 4.11. Plot of Shear Stress vs. Horizontal Displacement, an = 207 kPa 
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FIGURE 4.12. Plot of Excess Pore Water Pressure vs. Time, CXN = 35 kPa 
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FIGURE 4.14. Plot of Excess Pore Water Pressure vs. Time, <rn = 207 kPa 
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GROUP SUB GROUP PARAMETERS REMARKS 

Group 1 

Elastic 

Pammeten 

E Young's Modulus 

Poisson's Ratio 

Group 1 

Elastic 

Pammeten V 

Young's Modulus 

Poisson's Ratio 

Group 1 

Plasticity 

Parametcn 

y Ultimate parameter 

Ultimate parameter 

Phase change 

Hardening parameters 

_ _  K a=—— 

Group 1 

Plasticity 

Parametcn 

P 

Ultimate parameter 

Ultimate parameter 

Phase change 

Hardening parameters 

_ _  K a=—— 

Group 1 

Plasticity 

Parametcn 
m 

Ultimate parameter 

Ultimate parameter 

Phase change 

Hardening parameters 

_ _  K a=—— 

Group 1 

Plasticity 

Parametcn n 

Ultimate parameter 

Ultimate parameter 

Phase change 

Hardening parameters 

_ _  K a=—— 

Group 1 

Plasticity 

Parametcn 

ht 

Ultimate parameter 

Ultimate parameter 

Phase change 

Hardening parameters 

_ _  K a=—— 

Group 1 

Plasticity 

Parametcn 

h2 

Ultimate parameter 

Ultimate parameter 

Phase change 

Hardening parameters 

_ _  K a=—— 

Group 2 Critical 

State 

Parameten 

m 
2D ~ 

f 

\?PaJ 

Group 2 Critical 

State 

Parameten 

X 

2D ~ 

f 

\?PaJ 

Group 2 Critical 

State 

Parameten 
el 

2D ~ 

f 

\?PaJ 

Groups 
Disturbance 

Parameters 

Du Ultimate Disturbance 

D=D,[l-Exp{-A^^)] Groups 
Disturbance 

Parameters 
Z 

Ultimate Disturbance 

D=D,[l-Exp{-A^^)] Groups 
Disturbance 

Parameters A 

Ultimate Disturbance 

D=D,[l-Exp{-A^^)] 

TABLE 4.1. Parameters for DSC Model 
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4.4.1 Interface Thickness 

The objective of modeling interface behavior between two media is to realistically 
simulate relative motions between the two media. The interface zone is referred to 
as a thin layer [52] with thickness, t, that can be treated as equivalent smeared zone 
between two materials as shown in Figure 4.18. If characterized properly, it can help 
modeling the response at the interface. For this research, thickness of the interface 
between concrete and Ottawa sand was obtained approximately by measuring the 

total number of simple shear rings displaced at the end of a simple shear test as 
shown in Figure 4.19. The thickness is the calculated using the following expression 

t = trN (4.1) 

where t is the thickness of the interface, U — 1.5mm, is the thickness of one ring 

and N is the number of rings displaced. Three undrained one way simple shear tests 

with normal pressures of 35 kPa, 70 kPa and 207 kPa were conducted on the interface 

to determine the interface thickness. After the test, number of rings displaced was 

carefully measured. It was observed that approximately 8 rings were displaced at the 

end of test. Using the above expression, an average interface thickness of 12 mm was 

calculated. 

4.4.2 Elastic Parameters 

For geologic materials, the behavior is nonlinear right from the beginning of the 

loading. It is usual practice based on the theory of elasticity, to use the unloading 

slopes to determine the elastic constants. For an isotropic linear elastic material, two 

parameters: Young's modulus, E and Poisson's ratio, v , are required to explain the 

behavior. In case of interfaces, normal and shear stiffiiesses are required to define the 

elastic behavior. Elastic normal and shear stiffiiesses, and k, are calculated from 

two types of tests. The consolidation test results are used to find kn, and shear test 

results are used to find the value of k, respectively. Figure 4.20 shows the determi-



91 

'Smeared" Interfiwe Zone 

Asperities 

V 

FIGURE 4.18. Interface Zone: Equivalent Thin Layer with Thickness, t 
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FIGURE 4.19. Interface Thickness Determination 
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nation of nonnal stiffiiesses from the consolidation test with three unloading parts, 

here the initial unloading slope is used particularly for cyclic (dynamic) behavior. 
The average value of kn was calculated as 265.24 kPa. Figures 4.21, 4.22 and 4.23 

show the determination of shear stiffiiess k, from interface shear tests with 35 kPa, 
70 kPa and 207 kPa normal pressures. The value of k, was evaluated as 153.7 kPa 
for shear test with normal pressure of 35 kPa. Shear stiffiiesses for other two shear 
tests with normal pressures of 70 kPa and 207 kPa were calculated as 187.6 kPa and 

218.45 kPa respectively. Young's modulus, E, and the shear modulus, G, for the solid 

model are then calculated approximately from the following relations. 

Efuknt (4.2) 

G « k,t (4.3) 

where t is the thickness of the interface. Poisson's ratio, /i, can be calculated using 
the following relation. 

~ 1 (4-4) 

Average value of Poisson's ratio from three sets of normal stiffiiesses and shear 

stiffiiesses was found as 0.42 

4.4.3 Plasticity Parameters 

1. Ultimate Parameter 7 : The parameter 7 represents the asymptotic failure 
stress. The yield surface becomes an approximate straight line in the r - a„ 
space when the hardening parameter a = 0 , with a slope of y/j . The stress 
point can never pass this line in the HISS Model. Value of ultimate parameter 
7 can be obtained by substituting a = 0 in F. 

F = T^ + airj - 7<tJ = 0 (4.5) 

Substituting a = 0 in the above equation gives 

(4.6) 
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FIGURE 4.20. Determination of Interface Normal Stiffiiess, kn 
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Three undrained cyclic interface shear tests were used to determine the value of 
parameter 7. To get the asymptotic point on the ultimate envelope, the shear 
stress r was increased smoothly after the peak of first cycle to reach the ultimate 
point of the Relative Intact State. The last point on the Relative Intact State is 
taken as the asymptotic state. Figure 4.24 shows the plot of ultimate points for 
all the three tests. Slope of this line is equal to y/^ where i indicates interface. 
Parameter 7, for solid model can be obtained from the relation 

Average value of 7«, from shear tests with normal stresses an =35 kPa, 70 kPa 

and 207 kPa, is foimd as 0.109. 

2. Parameter m: 

In this study, a value of -0.3 is adopted for the parameter m based on number 

of studies from [14], [15], [30], and [44]. Also, Alanazy [32] reported that m = 

-0.5 was suitable for fiilly saturated interfaces. 

3. Phase change parameter n: 

The phase change parameter, n , is related to the state of stress at which the 
material passes through the state of zero volume change. As volume change is 

zero under undrained conditions, a different procedure based on yield surface 
is used for evaluating the phase change parameter n. Figure 4.25 shows the 
schematic of jrield surface, phase change line, and ultimate line. The )rield 
function is expressed as 

where 3R is the intercept along negative (r„ axis and is assumed to be equal to 
zero as fiilly saturated sand - concrete interface has no tensile strength. Now 
at point A, the material passes through zero volume change and hence 

(4.7) 

— = 
9<rn PS " 

(4.9) 
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At point A, <7n = (TnA and the above equation becomes 

(4.10) 
Pa \onJ 

At point B, <Tn = <7nAf. Substituting r = 0 in F, can be obtained as 

(4.11) 
Pa ^aJ 

Using Equations (4.9) and (4.10), the ratio of a^A and OnM can be expressed 
as 

(412) 
(TnA \nj 

where <Tnx is the effective normal pressure when r is maximimi, and a„Ar is 

the initial effective normal pressure. Based on this procedure, phase change 

parameter was calculated as 3.15, which is the average for three different tests 

as shown in Figure 4.26. 

4. Hardening Parameters, hi and h^-

The proposed hardening fimction, a, is expressed in terms of plastic strain tra

jectory, or accumulated plastic strains. The hardening fimction, a, is expressed 
as 

° ^ (413) 

where ^ is the plastic strain trajectory for solid model, calculated using following 
expression 

4 = (4.14) 

where = f {du^du^ + is the trajectory of plastic shear and nor

mal displacements, calculated firom interface shear test data. Taking natural 
logarithm on both sides of Equation (4.3) leads to 

In a = In hi — h2 In ̂  (4-15) 
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FIGURE 4.26. Determination of Phase Change Parameter 
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FYom each undrained one way interface shear test, values of a are calculated 
for several stress points using the yield function F = 0 

(^) 
Knowing a and one can determine the best fit line for the set of points 

[/n(a), /n(0] to evaluate the values of parameters hi and Figures 4.27, 4.28, 

and 4.29 show /n(a) vs. /n(^) plots for three undrained one way interface shear 

tests with normal pressures of 35 kpa, 70 kPa, and 207 kPa, respectively. The 

intercept along ln{a) when /n(^) = 0 represents ln{hi) and the slope of the line 

represents h^. FYom the best fit lines for three different tests, the average value 

of hi and ^ are found to be 0.289 and 0.47. 

4.4.4 Parameters for Fully A4justed State 

Fully Adjusted State of the material can be modeled as Critical State by using 

equations 3.26 and 3.27. There are three parameters in the fully adjusted state, e^. A, 

and m. These parameters are evaluated by substituting the stresses corresponding to 
the critical state found from the tests. The equations for critical state in the interface 
model are expressed as 

T" = mlal (4.17) 

and 

e f  =  e l - X l n  f ^ )  (4.18) 

1. Parameter m: 

Parameter mi for the interface can be found from the relationship between 
the shear stress t", and the corresponding effective normal stress, at the 
critical state. The values of and 0^ for critical state points, for each interface 
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FIGURE 4.29. Determination of Parameters hi and h2, ffn = 207 kPa 
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test are found and plotted in the r* - space. The slope of the best fitting 
line represents the value of ml. The slope mi is found to be 0.66 as shown in 
Figure 4.30. Parameter m7 for the solid model is evaluated using the following 
expression and is found to be 0.22. 

m, = Y (4.19) 

2. Parameters A and eg: 

The relationship between critical void ratio, e^, and the corresponding /n(^) 

is found from the critical state of the material. Value of (7^ for each test is 

selected corresponding to the point on the curve in r — <7n space where the 

slope is approximately zero. Since the void ratio remains constant during an 

undrained interface shear test, the void ratio at the critical state: e" is equal 

to the initial void ratio eo. The slope of the best fit line, A, and the value 

of intercept at ~ Pat ^oi found as shown in Figure 4.31. The value of 

A is found to be 0.0131 and the parameter eg is found to be equal to 0.598. 

Comparing Equations (4.16) and (3.25) with the assumption that Ji = 3<Tn, it 

can be seen that these two parameters are same for solid and interface model. 

4.4.5 Disturbance Parameters 

The disturbance function, as explained in Chapter 3, is expressed as 

D = 0.(1 - exp(-A ((of)) (4.20) 

where is the ultimate disturbance and A and Z are the material parameters. The 

constant £>« can be assumed to be unity from several researches [53], [31], [23], [54], 

and [32]. This assumption is based on idealized condition where the residual stress 

at the observed state approaches the critical stress. At this state, the material has 

reached the fully adjusted state. But during testing, the residual stress may not reach 
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FIGURE 4.30. Determination of Parameter mi 
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the critical state and is usually greater than the critical state stress. Hence, in this 

research, value of is assumed as 0.99. 

Figure 3.5 shows a schematic plot of D versus (o for different values of A and 
Z. The parameters A and Z control the rate and shape of the disturbance function. 
Equation (4.20) can be written as 

D = 0.99(1 - exp{-A (4.21) 

Rearranging Elquation (4.19) and taking logarithm on both sides yield 

In  ^1 - j =lnA +  Z In^n (4.22) 

The disturbance fimction D can be defined with respect to the observed, intact, and 
critical normal stresses, as 

where the superscripts i, a, and c refer to the relative intact, observed and critical 

states, respectively. The first term a* is calculated from the relative intact state, 

which is projected smoothly from the peak of the first cycle. The second term a* is 

calculated at the peak of each cycle from the test data for each interface test. The 

third term is the critical normal stress at the last cycle in the test. 

Figure 4.32 shows a typical plot of normal stress a„ versus number of cycles (N) 

from the test data. In this figure, i refers to the relative intact state, and a refers 

to average state of stress. By using such plots , disturbance, D, can be found for 

each cycle. Also can be calculated for each cycle using equation 3.11. Once D 

and are known for each cycle, /n[—/n(l - D/0.99)] versus In^p can be plotted 

based on Equation (4.22). A and Z are evaluated from the best fit line for the above 

set of points. The intercept represents ln{A) and the slope is parameter Z. Figures 

4.33, 4.34, and 4.35 show the plots of versus /n[—/n(l — Z>/0.99)] for the three 

undr^ed cyclic interface shear tests. Figures 4.15 to 4.17, under different normal 

pressures. Average values of A and Z were found to be 0.665 and 0.595, respectively. 
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4.4.6 Summary of Parameters 

This section provides a sununaty of all material parameters found in previous sec

tions and used for the simulation of interface tests using DSC model. The parameter 

values are as given in Table 4.2. 

4.5 Ottawa Sand Parameters 

The material used for interface testing in this research is Ottawa sand. DSC model 

parameters for Ottawa sand are used here to simulate sand behavior and are presented 

below in Table 4.3. Six undrained triaxial test: three one way monotic and three two 

way cyclic tests results were used to find the parameters. Detailed description of test 

procedure and parameter evaluation for Ottawa sand can be found in [56]. 

4.6 Verification of DSC Model 

In this section, back predictions of the undrained two way cyclic shear tests on 

Ottawa sand-Concrete interface that were used to find the parameters are presented. 

Undrained cyclic shear test data on Ottawa sand-Concrete interface with one relative 

density (Dr) of 60 % and three different normal pressures of 35 kPa, 70 kPa, and 

207 kPa, was used to calculate the parameters. For all these three tests, following 

graphs are plotted to compare the observed data with the predictions: (1) observed 

and predicted shear stressr versus horizontal displacement, u, (2) observed and pre

dicted excess pore water pressure, p, versus time, t, and, (3) observed and predicted 

disturbance, D, versus deviatoric plastic strain trajectory, ^d{N) for each cycle. 

The model predictions are obtained by using DSC-DYN2D program developed by 

C. Desai [57]. The finite element mesh for back predictions of laboratory tests and 

the boundary conditions are given in Figure 4.36. Fifteen 4-noded elements and plane 

Strain idealization was used to model the interface test. The mesh was subjected to 
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GROUP SUBGROUP PARAMETERS OTTAWA SAND-

CONCRETE 

Elastic E 3183.0lcPa 

Paninicten V 0.42 

Group 1 
y 0.109 

Group 1 
n 3.12 

Plasticity hi 0.289 

Parameters hi 0.470 

Group 2 
Critical 

m 0.22 

Group 2 
State X 0.0131 

Parameters < 0.S98 

Disturbance 

Parameters 

Du 0.99 

Group 3 

Disturbance 

Parameters 
Z 0.665 

A 0.595 

TABLE 4.2. Parameters for Ottawa Sand-Concrete Interface 
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GROUP SUB GROUP PARAMETERS OTTAWA SAND 

Group 1 

Elastic 

Parameters 

E 193000 kPa 

Group 1 

Elastic 

Parameters V 0.380 

Group 1 

Plasticity 

Parameters 

T 0.123 
Group 1 

Plasticity 

Parameters 

P 0.0 
Group 1 

Plasticity 

Parameters 
n 2.45 

Group 1 

Plasticity 

Parameters h, 0.8450 

Group 1 

Plasticity 

Parameters 

fl2 0.0215 

Group 2 
Critical 

State 

Parameters 

m 0.15 

Group 2 
Critical 

State 

Parameters 

X 0.02 
Group 2 

Critical 

State 

Parameters < 0.601 

Group 3 Disturbance 

Parameters 

Du 0.99 
Group 3 Disturbance 

Parameters 
Z 0.43 

Group 3 Disturbance 

Parameters 
A 4.22 

TABLE 4.3. Parameters for Ottawa Sand 
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constant normal pressure and increments of horizontal displacement. Element 9 was 

choosen to compare the analysis results with the test results. Back predictions of 

laboratory tests that were used to find the parameters are presented first, followed 

by the back prediction of one independent laboratory test. 

4.6.1 Verification of Shear Stress - Horizontal Displacement Response 

Figures 4.37 to 4.39 show the comparison of back predicted and observed shear 

stress, r, versus horizontal displacement, u, for the three tests with normal pressures 

of 35 kPa, 70 kPa, and 207 kPa, respectively. These three tests are back predicted by 

using parameters obtained from previous section. FVom the figures, it can be seen that 

the DSC model back prediction of degradation of shear stress with cycles compares 

well with the observed response. 

4.6.2 Verification of Pore Pressure - Time Response 

Figures 4.40 to 4.42 show the comparison of back predicted and observed excess 

pore water pressure, p, response with time, t, for all the three tests. The predicted 

excess pore water pressure at different time instances do not compare well with the 

observed data. But the trend of increase of excess pore water pressure during cyclic 

loading is in good agreement with the observed data. Prediction of observed time 

when liquefaction occurs according to the traditional criterion, that p equals initial 

effective confining pressure, compares well. 

4.6.3 Verification of Disturbance - Response 

Figures 4.43 to 4.45 show the comparison of back predicted and observed dis

turbance, D, versus deviatoric plastic strain trajectory, for the three tests with 

normal pressures of 35 kPa, 70 kPa ,and 207 kPa, respectively. The predicted distur

bance compares well with the observed disturbance. 



FIGURE 4.36. Details of Mesh and Boundary Conditions 
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4.6.4 Back Prediction of Independent Test 

Figures 4.46 to 4.48 show the predictions of an undrained two way cyclic interface 

shear test under a normal pressure of 35 kPa and a relative density of 45 %. Test data 

from this test is not used to find the parameters. Figure 4.46 shows the comparision 

between observed and predicted shear stress. Figure 4.47 shows the comparision 

of observed and predicted pore water pressure response, and Figure 4.48 shows the 

comparision of observed and predicted disturbance, D, versus deviatoric plastic strain 

trajectory, ^d-

4.7 Liquefaction Identification 

During cyclic loading, saturated materials experience particle motions such as slid

ing and rotation which can lead to instabilities in the microstructure of the material, 

leading to liquefaction. The disturbance grows during loading, and it can be used 

to identify liquefaction in the form of microstructural changes. The procedure for 

identification of liquefaction based on disturbance, D, includes 4 steps as follow8[55]. 

1. Obtain stress-strain data from triaxial tests with different confining pressures. 

2. Plot D (Disturbance) versus Time (seconds) for all tests 

3. Locate value of critical disturbance Dc based on time where initial liquefaction 

has occured. 

4. Calculate average value of critical disturbanc Dc which indicates a state of 

instability that can identify initial liquefaction. 

Based on the above procedure, value of critical disturbance Dc for all the three 

cyclic interface tests were found as shown in Figures 4.49 to 4.51. Average value of 

critical disturbance is 0.76. 
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Chapter 5 

Determination and Verification of DSC Model 

Parameters for Nevada Sand 

5.1 General 

This chapter deals with the determination of DSC Model parameters for Nevada 

sand and its verification. Nevada sand tests results were obtained from soil data 

report, submitted by The Earth Technology Corporation, Huntington Beach, Cali

fornia, to VELACS [58], [59]. Results of nine different tests that are used to find 

the DSC model parameters are reported here. Details of finding parameters from the 

above tests are presented and the model parameters are verified by back predicting 

the tests used to find parameters and some independent tests. 

5.2 Test Results 

As a part of VELACS program, series of triaxial tests were performed on Nevada 

sand at The Earth Technology Corporation. Confining pressures of 40 kPa, 80 kPa 

and 160 kPa were used to test the sand at 60 % relative density. For determining 

parameters, three drained monotonic triaxial test, three undrained monotonic triaxial 

tests, and three undrained cyclic triaxial test results were used. The results are 

presented in the following sections. 

5.2.1 Drained Monotonic Compression Tests 

Figures 5.1 to 5.6 show the results of drained triaxial compression tests on 

saturated Nevada sand samples with confining pressures of 40 kPa, 80 kPa and 160 

kPa, respectively. Figures 5.1, 5.2 and 5.3 show the response of deviatoric stress, q, 
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defined as (7i — 03, versus axial strain, ei. Figures 5.4 to 5.6 represent volumetric 

strain, versus axial strain, £1. 

5.2.2 Undrained Monotonic Compression Tests 

Figure 5.7 to 5.9 show the results of undrained triaxial compression tests on 

saturated Nevada sand samples with confining pressures of 40 kPa, 80 kPa and 160 

kPa, respectively. Figures 5.7, 5.8, and 5.9 show the response of deviatoric stress, q, 

defined as — <iz, versus axial strain, Ci. 

5.2.3 Undrained Cyclic Compression Tests 

Results of undrained cyclic tests, on fully saturated Nevada sand samples with 

confining pressures of 40 kPa, 80 kPa and 160 kPa, respectively are shown in Figures 

5.10 to 5.18. The samples were tested under deviatoric load controlled mode at a 

sinusoidal frequency of 1 Hz. Figures 5.10, 5.11, and 5.12 show applied deviatoric 

stress q and time for the three tests. Figures 5.13, 5.14, and 5.15 show the axial 

strain, ci versus time, and Figures 5.16, 5.17, and 5.18 represent excess pore water 

pressure, p versus time response. 
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FIGURE 5.1. Stress-Strain Response Of Nevada Sand, AC = 40 kPa 
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FIGURE 5.6. Plot of Axial Strain vs. Volumetric, Cc = 160 kPa 
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FIGURE 5.10. Plot of Deviatoric Stress vs. Time, Oc = 40 kPa 



148 

25 -

ed 

o-

-25 -

-50 

12 0 4 8 

Tune (sec) 
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FIGURE 5.12. Plot of Deviatoric Stress vs. Time, Oc = 160 kPa 
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FIGURE 5.13. Plot of Axial Strain vs. Time, <TC = 40 kPa 
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FIGURE 5.15. Plot of Axial Strain vs. Time, Oc — 160 kPa 
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5.3 Parameter Determination 

In this section, details are given for how to find the parameters of the DSC model 

from the triaxial tests. The parameters are based on the effective behavior. Schematic 

plots are presented for explanation of the parameter determination procedure. 

5.3.1 Parameters for Relative Intact State 

This section covers the procedure of determination of elastic and plasticity pa

rameters separately. The first part covers the procedure for determination of elastic 

parameters, while the second part covers the procedure for calculation of plasticity 

parameters. 

5.3.2 Elastic Parameters 

For geologic materials, the behavior is nonlinear right from the beginning of 

the loading. So it is usual practice to use the unloading slopes to determine the 

elastic constants. For some materials, if unloading behavior is not available, initial 

slope is used to determine elastic constants. For an isotropic linear elastic material, 

two parameters: Young's modulus, E and Poisson's ratio, v , are required to explain 

the behavior. Figure 5.19 shows the slope, E for the initial part of loading for the 

undrained compression test with confining pressure of 40 kPa. The value of E was 

evaluated as 35430.0 kPa. The modulus of elasticity for other two undrained com

pression tests with confining pressures of 80 kPa and 160 kPa, as shown in Figures 

5.20 and 5.21 were calculated as 40445.0 kPa and 46670.0 kPa. The average value of 

E was found to be 40848.8 kPa. 

Three drained compression tests with different confining pressures were used to 

determine the value of Poisson's ratio. Figures 5.22, 5.23, and 5.24 show the plots of 

axial strain versus lateral strain, and values of Poisson's ratio for the three tests. The 

average value of Poisson's ratio was calculated as 0.316. 
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FIGURE 5.21. Approximate Determination of Initial Slope, <7E = 160 kPa 
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5.3.3 Plasticity Parameters 

1. Ultimate Parameters, 7 and 

The parameter 7 represents the asymptotic ultimate stress. The yield surface 

becomes approximately straight line in the Ji - y/J^ space when the hardening 

parameter a = 0 , with a slope of y/y . The stress point can never pass this 

line in the Hiss Model. The parameter 0 controls the shape yield surface in the 

octahedral plane. 

Three undrained cyclic compression tests were used to determine the value of 

parameters 7 and To get the asymptotic point on the ultimate envelope, 

the effective mean stress was increased smoothly after the peak of first (^cle 

to reach the ultimate point of the Relative Intact State. The last point on the 

Relative Intact State is taken as the Asymptotic State. Figure 5.25 shows the 

Relative Intact State, Observed behavior, and Asymptotic State for a typical 

cyclic test. The corresponding asymptotic values of Ji and y/Jio for all the 

three tests were used to calculate the ultimate parameters, 7 and P, by least 

square procedure program. In this research, 7 was found to be 0.0675 and P 

was found to be 0.0 

2. Parameter m: In this study, a value of -0.5 is adopted for the parameter m 

based on number of studies from [14], [15], [30], and [44], 

3. Phase change parameter n: The phase change parameter, n , is related to the 

state of stress at which the material passes through the state of zero volume 

change. Volumetric curve can be used to identify the phase change point. But 

for undrained conditions, volume change is zero. Therefore, a different proce

dure based on yield surface [15] is used to determine the value of phase change 

parameter, n. 

Figure 5.26 shows the schematics of yield surface, phase change line, and the 
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FIGURE 5.25. A Typical Plot of Relative Intact State, Observed Behavior and 
Asymptotic State 
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ultimate line. The yield function is given by equation (3.1). At the state 
when volume transits from compaction to dilation, or change in plastic volume 
increment vanishes, i.e. , is related to the highest point on the yield surface, 
when dFfdJi = 0. 

ri 
0 

(5.1) 

where Ju can be assimied to be equal to zero as the fiiUy saturated sand has no 

tensile strength. Also there is no cohesion in the fiilly saturated sand. Therefore, 
tensile strength need not be considered. Based on Eq. (5.1), expression for phase 
change parameter, n , can be obtained as 

n  =  y r f  V  ^  at rfcj = 0 (5.2) 

where F, = (1 — /95r)"*. 

The value of phase change parameter for three different saturated undrained 

cyclic tests is calculated using Eq. (5.2). An average value of n = 4.1 was taken 

as an overall value of n for the material. 

4. Hardening Parameters, hi and ht: The proposed hardening function, a, is 
expressed in terms of plastic strain trajectory, or accumulated plastic strains. 
The hardening function, a, is expressed as 

a = ̂  (5.3) 

where ^ de?-. Taking natural logarithm on both sides of Equation 
(4.3) leads to 

In a In hi — h2 In ^ (5.4) 

FVom each undrained monotonic compression test, values of a are calculated 
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FIGURE 5.26. Schematic Plot of Yield Surface, Ultimate Line, and Phase Change 
Line 
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for several stress points using the yield function, F == 0 and P 

" a)" 

Knowing a and one can determine the best fit line for the set of points 

[/n(Q), /n(0] to evaluate the values of parameters hi and /t2- Figures 5.27, 5.28, 

and 5.29 show ln{a) vs. /n(^) plots for three undrained monotonic compression 

tests with confining pressures of 40 kpa, 80 kPa, and 160 kPa, respectively. The 

intercept along ln{a) when /n(() = 0 represents ln{h\) and the slope of the line 

represents FVom the best fit lines for three difiierent tests, the average value 

of hi and h2 for Nevada sand are found to be 0.1245 and 0.0725. 

5.3.4 Parameters for Fully Adjusted State 

Fully Adjusted State of the material can be modeled as Critical State by using 

equations 3.26 and 3.27. The parameters in these two equations are evaluated by 

substituting the stresses corresponding to the critical state found from the tests. 

1. Parameter m: 

Parameter m can be found from the relationship between the shear stress y/Jwt 

and the corresponding stress, Ji, at the critical state. The values of and 

Jf for critical state points, for each tests are found and plotted in the 

space. The slope of the best fitting line represents the value of m. The slope m 

is found to be 0.22 as shown in figure 5.30. 

2. Parameters A and e^: 

The relationship between critical void ratio, and the corresponding 'n(^) is 

found from the critical state of the material. Value of Jf for each test is selected 

= 0.0. 

(5.5) 
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FIGURE 5.27. Determination of Parameters hi and A3, (7C = 40 kPa 
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FIGURE 5.28. Determination of Parameters hi and A2, = 80 kPa 
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FIGURE 5.29. Determination of Parameters and <re = 160 kPa 
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FIGURE 5.30. Determination of Parameter m for Nevada Sand 
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corresponding to the point on the curve in 7i — y/JiD space where the slope is 

approodmately zero. Since the void ratio remains constant during an undrained 

test, the void ratio at the critical state: e" is equal to the initial void ratio eo, 

corresponding to the initial effective confining pressure. The slope of the best 

fit line, A, and the value of intercept at Jf = 3pai Co* ^ found as shown in 

Figure 5.31. The value of A is found to be 0.02 and the parameter is found 

to be equal to 0.712. 

5.3.5 Disturbace Parameters 

The disturbance function, as explained in Chapter 3, is expressed as 

D = D.(l -  exp(-A ( iof))  (5.6) 

where Du is the ultimate disturbance and A and Z are the material parameters. In 

this research, value of Du is assumed as 0.99 as stated in Chapter 4. 
Figure 3.5 shows a schematic plot of D versus for different values of A and 

Z. The parameters A and Z control the rate and shape of the disturbance function. 
Equation (5.6) can be written as 

D = 0.99(1 - exp{-A ( (of))  (5.7) 

Rearranging Equation (5.7) and taking logarithm on both sides yield 

In  [-/n ^1 - = hA + Zln^o (5.8) 

In case of undrained tests, the disturbance function D can be defined with respect 
to the observed, intact, and critical effective mean stresses, Ji/3 = a', as 

where 

,  <Ti +2(7^2 a  =  — — =  
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FIGURE 5.31. Determination of Parameters A and EG for Nevada Sand 
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The superscripts i, and c refer to the relative intact, observed and critical states, 
respectively. The first term {a")* is calculated from the relative intact state, which 
is projected smoothly from the peak of the first cycle. The second term is 
calculated at the peak of each cycle from the test data for each test. The third term 
{a'Y is calculated for each test as 

Figure 5.32 shows a typical plot of effective mean stress {a") versus number of 

cycles (N) from the test data. In this figure, i refers to the relative intact state, 

and a refers to average state of stress. By using such plots , disturbance, D, can be 

found for each cycle. Also be calculated for each cycle using equation 3.11. 

Once D and are known for each cycle, /n[—/n(l — D/0.99)] versus In^o can be 

plotted based on Equation (5.8). A and Z are evaluated from the best fit line for 

the above set of points. The intercept represents ln{A) and the slope is parameter 

Z. Figures 5.33, 5.34, and 5.35 show the plots of ln{i^D) versus /n[-{n(l — 17/0.99)] 

for the three undrained cyclic compression tests, under different confining pressures. 

Average values of A and Z were found to be 5.02 and 0.411, respectively. 

5.3.6 Summary of Parameters 

This section provides a summary of all material parameters found in previous 

sections and used for the back prediction. All the constants are evaluated using MS-

EXCEL and a least square method program. The parameter values are as given in 

Table 5.1 below. 

(5.10) 

5.4 Verification of DSC Model 

In this section, back predictions of the undrained cyclic triaxial compression tests 

on Nevada Sand that were used to find the parameters are presented. Undrained 
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Number of Cycles (N) 

FIGURE 5.32. Schematic Plot of Effective Mean Stress vs. Number of Cycles 
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FIGURE 5.33. Determination of Parameters A and Z, = 40 kPa 
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ln(-ki(l-D/Du)) = 0.4527 fci(§d) + 1.3489 
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Figure 5.34. Determination of Parameters A and Z, <7e = 80 kPa 
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FIGURE 5.35. Determination of Parameters A and Z, AC = 160 kPa 
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GROUP SUB GROUP PARAMETERS NEVADA SAND 

Group 1 

Elastic 

Parameters 

E 40848.8 kPa 

Group 1 

Elastic 

Parameters V 0.316 

Group 1 

Plasticity 

Parameters 

y 0.0675 
Group 1 

Plasticity 

Parameters 

3 0.0 
Group 1 

Plasticity 

Parameters 
n 4.1 

Group 1 

Plasticity 

Parameters h, 0.124S 

Group 1 

Plasticity 

Parameters 

h2 0.0725 

Group 2 
Critical 

State 

Parameters 

m 0.22 
Group 2 

Critical 

State 

Parameters 

X 0.02 Group 2 
Critical 

State 

Parameters < 0.712 

Group 3 Disturbance 

Parameters 

Du 0.99 
Group 3 Disturbance 

Parameters 
Z 0.411 

Group 3 Disturbance 

Parameters 
A 5.02 

TABLE 5.1. Parameten for Nevada Sand 
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cyclic triaxial compression test data on Nevada Sand with one relative density (Dr) 

of 60 % and three different confining pressures ac of 40 kPa, 80 kPa, and 160 kPa, 

was used to calculate the parameters. For all these three tests, following graphs are 

plotted to compare the observed data with the predictions: (1) observed and predicted 

effective mean stress a* versus time, t, (2) observed and predicted excess pore water 

pressure, p, versus time, t, and, (3) observed and predicted disturbance, D, versus 

deviatoric plastic strain trajectory, ^d{N) for each cycle. 

The model predictions are obtained by using DSC-DYN2D program developed by 

C. Desai [57]. The finite element mesh for back predictions of laboratory tests and the 

boundary conditions are given in Figure 5.36. One 8-noded element and axisymmetric 

idealization was used to model the sand sample. The mesh was subjected to constant 

confining pressure <Tc, and increments of deviatoric stress, q. Back predictions of 

laboratory tests that were used to find the parameters are presented first, followed 

by the back prediction of one independent laboratory test. 

5.4.1 Verification of Effiective Mean Stress - Time Response 

Figures 5.37 to 5.39 show the comparison of back predicted and observed effective 

mean stress, a*, response with time, t, for the three tests with confining pressures of 

40 kPa, 80 kPa ,and 160 kPa, respectively. These three tests are back predicted by 

using parameters obtained from previous section. FVom the figures, it can be seen that 

the DSC model back prediction of degradation of effective mean stress with cycles 

compares well with the observed response. 

5.4.2 Verification of Pore Pressure - Time Response 

Figures 5.40 to 5.42 show the comparison of back predicted and observed excess 

pore water pressure, p, response with time, t, for all the three tests. The predicted 

excess pore water pressure at different time instances compare well with the observed 
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31.75 mm 

FIGURE 5.36. Details of Mesh and Boundary Conditions 
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data, however , they do not compare well after the first peak. This may be due to 

experimental errors and computational procedure used. But the trend of increase 

of excess pore water pressure during cyclic loading is in good agreement with the 

observed data. Prediction of observed time when liquefaction occurs according to the 

traditional criterion, that p equals initial effective confining pressure, compares well. 

5.4.3 Verification of Disturbance - Response 

Figures 5.43 to 5.45 show the comparison of back predicted and observed dis

turbance, D, versus deviatoric plastic strain trajectory, ^d, for the three tests with 

confining pressures of 40 kPa, 80 kPa ,and 160 kPa, respectively. The predicted 

disturbance compares well with the observed disturbance. 

5.4.4 Back Prediction of Independent Test 

Figures 5.46 to 5.48 show the predictions of an undrained cyclic test under a 

confining pressure of 40 kPa and a relative density of 40 %. Test data from this 

test is not used to find the parameters. Figure 5.46 shows the comparision between 

observed and predicted mean stress. Figure 5.47 shows the comparision of observed 

and predicted pore water pressure response, and Figure 5.48 shows the comparision 

of observed and predicted disturbance, D, versus deviatoric plastic strsun trajectory, 

^D- Overall, the predictions compare well with the test data for this independent 

verification. 
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5.5 Liquefaction Identification 

Based on the procedure discussed in Chapter 4, value of critical disturbance Dc 

for all the three cyclic triaxial compression tests were found as shown in Figures 5.49 

to 5.51. Average value of critical disturbance is 0.86. 
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Chapter 6 

Artificial Neural Networks 

6.1 The Biological Prototype 

Artificial Neural Networks (ANN) have emerged from studies of how the human 

brain performs various operations. The structure and functioning of human brain has 

been studied by many medical researchers. Even now the exact fimctional process 

of a human brain is not known. Basically, the brain fimctions with very dense net

work of neurons. The brain contains billions of neurons connected to each other by 

numerous connections amongist them. Figure 6.1 shows a typical biological neuron. 

The biological neuron consists mainly of the following parts: 

1. The cell body 

2. The axon 

3. The dentrite 

4. The synapse 

The dentrite is responsible for carrying the signals from various other neurons to 

the neuron which it is a part of. These dentrites are spread in a branched form and 

carry signals in a very complex manner in the form of complicated electro-chemical 

signals. The axon carries the signals from the cell body to various other neurons. 

The dentrite and axon meet at a point which is called the synapse. Althought it is 

often described as a meeting point, there is no physical contact between the axon and 

the dentrite at the synapse. The dentrites collect the signals at the synapse and then 

carry it to the cell body for further action. The dentrites do not get the signals at 

the synapses only. They may also get it directly from other cell body or even from 
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FIGURE 6.1. A Biological Neuron [60] 
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the axon itself. When all dentrites carry the signals to the cell body, it is averaged 

up there. Here, after a comparison, if the average is more than the threshold value, 

then a signal is generated by the cell body and the same is sent down the axon. 

As billions of neurons work simultaneously in an extremly complicated network, 

the human brain can store a large amount of data and can recall it very quickly. As 

this complete process is not known clearly, it is not possible to develop an artificial 

neuron which is exactly similar to the biological neuron. Hence, an artificial neuron 

is developed as a very approximate model which can execute a simple mathematical 

function [60]. 

6.2 Artificial Neural Networks 

An artificial neural network is a computational structure inspired by the study of 

biological neural processing. There are many different types of neural networks, from 

relatively simple to very complex, just as there are many theories on how biological 

neural processing works. The artificial neuron can carry out very simple mathematical 

fimction and can compare values. 

An ANN has layers which are subgroups of processing elements. A layer of pro

cessing elements makes independent computations on data that it receives and passes 

the results to another layer. The next layer may in turn make its independent com

putations and pass on the results to yet another layer. Finally, a subgroup of one or 

more processing elements determines the output from the network. Each processing 

element makes its computation based upon a weighted sum of its inputs. The first 

layer is the input layer and the last layer is the output layer. The layers that are 

placed between the first and the last layers are the hidden layers. The processing el

ements are seen as units that are similar to the neurons in a human brain, and hence 

they are referred to as cells, neuromines or artificial neurons. Figure 6.2 describes an 

artificial neuron. An artificial neuron has a typical function associated to it which is 
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either called as threshold function or squashing fiicntion. The input and the output 

of the neuron are in an analog form and all computations are carried out using these 

analog signals only. A typical artificial neuron gets an input firom other neurons or 

directly from the input nodes. The paths connecting the input nodes to the neu

rons and the connections between the various neurons are associated with a certain 

variable weight. These weights represent a multiplying factor for the incoming signal 

representing the synaptic strength of the connection. These weights are initially set 

to some random values and are later adjusted in the process of training the net. The 

artificial neuron then sums the input which is actually a weighted sum of all the 

input signals. The input so obtained is used to calculate a node value according to 

the squashing function of the neuron. This node value is compared with the thresh

old value of the neuom and if the node value is higher, then the neuron goes to the 

"excitation state" and a signal is passed on to the next layer of neurons. Figure 6.3 

shows a layered feed-forward nerual network. The circular nodes represents neurons. 

Here there are four layers, an input layer, two hidden layers, and an output layer. 

6.2.1 Output of a Neuron 

Basically, the internal activation or raw output of a neuron in a neural network 

is weighted sum of its inputs, but a threshold fimction is used to determine the final 

value,or the output. When the output is 1, the neuron is said to fire, and when 

it is 0, the neuron is considered not to have fired. When a threshold function is 

used, different results of activations, all in the same interval of values, can cause the 

same output value. This situation helps in the sense that, if precise input causes an 

activation of 9 and noisy input causes an activation of 10, then the output works out 

the same as if noise is filtered out. 
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6.2.2 Network Training 

Since the outputs may not be what is expected, the weights may need to be altered. 

Some rule then needs to be used to determine how to alter the weights. There should 

also be a criterion to specify when the process of successive modification of weights 

ceases. This process of changing the weights, or rather updating the weights, is called 

TRAINING. A network in which learning is employed is saud to be subjected to 

training. 

6.2.3 Information Feedback 

If you wish to train a network so it can recognize or identify some predetermined 

pattern, or evaluate some function values for given argumetns, it would be important 

to have information feed back from the ouptput neurons to the neurons in some layers 

before that, to enable further processing and adjustment of weights on the connec

tions. Such feed back can be to the input layer or a layer between the input layer and 

the output layer, sometimes labelled the hidden layer. What is feed back is usually 

the error in the output, modified appropriately according to some useful paradigm. 

The process of feed back continues through the subsequent cycles of operation of the 

neural network and ceases when the training is completed. 

6.3 The Threshold Fimcion 

The output of any neuron is the result of thresholding, if any, of its internal 

activation, which in turn, is the wdghted sum of the neuon inputs. Thresholding 

sometimes is done for the sake of scaling down the activation and mapping it into a 

meaningful output for the problem, and sometimes for adding a bias. Thresholding 

(scaling) is important for multilayer networks to preserve a meaningful range across 

each layers operation. The most often used threshold fucntion is the SIGMOID 
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function. A STEP fiicntion or a RAMP function or just a LINEAR function can be 

used, as when you simply add the bias to the activation. The range of activation 

function( i.e. the value it can output) is usually limited. The most common limits 

are 0.0 to 1.0 and -1.0 to 1.0. 

Early perception model used a simple threshold function called the HARD-LIMTTER 

or STEP fimction. If the weighted sum of the inputs is less than the threshold, the 

output of the neuron is 0, otherwise the output is 1. This type of fimction is called 

as STEP fimction because of its shape resembles like a step as shown in Figure 6.4. 
The other type of threshold fimction is the SIGMOIDAL fimction and is a nonlin

ear function, Figure 6.5. Mathematically this sigmoidal fimction or logistic fimction 
is expressed as 

/ ( « ) = ( 6 1 )  

Most neural network applications have been successfiilly applied using this sigmoidal 

fimction because of its derivative is simple and always positive. 
Another commonly used threshold fimction is the HYPERBOLIC TANGENT, 

Figure (6.6). Mathematically, it is expressed as 

X 

tan h{x) = ̂ (6.2) 

It is similar to the shape of the logistic or sigmoidal fimction, but is symmetrical 

about the origin. Unlike the sigmoidal fimction, the hyperbolic tangent fimction has 

a bipolar value for output, a characteristic that has been shown to be beneficial to 

certain network applications [35]. 

6.4 Back Propagation Model 

The feed forward back propagation network is a very popular model in Neural 

Networks. It does not have feed back connections, but errors are back propogated 

during training. The feed forward back propagation network undergoes supervised 
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traming, with a finite number of pattern pairs consisting of an input pattern and a 

desired or target output pattern. An input pattern is presented at the input layer. 

The neurons here pass the pattern activations to next layer neurons, which are in a 

hidden layer. The outputs of the hidden layer neurons are obtained by using bias, 

and also a threshold function with activations determined by the weights and the 

inputs. These hidden layer outputs become inputs to the output layer, which process 

the inputs using bias values and threshold function. The final output of the network 

is determined by the activations from the output layer. 

The process of developing back progogation algorithm often involves experimen

tation. It is difficult to determine how many hidden layer neurons are to be provided 

for. In general, the size of the hidden layers is related to the features that should 

be discerned from the data. In this work, a double hidden layer network is used 

with sigmoidal fimction as the threshold fimction and varying bias values for all the 

neurons. 

6.4.1 Configuration of Network 

The complete network development process of the back propagation network 

consists of 

• Selection of the network parameters such as the number and size of different 

layers of the network, nodal fimction, etc. 

• Selection of input and output pattern. 

• Selection of learning rule and other learning parameters to enhance the learning 

capability and speed. 

• Initialization of the network and learning till the network learns the desired 

relationship between the input and the output vectors. 
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The network configuration stage consists of 

1. Selecting input vector 

The input layer for all the networks are configured taking into account the 

possible parameters which may influence the output. As the network is supposed 

to learn the unknown functional relationship between the input and the output 

parameters, the performance of the network is highly sensitive to the input 

information. Usually, number of input nodes are equal to the input parameters. 

Sometimes, an extra input node is considered for training purpose which serves 

as a bias node. The weight values associated with this node are bias values which 

change along with the network weights. Using bias node helps the network to 

learn the relationship fast. In this research, bias nodes are used for the input 

and hidden layers. 

2. Selection of output vector The selection of output layer nodes is apparently 

the most simple task in the development of any network. The number of out

put nodes are often automatically decided by the number of desired output 

parameters. 

3. Selection of threshold fimction The selection of threshold function for the neu

rons is most important because it affects the learning speed of the network. 

It depends mainly on the intended use of the network and method of learn

ing. Since the back propagation learning algorithm has been used to train feed 

forward network in this work, the sigmoidal nonlinear nodal function has been 

used. With the help of hard limiter fimction, the weights of the different connec

tion links cannot be made to learn. This is because, according to the learning 

rule for perceptron, only the active connections are strengthened. To over come 

this disadvantage, a fimction which is continuous and which closely follows the 

hard limiter is to be used. The sigmoidal fimction is a continuous one. More
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over, it goes from low to high for very small variation in input. The sigmoidal 

non linearity has been used in the present work because of the following reasons: 

(a) It represents the response fo the actual neuron very closely. 

(b) It has a very simple derivative which is useful in the development of the 

training algorithm. 

The sigmoidal function is given by 

/(») = 

The derivative of this function is 

f ( x )  

1 - f ( x )  

= r (1 ~ y) (6.4) 

This simple derivative facilitates quick calculations in the learning algorithm for 

the back propogating algorithm. The sigmoidal nodal function acts as automatic 

gain controller. The gain term for weight correction, which is proportional to 

the slope of the nodal fimction in back propagation, is automatically controlled. 

4. Configuration of hidden layers The selection of the number of hidden layers 

and the number of nodes in the hidden layers is the most challenging part 

in the total network development process. Unfortunately, there are no fixed 

guidelines available for this purpose and hence, it is required to be done by 

trial and error method. Although some investigators have tried to arrive at 

an approximate formula, still there is no reliable method available. It is proved 
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that with sufficient number of nodes, any functional relationship can be mapped 

using a network having single hidden layer. However, increase in number of 

hidden layers possibly improves the generalization capacity [43]. 

5. Presenting training pairs The training set is presented to the network till it 

leans the internal representation of a physical phenomenon from training pairs. 

Normally, it takes a long time for a successful training of networks using back 

propagation algorithm. In addition, to start with, the initial weights and the 

bias values are randomly choosen. This has a large impact on the training time. 

For a particular set of weights and bias values, the net may get paralysed i.e. it 

may stop learning altogether. This is caused due to the wdghts and bias values 

getting adjusted to a disproportionately large value. In such a case, learning 

process has to be restarted with a new set of weights and biases. 

6.4.2 Steps of Back Propagation 

The back propagation incorporates a learning algorithm called the "Generalized 

E)elta Rule" which is responsible for training of the net. The task in training is to de

termine a unique set of network weights that enables the network to map the desired 

output sets. Once the mapping is achieved, the network is said to be knowledge

able about all the training pairs. The training procedure can be summarized in the 

following steps: 

1. Let A be the number of neurons in the input layer, as determined by the length 

of the training input vectors. Let D be the number of neurons in the output 

layer. Now choose B and C, the number of neurons in the hidden layers. As 

shown in Figure 6.7, the input and hidden layers have an extra unit used for 

thresholding; therefore, the units in input and hidden layers are indexed by the 

ranges (0,..., A), (0,....,B) and (0,...,C). 
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2. Initialize all the weights of the network with random values between -0.1 and 

+0.1. 

wlij = roTMiom(—0.1,0.1) for all i = 0, ...A, j = 1, ...B 

w2ij = random(—0.1,0.1) for all i = 0, ...B, j = 1, ...C 

wSij = random{—0.1,0.1) for alli = 0,...C, j = 1,...D 

3. Initialize the activations of the bias units. The values of these bias units should 
never change. The weights associated with these units act as the bias values for 
each neuron and change along with other weights for the network. 

Xo = 1.0 

^lo = 1.0 

h2o = 1.0 

4. Present input - output pair. Suppose the input vector is z,- and the target 

output vector is y^. 

5. Propogate the activations from the units in the input layer to the units in the 
first hidden layer using the Eq. 6.1. 

^1, = for all j = 1, B (6.5) 
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6. Propogate the activations from the units in first hidden layer to the units in the 
second hidden layer. 

h2j = for all j = 1, C (6.6) 

7. Propogate the activations from the units in second hidden layer to the units in 
the output layer. 

+ /or<^0 = l. D (6.7) 

8. Compute the errors of the units in the output layer, denoted by S3j.  

SSj = Oj(l - Oj)(yj - Oj) for all j = 1,...., D (6.8) 

9. Compute the errors of the units in both the hidden layers, denoted by 62j,  and 
i5lj, respectively. 

D  

S2j = h2j( l  — h2j)  ̂  ̂3,- wZj i  for  a l l  j  = 1,...., C 
»=i 

C  

61j = hlj(l — hlj)^^62i w2ji for all j = 1,B 
i=l 

10. Modify the weights between all the layers as per the following equations. The 

learning rate is denoted by rj and the momentum rate is denoted by a. Both 

values are less than unity. 

(6.9) 

(6.10) 

Aw3j j (< + ! )  = >; S3j  h2i  +  aAw3i j { t )  
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for oiH = 0,C, j = 1,D (6-11) 

Aw2ij(t -\-l) — ri S2j hli + aAw2ij(t) 

for (dl i = 0,B, j = 1,C (6-12) 

Awlij{t + 1) = fy Slj Xi + aAwlij(t) 

for all i =  0 , A ,  j = 1,B (6.13) 

where ( t  + 1) denotes the current cycle or epoch. 

11. Go to step 4 and repeat. When all the input - output pairs are presented to 

the network, one epoch is complete. Steps 4 to 10 are repeated till the network 

output converges. 

6.4.3 Enhancing the Simulator 

The back propagation networks are capable of providing accurate approximations 

to any function that links the training pairs, provided a proper network topology is 

used. Despite its capabilities, back propagation algorithm suffers from some draw

backs that makes the development of ANN model a difficult tast that is neither 

straight forward, nor simple. The important drawbacks of back propagation algo

rithm are summerized as follows. 

1. Network Paralysis The network paralysis is caused by weights having very large 

values. During the training, if weights get adjusted to very large values, the 

neurons operate at very large values i.e. in the region of the sigmoidal fimction 

where its derivative is very small. As the weight changes are proportional to 

the derivative, the weight changes affected by the back propagation algorithm 

are negligible. Therefore, the network virtually stops learning. 
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2. Local Minima This is caused when the weight vector gets trapped in a local 

minima. Since the back propagation algorithm uses steepest descent method, it 

takes the weight vector downward on the error surface by adjusting the weights. 

If the error surface is fiill of hills and vall^, the weight vector may get trapped 

in a local minima that is nearest to the starting point. 

There are many variations of the al^rithm that try to alleviate the above two 

drawbacks of back propagation. You may need to shake the weights a little by some 

means to get out of local minima, and possibly arrive at a lower minima. For the 

paralysis which may attack the network weights, only solution is to initiate with new 

sets of weights. The following actions do help to overcome these difficulties to some 

extent. 

1. Adding the momentum term 

A simple change to the training law that sometimes results in much faster 

training is the addition of a momentum term of momentum factor. This term 

enables the network to overcome the local minima problem to some extent. 

Also, it helps in preventing the oscillations of the weight vector. The weight 

change expression according to back propagation algorithm, as expressed by 

equations (6.11), (6.12) and (6.13) is 

Awij{t + 1) = »7 S3j h2i 4- aAwij(t) (6-14) 

The second term in the above equation is known as momentum term. aAvJij{t) 

is the error or previous weight change. The value of a is less than 1. The 

use momentum term keeps the weight change process moving, and thereby not 

allowing the weight values to get stuck into local minima. 
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2. Adding bias during training 

Another approach to breaking out of local minima as well as to enhance gen

eralization ability is to introduce some BIAS in the inputs during training. A 

random number is added to each neuron of the hidden layers and output layer in 

the feed forward direction. These bias values change according to same weight 

change law after every epoch. 

The other possible methods to overcome the limitations of back propagation algo

rithm are adjusting the learning rate paramter, ri, revising the network configurations, 

etc. There are no particular laws to change or modify the above factors, however it 

is totally dependent on the individual to compare these values during training and 

change correspondingly. 

6.5 Development of Program for Training and Testing 

Based on the theory presented in the previous sections, a program BANNS (Biased 

Aritificial Neural Network Simulator) is developed in FORTRAN language using 

Microsoft Developer Studio. As FORTRAN is a flexible, structured and powerful 

programing language for number crunching operations, it is selected here to develop 

this program on an IBM PC computer. With the help of this program, any new 

problem can be trained and tested with either one hidden layer configuration or two 

hidden layers configuration. 

6.6 Determination of Interface Parameters Using Neural Net
works 

To predict the behavior of interfaces using Disturbed State Concept, parameters 

for the interacting material and the interface are required. Here in this research, 

soil is considered as the interacting material and steel or alluminum is considered as 
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the structural material as shown in Figure 6.8. Material parameters for interacting 

material are obtained from test results of triaxial tests. To evaluate the interfiace 

paramters, interfile test data is required. If no test data is available for the particular 

interface, it is not possible to predict the behavior of that particular interface under 

any type of loading. In this research, it is proposed to evaluate the DSC model 

paramters for Nevada sand-Aluminum interface using Neural Networks program as 

discussed in previous section. 

6.6.1 Selected Architecture and Input - Output Parameters 

A two hidden layer architecture of (12-50—50—12) and two training sets were used 

to train the network. Each training set comprised of material parameters for the soil 

as ideal input and parameters for the interface as ideal output. The first training set 

consists of Ottawa sand parameters [56] and Ottawa sand-Steel interface parameters 

[32]. The second set used in training the network consists of material parameters 

for Sabine clay [31] and Sabine clay-Steel interface [33]. A learing rate of 0.5 and 

momentum rate of 0.9 was used to train the network. Tables 6.1 shows the data used 

for training and the predictions using the final weight values after the network was 

trained. This trained network was used to predict nevada sand-alluminum interface 

parameters. Nevada sand parameters as discussed in Chapter 5 were used as the input 

values. Although steel was used as the base material for the two set of data, same 

network is used to predict interface parameters for nevada sand and aluminum. It 

is assumed that steel and alluminum behave in similar manner to create an interface 

with soils. The interface parameters predicted for Nevada Sand-Aluminum interface 

are as shown in Table 6.2. 
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FIGURE 6.8. Interface Idealization 
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Sabin Clay Sabin Clay - Steel Network Error 
Ideal Input Values Ideal Output Values Output (•/.) 

th. (m) 0.0014 0.0014 0.0643 
E (Mpa) 10.3500 4.3000 4.2913 0.2013 

V 0.3500 0.4200 0.4200 0.0066 
Y 0.0470 0.0770 0.0770 0.0019 
n 2.8000 2.6000 2.6001 0.0039 

hi l.OOE-04 0.0004 0.0004 0.2579 
h2 0.7800 2.9500 2.9506 0.0190 
X 0.1692 0.2980 0.2981 0.0173 

eoc 0.9033 1.3590 1.3556 0.2537 
mbar 0.0694 0.1230 0.1230 0.0006 

A 1.7300 0.8160 0.8161 0.0092 

Z 0.3092 0.4180 0.4180 0.0000 

Ottawa Sand Ottawa Sand - Steel Network Error 
Ideal Input Values Ideal Output Values Output (%) 

th. (m) 0.0120 0.0120 0.0185 
E (Mpa) 193.0000 20.5310 20.5330 0.0096 

V 0.3800 0.3840 0.3840 0.0125 
y 0.1230 0.2740 0.2740 0.0033 
n 2.4500 3.4000 3.4002 0.0070 

hi 8.45E-01 0.8250 0.8260 0.1225 

h2 0.0215 0.3180 0.3178 0.0484 
X 0.0200 0.0134 0.01335 0.3661 

eoc 0.6010 0.5800 0.5804 0.0620 
mbar 0.1500 0.3500 0.3500 0.0111 

A 4.2200 1.2390 1.2391 0.0064 
Z 0.4300 0.6400 0.6400 0.0053 

TABLE 6.1. TVaining Patterns and Network Output 
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Nevada Sand 
Input Values 

Nevada Sand - Aluminum 
Network Output 

th. (m) 0.011 
E (Mpa) 40.8488 14.5793 

V 0.3160 0.3840 
y 0.0675 0.2461 
n 4.1000 3.3506 

hi 0.1249 0.6202 
h2 0.0725 0.5722 
X 0.0200 0.0278 

eoc 0.7120 0.7914 
mbar 0.2200 0.3041 

A 5.0200 1.1948 
Z 0.4110 0.5954 

TABLE 6.2. Predicted Nevada Sand-Aluminum Interface Parameters 
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Chapter 7 

Simulation of Centrifuge Test and Instrumented Pile 

Test using DSC Model 

7.1 General 

Piles and pile foundations are one of the oldest types of foundation systems 

and have been in use since prehistoric times. Behavior of piles has been studied 

in depth based on available modeling and monitoring techniques. The response of 

pile foundations to earthquake loading is extremely complex. Studies on piles during 

earthquakes are difficult because earthquakes cannot be made to order. Therefore, 

recourse is made to alternate studies, e.g. on centrifuge models, instrumented pile 

tests, shake table tests. Development of improved analytical techniques, technological 

advances in monitoring instrumentation, better understanding of material behavior 

have increased the understanding of pile behavior. 

Several methods of analysis have been developed to predict the bearing capacity 

of piles under vertical loads, lateral deflection of piles, and response of piles under dy

namic loads. Most of the available analysis methods for pile-soil interaction problems 

are based on simplified idealization (one-dimensional), or are based on semi-empirical 

approaches. These simple methods do not provide information about the soil behavior 

and pore water development around the pile. For such complex analysis, numerical 

methods like finite element techniques have been applied. Finite element methods 

are usually applicable to any soil-structure interaction problem including realistic 

material behavior representation, complex loading and coupled soil-fluid interaction. 

Constitutive models for interfaces and soils are important in the finite element method 

to predict the pile and soil behavior under any type of loading conditions. 

This chapter deals with the simulation of a centrifuge test and an instrumented 
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pile test. Behavior of saturated interfaces has been studied using Disturbed State 

Concept model. Both boundary value problems are simulated using a finite element 

program, DSC-DYN2D, in which, Desai and coworkers have implemented the DSC 

model. Details of the program are presented in seperate User's Manual [57] 

7.2 Centrifuge Test 

Predicting the behavior of pile foundations in liquefiable sands under earthquake 

loading is a complex problem involving consideration of pile-soil interaction, design 

motions, free-field site response, and superstructure response. Evaluating pile foun

dation behavior requires consideration of the loads imposed on the piles, transient or 

permanent deformations of the foundation, and the influence of the pile foundation 

on the dynamic response of the superstructure. To understand such complex problem 

and verify a design or analysis procedure, comparisions with full scale field data is 

undoubtedly the most reliable means. Difficulties with full-scale data are their cost 

and non repeatability. Model tests provide the luxury of repeatability. Changes in 

structure dimensions, soil profiles, and earthquake motion characteristics have a sig

nificant impact on response which cannot be adequately assessed by analysis of a few 

full-scale tests. 

Centrifuge studies of the seismic behavior of pile foundations in liquefiable sands 

are needed as a means for understanding the fundamental mechanisms of soil-pile 

structure interaction, for development of improved design procedures. Testing models 

on centrifuge account for the stress dependen<7, improving the similarity between 

model and prototype [61]. The centrifuge model is scaled to the prototype by an 

arbitrary factor N in both horizontal and vertical directions. Then the scale factor 

for gravity is N. That is, gravity is N times larger in the model than in the prototype. 

If a model is made 30 times smaller than the prototype (i.e., N = 30), and it is tested 

in a gravity field that is 30 times greater than earth's gravity, the stresses due to 
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gravity loading in the model would be identical to that in the prototype. It is not 

possible to produce a large gravitational field but a centriiuge can be used to produce 

a large acceleration field. The inertia forces produced by spinning a model around an 

axis are similar to the gravitational forces that develop in a large prototype. Other 

advantages of centrifuge test studies is the ability to obtain detailed measurements 

of responses. 

The National Geotechnical Centrifuge at UC Davis has a radius of 9.0 m and 

is equipped with a large shaking table driven by servo-hydraulic actuators. The 

centrifuge has a maximum model mass of about 2500 kg, an availalble bucket area 

of 4.0 vr?, and a maximum centrifugal acceleration of 50 g . Earthquake motions are 

produced by two pair of servo-hydraulic actuators. Details of the centrifuge and the 

earthquake simulator can be found in [62] and [63], respectively. 

Five containers of soil-structure systems were tested on the centrifuge. All tests 

were performed at a centrifugal acceleration of 30 g. details for each centrifuge 

test can be found in [64], [65], [66], [67], and [68]. In this study, earthquake event 

J in model 3, [59], referred to as Csp3, has been simulated. The soil profile in this 

container consisted of two horizontal soil layers. The lower 11.4 m thick layer was 

dense Nevada sand {Dr — 80%). The upper 9.0 m layer was medium-dense Nevada 

sand {Dr = 55%). Detailed drawings for the structure and highly instrumented single 

pile system used for this test are given in [66] and is shown in Figure 7.1. Foundation 

models included single pile foundations, four-pile group, and a nine-pile group. The 

super structure mass was typically about 500 kN per each supporting pile; i.e., 500 kN 

for a single pile supported structure and 2000 kN for a four-pile supported structure. 

The pile for single pile foundation was a model of a prototype steel pipe pile of 0.67 

ra in diameter, 20.6 m long, with a 72 mm wall thickness. The depth of embedment 

was 16.8 m. The container base was subjected to a series of shaking events. For this 

research, event J (Kobe event) in terms of base acceleration is simulated. The base 

acceleration is as shown in Figure 7.2. 
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7.2.1 Finite Element Simulation of Centrifuge Test 

A centrifuge test with a single Aluminum pile in Nevada sand is simulated using 
finite element program based of Disturbed State G>ncept model. Here, Nevada sand 
and Aluminum-Nevada sand interface are modeled using Disturbed State Concept 
model. Structure in prototype dimensions is considered for analysis as the results 
of centrifuge test are for prototype dimensions. Plane strain idealization is used to 
simulate the test. The finite element mesh consists of 302, 4-noded elements and 
342 nodes as shown in Figure 7.3. For the boundary conditions, boundary BC is 
restrained in y-direction and is firee in x-direction. Boundaries AB and CD are free 
in both X and y directions. Detailed mesh around the pile is as shown in Figure 7.4. 
Initial insitu stresses and pore pressures at center of all elements are calculated using 
the following expressions 

(̂ v = lsh (7.1) 

= Kq A'v (7.2) 

p = yuih (7.3) 

where and are effective vertical and horizontal stresses at a point at detph h 

below the surface, respectively, y, is the submerged unit weight of soil, 7w is the unit 

weight of water, p is the initial pore water pressure and Kq is the coefficient of earth 

pressure at rest. 

Two independent finite element analyses, without interface and with interface, are 

carried to demonstrate the effect of interface on pore pressure developement under 

earthquakes. Interface parameters, as defined in Chapter 6 are used for inner elements 
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in contact with the pile. The aluminum pile has an embedment depth of 16.8 m and 

linear elastic properties are used for pile elements. The rest are Nevada sand elements 

whose material parameters are as obtained in Chapter 5. 

7.2.2 Results 

Pore pressure development versus time from finite element analyses, and the 

experimental results are as shown in Figures 7.5 to 7.10. The predicted pore pressure 

in different elements are comparable with the experimental results but the cyclic 

variation of pore pressure is not in good agreement. The increasing trend of pore 

pressures is comparable. Element 139 being the interface element in case of analysis 

with interface, the difference in pore pressure development is considerable. Effect of 

interface on pore pressure development is more near the pile. Table 7.1 compares 

the time when disturbance value reaches critical disturbance Dc with the time when 

excess pore pressure equals initial effective pressure for typical elements. The time 

instances when liquefaction occurs as defined by critical disturbance are comparable 

to those when excess pore pressures equals intial effective pressure. Figures 7.11 to 

7.13 show the disturbance, D, versus time for both the analyses, with and without 

interface. It is observed that disturbance in all elements in case of analysis with 

interface is greater as compared to the analysis where in no interface was considered. 

Soil elements 126,128 and 130 which are adjacent to interface elements 139,141 

and 143, are chosen to compare the disturbance as shown in Figures 7.14, 7.15 and 

Figure 7.16. It was observed that liquefaction based on critical disturbance occured 

earlier in the interface elements than in the adjacent elements. 
Figures 7.17 shows the progress of liquefaction in the soil mass with time as defined 

by critical disturbance. The ratios iZi and are defined as below where V' is the 
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Element Uw - a\ D- De 

143 1.74 Seconds 1.23 Seconds 

130 1.83 Seconds 1.29 Seconds 

104 2.SS Seconds 1.92 Seconds 

78 3.36 Seconds 2.67 Seconds 

52 3.81 Seconds 2.94 Seconds 

26 9.03 Seconds 8.22 Seconds 

TABLE 7.1. Liquefaction Time Comparision 
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liquified volume, V is the total soil volume and V is the pile volume. 

(7.4) 

(7.5) 

Figures 7.18 to 7.22 show the disturbance contours at typical time steps using a 

post processor program, Prep. These figures present the growth of disturbance firom 

interface to the soil. The rate of growth of disturbance is faster at top and near the 

pile than in other areas. When disturbance is greater than 0.86, material can be 

assumed to be liquefied. These figures show that DSC model is capable of modeling 

liquefaction. 
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7.3 Instrumented Pile Test 

A model pile test on pile segment, was conducted by The Earth Technology 

Corporation [69] under a joint research project with The University of Arizona [15], 

The Earth Technology Corporation had performed field tests at Sabine, Texas, with 

instrumented steel pile segments of diameter 3.00 inches (7.62 cm). Figure 7.23 

shows a schematic of the loading system and pile segment in saturated sabine clay. 

The simulation of axially loaded pile is modified, as explained below, in order to 

characterize the behavior of interface between concrete pile and saturated sand by 

using finite element program based on DSC model. It is assumed that the foundation 

soil is made of fully saturated Ottawa sand with Dr=60 % and the pile is made of 

concrete. Other than the materials, the dimensions of pile segment and soil around 

the pile used for finite element analysis are same as the original test program. 

7.3.1 Finite Element Mesh 

Geometric conditions the around pile segment and the applied cyclic displacement can 

allow the use of axisymmetric finite element analysis. The zone for the finite element 

mesh in Figure 7.24, with a dimension of 3.2m radius and 24m height, is discretized 

into finite element mesh as shown in Figure 7.25. The finite element mesh consists of 

total of 192 elements and 225 nodes. Four node isoparametric elements are used for 

soil and interface elements. Eight elements are used for interface zone. Notice that 

the interface elements are located within soil zone having a thickness equal to 12 mm 

and interface parameters as shown in Figure 7.26 

7.3.2 Boundary Conditions and Loading 

Displacement of a sinusoidal form [Z = zSin{2nft)] with amplitude (z) of 0.01m 

and firequency of 0.5Hz is applied to the pile segment as shown in Figure 7.26. The 

applied displacement on the pile segment is described as prescribed displacement at 
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the nodes between the soil and pile segment. In this analysis, movement of pile 

segment is assumed as a rigid body motion. Therefore, applied pile displacement 

need not to be analyzed. FVom the observation, the soil anchor rests in the soil, and 

its displacement is not equals to the displacement of the pile segment as the coupling 

between soil anchor and pile segment does not permit the movement of pile segment 

to soil anchor. Therefore, the nodal displacements around soil anchor are assumed as 

unknown like nodal displacements of soil elements [70]. 

For the boundary conditions, the left and right vertical sides of the boundary of 

the mesh are restrained in the r-direction and are free in the z-direction. The bottom 

boundary is restrained in the z-direction, but fiw in the r-direction, and the top 

boundary is free in both directions, r and z. 

Two cases, with interface and without interface, are studied in order to demon

strate the effect of interface on pore pressure development.The foundation soil is 

assumed as medium dense (Dr = 60%) Ottawa Sand. DSC model parameters for 

Ottawa sand found by Park [56] are used here to simulate sand behavior. Interface 

parameters, as found in chapter 4 are used to define the behavior of Ottawa Sand-

Concrete interface. Both sets of parameters employed for simulation of the axially 

loaded pile are presented in Table 7.2. The finite element mesh, loading and bound

ary conditions, and constitutive parameters as explained above are utilized for the 

dynamic finite element analysis of the pile segment. The sinusoidal type displacement 

with amplitude 0.01m and frequency is applied to the pile segment, and the analysis 

is carried out for lOcycles with time step for a total 200 time steps. 

7.3.3 Results 

Comparison of results of finite element analysis for both the cases are presented in 

this section. Nodes 136 and 137 are chosen to compare the displacements around pile 

segment. Element 121 is selected to compare the pore water pressure and disturbance. 



259 

PARAMETERS 

OTTAWA SAND 

CONCRETE 

INTERFACE 

OTTAWA SAND 

E 3183.0 kPa 193000 kPa 

V 0.42 0.380 

Y 0.109 0.123 

n 3.12 2.45 

hi 0.289 0.8450 

h2 0.470 0.0215 

m 0.22 0.15 

X 0.0131 0.02 

< 0.598 0.601 

Du 0.99 0.99 

Z 0.665 0.43 

A 0.595 4.22 

TABLE 7.2. Parameters for Simulation of Axially Loaded Pile 
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Element 121 becomes interface element when interface is considered for analysis. 

Figure 7.27 shows the displacement in z direction at nodes 136 and 137 for the 

case where in no interface was considered. The structure and soU are considered 

to be glued together. As no interface was used in this analysis, the difference in 

diplacements at this two nodes is very small. Figure 7.28 shows the displacement in z 

direction at same nodes for the case where in interface was considered. The difference 

of displacements in this case is greater compared to that from without interface case. 

This is because element 121 is considered as interface element which allows for relative 

displacement between soil and interface. 

Figure 7.29 compares the pore water pressure development in element 121 for both 

the cases. Based on conventional method, liquefaction is said to have occured when 

excess pore pressure equals initial effective stress. It is to be noted that in case of 

analysis where in interface was considered, liquefaction occurs at 1.1 seconds when 

excess pore pressure equals the initial confining stress of 164.5 kPa. For the case 

where no interface was considered, liquefaction occured at about 3.75 seconds. This 

is due to the fact that interface being a weaker material compared to the soil, allows 

for relative displacement leading to instabilities in the microstructure of the material, 

leading to early liquefaction. 

Figure 7.30 compares disturbance in element 121. In case of analysis where inter

face was considered, critical disturbance value of 0.76 occurs at 0.9 seconds. For the 

analysis where no interface was considered, the critical disturbance value of 0.84 [56] 

occurs at about 3 seconds. The times of initial liquefaction based on conventional 

method and critical disturbance are close and comparable. 

Figures 7.31 to 7.34 show the disturbance contours at different time steps near 

the pile segment. These figures show that the rate of growth of disturbance firom the 

interface to the surrounding soil. It is observed that growth of disturbance is faster 

near the interface than in other areas. 
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Chapter 8 

Summary and Conclusions 

8.1 Summary 

The Disturbed State Concept model for saturated interfaces has been developed 

in this study. The model is verified back predicting interface tests for Ottawa 

sand-Concrete and triaxial tests for Nevada Sand. Centrifuge test and instrumented 

pile test have been simulated using a finite element program based on the model. In 

all, the following new contributions are made in this research. 

1. The Disturbed State Concept constitutive model is used to model the behavior 

of saturated Ottawa sand-Concrete interface and saturated Nevada sand. 

2. Laboratory tests on saturated Ottawa sand-Concrete interface have been sim

ulated using a finite element program DSC-DYN2D based on Disturbed State 

Concept model and the results are compared with the experimental tests. The 

parameters are obtained using data of interface tests which were conducted us

ing CYMDOF-P shear device. Procedures for finding parameters from interface 

test data are discussed in detail. 

3. Disturbed State Concept model parameters for saturated Nevada sand have 

been obtained using triaxial test data. Procedures for determining DSC model 

parameters for saturated Nevada sand have been developed. The triaxial tests 

have been simulated using DSC-DYN2D and the model is verified by comparing 

with the experimental results. 

4. The Disturbed State Concept model is verified by back predicting an interface 

test and a triaxial test that were not used to find the parameters. 
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5. A Biased Artificial Neural Network program based on back propagation algo

rithm has been developed to find saturated Nevada sand-Aluminum interface 

paramters firom available saturated Ottawa sand-Steel interface paramters and 

saturated Sabine clay-Steel interface parameters. 

6. Centrifuge test with saturated Nevada sand and single Aluminum pile was nu

merically simulated using the finite element program DSC-DYN2D Pore pres

sure development at the interface and away from the interface is compared with 

the experimental results. 

7. An axially loaded pile involving interface is simulated using DSC-DYN2D pro

gram and liquefaction occurance is predicted based on critical disturbance Dg. 

8.2 Conclusions 

The Disturbed State Concept model, with HiSS model for the intact state and 

critical state as the fully adjusted state is a powerful and realistic constitutive model 

for modeling interface behavior. The applicability of this model to problems involv

ing soil-structure interaction has been successfully demonstrated by back predicting 

laboratory tests, as well as by simulating a centrifuge test and an axially loaded pile. 

It is shown that the model can be used to solve complex problems involving dynamic 

loading, nonlinear material behavior and saturated conditions. It is also shown that 

artificial neural networks can be used to obtain material parameters for the model 

firom available sets of parameters for difiierent materials. 

8.3 Recommendations for Future Research 

The following topics are recommended for future research: 

1. Additional sets of laboratory tests with different relative densities, amplitude 

of loading, roughnesses, and soil types for further validation of DSC model. 
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2. The DSC model being a powerful and realistic constitutive model, should be 

implemented in a 3D finite element code which ¥rill help to solve large and more 

complex problems. 

3. A generalized artificial neural network should be developed with the help of 

available material parameters of all the materials investigated so far. This would 

help obtaining parameters of a material for which no test data is available. 



Appendix A 

A.l Definitions of Invariants of Stress Tensor 

First invariant of stress 

J\ — <Tii — Oil •¥ O'a + = <Jxx + + <*** 

Deviatoric Stress 5^-: 

Sij — (Tij — — Sij 

Second invariant of deviatoric stress 3^: 

J^D — 2 ^*3 ^*j 

— 2 + 1̂2 + + 3̂1 

Since 

= 1̂1 ~ 2522533 

J2D = "S îi — 2S22S33 + 

= — 0^22)^ + (<^72 — <^33)̂  + (<^^33 — <*^11)'] + <^12 + <'23 + 
D 

For two dimensional problems: ^23 = Sn = 0, then 

J2D — Sli — S22S33 + 

Third invariant of deviatoric stress 5i,-: 

JzD — 2 Sij Sjit Su 



Now 
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= + Si, + SI3) + 25I2SM53I + Sn (S^ + Sfa) (A.7) 

+S22 (^21 + 52j) + S33 (Sji + S^) 

2 ("^11 ^M) ~ 

•/sD = 811822833 + 2812823831 — — 5^5ii — SI1822 (A-8) 

For two dimensional problems: 823 = = 0, then 

J3D = 811822833 — 8)̂ 2^33 — 333(811822 — S12) (A-9) 
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