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ABSTRACT 

The interface normal behavior between Ottawa sand and concrete for static 

and cyclic loading has been studied using Cyclic Multi Degree-of- Freedom test 

device. The static force controlled test for the interface showed exponential relation 

between normal stress and strain during initial loading, hyperbolic relation during 

unloading and linear relation during reloading. 

A series of cyclic force controlled interface tests are described for normal 

behavior and· the interface behavior is found to be a function of the applied initial 

normal stress, the amplitude of the stress and the number of loading cycles. The 

reloading modulus is shown to increase with number of loading cycle. Also, a series 

of combined normal( force controlled) and shear( displacement controlled) tests are 

described in which the shear stress for given amplitude of shear displacement is 

found to increase as normal stress and number of loading cycles increases. 

The results of the laboratory tests for normal behavior are used to deter

mine the parameters to describe the interface stress-strain response. The model is 

shown to describe the hysteresis behavior of the interface as a function of amplitude 

of normal stress and number of loading cycles. The model is used to predict the 

results of cyclic normal tests and combined normal and shear tests, and was found 

to yield satisfactory results. 

The interface model is implemented in a 2D nonlinear soil-structure interac

tion finite element procedure. The finite element procedure is verified with respect 

to simple problems for which close form solution or laboratory results are available. 

The response of the force controlled cyclic test and combined normal and shear test 

is then predicted using the FE procedure and reasonable results are obtained. 

xvii 



xviii 

A pier foundation subjected to base displacement is then analysed for differ

ent combinations of soil and interface behavior. Computer results are qualitavely 

compared with ,displacement and contact stresses and the effect of including the 

interface behavior is identified with respect to debonding and rebonding of the 

interface. 

The results of this research have provided understanding of the cyclic be

havior of sand-concrete interface subjected to normal and combined normal and 

shear loading. The interface behavior has been represented by simple mathemat

ical model for which parameters can be easily determined from static and cyclic 

tests. The model is also defined for general loading to incorporate debonding and 

reb on ding and it is easy to implement into a FE prcedure. 



CHAPTER 1 

INTRODUCTION 

In. structural mechanics and in geomechanics there are wide variety of prob

lems in which interaction between dissimilar media exits due to contact; for exam

ples, a reinforced concrete structure, structure-foundation system and retaining wall 

as shown in Fig.!.!. In addition to geometric and material nonlinearties, the inter

action between two dissimilar bodies introduce additional nonlinear behavior, which 

may be called as boundary (interface) nonlinearity. The nature and characteristics 

of the contact play an important role in load transfer from one body to another. 

This interface nonlinearity can become dominant in soil-structure interaction prob

lems subjected to cyclic or dynamic loads. 

The present study is mainly concerned with the behavior of soil-structure 

interaction problems subjected to cyclic and dynamic loads. In this study, the 

discontinuous junction between soil and structure is called as "interface". In rock 

mechanics, the discontinuities due to various geologic conditions such as faults and 

fissures are called "joints". The techniques proposed for soil-structure interaction 

problems can also be applied to rock joints, and joints in between concrete and 

reinforcements in reinforced concrete with little modifications. 

Soil-Strucutre Interaction 

Soil-structure interaction effects are present whenever the responses of the 

soil and structure are coupled. In other words the motion of a point in the soil may 

be different with and without the presence of the structure, that is, the behavior 

of the soil is influenced by the deformation of the structure, and vice versa. This 

1 
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Retaining Wall 

Geologic Medium· 

(a) Structure- Foundation System (b) Retaining Wall . ... . 

Concrete 

. Interface 

(c) Reinforced Concrete Beam. 

Figure 1.1. Typical examples of Interface and Joints 
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effect of interaction is more significant when soil-structure system is subjected to 

dynamic loads. This is due to· the presence of relative motion between the soil 

and the structure, Roesset, and Scaletti(1979), Whitman and Bielak(1980), Isen

berg, Vaughan and Sandler(1978), Isenberg and Vaughan(1978), Toki, Sato and 

Miura(1981), Desai(1981), Desai, Zaman and Drumm(1985), and Wolf(1985). 

Many current analysis techniques neglect relative motions between soil and 

structure to simplify computations, by assuming that the structure is "glued" to the 

soil. In reality, relative motions, sliding or seperation may occur at the interface 

depending on the nature of the load and material properties of the soil and the 

structure. 

Based on the extent of analysis, the soil-structure interaction can be clas

sified into two types, 

(a) true or complete interaction problem, and 

(b) idealized interaction problems, Fig. 1.2, Idriss et al. (1979). 

Analysis of true interaction problem must account for all possible factors 

such as: 

(i) variation of the soil properties with the depth, 

(ii) non-linear behavior of the soil and the structure, if any, 

(iii) presence of any neighbouring structure, 

(iv) three-dimensional nature of the problem, 

(v) complex nature of wave propagation, 

(vi) relative movements between soil and the structure, and 

(vii) semi-infinite domain of the soil. 

It is obvious that with the present knowledge solution of such a complex 

system(true interaction problem) is extremly difficult. Thus the problem is idealized 

by making suitable assumptions such as: 

---_._-- .. _. - - .. 



Control Motion ......... 
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(a) Complete Solution 

Control Motion. 
~ 

(b) Idealized Complete Solution 

: Figure 1.2. Analysis of Soil-Structure Interaction" 
(After Idriss et. al. 197~) 
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(i) replacing infinite soil domain by a finite domain, 

(ii) seismic input in the form of force or displacement applied at boundaries in 

certain direction, and 

(iii) simplified behavior of the interfaces. 

Such a problem is called as idealized interaction problem and can be solved 

in practice. 

Methods of Solution 

Dynamic soil-structure interaction problems can be analyzed using either a 

continuum method or a numerical method. Continuum method is limited to simple 

problems with regular geometry, simplified boundary conditions, linear material 

behavior, and simplified loading cases. 

The use of numerical method such as the finite elements and finite differ

ences can incorporate complex geometry, complex boundary conditions, complex 

loading, non-linear material behavior and material discontinuities. The use of high 

speed and large memory digital computers has made numerical approach feasible 

and more economical, and therefore, more attractive to practicing engineers. 

During the last few years, significant development has been made in the nu

merical procedures for the analysis of soil-structure interaction problems. Recently 

more emphasis has been given to developing constitutive relationships to describe 

material behavior. In the present study, major emphasis is given to the latter, that 

is, the description of material behavior for use in numerical procedures. 



6 

Description of Material Behavior 

The description of material behavior consists of four parts: 

(i) development of appropriate mathematical model to describe the material 

behavior, 

(ii) determination of model parameters from the laboratory tests or field test 

to represent the mathematical model, 

(iii) implementation of mathematical model into numerical procedures, and 

(iv) verification of the model with the experimental results. 

The material behavior of interest in the present study is that of interface 

between two materials such as structure and soil. The interface between two ma

terials can be thought of as a material itself, and its own material properties. In 

addition to the properties normally assigned to solids, the interface should have the 

ability to allow slip, debonding (separation) and rebonding between the two mate

rials. Normally, the behavior of the interface is highly dependant on the properties 

of materials adjoining the interface. 

Several modes of relative displacement can occur at the interface and these 

are (i) translational, (ii) normal, (iii) torsional, and (iv) rocking. These modes 

in terms of six degrees-of-freedom (DOF) at a point are shown in Fig. 1.3. The 

translational mode is represented by the x and y DOF, normal mode by z DOF. The 

torsional mode refers to rotation 0 z about z axis, and rocking mode corresponds to 

rotations 0::; and Oy about x and y axes, respectively. 

Some typical examples in which interface behavior affects the results are 

given and shown in Fig.!.!. Figure 1.4 illustrates a typical finite element discretiza

tion for two-dimensional finite element analysis of soil-structure system shown in 

Fig. 1.1a. Figure 1.4 also shows the soil and the structural elements along with 
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the interface elements. These interface elements are assigned with special proper

ties to allow the soil-structure interface to experience slip or separation mode. The 

cyclic load or dynamic load as force or displacement excitation is also depicted. 

Modelling of the infinite domain by a finite domain for dynamic analysis using ab

sorbing boundary or transmitting boundary is also represented. This aspect will be 

discussed in Chapter 2 of this dissertation. 

Regardless of the selection of technique to analyse the soil-structure system, 

the formulation should include material model for the interface behavior and be

havior of the soil and the structure. To represent the interface more accurately, the 

relative displacement which can occur at the interface of the two materials must be 

included in the interface model. The interface model parameters can be determined 

from the laboratory tests of the interface or from the field test. 

Development of the mathematical model and determination of the model 

parameters for the interface are very essen.tial in describing the interface behavior. 

Several mathematical models and extensive test results are available to represent 

shear behavior of the interface. So far not much investigation has been carried out 

to describe the normal behavior of the interface especially when subjected to cyclic 

and dynamic loading. Also shear behavior is a function of normal stress for interface 

and joints which in turn depends on the normal behavior of the interface. Hence, 

experimental investigation and mathematical modelling of the interface for normal 

behavior are very important and are main goals of this research. In addition to the 

interface modelling, implementation of general but simplified model for representing 

the behavior of the soil, and implementation of several time integration schemes for 

dynamic analysis of soil-structure interaction system are also the covered in the 

present research. 
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Scope of Present Research 

The scope of this study is divided into following six areas, with the major 

emphasis on the first three: 

1. Laboratory Testing of Sand-concrete Interface( Chapter 3). 

A new cyclic interface testing device used in this study is described. This 

device is capable of testing interfaces and joints in several modes of deformation 

or degrees-of-freedom under static and cyclic loading conditions. The interface 

behavior as a function of normal stress, amplitude of normal stress and number of 

loading cycles for a given relative density of sand is studied. 

2. Modelling of Interface and Determination of Parameters from Laboratory 

Test Results( Chapter 4). 

From the test results a model for the interface behavior is proposed. The 

proposed model predicts the changes in the interface behavior with number of load

ing cycles, amplitude of stress and initial normal stress. The model parameters are 

determined from the laboratory test results. A general expression for the determi

nation of the model parameters is given. The proposed model is used to predict 

some of the laboratory test results. 

3. Implementation of Interface Model in Finite Element Procedure and Code 

(Chapter 6). 

An incremental-iterative type finite element procedure is developed for non

linear dynamic analysis of two-dimensional structures under plane stress, plane 

strain and axisymmetric condition. The interface model proposed previously (Desai, 

et al. 1982j Drumm and Desai,1985j Desai, et al. 1985) for shear behavior using 

modified Ramberg-Osgood model, and proposed model for normal behavior in this 
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study are implemented in the finite element code. The implementaion of these 

models are verified with laboratory test results. 

4 .• Implementaion of Non-Linear Material Behavior for Soil( Chapter 2). 

Advanced plasticity model for isotropic hardening namely cap model pro

posed by DiMaggio and Sandler (1979) and generalized model proposed by Desai 

and Faruque (1983) are implemented in the nonlinear-dynamic finite element code. 

The implementation of these models are verified with the previously known results 

and laboratory test results. 

5. Implementaion of Time Integration Schemes( Chapter 2). 

Time integration schemes namely explicit scheme( central difference method), 

implicit schemes (Newmark and Wilson-O method) and explicit-implicit scheme 

(Newmark family type) are implemented in the nonlinear dynamic finite element 

procedure. The advantages of the schemes are discussed. The implemented schemes 

are verified with analytical solutions and results reported by other investigators. 

6. Solution of Practical Problem in Geotechnical engineering( Chapter 7). 

One practical problem in geotechnical engineering has been solved with and 

without incorporation of interface behavior, and the results are evaluated to identify 

the effect of the interface on the computf.!d response. 



CHAPTER 2 

FINITE ELEMENT METHOD FOR INTERACTION PROBLEMS 

As mentioned in Chapter 1, incorporation of interface behavior is necessary 

for realistic analysis of interaction problems, especially when subjected to cyclic or 

earthquake loads. Introduction of interface behavior introduces nonlinearity due 

to relative motions at the interface. Analytical solution to such problems are diffi

cult, hence approximate solutions are obtained using numerical procedures such as 

the finite element method, finite difference method and boundary element method. 

Finite element method has gained popularity over other methods because of the 

ease in handling complex structures, geometries, boundaries and different material 

properties. In this study, the finite element method with displacement formulation 

is used to study the behavior of soil-structure interaction system subjected to cyclic 

and earthquake loading. 

In this chapter existing methods for solving dynamic soil-structure interac

tion problems using the finite element method are reviewed and brief descriptions of 

finite element formulation, material modeling, discretization and nonlinear solution 

techniques are presented. 

Finite Element Methods for Soil-Structure Interaction Problems 

As discussed before, a dynamic soil-structure interaction problem can be 

solved by "complete interaction analysis" or "idealized interaction analysis" . 

Solution of the problem by complete interaction analysis is shown schemat

ically in Fig. 1.3a. This analysis can be complex and many a times it is difficult to 

obtain all the data necessary for the analysis, such as complete patterns of ground 

motion and soil deposit. Hence the problem is idealized as shown in Fig. 1.3b. 

12 
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In this idealized analysis, soil deposit is represented by series of horizontal layers 

and the ground motions are simplified to consist of plane shear and dilation waves 

propagating vertically (Idriss, et al. 1979). 

Idealized interaction problem can be broadly divided into three classes: 

Direct methods, Multi-step methods and Substructure methods. The advantage 

of anyone of these methods over the other method depends mainly on the type of 

problem being solved, its geometry, material properties and the degree of refinement 

needed. 

Direct Method 

In this method the response of the structure and the surrounding geologic 

medium subjected to a given excitation is evaluated in a single analysis step (Seed, 

Lysmer and Hwang, 1975). The equations of motion resulting from the formulation 

of the soil-structure system can be solved in the time domain or in the frequency 

domain. 

In the time domain solution, the resulting equations of motion are solved 

using a step-by-step integration scheme w.ith respect to time. In the frequency 

domain solution, the response of the system is assumed to be harmonic and fre

quency dependent. After the analysis, the time history response can be obtained 

through the use of Fourier transforms; the procedure involves finding the direct 

transform of the excitatipn, multiplying it by the transfer function and obtaining 

the inverse transform of the product, (Clough, 1976; Idriss et aL, 1979; Newmark 

and Rosenblueth, 1971; Wolf 1985). 

The frequency domain solution possess certain advantages over time do

main solution. For example, after the computation of the transfer functions, the 

control motion or its location can be changed without having to repeat the complete 

procedure. The frequency domain solution is limited to linear analysis. To account 
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for various nonlinearities like material, geometric and boundary nonlinearities, it is 

necessary to use the time domain procedure. 

Multi Step Methods 

These methods are based on the principle of the superposition. The anal

yses are performed in several steps. The solution to each step are either known or 

easier to carry out, and then results from all steps are added together to obtain the 

final solution. 

Two Step Method. This method was proposed by Whitman (1973). In this 

method, the solution is carried out in two steps, Fig. 2.1. 

In the first step, the structure, Fig. 2.1{a), is assumed to have stiffness 

and damping but no mass. The forces and the acceleration time history at all 

nodal points in the structure are computed. This step is called kinematic analysis, 

Fig. 2.1(b), because the interaction is primarily associated with the stiffness of a 

weightless structure. 

In the second step, Fig. 2.1(c), the structure is considered to have both 

mass and stiffness. The applied forces in this step are interia forces; product of the 

mass at each nodal point and the acceleration (acceleration of step 1 plus the base 

acceleration). This step is called as intertial interaction because this interaction is 

caused due to inertial forces in the structure being transmitted to the compliant 

soil. More detailed description of this method can be found in Whitman (1973), 

Whitman and Bielak (1980), and Idriss et al.(1979). 

Three Step Method. This method is also called lumped spring method and 

is based on the assumption of a rigid foundation. Kausel and Roesset (1974) sug

gested that a solution to the soil-structure interaction problem, consistent with the 
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Figure 2.1. Two-Step Method Using Kinematic and Inertial Interaction 
. . Analysis ·(Aft~r· Whitman, 19~3) 
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direct approach, can be obtained in three steps, these steps are shown schematically 

in Fig. 2.2 and are: 

(1) Determination of the motion of a massless foundation with the shape same 

as that of the actual foundation and subjected to the given seismic input. 

(2) Determination of the foundation springs and dash pot impedances to ac

count for embedment of the foundation and layering of the soil. 

(3) Determination of the dynamic response of the structure, excited at the base 

of the springs with the response obtained in the first step. 

Soil Island Approach 

The analysis of soil-structure interaction problem using soil island approach 

is carried out in two steps: 

In the first step, the free field (without the structure) ground motions are 

computed along the soil island boundaries (Fig. 2.3), by any numerical or analytical 

method. The boundaries of the soil island must be placed faraway from the location 

of the structure. 

In the second step, the soil island is analysed in detail using the free field 

motions (computed in the first step) as boundary conditions. From this procedure, 

the size of the soil-structure interaction model is reduced to a manageable size. The 

procedure is shown schematically in Fig.2.3. This procedure has been proposed and 

used by Isenberg et al.(1976, 1978, 1982 a,b), and Nelson and Isenberg (1976) to 

analyze structures on the ground in a layered site subjected to air blast loads and 

air blast induced ground motions. 

Comparison of Two Step and Soil Island Methods 

In both the methods the solution is carried out in two steps. However, there 

is a basic difference between the two methods. In two-step method, the principle 

.----------. - .-.. 
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of superposition is used to obtain the response, the interaction is decoupled into 

two parts; namely, kinematic interaction and inertial interaction. In the soil island 

method actual response of the structure is obtained in the second step. The first 

step is mainly to obtain boundary conditions for the soil island and for reducing the 

size of the problem. This method is valid for both linear and nonlinear analysis. 

Substructure Method 

In this method, first the free field response of the site, without any em

bedment, is calculated at nodes where the structure is subsequently connected. 

Second, the interaction part which follows, consists of two steps. In the first step, 

the unbounded soil is analysed for force-displacement relation at the nodes where 

the structure will be connected, and from which the dynamic stiffness coefficients 

are computed. In the second step, the structure is supported on the spring and 

dash pot system with dynamic stiffness coefficients determined from the first step 

and analysed for loading case which depends on the free field motion. The proce

dure is schematically represented in Fig. 2.4. This method has several advantages, 

for instance; the complicated soil-structure system can be broken into subsystems 

of manageable size, intermedi~,te results can be interpreted and corrections can be 

applied if necessary, and if the free field motion is changed, the dynamic stiffness 

coefficients need not be recomputed. The limitation of this method is that only lin

ear analysis can be carried out. Detailed explanation of this method can be found 

in Chopra and Gutierrez(1973), Gutierrez(1976) and Wolf(19S5). 

Other Methods 

Other methods which are available for soil-structure interaction using fi

nite element analysis are, a)Four step method, b) Flexible boundary method, and 
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Figure 2.4. Soil-Structure Interaction with Substructure Method 
( Reference Wo~f, 1985 ) 
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c) Flexible volume method. Descripition of these methods can be found in Romo

Organista et al. (1977), Seed et al.(1970 a,b), Gutierrez (1976), Gutierrez and 

Chopra (1977,1978) and Wolf (1985). 

Comments on Various'Methods 

Except for the direct method and the soil island method of analysis in 

the time domain the rest of the methods are based on principle of superposition, 

hence are suited only for linear analysis. To account for non-linear behavior due to 

various reasons discussed before, the inter(!.ction problems can be analyzed by using 

the direct method and soil island method in the time domain. 

Finite Element Formulation for Direct Method 

The governing equations for transient dynamic problem are derived us

ing Hamilton's principle (Lanczos, 1949). In this principle, the variation of the 

functional called Lagrangian, L, (Langhaur,1982; Lanczos,1949) between any time 

interval tl to t2 is minimized as: 

(2.1) 

and 

L =T-V-Wp (2.2) 

where, 0 indicates variation, T kinetic energy, V strain energy and Wp potential of 

the external loads. 

Spacial Discretization 

The derivation of the finite element equations follow a standard procedure 

(Zienkiewicz, 1971; Desai and Abel, 1972; Gallagher, 1975; and Bathe,1982), hence 
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only the final equations of motion are given here. Over dot is used to denote 

differentiation with respect to time 

for linear analysis 

for nonlinear analysis 

[M]{q} + [C]{q} + {P(q)} - Q(t) 

. [M] = j p[N]T[N]dV 
v 

{P} = [k]{q} 

{P} = J [B]T {u }dV 
v 

[C] = j[NjT[C][N]dV 
v 

(2.3) 

(2.4a) 

(2.4b) 

(2.4c) 

(2.4d) 

{Q} = J [N]T {X}dV + J[N]T {'l'}dS (2.4e) 
v s 

where [M] and [e] are the structural mass and damp matrices, respectively, {P} 

is the internal force vector opposing the displacement of the structure, {Q} is the 

applied load vector, p is the mass density, C is the damping forces proportional to 

the velocity, {X} is the body force per unit volume, {T} is the boundary traction 

acting over the surface, S. [K] is called s"tiffness matrix, {q}, nodal displacement 

vector, {u} is the stress vector, and [B] is the strain displacement transformation 

matrix, 

{c} = [B]{q} (2.5) 

where {c} is the vector of components of strain, and [N] is the matrix of shape func

tion, representing element displacement vector {u} in terms of nodal displacement 

vector {q} as 

{u} = [N]{q} (2.6) 
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Closed form evaluation of integrals in Eq.(2.4a to 2.4e) may be too difficult 

or impractical, therefore, in practice the integrals are evaluated numerically. There 

are several schemes available, but in the present study, only one, Gauss formula is 

incorporated in the finite element procedure. The coefficients used in Gauss formula 

are shown in Fig. 2.5. The computational procedure is derived in this study for 

two dimensional problems under plane strain and plane stress conditions and for 

axisymmetric problems. 

Element Types. In the present study, 4-,6-,8-,and 9- node isoparametric 

elements shown in Fig.2.6 are used. 

Higher order elements (8-node and 9-node) have some advantages over the 

first order 4-node element.' For example, for the same number of nodes in a struc

ture, higher order elements give more accurate results than those from the first 

order element, and the curved boundaries can be modelled easily by the higher 

order elements using isoparametric representation. 

Mass Matrix. The mass matrix given in Eq.(2.4a) is called consistent mass 

matrix because the same shape functions are used to formulate the stiffness matrix 

and mass matrix. The consistent matrix is fully populated. To take full advantage of 

the explicit method (discussed in the next section), mass matrix has to be diagonal. 

Also to reduce storage space and amount of computation in the implicit methods, 

diagonal mass matrix is desirable. 

The diagonal mass matrix is called lumped mass matrix, which was rec

ommended by Clough(1973). Tong, Pian and Bucciavelli(1971) proved that the 

solution of dynamic problems using lumped mass matrix is convergent if total mass 

of the element is preserved. The most efficient lumped mass matrix at present is 

obtained by lumping the mass in proportion to the diagonal terms of the consistent 
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mass matrix (Hinton, Rock and Zienkiewicz 1974). The element diagonal terms are 

given by 

(2.7) 

(2.8) 

where MT is the total mass of the element, and Me ii is the diagonal term in 

consistent mass matrix Eq.(2.4a). 

In the present study both consistent and lumped mass matrices as described 

above are incorporated in the finite element procedure. However to reduce com

putational cost, the problem in the present study are solved using lumped mass 

matrix. 

Damping Matrix. Damping is the property of a material to dissipate energy 

when subjected to time dependent load. There are mainly two types of damping in 

dynamic behavior of materials, viscous and hysteretic damping. The dissipation of 

energy in viscous damping is proportional to the velocity. In hysteretic damping, 

the loss of energy is due to friction and plastic deformation, which is independent 

of frequency but dependent on the magnitude of the displacement. 

The energy dissipation due to propagation of waves away from the structure 

is known as radiation damping, a form of viscous damping and depends on frequency 

of the waves. The radiation damping plays an important role in numerical procedure 

when an infinite domain is modeled by a finite domain. This damping is taken 

into account in finite element procedure by extending the boundaries to sufficient 

distance from the structure, and also using absorbing boundaries. 

The hysteretic damping is generally observed in elasto-plastic materials 

such as soil. For cyclic loading the damping is characterized by the area of hysteresis 
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loop, and directly proportional to the energy dissipated in the material. However, 

for transient loading the hysteretic damping is directly incorporated as a part of 

stress-strain relation while representing nonlinear behavior of the material. 

Damping in linear analysis is usually represented by Rayleigh or propor

tional damping, which is easy to incorporate in computaional procedure. In this 

method the material damping is assumed to be proportional to mass and stiffness 

matrices of the system: 

[C] = al[M] + a2[K] (2.9) 

where al and a2 are proportionality constants, and are functions of natural frequen

cies, Wi (i = 1,2, ... ) of the system. al and a2 are determined from two damping 

ratios that corresponds to two different frequencies of vibration: 

(2.10) 

where €i is the damping ratio for ith mode. 

In the present study, Rayleigh damping is incorporated in the finite ele

ment procedure for linear analyis. For nonlinear analysis the hysteretic damping is 

included in the nonlinear stress-strain relation for the material. 

Time Discretization 

The accuracy and efficiency of the solution to soil-structure interaction 

problems using direct time integration method depends on type of integration 

scheme selected. The integration schemes are broadly calssified into two groups, 

explicit and implicit. Recently another scheme called mixed method has been 

introduced based on mesh partitions. 

Explicit Schemes. Number of methods are available in this scheme, but the 

most commonly used method is the central difference method. In this method the 
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solution at time t + 1 = t + At is obtained by considering equilibrium at time t, the 

method is called explicit, since the solution at time t + 1 is obtained from known 

conditions at time t. The expression for acceleration and velocity in the incremental 

form suited for nonlinear analysis are, 

Nt ({Aqt+l} _ {qt} + {qt-l}) 
{q } = b.t2 

(2.lla) 

.t ({b.qt+l} + {qt} + {qt-l}) 
{q } = 2b.t (2.llb) 

where {Aqt+l} is the incremental displacement vector, At is the time step. Using 

Eqs.(2.Ua) and (2.11b), Eq.(2.3) can be expressed as 

where the term in the left hand side bracket is called effective stiffness matrix and 

the right hand side vector is called effective load vector. From Eq.(2.12) it is clear 

that if the mass and damping matrix are diagonal, this method do not require 

reduction and inversion of the structural effective stiffness matrix. The explicit 

method is conditionally stable, hence for convergence, it requires time step, At, 

to be smaller than the critical value, Atcr' The cretical time step is determined 

from the least time required for a dilatational wave to cross any element in a finite 

element grid (Owen, 1980 and Isenberg et al. 1978). 

The expression for the selection of time step in terms of element properties 

is given by 

p(l + v)(l - 2v) 
E(l- v) 

(2.13) 

where Ln is the smallest distance between adjacent nodes of any parabolic element 

used. E, v and p are Young's modulus, poisson's ratio and density of the material, 

respectively. 'Y' is a number less than unity. Rock (1978) suggests a safe value of 
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0.45 for ,,/'. For linear analysis a value of 0.9-1.0 for 'Y' was found suitable (Owen, 

1980). 

Implicit Schemes. As in explicit schemes, there are many schemes avail

able in the implicit familYj they are Houbolt's method, Park's method, Newmark's 

method, Wilson-O method, Collocation method, and a-method (Bathe and Wil

son,1973j Bathe,1982j Belytschko and Hughes,1983j Donea, 1980). If suitable pa

rameters are selected, these methods are unconditionally stable for linear analysis. 

For non-linear analysis, these methods may not necessarily be stable, but permit 

larger time step than the explicit schemes. In the present study Newmark method 

is implemented. 

Newmark method. In this method, the solution at time t + 1 = t + At, is 

obtained by considering equilibrium at time t + 1. The expressions for acceleration, 

velocity and displacements, suitable for nonlinear analysis are given by 

{ -HI} = _1_{6 HI} __ l_{ .t} + (...1:. _ l){ .. t} 
q f36t 2 q f36t q 2{3 q (2.14a) 

I 

{qHI} = {qt} + 6t(1 _ 'Y){qt} + 'Y6t{qt+l} (2.14b) 

(2.14c) 

I 

where {3 and 'Yare the parameters which control accuracy and! stability of the 

integration method. For unconditional stability the parameters f3 and 'Y, for linear 

analysis are given by 

(2.15a) 

(2.15b) 

The equivalent nodal force vector {PHI} is estimated using 

(2.16) 
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where [Ktl is the tangent stiffness matrix of equilibrium state at time, t. Using 

Eqs.(2.14a), (2.14b) and (2.16), Eq.(2.3) can be expressed as 

()~J2 + ;~l + [Ktl) {~qt+l} = [Ml C3~t {qt} + (2~ _l){qt}) 

+ [al ((~ _l){qt} + (~ - 2)(~t ){qt}) 

+ {Qt+l} _ {pt} (2.17) 

After solving for {.6.qt+l}, acceleration and velocity vectors are computed using 

Eqs.(2.14a) and (2.14b), respectively. 

The parameters 7=1/2 and (3=J1./6 in Eqs.(2.14a) and (2.14b) corresponds 

to linear acceleration method. Newmark(1959) originally proposed an uncondi

tionally stable scheme for linear analysis called the constant-average-acceleration 

method or the trapezoidal rule, in which ,.,=1/2, and {3=1/4. This method has 

most desirable accuracy compared to any other methods. 

Mixed Methods. In mixed method, the mesh is partitioned to exploit 

some features of the problem to be solved. Depending on the type of the partition, 

a number of schemes are possible, for example, Explicit-Explicit, Explicit-Implicit 

and Implicit-Implicit schemes. 

In the Explicit-Explicit scheme, some part of the mesh is integrated using 

one time step, .6.t, and the remaining part of the mesh by using time step of m!:l.t. 

Where m is an integer. The time steps in each partition is selected on the basis of 

stability of respective mesh. 

Implicit-Implicit scheme is analagous to the above method, but the time 

steps .6.t and m.6.t are based on accuracy for the linear analysis, and stability and 

accuracy in nonlinear analysis. 

-------.. -.---~ -
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The Explicit-Implicit scheme is more commonly used, since the same time 

step can be used over the entire mesh, which simplifies computational logic and at 

the same time exploits the features of the problem. The equations for stiff elements, 

like the structural elements are integrated using implicit method while the equations 

for the less stiff elements like the soil or the fluid elements are intergrated using the 

explicit method. The approximate time step necessary for the solution is computed 

based on the stability of explicit elements, but this may not assure the stability of 

the entire domain (Belytschiko and Mullen, 1977). 

The Explicit-Implicit scheme is incorporated in the finite element proce

dure developed in the present study. It is derived from predictor-corrector form 

of the Newmark's scheme (Hugues and Liu, 1978a and 1978b; Hughes, Pister and 

Taylor, 1979). Denoting explicit and implicit elements by supercripts I and E, the 

equlibrium equations (2.3) at time t+1 are written as: 

([MI] + [ME]) {qt+l} + [CI]{qt+l} + [CEHqt+l} + {pIt+l} + {pEC+l} 

= {Qt+l} (2.18) 

where the superscripts I and E respectively represent mass, damping and internal 

resistive force matrices for implicit and explicit components. Expressing {pI} and 

{pEl as in Eq.(2.16) and using the following relations 

{qt+l} = {qt} + At{C/} + 2~t2 (1- 2,B){qt} 

{qt+l} = {qt} + At(l-,){qt} 

{qt+l} = {qt+l} + At2,B{qt+l} 

{qt+l} = {qt+l} + At,{qt+l} 

{qt+l} = {qt} + {Aqt+l} 

(2.19a) 

(2.19b) 

(2.19c) 

(2.19d) 

(2.1ge) 
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Equation (2.17) can be simplified to a form which can be used to implement in finite 

element procedure: 

[K]{Lll+1} = {Q} 

[K] = ([MI] + [ME]) + ')'[CI ] + [KI ] 
Llt2 (3 Llt(3. t 

{Q} = {Qt+l} + ([MI] + [ME]) (_I_{qt} + (1- 2(3) {qt}) 
Llt(3 2(3 

+ [CI] ((~ _ l){qn + ~t (~ _ 2){qt}) 

_ [CE] ({qt} + Llt(l- ')'){qt}) 

- [Kf] ( Llt{qt} + ~~t2(1- 2(3){qt}) _ {pt} 

(2.20a) 

(2.20b) 

(2.20c) 

The displacement terms are updated using Eq.(2.1ge). Acceleration and velocity 

vectors at time t+l are computed using the following equations: 

(2.21a) 

(2.21b) 

The implementation of above time integration schemes are verified in Chapter 5, 

and computational efficiencies are studied in Chapter 7. 

Constitutive Laws 

The accuracy of the solution to soil-structure interaction problems depend 

on how well the material behavior has been represented. Various models such as 

linear and non-linear elasticity models, classical and advanced plasticity models, 

and, viscoelastic and viscoplastic models are currently available to represent stress

strain relation for different materials. A review of various models currently available 

are discussed in Desai and Gallagher(1978) and Desai and Siriwardane(1984). In 

the present study the linear elastic model is used for concrete and both linear elastic 

----------------
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and advanced plasticity models are used for the geological material (soil and rock). 

A brief description of the models used in the current study are discussed below. 

Linear Elastic Model. The stress-strain relation is given by generalized Hooke's 

law 

(2.22) 

where aij and eij are stress and strain tensors, respectively, and Cijkl is the stress

strain relation or constitutive tensor. Equation(2.22) in matrix notation is, 

{a} = [C]{e} (2.23) 

where {a} and {e} are stress and strain vectors respectively, and [Cj is the consti-

tutive matrix. The stress-strain relation for the two-dimensional cases in terms of 

Young's modulus, E, and Poisson's ratio v for isotropic materials are given by, 

Plane-strain 

{
a::;::;} E [1- v 
~:: = (1 + v)(1 - 2v) ~ 

v 
I-v 

o 
o ] {e::;::;} o eyy 

1-2v 
-2- T::;y 

Plane-stress 

and 

Axisymmetric 

{

a
rr

} [1-V azz E v 
Trz - (1 + v)(1 - 2v) 0 
aOO v 

v 
I-v 

o 
v 

o ] {e::;::;} o eyy 
I-v 
-2- T::;y 

o 
o 

I-2v 
-2-

o 

v ] {err} v ezz 

o Trz 

1- v eoo 

(2.24) 

(2.25) 

(2.26) 

Nonlinear Plasticity Models. The fact that the soil exhibit nonlinear or 

plastic behavior even at very low stress level is well known. In the present study, 



35 

advanced plasticity models called the cap model, and the generalized model are 

used to model nonlinear behavior of the geological materials. Before these models 

are described, a brief discussion on derivation of elastic-plastic constitutive relation 

is given, further details are given by Desai and Siriwardane(1984). 

Elastic Plastic Constitutive Relation. The incremental strain tensor dCij 

cali 'be' written as 

(2.27) 

where e and p denote elastic and plastic components, respectively. From generalized 

Hooke's law, the stress increment dUi; is given by: 

Assuming normality rule, the plastic strain tensor can be written as 

8Q 
d.,.··P- '-- 'A" "'I, - 1\ - 1\ I, 

8Uij 

(2.28) 

(2.29) 

where Q is the plastic potential and A is the scalar parameter of proportionality. 

A yield criterion for a strain hardening model is given by 

(2.30) 

where cuP is the volumetric plastic strain. During plastic flow, Eq.(2.30) is always 

satisfied, thus from the consistency condition 

(2.31) 

From Eq.(2.29) the volumetric plastic strain can be written as: 

(2.32) 



36 

The parameter A can be determined from Eqs.(2.28), (2.29), (2.31) and 

(2.32), then the stress-strain relation can be expressed as: 

(2.33) 

For associated plasticity, yield function and potential functions are assumed 

to be the same, F = Q and hence, Aij = Bij. Equation(2.33) simplifies to 

(2.34) 

or 

(2.35) 

where C:!kl is the elastic-plastic constitutive tensor. Equation 2.35 can be written 

in matrix notation as: 

{do} = [Cep]{dc} (2.36) 

[CePj = [Cej_ [ [Ce]{A}}A}T[Cej 1 
{A}T[Ce]{A} - 8t:

v P (Au + A22 + A33) 
(2.37) 

where [cePj is the elastic-plastic constitutive matrix, [cej is the elastic constitutive 

matrix, {A} is the vector of derivative of the yield function F, with respect to stress 

components Uij, and T denotes the transpose of a vector or a matrix. 

The constitutive matrix for plane stress, plane strain and axisymmetric 

cases are obtained by deleting appropriate rows and columns of [CePj matrix. 

Cap Model. The idea of cap model was originally proposed by Drucker, 

Gibson and Henkel(1955), and later formalized and used by Dimaggio and San

dler(1971), Sandler et al.(1976), and Sandler and Rubin(1979). In the cap model 

the yield cap is expressed as function of the total plastic volumetric strain (Drucker 

et al. 1955). The model consists of two parts; a fixed failure envelope F" which is 
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similar to the failure criterion (Drucker and Prager, 1952), and a hardening (elliptic) 

yield surface or cap Fe, which expands in the stress space depending on the total 

plastic strain. The schematic of the cap model is shown in Fig. 2.7 in J1 - ..j J 2D 

space, where J1 is the first invariant of the stress tensor, and ..j J 2D is the second 

invariant of the deviatoric stress tensor. The two envelopes FJ and Fe are given by 

(2.38) 

where a ,{3 and 'Yare material parameters to be determined, and 

(2.39) 

where Rb = (X - L), (Fig.2.7), R is the ratio of the major to minor axis of the 

ellipse, X the value of J 1 at the intersection of the cap with the J 1 axis, L the value 

of J1 at the center of the ellipse, and b the value of ..jJ2D when J1 = L. The value 

of X, which is the hardening parameter, depends on the plastic volumetric strain 

cvP expressed as: 

1 cuP 
X = --In(1- -) +Z 

D W 
(2.40) 

where D, Wand Z are material parameters to be determined. Since the cap model 

is defined by two distinct surfaces, Eq.(2.34) and Eq.(2.37) can be specialized using 

Aij, Au and a~~p, for each surfaces. 

For failure surface, FJ, 

(2.41a) 

and 

(2.41b) 



where 8 i j is the deviatoric stress tensor and Oii is Kronecker delta. 

For yielding cap, Fe 

and 8~:P is evaluated using chain rule of differentiation 

aFe aFe aL ax 
acvp = aL ax acvp 

The parameter, b is determined using Eq.(2.38) by substituting J 1 = L, 

Equation (2.39) is rewritten in terms of vi J2D and L, 

and ~I[; is given by 

Using Eq.(2.44) 

therefore 

and 

aFe 1 [R2(a - "Ie-{3L)b{3e-{3L) + 2(J1 - L)J 
aL = - R [(X _ L)2 _ (J

1 
_ L) 2

J
1/2 

x = L + Rb = L + R( a - "Ie-{3L) 

ax _ 
- = 1 + R"I{3e (3L 
aL 

aL 1 
ax = 1 + R"I{3e-{3L 
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(2.42) 

(2.43) 

(2.44) 

(2.45) 

(2.46) 

(2.47) 

(2.48) 

(2.49) 

The partial derivative 8~:P can be easily determined by first determining 8;{, for 

which Eq.(2.40) is rewritten in the form: 



· Figure 2.8 Nonuniqueness in Cap Model at Intersection of 

Failure- and Cap- Function 
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(2.50) 

then 

acv
p 

_ WD DX --- e ax (2.51) 

therefore 
ax 1 

acvp = WDe DX (2.51) 

and Eq.{2.43) now can be evaluated using Eqs.{2.46),{2.49) and (2.52). The al-

gorithem given by Sandler and Rubin (1979) for plane strain and axisymmetric 

idealization is incorporated in finite element program developed for the present 

study. 

Generalized Model. The major drawback of the cap model is that the yield

ing is controlled by two seperate yield functions, which interact each other with a 

slope discontinuity (Fig. 2.8). Hence at the point of intersection, the normals to 

the yield surface are nonunique, which may cause computational difficulties. This 

problem is eliminated by the generalized model proposed by Desai(1980), Desai and 

Faruque(1983), Desai, Somasundaram and Frantziskonis(1986). One possible form 

of the yield function is given by: 

(2.53) 

where J3 is the third invariant of the stress tensor. 0:, "I and k are material pa

rameters and f3 is a function of the history of deformation called growth function. 

Typical plot of F in J - J J2D space is shown in Fig. 2.9. f3 is defined in terms of 

trajectory of plastic strain called growth parameter, e, defined as: 

(2.54) 
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the total plastic trajectory e, is expressed in terms of spherical and deviatoric 

components, ell, eD, respectively and are related by: 

e = f {(deD)2 + (dell)2} 1/2 (2.55) 

where 

(deD)2 = deiiPdeiiP (2.56a) 

and 

(dell)2 = ~(dc~I)2 (2.56b) 

in which defi = dcfi - ~dC~k8ii is the incremental deviatoric plastic strain tensor 

and dC~k is the incremental volumetric plastic strain. Thus, ev and eD can be 

written as: 

(2.57) 

(2.58) 

Desai(1980), and Desai and Faruque(1983) used several form of expression for 

growth function {3, in terms of e, ell and eD' The functional form selected in 

the present study is given by: 

eD 
'YD=-e 

(2.59a) 

(2.59b) 

where {3a,"', {3b, 112 and {3 f are material constants. {3 f is the ultimate value of {3 

which is 3a. 
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For determining C;,I?kl in Eq.(2.34), the term 8~:P App in elastoplastic con

stitutive law Eq.(2.34), is redefined for generalized model as H and given by: 

where 

BF "YD BF 1 BF 
H= (- - ---hF+ (--hFD 

Be e B"YD e B"YD 

BF = -J J 1/3 B{3 
Be 1 3 Be 

BF = -J1J31/3 B{3 
B'''/D B"YD 

BF BF 1/2 
"YF = (--) 

BUij BUij 

BF BF 1/2 
"YFD = [(-) (-) 1 

BUij D BUij D 

in which the term (::;i) D is the deviatoric part of ::;i and 

B{3 {3J{3aTJl 
Be = e'11+1(1- {3b"YD'12) 

B{3 (J J{3a{3bTJ2"YD ('12 -1) 
--=-

e'71 (1 - {3b"1D'72 )2 

Using chain rule of differentiation, Aij can be written as: 

in which J3 and J3D are related by the following equation, 

(2.60) 

(2.61) 

(2.61) 

(2.63) 

(2.64) 

(2.65) 

(2.66) 

(2.68) 

Finally, the constitutive law is expressed in matrix form, Eq.(2.37) for finite element 

programming. 
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Non-Linear Solution Techniques 

The displacement increments obtained in Eqs.(2.12),(2.17) and (2.20a) for 

nonlinear dynamic analysis are approximate. In order for the displacements and 

stresses to satisfy the equilibrium, it is generally necessary to perform iteration 

with in each time step, otherwise error will accumalate and solution becomes un

stable. Some of the nonlinear techniques commonly used in finite element method 

are incremental procedure, iterative or Newton method and mixed procedure or 

incremental iterative methods. (Desai and Abel, 1972; Geradin, Hogge and Idel

son, 1983; Zienkiewicz,1971, Owen and Hinton, 1980). In the following discussion, 

illustrations are given for one-dimensional static problem. 

Incremental procedure. In this procedure the total load is subdivided into 

a number of small increments. For application of each load increment, the solution 

is assumed to be linear and the incremental displacements are computed. At the 

begining of each load increment, the stiffness matrix is updated. The total displace

ment at any stage of loading is obtained by summing the incremental displacements. 

Essentially, the incremental pr'ocedure treats non-linear problem as piece

wise linear. This procedure is illustrated schematically in Fig. 2.10, and the solution 

at, step i, is expressed as follows: 

f or i = 1 2 3···M , , (2.69) 

where 

(2.70) 

i-I 

{qi-l} = {qo} + L {.6.qj} (2.71) 
j=1 

i-I 

{Qi-d = {Qo} + L{.6.Qj} (2.72) 
j=1 
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M is the number of load incrments, {qo} and {Qo} are the initial displacement 

and load vector, respectively. {Aqd and {AQi} are the displacement and load 

increment vector, respectively at load step, i. [Ki-l],{qi-l} and {Qi-l} are the 

tangent stiffness matrix, total displacement vector and total load vector respectively, 

at the begining of load step i. 

Iterative Procedure. In this procedure the total load is applied. Since the 

stiffness is approximate and constant, the equilibrium is not generally satisfied. 

After each iteration, the unbalanced load is computed and used to compute an 

additional increment of displacement. This process is repeated until the equilibrium 

is approximately satisfied to a desired degree of acceptance. Essentially the iterative 

procedure consists of finding successive correction to a solution until the equilibrium 

is satisfied for the total load vector, {Q}. For ith cycle of iteration, the steps involved 

are: 

and 

{Qd = {Q} - {Qe,i-l} 

[K(i)]{Aqd = {Qd 

i 

{qi} = {qo} + L {Aq;} 
;=1 

(2.73) 

(2.74) 

(2.75) 

In the above iteration if [K(i)] is taken as tangent stiffness matrix at the end of 

previous iteration, that is, 

(2.76) 

The iterative procedure is similar to the Newton procedure or Newton-Raphson 

method. 

Since computation and reduction of stiffness is expensive, if [K(i)] taken as 

initial tangent stiffness matrix for all the iterations, 

(2.77) 
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then the iterative procedure is called as Modified Newton-Raphson method. 

These two procedures are schematically shown in Fig. 2.11, from which it is 

clear that greater number of iterations are required in the modified Newton- Raph

son method to satisfy equilibrium. However, iterations in the modified Newton

Raphson method are generally less expensive. Since only the residual force vec

tor is computed, this saves substantial computational time in the over all solution 

compared to Newton-Raphson method, involving recomputation of stiffness matrix. 

Mixed Procedure. This method is also called as incremental iterative pro

cedure. Here the load is applied incrementally, iterations are carried out in each 

increment as in modified Newton-Raphson method. At the end of each iteration, 

stiffness is updated. Hence this method is a combination of incremental method 

and modified Newton-Raphson method, Fig. 2.12. 

Convergence Criteria in Dynamic Equilibrium Iterations. The governing 

equilibrium equation(2.3) for dynamic analysis must be satisfied at each time step 

to a sufficient degree of accuracy, otherwise, the errors in the solution may accumu

late and lead to unstable solution within a few subsequent time steps. Therefore, 

termination criteria are essential for the effectiveness of the iterative procedure. The 

following material is adopted from Bathe and Cimento(1980), Sander et al. (1979), 

and Geradin, Hogge and Idelsohn (1983). Convergence criteria can be established 

based on three types of variables; they are deflections, residual forces or step-by

step internal energy. They usually refer to Euclidian norm of the basic variable in 

any iteration with a reference value. Many forms of Euclidian norm for a vector 

are defined but the following definition is adopted in the present study. Euclidian 

norm for any vector {a} is defined as 

N 

II{a}II = (2: ai 2 ) (2.78) 
i=l 

--- -_ .. __ .. __ ._-_.---
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where ai is the component of the vector and N is the total number of components. 

Convergence Based on Displacement. Convergence based on displacements 

require that the norm of the incremental displacement, /I{~qi}11 be within a limit 

ED of a reference value of the displacement 

(2.79) 

The reference displacement vector {qREF} is generally selected to be {qd, the 

equilibrium displacement at time t. Since forces are not included in this definition, 

there is no guarantee that equilibrium is satisfied. 

Convergence Based on the Residual Force. In this criteria the norm of the 

residual (out-of-balance) force vector /I{ri}/I should be within a limit fR of a refer

ence load increment, /I~QREF}/I 

(2.80a) 

where 

(2.80b) 

The reference load increment, can be norm of the load increment for that time step, 

t + 1, 

(2.81) 

where {Qt+l} is the total load vector at time step t + 1,{ft} is the internal force 

vector, [MJ is the mass matrix and {qt} is the acceleration vector at time t. 

An alternative form for II{~QREF/I is 

(2.82) 

-----------------------------
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where {ff+1} is the internal force vector at iteration i. Even the reactions to the 

prescribed displacements are considered for calculation of the norm in Eq.(2.82). 

The drawback of this condition is the absence of displacement contribution in the 

termintaion criteria. 

Convergence Based on Internal Energy. The drawbacks of convergence cri

teria based on displacement and force can be overcome by considering the internal 

energy criterion. The convergence relation is given in terms of increment of internal 

energy and initial internal energy: 

(2.83) 

where {.6.ql} is the initial increment of displacement, that is, at iteration number 

1, and fE is the convergence limit which is problem dependent. 

Non-Linear Solution Technique Used in the Present Study. In the present 

research, a slightly modified form of incremental iterative procedure is used along 

with convergence criteria given in Eq.(2.82), but without including the reactions to 

the prescribed displacements. 

Instead of computing the stiffness matrix at every load increment, the up

dating of the stiffness is done only if the following condition is not satisfied. 

(2.84) 

where fK is a constant, which controls the stiffness computaion. If condition in 

Eq.(2.84) is satisfied then iterations are carried out until criteria in Eq.(2.80) is 

satisfied. Sufficient computaional efficiency can be achieved with this method during 

unloading, and when small increment of loads are applied at certain time steps, by 

avoiding unnecessary stiffness computation. 
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IT divergence of the solution is observed during the iterations, the remaining 

iterations are carried out using the initial sitffnessj for this reason, the initial stiffness 

is always stored on auxilary storage to read back at any time. The divergence of the 

solution is identified by comparing the norm of the residual force vector, Eq.(2.80b), 

at successive iterations: 

(2.85) 

IT Eq.(2.85) is not satisfied the iterative procedure indicates that the error in residual 

force vector ts accumulating and the solution will diverge within next few iterations. 

This technique of non-linear solution has been found successful and selected 

to solve problems in Chapter 5,6 and 7. For all the nonlinear problems solved in 

this study except where mentioned the values of f-R and f-K are adopted as 0.0003 

and 100., respectively. 

Absorbing Boundaries 

In finite element analysis of soil-structure interaction problems, the infinite 

geologic medium is modeled by finite domains. This idealization introduces artifi

cial boundaries to the system which are not actually present. In the static analysis, 

the boundary can be placed far enough such that the effect of artificial boundary is 

insignificant. But in the dynamic analysis, the waves which are radiating away from 

the structures are reflected back from the artificial boundary into the mesh,(Fig. 

2.13), and can cause spurious errors. One way of avoiding this is to select the artifi

cial boundary far enough such that waves radiated from the structure are absorbed 

by the internal damping of the material before it reaches the artificial boundary. 

Since response of the structure and near by geological medium are of interest, selec

tion of large extents of discretized boundaries increase the computational cost. The 

alternative solution is to make the artificial boundary to behave as if it extends to 
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infinity, as nearly as possible. These type of special boundaries are called absorbing 

or transmitting or silent or nonreflecting boundaries. 

In the present study, the possibility of errors due to spurious reflection 

of waves at the artificial boundary is identified and minimized using the idea of 

absorbing boundary. Since the present study is mainly concerned with testing and 

modelling of the interface, detailed study of absorbing boundary in soil-structure 

interaction problems is outside the scope of present work. But a brief discription of 

various available models for artificial boundaries are discussed and the one used in 

this study is identified. 

Lysmer and Kuhlemeyer (1969) made use of viscous damping forces to act 

along the boundary as a means of absorbing, instead of reflecting, the radiated 

energy. The method is analogous to use of viscous dashpots, hence, this boundary 

is also called as viscous boundary. Since viscous dashpots are used, it is relatively 

easy to implement, and it treats both dilatational waves and shear waves with same 

acceptable accuracy in many application. Another advantage of this method is that 

it does not depend on frequencies of the transmitted waves, hence can be suitable 

for transient analysis. 

The basic idea of viscous boundary is to apply boundary stresses, a and r, 

such that these stresses cancel the stresses which are produced at the boundary, Fig. 

2.13b. One set of boundary stresses proposed by Lysmer and Kuhlemeyer(1969) is 

(2.86) 

(2.87) 

where p is the density of the material, cp and Cs are velocities of P- waves and S

waves, u and v are normal and tangential velocites, respectively and a and' bare 

dimensionless parameters. 

----- ._-_ .. _-------_. __ ._- _ ..... 
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Lysmer and Kuhlemeyer(1969) also observed that viscous boundary does 

not transmit Rayleigh waves as effectively as it does for body waves, hence, devised 

a special viscous boundary in which the dash pots have coefficients which depend 

upon the frequency of the waves. 

White, Valliappan and Lee(1977) proposed a unified viscous boundary, 

which is a modification to the one proposed by Lysmer and Kuhlemeyer(1969), in 

which the dimensionless parameters are assumed, which depend on the material 

properties. This theory also incorporates anisotropic behavior of the material. 

Lysmer and Wass(1972) developed a boundary to transmit either Rayleigh 

waves or Love waves for layered medium by lumping frequency dependent stiffness 

terms at the boundary. Also this method assumes linear behavior of the material, 

hence suited for transient analysis in the frequency domain but not for nonlinear 

transient analysis in time domain. 

Smith(1974) proposed a technique to eliminate reflections of all types of 

waves (body, Rayleigh or Love waves) regardless of frequency or angle of incidence 

by using different boundary conditions. For example, in two-dimensional problems, 

two lubricated- rigid boundary conditions are imposed: 

u = 0, 1'=0 (2.88) 

and 

v = 0, u=o (2.89) 

where u and v are normal and tangential displacements respectively at the boundary, 

and u and l' are the respective normal and tangential stresses at the boundary. 

The main draw back of this method, is that it requires two solutions for each 

possible wave, resulting in 2n complete dynamic solutions for possible n number 

,---------------
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of reflections for a given time step. The solution for a large problem and for a 

long period of time, the number of solution increases very rapidly, thus, increasing 

the computational time exhorbitantly. Therefore, this method may be suited for 

one-dimensional problems. 

Ayala and Aranda(1976) proposed a boundary called active boundary to 

allow free transmission of plane waves across the boundary for both linear and 

nonlinear soil models. This model requires that the material in the vicinity of the 

active boundary is linear elastic, and the direction of propagation of the wave is 

known. The formulation is based on evaluating damping coefficient from state of 

stress on a boundary for wide range of incident waves. 

Cundall et aI.(1978) introduced a cost saving scheme by refining the bound

ary proposed by Smith(1974). The reflected waves are eliminated as they occur at 

the boundaries, thus avoiding 2n complete solutions, and the numerical solution is 

performed only once except near the boundaries (for a narrow band of elements) 

where two solutions are performed. In this method, instead of performing the same 

calculation twice for the boundary conditions used by Smith(1974), two overlap

ping grids are employed with constant velocity and constant stress conditions. All 

the variables on the two grids are held constant and added once in every three or 

four time steps. This requires storing of information in both the grids along the 

boundaries for three or four time steps, which increases the storage space and makes 

the finite element program more cumbersome, hence this method may not be cost 

efficient. 

Several other absorbing boundaries have been used by other investigators. 

A review of these models is given in Kunar and Rodriguez-Ovejero(1980) and Cohen 

and Jennings(1983). 
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In the present study, the viscous damping model proposed by Lysmer and 

Kuhlemeyer(1969) is implemented in the finite element procedure to avoid possible 

spurious numerical errors. Since this model is not efficient in absorbing surface 

waves, the finite element mesh is extended sufficiently in the lateral direction from 

the structure and an assumption is made that the surface waves are absorbed by 

internal damping before they reach the artificial boundary. 



CHAPTER 3 

TESTING FOR SAND-CONCRETE INTERFACE 

In order to solve soil-structure interaction problems using numerical proce

dures, the behavior of the interface between the soil and structure must be repre

sented by a suitable mathematical model. The parameters involved in this model 

should be determined from realistic interface behavior, evahlated from appropriate 

laboratory and/or field tests. In the past, a number of laboratory devices have been 

developed and techniques have been proposed for testing of interfaces and joints un

der various loading conditions. In this chapter a brief review of the testing devices 

used by others and the device used in the present study will be presented. 

Review of Previous Testing Devices 

Static Interface Testing 

Most of the interface testing performed to date has been done using the 

conventional direct shear device. In this test, two specimen(halves) in contact with 

each other are placed in the shear box. The normal stress(un ) is applied to one of 

the halves and is kept constant; the shear load is gradually applied and the load 

displacement histories are recorded. If the strength of the specimen is significantly 

higher than the strength of the joint or interface, in the range of normal load of 

present interest, the compression or shortening of the specimen can be considered as 

elastic. The normal deformation of the joint or interface is obtained by subtracting 

the elastic deformation of the specimen from the total deformation. Figure 3.la 

shows schematic results from such an experiment. The slope at a point is adopted as 

normal modulus knT • Similarly Fig. 3.lb shows the shear behavior of the interface 

for a given Un, where the slope of the curve is taken as interface shear modulus ksT • 

59 
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Figure 3.1. Direct Shear Tests of Interfaces and Joints 
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PotyondY(1961) performed a series of direct shear tests to determine the in

terface or skin friction between construction materials (concrete, steel) and soil (sand, 

clay). It was observed that the skin friction was lower than the shear strength of the 

soil for all the interface combinations tested. The results were presented in terms 

of strength ratios Ie and I",: 

Ie = calc (3.1) 

and 

(3.2) 

where Ca =interface adhesion, c=cohesive strength of clay, 0 =interface friction angle 

and <P =soil internal angle of friction. The results reported by Potyondy are given 

below: 

Ie = 0.48 to 0.81 

I", = 0.82 to 1.04 

(3.3) 

(3.4) 

The final results were presented in the form of the Mohr-Coulomb failure criteria 

as 

(3.5) 

where, Fskin= skin friction and O'n= interface normal stress. Coyle and Suleiman 

(1967), Clemence and Brumund(1975) , Clough and Duncan(1971), Desai(1976), De

sai and Holloway(1972), Kulhowy and Peterson(1979), Mohan and Chandra(1961), 

O'Neill and Reese(1972), Tomlinson(1957) and Watt, Banks and Woodward(1969) 

have reported direct shear test data to evaluate interface parameters. Brummund 

and Leonard(1973) reported test results for smooth and rough concrete interface 

using annular shear device. While, Huck et al.(1974) developed ring shear device 

for interface testing. 

----- ._. ----- ---_._----------_ .. _- + ... -----_._ ... __ ._- .----
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For rock joints, Barton(1974) has reported direct shear test data to include 

effects of factors such as filled discontinuities, dilatancy and pore water pressure. 

Dynamic Interface Testing 

Brummund and Leonards(1973) proposed annular shear device for deter

mining interface or joint parameters under both static and dynamic loading con

ditions. Figure 3.2 shows the schematic diagram of the device. In this device a 

circular rod is placed coaxially into a cylinder of soil and the soil is enclosed in a 

rubber membrane. An axial load applied to the rod develops shearing stresses at 

the interface between the rod and sand. In addition to static tests, a series of dy

namic tests were performed with impact or impulse load applied to the rod. These 

experiments were performed using two types of sand with rounded particles and 

angular particles and with three different rod materials(steel, smooth mortar and 

rough mortar). Static and dynamic coefficient of friction J..L, defined as the ratio 

of interface shear stress to interf~ce normal stress were reported. For the smooth 

concrete-uniform sand interface the static coefficient of friction was found to be 0.59 

and the dynamic coefficient of friction was found to be 0.67. Similarly, for rough 

interfaces, the static and dynamic coefficients of friction were found to be 0.74 and 

0.82, respectively. 

Using the reported friction angle of ¢=40.0 degrees for sand, the strength 

ratio, f"" for smooth interface is found to be 0.76 for static loading and 0.84· for 

dynamic loading. The rough interface strength ratios are found to be 0.91 and 

0.98, respectively for the static and dynamic loadings. In this device, the stress 

distribution along the rod is unknown due to the finite length of the interface. 

Also, any eccentricity in placing of the rod will cause a deviation in the distribution 

of normal stress. 

--------------_._-------------------_.- ._ .. 
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Figure 3.2. Annular Shear Device 
(Reference Brummund and Leonards 1973) 
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Huck et al.(1974) developed the Ring Simple Shear Device (Fig. 3.3), which 

can provide improved stress distribution at the interface. The interface surface area 

is constant even at large displacements, and the sample is free from progressive 

failure since the interface is not of finrte length. The shearing stress vary with the 

radius of the sample, but if the width of the sample is small compared to the radius 

of the ring, a uniform stress distribution can be assumed. Provisions are also made 

for pore water pressure and normal stress measurements. 

Results of the impact tests on canc!ete-ottawa sand showed behavior similar 

to Mohr-Coulomb failure criteria, with interface friction angle of about 16 degrees 

and a shear intercept of about 20 psi (138 kPa) for the smooth concrete. An 

interface friction angle of about 18 degrees with a shear intercept of 150 psi (1034 

kPa) were found for the rough concrete interface. These values are well below the 

internal friction angle of the sand, 4>=40 degrees, obtained from triaxial tests. 

Shaking table tests were carried on rigid concrete blocks, 3x2 x 1ft (0.91X 

0.61 xO.30 m) weighing 935 lb(424 kg) by Aslam et al.(1975) using 20x20 ft 

(6.1x6.1 m) shake table. The shake table is capable of generating vertical and 

horizontal displacements independently. Rigid concrete blocks were tested with 

various other materials and the following dynamic coefficient of friction values were 

reported: 

Concrete-Concrete 

Concrete-Plywood 

Concrete-Teflon 

Concrete-Graphite 

0.18 to 0.60 

0.26 to 0.30 

0.10 to 0.15 

0.09 to 0.12 

The high variation in dynamic coefficient of friction for concrete-concrete interface 

was reportedly due to the variation in concrete finish and smooth nature of concrete 



1. Soil Specimen 4. Upper Loading Platen 
2. Concrete 5. Lower Loading Platen 
3. Steel Holder 

Figure 3.3. Ring Shear Device 
(Reference Huck et al. 1974) 
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surface due to wear from sliding. It was observed that the coefficient did not vary 

much for sinusoidal input function for frequency range from 5 to 50 Hz. 

Interface testing results have been reported using various devices for shear 

behavior and observed similar frictional values. The main disadvantage of direct 

shear device is non-uniform stress distribution at the interface. In spite of this 

problem, it is widely used because of its simplicity in design and ease of operation. 

The majority of results available today are mainly for shear behavior of 

the interface. Hardly any testing has been reported for the normal behavior of 

the interface. The Cyclic-Multi-Degree-of-Freedom Testing Device discussed in the 

next section is used for both shear and normal behavior. 

Cyclic Multi-Degree-of-Freedom 

(CYMDOF) Testing Device 

The test results reported in this study were carried out by a new testing de-

vice called the "Cyclic Multi-Degree-of-Freedom" (CYMDOF) device developed by 

Desai(1980). The details of the design and construction of the de,lrice has been de

scribed by Desai(1980,1981). The device has also been described by Zaman(1982), 

Drumm(1983), Desai et al.(1983) and Drumm and Desai(1985). A;brief description 

of the device and testing procedure will be discussed here for the. ake of complete-

ness. 

Interface Sample Boxes 

The CYMDOF device was designed to subject interfaces alrdjoints to loads 

and displacements under various degrees-of-freedom occuring at a 'point (Fig. 1.3). 

The applied load or displacement may be static or time dependent. In order to 

--- ~------.----
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perform the tests on the interface in all six degrees of freedom, three sample boxes 

have been proposed. 

The translational degrees-of-freedom normal to the interface and in the 

plane of the interface are tested using the translational sample box. The box essen

tially consists of two parts, bottom part 16x16x9 inch (400X 400x230 mm) and 

top part 12x12x9 inch (305x305x230 mm), (Fig. 3.4). 

A torsional box has been used by Drumm(1983) to subject the interface to 

rotational degrees-of freedom about the axis normal to the interface. 

The rotation about the horizontal axis is simulated using rocking device. 

This rocking device is still under developement stage. Preliminary tests with this 

device were performed under this study, brief descriptions of the device and the test 

results are given in Appendix A. 

The main objective of this study is to report modelling and testing with 

the translational device and application to soil structure interaction problems. 

Control of Interface Motion 

The load or displacement in each degree-of-freedom is applied by hydraulic 

actuator and a hydraulic pump. The hydraulic actuator has a maximum capacity 

of 14 kips (62 kN) and a stroke of 8 inches(203 mm). The hydraulic pump of 3000 

psi (2.07x 104 kPa) and 30 gpm capacity supplies the required pressure. The load 

or displacement input in load controlled or displacement controlled test is provided 

by a MTS electronic control system which includes servo-valves mounted on the hy

draulic actuator, load cells and Linear Variable Differential Transformers(LVDTs). 

A function ganerator allows load application in a variety of forms. 
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Vertical Load 
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---
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Measurement of Test Variables 

The load cell is used to measure the forces. The load cell used is a fatigue 

rated flat load cell of electrical resistance type, with a capacity of ±12000 lbs (±53.4 

kN). The electronic controller converts the output to a convenient voltage per unit 

load. The calibrated values for the present study is ±12 volts for a load of ±12000 

Ibs (±53.4 kN). 

The LVDTs are used to measure the displacements. Like the load cells, the 

LVDTs displacements are converted to convenient voltage per unit displacement by 

electronic controller. The caliberated values for the present study is ±10 volts for 

a displacement of ±1.0 inch (±25.4 mm). 

Data Aquisition. A DEC-MINC 11, 64K RAM microcomputer is used to 

record data for CYMDOF device. The MINC 11 uses Analog to Digital(A/D) 

converter to convert analog data such as the voltage output from the load cells and 

LVDTs into digital form for storage. Later the digital form of the voltage data are 

stored on 8.0 inch (203 mm) floppy disk for convenient storage and later use. 

In the present study, an interactive data acquisition programme is used to 

record all the necessary voltage readings from the load cells and LVDTs, and a data 

reduction programme is used to convert the voltage readings into required form, 

that is,load and displacements or stresses and strains. 

Capabilities and Limitations of CYMDOF Device 

CYMDOF is an useful device to study interface behavior in the laboratory. 

Some of the capabilities are: 

(i) The interface can be subjected to different modes of deformation. The 

present capabilities in translation are one in the normal direction and the 
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other about one of the horizontal axis {Fig. 1.3). The capabilities in rota

tion are rotation about the vertical axis (torsional rotation) and the other 

rotation about one of the horizontal axis (rocking motion), 

(ii) Both stress controlled and strain controlled tests can be conducted, 

(iii) Interface can be subjected to static, cyclic or dynamic loading condition, 

(iv) Load or displacement can be applied(independently) in horizontal and ver

tical direction, 

(v) The top box has been designed smaller than bottom box to provide constant 

interface area under shear deformation so that the applied normal stress is 

entirely carried by the interface during testing. 

The limitations of the CYMDOF device are 

(i) Since the top box is smaller than the bottom box, some difficulty may 

arise when performing tests on soft soils placed in bottom box. The open 

portions of the bottom box extends beyond the top box and provides no 

vertical confinement to the soil. This may result in flow of soil to the 

open portion and top box may dig into the lower sample. Since this device 

has been designed for testing interfaces and joints and a rigid specimen is 

usually placed in the bottom box, this is of minor concern, 

(ii) In its present form the test frame is designed to go up to maximum of 5 

Hz frequency, 

(iii) Non uniform stress distribution at the interface, 

(iv) Measurement of normal deformation at the interface. 

Sand Concrete Interface Tests 

In this study, CYMDOF device is used to test the behavior between sand 

and concrete under translational mode of deformation subjected to static and cyclic 
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loading. Here the sand represents the foundation soil and the concrete represents 

the foundation(Fig. 1.1). 

Test Box and Materials 

Test Box. The tests reported in this study are performed using the trans

lational sample box(Fig. 3.4). This box is free to translate both in the vertical 

direction(normal to the interface) and in the horizontal direction(in the plane of 

the interface). The top box in this test device has been designed smaller than the 

bottom box to provide constant interface area. The top box rests on translational 

guides (Fig. 3.4) which is connected to the bottom box. Thus, the weight of the 

top box is directly transmitted to the bottom box, unlike the conventional devices 

where the top box rests on the lower half of the sample. This arrangement also 

avoids the friction between the top and the bottom box during deformation. 

The top box has been designed to hold variety of samples upto 8. inch 

(203. mm) thick. In the case of granular material like sand, the full applied stress 

may not be transmitted to the interface because of the friction between the sand 

and the sides of the top box. This frictional force will be directly transmitted to 

the lower box, thus decreasing the normal stress at the interface. 

To study the effect of height of sand Drumm(1983) carried out three tests 

with sand height of 3,5, and 8 inches (76., 127., and 203. mm), and measured the 

normal stress at the interface using stress cell described in Appendix B. As expected, 

for a given applied stress, the stress at the interface decreases with increasing sand 

height. The percentage loss of stress did not vary much with the stress level. The 

loss of stress at the interface is found to be 7.5%,15.0% and 30.0% for 3, 5, and 8 

inches(76., 127., and 203. mm) of sand respectively. 
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The bottom box holds concrete and the top box holds sand. The concrete is 

formed with a curb (Fig. 3.5), to attach the neoprene membrane by using aluminium 

plate. This membrane surrounds the interface and is attached to the top box using 

strong adhesive tape. This avoids flow of sand out through the gap near interface to 

the bottom box. Because of this arrangement the interface area is 115.4 in2 (74500 

mm2 ) which is smaller than the normal stress area of 144. in2 (92900 mm2 ). Hence, 

the shear and normal stresses reported herein are computed on the basis of different 

areas. 

Sand. Ottawa sand, passing through #20 sieve and retained on #40 sieve 

is used. The properties of sand can be found in the work of Mould(1979) and 

Drumm(1983), and the basic ones are given here. The sand has a maximum void 

ratio of 0.8 and a minimum void ratio of 0.5, which coresponds to a minimum density 

of 94 lb/ it3 (1470 kg/m3 ) and a maximum density of 110 lb/lt3 (1760 kg/m3 ). 

Concrete. Concrete block shown in Fig. 3.5 used for the test is made from 

a concrete mix with 28 days strength of 3000 psi (20670 kPa). The ratio of cement, 

fine aggregate and coarse aggregate used for the concrete mix is 1:3:3.4 and the 

water cement ratio is 0.7. The concrete mix is prepared using a mechanical concrete 

mix and wooden moulds are used for casting. The concrete mix is poured into the 

wooden mould and compacted using needle vibrator for about three minutes. The 

top of the concrete block is kept wet for 24 hours to avoid evaporation of water from 

the concrete mix. After 24 hours, the concrete block is removed from the mould 

and cured for 28 days. Cured concrete block is left to dry for about a week before it 

is tested. The properties of the materials used for making the concrete specimen's 

are given by Drumm(1983). 

.._------------
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Interface Testing Program 

The sand-concrete interface behavior is affected by many factors such as: i) 

strength of the sand, ii) initial density of the sand, iii) roughness of concrete surface, 

iv) rate of loading or frequency of applied cyclic load, v) amplitude of the applied 

cyclic load, vi) magnitude of the applied initial normal stress, and vii) nature of 

application of load. 

Most of the test results in the past were available only for shear behavior 

of the interface. Desai and Holloway(1972) and Desai(1976) reported the results of 

a series of direct tests on sand-concrete interface for various densities. The sand 

tested had a Dlo of 0.2. The values of f~ ranged from 0.87 to 0.89 for the densities 

tested. The results were used in a finite element procedure to predict stresses and 

settlements in piles. The results were then compared with field observations. Kul

hawy and Peterson(1979) has shown that interface behavior is strongly dependant 

on the surface roughness of the concrete. Drumm(1983) has reported effect of initial 

density of the sand and amplitude of applied cyclic load. Drumm(1983) also showed 

that frequency of cyclic load in the range up to 5 Hz has little effect on the interface 

behavior. 

In the present study, importance has been given to the normal behavior 

and the interaction of the combined normal and shear behavior of the interface. 

Tests were carried out for both static and cyclic loading conditions. In the cyclic 

loading, only the effect of magnitude of the initial load and the amplitude of the 

applied load were considered, while the initial density of the sand and frequency 

of the cyclic load were kept same for all the tests. The roughness of the concrete 

surface has been assumed to remain constant since the same concrete block is used 

for all the tests. This is achieved by subjecting the interface to 2000-3000 cycles 

of displacements for new concrete block before it is used for the actual test. This 

.----.~--- -.-- - ----_ ... --------~----
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cyclic loading removes the surface morter exposing the aggregate below the surface. 

Further loading removes a small amount of morter and aggregate, but the surface 

remains reasonably same for all the tests. One static test series with unloading and 

reloading at two different stress levels was also carried out. 

Table 3.1 and Table 3.2 summarize the details of cyclic tests for normal 

behavior, and combined normal and shear behavior, respectively. 

Setup for Tests 

The concrete block is placed in the lower sample box. Any slack between 

the concrete block and side of the lower box is removed by placing aluminium wedges 

(Fig. 3.6). The rubber membrane is placed around curb of the concrete block and 

clamped using two U-shaped alluminum clamps (Fig. 3.6). The top box is placed 

in position and centered. The upper part of the rubber membrane is attached to 

the steel box using strong adhesive tape. Now the pump is turned on and hydraulic 

pressure is increased. Soil is slowly poured upto 3.0 inch (76.2 mm) to obtain a 

density of about 94 Ib/lt3 (1665. kg/m3 ) which corresponds to relative density 

of 15%, then the sand surface is leveled. Two plexi glass sheets of 0.5 inch (12.7 

mm) thickness each are placed over the sand and then the wooden block of 5.0 inch 

(127.0 mm) is placed on top of plexi glass sheet. Over the wooden block, the load 

dieset is carefully placed and secured to the top box (Fig. 3.7). The vertical LVDT 

is installed over the dieset(Fig. 3.7) and the voltage reading corresponding to the 

initial height of the sand is recorded. The wooden block is placed between the sand 

and dieset to fill up the gap. To avoid any possibility of friction between the sand 

and the wooden block, two plexi glass sheets which are smooth are placed between 

them. Because of this arrangement it is difficult to measure the interface normal 

displacement directly, hence the vertical displacements are measured at the top of 

the dieset. 



TABLE 3.1 

Cyclic Test for Normal Behavior 
(Load - Controlled Tests) 

Initial Density of Sand, 
Initial Relative Density, 
Frequency, 

Initial Normal Stress 
Uo, psi (kPa) 

15.0 (103.4) 

20.0 (137.8) 

25.0 (172.3) 

U 

,,(, = 94.00 Ib/ Ita (1480 kg/rna) 
Dr = 15.0 % 
Wz = 1.0 Hz 

Amplitude of Normal Stress 
Ua , psi (kPa) 

10.0 (68.9) 

15.0 (103.4) 

10.0 (68.9) 
15.0 (103.4) 
20.0 (137.8) 

10.0 (68.9) 
15.0 (103.4) 
20.0 (137.8) 

t 
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TABLE 3.2 

Cyclic Test for Combined Normal and Shear Behavior 
(Normal Behavior - Load Controlled Tests, 

Shear Behavior - Displacement Controlled Tests) 

· 77 

Initial Density of Sand, 
Initial Relative Density, 
Amplitude of Shear Displacement, 
Frequency of Shear Displacement, 
Frequency of Normal Stress, 

'Yi = 94.00 lbj It3 (1480 kg jm3
) 

Dr = 15.0 % 

Initial Normal Stress 
0"0, psi (kPa) 

15.0 (103.4) 

20.0 (137.8) 

0" 

!La = 0.05 inch (1.27 mm) 
Wz = 1.0 Hz 
W z = 0.1 Hz 

Amplitude of Normal Stress 
O"a, psi (kPa) 

10.0 (68.9) 

15.0 (103.4) 

10.0 (68.9) 
15.0 (103.4) 
20.0 (137.8) 

.. 
t 

t 
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Calculation of Normal Displacement of the Interface 

The normal displacement of the interface is calculated by subtracting the 

elastic deformation of the wooden block and the plexi glass from the measured total 

vertical displacement. The wooden block and plexi glass are assumed to behave 

linearly elastic for the range of normal stress studied in the present scope of work. 

The material parameters used in calculating the normal deformation of 'the wooden 

block and plexi glass are: 

Plexi Glass 

Young's modulus 

Poisson's ratio 

Wood Block 

Young's modulus 

Poisson's ratio 

E = 10.0 X 106 psi (68.9 X 106 kPa) 

v = 0.19 

E = 1.76 X 106 psi (12.13 X 106 kPa) 

v = 0.30 

Cables from MTS Control units are connected to MINC-Computer to record 

voltage readings corresponding to stress cells and LVDTs for the cyclic test. 

Testing Procedure 

After the initial step, the procedure for static test and cyclic test are as 

follows. 

Static Test For Normal Behavior 

In this test, the voltage readings corresponding to stress cell and LVDT are 

recorded manually. Normal load is applied gradualy through out the test with an 

increment of 0.25 volts (500 lb) and the voltage readings(from LVDTs) correspond

ing to displacements are recorded. After reaching certain load levels, the specimen 

--------------.------.. --.. -.--~--- .. 



81 

is unloaded and reloaded. This unloading and reloading is usually done at two 

different load levels. 

Cyclic Test For Normal Behavior 

This is a load controlled test. The control unit knob is positioned for 

load controlled test. The desired amplitude of the normal load is obtained through 

adjustments of the electronic controllers and function generator on a dummy sample. 

In the actual test after the first set up, the normal load is applied to the 

desired value in increments and voltage readings for the loads and displacements 

are recorded. Then the cyclic test is started by simultaneously applying the cyclic 

normal load (Table 3.1) and the data acquisition system. 

Cyclic Test For Combined Normal and Shear Behavior 

In this test, the normal behavior is load controlled, and the shear behavior 

is displacement controlled. The desired amplitude of the normal load is obtained 

as explained previously, while the desired amplitude of the translation shear dis

placement is obtained by similar procedure adopted for previous test series but 

positioning the control unit knob for displacement controlled test. These adjust

ments are done on a dummy sample. 

In the actual test after the initial set up the normal load is applied to the 

desired value in increments and voltage readings for the normal loads and normal 

displacements are recorded. The cyclic test is started by simultaneously applying 

the cyclic normal load and the cyclic shear displacement(Table 3.2) along with the 

data acquisition system. 
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Measurement of Interface Normal Stress 

To determine the normal stress distribution at the interface small stress 

cells were built and an investigation was carried out. The stress cell was capable 

of recording change of stress for static loading but did not give satisfactory results 

for cyclic loading, hence the stress cells were not used for the cyclic tests in the 

present study. Details of construction, and measurement of stresses are discussed 

in Appendix B. 

Interface Test Results 

The sand-concrete interface test result for static loading, and for the cyclic 

tests(Table 3.1 and Table 3.2) are discussed here. For all the tests, same initial 

relative density of 15% is selected. In all of the results reported in this study, the 

interface is assumed to have 3.0 in (76.2 mm) thickness, which is the height of 

the sand selected for the test. Also, the normal strain is assumed to be constant 

over the thickness of the interface and computed by dividing the measured vertical 

displacement with the thickness of the interface. 

Static Normal Behavior 

A static test was performed on ottawa sand-concrete interface using the 

CYMDOF device as discussed earlier. The stress-strain behavior is shown in Fig. 

3.B. The slope of the stress-strain curve gives the tangent normal stiffness of the 

interface. From the figure it is clear that the stress- strain curve for initial loading 

shows stiffening effect. During unloading the stress- strain behavior is highly nonlin

ear and the stiffness decreases as normal stress decreases. The unloading behavior 

depends much on the stress level at which unloading is done. The initial tangent 

stiffness at unloading decreases as stress increases. The rate of decrease of tangent 
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stiffness during unloading increases as the stress decreases. The reloading behavior 

is almost linear. The irreversible strain defined as the total strain minus the elastic 

strain is large at low stress levels and rate of change of irreversible strain decreases 

as stress increases. The large irreversible strain in the beginning is mainly due to 

low density of the sand. As stress increases, the sand is compacted and the density 

increases. This increase in density increases the tangent stiffness of the sand and 

decreases the rate of increase of irreversible strain. 

Cyclic Normal Behavior 

The laboratory results of normal stress and strain for the test series given 

in Table 3.1 are shown in Fig. 3.9-3.16. For cyclic tests the stiffness or modulus 

is defined as the slope of the line joining maximum and minimum stress(Fig. 3.9). 

The magnitude of the modulus increases as the number of cycles increases show

ing stiffening effect for the loose material with Dr = 15%. After about 60 cycles 

the modulus remains essentially constant. Also the incremental irreversible strain 

(defined earlier) decreases as the number of cycles increases. The results, from 

modelling point of view are discussed in more details in Chapter 4. 

Since normal behavior did not change much after 60 cycles, all the cyclic 

tests have been carried out upto 110 cycles. 

In Fig. 3.10 and 3.13 when the resultant stress is minimum, instead of zero 

a small stress is shown. This is due to the weight of the die set. In the present 

form of translational device, tensile stress in the normal direction cannot be applied 

at the interface. Because of this reason a small value of stress is indicated in the 

figure. 
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Cyclic Combined Normal and Shear Behavior 

The effect of normal stress on shear behavior can be well represented when 

shear stress is plotted with respect to time. For this reason shear stress versus time 

is shown in Fig. 3.17-3.20. The test results are shown for cycles from 1 to 20, 51 

to 60 and 101 to 110. Test data was recorded at these cycles because most of the 

changes in the interface behavior occured in the beginning, that is, from cycles from 

1 to 20, and after 60 cycles the interface behavior did not change much. The data 

recording was also constrained due to the ·limitaions on the storage capacity of the 

MINC. 

From Fig. 3.17-3.20 it is clear that as normal stress increases, shear stress 

increases for a given amplitude of shear displacement. Also as the number of cycles 

increases the shear stress increases for the same magnitude of normal stress and 

given amplitude of shear displacement. This is due to increase in density of the 

sand as number of cycle increases. From Fig. 3.18 and Fig. 3.20 it is apparent 

that as normal stress goes to zero or a small value, the shear stress required for 

the given amplitude of shear displacement also tends to become zero. These results 

show that normal stress has strong influence on the shear behavior of the interface. 

---_.- ---_.- . 
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CHAPTER 4 

CONSTITUTIVE MODELLING OF SAND-CONCRETE INTERFACE 

The objective of the-modelling procedure for sand-concrete interface is to 

obtain a relationship between applied stress and the resulting strain or relative 

displacement. The various factors which affect the stress-strain relations are: 

(a) states of normal and shear stresses, 

(b) amplitude of applied displacement or loads, 

(c) number of cycles of loading, 

(d) (initial) density, and 

(e) the modes of deformation- slip,debonding and rebonding. 

The constitutive law for a two dimensional interface can be expressed in 

matrix notation as: 

{a} = [Cli {e} (4.1) 

where 

[ 
[Cnnli [Cnsli] 

[Cli = 
[Csnli [Cssli 

(4.2) 

is the constitutive matrix, [Cnnli=the normal behavior, [Cssli=the shear behavior, 

[Cnsl and [Csnl=the coupling between normal and shear behavior, {a} is the vector 

of stress components and {e} is the vector of strain components (referred to relative 

displacements) . 

In the present study, the constitutive relation for shear and normal behavior 

are considered separately, and the coupling effect that is, the interaction between 

normal and shear behavior is not directly considered ([Cnsli = [Csnli = 0) ; al

though the description of the shear and normal behavior includes indirectly effect 

of normal and shear stresses, respectively. 

98 
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Constitutive Model for Shear Behavior 

From the laboratory tests performed on sand-concrete interface (Drumm, 

1983j Drumm and Desai, 1985j Desai, Drumm and Zaman, 1985), it has been 

observed that the shear stress-relative displacement response is nonlinear and is a 

function of, a) applied normal stress, b) initial density of the sand, c) amplitude of 

relative displacement, and d) number of loading cycles. Thus, the constitutive law 

of shear behavior should include effect of these variables for accurate representation 

of realistic behavior of the soil-structure interaction problems. 

The constitutive model for shear behavior of the interface is taken from 

Drumm(1983), Drumm and Desai(1985), and Desai et al.(1985), which is based 

on Ramberg-Osgood representation(Ramberg and Osgood, 1943) and is denoted 

as R-O model. This R-O model has been used in a variety of forms by many 

researchers to represent the relationship between force and deformation, stress and 

strain(Jennings,1964j Constantopoulos,1973j Richard and Abbott,1975j Desai and 

Wu,1976j and Idriss et al.jI978). 

I 
The model in terms of shear stress and relative displacemen.t of the interface 

is shown in Fig. 4.1, and is represented by: 

(4.3) 

and 

tt, ± ttl = tty (;! ::) (1 + " I;! :: IR -

1

) ( 4.4) 

where, ur=the relative displacement of the interface, r=the shear stress in the inter-
I 
I 

face, ui=the relative displacement of the point at which loading is reversed, Ti=the 

interface shear stress corresponding to Ui, ki=initial shear stiffness, cS'=cyclic index, 



Bac'kbone 
Curve 

Ur 

Figure 4.1. ~amberg-O,sgood F~rmu..l~i~n ,F:.?r Cyclic 
Str~ss-Def,?~~a~ion Relationship 
(Reference Drumm and Desai, 1985) 
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(l( and R=positive constants or parameters defining the backbone curve(Fig.4.1), 

and t£1I=the reference displacement. 

The cyclic index, 0, was defined by Idriss et al.(1978) as degradation in-

dex. Since the laboratory results on sand-concrete interface may show increase or 

decrease in shear stiffness with number of loading cycles, depending on the (ini

tial) density, the index, 0, is redefined here as the cyclic index to describe both the 

degradation and stiffening behavior of interfaces. The cyclic index is defined as: 

(4.5) 

where N is number of cycles, (k8)N and (k8 )1' are secant stiffnesses(Fig. 4.1), for 

cycle N and cycle 1, respectively, and t is the cyclic parameter. Thus a positive 

value of t describes the stiffening behavior and a negative value of t describes the 

degradation behavior. The interface secant stiffness is expressed as: 

k _ ° ki 

8 - I IR -
1 

1 + (l( 6 k; Uy 

(4.6) 

Integer value of N in Eq.(4.5), results in closed hysterisis loop, Fig. 4.2. 

Drumm(1983) suggested the use of non integer value and to count N at every 

half cycle, Fig. 4.2. This results in open hysterisis loop similar to the observed 

laboratory results, Fig. 4.2. The choice of N in terms of every half cycle describes 

reloading curve differently from the unloading curve, hence, the opening of the 

hysterisis loop. 

Effect of Normal Stress 

Laboratory results on sand-concrete interface as indicated increase in shear 

stiffness as normal stress increases. Thus, initial stiffness J(i (Fig 4.1), was expressed 



A 

B 

(a) Use of Interger Vahle N 

T 
C N=1.5 

A N=0.5 

N=1.0 __ _ 

B 

(b) Use of Non-Integer Value N 

Figure 4.2 Schematic of Stress-Deformation Response with 
Effect of Number of Cycles 
(Reference Drumm and Desai, 1985) 

---------------------------_. __ ... __ ._---
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as a function of normal stress Un ,using similar function of initial soil modulus 

suggested by Janbu(1963): 

(4.7) 

where k and n are constants to be determined from laboratory test results. 

Equations 4.1 and 4.2 give explicit relations for U r in terms .of T. In a 

strain controlled test, U r is known in priori, and in a finite element procedure using 

displacement formulation, set of equations are solved to obtain U r , from which T 

needs to be determined. Since an explicit relation for T can be difficult to establish 

and utilize, l' is determined by using an iterative technique. In the present study 

Newton Secant method given by Johnson and Riess(1977) is selected and briefly 

described. 

Equations 4.1 and 4.2 can be rewritten as follows: 

(4.8) 

and 

J(Z) = Z + a zR - x (4.9) 

in which x is identical to U r and z is a function of T. 

For a given x, initial estimate of z, that is, Zn and Zn-l are made and the 

function J(zn} and J(zn-d are evaluated, where: 

!(Zn) = Zn + a zn R - x (4.10) 

and 

J(Zn-d = Zn-l + a Zn_l R - X (4.11) 
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the secant of these points will result in desired approximate value of z. By updating 

these estimates, zn+I converges to the actual root. The algorithm for the Newton 

Secant iteration, as given by Johnson and Riess(1977) is: 

() 
Zn - Zn-l 

Zn+l = Zn - / Zn /(zn) - /(zn-d (4.12) 

The iteration is continued until sucessive values of Zn+l are approximately the 

same with the desired accuracy. In the present study a tolerence of 0.0001 between 

consecutive Zn+I has been used to terminate the iteration. 

This algorithm for shear behavior is incorporated in finite element pro

cedure SSTIN-2D(DYN) developed for the present study, which is discussed in 

Chapter 5. 

Determination of Parameters 

The parameters to describe shear and relative displacement using modified 

R-O model are determined from the laboratory cyclic shear test data, and the 

procedure is described by Drumm(1983), Drumm and Desai(1985) , and Desai et al. 

(1985). The expressions for various parameters reported by them are given in Table 

4.1 and used in the present study to solve practical problems (Chapter 7). 

Constitutive Model For Normal Behavior 

From the laboratory tests performed on sand concrete interface, it has 

been observed that the stress-strain response is highly nonlinear and is a function 

of factors such as: 

(a) state of stress, 

(b) amplitude of normal stress, 

(c) number of loading cycles, 



TABLE 4.1 

Summary Of Ramberg-Osgood Parameters For Sand-Concrete Interface 
(Ref. Drumm, 1983; Drumm and Desai, 1985) 

Initial stiffness, Ki 

Ki = ku~ 
k = (20.0 + 0.67Dr ) and n = 1 

Cyclic Parameter, t 

Dr = 80% 

t = 0.025 
Dr = 15% 

urn 
t = 0.35 - O.18+~.3U~ 

Linear Interpolation For Intermediate Densities 

Parameter R 

R = 1.4 + (1.37 X 10-3 X Dr )un 

Reference displacement,uy 

u y=O.Ol inch 

Parameter Q 

Dr = 80% Dr = 15% 
Q = 2.55 + 0.15un Q = 1.60 + O.027un 

Linear Interpolation For Intermediate Densities 

105 



(d) (initial) density, and 

(e) deformation modes. 
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The obj,ective here is to develop a model, and verify it with respect to 

limited test data involving the test results for only one (inital) density. Hence, the 

effect of (initial) density on sterss- strain behavior has not been considered in the 

present study. 

Description of Nonlinear Behavior 

From the test results of static test (Fig. 3.7) and cyclic tests (Fig. 3.8 

to 3.15), it is clear that the stress-strain relation shows clear distinction between 

loading, unloading and reloading. Hence the proposed model is represented by three 

parts: (i) virgin loading, (ii) unloading and (iii) reloading. The schematic of the 

proposed model is shown in Fig. 4.3. 

It is also clear from Fig. 3.7 to 3.15 that unloading curves for static and 

cyclic loading are essentially similar. Also· the reloading response which essentially 

is linear for the tests considered does not v:ary much from cycle to cycle for static 

loading, while it( reloading modulus) increases for cyclic loading as number of cycles 

increases. Since the stress-strain relation for static and cyclic loadings are similar, 

only one set of stress-strain relation is defined for both. 

In the present study interface test results are available for static and cyclic 

loading. But in any dynamic analysis subjected to arbitrary loading, the interface 

may experience loading, unloading or reloading from any state of stress. Hence, 

the stress- strain relations are presented in a more general way to accommodate all 

possible loading conditions. 

i) Virgin Loading: The stress-strain relation for virgin loading is expressed 

by using exponential function: 



Ut 

Virgin loading 

..... --

jooII--- Unload"ing 

I .. ---Kno 
,.....f---- Reloading 

(a) Virgin Loading and Unloading with Tensile Stress Condition 

Reloading 

Unloading 

(b) .Partial Loading 

Figure 4.3. Schematic of Stres~-Strain Response for Normal Behavior 

._--- ------ --
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(4.13a) 

(4.13b) 

and the tangent modulus is given by: 

(4.14a) 

(4.14b) 

where un = normal stress, en= normal strain, ep= total irreversible strain computed 

only if unloading has occured( discussed in section under Reloading), U m = previous 

maximum stress reached, em= previous maximum strain, Ut= tensile strength of 

the interface, Kno is the initial tangent modulus, and ao and al are constants to 

be determined from the laboratory test results. 

ii) Unloading: After loading the interface to certain stress level and then if 

the load is decreased, the interface stress path does not follow the original curve. 

This unloading part of the stress-strain curve, from the test results are observed to 

resemble hyperbolic curve, Fig. 4.4, given by: 

x 
y= -

a+bx 
(4.15) 

where a and b are inverse of the initial slope and asymptotic value of y respectively. 

Thus the unloading stress- strain relation can be represented by: 

Un =Um (4.16a) 



y 

Yu = lib 
----------------------

(a) General Hyperbola 

I 
I 
I 
I 
I 
I 
I (urn + Ut) 

1/0.2 " 

I' 
I 
I 
I 
I -------01------

(b) Unloading Curve 

. Figure 4.4 .. Hyperbolic Representation of Unloading Curve 

._-----------
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PI = (1.0 - a2 K~R) 
(Um + Ut) 

and the tangent modulus is given by: 

110 

(4.16b) 

( 4.17) 

(4.18) 

where, K;;R= reloading modulus( defined in the next section), a2= constant to be 

determined from the laboratory test results, and represents inverse of modulus at 

(Um,cm), and PI is related to the asymptotic value. 

From Fig.3.8 to 3.15 it is observed that the tangent modulus at the point 

of unloading, for a given (initial) normal stress 0'0, and amplitude of normal stress 

Ua , remains approximately the same at all loading cycles. Thus a2 is redefined as: 

(4.19) 

where K~R is the initial reloading modulus, that is for N = 1, and af is a constant 

to be determined from the laboratory test results. af represents a factor by which 

the tangent modulus at the point of unloading is greater than the initial reloading 

modulus. 

Effect of Amplitude of Stress on af. Knowledge of K~R and measurement 

of the tangent modulus of the unloading curve at the point of unloading can permit 

determination of af. To establish a relation between af and the applied 0'0, and 

U a , a nondimensional paramet'er is defined as: 

0'0 -Ua 
it = --'--- (4.20) 
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and a plot of variation of a 1 with jj is shown in Fig. 4.5. The plot shows a nonlinear 

behavior, which can be expressed as: 

(4.21) 

where a 10 and ao are constants to be determined from laboratory test results. The 

constant alo is the multiplication factor when the amplitude of the normal stress 

is equal to the (inital) normal stress. 

iii) Reloading: After unloading the interface to certain stress level, if the 

load is increased, the interface is observed to behave linearly and the modulus is 

dependant on the state of stress at which reloading has occured. Hence the stress

strain behavior for reloading is expressed by linear relation: 

for (cm - CT"J/i{t) < cn < co + CTmk~-CTQ 
nR nR 

(4.22a) 

(4.22b) 

(4.22c) 

(4.22d) 

where O'min and Cmin are respective minimum stress and strain reached during un

loading, Knv is the tangent modulus of the unloading curve at the time of reloading, 

that is, for en = cmin, K;;R is the modulus of the reloading curve(reloading mod

ulus) at cycle N. For static loading, K;;R remains constant and equal to the initial 

reloading modulus K~R' 

The total irreversible strain is defined as 

Cp = cp(old) + ilcp (4.23a) 
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(4.23b) 

where e p (old) is previous total irreversible strain and /:::.e p is the incremental irre

versible strain for the current loading cycle N, Fig. 4.6. 

Effect of Number of Loading Cycles on K:!R. To determine the effect of 

the number of loading cycles N, on the reloading modulus, based on the cyclic test 

data, Table 3.1 a plot of ~;n versus log N is given in Fig.4.7. The plots show an 
nR 

approximately linear relation with slope,. which is denoted herein by m for each 

result. Thus variation of reloading m~dulus with number of cycles can be expressed 

as: 
KN 
K~R = 1.0 + 0 m logN 

nR 

where 0 = o. for static loading and = 1.0 for cyclic loading. 

Effect of Amplitude of Normal Stress on K~R. 

(4.24) 

To study the effect of 

amplitude of the normal stress on the initial modulus, the parameter K~RO is defined 

as: 

K I -KI 
nRO - nR for it = 0 (4.25) 

Then the plot of :l~n versus it is shown in Fig.4.8 for the test results, Table 3.1. 
Rno 

The plot indicates nonlinear behavior, which can be expressed as: 

(4.26) 

where cland C2 are constant to be determined from the laboratory test results. 

Determination of Constants 

The constants for the proposed model to represent normal stress-strain 

relation are determined from the laboratory test results. 



T 

Figure 4.6. Sc~ez.natic of Unloading a.nd R~loadi:ng in Cyclic Test 
Showing Irreversible Strain 
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For Virgin Loading 

In Eq.(4.13a) the constant ao, has the same dimension as stress and the 

constant al is nondimensional. The initial tangent stiffness Kno is measured from 

Fig.3.7. In determining Kno, the initial error in measured stress and strain is 

avoided by finding the tangent to the virgin loading at stress level of 15.0 psi. 

Thus, the measured Kno is equal to 1504. psi and the Eq.(4.14b) is: 

(4.27) 

The irreversible strain, cp for virgin loading without any unloading is equal to zero. 

Substituting Eq.(4.27) .in Eq.(4.13a) and taking cp = 0., al can be written as 

1504.(ea1 t;n -1.) 
al = 

Un 
(4.28) 

Solving Eq.(4.28) for different sets of stress and strain and allowing an error of 0.1% 

between assumed al and computed al, the approximate value of al is obtained to 

be 0.0044 and the corresponding value of ao is341475. psi (2352763 kPa). 

For Unloading 

The two constants af and K~R describes the unloading curve. Since K~R 

is the initial reloading modulus, it is determined from reloading curve, which is 

described in the next section. The constant af is determined from Eq.(4.21). From 

Fig.4.5, for u = 0, afo is the intersection of the curve with abscissa, and determined 

to be equal to 4.5. 

The constant ao is determined by rewriting Eq.(4.21) as: 

(4.29) 
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Reading aJ for known {j from Fig. 4.5 and knowing a,o, ao is determined. Set of 

values of ao are determined for set of known (j,Table 4.2. The average value of ao 

is determined to be 0.093. 

For Reloading 

The Constant K~RO in Eq.(4.25) is determined by measuring the secant 

modulus in Fig. 3.10 and Fig. 3.13 for the first cycle, and an average value of 

3110.psi (21358.psi) is obtained. The constants Cl and C2 in Eq.(4.26) are deter

mined by selecting two sets of points on the curve, shown in Fig. 4.8. These two 

sets of points results in simultaneous equations: 

for {j = 0.25; 

(4.30) 

and for (j = 0.50; 

(4.31) 

Solving Eq.(4.30) and (4.31), the constant Cl and C2 are found to be -0.1 and 2.0, 

respectively. 

The constant K;;R in Eq.(4.24) is a function of m, where m is the slope of 

K;;R/K~R versus logN curve(Fig. 4.7). The plot of m with {j is shown in Fig. 4.9 

and can be reprensented by: 

(4.32) 

where (30 and (31 are constants in which (30 is the intercept of m at {j = 0 axis and 

(31 is the slope of the straight line. The constants (30 and (31 determined from Fig. 

4.9 are 0.295 and -0.265, respectively. 

The constants determined from the present laboratory test results for nor

mal behavior of the sand-concrete interface are summarized in. Table 4.3. 

-------_._---
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TABLE 4.2 

Calculation of ao in Eq. (4.1) from Fig. 4.5 

(1) (2) (3) (4) (5) 
u af In (lnafofaf) InS ao=(3)j(4) 

0.5 1.7 -0.0269 -0.6931 0.0388 

0.375 1.8 -0.0874 -0.9808 0.089 

0.25 2.0 -0.2096 -1.3863 0.1512 

Average ao=0.093 

----------------------------------------- ---- .. ---
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TABLE 4.3 

Summary of Parameters For Normal Behavior of the Sand-Concrete Interface 

Virgin Loading 

ao=341475.0 psi (2352763.0 kPa) 

al=0.0044 

Unloading 

a - 1 
2 - Kl al nil 

Qo=0.1 

Reloading 

K~Ro =3100.0 psi (21358.0 kPa) 

Po= 0.295 

PI = -0.265 

CI = -0.100 

C2 = 2.000 
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Comparison of the Model with Laboratory Test Results 

The proposed stress-strain relation for normal behavior is verified by back 

predicting the laboratory test results. The essential material constants are deter

mined using equations given in Table 4.3 and are tabulated in Table 4.4. For static 

tes~, since initial normal stress and amplitude of cyclic stress are not defined the 

constants K!R' a f and a2 are determined directly from the test results given in 

Fig. 3.8. 

In Fig 4.10 the predicted response is compared with test result for static 

loading. The predicted result and test result compare quite well. The proposed 

model is able to capture loading, unloading and reloading behavior satisfactorily. 

The predicted stress-strain relation for the initial normal stress, 0"0 = 

20. PSt (137.8 kPa) and for the amplitude of normal stress, O"a = 10.,15. and 

20.psi(68.9,103.3 and 137.8kPa) are given in Fig. 4.11 to 4.13 and compared with 

the laboratory cyclic test results in Fig. 3.11 to 3.13. Overall the proposed model is 

capable of capturing the effect of number of loading cycles on stress-strain behavior 

with reasonable accuracy. 

The implementation of the proposed model in finite element procedure is 

discussed in Chapter 6. Also the two test results using the finite element results are 

compared by modelling the translational box as a boundary value problem. 
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TABLE 4.4 

Interface Constants for Test Series Given in Table 3.1 and 3.2 

Uo Ua U ao al KlnR a, 1/a2 0 m 
psi ps, PSt psi PSt 

15 10 0.333 341475 0.0044 3685.5 1.824 6722.0 1.0 0.207 

15 15 0.000 341475 0.0044 3100.0 4.500 13950. 1.0 0.295 

20 10 0.500 341475 0.0044 4495.0 1.762 7920.0 1.0 0.163 

·20 15 0.250 341475 0.0044 3410.0 1.969 6711.0 1.0 0.229 

20 20 0.000 341475 0.0044 3100.0 4.500 13950. 1.0 0.295 

25 10 0.600 341475 0.0044 5146.0 1.734 8923.1 1.0 0.136 

25 15 0.400 341475 0.0044 3968.0 1.796 7126.5 1.0 0.189 

25 20 0.200 341475 0.0044 3286.0 1.790 6251.0 1.0 0.242 

static - - 341475 0.0044 3100.0 1.500 - 0.0 -
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CHAPTER 5 

IMPLEMENTATION AND VERIFICATION 

A computer procedure and code has been developed for numerical solu

tion of soil-structure interaction problems including interface behavior arid static 

and dynamic loading conditions. The numerical solution is obtained using finite 

element method. Various deformation modes which can occur at the interfaces or 

joints at different stages of loading are included in the formulation using the thin

layer interface element. Nonlinear behavior of geological materials is modeled using 

elasto-plastic constitutive relations such as the generalized and cap models. Various 

time integration schemes are employed to evaluate their computaional efficiency for 

dynamic analysis, the schemes considered are explicit, implicit, and explicit-implicit. 

Theory for the modeling of interface behavior of dynamic soil-structure interaction 

is discussed in Chapters 2 and 3. The computer program developed for the present 

study hereafter will be referred to as 'SSTIN-2D{DYM)' (Soil-Stucture Interaction 

for 2-Dimensional Dynamic Analysis). 

Numerical calculations are performed in double precision on Data General

MV 10000 computer and in single precision on CDC-CYBER M175 computer 

systems. An incore solution routine based on Cholesky reduction algorithm for 

stiffness and effective stiffness matrices assembled in a vector form accounting for 

variable band-width of each row is used to solve linear and nonlinear equations. 

This algorithm is also referred to as "Profile" or "Skyline" solver in the literature, 

Bathe and Wilson (1974), Bathe (1984). It requires less storage and increases the 

efficiency of computation especially for explicit-implicit schemes, Belytschko and 

Hughes(1983). The nonlinear equations are solved using incremental-iterative tech

nique, with initial stress approach to balance the unbalanced load computed from 
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the stress-strain relations in each iteration. Stiffness or effective stiffness matrix 

is updated when norm of the correction load is greater than certain percentage of 

norm of the incremental load or effective load. 

The above mentioned models and. schemes are verified with respect to avail

able experimental results, numerical results and exact solutions, wherever available. 

The verification is grouped into two parts, static analysis and dynamic analysis. 

They are, in turn, subdivided into linear and nonlinear behavior. 

Static Analysis 

Linear Behavior 

i) Verification of 4-/8-/9- Node Element 

a) Simply Supported Beam Subjected to Distributed Load. 

A simply supported beam shown in Fig. 5.la, subjected to uniformly dis

tributed laod, q, is analysed. Due to symmetry only one quater of the beam is 

discretized using four, 4-/8-/9- node elements, Fig. 5.lb. Boundary AB and BD 

are restrained in the x-direction and the point A is restrained in the y-direction. 

The linear elastic material parameters used are, Young's modulus, E = 3.0 X 

107 psi(20.67kPa) , and, Poisson's ratio, 11=0.25. The finite element results for ver

tical displacement at point B and stress in the x-direction at point D are tabulated 

along with the percentage error with respect to the theoritical solution, Table 5.1. 

From the table it can be concluded that 8 node element with 2 x 2 order of numerical 

integration is efficient interms of accuracy and computational time. 

---------------_._------_.-----
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TABLE 5.1 

Study' of Deflection and Stresses of Simply Supported Beam 

UNITS=INCH and LB I.psi = 6.89kPa, Linch = 25.4mm 

Type of Element 4 8 9 
(Nodes) 

Order of Numerical 2x2 2x2 3x3 3x3 
Integration 

Deflection v at A 0.09407 0.33520 0.33380 0.33390 

% Error 71.94 0.0 0.42 0.39 

Stress u x at A 17083.0 60659.0 59960.0 59926.0 

% Error 71.55 . 1.03 0.13 0.19 

Theoritical Solution: 

5ql4 5 x 200 X 404 

vA = 384E1 = 384 x 3 x 107 x 0.6667 = 0.3333 

wl2Ymax 200 X 402 X 1 
UXA = 81 - 8 x .6667 == 60000. 
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Nonlinear Behavior 

i) Verification of Cap Model Routine 

a) Laterally Restrained cylinder Subjected to Axial Strain 

The implementation of the cap model is verified by choosing an axisym

metric cylinder subjected to axial strain. The finite element discretization is shown 

in Fig. 5.2. The material parameters as given in Sandler and Roubin (1979) are 

selected. They are: 

Elastic Constants: 

Failure Parameters: 

Cap Parameters: 

E = 100.00 ksi (689.00 kN) 

V,= 0.25 

a = 0.25 ksi 

f3 = 0.67 

"I = 0.18 

D=0.67 

R=2.5 

W = 0.066. 

The axial strain is applied with an increment of 0.005 in/in up to 0.060 

in/in and then an increment of -0.002 in/in is used until the axial strain is 0.048 

in/in and the strain increment is changed to -0.010 in/in until the axial strain 

reached -0.022 in/in. The plots of axial stress vs axial strain, lateral stress vs 

axial strain and hardening parametr, k (defined in Chapter 2), vs axial strain are 

compared with results reported by Sandler and Roubin (1979) in Fig. 5.3, Fig. 5.4 

and Fig. 5.5, respectively, and the result agree quite well. 
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Figure 5.2. Laterally Restrained Cylinder Subjected to Axial Strain 
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ii) Verification of Generalized Model Routine 

The material nonlinear behavior is represented by the generalized model 

as discussed in ~hapter 2. This model is implemented in SSTIN-2D(DYM) pro

gram. The implementation of the model is verified with experimental results. In 

incremental-iterative method of solution of nonlinear problems, maximum of ten 

iterations are performed for each increment of load to satisfy the equilibrium of 

the overall system. The increment of stresses, {da} in each iteration for the cal

culated {de} is obtained using subincremental method. The minimum number of 

sub increment adopted in this code is twenty. 

a) Hydrostatic Compression (HC) Test 

The laboratory test involving hydrostatic compression (HC) carried out by 

Faruque (1983) using 4.0 X 4.0 x 4.0 in (101.6 X 101.6 X 101.6 mm) cubical sample of 

a silty sand is modeled using four eight-noded isoparametric axisymmetric element. 

The finite element dicretization is shown in Fig. 5.6. The material constants given 

by Faruque (1983) are selected. 

Elastic constants: 

Constants for Ultimate: 

Yielding 

E = 9386.0 psi (64670.0 kPa) 

v = 0.36 

0: = 0.156 

'Y = 3.007 psi (20.7 kPa) 

k = 0.0 psi 

Constants for Hardening: f3a = 0.000617 

Til = 1.0544 

f3b = 0.854 

Ti2 = 0.802. 

---- -----------
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The test is simulated up to a confining pressure of 60.0 psi (413.40 kPa) 

with increments of 1.0 psi (6.80 kPa). Figure 5.7 shows the comparison of finite 

element result and the experimental result. The finite element result shows excellent 

correlation with the experimental -values. From the computer results, it is found 

that on an average only five iterations are used to satisfy the equilibrium of the 

overall system for each increment of load. 

b) Conventional Triaxial Compression (CTC) Test 

As discussed above the initial confining pressure for this test is 10.0 psi 

(68.9 kPa). After that the specimen was subjected to CTC loading. To simulate 

this test, the sample is loaded hydrostatically up to 10.0 psi (68.9 kPa) with five 

increments of 2.0 psi (13.78 kPa). Then the radial stress, 0'2, is kept constant at 

10.0 psi (68.9 kPa) and the vertical stress, 0'1, is increased with increments of 0.5 

psi (3.445 kPa) up to 45.0 psi (31O.05 kPa). 

Figure 5.8 shows the comparison of the finite element result and the exper

imental result. The finite element result shows very good agreement with experi

mental values for e1' For e2, the results are in reasonable agreement. The number 

of average iterations used is six to satisfy the equilibrium of the overall system for 

each load increment. 

c) Strip Footing 

A relatively rigid strip footing resting on soft soil, subjected to uniform 

pressure, is analyzed and compared with the experimental results. Details of the 

device and testing program are given by Phan (1978) and Desai et al. (1982). Figure 

5.9a shows the dimensions of the testing model. Due to symmetry about the vertical 

axis only one-half of the domain is discretized using plane strain idealization. Figure 

--------- ----.----
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5.9b shows the finite element discretization. The finite element mesh has twenty 

soil elements and one steel element with total of 84 nodes. The type of element 

selected is eight-noded isoparametric element. The soil tested is artificial soil. The 

material constants for the soil given by Faruque (1983) are adopted. 

Elastic Constants: 

Constants for Ultimate: 

E = 400.0 psi (27560.0 kPa) 

v = 0.35 

a = 0.162 

"I = 1.542 psi (10.6 kPa) 

k = 0.0 psi (0.0 kPa) 

Constants for Hardening: f3a = 0.00217 

171 = 1.376 

f3b = 0.723 

172 = .660 

Material constants for steel (modeled' as linear elastic) are 

Young's modulus E = 3.00 X 107 psi (2.07 x lOB kPa) 

v = 0.30. 

Thirty load increments of magnitude 0.5 psi (3.445 kPa) each are used. 

Figure 5.10 shows the comparison of the load-displacement (of point A) 

curve from the finite element analysis and the laboratory obervations. The finite 

element analysis of the same problem using 3-D generalized model and cap model 

obtained by Faruque (1983) are also plotted. The 2-D finite element results are in 

satisfactory agreement with the experimental values and the finite element results 

using the 3-D model. 
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Dynamic Analysis 

Linear Behavior 

i) Verification of Direct Time Integration Schemes. 

The direct time integration schemes adopted in the present study in SSTIN-

2D (DYM) are Central Difference Method (Explicit Scheme), Newmark Method, 

Wilson-O Method (Implicit Scheme) and Explicit-Implicit Method. Details of these 

methods, formulations and their merits and demerits are discussed in Chapter 2. 

The imple~entation of these methods are verified with exact and/or numerical 

solutions reported by other investigators. 

In the explicit-implicit method, the time step for the numerical solution is 

governed by explicit element. The critical time step in explicit element is governed 

by element size and its material properties. Calculation of critical time step is 

explained in Chapter 2. 

a) Bar Subjected to Constant Velocity at One End 

A bar 10.5 units long is subjected to a uniform velocity of 1.0 unit at 

one end. The bar is discretized using 21 four-noded isoparametric elements. The 

length of each element is 0.5 units, height 1.0 unit and thickness 1.0 unit. Figure 

5.11 shows the finite element discretization. The material properties selected are, 

Young's modulus, E = 100.Ounits, Poisson's Ratio, 1I=0.0 and Mass density, p=O.OI 

units. 

For the explicit-implicit method, elements 1, 11 and 21 are adopted as im

plicit elements and the remaining elements as explicit elements. Time step selected 

is At = 0.00353 units, which is well below the critical time step, At = 0.005 units, 

the element bar wave transit time. 
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Figure 5.12 shows the axial stress at the impacting end for various methods 

and the exact solution. Similar results are also obtained by Key (1978). 

Nonlinear Behavior 

a) Plate Subjected to Impact Load 

A plate shown in Fig. 5.13a subjected to impact load is analyzed using the 

four-noded isoparametric element. The loading and the stress-strain relation are 

shown in Fig. 5.13. The material properties selected are: 

Young's modulus E = 4000. Ib/in2 (27560. kPa) 

Poisson's ratio v = o. 

Mass density p = 0.1497 X 10-3 lb sec2 /in4 (163.49 Kg sec2 /m4) 

Yield stress u y = 15.0 Ib/in2 (103.35 kPa). 

The static collapse load is Pu=15.0 lb (103.35 kN), and the first funda

mental period Tf=0.00086 sec. The time step adopted in this solution is 6. t = 

0.00004 sec, which is 2/43 sec of first fundamental period. The vertical displace

ment at point 3 for 50.0%, 62.5% and 75.0% percentage of collapse load Pu are 

shown in Fig. 5.14, for static linear(STLI), dynamic linear(DYLI) and dynamic 

nonlinear(DYNLI) analysis. The analytical results for displacement, velocity and 

accelaration at first yielding and at maximum displacement of the p!ate are given 

in Table 5.2. The derivation of analytical solution, calculation of static collapse 

load and first fundamental period are given in Appendix C. Very good correlation 

is observed between the finite element solution and the analytical solution. 
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TABLE 5.2 

Analytical Results for Elastic-Perfectly Plastic Plate(Fig. 5.13) 

Co = Pu/Po 0.500 0.625 0.750 1.000 

ty 4.2975 3.0290 2.6136 2.1488 
1.0 x 10-4 sec 

Vy 3.75 3.75 3.75 3.75 
1.0xlO-3in 

Vy 0.0 13.7069 19.3844 24.4136 
in/ sec 

iiy -100.2004 -75.1490 -50.0355 0.0 
1.0 x 1O-3in / sec2 

tm 4.2975 4.8530 6.4877 00 

1.0 X 10-4sec 

Vm 3.75 5.00 7.50 00 

1.0x10-3in 

vm 0.0 0.0 0.0 0.0 
in/sec 

iim -100.2004 -75.1490 -50.0355 0.0 
1.0 x 1O-3in/ sec2 
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b) Simply Supported Beam Subjected to Impact Load 

A simply supported beam shown in Fig. 5.15a subjected to uniformly 

distributed load P(t) is analyzed. Due to symmetry, only one quater of the beam is 

discretized using six, eight-noded isoparametric elements. Figure 5.15b shows the 

finite element discretization. The material properties are 

Young's modulus E = 30.0 X 106 psi (206.7 x 106 kPa) 

Poisson's ratio v = 0.30 

Mass density p = 0.733 X 10-3 lb sec2/in4 {800.5 kg sec2 /m4
) 

Allowable yield stress uy = 50000.0 psi (344500.0 kPa) 

The problem is solved for three different percentage of static collapse load, Pu 

= 444.44 Ib/in (77.83 N/mm), using plane stress analysis with Von Mises yield 

criteria. Finite element solution is carried out using time step b..t = 0.681 x 10-4 

sec. and solved up to 175 load steps. The maximum displacement at the mid span 

of the beam for 50%, 62.5% and 75.0% of the static collapse load Pu for dynamic 

linear(DYLI) and dynamic nonlinear(DYNLI) along with the static linear{STLI) 

analyses are shown in Fig. 6.16. Essentially identical results have been reported by 

Nagarajan and Popov (1974), Liu and Lin (1979) by using elastic-plastic dynamic 

analysis. Some of the important results are tabulated in Table 5.3. 

--------------
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TABLE 5.3 

Results of Simply Supported Beam Subjected to Impact Load 

: 

Load Max.Deflection Time at Period of Vibration 
Po Analysis omm omm after Yielding 

inch(mm) 1.0 x 10-3 sec 1.0x 10-3 sec 

Static 0.1182(3.002) - -

Dynamic 0.2364(6.005) 2.580 5.030 
0.500Pu Linear 

Dynamic 0.2504(6.360) 2.724 5.108 
Nonlinear 

Static 0.1478(3.754) - -

Dynamic 0.2955 (7.506) 2.580 4.980 
0.625Pu Linear 

Dynamic 0.3488(8.850) 3.065 5.108 
Nonlinear 

Static 0.1773( 4.503) - -

Dynamic 0.3545(9.004) 2.580 4.980 
0.750Pu Linear 

Dynamic 0.5590(14.20) 4.086 5.108 
Nonlinear 



CHAPTER 6 

.IMPLEMENTATION OF INTERFACE MODEL 

It was mentioned in Chapter 1 that soil-structure interaction problems ( Fig. 

1.1), with one deformable body in contact with the another exhibit the boundary 

or interface nonlinearity. For static or dynamic loadings, the response of the soil

structure system can be significantly affected by the presence of interface. Because 

of the mathematical complexities involved in obtaining the analytical solution, in the 

early stages of research, interaction problems were modelled using simplified models 

such as spring and dash pots for translational and rotational motions. This model, 

however permits simulation of gross response of the interaction problems, hence, 

numerical method(finite element method) is used to obtain approximate solution in 

the present study. In the finite element method for interaction problems, the non

linear behavior of the interface is simulated by using special elements to represent 

the interface. 

A review of existing interface elements and the thin-layer interface element 

used in the present study along with computer implementation, are presented in 

this chapter. 

Modes of Deformation 

The six degrees-of-freedom as discussed in Chapter l(Fig. 1.3), can be 

group- ed into four basic deformation modes for an interface element in terms of 

relative displacements. The four possible modes of deformation are: 

(i) Stick or no-slip mode, 

(ii) Slip or sliding mode, 

159 



(iii) Separation or debonding mode, at 

(iv) Torsional mode. 
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Schematic representation of the mf deformations are shown in Fig. 

6.6 and Fig. 6.7 for two- and three- dimenproblems, respectively. 

Stick or No-slip Mode 

An interface is said to be in stick 'Fig. 6.1a, 6.2a) when the normal 

stress and shear stress in the interface ar~n certain limits determined from 

the laboratory or field tests. In this mode, is no relative movement between 

the adjoining bodies. This mode is also cal Contact mode. 

Slip or Sliding Mode 

An interface element is said to undtip or sliding mode when one body 

moves relative to another in such a way thajormal contact between the bodies 

are maintained as shown in Fig. 6.1b and Fb. As an illustration, consider two 

points A and B shown in Fig. 6.1a. After t'ormation, the point A moves to a 

new position A' and B moves to B'. The dEtion of A and B are such that the 

normal distance between A' and B' remainsmgeq, but the horizontal distance 

in the plane of the interface changes. Thismation is caused when the shear 

stress in the interface exceeds the critical determined from the laboratory 

tests for a given normal stress. 

Separation or Debonding Mode 

When the normal compressive stresmes tensile and the tensile stress 

exceeds certain value, deb on ding or separatturs which causes partial or com

plete loss of contact. This mode of deforma1ay also be caused due to relative 

rotation or rocking between the bodies(Fig. 

-------------------_._----_._--- --.----
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Rebonding. After an interface element has experienced the separation 

mode, it is possible that the gap may close at subsequent loadings. This behavior 

of an interface is often called rebonding.' After this occurence the inteface element 

can be considered in stick or slip mode. Hence, rebonding mode is not considered 

as a seperate mode in this present study. 

Torsional Mode 

This mode of deformation occurs in three-dimensional soil-structure inter-

action problems. It is some what similar to sliding mode, except that sliding in this 

mode is represented by rotation about an axis normal to the interface(Fig. 6.4). 

Since the present study is limited to two-dimensional problems only, this mode is 

not considered in great detail. 

Review of Existing Interface Models 

In some of the early developments, the concept of interface element was 

introduced to study discontinuities or joints in rock masses, and to represent the 

bond between steel and concrete in reinforced concrete structure. For this reason 

interface element was called as 'joint element'. This joint element with certain 

modifications has been often used to model behavior at interfaces in soil-structure 

interaction. Thus, in the literature related to soil-structure interaction, the joint 

element is commonly called as interface element. But, in the present study, no 

distinction is made between the joint and the interface element. 

Interface Elements in Static Analysis 

Anderson and Dodd(1966) developed pin ended element (Fig. 6.5a), for 

connecting two intact masses to study the behavior of rock joints or faults~ The 

most commonly used finite element for modelling bondslip phenomena is the linkage 
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element proposed by Ngo and Scordelis(1967). This element is used for simulating 

cracks in concrete and to represent bond between steel and concrete. The linkage 

element (Fig. 6.5b), consists of two linear springs parallel to a set of orthogonal 

axes u and v, and can be oriented at any angle 8, with the horizontal axis. The 

linkage element has mechanical properties but has no physical dimension, hence, 

they can be placed anywhere in the structure without disturbing the geometry. 

The drawback of the linkage element is that, it is artificially discrete element that 

lumps the properties at nodal points. 

Goodman, Taylor and Brekke(1968) extended the idea of linkage element 

and proposed a 'joint element' to model the behavior of rock joints(Fig. 6.6). This 

joint element is a one-dimensional line element with finite length and zero thickness. 

Initially the nodal point pairs (1,4) and (2,3) have identical coordinates and the 

relative displacement ui , is defined as: 

ui = ul - uf (6.1) 

where .u'[ and uf are the displacements of the two adjacent points, on the top 

and bottom surfaces, respectively. The constitutive behavior is defined by the joint 

stiffnesses per unit length in the normal and tangential directions, Knn and K S8 , 

respectively: 

(6.2) 

where [Gi] = constitutive (joint stiffness) matrix, and Knn and KS8 are deter

mined from the experiment(Goodman and Christopher 1977). Since the off diago-

nal terms are zero, the coupling effect between the normal and the shear behavior 

is ignored. The joint stiffness matrix is derived using potential energy principle 

with relative displacement as the nodal unknowns; extension of this joint element 
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to three-demensional analysis with triangular elements for rock joints has been 

discussed by Mahtab and Goodman(1970), and with general isoparametric brick 

elements for soil-structure interaction by Desai and Appel(1976).The joint element 

has two-dimensional configuration in three-dimensional analysis, since the thickness 

is zero. Applications of the joint element in the context of rock joints and soil

structure interaction have been reported by Clough and Duncan(1971), Desai and 

Holloway(1972), Desai(1977), Desai and Appel(1976), Goodman et al.(1968,1977), 

Phan(1979) and others. 

In general, this element can handle mainly the stick and slip modes, how

ever, it often fails to account for the debonding and rebonding modes. Also adjacent 

blocks of continuum elements may penetrate into one another. 

Zienkiewicz, Best, Dullage and Stagg(1970) proposed an interface element 

with non-zero thickness t, with simple rectangle shape if the main analysis is based 

on simple triangular or quadrilateral elements, as in Fig. 6.6, except that the thick

ness is not equal to zero. Since simple elements are not ideal for all occasions they 

also proposed curved isoparametric joint element for curved and variable thickness 

joints(Fig. 6.7). Some of the salient features of this joint element are i) the mid

dle surface of the joint is defined by mid coordinates A,B ... , using suitable shape 

functions N(e), and from these the coordinates of connecting nodes are defined, ii) 

normal and tangential directions are established to the mid surface, and iii) numer

ical integration is performed by using Gauss points along the mid surface TJ = 0, 

for computing stiffness matrix and force vector. Using this element they solved 

several problems including a cavern, a barrage and an arch dam and observed that 

the elastic stiffness characteristics of the joint element should not differ from the 

adjacent solid element by large amounts, otherwise, numerical ill-conditioning of 

the assembled stiffness matrix can occur. 



y 

n 

n, S = Local Coordinates 
x, y = Global Coordinates 

(a) Interface Element 

n 
• 

4 Top 3 
i:' fut~rl~~~ ~::: ::,:,: ,: \ ';:":::i 
:' ................ : ... -: .......... . 

• , '.' • •• " ...: •••• : •• ~ .. II ',,: S 

Bottom 2 

(b) Top and Bottom Surfaces of Interface 

Figure 6,6, Joint Element I 
(Reference Goodman et al. 1968) 

168 



Figure 6.7. Isoparametric Joint Element 
(Reference Zienkiewiez et al. 1970). 
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Desai(1977) used the concept of joint elements proposed by Goodman et 

al.(1968) and developed an axisymmetric interface element to solve soil-structure 

(pile) interaction problems. 

Ghaboussi, Wilson and Isenberg(1973) proposed an interface model with 

modification to the model proposed by Goodman et al.(1968). Relative displace

ments were chosen as the independant degrees-of-freedom instead of displacements 

at nodes. These degrees-of-freedom serve as constraints between the two adjacent 

sides of the interface element, thus avoiding penetration of the adjacent elements. 

The interface material property matrix Ci, is expressed as: 

(6.3) 

whereCnn , CBB , enB and C8n are materiai constants. The constant Cnn , is assumed 

to take a value of zero during debonding. In the case of contact, the relative 

displacements are transformed to local coordinate (n - s) system, and contraints 

of zero displacement boundary conditions on ~Uni and ~Unj, are applied. As an 

alternate procedure to the constraints of zero displacement a large value of C nn is 

assigned. 

Henze and Barbour(1982) adopted thickness t, in deriving the joint stiffness 

matrix using direct formulation starting from a strain-displacement relation and 

letting t vanish in the final expression. In this procedure the difficulty in defining 

strain using zero thickness for interface element is avoided. 

In all the foregoing interface elements described, usually a very high value of 

normal stiffness K nn , is assigned to prevent interpenetration of adjacent elements. 

When shear failure occur, shear stiffness, K88 is assigned a small value, but Knn is 

kept at a large value. For debonding, both Knn and K88 are assigned arbitrarily 

small values. 
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Katona et al.(1976) proposed an interface element based on the equilibrium 

approach. In this model, one-dimensional elements are used to connect adjacent el-

ements forming the interface (Fig. 6.8). These elements play the role of kinematic 
, 

constraints such as Lagrangian multiplier constraints. This element has two inde-

pendant degrees-of-freedom having the dimension of force. The stiffness matrix is 

formed by using modified principle of virtual work. 

Chan and TUba(1971) proposed incremental procedure to solve non-linear 

frictionless and frictional contact problems, imposing the condition that the nodal 

points in the contact bodies cannot interpenetrate. In this method, the equilibrium 

equations are formed seperately for each ,body in terms of displacements and the 

contact forces. The nodal displacements are obtained by performing iterations 

within a load step using over relaxation precedure. 

Frederiksson et al.(1976, 1977), Urzua et al.(1977), Hermann(1977, 1978), 

Peterson (1977) and others, used similiar incremental approach suggested by Chan 

and Tuba(1917) to solve frictionless anq frictional contact problems. 

Interface Elements in Dynamic Analysis 

The elements used to simulate interface or joint behavior under static load

ing can also be used for dynamic loading, in. addition selection of time step and 

non-linear solution technique play an important role. Use of interface elements 

for dynamic soil-structure interaction has not been common in static soil-structure 

interaction. Some of the reasons are, i) that the behavior of interface under dy

namic loading is complex and involve simulation of various modes of deformation, 

ii) adequate laboratory testing equipment was not available and hence appropriate 

test data were not available, and iii) lack of high speed computational facilities. 

Recently many researchers have recognized the importance of interface behavior 
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Body 1 

Body 2 

s n = Local Coordinate , 

Figure 6.8. Equilibrium Interface Element 
(Katona et al. 1976) 
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in dynamic analysis of soil-structure interaction problems such as nuclear power 

plants, foundation for bridges and multi-storey buildings and machine foundations. 

A review of interface modelling and testing is presented by Desai(1981). 

Newmark(1965) and Crandall, Lee and Williams(1974) considered interface 

behavior as sliding of rigid block for analysis of dams and embankments. Isenberg, 

Lee and Agbabian(1973) used inteface element proposed by Ghaboussi et aI.(1973) 

to analyse three-dimensional structures subjected to blast loading. Belytschko and 

Chiapatta(1973) used a model that allowed occurance of the slip in dynamic soil

structure interaction. 

Wolf{1976, 1977, 1985) studied extensively the response of nuclear contain

ment structures due to travelling shear waves. Both slip and separation of the 

foundation disk from the soil were considered in the analysis through the use of the 

influnce coefficient matrices. The strength of the interface against slip and separa

tion has been defined in terms of cohesion and coefficient of friction of the interface. 

Influence coefficient matrices were evaluated as functions of contact area. From the 

analysis it was observed that travelling shear wave induce rocking perpendicular to 

the direction of exitation. 

Nazarian and Hadjian(1979) proposed no tension, wall-soil interface ele

ment to study the behavior of a retaining wall subjected to earthquake motions. 

Rigid body translation and rigid body rotation are incorporated as deformation 

modes to allow for sliding and tilting of the structure. Roesset and Scaletti(1979) 

considered sliding and separation for two-dimensional problems under plane strain 

condition. 

Toki et al.(1981) used the interface element proposed by Goodman et 

aI.{1968, 1977) to study the behavior of structure foundation system subjected to 
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cyclic and earthquake ground motions. The interface elements have a property such 

that no tensile force is transmitted between the planes representing the structure 

and the soil to allow for separation, and the sliding is governed by Mohr-Coulomb 

failure law determined from the cohesion and the friction angle between the soil 

and the structure. The proposed model has been applied for analysis of, i) a model 

of a reactor building resting on the free surface of layered ground, and ii) a: burried 

foundation structure. From the results it is concluded that the structure response is 

underestimated when perfect bond is assumed between the soil and the structure. It 

is also observed that for a given excitation level, beyond certain specified frequency 

there is no separation or sliding of the structure. For earthquake excitation, it is 

observed that the translation of the structure is dominant when sliding is taking 

place between soils and structure, and the rocking is dominant in the rest of the 

response. Also, the amplitude of the response of the structure increased on anyone 

point of the structure and the amplitude of the response of the ground decreased 

on anyone point compared to response when complete bonding is assumed between 

the structure and the soil. 

Isenberg and Vaughan(1981), considered a finite zone of solid element as 

an interface element by assigning special properties to it in the element local co

ordinate axes, that is, parallel and normal to the interface. The interface sliding 

and separation behavior are simulated by imposing constraints on their allowable 

stresses in addition to those imposed by the elasto-plastic constitutive relation for 

the soil. These additional constraints restrict the normal and shear forces trans

mitted between soil and structure. The proposed model has been used to study the 

response of nuclear containment structure, and burried cylinders subjected to shock 

loading for a traveling air blast and a underground blast. 
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Motivation for Use of Thin-Layer Element 

A basic misconception about the idea of simulating the interface behavior 

by zero or finite thickness zones with relative displacements is that such models allow 

for physical cracks and discontinuities. In actuality, since most elements are based 

on numerical(finite element) formulations that involve the assumption of continuity 

of the medium. Imposition of the constraint conditions through these models does 

not necessarily allow for physical separation of the mating bodies. The relative 

displacements still require interelement compatibility. Then, it appears more direct 

to capture the relative motions between neighboring points of the mating bodies by 

considering the fact that they occur because the mating bodies and the interface 

zone have different deformation characterstics. 

The idea of imposing 'constraints' to account for special forces and displace

ments that arise at the interface, as is done in the previous models does allow for 

certain physical characterstics. However, it is felt that it would be more appropiate 

to treat the modelling of interface as a problem in constitutive modelling, which can 

instrinsically introduce the required constraints. This is particularly useful when 

the normal response, that is, the behavior across the interface is considered. In 

most past models, this behavior is arbitrarily defined, for example, adopt a high 

value of Knn when contact is maintainted and reduce it to a small value when 

contact is broken or debonding occurs, which is identified when the stress becomes 

tensile. However, what happens during the phase when the normal stress reduces 

from initial(compressive) to the stress corresponding to the loss of contact is not 

at all recognized in the previous models. It is believed that inclusion of this aspect 

can have significant influence on the interface response. 

Development of a constitutive model for the normal behavior is a difficult 

task, and in most previous models for interfaces and joints and metal contacts, 
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emperical and ad hoc values are used. This is particularly aggravated because 

hardly any (laboratory) experimental results are available in which the normal 

behavior is properly simulated. This is in contrast to the no slip and slip behavior 

which can be defined satisfactorily from translational or torsional shear tests. 

From research conducted over the last decade or so, Desai and coworkers 

have proposed a new concept called the 'thin-layer' element that incorporates the 

foregoing factors. Details of this model are given below. 

Thin Layer Element 

The thin-layer element concept for interface and joints has been the sub

ject of research by Desai and coworkers(Desai et aI.,1982j Lightner and Desai,1979j 

Siriwardane,1980j Desai,1981j Desai, Eitani and Haycock,19 i Zaman,1982j Za

man, Desai and Drumm,1984j Drumm,1983j Desai, Drumm and Zaman,198Sj and 

Drumm and Desai,198S). The novel and distinguishing features of this concept are 

that it views the behavior of the discontinuity, which is affected by the thin zone 

and the surrounding zones as a problem in constitutive modellingj as a result, the 

effort is directed toward postulating, and (experimental) verification of constitutive 

models for various modes of deformations. 

In the thin-layer concept, it is assumed that a small finite sized zone acts 

as the interface, and the thin zone is treated essentially as a 'solid' finite element 

with appropiate constitutive model that is defined differently from the solid soil 

or structural elements, and is based on laboratory tests that simulate the inter

face deformation modes. In this manner the physical reality of deformations at the 

interface are first defined as accurately as possible, and then are expressed in ap

propiate mathematical forms. Hence, the model is found to be capable of providing 

satisfactory simulations of interface modes for both static and dynamic condItions. 

The formulation is found similar to the recently proposed models for the (metal) 
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contact problems based on variational inequalities and penalty functions(Kikuchi, 

1985). 

Thickness of Thin-Layer. In the thin-layer element, the interface is treated 

as a 'solid' element with a small finite thickness. An important question arises as 

to what value of the thickness is most appropiate? 

In the past, it was often believed that an interface element with a very 

small thickness would cause computational difficulties. However, it is found from 

the research performed by Desai and coworkers and also by Pande and Sharma(1979) 

that adoption of a small thickness does not necessarily cause such difficulties. 

From a detailed parametric study and experimental verification on shear 

test box shown in Fig. 6.5, Desai et al.(1985) found that the distribution of stress is 

not affected significantly by the thickness of the element, while a choice of thickness 

in the range 

0.01 ~ tlB ~ 0.1 (6.4) 

can give satisfactory computaion of the displacements. 

Interface Element Used in the Present Study 

In the present study, various deformation modes at the inteface are sim

ulated using the thin-layer interface element as described in the previous section. 

The thin-layer element has a finite thickness and the displacements are the primary 

unknowns at the nodal points. Schematic diagrams of the thin-layer element for two 

and three-dimensional finite element analysis using first and second order elements 

are shown in Fig. 6.10. The constitutive relations used for the normal and shear 

behavior are as described in Chapter 4. 
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Description of Partial Bonding and Debonding. 

In most previous interface elements, the constitutive law for normal be

havior has been defined for the entire element in terms of relative motion of the 

top nodes with respect to the bottom nodes. This defines in an average sense that 

the interface element is either bonded or debonded. This assumption may be ap

propiate if the breadth of the interface element is very small. However, in general, 

the interface element can experience partial debonding{Fig. 6.l1a), therefore, it is 

necessary to consider partial loss of contact. 

In the present study, the partial debonding is accounted for by defining 

the constitutive law for the normal behavior at each gauss points{Fig. 6.l1b). For 

example, when gauss point 1 and 3 indicate debonding points 2 and 4 may indicate 

contact, or points 2 and 4 may also indicate debonding, showing complete loss of 

contact at the interface. 

Since the thickness of the thin-layer interface element is small compared to 

the dimensions of the surronding elements, an approximation can be made that the 

strains do not vary in the direction of the thickness. Based on this assumption a six 

node element with 2 point or 3 point integration shown in Fig. 6.llc and 6.lld may 

be adopted to represent the modes of deformation at the interface. This element has 

less number of degrees-of-freedom and utilizes less number of intergration points for 

the computaion of the stiffness matrix and stress vector compared to 8 or 9 node 

elements, hence less expensive. 

During complete debonding of the interface the element stiffness is assigned 

a small value or zero. The diagonal terms in the assembled stiffness matrix corre

sponding to the degrees-of-freedom of the middle nodes{along TJ = 0.) in 8 and 9 

node elements are either zero or very small. This may cause ill-conditioning of the 
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global stiffness matrix. Since the middle nodes are absent in 6 node element, the 

possibility of ill-conditioning of the global stiffness matrix is avoided. 

In the present study, the boundary value problems solved did not require 

too many interface elements compared to the number of solid elements. To simplify 

the program logic, little efficiency in cost is sacrificed and 2 x 2 or 3 x 3 order of 

numerical integration as shown in Fig. 6.11e and 6.11f are used instead of 2 point 

or 3 point integration. 

Computer Implementation and Verification 

In the finite element procedure developed in this study, SSTIN(DYN), all 

the possible modes of deformations at the interface in two-dimensional analysis(Fig. 

6.1), are incorporated using thin-layer interface element. The types of elements 

incorporated are 4-, 6-, 8- and 9- node isoparametric elements with constitutive 

matrix as described in Chapter 4. 

Verification of Model 

The interface models for shear and for normal behavior implemented in 

the finite element procedure are verified by back-predicting some of the test results. 

Here the test set-up including the specimen and the test box is treated as a boundary 

value problem. 

The verifications are performed for three types of loading conditions: 

(1) Shear behavior, 

(2) Normal behavior, and 

(3) Combined normal and shear behavior. 

The details of the finite element discretization and the loading conditions 

are described in each section. The dynamic analysis for all the three above cases 
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are carried out using Newmark method (implicit scheme) with parameters f3 = 1/4 

and '1 = 1/2 (see Eq. 2.15a and 1.25b). 

The linear elastic material parameters used in the analysis are: 

Concrete 

Young's modulus E = 3.0 X 106 psi (20.67 x 106 kPa) 

Poisson's ratio v = 0.20 

Mass density p = 0.2084 X 10-3 lb sec2 /in4 (228.3 kg sec2 /m4
) 

Steel 

Young's modulus E = 30.0 X 106 psi (206.7 x 107 kPa) 

Poisson's ratio v = 0.25 

Mass density p = 0.7333 X 10-3 lb sec2/in4 (800.5 kg sec2 /m4 ) 

Ottawa Sand 

Young's modulus E = 38600.0 psi (.266 x 106 kPa) 

Poisson's ratio v = 0.37 

Mass density p = 0.1400 X 10-3 lb sec2/in4 (151.0 kg sec2/m4 ) 

Plexi Glass 

Young's modulus E = 10.0 X 106 psi (68.9 x 106 kPa) 

Poisson's ratio v = 0.19 

Mass density p = 0.2001 X 10-3 lb sec2 /in4 (219.0 kg sec2 /m4 ) 

Wooden Block 

Young's modulus E = 1.76 X 106 psi (12.13 x 106 kPa) 

Poisson's ratio v = 0.30 

Mass density p = 0.054 X 10-3 lb sec2 /in4 (58.97 kg sec 2/m4 ) 
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1. Shear Behavior: In this test series a initial normal stress of 0'0, is applied 

on the interface and is held constant. Then the interface is subjected to a sinusoidal 

relative displacement of a known amplitude U r , and the frequency of vibration W X ' 

The behavior of the interface such as change in shear stress as the number of loading 

cycles increases is studied in the present analysis. 

The prediction of the shear behavior are verified with respect to the labora

tory test results for the Ottawa sand-concrete interface tested using the translational 

device(Desai, 1980; Drumm, 1983; Drumm and Desai, 1985; and Desai et al., 1985). 

The finite element mesh is shown in Fig. 6.5b. It consists of 7 solid elements, 1 

interface element and 39 nodes. Predictions are made for the two initial relative 

densities(Dr) for the sand, Dr = 15% and Dr = 80%. A constant initial normal 

stress of 28.0 psi(193. kPa) is applied, and then cyclic sinusoidal displacement in 

the horizontal direction with an amplitude of 0.05inch(1.27mm) and frequency of 

1.0H z is applied to the top box containing the Ottawa sand. The cyclic analysis is 

carried out using a time step of At = 0.05 sec and solved upto 11 sec. 

The interface behavior is represented by the Ramberg-Osgood formula

tion as described in the Chapter 4. The Ramberg-Osgood parameters reported in 

Drumm(1983), and Drumm and Desai(1985) are selected and are tabulated in the 

Table 6.1 for relative densities Dr = 15% and 80%. 

Figure 6.12 to 6.13 show comparison between predictions and observations 

for Dr = 15% and 80% for cycles N=l, 2 and 10, respectively. Overall the predic

tions show satisfactory correlation for both densities. The correlation is particularly 

good for Dr = 80% 

The model is capable of capturing the effect of number of loading cycles on 

increase in shear stiffness. In strain-controlled test, the increase in shear stiffness is 

indicated by increase in the amplitude of shear stress as number of cycles increases. 
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TABLE 6.1 

Parameters Used for Prediction of Cyclic Shear Behavior 

Initial Normal Stress, Uo = 28.0 psi (193 kPa) 

Parameters Relative Density of Ottawa Sand 

Dr = 15% Dr = 80% 

k 30.0 77.0 

n 1.0 1.0 

R 2.5 2.5 

a 2.356 6.75 

t 0.181 0.025 

u y 0.01 inch 0.01 inch 
(0.254 mm) (0.254 mm) 
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The increase in the shear stiffness is greater for the low density sand than for the 

high density sand. 

2. Normal Behavior: The interface is initially subjected to a constant nor

mal stress of Uo, and held constant. In addition to Uo, a sinusoidal normal stress 

of amplitude U a , with frequency of vibration W z , is applied as shown in Fig. 6.14. 

The change of the normal characteristic(normal strain) of the interface is studied 

as a function of number of loading cycles. 

This model is verified with the laboratory test result for Ottawa sand

concrete interface tested in the present study using the translational device. The 

finite element model of the test box is shown in Fig. 6.14. Predictions are made for 

two amplitude of normal stress Ua = 15. psi(1~3.4 kPa) and Ua = 19. psi(131 kPa). 

An initial normal stress, Uo = 20. psi(137 kPa) is applied, and is held constant 

through out the analysis. Then a cyclic sinusoidal load in the vertical direction of 

amplitude U a and frequency of 1.0H z is applied on top of the wooden block. 

A time step of At = 0.05 sec is adopted in the dynamic analysis and solved 

upto the time of 100 seconds. Material constant for the porposed model (Chapter 

4) are given in Table 6.2. 

The normal strain in the interface is calculated by assuming the strain 

along the thickness of the interface remains constant. In this study the thickness 

of the interface is taken to be equal to the thickness of the sand. Based on these 

assumptions the normal strain of the interface is calculated by dividing the interface 

vertical deformation with its thickness(3 inch,76.2 mm). 

Figures 6.15a and 6.16a show the predicted results for the normal strain 

with the number of loading cycles for the amplitude of normal stress U a = 15 psi 

(103.4kPa) and U a = 19 psi(131 kPa), respectively. The predicted results are 

plotted for cycles 1 to 5,10, 11, 20, 50, 60 and 100. These results are compared 
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TABLE 6.2 

Parameters Used for Prediction of Cyclic Normal Behavior 

Initial Normal Stress, 
Frequency, 

Uo = 20.0 psi (137.8 kPa) 
w = 1.0 Hz 

Parameters Amplitude of Stress 

Ua, = 15.0 psi Ua, = 19.0 psi 
(103.4 kPa) (131.0 kPa) 

ao 341.48 ksi 341.48 ksi 
(2353.0 M Pal (2353.0 M Pal 

al 0.0044 0.0044 

a2 0.00015 0.00007 

K~R 3410.0 psi 3110.0 psi 
(23.49 MPa) (21.36 MPa) 

m 0.229 0.295 

0 1. 1. 
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with test results in Fig. 6.15b and Fig. 6.16b for (Jo = 15. psi(103. kPa) and 

(Jo = 20. psi(131 kPa), respectively. The predicted results compare satisfactorily 

with the test results. 

The proposed model is capable of capturing the increase in normal stiffness 

as number of cycle increase. Also, the amount of incremental irriversible strain 

decreases as number of cycle increases as observed in the laboratory test. 

3. Combined Normal and Shear Behavior: Here the interface is subjected 

to more severe loading condition than the previous two cases. In this analysis the 

interface is simultaneously subjected to both the sinusoidal normal load and the 

horizontal relative displacement. The interface behavior such as the variation of 

shear stress and the normal strain with the number of loading cycles is studied and 

is compared with the laboratory test results for the Ottawa sand-concrete interface, 

tested in the present stu~y using the translational device. 

The finite element model of the test box is same as selected for the normal 

behavior. Initially the interface is subjected to a constant normal stress of (Jo = 

20. psi(137.8 kPa) and is held constant as in the previous cases. Then a cyclic 

sinusoidal normal load of amplitude (Ja = 15. psi(103.4 kPa) at a frequency of 

0.1H z is applied in the vertical direction( Fig. 6.17) along with a cyclic sinusoidal 

displacement of amplitude U r = 0.05 inch(1.27 mm) at a frequency of 1.0 Hz is 

applied in the horizontal direction as in case(I). In case(l) the normal stress acting 

on the interface is kept constant, but in this case to study the effect of the change in 

the normal stress during cyclic shear deformation the sinusoidal normal load with 

low frequency is applied. In the present problem for every cycle of normal load, 

there are ten cycles of shear loading. 

The interface constants for shear behavior as well as normal behavior are 

computed using the relations given in Tables 4.1 and 4.3, respectively, for present 

loading conditions and are tabulated in Table 6.3. 
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TABLE 6.3 

Parameters Used for Prediction of Combined Cyclic Normal and Shear Behavior 

Initial Normal Stress , 
Amplitude of Normal Stress, 
Amplitude of Shear Displacement, 
Frequency of Normal Stress, 
Frequency of Shear Displacement, 
Relative Density of Sand, 

(10 = 20.0 psi(137.8 kPa) 
(10. = 15.0 psi(103.4 kPa) 
Ur = 0.05 inch(1.27 mm) 
Wz = 0.1 Hz 
Wz = 1.0 Hz 
Dr = 15.0% 

Normal Behavior Shear Behavior 

ao 341.48 ksi k 30.0 
(2353.0 M Pal 

al 0.0044 n 1.0 

a2 0.00015 R 2.0 

K~R 3410.0 psi a 2.146 
(23.49 MPa) 

m 0.229 t 0.181 

0 1.0 ull 0.01 inch 
(0.254 mm) 

----- --- --- - ---------- --
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Dynamic analysis is carried out using a time step of b.t = 0.05 sec and 

solved upto 110 sec. The predicted results are compared with the laboratory test 

results. 

In Fig. 6.18a the predicted values of the variation of the shear stress with 

respect to time is plotted and is compared with the laboratory test results shown in 

Fig. 6.18b. In modelling the shear behavior, the effect of the normal stress acting 

on the interface is considered and hence the predicted shear stress is accurate. The 

shear stress decreases as normal stress decreases. Also the shear stress increases for 

a given normal stress as number of loading cycles increase. 
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CHAPTER 7 

APPLICATION TO PRACTICAL PROBLEMS 

It is important to verify material models by introducing them in com

putaional procedures for solution of practical boundary value problems. The im

portance of inclusion of the interface behavior for the soil-structure interaction 

analysis has been identified and discussed in Chapters 2 and 6. In this chapter, a 

practical example of pier foundation has been studied with and without the inter

face behavior. In addition the cost of the computational procedures using various 

time integration schemes for linear analysis are also compared. 

The problem solved in this chapter is discretized using 8-node isoparametric 

element with 2 X 2 order of numerical integration for stiffness and stress computaion. 

The choice of selection of 8-node element over 9-node element is discussed in Ap-

pendix D. 

Comparison of Time Integration Schemes I 
The response of a pier foundation of a long span bridge sitbjected to sinu

soidal excitation at the bed rock level is studied. In addition, thb computational 

efficiency of the integration schemes is also compared. This problerri is similar to the 
I 

problem solved by Toki et al.(1981), except for the material properities and the am-

plitude of the applied displacement. Since the interface properties are available for 

the Ottawa sand-concrete interface, the soil properties reported by 'Iroki et aI.(1981) 

have been replaced by those of Ottawa sand. , 

Schematic of the pier foundation is shown in Fig. 7.1 and. is analysed us
I 

ing plane strain idealization. The finite element discretization corisists of 44 solid 

elements and 6 thin-layer interface elements with a total of 178 nodes{Fig. 7.2). 
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A sinusoidal horizontal displacement of amplitude Uo = 15.6 inch{0.396 m) with 

frequency w = 5 Hz is applied along the base. Along the sides, the amplitude is as

sumed to vary linearly from 15.6 inch(0.396 m) at the base to 0.0 inch{O.O m) at the 

top of the soil. In order to avoid the reflection of the waves at the artificial bound

ary, the concept of viscous boundary proposed by Lysmer and Kuhlemeyer(1969) 

is adopted. 

are: 

The linear elastic properties for the Ottawa sand, concrete and the interface 

Ottawa Sand 

Young's modulus 

Poisson's ratio 

Mass density 

Concrete 

Young's modulus 

Poisson's ratio 

Mass density 

E = 38600.0 psi (0.266 x 106 kPa) 

l/ = 0.37 

p = 0.16 X 10-3 lb sec2 jin4{1710.0 kg/m3
) 

E = 3.0 X 106 psi (20.67 x 106 kPa) 

l/ = 0.20 

p = 0.21 X 10-3 lb sec2 /in4{2283.0 kg/m3
) 

Interface{ when no relative motions allowed) 

Young's modulus 

Poisson's ratio 

Mass density 

Thickness 

E = 38600.0 psi (0.266 x 106 kPa) 

l/ = 0.37 

p = 0.16 x 1O-3 lb sec2 /in4(1710.0 kg/m3 ). 

t = O.lB; B = width of element 

The approximate critical time step for the explicit time integration scheme 

based on the Eq.(2.13) given in Chapter 2 for concrete, sand and the interface 

elements are 0.00075, 0.0056 and 0.0025 sec, respectively. In this calculation a 
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value of .5 is used for p. in Eq.(2.13). For the nonlinear analysis a maximum of 10 

iterations with the convergence limit of cmin = 0.00003 are used for each time step. 

The analysis is carried out using explicit (EXP), implicit(IMP) and explicit

implicit(EI) schemes. In the EXP scheme all the elements( soil, concrete and 

interface) are treated as explicit elements and in the IMP scheme all the elements 

are treated as implicit elements. While, in EI scheme the concrete and the interface 

elements are treated as implicit elements and the soil elements are treated as explicit 

elements. 

For IMP and EI schemes initialy when a time step of 0.002 sec is used 

and the solution is found to diverge. The reason being that 10 iterations are not 

sufficient to satisfy the convergence critiria, Eq.(2.82). Hence instead of increasing 

the number of iterations, the time step is reduced. After a few analyses, it is found 

that a time step of 0.0008 and 0.0004 sec is necessary for the IMP and EI schemes, 

respectively for the analyses. Initialy, a time step of 0.0004 sec is used for the EXP 

scheme and the solution is found to diverge. Even at time step 0.00004 sec the 

solution did not converge and just before divergence the CPU time exceded that of 

IMP scheme using 0.0008 sec for the same solution time. Below this time step the 

EXP scheme is uneconomical compared to IMP scheme and further analysis using 

EXP scheme is not carried out. Hence, the comparison of the CPU time in the 

present study is given for IMP and EI schemes only. 

Prediction of Structural Response and Comparison of IMP and EI schemes 

The results of the calculations for IMP and EI schemes are shown in Fig. 

7.3-7.7 for displacement at point C,E and A. The contact stresses are computed in 

the interface element using 2 x 2 order of numerical integration. The contact stress 

at the integration point close to points E and C are shown in Fig. 7.8-7.10. In all 

the plots identical results is observed for the IMP and EI schemes. 
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The computational times are compared now. The CPU time required for 

the analysis excluding the time for input and output are 158.9 and 99.3 sec, re

spectively for IMP and EI schemes on Data Gereral MV 10000 computer. The 

CPU time required for IMP scheme is approximately 60% greater than the CPU 

time required for EI scheme. Thus, it can be concluded that in linear analysis of 

soil-structure interaction problems, use of the EI time integration scheme can save 

significant amount of CPU time. 

Response of a Pier Foundation to Sinusoidal Excitation 

The pier foundation selected in the previous problem is adopted in this 

study and solved for four qifferent cases. The description of these cases is given in 

Table 7.1. The classification is based on the material and the interface behavior. 

The linear elastic properties for the soil, concrete and the interface are same 

as used in the previous problem. 

The interface properties for the shear and normal behavior are given in Ta

ble 6.1 and 6.2, respectively. The allowable average tensile stress for the horizontal 

interface elements 3 and 4(Fig. 7.2) are calculated based on the insitu stress devel

oped due to the weight of the pier foundation per unit width, 407200.1b/in(71340157. 

N/m) and is equal to 259. psi(1783. kPa), (Fig. 7.1). Where as, the allowable av

erage tensile stress for the vertical interface elements are calculated based on the 

average insitu stress in the soil which is computed using lateral earth pressure and 

neglecting the stress developed due to the pier foundation(Fig. 7.1). The coefficient 

of lateral earth pressure for the Ottawa sand using the relation k = l/ / (1 - l/) is 

0.587. Based on this the allowable tensile(insitu) stress for the interface elements 1 

and 6(Fig. 7.2) is 10.72 psi(73.86 kPa), and for the interface elements 2 and 5 is 

28.57 psi(196.85 kPa). 



TABLE 7.1 

Type of Analysis for Pier Foundation 

Material Model Interface 
Modes of 

Cases Concrete Soil Interface Deformation 

1'" Linear Linear Linear Not Allowed 

II Linear Linear Nonlinear Allowed 

III Linear Nonlinear Linear Not Allowed 

IV .... Linear Nonlinear Nonlinear Allowed 

• Corresponds to conventional analysis 
... Corresponds to more realistic representation of soil-strucuture 

interacion problems 

218 
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The nonlinear behavior of the soil( Ottawa sand) is modelled using the gen

eralized model( Chapter 2) and the properties reported by Desai and Faruque(1984) 

are adopted. The generalized model parameters are: 

Constants for Ultimate: 

Yielding 

a = 0.168 

"( = 3.100 psi (21.37 kPa) 

k = 0.0 psi (0.0 kPa) 

Constants for Hardening: f3a = 0.000088 

711 = 1.0583 

f3b = 0.973 

712 = 0.567. 

For the nonlinear analysis during each time step the value of the yield 

function F, in Eq.(2.53) is computed at each integration point in the soil element. 

If F is zero or negative the state of stress is on or below the yield surface and the 

soil is considered to behave linearly elastic. If F is positive the state of stress shows 

yielding and the subincremental technique .is used to bring the stress vector on to 

the yield surface, and the constit.utive matrix [Cepj, is updated using Eq.(2.37). 

During unloading and reloading until F becomes positive, the soil is considered to 

behave linearly and the elastic constitutive matrix is used. 

The case(I) and case (II) analyses are carried out using EI integration scheme 

with time step of 0.0008 and 0.0004 sec, respectively. As has been stated before 

this scheme is more economical in terms of CPU time compared to the IMP scheme. 

As a consequence of introducing nonlinearity due to the interface behavior the time 

step required for case(II) is smaller than case(I). In both the cases, the concrete 

and the interface elements are treated as implicit elements and the soil elements 

are treated as explicit elements. The same scheme has been tried for case (III) and 
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case(IV) but the solution diverged after few time steps. Therefore, the analysis was 

carried out using IMP scheme, and the solution converged with the time step of 

0.0004 sec. 

The finite element results are discussed in two parts. In part (a), results 

of case (I) and case (II) are compared to emphasize the effect of interface nonlinear

ity. In part (b), case(IV) results are compared with case(I) to show the effect of 

nonlinearity introduced due to the soil behavior in addition to the nonlinearity of 

the interface behavior. In addition to this, comparing the results of case(III) with 

case (I) also shows the effect of soil nonlinearity. 

Discussion of Results in Part (a) 

In this part the results of the analysis with linear and nonlinear interface 

behavior while considering the linear behavior of the soil are compared. 

Comparison of Displacements. The horizontal displacement u, at point C 

on the structure and at point B in the soil which are adjacent nodes of the interface 

element 2 are shown in Fig. 7.11 for case(I) and case(II). The displacements between 

the two cases did not show significant difference upto 0.3 sec. For case (II) the 

displacement at point C between 0.3 sec to 0.48 sec is lower than those in case (I) . 

After 0.48 sec the displacement at C for case(II) are greater than the displacements 

for case(I). But the displacement at point B that is in soil is greater for case(JI) 

from 0.16 to 0.3 sec and from 0.44 to 0.53 sec. Similar trend in results but with 

different magnitudes are also observed at point E and D( Fig. 7.12). Since point D 

is near the soil surface the deformation in the soil for case(II) is much greater than 

the case(I). Between the time 0.42 sec to 0.56 sec the soil displacements (Point 

D) are in the opposite direction to those of the structure( Point E}. This shows 

separation of the soil from the structure. Figure 7.13 shows the comparison of 
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horizontal displacement at point A for case (I) and case(II). The difference in the 

results is predominant after 0.4 sec. 

In case(I) analysis, the soil has not been allowed to experience deb on ding 

when tensile stresses exceed the limiting value, thus making soil element to take 

more stress than it can resist. Hence, the structural displacements are restrained 

by the soil displacements. Therefore, the maximum displacement of the structure 

at points C and E are greater and the maximum displacement of the soil at points 

Band D are smaller in case (I) compared to case (II) . From Fig. 7.11 to 7.13 it is 

clear for case (I) that the displacements in the structure are over estimated and the 

soil displacements are under estimated especially near the soil surface compared to 

case(II). 

Comparison of Contact Stresses. The contact stress(u:c) distribution close 

to point E and C on left side of the structure are given in Fig. 7.14 and 7.15, 

respectively. The insitu stresses at these points are very small corresponding to 

10.72 psi(73.86 kPa) and 28.57 psi(196.85 kPa), respectively. When these limits 

are reached, separation at the interface occurs. This is clearly indicated in case(II) 

between 0.1 to 0.3 sec and after about 0.42 sec close to point E. Similarly, the 

separation of the interface close to point C are indicated between 0.08 to 0.17 sec, 

0.28 to 0.42 sec and after 0.5 sec. At these time intervals case(I) indicated very high 

tensile stresses of the order of 250. psi(1722.5 kPa) close to point E and about 400. 

psi(2756. kPa) close to point C, which the soil is not capable of resisting without 

corresponding confining pressures. 

Figure 7.16 shows the contact pressure(uy ) at point C at the base of the 

structure. Due to the weight of the structure, the insitu stress in the interface ele

ments at the base are large, hence, high tensile stress of about 259. psi(1783. kPa), 
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is required for separation of the interface. In this analysis tensile stress of about 

100. psi(689. kPa) is developed 'hence there is no debonding at the base. 

From the contact stress distribution shown in Fig. 7.14 and 7.15, it is clear 

why in case(I) the maximum displacements shown in Fig. 7.11 and 7.12 are under 

estimated for soil and over estimated for the structure. This is because, the soil at 

the interface is subjected to very high tensile stress which is not true in practice. 

In otherwords, because the soil can not resist tensile stress the interface modes 

of deformation are not ~llowed. When this problem has been recognized, and in 

case (II) the interface modes of deformation are allowed to occur depending on the 

state of stress at the interface. 

From these analyses it can be concluded that provision for relative move

ment is important in representing the interface behavior and the proposed model 

describes the interface deformation modes quite satisfactorily. 

Discussion of Results in Part (b) 

The soil has been observed to behave nonlinearly with some permanent 

deformation even at low stress level, hence idealization of soil domain using the 

plasticity model is important in addition to the nonlinear interface behavior. The 

nonlinear behavior of the soil is incorporated in case (IV) analysis. The results of this 

case are mainly compared with case(I) to identify the effect of nonlinear behavior 

of the soil and the interface modes of deformation together. In addition, results for 

case(III) is also plotted upto 0.46 sec to compare the effect of nonlinearity of the 

soil. 

Comparison of Displacements. The horizontal displacement in the soil at 

point B and in the structure at point C are compared in Fig. 7.17a and b, re

spectively. These displacements are quite different from case(I) mainly due to the 
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nonlinear behavior of the soil and relative motions. From Fig. 7.17b, it is clear 

that in cases (III) and (IV), the structure took greater time to respond initially to 

the applied base displacement compared to case(I). The structural displacement at 

point C( Fig. 7.17b) gradually increased in the negative direction while the soil 

displacement showed some oscillation corresponding to the applied displacement. 

Similar behavior is also observed at point D and E(Fig. 7.1Sa and b) near top of 

the soil surface. 

The displacement at point A(Fig. 7.19) in the structure shows similar 

response as observed in Part (a). 

Comparison of Contact Stresses. Figure 7.20 and 7.21 show the contact 

stress(ux) distribution close to points E and C on left side of the structure, re

spectively. Without any confining pressure the soil can not resist much tens!le 

stress, and this in turn affects the interface behavior. Hence, the interface contact 

stresses(u:z:) close to points E and C are less in case(III) and case(IV) compared 

to case(I). The contact stresses(uy ) close to point C under the pier( Fig. 7.22), 

not show any debonding as in part (a) but. the contact stresses are quite different 

compared to with case (I) analysis. 

Above results show that nonlinear behavior of the soil results in entirely 

different displacement and stress pattern. Thus, representing the soil by its non

linear behavior is important in addition to the interface modes of deformation for 

realistic analysis of the soil- structure interaction problems. 
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CHAPTER 8 

SUMMARY AND SUGGESTIONS 

In response of a structure resting on a soil medium subjected to a loading is 

dependant on the properties of the structure and the soil, type of support conditions, 

nature of the applied load, and the deformation characteristic of the structure and 

the soil. The study of the effect of deformation in the structure on the behavior 

of the soil and vice versa is known as soil-structure interaction. These effects are 

present for all types of loading but become more significant when the soil-structure 

system is subjected to dynamic loading. 

In many investigations, the modification of the soil properties near the 

structure are not considered due to the presence of the structure. In addition, the 

structure is assumed to be fixed to the soil and a condition is imposed that the 

soil deformations adjacent to the structure are ider.~ical to the deformation of the 

structure. Because of these assumptions, the soil-structure response may not be 

predicted accurately. Due to the difference in deformation characteristics of the 

soil and the structure, the relative movement(modes of deformation) such as slip, 

debonding and rebonding occurs at the interface. More accurate response of the 

structure can be obtained when the possible modes of deformations at the interface 

are considered. 

In the present study, the interface behavior between a concrete structure 

and the soil has been studied and the interface constitutive model is defined. The 

possible modes of deformation at the interface are considered in the finite element 

procedure through the use of thin-layer interface element and the model was verified 

by modelling the test box as a boundary value problem. The test box has been 
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discretized using finite elements. The model is also used to solve one practical 

problem and the resutls are compared qualitatively. 

Summary 

The work reported in the present study can be summarized in five main 

groups: 

(1) Interface testing and constitutive modelling, 

(2) Finite element procedure for interaction problems, 

(3) Verification of the interface model, and 

(4) Application to pier foundation. 

Interface Testing and Constitutive Modelling 

In this study the tests were carried out using the testing device designed by 

Desai(19S0). It is an unique device which has been designed to simulate different 

translational mode of the interface deformation. 

In this study, static test for normal behavior was conducted on sand

concrete interface with different loading conditions such as loading, unloading and 

reloading. The interface was found to behave exponentially during loading, hy

perbolically during unloading and linearly during reloading. Also, the interface 

strength was found to increase as the normal stress increases. From this test, the 

initial and reloading modulus were determined. 

Cyclic stress-controlled interface tests were conducted at different initial 

normal stresses and amplitude of cyclic normal stress. The observed behavior was 

represented satisfactorily' by using exponential, hyperbolic and linear curves for 

loading, unloading and reloading, repectively, as in static test. The initial reloading 

modulus described in Chapter 4 was found to depend on the initial normal stress 

and the amplitude of normal stess. The reloading modulus was found to increase 



240 

rapidly upto about 20 cycles, after which the increase was relatively small. The 

increase in reloading modulus was mainly due to increase in sand density. Also, the 

rate of increase in reloading modulus was found to increase as the normalized stress 

c;, defined in Chapter 4 increases. 

The increase in reloading modulus was represented using logarithmic func

tion and as a function of number of cycles and initial reloading modulus. The initial 

reloading modulus was presented as a function of normalized stress c;, using expo-

nential relation. The test results were used to determine the constitutive model 

parameters. The constitutive model yield satisfactory results when used to back 

predict all the test results. 

Finite Element Procedure 

A two-dimensional fintie element procedure was developed for nonlinear 

dynamic analysis using incremental method with displacement formulation. The 

constitutive behavior of the soil was represented by linear elastic model or nonlinear 

plasticity model, while the structure, usually concrete or steel, was represented by 

linear elastic model. The interface between the soil and the structu\re was modelled 

using thin-layer interface element with linear elastic model and prclPosed nonlinear 

model discussed in Chapter 4. The FE procedure includes provi!sion for viscous 

boundary to model the artificial boundary in order to absorb or to transmit the 

waves. The FE procedure was verified by solving typical problems! and comparing 

the results with available analytical solutions and experemental results. The re

sults of some problems were also cross checked by comparing them IWith the results 

reported by other investigators and were found to be in conformit:y. 
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Verification of the Interface Model 

The interface model was verified by modelling the translational test box 

as a boundary value problem. The interface test for the normal behavior and the 

combined normal and shear behavior were modelled and the results were compared 

with the laboratory test results. Even though the model were developed separately 

for normal and shear behavior, the results compared satisfactorily for the combined 

behavior, indicating that the proposed model can reproduce the observed behavior. 

Application to Pier Foundation 

The FE procedure was used to predict the response of a pier foundation 

subjected to sinusoidal base displacement for four different cases as discussed in 

Chapter 7. The analysis included combinations of representation of soil and inter

face behavior by linear and nonlinear model. The FE results compare qualitatively 

showing no net contact stress in the interface during rebonding. The debonding is 

identified when the neghbouring nodes of the interface attached to the soil and the 

structure move in opposite direction. Also the maximum displacement of the soil 

near the structure at the top of the surface was greater when the nonlinear interface 

behavior was considered compared to the linear interface behavior. 

When nonlinear soil behavior was considered, it was found that the displace

ments at points A, C and E(Fig. 7.1) were different compared to the displacement 

in the analyses were linear soil behavior was considered. This is due to plastic 

behavior of the soil even at low stress level. 

The displacements of the point C and E were less for case (II) then case(II) 

(refer Chapter 7 for description of case(I) and (II)) at certain time period. The 

absolute maximum displacement of the structure at points A, C and E in case(II) 

were less compared to case(I), while at points Band D, the absolute maximum 

displacements were greater for case (II) compared to case (I) . 
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From this study it was concluded that more realistic contact stress distribu

tion can be observed when interface is modelled using proposed nonlinear behavior. 

Suggestions for Future Research 

During the course of this research workm many other ideas kept cropping 

up but unfortunately due to time constraints, it was not possible to try and test 

the outcome of their implimentation. Following are a few suggestions which may be 

useful and stimulating for the future investigators, who decide to decipher all the 

intricate minute complexities of this muIticaceted problem. 

Material Behavior 

In the present study the soil is modelled using isotropic hardening. In 

future investigations, soil can modelled using kinematic hardening to account for 

hysterisis behavior under cyclic loading. 

Interface Modelling 

(i) Plasticity models for the interface behavior may be introduecd. 

(ii) Coupling effect in the constitutive model between shear and normal behav

ior and vice versa may be introduced. 

(iii) Stress state around the interface may be considered to define the interface 

behavior. 

Laboratory Testing 

(i) Effect of frequency of applied normal load on the behavior of the interface 

may be studied. 

(i) Sand-Metal interface testing may be carried out which can be useful in 

burried pipe line analysis. 
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(iii) Rock-Rock interface testing may be carried out which can prove to be useful 

in natural joints or faults studies. 

(iv) Testing procedure to simulate partial debonding can be interesting for fu

ture investigation. 



APPENDIX A 

ROCKING DEVICE 

Experimental investigations are .very important in determining the costitu

tive model for the interfaces. Hence, in the present study an attempt was made to 

design a sample box to simulate partial bonding and debonding at the sand-concrete 

interface and to study the interface behavior. 

Sample Box 

The device consisted of two boxes. The lower box measuring 16 x 16 x 

18 inch(406 x 406 x 457 mm) holds sand and the upper box measuring 12 x 12 x 

8 inch(305 X 305 x 228 mm) holds concrete block. The front view of the device is 

shown in Fig. A.la and the side view without the supporting shaft is shown in Fig. 

A.1b. The top box holds two actuators, one at the center to apply the constant 

initial normal load on the interface and the second one is placed with an eccentricity 

to the first one and used to apply oscillatory load. The concrete block used in the 

test procedure is shown in Fig. A.2. The figure also shows the arrangement of nine 

stress cells to measure contact stresses. The design and the function of the stress 

cell is discussed in Appendix B. 

To Create partial debonding at the interface the top sample box is made 

to rock over the sand. During rocking the bottom part of the concrete block moves 

laterally by an amount A as shown in Fig. A.3, hence the top box is designed 

smaller than the bottom box. The gap between the top and the bottom boxes 

is covered using an inflated rubber tube to avoid spilling of sand during rocking 

movement of the top box. 
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Test Procedure 

The lower box is filled upto 16 inch(406 mm) with sand in several layers 

and compacted to obtain required density. The top box holding concrete is then 

placed on top of the sand. The rubber tube is placed between the top box and the 

lower box and inflated such that the gap is covered by the rubber tube. 

The test is started by gradually applying the initial normal stress using the 

actuator at the center and the static deflections are recorded. Then the sinusoidal 

load with an amplitude of Pa is applied using the second actuator. 

In the present study an attempt was made to carry out the test with several 

initial normal stress ranging from 10 psi(68.9 kPa) to 30 psi(206.7 kPa) and the 

amplitude as small as 50 lb(221 N}. In all the tests conducted the concrete block 

overturned indicating instability of the system. This instability is believed to be 

caused due to large difference in the stiffness of the concrete block and the sand. 

Since the concrete block is much stiffer than the sand it acts like a rigid block rather 

than as an elastic block. This causes the concrete block to rest along one edge on 

the sand and creates large stresses. 

The rocking device in the present form could not be used to carryout partial 

debonding of the sand-concrete interface and hence the tests has been modified for 

the present study as discussed in Chapter 3. However the device may be used for 

testing interfaces formed by stiff materials in the present form. 

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



APPENDIX B 

STRESS CELL 

Knowledge of contact stress distribution at the interface is important in 

modelling partial bonding and debonding of the interface. Hence, in the present 

study an attempt has been made to measure experimentally the contact stress 

distribution along the sand-concrte interface. For the test conditions and the size 

of the test box as discussed in Chapter 3 and Appendix AJ the requirements of the 

stress cell are (i) the size should be as small as possible, and (ii) the sensitivity should 

be about 1.0 psi(6.89 kPa) with recording range from O. to 50. psi(O. to 344.5 kPa). 

Commercially available stress cells does not satisfy the above requirements, hence 

it was decided to build in the laboratory. 

Design of Stress Cell 

Several factors such as (i) thickness to width ratio, (ii) stiffness of the cell 

relative to the stiffness of the soil and the concrete, and (iii) type of loading, static or 

dynamic, affects the design of the stress cell. The effect of these factors are discussed 

in Selig(1964), Ingram(1965), Triandafilidis(1974) and Weiler and KulhawY(1982). 

The results reported by them are used for the design of the stress cells in the present 

study. 

The stress cells are made up of steel with an outer diameter of 1.5 inch(38 mm) 

and overall thickness of 0.25 inch(6.35 mm). The diaphragm which is the stress 

registering part of the cell is of 1.0 inch(25.0 mm) diameter and of thickness 

0.02 inch(0.51 mm) is obtained by machining the 0.125 inch(3.17 mm) thick plate, 

Fig. B.1. The inside of the diaphragm is mounted with strain gauge which registers 

the change in strain due to the applied stress on the cell. 
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Behavior of the Stress cell 

Since it is very difficult to match the stiffness of the cell with the stiffness 

of the interface, the cell will behave differently from that of the interface. Hence, 

it will either over register or under register the actual behavior at the interface. 

The over- or under- registration of the stress cell is determined by comparing the 

response when subjected to a stress in the type of interface in which the stress 

cell is used with the response when subjected to the fluid pressure. The response 

at the sand-concrete interface is determined using the translational box discussed 

in Chapter 3 for vertical translation. The response due to the fluid pressure is 

determined using air chamber shown in Fig. B.2. The two responses are shown in 

Fig. B.3, from which it is clear that the cell over-registers up to 50 psi(344.5 kPa) 

and is observed to be a function of applied stress. 

The over-registration factor, Fn is defined by Triandafilidis(1974) as: 

(B.1) 

where Eo is the excess electrical output of the cell with respect to the reference 

hydrostatic fluid pressure output, Eh' The variation of the inverse of the Response 

Factor with the applied normal stress for one of the cell for Ottawa sand-concrete 

interface is shown in Fig. B.4. The actual stress at the interface is determined by 

first multiplying the stress cell reading with the inverse of the Response Factor to 

obtain the corrected gauge output reading and then the corrected gauge output is 

multiplied by the slope of the hydrostatic fluid pressure response. 

The stress cells performed with reasonable accuracy for static loading. But, 

for cyclic loading the stress cells could not record the change in stresses as the load 

is varied with 1 Hz frequency, hence, they could not be used in the present study. 
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APPENDIX C 

SOLUTION OF ELASTIC-PERFECTLY PLASTIC SDOF 

SUBJECTED TO IMPACT LOAD 

The analytical solution for the response of SDOF(Fig. 5.13) with elastic

perfectly plastic behavior subjected to impact load can be derived by considering the 

equilibrium equation for three different time periods. The differential equation is 

linear for each time period and is based on the time at which yielding and unloading 

occurs. During unloading and reloading upto the previous maximum displacement 

the stiffness of the system is assumed to remain constant and equal to the initial 

stiffness. 

Solution of the Differential Equation 

The differential equation and the solution for the three different time peri-

ods are: 

Case(l): For 0 ~ v ~ vy, 0 ~ t ~ ty 

The equilibrium equation before the yielding of the system is: 

Mv+Kv=CoPu (C.1) 

where M is the mass, K is the stiffness, Pu is the static collapse load, Co is the 

constant defining the applied load, and v is the displacement. The solution of Eq. 

(C.1) after substituting the initial conditions, the displacement v = 0, and the 

velocity 11 = 0 at time t = 0 is: 

CoPu [ 1 v = -- 1 - coswt 
K 

(C.2a) 

. CoPu . 
v = -ywsmwt (C.2b) 
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and 

" COPu 2 ( ) v = --w eoswt C.2c 
K 

where w = ~. is the natural frequency of the SDOF system, v is the velocity, v 
is the acceleration, Vy = P - u/ K is the displacement when the system yields, and 

ty is the time corresponding to vy• 

Case (2): For tJy < tJ ::; tJrn , ty < t < trn 

After yielding the tangent stiffness of the spring goes to zero. The internal 

force in the system remains constant and is equal to K v y • The equilibrium equation 

after yielding is: 

Mv + Kvy = CoPu (C.3) 

where Vrn is the maximum displacement and trn is the corresponding time. The right 

hand side term and the second term on left hand side in Eq. (C.3) are constant, 

hence the solution can be obtained by simple integration. The integration constants 

are evaluated using the displacement and velocity at time ty as the initial conditions. 

(C.4a) 

(C.4b) 

and 
_ _ [CoPu - KVyJ 
v = Vy = 

M 
(C.4e) 

Case (3): For 0 ::; v ::; Vrn and t > tm 

The unloading occurs at the time when the velocity v is equal to zero. 

During unloading the stiffness of the spring is assumed to be constant and equal to 

K, hence the equilibrium equation is same as in Eq.(C.l) and given as: 

Mv+Kv = CoPu (C.5) 
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The initial condition at time t = tm are v = Vm = (v m - vy) + Vy and 1; = 0, where 

(vm - vy) is the permanent deformation of the system. The solution of Eq.(C.5) is: 

v = (vm - vy) + vycosw(t - t m) + G~u [1- cosw(t - t m )] (G.6a) 

. . ( ) CoPu . ( ) v = -vywsmw t - tm + ~wsmw t - tm (C.6b) 

.. 2 ( ) GoPu 2· ( ) v = -vyw cosw t - tm + ~w smw t - tm (C.6c) 

where ty is the time at which the system yields, corresponding to a displacement of 

Vy and tm is the time at which the displacement is maximum, corresponding to a 

displacement of vm • 

During reloading until the displacement reaches the previous maximum 

value of V m , the stiffness remains constant. When the displacement exceeds V m , 

the stiffness once again becomes zero. For load P :::; PUl after the time t m , the dis

placement does not exceed the maximum displacement reached previously. Hence, 

the spring stiffness remains constant at K and the response of the SDOF is linear 

and oscillates with a frequency of w = J(K/M) and above a displacement equal to 

the permanent plastic deformation (vm - vy). The calculation of the displacement, 

velocity and the acceleration at yielding of the system and at unloading are given 

in Table 5.2. 



APPENDIX D 

STUDY OF 8- AND 9- NODE ISOPARAMETRIC ELEMENTS 

The computation of element stiffness matrix using 8 node element with 2 x 2 

order of numerical integration in finite element method has been observed to have 

one spurious mode of deformation. The spurious mode is represented by zero eigen 

value of the element stiffness matrix (Bathe, 1982; Gallagher, 1975). The 9 node 

element with 2 x 2 order of numerical integration has no spurious modes. Even 

with one spurious mode the 8 node element has been used in many occasions and 

observed to yield good results. In this section the results of soil-structure interaction 

problems using 8- and 9- node elements are compared and the decision is made for 

the choice of the element in the present study. 

Simulation of Soil-Structure Interaction due to SIMQUAKE II 

The objective of the test program is to evaluate the performance of 8-

and 9- node isoparametric elements in dynamic soil-structure interaction problems. 

For this purpose the field test program known as SIMQUAKE (Isenberg et al. 

1978) conducted by the University of New Mexico at the McCromick Ranch test 

facility near Albuquerque is selected. The objective of the field test was to study 

the response of the model nuclear containment structures and the soil medium in 

the vicinity of the structure due to underground b!?st load. Figure D.1 and D.2 

shows the arrangement of six model structures ranging from 200 to 250 ft(30.5 to 

76.2 m) from the front explosive array and the arrangement of the explosive arrays. 

Amonium Nitrate and Fuel Oil(ANFO) mixture was used as an explosive. The back 

array was detonated first, 1.2 seconds prior to the front array; this time delay was 

selected to produce 4 cycles of strong ground motion for approximately 2.5 seconds. 
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Description of the Model and the Load 

Model. Of the six model nuclear containment structures shown in Fig. D.1, 

the response of the 1/8 scale(SOl) structure shown in Fig. D.3 is simulated here us

ing plane strain condition. The structure weighs approximately 265000 lbs(1171 kN). 

The mass distribution for the two-dimensional idealization of the structure is shown 

in Fig. D.4. The finite element mesh used in this study is shown in Fig. D.5. The fi

nite element model consists of 43 solid elements and 5 interface(thin-Iayer) elements 

with total of 177 nodes for 8 node elements and 225 nodes for 9 node elements. The 

material properties used in the analyses are: 

Concrete 

Young's modulus 

Poisson's ratio 

Mass density 

Soil 1 

Young's modulus 

Poisson's ratio 

M ass density 

Soil 2 

Young's modulus 

Poisson's ratio 

M ass density 

Backfill 

Young's modulus 

Poisson's ratio 

M ass density 

E = 4.0 X 106 psi (2.7 X '106 kPa) 

v = 0.26 

E = 46435.0 psi (0.32 x 106 kPa) 

v=0.3 

E = 22113.0 psi (0.15 x 106 kPa) 

v=0.3 

E = 13100.0 psi (90.0 x 103 kPa) 

v=0.2 

------------- ------ --------------------------------
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Since the aim of this study is to evaluate performance of 8- and 9- node 

elements only linear material behavior is considered. Also the interface is assumed 

to be bonded at all the time. 

Excitation. The corrected velocity-time history for SIMQUAKE II test at 

sel~cted points along the soil island· boundary shown in Fig. D.2 were provided 

by the Weildlinger Associates, Menlo Park, California. Since the finite element 

procedure developed in this study requires displacement as the input excitation, 

the velocity-time history is integrated numerically using a time step of 0.001 sec to 

obtain displacement-time history at selected points along the soil boundary. The 

nodal point displacement-time histories along the boundaries are obtained using 

linear interpolation of the foregoing displacement values, and are used as input in 

the analysis. Figure D.6 shows typical velocity-time history provided by Weidlinger 

Associates at points A and B. Figure D.7 shows the corresponding displacement

time history obtained by numerical integration, at points A and B. Additional plots 

of the displacements used at points C,D,E and F as input for present analyses are 

shown in Fig. D.8 to D.9. 

Absorbing boundary as suggested by Lysmer and Kuhlemeyer(1969) dis

cussed in Chapter 2 is adopted in these analyses to avoid reflection of the waves 

from the boundary. 

Prediction of Structural Response 

Figure D.lO shows the computed horizontal velocity-time history at the top 

of the structure( Point G) for both 8- and 9- node elements. Figure D.ll shows the 

computed horizontal velocity-time history at the upstream corner of the structure 

(Point H). Similarly, Fig. D.12 shows the computed vertical velocity-time history at 

--------_._-.-_ .... 
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the downstream corner of the structure( Point I). In all these results, the response 

of the structure is almost identical for 8- and 9- node elements. 

Distribution of Contact Stresses 

Figure D.l3 and D.l4 shows the contact stress distribution with respect 

to time at the upstream and the downstream corners( points J and K) and at the 

base( points Land M), respectively. In all the results, hardly any difference in the 

response of the structure for 8- and 9- node elements is observed. 

From the above results, it can be concluded that for the type of soil- struc

ture interaction problems considered in the present study 8- and 9- node elements 

yield similar results. In fact the use of 8- node elements is less expensive than the 

use of 9 node elements in the analysis of large boundary value problems. Hence, 

in the present study only 8 node elements are used to descritize the soil-structure 

system. 
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