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ABSTRACT 

The Disturbed State Concepts (DSC) model, with simplified unloading/ 

reloading formulation, is implemented in a nonlinear dynamic finite element 

program for porous media named DSC-DYN2D. It can perform static, two 

phase dynamic and consolidation analysis of soils and soil-structure interaction 

problems with the DSC model. The model and the computer procedure are 

verified by back predictions of laboratory tests of clay, steel-clay interfaces as 

well as a simulation of pile-soil interaction problem. 

The Disturbed State Concepts have been developed recently as a 

constitutive modeling approach. In the DSC, the material is assumed to 

transform continuously and randomly from the relatively intact state to the 

fully adjusted state under loading. Hence, the observed response of the 

material is expressed in terms of the response of relatively intact and fully 

adjusted states. 

In this dissertation, the Disturbed State Concept constitutive model is 

developed by using the HiSS model for the relative intact part and the critical 

state model for the fully adjusted part in the material. The general formulation 

for implementation is developed. New and simplified unloading/reloading 

schemes are proposed for cyclic loading. Then the DSC model with the 

unloading/reloading scheme are implemented in the dynamic finite element 

program based on the generalized Biot's theory. 
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The procedure for determining the parameters of the DSC model and 

the unloading/reloading is discussed. The parameters for the steel-cIay 

interface are found from the tests and used for the prediction of the tests. 

Consolidation and cyclic loading tests from the field load tests on a pile 

segment were numerically simulated using the finite element program 

DSC-DYN2D and compared with field measurements and those from the 

previous analysis with the HiSS model. The DSC predictions show improved 

agreement with the field behavior of the pile compared to those from the HiSS 

model. The unloading/reloading models proposed in the study are simple yet 

give the realistic prediction of unloading and reloading behavior of the 

geomaterials under cyclic loading. 

Overall, the computer procedure with the DSC allows improved and 

realistic simulation of the complex dynamic soil-structure interaction 

problems. 
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CHAPTER 1 

INTRODUCTION 

1.1 State of the Problem 

Geologic materials such as soils and rocks are studied extensively due 

to their important roles in the behavior of structures like buildings, roads, 

bridges, dams, tunnels and underground power stations, which are built on or 

inside of them. Safe and economical designs of these structures require a 

good understanding of the behavior of the geologic materials under different 

loading conditions. 

Traditional approach to these geotechnical engineering problems is 

more geared towards empirical design techniques. These methods are based 

on years of experience with particular materials and types of loading, and valid 

for limited conditions. However, these empirical methods may not perform 

well with complex or new materials and complicated loading conditions. 

Numerical methods such as Finite Element Method (FEM) are often employed. 

Essential for realistic prediction of the behavior of geotechnical 

structures using numerical methods is an appropriate constitutive law 

governing the stress-strain behavior of geomaterials under different loading 

conditions. Much effort has been given to the subject of constitutive laws of 

geomaterials due to their importance and complexity. Besides the elasticity 
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constitutive laws, many plasticity and damage based constitutive models have 

been developed, e.g. those based on von Mises, Drucker-Prager and critical 

state criteria, the Hierarchical Single Surface (HiSS) plasticity model, the 

classical continuum damage model and the Disturbed State Concept (DSC). 

The Disturbed State Concept (DSC) (Desai, 1992) has been developed 

recently as a constitutive modeling approach. It has been successfully verified 

repeatedly to test data for interfaces (Ma, 1990; Desai and Ma, 1992), 

undrained clay (Katti and Desai, 1991, 1995) and cohesionless soils (Armaleh, 

1990; Armaleh and Desai, 1994), and a saturated clay-steel interface (Rigby, 

1996; Rigby and Desai, 1996). Chia and Desai (Chia, 1994; Desai et al, 1997) 

developed a thermoplastic model based on the DSC to capture the behavior of 

chip-substrate systems in electronic packaging in semiconductor devices. A 

finite element (FE) procedure based on this DSC model was developed by 

Basaran and Desai (Basaran, 1994; Basaran et al 1995) to simulate the 

response of the chip-substrate systems under cyclic thermal loading. 

This thesis is intended to develop the DSC modeling approach to study 

the behavior of geomaterials under cyclic loading and to develop a finite 

element procedure to solve geotechnical engineering problems (dry or 

saturated) under static or dynamic loading conditions. 
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1.2 Scope of Work 

The objective of the present study is to develop a finite element method 

program with the DSC constitutive law and use it to study the behavior of the 

saturated clay and clay-steel interfaces under dynamic loading conditions. The 

program enables the use of the DSC model to simulate and understand 

behavior of geomaterials and interfaces. The following is the scope of this 

research: 

a. To develop the DSC model formulation for the finite element 

procedure for analysis of the drained and undrained cyclic behavior of 

geomaterials and interfaces. 

b. To implement the DSC models into a nonlinear, dynamic and 

two-phase (water/soil) finite element code. 

c. To develop an unloading/reloading procedure to simulate the 

unloading/reloading behavior of soils during cyclic loading. 

d. To verify the DSC model and the unloading/reloading procedure 

from results of different laboratory tests. 

e. To predict the behavior of the interface between clay and steel in 

saturated state under cyclic loading and verify the prediction with the 

results of laboratory tests. 

f. To predict the behavior of the pile-soil interaction under dynamic 

loading conditions and compare it with data ft-om a field pile load test. 
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1.3 Summary of Chapters 

Chapter 2 reviews the various constitutive models developed for soils, 

from the von Mises, Mohr Coulomb, to HiSS models as well as DSC models. 

The constitutive relations of porous media in saturated conditions and 

the theory of dynamic analysis are discussed in Chapter 3. The incremental 

form of nonlinear constitutive equations of porous material are presented 

where the stress and the pore pressure are expressed in terms of strains and 

volume changes of water if the effective stress constitutive relations are 

known. Based on the total stress equations, the dynamic equations are given 

for the finite element analysis of dynamic and consolidation problems. 

The Disturbed State Concept model is developed in Chapter 4. It 

includes details of the constitutive relations of the relative intact state, fully 

adjusted state and the average stress-strain relation based on these two states 

of the materials. The unloading and reloading schemes, including the method 

to determine the unloading and reloading parameters, are proposed in this 

study and presented in this Chapter. 

Chapter 5 discusses the implementation of the DSC model developed in 

this study into a finite element program. It includes the principles of finite 

element method, a nonlinear iteration scheme, computational algorithms, as 

well as drift correction for virgin loading of the relative intact state. 
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The laboratory tests of saturated steel-clay interfaces are simulated in 

Chapter 6. The procedure for determination of parameters for the DSC model 

are discussed and the parameters of the steel-clay interfaces are found. 

In Chapter 7, the proposed DSC model and the developed program are 

used to simulate the field tests of instrumented piles. The results are 

compared against the field measurements of instrumented pile and the results 

from previous HiSS model. 

Chapter 8 is the last chapter which gives the summary and conclusions 

of this study. 
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CHAPTER 2 

REVIEW OF CONSTITUTIVE LAWS 

The response of different materials under external excitations are varied 

due to the differences in the internal constitution of materials. Those material 

behaviors under external excitations are described by mathematical models — 

constitutive models or constitutive laws. Many types of constitutive laws have 

been developed up to now. A few popular constitutive models for the 

geomaterials are reviewed in this chapter. 

The constitutive laws are defined in terms of stress and strain. Stress is 

the traction per unit area, while strain is defined as deformation over original 

length. Both stress and strain are tensors. In this study, strain is defined as 

so called engineering strain based on small deformations. 

2.1 Elastic Constitutive Models. 

A material is ideally elastic if it recovers its original form completely 

upon removal of forces causing the deformation and there is one-to-one 

relation between stress and strain. For a linear elastic material, the 

constitutive law can be written as 

Gij = CijU^U (2.1) 
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where a,y is stress tensor, E/y strain tensor, and Ciju is 4th order symmetric 

tensor. Both stress tensor a,y and strain tensor e,y are symmetric. So for 

isotropic materials, Eq. (2.1) can be expressed as (Malvern, 1969) 

C,yju = X5iy6iU+H(5a5;7 + daSjt) (2.2) 

where X and p. are Lame's constants, and Sjj is the Kronecker delta which is 

defined as 

5,y =1 if I =y and 5,y = 0 i f  i ^ j  (2.3) 

Equation (2.2) is the simplest form of constitutive laws. It is also used as the 

basis of most plasticity constitutive models. 

No material is ideally elastic. But many materials exhibit this behavior 

if deformations are small. The elastic constitutive law is still used widely in 

engineering due to its simplicity. 

To accommodate the nonlinear behavior of geomaterials, many types of 

nonlinear elastic constitutive laws have been developed. Among them are (a) 

hyperelastic, (b) hypoelastic and (c) variable moduli models (see Desai and 

Siriwardane, 1984). 

2.2 Perfect Plasticity Models 

Materials, especially geomaterials, do not recover their original form 

completely upon removal of forces causing the deformation. The irrecoverable 
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deformation in the form of strain is called the plastic strain and the 

recoverable part of the strain is called the elastic strain e'j. 

It is observed that when stress reaches a certain level, significant plastic 

strains occur and this stress level is called yield stress or strength. Based on 

this observation early attempts assume that before the stress reaches a certain 

state (yield strength), the material is elastic (plastic strain diE^ = 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 indefinitely (de' =0, ^0). The total strain in the incremental 

form is decomposed as 

dE'ij = d£l + dBl- (2.4) 

These models are called perfectly plastic models. Among them are the 

Tresca, von Mises, Drucker-Prager and Mohr-Coulomb models. Schematics of 

stress-strain curves predicted in these models are shown in Fig, 2.1. The 

Tresca criterion assumes that the material yields when the maximum shear 

stress on any face reaches a limit of where is the yield strength in 

a uniaxial (tension or compression) test. The von Mises criterion assumes that 

materials yield when the shear stress in the octahedral face, t^, reaches a 

critical value. In both cases, the yield stress is independent of the hydrostatic 



Yield Stress (Strength) c/) (/) 

Plastic Strain Elastic Strai^j 

Shear Strain 

Figure 2,1 Schematic Diagram of Stress-Strain Curve for Perfect Plasticity 
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stress ^ (where 7, = first invariant of stress tensor = ay). Figure 2,2 shows 

the yield surfaces in these two models, where J^d is the second invariant of 

deviatoric stress tensor Sij = (Stj-^Ctk5ij. In the octahedral plane, the Tresca 

surface is a hexagon and von Mises surface is a circle. 

For frictional materials such as rocks, soils and concrete, the yield 

strength increases with the hydrostatic stress The Mohr-Coulomb 

criterion assumes that the yield shear stress is determined by cohesion and 

normal stress as 

X = c+a„ tan((j)) (2.5) 

where x is the yield shear stress on a plane, c is cohesion, a„ is normal stress 

acting on the given plane and ({) is the angle of friction. The yield surface of 

the Mohr-Coulomb criterion is shown in Fig. 2.3. The Drucker-Prager 

(Drucker and Prager, 1952) criterion 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 - ̂Jtd plane. Fig. 2.3a, and different on the octahedral plane. Fig. 2.3b. 
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2D 

Tresca and von Mises 

Jx 

a). Jy - plane 

von Mises 

Uniaxial tension 

Pure shear 

Tresca 

b) Octahedral plane 

Figure 2.2 Shapes of Yield Surfaces for von Mises and Tresca Models 
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Drucker-Prager and Mohr-Coulomb 

a). J\ - plane 

(Tl 

Drucker-Prager 

Mohr-Coulomb 

b) Octahedral Plane 

Rgure 2.3 Shapes of Yield Sur^ces for Drucker-Prager and Mohr-Coulomb 
Models 



31 

2.3 Hardening Plasticity Models 

Experimental observations indicate that most materials show an increase 

in yield strength with increasing plastic strain or plastic work when deformed 

plastically. This behavior of materials is termed as hardening. Many 

hardening laws have been developed to capture the nature. They are basically 

based on three types: 

1) Isotropic hardening, 

2) Kinematic hardening, 

3) Anisotropic hardening. 

The isotropic hardening rule assumes a uniform (isotropic) expansion of 

yield surface without change in shape in the stress space with plastic strain or 

plastic work increasing. The yield surface is fixed if there is no plastic strain 

as in unloading. Elastic behavior ensues from unloading and reloading until 

the stress state reaches the yield surface again. 

On the other hand, kinematic hardening rule assumes that the yield 

surface translates in the stress space while the shape and size of the yield 

surface are fixed. Kinematic hardening was introduced by Ishlinski (1954) and 

Prager (1956) and improved by many researchers (Hodge, 1957; Shield and 

Ziegler; 1958, Boltov and Sawczuk, 1965). 

Anisotropic hardening rule combines the isotropic hardening and 

kinematic hardening which allows change of size, shape and translation of the 
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yield surface (Dafalias and Popov, 1975, 1976, 1977; Mroz et al., 1978, 

1979). Recently hardening laws based on the Hierarchical Single Surface 

(HiSS) approach (below) have been proposed (Somasundaram, 1986; 

Somasundaram and Desai, 1988; Wathugala, 1990; Wathugala and Desai 1993, 

Desai et al 1993). 

2.4 Continuous Yielding Plasticity Models 

Geologic materials exhibit nonlinear behavior from the beginning of the 

deformation process and a distinct yield point can not 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 (Roscoe et al., 1958; Roscoe and Poorooshasb, 1963; 

Schofield and Wroth, 1968) simulate the soil behavior which, under shear, 

passes through progressive states of yielding before approaching "failure" at a 

critical void ratio. This model is able to explain consolidation, drained and 

undrained behavior. 

Other continuous yield models that are conceptually similar to the 

critical state models include Cap models (DiMaggio and Sandler, 1971, 

Sandler et al., 1976, Sandler and Baron, 1979), the HiSS model (Desai and 

Faruque, 1984; Desai, et al. 1986; Wahugala and Desai 1990) and Bounding 

Surface models (Dafalias and Popov, 1975; Kreig, 1975; Zienkiewicz et al.. 
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1985; Dafalias and Herrmann, 1986; Banerjee and Yousif, 1986, Anandarajah 

and Dafalias, 1986). 

2.5 HiSS Models 

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

proposed by Desai (1980) and then formalized (Desai and Faruque, 1984; 

Desai et al., 1986). This modeling approach allows for progressive 

development of models of higher grades corresponding to different levels of 

complexities. This approach has been successfully used to model both solid, 

interfaces and joints (Desai et al, 1986, Wathugala and Desai 1990; Ma, 1990; 

Desai and Ma, 1992; Desai, 1994, 1995). 

The basic form in the HiSS family is the 5^ model. The single yield 

surface function F in a non-dimensional form is given by 

Pa 

Jtd (2.6) 2 

where 

(2.7) 

F, = (l-p5r)'" (2.8) 

, _ V27 J JO 
' 2 -J 2D 

(2.9) 
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where is the first invariant of stress tensor. Jjj,, Jju are the second and third 

invariants of the deviatoric stress tensor Gy, y, P, m, n, J,. (=3R) are material 

parameters, p, is the atmospheric pressure having the units of stress, a is the 

hardening function given by 

a = ?D) (2.10) 

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

^ = (2.11) 

^o^jidE^jdEljV- (2.12) 

= (2.13) 

and 

= (2.14) 

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

«=|ir (215) 

where aj and T|, are material parameters. Other forms of hardening functions 

are proposed by Hashmi (1987), Wathugala and Desai (1993), Toth and Desai 

(1994), Desai and Toth (1996). 
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describes the shape of the yield surface in the /i - JJtd space. 

Figure 2.4a shows the shape of F^ with different a, which becomes smaller as 

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

surface in the octahedral plane as shown in Fig. 2.4b, which reflects the 

difference in strength between an extension test and a compression test. 

Based on the basic model, 6(,, several models in the HiSS family were 

proposed to simulate other complicated behaviors of soils (Desai et al, 1986). 

Among them, 5i uses a nonassociative flow rule, which was used to model 

some sands which show lower shear dilation than that predicted by Sg. 83 is 

anisotropic hardening model, and uses the same family of single surface yield 

surfaces to define virgin yielding and the ultimate behavior as in the other 

hierarchical models. It can predict plastic strain during non-virgin loading and 

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

Other models in this HiSS Family are Si^^for damage, and 5;+^ for 

viscoplasticity (Chia and Desai, 1994, Desai et al 1997). 

2.6 Disturbed State Concept 

The idea for this theory was introduced by Desai (1974) to 

characteristic the behavior of an over consolidated clay exhibiting softening 

behavior. Fig. 2.5. The response of the soil is decomposed into two parts. 

One associated with the behavior of normally consolidated clay, curve 1, and 
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Shapes of Yield Sur^ces for HiSS Model 
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Curve 1+ 
Curve 2 • 

Curve 1 

Curve 2 

£ 

Figure 2.5 Observed Stress-Strain Behavior as Composed of 
Behaviors of Normally Consolidated Soil and of 
Part Causing Overconsolidation, After E)esai [1974] 
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another one associated with over consolidation behavior. This idea was later 

developed as the Disturbed State Concept (DSC) (Desai, 1992, Desai, 1995) 

used to model different geomaterials. The philosophy behind this concept is 

"When a material is subjected to external excitation or loading, microstructure 

changes take place inside the material. Initially, the material is for the most 

part in the relative intact (RI) state. As the external disturbances increase, the 

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

conscious self adjustment, to the fully adjusted (FA) or critical state" (Desai, 

1992). Hence the material is composed of randomly distributed clusters of the 

material in the intact (RI) and fully adjusted (FA) states. The disturbance or 

self-adjustment may be caused by anisotropic dislocation, micro cracking, 

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 reference state is a relative concept. The material in the RI state 

can be postulated as ideal elastic, perfect plastic or following any constitutive 

laws like that in the HiSS family. The fully adjusted state is usually postulated 

as the critical state, or other applicable models. An overview of possible 

combinations was given by Desai (1992), Fig. 2.6. A full account of the DSC 

model used in this research is presented in Chapter 4. 
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OPTIONS 

HIERARCHICAL VERSIONS 

DISTUBED STATE CONCEPT 

isotropic, hardening 
- Viscoplasticity 

- Thermoplasticity 

- Thermoviscoplasticity 

- LinearAidinear Elasticity 

INTACT STATE FULLY ADJUSTED STATE 

- Fully Failure: zero strenth 

- Zero shear strength but 
finite hydrostatic strength 

- Critical State: Constant volume 
deformation under shear and 
hydrostatic stresses reached up 
to the state 

- Linearornonlinearelasticity 
- Elasto-pIasticity-1: Classical 

plasticity (von Mises, Mohr Coulomb, 
Drucker-Prager, etc.) 

- Elasto-plasticity -2: Continuous plastic 
yielding or hardening 

* Above with disturbance including damage, 
fracture and softening 

* Above with fluid pressure 
* Above with cycles to failure provision 

- Elasto-viscoplastic version 
- Elasto-thermo plastic version 
- Elasto-thermoviscq)lastic version 

Rgure 2.6 A Variety of Versions of DSC Models G^sai, 1992) 
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Damage models (Kachanov, 1986, Frantziskonis and Desai, 1987), are 

often used for engineering materials. In that model, damage increases as the 

fracture develops. The damaged part can not carry any stress and acts like a 

'void'. Thus the damage model can be considered as a special case of the DSC 

model. 
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CHAPTER 3 

FINITE ELEMENT METHOD FOR POROUS MEDIA 

Soils and rocks are porous materials consisting of skeleton (formed by 

individual particles) and voids. When the voids are filled with water or any 

other fluid, the soil becomes a two phase system and its deformations are 

coupled. Under external excitation, the skeleton deforms partly due to 

deformation of individual particles and partly due to relative motions between 

particles. On the other hand, the pressure in the fluid (pore pressure) changes 

and the fluid flows from places with high excess pore pressure to where the 

excess pore pressure is low, and fluid volume changes with the changes of 

pore pressure. The factors which affect the coupled system are summarized as 

follows: 

1. Deformation of individual solid particles, 

2. Interparticle motions (sliding) and rearrangement, 

3. Deformation of pore fluids, 

4. Movement of pore fluids through pores. 

The governing equations of three-dimensional dynamic deformation of 

elastic porous media were developed by Biot (1941, 1956, 1962) by 

incorporating the above factors. Similar equations for the nonlinear behavior 
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of the soil skeleton were developed by Zienkiewicz (1981) and Zienkiewicz 

and Shiomi (1984). A finite element program based on this theory was 

developed by Galagoda and Desai (1986) and was modified by Wathugala and 

Desai (1990) to apply models in the HiSS family. In this dissertation the 

Disturbed State Concept model is implemented into the program. The 

equations are derived in the following section. 

3.1 Governing Equations for Porous Media 

The constitutive relations for porous media were derived by Biot (1941, 

1956) based on the assumption that there exists an elastic potential energy for 

the fluid-solid system. However, Zienkiewicz (1981) and Zienkiewicz and 

Shiomi (1984) derived similar equations in incremental form by physical 

reasoning described as follows. Thus they are also applicable to the nonlinear 

materials. 

3.1.1 Definition of Variables 

A typical element of solid skeleton containing two distinct phases of 

solid and fluid is shown in Fig. 3.1. The amount of pores in a solid skeleton is 

defined by the term porosity which denotes the relative volume of the pores 

to the total volume. As shown in Fig. 3.1b, the porosity n is defined as 
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a). Element of Solid Skeleton 

Vf n 

V, 1- n 

Huid 

Solid 

b). Porosity Diagram 

Figure 3.1 Definition of Porosity 



44 

where is the volume of pores which is equivalent to the volume of the fluid, 

V^; and V^is the volume of solids. 

The density, p, of the solid-fluid mixture can thus be obtained from Eq. 

(3.1) as 

where p, and Pf are the densities of solid and fluid, respectively. 

The deformations of the two phases are shown in Fig. 3.2. The 

displacements of the solid skeleton are denoted by u^ (/= 1,2,3) and the 

displacements of the fluid are denoted by C/,. (i=l,2,3) (Fig, 3.2a), where i 

denotes the three directions of the coordinate axes. The volume of fluid 

moving through an area of the skeleton normal to the ith direction, 

(z=l,2,3), can be obtained as 

where A, is the area normal to the zth direction, n is the porosity of the soil, 

i/, is the displacement of the fluid in the ith direction and M, is the displacement 

of the solid skeleton in the zth direction. Repeated i indices in Eq. (3.3) do 

not denote summation of i from 1 to 3. The displacements of the fluid relative 

to solid skeleton, averaged over the face of the solid skeleton, is given by 

p = (l-7i)p, + 7ip/ (3.2) 

Qi=Ain{Ui-Ui) (3.3) 

(3.4) 



a). Displacement of Different Phases 

b). Relative Displacement of Fluid 

Figure 3.2 Deformation of a Two Phase Element 
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Figure 3.2b illustrates the absolute displacement of solid {u.) and the 

relative displacement of fluid (w,.). u. and w. are used as primary unknowns in 

the dynamic finite element equations. It should be noted that the rate of w,. is 

used in the well-known Darcy's law to describe water flow through soils. 

The strains in the solid skeleton are defined as 

where £;j is the strain tensor and comma denotes differentiation with respect to 

a coordinate axis. 

The change of fluid volume in a unit volume of the skeleton, is 

obtained as 

where double i indices denote summation of i from 1 to 3. 

3.1.2 Constitutive Relation for Porous Materials 

Constitutive equations for elastic porous material were first derived by 

Biot (1941, 1956 and 1962) by assuming the existence of an elastic potential 

energy for the fluid-solid system. This assumption is valid for the linear 

elastic systems where the stress-strain behavior is reversible. However, 

Zienkiewicz (1981) and Zienkiewicz and Shiomi (1984) have derived similar 

^'7 ~ (3.5) 

C = wu (3.6) 
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equations in incremental form for nonlinear plasticity. The latter derivations 

are summarized below: 

The total stresses in incremental form, da^j can be divided into two 

parts as 

daij = do^j+dp5ij (3.7) 

where rfafy is the incremental effective stress (tension positive) and dp is pore 

pressure (tension positive). Similarly, the strains, de.j, can also be 

decomposed into two parts as 

dSij — (,d£ij)a^ (.d£ij)p (3.8) 

where ideij)^/ are the strains caused by the deformation of solid grains and the 

skeleton due to the effective stress da^j, and idEiP^ are the strains caused by 

the deformation of solid grains due to the pore pressure dp. 

For elasto-plastic materials, {dZij)cf is related to the effective stresses as 

dc'ij = Ci^{dEu)(^ (3.9) 

where is the elasto-plastic constitutive tensor for the soils under effective 

stress condition. Assuming elastic behavior for solid grains, {dz-^^ is given by 

(3.10) 

where AT, is the bulk modulus of the solid grains. 
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Substituting Eqs. (3.8) to (3.10) into Eq. (3.7) leads: 

daij=C^deu+dp8ij-^^^ (3.11) 

The last two terms without dp of Eq. (3.11) can be decomposed into a 

diagonal tensor aSfj and a deviatoric tensor bij as: 

C'f 
Sij-j^bu = a8ij + bij (3.12) 

where a is a scalar. By multiplying Eq. (3.12) by S- j ,  t he  t e rm a is found as 

8ijC%8u 
a = l —i8ijbij = 0) (3.13) 

Zienkiewicz and Shiomi (1984) have recommended neglecting the 

deviatoric part, b^j, of Eq. (3.12) to simplify Eq. (3.11) to 

dcsij = C'^dSki+adp5ij (3.14) 

For elastic porous materials 

= C^ju = 2^i5it5,7+X5,y5« (3.15) 

Then a can be found from Eqs. (3.13) and (3.15) as 

X+fii. 
a = l  (3.16) 

where K is the bulk modulus of the soil skeleton. For elasto-plastic materials. 
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^ijCZ^u 
^ — r\ 

To obtain the relation for pore pressure, the volumetric change of the 

mixture in a unit volume of skeleton is considered below. There are four 

factors affecting the volume change of the mixture: 

a). The volume of fluid flowing out, d^. This causes a decrease of 

the volume of the mixture. 

b). The volume change in solid grains due to the pore pressure 

change ^(1-n). This causes an increase of the volume of 

the mixture (pressure, p, tension positive). 

c). The volume change in fluid due to pore pressure change dp, —n, 

where is the bulk modulus of the fluid. This causes an increase 

in the volume of the mixture (pressure, p, tension positive). 

d). The volume change in the solid grains due to effective stress 

change This causes the increase of the volume of the 

mixture (stresses, tension positive). 

Thus, the total volume change of the soil mixture, de^ is given by; 

dE,u=-d^ + ̂ {l-n) + §-n (3.17) 
iVs lif ilxs 
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Substitution of Eqs. (3.7) and (3.14) into Eq. (3.17) and using similar 

assumptions (Zienkiewicz and Shiomi, 1984) as for the derivation of Eq. 

(3.14), yields 

dp=MiadEu+dQ (3.18) 

where a is given by Eq. (3.16) and M is given by 

Equations (3.14) and (3.18) are similar to the incremental form of those 

equations derived by Biot (1941, 1956 and 1962) for elastic porous materials. 

Thus, Eqs. (3.14) and (3.18) may be used for both linear elastic systems and 

elasto-plastic systems with constant bulk moduli of solid grains and fluid. 

For the soil water system » K and a is close to unity. With a=l, 

Eq. (3.14) can be written as 

d^ij — dCij dpSij — CijudEu (3.20) 

where O/y is the effective stress tensor. Equation (3.20) illustrates the 

effective stress concept which postulates that the deformation of the solid 

skeleton is controlled by the effective stresses. 
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3.2 Dynamic Equilibrium Equations 

Two different dynamic equilibrium equations can be derived for the two 

phase system. The two equations are combined to obtain a relation for the 

bulk material. The overall equilibrium equations can be written as (Biot, 

1962, Zienkiewicz 1981) 

Oijj+(1  -  n)Psbi + np/fr/ - (1 - n)p, ui -npf Ui=0 (3.21) 

where 6, is the component of body force per unit mass, and U- are the 

displacements of the skeleton and the fluid respectively, over dot denotes time 

derivative, and p, and py are the densities of the solid grains and the fluid, 

respectively. Substituting Eq. (3.20) and Eq. (3.2) into Eq. (3.21) leads to 

Gijj+pbi-pUi-pfWi=0 (3.22) 

In the fluid phase, the gradient of fluid head h (in unit of pressure) is 

written as 

h j — p j  +  p f b i  P f  U  i  (3.23) 

and the flow of the fluid through pores is governed by a generalized form of 

Darcy's law as 

w." =kijhj (3.24) 

where k/j is the permeability tensor and double j indices denote summation of j 

from 1 to 3. It must be noted that in Eq. (3.24), the units of it^^are not the 
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same as that used in conventional Darcy's Law. The relation is k (in Eq. 

(3.24)) = k (conventional) (unit weight). Substituting Eqs. (3.4) and 

(3.24) into Eq. (3.23) yields 

+ PA" - P/ = 0 (3.25) 

Equations (3.22) and (3.25) are the two basic dynamic equilibrium 

equations with primary variables u and w. This formulation is generally 

identiHed as u-w formulation. A u-p formulation with u and p as primary 

variables can be obtained by assuming the rate of change of the relative 

velocity, w, is negligibly small, (Zienkiewicz 1981). The m-w formulation is 

used in this dissertation. Consolidation and quasi-static formulation can be 

obtained by assuming «=vi«=0. 

3.3 Finite Element Formulation 

The finite element method is an effective numerical method for solving 

the differential equations governing physical problems. It is widely used to 

solve the boundary value problems in engineering whose closed-form solutions 

are usually difficult to obtain. 

In the finite element method, the continuum is discretized into an 

assemblage of individual elements (Fig 3.3). Elements are defined by nodes. 

The displacements and other primary variables within the elements are 
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{T}, 

Node {u l  

{w}  

Element 

Hgure 3.3 Finite Element Discretization 
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approximately related to the nodal values by the interpolation (or shape) 

functions. Thus the total degrees-of-freedom of the system are reduced to 

those of the nodes, e. g. the nodal displacements {q} (including and w,-). 

Then virtual work principle or minimum potential energy principle is applied 

to the whole domain. A system of equations is obtained with nodal 

displacements as variables. 

The principle of the virtual work requires that for an arbitrary 

compatible (virtual) displacement, 6M,, the work done over the system must be 

zero. Applying virtual displacement 5m,- to Eq. (3.22) yields 

lyiOijj+pbi - p Ui -pf Wi)5uidV=0 (3.26) 

where V  is the domain of interest. By using the Gauss theorem Eq. (3.26) is 

rewritten as 

jy p lii 5uidV+jy pf Wi 5ui dV+jyGijduijdV 

= Tiduids+fy pbiSuidV (3.27) 

where Ti = aijnj is the traction on the boundary, rij is the unit vector normal to 

the boundary surface S. 

The displacements are related to the corresponding nodal values as 

Ui=NlUl (I = 1..3, a = (3.28a) 
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5a/ = NtWI (/ = L.3, a = L.JV«) (3.28b) 

Ui= Ni UI (£ = 1..3, a = (3.28c) 

w/ = Niw'l (/ = 1..3, b = 1..JV,«) (3.28d) 

5wi = a = L.3, b = 1..JV^) (3.28e) 

W/= /VT VV'F (I = 1..3, 6 = 1..JVh*) (3.28f) 

where and are shape functions for u and w, respectively, and 5 denotes 

variation. and are node numbers per element for u and w. is the 

nodal values of and is the nodal values of w.. The definition of shape 

functions N for different elements can be found in the books about finite 

element methods (Desai, 1979). 

Substituting Eq. (3.28) into Eq. (3.27) and eliminating the arbitrary 

nodal displacement 5£/., yields 

where is the volume of an element. Similarly, applying virtual displacement 

8w. to Eq.(3.25) leads to 

X j OijNljdV+Ul J pNiNidV+W^i J pfN^NtdV • 
[ v .  V ,  V .  

S] \ Nf,TiclS+ { pbiNldV 
i  K 

(3.29) 
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J pNtjdV+V^ j piNiNldV+^i ] ^NifiidV+Wj J kfNiNidV 
V« V. V. V. 

=z 
V. 

j pNinidS+1 P/biNtdV 
is, V, 

(3.30) 

Equations (3.29) and (3.30) are a system of equations with the variables 

as nodal displacements C/,. and Wg, and may be rewritten in the compact form 

as 

MZj Mtn 

IHtlj 
"j 0 0 

0 wwtj 

where a, c = (1 to ); i?, = (1 to yVJ with = = number of nodes in the 

whole domain, and i,J = (1,2,3) and 

= pNiKdV (3.32) 

M1 î = Sljl PiNiNidV (3.33) 

(3.34) 

(3.35) 

Ct,i=i^lc7/Nt^i4V (3.36) 

C = J ^  NZTidS+j^pbiNidV (3.37) 



57 

= P^UdS+l^ PfbiNidV (3.38) 

In Eqs. (3.31) to (3.38), the integration domain V is the whole volume and S 

the whole boundary. Equation (3.31) has c, d and J as dummy indices 

(summation indices), and a, b and i as free indices. Therefore, there are 

X 3 equations in Eq. (3.31). ay and p in the third term in Eq. (3.31) 

are related to the strains by Eqs. (3.14) and (3.18). The constitutive laws of 

the materials involved in Eq. (3.14) will be discussed in Chapters 4 and 5. 

3.4 Time Integration for Dynamic Problems 

Equation (3.31) may be written as 

m i j x j + c i j x j + k i j x j = f [  to N d o f  (3.39) 

where is the number of degrees-of-freedom in the system; M . ^ . ^  C - j ,  and K .j 

represent the components of mass, damping and stiffness matrices of the 

system, respectively;/; represents the force function or loads on the system; 

Xj, iyand jcy are displacements, velocities and acceleration at each degree-of-

freedom. To solve the initial value problem is to find xj=xft) satisfying Eq. 

(3.39) and the given initial conditions jc(0) and Xj{0) for a given force 

function/i(r). A number of algorithms are available for this purpose. The 

family of Newmark's methods is used in this study and discussed below. 

The time domain is divided into time steps as shown in Fig. 3.4. Time 



Figure 3.4 Time Steps in the Dynamic FEM 
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integration schemes are to find the values of xj, xj and Jcy at when their 

values at f, are known. Here is the time at step and is given by 

t^i=t„+At (3.40) 

where At is the time increment from to By using the Taylor's series 

expansion, x,.(f„^^) is expressed as 

A f Z  _  
Xi(,tn+\) — Xi(_tn) At Xi (_tn) 2 itn+CLi^'i — f/mti — ^n+1 (3.41) 

In the Newmark's method, jc/(fn+a,) is approximated as 

Xi (W.) = (1 -2P) jc/ it„) + 2^Xi (f^i) (3.42) 

where P is a parameter in Newmark's scheme. From Eqs. (3.41) and (3.42), 

Xi (tn+i) may be expressed as 

1 ^ Q 
X i  (f«+i) = p̂ {x(fn-n) -xit„) - At X i  ( / „ ) }  ^  X i  (f„) (3.43) 

Similarly, Xi it„^,) can be expressed as 

Xi (r/M-i)  =Xi ( t„)+AtXi ( f /mtj);  t„ tn^i  (3.44) 

and Xi (fn+ai) in Eq. (3.44) is approximated as 

Xi (W,) = (1 -y) Xi (f„)+yxi (f/H-i) (3.45) 

where y is another parameter in the Newmark's scheme. From Eqs. (3.44) 

and (3.45), i,- (fn+i) may be expressed as 
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Xi (fw-i) =^i {tn)+At {(1 -7) Xi (f„) +yxi 

Substitution of Eqs. (3.43) and (3.46) into Eq. (3.39) yields 

)  —fi  

(3.46) 

(3.47) 

where 

(3.48) 

ft + 
P4/2 PAr UP J 

+Cij (3.49) 

In the above equations, mass matrix Mfj and damping matrix C- are 

constant. For linear problems, stiffness K^jis constant and can be 

obtained by solving Eq. (3.47). For nonlinear problems, the stiffness matrix 

AT,^.depends on x,(^„+/), and iterative techniques such as Newton-Raphson 

method have to be used to solve for Jc,(r„^;). After x,(r„^/) are found from 

Eq. (3.47), Xi (fn+i) and Xi (?n+i) may be found from Eqs. (3.43) and (3.46). 

The stability of the Newmark's scheme for linear systems has been 

investigated by many researchers (Bathe and Wilson, 1973; Hughes, 1983) and 

found to be 

2P>y>0.5 unconditionally stable 
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7^0.5 conditionally stable with the restriction on time step 

given by 

C0A/<i2crir = ̂ (Y-^) + i^ y-——(3.50) 
^  2 - P  

where CO is the maximum natural frequency and ^ is the damping ratio of the 

system. This condition has to be satisfied for the maximum natural frequency 

of the system. The recommended values of a and P are 0.5 and 0.25, which 

give stable results for the dynamic problems. 
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CHAPTER 4 

DISTURBED STATE CONCEPT MODEL 

4.1 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. In the DSC, the material is assumed to transform continuously and 

randomly from the relatively intact (RI) state to the fully adjusted (FA) state. 

Fig. 4.1, 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 fully adjusted state (critical state). The transformation 

of material from RI state to FA state is defined by the disturbance function D, 

Fig. 4.2. The original idea for the DSC was proposed by Desai (1974), and 

subsequently formalized for various applications (Desai, 1987, 1992, Desai 

and Ma, 1992, Armaleh and Desai, 1990, Katti and Desai 1991, Desai, 1994, 

1995) 



• Intact Zones 

0 Fully Adjusted Zones 

O jS(? 

Initial Intermediate 

a 

"Failure" 

Hgure 4.1 Schematic of Growth of the Fully Adjusted State (FAS) 

(after Desai, 1992) 
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Figure 4.2 Schematic of a Stress-Strain Curve for Disturbance Function 
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4.2 Reference State I: Relative Intact State 

The relative intact (RI) state is an idealized state which excludes the 

disturbance effects. Many elasto-plastic models can be used as RI model. 

Here the basic model in the HiSS Family, 80 model, is used to represent the 

behavior of material in the RI part. The 5o model has been successfully used 

to predict response of some cohesive and cohesionless materials and 

interfaces. 

The 5o model is based on associative plasticity and isotropic hardening. 

The behavior deviated from that predicted by Sq model can be considered as 

caused by disturbance. The yield function in the Sq model is given as 

(Wathugala and Desai, 1990) 

Pa 
(4.1) 

where 

(4.2) 

Fs = { l -^rr  (4.3) 

(=-sin30, Fig. 4.4) (4.4) 
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J\=Ji+3R (4.5) 

and Fb is related to the shape of the yield surface in the Ji - 7/20 space. Fig. 

4.3 with = constant), F, is related to the shape of the yield surface in the 

octahedral space. Fig, 4.4, (Jj = constant), S, is stress ratio, J,, Jjd and 

as defined in Appendix A, are the invariants of the stress tensor Qjj, p. is the 

atmospheric pressure, 0 is Lode angle, and y, P, m (= -0.5) and n are material 

parameters, a is the hardening function; its basic form is given by 

where a, and Tj^ are material parameters and ^ is trajectory of the plastic strain 

expressed as 

where dz^j is the tensor of incremental plastic strain. Another form of 

hardening function used by Wathugala and Desai (1990) and Katti and Desai 

(1991) is given by 

(4.7a) 

(4.7b) 

(4.8) 
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Figure 4.3 Yield Surface in Ji —»J7^ Plane Defined byFb 
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p  =  0 . 4  

p=o .o  

Sr=-sin(3e) 

(Assuming conpression positive) 

Figure 4.4 Yield Surface in the Octahedral Plane Defined by Fg 
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where hp h2, hj and h4 are material parameters, is the volumetric part of the 

plastic strain defined as 

if de^ii > 0 {compression) 

0 if des < 0 {dilation) 
(4.9) 

while is the trajectory of the deviatoric plastic strain defined as 

d^D = JdE^jdE^j (4.10) 

dElj^de.^i-^Sijde.'u (4.11) 

and E^j is the tensor of deviatoric plastic strain. 

In plasticity theory for small strain problems, the total strain is 

decomposed into two parts, elastic strain e^- and plastic strain e^ , therefore 

Eij = E'i+el- (4.12a) 

or 

dEij = dElj+de^j (4.12b) 

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

relation as 

daij = CijudEli (4.13) 
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According to the plasticity theory, the plastic strain increment is 

orthogonal to the potential surface, Q, (for associated flow rule as used in this 

study, Q=F). Thus the plastic strain increment can be expressed as 

(4.14) 

where /if is a unit tensor, normal to the potential surface Q, defined as 

""sir'ii 

nf jn f j  = l (4.15b) 

X is the scalar proportionality scalar parameter and || || denotes norm. 

Substituting Eq. (4.14) into Eq. (4.7b) and using Eq. (4.15b), It can be found 

that 

d^ = X (4.16) 

So, hereafter is used in place of X .  

Substitution of Eq. (4.12) into Eq. (4.13) and using Eq. (4.14) yield 

dCij = C'faidZu-d&u) 

= C^ju{deu-d^i) (4.17) 

Differentiating yield function, F=0, yields consistency conditions as 
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Substituting Eq. (4.17) into Eq. (4.18), is found as: 

de,{=\)= J°' g „ (4.19) 
or J>1 or 

ae 

Now substituting d^ into Eq. (4.17) and changing some dummy indices 

lead to 

dCij — Cig^dEkl ~ 
Cijrsf^rs 3g, Cp^udEu 

ap Q _aF or c —3l ^^^mnpqnpq ^ 

= C'^dEu (4.20) 

where 

Q 9F 
r ' P - r '  f . 2 l )  Ciju-Ciju ^ (4.21) 

da^^"«'Pl"P1 35 

Equation (4.20) is the incremental form of the stress-strain relation for 

the RI state. 
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4.3 Reference State 11: Fully Adjusted State 

4.3.1 General formulation 

The fully adjusted state (FAS) of the material is an asymptotic state in 

which material may not be further disturbed. In this dissertation, critical state 

is used as FAS, Fig. 4.5. For soils, the final void ratio e" the material attained 

in a shear test is only related to hydrostatic stress J\ at the critical state as 

jc 
e^=e'^-'K (4.22a) 

Jpa 

or 

Jl = 3p<,exp(^^^^) (4.22b) 

where e"' is the critical void ratio when 7^= 3p,; X is a material constant and 

superscript 'c'denotes the quantities in the critical state. At the critical state, 

the maximum shear stress the material can carry is given by 

=rnJ\ (4.23) 

where m is a material parameter. 

4.3.2 Special Cases One; Zero Shear Strength 

I f / w  =  0  i n  E q .  ( 4 . 2 3 ) ,  t h e  m a t e r i a l  i n  F A S  c a n  o n l y  c a r r y  h y d r o s t a t i c  
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b). In J!" — ^J2o space 

Rgure 4.5 Plots of Critical State Line 
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stress like constrained liquids, (Desai, 1995, and Basaran and Desai, 1994). 

Equations (4.22) and (4.23) for the FA state are reduced as 

J\  = 3paexp(^ ) (4.24) 

and 

^ =0 (S^ = 0) (4.25) 

4.3.3 Special Case Two: Zero Strength — Classical Damage Model 

Equations (4.22) and (4.23) can also be reduced to form the classical 

damage model. If m = 0, ^-<» and A, = 1, Eqs. (4.22b) and (4.23) can be 

expressed as 

/ t = 0  ( 4 . 2 6 )  

and 

(4.27) 

Hence, the material in FAS can carry neither shear stress nor 

hydrostatic stress (a^ = 0) — like void. This represents the classical damage 

model (Kachanov, 1986). 
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4.4 Disturbance Function D 

The disturbance function D  can be defined as 

(4.28) 

where is the mass of solid in the critical state, and Ms is the total mass of 

solid. D is defined as a scalar here, but for the disturbance to simulate crack 

development in materials like concrete, D needs to be defined as a tensor. 

Assuming the density of the material in critical state, pj is equal to that in RI 

state, pi, leads to 

where V\, are the total solid volume, and the volumes of the solid in 

RI and FA states, respectively. The void ratios in different states are defined 

as 

A/? _ p'sV's _ V's 
Ms Mi+M's p'sV ŝ + P'sV's V's + V's 

(4.29) 

(4.30a) 

(4.30b) 

Yi (4.30c) 

where e* is average void ratio, and e' and e® are void ratios in RI and FA parts, 
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respectively. V^, V% are the total void volume, and the volumes of the 

voids in the RI and FA parts, respectively. Thus 

. Vy K + V'. VjVi V'sV'y 
Vs  V ,  VsVi  VsV^ 

= (l-D)e'+£>e^ (4.31) 

The differential form is 

de'' = (l -D)de' + Dde'= + {e' -e')dD (4.32) 

where dD represents the increment or rate of D. 

The disturbance increases as the deformation increases. At the 

beginning of loading, D is zero (or a small value depending on the initial 

condition). As the load increases the deformation increases and disturbance 

increases. When D approaches 1, the material is in the critical state. The 

following function is used here to represent the disturbance, D: 

D=D„(l-exp(-A^|)) (4.33) 

where A, Z, and (<=1) are material parameters, and is the trajectory of 

deviatoric plastic strains as defined before. Figure 4.6 shows the disturbance 

funct ions  wi th  two se ts  of  d i f ferent  constants :  (A^,  Z; ,  DJ and (Aj ,  Zj ,  DJ.  
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Ai, Zi 

Figiire 4.6 Disturbance Function, D 
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4.5 Relations of Average Stress to Stresses in RI and FA States 

Consider a material element with thickness t subjected to loading. Fig. 

4.7. The total force on the face A is 

F = F'+F'' (4.34) 

where F' and F' are the forces on the intact area A' and the disturbed (fully 

adjusted) area A', respectively; denotes intact and 'c' denotes critical (fully 

adjusted). Dividing each term in Eq. (4.34) by the nominal area A leads to 

(4 35) 
A  A ' A  A ^ A  ^  '  

From the Eq. (4.29), D can be expressed for the element as 

D = 4 ^  =  4 ^  ( 4 . 3 6 )  
At A 

where f is the thickness of the element. Substitution of Eq. (4.36) into Eq. 

(4.35) and using tensor notation for stresses lead to 

a? = (l-D)4+£)a^- (4.37) 

where cy^-, ajyando^ are the average (observed) stress, the stress in the intact 

part and the stress in the fully adjusted part, respectively; 'a' denotes average 

(or observed) stress. 

Contracting the index of the above equation {J\ =a«) gives 

r[^{X -D)J\+DJ\ (4.38) 



Hgure 4.7 Schematic of a Disturbed Element Subjected to Loading 
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Subtracting one third of Eq. (4.38) from Eq. (4.37) leads to a similar relation 

for the deviatoric stress, Sfj'. 

Sl = (l-D)Sij+DS'ij (4.39) 

It is assumed that the deviatoric stress, S^, in the FA state is 

proportional to that in the RI state. Then the following relation can be 

derived 

s:-.= s?- (4.40) 

Equations (4.39) and (4.40) lead to 

Spl- = [(1 -D)S^+Z)S^][(1 -D)S^+£)S^] 

i l - D ) + D  S)jSii 

= 2[a-D)Jj^+DjJi^] '  (4.41a) 

That is. 

7717 =a-D)JJZ+DjJi^  (4.41b) 
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4.6 Incremental Stress Relations 

4.6.1 Virgin Loading 

The incremental form of the stress relation can be found by 

differentiating Eq. (4.37) as 

d&!j = (1 -D)^/<4-+£)^/a?+dD(a^ -4) (4.42) 

By using Eqs. (4.40) and (4.23), can be expressed as 

_c _ cc 1 1 rf SI , 1 rcc îj ~ ̂ ij 1 OfV — p_— Sij + J1 o,y 
J'w ' ^ 

'w/j Ji  n  

JJZD 

f • ^ 
mS\-, 1 

yiJ'iD 

J-=+385 

Differentiating Eq. (4.22) yields 

and 

(4.43) 

dJ\ = 3p.exp(^^^)(-^) = ̂ (1 + eo)dz% (4.44) 

iP'Sa-{ îjC'Lia)deu (4.45) 
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=d(5s;5s:5)=4<««=Sir^4-fss) 

= sy&i, = S ĵC%,dei, [5!S„ = Si = 0] (4.46) 

Thus differentiation of Eq. (4.43) leads to 

m 5-
dS). 

If'. 2d 

-j^(l +eo) 
niSi, 

J. Ix +TO'y Skideh 

+ 
J'jm 

A 2d 

(ir,ep 15 ^tp ^ijS'mn ̂  ep 
mnU 

= Mijdel,+Nijkideia (4.47) 

The dD term is evaluated by differentiating Eq. (4.33) as 

dD = ̂ d^D =DuAe-^^oZ^^'d^D 
d^D 

where d^o can be derived from Eqs. (4.10), (4.11), (4.14) and (4.19) as 

dt -(rfi tfi "SO \^Dpq^Dpa) ar _ <0 

(4.48) 

aF Of f~te Q ^ 
;Vt  ̂mast" St ae 

(4.49) 
da, 

Hence 
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3P jp 

dD-DuAe ^^Opq^Opq)""-^— q-^ 
dOmm "^nst 3  ̂

=RudEia (4.50) 

where 

_„q is „C 
''D/7 — ^ij ~ 'i^ij^kk (4.51) 

The average stress in incremental form is finally obtained as 

t/a? = (l -D)C;|;^/el,+DM/,Si/i/eL+£>M>«^/eL + (<4-4)/?«dei/ (4.52) 

where 

A/,y = ̂ (l+eo) 
mS':: 'j -L Is = +38.7 (4.53) 

^ijkl — 
J\m 

CSa-\hfZua J 
h 

2J', 
mnkl 

2d 

(4.54) 

R«=D.Ae-'^Z^l-'[nt„nl„y^"'^"l (4.55) 

The strains in RI part and FA part are usually different. Assume 

dE'ij = ̂ id£!ij (4.56) 

d^ = ^2d^ (4.57) 
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where Pj and P, are two scalar numbers. Then Eq. (4,52) can be rewritten as 

= (4.58) 

where 

= (1 -D)CTfS2 +DM Pz +DNiju^2+(a^- - a^)/?«P2 (4.59) 

Pi and P2 are discussed in details in Chapter 5. 

4.6.2 Incremental Stress Relation during Unloading and Reloading 

During unloading or reloading, the stress in RI part is given by 

doij = C^j^de'u (4.60) 

where is unloading or reloading constitutive matrix for the RI part, either 

elastic matrix or that as described in Section 4.7. 

It is assumed that during unloading or reloading, the ratio of shear 

stresses in RI state and in FA state remains constant at the value of that at the 

beginning of the unloading. That is 

—j===ki = constant (4.61) 

Thus alj can be expressed from Eq. (4.43) as 

=5? + (4.62) 
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Therefore 

= dS5+id/tSj, = iidS! + 

= *1 (Csu -5«iiC^)eL+fS.iY(l + eo)dti (4.63) 

X, is a critical state parameter as defined before. Since dD=0 during unloading 

and reloading. Eq. (4.42) can be rewritten as 

d<5^j = il -D)C%^deij+DkdCfJ^-^dijCZu)deii+jD5ij^{l + eo)del (4.64) 

where is substituted with unloading matrix during unloading and 

reloading matrix during reloading. 

4.7 Unloading and Reloading 

The geomaterials show nonlinear behavior during non-virgin loading 

(unloading and reloading). Fig. 4.8. In the classic plasticity theory, the 

non-virgin loading is assumed to be linear elastic. Early constitutive models 

for soils also used elastic non-virgin loading. These models may give 

satisfactory results for the problems which involve few stress reversals 

(unloading/reloading). For problems with cyclic loading, the errors during 

non-virgin loading for each cycle will accumulate and the final results may not 

be acceptable. 
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Figure 4.8 Stress-Strain Curves during Unloading and Reloading 
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To account for the nonlinearity during non-virgin loading, extensions to 

the plasticity theory have been proposed. Two popular approaches are: (a), 

defining non-virgin plastic modulus as a function of virgin plastic modulus at 

some reference points on the prestress surface and the distance from the 

current stress point to the prestress surface (Somasundaram, 1986; Dafalias 

and Herrman, 1986; Somasundaram and Desai, 1988; Wathugala and Desai, 

1990), (b). nested surface models (Mroz, 1967; Iwan, 1967; Prevost, 1978, 

1979, 1982). 

In the present research, simplified interpolation functions are proposed. 

The parameters in the interpolation functions can be obtained directly from the 

laboratory tests. 

4.7.1 Unloading Interpolation Function 

During unloading, the following interpolation function is proposed: 

dCij^Cfjtdeu (4.65) 

where is a constitutive tensor same as the elastic constitutive tensor 

except that in Eq. (4.65), Young's modulus £ is a variable — E" (v is kept 

constant). Fig. 4.9. Equation (4.65) can be specialized for the CTC stress 

path as 

i/ai=£VEi (4.66) 



BULi 

An 

EUL 

Rgure 4.9 Unloading Interpolation Function for CTC Tests 



89 

The unloading modulus E" can be evaluated as 

E" ebul EP (4.67) 

where is the slope of the unloading curve at the beginning of the 

unloading (Point A in Fig. 4.9), for which Young's Modulus of the material 

can be used; and £' is the modulus which causes the inelastic ("plastic") strain. 

E'' is assumed to be evaluated by following function: 

EP =paKi 
Jjw ~ ̂ J2D 

fC2 

(4.68) 

where Kj and K2 are constants; is the atmospheric pressure used here to 

nondimensionalize K, and K2; J^d and/20 are the second invariants of 

deviatoric stress tensors at the beginning of unloading (Point A) and at the 

current state during the unloading, respectively. 

In the stress path of CTC test: 

r r ~ _ c J i - a 3  (4.69) 

Then 

EP=PaKl J3p^] 

Gi -ai y 

fC2 
(4.70) 

where Oj is the axial stress at the beginning of unloading and CTI is the current 
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axial stress during the unloading. 

From Eqs. (4.66) and (4.67): 

where ds.\ is the elastic strain and dZi (=^r) is the "plastic" strain. Fig. 4.9. 

At the beginning of the unloading, from Eq. (4.70), £''=00 and =0. This 

ensures the initial elastic unloading. 

4.7.2 Determination of Unloading Parameters 

As shown in Fig. 4.9, Three parameters, ande^, can be easily 

obtained from the CTC test: 

1 ^BUL ___ Slope of the stress strain curve at the beginning of 

unloading. Young's modulus of the material, £, can be used if £ is 

determined by the initial unloading slope. 

2 £eul ___ Slope of the stress strain curve at the end of unloading. 

3. — Plastic strain accumulated during the unloading. 

At the end of the unloading, CTi =cjf^^ = a3, then: 

1 1 1 
£" E^^^'^KiPa < i/3pa £££/L (4.72) 

and 
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e^=f/ie^ = f^=r' -i 
f^o ^ 
CTi -(Tl 

1/3 p, 
rfCTi 

a y 

V3 

i/3p« , ATiCATa + l) 

Solving Eqs. (4.72) and (4.73) yields 

„ a?-af^Y 1 i__). 

(4.73) 

(4.74) 

or 

Ki = V3 
(/<:2 + i) J 3 p  

K-.+1 

a y 

K i = - V3 

(^2 + Del 

ATj+l 

(4.75) 

(4.76) 

/5:2 = 
El 

•(- ^1-
{eevl ^bulJ 1 (4.77) 

For other stress paths. Fig. 4.10, similar equations can be derived as 

follows: 

a) Simple Shear (SS) Test. 

The stress invariant JJ2d in the simple shear test is equal to the shear 

stress T: 



.BUL 

BL 

a). Simple Shear Test 

BUL 

EUL 

C Ind E lad 

b). Undrained CTC Test 

Figure 4.10 Unloading Parameters for Different Stress Paths 
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= x  (4.78) 

The shear modulus G is related to the modulus E as 

EBUL^ 2(1(4 79) 

and 

EEul = 2(1 + v)G^^ (4.80) 

And the "plastic strain" Y is calculated as 

' Jc J EP A:i(A:2 + I)L P" J ^ ^ 

Comparing Eqs. (4.73) and (4.81) by using Eqs. (4.69) and (4.78) yields 

= (4.82) 

Substitution of Eqs. (4.78), (4.79), (4.80) and (4.82) into Eqs. (4.76) and 

(4.77) leads to 

*:2- 1  (4-83) 

where x° is the shear stress just before unloading, is the shear stress at 

the end of unloading, is the shear plastic strain developed during the 

unloading, is the shear modulus at the end of unloading. Fig. 4.10a. 
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b). Undrained CTC test. 

The stress invariant JJ td in the undrained CTC test is given by: 

rr~ ai-03 

For the undrained test, there is no volume change, i.e. de^ = 0. Thus 

(4.85) 

dz,z — ffes — —O.St/Ei (4.86) 

It can be derived that 

£bul _ ̂ (^+^)£bul (4.87) 

£eul _ j?eul 
3 

(4.88) 

and 

(4.89) 

where subscript "ud" denotes variables under undrained condition. Fig. 4.10b. 

Thus substitution of Eqs. (4.87) to (4.89) into Eqs. (4.74) and (4.75) 

yields 

^l(ud) 

1 I 
pEUL pBUL 

\C>ud ^ud 
(4.90) 
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„ 2V3(l + v) 
=•:::—rrr-s 7=-

(^Ta +1) 3e^(^ yjpa > 
(4.91) 

where is the axial plastic strain developed during the unloading, 

the unloading in the undrained CTC test, respectively. 

For other stress paths, similar equations can be derived. In the case of 

cyclic loading, a®, af^^, E^^ and may depend on number of cycles, 

disturbance or plastic strain. Thus and ATj can be functions of disturbance 

or plastic strain. 

4.7.3 Reloading Function 

The following interpolation function is proposed for reloading; 

where R is the interpolation variable to be so defined such that ^=0 at the 

beginning of reloading and /?=1 at the end of reloading. So at the beginning of 

reloading, it is elastic loading: 

£UL and are the slopes of the stress curve at the beginning and the end of 

dcfj=RCfffdzu + (l-R) C'ijudZki (4.92) 

dCij = C'judeu (4.93) 

and at the end of the reloading, it is virgin loading: 

daij = Cf^deu (4.94) 
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There are two cases of reloading. Fig. 4.11. The Young's modulus 

used in and for reloading, £*, is different in the two cases. The 

Young's modulus at the beginning of reloading, (unloading slope 

at the beginning of the unloading) for case 1, and = E^"'' (unloading slope 

at the end of the unloading) for case 2. 

In the finite element analysis, the reloading stress path may be 

somewhere in between the two cases. So a number S is defined as an 

indication of the direction of reloading: 

(aj-a,y J da a 
nbnr (4.95) 

where a°, a,y and t/CT,y are the stress tensor before unloading, the current stress 

tensor and next stress increment, respectively. 5 = -1 indicates case 1 

reloading and 5=1 indicates case 2 loading. is interpolated between 

and E^^'^as 

—i—= —5- + _l±^ (4 96) 

During the reloading, E* is interpolated as 

_L = i—El+K (4 97) 
£R £BRL^£ 



>BUL 

Unloading 

Reloading 

a). Reloading case 1: A->B 

a 

EUL 

Unloading Unloading 

Reloading 

B' 

b). Reloading case 2: A->B' 

Rgure 4.11 Two Reloading Cases 
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where E is the Young's modulus of the material. Thus at the beginning of 

reloading (/J=0), £* = which ensures the smooth transition (continuity) 

from unloading to reloading in case 2. At the end of reloading £* = E, which 

ensures the smooth transition from reloading to virgin loading. 

In this research, R is defined as 

where J2D is the second invariant of the stress tensor at the beginning of the 

last unloading, and the second invariant of the current stress tensor. 

R = (4.98) 
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CHAPTER 5 

IMPLEMENTATION OF THE DSC MODEL 

5.1 Basic Finite Element Equations 

For the DSC constitutive model to be applied to solve practical 

problems, it is desirable to use numerical methods. Finite element method 

(FEM) is a powerful numerical procedure for the solution of differential 

equations governing physical problems. It is widely used to solve the 

boundary value problems in engineering whose closed-form solutions are 

usually not attainable. 

The basic equations in FEM are derived from the principle of virtual 

work. The principle of virtual work requires that for an arbitrary compatible 

(virtual) displacement, the work done over the system must be zero (Bathe, 

1982). That is 

jy {m''{o'}dV = jy{5uf{X}dV+{5M}^{r}££S+L.- (5.1) 

where V is the volume of the domain, {<5^} denotes the virtual displacement, 

{5e} is virtual strain vector derived from the virtual displacement, {a*} is 

stress vector in the domain, {X}, {T} and {/*,} are the vectors of body force, 

the surface traction and the concentrated load, respectively, and superscript 

"T" denotes transpose. 
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The continuum is discretized into an assemblage of individual elements. 

Elements are defined and connected to adjoining elements by nodes. The 

displacements and other primary variables within the elements are 

approximately related to the nodal values by using interpolation (or shape) 

functions. Thus the total degrees-of-freedom of the system are reduced to 

those of the nodes, e. g. the npdal displacements {^}. Then, in each element: 

= (5.2) 

= (5.3) 

Hence 

{5u'} = [N']{5q} (5.4) 

{5e'} = [5']{5^} (5.5) 

where [A^'] is the shape function matrix in an element (Desai, 1979), [fi'] is the 

strain- displacement transformation matrix for the element. It is obtained by 

differentiating and combining rows of matrix [N*] and superscript 'e'denotes 

quantities in an element. 

Substitution of equations (5.4) and (5.5) into (5.1) and assembly of all 

elements give 
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= [L + {5q}{P} (5.6) 

Dropping the superscript "e" and the arbitrary displacement, {5<?}, leads 

to 

\y\BV{<S'}dV={Q} (5.7) 

where 

{(2} [N]^{r}^/5+{P} (5.8) 

represents all external loads of the system. 

Equation (5.7) is a system of nonlinear equations as {a*} is a nonlinear 

function of strain (displacements). There are many techniques to solve 

nonlinear equations. In this dissertation, the General Newton-Raphson 

method is used, which will be discussed later in this chapter. In this method, 

the load is divided into small load steps (or time steps in a dynamic problem). 

The equilibrium must be satisfied at each step. At step n+1, 

(5.9) 

where {cr^i} is the stress at the step n+1 and can be expressed as 

= + (5.10) 

where {o^} and {d<fn} are the stress at step n and the incremental stress from 
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step n to step n+1, respectively. Substitution of Eq. (5.10) into Eq. (5.9) 

yields 

]y{Bf{dcVi(N={Q^x}-]y[Ef{a^n}dV (5.11) 

The right side of the Eq. (5.11) is the unbalanced load from the stresses 

of the last step and the total load up to this step. Equation (5.11) is solved 

for the stress increment [dc5^ }. Then (stress at step n+1) is calculated 

from Eq. (5.10). But for the nonlinear problems, iterations are required to 

make stress {cT„+;} satisfy Eq. (5.9). The iteration scheme will be discussed in 

the next section. 

Now for the stress-strain relations, from Chapter 4, the observed stress 

in the DSC model is expressed in the matrix notation as 

{d^'} = (1 -D){d&} +D{d(5^} + {a' -a'}d!D 

= (1 -D)[Q{de} + [A/]{rfe'"} + midz'} + {C -(5.12) 

where D is the disturbance function; {a*} is observed (averaged) stress; {a'} 

and {a®} are stresses in the intact part (RI) and fully adjusted (FA) part of the 

material; [A^ and [A/] are stress-strain relation matrices; {/?} is disturbance-

strain relation vector; [N], [M] and {/?} were defined in Chapter 4. 

Some assumptions are needed for strains in different parts in order to 

solve the indeterminate (not enough known conditions) equations. The 
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assumptions can be replaced if physical relations are found theoretically or 

through laboratory experiments. The incremental strains are assumed to be 

related as 

{de'^} = Pi{de'} (5.13a) 

= (5.13b) 

where Pi and Pj are scalars. For undrained case, pj = P2=l are assumed. For 

drained case, P, = P2=l are assumed initially and subsequent values of Pi and 

P2 are found in the iteration. Thus equation (5.12) can be rewritten as 

{d&'n} = (Pad -D)[C] + p2[A/] + PiPiEA/] + P2{a^ -a'){/?}'"){dfeS} 

= = [C^^^][S]M} (5.14) 

Where is the material matrix and it is a function of Pi and P2 here. Thus 

Eq. (5.11) can be rewritten as 

[Kn\{dq%}=-{F^i} (5.15) 

where 

[K„] =jy[Bf[C^'''][B]dV (5.16) 

(5.17) 



104 

[Ar„] is the stiffness matrix at step n, {F»n} is the unbalanced load. In the 

case of dynamic problems, {Fni-i} and [Kn] are replaced with {F*}and [ATJ] as 

defined in Chapter 3. 

5.2 Solution Methods 

There are a number of methods that can be used for the solution of the 

nonlinear problems. In current research, a combination of the incremental 

procedure and the iterative technique is used, which are described below. 

In the incremental method, the load is divided into a number of 

increments, N, as shown in Fig. 5.1. To compute the response of the system at 

a load step / + /, the stiffness matrix at step / is used. Thus equilibrium is not 

satisfied exactly. The accuracy of this method depends on the size of load 

steps and the nature of nonlinearity. For a highly nonlinear problem, this 

method may require a large number of increments to get satisfactory results. 

The incremental technique provides the entire history of load- deformation 

whereas the iterative technique with total load described below yields only the 

final solution of the problem for the total load. 

In purely iterative method, the total load is applied at a time and the 

iterations are performed to satisfy the equilibrium. There are various numbers 

of iterative techniques available that can be used to satisfy equilibrium. Of 

these, the Newton-Raphson method is commonly used. In this approach, the 
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A P I  

Displacement, u 

Rgure 5.1 Incremental Procedure for Nonlinear FEM 
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stiffness of the system under consideration is modified at the beginning of each 

iteration as shown in Fig. 5.2. Computationally, this can be expensive. To 

overcome this difficulty, the Modified Newton-Raphson method can be used. 

Here, the initial stiffness matrix is kept constant throughout the analysis. 

However, for highly nonlinear problems, the modified Newton-Raphson 

method can require a large number of iterations to reach convergence. 

Therefore, the General Newton-Raphson method is used in current research, 

in which the stiffness matrix is calculated only if the results of last iteration do 

not improve to some extent (according to a set criterion, see next section), 

otherwise the stiffness matrix in the last iteration is used for the current 

iteration. 

Although the iterative scheme satisfies equilibrium quite accurately, it 

does not give the total history of deformation. It only provides the final 

response of the system. Thus, often in nonlinear analysis, a combination of 

the incremental procedure and the iterative technique is used. This gives a 

complete load deformation history of the system with the satisfaction of 

equilibrium condition. Figure 5.3 shows a schematic of the incremental 

iterative scheme. 

In the current research, an incremental procedure combined with the 

General Newton-Raphson scheme (Fig. 5.3) is adopted such that the stiffness 

matrix is modified at the beginning of each load step, and modified only as 
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Balanced Load 

Displacenient, u 

Rgure 5.2 Iterative Procedure for Nonlinear FEM 
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needed in the iterations of the step. 

5.3 Computational Algorithms 

Step 1 — Initialization: known or assumed initial conditions. 

{o"} = {ao}; {6-} = {eg} 

D = 0, {&} = {&'} 

(5.18) 

(5.19) 

ao = Y-
A 2d 

f ji 
J I 

For hardening function Eq. (4.6), 

For hardening function Eq. (4.8), assume 

^ D = 0  

and 

Step 2 — Set load/time increment number n=0. 

Step 3 — Set iteration number r=0. 

Step 4 — Calculate the initial unbalanced load for this load step. 

(5.20) 

(5.21) 

(5.22) 

(5.23) 
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= {Qn.l}-\y{BV{cfn}^''^dV (5.24) 

Step 5 — Calculate stiffness. 

= \y[BY[C''^Y'KBW (5.25) 

Step 6 — Calculate incremental displacements 

{dqf^ = [Kn\-'{F^,Y'^ (5.26) 

Step 7 — Calculate incremental strains 

{£&"}(-) = (5.27) 

Step 8 — Calculate strains in the intact part {dE'}and in the fully adjusted 

part [de'^} by using one of the following assumptions: 

a). Assumption 1: P, = ^2=1 (used for the undrained cases, since 

there is no volume change, ^fe^—O). Thus 

{de'} = {de'} = {de"} (5.28) 

b). Assumption 2: 

dJ\=dI\ (5.29) 

Then from Eqs. (4.19) and (4.39) (for convenience, tensor notation 

is used in the following derivation) 

dJ\=CZ^'u (5.30) 

it/i=^(l + eo)<fc5 (5.31) 



I l l  

Substitution of Eqs. (5.30) and (5.31) into (5.29) and using Eq. 

(5.13) give 

^(1 +eo)de', = Y(1 +eo)^idel = CZideii (5.32) 

Thus is calculated as 

Pi = CuudEu ^5 33^ 

-3i(l + eo)^fe? 

The average strain increment [de" } can be interpolated as 

{fife"} = (1 -0){t/e'} + e{cfe^} = (1 -0)p2{i/e''}+epip2{^/e''} (5.34) 

so that 

P= = (rre)7epr 

where 0 is an interpolation factor (O^0< 1). D can be used as 0. 

Then [de"} and {d^} are calculated as 

{dz'} = ̂ 2{dt''} (5.36) 

{f/e^} = Pi{£fe'} (5.37) 

Step 9 — Calculate stresses in the intact part and in the fully adjusted part. 

{d&} = [C'P]{de} (5.38) 

|-^y.(r+l)} ^ J ̂  J (5.39) 
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Drift correction is performed here for {& } to stay on or inside of the 

yield surface (see Section 5.4). 

Stresses in the FA state are calculated as follows 

J\ = 3paexp j assumption 1 in step 8 (5.40a) 

or 

J I  =J \  with assumption 2 in step 8 (5.40b) 

The deviatoric stress in the critical state part is calculated as 

=mJ\ (5.41) 

{S'^}=^^{S'} (5.42) 
iJ'w 

Step 10 — Update D, [ cf} 

d^D = ̂ {dEP^^fidEP^^} JdEf^dEf j (5.43a) 

+ (5.43b) 

dD = {Du -D)AZ^^^ d^D (5.44) 

= (1 -D){da'}+D{dc''}+dD(,(s'ij-&lj) (5.45) 

= {a«}M + {da'Y'^ (5.46) 
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Step II — Set r=r+l. If r>r„,j, go to step 14 

Step 12 — Calculate unbalanced forces. 

IFUl } = {e~l}-iy [Bf{c?")dV (5.47) 

Step 13 — Check convergence. 

If <e = 10 ^-10"^, convergence is achieved at this load step and 

go to step 14. 

{k <1, tolerance defined by user), no improvement 

or improvement is not sufficient. Go to step 5 to update stiffness 

matrix. 

Otherwise, go to step 6. 

Step 14 — Set n=n+l. If n<n„„, go to step 3. 

Step 15 — Stop. 

5.4 Drift Correction for Virgin Loading of the RI Part 

The drift correction method of Potts and Gens (1985), as discussed by 

Wathugala and Desai (1990) is used here for the stress in RI part of the 

material. After an increment of strain for each element is calculated from the 

displacements, the stress increments are calculated from the constitutive 

relations Eq. (5.38) and and a are updated from Eqs. (5.43) and (4.6) or 

(4.8). The new stresses will likely be found outside of the yield surface (F>0) 
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and need to be corrected to stay on or in the yield surface (F <= 0). The 

procedure is called drift correction. Described below is the drift correction 

method used in the dissertation. 

The goal is to find new stresses and 

F(oJ. a^) = 0 (5.48) 

from the given stresses from last iteration {a,y}, and new strain 

increment {cfe} in this iteration (see Step 9 in section 5.3), where superscript 

"O" denotes the initial quantities and "C" the final (Corrected) quantities. Fig. 

5.4. 

The strain increment is decomposed as 

{rfe} = {dz'- °'}-\- {dzP- °'} (5.49) 

where superscript denotes the intermediate quantities, "e" the elastic strain 

and "p" the plastic strain. The elastic predicator method uses the stress found 

from the elastic constitutive relation as the first trial stress: 

{d<5°'} = [C' ] { d E }  (5.50) 

whereas the plastic predictor drift correction method (Potts and Gens, 1985) 

finds the first trial stress based on the initial elasto-plastic constitutive matrix 

[CP] , Then 

{dc°'} = [C'P]{dE} (5.51) 
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^J2D 
Predictor 

Corrector 

C (Converged State) 
F ( { c f } , a ^ )  =  0  

Figure 5.4 Drift-Correction of Yield Surface during Virgin Loading 
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Thus plastic strain in the first try is given as 

{deP- 0'} = {de} - ids'' (5.52) 

where {de'-°'} is calculated as 

{de'- o'} = [C]"' {dc°'} (5.53) 

The superscript "01" refer to the stress path "01" in Fig. 5.4. For elastic 

predictor method, {deP-°'} = 0. 

Quantities at the intermediate state, "/", may be found from 

{a^} = {CT^ } + {da°'} (5.54) 

d^°' = ^{def'^' f{deP-°' } (= dB^j°' J (5.55) 

= (5.56) 

a^=/a({4^}) (5.57) 

where /„is the hardening function used in the analysis. 

The strain drift error to the converged state, C, will be {de'"'^}, {de''-'^}. 

They are related by 

{dz]  =  {de ' -  ° ' }  +  {de ' - ' ^ }  +  {deP-  +  {deP- ' ^ }  (5.58) 
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Subtracting Eq. (5.49) from Eq. (5.58) gives 

(5 59) 

The quantities at the converged state, C, must satisfy the yield function, 

that is 

F{{o'} + {dC!"'}, /a(^^+d^^^)) = 0 (5.60) 

Taylor's series expansion of Eq. (5.60) around the point I is given by 

ic 

•ir higher order terms (5.61) 

From the flow rule of the plasticity, the plastic strain can be expressed 

as 

{^gP./C} ̂  jjc ^^2} (5 g2) 

where [n9} is the plasticity flow direction as defined in Chapter 4. Hence by 

using Eqs. (5.53) and (5.59), {d&^] can be expressed as 

{dc^^} = [C] [dB'-'^y = -[C] {tfi} (5.63) 

and 

d£f=V<'^44 =X,«^ (5.64) 
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By substituting Eqs. (5.63) and (5,64) into Eq.(5.61), and neglecting 

the higher order terms, is derived as 

/ < { " ' } • ,  ( 5 . 6 5 )  

Now all the quantities at the state C, may be found by Eqs. (5.62), 

(5.63), (5.64) and 

{o^} = {o'} + {da'^} (5.66) 

= + (5.67) 

a^=/a(^^) (5.68) 

Since the higher order terms in Eq. (5.61) have been neglected, the 

corrected values will not yet satisfy the yield function F=0. Therefore, an 

iteration procedure is required where the current state is set as the 

intermediate state and new quantities at state C is calculated from the Eqs. 

(5.62) through (5.68). The procedure is repeated until F({o'^}, a'^) is less 

than a prescribed tolerance: 

F({a<^},a^)<FrOL (5.69) 

where FTOL, the tolerance for F, is usually set to 10"®. 
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5.5 Verification of the Procedure 

5.5.1 Simulation of the laboratory test on Sabine Clay 

One of the laboratory tests on the Sabine Clay (Katti and Desai, 1990) 

was predicted by using the finite element procedure with one element. The 

unloading parameters are found for the proposed unloading procedures from 

the unloading curve. Fig. 5.5. Material constants of the Sabine Clay as found 

by Katti and Desai (1990) and the unloading parameters found from Fig. 5.5 

are listed below. 

Relative intact state: 

E= 1500 psi = 10350 kPa 

v= 0.35 

n= 2.8 

Y= 0.047 

|3= 0.0 

0.0001 

h2= 0.78 

hj= 0.0 

h,= 0.0 

Critical state: 

m= 0.0694 
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Rgure 5.5 Calculation of Unloading Parameters from CTC Test 

Confining Stress = 276 kPa (40 psi), eo = 0.8614 
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X= 0.1692 

e'''= 0.9033 

Disturbance function: 

D„= 0.75 

A= 1.73 

Z= 0.3092 

Unloading and reloading: 

34500 kPa 

^ 3450 kPa 

e^= 0.005 

The CTC test with the confining stress psi) is 

predicted with above parameters with the finite element meshes of 1, 4 and 16 

elements with 4 Gauss points, respectively. Identical (no observable 

difference in the figures) results are obtained from those different meshes. 

The results are compared with laboratory test data in Figs. 5.6 and 5.7. The 

predicted disturbance is shown in Fig. 5.8. From Fig. 5.6 it can be seen that 

the procedure predicted the peak values of the stresses reasonably well. 

However, the predicted stress reaches its peak at lower strain than that in the 

laboratory test. The predicted stress of the same test by Katti and Desai 

(1990) also reached its peak at lower strain. This might be caused by the facts 

that the parameters are calculated from many tests with different stress paths 
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Rgure 5.6 Comparison of Predicted and Observed Stress-Strain Behavior 

CTC Test, Confining Stress = 276 kPa (40 psi), Co = 0.8614 
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Figure 5.7 Comparison of Predicted and Observed Pore Pressure 

CTC Test, Confining Stress = 276 kPa (40 psi), eo = 0.8614 
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Rgure 5.8 Predicted Disturbance, D, vs. Axial Strain for 

CTC Test, Confining Stress = 276 kPa (40 psi), eo = 0.8614 
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with different confining stresses. The pore pressure. Fig. 5.7, is predicted 

well with the procedure. It can be seen from Figs. 5.6 and 5.7 that the 

proposed unloading and reloading procedures predict the observed behavior 

very well. 

5.5.2 Hardening and Disturbance in Reloading 

In the prediction in section 5.5.1, it is assumed that there is no change 

in disturbance and hardening during unloading and reloading. In this section, 

the hardening and disturbance due to the plastic strain during reloading is 

included in the prediction to investigate the effect of plastic strain in 

reloading. Figure 5.9 shows the predictions of the axial stresses with and 

without the effect of the plastic strain in reloading, and compared with the test 

results. With the hardening and disturbance included in reloading, the peak 

value of the axial stress is higher than the test result and the previous 

prediction, but the softening part of the prediction match the test results quite 

well. The predicted pore pressures are illustrated in Fig. 5.10 with the test 

results. With the hardening and disturbance included in reloading, the 

predicted pore pressure is low than the test results and the previous 

prediction. 

The higher predicted peak value of axial stress after reloading suggests 

that the material experienced more hardening than disturbance (softening) due 
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Rgure 5.9 The Effect of Hardening and Disturbance due to Plastic Strain 

in Reloading on the Prediction of Axial Stress for 

CTC test, confining stress =276 kPa (40 psi), e o= 0.8614 
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Predicted 1 (with hardening and distubance in reloading) 

Predicted 2 (no hardening and disturbance in reloading) 
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Figure 5.10 The Effect of Hardening and Disturbance due to Plastic Strain 

in Reloading on the Prediction of Pore Pressure for 

CTC test, confining stress =276 kPa (40 psi), Co = 0.8614 
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to the plastic strain in reloading. The hardening function depends on both the 

volumetric plastic strain and deviatoric plastic strain, while the disturbance 

only depends on the deviatoric plastic strain which is relatively small 

compared to the volumetric plastic strain in reloading. 
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CHAPTER 6 

SIMULATION OF CLAY-STEEL INTERFACE TEST 

6.1 Introduction 

Undrained tests on saturated clay-steel interfaces were conducted under 

two-way cyclic loading (Rigby and Desai, 1996). These results are simulated 

here by using the DSC model as described in the previous chapters. 

Figure 6.1 shows the schematic of the interface shear tests. Clay for 

the interface testing was obtained from the site at Sabine Pass, Texas, where 

field testing with instrumented piles was performed by the Earth Technology 

Corporation (Earth Technology Corp., 1986). The steel (upper sample) was 

chosen to match the instrumented pile segments (smooth) used by the Earth 

Technology Corporation in the field tests. 

Three types of tests were conducted on the remolded Sabine Pass clays 

and the clay-steel interfaces, namely consolidation tests, simple shear tests and 

direct shear tests. Consolidation tests were performed on the remolded clay 

with Kg conditions. In the current research, only the simple shear tests are 

simulated. The consolidation test with maximum normal stress of 550 kPa is 

used to find the bulk modulus of the clay from the unloading slope in this test. 



Cn 

i 
Steel 

Clay Uf w w 

Rgure 6.1 Interface Definitions 

(After Rigby and Desai, 1996) 
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The samples were first consolidated at normal pressures (a„) of 69 kPa, 

138 kPa, and 207 kPa (Rigby and Desai, 1996). Then the shear displacements 

were applied to the steel while the total normal stress was kept constant 

throughout each test. The water valves were closed during the test; this 

constitutes an undrained test condition. The displacement was applied with 

the rate of 1.5 mm/min. The maximum displacement u, for the two-way cyclic 

loading was 0.5 mm for a first test, and 1.5 mm for the second test on the 

same specimen after a period of pore water pressure recovery. The total 

number of loading cycles was 100. Figure 6.2 shows the observed 

displacement patterns in cycles 1, 4 and 100 for a„= 138 kPa and 1.5 mm 

test. The thickness of the interface is estimated as t =1.4 mm from the 

displacement patterns in Fig. 6.2. 

6.2 Test Behavior of Clay-Steel Interfaces 

The shear stresses vs. the relative shear displacements (between the 

steel and the top ring) of the interface consolidated at the normal stress of 69 

kPa (10 psi), 138 kPa (20 psi) and 207 kPa (30 psi), are shown in Figs. 6.3, 

6.4 and 6.5, respectively. Figures 6.3a, 6.4a and 6.5a show the test results 

with the maximum displacement u = 0.5 mm, and Figs. 6.3b, 6.4b and 6.5b 

show the test results with the maximum displacement 1.5 mm. 
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As seen in Figs. 6.3a, 6.4a and 6.5a, there is no degradation of shear 

stresses in one cycle for the 0.5 mm tests. Hence these tests are not used in 

the parameter determination and back prediction for the Disturbed State 

Concepts model. The procedure for determination of parameters from the 1.5 

mm tests is given in the following section. 

6.3 Determination of Parameters 

Parameters in a constitutive model need careful determination. The 

Disturbed State Concepts model has five groups of parameters. Most of these 

parameters can be easily found from conventional laboratory tests on 

cylindrical samples in which the samples are sheared under axisymmetric 

loading conditions in the conventional triaxial device. Some common stress 

paths used in the conventional triaxial tests. Fig. 6.6, are Conventional 

Triaxial Compression, CTC; Conventional Triaxial Extension, CTE; Reduced 

Triaxial Compression, RTC; Reduced Triaxial Extension, RTE; Triaxial 

Extension, TE; Triaxial Compression, TC; Hydrostatic Compression, HC; and 

Proportional Load «fe PL (Desai and Siriwardane, 1984). For undrained tests, 

the total stress paths may be similar to that shown in Fig. 6.6, but effective 

stress paths depend on the properties of the materiaL 

Parameter determination for the DSC model and HiSS model for some 

stress paths can be found in Katti and Desai (1991) and Wathugala and Desai 
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(1990). In this section, details are given for how to find the parameters of the 

DSC model from the laboratory tests conducted on the clay-steel interfaces. 

Though the interface tests are used to find the parameters, the DSC 

model used in this research is a "solid" model based on the stress tensor 0^ 

instead of x and as used in the pure interface model. Conversions of some 

parameters are needed from interface notation to general notation such as 

interface stiffness and into Young's modulus E and Poison's ratio v. 

Some assumptions are also needed such as the calculation of horizontal 

stresses in the interfaces. These issues are discussed in the following 

procedures where the relevant parameters are determined. 

There are 19 constants needed for the proposed model. The basic 

model parameters can be grouped into five categories: 

1. Elastic constants (2) 

£,v 

2. Plasticity constants for the RI material (8) 

Y,P, n,R,h\,h2MM 

3. Critical state constants for the FA material (3) 

7n,X,e'^ 

4. Disturbance parameters (3) 

DutA..,Z 

5. Unloading and reloading parameters (3) 

£BUL ^EUL gP 
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Procedures and typical plots for finding parameters from the laboratory 

test data are presented below. 

6.3.1 Elastic Constants 

For geomaterials, virgin loading behavior is nonlinear even from the 

beginning of the loading. So the unloading slopes are usually used to 

determine the elastic constants. For some models, the elastic constants are 

determined from initial loading slope or the average unloading slope. Fig. 

6.7a. For other models, especially for nonlinear unloading models, the initial 

segment of the unloading slope are assumed elastic and the elastic constants 

are obtained from the initial unloading slope. Fig. 6.7b. There are two 

independent elastic constants required in the elastic constitutive tensor if 

the material is isotropic. Two sets of the elastic constants are commons used 

as follows: 

a). E and v 

E = Young's Modulus 

V = Poisson's Ratio 

b). ATandG 

K = Bulk Modulus 

G = Shear Modulus 

The relations between the two sets of constants are 
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p _ y/VLT 
3K+G 
9KG (6.1) 

3K-2G 
2(3K+G) 

(6.2) 

and 

(6.3) 

G = —^ 
2(1+v) 

(6.4) 

In the interface cases. Young's modulus E and shear modulus G are 

calculated from two types of tests, respectively, i.e. the consolidation test for 

E (or K) and the shear tests for G. The initial unloading slopes for both types 

of plots usually increase as effective normal stress increases so it is advisable 

to use the unloading slope in the region of the effective normal stress of 

interest. As found by Rigby and Desai (1996), the stiffness are different with 

different normal stress. So the constants are evaluated from the tests at the 

normal stresses =138 kPa. The constants were found by Rigby and Desai 

(1996) as £=4300 kPa (the average value = 4400 kPa) and v=0.42. 

Figure 6.8 illustrates the consolidation test for the determination of 

normal stiffness k„. Figure 6.9 shows a shear test for the determination of 

shear stiffness k^. The Young's modulus, £, and the shear modulus, G, are 

calculated approximately from the following relations 
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E=:knt (6.5) 

G = k,t (6.6) 

where f (=1.4 mm) is the thickness of the interface. Poisson's ratio, v, can 

be calculated from Eq. (6.4) as 

v = ̂ -l (6.7) 

6.3.2 Plasticity Constants in the RI State 

There are five constants, m, n, R, y and 3, to define the yield surface, F. 

Based on laboratory tests on a number of geological materials (sands, clays, 

rocks and concrete), a value of -0.5 may be adapted for m (Desai et al., 1986; 

Somasundaram, 1986; Frantziskonis and Desai, 1987; Hashmi, 1987, 

Wathugala and Desai, 1991; Katti and Desai, 1990). So four parameters, n, R, 

Y and 3 are left to be determined. 

6.3.2.1 Parameter/? 

This parameter is related to the tensile strength in the over consolidated 

clay, rocks and concrete. For sands and normally consolidated clay, R is 

usually set to zero. 
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6.3.2.2 Parameters y and P 

Parameter y is the ultimate parameter. When a=0 (^—>00), the yield 

surface becomes a straight line in the Ji-JJw space with a slope Jy. The 

stress point can never pass this line in the HiSS model. 

Parameter |3 is the parameter to define the different strength in tension 

and compression tests. Because the tension test is not available, P is adopted 

from the tests for the Sabine clay (same clay but undisturbed) from Katti and 

Desai (1991), which is 0. 

Because y is the ultimate parameter and the stress can never reach the 

ultimate line, the ultimate line can be assumed to be 10~20% higher than the 

peak stress point in the stress path. Figure 6.10 shows the stress path for the 

shear test with =207 kPa, and an ultimate line is approximately drawn on 

the figure with a slope of In order to find y in the "solid" model from this 

slope, it is assumed the lateral stresses in the interface are equal to the 

normal stress, CT„, i.e. CT,= ay= CTj= . Then/,= 3a„and=T. It can 

be found that Jy average value of y, from tests with normal 

stresses = 69 kPa, 138 kPa and 207 kPa, is found as 0.077. 
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6.3.2.3 Phase Change Parameter n 

The phase change parameter n may be obtained from the ratio of the 

ultimate line and the phase change line as follows. 

Parameter n is called phase change parameter because it is determined 

from the phase change line in the stress space. A phase change line is a line 

in the Ji -JJtd space. Fig. 6.11, passing through the origin and the phase 

change point. A, the highest point on the yield surface. At point A: 

^ = 0 (6.8) 

For associative plastic flow, the volumetric plastic strain at point A can 

be calculated as 

dE^y= 3X^ = 0 (6.9) 
aJi 

For the undrained test: 

dE,=0 (6.10) 

de'y = d£y-dê y = Q (6.11) 

and 

dJi=3Kde'y=0 (6.12) 

This is the point in the test when the soil experiences transition from 

contraction to dilation. Substitution of F=0 in Eq. (6.9) yields 
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aF 
dJ M 

(6.13) 

or 

J i A  ( 2 y \ ^  
pa i^CW J 

From F=0, 

Jtd.A 

Pl 

' J U  

Pa 
J \ A  

pl j 
Fs 

Thus, the slope of the phase change line is 

Spc = 
J M 

(6.14) 

(6.15) 

The slope of the ultimate line Sp(. = JyFs . Therefore, the ratio of slopes 

of the phase change line and the ultimate line can be obtained as 

Spc ^ jn-2 
SuL V n 

(6.17) 

or 

n = 

1 
(6.18) 

Equation (6.18) is used to determine n in this research. The ultimate 

line and the phase change line are plotted on the stress paths from the tests 

with different normal stresses (69, 138 and 207 kPa). Figure 6.10 (used to 
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find y) shows the stress path, ultimate line and phase change line for the test 

with ct„=207 kPa. The phase change line is drawn passing through the origin 

and approximately the phase change points, where the stress path turns 

around at ( or dJ,) = 0. The average value of n, from shear tests with all 

the different normal stresses, is found as 2.56. 

From Eq. (6.18), it can be seen that n > 2, and if n -^2, the phase 

change line coincides with the Jj axis and the yield surface is reduced to a 

line; if n -»oo, the phase change line reaches to the ultimate line and the yield 

surface is a straight line on the space. Figure 6.12 shows the effect 

of n on the yield surface if the ultimate line (y) remains the same. 

6.3.2.4 Hardening Parameters, h,, Aj, hj and 

The following four-parameter hardening function is used in the model 

for the interface tests: 

So ttp, is related to plastic strains by Eq. (6.19). On the other hand, the stress 

point is on the yield surface, hence F=0, so that a can be also calculated from 

the stress point as 

(6.19) 
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(6.20) 

For the hydrostatic compression stress path, =0 and Eq. (6.19) 

becomes 

ttni — 
_ "1 (6.21) 

Taking natural logarithms of both sides of Eq. (6.21) and rearranging lead to 

Inflpr = lnAi -hzln^v (6.22) 

here, ttp, and for each stress point in a test can be found from Eq. (6.20) 

and Eq. (4.9), respectively. Selecting n points from the test, n pairs of (Op,, 

^v) can be found as (ap.,p ^y.i 5 ap..2' ^v.2; Substituting them 

in Eq. (6.22) results in a set of simultaneous equations in the form 

[A]{x}=W (6.23) 

where 

[A] = 

1 ln^v.1 
1 ln^v2 

1 

(6.24) 

{b} = 

Inflp,.! 

(6.25) 

In a psjt 
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and 

where n is the number of stress points used here. 

By using the least square procedure it can be found that 

W = ([A]^[A])-»[A]^{^j} (6.27) 

and 

The consolidation test as used to find (Fig. 6.9), in which = 0, is 

used for finding h^ and h^. Fig. 6.13, and they are found as ^^=0.000408, /i2= 

2.95. 

With h, and known, Eq. (6.19) can be rearranged as 

= (6.29) 

Taking natural logarithms of Eq. (6.29) yields 

In 
\ 

= ln/i3+A4ln^D (6.30) 

Selecting n stress points in a shear test, ^ofor each stress 

point can be found from Eqs. (6.20), (4.9) and (4.10), respectively. 

Substituting the data (ct^,.i, ^ps,v ^v.2» ^d.2» ^v.2» ^D,n) 
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Eq. (6.30) results in a set of simultaneous equations in the form 

where 

[A]{x} = {b} 

[A] = 

1 ln^D.1 
1 ln^D2 

1 In ̂ £>3 

(6.31) 

(6.32) 

and 

ib} = 

In 
y , 

{x} = xi 
X2 

_ f ln/i3 

1 h4 

(6.33) 

(6.34) 

where n is the number of stress points used here. 

By using the least square procedure it can be found that 

W = ([>l]''[A])-'rAl'"{A} (6.35) 

A3 
h4 =ir;) (6.36) 
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These parameters, hj and h^, are for RI state, but in the test, it begins to 

degrade before only a few points. Some assumptions are made here in order 

for this model to behavior well with large plastic strain. As the model for RI 

state is derived or assumed, the stress-strain curve for the RI state is 

projected from the first few points before degradation. Figure 6.14a shows 

the 138 kPa, 1.5 mm test with the projected RI state and Fig. 6.14b shows the 

fitting line in finding hj and h^from the projected RI state. They are found as 

/i^=0.0203, h,= 0.0767. 

6.3.3 Material Constants for the Fully Adjusted State 

The FA state is modeled as a critical state material using Eq. (4.22) and 

(4.23). There are three parameters — e"', X and m in the fully adjusted state. 

These parameters are obtained for the interface model by Rigby and Desai 

(1996). In the current study, those parameters are converted into those for 

the solid model. The procedures for the determination of the parameters for 

the interface can be found in Rigby and Desai (1996) and are restated briefly 

below. 

The equations for critical state in the interface model are expressed as 

(6.37) 

(6.38) 
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The parameter m,- for the interface is found by plotting Xc and values 

in the interface at critical state (stresses at failure) and then finding the slope 

of the best fitting line of these points. Figure 6.15 plots these values for shear 

tests with three different normal pressures. Since the critical state line passes 

through the origin, individual values for tests with each normal stress can also 

be determined. An average value of 0.370 was determined with 0.408, 0.356, 

and 0.346, representing the values for the individual tests at a„ = 69, 138, and 

207 kPa, respectively (Rigby and Desai, 1996). For the "solid" model, it is 

assumed that ai = Cy=&„, so and JJw =x. By comparing Eq. (6.37) 

and (4.23), it can be seen that for the solid model, the slope m is 1/3 of that 

for interface, m,-. Then average value of m is 0.123, and m= 0.119 for a^ = 

138 kPa test. 

The constants X and e"' can be found by plotting void ratio, e, versus 

at failure as shown in Fig. 6.16 (After Rigby and Desai, 1996), and 

finding the best fitting line. The intercept of this line is e"' and the slope of 

this line is X. The value of X was determined to be 0.298 and the e" was 

found to be 1.359. By comparing Eq. (6.38) and Eq. (4.22) with the 

assumption Ji =3&„, it can be seen that the two parameters for the solid 

model, are the same as those in the interface model. That is, X - 0.298 and e" 

=1.359. 
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6.3.4 Disturbance Parameters 

There are three parameters here in the disturbance function, namely, D„, 

A and Z. is usually adopted to be unit (D„=l) so that the disturbance varies 

from zero to 1, and that leaves two parameters to be found from the tests. 

From Eq. (4.37), D can be expressed as 

D ̂  urn V _2D_ ^^ 29) 

IJ'tD ~ 

For the shear tests in the interface, assuming 

Jjw — t (6.40) 

Thus 

T' — 
D = V-T (6.41) 

where x" is the shear stress at the critical state calculated at the last cycle, 

cycle 100 in the test, x* is the observed shear stress in the test at or after the 

peak stress in each cycle, and x' is the shear stress in the relatively intact state, 

which is projected from the first cycle of the test (Fig. 6.14a). 

Rearranging and taking natural logarithms of the disturbance function, 

Eq. (4.29) lead to 

ln(l-^) = -A^E (6.42) 
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Rearranging and taking natural logarithms of Eq. (6.42) again yield 

lnA+Zln^D = In[^-ln|^l-^J J (6.43) 

By selecting n points in the test with D calculated from Eq. (6.41) and 

from Eq. (4.10), n pairs of data can be found (^u i, D^; ^0 2' ̂ 2 — ^D.n» 

D„). Substitution of the data into Eq. (6.43) leads to a set of simultaneous 

equations as 

[A]{x} = {b} (6.44) 

where 

[A] = 

1 In^D.i 
1 In^D^ 

1 In^oj 

(6.45) 

ln[-ln(l-§^)" 

(6.46) 

{x} = Xi 

Xz •I'M (6.47) 
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Figure 6.17a shows best fitting line for the constants A and Z from the 

138 kPa - 1.5 mm test. Fig. 6.4b. They are found as A = 0.82 and Z = 0.42. 

Fig. 6.17b shows a comparison between the test values (triangles) and the 

calculated values (line) of the disturbance function using the constants found 

for the 138 kPa - 1.5 mm test. Diverse values of the constants are found for 

different tests for the interface model (Rigby and Desai, 1996). For this 

research, only the 138 kPa and 1.5 mm test is used to find constants A and Z. 

These constants are used for the back prediction of the shear test as well as 

simulation of instrumented pile test (Chapter 7). 

6.3.5 Reloading and Unloading Parameters 

For nonlinear reloading and unloading functions as proposed in Chapter 

4, three parameters, and are needed for the calculation of Kj 

and K2. Figure 6.18 shows the shear stress-strain curve of the test at the 

normal stress a„ = 138 kPa and 1.5 mm. The slope at the beginning of 

unloading from Fig 6.18 is at the end of unloading and the plastic 

strain at the end of unloading is Yp. Now they can be converted to E^^^, 

and El by the following relations as described in Chapter 4, as 

£®^^ = 2(l+v)G®^^ (6.48) 

££i/L = 2(1+v)G^^^ (6.49) 
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(138 kPa Test, after Rigby and Desai, 1996) 
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and 

^ = (6-50) 

The unloading and reloading parameters are found as E^"^= E =4300 

kPa, £^"'-=400 kPa and e^=0.0305. 

6.4 Summary of Parameters 

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

previous sections and used for the simulation of the interface by using the 

DSC model. The constants are given below in five categories: 

Elastic constants; 

E= 4300 kPa 

v= 0.42 

Relative intact state: 

n = 2,6 

/? = 0 

Y= 0.077 

P= 0 

h,= 0.000408 

/i2= 2.95 

hj= 0.0203 

h,= 0.0767 
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Critical state: 

X = 0.298 

e"= 1.359 

m = 0.123 

Disturbance function: 

1 

A = 0.816 

Z = 0.418 

Unloading and reloading: 

4300 kPa 

£^'''•=400 kPa 

e? =0.0305 

6.5 Finite Element Simulations of Test Behavior of Steel-Clay Interface 

The two-dimensional two-phase (soil/fluid) dynamic finite element 

program with the proposed DSC model and unloading and reloading models is 

verified by back predicting the interface test. The interface test with o; = 138 

kPa and u^= 1.5 mm is simulated by using the parameters found in the 

previous sections. The interface is treated as solid material in the simulation. 

The sample is divided into 28 4-node elements (8 elements for steel plate, 4 

element for the interface and 16 elements for clay) as shown in Fig. 6.19. The 

sample is fixed at the bottom. The displacements, both magnitude and rate as 
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measured in the tests, are applied to both sides of the sample. Due to the lack 

of appropriate parameters for the remolded clay used in the test, the 

parameters of the clay are assumed the same as that of the interface. The 

measured displacements are applied to the boundary of the clay and interface. 

Figure 6.20 shows the shear stresses in the interface from both the test 

and finite element analysis for the cycles 1, 2, 3, 4, 5, 10, 25, 50 and 100. It 

can be seen that the shear stresses from the finite element analysis (Fig. 6.20a) 

agree well with those from the test (Fig. 6.20b). The comparisons of the 

stresses in individual cycles are illustrated in Fig. 6.20c - Fig. 6.20k. The peak 

value of the shear stress in the first cycle from the finite element analysis is 

very close to that from the test. Comparing the unloading and reloading 

curves from the finite element analysis and test, one can see that the proposed 

unloading and reloading functions work well in this analysis. 

The predicted pore pressures (Fig. 6.21b) are less than those in the test 

(Fig 6.21a) after a few cycles. But the trend of pore water pressure change 

within one cycle agrees with that in the test. The pore water pressure 

deviation from the test in the last cycles might be caused by inaccuracy of the 

parameters for the fully adjusted state or the initial void ratio in the interface, 

because as disturbance function D approaches 1, most of the material is in the 

fully adjusted state. The stress paths from both the finite element simulation 

and the test are plotted in Fig 6.22. The effective normal stress in the last 
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cycles from the simulation is higher than that from the test due to lower pore 

pressure generation in the analysis. 

Development of disturbance D vs. cycle number is shown in the Fig. 

6.23. Disturbance reaches the value of about 0.59 after the first cycle and 

0.93 after 10 cycles. This means the most degradation occurs in the first few 

cycles. 

In general, the program, especially the unloading/reloading model, 

works well by using the solid elements for the interface. The parameters for 

the critical state and the initial void ratio of the soil are very important as 

when disturbance approaches one, the behavior of the soil are mainly 

determined by the critical state parameters. 
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CHAPTER 7 

SIMULATION OF INSTRUMENTED PILE TESTS 

7.1 General 

Piles are one of the oldest types of foundation system known and used 

for a wide range of buildings, bridges, towers, offshore platforms and other 

massive structures. The behavior of piles installed in different soils has been 

previously studied in depth based on conventional modeling and monitoring 

techniques. The development of improved analytical techniques, technological 

advances in monitoring instrumentation, a better understanding of installation 

effects have increased the understanding of pile behavior and can lead to cost 

effective foundation systems. 

Analytical methods have been developed to predict bearing capacity 

under vertical loads, pile deflections under lateral loads, and response of piles 

under dynamic loads (Bowles, 1988). Most of the available methods for 

analysis of pile-soil interaction problems under axial loading are based on 

highly simplified (often one-dimensional) idealizations of the pile and soil 

behavior, or are based on semi- empirical approaches. They do not provide 

insight into the soil behavior and pore water pressure development around the 

pile. Empirical methods are only as good as the available data based on that 
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particular problem. They may not be applicable for new types of soils or 

loading situations. 

Numerical methods including finite element techniques have been 

applied for the pile analysis. Finite element methods are usually applicable for 

any soil-structure interaction problems including complex loading, coupled 

soil-fluid interaction and realistic material representation for soils. The 

constitutive models for the soils and interfaces are important factors in the 

finite element method to predict the soil and pile behavior under external 

loading. Saturated steel-clay interfaces behavior has been studied and the 

Disturbed State Concepts model has been developed from the interface tests 

(Rigby, 1996, Desai and Rigby, 1997) to account for the cyclic and 

degradation effects of the pile-clay interfaces. The properties of the saturated 

clay were also modeled with DSC (Katti and Desai, 1991, 1995). 

In this chapter, the finite element method with the DSC model as 

developed is verified by back predicting the observed behavior of the 

instrumented pile tests at Sabine, Texas (The Earth Technology Incorporated, 

1986) and the results are compared with those from the field tests and from 

those from prediction using the HiSS (5^) model (Wathugala and Desai, 1989; 

Wathugala, 1990, Wathugala and Desai, 1993, Desai and Wathugala, 1993). 

The behavior of the clay-steel interfaces is modeled using DSC model from the 

laboratory tests. Constitutive parameters for the steel-clay interfaces have 
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been obtained in Chapter 6. The parameters of the clay are from the tests of 

undisturbed Sabine clay obtained from the test site (Katti and Desai, 1991, 

1995). 

The initial stress condition before the loading tests can be obtained by 

simulating the driving effect of the pile numerically (Desai, 1978; Kiousis, 

1985, Wathugala and Desai, 1989). Here, the initial conditions before the pile 

load tests are obtained by using the strain path method (Baligh, 1975, 1984, 

1985). In the strain path method, a kinetically admissible deformation field 

around the pile is found and the strain path of each point can be calculated 

from the deformation field. Thus the effective stress path can be calculated by 

using the constitutive model of the soil. The total stresses and pore pressure 

distribution are found by using the equilibrium equations (see details in 

Wathugala and Desai, 1990). After the initial stress conditions are obtained 

from the pile driving, consolidation and loading tests are simulated using the 

DSC, nonlinear dynamic finite element procedure in the following sequence — 

a) consolidation, b) tension test (one way loading test) at the end of 

consolidation and c) two way cyclic load test. The initial conditions of each 

step in the simulation are from the final results of the previous step. 
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7.2 The Instrumented Pile Tests 

The Earth Technology Corporation has performed six field tests at 

Sabine, Texas (Fig. 7.1) with the instrumented pile segments (probes) of 

diameter 1.72 inches (4.37 cm) (X-probe) and 3.00 inches (7.62 cm). Three 

tests — full displacement 3-inch (7.62 cm) and X-probe, and partial 

displacement 3-inch (7.62 cm) pile with 0.125-inch (3.18cm) thick cutting 

shoe — were under a joint NSF project with the University of Arizona. For 

the purpose of this analysis, only the 3-inch (7.62 cm) pile will be considered. 

7.2.1 Testing Procedure 

The testing system consisted of a loading system, computer controlled 

data acquisition system, and instrumented pile segments. Detailed description 

of these parts and testing procedure are given in The Earth Technology 

Corporation (1986) (also in Wathugala and Desai, 1990). Following is a brief 

description of the test. 

A schematic of the loading system is given in Fig. 7.2. The 

displacement of the hydraulic ram is transferred to the probes by the N-rods 

connecting them. 

The shear transfer from the pile segment to the soil is obtained by 

measuring the difference between axial loads at two points (the two load cells) 

in the pile segment (Fig. 7.3). This is achieved by the two load cells in the 
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pile segment separated by a distance of 31.6 inches (80.26 cm), which are 

connected in a single Wheatstone bridge in such a manner that the output of 

the bridge is directly proportional to the shear transfer between these two load 

measuring points. 

Lateral earth pressure and pore pressure are measured by using two 

pressure transducers located midway between two load cells. The total 

pressure transducer is sensitive only to forces normal to the outer face of the 

unit, thus measuring the total radial pressure acting against the surface of the 

pile segment. The face of the transducer is shaped to confirm to the pile wall 

and is of a diameter chosen to have a one square inch of surface area. 

There is a slip joint located between the body of the pile segment and 

the cutting shoe. The body of a DC-LVDT (Direct Current - Linear Voltage 

Displacement Transducer) is mounted in the body of the pile segment and the 

core of the LVDT is attached to the cutting shoe. When the pile segment is 

driven, both the cutting shoe and the pile segment move together, but during 

subsequent load tests only the pile segment moves due to the presence of the 

slip joint. The DC-LVDT is used to measure the relative movement between 

the pile segment and the cutting shoe. In this case, the cutting shoe acts as 

the reference anchor which does not move relative to the surrounding soil. 

Thus, accurate displacement measurements of the pile segment could be 

obtained. 
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The axial load cells have been calibrated by applying a series of loads 

on each load cell independently using a specially-fabricated calibration jig. 

The calibration factor for the combination of the two load cells was then 

calculated, accounting for the slight differences in sensitivity of the two units. 

The total pressure and pore pressure transducers were calibrated by 

placing the pile segment in a 30 inch (76 cm) diameter, 10 feet (3.05 m) long 

pressure chamber, which was then filled with water and subjected to a series 

of known hydrostatic pressure values. Prior to calibrating the pressure 

transducers, the pile segment, complete with cables, was subjected to an 

overnight period of 100 psi (690 kPa) hydrostatic pressure to ensure that the 

whole probe is watertight. 

7.2.2 Method of Installation 

Bore holes of 6.0-inch (15 cm) diameter were driven up to the uniform 

clay layers of about 10-12 feet (3.0 - 3.7 m) thickness occurring at a depth of 

about 50 feet (15 m), and cased using PVC pipes. The probe and the N-rod 

string are lowered into the borehole until they are supported by the soil. Then 

the probe is driven into the soil until the whole probe is inside the soil. The 

3-inch (7.62 cm) probe was driven using a 300-lb (136 kg) casing hammer, 

with a drop of 3 feet (91 cm) on each blow. 
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7.2.3 Field Test Results of the 3-Inch (7.62 cm) Pile 

When a pile is driven in a saturated clay mass, the pore pressure around 

the pile increases and, therefore, reduces the effective stresses around the pile. 

With the excess pore pressure dissipating with time, the clay is consolidated 

and therefore becomes stronger. Figure 7.4 shows the total lateral earth 

pressure and pore pressures measured during the consolidation phase. It can 

be observed from the figure that total stress as well as pore pressure reduced 

during consolidation, illustrating the coupled nature of the process. Effective 

lateral earth pressure increased throughout the consolidation process. Tension 

tests to failure at different consolidation levels were also carried out to 

investigate the increase of pile capacity during consolidation. Shear transfer 

versus displacement curves of these tests at different consolidation levels are 

illustrated in Fig. 7.5. It can be seen from the figure that pile capacity 

increases with consolidation after pile driving. 

One-way and two-way cyclic load tests were carried out near the end of 

consolidation. In cyclic load tests, after the shear transfer reaches failure, the 

pile is unloaded until the shear transfer reduces to zero, and then reloaded. If 

the reloading is in the same direction as that in the original loading, it is one 

way cyclic loading; otherwise, if the reloading is in the opposite direction, it is 

two-way cyclic loading; Shear transfer versus time and pore pressure versus 

time through both of the tests are shown in Fig. 7.6. Shear transfer versus 
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pile displacement in the two-way cyclic test is shown in Fig. 7.7 

7.3 Simulation of Field Tests 

7.3.1 General 

The displacement-controlled tests of the 3-inch (7.62 cm) pile probe 

were numerically simulated using the finite element program DSC_DYN2D 

with the DSC model. Here, Sabine Clay and the steel-clay interface are 

modeled using the Disturbed State Concepts model. Material parameters for 

the interface were found in Chapter 6, and those for the clay were adapted 

from Katti and Desai (1991). Those material properties are summarized in 

Table 7.1. Since shear deformations in saturated clay are almost volume 

conserved, 'shear locking' was observed when eight node elements with four 

Gauss integration points are used. Therefore, four node elements with one 

Gauss integration point were used for both solid and fluid in all the finite 

element analyses here. Nagtegaal, Parks and Rice (1974) have discussed 

accuracy issue in the finite element analysis of incompressible plastic flows. 

The tests were simulated in stages as shown schematically in Fig. 7.8. 

Here, each stage uses the results of the previous stage as the initial conditions 

and passes its results to the next stage as input for that stage. The tension 

load tests performed at the initial stages of consolidation are not simulated 

here as it did not significantly affect the consolidation curve (Earth 
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Table 7.1 Material Parameters Used for Finite Element Analyses 

Clay Interface 

Relative Intact State: 

E 10350 kPa 4300 kPa 
V 0.35 0.42 
y 0.047 0.077 

P 0 0 

m -0.5 -0.5 

n 2.8 2.6 
3R 0 0 

h, 0.0001 0.000408 

K 0.78 2.95 

hs 0 0.0203 

K 0 0.0767 
Critical State: 

X 0.1692 0.298 

e" 0.9033 1.359 
m 0.0694 0.123 

Disturbance Function: 

D. 0.75 1 

A 1.73 0.816 
Z 0.3092 0.418 

Unloading and Reloading: 

ebul 34500 kPa 4300 kPa 
eeul 3450 kPa 400 kPa 

El 0.005 0.0305 

Others: 

Permeability 2.39 X 10*'° m/sec 2.39 X 10"'° m/sec 

Density of Soils (p J 2.65 Mg/m' 2.65 Mg/m' 

Bulk Modulus (AT,) of Soil Grain 10' kPa 

Bulk Modulus (K^) of Water 10* kPa 

Density of Water (pp 1.0 Mg/m' 
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Technology Corporation, 1986). 

The mesh used for all the simulation stages. Fig. 7.9, is the same as 

that used in the previous HiSS (5S) analysis, except that the thin-layer 

elements are used for the pile-clay interface while in the previous analysis, 

there were no interface elements. There are totally 192 elements and 225 

nodes. The inner elements in contact with pile are assigned as interface 

elements with a thickness r=1.4 mm as that in the interface tests (Chapter 6). 

The parameters from the interface tests are used for those elements. The rest 

are clay elements whose material parameters are from tests on the clay (Katti 

and Desai, 1991). The pile is assumed rigid, so the pile movements are 

simulated as prescribed displacements of nodes in contact with the pile. The 

displacement boundary conditions are also shown in Fig. 7.9. 

7.3.2 Initial Conditions Before Pile Driving 

Before starting to simulate the process of pile driving, it is necessary to 

obtain the initial conditions of the soil before pile driving. As in most 

geotechnical problems, where water table is at the surface, it is assumed that 

insitu stresses and pore pressures are given by 

(7.1) 

(7.2) 
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(7.3) 

where aC and are effective vertical and horizontal stresses at a point at 

depth h below the surface, respectively, y, is the submerged unit weight of 

soil, is the unit weight of water, p is the pore water pressure and Kg is the 

coefficient of earth pressure at rest. The value of Kq may be estimated using 

the empirical Jaky's formula for normally consolidated clays (Jaky, 1944) 

A:o=(l-sin(j)0 (7.4) 

Using the (|)' value obtained in Wathugala and Desai (1991), is evaluated as 

0.786. 

All the insitu stresses and pore water pressures at any point in the soil 

can be calculated using Eqs. (7.1) to (7.4). To determine the initial hardening 

parameters, it is assumed that this stress is on the yield surface and thus a can 

be found from the yield function, F (see Chapter 4). Because the stress path is 

unknown, for simplicity, it is assumed the hardening is caused by volumetric 

plastic strains and the initial disturbance is assumed as zero. 

7.3.3 Simulation of Pile Driving 

When a pile is driven into soil, the soil around and below it get pushed 

away to accommodate the pile. Here, the pile segments were driven at the 

bottom of the bore hole, and it is assumed that only the soil below the bottom 
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level of the bore hole is affected. Strain path method (SPM), as proposed by 

Baligh (1985, 1986a, 1986b) and described in Wathugala and Desai (1990), is 

used to simulate the effects of pile driving for pile segments. 

Strain Path Method (SPM) was developed based on experimental 

observations. In deep penetration problems, it is observed that the soil 

deformations caused by a penetration of a rigid indentor are similar in 

different soils even though the penetration resistance can be drastically 

different. The basic idea of SPM is to obtain a kinematically admissible 

deformation field for the particular problem using analytical solution of 

uniform inviscid flow around sinks and sources. By distributing sources of 

different strengths in the uniform flow, Baligh and coworkers have obtained 

deformation fields around simple pile, open ended piles and soil samplers. The 

strain path of each point can be calculated from the deformation field. Then, 

the effective stress path corresponding to the strain path can be calculated 

using the constitutive model of the soil. The total stresses and the pore 

pressure distribution are found using the equilibrium equations. The final 

stresses and pore pressures would be exact if and only if the estimated 

deformation filed is identical to those experienced in the actual problem. 

Unless the problem is fully strain controlled, these stresses and pore pressures 

are only approximate values for the problem. 
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For the Hnite element analysis of the subsequent consolidation phase, 

stresses, pore pressures and hardening parameters at all the Gauss points are 

required as input parameters and they are computed in this section. Strain 

paths followed by all the Gauss points below the bottom of the bore hole 

during the pile driving process are computed using the strain path method. 

The expressions of the strain path followed by any point around the pile can be 

found in reference (Desai and Wathugala, 1990). Once the strain path is 

known, one can find the stresses from the constitutive model by substituting 

the strains into the constitutive equations. 

The main purpose of this chapter is to verify the finite element 

procedure with the DSC model by simulating the pile under cyclic loading. 

The stresses computed here are for the initial stresses for the consolidation 

analysis before the cyclic loading tests. These initial stresses are taken from 

those in the previous analysis of HiSS model (Desai and Wathugala, 1990). 

HiSS model is the basic model for the intact part of the DSC model developed 

here. It is reasoned that, during the pile driving process, the plastic strain 

induced is mainly volumetric strain, which contributes to the hardening of the 

soil but not to the disturbance, and although some deviatoric plastic strains 

are also induced, they are very small compared to that induced by the (shear) 

loading tests at later stages. So the stresses from the HiSS model are adopted 

in this step for the later use as initial stress for the consolidation analysis. 
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7.3.4 Consolidation after Pile Driving 

Pore pressures and stresses calculated in Section 7.3.3 are input as the 

initial condition for the consolidation phase. Consolidation process is 

simulated until all the excess pore pressures are dissipated. The comparison 

of the DSC predictions with the field measurements and predictions from HiSS 

model for the 3-inch (7.62 cm) probe are plotted in Figs. 7.10, 7.11, 7.12 and 

7.13. 

The predicted pore pressure dissipation curves at the center of element 

121 (16m below the ground surface. Fig. 7.9) by the DSC model are compared 

with field measurements and the prediction from the HiSS model by plotting 

the normalized excess pore pressures with the logarithmic time in Fig. 7.10. 

The normalized excess pore pressure is calculated as 

_  _  P ~ P c  
P"°""~po-pc 

where p is the current pore pressure, Pg is the initial pore pressure, and p^ is 

pore pressure at the end of consolidation. Even though the absolute initial 

pore pressure predicted did not match with the field observations (Fig. 7.4), 

normalized dissipation curves compared well. The DSC gives a much closer 

correlation with the field results than that from the HiSS model. 

Figure 7.11 gives the pore pressure distributions at a depth 16m below 

the ground surface at different stages of consolidation predicted ft^om both the 
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Figure 7.12 Pore Pressure Distribution at the Beginning and the End of Consolidation 
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DSC model (Fig. 7.11a) and HiSS model (Fig. 7.11b). There are no field 

measurements to compare these results with. However, the shapes of these 

distributions from those two models are compared well with each other. 

The initial (at one second) and final pore pressure distributions are 

plotted by using the pre- and post-processer (Shao and Desai, 1997) in Fig. 

7.12. The disturbance developed in element 121 during the consolidation is 

shown in Fig. 7.13. At the end of the consolidation, the disturbance in 

element 121 is 0.092. 

7.3.5 Simulation of One-way Cyclic Load Test at the End of Consolidation 

Earth Technology Corporation (1986) has reported that the tension load 

tests performed at the initial stages of consolidation did not significantly affect 

the consolidation curve and therefore those tests are not simulated here. The 

simulation of the one way cyclic load test on the 3 inch (7.62 cm) probe at the 

end of the consolidation is presented below. 

The vertical displacements as measured in the field are applied to the 

nodes in contact with pile segment (form E to F in Fig. 9) in 134 time steps. 

The predicted behavior for the test is compared with the field measurements 

and prediction from HiSS model in Figs. 7.14, 7.15 and 7.16. Shear transfer 

from the current analysis with DSC model is calculated by accumulating the 

induced vertical forces at the nodes with the prescribed displacements. While 
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Figure 7.14 Shear Transfer vs. Pile Displacement for the One-way Cyclic Load Test -
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predicted shear transfer from the HiSS model is lower than that from the field 

measurements, DSC gives much closer prediction of the shear transfer to the 

field data. This may be due to the different model and parameters used in the 

analysis. The degradation of peak value of the shear transfer is also predicted 

by the DSC, The proposed unloading and reloading model give greater strain 

during the unloading, but the shape of reloading and unloading loop are 

predicted well. Predicted pore pressures show an initial increase and then 

stable pore pressures which are higher than those from the field data. 

However, DSC-predicted pore pressures are close to HiSS predictions. 

Figure 7.17 shows the disturbance developed in element 121 in the one 

way cyclic load test. Disturbance grows from 0.093 at the first time step to 

0.568 after the final step. The contours of the disturbance at the first and 

final step are shown in Fig. 7.18. Though the value of disturbance in the 

thin-layer element (element 121) reached 0.568 (Area too small, can not be 

seen in the figure), the disturbance in the elements beyond in the clay does not 

change much. 

7.3.6 Simulation of Final Two-way Cyclic Load Tests 

Two-way cyclic load tests were simulated using the finite element 

procedure with the DSC model and are compared with field measurements and 

the HiSS model results in this section. 
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Figure 7.18b Disturbance Development during the One-way Cyclic Load Test 
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Five field cycles in compression and tension to failure were performed 

on the 3-inch probe. The vertical displacements as measured in the field are 

applied to the nodes in contact with pile segment (form E to F in Fig. 9) in 

801 time steps. Results from the finite element simulation are compared with 

field measurements and predictions from HiSS model in Figs. 7.19, 7.20, 7.21, 

7.22 and 7.23. Disturbance growth is shown in Figs. 7.24 and 7.25. Predicted 

values of shear transfer vs. pile displacements are compared in Fig. 7.19. The 

DSC prediction shows good agreement with the field behavior and 

improvement over the HiSS prediction. The DSC also predicts degradation 

between cycles, but within one cycle the predicted degradation (softening) is 

not much as in the field measurement. Proposed unloading and reloading 

schemes perform well in this analysis. Figure 7.20 shows the predicted 

variation of shear transfer with time; it compares well with field measurements 

and shows improvement over the HiSS model. Figure 7.21 compares the 

predicted variation of pore pressure with time with field measurements. The 

predicted values are higher than the measured values, but the trends are the 

same with slight increase in both cases. Total horizontal stresses did not 

change much during the cyclic load tests. Fig. 7.22. Predictions agreed well 

with field measurements here. Effective horizontal stresses did not match well 

at the beginning of the test, as in the HiSS prediction, but became very close 

at the end of the test. The disturbance in element 121 changed from 0.568 to 
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0.847 as shown in Fig. 7.24. The disturbance in the clay elements did not 

change much as shown in Fig. 7.25. From these results it may be concluded 

that finite element method with DSC model provides the improvement from 

that with the HiSS model and predicts the cyclic load tests (one-way and 

two-way) well. 

7.4 Discussion of Results 

Consolidation, one-way and two-way load tests on 3 inch (7.62 cm) pile 

segment were simulated and results are compared with field data and the 

previous prediction with the HiSS model. The predicted pore pressures due to 

pile driving was less than the measured values, but the normalized pore 

pressure dissipation curves compared well. For the one-way and the two-way 

load tests, the shear transfer vs. displacement and time are simulated quite 

well by the model. The proposed unloading and reloading scheme also works 

well in the analysis. The DSC model, in general, shows improvement over 

HiSS in this analysis. The most important parameter for the design of piles is 

its final load capacity. Since shear transfer was predicted well, pile capacity 

(the maximum load the pile can carry) also can be predicted well with this 

finite element program with the DSC model. 
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CHAPTERS 

SUMMARY AND CONCLUTIONS 

8.1 Summary 

The Disturbed State Concept constitutive model for soils has been 

developed in this study. The model is implemented in a dynamic finite element 

procedure for porous media for the two-phase water-soil system. The model 

and the implementation are verified by back prediction of steel-soil interface 

tests, as well as a simulation of pile-soil interaction problem. 

The new contribution of this research is stated below. 

1. The Disturbed State Concept constitutive model is developed with 

HiSS models to represent the Relative Intact part and the critical state model 

for the Fully Adjusted part in the material. The general formulation were 

developed for the finite element implementation for dynamic analysis of 

saturated or dry, cohesive or cohesionless materials. 

2. New and simplified unloading and reloading schemes are proposed 

and related formulation were developed. The parameters of the unloading and 

reloading have clear physical meaning and easy to find. The procedure for 

determining the parameters for unloading/reloading from a number of tests are 

discussed. 
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3. The Disturbed State Concepts model, with the unloading/reloading 

formulations, was implemented in a nonlinear dynamic finite element program 

for porous media named DSC-DYN2D. It can perform static, two phase 

(soil-water) dynamic and consolidation analysis of soils and soil-structure 

iteration problems with the DSC model. 

4. The laboratory tests of saturated clay-steel interfaces have been 

simulated by the finite element program with the Disturbed State Concepts 

model. The procedure for finding the parameters have been discussed and the 

DSC parameters of the interface have been found. 

5. Consolidation and loading tests for the field load tests on 3 inch 

(7.62 cm) pile segment were numerically simulated using the finite element 

program DSC-DYN2D and compared with field measurements and those from 

the previous analysis with the HiSS model. 

For the simulation of the consolidation phase, the predicted normalized 

pore pressure dissipation curve matched the field behavior better than that 

from the HiSS model. 

The static and cyclic load analysis by using the DSC model provided 

good predictions of shear transfer from which the pile capacity can be 

evaluated. The DSC model provides better prediction of the field tests than 

HiSS plasticity model. The unloading and reloading procedure works well in 

this analysis. 
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8.2 Conclusions 

The Disturbed State Concepts model, with HiSS model as the intact 

state and critical state as the fully adjusted state, were developed and, for the 

first time, implemented in the two phase dynamic finite element program 

DSC-DYN2D. The applicability of this model have been demonstrated by 

back predicting laboratory tests and field behavior of cyclic axially loaded pile 

segments in a saturated marine clay. 

The unloading/reloading models proposed in the study are simple yet 

give the realistic prediction of unloading and reloading behaviors of the 

geomaterials. 

It is shown that the finite element program DSC-DYN2D is capable for 

the consolidation and two phase dynamic analyses for the geotechnical 

engineering problems. It can be used to solve the soil, soil-structure 

interaction and structure problems in dry and saturated condition under static 

and dynamic loading. 

8.3 Recommendations for Future Research 

The following topics are recommended for future research: 

1. The DSC model is calibrated against more laboratory tests with 

different soil types and loading conditions to verify and if necessary improve 

the model. 
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2. During the cyclic loading of the saturated interface, the degradation 

of peak strength is due to both the disturbance and pore pressure increase. 

Further investigation in this direction will be needed to include the effect from 

those factors. 

3. Application of the DSC-DYN2D for analysis of additional practical 

geotechnical engineering problems under dynamic loading to verify its 

applicability to solve large engineering problems. 

4. Relative displacements between intact part and the fully adjusted 

part are still not clear phenomenon. Special test procedure may be needed to 

identify the relative displacements. 
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APPENDIX A 

A.l Definitions of the Invariants of the Stress Tensor 

First invariant of the stress <7^: 

/l =CTu=CTii +CT22+<y33 = CTxt + Oyy + C^zr (A.l) 

Deviatoric stress 

S,j = Oij-^dij (A.2) 

Second invariant of the deviatoric stress S--:  

• ••"'S'ls) +5I2 +^23 +531 (S^ +S33 =5ii — 2522'J33) 

=  S i i  —SzlSzz +5^2 +-^23 +•^31 

= ^[(<^11 -cy22)^ + (cr22 - ̂33)" + (a33 - an)'] + a?2 + 0^3 + (A.3) 

for two dimensional problems: S23=Sjj=0, then 

/2Z) =5ii—522533+<512 (A.4) 

Third invariant of the deviatoric stress S,j: 
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J-iD=^SiiSjkSti [ j(5?i+SL+Si3)=5MS22533 ] 

— T(5ii +S22 +•^33) +2SI2'S23'531 +-5 II(SI2 +'5?3) 

+^22(521 +523)+533('S3i +532) 

= •5111522533 +2512523^31 "5i2533 —S22SU -53i522 (A.5) 

for two dimensional problems: 52^=5^^=0, then 

JjD =5ii522533 —5335i2 =533(5U522 "572) (A.6) 

A.2 Derivatives of tiie Stress Invariants in Vector Form 

In computer algorithms, the stress tensor is represents by vector as 

follows 

{0't}^=< CTl,C72,Cy3,a4,<J5,CJ6 > 

=<aii,CT22,cy33,CTi2,cr23,cy3i > (A.7) 

where <> refers to row vectors and T' denotes transpose. 

Derivative of J,: 

or in matrix form 
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{|^)^= <1.1,1,0.0,0> (A.9) 

Derivative of J21J: 

~^=Sij (A. 10) 
8a,, 

or in matrix form Eq. (A. 10) may be expressed as 

[ dJ2D ̂  ^ 
I 3a/ 

= <S\,S2,S^,Sa,SS-,S6> 

= <Su,522.'^33,2512,2523,2531 > (A.11) 

where 5^^ is the deviatoric stress as defined in Eq. (A.2). The factor two 

presents in the vector form because two stress components (e.g. aj, and a,,) 

in the tensor form correspond to one stress component (a,) in the matrix form. 

Derivative of 

|^ = r,7-|72D5y (A. 12) 

where 

Tij = SitStj (A. 13) 

or in matrix form Eq. (A. 12) is given as 



' r i - f / 2 D "  
t z -^ j td  

r3-|/2D , 

ta  
Ts  
Te 

where 

{TiY-<T\,T2,T3,Ta ,Ts ,Ts  > 

=<Tu,Tzl,T33,27x2,2722,2Tz\ > 

For two dimensional problems, 52j=S„=0, using Eq. (A. 13) 

TI =5u5itl =5ii +5I2 =J2D + S22S33 

Similarly: 

t2  =s2ksk2 =sl i  +5^2 =j2d +sns33 

T3 =S3kSk3 =^33 =/2£»+5ii522 -5^2 

T4 =25uSit2 =2(5II5I2+SI2S22) = —25I2533 

Ts = 2S2kSi3 =0 

T 6 = 2 S 3 k S k l  = 0  

Thus 
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1̂ 1 = 

J/2D+522^33 

jy2D+5ii533 

y/20 +5ii522 -5I2 

-2S12S33 
0 
0 

(A. 17) 

A.3 Calculations of Trajectories of Plastic Strains 

The strain tensor is represented in computer algorithms by vector as 

follows 

{£i}^—<£l,£2,e3,e4,£5»£6 > 

=<£ll,£22,£33t2£i2,2£23,2£3i > 

:£lu£22»£33,Yl2>723,Y31 > (A.18) 

where <> refers to row vectors and T' denotes transpose. 

From Definition: 

d  ̂= Jd£ ĵ (A.19) 

d^D = JdE^j (A.20) 

(A.21) 



233 

For the strains in vector form as in Eq. (A. 18), the trajectories of 

plastic strains can be expressed as 

+ ide^2y- + +0.5 • [(rfe^)2 + + (de^)^]} (A.22) 

d^D = adEl)- + {dE^y- + + 0.5 * + {dE\y + {dE^e)']} (A.23) 

and 

d^v = -^\d^'[ +dE2+de2 
*3 

where 

= 

From the plasticity theory, the plastic strain are calculated as 

de'lj = hifj =d^nfj 

where nfj is a unit vector = I) of flow direction defined as 

n; 

dQ 
Q da,J 

|d(3| 
lda.,l 

(A.24) 

(A.25) 

(A.26) 

27) 

Q is potential function (for associate rule, Q=F). The deviatoric plasitc strain 

can be calculated as 

(A.28) 

where n%; is defined as 
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n%j = n^-hijni (A.29) 

Thus, from Eqs. (A.20) and (A.28), 

d^D = ' (A.30) 

Also 

= (A.31) 
V3 ' ' 

A.4 Derivatives of the Yield Function F and Potential Function Q 

By using the chain rule for differentiation 

dF ^dFdJi dF BJtd dF dJjp (A'^2^ 
dOij dJi dCij dJ2D ddij dho 9a,y 

where 

^ = (A.33) 

^ = 4- |^6/nPA:(l - ̂ r)'^'J:ir3D (A.34) 
0J2D pi 2 

^E" _2 
^ = Fi,m^kil - pSr)'-'/2D (A.35) 

Jrf 
= (A.36) 
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The vector form of the derivative of F can be found by substituting of Eqs. 

(A.9), (A. 11) and (A. 14) into Eq. (A.32). 

For derivative of the potential function Q, substitution of F in Eq.(32) 

with Q yileds 

dJ 1 dJzD 3(2 3/30 
30y dJidCij dJ2D^(^ij 

(A.37) 

dQ dQ BQ 
where 57- , -^7— and -57— depend on the definition of the potential function Q. 

oj I 0J2D oJ 3D 

For assocaite flow rule (Q=F), They are expressed the same as in Eqs. (A.33) 

to (A.36). 

From Eqs. (A.8), (A. 10), (A. 13) and (A.37) one gets; 

(A.38) 

Equation SijS^SkiSu = 2J2D is used in the above derivation. Let 

DQV=j3 
dJi 

(A.39) 

DQD = 2J2D m'Mm' (A.40) 

and 
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DQ = PQV^^DQD^ =[^)' (A.41) 

Then, the flow directions can be rewritten as 

" « = ^  ( A . 4 2 )  

From Eqs. (A.37), (A.42) and (A.31), may be found as 

(A.43) 
DQ DQ 

And from Eqs. (A.37), (A.42) and (A.30), may be found as 

(A.44) 

For a general hardening function: 

a = a(^,^D,^v) (A.45) 

The derivative of the yield function F over the plastic strain is calculated as 

dF dF da  .  dad^D .  da  

Subsittuting Eqs. (A.30) and (A.31) into Eq. (A.46) leads 
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where 

^ d e p e n d e n t  o n  t h e  h a r d e n i n g  f u n c t i o n ,  
dq dqo oc,v 
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