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ABSTRACT 

Under static or dynamic loadings, the junction (interface) 

between a structure-foundation system can experience contact, slip, 

separation and rebonding modes of deformations. Two interface models 

are proposed for simulation of interface behavior in finite element 

analysis of dynamic soil-structure interaction problems. 

The first element called the thin-layer element has (small) 

finite thickness. Geometrically, this element is similar to the con

tinuum (soil or structural) element; however, its constitutive relations 

are defined differently. The normal behavior is defined as a function of 

the material properties and stress-strain characteristics of the neigh

boring"continuum element. The shear behavior is defined in terms of 

observed shear stress-relative displacement behavior expressed as func

tion of factors such as normal stress, number of cycles of loading and 

amplitude of load (or displacements). Mohr-Coulomb criterion is used to 

define activated sliding strength of interface. Modes of deformations 

are simulated by using appropriate stress redistribution iterative 

schemes. 

The second model called the mixed interface element has zero 

thickness. Both displacements and tractions are treated as primary un

knowns. Constraints associated with modes of deformations are included 

using a variational approach. An incremental solution scheme is proposed. 

xviv 
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Material parameters related'to the proposed models are evaluated 

from the results of sand-concrete interface tests in a cYclic Multi

Degree-of-Freedom shear device. Accuracy of the proposed models are 

verified with respect to a number of example problems. In general, con

sistent and satisfactory results are obtained. For further verification 

and evaluation of these models, several soil-structure interaction 

problems are solved and detailed results are presented. It is observed 

that behavior of structure-foundation systems can be significantly in

fluenced by interface conditions. An analysis based on bonded interface 

condition appears to underestimate actual response. Hence, it will be 

appropriate to include interface behavior in the analysis and design of 

structures subjected to dynamic and earthquake loadings. 



CHAPTER 1 

INTRODUCTION 

General 

In recent years the analysis of soil-structure interaction 

problems has received considerable attention of many researchers. A 

wide variety of such problems show nonlinear behavior at some stage of 

loading process. Nonlinear behavior can occur mainly due to three 

reasons: i) geometric nonlinearity, ii) material nonlinearity, and 

iii) boundary nonlinearity. 

Boundary (or interface) nonlinearity can occur in many soi1-

structure interaction problems when there exist situations in which one 

deformable body comes in contact with the other. The nature of ~ontact 

between any two bodies can significantly change the amount of load which 

can be transferred from one body to another. The characteristics of this 

contact can play an important role in problems involving various geo

logical and structural media. The influence of boundary nonlinearity can 

become more predominant in soil-structure interaction problems under 

dynamic (cyclic or earthquake) loading conditions (Aslam et ale 1975, 

1978 a, b, Isenberg et ale 1978 a, b, Toki et a1. 1981). 

The present study is primarily concerned with the behavior of 

interfaces between structures and foundations due to dynamic loading 
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conditions. The proposed techniques can, however, be applicable, with 

some modification to the behavior of rock joints. In this study the 

junction between the structural and geologic medium (soil or rock) con

stituting the foundation is referred to as the "interface," and the 

discontinuity due to various geologic conditions such as faults, 

fissures, etc., is called "joints. II Typical examples of interfaces and 

joints are depicted in Fig. 1.1. 

2 

Statement of the Problem. When a structure is subjected to 

static or dynamic (cyclic or earthquake) loadings, the entire system in

cluding the structure, foundation and interfaces (or jOints) has to 

resist the load without exceeding allowable maximum stresses and defor

mations. The current design practice often ignores or grossly simplifies 

the influence of dynamic behavior at interfaces on the overall response 

of the structure-foundation system (Desai, 1980). Under dynamic 

loadings, cyclic or earthquake, relative movements can occur between the 

structure and the foundation which can eventually lead to failure of the 

entire system. Thus, it is believed that ignoring or simplification of , 

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

structures and foundations. The main aim of this research is to study 

the behavior of interfaces and establish the influence of interfaces on 

the overall behavior of a structure-fo,undation system. 
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Figure 1.1. Typical Examples of Interfaces and Joints 



Dynamic Soil-Structure Interaction 

The problem of soil-structure interaction has been defined by 

Whitman et al. (1980) as follows: "If the motion of any point on the 

soil-structure interface differs from the motion that would occur at 

this point in the free-field if the structure were not present, there is 

soil-structure interactio~,11 Fig. 1.2. In other words, if the interface 

between soil and structure moves or distorts differently than the corre

sponding surface in the free field, there is interaction. This 

definition is illustrated in Fig. 1.2. 

Motion at point IDI in the left hand figure corresponds to free

field motion; whereas the motion at the same point ID'I in the right 

hand side figure corresponds to the motion after the structure is placed 

in position. If the motions of D and 0' due to the same excitation are 

different, there is soil-structure interaction. Average horizontal and 

vertical translations, rocking and torsional responses are included in 

this definition (Bielak, 1974, 1975). 

Types of Interaction Problems 

Based on the extent of analysis, a soi1-st~ucture interaction 

problem can be regarded as a i) true or complete interaction problem, or 

as a ii) pseudo interaction problem. 

Analysis of a real or complete soil-structure interaction prob

lem must account for the following, Fig. 1.3: i) the variation of soil 

4 
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properties with depth; ii) consideration of the material nonlinear be

havior of soil; iii) consideration of the three-dimensional nature of 

6 

the problem; iv) consideration of the complex nature of wave propagation 

which produced the ground motions; v) possible consideration of inter

action with neighboring structures; and vi) consideration of relative 

movements between components of structures and foundations. It is 

oovious that solution of such a complex problem would be extremely diffi

cult, and simultaneous consideration cannot be given to all features with 

the present state of the knowledge. As a result, researchers have intro

duced various idealizations to make the problem manageable for solution. 

Such idealizations include seismic input in the form of forces or dis

p1acements applied on boundaries away from the structure, replacement of 

infinite geologic medium by a finite medium, simplified behavior of 

interfaces. When formulated in this manner; the problem is known as an 

idealized interaction problem. 

Methods of Solution. Methods of solving dynamic soil-structure 

interaction problems can be broadly classified into two categories: 

Continuum Approach and Numerical Approach. Continuum approach is suit

able only for a restricted and simplified class of problems. Numerical 

methods such as finite element method can be effectively used to solve 

a wide variety of complicated soil-structure interaction problems. This 

aspect will be discussed in Chapter 2 of this dissertation. 



Behavior" of" Interfaces 

In almost all solid mechanics problems there exist situations 

of interaction between two or more deformable bodies that come in con-

tact with each other. In geomechanics, there are many problems in which 

interaction between dissimilar media" exis~, Fig. 1.1. The interaction 

between the bodies govern the mechanism of load transfer to the 

supporting foundation. Therefore, the characteristics of the contacts 

play an important role on the behavior of the system. However, contact 

or interface problems are difficult to handle in view of conceptual and 

mathematical difficulties. Furthermor~, these problems are highly non

linear since the contact surfaces between the bodies and the boundary 

conditions at the contact are not known in advance. 

7 

Very often simplified assumptions are made to idealize the con

tact (or interface) behavior of diffe"rent bodies. For example, in many 

situations it is assumed that perfect bond exists between mating bodies 

during the entire loading history. Such an assumption may be unrealistic 

especially for problems involving dynamic loadings. For many dynamic 

soil-structure interaction problems relative movements such as sliding, 

separation or debonding can occur at the interface at some stage of 

loading process. Any realistic analysis of such problems should have 

provision for including deformation behavior of interfaces in the 

analysis. Modelling of interface behavior will be considered in detail 

in Chapter 3. 



Literature· Review 

Literature on the behavior of intact or solid media and inter

faces under static or dynamic loading conditions is wide. It is not 

intended to present a detailed review of the subject in this chapter. 

Review of existing numerical methods for solving soil-structure inter

action problems and modelling and evaluation of interface behavior will 

be presented in subsequent chapters of this dissertation. However, some 

of the relevant references are mentioned in this section. 

Many researchers have contributed towards the chronological de

velopment of various numerical solution procedures and models for 

interface behavior and soil-structure interaction problems (see e.g. 

Barlow, 1982, Burns and Richard. , 1964, Chan and Tuba, 1971, Chou and 

Smith, 1981, Desai, 197~, 1976, 1977, 1980a, Desai et al. 197~, 1982a, 

Heuze and Barbour, 1982, Fredriksson, 1976, Ghaboussi et al. 1973, 

Goodman et al. 196~, 1972, 1977, Katona et al. 1976, 1981, Ke Hsu-
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Jun, 1979, 1982, Mahtab et al. 1979, Pande and Sharma, 1979, Urzua et ale 

1977, Zienkiewicz et ale 1968, 1970). A review of the previous works 

related to numerical modelling of interfaces and joints is given by 

Desai (1981). 

The works related to dynamic behavior of interfaces and joints 

are relatively of recent origin and have net been as extensive as their 

static counterpart. However, the importance of interface behavior in 

dynamic interaction problems has been widely recognized. A considerable 
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amount of research is currently under way by many (Akiyoshi, 1982, Aslam 

et ale 1975, 1978a, b, Belytschko et ale 1973, Borm, 1977, Desai et ale 

1982b, c, d, Idriss et ale 1979, Isenberg et ale 1976, 1978, 1981, 1982, 

Kausel et ale 1974, 1976, Roesset et ale 1973, 1979, Seed et ale 1975, 

Toki et ale 1981, Whitman and Bielak, 1980, Wolf 1975, 1976, 1977). 

Comprehensive reviews of dynamic soil-structure interaction and behavior 

of interfaces can be found elsewhere (Roesset et ale 1973, 1979, Idriss 

et al. 1979, Lysmer, 1979, Desa.i, 1981). 

Scope of the Research 

Many engineering structures and their foundations involve inter

faces and joints, Fig. 1.1. The current design procedures for a 

structure-foundation system frequently assume that the structure and the 

supporting geologic medium are "bonded or glued" together at all stages 

of loading. An analysis is performed to compute deformations and 

stresses in the structure and soil or rock medium which are assumed to 

be continuous. In terms of finite element analysis it implies that a 

typical point on the structure will deform identically with respect to a 

neighboring point in the geologic medium, Fig. 1.4. However, the condi

tions at the interface are then checked to ascertain if the structure 

will move relative to the foundation. For example, the sliding behavior 

at the interface is evaluated by finding total horizontal loads and by 

comparing the induced shear stresses at the interface with the shear 

strength of the interface (Desai, 1980). For this purpose, the strength 
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parameters such as angle of .fr.ictio.n, .0,. and cohesion or adhesio.n, 

ca ' are usually estimated either from the previous experience or are 

derived from static direct shear tests. It is important to note here 

that the foregoing procedures allow for the interface behavior at 

ultimate conditions, but generally they do not permit determination of 

intermediate load-deformation histories prior to the ultimate conditions. 

The foregoing and other similar procedures for analyzing inter

face behavior do not appear to be rational for various reasons. They 

essentially grossly simpl ify or do not properly account for soil-struc

ture interaction due to the presence of interfaces. They are often 

based on empiricism (or individual judgement) or on'Cstatic direct 

shear) tests that may not be relevant to the actual conditions involving 

cyclic or earthquake loadings. Use of static direct shear tests can 

suffer from various limitations, e.g. they are usually relevant to only 

horizontal translational motions and cannot account for other deforma

tion modes such as torsional and rocking modes; also, the dynamic nature 

of loadings cannot be taken into account. 

The importance of the relative motions between the structure and 

foundations has been recognized in recent years. Consequently, a number 

of attempts have been made to allow for modifications in designs. For 

instance, proposals have been made to II i so 1 ate II the structure by pro

viding special pads at the junction of $tructure and foundation. A 

proposal to provide two mat~, one for the foundation and the other for 



12 

the structur~~ has been made by French Designers. The two mats are 

connected through series of IIteeth ll and neoprene pads. These and other 

similar approaches seem to be indirect and empirical~ and are not based 

on a rational understanding of the behavior at the interfaces due to 

various loading conditions. 

Objectives of the Research 

A rational study of .interface behavio.' under various loadings 

(e.g. cyclic or earthquake loadings)~ would involve identification of all 

significant deformation modes that can occur at an interface and ex

pression of these modes in mathematical formulations for their numerical 

treatment. Since study of interface behavior is a strongly nonlinear 

problem~ analytical solution of such problems can be mathematically 

extremely difficult. A numerical procedure such as finite element 

method can be effectively used to obtain approximate but useful 

solut~ons. 

Moreove~~ instead of using (static) direct shear device~ 

appropriate laboratory equipment can be used to evaluate realistic 

interface parameters. These parameters can be used in numerical compu

tations. Such an analysis procedure would provide a better 

understanding of interface behavior and would help build confidence in a 

designer. The objectives of the present work are summarized below: 

(i) To identify various significant deformation modes for 

an interface and represent these modes in terms of . 

mathematical formulations. 



(ii) To develop incremental-iterative type finite element 

procedures including these defo,nnation modes to 

represent the nonlinear behavior of ,interfaces under 

static or dynamic (cyclic or earthquake) loads. Both 

nonlinear elasticity and plasticity fonnulations are 

developed here to model interface behavior. Although 

the proposed finite element formulations are 

13 

applicable to a three-dimensional problem, only two

dimensional, plane strain, plane stress and axisymmetric 

problems will be considered here. 

(iii) To detennine interface parameters from a rather unique 

cyclic multi-degree-of-freedom shear device developed 

by Desai (1980b). Appropriate tests of interfaces on 

this device would allow determination of cyclic angle 

of friction and cohesive strength of interfaces. These 

parameters can be obtained as constant or variable 

quantities. An estimate of interface damping could 

also be made from interface tests using this device. 

(iv) To include material nonlinear behavior in the finite 

element analysis by using advanced plasticity models 

that allow for hardening and yielding behavior of a 

material. Cap model proposed by DiMaggio and Sandler 

(1971) is used here fOr this purpose. 



(v) To compare and verify numerical predictions with 

available closed form solutions or with previous 

numerical results. 

(vii) To solve some boundary value problems to identify 

the influence of interfaces on the overall behavior 

of a system under cyclic or earthquake type loads. 

Results related to these problems will clearly 

demonstrate the role of interfaces on the behavior 

of the structure-foundation systems. 
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CHAPTER 2 

FINITE ELEMENT METHOD FOR INTERACTION PROBLEMS 

General 

Incorporation of interface behavior in a structure-foundation 

system subjected to cyclic or earthquake type loads can introduce strong 

nonlinearity in the system. Analytical solution of such problems can be 

conceptually and "mathematically extremely difficult. With the present 

state of knowledge, most of these problems cannot be solved analyti

cally. As a result, numerical methods such as finite element method, 

finite difference method, boundary integral equation method (Banerjee 

et al. 1981, Brebbia et al. 1980), and method of characteristics have 

been used in the past to obtain approximate solutions of a given problem. 

Among various numerical methods, the finite element method has found wide 

acceptance in solving complex boundary value problems because of its 

efficient and rather novel way of treating irregular geometry, material 

properties, and geometric, material and interface nonlinearities of a 

proble~. In the context of soil-structure interaction simulation prob

lems, in recent years the use of finite element method has become 

increasingly popular, attractiv~, and versatile because of the availa

bility of high-speed electronic computers and reduction in computing 

cost. In this re~earch finite element method is used to study the 

15 



dynamic behavior of .structure-fo.undation sys:tems due to cycl ic or 

earthquake type loads. 
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This chapter is intended to review existing methods for solving 

dynamic soil-structure interaction problems using finite element tech

nique, to review various factors which can influence dynamic behavior of 

structures-foundation systems, and to describe the finite element fonmu

lations developed for the present research. 

Finite' Element Method'for:Soil-Strutture 
Interaction Problems 

As noted previously, a dynamic soil-structure interaction prob-

lem can be solved using the fi.nite element method by perfonming either a 

"complete interaction analysis" or an "idealized interaction analysis." 
.. .. 

A complete interaction analysis involves the solution to the 

problem illustrated schematically in Fig. 1.3a. In this problem a soil

structure system is subjected to ground motions which may vary from 

point to point in bed rocks below the structure and vary with time in a 

complex manner across the base of the soil-structure system. 

This admittedly complex problem is usually idealized for pur

poses of analysis, as shown in Fig. 1.3b, in which the soil deposit is 

represented by a series of horizontal layers, and the patterns of ground 

motion in the near surface soils are considered to be the result of some 

relatively simple mechanisms, such as plane shear and dilatation waves 

propagating vertically (Idriss et ale 1979). Until recently, most 



analyses simplified the problem by assuming either explicitly or im

plicitly that the motion in the free field could be described by 

vertically propagating waves. 
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On the basis of these and other approximations, there " are then 

several ways in which an idealized problem can be solved. These solu

tion procedures can be broadly divided into two classes, Direct Methods 

and Multi-step Methods. Generic preferences for any particular procedure 

cannot be advocated because the relevance or irrelevance of a specific 

advantage (drawback) in a method depends on 'the problem to be solved. 

Each methodology can in turn be modified or simplified further, leading 

to a large variety of methods providing different degrees of idealiza

tion of the problem. The appropriateness of any particular choice is 

dictated by the geometry, material properties, and other various aspects 

of the problem under consideration, the ultimate use of the analysis, 

cost, preference (familiarity) of the analyst, as well as the degree of 

refinement needed. Very often, the choice of methods is governed by the 

availability of reliable computer programs. 

Direct Methods 

Direct methods evaluate the dynamic response of the structure 

and the surrounding geologic medium in a single analysis step, subjecting 

the combined soil-structure system to a prescribed siesmic excitation. 

This method is illustrated schematically in Fig. 2.1 (Idriss et a1. 1979). 

It involves a deconvolution of the surface control motion to calculate 

the corresponding motion, at a base level, which is then used as input 
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(a) Free-Field Model (b) Model of Soil-Structure System 

Figure 2.1. Schematic Representation of Soil-Structure Interaction 
Analysis Using Finite Element Method 



to the soil-structure system. Finite element method is used almost ex

clusively to accomplish this task (Seed, Lysmer and Hwang, 1975). 
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Time Domain Solution versus Frequency Domain Solution. The 

equations of motion resulting from the formulation o~ the soil-structure 

system can be solved either in frequency domain or in time domain. 

In the frequency domain solution, the response of a system is 

assumed to be harmonic and dependent on frequency. The time history re

sponse can be computed from the results of the frequency domain analysis 

through the use of Fourier transforms (finding the direct transform of 

the excitation, multiplying it by the transfer functio~, and obtaining 

the inverse transform of the product) (see e.g. Clough, 1976, Idriss 

et ale 1979; Newmark and Rosenblueth, 1971). 

In the time domain solution, the resulting equation of motion is 

solved using a step-by-step integration scheme with respect to time. 

A frequency domain solution has some inherent advantages. For 

example, once the transfer functions have been computed it permits change 

of the control motion, or its location, without having to repeat the 

complete procedure. However, the use of frequency domain solution is 

not suitable for performing nonlinear analysis. To account for various 

nonlinearities such as material nonlinearity, interface nonlinearity in 

an interaction problem, a time domain solution procedure must be used. 
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Multistep Methods 

Unlike direct methods, multistep methods for solving soil-struc

ture interaction problems are based on the principle of $uperposition. 

The basic idea of these methods is to perform the analysis of the inter

action problem in several steps whose solution may be easier, or more 

amenable, to calculation than the solution of the complete system in one 

single step. This is particularly useful when a part of the system has 

regular geometry and material properties, while the remainder has a 

complicated spatial arrangement. 

The Two Step'Method. This method was proposed by Whitman (1973). 

In this method the solution is carried out in two steps, Figure 2.2. 

In the first step, it is assumed that the structure has no mass 

but has stiffness and damping. The acceleration time history of each 

nodal point of the structure is computed as well as the forces in the 

structure. 

This step is called Kinematic Interaction analysis because the 

interaction is primarily associated with the stiffness of a weightless 

structure. 

In the second step, time varying inertial forces computed in the 

first step are applied at each point of the structure; the forces at each 

point being the product of the mass at that point and the acceleration, 

determined by adding the acceleration of $tep 1 to the base rock accele

ration. At this step the structure is considered to have both mass and 

stiffness. 



Structure has stiffness 
and mass 

Structure has stiffness 
and damping only but no 
mass 

(a) Kinematic Interaction 

Structure has stiffness and mass 
(b) Intertial Interaction 

Figure 2.2. Two-Step Method Using Kinematic and Inertial 
Interaction Analyses. (After Whitman, 1973) 
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The interaction determined at this step is known as inertial 

interaction because this interaction is caused due to inertial forces in 

the structure being transmitted to the compliant soil. A detailed de

scription of this method can be found in Whitman (1973), Whitman and 

Bielak (1980), and !driss et ale (1979). 

The Three Step Method. This method is a specialization of the 

two step method outlined above. This approach is sometimes called Lumped 

spring method, and is based on the assumption of a rigid foundation. 

Kausel and Roesset (1974) showed that a solution to the soil-structure 

interaction problem, consistent with the direct approach, can be per

formed in three steps: 

1. Determination of the motion of a massless foundation 

with the same shape as actual foundation subjected to 

the specified seismic input. 

2. Determination of the foundation springs and dashpots 

(impedances) to account for embedment and layering. 

3. Determination of the dynamic response of the structure 

when excited at the base of the springs with the trans

lations and rotations obtained in the first step. 

These steps are shown schematically in Figure 2.3. 

Soil'!sland'Approach. The solution of a soil-structure inter

action problem can be accomplished using this two step procedure. 



Structure 

.. • 

Total Solution 

+ 1-------4 

.. • 

-
(c) Inertial 

Interaction 

'(b) Subgrade 
Impedances 

Structure 

Figure 2.3. Three-Step Method for Soil-Structure 
Interaction (After Kausel and Roesset, 
1974) 
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In the first step fr,ee-fi,eld ground motions are computed by any 

numerical or analytical method which is consistent with the soil profile, 

soil stress-strain properties and with the governing equations of motion. 

Analytical method may be applicable for a restricted class of problems, 

e.g. prcblems involving homogeneous soil properties, idealized seismic 

input, etc. Numerical methods such as finite element and finite dif

ference methods can be used for a wide variety of problems. (Usually 

finite difference method is used from economy consideration). The 

boundaries of this long soil island must be placed far away from the lo

cation of the structuic. The fr~e field motions are computed at selected 

points on the soil island boundarie,s, Fig. 2.4, and stored for fU,ture use. 

In the second step, this volume of soil, referred to as the soil 

island, is analyzed in detail using the stored free-fi,eld ground motions 

as boundary conditions. This reduces the soil-structure interaction 

model to a manageable size. The procedure is schematically represented 

in Fig. 2.4. Isenberg et ale (1976, 1978, 1982 ), and Nelson and 

Isenberg (1976) have extensively used this approach to analyze the re

sponse of a surface-flush military structure in a layered site subjected 

to outrunning ground shock from travelling airblast loading, to local 

airblast induced ground motion, and to the airblast itself. 

Comment on'Two'Step'Method'and'Soil 'Island'Approach. In both of 

these methods the solution of an interaction problem for a given seismic 

input is obtained in two steps. However, there is a basic difference 
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between these methods. In the former method total interaction is de

coupled into two components; namely, kinematic interaction and 
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inertial interaction, and principle of superposition is utilized to 

obtain predicted response. On the other hand, the latter method is not 

based on the superposition principle. The predicted response of a 

system is actually obtained in the second step. Computations of free

field ground motions in the first step c~e required only for 

specification of boundary condition for the Isoil island l and for 

reducing the geometrical dimension of an interaction problem. Also, the 

former method is basically valid for linear analysis while the latter 

method is valid for both linear and nonlinear analyses. 

The Substructure Method 

In this method a system is divided into subsystems and analyses 

are performed separately. For example, to analyze the response of a 

structure on elastic half-space, the elastic half-space is analyzed 

first and the impedance and scattering properties at the soil-structure 

interface are established; these properties are used as boundary condi

tions for the analysis of the structure. Detailed explanations of this 

method can be found in Chopra et al. (1973) and Gutierrez (1976). 

Other Methods 

Several other methods are also available for the SOlution of . 

soil-structure interaction problems using finite element method. These 



methods include Four Step Metho~, Flexible Boundary Metho~, Flexible 
. . 

Volume Method. Description 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). 

Comment on Various Methods 
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Since the multistep methods are part of the substructuring, in a 

broader sense, they can be classified as substructure methods. From the 

reviews of various methods currently in use for finite element analysis 

of dynamic soil-structure interaction problems, it is clear that at 

present there is no unique method which can handle different types of 

structures, boundary conditions, and excitations with equal efficiency, 

so no specific conclusions can be drawn to advocate the suitability of ~ 

particular method. Moreover, the multistep methods are based on the 

principles of superposition which are valid for linear systems. There

fore, in order to account for nonlinear behavior due to various reasons 

such as interface condition~, material nonlinearity, in a soil-struc

ture interaction problem direct or single step method of analysis must 

be used, and the analysis should be performed in time domain. 

Finite Element Formulation for 
Soil-Structure Interaction Problems 

In the present research finite element method is used to obtain 

solutions for soil-structure interaction problems including behavior of 

interfaces. The finite element formulations derived and discussed 
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subsequently in this chapter are essentially based on direct or single 

step method mentioned previously in this chapter. Also, the formula

tions are applicable to two-dimensional such as plane strain, 

axisymmetric and plane stress idealizations of a problem. 

In the present study 8-noded isoparametric elements (Figs. 2.5 

and 2.6) are used to discretize or model the structural and geological 

media which are considered as continuum. In dynamic problems the dis

placements, velocities, strains, stresses and loadings are dependent on 

time and inertia. In finite element analysis inertia comes into picture 

through element mass matrices and nodal accelerations. Derivation of 

stiffness and mass matrices for an 8-noded isoparametric two-dimensional 

element follows a standard procedure (see e.g. Desai and Abel, 1972, 

Gallagher, 1975, Zienkiewicz, 1971). In the following, an outline of 

the derivation is presented. 

Derivation of Element Stiffness and Mass Matrices 

Element stiffness and mass matrices can be obtained from the 

Hamilton's principle (lanczos, 1949). 

(2.1) 

where l is known as the lagrangian function (langhaar, 1962; lanczos, 

1949), 0 indicates variation, and t1 and t2 are the time interval. 
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I 

Ui = x - displacement 
vi = y - displacement 
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n 

(-~1 ,_1_)~.--___ (1, 1) 

(-1, -1) (1,- 1) 

Local Coordinates 

L-__________________________ ._x 

Global Coordinates 

Figure 2.5. 8-Node Isoparametric Element 
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The quantity L is defined as 

L=T-U-W - P (2.2) 

where T and U are the kinetic and potential energies, respectively, 

of the system,and Wp denotes the potential of the external loads. For 

linear elastic bodies, T, U and Wp can be written in matrix form as 

T = Iff 1. p {Q}T {Il} dV (2.3a) 
V 2 

U = II! i {El
T 

[C] {c:} dV (2.3b) 
V 

and 

(2.3c) 

where p is the density of the material, {u} represents the vector of 

displacement components, {E} is the strain vector, [C] is the constitu

tive relation matrix, and {Xl and {Tr} are body forces and applied 

surface tractions, respectively. Also, V indicates volume, Str is the 

part of the surface where traction is applied and overdot denotes the 

derivative with respect to time. From the strain-displacement relation 

one can write 

{c:} = [8] {q} (2.4) 

where {q} is the vector of nodal displacements, and [8] is the strain

displacement transformation matrix, 
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(2.5) 

and [B] is given in Appendix A. Using shape functions Ni (i = 1, 2, .•• S), 

{u} can be expressed as 

= tU} = r N1 0 N2 0 •••••• NS 0 J 
{u} vON 0 NON 

L.. 1 2 S 
(2.6a) 

or 

{u} = [N] {q} (2.6b) 

where u, v are the displacements at a point in the x and y direction, 

respectively, Fig. 2.5. Substitution of Eqs. (2.3) through (2.6) into 

Eq. (2.2) yields 

2 {q}T [N]T {X}) dV _ ~!{q}T [N]T {T} dS (2.7) 
tr 

Applying the variational principle, Eq. (2.1), Eq. (2.7) leads to 

J2 ({Oq}T Iff [B]T [C] [B] dV {q} - {o~}T fffp [N]T [N] dV {~} 
t V V 
1 

- {oq}T Iff [N]T {x} dV - {oq}T sf I [N]T ff} dS) dt 
V tr 

=0 (2.8) 

Integration of the second term by parts with respect to time gives 
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t ft - {q}]/ - t 2 {oq} fff p [N] T [N] dV {q} dt 
1 1 V 

(2.9) 

According to Hamilton·s principle, the tentative displacement configura-

tion must satisfy given conditions at times t1 and t 2. Hence, {oq(t1~} 

= {oq(t2)} = {OJ, so the first term on the right-hand side of Eq. (2.9) 

vanishes. Substitution of the remaining term into Eq. (2.8) gives 

ftt2 {oq}T (Iff p [N] T [N] dv {Cj}+ If 1 [B] T [C] [B] dV {q} 
1 V . V 

- Iff [N] T {X} dV - S fJ [N] T {f} dS) dt = 0 (2.10) 
v tr 

Since the variations of the nodal displacements, {6q}, are arbitrary, 

the expression in parentheses must vanish. Thus, 

where, 

and 

Em] {Cj} + [k] {q} = {Q(t)} (2.11) 

Em] = lif p [N]T [N] dV 
V 

[k] = iff [B] T [C] [B] dV 
V 

{Q(t)} = iif [N]T {X}dV + sI! [N]T tT} dS 
V tr 

(2.12a) 

(2.12b) 

(2.12c) 

Equation (2.11) is the 'equation of motion· for the element in which Em] 

is called the mass matrix and [k] is known as the element stiffness 

matrix. Numerical integration scheme used to evaluate Eqs. 2.12 is 



shown in Fig. 2.7. Including element damping matri~, [CJ, equation 

of motion fO.r the element will take the following form: 
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[m] {q} + [C] {~} + [k] {q} = {Q(t)} (2.13) 

Evaluation of [C] is discussed in section on damping. The equation of 

motion for the entire system can be obtained by adding the contribution 

of all solid and interface elements. (The evaluation of stiffness and 

mass matrices for interface elements is discussed in Chapter 3.) 

(2.14) 

where [Mr], [CT] and [KT] are the global mass, damping and stiffness 

matrices, respectively. {Qit )} is the global load vector, {qT} is the 

global nodal displacement vector, and overdot represents the derivative 

with respect to time. 

lumped Mass Matrix. The mass matrix given by Eq. (2.12a) is 

called consistent mass matrix because the same displacement functions 

are used to formulate the stiffness and mass matrices. One of the dis-

advantages of using a consistent mass matrix is that, since [m] is a 

fully populated matrix, the number of operations involved in the solu

tion procedure is very large. Attempts have been made in the past to 

substitute the fully populated mass matrix by a diagonal one called the 

lumped' mass matrix. Use of lumped mass matrix will reduce the number of 

operations significantly. A lumped mass matrix is obtained by considering 

the mass of an area tributary to a node to be concentrated or lumped at 

the node. 



. Integration 
Point 

(1) 

(2) 

(3) 

(4) 

; 

+ 
(1) 

-0.5773502691 

0.5773502691 

O.5773502fi91 

-0.5773502691 

+ 
(2) 

+ = Integration Point 
;s n = Local Coordinates 

n Weight 

-0.5773502691 1 

-0.5773502691 1 

0.5773502691 1 

0.5773502691 1 

Figure 2.7. 2 x 2 Gaussian Quadrature Integration Scheme 
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(2.15) 
v 

where ~ is the vector of functions ~i which have unit value over the 

region tributary to node i and zero value elsewhere. 

Any reasonable values which are acceptable from physical con

siderations can be assigned to Wi. In the present work two different 

combinations are used. For the first combination, Wi = 1/4 for corner 

nodes and 13/4 for the mid-side nodes are used. For the second combina

tion, Wi 2 is obtained by adding the terms of ith row (or coiumn) of the 

consistent mass matrix and dividing the sum by the mass of the element. 

Various mass lumping schemes are evaluated by Archer (1963), and by 

Hinton, Rock and Zienkiewicz (1976). 

Comment on Consistent and'Lumped Mass. Lumped masses provide 

some significant economies compared to consistent masses. The diagonal 

lumped mass matrix for the assemblage requires less storage space than 

the banded global consistent mass matrix. Moreover, the diagonal lumped 

form greatly facilitates matrix calculations. However, the results ob

tained using a consistent matrix are often more accurate. In the 

current research lumped masses are mostly used from economic 

considerations. 
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Time Domain vs. Frequency Domain Analysis. The equationofmotion 

Eq. (2.14), for a given system can be solved either in frequency domain 

or in time domain. In the frequency domain analysis, the applied 

forcing function and the resulting response of a given system is assumed 

to be harmonic and dependent on frequency of forcing function. For 

example, t:1C forcing function {Qit )} can be assumed as 

{Q(t)} = {Q } e int (2.16) 
T 0 

Then the response, {qT} = {qit )}, Eq. (2.14), will be of the form 

{q } = {q } eint (2.17) T 0 

where {qo} is the vector of amplitude of displacements and n is the fre

quency of the forcing function. From Eq. (2.17), {~T} and {qT} can be 

written as 

{q } = in {q } eint 
T 0 

and 

Substitution of Eqs. (2.16) to (2.18) into Eq. (2.14) leads to 

(- n2 [~] + in OCT] + [Kr]) {qo} eint = {Qo} eint 

or 

where 

(2.18a) 

(2.18b) 

(2.19) 

(2.20) 
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(2.21) 

* [KT] is called the complex dynamic stiffness matrix. The imaginary part 

* of [KT] is due to damping of the system. If damping is neglected, then 

* [KT] will become a real matrix. 

(2.22) 

The time history response can be computed from the results of the fre

quency domain analysis through the use of Fourier transforms (finding 

the direct transform of the excitatio~, multiplying it by the transfer 

function, and obtaining the inverse transform of the product) (Idriss 

et al. 1979; Newmark and Rosenbluet~, 1971). However, frequency domain 

solution is valid for only linear systems. To include interface or 

material nonlinearity in the analysis Eq. (2.14) must be solved in time 

domain using a step-by-step time integration scheme. 

Time Integration Scheme. Accuracy of finite element results for 

a dynamic soil-structure interaction problem can be significantly in

fluenced by the integration scheme. In the past various attempts have 

been made for the development of efficient algorithms for the step-by-
'-

step time integration of the equation of motion. Based on the 

implementation and approach, the integration schemes can be broadly 

classified into two categories: i) explicit approach and ii) implicit 

approach. 



39 

Explicit Scheme. A number of integration algorithms based on 

explicit approach are available in the literature (see e.g. Ayala and 

Brebbia, 1973, Bathe and Wils0!l, 1976, Isenberg et al. 1978, Park, 1975 

and Zienkiewicz, 1980). Among them Central difference, Taylor's series 

and Adam-Moulton are better known. In the central difference approxi

mation, the solution {qT} at time (t + at) is obtained from the 

equilibrium state at time t. Velocities and accelerations are expanded 

as follows: 

{~tt)} = t [{qT(t + ~t)} - {qT(t - ~t)}] fat (2.23a) 

H:j}t)} = [{q/t - ~t)} _ 2 {q}t)}+ {q/t + ~t)}]/(at)2 (2.23b) 

Using Eqs. (2.23), Eq. (2.14) can be expressed as 

([M-.] _1_ + tc-] ~t + [K ]) {q (t + 8t)} 
""I at2 -I 2 T T 

= {Q (t + at)} + [M-.] _2_ {q(t)} 
T ""T at2 T 

- ([Hr] ~ - CCr] a~) {qT (t - at)} 
~t 

(2.24) 

from which {qT(t + at)} can be evaluated. The advantage of the explicit 

formulation is that the integration can be carried out at element level. 

Hence, very large finite element systems can be treated without requiring 

excessive storage. The disadvantage of this formulation is that, unless 

special procedures are used, relatively smaller time intervals (at) are 

necessary because the scheme is conditionally stable. The t·ime interval 
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required for stabil ity is a fraction of ,the least time for a dilatational 

wave to cross any element in a finite element grid (Isenberg et al. 

1978). 

Implicit Scheme. As in the case of explicit scheme~, there are 

a number of integration algorithms based on implicit approach. Popular 

among these algorithms is the Houbolt's method, Newmark-Beta method, 

Wilson-Theta method and the alpha method (see e.g. Bathe and Wilson, 

1973, 1976, Gellert, 1978, Hilber and Hughes, 1978, Houbolt, 1950, 

Newmark, 1959, Zienkiewicz et al. 1980). If their parameters are 

suitably chosen and if a system is linear, then these integration schemes 

are unconditionally stable regardless of the relationship between periods 

of the system and the integration time step. Moreover, depending on the 

degree of nonlinearity, implicit integration can permit time steps which 

are substanti ally 1 arger than the time step for exp 1 i ci t sch·emes. In the 

current research, Newmark-Beta method and Wilson-Theta methods are used 

for time integration. 

Newmark's Generalized Acceleration'Method. In Newmark's metho~, 

the expansion of the velocities and displacements is written as 

{qtt + ~t)} '=' {qtt)} + {~tt)} ~t + t(~ - 6) {qt~)} 

+ 6 {qit + ~t)}] ~t2 (2.26) 
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Here, Y and 6 are parameters related to accuracy and stability of the 

scheme. For Y = 1/2 and 6 = 1/4, the scheme is known as constant

average acceleration method which is an unconditionally stable scheme. 

From Eq. (2.26), {qT (t + ~t)} can be expressed in terms of {qT(t + ~t)} 

and other quantities. This expression for {~T(t + ~t)} when substi

tuted in Eq. (2.25), yields a modified expression for {qT(t + ~t)}. 

These results can then be substituted in the equation of motion at time 

(t + ~t), Eq. (2.14), to obtain 

[KT] {qit + ~t)} = {(fit + ~t)} (2.27) 

where 

(2.28) 

and 

{(ret + ~t)} = {Q(t + ~t)} + (_1_ {q(t)} + _1_ {~(t)} 
T T 6~t2 T 6~t T 

+ (-1 _ 1) {q(t)}) [M-] + (2- {q(t)} 
26 T ""1 6~t T 

+ (~ - 1) {~it)} + ~t (~6 - 1) {qit )}) OCT] (2.29) 

Knowing {qT(t + ~t)}, {qT(t + ~t)} and {qT(t + ~t)} can be obtained as 
. . 

{q(t + ~t)} = _1 ({cj(t + ~t)} _ {q(t)}) ~ _1_ {q(t)} (2.30) 
T· 6~t2 T T 6~t T 
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{A(t + ~t}} = ~ ({q(t + ~t)} _ {q-(t}}} + (1 _ L) {~(t}} 
'1T 8~t T T B '1T 

+ (1 - -Y) ~t 0qo(t}} 
28 T (2.31) 

Wilson-Theta-Method. In this method, the acceleration varies 

linearly during the time interval from {t} to {t + e~t}, where for uncon

ditional stability e must be larger than 1.37. If ~t' denotes the 

increase in time, where O~ ~~' ~ e~t, then for the time interval t to 

t + e~t, it is assumed that 

Integration of _Eq. (2.32) gives 

{~(t + ~t')} = {~(t)} + {Oqo{t)} ~t' + (~t,)2 ({Oqo(t + e~t)} 
T '1T T - 2e~t T 

{OO {t}} 
- qT 

{q(t + ~t')} _ {q(t}} + {~{t}} ~t' + 1 {Oqo(t}} (~t,}2 
T - T '1T - 2 T 

{2.32} 

{2.33} 

+ __ 1 __ (~t,}3 ({Oqo(t + e~t)} _ {Oqo(t}}} (2.34) 
6e~t T T 

Evaluating Eqs. {2.33} and (2.34) at time (t + e~t) and solving for 

{~T(t + e~t)} and {qT{t + e~t}} in terms of {qT(t + e~t)} one can obtain 

{Bathe and Wilson, 1976} 

{q{t + e~t}} = 6 {{q{t + e~t}} _ {q{t}}} __ 6_ {~{t)} 
T e2 ~t2 T T e~t T 

{2.35} 

and 
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{4it + e~t)} = e!t ({qft + e~t)} - {qft )}) - 2 {4ft )} 

_ e~t fqo(t)} 
2 r· (2.36) 

Substituting Eqs. (2.35) and (2.36) in the equation of motion at time 

(t + A~t) one can solve for {qr(t + e~t)}. Knowing {qT(t + e~t)}, 

{~T(t + e~t)} and {qT(t + e~t)} can be obtained from Eqs. (2.35) and 

(2.36), respectively. The displacements, velocities and accelerations 

are then obtained from Eqs. (2.32) through (2.34), all evaluated at 

~t' = ~t. Details of the scheme are given by Bathe and Wilson (1973, 

1976). The close relationship between the computer implementation of 

the Newmark and the Wilson methods makes it possible to conveniently use 

both integration schemes in one single computer program. 

Constitutive laws 

The success of application of any numerical method such as finite 

element, finite difference, and boundary integral equation methods is not 

only dependent upon the accuracy of the methods, but also upon how well 

and realistically the behavior of the geological media is simulated under 

multiaxial stresses. Various models, elasticity models (including non

linear elastic model), classical and advanced plasticity models, etc. 

are currently available to represent stress-strain response of a meterial. 

A review of various models currently in use is given by Desai and 

Siriwardane (1982). In this study both elasticity and advanced plas

ticity models are used to represent stress-strain behavior of geological 

material. A brief description of these models is given in the following: 
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Linear· Elastic Model. For this mode.l, the stress-strain re

sponse is represented by the generalized Hooke's law 

(2.37) 

where crij and Ekl are stress and strain tensors, respectively, and Cijkl 
is the stress-strain relation tensor. In matrix notation (Eq. (2.37) 

can be written as 

{cr} = [C] {e} (2.38) 

For plane-strain idealization with isotropic material, Eq. (2.38) can be 

expressed as 

crXX) 
(1 - v) 0 

= E (1 - v) 0 ayyj (1 + v) (1 - 2V) v 

Lxy 0 0 {l-2v} 
2 . 

Eyy (2.39) 

{cr} [C] 

where E and v are the Young's modulus and Poisson's ratio, respectively. 

For plane-stress idealization of isotropic material, the corresponding 

relation is given by 

crxx 1 v 0 EXX 

E v 1 0 Eyy (2.40) cryy -(1_v2 ) 

Lxy 0 0 
(1 .;. v) 

Yxy 2 

{cr} [C] {i} 
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For axisymmetric cas~, 

O"rr (1 - v) v 0 v 
EITi 

O"zz E v (1 - v) 0 v 
{I + v} {1 - 2v} 

E
ZZ 

L rz · 0 0 (1 ~ 2v) 
2 0 Yrz (2.41) 

O"ee v 0 (1 - v) Eee 

{O"} [C] {c:} 

Nonlinear Behavior of Geologic Medium Under Dynamic Environment 

Finite element analysis of many dynamic soil-structure interac

tion problems is based on the assumption that the behavior of structural 

and geological material can be idealized as elastic. Thus, generalized 

Hooke's law can be used to describe the stress-strain relation. This 

assumption becomes necessary to reduce computing cost, which otherwise 

would become very high, especially for the case of time domain analysis. 

Depending upon the amplitude and duration of seismic excitation and the 

strength of the geologic medium, it is possible that the structural 

medium can show elastic behavior but the geological medium (soil or 

rock) can exhibit inelastic (or plastic) behavior (Isenberg et ale 1978, 

1981, 1982). To account for such behaviors in the analysis, it is 

necessary to use nonlinear stress-strain relation in the evaluation of 

element stiffn.ess matrix, Eq. (2.12b). In this study, an advanced 

plasticity model called the cap model is used to model nonlinear be

havior of material. 
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Cap' Model. The underlying fo.undation of .the cap model is the 

idea of using a yield surface as a function of the total plastic volu

metric strain (Drucker et ale 1955). The model consists of two parts: 

a fixed failure envelope of the Drucker-Prager type (Drucker and 

Prager, 1952), and a hardening yield surface which could expand in the 

stress space depending on the total plastic volumetric strain. The 

schematic of the cap model is shown in Fig. 2.8 in J1 - IJ2D space, 

where J1 represents the first invariant of the stress tensor and IJ2D 
is the second invariant of the deviatoric stress tensor. Originally 

the idea of cap model was proposed by Drucker, Gibson and Henkel (1955) 

who used spherical yield surfaces to control the plastic volumetric de

formation. The hardening behavior was accounted for by making them 

function of total volumetric plastic strain at any stage of loading. 

Since then, several strain hardening plasticity models based on the 

critical state soil-mechanics concept were developed by Cambridge group 

(Schofield and Wroth, 1968). In recent years, the cap models have been 

modified by DiMaggio and Sandler (1971), Sandler et ale (1976), and by 

Sandler and Rubin (1979). Many investigators (see e.g. Lightner, 1981, 

Phan, 1979, Siriwardance, 1980) have implemented and used this model for 

solving soil-structure interaction problems for two- and three-dimen

sional idealization. In this study the model proposed by Sandler et al. 

(1979) is used for characterization of .nonlinear behavior of geologic 

medium. 
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For thi s model the fa.i 1 ure enve 1 op~, F fi s expressed as 

F f (J1, IJ20) = IJ20 - La + SJ1 - Y exp (-SJ1)] (2.42) 

where, a, 6, e and yare the material parameters. J1 is the first in

variant of the stress tensor and J 20 is the second invariant of the 

deviatoric stress tensor. The cap portion of the yield surface is 

assumed to be elliptic, as shown in Fig. 2.8. The equation of the 

ellipse can be written as 

- 1 = a (2.43) 

where the quantities X (£~) and I (£~) refer to geometric properties of 

the yield cap as shown in Fig. 2.8~_ and £~ is the volumetric plastic 

strain. It is assumed that the ratio of major to minor axes remains the 

same for all ellipses; this ratio is denoted by R 

(2.44) 

Equation (2.44) can also be expressed as 

r:;- 1 - - 2 2 1/2 
Fc = vJ20 - if [{R Ff .(L)} - (J1 - I) ] (2.45) 

or, 
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(2.46) 

In order to relate X or r with the plastic volumetric strain, E~' it is 

required to analyze the hydrostatic behavior of the material. Assuming 

that volumetric plastic defonnation is initiated at low hydrostatic 

compression, this has been expressed in the following manner (DiMaggio 

and Sandler, 1971): 

(EP) = W [1 - exp (- OX)] v (2.47) 

where 0 and Ware material parameters. The inverse relation can be ex

pressed as 
p 

_ I"E 
X = - - J/,n [1 - -Y] 

o W 
(2.48) 

For a given value of E~, X can be found from Eq. (2.48). The corre

sponding value of r can be found by solving Eq. (2.44) using a trial 

and error procedure. 

Elastic-Plastic"Constitutive Relation for Cap"Model. Cap model 

is an isotropic strain hardening model. In this section the elastic

plastic constitutive relation will be developed for a general strain 

hardening model, and then it will be specialized for cap model. 

Yield criterion for a strain hardening model can be generally 

expressed as 

F = F (cr •• , IPl) = 0 " 
1J 

(2.49) 
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where, crij is the stress tensor, an~ Ii is the first invariant of the 

plastic strain tenso~. It is assumed that the incremental strain 

tensor, d€ij can be decomposed into elastic and plastic components as 

d - d e d p €ij - €ij + €ij (2.50) 

The superscripts leI and Ipl denote elastic and plastic components, re-

spectively. Assuming that the normality rule holds, the plastic part 

of the strain tensor can be written as 

d€~. = A ~ = A A •• 
lJ ocrij lJ 

(2.51) 

where Q is the plastic potential, and A is a non-negative constant and 

A .. is equal to~. During plastic flow, the state of stress will 
lJ crij 

always satisfy Eq. (2.49). This is ensured by 

or 

dF = 0 

~F dcr .. + aF dIP1 = 0 
ocr. • lJ "'IP lJ 0 1 

This can be written as 

aF p _ 
8 •. dcr .. + - dI1 - 0 
lJ lJ alP 

1 

(2.52a) 

(2.52b) 

(2.53) 

where s .. = ~F . ,which is the gradient of the yield surface. Using 
lJ crij 

generalized HookeJs law, dcrij can be related to d€~j as follows: 

(2.54) 



, 
Using Eqs. {2.50, (2.51), Eq. (2.54) can be written as 

dcrij = Cijkt (dEki - AAkt) 

By contracting the indices in Eq. (2.51) 

dE~i = dli = AAii 

Substitution of Eqs. (2.55) and (2.56) into Eq. (2.53) leads to 

) aF _ 
B .. C. 'kn (dEkn - AAkn + - AA .. - 0 
lJ lJ N N N alP 11 

1 

or, 

from which A can be obtained as 
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(2.55) 

(2.56) 

(2.57a) 

(2.57b) 

(2.58) 

By using the value of A in Eq. (2.58), Eq. (2.55) can be written as 
C. . ABC kn 

dcr = [C _ lJrS rs mn mn N ] d~ 
ij ijkt aF "'kt 

Bpq Cpquv Auv - --p App 
all 

(2.59) 

For associated plasticity, yield and potential functions are assumed 

identical, i.e. Q = F and hence, Aij = Bij . The elastic-plastic con

stitutive relationship can thus be written as 
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d - [C Cijrs Ars Amn CmnkR. ].d€k
n cr i j - i j kR. - A C . A . ~.£.E.... A N 

pq pquv uv alP pp 
1 

(2.60) 

or 

(2.61) 

where, C~~kR. is the required elastic-plastic constituti~e tensor. In 

matrix notation, Eq. (2.61) can be expressed as 

(2.62) 

where 

The constitutive relationship for plane-strain, plane-stress or axi

symmetric idealizations can be obtained by deleting appropriate rows and 

columns of the above matrix. 

In the cap model, there are two distinct surfaces on which 

plastic deformations can take place; failure surface and yielding caps. 

Eq. (2.63) can be specialized for failure surface, Ff , using Eqs. (2.42) 

and (2.51) and substituting the results into Eq. (2.63). 

(2.64a) 

and 
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aFf 
-=0 
alP 

(2.64b) 
1 

since F f (Jl' IJ2D) does not depend on .Ii. 
be obtained from Eqs. (2.46) and (2.51). 

For yielding caps, A .. can 
lJ 

A .. =..l!L ~ aFc = ~ a/J 2D + aFt oJ1 ' 
lJ ocr·. ocr.· '" {] ocr.. aJ1 ocr .. 

lJ lJ al''''2D lJ lJ 

Substitution for Fc from Eq. (2.46) yields 

-2 -A .. = R S •• + 2 (J1 - L) cS •• 
lJ lJ lJ 

aF 
Also, the quantity ~ in Eq. (2.63) can be evaluated as follows: 

aJ1 

(2.65) 

(2.66) 

(2.67) 

By differentiating Eqs. (2.46) and (2.48), and combining them, the 

following relationship ~an be obtained: 

or _ 1 1 

ae:P - [1 + e if + Y S R exp (- ]' I)] • [D w exp (- D X)] v 
(2.68) 

Substituting Eq. (2.48) into Eq. (2.46) and differentiating with 
aF of 

respect to r, the expression for c can be obtained, and hence, -i 
aL all 

can be computed. Finally, [Cep] can be obtained fr.om Eq. (2.63), 

since all quantities are known. An algorithm for the implementation of 

cap model in a finite element analysis is given by Sandler and Rubin 

('T.~79) • 



Factors to be Considered in Dynamic Analysis 

Finite element results of dynamic soil-structure interaction 

problems including behavior of interfaces can be influenced by numerous 

factors: idealization of material (structure and geologic media) and 

interface behaviors, idealization of .input excitation, idealization of 

boundary conditions and material damping characteristics, time interval 

and integration scheme used, accuracy of the computer, various assump

tions made in the formulation, etc. Effects of some of these factors 

such as idealization of material behavior and time integration schemes 

used have been discussed previously in this chapter in the context of 

soil-structure interaction problems. In this section influence of some 

other factors will be discussed briefly. 

Nonref1ecting Boundary 

In numerical analysis of soil-structure interaction problems, 
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the infinite geologic (soil or rock) medium is usually represented by a 

finite domain. This idealization introduces artificial boundaries which 

are not present in the actual system. In the case of static analysis, 

this idealization does not cause any significant errors in the results as 

long as the artificial boundaries are placed far away from the structure. 

However, in dynamic analysis, presence of artificial boundaries can have 

serious consequences on end results, especially when the problem is 

solved as a wave propagation problem (Kunar and Rodriguez-Ovejero, 1980; 

Smith, 1974). 
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When a structure vibrates on a soil or rock medium, energy is 

transmitted into the foundation (soil or rock) as body and surface 

waves radiating away from the structure. These waves can be reflected 

off the artificial boundaries of the mesh and cause errors in the re-

sponse calculation. There are two ways to avoid this problem. Firstly, 

the boundaries of the finite element mesh can be placed at sufficiently 

large distance away from the structure such that the radiated waves are 

absorbed by the internal damping in the son, before they can be re

flected at the boundaries. This will certainly increase computing cost, 

because the element size cannot be increased arbitrarily since this 

would limit the maximum frequency that could be transmitted through the 
- "'~:'" .~. '/. 

mesh (Costantino et a1. 1975, Cundall et ale 1978). Secondly, special 

boundary conditions can be imposed such that the boundaries are trans

parent to the radiated waves. These types of special boundaries are 

called nonreflecting or absorbing boundaries. A number of models have 

been proposed and used with some success for nonref1ecting boundaries. 

A review of some of these models is given below. 

Lysmer and· Kuh1emeYer (1969). A nonreflecting boundary was de

veloped and implemented in a frequency domain finite element computer 

code by Lysmer and Kuh1emeyer (1969). Since viscous dashpots are used 

to simulate the stress conditions at the artificial boundary, this 

boundary is also called viscous boundary. The model is based on the 

idea of determining the dynamic response of the interior region from a 
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finite model, Fig. 2.~, consisting of the interior region subjected to a 

boundary condition which ensures that all energy arriving at the 

boundary is absorbed. The stress conditions at the boundary are ex

pressed by 

T * . = b P V v m s 

(2.69) 

(2.70) 

where, ann and T are the normal and shear stress, respectively, ~ and Q 

are the normal and tangential velocities, respectively; Pm is the mass 

density; Vs and Vp are the velocities of S-waves and P-waves or body 

* * waves, respectively; and a and b are dimensionless parameters. Vs and 

Vp are given by 

V =Of 
s J~ 

V = 1 V 
P viC1 - 2 v) s 

9 

(2.71) 

(2.72) 

where, G is the elastic shear modulus, and v is the Poisson's ratio of . g 

* * the geologic medium. The dimensionless parameters a and b may have 

constant values or their values may change depending upon the type of 

waves to be absorbed. Results presented by Lysmer and Kuh1emeyer (1969) 

* * for a number of problems have shown that a = b. = 1 is 95% effective in 

absorbing body waves. 
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The nonrefl~cting or viscous boundary outlined above can be used 

to absorb surfa,ce waves (e.g. Rayleigh Waves), by adjusting the parame

* * ters a and b. It is shown by Lysmer and Kuhlemeyer (1969) that 

perfect energy absorption will be obtained using this boundary if 

and 

* * 1 * '£lliJ __ b = b (ky) = pv f = n [1 + GTkYT] 
m s 

(2.74) 

'* where k is the wave number, n is the ratio between velocities of s-
* * 2 waves and Rayleigh waves, s is an elastic constant defined by (s) = 

(1 - 2v ) 
2 (1 _ e )' and F (ky) and G (ky) are the amplitude functions for the 

g 

horizontal and vertical components of Rayleigh wave, respectively 

(Ewing et al. 1957). Also, f~ (ky) and G' (ky) indicate the differen-

tiations, dF/d(ky) and dG/d(ky), respectively. * Variations of a (ky) 

* and b (ky) with normalized depth (ky) is given by Lysmer and 

Kuhlemeyer (1969). 

Lysmer and Waas (1972). A more elegant and effi,cient nonre

fleeting boundary formulation for frequency-domain solutions was 

proposed by Lysmer and Waas (1972). This so-called 'consistent 

boundary' uses a frequency-dependent stiffness matrix at the boundary, 
, , 

obtained by solving the wave propagation problem in a layered, elastic 
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medium. This makes it ideal fO.r fi.nite element frequency domain 

analyses. Unlike viscous boundary, the eff.iciency of this boundary 

does not depend on angle of incidence. This procedure has been imple

mented in a computer program called FLUSH (Lysmer et al. 1975). 

Smith' (1974). A nonreflecting plane boundary for wave propaga

tion problems was proposed by Smith (1974). It is proposed that the 

reflections of waves can be eliminated by superimposing the solutions 

which satisfy Dirichlet and Neuman boundary conditions, respectively. 

Superposition of the solutions of two separate boundary value problems 

cancels the effect of reflections. The formulation works for both body 

and surface waves, but requires 2n complete dynamic solutions, with 

different boundary conditions, if there are n reflections that can occur 

during the time frame of the problem. When all these solutions are added, 

the final results will be free from errors due to spurious reflections. 

The formulation is independent of both frequency and incident angle, and 

also easy to implement in an existing finite element computer program. 

However, since the same problem needs to be solved several times, it can 

be computationally expensive for a relatively large problem. In addi-

tion, the method does not work when a given wave is reflected more than 

once at the same boundary. 

. . _. . 
Ayala and' Aranda. (1976).' These investigators presented a formu-

'lation for a so-called 'acti~e boundary' which can pre~ent spurious 
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reflections on the artifi~ial boundaries. The formulation is based on 

evaluating the state of $tress on a boundary for all possible waves and 

determining the damping coefficients for a wide range of incident waves. 

The model allows free transmission of waves across the boundaries as it 

would occur if the discrete domain were continuous. The model is valid 

for both linear and nonlinear soil models and requires the assumption of 

linear elasticity only in the vicinity of the active boundaries. 

" " 

Cundall~"Kunar~"Carpenter"and Marti' (1978). Cundall et al. 

(1978) proposed a nonreflecting boundary for time domain finite element 

analysis by modifying and refining the ideas of Smith (1974). The re

flected waves are eliminated as they occur at the boundaries s thereby 

avoiding the chance of multiple reflections and the need for 2n complete 

solutions. In a time domain method two separate solutions are summed 

incrementally at the boundaries of the finite element mesh. In other 

words s the numerical solution is performed only onces except around the 

boundary where two solutions are necessary within a narrow band of 

elements s Fig. 2.10. In the narrow bands solutions are obtained for 

different boundary conditions: i) constant velocity in x-direction and 

constant stress in y-directio~s ii) constant stress in x-direction and 

constant velocity in y-direction. The idea proposed by Cundall et al. 

(1978) was modified and a generalized formulation of nonrefl~cting 

boundary was presented "by Kunar and Rodriguez-Ovejero (1980). Implemen

tation of this boundary in an incremental finite element analysis is also 

discussed by these authors. 
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Several other models on transmitting boundary have also been 

reported in the literature (see e.g. Boulon et al. 197~,Castellani, 

1974, Idriss et al. 1974, Kausel, Roesset and Waas, 1975, Kunar and 

Kundall, 1981, and White, Valliappan and Lee, 1977). A review of 

various models is given by Kunar and Rodriguez-Ovejero (1980). 
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Nonreflecting BoundarY"Used in the Current Research. As men

tioned earlier, the current research is concerned with the behavior of 

interfaces between structures and geologic media due to dynamic (cyclic 

or earthquake) loading conditions. It is not intended here to explore 

the fields of absorbing or transmitting boundaries to establish the 

influence of transmitting boundaries on the response of ~ structure-foun

dation system including the behavior of interfaces and joints. However, 

the problems of spurious reflections of waves at boundaries and of 

possible contamination of numerical results are realized and" measures are 

taken in the finite element analysis to minimize these refl~ctions. 

Viscous dashpots proposed by Lysmer and Kuhlemeyer (1969) are used in the 

lateral boundaries of the finite element mesh. The dimensionless parame

ters associated with these dashpots are assumed to be independent of 

frequency (since time domain solution is required to simulate nonlinear 

interface behavior). These dashpots can efficiently absorb the body 

waves generated in the mesh within the time frame of the analysis. How

ever, due to their restrictive nature, the surface waves cannot be 
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absorbed by these dampers (Lysmer and Kuh1emeyer, 1969). To minimize 

the effects of reflections due to surface waves, finite element mesh is 

extended sufficient distance away from the structure. An assumption is 

made that the surface waves are absorbed by the internal damping in the 

geologic medium before they can be reflected off the artificial 

boundaries. 

Damping 

Damping is the property of a material which allows it to dissi

pate energy when the material is subjected to repeated such as cyclic or 

earthquake type loadings. The response of a structure-soil system under 

dynamic loading is strongly dependent on the damping properties of the 

geologic (soil or rock) medium (Mo1enkamp and Smith, 1980). In dealing 

with these problems it is necessary to recognize the possible existence 

of two different types of damping: geometric or radiation damping and 

material damping. 

GeometritDamping. As a wave propagates through a medium (e.g. 

soil), there is loss of energy due to propagation. This loss or dissi

pation of energy due to propagation of wave is called geometrical 

damping. Geometric damping plays an important role in numerical 

analysis where an infinite medium is replaced by a fi~ite medium. In 

finite element analysis geometric damping is taken into account in part 

by considering a mesh having reasonable extension in all directions from 



the structure. Usually an extension of 4 x B to 6 x B (B being the 

length of the foundation) in the horizontal direction and 2 x B to 
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3 x B in the vertical direction, measured from the center of the foun

dation mat, is found reasonable from geometric damping viewpoint (Hart 

and Vasude van, 1975, Isenberg et al. 197~, Seed and Lysmer, 1972). 

Geometric damping is also taken into consideration by using nonre

flecting energy absorbing boundaries, as discussed previously in section 

on nonreflecting boundary. 

Material . Damping. When a material is loaded, it absorbs energy 

internally. This energy may, in turn, be dissipated as heat or can 

change the internal configuration or structure of .the material. This 

property of a material is called material damping. Actual damping char

acteristics of almost any material are complex in nature and many 

hypotheses have been proposed to estimate damping for analysis purposes. 

Viscous Damping. The simplest means of including material 

damping in any analysis is to represent the energy absorption charac

teristics as equivalent viscous damping. Usually this is done by using 

modal damping (Tsai, 1974), with the same proportion of critical damping 

(Clough and Penzien, 1975) being developed in each mode. This is an 

efficient and elegant approach but it can be applied only for linear or .. 

equ; va 1 ent 1; near systems and ; t requ; res that un; fo.rm dampi n9 be assumed. 

throughout the system. This latter feature is a serious disadvantage for 
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soil-structure interaction problems. Most geologic materials do not be

have as a viscous material but as a fr.ictiona1 material; therefore, 

assumption of viscous damping may not be appropriate. 

Hysteretic· Damping. In inelastic materials such as soil, damping 

is characterized by the stress-strain relationship for the material. For 

cyclic loading problems, damping can, therefore, be characterized by the 

area of hysteresis loop which a point follows in a stress-strain plane, 

Fig. 2.11. For problems involving transient (unloading and reloading), 

Fig. 2.11 , motions, however, this approach does not provide a full eval

uation of response and the trend appears to be towards including 

hysteretic damping as a part of the stress-strain relation used in the 

nonlinear analysis. 

Damping·as·Comp1ex Moduli. In some dynamic prob1em~, analyses 

can be made by the method of complex response and viscous damping can be 

introduced by the use of complex moduli. Consider the equation of 

motion of a system 

[M] nn. + m {~} + [K] {q} = {Q{t)} (2.75) 

let the forcing function, {Q{t)} be harmonic and the response can be 

assumed as 

(2.76) 

where Q is the frequency of HHt)}." Differentiating Eq. (2.76) with 

respect to time and substituting the results into Eq. (2.75) one can 

obtain 
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(- n2 [M] + in [C] + [K])" {q"(tn 'eiS"2t =' {Qo(t)}eint (2.77) 

For hysteretic type damping OC] can be expressed as (Nelson and 

Greif, 1980). 

(2.78) 

where ~' is called the 'loss factor' and given by 

n' = 2 (n ,) s' 
W . (2.79) 

where S' is the damping ratio and ~' is the natural frequency of the 

system. Substitution of Eq. (2.78) into Eq. (2.79) yields 

(- n2 [M] + {(I + i~') [K]}) {q(t)}=" {Qo(t)} (2.80) 

The term {(I + i~') [K]}is called the complex stiffness matrix. 

Form of Eq. (2.80) shows that this damping is useful for fre

quency domain analysis, and is widely used for representing the damping 

characteristics of geologic materials; because it is an alternative form 

of hysteretic damping. 

Rayleigh"or Proportional . Damping. An alternative way of esti

mating material damping is to use Rayleigh or proportional damping. In 

this approach the material damping is assumed to be proportional to mass 

and stiffness matrices of the system. 

(2.81) 

wher~, (xl and <X2 are proportionality constant"s, and are functions of the 

natural freguencies, wn (n = 1, ~, ••• ) of .the system. <Xl and <X2 can be 

determined from the following relation 

<X1 <X2 W S' = _ + n 
n 2wn 2 (2.82) 
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where S~ is the damping ratio and wn is the nth undamped natural fr~

quency of the system. To evaluate a1 and a2 usually two consecutive wn 

are considered. 

Rayleigh damping is very popular in dynamic analysis of multi

degree-of-freedom system (especially using mode superposition method), 

because it leads to a damping matrix which is diagonalized by the same 

transformation matrix which diagonalizes the mass and stiffness matrices. 

Its use for geologic materials is based more on its mathematical con

venience than its capability to simulate physical reality. 

The subject of ~amping is discussed and studied in numerous pub

lications (see e.g. Bert, 1973, Chow and Smith, 1981, Crandall, 1970, 

Dupas and Pecker, 1979, Hart and Vasudevan, 1975, Molenkamp and Smith, 

1980, Roesset et al. 1973, Sherif et al. 1977, Thompson et al. 1974, 

Tsai, 1974, Wilson and Penzien, 1972). Other numerical models for 

damping can be found in these and other publications. 

Damping Used in Present Study. It was mentioned earlier that in 

current research the stress-strain response of geologic materials is 

modelled by using both elastic and elastic-plastic constitutive relations. 

The elastic-plastic model used here is an advanced plasticity model 

called the Cap Model. Implementation of this model in the finite element 

code considers loading, unloading and reloading aspects. In other words, 

depending on the loading configuratio~, the model itself js capable of 

generating hysteresis loop, Fig. 2.11. Therefore, (frictional) material 
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damping is automatically incorporated into the analyses by including 

damping as a part of the nonlinear stress-strain relation. As will be 

discussed in Chapter 3, same thing holds true fer the interface elements 

where stress-strain response is represented by either nonlinear elastic 

or plasticity models and defomation modes are simulated by satisfying 

the stress-defomation characteristics of .the interface. 

However, since the use of nonlinear stress-strain models is com

putationally very expensive for dynamic analyses of interaction problems, 

it may be appropriate for many problems to use linear elastic models for 

geologic materials and include material damping in the fomulation. The 

finite element codes developed for the present study have this provi

sion. The material damping is approximated by Rayleigh or proportional 

damping. The proportionality constants a1 and a2 (Eq. 2.81) are evalu

ated by assigning realistic numerical values for the damping ratio, J3~, 

and for two frequencies, wn' Typical numerical values of a1 and a2 are 

given in Chapter 5. Values of a1 and a2 are very much dependent on the 

mass and stiffness characteristics of a problem. An advantage of using 

Rayleigh damping is that it can use variable damping within a soi1-

structure system. 

Seismic Input 

In time domain finite element analysis of soil-structure systems 

subjected to cyclic or earthquake load~, the excitation in the fom of 

displacement, velocity or acceleration-history is usually input at the 

bottom (located at the assumed bed rock level) nodes of a finite element 

mesh, Fig. 1.4. The fom of the input is dependent on the primary 
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unknowns in the formulation. For exampl~, in soil-island approach de

veloped by Isenberg et al. (197~), the equation of motion of the system 

is cast in a form whera velocity is the primary unknown. Discretized 

velocity-time history is the required f~rm of input in this approach. 

In the present formulation, displacements are the primary nodal 

unknowns •. The discretized form of .the equation of motion is given by 

(2.27) 

Solution of this equation can be accomplished by specifying the excita

tion either in the form of displacement time history or in the form of 

force-time history. The force-time history at a nodal point can be 

computed from acceleration-time history by multiplying the value of ac

celeration component by the mass component associated with that node. 

Same results should be obtained for either input provided same problem 

is solved and consistent input is used. It should be noted that during 

an actual earthquake usually acceleration history is recorded using a 

seismograph. The recorded values are discretized later and corrections 

are made to eliminate or minimize the sources of errors in the recording 

and discretization processes. The discretized acceleration history thus 

obtained is called corrected accelerogram. Corresponding velocity and 

displacement histories can be obtained by integrating, with respect to 

time, the corrected acceleration-time history. Due to the complex 

nature of the accelerograms, numerical integration scheme is used to 

perform the integration. Precautions are to be taken and adjustments 



are to be made during the integration process to ensure accuracy. 

Details of ~he processes involved are discussed by Brady and Hudson, 

(1970) and Trifunac (1970) .. 
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In the current research displacement-time histories are used as 

the input in the finite element analysis. El Centro (1940) earthquake 

and SIMQUAKE test data (Isenberg et ale 1978) are used as the sources of 

excitation. The displacement-time history for the El Centro earthquake 

is obtained from the Earthquake Engineering Research laboratory of ~he 

California Institute of Technology. The velocity-time history data for 

SIMQUAKE tests is provided by the Weidlinger Associates, Menlo Par~, 

California; these tests were performed under a research project by the 

Electric Power Research Institute (EPRI), Palo Alto, California. Dis

placement-time history for SIMQUAKE test is obtained by numerically 

integrating the velocity-time history with small time increment 

(~t = .001 Sec.). 



CHAPTER 3 

FINITE ELEMENT MODELS FOR INTERFACES 

General 

It was mentioned in Chapter 1 that-boundary or interface non

linearity can occur in many soil-structure interaction problems when 

there exist situations in which one deformable body comes in contact 

with the other, Fig. 1.1. The response of a structure-foundation 

system subjected to static or dynamic loadings can be significantly 

affected due to the behavior of interface. In view of the conceptual 

and mathematical complexities involved in the analytical solution of 

interaction problems, numerical methods such as finite element method 

are extensively used to obtain approximate solutions for these problems. 

In finite element analysis of soil-structure interaction problems, be

havior of interface is simulated using a special type of element called 

linterface element. I In the past, a number of interface elements have 

been proposed and used to simulate the behavior of interfaces and 

joints. A review of existing interface finite element models will be 

presented in this chapter. 

In the current research, two different interface models, Ithin

layer elementI and Imixed l or hybrid element, are developed and 
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implemented in fi~ite element computer codes which are capable of 

solving soil-structure interaction problems with two-dimensional (plane 

strain, plane stress and axisymmetric) idealization. Formulations of 

the proposed interface elements and an outline of the computer codes 

developed under the project will also be presented in this chapter. 

Existing" Finite " Element" Models "for" Interfaces"and Joint s 

Originaily interface (or joint) elements were proposed to simu

late the behavior of discontinuities or joints in rock, and to study 

the bond between steel and concrete in a reinforced concrete beam. For 

this reason interface elements are also frequently called 'joint 

element. I A joint element (with some modification) can be used to 

simulate the behavior of interfaces (junction between structures and 

foundations, Fig. 1.1) by assigning proper values for the parameters 

which define the stress-strain characteristics of the element. For 

simulation of (rock) joint behavior associated parameters of a model 

are determined from laboratory or insitu testing" of rock joints. On 

the other hand, for simulation of interface behavior involving struc

tures and foundations, associated parameters of a model are obtained 

from appropriate testing of interfaces (e.g. sand-concrete interface 

test described in Chapter 4). Thus, in the following review, no dis

tinction is made between joint and interface elements. 
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y 

Interface Element 

n, s = Local coordinates 

x, y = Global coordinates 

x 

(a) Interface Element 

(b) Top and Bottom Surfaces of Interface 

Figure 3.1. Interface Element with Zero Thickness 
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Use of Interface Elements in Static Analysis 

In the past, a number of .interface elements have been proposed 

and used for static analysis by many. A brief review of these models 

and their relative advantages and drawbacks is presented in this 

section. 

Ngo and Scordelis (1967) developed a one-dimensional linkage 

element to study the bond between reinforcement and surrounding concrete 

in a reinforced concrete beam. This linkage element can be used to 

connect the steel and concrete elements, or even for connections be-

tween steel and steel or concrete and concrete elements when such 

necessity arises. Goodman, Taylor and Brekke (1968) extended the idea 

of linkage element and derived stiffness matrix for a more general 

joint (interface) element to model the behavior of jointed rocks. The 

element shown in Fig. 3.1 is a one-dimensional line element consisting 

of four nodes, two nodes from each material in contact. The element 

has a length t and zero thickness; the nodal point pairs (1, 4) and (2, 

3) initially have identical coordinates. The energy stored in this 

element is assumed to be due to the relative displacements between top 

(T) and bottom (B) surfaces. Relative displacements, u~, is defined as 

r T B ui = ui - ui (3.1) 

where ui and u~ are the displacements of the two adjacent points, on 

the top and the bottom surfaces, respectively. Here, u~ plays the role 



of strain and the constitutive behavior is characterized by the joint 

stiffnesses per unit length in the normal and tangential directions, 

knn and kss ' respectively. 
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(3.2) 

knn = kss can be determined from experiments (Goodman and Christopher, 

1977). The potential energy, ITp of this element can be expressed as 

(3.3) 

where, {qr} is the relative displacement venctor, and t being the 

length of the element. Joint element stiffness matrix based on ITp is 

given by Goodman et al. (1968, 1977) and some applications of this 

joint element have been reported by Clough and Duncan (1971), Desai 

(1977), and Goodman et ale (1968, 1977). In three-dimensional 

analysis, the joint element based on above concept has a two-dimen

sional configuration since the thickness is assumed to be zero. 

Extension of this element to three-dimensional analysis has been dis

cussed by Mahtab and Goodman (1970). In the context of soil-structure 

simulation problems, this element has been used by Desai and Appel 

(1976), Phan (1979) and others. 
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Goodman's joint (interface) element has some drawbacks in the 

prediction of real behavior of jointed rocks or soil-structure inter

action. One of its drawbacks is that the model allows the adjacent 

solid elements to penetrate each other, which is not physically accept

able because it violates the kinematic conditions. Another shortcoming 

is that the model could not handle opening and closing of gaps. 

Zienkiewicz, Best, Du11age and Stagg (1970) proposed an inter

face element with non-zero thickness, ~~, and uniform strain along the 

thickness direction. The stiffness matrix was derived with the nodal 

displacements as the primary unknowns. Using this element, 

Zienkiewicz et a1. (1970) solved several problems including a barrage 

problem with weak layers of soil and complex loading conditions. 

Reasonably good results were obtained. However, there are some draw

backs of this element. For example, numerical ill-conditioning may be 

observed in the finite element equations when gap occurs at the inter

face. Di1atant behavior of rock joints or interfaces cannot be 

simulated directly using this element. 

Ghaboussi, Wilson and Isenberg (1973) proposed an interface 

element where the relative displacements were chosen as independent 

degrees-of-freedom; however, conceptually it is similar to the joint 

model proposed by Goodman et a1. (1968). Thus for each interface 

element in two-dimensional space, in addition to the four regular nodes, 

there are two extra nodes with four degrees-of-freedom. These degrees

of-freedom serve as a constraint between the displacements of the two 
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adjacent regular elements. A slightly modified form of this element 

was proposed in explicit form by Wilson (1977), where, instead of in

creasing the degrees-of-freedom for the interface element, one of the 

adjacent elements have some extra degrees-of-freedom to account for the 

relative movements. 

Desai (1977) developed an axisymmetric interface element and 

used the foregoing concepts for the solution of different soil-structure 

interaction simulation problems such as soil-pile and soil-retaining 

wall interaction. 

Wilson (1977) reported that the use of interface element pro

posed by Goodman et al. (1968, 1970, 1977) may lead to numerical 

difficulties when the stiffness characteristics of the adjacent solid 

elements differ significantly (more than 1 in 1,000) from the stiffness 

characteristics of the interface or joint itself. Numerical ill-condi

tioning arises due to the presence of very large off diagonal terms 

which are generated by the interface elements. Wilson also claimed 

that the use of relative displacements as independent degrees-of

freedom such numerical ill-conditioning can be avoided. Pande and 

Sharma (1979) experimented on the improvements of results with relative 

displacements as independent degrees-of-freedom. It was shown that on 

modern computers, the difference in results obtained from the two 

methods was insignificant up to a very high aspect ratio. 
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Heuze and Barbour (1982) have recently reported an axisymmetric 

joint element for modelling of rock joints and geological discontinui

ties. The attractive features of the element are that it can represent 

dilatancy due to shear, and also it has the ability to calculate the 

increase in joint normal stress due to an increment of shear displace

ment. The derivation is based on displacement formulation. 

In the foregoing interface elements, usually a high value is 

assigned to normal stiffness, knn to prevent interpenetration of ad

jOining solid elements. When the element fails in shear, with the 

interface still in compression, the values of shear stiffness, kss' are 

reduced to a negligible value and the values of knn are still kept 

large. Similarly, when tensile stresses develop at the interfac~, both 

knn and kss are assigned arbitrarily small values. This is a common 

drawback of all the foregoing models. 

To overcome these difficulties, Katona et al. (1976) proposed 

an interface element based on the equilibrium approach. In this model, 

the nodes of adjacent solid elements forming the interface are 

connected by an lIimaginaryll one-dimensional element in a two-dimensional 

space, Fig. 3.2. These imaginary one-dimensional elements play the 

role of kinematic constraints such as Lagrangian multiplier constraint 

(Katona et ale 1976, 1981; langhaar, 1962). The interaction between 

two adjacent nodes A and B is defined by the force FAB of node A acting 

on node B. Two independent degrees-of-freedom, which have the dimen

sion of force, are assigned for this interface element. A modified 
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Figure 3.2. Equilibrium Interface Element 
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principle of ,virtual work is util ized in formulating the stiffn,ess 

matrix for this element. The model shows good correlation in simu

lating the actual interface behavior. However~ in order to obtain 

equilibrium~ iterations must be performed within each incremental load 

or time step. Such iterations are necessary to determine the proper 

deformation mode (described subsequently) for that step. Morcove~~ the 

global stiffness matrix may contain zero diagonal terms arising from 

the interface element. Therefor~~ a solution subroutine which can 

handle semi-definite stiffness matrix must be used. Thus~ in terms of 

generality~ it may not be attractive if the model is to be incorporated 

in a finite element program using the displacement approach. 

Many other investigators used similar models for solving various 

interface or contact problems in structural and geomechanics. Scholes 

and Strover (1971) presented a systematic method of analysis for two 

connecting structures with initial clearance and frictionless contact. 

The method consists of an incremental procedure in which the incremental 

displacements on the contact surface for each body are expressed in 

terms of the change in applied loads using flexibility matrices. 

Francavilla and Zienkiewicz (1975) reported a similar work including the 

effect of initial clearance between the connecting bodies. 

Chan and Tuba (1971) presented an incremental procedure for 

frictionless and frictional contact problems. An overrelaxation pro

cedure was used to solve the set of nonlinear equations. In this 



method, the equilibrium equations are formulated for each body 

separately in terms of the displacements and the contact f~rces. 

Another condition is impose~, that the nodal points in the contact 

bodies cannot interpenetrate. The nodal displacements are obtained by 

performing iterations within a load step. 
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Frederiksson et al. (1976, 1977) presented an incremental formu

lation for frictional and frictionless contact problems. The 

equilibrium equations are formulated in terms of unknown nodal displace

ments and the interface tractions are computed from the stresses at the 

end of each step. These tractions are applied to the next step by com

puting an equivalent nodal load vector. At each step, the appropriate 

constraints are applied for nodes in contact. Due to finite increments 

iterations are necessary within the load step. 

Urzua et al. (1977) presented a similar incremental formulation 

for solving large and complex contact problems such as the truss-type 

bolted connections. The interface formulation was incorporated in a 

finite element computer program called FINITE (Lopez, 1977), and 

several problems related to bolted connections were solved. Similar 

approaches for problems involving frictional contact were used by 

Hermann (1977, 1978), Hussain et al. (1971), Peterson (1977) and 

others. 



83 

Use of .Interfa.ce Elements in Dynamic Analysis 

In principle, any interfa.ce model which can simulate interface 

or joint behavior for static problems can be used for obtaining inter

face response under dynamic loads with required modifications. It was 

mentioned previously that incorporation of interface or joint behavior 

in a dynamic soil-structure interaction problem introduces strong non

linearity into the system. As a resul~, a time domain analysis is 

required in order to obtain meaningfu.l results. Also' the values of the 

time increments (~t) are significantly reduced and iterations are re

quired within each time step which results into a significant increase 

in computing cost. For these and other reasons the use of :nterface 

elements has been restricted mainly to static analyses. Howeve~, in 

recent years, many researchers have recognized the importance of inter

face behavior in dynamic soil-structure interaction problems especially 

those involving nuclear power plants and other complex structures. 

Newmark (1965) proposed an interface model to study the be

havior of dams and embankments under earthquake loads. The interface 

element is intended to capture relative movements between adjacent 

rigid blocks representing the dam and embankment, respectively. 

Isenberg, Lee and Agbabian (1973) used an interface element proposed by 

Ghaboussi et al. (1973) for three-dimensional analysis of structures 

subjected to blast loading. Wolf (1977) studied the re-

sponse of an axisymmetric nuclear containment structure due to 
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travelling shear waves. Slip and separation or uplift of ~he founda

tion mat from the soil medium are incorporated in the analysis through 

the use of influence coefficient matrices. The strength of the inter

face is defined in terms of cohesion and coefficient of friction of the 

interface. The area of contact between the foundation and supporting 

soil medium can change with time and load. At each time increment it 

is assumed that the area of contact is known. Influence coefficient 

matrices are evaluated which are functions of the contact area. Ini

tial stress approach is utilized to perform iterations within a time 

step. Details of this analysis procedure can be found in Wolf (1976). 

From the analysis it is observed that the torsional effects due to 

travelling shear waves induce rocking in the system when lift off or 

slip occurs. 

Kausel et ale (1979) gave a comprehensive consideration to 

interface behavior, discussed the importance of sliding or relative 

slip, and proposed a model to account for translational and rotational 

motions. It was observed that in most cases sliding is likely to occur 

at interfaces and rarely in the soil mass; the classical pseudo-elastic 

limit equilibrium analysis for sliding stability can give factors of 

safety unrealistically low in many cases and does not provide informa

tion on magnitudes of sliding which may be a critical factor in the 

design of many structures. 
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Figure 3.3 shows the schematic of the model proposed by Kause1 

et a1. (1979). The contact between the bottom mass (foundation) simu

lated by a massless plate and soil is defined by Coulomb friction. 

Although soil response is simulated by using springs and dashpots for 

translation and rotational motions, relative displacement is permitted 

only in the translational motion. Sliding is assumed to occur when the 

horizontal base force exceeds the maximum frictional resistance between 

structure and soil. Once sliding occur~, the system is assumed to con

tinue to slide until the relative sliding velocity is reduced to zero, 

regardless of the contact forces. 

Nazarian and Hadjian (1979) analysed the behavior of a retaining 

wall subjected to earthquake motions. The wall-soil interface is 

assumed to sustain no tension. Rigid body translation, rigid body 

rotation and flexure are incorporated as deformation modes. From the 

analysis it is observed that for improved analysis, allowance should be 

made for separation of walls from soils. 

Toki, Sa to and Miura (1981) used the interface element proposed 

by Goodman et a1. (1968, 1977) to study the behavior of structure

foundation system under dynamic loads. The separation and sliding 

aspects of interface behavior are included in the formulation. The 

strength of the interface for sliding is determined by the Mohr-Coulomb 

failure law in terms of the apparent cohesion and friction angle 

between soil and structure. Implicit integration scheme with very 



(a) 

(b) 

(c) 

Friction Surface 

Massless Plate 

Figure 3.3. Model Proposed by Kausel et al. (1979) 
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small time increment~, of the order of 0.001 second, is utilized to 

obtain response in time domain. The proposed method is applied to 
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(i) a model nuclear reactor building resting on the free surface of 

layered ground, and (ii) a buried foundation structure. Seismic input 

is the acceleration-time history and is applied at the finite element 

nodes at the rigid bed rock level. From the results it is concluded 

that assuming perfect bond on the contact surface between soil and 

structure, the structure's motion is restricted by the surrounding 

subsoil, thus possibly underestimating the actual response of the 

structure. It is also observed that there is a specified frequency 

above which separation and sliding does not take place, which depends 

on the excitation level. 

Isenberg and Vaughn (1981) gave a detailed consideration to 

interface behavior under dynamic loading. A thin layer of solid 

element is considered as an interface element by assigning special 

properties to it. The special properties assigned to the element are 

referred to axes parallel and normal to the interface. Sliding, sepa

ration or debonding and rebonding behavior are simu~ated by imposing 

constraints upon their allowable stress states in addition to those 

imposed by the standard constitutive relations for soil. These addi

tional constraints restrict the normal and shear forces transferred 

between soil and structure. The proposed model is used to obtain solu

tions for a number of problems including nuclear containment structures, 

buried cylinders subjected to shock loading for a traveling air blast. 
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Importance of interfa~e behavior in dynamic soil-structure in

teraction problems has been recogni~ed by many other researchers (see 

Aubry and Chouve~, 1981, Belytschko and Chiapatta, 1973, Crandall et 

ale 1974, Desai et ale 1982 p, ~, Isenberg et ale 1978, 1982, 

Salagado and Bryne, 1981. A state-of-the-art report on the subject is 

given by Desai (1981). 

Deformation Modes For'An Interface 

It was mentioned earlier that relative movements can occur at 

interfaces (or jOints) between structures and foundations subjected to 

various loading conditions. These relative movements include trans

lational, rotational and rocking motions. There are four basic 

deformation modes that an interface element can experience at any stage 

of loading: 

i) Stick or no-slip mode~ 

ii) Slip or sliding mode, 

iii) Separation or debonding mode, and 

iv) Torsional mode. 

Schematic. representation of these modes of defonmation is depicted in 

Figs. 3.4 and 3.5 for two- and three-dimensional problems, respectively. 

An interface element is said to be in stick or no-slip (also 

known as contact) mode when there is no relative movement between the 

adjoining bodies. 



(a) Stick or no slip 

. , , Body 1 
,.. .. _----

(c) Debonding 

-- !-J , 
• , 
~ 

A = Total Area 

Ac = Contact Area 

(b) Sl ip 

J.. A-Ac "I-' A I c 
. .------· , 
• • 
5 ... ---

-" Body 1 : 

(d) Rebonding 

Figure 3.4. Schematic of Modes of Deformation at Interface: 
Two-Dimensional Case 
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Body 1 

Body 2 

(a) Stick or No-Slip Mode 

Interface 
Body 1 

Body 2 

(b) Slip or Sliding Mode 

Interface 

(c) Opening or Debonding Mode 

Figure 3.5. Schematic of Modes of Deformation at Interface: 
Three-Dimensional Case 



An interface element is said to undergo slip or sliding mode 

when body 1 moves relative to body 2 or vice vers~, as shown in 
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Figs. 3.4b and 3.Sb, in such a manner that the contact between the 

bodies is maintained. For an illustratio~, consider two points, A and 

B, as shown in Fig. 3.4a. After deformation, the point A moves to a 

new position ~' and correspondingly point B moves to position B'. If 

the deformation mode is assumed to be sliding, the normal distance be

tween the points must remain unchanged. In other words, the movement 

must take place in the plane of the interface. 

Separation or debonding mode occurs when gaps open up between 

two bodies which were in contact previously. This deformation mode is 

encountered because of the relative rotations (rocking) between the 

bodies, Fig. 3.6. In separation mode no physical contact is maintained 

(in the separation region) between the bodies forming the interface. 

For three-dimensional problems, rocking may be treated as an 

independent deformation mode or it can be considered implicitly within 

sliding and separation modes. Rocking behavior of interfaces is 

currently being investigated under this project. 

After an interface element has experienced separation mode, it 

is possible that the gap generated during separation or debonding may 

close up at subsequent loading. This behavior of an interface is re

garded as rebonding. In this study rebonding is not considered as a 

separate mode but included as a part of the separation mode. 
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Body 2 

(a) Rocking of Bodies in Two-Dimension 

Interface 

(b) Rocking of Bodies in Three-Dimension 

Figure 3.6. Rocking Behavior of Interface 

Interface 

Body 2 

Figure 3.7. Torsional Mode for an Interface 
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For three-dimensional soil-structure interaction problems in

volving interfaces, torsional behavior can be included as an 

independent defo,rmation mod~, Fig. 3.7, or expressed in terms of other 

modes. If fo,rmer method of ~nalysis is chosen, interface properties 

related to torsional behavior are required to formulate torsional 

stiffness of interface. Since the present study is directed towards 

two-dimensional problems only, this point is not addressed here. How

ever, interface torsional properties can be evaluated using appropriate 

laboratory device developed under this probject. 

Characterization of Various Deformation'Modes 

A realistic finite element analysis of soil-structure inter

action problems including the behavior of interfaces or joints should 

include all significant deformation modes that can occur at an inter

face. These deformation modes have been outlined in the previous 

section. In order to incorporate them in an interface element, some 

mathematical characterization must be made so that each deformation 

mode can be identified uniquely. For two-dimensional problems stick or 

no slip, slip or sliding and separation or debonding modes (including 

rebonding aspect) are usually considered significant. In this section, 

procedure used in this study fo,r the identification of each mode will 

be presented. The procedure is based on the displacement and traction 

components at an interface. 



Stick'orNo~Slip Mode. An interface element is assumed to be 

in stick or no-slip mode if 

to > 0 (compressive), and n 

(3.4) 
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where, t~ is the total normal traction at the interface and Fs(t~) is 

an assumed function related to strength of the interface for sliding. 

t~ is considered positive in compression. The superscript 0 (zero)1 

denotes a total quantity. t~ is the total traction vector. In addi

tion to Eq. (3.4), for an interface element in stick mode, the (total) 

relative (normal) displacements, u~ should be zero. 

(3.5) 

In terms of sr.lution of boundary value problems, Eq. (3.5) can 

be satisfied in an approximate manner. If an element with nonzero 

thickness is used to idealize interface behavior, then even in stick 

mode, small (compressive) normal displacement between adjoining nodes 

(in thickness direction) can occur without initiation of slip or 

sliding. For a zero thickness element, Eq. (3.5) can be satisfied 

(almost) identically if it is incorporated as a constraint condition 

1. Superscript 0 (zero) on any variable denotes the total 
quantity. This notation is used throughout this dissertation, unless 
otherwise stated. 



in the fo.nnulation (see e.g. Katona et ale 1976, Urzua et ale 1977). 

In the derivation of thin-layer element, presented subsequently, 

Eqs. (3.4) are used to identify stick or no-slip mode of an element. 

Slip or' Sliding Mode. An interface element is assumed to 

undergo slip mode when 
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to > O· and 
n ' 

(3.6) 

Also, when an interface element is in slip mode, 

(3.7) 

where u~ is total normal relative displacement at the interface. 

Slip Function. IISlip function ll defines the strength of an 

interface for sliding. In general, this strength can depend on various 

factors such as normal stress, o~n at the interface, roughness of the 

interface, ~ (frictional coefficient, tan 0 is assumed to be a measure 

of interface roughness), properties of geologic medium, etc. Any· 

realistic functional can be chosen as a slip function for the inter

face. In this research Mohr-Coulomb strength of the interface is used 

as the slip function. 

F (to) = c + 0
0 tan 0 - 1-rQ\ = 0 s i a nn ·1 

for 00 > 0 (compressive) nn 

(3.8) 



where, ca is the cohesive strength of the interface, and TO is the 

total shear stress developed at the interface. The first two terms 
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in the right hand side of Eq. (3.8) represent the strength of the 

interface for sliding. The strength is proportional to the normal 

stress, cr~n; in other words, cr~n acts like a hardening parameter for 

sliding strength. Schematic representation of Eq. (3.8) is shown in 

Fig. 3.8, which is a right circular cone. The interior of the cone is 

defined by Fs{t~) < 0 (when cr~n > 0) and represents stick mode. An 

element goes into slip mode when the shear stress ITol developed at 

the interface equals the sliding strength, that is the tangential 

traction remains on the surface of the slip cone. 

Separation or Debonding Mode. An interface element is assumed 

to be in separation or debonding mode when 

t~ < 0 (tensile) (3.9) 

that is, the total normal traction becomes tensile, and also the total 

normal relative displacement, u~ > O. As mentioned previously, an 

element in separation mode can come back to stick mode (i.e. rebonding) 

at subsequent application of load. When rebonding occurs t~ > 0 and 

u~ = O. It should be noted that during rebonding interpenetration can 

occur at adjoining nodes of an element. Identification and prevention 

of interpenetration will be discussed later. 
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Slip Cone 

Figure 3.8. Graphical Representation of Slip Function, Fs(t~) 
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Proposed Interface Elements 

In the current research two different interface elements are 

developed to simulate various deformation modes of an interface. The 

first interface element called the thin-layer element has a finite 

thickness and the displacements are the primary nodal unknowns. The 

second element, referred to as "mixed interface element ll here, has zero 

thickness; both the displacements and tractions are primary nodal un

knowns here. In the following sections a description of these interface 

models will be presented. 

Thin-layer Element 

·General Description. The concept of using a "thin" element to 

simulate behavior of interfaces and joints has been a topic of research 

for Desai and his co-workers (see e.g. Desai, 1981, Desai et al. 1982 a, 

d, Lightner, 1981, Sargand, 1981, Siriwardane, 1980). Schematic dia

grams of the thin-layer element for two- and three-dimensional 

idealizations are shown in Fig. 3.9. A basic assumption is made that 

the behavior near the interface in a soil-structure interaction problem 

involves a finite thin zone, Fig. 3.9, rather than a zero thickness 

zone, as assumed in most previous investigations (e.g. Goodman et al. 

1968, Toki et ale 1981). The behavior of this thin zone can be sig

nificantly diff~rent from the behavior of the surrounding structural 

~". 



and geological materials. This is achieved by adopting appropriate 

constitutive laws for the element. In other words, the thin-layer 

element is treated essentially like any other solid (soil, rock or 

structural) element; however, its constitutive relation matrix is 

different. 
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Constitutive Relation for'Thin-Layer Element. The constitutive 

relation matrix [Ci ] of the thin-layer element is expressed as 

[
[Cnn]i [Cns]i] [C.] = 

1 [Csn]i [Css]i 
(3.10) 

where, [Cnn] = normal component, [Css] = shear component and [Cns]' 

[Csn] represent coupling effects between normal and shear behaviors. 

The subscript i denotes that the quantities are related to interface. 

Normal Behavior. As stated earlier, in most of the previous 

works related to the behavior of interface, a high value was assigned 

for the normal stiffness to avoid interpenetration of neighboring solid 

elements. Selection of this high value is often arbitrary .and does not have 

a logical basis. Since the interface is surrounded by the structural 

and geological materials, its normal properties during the deformation 

process must be dependent upon the characteristics of the thin inter

face zone, as well as the state of stress and properties of the 

surrounding elements. Based on these and other considerations, it was 

proposed to express the normal stiffness as (Desai, 1981) 
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(3.11) 

where ~!, B~, y~t (m = 1, ~, ••• ) denote the properties of the inter

face, geological (soil or rock) and structural elements, respectively. 

Equation (3.11) is assumed as 

(3.12) 

where (CnnJi denotes the normal behavior of the thin interface element, 

and AI' A2 and A3 are the participation factors varying from a to 1. 

One of the simplifications of Eq. (3.12) would be to assume A2 = A3 = a 
and Al = 1, implying that the normal component is based on the normal 

behavior of the thin-layer element evaluated just as the adjacent soil 

element. It is possible to arrive at appropriate values for Al based 

on a trial and error procedure, in which numerical solutions are com

pared with laboratory or field observations. It was found that often 

satisfactory results can be obtained by assigning the interface normal 

component the same properties as the geologic material. As long as the 

significant deformation mode is stick or no-slip these values often 

provide satisfactory results. The contribution of participation 

factors can become more important when sliding or opening initiates. 

When sliding or opening is initiated the normal stiffness 

~ ]. should assume very low value. Since, in case of opening or de-op J . 

bonding, no physical continuity is maintained at the interface between 

the structural and geological media, the actual values of (CnnJi should 

be zero for this deformation mode. However, from computational point 



102 

of view [enn]i could not be a null matrix (Johnson, 1977). In most 

previous works, arbitrarily small value was chosen for normal stiffness 

in such situation (see e.g. Goodman et a1. 1968, 1977, Toki et al. 1981). 

Since the normal behavior of interface is assumed to be dependent upon 

the stress-strain configuration and the properties of the surrounding 

elements, for slip and separation modes [enn]i can be expressed as 

10" 0 1 ~ 1 0"0 1 t 1 0 1 t 
[C ]~ = {A rs 1 + A rs 9 + A O"rs st} [I ] 

nn 1 41 0 I~ 5 1 0 1 t 6 1 0 1 t· nn 
Ers 1 Ers 9 Ers st 

(3.13) 

where A4' AS and A6 are participation factors, O"rs and Ers are the 

stress and strain tensors, respectively, superscript t denotes time or 

load step, Inn represents a unit matrix and I 1 denotes norm of a 

tensor. As indicated previously, values of A4 through A6 can be de

termined by a trial and error procedure in which numerical solutions 

are compared with laboratory test results or field observations. 

However, it should be noted that the values of Ai (i = 4, 5, 6) can 

depend on the type of problem to be solved. For a given problem Ai can 

vary with load-deformation history. Thus, for a soil-structure inter

action problem whose response is not known a priori, determination of 

appropriate values for Ai can be quite difficult. In this study, 

arbitrarily small values (of the order of 102 - 103) have been used for 

normal stiffness for an element in slip or separation mode. However, 

just for the purpose of illustration results of a direct shear test 

(described in Chapter 5) was used to determine Ai (A4 = 0.004, 
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As = 0.0 and A6 = 0.0),. The same test was back predicted using these 

values and a satisfactory correlation was observed. However, addi

tional work is required for normal behavior of interface. 

Shear'Behavior. Shear part, [Css]i' of the interface con

stitutive relation matrix is obtained using the results of direct shear 

tests (static or cyclic) of interfaces. The procedure for evaluation 

of [Css]i is shown in Fig. 3.10. The relative displacement u~ is 

related to the shear strain, e by 

(3.14) 

Relating ewith the tangent shear modulus, Gi of the interface 

o 
G. = lI- (3.15) 

1 as 

where TO is the shear stress at the interface. Using Eqs. (3.14) and 

(3.15) Gi can be written as 

G. = aTo I x t' 
1 oUr ann' N = const. (3.15) 

or 

G. = G:" x t' 
1 ' 1 ' 

(3.16) 

For two-dimensional problems, the size of [Css]i is 1 X 1 which, in 

turn, is the shear modulus, Gi of the interface. Value of ~i in 

Eq. (3.16) may depend on several factors, amplitude of relative 
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y 
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(a) Schematic of Direct Shear Test 
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t' 
~ 

(b) Deformations at the Interface 

Figure 3.10. Shear Behavior of Interface 



di sp 1 acement, uO
, i nterfa.ce thi ckness, t", the shear stres~, TO, and . r . "" 

normal stress, a~n' interfa.ce roughness, ~, etc. In case of cyclic 

loading, Gi is also dependent on number of cycles, N. For rock 

joints Gi may be a function of joint roughness and orientations of 

asperities, etc. In this study Gi is assumed as 
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(3.17) 

Implementation of this element in a finite element computer code will 

require an explicit expression for Eq. (3.17). Any logical expression 

will be acceptable for this purpose as long as the related coefficients 

of the functional can be evaluated from laboratory tests. Here, a 

polynomial form is used. 

o 0 0 2 
T = a1 + a2 ur + a3 (Ur ) (3.18) 

where, 

(3.19) 

aI' ~ and a3 are coefficients or interface parameters. ai (i = 1, 2, 

3) can be expressed in the following form 

a. = 
1 

o 2 
(61)i + (62)i a~n + (63)i (ann) + (64)i N 

(3.20) 
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Coefficients 6i (i = 1, 2, 3, 4, 5) can be evaluated from appropriate 

laboratory tests on interfaces. Evaluation of ais and 6is will be 

discussed in Chapter 4. Knowing these coefficients, ~i can be ob

tained from Eq. (3.18) by differentiating with respect to u~. 

Equation (3.16) can then be used to determine Gi . It may be noted 

that when separation or debonding occurs, the shear stiffness of the 

interface reduces to zero. Also, in case of sliding, the value of G. . 1 

becomes small. These aspects can be incorporated in the computer code 

using proper bookkeeping and logic. 

Dilatant Behavior of Thin-layer Element. If the normal and 

shear behaviors of an interface are assumed to be uncoupled, the off

diagonal submatrices [CnsJi and [CsnJi , Eq. (3.10), become null 

matrices; the dilatant behavior (i.e., volume change due to shear 

loading) of interfaces cannot be simulated using such formulation. 

Incorporation of dilatant behavior is particularly important for rock 

joints where orientations of asperities are random. The shear strength 

of a joint is mainly due to overriding and fracturing through the 

asperities. These overridings create dilation. If an interface 

element is in stick mode, the effect of dilatancy can be insignificant. 

However, for slip or sliding mode this effect may become predominant. 

A number of models have been used in the past to predict 

dilatant behavior of rock joints and interfaces. Goodman and Dubois 

(1972) proposed an iterative scheme based on perturbation method to 
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include dilatancy in the joint element proposed by Goodman et ale 

(1968). Heuze and Barbour (1982) estimated dilatancy by calculating 

dilation angle at a given load step. The friction angle was decomposed 

into residual friction angle and dilation angle; the residual friction 

angle was determined from direct shear tests of rock joints. No 

attempt was made to calculate nonzero values for the off-diagonal 

.-. terms, [Cns]i and [Csn];, Eq. (3.10). 

In general, the diff.iculty in modelling dilatant behavior of 

rock joints and interfaces arises due to the complications involved in 

determining associated parameters from laboratory or field tests. To 

overcome this difficulty attempts have been made to estimate dilatancy 

by defining [Cns]i and [Csn]i' Eq. (3.10), in terms of material parame

ters that can be obtained from conventional tests. In this study, 

dilatancy is included in the formulation by using an elastic-plastic 

constitutive relation matrix, [CePJ i , for the thin-layer element. A 

similar approach was used by Xiurun (1981) for predicting dilatancy 

using a conventional zero-thickness element. Evaluation of [CePJi is 

based on the Mohr-Coulomb failure envelope, F, Fig. 3.11 

(3.21) 

In Eq. (3.21) ca and 0 are the apparent cohesive strength and friction 

angle of the interface, respectively. cr~n and TO are the total normal 

and shear stresses, respectively. In a conventional Mohr-Coulomb 
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'T 

Failure Envelope 

Figure 3.11. (Conventional) Mohr-Coulomb Failure Criterion 
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relatio~, coeff.i.cients ca and tan 0 are associated with the ultimate 

strength of a material (or interface). However, in the context of 

present formulation ca and tan 0 are not ultimate strength parameters. 

As can be seen in Chapter 4 from the results of cyclic tests of sand

concrete interface, fo.r a given cr~n' u~ and N a set of ca and tan 0 

can be determined from test results. This set of ca and tan 0 repre

sent the shearing strength of interface for the prescribed values of 

O"~n' u~ and N. For this reason, ca and tan 0 in Eq. (3.21) are re

ferred to as the activated strength parameters. In finite element 

computations ca and 0 can be specified as a variable or as constant 

(average) parameters. This point will be further discussed in 

Chapter 4. Moreover, cr~n and TO in Eq. (3.21) are referred to the 

local coordinate axes of an interface element. Since in the finite 

element code developed herein, stresses computed at element integration 

points are referred to global coordinate system, the computed stresses 

must be transformed into l~cal coordinate before Eq. (3.21) can be used, 

that is cr~n = TO = F (cr~j). When the state of stress is such that it 

lies on the yield surface, Eq. (3.21) is always satisfied. Hence the 

variation of F will be zero. 

or 

dF = 0 

dF = 2.L dcr.. = 0 
aO"~ • lJ 

lJ 

(3.22) 
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where dcrij is the incremental stress tensor. Assuming that the incre

mental strain tensor d€ij can be decomposed into elastic and plastic 

components, it is possible to write 

(3.23) 

Here, the superscripts e and p denote elastic and plastic components, 

respectively. The incremental plastic strains, d€~. can be expressed \ . lJ 

by using the flow rule as 

d€~. = A~ 
lJ acr.~ 

lJ 

(3.24) 

Also, using generalized Hooke1s law dcrij can be written as 

(3.25) 

Using Eqs. (3.22), (3.23), (3.24) and (3.25), A can be obtained as 

aF 
~ Cmnk~ d€k~ 

A = aF C aF 
acrpq pqrs acrrs 

(3.26) 

Combining Eqs. (3.26) and (3.25), one can write 

C ~~C 
ijgh acrgh acrmn mnk~ 

[Cijk~ - aF aF .] d€k~ 
-C --ocrpq pqrs ocrrs 

(3.27) 

In matrix notation 

(3.28) 
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where ida} 'and {rl€} are the incremental stress and strain tensor~, re

spectively, and [Cep]i is the elastic-plastic constituti~e relation 

matrix for thin-layer element. Equation (3.27) can be specialized for 

two-dimensional case and F can be assumed as Mohr-Coulomb failure 

criterion, Fig. 3.11. 

Simulation'of Deformation Modes. Various deformation modes 

that an interface can experience are incorporated in the thin-layer 

element by using an iterative procedure as discussed below. It is 

assumed that before application of load (or excitation) the interface 

elements are in stick mode, and excitations are applied incrementally 

with a time increment of At. Assume that the response at time t is 

known and that we are interested to calculate the response at time 

t + At. Following procedure is adopted. 

I) Previous mode = stick or no-slip 

Given: (an~) t > 0, (-ro)t, '(Acrnn ), A:r 

i) The element will stay in stick or no-slip mode if 

or . 

and 

(3.29a) 

(3.29b) 



< 0 

ii) The element will go into slip mode if 

(~crnn) > 0 

or 

and, 

F = 1{(TO)t + ~T}J- [ca + {(crn~)t + ~crnn} tan 6J 
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(3.29c) 

(3.30a) 

(3.30b) 

> 0 (3.30c) 

a) Iterations are not required if either Eq. (3.30a) or 

(3.30b) is satisfied and F = 0, Eq. (3.30c). 

b) Iterations need to be performed within the time step 

~t if F >0 in Eq. (3.30c), until the criterion F ~ 0 

is satisfied. In each iteration, the residual value 

of F (which has the dimension of stress) is con

verted into forces and applied as self-equilibrated 

nodal loads. Necessary steps involved in the itera

tion are shown subsequently in the flow chart. 

iii) The element can go into separation or debonding mode if 

(3.31) 

In separation mode neither normal traction nor shear 

traction can be transmitted through the interface. 

That is for separation mode 
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(3.32a) 

and 

(3.32b) 

where the superscript a denotes the adjusted incremental 

stresses that will make the total stresses vanish. In 

other words, if the computed incremental stresses ~crnn and 

~T are used in Eqs. (3.32a) and (b) then the right hand 

side of these equations may not be identically equal to 

zero. 

(3.32c) 

and 

(3.32d) 

That is 

(3.32e) 

and 

~Ta = ~T - R2 (3.32f) 

Residuals Rl and R2 are converted to forces and applied 

as self-equilibrated nodal loads. Iterations are per

formed until suitable convergence is achieved. 
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II) Previous"mode"= sliding or slip 

," (ot (ot ( Glven: crnn ) >9, T) , ~crnn)' ~T 

(3.33) 

i) The element will remain in sliding mode if 

(3.34a) 

or 

(3.34b) 

and 

tan 0] ~o (3.34c) 

When F ~ 0 in Eq. (3.34c), no iterations are required, 

otherwise iterations are performed as described 

previously. 

ii) The element can come back to stick mode if 

or 

and 

F = I {(TO)" + ~TH- [Ca + {(crn~)t + ~(Jjm} 

tan 0] <0 

(3.35a) 

(3.35b) 

(3.35c) 



iii) The element can go into separation mode if 

{(on~)t + ~onn} <0 (tensile) 
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(3.36) 

Iterations are required here to approximately satisfy 

physical conditions for debonding, Eqs. (3.32). 

III) Previous mode = separation or debonding 

Given: (on~) t = 9, (TO) t = 0, (~onn)' ~T 

i) The element will remain in separation mode if 

or 

{(o o)t + ~o } < 0 nn nn 

(3.37a) 

(3.37b) 

If ~onn = 0 and ~T = 0, then no iteration is required, 

otherwise iterations need to be performed in a similar 

manner, as discussed previously. 

ii) The element can come back to stick mode (rebonding) if 

(3.38a) 

or 

(3.38b) 

and 

tan 0] < 0 (3.38c) 
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No iteration is required for this case. Also during 

rebonding, interpenetration of nodes is not permitted. 

Since the thin-layer element has (small) 

finite thickness and normal stiffness, usually inter

penetration of nodes is not expected to occur during 

rebonding. Howeve!, if for some reason interpenetra

tion occurs in a problem, required iterations can be 

performed to prevent it. In each iteration the amount 

by which nodes have interpenetrated is converted into 

self-equilibrated nodal loads and added with the 

global load vector. Details of the iterative scheme 

are given by Desai et ale (1982a). 

iii) Slip or sliding mode can be initiated if either Eq. 

(3.38a) or (3.38b) is satisfied but Eq. (3~38c) is 

violated. Required iterations are to be performed 

when this condition exists. A flow chart for the 

iterative scheme is given in the following section. 

It should be noted that the foregoing iterative schemes are 

based on initial stress approach in which global stiffness, mass and 

damping matrices are formed once during each time step; only load 

vector is changed in each iteration. Also, velocity and acceleration 

vectors are not updated during iterations. For static interaction 

problems, exactly the same analogy is used except time step is re

'placed by load step. 
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Flow Chart For Thin Element. Assume that the response (i .e .. , 

displacements, velocities, accelerations, tractions, deformation modes, 

etc.) at time t is known. Also, assume that the incremental displace

ments and tractions calculated on the basis of the information at time t 

are known. It is of interest to check whether the calculated incre-

mental displacements and tractions satisfy constraints associated with 

a mode. Ifa single constraint is violated, iterations are performed. 

Process is repeated until suitable convergence is achieved for all thin 

elements. Notations used in the flow chart are defined below. 

~~n = Incremental normal relative displacement vector due 

to excitation 

~u' = Incremental normal relative displacement vector in ·n 

{~Q} 

(crn~)t 

~crnn 

(TO)t 

~T 

INDEX cn 

one iteration 

= load vector due to self-equilibrated loads 

= Total normal interface stress at time t 

= Computed incremental normal stress at interface 

= Total shear stress at interface at time t 

= Computed incremental shear stress at interface 

= Deformation mode indicator; INDEX (I) = 1, 2, 3 for 

stick, slip and separation modes, respectively. 

Other notations used in the flow chart are self-explanatory. 



PST = Previous state or mode 

Evaluate F, Eq. (3.29c) 

Yes 

:::>------1 1NDX (1) = 1 1-----_ 

Yes 

Calculate load vector for viola
tion of F,add to {~Q} 

Compute load vector of tensile 
stress and add to {~Q} Eq. 1---------1 

1NDX (1) = 2 

Return 
(3.32 c, d) '-----

(a) Contact or· No-Slip Mode 

Figure 3.12. Flow Chart for Simulation of Deformation Modes 
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Evaluate F~ 

INDX (1) = 1 t-------..... 

Calculate load vector for viola
tion of F and add to {iQ} 

Compute load vector for . 
tensile stress and add to {~Q} 
Eq. (3.32 c~ d) 

(b) Slip or Sliding Mode 

Figure 3.12--Continued 



Known: 

Eq. 3.38c 

>--=:"="=""---.j I ND X (I) = 3 

Yes 

Find load vector for 
~T and add to {~Q} 

No 

= 1 

Check for interpenetration of 
~_~ nodes. Fi nd load vector incase 

of interpenetration. (Desai et 
ale 1982a) 

Compute load vector for 
violation of F and add 
to {~Q} 

(c) Separation or Debonding Mode 

Figure 3.12.--Continued 
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Mixed Interfa.ce Element 

General "Description. Incorporation of various deformation modes 

in an interface element is based on the traction and displacement values 

at the interface. These traction and displacement values must satisfy 

certain constraints in order that the defo.nnation is physically admissi

ble. For example, when opening or debonding occurs at an interface, 

neither normal nor shear traction can be transmitted through the inter

face. In this situation, both crn~ and TO must be zero for the debonded 

region under consideration. Similarly, when an interface element is in 

stick or no-slip mode, the relative displacements, u~, for that element 

must vanish. These and other traction and displacement criteria can be 

easily satisfied if both the tractions and displacements are the primary 

unknowns for an interface element. Fonnulation of ~ mixed interface 

element is essentially based on this concept. The mixed interface 

element used in the present study is depicted in Fig. 3.13. The element 

has nine nodes and zero thickness. Six nodes (shown bye) associated 

with surrounding solid elements have disp1aCEffiEnts as primary unknowns. 

The remaining three nodes (shown by x) have tractions as primary un

knowns. A variational principle is utilized to generate stiffness 

matrix for the element. 

Mathematical "Formulation. Consider the interaction of body 1 

and body 2 as shown in Fig. 3.14. The total contact region St is 
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• Displacements are unknowns 

x Tractions are unknowns 

x 

(a) Mixed Interface Element: Straight Side 

• Displacements are unknowns 

• Tractions are unknowns 

--------------------------~~x 

(b) Mixed Interface Element: Curve Side 

Figure 3.13. Mixed Interface Element Used in Current Research 



Body 1 

Body 2 

Body 1 

St = Total Contact Region 

Sst = Stick Region 

SSi = Slip Region 

SsP = Separation Region 

St = Sst + SSi + Ssp 
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Figure 3.14. Schematic of General Two-Dimensional Contact Problem 
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assumed to consist of $tick regio~, Sst' slip regio~, Ss~ and separa

tion region, S p. For a given load leve~, a point on the interbody . s 

boundary regi on St fall s into or remains in one of the three mode.s, 

stick mode, slip mode and separation mode. 

For stick and slip modes, the normal traction, t~ is com

pressive and the total normal relative displacemen~, u~ is zero. That 

is 

(3.39a) 

and 

u~ = 0 on Sst and Ss~ (3.39b) 

For slip mode, the slip function F = 0, Eq. (3.21). If the point re

mains in slip mode, the traction vector moves along the slip cone, 

Fig. 3.8; this is ensured by satisfying 

dF = 0 on SS~ (3.40) 

The requirement dF = 0 can be expressed as 

(s. - n· tan 0) ~t. = 0 " , (3.41) 

where si and ni are unit vectors along the direction of tangential and 

normal tractions, respectively. For separation mode the total trac

tio~, t~ is equal to zero. If the point remains in separation mode, 

the incremental tractio~, ~ti is also zero. 

t? = 0 , (3.42a) 
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and 

ati = 0 on Ssp (3.42b) 

The conditions on incremental relative displacement aUr for stick and 

slip modes can be combined into a single expression 

aUi = A~ si' on Sst and Sst 

where 

(3.43) 

Constraint conditions related to various deformation modes can be in-

cluded in the finite element formulation by making use of a modified 

variational principle as outlined in the following. A similar varia

tional principle was utilized by Urzua et al. (1977) for static analysis 

of bolted connections. 

where 

A functional I (aui , ati , !-.... ) is defined as 

I = 21 III .600 •• ae .. dV + fJI P a~ au· dV - fff if. au 1· dV 
V 1J 1J V ' . V 1 

- ff ati auidS + If ati [aui - ~ ... si] dS 
Str St 

aFi = prescribed incremental body force in V 

ati = prescribed incremental surface traction on Str 

aUi = prescribed incremental displacement on Su 

.600·· = incremental stress tensor lJ 
aeij = incremental strain tensor. 

(3.44) 
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The first fo.ur tenns in the fu.nctional I are the potential and kinetic 

energy type functions generally used in displacement fi.nite element 

fonnulation. The last tenn in the functional accounts for interface 

constraint conditions. The variables satisfy the following forced 

boundary conditions 

~ui = ~ui on Su 

~ti = 0 on Ssp 
(3.45) 

~ , = 0 on Sst and Ssp A 

",' > 0 on Ss.1 

In tenns af different element~, the functional I can be separated into 

"material ll functional and "interface" functional. 

Derivation of mass and stiffness matrices for the 'material' 

functional follows a standard procedure (see e.g. Desai and Abel, 1972, 

Gallagher, 1975, Zienkiewicz, 1971). The interface functional can be 

utilized to obtain stiffness matrix for the interface element. Thus, 

I. = iT ~t. [~u. - ",' s.] dS (3.46) , S 1 1 . 1 
t 

The incremental relative displacements ~ui can be written as 

(3.47) 

where Nm are the shape fu.nctions and ~u~ are the relative displacements 

evaluated at nodal point m. Similarly, the traction ~ti can be ex

pressed in tenns of interpolation function as 
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(3.48) 

where ~t~ is the incremental traction evaluated at node m. Also, the 

incremental shear traction is ~ti.si can be written as 

~t. s. = Nm ~t~ s~m) 
1 1 1 1 

(3.49) 

where s~m~ ~t~ represents the slip constraints evaluated at node m. 

The superscript (m) does not inter in summation convention. 

Substitution of Eqs. (3.47) through (3.49) into Eq. (3.46) will 

lead to 

(3.47) 

or 

(3.48) 

where 

emn = Jf Nm Nn dS 
St 

are the interface stiffness coefficients, and Am are the Lagrangian 

multipliers for those nodes which are in slip modes. In the two-dimen

sional problems considered herein, the shape functions Nm = F(~) are 

given by 



N
1 = ~ ~ (~ - 1) 

N2 = (1 - e) 
N3 = ~ ~ (t; + 1) 
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(3.49) 

The sum of the interface functional, Ii' for all the interface elements 

can be expressed as 

~~HF 1. = L~t.} [C ] {.~u.} - {A}T [S.] {[).t.}T 
i = 1 1 1 mn 1 1 1 

(3.50) 

where NIF denotes the number of interface elements and superscript T 

denotes transpose of a matrix. The matrices in Eq. (3.50) are ob

tained by appropriately adding the contributions of each term in 

Eq. (3.49) for all the interface elements. The equilibrium equations 

can now be obtained by giving an independent variation to each of the 

variables in the functional Ii (viz, [).u i ' [).ti and A). Thus,. 

NIF o (Ii ) = {o [).ti } [Cmn] {[).ui } + {o [).ui} [emn] {[).ti } 

- {oA}T [Si]T {[).ti } - {o [).ti } [~] {A} (3.51) 

Equation (3.51) can be added to the corresponding equilibrium equations 

generated from the 'material functional' to obtain a complete set of 

simultaneous algebraic equations, which represents the response of the 

system under consideration including the behavior of interfaces. These 

equations can be solved using an incremental procedure. Since both 

tractions and displacements are treated as primary unknowns, the global 

stiffness matrix will contain zero terms on the main diagonal and may 
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not be positive definite. An equation solver capable of handling this 

situation may be required. However, the present investigation has shown 

that if the number of interface elements is fewer (or significantly 

less) than the number of regular solid elements, and if ~he node numbers 

are marked in such a way that the interface nodes do not appear in the 

beginning, then an ordinary equation solver based on Gaussian elimina

tion is found adequate. From Eq. (3.51) it can be noted that [Cmn] is 

associated with the coupling between traction {~ti} ~nd displacement 

{~ui}. Also, unlike conventional displacement finite element formula

tion, [Cmn] will appear twice in the global stiffness matrix. As an 

illustration, consider a soil-structure interaction problem shown in 

Fig. 3.15. Region IAI presents the structure and contains all the 

nodes from the structure that do not lie along the interbody boundary 

region St. Similarly, region 181 represents the supporting soil medium 

and contains all soil nodes except those lying on St. Regions la l and 

Ib l represent the remaining parts of IAI and 18 1, respectively. The 

total stiffness matrix of the entire system will be of the following 

form: 



"'/A:>' 

Interface 
(Thickness = 0) 

'/~ """'" M~ 

'A' 

.. ,: .......... -.; ..... 
"A'" ,- IF"'>- ",.,. 

Region B 
~oil Medium 

Figure 3.15. Discretization of A Soil-Structure Interaction 
Problem Using Mixed Interface Element 
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[KAA] [KAa] [0] 

[KaA] [Kaa] [0] 

[0] [0] 

[0]. [0] 

[0] 

[0] [0] [0] 

[0] 

[0] 

[0] 
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[0] [0] 

[0] 
(3.52) 

[S.]T [0] , {A} 

It should be noted that the unknown vector {A} in Eq. (3.52) is related 

to lagrangian multipliers and appears only for those inte~face nodes 

which are in slip or sliding mode (see Eq. 3.43). For all other modes 

this quantity is zero. It should also be noted that since the "mixed 

interface element" has zero thickness, it does not contribute to the' 

global mass matrix. Evaluation of damping matrix for the interface is 

also not required because in the present formulation interface damping 

is included through the use of nonlinear constitutive relat10n in

cluding loading, unloading and reloading aspects. The material parame

ters (ca and 0) associated with the model can be evaluated from 

laboratory tests of interfaces. Evaluation of ca and 0 is discussed in 

Chapter 4. 



132 

Simulation· of Deformation Modes. The criterion for identifying 

a deformation mode is essentially similar in both 'thin-layer' and 

'mixed' interface elements. However, in terms of implementation there 

is a basic difference between the two models. The solution procedure 

including thin-layer element is based on an incremental-iterative 

scheme in which at each load (or time) step deformation modes are simu

lated by iterations. Iterations are required to satisfy various 

constraints associated with deformation modes. On the other hand, 

implementation of mixed interface element is based on an incremental 

procedure in which constraints related to deformation·modes are satis

fied using a variational principle and load factors described 

subsequently. For illustration consider the prob1em of Fig. 3.15. 

Assume that the response of the system is known at time, t, and we are 

interested to calculate the response at time t + ~t. Based on the 

status of interface elements at time t, a trial. response, {~ui}' {~ti} 

can be evaluated. Suppose that a stress node at time t was in contact 

mode. That is 

U
O = a n 

(3.53) 
to > a 
n 

and 
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From the trial respons~!t it is found that 

(3.54a) 

(3.54b) 

and 

F = [1(To + ~Tc)l_ {c + (0" 0 + ~O" c) tan a}] > 0 a nn nn (3.54c) 

As noted earlier!t F = 0 represents sliding and F>O is not physically ad

missible. It is possible to find a fraction of AT (i.e., LF. ~T) which 

will just initiate sliding. In other words, 

where LF is called the load factor. Similarly, load factors for other 

stress nodes which change Istate l during t to (t + ~t) can be calculated. 

Each load factor represents the lowest fraction of the load which will 

cause that node to change Istate l
• The minimum load factor!t LFmin will 

determine the fraction of the load increment which is Ipassed l and all 

the results will be scaled accordingly. 

(3.55a) 

{~t~} = LF. {~t~} 
1 mln 1 

(3.55b) 

where the superscript c is used to indicate computed incremental quan

tities. The superscript a in Eqs. (3.55) indicates adjusted or 

corrected displacements and tractions which can be added to (u~)t 
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and (t?)t. The remaining load, (1 - LFm~n) x {~Q}t, is applied after 
1 UI •• 

required change of status has been made for all nodes. Velocity and 

acceleration vectors are updated accordingly and the process is re

peated. Computations of load factors for various deformation modes are 

given in Appendix A. 

Comment. The mixed interface element was developed during the 

initial phase of this research. This interface element has been imple

mented in a finite element computer code called as 'the mixed element 

code' here. The thin-layer element was developed at a later stage of 

the research and has been implemented in a computer code referred to as 

'thin-layer code' here. The solution of a soil-structure interaction 

problem (Chapter 5) using both the codes indicated that computationally 

thin-layer code is less expensive and yet can provide satisfactory simu

lation of interface behavior. For this and other reasons most of the 

soil-structure interaction problems examined in this dissertation have 

been solved using the thin-layer code. 

Computer Programs for Dynamic Analysis 
of Soil-Structure Interaction Problems 

In the present study two computer codes are developed for non

linear finite element analysis of soil-structure interaction problems 

including the behavior of interfaces. Behavior of interfaces between 

structure and geologic (soil or rock) medium are simulated using two 



135 

interface elements developed in this study. The first interface element 

called the thin-layer element is implemented in the first computer code. 

The second interface elemen:t, referred to as "mixed interface element" 

is implemented in the other computer code. The main features of these 

codes are briefly described below. 

a) Type of problems: The codes are capable of solving a 

variety of $olid mechanics and soil-structure inter

action problems which can be idealized as plane stress, 

plane strain or axisymmetric problems. A problem can 

be solved either in time domain or in frequency domain. 

In frequency domain analysis, the solution is assumed 

to be harmonic and valid for only linear systems. Thus, 

if either material nonlinearity or interface non

linearity is to be considered in the analysis, time 

domain solution can be used. 

b) Material properties: Stress-strain response can be 

treated as linear elastic or elastic-plastic. Cap model 

is used to simulate nonlinear elastic-plastic behavior 

of soils. For a given problem, some elements can be 

assigned linear elastic properties and the remaining 

elements can be assigned nonlinear properties. This 

aspect can be useful fO,r interaction problems where 

structural material may remain elastic but soil can 

undergo plastic deformation. 

"\, 



c} Interface behavior: Relative movements can occur at 

an interface at various stages of loading. Stick or 

no-slip, slip or sliding, separation or debonding 

(including rebonding aspects), are considered sig

nificant deformation modes fo.r an interface. These 

deformation modes are included in the thin-layer 

element formulation by using an incremental iterative 

approach in which physical constraints associated 

with the defo.rmation modes are satisfied by means of 

iterations. In each iteration the computed interface 

stresses are compared with the acceptable stresses 

and the difference is converted into self-equilibra~ed 

nodal loads and applied in the system. Dilatant 

behavior of the thin-layer element is included in the 

formulation by using elastic-plastic constitutive re

lations based on Mohr-Coulomb criterion. 

In the mixed interface element a modified 

variational principle is utilized to implement the 

deformation modes in the formulation and to satisfy 

various stress conditions at the stress nodes. Load 

factor is computed to determine what fraction of the 

applied load will cause a stress node to change its 

state. 
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d) loads: For static problems the codes can handle both 

distributed loads and concentrated nodal loads. For 

nonlinear analysis loads are applied in increments. 

For dynamic problems the excitation can be provided 

as force-time history or as displacement-time history, 

as long as the input are consistent. 

e} Mass and damping: Either consistent or lumped mass 

matrix can be used in the analysis. Rayleigh damping 

is used to approximate (frictional) material damping 

of a system. When proper nonlinear constitutive 

relations are used, no material damping is necessary. 

f) Program output: The programs print out load-displace

ment history at nodal points. For dynamic analysis, 

in addition to nodal displacements, velocity and. 

acceleration histories are also printed by the codes. 

The codes can calculate and print stresses at element 

integration points at user's option. 

g} Plotting: The deflected shape of a system can be 

plotted at user's option. Nodal displacement, velocity 

and acceleration histories can be stored on tapes for 

post processing, at user's option. 
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h) Options: To isolate the behavior of .interfaces, a 

problem can be solved by considering only interface 

nonlinearity. Material nonlinearity can be considered 

at user's option. Also, for dynamic problems non

reflecting boundaries can be included in the analysis 

at user's option. 

Note: The code with mixed interface element cannot 

handle material nonlinearity in its present 

form. 
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CHAPTER 4 

LABORATORY TESTING OF INTERFACES 

General 

Implementation of the proposed interface elements described in 

Chapter 3 in the finite element computer codes for solving boundary 

value problems requires realistic values for the interface parameters 

associated with the models. Whatever sophisticated mathematical formu

lations are used to idealize the behavior of interfaces, numerical 

results of boundary value or field problems will be subject to errors 

unless reasonable values are assigned to the related parameters. There

fore, it is very important that the mathematical formulation should be 

such that associated parameters can be evaluated from appropriate 

laboratory 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 under a variety of loading conditions. In this 

chapter a brief review of the available testing devices will be 

presented. 

Recently Desai (1980) has developed a CYclic-Multi-Qegree-Qf

freedom (CYMDOF) shear device for testing of interfaces under various 

significant deformation modes. This device has been used in this 
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dissertation to study the behavior of ~and-concrete interfaces and to 

obtain required parameters for the proposed interface models. A brief 

description of the device, its capabilities, typical test results and 

the procedures adopted for the evaluation of interface parameters will 

be presented in this chapter. 

Review of Existing' Devices 

Direct Shear Device 

Static direct shear tests are often used to derive numerical 

values for the interface or joint parameters. In this test two speci

mens usually having different properties, in contact with each other, 

are placed in the shear box and normal loads are first applied on the 

specimen. After the normal load reaches a desired value, shear loads 

are applied gradually and the load-displacement histories are recorded. 

For example, consider the direct shear test of a rock joint. When a 

normal load is applied to a rock joint, the joint and the rock blocks 

(above and below the joint) shorten. If the strength of rock blocks is 

significantly higher than the strength of the joint, then in the range 

of normal load of practical interest the shortening of rock blocks can 

be considered elastic. Subtracting the elastic deformation from the 

total shortening yields the joint normal deformation which can be 

plotted against the applied force per unit length. Fig. 4.1 shows a 

schematic of results from such an experiment. In the pre-peak region, 
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~---- Curve A 

,~ ... ",,,., .. , 

Interface 

Normal Strain 

Curve B 

Relative Displacement, ur 

Figure 4.1. Direct Shear Tests of Interfaces and Joints 
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the slope of the curve A gives the unit normal joint stiffness, k . nn 
Similarly for shear loading the relative displacement, u can be . r 

plotted against the shearing fo.rce per unit area and the slope of such 

a curve gives the unit tangential stiffness of the join:t, kss • 

Potyondy (1961) performed a comprehensive series of direct shear 

tests for interfaces between concrete and soil (sand, clay). From a 

design viewpoint, the following results are reported: 

and 

ca C = 0.48 to 0.81 
h 

CPs a; = 0.82 to 1.04 

(4.1) 

(4.2) 

where ch = cohesive strength of clay, CPs = angle of friction of sand, 

and ca and 0 are the strength parameters for interfaces. Coyle and 

Suleiman (1967), Desai (1974, 1976), Mohan and Chandra (1961), 

Tomlinson (1957), Watt et ale (1969), and others have reported direct 

shear test data to eval~ate interface strength parameters. In the con

text of rock joint~, Barton (1976) has given a comprehensive 

consideration to factors such as filled discontinuities, sliding along 

filled joints, dilatancy and pore pressures; such results can be relevant 

to interfaces (Desai, 1981). 
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Although a direct shear test is relatively easy to perform, 

there are several limitations in using this test: i) the direction of 

critical stress can be inclined to the direction of shearing, ii) maxi

mum shearing stress can be greater than the measured shear stress 

parallel to the axis of shear box, iii) rate of application of load is 

usually very slow and can be considered as static load. 

Annular Shear Device 

To eliminate (or reduce) some of the discrepancies of a direct 

shear test, Brummund and Leonard (1973) proposed a modified test device 

for determining interface or joint parameters under static and dynamic 

loading conditions. The schematic diagram of the device is shown in 

Fig. 4.2. Here interface is introduced as the circumference of a 

circular rod which is inserted coaxially into a cylinder of soil. The 

soil is surrounded by a light membrane. Shearing stress, static or 

dynamic, is applied through an axial load to the rod. Values of co

efficients of friction, 0, are measured and plotted against the applied 

loads; the slope of such a curve is proportional to the joint parameter. 

Using this device, Brummund and Leonard (1973) tested smooth and 

rough concrete interfaces under both static and dynamic loading condi

tions. In this device, it is not certain whether uniform state of 

stress is achieved in the interface. Also, any eccentricity in the 

placing of annular shear ring will cause complexity in stress distribu

tion across the interface. 



(a) Static Model 

F 

(b) Dynamic Model 

Figure 4.2. Annular Shear Device 

Reaction 
Ring 
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Ring Shear Device 

Huck et al. (1974) have developed a pure shear device for 

testing interface behavior under static and dynamic loading conditions. 

A schematic of the device is shown in Fig. 4.3. The device can induce 

uniform states of stress~ and can measure the full stress tensors. The 

soil specimen is an annul as of diameter 17.7 em with inside diameter of 

12.7 em and height of 2.5 em. The specimen is confined by membranes and 

is loaded at top and bottom by concrete surfaces. Provision is made for 

pore pressure measurements at the interface. Under the application of 

load, the interface behavior (deformation) is observed and plotted from 

which interface parameters can be obtained. Huck et al. (1974) also 

proposed an analytical model based on both deterministic and statistical 

approaches for characterizing interface behavior. 

CYclic !ulti-Qegree-Qf-£reedom Shear Device (CYMDOF) 

Recently Desai (1980) has developed a device called CYMDOF for 

testing of interfaces and joints under both static and dynamic (cyclic) 

loading conditions for simu1ation of translational, torsional and 

rocking modes of deformation. The details of design, development and 

construction of the device are given by Desai (1980). A brief descrip

tion of the device is reproduced herein for the sake of completeness. 

The translat10nal part of the CYMDOF shear device, shown in Fig. 4.4, 

essentially consists of a large shear box. The bottom half of the box 



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

Figure 4.3. Ring Shear Device (After Huck 
et al. 1974) 
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Figure 4.4. The CYMDOF Shear Device (After Desai, 1980) 
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Figure 4.4 
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is fixed to a frame which is designed to withstand a (vertical or 

horizontal) load up to 30 tons (2.72 x 104 kg), and the top box is 

loaded by a horizontal actuator of approximately 7 tons (6.35 x 103 kg) 

capacity. Normal load is applied through a vertical actuator of about 

7 tons (6.35 x 103 kg) capacity. The bottom part of the box is 

16 11 X 1611 X 911 (40 ems x 40 ems x 23 ems) and the top part is 

1211 x 1211 X 9" (30.5 cms x 30.5 cms x 23 ems). The horizontal hydraulic 

cylinder is fixed to one of the vertical members of the loading frame. 

The vertical hydraulic cylinder is fixed to the junction point of upper 

diagonal members of the frame through a pin joint. A hydraulic pump of 

3000 psi (2.07 x 104 kPa) and 30 gpm capacity, supplies the required 

pressure input. Load cells, to monitor horizontal and vertical loads, 

and hinear !ariable Qifferential Iransformers (LVDT), to record horizon

tal and vertical displacements, are controlled by MrS electronic control 

units, Fig. 4.5. A function generator allows load application in a 

variety of form. 
... 

The forces and displacements are measured in the vertical and 

horizontal directions by using load cells and LVDT's in the respective 

directions. 

The load cell used is a fatigue rated flat load cell of elec

trical resistance type. It is calibrated to give a load of ± 12,000 

lbs (± 53.4 kN). The LVDT's consist of a thin rod sliding in a vented 



Figure 4.5. MTS Control Unit and Data Acquisition Unit DIGITAL MINe 
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Figure 4.5 
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casing. The movement of the rod into the casing provides a linear 

(hysteresis free) relationship between voltage output and displacement. 

The LVDT's are calibrated to read ± 10 volts for a displacement of 

± 1 inch (± 2.54 em). 

The cylinders are connected to an electronic servo controller 

system through servo-values. The readouts of the load cells and LVDT's 

are fed into an automatic data-acquisition mini-computer (DIGITAL 

MINC-11) which can store voltage output on an 8" (20.32 cm) floppy 

disk. Voltage output is converted into loads and displacements and is 

printed out in tabular form using the MINC for further processing. 

Capabilities and Limitations of the Device 

The CYMDOF shear device is a very useful piece of equipment for 

simulation of interface behavior in the laboratory. Some of the capa

bilities and limitations of the device are given below. 

j) Both stress controlled and strain controlled tests can be 

conducted in this device. 

ii) Loads can be applied independently in horizontal and 

vertical directions. 

iii) Specimen can be tested under static, cyclic.and some. 

other loading conditions. 

iv) In its present form, maximum frequency of the applied 

cyclic load is about 5Hz. 
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v) At this time, the device can be used to test interface 

behavior for only translational modes. However, modi

fications of the device are being made by Desai and his 

co-workers to test interfaces under torsional and 

rocking modes of deformation, including provision for 

pore pressure measurements • 

. Sand~Concrete'Interface Tests 
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In this study, CYMDOF shear device is used to test the behavior 

of interfaces between sand and concrete under translational mode of de

formation. The concrete here represents the foundation of a structure 

and sand represents the supporting soil medium, Fig. 1.la. 

Sand. Standard dry Ottawa sand, passing #20 sieve and retained 

on #40 siev~, is used in the interface tests reported herein. The grain 

size distribution and other properties of the sand can be found in the 

work of Mould (1979). Ottawa sand is a highly uniform medium sand with 

subrounded grains and possesses relatively consistent material proper

ties. Due to these and other reasons, Ottawa sand has been a very 

popular geologic material for testing purposes. 

Concrete. Concrete blocks (Fig. 4.6) used for the tests are 

made from a mix consisting of broken stones, sand and cement. Approxi

mate ratio (by weight) of the aggregate, sand and cement in the mix is 

3.4:3:1, respectively. The water/cement ratio of the mix is 



3.0" 
~~----r-----------4-~ 

.. 1.-----.... ----15~~~~ 

Figure 4.6. Concrete Block Used in the Cyclic 
Tests of Sand-Concrete Interface 
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approximately 0.5. Mechanical concrete mixer is used for uniform 

mixing and wooden moulds are used for casting. The concrete mix is 

poured into the mould and vibrated with a needle vibrator for 2-3 

minutes. After about 24 hours, the wooden mould is removed and the 

block is cured for seven days. Cured concrete block is left dry for 

about a week before it is tested. The compressive strength of the 

block is about 3000 psi (20670 kPa) • 

. Factors Involved in Interface Behaviot'. The behavior of sand

concrete interface can be influenced by many factors. Some of these 

factors are given below: 

i) Strength and other properties of sand 
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ii) Strength and other characteristic properties of concrete 

iii) Roughness, cohesion and other characteristics of interface 

iv) Magnitude and nature of applied loads 

v) Assumptions involved in the design of the device, testing 

and measurements 

vi) Human errors involved in preparing sample, testing, 

measuring response, processing recorded data, inter

preting the results, etc. 

Testing. Program 

In the present study, sand-concrete interfaces are tested in the 

CYMDOF shear device for cyclic translational mode. Concrete block is 
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placed in the bottom box; it is centered and oriented in such a way that 

the edges of the block remain parallel with the edges of the box. Any 

further movement of the concrete block is prevented by inserting wooden 

or steel wedges in the gap between the block and the box. After top box 

is placed in position and centered properly, sand is poured in and com

pacted manually, using a steel rod to obtain an initial unit weight of 

approximately 103 lb/ft3 (1.65 x 10-3 kg/cm3). This unit weight of 

Ottawa sand corresponds to a relative density of 65% and a state of 

"medium dense II (Lambe and Whitman, 1976). A rubber membrane is pro

vided between the concrete block and the inner side of the top box, as 

shown in Fig. 4.7, to confine movements of sand within the box (Desai 

et al. 1982c). A wooden square board is placed on the surface of the 

sand and below the cover plate (Fig. 4.7) and the vertical hydraulic 

cylinder is placed in position. All electrical connections are restored 

and checked. The MTS control unit is now switched on, the hydraulic 

pump is started and the data acquisition system is activated. Test 

parameters such as frequency, type of test (stress controlled or strain 

controlled), type of load (cyclic, ramp, etc.), etc., are set by ad

justing appropriate knobs. 

A desired normal load is applied gradually to the sample by the 

vertical hydraulic cylinder. The normal load values and the corre

sponding LVDT readings are noted. The amplitude of cyclic ho~izontal 

displacement (or load, depending upon the test) is then set. The 
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Figure 4.7. Schematic of Sand-Concrete Interface 
Test (Desai et al. 1982c, Drumm, 1982) 
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interactive computer code developed for data acquisition is run on the 

MINe (Desai et ale 1982c). The cyclic translational load is then 

applied. The MINe reads LVDT and load cell channels and stores the 

load-displacement histories as voltage at selected cycles of the test. 

At each selected cycle, the MINe reads a specified number of load

displacement values for both horizontal and vertical axes so that the 

complete load-displacement behavior during that cycle can be plotted. 

Parametric' Study. As mentioned earlier in this chapter, the 

behavior of interfaces can be influenced by many factors. The effect of 

some of these factors on the cyclic behavior of sand-concrete interface 

is investigated herein. The following parameters are included in the 

investigation: 

i) Amplitude of relative (horizontal) displacement 

ii) Amplitude of normal load 

iii) Frequency of applied (horizontal) load or displacement 

iv) Type of test (stress controlled test or strain 

controlled test). 

Other parameters such as initial relative density of sand, 

interface roughness, nature of applied load~ deformation modes, etc., 

are kept constant for all the tests conducted for this study. A de

tailed experimental study of interface behavior using the same device 

is being conducted by Drumm (1982). 
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Test Results 

Typical results of ~he sand-concrete interface tests obtained 

from the CYMDOF shear device will be presented in this section. 

Strain Controlled Test. Interface shear stress, L and relative 

displacement, ur at cycles, N = 5 and 10 are plotted in Fig. 4.8a. The 

corresponding results at cycles, N = 50 and 100 are shown in Fig. 4.8b. 

These results correspond to a normal stress, (ann) = 40 psi (275.6 kPa), 

frequency, n = 1Hz, and an amplitude of relative displacement, u~ = 
± 0.2 inch (± 0.5 em). From Figs. 4.8a and 4.8b, it is seen that the 

maximum value of the interface shear stress, Lm increases with number of 

cycles, the rate of increase of Lm being higher at low number of cycles. 

The increase in Lm from 2nd cycle to 50th cycle is about 20 percent, 

while the increase in Lm in the next 50 cycles is only about 7 percent. 

This is due in part to the lower value of the initial density of sand. 

Due to confinement and applied normal stress, the relative density (or 

unit weight, ys) of sand increases with number of cycles, N. The varia

tion of ys with N, for n = 1 Hz and u~ = ± 0.2 inch (± 0.5 em), is 

shown in Fig. 4.9. Although the initial density for all the three tests 

in Fig. 4.9 was about the same (103 lb/ft3 = 1.65 x 10-3 kg/em3.>, in the 

figure (for N = 1) they appear to be different. This is because the 

plotted densities were measured after the application of normal stress, 

ann. Also, the calculated ys based on the measured vertical deflection 



,...... 
'r-
en 
a. ......, 
I-' 

1 psi = 6.89 kPa 20.0 
1 inch = 2.54 cm 

ur (inch) 

N = 5 cycle 

- N = 10 cycle 

Figure 4.8(a). T versus ur Curves at N = 5 and 10 Cycles, 
for n = 1 Hz and ann = 40 psi (275.6 kPa) .... 

01 
co 



........ 
'r-
III 
0---
I-' 

1 psi = 6.89 kPa 20.0 
1 inch = 2.54 cm 

0.0 

-10.0 

Ur (inch) 

N = 50 cycle 

A-- • N = 100 cycle 

Figure 4.8(b). L versus ur Curves at N = 50 and 100 Cycles, 
for n = 1 Hz and ann = 40 psi (275.6 kPa) ..... 

U1 
\0 



~ 
(V) 

~ 
:0-..... ....... 

115.0 

>-111 

110.0 

105.0 

100.0 
1 

o ann = 40 psi 

• ann = 30 psi 

A ann = 10 psi 

10 

1 psi = 6.89 kPa 
1 inch = 2.54 cm 

- -- ------

100 1000 

Figure 4.9. Variation of Ys with N~ for Q = 1 Hz and u~ = ± 0.2 inch (± 0.5 em) .... 
0'1 o 



(Fig. 4.4) are higher than the actual densities, because of the pene

tration of wooden board in the sand (Fig. 4.7). However, if the 

initial density of sand is very high (e.g .• , very dense sand), then a 

reverse trend in the variation of Ys with N can be observed (Drumm, 

1983) . 

From L versus ur plot, Figs. 4.8, the peak shear stress, Lm' 

can be read for a given number of cycle, N. These Lm can be plotted 

against N as shown in Fig. 4.10. Similar plots can be obtained for 

different u~ and n. These plots will be useful in obtaining constitu

tive parameters for interfaces. 

Influence of Selected Factors 
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Amplitude of Relative Displacement, u~. To study the influence 

of amplitude of relative displacement on the behavior of sand-concrete 

interface, tests are performed with four different values of u~. These 

selected values of u~ are ± 0.3 inch (± 0.76 em), ± 0.2 inch (± 0.50 em), 

± 0.15 inch (± 0.38 em) and ± 0.1 inch (± 0.25 em). 

Influence of amplitude of relative displacement, u~, on L versus 

ur response, for ann = 20 psi (137.8 kPa) and n = 1Hz, at N = 10 cycle 

is shown in Fig. 4.11. As one can expec~, it is seen that Lm increases 

with u~. Due to an increase in u~ from ± 0.1 inch (± 0.25 em) to 

± 0.3 inch (± 0.76 em), Tm increases by approximately 24%. Similar 

plots of L vs. ur for ann = 30 psi (206.7 kPa) and 40 psi (275.6 kPa) 
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are presented in Figs. 4.12 and 4.1~, respectively. Corresponding in

crease in Lm for ann = 30 psi (206.7 kPa) and 40 psi (275.6 kPa) are 

21.0% and 20.0%~, respectively. L versus ur relationship for other 

cycles can be plotted in a similar manner. Typical results for N = 50 

and 250 cycles are depicted in Appendix B in Figs. B.1 through B.6. 

For N = 50 cycle and ann = 20 psi (137.8 kPa), 30 psi (206.7 kPa) and 

40 psi (275.6 kPa), increases in Lm for increasing u~ from ± 0.1 inch 
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(± 0.25 cm) to ± 0.3 inch (± 0.76 em), are about 19, 18 and 23 percents, 

respectively. For N ~ 250 cycles, the corresponding increase in Lm are 

18.0%, 21.0% and 35.0%, respectively, for ann = 20 psi (137.8 kPa), 30 

psi (206.7 kPa) and 40 psi (275.6 kPa). A summary of these results is 

presented in Table 4.1. It should be mentioned that for all the tests 

of Table 4.1, the frequency, Q, is 1 Hz and initial density of sand, ys' 

is 103 lb/ft3 (1.65 x 10-3 kg/cm3). Results for u~ = ± 0.15 inch 

(± 0.38 cm) are not shown here to avoid overcrowding of figures. 

Normal.Stress, ann- The behavior of frictional interfaces can 

be significantly influenced by the normal stress, ann. When ann is 

compressive, then an increase in ann will increase the shear strength of 

an interface. Thus, ann acts like a hardening parameter for the shear 

behavior of frictional interfaces. This is particularly true for inter

faces with insignificant or zero cohesive strength; that is, the 

strength of the interface is primarily achieved due to friction. If ann 
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Table 4.1. Influence of Amplitude of Relative Displacement 
on. Interface Shear Stress 

.... 

ann (psi) 

20 

30 

40 

. . 

Increase in Lm.(%) for+~ncre~sing u~ 
.from ± 0.1 lnch.to _ 0.3 lnch 

N = 10 N = 50 

24.0 19.0 

21.0 18.0 

20.0 23.0 

1 psi = 6.89 kPa 

1 inch = 2.54 em 

N = 250 

18.0 

21.0 

35.0 
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is tensile, then increasing a will reduce or soften the interface . nn 
shear strength. The degree of hardening or softening due to change in 

ann depends on the model chosen to idealize the behavior of interfaces. 

For example, in Mohr-Coulomb criterion used herein the hardening due to 

ann is assumed as linear. This is illustrated in Fig. 3.8. 

To investigate the influence of normal stress, ann' on the be

havior of sand-concrete interface, tests are performed with four 

different values of ann; namely, 10 psi (68.9 kPa), 20 psi (137.8 kPa), 

30 Psi (206.7 kPa) and 40 Psi (275.6 kPa). For all these tests, the 

frequency of forcing function, Q, is kept constant at 1 Hz. 

For u~ = ± 0.2 inch (± 0.5 em) and N = 5 cycle, the variation 

of L with ur for different ann is shown in Fig. 4.14. It is observed 

that due to an increase in ann from 20 psi (137.8 kPa) to 30 Psi 

(206.7 kPa), Lm is increased by about 30%. If ann is increased further 

to 40 psi (275.6 kPa), the corresponding increase in Lm is in the order 

of 9%. Influence of ann on L versus ur responses at N = 10 and 50 

cycles is shown in Figs. 4.15 and 4.16, respectively. Similar results 

for u~ = ± 0.3 inch (± 0.76 cm) are presented in Appendix B in Figs. B.7 

through B.9. These results seem to be consistent and reasonable. From 

these results it is observed that the relation between the change in Lm 

due to a change in ann is nonlinear. This relation can be expressed in 

functional fo.rm and the coefficients related to the fu.nctional can be 

used in numerical analysis of interface behavior. 
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In actual boundary val~e problems ann will change with applied 

excitation. In soil-structure interaction problems, the initial value 

of ann depends on the weight of the structure, depth of embedment (of 

structure) and in-situ stress distribution in the geologic media. The 

CYMDOF shear device is capable of simulating normal stresse~, ann' up to 

approximately 100 psi (689 kPa); however, in the present testing program 

maximum ann used is only 40 psi (275.6 kPa). The rubber membrane which 

confines the sand in the upper box is attached to the top box using a 

strong adhesive tape and to the concrete block (in the bottom box) by 

steel angle as shown in Fig. 4.7. The two steel angles are connected 

to each other by two 1/4 inch (0.63 em) diameter rods threaded at both 

ends. The adhesive tape attachment or sealing easily wears out at 

higher normal stress; also the rubber membrane sags or deflects too much 

at higher ann which can cause jamming of sand in the gap between con

crete block and upper box. For this reason ann is not increased beyond 

40 psi (275.6 kPa) in the current testing program. However, this is not 

a limitation of the device itself. ann can be increased further if 

above-mentioned difficulties are overcome. Such difficulties do not 

arise when the size of the material in the top box is larger than the 

gap between the concrete block and the top box; e.g. ballast-concrete 

interface test (Janardhanam, 1981). 

Frequency" of" load or Displacement. To investigate the effect of 

frequency of applied cyclic load or displacement on the behavior of 
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sand-concrete interfaces, tests are perf~rmed at two different fre

quencies; namely, 0.25 Hz and 1 Hz. Typical results obtained from these 

tests are presented below. 

Figure 4.17 shows the influence of frequency, n, on the varia

tion of interface shear stress, T, with relative displacemen~, ur at 

N = 5 cycle. These results correspond to ann = 40 psi (275.6 kPa) and 

u~ = ± 0.2 inch (± 0.50 em). From Fig. 4.17, it is observed that the 

shape of the T versus ur curves for both f~equencies is approximately 

the same during the entire cycle. At ur = 0.2 inch (0.5 em), T = 16.6 

psi (114.4 kPa) and 17.3 psi (119.2 kPa), for n = 0.25 Hz and 1 Hz, 

respectively. Similarly, for ur = - 0.2 inch (- 0.5 em), the corre

sponding values of Tare 16.4 psi (113.0 kPa) and 15.9 psi (109.5 kPa), 

respectively. Thus, T versus ur response is not significantly affected 

due to the change in frequency of applied cyclic load or displacement. 

From Fig. 4.17, it is also observed that, if the T versus ur curve for 

n = 0.25 Hz is translated rigid bodily along the positive direction of 

T, then this curve almost matches with the corresponding response for 

n = 1 Hz. Similar comparisons for N = 8, 20, 50 and 100 are shown in 

Appendix B in Figs. B.10 through 8.13. In all these figures, it is seen 

that the change of n from 0.25 Hz to 1 Hz does not influence the T 

versus ur relationship at any stage of loading. 

Typical results for ann = 20 psi (137.8 kPa) are depicted in 

Figs. B.14 and B.15 for two representative cycles; namely, N = 5 and 20 

cycles. Similar observations can be made from these figures. From 
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these figure~, it can be concluded tha~, (in the ranges considered) the 

frequency of excitation, Q, does not predominantly affect the cyclic 

behavior of sand-concrete interface. 

l 

Stress Controlled"Test. In a cyclic stress controlled test, a 

cyclic force of known amplitude is applied to the sample in the top box 

through the horizontal hydraulic cylinder, Fig. 4.4. For example, in a 

cyclic sinusoidal test, the applied forcing function is sinusoidal, but 

the resulting relative displacement, ur history may not necessarily be 

sinusoidal; a reverse statement is true for strain controlled test. 

Evaluation of interface parameters can be based either on strain 

controlled tests or on stress controlled tests or both. Choice of test 

type would not make much difference on the values of the parameters as 

long as tests are conducted with reasonable accuracy and test results 

are consistent. Most of the tests performed herein for obtaining inter

face parameters and for examining the behavior of interfaces are strain 

controlled tests. However, a stress controlled test is performed and 

its response is compared with the finitie element predictions. The 

interface parameters used in this simulation are obtained from the 

strain controlled tests. Comparison between experimental and finite 

element results is present in Chapter 5. 
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Determination of Interface Parameters 

The stress-strain relations of the interface elements used in 

the current research are based on material parameters described in 

Chapter 3. Applications of these elements to the solution of boundary 

value problems would require numerical values for these parameters. To 

obtain accurate and acceptable results for a complex boundary value 

problem, it is essential that realistic values be assigned to these 

parameters. As mentioned earlier, the parameters related to the pro

posed interface models can be evaluated from the results of the 

laboratory tests on interfaces using the CYMDOF shear device. In the 

following, interface parameters are determined from the cyclic tests of 

sand-concrete interfaces presented earlier in this chapter. Before the 

numerical values of the parameters are evaluated, it may be useful to 

present a summary of the parameters required in the mathematical descrip

tion of the foregoing interface models. 

Slip Function. Mohr-Coulomb criterion (Fig. 3.11) is used 

herein as the slip function which defines the strength of the interface 

for sliding. 

F (ti ) = ca + ann tan n - ITI for ann >0 (compressive) (4.1) 

where ca is the cohesive strength of the interface and c is the angle of 

friction of the interface. Als9, ann and T are the total normal and 
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shear stresses, respectively, at the interfa.ce and superscripts 0 of 

Eq. (4.1) are dropped for clarity in presentation. In Eq. (4.1) both 

ca and tan 0 are interface parameters. 

Evaluation.ofc~.and tan o. To evaluate cohesive strength, ca 
and angle of interface friction, 0, the observed maximum shear stress, 

Lm is plotted against n~rmal stress, ann as shown in Fig. 4.18. This 

figure corresponds to u~ = ± 0.2 inch (± 0.50 em) and Q = 1 Hz, and is 

obtained from Fig. 4.10 by noting the ordinates (Lm) of each curve 

corresponding to a given number of cycle, N. In a sense, as discussed 

in Chapter 3, the curves in Fig. 4.18 can be considered as lactivated 

failure l envelopes of the Mohr-Coulomb type. 

Value of Lm at the intersection of a curve with Lm axis is the 

activated cohesive strength, ca ' of the interface, and the angle at 

which the curve intersects this axis is the parameter o. The intercepts 

of these curves with Lm axis can be obtained by a curve fitting pro

cedure. Any reasonable fitting procedure can be used for this purpose. 

In this study both second order (quadratic) and first order (linear) 

polynomial functions are fitted to the data points using a least square 

curve fitting procedure with equal weights of each data pOint. 

Figure 4.19 shows the fitted curves (obtained by least square fitting 

of curves in Fig. 4.18). For second order approximation, ca = 0.0 and 

tan 0 = 0.58 for N = 5 cycle; for first order approximatio~, the corre

sponding ca = 0.0 psi (0."0 kPa) and tan 0 = 0.48. For N = 10 cycle, 
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c = 0.0 and tan 0 = 0.62 for second order approximation, and ca = 0.0 a . 

and tan 0 =0.52 for first order approximation. Values of parameters 

ca and. tan 0 for other values of ~~ can be obtained in a similar 

manner. For u~ = ± 0.3 inch (± 0.76 em) and ± 0.1 inch (± 0.25 em), 

similar graphical plots are presented in Appendix B in Figs. B.16 

through B.19. A summary of the values of ca and tan 0 for different 

u~ and N is given in Table 4.2 for second order polynomial approxima

tion. Corresponding values of ca and tan 0 for first order 

approximation are summarized in Table 4.3. 

From Table 4.2 and 4.3 it is seen that the parameters ca and 

tan 0 are functions of u~ and N. That is, ca = ca (u~, N) and tan 0 = 

tan 0 (u~, N). If other factors such as interface roughness, relative 

density of sand were included in the testing program, then ca and tan 0 

would have been functions of these quantities also. 

From Tables 4.2 and 4.3 it is observed that tan 0 increases with 

both amplitude of relative displacement, u~ and number of cycles, N. 

For the quadratic fit the values of tan 0 (initial slopes) are in the 

range of 0.52 to 0.97, while for linear fit tan 0 varies from 0.39 to 

0.73. Thus, for a given u~ and N, tan 0 obtained from quadratic fitting 

of data is higher than the value of tan 0 obtained by linear fitting. 

In finite element computations including behavior of .interfaces, 

ca and tan 0 can be specified as constants or as variable quantities. 

If ca and tan 0 are to be specified as variables, then suitable func

tions, ca = ca (u~, N) and tan 0 = tan 0 (u~~ N), can be chosen to 



Table 4.2. Values of ca and tan 0 for 
Second Order (Quadratic) 
Approximation . 

. . . 

u~ (inch)* N (cycle) ** ca (psi) tan 0 

e.1 0.0 0.52 

0.2 5 0.0 0.58 

0.3 0.0 0.628 

0.1 0.0 0.57 

0.2 I 10 0.0 0.62 

0.3 0.0 0.82 

0.1 0.0 0.71 

0.2 50 0.0 0.83 

0.3 0.0 0.97 

* 1 inch = 2.54 em 

** 1 psi = 6.89 kPa 
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Table 4.3. Values of .ca and tan 0 for First 
Order (Linear) Approximation .... . . . . 

m * N (cycle) ** ur (inch) ca (psi) tan 0 
... 

0.1 0.0 0.39 

0".2 5 0.0 0.48 

0.3 Q.O 0.58 

0.1 0.0 0.47 

0.2 10 0.0 0.54 

0.3 0.0 0.63 

0.1 0.0 0.51 

0.2 50 0.0 0.625 

0.3 0.0 0.73 

* 1 inch = 2.54 em 

** 1 psi = 6.89 kPa 

182 
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represent them; the coeffi.cients related to these functions can be ob

tained by using values in Tables 4.2 and 4.3 and by using a curve 

fitting procedure. This will, however, be a rigorous approach and will 

not be required for most soil-structure interaction simulation problems. 

For most dynamic interaction problems involving cyclic or earthquake 

loadings, N (number of peaks in the excitation-time history) does not 

exceed 100 within the time frame of analysis. Therefore, average 

values of ca and tan 0 can be computed from Tables 4.2 and 4.3, and 

these values can be used as input for numerical analysis of boundary 

value problems involving sand-concrete type interfaces. 

Shear Stiffness of Interface. In the proposed thin interface 

element, the tangent shearing modulus, Gi , of the element is assumed as 

Gi _ aT (ur,·ann , N) 
t' - a u

r at Gnn , N = constant 
(4.2) 

where t'is the thickness of the thin-layer element. The derivative in 

Eq. (4.2) is evaluated at known values of ann and N. The shearing 

stress T is assumed as 

(4.3) 

where (li (i = 1, 2, 3) are unknown coeffi.cients and are expressed as 

(li = (li (ann' N) (i = 1, 2, 3) (4.4) 



Any suitable functions can be used to express ai in Eq. (4.4). In 

the present study ai has been assumed in the following form 
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_ ) 2 2 a. - (61), + (62 . a + (63), a + (64), N + (S5) N (4.5) 
1 1 1 nn 1 nn 1 

where 6is are unknown coefftcients. 

The parameters ai and Si in Eqs. (4.4) and (4.5) related to 

idealized shear behavior of interface can be determined from the sand-

concrete interface tests reported earlier in this chapter. 

Evaluation of Parameters ai and 6i. Interface shear stress L is 

expressed in terms of the relative displacement ur using coefficients 

ai' Therefore, ai can be obtained by simulating observed shear stress 

and relative displacement behavior in the laboratory. 

Figure 4.20 shows the variation of Lm with u~ for three selected 

normal stresses, ann = 20 psi (137.8 kPa), 30 psi (206.7 kPa) and 40 psi 

(275.6 kPa). These Lm versus u~ curves (Fig. 4.20) correspond to N = 10 

cycle and ~ = 1 Hz, and are obtained by plotting the observed maximum 

shear stress Lm during a given cycle against the prescribed amplitude of 

relative displacement u~. Observed peak shear stress Lm and relative 

displacement, u~ curves can be simulated using the polynomial function 

of Eq. (4.3) and a least square curve fitting procedure (Johnso~, 1977). 

Figure 4.21 shows these fitted curves. For the fitted curve corre

sponding to ann = 20 psi (137.8 kPa), Ct1 = 0.4 psi (2.75 kPa), 

~ = 94.0 lb/in3 (12.6 Rs/cm3) and a3 = -210.7 lb/in4 (11.16 kg/cm4). 

For ann = 40 psi (275.6 kPa) the corresponding values of aI' a2 and a3 
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are 0.66 psi (4.55 kPa), 158.1 lb/in3 (21.26 19/cm3) and -341.0 

lb/in4 (18.07 kg/cm4), respectively. For all the three curves in 

Fig. 4.21, ~1 = 0.0. This is due to the fact that for u~ = 0, Lm = 0 

is also considered as a pair of coordinates in the curve fitting pro

cedure for Eq. (4.3). It should be noted that the above mentioned ~ils 

are referred to a prescribed number of cycle, N = 5. It is possible to 

follow a similar approach for obtaining ~ils for other selected cycles. 

Observed and simulated curves for N = 10 and 50 cycles are presented in 

Appendix B in Figs. B.20 through B.23. A summary of the values of ~.IS 
1 

for different N and ann is presented in Table 4.4. From Table 4.4 it 

is observed that ~1' a2 and ~ increase with increasing ann and N. The 

changes in ~i are more susceptible to ann. The effect of N on Lm versus 

u~ relationship can be clearly seen if observed Lm and u~ values are 

Plotted at constant a . Such a plot for a = 20 psi (137.8 kPa) is nn nn 
depicted in Fig. 4.22. Similar curves for ann = 30 psi (206.7 kPa) and 

40 psi (275.6 kPa) are presented in Figs. B.24 and B.25, respectively, 

in Appendix B. 

Values of ~ils in Table 4.4 for different ann and N can be used 

to obtain S.IS in Eq. (4.5). Again a least square curve fitting pro-
1 

cedure can be adopted. For each or selected values of ~i corresponding 

a and N can be substituted in the right hand side of Eq. (4.5). 
nn 

After required substitutions are done, Eq. (4.5) will generate a set of 

simultaneous equations. If the number of selected airs is more than 
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Table 4.4 Values of eli'S for Diffe,rent ann and N 

ann (Psi) * N (Cycle) 

20 

30 5 

40 

20 

30 10 

40 

20 

30 50 

40 

* 1 psi = 6.89 kPa 

** 1 inch = 2.54 em 

*** 1 lb = 4.448 N 

ell (lb/in2) ** ~2 {lb/in3)*** el3 (lb/in4) 

0.40 94.00 -107.10 

0.56 126.80 -253.57 

0.65 158.09 -340.95 

0.56 97.12 -182.29 

0.60 145.21 -309.05 

0.79 181.27 -378.57 

0.57 122.57 -248.57 

0.64 162.50 -343.33 

0.95 199.73 -428.10 
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the number of unknowns (in Eq. 4.5), the resulting over determined 

system of equations is solved in a least square sense to obtain 6i
ls. 

In the present study, only those ails which correspond to N ~ 100 cycle 

are used in the evaluation of6ils. The numerical values of 6ils are 

given in Table 4.5. 

For most soil-structure interaction simulation problems due to 

earthquake loadings, N cannot be defined explicitly because of the com

plex nature of excitation. For such problems, the coefficients (64)i 

and (6S)i in Eq. (4.5) can be assigned zero values to ignore the 

effect of N. The remaining parameters (namely, 61, 62 and 63) can be 

obtained following a similar approach as outlined above. 

Evaluation of Damping Ratios 

It was mentioned earlier in the section on damping that the 

material damping can be included in the finite element analysis as a 

part of the nonlinear stress-strain relations. In dynamic interaction 

problems use of nonlinear finite element analysis is usually computa

tionally very expensive. Therefore, in many situations it may be 

appropriate to perform linear analysis of an interaction problem in

cluding energy dissipative characteristics of materials (and/or 

interfaces) through material damping. Actual damping characteristics 

of any material (or interface) are complex in nature and many 

hypotheses have been proposed to estimate this damping for analysis 

purposes. Damping ratio, ~~ for the sand-concrete interface is 

determined in the following. 



191 

Table 4.5 Values of Coefficients ~i 

* Values 'of'Coefficients in Eq. (4.S) 

~i 
CL1 CL2 CL3 

61 0.635 143.03 -287.94 

62 0.0207 4.70 -9.645 

63 -O.OOOS -0. 120S4 0.253 

64 0.038 8.937 -18.66 

65 -.000088 -0.02235 -0.04587 

* Units are in lbs and inches 

1 lb = 4.448 N 
1 inch = 2.S4 em 
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From the results of ~he cyclic tests of sand-concrete inter

faces, reported earlier in this chapter, it is clearly seen that energy 

is dissipated at each cycle (see e.g. Fig. 4.8 and Figs. B.1 through 

B.6). The area of the loop for a given cycle, N, can be considered as 

a measure of energy loss during that cycle (Richart et al. 1970). With 

reference to Fig. 4.23, the damping ratio, 6' is defined as 

, _ Aloop 
6 - 4TI A OAB 

where Aloop is the area of the loop and A OAB denotes the area of the 

triangle OAB. The damping ratio, 6', can be evaluated easily from the 

results of the sand-concrete interface tests by first measuring the 

area of the hysteresis loop using an instrument and then by calculating 

the area of the triangle OAB, Fig. 4.23. Here, a properly calibrated 

planimeter is used to measure the area of a loop. The interface damping 

ratios thus obtained at selected ann and N are tabulated in Tables 4.6 

through 4.8. Table 4.6 corresponds to N = 10 cycle and ~ = 1 Hz. From 

Table 4.6, it is observed that ~' increases with amplitude of relative 

displacement, u~. For ann = 40 psi (275.6 kPa), an increase in u~ from 

± 0.1 inch (± 0.25 em) to ± 0.2 inch (± 0.50 cm) causes ~' to increase 

by approximately 34%. If ~~ is increased further to ± 0.3 inch 

(± 0.76 em), ~' is increased only by about 11%. Variations of ~' with 

u~ are plotted in Fig. 4.24 for N = 10 cycle. Corresponding plots for 

N = 50 and 250 cycles are presented in Figs~ B.26 and B.27, respec-

tively. For a given ann' variation of ~' is more susceptible to change 

in u~ than the change in N. 
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Table 4.6 Interface Damping Ratio 6' for Q = 1 
Hz and N = 10 Cycle . 

* ** u~ (inch) ann (Psi) Damping Ratio 
.6' 

0.1 0.3536 

0.2 20 0.4695 

0.3 0.4523 

0.1 0.3451 

0.2 30 0.3766 

0.3 0.506 

0.1 0.30 

0.2 40 0.4376 

0.3 0.4933 

* 1 inch = 2.54 em 

** 1 psi = 6.89 kPa 



Table 4.7 Interface Damping Ratio S' for 
n = 1 Hz and N = 50 Cycle 

u~ (inch) * . ** Damping Ratio (jnn (ps,) 
S' 

0.1 0.3024 

0.2 20 0.397 

0.3 0.4244 

0.1 0.262 

0.2 30 0.348 

0.3 0.448 

0.1 0.223 

0.2 40 0.311 

0.3 0.431 

* 1 inch = 2.54 em 

** 1 psi = 6.89 kPa 
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Table 4.8 Interface Damping Ratio 6' for 
n = 1 Hz and N = 250 Cycle 

m * ** LAr (inch) O"nn (psi) Damping Ratio 
6' 

0.1 0.278 

0.2 20 0.307 

0.3 0.3633 

0.1 0.2475 

0.2 30 0.3068 

0.3 0.3128 

0.1 40 0.2564 

0.2 0.3143 

0.3 0.3660 

* 1 inch = 2.54 em 

** 1 psi = 6.89 kPa 
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S' can be used in the finite element analysis of interaction 

problems either as a constant parameter or as a variable parameter 

depending on the requirement of the problem. If S' is assumed constant, 

same amount of energy would be dissipated at each cycle, irrespective of 

the amplitude of relative displacement and normal stress of the inter

face; corresponding value of ~' can be obtained from Tables 4.6, 4.7 and 

4.8 by calculating an average value for the damping ratios. Variable S' 

can be specified in the analysis by first expressing ~' in a functional 

form in terms of u~, ann' etc., and then determining the coefficients of 

the functional using Tables 4.6, 4.7 and 4.8 and by using a curve 

fitting procedure. 

It should be noted that the simulation of interface nonlineari

ties such as slip, debonding by the linear finite element analysis 

including interface damping can be done only in an approximate manner. 

Due to its restrictive nature, linear analysis cannot properly account 

for nonlinear deformation behavior. Nonetheless, the damping charac

teristics of interfaces studied herein show the manner in which energy 

can be dissipated due to interaction between dissimilar materials. 



CHAPTER 5 

VERIFICATIONS AND EVALUATIONS 

General 

Two computer codes have been developed in the present study for 

two-dimensional finite element idealization of soil-structure inter

action problems including behavior of interfaces under static and 

dynamic loading conditions. Various deformation modes which can occur 

at interfaces or joints at different stages of loading are included in 

the formulation using interface elements. The first interface element, 

called the thin-layer element, uses an incremental iterative procedure 

and initial stress approach to satisfy various constraint conditions of 

interfaces. This interface element is incorporated in a finite element 

computer code; this code is referred to as the IIthin-layer element 

code ll herein. The second computer code, referred to as the IImixed 

element code II herein, includes the proposed mixed interface element for 

simulation of nonlinear interface behavior. Theoretical formulations 

of the interface elements and determination of associated parameters 

from laboratory tests, overview of dynamic soil-structure interaction 

analysis, and capabilities and limitations of the computer codesde-

vel oped for the present study were presented in Chapters 2, 3 and 4. 
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In order to verify the performance and accuracy of these computer codes, 

several problems are solved, and results are compared with previous 

applications or closed-form solutions wherever applicable; finite 

element results and related comparisons are presented in this chapter. 

Verifications 

Thin-Layer Element Code 

To check the accuracy and overall performance of the thin-layer 

element code in simulation of soil-structure interaction problems, a 

number of simple but illustrative static and dynamic problems are 

solved using the code. The comparison of results with existing solu

tions is presented in the following sections. 

Single Degree of Freedom System.. To check the evaluation of 

stiffness and mass matrices and the efficiency of the implicit integra

tion scheme used in the thin-layer e1eLlent code, a single degree of 

freedom system, shown in Fig. 5.1, is solved. The spring-mass system 

of Fig. 5.1(a) subjected to harmonic load F(t) = Fo Sin Qt can be 

represented by a solid element as shown in Fig. 5.1(b). The following 

properties are used: 

Thickness of the element, t' = 0.2 inch (0.51 em) 

Young's modulus, Es = 3 x 106 psi (2.067 x 107 kPa) 

Poisson's ratio, vs = 0.0 



l4~, s-t-; -, ~-; ,-,-R-''!.- · F (t) = F 0 Si n nt 

(a) Spring-Mass System 

t:----------~-----: 
~ I 
21 ; 

I I 
~ ________________ .J 

-i ~ u (t) 

(b) Finite EJement Idealization 

Figure 5.1. Finite Element Idealization of 
Single Degree-of-Freedom System 
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Mass-density, Ps = 0.00018 lb-sec2/in4 

(1.96 x 10-6 kg-sec2/cm4) 

Amplitude of applied load, Fo = 10 lbs (44.4N) 

Frequency of applied load, Q = 1 Hz 

Time increment, ~t = 0.002 sec. 
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Dimensions of the element are shown in Fig. 5.1(b). The closed-form 

solution for the spring-mass system of Fig. 5.1a is given by (Richart 

et al. 1970): 

u(t) = Ao Sin Qt . (5.1) 

where 

(5.2a) 

for 

u(o) = 0(0) = 0 (5.2b) 

In Eq. (5.2) wn is the undamped natural frequency of the system, that is 

(5.3) 

where k and m are the stiffness and mass of the element, respectively. 

Finite element results for displacement u(t) are compared with the 

closed-form solutions obtained from Eq. (5.l) in Fig. 5.2. The solid 

line corresponds to closed-form solution and the finite element results 

are indicated by.. It is seen that the computed displacement values 

match with the corresponding theoretical values almost exactly and 

hardly any difference can be noticed. 
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Expressions for exact velocity, G{t), and acceleration, U{t), 

can be obtained by differentiating Eq. (5.1) with respect to time. 
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u{t) = AoQ cos Qt (5.4) 

U(t) = -AoQ2 Sin nt (5.5) 

Finite element results for velocity and acceleration are compared with 

theoretical values in Figs. 5.3 and 5.4, respectively. For both 

velocity and acceleration close agreement is observed between the com

puted and theoretical values. For velocity the maximum difference 

between the computed and theoretical values is of the order of 0.1%, 

while for acceleration the maximum error is about 0.5%. In general, 

computed displacement, velocity and acceleration results compare very 

well with their theoretical counterpart. 

Rigid Strip Footing on Elastic Halfspace. In the foregoing 

example problem only one element is used to model the single degree-of

freedom spring-mass system. Therefore, the assembly of stiffness and 

mass matrices did not come into picture. The present example problem is 

chosen to verify this and some other aspects such as frequency domain 

solution capability of the code. 

Vertical vibrations of rigid rectangular footing on elastic 

half-space are common problems in soil dynamics and foundation 

engineering. Analytical solutions for the problem due to oscillating 

loads have been developed by integrating Lamb's solution {Richart et ale 
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1970). The limiting condition of a rectangular foundation occurs when 

the osci11ating body is treated as an infinitely long rigid strip, 

Fig. 5.5. Quinlan (1953) has given a solution for the resonant fre

quency of such a strip footing of width 2b oscillating vertically in 

response to excitation of the rotating-mass-type excitation. The solu

tion is expressed in terms of mass ratio, b' and dimensionless frequency 

factor ao~. b' and ao~ are defined by 

(5.6) 

2'11" fm b 
a * - -.-.,;.;,'--om v s 

(5.7) 

in which m' = mass per unit length of the footing, b = one-half the 

footing width, Ps = mass density of soil medium, fm = resonant frequency 

of vibration and Vs = velocity of shear wave. For vs = ~ and j, 
Quinlan's (1953) results for dimensionless resonant frequencies are 

reproduced in Fig. 5.6. The thin-layer element code is used to compute 

the resonant frequency of the footing for a selected value of mass 

ratio, b .... 

The rigid strip footing is idealized as a plain strain problem. 

Finite element mesh used for the problem is shown in Fig. 5.7. The 

mesh consists of 116 solid elements connected at 397 nodes. The footing 

is assumed to be attached with the ha1fspace; no interface element is 

used in the analysis. 



Elastic Halfspace 

Rigid Strip 
Footing 

Figure 5.5. Rigid Strip Footing on Elastic Halfspace 

208 



II , 
..c 

20.0 

10.0 v = 1 s 2 _ 1 
-3" 

Rigid Strip 
Footing 

Figure 5.6. Mass Ratio (b') Versus Dimensionless 
* Frequency (aom) For Vertical Oscillation 

of Rigid Strip of Infinite Length 
(After Quinlan, 1953) 

209 



en 
c 
<J 
o 
o .. 
Co 

... ... .,., 
~ 

-;. 
a: 
... 
.f 
.s:: 
"'CIJ 
~~ .. 
<J ... 
c::> 
~.,., 

lilY 

w~ 
on 

CII'" 
<J_ 

-~ C _c 
"0 

210 



The following properties are used in the simulation: 

Width of the footing, 2b = 2.0 inch (5.1 em) 

Thickness of the footing, t' = 0.5 inch (1.27 em) 

Young's modulus for the footing, Ef = 3 x 106 psi 

(2.067 x 107 kPa) 

Poisson's ratio of footing, vf = 0.3 

Mass density of footing, Pf = 4.57 x 10-4 1b-sec2/in4 

(4.98 x 10-6 kg-sec2/cm4) 

Young's modulus for soil, Es = 3000 psi (20670 kPa) 

Poisson's ratio of soil, Vs = 0.4 

Mass density of soil, Ps = 1.8 x 10-4 1b-sec2/in4 

(1.96 x 10-6 kg-sec2/cm4) 

Amplitude of the force of excitation, Fo = 240 1b (1069N) 

For the assumed data mass ratio, b' = 2.54 and vs =vI:s = 2439.75 
s 

in/sec (6197 em/sec). For b' = 2.54 and vs = 0.4, the dimensionless 
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frequency factor, a~ is read as 0.78, from Fig. 5.6 by linearly inter

polating for vs. The corresponding resonant circular frequency, 

(2n x fm) = 1903 rad/sec is obtained from Eq. (5.7). 

To obtain resonant frequency from the finite element analysis, 

the problem is solved in frequency domain for different dimensionless 

* frequencies, ao; vertical displacements of the footing are noted, and 

plotted in nondimensiona1 .form as shown in Fig. 5.8. The dimensionless 

* frequency ao is defined as 
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* nr a = __ 0 (5.8) 
o Vs 

where ro is the equivalent radius of the footing. For long strip 

footing, ro = b = one-half of the footing width. Computed displacement, 

qc is expressed in nondimensional form using the following relation 

* Gs ro qc 
q = (5.9) 

Fo 

where, Gs is the shearing modulus of the soil medium and Fo is the 

amplitude of the applied forcing function, Fo = me e n2, in which me is 

the mass and e is the eccentricity of the rotating-mass-type exciter 

(Richart et ale 1970, Prakash, 1981). Different values for the dimen-

* sionless frequency, ao are obtained by adjusting the excitation 

frequency, n. 
* From Fig. 5.8 it is observed that the resonance occurs at ao = 

0.77 and the value of the resonant frequency, fm = 1880 rad/sec. This 

value differs from the exact resonant frequency by approximately 1.3%. 

This error can be considered negligible for most practical purposes. 

The error in finite element computations may be partly attributed by 

the finite domain which represents an infinite half-space. Also, in the 

foregoing example problem nonreflecting boundaries are not used; the 

artificial boundaries are put away from the footing, Fig. 5.7. 
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Dynamic Response of Beam Under Step-Function loading. To verify 

the accuracy of the code for time domain analysis, dynamic response of a 

simply supported beam (Fig. 5.9) subjected to step-function loading is 

evaluated. The beam is assumed to have uniform cross-section and 

length, l'. Considering the flexural behavior only, the equation of 

motion for the beam can be written as (Clough and Penzien, 1975) 

2 2 
a (EI~) + m (x) ~ = Q (x, t) 

ax2 ax2 at2 (5.10) 

where EI 'represents flexural rigidity, m (x) is the distributed mass and 

v is the vertical deflection of the beam at a distance x from the left 

support, and Q (x, t) denotes applied forcing function. Using the mode

superposition analysis, Eq. (5.l0) can be written as 

where 

and 

l' 
Mn = ~ ¢~ (x) m (x) dx 

o 

l' 
Qn (t) =~ ¢n (x) Q (x, t) dx 

o 

(5.11) 

(5.12) 

(5.13) 

In Eqs. (5.11) through (5.13), Mn denotes the generalized mass of nth 

normal mode,and ¢n and natural frequencies, wn are given by 

¢n (x) = sin n~~ (5.14) 



Q (t) 

Qo (x, t) 

~' :~ = Constant .1 

(a) Simply Supported Beam 

t (sec) 
(b) Step-Function Loading 

(c) Finite Element Mesh 

Figure 5.9. Flexure of Simply Supported Beam 
Under Step-Function Loading 
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and 

_22~I _ wn - n ~ _ 4' n - 1, 2, •••• = 
m L 

(S.lS) 

where m = mass per unit length of the beam. Substituting Eqs. (S.14) 

and (5.1S) into Eqs. (5.11) through (5.13), and evaluating integrals 

using Duhamel integral expression, vertical deflections of the beam v 

(x, t) can be obtained as (Clough and Penzien, 1975) 

2G L,3 1 - cos WIt . ~x 1 - cos w3t 
v (x, t) =~ ( 1 S1 n L'" - 81 

~ EI 

1 - cos wst 
s1'n 3~x + s1'n S~x _ 

L' 625 -,;' ... ) (S.16) 

The finite element mesh used to solve this problem consists of 4 

elements connected at 23 nodes, Fig. S.9(c). The material and geometric 

properties are given below: 

Length, L" = 200 inches (S08.0 em) 

Width, b = 6.0 inches (lS.24 ems) 

Young's modulus, E = 4.0 x 106 psi (27.S7 x 106 kPa) 

Poisson's ratio, v = 0.2 

3 
Moment of inertia, I = b~2 = SOO.O in4 (20811.6 em4) 

Unit weight, Yw = 140.0 1b/ft3 (1306.4 kg/m3) 

Boundary conditions used in the analysis are shown in Fig. S.9(c). The 

analysis is performed with a time increment, ~t = 0.002 sec. 
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Finite element results fo.r vertical deflection at the center 

(node 12) of the beam are compared with the exact values in Fig. 5.10. 

The solid curve represents the variation of exact deflection with 

time; computed finite element results are indicated on the same figure 

bye. It is observed that finite element results compare very closely 

with the corresponding exact values in the entire range of time. Com

puted values are slightly less than the exact values in most cases. 

This is in agreement wi~h the theory of displacement finite element 

formulation; the computed results represent a lower bound solution in 

this formulation. Computed results for velocity at the center of the 

beam are compared with exact solutions in Fig. 5.11. Expression for 

exact velocity is obtained by differentiation of Eq. (5.16) with time. 

From Fig. 5.11 it is seen that computed velocity-time history compares 

closely with corresponding analytical results. 

It should be noted that in the thin-layer element code nodal 

rotations (bending) are not included as primary unknown in the formula

tion; the flexural deformation behavior of the simply supported beam 

in the foregoing example problem is taken into account by approximating 

the potential (bending) energy in terms of nodal deflections. For this 

reason computed deflections and velocities show small errors. This 

error can be reduced if a refined mesh is used to idealize the beam at 

hand. 
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Direct Shear'Test Simulation. The example problems considered 

previously in this chapter consist of only regular (two-dimensional) 

solid elements. Although the basic performance of the thin-layer 

element code developed herein is established through the solution of 

these problems, the simulation of interface behavior which is a funda

mental objective of this research did not come into picture in these 

problems. To verify the capabilities of the code in simulation of 

interface behavior, several problems are solved and results are pre-

sented in the following. 

Figure 5.12 shows a schematic of a direct shear test device in 

which the bottom half is concrete and the top half contains sand. A 

series of (static) tests were performed by Desai (1976) with 

sand-concrete interface under different normal loads. Figure 5.13 

shows results of two typical tests for relative density of sand around 

80 percent and for two normal loads; namely, ann = 4.89 ton/ft2 

(4.77 kg/cm2) and 9.79 ton/ft2 (9.55 kg/cm2). These test results are 

simulated using the code. 

Choice of Thickness of Thin-Layer Element. The quality of 

simulation of interface behavior depends on a number of factors such as 

geometrical and material properties of the surrounding media, nonlinear 

material behavior and the thickness of the thin-layer element. The 

thickness of thin-layer element plays an important role in simulation 
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Figure 5.12. Analysis for Direct Shear Test for Choice of Thickness 
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procedure because the shearing stiffness of thin-layer element is a 

function of thickness, ~'. If the thickness is too large in comparison 

with the dimension B, Fig. 5.12(b), of the surrounding elements, the 

interface can behave like a regular solid element. If the thickness is 

too small, computational difficulties may arise. To determine what 

range of t' yields acceptable correlation between observed and predicted 

interface behavior, a parametric study is done in which t' is varied 

while other material and geometrical properties and loading conditions 

are kept unchanged. 

Figure 5.12(b) shows the finite element mesh used in the simu

lation. The upper metallic box which confines the movement of sand is 

also discretized and the shear load is applied at the mid-node on its 

vertical side. The following material properties are used: 

Sand 

Young's modulus, Es = 1000 kg/cm2 

Poisson's ratio, Vs = 0.375 

Concrete 

Young's modulus, Ec = 1.5 x 105 k9/cm2 

Poisson's ratio, Vc = 0.2 

Interface (sand-concrete) 

Cohesion, ca = 0.0 

Friction angle, 0 = 380
, tan 0 = 0.7813 

Initial modulus, Ei = 1000 kg/cm2 

Poisson's ratio, vi = 0.375 
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The shear stress, T versus relative displacement, ur curves, Fig. 5.13, 

are simulated using a polynomial function: 

_ u + 2 + + 2 2 
T - 0.1 r ~ ur et:3 O'nn ur 0.4 ann ur (5.17) 

where a.i (i = 1, 2, 3, 4) are constants which can be evaluated by a 

curve fitting procedure. Usin9 direct shear test results of Fig. 4.13 

and a least square curve fitting technique, following values are ob

tained for a.ils in Eq. (5.17): 

0.1 = 53 kg/cm3 

0.2 = 303 kg/cm4 
(5.18) 

~ = 8.2 l/cm 

0.4 = 7.0 l/kg 

The tangent shear stiffness, Gi in Eq. (3.15) is evaluated as the 

derivative of T with respect to ur (Eq. 5.17) at constant ann at a 

point during the incremental loading. 

The thickness, t' of the thin-layer element is varied in such a 

way that the ratio t'/B (Fig. 5.12b) = 0.001, 0.01, 0.10 and 1.0. 

Since the shear modulus Gi is a function of the thickness, its value is 

also varied with the thickness. 

The computed results in tenns of relative displacement, ur and 

the ratio ~'/B for applied shear stress T = 3.0 kg/cm2 for ann = 
4.77 kg/cm2, and T = 5.0 k9/cm2 for ann = 9.55 k9/cm2 are plotted in 

Fig. 5.14. The computed results for ur show a wide variation as the 
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ratio ~'/B is changed. However, the results in the range of 0.01 to 0.1 

of t~/B show satisfactory correlation with the observed values of 0.032 

em and 0.034 em for the tests with ann = 4.77 kg/em2 and 9.55 kg/em2, 

respectively, Fig. 5.13. To show the variation of interface shear 

stresses with t'/B, computed shear stresses at the four integration 

points of the interface element, Fig. 5.12(c), are tabulated in 

Table 4.1. It is observed that the change in the distribution of inter-

face shear stress is not very susceptible to a change in interface 

thickness, t~. However, the best correlation between computed and 

applied shear stresses is obtained when t'/B is in the range of 0.01 

to 0.1. 

Based on the foregoing results, it can be concluded that satis

factory simulation of interface behavior can be obtained for t'/B ratios 

in the range of 0.01 to 0.1. This conclusion may sound premature at 

this stage but it will be shown subsequently in the context of both 

dynamic and static interaction problems that the values of t'/B ratios 

in the range of 0.01 to 0.1 can indeed yield satisfactory simulation 

for a wide variety of problems. 

Simulation of Cyclic Stress Controlled Test. To verify the ac

curacy of the thin-layer element code in simulation of interface 

behavior under dynamic environment, a cyclic stress controlled test is 

performed using the CYMDOF shear device and the observed interface be

havior is compared with finite element predictions. Ottawa sand with 
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Table 5.1: Distribution of Shear Stress in Interface 
Element at Integration Points, Fig. 5.12 (c) 

ann =·4.77:Kg/cm2 
Integration Points· 

t/B 1 2 3 4 Average 

1 2.3939 3.6034 2.1203 3.8771 2.9987 

0.1 2.7390 3.2602 2.7049 3.2940 2.9996 

0.01 3.0022 2.9975 2.9975 3.0022 2.9999 

0.001 2.9967 3.0021 2.9964 3.0025 2.9994 

ann = 9.55 kg/cm2 

1 3.7868 6.2084 3.239 6.7562 4.9976 

0.1 4.4778 5.5210 4.4093 5.5895 4.9994 

0.01 5.0044 4.9950 4.9950 5.0044 4.9997 

0.001 4.9914 5.0065 4.9905 5.0075 4.9990 
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an initial relative density of about 65% is placed in the top box and a 

concrete block of about 3000 psi (20670 kPa) compressive strength is 

placed in the bottom box. A normal load is first applied to the system 

and then a cyclic shear load is applied as discussed previously in 

chapter on laboratory testing of interfaces. 

Figure 5.15 shows the mesh used in the two-dimensional plane 

strain finite element modelling of the test. The mesh consists of 14 

solid and 2 interface elements and 67 nodes, Fig. 5.15. The top 

metallic box is used in the discretization, however, since the concrete 

(in the bottom box) is considered to be stationary, the bottom box is 

not discretized. Static normal load (onn) is applied at the mid-node of 

the horizontal side (node 65) and cyclic shear load (Fig. 5.16) is 

applied as uniformly distributed load on the left vertical side of the 

box. Loads are applied in small increments. The material properties 

used are given below: 

Sand 

Initial modulus, Es = 386,60 psi (2.6 x 105 kPa) 

Poisson1s ratio, vs = 0.37 

Unit weight, Ys = 105 lb/ft3 (1.68 x 10-3 kg/cm3) 

Concrete 

Initial modulus, Ec = 4 x 106 psi (27.5 x 106 kPa) 

Poisson1s ratio, Vc = 0.2 

Unit weight, Yc = 140 1b/ft3 (2.24 x 10-3 kg/cm3) 
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Steel Box 

Initial modulus, Eb = 30 x 106 psi (2.6 x .105 kPa) 

Poisson's ratio, vb = 0.25 

Unit weight, Yb = 440 lb/ft3 (0.007 kg/cm3) 

Interface 

Initial modulus, Ei = 38,600 psi (2.6 x 105 kPa) 

Poisson's ratio, vi = 0.37 

Unit weight, Yi = 105 lb/ft3 (1.68 x 10-3 kg/cm3) 
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The relation between the interface shear stress, L and relative 

displacement, ur is expressed using a polynomial function: 

(5.19) 

where 

~i (i = 1, 2, 3) = ~i (ann' N), (5.20) 

ann and N being the normal stress and number of cycle, respectively. 

Numerical values of the coefficients related to Eqs. (5.19) and (5.20) 

are given in Table 4.5. The interface element thickness ratio t'/B used 

in this simulation was 0.01. Equation (5.19) is used to simulate be

havior of interface for loading in shear; that is, ILil ~ ILi_l1 where 

subscripts i and (i-I) denote load or time step. For unloading (i.e. 

ILi I < 1Li_l \),. the shear- (relative) displacement behavior of inter

face is assumed to be linear, Fig. 5.16. In the simulation no 

distinction is made between the positive and negative shear stress or 
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relative displacement. This assumption may not be applicable for inter

faces involving rock joints with arbitrarily oriented asperities. 

However, the present formulation can be modified without much difficulty 

to incorporate such behavior. 

Figure 5.17{a) shows a comparison between the observed and 

simulated response for first and second cycles (i.e. N = 1 and 2). The 

solid curves denote the interface behavior observed in the laboratory, 

while the dotted curves represent finite element predictions. It is 

seen that the computed peak shear stresses, Lm at u~ = +0.2 inch 

(+0.51 em) are higher than the observed values at both cycles. For 

N = 1 and 2 these differences are around 2 and 3.5 percents, respec

tively. The maximum difference between the observed and computed 

response for N = 1 is about 14 percent. For N = 2 the maximum differ

ence is in the order of 17 percent. However, the trend of the 

computed and observed L vs ur responses appears to be consistent and 

satisfactory. Finite element predictions at other selected cycles, 

N = 5, 6, 9, 10, 20 and 21 are compared with observations in 

Figs. (5.17b) through (5.17d). Consistent and satisfactory correlation 

is observed at each cycle. 

It should be noted that no material (frictional) damping for 

interface is assigned in the foregoing simulation. The use of appro

priate shearing modulus, Gi (Eq. 3.15) and the provisions for loading, 

unloading and reloading aspects in the codes developed herein can 

generate L - ur loops shown in Figs. 5.17. Thus (frictional) material 
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damping is automatically incorporated in the analysis through nonlinear 

constitutive relation. However, since linear elastic constitutive law 

is used for Ottawa sand damping cannot be included as a part of stress

strain relation here; Rayleigh damping (Eq. 2.81) is used to define 

frictional damping characteristics of Ottawa Sand. Damping ratio, 

S~ = 0.32 was used in eva 1 uati ng coeffi ci ents in Eq. 2.82; w~ were 

assumed to be 6.28 and 3.14 rad/sec. 

The measured values of shear stress L in Figs. 5.17 were ob

tained by dividing the applied horizontal load, PaCt) by the area of the 

interface. This calculation leads to the assumption that the stress 

distribution across the interface is uniform. To examine this point, 

the computed interface stresses at element integration points are 

plotted at selected load levels. Two such plots are presented in 

Figs. 5.18(a) and (b). From these results it is seen that the variation 

of shear stress, L across the interface is nonuniform. During loading 

(Point A, Fig. 5.18a) the computed stresses at integration points 1 and 

5 are found to be higher than the average stresses. Although the dis

tribution of computed stresses appears to be reasonable, they cannot be 

compared with experimental results due to the present limitation of 

the CYMDOF shear device in measuring interface stresses. Modifications 

of the device currently under way are expected to facilitate this 

aspect. 
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Figure 5.18(b). Typical Variation of Computed Interface Shear Stress, 
L for La = 8.0 psi 
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It should be noted that in the fQregoing comparison, stresses are 

computed at the integration points of the thin-layer element. This is 

an added advantage of having finite thickness interface element. For 

conventional zero thickness interface element, stresses in the 

surrounding continuum elements are considered to be the stress of 

interface. 

Comment:" "Evaluation of Damping Matrix. In the present study 

Rayleigh or proportional damping is used to estimate frictional 

(material) damping of geologic media. In this approach the damping is 

assumed to be proportional to mass and stiffness matrices of a system. 

The proportionality constants (~1 and ~2) associated with the Rayleigh 

damping can be evaluated using Eq. (2.82). Evaluation of ~1 and ~2 

requires realistic values of damping ratio, S~ and natural frequencies 

wn of the system. In the foregoing example ~1 and ~ are determined 

using S~ = 0.32, and w~ = 6.28 and 3.14 rad/sec. Sherif et ale (1977) 

have reported damping ratios for Ottawa sand for various relative 

densities, confining stresses and shearing strains. S~ = 0.32 corre

sponds to medium dense sand with a confining stress of 30 psi (206.8 kPa) 

and 1 percent shearing strain. The values of ~1 and ~2 obtained from 

Eq. (2.82) are 1.34 and 0.068, respectively. In finite element analysis, 

the number of natural frequencies of a system is equal to the number of 

degrees-of-freedom in the system. Thus, a set of ~1 and a2 can be 

determined using Eq. (2.82); average values corresponding to few lower 

modes can be used in the analysis. 
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Consistent" and" LWhped"" Mass " Matrices. As mentioned earl ier, the 

computer codes developed in this study have the provision for using both 

consistent and lumped mass matrices in the analysis. In the current 

research lumped masses are mostly used from economic consideration. To 

examine the effect of lumped masses on the accuracy of results, the 

foregoing interaction problem is solved using both consistent and lumped 

masses. For simulation of first two cycles, Fig. 5.l7a, the CPU time 

using consistent mass matrix was about 314 seconds; the corresponding 

CPU time using lumped mass matrices was approximately 258 seconds. Same 

mesh and load steps were used in both analyses. During a given time 

step the maximum difference in response was about 6 percent. 

Buried Pipe"Problem. In previous example problems, finite 

element results including behavior of interface were compared with 

laboratory observations and, in genera~, satisfactory correlations were 

found. The problem described in this section is chosen for further 

verification and evaluation of thin-layer element with respect to simu

lation of interface behavior. 

Figure 5.19 shows two-dimensional idealization of a pipe-soil 

system analyzed by Katona (1981). The finite element mesh used to 

represent this problem is shown in Hg. 5.20. The soil mediwn and pipe 
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Pressure, Po 

Soil 

Figure 5.19. Buried. Pipe 



Figure 5.20. Mesh for Buried Pipe 

o Nodes 

6 ·Elements 
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material are assumed to be homogeneous and linearly elastic. Three 

cases of interface friction are considered: tan 0 = 0.001, 2.0 and 

0.25 to represent approximately frictionless slip (no bond), stick 

(bonded or no-slip case), and frictional slip, respectively. The value 

of tan 0 is used to define slip function according to the Mohr-Coulomb 

criterion, Eq. (3.8). For frictionless and bonded (stick) cases Burns 

and Richard (1964) have obtained closed-form elasticity solutions. For 

frictional case no analytical or closed-form solution is available. The 

following material properties are used in the simulation: 

Soil 

Young's modulus, Es = 3000 psi (20670 kPa) 

Poisson's ratio, Vs = 0.333 

Pipe 

Young's modulus, Ep = 2.2 x 106 psi (15.2 x 106 kPa) 

Poisson's ratio, vp = 0.25. 

Interface 

Shear modulus, Gi = 128.8 t' psi 

Poisson's ratio, vi = 0.333 

Thickness, t' = 0.01 (~:) 

T = a1 + a2 ur + a3 u~ = 0.0 + 128.8 ur - 250.0 u~ 

where R = average radius of the pipe and ur = relative displacement. 

The overburden pressure Po is applied incrementally. Typical finite 
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element results related to this problem for distribution of normal and 

shear stresses at the interface and variation of displacements along the 

crown have been reported by Desai, Zaman, Lightner and Siriwardane 

(1982a) and will not be repeated here. A satisfactory correlation be

tween the results obtained from the thin-layer element code and those 

reported by Burns and Richard (1964) and by Katona (1981) was observed. 

Some additional results related to attenuation of radial stress, crrr 
along the springline and the crown of the pipe are presented in 

Figs. 5.21(a) and (b). For bonded and frictionless cases the computed 

results are in good agreement with the closed-form elasticity solution. 

Results for frictional case appear to be reasonable. 

Comment. From the finite element results reported in this 

chapter it can be concluded that the proposed thin-layer element, which 

is based on a simple but consistent approach can efficiently model rela

tive deformation behavior of interfaces between structures and 

foundations subjected to static and/or dynamic loadings. 

Mixed Element Code 

To check the accuracy and overall performance of the mixed 

element code developed herein, several (static) interaction problems are 

solved and the results are compared with analytical and/or existing 

numerical solutions. 
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Thin Rectangular Plate Under Uniform Compression. A thin plate 

of size 2a x 2b and thickness t~ is subjected to a uniform pressure of 

intensity 2Qo as shown in Fig. 5.22. The plate is sliced into three 

pieces and the pieces are held together by the inplane uniform pressure 

only, without any adhesive material between them. In finite element 

idealization, the load between adjacent pieces is transferred through 

the stress nodes of interface element(s). The finite element mesh used 

in plane stress idealization of the plate is shown in Fig. 5.23. Taking 

advantage of geometry and loading conditions only one quarter of the 

plate is analyzed, Fig. 5.22. The problem is solved for two different 

loading conditions. In the first case, the total load Qo is applied in 

one step while in the second case it is applied in ten equal increments. 

This simple problem having known analytical solution is chosen 

to verify the load transfer capability of the interface element in 

compression. Since the plate is subjected to uniform compression, the 

interface element should remain in contact or no-slip mode. Also, the 

tractions developed at the stress nodes (shown by ·x· in Fig. 5.23) 

must agree with the theoretical stress distribution of the plate. 

Closed-form solutions for displacements, u and v,and fer 

stresses, crxx ' cryy and Lxy at a point (~, y) are given by: 
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. Q 
u (x, y) = ~. x 

v (x, y) = - v • y • u (x, y) 

Qo 
O"xx (x, y) = a.1:' 

O"yy (x, y) = Lxy (x, y) = 0.0 

Following geometric and material properties are used: 

Plate --
a = 1 inch (2.54 em) 

b = 2 inches (5.08 em) 

Young's modulus, Ep = 30,000 ksi (206.8 x 106 kPa) 

Poisson's ratio, v = 0.3 

Interface 

Cohesion, ca = 0.0 

Friction angel, tan 0 = 0.8 
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(4.5) 

Since the interface element remains in stick mode and no shear stress 

is developed at interface, results should not be affected by tan o. 
Finite element results for nodal displacements are compared with 

closed-form solution in Table 5.2. It is observed that the computed 

values match closely with the closed-form values. Comparison between 

computed and analytical results for stresses are presented in Table 5.3. 

Finite element results for O"xx compare (almost) exactly with analytical 

results; however, for O"yy component, the computed results are signifi

cantly different from the closed-form values. This error is mainly due 
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Table 5.2 Comparison of Displacements for 
a Rectangular Plate, Fig. 5.23 

Computed Exact 
u v. u 

(inch) (inch) (inch) 

-0.0016 (i.00 -0.0016 

-0.0016 0.00024 -0.0016 

-0.0016 0.00048 -0.0016 

-0.0016 0.00 -0.0016 

-1).0016 0.00024 -0.0016 

-0.0016 0.00048 -0.0016 

*1 inch = 2.54 em 
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v-
(inch) 

0.00 

0.00024 

0.00048 

0.00 

0.00024 

0.00048 
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Table 5.3 Comparison of Interface Stresses for 
Rectangular Plate Problem, Fig. 5.23 

Computed Exact 

O"xx O"yy O"xx O"yy 
(ksi) (ksi) (ksi) (ksi) 

48.0 -0.0258 48.0 0.00 

48.0 4.213 48.0 0.00 

48.0 -8.40 48.0 0.00 

* 1 ksi = 6894 kPa 
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to fewer stress nodes (Fig. 5.23) used in the discretization of the 

problem. If the number of stress nodes are fewer than required, then 

the stresses cannot be adequately transferred from one body to the 

other. To verify this aspect, the same problem is solved with a rela

tively finer mesh where three interface elements are used instead of 

one used in the previous case, Fig. 5.24. The computed stresses (at 

stress nodes) are tabulated in Table 5.4. A significant improvement in 

result is observed for 0yy. Thus, it is believed that a very coarse 

discretization using this interface element can cause significant errors 

in the stress distribution of a problem. 

Circular Plate Inclusion. Consider a plate with a circular hole 

as shown in Fig. 5.25. The circular hole contains an unbonded circular 

inclusion having initial radius equal to the radius of the hole. The 

plate is subjected to uniform inplane tension applied at two opposite 

edges, Fig. 5.25. The boundary conditions along the circumference of 

inclusion can consist of three distinct regions. Referring to Fig. 5.25, 

the region AB (0 ~ e' ~ a') where no slip or separation occurs, is 

called no-slip region; the arcs BC (a' ~ e'~ ~') where slip occurs and 

CD (n' ~ 9' ~ 90°) where separation occurs are called slip and separa

tion regions, respectively. Slip and no-slip regions together are 

called contact region and the angle (~' + n') is called contact angle 

in the context of this problem. 
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Table 5.4 Comparison of Interface Stresses for 
Rectangular Plate Problem, Fig. 5.24 

Computed Exact 

O"xx O"yy O"xx O"yy 
(ksi) (ksi) (ksi) (ksi) 

48.0 0.017 48.0 0.00 

48.0 -0.1657 48.0 0.00 

48.0 -0.0301 48.0 0.00 

48.0 0.00 48.0 0.00 

48.0 0.0301 48.0 0.00 

48.0 0.1657 48.0 0.00 

48.0 -0.017 48.0 0.00 .. .. 

* 1 ksi = 6894 kPa 
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Figure 5.25. Schematic of Circular Plate Inclusion 
(1 psi = 6.89 kPa, 1 inch = 2.54 em) 
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Analytical solution to this problem for a plane stress idealiza

tion was obtained by Stippes et al. (1962) using a singular 

integro-differential equation for the normal traction at the interface 

between the inclusion and the plate. The plate was assumed to be 

infinite and the interface was assumed to be frictionless (tan 0 = 0). 

The point at which separation between the inclusion and the plate starts 

to occur (Fig. 5.25) was determined by the condition that the radial 

displacements must be continuous across the contact arc in the region of 

contact. 

A pair of coupled integral equations were formulated and a 

variational procedure was utilized by Hussain and Pu (1971) to obtain 

approximate solution of the problem for (finite) frictional interface 

condition. Using this approach, a value of 19.48 degrees was obtained 

for the case of tan 0 = 0.0, compared with the exact value of 19.62 

degrees. 

Chan and Tuba (1971) solved this problem for frictionless 

contact (tan 0 = 0) using a finite element technique. Due to the re

strictive nature of interface idealization, a'very refined mesh was 

required to obtain acceptable results. 

Urzua et al. (1977) solved this problem for both frictionless 

and frictional interface conditions using a finite element procedure. 

Satisfactory results were obtained for distribution of stresses along 

the contact arc for both frictionless and frictional cases. 
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In order to verify accuracy of the mixed element code the plate 

inclusion problem is solved and finite element results are compared with 

analytical solutions. A 16" x 16" (40.6 x 40.6 em) plate with a cir

cular inclusion of 1 inch (2.54 em) radius is discretized as shown in 

Fig. 5.26. Utilizing advantage of symmetry, only one quarter of the 

plate is analyzed. The material and interface properties used are 

given below: 

Plate 

Young's modulus, Ep = 3 x 106 psi (20.67 x 106 kPa) 

Poisson's ratio, vp = 0.3 

Thickness, tp = 0.25 inch (0.635 em) 

Inclusion 

Young's modulus, Eic = 3 x 106 psi (20.67 x 106 kPa) 

Poisson's ratio, vic = 0.3 

Thickness, tic = 0.25 inch (0.635 cm) 

Interface 

Cohesion, ca = 0.0 

Friction angle, tan 0 = 0.0 and 0.6 

Load 

Pressure intensity, Qo = 1000 lb/in2 (6894 kPa) 

For frictionless case (tan 0 = 0.0), finite element results for radial 

stresses, crrr are compared with exact solution in Fig. 5.27. Results 

obtained by Urzua et al. (1977) using a similar finite element approach 
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Figure 5.26. Finite Element Mesh For Circular Plate Inclusion 
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Figure 5.27. Distribution of Radial Stress, crrr 
for Plate Inclusion Problem (tan 0 = 0.0) 
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are also plotted in the same figure f~r comparison. A similar trend 

between the present results and those reported by Urzua et al. (1977) is 

observed. However, for a given contact angle ~~, the present results 

are in closer agreement with the analytical solution. The error in 

computed results is believed to be primarily due to coarse mesh used in 

the idealization of the problem. Since the gradients of stresses along 

the circumference of inclusion are very high, very fine mesh is usually 

required to capture sharp variation of stresses in this region. Varia

tion of circumferential or hoop stresses, aee around the hole are 

compared with exact solution in Fig. 5.28. A satisfactory correlation 

between the two results is observed. In the crown region computed 

stresses are higher than the exact values while in the springline region 

exact stresses are higher than the computed stresses. 

For a variety of frictional interface conditions the circular 

inclusion problem was solved analytically by Hussain and Pu (1971). It 

was found that the coefficient of friction, tan 0 does not appreciably 

change the angle of contact (a~ + ~~) but the slip region ~~ is quite 

sensitive to tan o. The inclusion problem is resolved here with tan 0 = 
0.6 and the results are compared with exact solution. 

Figure 5.29 shows comparison for radial stress, arr• It is ob

served that the computed stresses are higher than the exact value. As 

mentioned previously, the difference is believed to be mainly attributed 

by coarse mesh. Similar comparison for interface shear stress, L re is 
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is shown in Fig. 5.30. Compared to crrr , a better correlation is ob

tained for this case. Overall, the finite element results appear to be 

consistent and in reasonable agreement with exact results. 

Evaluation of Thin-layer and Mixed Interface Elements 

In the results reported previously in this chapter, the capa

bility of thin-layer element in simulation of interface behavior has 

been verified with respect to both static and dynamic soil-structure 

interaction problems. Overall performance of thin-layer element in 

simulation of relative motions associated the behavior of interface 

has been found to be quite satisfactory. Fortunately this statement 

holds true even in the case of complex boundary value and field problems 

as can be seen from additional results presented subsequently. 

The accuracy of mixed interface element in simulation of inter

face behavior has been checked with respect to few static problems. 

Although no dynamic interaction problem has been solved here using this 

element, the simulation of dynamic interface behavior should not present 

any difficulty because in dynamic implicit time domain analysis an 

equivalent static problem is solved at each time increment. 

The development of thin-layer element is based on a basic assump

tion that the behavior near the interface involves a finite thin zone. 

The behavior of this zone is different· from the behavior of surrounding 

zones that form the interface. This assumption is logical and justified 

for many soil-structure interaction problems and for rock joints such as 
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faults, seams. Howeve!, there is another class of jnteraction problems 

which involves a zone of virtually zero thickness. Rock joints in

volving fracture surfaces, cleavages, connections of some structural 

members and frames, etc., are typical examples of problems in this 

category. For these and similar problems use of zero thickness element 

such as the mixed interface element may be appropriate to idealize the 

behavior of interfaces. Thus, the decision regarding which interface 

element is to be used for a given simulation problem can be dictated by 

the nature of the problem and by other factors such as the simplicity of 

a model and computing cost. Since one of the main objectives of this 

research is to identify influence of interfaces in soil-structure inter

action type problems, thin-layer element is preferred here to mixed 

interface element. The mixed interface element was developed during the 

initial phase of this research. For a selected problem, the computing 

cost using mixed element code was about 8 percent higher than the cost 

using thin-layer code, although both codes gave similar results. The 

buried pipe problem discussed earlier in this chapter is chosen as a 

basis of this evaluation. 

Figure 5.19 shows two-dimensional idealization of a pipe-soil 

system analyzed by Katona (1981) using a 'contact-friction' interface 

element and by Desai et al. (1982a) using the thin-layer element. The 

finite element mesh used in latter simulation is shown in Fig. 5.20 and 

typical results are presented in Figs. 5.21. Using 

the same material and interface properties and the mesh shown in 
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Fig. 5.31, the buried pipe problem is solved using the mixed element. 

Typical results obtained from this analysis are presented in Figs. 5.32. 

It may be noted that the number of nod~s in finite element meshes shown 

in Fig. 5.20 and 5.31 are different because of the presence of extra 

stress nodes in each mixed interface element, Fig. 3.13. 
(J 

Figure 5.32(a) shows comparison of .computed ~r vs e'(from 
o 

springline to crown) curves with the thin-layer element results and with 

the closed-form solutions. For bonded and frictionless cases the com-

puted results are in very close agreement with the exact solutions. In the 

crown region (tan 0 = 0.25)~ the computed values are higher than the 

predictions of thin-layer code. Figure 5.32(b) shows a similar com-

parison for L/PO versus e~ For frictionless and bonded cases the 

present computations compare very closely with the exact solutions. For 

frictional case (tan 0 = 0.25) the computed results are lower than the 

predictions of thin-layer element code and more close to Katona1s 

results; however, the difference is not significant. Comparison of 

variation of radial displacements, ur is shown in Figs. 5.32(c). It is 

seen that for frictionless a.nd bonded cases the computed results are 

very close to the exact values. As noticed previously, for frictional 

case the computed results are slightly higher than the corresponding 

thin element results. 
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From the foregoing comparisons it can be concluded that both 

the thin-layer and mixed formulations can satisfactorily model interface 

behavior related to soil-structure interaction problems. In general, 

both formulations yield similar results; in some cases mixed formulation 

produced relatively better simulation. The CPU time required to solve 

this problem using proposed mixed formulation was about 205 seconds 

while in the case of thin-layer formulation it was only about 180 

seconds. Thus, computationally thin-layer element is more efficient. 

For this and other reasons mentioned previously, only thin-layer element 

is used to model interface behavior in subsequent analyses. 



CHAPTER 6 

APPLICATIONS TO PRACTICAL PROBLEMS 

General 

As discussed previously, the response of many engineering struc

tures and foundations can be significantly influenced by the presence of 

interfaces and joints. The main objectives of this research are to 

develop computational procedures (such as finite element method) for 

solving soil-structure interaction problems including the behavior of 

interfaces and to examine the importance of interface behavior on the 

overall response of a system. In this research, two interface elements 

are developed and implemented in finite element codes which can solve 

soil-structure interaction problems with two-dimensional (plane stress, 

plane strain and axisymmetric) idealizations. Underlying formulations 

of the proposed interface models are discussed in Chapters 3 and 4. 

These models are verified with respect to a number of illustrative inter

action problems in Chapter 5. This chapter is intended to provide 

additional verifications and applications of the foregoing interface 

models to practical problems. Four soil-structure interaction problems 

are solved and the results are presented in the following sections. 
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Circular Rafts Resting on Elastic Half Space 

General. Circular rafts are normally used as foundations for 

structures such as nuclear reactors, storage tanks, silos, etc., 

Fig. 6.1. In the past many investigators attempted to solve the inter

action problem at hand for idealized (bonded or frictionless) interface 

conditions. Borowicka (1936) used a power series expansion technique to 

solve circular plates on isotropic elastic half space. Subsequently, 

Barden (1965), Benito (1948), Brown (1969), Ishkova (1951), and 

Zemochkin and Sinitzyn (1947) used similar technique for solving circu

lar plates (rafts) on elastic half space. Chattapadhyay and Ghosh 

(1969) employed finite difference method for solving circular rafts on 

elastic half space. Cheung and Zienkiewicz (1965) employed finite 

element technique to investigate slabs and tanks on elastic half space. 

Subsequently, Boswell and Scott (1975), Carrier and Christian (1973), 

Christian (1968), Smith (1970), Zaman (1979) and others employed this 

technique for solving this interacti9n problem. A detailed review of 

previous works related to the problem is given by Se1vadurai (1978). 

Most of the applications of finite element method to this inter

action problem were based on the assumption that the interface between 

the raft and the half space is frictionless. However, Hooper (1974, 

1975) assumed that the contact between the raft and geologic medium is 

adhesive (bonded). Faruque (1980) examined a similar problem using 

4 noded axisymmetric interface element. This model was conceptually 

similar to the model proposed by Ghaboussi et al. (1973). 
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Thin-layer element code is used to predict the (static) response 

of a circular raft resting on isotropic elastic half space including the 

behavior of interface. Figure 6.1 shows a circular raft having radius a 

and thickness t', resting on an isotropic elastic half space. The raft 

is subjected to (static) uniform pressure of intensity Po. Thin-layer 

element is used to model the behavior of interface between the raft and 

the elastic medium. The finite element mesh used to idealize the raft 

and the half space is shown in Fig. 6.2. The mesh consists of 103 solid 

and 4 interface elements connected at 366 nodes. The problem is solved 

for two different relative raft rigidities, ~ (= 1000 and 1) and two 

different Poisson's ratios of the elastic half space, vs. Kr is defined 

by 

where, Er , vr and Es' Vs are the elastic properties of the raft and the 

half space, respectively. A very high value of ~ would represent a 

rigid and a low value of ~ would represent a flexible raft. In the 

following ~ = 1000 and 0.01 are used to indicate a rigid and a com

pletely (very) flexible raft. The interface conditions (bonded, 

frictionless or frictional) are simulated by assigning appropriate 

values for the interface parameters. The following properties are used 

in the analyses: 
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Figure 6.2. Finite Element Mesh for Circular Raft On Elastic Half Space 



Relative.rigidity, ~ ~ 1000 . 
• 

Raft 

Radius, a = 1 inch (2.54 em) 

Thickness, ~' = 0.5 inch (1.27 em) 

Young's modulus, Er = 3 x 106 psi (20.6 x 106 kPa) 

Poisson's ratio, vr = 0.167 

Half Space 

Young's modulus, Es = 202 psi (1392 kPa) 

for Poisson's ratio, Vs = 0.0 

Young's modulus, Er = 170 psi (1170 kPa) 

for Poisson's ratio, vr = 0.4 

Relative rigidity, ~ = 1.0 

Raft 

Radius, a = 1 inch (2.54 em) 

Thickness, t = 0.10 inch (0.254 em) 

Young's modulus, Er = 5.5 x 106 psi (38 x 106 kPa) 

Poisson's ratio, vr = 0.167 

Half Space 

Young's modulus, Es = 3000 psi (20,670 kPa) 

Poisson's ratio, Vs = 0.0 
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Interface 

Initial modulus, E. = E 
1 s 

Poisson's ratio, vi = Vs 

Cohesion, ca = 0.0 

Friction angle, tan 0 = 0.01 (frictionless) 

tan 0 = 2.0 (bonded) 

= a1 + ~2 ur + ~3 u~ 

= 0.0 + 128 ur - 250 u~ 
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Rigid Plate. Finite element results for plate deflections for 

smooth and bonded interface conditions and Vs = 0.0 are presented in 

Fig. 6.3. The results are expressed in nondimensional form using the 

following expression: 

Po a 
w(r) = ---- I ( ) Es w r (6.2) 

where Iw(r) is called the influence coefficient for surface (vertical) 

displacement at a distance r from the center of the plate. The exact 

displacements for perfectly smooth interface condition is plotted on the 

same figure for comparison. The closed-form expressions for surface 

displacements were given by Boussinesq (1885): 

~ (1.- v;) 
w(r) = 2 E Po a (0 ~ r ~ a) 

s 
(6.3) 
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2 P a.(l.- v ) 1 
w(r) = 0 E s Sin- (rIa) (a ~ r ~ co) (6.4) 

s 

For smooth interface, the computed raft displacement is less than the 

closed-form value. The difference is about 3.2 percent. This error is 

mainly attributed by the finite region which represents an infinite half 

space. Also, in the finite element computations a small value (tan 0 = 

0.01) is used to represent frictionless interface. From Fig. 6.3 it is 

cbserved that the interface condition has significant effect on raft 

displacement. As can be expected, raft deflection decreases with in

creasing interface roughness. The raft deflection for smooth interface 

condition is about 9 percent more than the bonded interface condition. 

Similar results for vs = 0.4 are presented in Fig. 6.4. Closed

form results (Eqs. 6.3 and 6.4) for perfectly smooth interface are also 

plotted in this figure. It is observed that the influence of interface 

condition does not appreciably affect the raft displacement at higher 

values of vs' This observation is consistent, because as the Vs 

approaches 0.5 the geologic medium tends to become incompressible. 

Influence of interface condition on the distribution of (normal) 

contact stress is depicted in Fig. 6.5. In the central region of the 

raft, the contact stress increases with increased interface roughness. 

At r = 0, the increase in azz (for changing interface condition from 

frictionless to bonded) is about 10%. The influence of interface 

roughness on the distribution normal stress (azz) with depth is shown 

in Fig. 6.6. It is seen that at depth, z > 2a the interface condition 

does not predominantly affect the distribution of azz ' 
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To study the influence of .relative rigidity, I). on the be-

havior of the raft foundatio~, the interaction problem is resolved for 

Kr = 1.0. Typical finite element results are presented in Figs. 6.7 

through 6.9. These results appear to be consistent. It is observed 

that reducing the relative raft rigidity, Kr increases the influence of 

interface behavior. From Fig. 6.7 it is seen that change of interface 

condition from bonded to frictionless increases the central (r = 0) raft 

deflection by about 12%. For I). = 1000, the corresponding percentage 

increase was only 9. Overall, it is observed that the interface behavior 

has significant influence on the response of the circular raft 

foundation. 

Response Of A Pier Foundation To Sinusoidal Excitation 

General. Figure 6.10 shows schematic of a pier foundation 

structure (called subsequently as structure) of a long span bridge sub

jected to sinusoidal excitation at the bed rock level. The structure is 

partially embedded in a layered soil medium with H/Hb = 0.3125 where H = 

height and Hb = embedment depth of the structure. The layered soil 

medium consists of clay deposited in two layers, Fig. 6.10. For the 

purpose of analysis the soil-structure system is idealized as a plane 

strain problem. The finite element mesh used for discretization con

sists of 44 solid and 6 thin-layer elements and 185 nodes, Fig. 6.11. 

Excitation in the form of sinusoidal (horizontal) displacement is input 

simultaneously at all nodes located at the bed rock level. 
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(6.S} 

where uS(t) = bed rock displacement at time t, Q = frequency of input 

excitation and Ao = amplitude of excitation (displacement). Equivalent 

bed rock acceleration tiBet) can be obtained by differentiating Eq. (6.5) 

with respect to time. 

(6.6) 

* where Ao is the amplitude of the equivalent bed rock acceleration. 

A similar problem was solved by Toki, Sa to and Miura (1981) 

using zero thickness interface elements proposed by Goodman et al. 

(1968). Results obtained from the present analysis are compared with 

the results reported by Toki et al. (1981) and additional results are 

presented to identify the importance of interface ·behavior on the re

sponse of the pier foundation structure (Fig. 6.10). The following 

material and interface properties are used: 

Soil Medium: Layer 1 

Young's modulus = 1.664 x 104 ton/m2 

Poisson's ratio = 0.4 

Unit weight = 1.8 ton/m3 

Damping ratio = 0.2 



Layer 2 

Young's modulus = 6.66 x 104 ton/m2 

Poisson's ratio = 0.4 

Unit weight = 1.8 ton/m3 

Damping ratio = 0.2 

Concrete (Pier) 

Young's modulus = 1.31 x 106 ton/m2 

Poisson's ratio = 0.167 

Unit weight = 2.4 ton/m3 

Damping ratio = 0.05 

Interface 

Cohesion, ca = 10 ton/m2 

Friction angle, 0 = 0° and 30° 

Initial modulus = 1.664 x 104 ton/m2 

Poisson's ratio = 0.4 
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Figure 6.12 shows overall deflected shape of the structure and the soil 

medium at three selected time levels~ t = 0.1, 0~2 and 0.3 seconds. 

* These results correspond to an excitation amplitude Ao = 0.3g (g = 

acceleration due to gravity) and excitation frequency Q = 2 Hz. This 

figure gives an impression of how the response of the system changes 

with respect to time. The sliding and rocking motions of structure are 
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seen to be predominant here. To show the inf1~ence of .interface be

havior, the horizontal and vertical displacement-time histories at 

points A (structure) and C (soil), Fig. 6.10, are plotted in Figs. 6.13 

and 6.14, respectively. The response with and without the behavior of 

interface is represented by WIN (with interface) and NIN (no interface), 

respectively. From these figures it is observed that, in general, the 

displacements for the case of WIN are higher than the displacements for 

NIN case. For point A no appreciable difference is observed between WIN 

and NIN cases up to time t = 0.2 second. For point C, the corresponding 

time is about 0.12 second. The maximum displacement of point A for WIN 

case 1s found to be 4.0 em, compared to 3.74 em reported by Toki et al. 

(1981). For NIN case the maximum horizontal displacement is approxi

mately 3.2 cm which is about 80% (compared to 83.7% reported by Toki 

et al.) of the maximum displacement for WIN case. The maximum horizontal 

displacements at point C for WIN and NIN cases are obtained as 3.6 em 

and 2.7 em, respectively; the difference being about 25%. Similar 

observations can be made for y-displacement of points A and C from 

Fig. 6.14. For point A, the maximum WIN displacement is about 16.5% 

more than the displacement for NIN case. Also, the peak displacements 

for WIN and NIN cases do not occur at the same time; a phase shift in 

the response is observed. Toki et al. (1981) did not report any results 

for vertical displacement. For vertical displacement of point C, the 

influence of interface behavior is found to be insignificant. 
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Effect of Excitation Frequency n. To study the influence of ex

citation frequency on the behavior of the pier foundation-soil system, 

the foregoing problem is solved for n = 2, 5 and 8 Hz. The excitation 

* amplitude Ao is kept constant at 0.3g. Typical results are shown in 

Figs. 6.15 through 6.18. Overall deflected shape of the soil-structure 

system at t = 0.1 and 0.2 seconds, for two selected frequencies is shown 

in Figs. 6.15 and 6.16, respectively. Both of these figures correspond 

to WIN case. From Fig. 6.16, it is observed that the frequency of ex

citation has very significant effect on the response of a system. To 

clarify the pictorial representation of Fig. 6.16, maximum horizontal 

displacements of point A for different,n are plotted in Fig. 6.17. 

Similar results reported by Toki et al. (1981) are also plotted in this 

figure for comparison. For a given n, the computed displacements are 

slightly higher than those obtained by Toki et al. (1981); however, the 

trend in predicted response appears to be consistent. As can be seen 

from Figs. 6.17 and 6.18, the influence of interface behavior is pre

dominant at lower excitation frequency. At higher n (>6), incorporation 

of interface behavior in the analysis does not significantly affect the 

response. 

Effect of Excitation'Amplitude. To investigate the influence of 

* excitation amplitude Ao on the response of the pier foundation, the 

problem is solved for four different excitations; namely, O.lg, 0.15g, 

0.2g and 0.3g. Frequency of excitation n is kept unchanged (= 5 Hz). 
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Figure 6.17. Comparison of Maximum x-Displacements at Point A With 
the Results Reported by Toki et al. (1981) (0 = 30°, 
Us = 0.3g and Hb = 0.3125 H) 
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Typical results showing the influence of .interfa.ce behavior are de

picted in Figs. 6.19 through 6.22. Figures 6.19(a) and (b) show the 

maximum horizontal and vertical displacements, respectively, at point A. 

Predicted maximum displacements with (WIN) and without (NIN) the be

havior at interface are indicated by the symbols. and 0, respectively. 

Again, the response for WIN case is seen to be higher. In the excita

tion range considered here, the variation of horizontal displacements at 

* A with Ao appears to be approximately linear. For y-displacements, 

however, the corresponding effect is seen to be nonlinear, Fig. 6.19(b). 

For both x and y displacements, the change in influence of interface 

* behavior with increasing Ao is found to be nonlinear. As can be ex-

* pected, the role of interface behavior is predominant at higher Ao. 

Similar observations can be made from Figs. 6.20. Also, from these 

figures it is noted that two neighbouring points Band C have indeed 

experienced relative motions (for WIN case). 

Effect of Depth of Embedment. The depth of embedment can sig

nificantly influence the response of a structure subjected to dynamic 

loadings. To study the effect of embedment depth Hb, the response of 

the interaction problem at hand is evaluated for three different depths 

of embedment; namely, Hb = 0.3125 H, 0.1875 Hand 0.0. In these 

* analyses, the frequency (Q = 5 Hz) and amplitude (Ao = 0.2g) of excita-

tion are kept const~?t. Typical results related to Hb = 0.3125 have 

been presented in the previous sections. For the remaining two embed

ment depths (Hb = 0.1875 Hand 0.0), typical results are presented in 

this section. 
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(n = 5 Hz and Hb = 0.3125 H) 
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Figure 6.20. Effect of Excitation Amplitude on Maximum Displacements 
at Points Band C Due to Sinusoidal Excitation 
(n = 5 Hz and Hb = 0.3125 H) 
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. Figures 6.21(a) and (b) show the finite element mesh for Hb = 

0.1875 and 0.0, respectively. Sketches of the deformed shape of the 

soil-structure system at t = 0.15 second, including and without the be

havior of interface, are depicted in Figs. 6.22. For both embedments, 

the response of the structure for WIN and NIN cases are different. 

Bonded interface condition appears to restrain the motion of the struc

ture. For Hb/H = 0.0, relative slip (or sliding) between points Band C 

occurs (Fig. 6.22b) when interface behavior is incorporated in the 

analysis. For bonded (NIN) case such relative movement cannot occur, 

Fig. 6.22b. Influence of interface condition on the response of the 

geologic medium reduces with increasing depth and with increasing dis

tances from the structure. 

To illustrate the pictorial representations of Figs. 6.22 and to 

demonstrate the effect of embedment depth on the response, displacement, 

velocity and acceleration histories at a typical point A are plotted for 

both bonded and frictional interface conditions. Figure 6.23(a) shows 

the horizontal displacement-time history. It is observed that reducing 

embedment depth can significantly increase the importance of interface 

behavior. For Hb/H = 0.1875, the maximum difference in response for WIN 

and NIN cases is about 0.02 em; when the structure is not embedded 

(Hb/H = 0.0), this difference is in the order of 0.03 em. The first peak 

di sP.l acement for Hb/H = 0.1875 case occurs at t = 0.14 second. The 
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corresponding peak fO,r Hb/H = 0.0 occurs at_ t = 0.18 second. Thus, a 

time shift in peak response is noticed. Similar observations can be 

made for velocities and accelerations from Figs. 6.23(c) through (f). 

The influence of interface behavior is seen to be more predominant in 

zero-embedment case. From these figures it is observed that the re

sponse is significantly underestimated in case of bonded interface 

condition. Additional results related to this problem are given 

by Zaman and Desai (1982). These results appear to be consistent and 

support the foregoing observations. 

Structure On Nonlinear Soil Medium 

In the foregoing problems in this chapter the structural and soil 

medium were modelled using linear elastic properties. The nonlinearity 

was only in the modelling of interface behavior. Material (frictional) 

damping in the form of Rayleigh damping was used as a mechanism for 

dissipating energy of geologic medium. Such an idealization of material 

behavior can approximately account for material nonlinearity. In this 

section a soil-structure interaction problem is solved in which the cap 

model is used to idealize the nonlinear behavior of soil medium. 

Figure 6.24 shows a partially embedded (Hb = 0.1875 H) structure 

resting on Ottawa sand deposit subjected to sinusoidal horizontal bed 

rock excitation. The finite element mesh used in the two-dimensional 

plane strain idealization of the problem is shown in Fig. 6.21(a). The 

mesh consists of 44 solid and 4 thin-layer elements and 179 nodes. The 

material properties used in the analyses are given below: 
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Structure' (Concrete) 

Youngls modulus, Ec = 3 x 106 psi (20.7 x 106 kPa) 

Poissonls ratio, Vc = 0.167 

Unit weight, Yc = 140 lb/ft3 (2.24 x 10-3 kg/an3) 

Soil (Ottawa Sand) 

Youngls modulus, Es = 38,600 psi (2.6 x 105 kPa) 

Poissonls ratio, Vs = 0.37 

Unit weight, Ys = 105 lb/ft3 (0.0017 kg/an3) 

Parameters for Cap Model: Eqs. (2.42), (2.47) and Fig. 2.8 

a = 29.0 psi (200.0 kPa) 

I = 29.0 psi (200.0 kPa) 

S = 0.01402 1/psi (0.00203 1/kPa) 

e = 0.4 

R = 2.5 

o = 0.0085 1/psi (0.0012 l/kPa) 

W = 0.00267 

Z = 0.0 

Interface 

Initial modulus, Ei = 38,600 psi (2.6 x 105 kPa) 

Poissonls rati~, vi = 0.37 

Unit weight, Yi = 105 lb/ft3 (0.0057 kg/an3) 

Cohesion, ca = 0.0 
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Friction angl~, tan 0 = 0.576 

L = ell + 0'2 ur + ~ u; 
·(eli are given in Table 4.5) 

. .. . 
Excitation· (Sinusoidal) 

Frequency, Q = 2.0 Hz 

* Amplitude, Ao = 0.2g 

(g = acceleration due to gravity) 
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Initially (at t = 0) the thin-layer elements are assumed to be in stick 

mode; the initial compressive stress in the elements is calculated based 

on the weight of the structure and from the insitu stress distribution 

in the geological medium. 

Figures 6.25(a) and (b) show the overall deflected shape of the 

structure-foundation (Ottawa sand) system at t = 0.2 second for NIN and 

WIN cases. The solid lines represent the undefonned mesh, whiie the 

dotted lines show the deformed shape of the grid. A close look at these 

figures shows that the displacements including the behavior of interface 

are more than the displacements for NIN case. To clarify this observa

tion, the displacement and velocity-time histories at a selected 

point (namely, A, Fig. 6.28) are plotted and shown in Figs. 6.26. 

From Fig. 6.26(a) it is seen that the horizontal displacements 

at point A are significantly influenced due to the behavior of interface. 
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At t ~ 0.25 and 0.45 seconds, the displacements for WIN case are about 

twice as much as the displacement for NIN case. Up to t = 0.16 sec., 

the results for both WIN and NIN cases are about the same. Also, the 

peak response for WIN and NIN cases does not occur at the same time 

level. Similar observations can be made from Figs. 6.26(b) and (c). 

Additional results are given elsewhere (Zaman and Desai, 1982). 

In general, from the foregoing results it is observed that the 

response of a structure-foundation system can be significantly in

fluenced due to the assumed interface conditions. If no relative 

motions are permitted at the interface, the displacements of a struc

ture can be strongly restrained by the surrounding soil medium; as a 

result, the predicted response can significantly underestimate the 

actual response. The influence of interface behavior is very signifi

cant here due to the low frequency of excitation (n = 2 Hz). As 

mentioned previously, the interface behavior becomes predominant at low 

frequency, Figs. 6.17 and 6.18. 

From the foregoing results, it appears that nonlinear represen

tation of material behavior enhances the soil-interface-structure 

interaction. Also, the interaction due to interface condition became 

more predominant in the foregoing problem because the activated cohesive 

strength ca was assumed to be zero and the depth of embedment Hb was low. 
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Simulation of Soil-Structure Interaction Due to SIMQUAKE II 

The field test program, known as SIMQUAKE (Isenberg et al. 1978), 

was conducted by the University of New Mexico at the McCormick Ranch test 

facility near Albuquerqu~, New Mexico under a research project sponsored 

by the Electric Power Research Institute (EPRI). The objective of the 

test program was to measure response of model nuclear containment struc

tures and soil medium in the vicinity of the structure. Figure 6.27 

shows the layout of the test including six structures placed at ranges 

of 200 to 250 ft. (30.5 to 76.2 m) from the front explosive array 

(Fig •. 6.28). The tops of the explosive charges in each array are 25 ft. 

(7.6 m) below the ground surface and the bottoms are located at a depth 

of 100 ft (30.5 m). The front explosive array consists of 57,600 1bs. 

(26,100 kg) of ANFO (Amonium Nitrate, Fuel Oil mixture) divided into 

16 holes spaced 12.~~ (3.8 m) apart, while the back explosive array 

consists of 94,200 lbs. (42,700 kg) of ANFO divided into 12 holes spaced 

16.75 ft. (5.1 m) apart (Vaughan and Isenberg, 1982). The back array 

was detonated first, followed by the front array 1.2 seconds later; this 

time delay was designed to produce about 4 cycles of strong ground 

motion having a duration of approximately 2.5 seconds. 

Of the six structures shown in Fig. 6.27, the response of the 

1/8 scale (SOl) model nuclear containment structure (Fig. 6.29) is 

simulated here using a plane strain finite element idealization, 

Fig. 6.30. The structure shown in Fig. 6.29 is 15 ft (4.6 m) in 
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diamete~, 22.5 ft .• (6.9 m) high and weighs approximately 265,000 1bs 

(120,000 kg). The finite element mesh used in the simulation is shown 

in Fig. 6.31. The mesh consists of 43 solid and 5 interface (thin

layer) elements and 177 nodes. The material properties used in the 

analyses are given in Table 6.1. Cap model parameters for concrete are 

not given in this table because the deformation behavior of the struc

ture itself is assumed to be linearly elastic. 

Excitation. During SIMQUAKE II test ground response was recorded 

at selected points along the boundaries of the soil island (Fig. 6.28). 

(The soil island has been defined in Chapter 2). The recorded data were 

digitized and errors involved in recording, digitization, etc., were 

corrected. The corrected velocity-time history values were provided by 

the Weidlinger Associates, Menlo Park, California. The velocity-time 

histories are integrated numerically to obtain displacement-time his

tories at various points on the boundaries of the soil island. The 

displacement-time histories at nodal points on the boundaries of the 

finite element grid (Fig. 6.31) are obtained by using the foregoing dis

placements and linear interpolation theory. The nodal displacement-time 

histories thus obtained are used as input in the analyses. Figures 6.32 

and 6.33 show typical velocity-time history provided by the Weidlinger 

Associates and the corresponding displacement-time history obtained by 

numerical integration, respectively. In numerical integration At = 0.001 

second is used. Additional plots of input displacement-time histories 

are given elsewhere (Zaman and Desai, 1982). 
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Table 6.1. Cap Model Parameters For Materials Used 
in Simulation of ,SIMQUAKE II, Fig. 6.36 . ..... ... .. . ..... , 

Parameters Soil 1 Soil 2 Backfill Concrete 

E (psi) 46435 22113 13100 4 x 106 

(kPa) (3.2 x 105) (1. 5 x 105) (9.0 x 104) (2.7 x 107) 

v 0.3 0.3 0.26 0.2 

c;: (psi) 470.0 470.0 470.0 

(kPa) (3240.2) (3240.2) (3240.2) 

e 0.0 0.0 0.0 

S (l/psi) 0.165 0.165 0.165 

(l/kPa) (0.024) (0.024) (0.024) 

y (psi) 390.0 390.0 390.0 

(kPa) (2688.7) (2688.7) (2688.7) 

o (l/psi) 0.0007 0.0007 0.00065 

(l/kPa) (0.000102) (0.000102) (0.000094) 

w 0.06 0.06 0.06 

Z 0.0 0.0 0.0 

R 2.5 2.5 2.5 

Yw (lblin3) 0.0637 0.0637 0.0637 0.058 

(kg/cm3) (0.00176) (0.00176) (0.00176) (0.0016) 
, , , , , 
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Prediction'of Structural Response. Figure 6.34(a) shows the 

computed horizontal velocity-time history at the top of structure for 

frictional interface condition. The measured velocity history is repro

duced for comparison. The correlation between 

computed and measured response is found to be satisfactory during the 

first cycle of strong shaking, which spans from t = 0.0 to 0.8 sec. 

During the second phase of $trong motion, the computed values under

estimate the measured amplitude of response. This difference is 

particularly noticeable after t = 1.3 seconds. The discrepancies 

between calculation and measuremepts are partly due to a shift in phase. 

It is also observed that the analytic model responds at a higher fre

quency than the physical model. Similar observations were reported by 

Vaughan and Isenberg (1982). Figure 6.34(b) compares the corresponding 

horizontal velocity-time history for bonded interface (NIN) condition. 

As in the case of frictional interface condition (WIN), it shows that 

during the first cycle of strong shaking, the predicted response is 

satisfactory. In other words, during the first cycle of strong shaking, 

the modelling of interface behavior does not significantly influence 

the response. However, comparison of Figs. 6.34(a) and (b) shows that 

after t = 0.8 second the response for NIN condition is lower in magni

tude than the response for WIN case. 
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Figures 6.35 and 6.36 show the computed horizontal displacement 

and acceleration histories, respectively, at the top of structure for 

both bonded and frictional interface conditions. Vaughan and Isenberg 

(1982) did not report any results for displacement or acceleration re

sponse. It can be noticed that both displacement and acceleration 

response are significantly influenced by interface conditions. The 

importance of interface behavior is seen to be more predominant for 

displacement response. In general, bonded interface condition appears 

to underestimate the response; at t > 1.4 seconds, displacement response 

is seriously underestimated by bonded interface assumption. Figure 6.36 

shows that during the first cycle of strong shaking, the effect of inter

face condition in acceleration response is insignificant. After the 

strong shaking from the second explosion arrives at about t = 1.35 

seconds, a phase shift in response becomes noticeable. 

Comparison of computed and measured vertical velocity-time 

history at downstream corner of structure is shown in Figs. 6.37. Again, 

predicted response underestimates the measurements; however, the corre

lation for this case seems to be much better than in the previous case 

(top of structure). The amplitude of response at the base of structure 

appears to be significantly lower (than the response at the top of 

structure). Similar observations can be made from Figs. 6.38 and 6.39 

for displacement and acceleration response. Additional results showing 
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3.0 

at Top of Structure in SIMQUAKE II, Point P 
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the influence of interface behavior on the response of a typical point 

in the downstream corner of the structure are presented in Appendix c. 
These results appear to be consistent and show the manner in which inter

face conditions affect the response. 

Distribution·of·Contatt·Stress. Distribution of contact stresses 

at interfaces between different bodies in contact can be significantly 
", 

influenced by the characteristics of interfaces. To understand the 

mechanism of load transfer from one body to the othe!, it is important 

to know the distribution of contact stress. This aspect of soil-struc

ture interaction was realized in SIMQUAKE II tests of nuclear 

containment structures. In this test normal contact stress histories at 

selected points on the interface region were recorded. Comparison 

between the calculated and measured contact stress histories is presented 

in the following. A similar comparison was reported by Vaughan and 

Isenberg (1982). 

Figures 6.40(a) and (b) compare measured and calculated normal 

contact stresses beneath the upstream corner of the structure for fric

tional and bonded interface conditions, respectively. In finite element 

simulation, (dynamic) normal tensile stress is not allowed to exceed 

10.5 psi (72.4 kPa). This value corresponds to initial static stresses 

induced by the self weight of the structure. It is observed that com

puted and measured stresses correlate well up to t ~ 0.6 second. At 
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t > 0.6 second, the predicted values diffe~ significantly from the 

measured values. Peak (compressive) computed responses are usually 

higher than the measured response. A reverse trend is observed for 

tensile contact stress. The computed interface stresses represent 

average stresses at integration points of an interface element. Thus, 

the computed and measured stresses do not exactly correspond to same 

location. The difference in computed and predicted response can be 

partly attributed to this reason. In general, predictions for frictional 

interface condition appear to be better. 

Comparison of computed and measured normal contact stress his

tories at upstream face of the structure is shown in Figs. 6.41. As can 

be expected, the magnitude of contact stress is significantly low here; 

significant stresses develop only at times following the arrival of 

strong shock waves induced by explosions. Initial interface normal 

(compressive) stress for this case is obtained from the insitu stress 

distribution within the geologic medium. As can be seen from Figs. 

6.41(a) and (b), response including the behavior of interface, shows 

better correlation with measurements. 

Additional results related to contact stress distributions beneath 

downstream corner and at downstream face of the structure are presented in 

Appendix C. Again, better predictions are obtained when interface behavior 

is included in the analysis. 
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From the foregoing results it can be concluded that the re

sponse of a structure-foundation system subjected to blast type loading 

can be significantly influenced by the assumed interfa~e conditions. 

Rocking of structure is a strong component of structural response. In 

case of bonded interface conditio~, the motion of structure is re

strained by the surrounding geologic medium. 



CHAPTER 7 

SUMMARY AND CONCLUSIONS 

Summary 

Many engineering structures and their foundations involve inter

faces and joints. When a structure foundation system is subjected to 

static or dynamic (cyclic or earthquake) loadings, the entire system 

including the structure, foundation and interfaces (or joints) has to 

resist the load without exceeding allowable maximum stresses and de

formations. The current design practice often ignores or grossly 

simplifies the influence of interface behavior on the overall response 

of a structure-foundation system. For example, it is frequently assumed 

that the structure and the geologic medium are IIbonded or glued ll together 

at all stages of loading. An analysis is then performed and the condi

tions at the interfaces are checked to ascertain if the structure will 

move relative to the foundation. 

The foregoing and other similar empirical procedures for 

analyzing interface behavior do not appear to be rational because they 

do not properly account for interaction due to the presence of 

interfaces. 

The importance of interface behavior has been recognized in 

recent years and the need for understanding such behavior has become 

356 
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particularly important to enhance safe~y in the design and operation of. 

modern complex structures such as nuclear containment structures. The 

main objectives of this research are to develop a finite element proced

ure including the behavior of interfaces and to establish the influence 

of interface behavior on the response of structure-foundation systems. 

Under static or dynamic loadings, the junction between a struc-
... 

ture and foundation can experience contact or no-slip, slip or sliding, 

separation or debonding and rebonding modes of deformations. In the 

finite element analysis these deformation modes are incorporated by 

using interface elements. It is assumed that before the application of 

excitation all interface elements are in stick or no-slip mode. In 

subsequent loading process, an element can remain in no-slip mode if the 

(total) shear stress developed at the interface is less than the sliding 

strength. Mohr-Coulomb criterion is used to define activated sliding 

strength of interface. Sliding is initiated when this strength is 

mobilized. Separation or debonding is assumed to occur when the total 

normal traction becomes tensile. A debonded interface can rebond in 

subsequent loading. Interpenetration of node is prevented during 

rebonding. 

Two computer codes are developed under the current research. 

These codes can solve static and dynamic soil-structure interaction 

problems with two-dimensional (plane stress, plane strain or axi

symmetric) idealizations. In the case of dynamic analysis including 

the deformation behavior of interfaces, implicit integration scheme is 
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used and Rayleigh or proportional damping is used to model (frictional) 

material damping characteristics of geologic medium. Spurious reflec

tions at artificial boundaries are minimized by using nonreflecting 

viscous boundaries. Behavior of geologic medium is modelled using both 

linear and nonlinear constitutive laws. Cap model with isotropic 

hardening concept is used to represent nonlinear behavior of soils. 

In the first code, interface behavior is simulated using thin

layer elements having (small) finite thickness. Geometrically, this 

element is similar to the continuum (soil or structural) element; 

however, its constitutive matrix is defined differently. The normal 

behavior is defined as a function of the material properties and stress

strain characteristics of the neighboring continuum elements. The shear 

behavior is defined in terms of observed shear stress-relative displace

ment behavior expressed as functions of factors such as normal stress, 

number of cycles of loading and amplitude of displacements. At each 

time (or load) step, deformation modes are simulated by iterations in 

which excess stresses are redistributed by converting them into self 

equilibrated nodal loads. Iterations are continued until equilibrium is 

reached. Global stiffness, mass and damping matrices are kept unchanged 

during iterations and are updated only at the end of each time step. 

In the second computer code interface behavior is modelled using 

mixed interface elements having zero thickness. In a mixed interface 

element, nodes associated with surrounding solid elements have displace

ments as primary unknowns and the remaining nodes have tractions as 
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primary unknowns. A variational principle is utilized to incorporate 

various deformation modes in the analysis. An incremental solution 

scheme is proposed in which computed displacements and interface trac

tions are forced to satisfy certain constraints so that the resulting 

deformations and tractions become kinematically admissible. 

Constitutive behavior of the proposed interface models are based 

on material parameters. Solution of boundary value problems including 

the behavior of interface requires realistic values for the material 

parameters associated with the model. In the present study a Cyclic 

Multi-Degree-of-Freedom shear device is used to study the translational 

behavior of sand-concrete interfaces subjected to cyclic loadings. In

fluence of ~everal factors such as normal stress, frequency and amplitude 

of applied load (or displacement), and number of cycles of load applica

tion are studied. Material parameters associated with the proposed 

interface models are evaluated from these tests. 

To check the accuracy and capabilities of the interface elements 

in simulation of interface behavior a number of interaction problems are 

solved and results are compared with previous applications or closed

form solutions, wherever applicable. In general, consistent and 

satisfactory results are obtained for all cases. 

For fu.rther verifications and evaluation of the proposed inter

face models, four soil-structure interaction problems are solved. These 

results show the manner in which behavior of a structure-foundation 

system can be influenced by the presence of interfaces. 
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Conclusions 

Based on the investigations presented herei~, the following con

clusions can be made: 

1. In many soil-structure interaction problems relative movements 

such as sliding and separation can occur at the junction (inter

face) between structure and geologic medium. Such relative 

motions can be significant in case of dynamic loading. 

2. Deformation behavior ofinterfa,ces can be adequately modelled 

using proposed thin-layer and mixed interface elements. 

Thin-layer element is well suited for many soil-structure 

interaction problems since there is very often a thin layer of 

soil which participates in the interaction behavior. Formula

tion of thin-layer element is essentia11y the same as other solid 

eiements, hence 'it is easier to program and implement in a com

puter code. By using appropriate stress redistribution schemes, 

various deformation modes that an interface can experience are 

easily incorporated in the analysis. 

Mixed interface element can be suitable for modelling of 

interfaces having virtually no thickness such as interfaces in 

metal connections and rock joints involving fracture surfaces and 

cleavages. This element is relatively difficult to program and 

implement. Computationally the thin-layer element is more 

effi~ient and cheaper than the mixed element. 
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3. From the results of ,sand-concrete interface tests it is ob-

served that 

a) Behavior of interfaces can be significantly influenced by 

factors such as nonnal stress (ann)' amplitude of oisplace

ments (u~), initial density (Yi) and number of loading cycles 

(N). 

b) An increase in ann increases the activated shear strength Lm 

of interface. The relation between the change in Lm due to 

a change in ann is nonlinear. 

c) Lm increases with increasing u~. For medium dense sand, Lm 

a1S0 incrsa5es with N. Since the movement of sand is con-

fined, relative density of sand increases with number of 

cycles. 

d) Frequency of excitation does not appreciably influence the 

behavior of interface. 

e) Cohesive strength ca of sand-concrete interface is negligible; 

the friction angles tan 0 are found to be in the range of 0.52 

to 0.97. 

4. From the analyses of circular rafts on elastic half space it can 

be concluded that 

a) Raft deflections decrease with increasing interface roughness. 

Influence of interface behavior becomes more predominant at 

low relative raft rigidity~. For a rigid raft (~ = 1000), 

changing interface condition from bonded to frictionless 



increases raft deflection by· about 9 percent. The corre

sponding increase fO.r a flexible raft (~ = 1.0) is about 

12 percent. 
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b) Influence of interface condition does not significantly in

fluence the response at higher Poisson's ratio of geologic 

media ("s). 

c) In central region of raf~, normal contact stress increases 

with increased interface roughness. A reverse trend is 

observed near the edge. 

5. Influence of interface behavior is predominant at lower excita

tion frequency, n. Depending on the level of excitation, there 

is a specific frequency above which influence of interface condi

tion does not predominantly influence response of a system. 

6. D~pth of embedment can significantly influence response of a 

system. Rocking, sliding and debonding behavior become more 

influential at lower embedment depth. Phase shift in response 

can occur due to change in embedment depth and interface 

conditions. 

7. From the simulation of structural response due to SIMQUAKE ex

citation it is seen that the thin-layer element can efficiently 

model interface behavior even under complex loading conditions. 

In view of the success in the use of the simple thin-layer 

element it may not be necessary to develop complex approaches 

for idealization of interfaces unless they are required by the 

particular problem(s). 



8. In genera~, for bonded interface conditio~, the structural 

response is significantly restricted by surrounding soil 

medium. An analysis based on bonded interface condition 

appears to underestimate actual response. 
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9. Since the inclusion of interface behavior can significantly 

influence response of a structure-foundation system it will be 

appropriate that such behavior are incorporated in the analysis 

and design of structures. 



APPENDIX A 

SIMULATION OF DEFORMATION MODES FOR 
MIXED INTERFACE ELEMENT 

Various deformation modes, contact or stick, slip or sliding, 

separation or debonding and rebonding modes, are incorporated in the 

mixed interface element using a variational principle. Derivation of the 

stiffness matrix for this element is presented in Chapter 3. Further 

details of the simulation of interface behavior are given here. 

For the purpose of illustration, assume that the response of a 

system is known at time t. To evaluate the response at t + ~t, apply re

quired excitations {~Q}t and calculate a trial response based on the 

configuration at time t. The next step involved in the scheme is to . 

check if the computed (trial) response satisfies required constraints. 

Following procedure is adopted for this purpose. 

a) Previous mode = stick or no-slip 

Given: (crn~)t >0, (TO)t, (~crn~)' (~TC), etc. 

where superscript c denotes computed incremental (trial) 

stresses and other variables are defined in the text. 

Compute: F(t~) = I (TO)t + (~TC) I - LCa 

+ {(crn~) t + (~crn~)} tan 0] 

and 
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(A.I) 



i) This stress node could go into separation mode if 

(crn~)tr <0. Compute a load factor, IF such that the 

updated cumulative stress becomes equal to zero. 

ii) The stress node could go into siip mode if (crn~)tr >0 

and F (t~) >0. If F (t~) = 0, then no load factor 

needs to be calculated (that is, IF = 1). F (t?) >0 
. 1 

is not physically admissible. Compute load factor IF 

such that 
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(A.2) 

(A.3) 

( A.4) 

iii) The stress node would remain in contact mode if (crn~)tr 

>0. load factor is unity for this case. 

b) Previous mode = slip or sliding mode 

Given: (crn~)t >0, I(TO)t l >0, F (t~)t = 0, (~crn~)' 

(~TC), etc. 

Compute: F (t~) from Eq. (c.l) and (crn~)tr from Eq. (A .2) 



366 

i) If ,(an~)tr >0, node could go into separation mode. 

Compute LF using Eq. (A.3). 

ii) If ,(an~)tr >0 and the slip condition is approximately 

satisfied, then this node remains in slip mode (that 

is, LF = 1). If ,(an~)tr >0 and F (t~) >0, compute 

LF from Eq. (A.4). 

iii) If (an~)tr >0 and F (t~) <0, the node will come back 

to stick mode. 

c) Previous mode = separation'ordebonding mode 

Given: (an~)t = 0, (TO)t = 0, (u~)t, (b.an~)' (b.TC
), 

(b.u~), etc. 

C t (a 0) - ( o}t + A C ompu e: nn tr - ann uann (A.2) 

i) This node will remain in separation mode if (an~)tr ~ 0 

and (u~)tr >0. For this case LF = 1. 

ii) If (an~)tr >0 and/or (u~)tr <0 the node could come 

back to stick mode. Compute load factor t~ prevent 

interpenetration of node. 

From the computed load factors for all interface elements, find the mini

mum load factor LFmin and scale all results accordingly. 
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(A.6) 

where the superscript a indicates adjucted or corrected displacements 

and stresses which can be added to {u~}t, (an~)t and (TO)t, respectively. 

The remaining load, (1 - LFmin) {~Q}t can be added to next load incre

ment and applied to the system after required change of status has been 

made for all nodes. Velocity and acceleration vectors are updated 

accordingly and the process is repeated. 



APPENDIX B 

OBSERVED BEHAVIOR OF SAND-CONCRETE INTERFACES 

In the present work CYMDOF shear device is used to study the be

havior of interfaces between sand and concrete. The concrete here 

represents the foundation of a structure and sand represents the 

supporting soil (or geologic) medium. Concrete is placed in the bottom 

box and sand is placed in the top box of the device. A predetermined 

normal load is first applied to the sample and then a cyclic shear load 

is applied to the top box through the horizontal hydraulic cylinder. 

Resulting load-relative (horizontal) displacement histories are measured 

and recorded at selected number cycles using a mini-computer (MINC-II) 

with data acquisition capability. Observed shear load-displacement be

havior is utilized to derive parameters for the proposed interface 

models. A procedure for the derivation of these parameters is described 

in Chapter 3 along with typical results from the tests. Some further 

graphical results of the sand-concrete interface tests are presented in 

this appendix for the sake of completeness. As results are partly de

scribed in the main text and are self-explanatory, further descriptions 

are not included herein. 
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APPENDIX C 

SIMULATION OF SOIL-STRUCTURE INTERACTION DUE 
TO SIMQUAKE II:" ADDITIONAL RESULTS 

The field test program, known as SIMQUAKE, was conducted by the 

University of New Mexico at the McCormick Ranch Test facility near 

Albuquerque, New Mexico under a research project sponsored by the 

Electric Power Research Institute (EPRI). The objective of the test 

program was to measure response of model nuclear containment structures 

and soil medium in the vicinity of structure. The layout of the test 

including si~ properly instrumented structures is shown in Fig. 6.27. Of 

the six structures in Fig. 6.27 the response of 1/8 scale (SOl) model 

nuclear containment structure (Fig. 6.29) is simulated in this study using 

a plane strain finite element idealization, Fig. 6.30. Thin-layer element 

is used to simulate the deformational behavior of interfaces between the 

model structure and geologic medium. Analytic response is compared with 

the measured response. Typical comparisons are shown in Chapter 6. This 

appendix is intended to provide additional numerical results related to 

the behavior of the foregoing soil-structure system subjected to SIMQUAKE 

excitation. Main purpose of these results is to show the influence of 

interface behavior on the response of ~he entire system. These results 

appear to be consistent and support the observations outlined in the text. 
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