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CHAPTER I 

INTRODUCTION 

1.1 Purpose 

The general purpose of this study is to analyze the 

elastic behavior of a U-Frame structure by the coupling of 

boundary and finite element methods and to compare the 

results with those obtained from the finite element method 

alone. The stress analysis of a U-Frame structure is a Soil 

Structure Interaction (SSI) problem where the behavior of 

the U-Frame structure and the surrounding soil are interde

pendent. The following are the specific objectives of this 

study: 

1. To develop an SSI computer program for the coupling 

9f boundary and finite element methods which incorporates 

both symmetrical and unsymmetrical solutions of plane strain 

problems; 

2. To develop another SSI computer program, as general 

purpose programs STRUDL (1) and NASTRAN (2) cannot simulate 

the behavior at soil/structure interface, to solve plane 

strain problems by the finite element method alone for com

parison; 

3. To examine the accuracy and validity of the coupling 

of boundary and finite element methods in the stress 

1 



analysis of a U-Frame structure; 

4. To compare the efficiencies between the coupling of 

boundary and finite element methods and the finite element 

methods alone in solving SSI problems. 

1.2 Description of a U-Frame Structure 

2 

A typical U-Frame structure, shown in Figure 1, is a 

water-filled chamber used to raise or lower ships, barges, 

or boats from one elevation to another along parts of a 

canal. It consists of artificial sidewalls, movable water

tight gates at both ends which can be opened or closed as 

needed, and a water conduit with inlet and outlet valves for 

letting water in and out of the U-Frame structure by gravity 

flow (3). 

A U-Frame structure is one in which the structure walls 

are designed to act monolithically with the floor slab. The 

structure monoliths are normally lightly reinforced. The 

walls and base are considered to form a continuous frame in 

the generalized shape of a "U". 

1.3 Background for the Coupling of 

Boundary and Finite Element Methods 

The boundary element method has been well developed 

recently and it is now accepted as a general numerical 

method applicable to a wide range of engineering problems. 

This method is frequently applied to problems with infinite 

domains such as wave diffraction, harbor resonance, fluid 

flow, etc., because it satisfies the conditions at infinity 



Water 

I Void I I Void I· 
U-Frame Structure 

Sotl 

Figure 1. A Typical U-Frame Structure 

w 



4 

which are difficult to represent by the finite element 

method. One of the shortcomings of the finite element 

method is its inability to model domains extending to infin

ity. The boundary element method, on the other hand, uses 

fundamental solutions which naturally satisfy the conditions 

at infinity. 

The idea of the coupling of boundary and finite element 

methods is of great interest in solving problems with 

unbounded domains or regions of high stress concentration, 

both of which can be better represented by using boundary 

integral solutions. Finite elements, however, may be easier 

to apply to those parts of the domain which present aniso

tropic or nonlinear behavior (4). 

Osias, Wilson, and Seitelman (5) first combined the 

boundary and the finite element methods by using boundary 

integral solutions to represent unbounded wave propagation 

problems in 1977. Zienkiewicz, Kelly, and Bettes (6) 

applied the same technique to elastostatics for which the 

boundary element region is treated as a finite element prob

lem (see section 4.3). The following are the advantages of 

the coupling of boundary and finite element methods: 

1. It allows the use of appropriate conditions to rep

resent infinite domains. 

2. It simplifies the required data input to run such 

computer programs due to a reduction in the dimensionality 

of the problem. 
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1.4 Methods of Approach 

Two methods are used in the stress analysis of a 

U-Frame structure: the coupling of boundary and finite ele

ment methods: and, the finite element method alone. The 

essential steps of the two methods are as follows. 

1.4.1 The Coupling of Boundary and 

Finite Element Methods 

1. Use joint elements to simulate the behavior of the 

interface between the structure and the soil. 

2. Discretize the structure into quadrilateral finite 

elements and assemble all element stiffness matrices 

(including joint element stiffness matrices) and nodal force 

vectors to generate a set of simultaneous equations. 

3. Discretize the boundaries of the soil mass into lin

ear boundary elements and discretize the soil stratum into 

cells of integration used in the calculation of body forces: 

assemble all boundary integral equations to generate another 

set of simultaneous equations. 

4. Combine the equations obtained in steps 2 and 3 to 

solve for the unknown displacements and tractions. Note 

that equilibrium and compatability conditions must be satis

fied along the interface. 

5. Eliminate any tensile stresses present at the inter

face. This step can be done by iteration. 

6. Calculate the stresses and displacements at any 

point of interest. 
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1.4.2 The Finite Element Method Alone 

The required procedures in this method are the same as 

those in the coupling of boundary and finite element methods 

except that quadrilateral finite elements are used to model 

the soil mass in the domain instead of using linear boundary 

elements to model the boundary. 

1.5 Limitations and Assumptions 

The U-Frame structure and surrounding soil comprise a 

complex three dimensional system which exhibits nonlinear 

response to applied loads. For short term loads, however, 

the response of the system may be assumed to be linear. 

Except in unusual structures, the U-Frame structure is 

essentially prismatic. These observations allow the follow

ing limitations and assumptions to be imposed to permit the 

investigation of the structure-soil system by the coupling 

of boundary and finite element methods: 

1. A representative two-dimensional slice of the soil/ 

structure system in a state of plane strain is analyzed. 

2. The soil is treated as a linearly elastic, iso

tropic, homogeneous half space. 

3. The U-Frame structure is assumed to be linearly 

elastic, isotropic, and homogeneous. 

4. There is no transfer of tensile stresses across the 

soil/structure interface. Shear stresses on the interface 

are assumed to be proportional to the compressive stresses 

on the interface. 



5. Horizontal displacements of the soil surface are 

assumed to be negligible at a sufficient distance from the 

structure center line. 

6. Vertical displacements are negligible at a suffi

cient depth below ground surface. 

7 



CHAPTER II 

THE BOUNDARY ELEMENT METHOD 

2.1 Introduction 

The boundary element method is now well developed as a 

general numerical technique available for the solution of 

field problems. In contrast with the finite element method, 

degrees of freedoms only need to be defined on the boundary 

of the domain of the problem. Once these degrees of free

doms are determined, solutions within the domain are 

obtained by using appropriate surface/line integrals of the 

boundary solution. 

The main idea of the boundary element method is to gen

erate a system of boundary integral equations which pre

cisely states the problem to be solved in terms of unknown 

field parameters. Boundary integral equations are generally 

established by using fundamental solutions of the given 

problem with the singular point located on the boundary. 

Therefore, an infinite number of boundary integral equations 

can be generated. After discretization and numerical inte

gration are performed, the entire boundary of the given 

problem is first discretized into a finite number of bound

ary elements in. the same manner as it is done in the finite 

element method; the resulting finite system of boundary 

8 



integral equations becomes a finite system of algebraic 

equations suitable for solution with a computer. 

9 

The boundary element method is classified into two cat

egories: the direct boundary element method and the indi

rect boundary element method. In the direct boundary ele

ment method, the boundary node unknowns are directly 

obtained by solving a boundary integral equation. Then, 

domain unknowns can be computed everywhere with the aid of 

boundary node values. In the indirect boundary element 

method, boundary node parameters are used. A boundary inte

gral system has to be solved to compute these parameters 

which allow the calculation of boundary and domain unknowns. 

The direct boundary element method (7) and the indirect 

boundary element method (8) have been simultaneously devel

oped for elastostatics. These two approaches have provided 

an effective treatment of practical engineering problems in 

the last few years. Only the direct boundary element method 

is derived for plane elasticity in this study. 

2.2 Boundary Integral Formulation 

2.2.1 Fundamental Solution 

The problem of a concentrated force at a point in an 

infinite elastic solid is known as Kelvin's problem. Navi

er's equation is the governing equation of Kelvin's problem, 

which expresses the equilibrium condition in the infinite 

domain when a unit load is applied at point Q in the Xi 

direction. Navier's equation can be written as 
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~·(Q,S),. +8.(Q) = 0 
I J J I 

i, j = 1, 2 ( 2 .1) 

where "," denotes partial differentiation when used before a 

subscript. A repeated subscript implies summation. ()is 

Dirac delta. Q.(Q)=l if a load acts at point Q in the X. 
I I 

direction; otherwise, Oi(Q)=O. S is a field point. 

The analytical or fundamental solution of equation 2.1 

can be found in reference (9). This solution indicates the 

displacement Uij<Q,S) and traction Ti/Q,S) at any point S in 

the infinite domain in the Xj direction due to a unit 

applied load at point Q in the Xi direction. For two-dimen

sional plane strain problems, 

uij(Q,S) = -{(3-4V)ln(r)Oij -r,i r,j }/{B'Tf(l-V)G} 

T .. (Q,S) 
I J 

ar 
= -{[(l-22/)0ij+2r,; r,j ]-

an 
( 2. 2) 

Where G is shear modulus, 2,1 is Poisson's ratio, r=r(Q,S) is 

the distance between load point and the field point, 6'; tl if 

i=j; otherwise, Oij=O, and ni is a direction cosine. The 

fundamental solution and geometric parameters used in equa-

tion 2.2 are illustrated in Figure 2. 

2.2.2 The Reciprocal Theorem 

The reciprocal theorem is the key to the direct bound

ary element method. This theorem links the solutions to two 

different linear elasticity problems for the same region 

(10). Suppose that the first problem is characterized by a 



U·1 J' (Q, S)=- {(3-4V)~ .ln(r)-r,. r,.} 
UjJ 1 J 

I {Blt'G( 1-V)} 

ar 
T .. (Q,S)=-{[(t-2v)..0.nr •• r •. ]--

IJ U!j I Jan 

x2 

( 1-2v)( r,. n. -r,. n.)} I {41f( 1-V)r} 
I J J I 

Tl2 (Q, S) 

sl~ Til (Q,S) 

ul2co.s> 
~~ u11 co.s> 

(a) Fundamental Solution for 2-0 
Plane Strain Problems 

x, 

x2 

ar 
axi 

Q 

Xj(S) - Xj(Q) 
r, i 

r 

n 

--x 1 (Q) xj (s) > xl 

(b) Partta1 Dertvattve r,iand 
Dtrectfon Cosines n. 

I 

x2 

ar 
an Cos(J.:y'} 

n 

ar 
(c) Partial Derivative -

an 

Figure 2. Fundamental Solution and Geometric Parameters 

x, 

...... 

...... 
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set of displacements {u} and force systems {f} including 

surface tractions, concentrated forces, and body forces over 

the region R. Suppose further that the second problem is 

characterized by another set of displacements {U} and force 

systems {F} including surface tractions, concentrated 

forces, and body forces over the same region. According to 

the reciprocal theorem, the work done by the first set of 

force systems {f} in moving through the second set of dis

placements {U} is equal to .the work done by the second set 

of force systems {F} in moving through the first set of dis

placements {u}. 

The statement of the reciprocal theorem provides the 

basis for the formulation of Somigliana identity and bound

ary integral equation (11). 

2.2.3 Somigliana Identity 

The Somigliana identity can be used to determine the 

displacements in the Xi direction at an interior point Q, 

ui(Q), of region R once all of the displacements uj(S) and 

tractions tj (S) on the boundary C of region R are known. 

Imagine that the actual region R with boundary C is mapped 

into an infinite plane and a unit force is applied at the 

image of point Q in this plane in the same direction as the 

displacement to be determined, then all of the displacements 

Ui}Q,S) and tractions Tij(Q,S) on the auxiliary boundary in 

this plane can be determined from the fundamental solution 

(equation 2.2), and the required displacement ui(Q) can be 

computed from the reciprocal theorem directly. 
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The Somigliana identity can be fully explained with 

reference to Figure 3. Figure 3(a) represents the actual 

region R with boundary c. All of the displacements uj(S} 

and tractions tj (S} on boundary C are known and body forces 

bj(S) are assumed to be prescribed everywhere in region R. 

Figure 3(b) represents an infinite plane and an auxiliary 

boundary which is the tracing of the actual boundary onto 

this plane. Uij(Q,S} and Tij(Q,S) are displacements and trac

tions on the auxiliary boundary due to a unit force applied 

at point Q in the Xi direction. Clearly, the only unknown 

in Figure 3(a} and Figure 3(b} is the displacement ui (Q}. 

The mathematical statement of the reciprocal theorem in 

solving for this internal unknown displacement (the Somigli

ana identity) can be written as 

u i (Q)+[Ti/Q,S)u j (S}ds= [ui/Q,S)t j (S)ds+[uij<Q,S)bj (S}dA 

or (2.3} 

u i ( Q > = [u i j ( Q , s > t j < s > d s + [u i j< Q , s > b j ( s > dA-[T i / Q , s > u i ( s > d s 

After computing the displacements at any point within 

the domain under consideration by equation 2.3, the stresses 

at this specific point can be computed by ordinary strain

displacement and stress-strain relationships. The method to 

calculate the stresses at an internal point is presented in 

section 2.3. 

2.2.4 Boundary Integral equation 

The boundary integral equation which is the starting 

equation of the boundary element method relates the 



u.(Q) + r;,, (Q,S)u.(S)ds = (U .. (Q,S)t.(S)ds + t: .. (Q,S)b.(S)dA 
or I J 1 I J j J ' I J J j l I J J 

u.(Q) = ~•J•(Q,S)t.(S)ds + fu .. (Q,S)bJ•(S)dA- ~ •• (Q,S)u.(S)ds 
I jtl J jliJ . j'IJ J 

x2 x2 

u2(s), t 2(s) 

t_. u 1(s), tJ(S) 

b2(S) 

t 
Mapping Into --

Infinite Plane 

ul2(o.s). Tl2(o,s> 
t__..UII(Q,S), Til (Q,S) 

S it1 (S) ~ 
----------------------~~~ .l~• Point) 

.__. 1 

---------Auxiliary 

Q 
.__. ul (Q) 

Region R 

--Actual 
Boundary 

------XI 

(a) Actual Boundary with Known Tractions 
and Displacements 

Boundary 

________ x, 

(b) Auxt1iary Boundary and Its 
Fundamental Solutions 

Figure 3. Illustration of Somigliana Identity 

.... 
ol=>o 
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unspecified boundary displacements and tractions of the 

given problem to the specified boundary displacements and 

tractions plus the solution to another problem for the same 

region. Considering the Kelvin's problem, the Somigliana 

identity is not adequate to obtain boundary solutions unless 

the displacements and tractions on the boundary are known. 

The boundary integral equation can be treated as a lim

iting case of the Somigliana identity (equation 2.3) as load 

point Q moves to the boundary. The formulation of the 

boundary integral equation at singular point Q is shown in 

Figure 4. Imagine that the actual region R with boundary C 

is mapped into an infinite plane and a unit force is applied 

at the image of point Q on the auxiliary boundary in this 

plane in the Xi direction; then all of the displacements 

Uij(Q,S) and tractions T;j(Q,S) on the auxiliary boundary can 

be determined from the fundamental solution (equation 2.2) 

and the boundary integral equation at point Q can be gener

ated from the reciprocal theorem. 

c i j ( Q) u; ( Q) + [T 1/ Q, s) u j ( s) ds = {_u; / Q, s) t j ( s) ds 

+ [u; i< Q, s > b j < s > dA ( 2. 4) 

Where c .. is a constant, c .. is equal to 0. SQ·. for a smooth 
I J I J I J 

boundary but generally is different from this value (12). 

Fortunately explicit calculation of this value is unneces

sary as it can be computed by using the rigid body motions 

explained later. 

Boundary integral equations are used to compute all 

unknown displacements and tractions on the boundary of a 



x2 

C·,,·(Q)u.(Q) + f'r .. (Q,S)u.(S)ds = ru .. (Q,S)t.(S)ds +[u .. (Q,S)b.(S)dA 
I j'tj J J'tJ J IJ J 
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Mapping Into 
~ 

:> 
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(a) Actual Boundary (b) Aul<tllary Boundary and Its 
Fundamental Solutions 
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given problem. In fact, because either the displacement or 

traction is unprescribed at each boundary point in Xi direc

tion and because only one boundary integral equation can be 

generated at this specific boundary point in this direction, 

a set of simultaneous equations can be generated and the 

unknown displacements/tractions on the boundary can be 

solved since the number of· boundary integral equations is 

equal to the number of unprescribed boundary displacements/ 

tractions. 

2.3 Stresses at Internal Points 

The Somigliana identity (equation 2.3) is a continuous 

representation of the displacement at a point Q within 

region R. Therefore, the stress state at this point can be 

evaluated by combining the derivatives of equation 2.3 with 

respect to the coordinates of Q to produce the strain tensor 

and then substituting the result into generalized Hooke's 

Law (13). The final expression of the stresses at ~n inter

nal point Q of a two dimensional isotropic continuum is (14) 

(2.5) 

where the third order tensor components Yk .. and zk .. are 
I J I J 

Yk .. = { ( 1-2 V)[ O:k . r , . + 6:k . r , . - 0.. . r , k ] + 2 r , .1 r , . r , k } 
IJ I J J I IJ J 

I [ 41T( 1-V) r l ( 2. 6) 

+ 2 V( n 1• r , . r , k + n . r , . r , k ) + ( 1-2 V) ( 2 n k r , . r , . + n . (). k 
J J I I J I J 

(2.7) 

+n j 0; k)- ( l-4V) n k O; j } I [ 4Tf( 1-V) r 2 ] 
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2.4 Numerical Implementation 

Equations 2.3, 2.4, and 2.5 cannot be solved explicitly 

as the functions inside the surface/line integrals are very 

complex. By performing discretization, numerical integra

tion, and special treatment of body forces, the surface/line 

integrals can be transformed into a finite system of alge

braic equations which are the approximate solution of a 

field problem. 

The required steps of numerical implementation for the 

boundary element method can be summarized as follows: 

1. The boundary C is discretized into a series of ele

ments over which displacements and tractions are chosen to 

be piecewise interpolated between the boundary nodes. The 

domain R is discretized into a number of cells which are 

used to calculate the integrals involving body forces. 

2. The boundary integral equation (equation 2.4) is 

applied at each boundary node Q on the boundary C and the 

integrals are computed numerically over each boundary ele

ment. A system of linear algebraic equations are thus gen

erated for a given problem. 

3. Boundary conditions are imposed on the boundary C 

such that the resulting unknown displacements/tractions can 

be solved from the linear algebraic equations established in 

step 3. 

4. Internal displacements (equation 2.3) and stresses 

(equation 2.5) for any point of interest can be obtained by 

numerical integration. 
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2.4.1 Matrix Formulation 

For convenience equations 2.3, 2.4, and 2.5 are 

expressed in matrix form as follows. The boundary integral 

equation 

= [uij(Q,5)tj (5)ds 

+ -(U .. (Q,5)b. (5)dA J I I J J (2.4) 

can now be expressed in matrix form instead of using indi

cial notation. Th~ displacements and tractions on the 

boundary Care expressed as {u} and {t}, and the body forces 

over the domain R are defined as {b} such that 

{u) • f:~} {t) • t:J {b)·[:~} (2.8) 

Q 
The displacements at load point Q are denoted {d }. In 

addition, the following three matrices are defined: 

[U] 
u 11(Q,5) ui2(Q,5) 

, [T] = 
T11 (Q,5) TI2(Q, 5) 

= 
u21(Q, 5 > u2~Q,5) T21(Q,5) T2iQ,5) 

(2.9) 
Q c,,<o> 0 

[c ] = 
0 cdQ) 

where the coefficients Uij(Q,5) and Tij(Q,5) in matrices [U] 

and [T] are the fundamental solutions of displacement and 

traction in the Xj direction due to a unit force acting at 

node Q in X. direction. The matrix form of equation 2.4 can 
I 

be written as 

Q Q (, r; r. 
[c ]{d }+J[T]{u}ds = J[U]{t}ds+J[U]{b}dA (2.10) 

This formulation is valid for a load point Q on the boundary 



C. Note that [T], [U], and {b} are known and the diagonal 
Q 

terms in matrix [c ] can be found from the rigid body 

conditions (see subsection 2.4.3). The unknowns are the 
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unprescribed displacements and tractions over the boundary. 

Similarly, internal displacements (equation 2.3) and 

stresses (equation 2.5) at an interior point Q are written 

in matrix form as follows. The matrix expression of equa-

tion 2.3 is 

{dQ} = [[u]{t}ds + Jru]{b}dA - f[T]{u}ds (2.11) 

Where matrices [U] and [T] are already defined in equation 
Q 

2.9, {d } indicates the displacements at internal point Q. 

The matrix expression of equation 2.5 is 

{O"Q} = r[Y]{t}ds + r[Y]{b}dA- fiz]{u}ds (2.12) 

Q 
The vector {U} and matrices [Y], [Z] are defined as 

Q 
{<T } = ' [Y] = 

y211 

y212 ' [ z] = 

y222 

(2.13) 

The terms Yk .. and zk .. in matrices [Y] and [Z] can be calcu-
• J I J 

lated from equation 2.6 and equation 2.7. 

2.4.2 Boundary Elements 

Discretization is the process of dividing the given 

boundary into an equivalent system of boundary elements. 

The boundary elements may be constant, linear, quadratic, or 

higher order in a two dimensional continuum. Figure 5 is an 
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illustration of constant and linear boundary elements. The 

domain under consideration is divided into a number of cells 

which are used only for the numerical integration of the 

body force terms and should not be confused with finite ele

ments. Figure 5(a) shows a constant element where the val

ues of displacement {u} and traction {t} are assumed to be 

constant over the element, and the boundary node is 

assumed to be located at the center of the element. Figure 
j 

5(b) 
j 

{t } 
j 

{d } 

shows a linear element j where the values of {u } and 

at any point are defined in terms of nodal displacement 
j 

and nodal traction {p } of this element by 

interpolation functions Fl and F2 such that 

j Fl 0 F2 0 j T j 
{u } = {d J = [F] {d } 

0 Fl 0 F2 
(2.14) 

j Fl 0 F2 0 j T j 
{t } = {p } = [F] {p } 

0 Fl 0 Fz 

The functions Fl and F2 are given by 

Fl = 0.5(1-2s/L), F2 = 0 . 5 ( 1 + 2 {/L ) (2.15) 

where L is the element length. ~is the distance between 

the element centroid and any point of interest. 

Linear boundary elements are used to demonstrate the 

boundary element method. The boundary of a given problem is 

divided into linear elements and two boundary nodes are 

placed at the ends of each element. Equation 2.14 is sub

stituted into equation 2.10 to obtain an approximate bound

ary integral equation for load point Q: 



Q Q ~ (, T j -
[c ]{d }+~ [<JJT][F] ds){d J] = 

j=l C· 

23 

J (2.16} 

J~[<~~J[FJTdsllpjJJ+5~ <Jii~llb5 ldA> 
where the summation from j = 1 to M indicates summation over 

M elements on the boundary and c. is the boundary of element 
J 

j. The summation from s = 1 to K is carried out over the 

internal cells and A5 is the area of cell s. 

Applying numerical integration, equation 2.16 becomes 

(15} 

Q Q M L T j 
[ c ] { d } + fr1 [ { I V I r~ w r ( [ T ] [ F ] } r } { d } ] = 

(2.17} 
~ L T j K I s 
frl [ { I V I r~ w r ( [ U ] [ F ] } r } { p } ] + s~ [ I J I r~ w r ( [ U ] { b } } r ] 

Where L and I are the number of integration points; wr are 
T T 

weighting coefficients; ([T][F] }r, ([U][F] }r, and 
s 

([U]{b }}r are the values of the function at the integration 

points; lVI is a scale factor equal to the half length of 

the linear boundary element; and IJI is the Jacobian for the 

internal cell under consideration. 

2.4.3 System of equations 

Equation 2.17 gives two influence equations corre-

spending to a particular node Q. The evaluation of the body 
s 

force term at cell s produces a vector {B }. The terms 

L T L T 
{ IV I r~l w r ( [ T] [ F] } r } and { IV I r~ w r ( [ U] [ F] } r } 
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relate the "Q" node with the nodes of the "j" element over 

which the summation is carried out. These two 2X4 matrices 

are denoted [hqj] and [gqjl' and equation 2.17 can be 

expressed as two algebraic equations: 

(2.18) 

Equation 2.18 relates the value of displacement at node Q 

with the value of displacements and tractions at all the 

nodes on the boundary, including "Q". 

After assemblage of equation 2.18 for each boundary 

node, a set of simultaneous algebraic equations can be 

expressed in matrix form as 

[c]{D} + [H]{D} = [G]{P} + {B} 

or 

[H]{D} = [G]{P} + {B} 

(2.19) 

where [H) = [c) + [H), and [c) is a diagonal matrix. {D} is 

the nodal displacement vector and {P} is a vector of nodal 

tractions on the boundary. 

The diagonal coefficients in matrix [H) can be obtained 

by applying rigid body conditions (16). For a unit rigid 

body displacement in any one direction, equation 2.19 

becomes 

[H][Ii) = [0) (2.20) 

where [Ii] is a vector defining a unit rigid body displace

ment in the Xi direction. Hence the diagonal terms of [H] 

are simply 
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h·· = -II 
(2.21) 

where N is the number of boundary nodes. This equation 

means that the diagonal terms in matrix [c] do not need to 

be determined explicitly. 

As Nl values of displacements and N2 values of trac

tions are prescribed (Nl+N2=2N), after reordering the equa

tions such that the 2N unknowns {X} appear on the left hand 

side, equation 2.19 can be written as 

[A]{X} = {F} + {B} (2.22) 

2.4.4 Internal Displacements and Tractions 

The displacements and tractions at an interior point Q 

can be computed once the nodal displacements {D} and trac

tions {P} on the boundary are found from equation 2.22. 

Assuming the boundary under consideration is discre

tized by linear elements, the displacements and stresses at 

node Q can be obtained by substituting equation 2.14 into 

equations 2.11 and 2.12. Hence the internal displacements 

at point Q can be expressed as 

Q M (,. T j K (, s 
{d } = ~1 [ ( J~~][F] ds){p } ]+ s~ <J l~]{b }dA) 

(2.23) 
M T j - J>;i [ ( {b ~ ][ F] ds ){ d } ] 

J 

and the internal stresses at point Q can be expressed as 



Q 
{<7 } 

M (; T j K (; s 
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= J~ [ (j ~~J[F] ds){p J ]\~ ( j l~]{b )dA) 

(2.24) 
M T j 

- JJ;i [(~ ~ ][F] ds ){d J] 
J 

j j 
where {d } and {p } are the nodal displacements and 

tractions at element j. The summation from j = 1 toM indi

cates summation over M elements on the boundary and c. is 
J 

the boundary of element j. The summation from s = 1 to K is 

carried out over the internal cells and A5 is the area of 

cell s. 

Applying numerical integration (usually the Gaussian 
Q 

quadrature scheme), the values of {d} in equation 2.23 and 
Q 

the values of {<7 } in equation 2.24 can be determined. 

2.5 Traction Discontinuity 

Special techniques are required to deal with traction 

discontinuity problems. These problems will arise when the 

boundary is discretized by linear elements because linear 

interpolations cannot be applied to the tractions over the 

element for which a specific boundary node has two different 

values of tractions. 

Two concepts have been applied to simulate traction 

discontinuities over the boundary: the concept of double 

nodes (17) and the concept of an artificial small element 

(18). 

In the concept of double nodes, two boundary nodes are 

placed with exactly the same coordinates without any bound-
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ary element in between. This approach is illustrated in 

Figure 6. Figure 6(a} represents traction discontinuities 

over the boundary in a real problem. Figure 6(b) illus

trates the concept of double nodes, which defines the con

nectivity of the elements where traction discontinuities can 

be simultated by assigning different values for the trac

tions at node j, t(j), and node k, t(k}. However, this 

approach has a limitation when both nodes have a prescribed 

displacement component in the same direction. This condi

tion generates a singular matrix [A] (such possibility vio

lates the displacement continuity condition} (19). 

In the concept of an artificial small element, an arti

ficial element is placed to simulate traction discontinu

ities as shown in figure 7. Figure 7(a) represents the 

actual distribution of traction discontinuities over the 

boundary. Figure 7(b) represents the modified distribution 

of tractions by using an artificial small element where 

traction discontinuities no longer exist. 

2.6 Symmetry Conditions 

Symmetry about a vertical axis may exist for certain 

soil-structure interaction problem when the elastic proper

ties of the material, the geometric configuration of the 

boundaries, and the loading conditions are all symmetrical 

with respect to the vertical axis. The effects of symmetry 

cause no horizontal displacements and no shear stresses 

along the vertical axis. 
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Two physical consequences should be noted in the incor

poration of symmetry conditions in the boundary element 

method: 

1. Only one half of the given problem is analyzed by 

reflecting the image of nodes, elements, and internal cells 

at the appropriate location with respect to the line of sym-

metry. 

2. When symmetry conditions are taken into considera

tion, the contribution of an actual boundary node to the 

image elements and cells can be replaced by the contribution 

of an image node to the actual elements and cells. The 

results of reflection for symmetry about a vertical axis are 

that the horizontal displacements and shear stresses at the 

actual and image boundary node/element are always equal in 

magnitude but opposite in sign and that the vertical dis

placements and normal stresses are always equal. 

In order to explain the incorporation of symmetry about 

a vertical axis in the boundary element method, equation 

2.16 is repeated for completeness: 

Q Q M (; T j 
[c ]{d }+,2:[<J!T][F] ds){d }] = 

J=l cj 
(2.16) 

M (, T j K (; s 
J~[(Jb~][F] ds){p )]+ 5~ (Jl~]{b )dA) 

This equation is the discretized form of the boundary inte-

gral equation which relates the value of displacement at 

node Q with the value of displacements and tractions at all 

the nodes on the boundary, including "Q". 

The consideration of symmetry about the vertical (X 2) 
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axis is shown in Figure 8. Figure B(a) shows a given prob

lem which is symmetrical about a vertical axis. This prob

lem can be solved by generating the boundary integral equa

tion in a form such as equation 2.16 without taking the 

symmetry into account. Figure B(b} shows the same problem 

as in Figure B(a} for which the entire domain is divided 

into two halves. The one on the right hand side is the 

actual problem and the other is the image of the actual 

problem. For each boundary node Q, element j, and internal 

cell s in the actual problem, an image boundary node Q' , 

element j', and internal cell s' are reflected on the oppo

site side with respect to the line of symmetry. Due to the 

influence of this reflection, the coordinates of any image 

point 5 can be written in terms of the coordinates of the 

corresponding actual point 5 as 

(2.25} 

Note that the actual and image nodes (or elements} coincide 

along the line of symmetry. 

Assuming that I and L represent the number of elements 

and internal cells in the actual and image problem, respec

tively, several terms in equation 2.16 can be seperated into 

actual and image parts as follows: 

Q Q I T j I T j' 
rc ] {d J+ j;i r <{b~] [F] ds) {d J ]+ j~l r <~T'] [F] ds) {d J] 

J J 
I T j I T j' 

= j;ir<[b~HF] dsHp J]+j~= 1 r<fbY'HFJ dsHp }] (2.26) 

J J 

L [! s L [! s' 
+ 2: ( [ u ]{ b } dA ) + ~ ( [ u I ]{ b } dA ) 

s=l A5 s~=l As 
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where the summation from j or j' = 1 to I indicates summa

tion over I actual or image elements. The summation from s 

or s' = 1 to L is carried out over the actual or image 

internal cells. The terms 

~ [ ( f[ T' ][ F] T ds { d j i ], 
j~=l J(;: 

J 
L s' 

and ~ (fro' ]{b }dA) 
s~l J~s 

(2.27) 

represent the contribution of actual node Q to each image 

element j' and cell s'. 

The remaining task is to seek the image of actual node, 

Q', such that the terms in equation 2.27 can be replaced by 

the contribution of Q' to each actual element j and cell s. 

The mathematical statements are as follows: 

Jti[<J1:][F]Tds){dj)] 

J 
I T ' 
J~ [(~~][F] ds){pJ)J 

J 

= ~ [ ( f[T' ][F] T ds){dj i], 
J-4-;l J(;: 

J 
I T j' 

= ~ [('[U'][F]ds){p}], 
J-4-J=l J ~ ~ 

J 

and ): ( fro]{b }dA) = ( l[u' ]{b }dA) L s t s' 

s~ J~s s =1 J~s 
T 

(2.28) 

where [F] is the interpolation matrix for both actual and 

image elements. [0] and [T] are matrices to be evaluated in 

terms of Uij(Q' ,S) and Ti/Q' ,S). 

Uij(Q' ,S) and Tij(Q' ,S) are fundamental solutions at 

actual elements when a unit force acts at image node Q'. 

The definitions of fundamental solutions Uij(Q,S'), Uij(Q' ,S), 

T .. (Q,S'), and T .. (Q' ,S) are given in Figure 9. 
I J I J 
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For symmetry about the vertical axis, matrices [U'] and 

[T'] can be expressed in terms of Ui/Q' ,S) and Ti}Q' ,S) by 

substituting the coordinates of points Q, Q', S, and S' into 

fundamental solution (equation 2.2) as 

(acts on image elements) (acts on actual elements) 

[U' ] = 
u 11 (Q,S'), u 12(Q,S') U I I ( Q ' , S ) , - U 12( Q ' , S ) 

=[U"] = 
u2,< Q, s' > , U2iQ,S') -u21< Q' , s > , u22< Q' , s > 

(2.29) 

(acts on image elements) (acts on actual elements) 

[T' ] = 
T11 (Q,S'), TI2(Q,S' ) T11 ( Q' , S) , -T12( Q' , S) 

=[T"] = 
T21(Q,S'), Tz.iQ,S') -T21(Q' ,S), T22fQ', S) 

where point S is located at an actual element and point S' 

is the image of point s. Equation 2.29 can be substituted 

for the matrix terms on the right hand side of equation 2.28 

to evaluate the summation over actual elements instead of 

over image elements. Therefore equations 2.28 become 

I T j' 
=J~[(Jb~"][F] ds){d }], 

J 
I T j I 

= j~ [ ( ~~" ][F] ds ){p } ], 
J 

L s L s' 
and 5~ ( Jr~]{b }dA) = 5~ ( fl~· ]{b }dA) 

(2.30) 

Matrices [U] and [T] are now ready to be computed once the 

symmetry condition of nodal displacements and tractions 

between actual and image elements, and body forces between 

actual and image cells are considered. For instance, the 

following relations should be satisfied when the vertical 

axis is the line of symmetry. 



j' 
{d } = = 

j' 
{p }= = 
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(2.31) 

and {bs; = [:J = L :~] 
where superscripts 1 and 2 are the node numbers of an 

element, and subscripts 1 and 2 indicate directions. 

Matrices [tj] and [T] can be determined in terms of u .. (Q' ,S) 
I J 

and T .. (Q' ,S) by substituting equation 2.31 for the vector 
I J 

terms on the right hand side of equation 2.30. The final 

results are 

Equations 2.32 indicate that the coefficients in matrices 

[U] and [T] can be found with appropriate signs from the 

fundamental solutions at actual elements when an image node 

is taken as the load point. Hence the discretized form of 

the boundary integral equation need be analyzed only on 

actual elements and cells to obtain effects for actual and 

image nodes. Then equation 2.26 is reduced to 

Q Q I~ T T j 
[c ]{d }+ .2: [(J}[T][F] +[T][F] }ds){d }] = 

J =1 c1. (2.33) 
I ~ T T j L (; s 

,Z: [ ( J! [U][F] +[U][F] }ds){p } ]+ ~ [ J! [U]+[U] ){b }dA] 
J=l c. s=l A5 

J 

This equation is the compact form of the boundary integral 
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equation which incorporates the symmetry condition about a 

vertical axis. 

Similarly, under the same symmetric condition, the dis

cretized forms for internal displacements and stresses are 

expressed as 

Q I T T . 
{d } • ~[(J1~o][F] +[U}[F] }ds){pJ}] 

J (2.34) 

J~ [. <)1 :T] [F] T +[TJ [F] T }ds) {dj} ]+st. [ fl~o]+[UJ) {b 5 }dA] 

and 

Q I fr T T j 
{<T } = J~ [ (J~~Y][F] +[Y][F] }ds){p } ] -

J (2.35) 
~ (; T T j ~ (; s 
J~[(J~:Z][F] +[Z][F] }ds){d }]+s~[Ji~Y]+[Y]){b }dA] 

where [Y] and [Z] are influences performed on actual 

elements and cells due to a unit force acting on image 

nodes. The matrices can be represented in terms of the 

coefficients in [Y] and [Z] with appropriate signs: 

ylll y211 Z111 Z211 

[Y] = -YII2 -Y212 , [Z] = -zll2 -z212 (2.36) 

yl22 y222 Z122 Z222 

Performing numerical integration on equations 2.33, 

2.34, and 2.35, the problem may be solved by considering 

only half of the boundary and domain of interest. 



CHAPTER III 

THE FINITE ELEMENT METHOD 

3.1 Introduction 

The finite element method is a digital method for 

stress analysis and other field problems of large size. It 

is an especially powerful method for Soil Structure Interac

tion problems for which the complex behavior of soil, struc

ture, and the interface between soil and structure can be 

simulated by different types of finite elements. 

The finite element method is classified into three 

approaches depending on the selection of assumed displace

ment or stress function over the continuum: the displace

ment method, the equilibrium method, and the mixed method. 

Displacements are assumed as primary unknown quantities in 

the displacement method; stresses are assumed as primary 

unknown quantities in the equilibrium method; and some dis

placements and some stresses are assumed as unknown quanti

ties in the mixed method. The displacement method is the 

only one to be further presented in this report. 

In the displacement method of finite element analysis 

of a continuum, the continuous body·is represented by an 

assemblage of discrete elements connected at various nodal 

points to build a discretized model of the body. Assumed 

38 
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displacement functions are chosen to approximate the behav

ior of the actual displacement field over each element. The 

principle of minimum potential energy is usually applied to 

obtain a set of equilibrium equations for each element. The 

overall performance of the continuum can be established by 

superimposing the equilibrium equations of each element. 

After incorporating boundary conditions (prescribed dis

placements along the boundary), the whole set of simultane

ous equations are ready to be solved. 

In order to achieve a realistic modeling in the study 

of U-Frame-soil system by the finite element method, the 

behavior of the U-Frame structure and the response of the 

interface between the U-Frame structure and surrounding soil 

must be examined. The idealization of the U-Frame structure 

has been presented in section 1.5 and it can be discretized 

by any type of 2-D finite elements. Isoparametric quadri

lateral elements are used herein. 

The soil/structure interface may produce discontinu

ities in displacements and stresses. The physical behavior 

of such discontinuities involves debonding and slip. The 

term "debonding" describes the separation of the two blocks 

of the continuum adjacent to the interface surface, which 

are initially in contact. Subsequent contact can also 

develop by the movement of the two blocks towards each 

other. The term "slip" defines the relative motion along 

the interface surface when the shearing force exceeds the 

shear strength of the interface. The debonding and slip 

make the discontinuities physically nonlinear~ therefore, 
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special solution techniques must be employed (20). 

Previous attempts have been made to develop discrete 

elements to represent the interface behavior. Goodman, Tay

lor, and Brekke (21) developed a simple rectangular, two-di

mensional element with eight degrees-of-freedom. With this 

element, adjacent blocks of continuous elements can pene

trate into each other. Zienkiewicz, et al. (22) advocate 

the use of continuous isoparametric elements with a simple 

nonlinear material property for shear and normal stresses, 

assuming uniform strain in the thickness direction. 

Goodman, Taylor, and Brekke's joint elements are 

applied to model the interface between the U-Frame structure 

and surrounding soil. As numerical difficulties may arise 

in their suggested iterative procedure in simulating no-ten

sion behavior along the interface, the iterative procedure 

proposed by Zienkiewicz, Valliappan, and King (23)-which has 

been proved always convergent-is employed instead. 

3.2 Basic Steps of Displacement Method 

The displacement method of finite element analysis can 

be considered to involve six steps (24)(25). 

Step 1. Discretization of a continuum: Discretization is 

the process of dividing the given body into an equivalent 

system of finite elements. In particular, for the infinite 

continuum such as encountered in SSI problems, only a sig

nificant portion of such a continuum needs to be considered 

and discretized. 
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Step 2. Selection of element displacement function: In this 

step, a pattern of solution for the unknown displacements is 

assumed over each element. A number of conditions must be 

satisfied for the chosen pattern to yield a satisfactory, 

consistent, and convergent solution. Details of mathematics 

of these requirements, such as conforming and nonconforming 

conditions can be found elsewhere (26). In general, the 

assumed displacement function {u} is in a polynomial form 

expressed in terms of a series of interpolation functions 
T 

[N] and a set of nodal displacements {d} such that 

T 
{u} = [N] {d} (3.1) 

Step 3. Derivation of element stiffness and element equa

tions: Several procedures are available for the derivation 

of equations defining properties of a finite element. The 

strain vector {E} and stress vector {~} are first calculated 

in terms of the matrix of differential operators [8] and the 

elastic matrix [C] by strain-displacement and stress-strain 

relationships. 

T 
{E} = [8]{u} = [8][N] {d} = [B]{d} 

{~} = [C]{E} = [C][B]{d} 

( 3. 2) 

( 3. 3) 

The total strain energy in an element is then calculated and 

the element stiffness [k] can be derived from the principal 

of minimum potential energy by taking the first variation of 

strain energy with respect to nodal displacements. The 

strain energy and the element stiffness can be expressed as 

f T (; T T 
S.E. = 0.5 {E} {~}dV = 0.5j {d} [B] [C][B]{d}dV (3.4) 
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(3.5} 

where the integral denotes a volume integral performed over 

a 3-D element or an area integral performed over a 2-D ele

ment. An element in the stiffness matrix [k], k .. , is the 
I J 

influence coefficient which indicates the force induced in 

the ith degree-of-freedom due to a unit displacment allowed 

in the jth degree-of-freedom. 

Since the surface/body forces acting on the element can 

be converted into an equivalent nodal force vector {sb}, a 

set of simultaneous algebraic equations is generated when 

the equilibrium relation among the stiffness matrix [k], 

nodal force vector {r}, equivalent nodal force vector {sb}, 

and nodal displacement vector {d} is applied: 

[k]{d} = {r} + {sb} ( 3. 6) 

Step 4. Assembly of element stiffness and nodal forces: 

Equation 3.6 is evaluated for each element in the structure 

and combined to obtain a stiffness relation for the entire 

system. This is done by the "direct stiffness method" by 

adding the matrix equations for each element one by one. 

Again, the overall equilibrium equations can be expressed as 

a set of simultaneous algebraic equations in terms of global 

stiffness [K], global nodal force vector {R}, displacement 

vector {D}, and equivalent nodal force vector {SB} due to 

surface/body forces for the entire body. Thus, 

[K]{D} = {R} + {SB} (3.7) 

Before the set of simultaneous equations, 3.7, can be 

solved, prescribed displacement boundary conditions must be 
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taken into account by appropriate modifications. 

Step 5. Solutions for the unknown displacements: The alge

braic equations assembled in step 4 are solved for the 

unknown nodal displacements {D}. In linear equilibrium 

problems, this is a relatively straightforward application 

of matrix algebra techniques. However, for nonlinear prob

lems the desired solutions are obtained by a sequence of 

steps, each step involving modifications of the stiffness 

matrix and/or load vector. 

Step 6. Computation of element stresses and strains: In the 

displacement method, nodal displacements are computed as 

primary unknown quantities by solving equation 3.7. 

Stresses and strains are the secondary quantities that can 

be computed based on the nodal displacements from equation 

3.2 and equation 3.3. 

3.3 The Isoparametric Formulation 

of Quadrilateral Elements 

The concept of isoparametric elements has been used 

commonly for the finite element formulations. It offers a 

number of advantages such as efficient integration and dif

ferentiation, and easy handling of curved and arbitary geo-

metric shapes. The basic idea of isoparametric elements is 

to express both the displacement and the geometry of the 

element by using the same interpolation functions N .• 
I 

For a four-node quadrilateral isoparametric element 

shown in Figure 10, the displacements at any point within 

this element are given by 
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Nl 0 N2 0 N3 0 N4 0 T 
{u} = {d} = [N] {d} (3.8) 

0 Nl 0 N2 0 N3 0 N4 
T 

Where {d} is the vector of nodal displacements, [N] is the 

interpolation matrix. 

In the isoparametric concept, the coordinates of any 

point within the element, {x}, can be expressed in terms of 

the same functions N.. Hence, 
I 

{x} = 
N I 0 N2 0 N 3 0 N4 0 T 

{xn} = [N] {xn} 
0 N1 0 N2 0 N3 0 N4 

(3.9) 

where {xn} contains the coordinates of the nodal points. 
T 

The matrix [N] in equations 3.8 and 3.9 is composed of 

the following interpolation functions: 

Nl = (1-S)(l-~)14, N2 = (1+~)(1~)14 
N 3 = ( 1 + ~) (l +'1]) I 4 , N4 = ( 1- ~) ( 1 ~)I 4 

(3.10) 

If plane strain conditions are assumed, the strain-dis-

placement relation for small strains is 

£El = = 

au 
ax 
av 

ay 
= [B] {d} (3.11) 

where [B] is obtained by taking appropriate derivatives of Ni 
T 

in matrix [N] of equation 3.8. 
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aN 1 
0 

aN2 
0 

aN3 
0 

aN4 
0 

ax ax ax ax 

[B] 0 
aN 1 

0 
aN2 

0 
aN3 

0 
aN4 

(3.12) = 
ay aY aY aY 

aN1 aN1 aN2 aN2 aN3 aN3 aN4 aN4 

ay ax ay ax ay ax ay ax 

The global (x,y) and local (~,'Y]) derivatives are 

related through the Jacobian as 

aN. 
I 

ay -ay 

ax -1 1 a7J a{ 
= , where [J] = (3.13) 

aN. 
I IJI -ax ax 

ay fYrJ a~ 

and IJI is the determinant of [J]: 

IJI = det (3.14) 
ax ay 

where n is the number of nodes in the element. 

The variational functional for the displacement method 

is given by the potential energy 1fp of the system, which can 

be written as 

7Tp = 0. sf£} T {CT}dV-fu} T { b}dV-f{ u} T { t }dS ( 3.15) 

T 
Where O.S{E} {a}dV is the strain energy per unit volume, {b} 

and {t} are the prescribed body force and surface traction 

vector respectively. 

By assuming that the material behavior is linearly 
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elastic, the stress-strain relation can be expressed for the 

plane strain case as 

l-V 0 
E 

{0"} = = 1-v o = [C]{E} (3.16) 
(l+V) (l-2V) 

0 0 

where is the elastic matrix, E is Young's modulus, and 

Vis Poisson's ratio. Substitution of equations 3.8, 3.11, 

and 3.16 into equation 3.15 leads to 

:( T T T 
1T p = 0 • 5J ( { d} [ B ] [ C ][ B ]{ d } - 2 { d} [ N ]{ b} ) dV -

fd} T [N]{ t}dS 

(3.17) 

By taking the first variation of 1Tp with respect to nodal 

displacements and considering the principal of minimum 

potential energy, 

01Tp = 0 

the following is obtained 

[ k ]{d} = r[N]{b}dV + f[N]{ t }dS = { r} 

where for the element in Figure 10 

[k) • hf-~f-~ [B)T[C)[B)IJid~d'T) 
and 

{r} = h(lfl [N]{b}IJid~d~+ h~N]{t}dS J -1 -1 J L 

(3.18) 

(3.19) 

(3.20) 

(3.21) 

in which h is the thickness of the element; for plane strain 

conditions h is taken as unity. 
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3.4 Analysis of Joint Elements 

A discontinuity at the interface between the U-Frame 

structure and surrounding soil can be simulated as a special 

kind of joint between faces of blocks. The characteristic 

of joint elements is that they will separate in response to 

tension, slide in response to shear, and transmit any force 

in response to compression. 

Figure 11 shows a four-node joint element. This ele

ment has length L and very small width h. The origin is at 

the center and y is the angle between local (s,n) and global 

(x,y) coordinate systems. 

The derivation of the joint element stiffness matrix is 

obtained from the work of Goodman, Taylor, and Brekke (21). 

The iterative solution to simulate real properties of joint 

elements is based on the so called "load transfer method" 

proposed by Zienkiewicz, Valliappan, and King (23). 

3.4.1 "Strain"-Displacement Relationship 

for the Joint Elements 

The strain-displacement relationship [BJ] describes the 

relative displacement between joint walls JK and HI (see 

Figure 11) as a function of nodal displacements {d}s,N· 

T 
v H u I vI u J vJ u K v K } ( 3 . 2 2 ) 

where ui and vi are the displacements of node i in the tan

gential and normal directions. 
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The joint "strain" is defined as the relative displace

ment between wall JK and HI in the tangential and normal 

direction. Thus, the shear "strain" \u and normal "strain" 

)...v are given by 

= 

top 
u 

top 
v 

bottom 
u 

(3.23) 
bottom 

v 

where {EJ}s,N is the strain vector in local coordinate sys

tem. 

The displacements in the joint element can be expressed 

in terms of nodal displacements {d}s,N through a linear 

interpolation formula. Thus, the displacements along the 

bottom wall HI are 

l-2s/L 0 1+2s/L 0 

= 0.5 (3.24) 

0 l-2s/L 0 1+2s/L 

If a=l-2s/L and b=l+2s/L, with a similar expression, the 

displacements along the top wall JK are 

b 0 a 0 
UJ 

0.5 
VJ 

(3.25) = 

0 b 0 
UK 

a 
VK 

Subsititution of equations 3.24 and 3.25 into equation 3.23 

leads to 



-a 0 -b 0 

0 -a 0 -b 

b 

0 

0 a 

b 0 
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0 

a 

(3.26) 

Equation 3.26 relates "strains" to nodal displacements for 

the joint elements. 

3.4.2 "Stress-Strain" Relationship 

for the Joint Elements 

Since the actual load transfer across a rough interface 

may occur at point contacts, Goodman (27) defined the joint 

element "stresses" as follows: the normal and shear 

stresses on the interface wall are equal to the total normal 

and shear forces per unit area (the thickness of the element 

is taken as unity). 

!Oj Js.N = [~} = ~ [::] 
(3.27) 

where {Oj}s,N =the "stress" vector of joint elements, 

F5 = tangential force in the joint element, and 

FN = normal force in the joint element. 

The "stress-strain" relationship for joint elements can 

be expressed as 

(3.28) 

where ks = stiffness per unit length in tangential direction 

and kN = stiffness per unit length in normal direction. 

The unit normal stiffness kN and shear stiffness ks can 

be obtained from a direct shear test. For a joint element 
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with length L and unit thickness, at first, a normal force 

is applied and the specimen shortens. The joint normal 

deformation AV is measured and it may be plotted against the 

applied force per unit length, FN/L, as illustrated in curve 

1 of Figure 12 (21). Similarly, the tangential deformation 

AU may be plotted against the shearing force per unit 

length, Fs/L, as shown in curve 2 of Figure 12, when a tan

gential force is applied. 

3.4.3 Derivation of Joint Stiffness Matrix 

When the "strain"-displacement and "stress-strain" 

relationship are obtained for a joint element, the joint 

stiffness matrix can be evaluated from equation 3.5: 

(3.5) 

Thus, the joint stiffness [kJ]s,N with unit thickness can be 

expressed in terms of its length L as 

L/2 
T 

[ B J ] [ C J ] [ B J ] ds (3.29) 

L/2 

where [BJ] and [CJ] are given by equations 3.26 and 3.28. 

The only terms in equation 3.29 varying along the 

length are the products of a (l-2s/L) and b (1+2s/L) in 

matrix [BJ]. After performing the integration with respect 

to length for these a and b terms, equation 3.29 is reduced 

to 
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(3.30) 

The task remaining now is to rotate the local stiffness 

matrix [kJ]s,N to global stiffness matrix [kJ]x,y with ref

erence to Figure 11. The final results can be expressed as 

T 
[kJ ]x,y = [W] [kJ ]s,N[W] 

in which [W] is the transformation matrix and 

[W]= 

cosy siny 0 

-siny cosy 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 

cosy 

-siny 

0 

0 

0 

0 

0 

0 

siny 

cosy 

0 

0 

0 

0 

0 0 

0 0 

0 0 

0 0 

cosy siny 

-siny cosy 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

cosy siny 

-siny cosy 

(3.31) 

(3.32) 

where y is the angle between local and global coordinate 

systems. 



3.4.4 Iterative Solution to Simulate 

Real Properties of Joint Elements 
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Joint elements are used to simulate the interface 

between the U-Frame structure and surrounding soil. They 

are generally incapable of sustaining tensile stresses. 

Therefore, the assumptions for linear-elastic behavior can 

only exist when all joint elements are subjected to compres

sive stresses within the elastic limit. 

The load transfer method is an iterative process 

devised for the stress analysis of joint elements resulting 

in a no tension state. The essential steps of the load 

transfer method are summarized as follows (23): 

1. Analyze the problem as an elastic one and compute 

the principal stresses in each joint element. 

2. At the end of stage 1, certain tensile stresses may 

develop. As joint elements are assumed incapable of sus

taining tensions, they should be eliminated without permit

ting any point in the structure to displace. Hence, 

"restraining" forces have to be applied temporarily to main

tain the structure in "equilibrium" at this stage. Such 

restraining forces along the wall of joint elements can be 

evaluated by using the existing tensile stresses and shear 

stresses. These restraining forces are transformed into 

equivalent nodal forces in terms of the reverse procedure 

used in calculating shear and normal stresses. 

3. As the restraining forces do not in fact exist, 

their effects have to be removed from the structure by 
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superposition of equal but opposite nodal forces. The 

structure in now reanalyzed with a new nodal force vector 

which is updated at the nodes of joint elements by including 

the "de-restraining" forces. The structure is again assumed 

elastic and it will be found that tensions may still 

develop. However, these tensions will be much reduced com

pared with those of the previous stage. 

4. If at the end of stage 3, principal tensions are 

still in existence, steps 2 and 3 are repeated until all 

tensile stresses are reduced to a negligible value. 

The load transfer method which has been proved always 

convergent (23) provides an effective treatment for the 

iterative solution to simulate real properties of joint ele

ments. As the global stiffness matrix remains the same 

throughout, the inversion of this matrix must be computed 

only in the first solution. 

3.5 Incorporation of Symmetry Conditions 

The incorporation of symmetry conditions in the finite 

element analysis is simple. Only one half of the domain of 

interest needs to be discretized and analyzed, since stiff

ness matrices are symmetrical. Care must be taken that some 

artificial displacement boundary conditions must be imposed 

along the line of symmetry. 

In the case of symmetry about a vertical axis, for 

instance, the effects of such symmetry cause no horizontal 

displacements along the vertical axis. Therefore, only one 

half of the original problem need be analyzed by the proce-



dures presented in section 3.2 with imposed artificial 

roller supports to prevent horizontal movements along the 

vertical axis. 
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CHAPTER IV 

THE COUPLING OF BOUNDARY AND 

FINITE ELEMENT METHODS 

4.1 Introduction 

The boundary and the finite element methods are appli

cable to solve most engineering problems. Neither of the 

two methods is a unique technique applied to elasticity 

problems. 

The finite element method discretizes the domain of 

interest into a number of finite elements. The equilibrium 

equations are then approximated by displacement functions 

which satisfy displacement boundary conditions. The bound

ary element method discretizes the boundary of interest into 

a number of boundary elements. Both displacement and trac

tion boundary conditions are then approximated by "fundamen

tal solutions" which satisfy the equilibrium equations at 

infinity. This implies that the idea of combining boundary 

and finite element methods is of great interest in analyzing 

the U-Frame structure as the surrounding soil extends to 

infinity which can be better represented by boundary ele

ments. Finite elements, on the other hand, are easier to 

apply to simulate the U-Frame structure and the interface of 

soil-structure system. 

58 
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In order to obtain the required matrices used in the 

coupling of boundary and finite element methods, the element 

equilibrium equation is rearranged and assembled such that 

the global equilibrium equations can be expressed in a 

fashion similar to that used for the governing boundary 

integral equation. 

The starting expression of an elasticity problem for a 

finite element solution is presented in equation 3.19: 

[k){d) • f[N){b)dV + f[N){t)dS • {r) (3.19) 

where {t} is the applied traction function over the element 

side on the boundary and it can be linearly interpolated in 

terms of the nodal traction vector {p} ori the same side with 

length L: 

{t} = 
F1 0 F2 0 

0 F1 0 F2. 

T 
{p} = [F] {p} 

where F1 =1-2{/r.. and F2 =1+2{/L. 

(4.1) 

Equation 4.1 is substituted into equation 3.19 and 

equilibrium equations are assembled for each element, then 

the global equilibrium equation for two-dimensional problems 

can be written as 

[K]{D} = ~ ~N][F]T{P}dsj + {V} (4.2) 
J~JC:j 

T 
where {V} is the global body force term, [N] and [F] are 

interpolation functions of nodal displacements and trac

tions, and the summation applies over the side of the jth 

element on the boundary. Thus, the integral terms in this 
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equation can be evaluated as matrix [M] from: 

t ~N][F]T{P}dsj = [M]{P} (4.3) 
J=l) c j 

where [M] is the distribution matrix. The coefficients of 

[M] depend on the type of interpolation functions used for 

the displacements and tractions. Hence the global equilib-

rium equation becomes 

[K]{D} = [M]{P} + {V} (4.4) 

which is similar to the governing boundary integral equation 

[H]{D} = [G]{P} + {B} (2.19) 

Suppose that a given problem consists of two regions, 

R~ and R2 as shown in Figure 13. Region 1 is studied using 

finite elements and region 2 is formulated by boundary ele

ments. rr is the interface between the two regions. The 

compatibility and equilibrium requirements along the inter

face when the two regions are joined together are 

p~ + p2 = 0 
I I 

(4.5) 

in which Ui, u;, P{, and P{ refer to the displacements and 

tractions on the interface for regions 1 and 2. 

The coupling of boundary and finite element methods may 

be achieved in either of two ways: by considering the whole 

problem using an equivalent boundary element method or con

verting the boundary element subregions into an equivalent 

finite element method (28)(29). These two approaches will 

be described in detail in the following sections. 
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4.2 The Equivalent Boundary 

Element Method 
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In the equivalent boundary element method, region 1 

(see Figure 13) is treated as a boundary element type 

region. For this region, equation 4.4 can be written as 

Kl] [D
1

} = [Ml Ml] [p
1

} + {V} (4.6) 
I Dl I p1 

I I 

·and for region 2, equation 2.19 becomes 

Hz ] f Di} = [ G z G z ] f PI
2

} + { B} ( 4 • 7 ) L D2 I L p2 

by letting PI = PI = - P11 and u1 = U{ = Uj which satisfy the 

compatibility and equilibrium conditions (equation 4.5). 

Equations 4.6 and 4.7 can be reordered as follows: 

Dl 

[Kl Kl Ml] Dr = [M 1 ]{P 1 } + {V} (4.8) 
I I 

PI 

and 

Dr 
[H2 -Gz H2] PI = [G2 ]{P2} + {B} (4.9) 

I I 
D2 

Writing equations 4.8 and 4.9 together as a single matrix 

equation, yields 

Kl Kl Ml 0 

[::} +[ :] 
I I Dr Ml 0 . 

= (4.10) 
PI 0 GZ 

0 Hz -Gz H2 
I I 



Notice that on the boundary of finite element region R1 , 

only the displacements have to be prescribed; however, on 

the boundary of R2 , displacements or tractions need to be 

defined. The disadvantage of the equivalent boundary ele

ment method is that the equations of the boundary element 

region must be reordered. 

4.3 The Equivalent Finite Element Method 

The equivalent finite element method transforms the 

boundary element region (region 2 in Figure 13} into a 

finite element type region. The traction {P} in equation 

4.4 can be computed by inverting matrix [G]. 

-1 
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[G] ( [H]{D} - {B}} = {P} (4.11} 

Premultiplying equation 4.11 by matrix [M] defined by 

equation 4.3 yields: 

-1 -1 
( [M][G] [H] }{D} - ( [M][G] } {B} = [M]{P} 

Hence the following can be defined: 

-1 -1 

(4.12} 

[K'] = [M][G] [H], {V'} = [M][G] {B}, {R'} = [M]{P} (4.13} 

Thus equation 4.12 has the same form of a finite element 

problem: 

[K']{D} = {R'} + {V'} (4.14} 

The main difficulty in the above formulation is that the 

matrix [K'] is generally unsymmetrical, although from the 

reciprocal theorem a stiffness matrix should be symmetric. 

The asymmetry is due to the approximation involved in the 

discretization process and the choice of the assumed solu-
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tion (29). The matrix can be made symmetric by applying the 

least square method to the nonsymmetric off-diagonal terms. 

After minimizing the errors, the new symmetric coefficients 

are 

k .. = 0.5 (k!. + k!. ) 
I J I J J 1 

(4.15) 

The equivalent finite element type matrices of equation 

4.14 may be assembled with matrices obtained from region 1 

to form a global system of equations. The disadvantage of 

this method is that the inverse of matrix [G] must be com-

puted and a number of matrix multiplications must be per

formed. 

As the equivalent finite element method involves a num

ber of matrix multiplications, it needs more computer execu

tion time and requires more storage to save the intermediate 

data in the multiplication process. Therefore, the equiva

lent boundary element method is employed here. 



CHAPTER V 

DESCRIPTION OF COMPUTER PROGRAMS 

5.1 Flowcharts of Computer Programs 

The equivalent boundary element approach of the 

coupling of boundary and finite element methods has been 

coded in program BOUFIN to implement the numerical processes 

developed in chapters II, III, and IV. The displacement 

approach of the finite element method alone has been coded 

in program FINITE since general purpose programs STRUDL and 

NASTRAN can not simulate the behavior at soil/structure 

interface. Both programs are written in the FORTRAN pro

gramming language. In program BOUFIN, isoparametric quadri

lateral elements are used to simulate structure behavior; 

linear boundary elements and internal cells are used to 

model the boundary of surrounding soil and to compute the 

body force terms of soil mass. In program FINITE, isoparam

etric quadrilateral elements are employed for both structure 

and surrounding soil. 

The flowchart of program BOUFIN is shown in Figure 14, 

which presents the essential numerical procedures performed 

in the coupling of boundary and finite element methods. To 

check if the soil-structure system is symmetrical about a 

vertical axis is crucial as, unlike the finite element 
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Figure 14. Flowcharts of Program BOUFIN 
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method which can satisfy required symmetry conditions by 

simply modifying displacement boundaries, special treatments 

must be taken into consideration. Note that in the formula

tion of matrices [H) and [G], the required integrals are 

evaluated analytically to obtain more accurate results for a 

linear boundary element with singularities at either of its 

extremities (30). 

The flowchart of program FINITE is shown in Figure 15, 

which presents the essential numerical procedures adopted in 

the finite element method alone. It requires fewer steps 

than those in program BOUFIN. 

5.2 Guide for Data Input 

This section provides the details of required data 

input to run programs BOUFIN and FINITE. Due to the facili

ties in evaluating the complex behavior in the interface of 

soil-structure system, each joint element can be considered 

as part of the structure and part of the interface. For 

instance 

1. The nodes on the side of a joint element attached to 

the structure are classified as sructure nodes; however, the 

nodes on the other side are classified as interface nodes. 

2. All joint elements are classified as structure ele

ments; however, the side of each joint element attached to 

the soil mass is classified as an interface element. 
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5.2.1 Numbering Scheme in Soil-Structure System 

The following are the restrictions imposed on numbering 

nodes and elements in the soil-structure system. 

1. Each node and element (including internal cells) 

must be assigned a positive number in sequence starting from 

the number "one". The U-Frame structure is numbered first, 

followed by the interface between structure and surrounding 

soil, then the soil mass. Note that the U-Frame structure 

must be counted before the interface which, in turn, is num

bered before soil mass, otherwise, the computer programs do 

not run properly. 

2. The element incidences should be designated in a 

counterclockwise direction for isoparametric quadrilateral, 

joint, and linear boundary elements. Moreover, in order to 

establish the local coordinate system for each joint ele

ment, the two nodes on the side attached to the soil mass 

are designated first. 

5.2.2 Data Format 

All data input are read in free field formats. Data 

items should be separated by one or more blanks/commas. No 

restrictions are imposed to tell integer numbers from real 

numbers~ however, the exponential forms for real or integer 

numbers are prohibited. 

5.2.3 Predefined Data File 

In addition to the numbering rules and format require-
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ments in subsections 5.2.1 and 5.2.2, the following pertain 

to the input data description in the next two subsections. 

1. The only accepted unit for length is "inch" and the 

only accepted unit for force is "kip". 

2. A line of input may require both alphanumeric and 

numeric data items. Alphanumeric data items are enclosed in 

single quotes. 

3. A line of input may require a keyword. The accepta

ble abbreviation for the keyword is indicated by underlined 

captital letters, namely, the acceptable abbreviation for 

the keyword "TITle" is "TIT". 

4. Items designated by uppercase letters and numbers 

without quotes indicate numeric data values. Numeric data 

values are either real or integer according to standard 

FORTRAN variable naming conventions. 

5. Data items enclosed in brackets [ ] may not be 

required. 

5.2.4 Input Data Description for BOOFIN 

A. Symmetry Conditions--One line for indentifying 

whether the vertical axis is the line of symmetry 

a. Contents 

'TYPe' l(or 2) 

b. Definitions 

'1' = unsymmetrical about the vertical axis 

'2' = symmetrical about the vertical axis. 

B. Heading--Several lines for identifying the problem 

a. Contents 
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'TITle' M 

M lines 

b. Definition 

M = number of lines for any alphanumeric 

information, eighty characters (including 

any imbedded blanks) in each line. 

c. Structure Input: 

1. Structural Properties--One line 

a. Contents 

'STRuctural' 'PROperties' E 

b. Definitions 

v D 

E = modulus of elasticity for structure 

V = Poisson's ratio for structure 

D = density of structure. 

2. Node Coordinates--As many lines as required 

a. Contents 

'NODe' 'COOrdinates' M 

N XN YN 

M lines 

b. Definitions 

M = number of nodes in structure 

N = node number in structure 

XN = X coordinate of node N 

YN = Y coordinate of node N. 

3. Element Connectivities--As many lines as required 



a. Contents 

'ELEment' 

N INl 

N INl 

b. Definitions 

'CONnectivities' Ml M2 

IN2 IN3 IN4 

Ml lines 

IN2 IN3 IN4 

M2 lines 

Ml = number of isoparametric quadrilateral 

elements in structure 

M2 = number of joint elements 

N = element number in structure 

INl = the first node number in element N 

IN2 = the second node number in element N 

IN3 = the third node number in element N 

IN4 = the fourth node number in element N. 
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4. Prescribed Displacements--As many lines as required 

a. Contents 

'PREscribed' 'DISplacements' M 

N [ I .! I DXN ] [ I .! I DYN ] 

M lines 

b. Definitions 

M = number of nodes with prescribed 

displacements in structure 

N = node number in structure 

DXN = prescribed horizontal displacement at 



node N 

DYN = prescribed vertical displacement at 

node N. 

5. Prescribed Non-zero Concentrated Loads--As many 

lines as required 

a. Contents 

'~scribed' 'LOAds' M 

N [ I ! I FXN] [ I ! I FYN] 

M lines 

b. Definitions 

M = number of nodes with prescribed non-

zero concentrated loads in structure 

N = node number in structure 

FXN = prescribed horizontal load at node N 

FYN = prescribed vertical load at node N. 

D. Interface Input: 

1. Interface Properties--One line 

a. Contents 

'INTerface' 'PROperties' SN SS 

b. Definitions 

SN = unit normal stiffness at interface 

SS = unit shear stiffness at interface. 
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2. Node Coordinates--As many lines as required, same as 

C.2. 

3. Element Connectivities--As many lines as required 

a. Contents 

'ELEment' 'CONnectivities' M 



N INl IN2 

M lines 

b. Definitions 

M = number of elements at interface 

N = element number at interface 

INl = the first node number in element N 

IN2 = the second node number in element N. 
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4. Prescribed Displacements--As many lines as required, 

same as C.4. 

5. Prescribed Non-zero Concentrated Loads--As many 

lines as required, same as C.5. 

E. Soil Input: 

1. Soil Properties--One line 

a. Contents 

'SOil' 'PROperties' E 

b. Definitions 

v D 

E = modulus of elasticity for soil 

v = Poisson's ratio for soil 

D = density of soil. 

2. Node Coordinates--As many lines as required 

a. Contents 

'NODe' 'COOrdinates' Ml M2 

N XN YN 

Ml lines 



N XN YN 

M2 lines 

b. Definitions 

Ml = number of nodes along the boundary 

of soil mass 

M2 = number of nodes inside the soil mass 

used for integration 

N = node number in soil mass 

XN = X coordinate of node N 

YN = Y coordinate of node N. 

3. Element Connectivities--As many lines as required 

a. Contents 

b. 

'ELEment' 

N INl 

N INl 

Definitions 

'CONnectivities' 

IN2 

Ml lines 

IN2 IN3 IN4 

Ml M2 

M2 lines 

Ml = number of linear elements along the 

boundary of soil mass 

M2 = number of internal cells used for 

integration 

N = element number 

INl = the first node number in element N 

IN2 = the second node number in element N 
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IN3 = the third node number in element N 

IN4 = the forth node number in element N. 
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4. Prescribed Displacements--As many lines as required, 

same as C.4. 

5. Prescribed Non-zero Stresses--As many lines as 

required 

a. Contents 

'PREscribed' 'STResses' 

N [ '!' TXN] [ ' ! ' 

b. Definitions 

M 

TYN] 

M lines 

M = number of nodes with prescribed non-

zero stresses in soil mass 

N = node number in soil mass 

TXN = prescribed horizontal stress 

TYN = prescribed vertical stress. 

5.2.5 Input Data Description for FINITE 

A. Heading--Several lines for identifying the problem 

a. Contents 

'TITle' M 

M lines 

b. Definition 

M = number of lines for any alphanumeric 

information, eighty characters(including 



any imbedded blanks) in each line. 

B. Structure Input: 

1. Structural Properties--One line 

a. Contents 

'STRuctural' 'PROperties' E V D 

b. Definitions 

E = modulus of elasticity for structure 

v =Poisson's ratio for structure 

D = density of structure. 

2. Node Coordinates--As many lines as required 

a. Contents 

'NODe' 'COOrdinates' M 

N XN YN 

M lines 

b. Definitions 

M = number of nodes in structure 

N = node number in structure 

XN = X coordinate of node N 

YN = Y coordinate of node N. 

3. Element Connectivities--As many lines as required 

a. Contents 

'ELEment' 'CONnectivities' Ml M2 

N INl IN2 IN3 IN4 

Ml lines 
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N INl IN2 IN3 IN4 

M2 lines 

b. Definitions 

Ml = number of isoparametric quadrilateral 

elements in structure 

M2 = number of joint elements 

N = element number in structure 

INl = the first node number in element N 

IN2 = the second node number in element N 

IN3 = the third node number in element N 

IN4 = the fourth node number in element N. 
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4. Prescribed Displacements--As ,many lines as required 

a. Contents 

'PREscribed' 'DISplacements' M 

N ['!' DXN] ['!' DYN] 

M lines 

b. Definitions 

M = number of nodes with prescribed 

displacements in structure 

N = node number in structure 

DXN = prescribed horizontal displacement at 

node N 

DYN = prescribed vertical displacement at 

node N. 

5. Prescribed Non-zero Concentrated Loads--As many 

lines as required 



B.2. 

M = number of nodes with prescribed non-

zero concentrated load in structure 

N = node number in structure 

FXN = prescribed h9rizontal load at node N 

FYN = prescribed vertical load at node N. 

C. Interface Input: 

1. Interface Properties--One line 

a. Contents 

'!N!erface' 'PROperties' SN SS 

b. Definitions 

SN = unit normal stiffness at interface 

SS = unit shear stiffness at interface. 
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2. Node Coordinates--As many lines as required, same as 

3. Element Connectivities--As many lines as required 

a. Contents 

'ELEment' 'CONnectivities' M 

N INl IN2 

M lines 

b. Definitions 

M = number of elements at interface 



N = element number at interface 

INl = the first node number in element N 

IN2 = the second node number in element N. 
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4. Prescribed Displacements--As many lines as required, 

same as B.4. 

5. Prescribed Non-zero Concentrated Loads--As many 

lines as required, same as B.5. 

B.2. 

D. Soil Input: 

1. Soil Properties--One line 

a. Contents 

'SOil' 'PROperties' E 

b. Definitions 

v D 

E = modulus of elasticity for soil 

v = Poisson's ratio for soil 

D = density of soil. 

2. Node Coordinates--As many lines as required, same as 

3. Element Connectivities--As many lines as required 

a. Contents 

'ELEment' 'CONnectivities' M 

N INl IN2 IN3 IN4 

M lines 

b. Definitions 

M = number of isoparametric quadrilateral 

elements in soil 

N = element number in soil 

INl = the first node number in element N 
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IN2 = the second node number in element N 

IN3 = the third node number in element N 

IN4 = the fourth node number in element N. 

4. Prescribed Displacements--As many lines as required, 

same as B.4. 

5. Prescribed Non-zero Concentrated Loads--As many 

lines as required, same as B.S. 

5.3 Output Information 

Output data are provided in two parts in programs 

BOUFIN and FINITE. The first part is the echoprint which 

contains a tabular listing of all input data for heading, 

structure, interface, and soil sections, respectively. The 

second part contains the complete results for the specified 

Soil Streucture Interaction problem. The quantities 

involved in the results are displacements (inch) and 

stresses (ksi). The positive senses for displacements and 

stresses are shown in Figure 16. 

y 

v 

~~u 
--------------------~X 

Figure 16. Positive Senses for Stresses 
and Displacements 



CHAPTER VI 

COMPARISON OF RESULTS 

6.1 Introduction 

In order to illustrate the solution capability of pro

gram BOUFIN, the accuracy of program FINITE must be assured 

before comparison. For this purpose, test problems without 

performing iterations on joint elements were solved by the 

general purpose program STRUDL (1) and by program FINITE: 

identical results were obtained. An additional test problem 

where tensile stresses were present along the soil/structure 

interface was analyzed by program FINITE. The results of 

this solution must satisfy the limitation of no tensile 

stresses across soil/structure interface. The convergence 

of normal and tangential stresses of joint elements in each 

iteration is discussed in section 6.2. The accuracy of pro

gram FINITE is thus proven. 

An example problem of a U-Frame structure was solved 

using programs BOUFIN and FINITE. The validity of the 

coupling of boundary and finite element methods was examined 

by comparing the results of nodal displacements and element 

stresses in the structure, at the interface, and in the soil 

mass. A further discussion for both numerical techniques is 

also included. 
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6.2 Load Transfer Test 

The load transfer method (see subsection 3.4.4), which 

provides an effective treatment to simulate the real proper

ties of joint elements, is incorporated in programs BOUFIN 

and FINITE. In the load transfer subroutine, the number of 

iterations is controlled by a designated small value. This 

value defines the tolerable limit of absolute difference for 

each displacement at the interface between two consecutive 

iterations. 

A test problem analyzed by program FINITE with tolera

ble limit equal to 1 x 10-a was solved to demonstrate the 

way that the joint elements approach the so called "no ten

sion" state by the load transfer method. The configuration, 

system properties, and the numbering of joint elements of 

the test problem are shown in Figure 17. The results of the 

analysis are given in Appendix C. The normal and tangential 

stresses of joint elements in each iteration are listed in 

Tables I and II. Since joint element 1 exhibits tensile 

stress (i.e. positive normal stress) in the first solution, 

a number of iterations are executed to eliminate the undesi

rable stresses. Note that tensile stresses still develop at 

the end of each iteration but are much reduced when compared 

to the previous solution. After eight iterations the normal 

and tangential stresses at joint element 1 are reduced to 

negligible quantities while the stresses in the remainder of 

the joint elements are converged to definite values. There

fore, the "no tension state" in the interface is reached and 



1<----

0.24 k/tn 

15k <----- -. ! 

<-- Joint Element 1 
50" 

Structure Property Soil Property 

I Elastic Modulus: Elastic Modulus: 
3000 kst 15 kst 

Poisson's Ratto: <-- Joint Element 2 Poisson's Ratto: 50" 
0.25 0.35 

Weight: 150 pcf Weight: 128 pcf 

Element 4 Joint Element 3 

50" 

50" ---->1<---- 50" ---->1<---- 50" ---->1<---- 50" ----->1 

Figure 17. A Test Problem for Load Transfer Method 
OJ 
~ 



Iteration 
No. 

0 

1 

2 

3 

4 

5 

6 

7 

8 
(Results) 

TABLE I 

. NORMAL STRESSES OF JOINT ELEMENTS 
FOR EACH ITERATION 

Joint 1 Joint 2 Joint 3 
(ksi) (ksi) (ksi) 

0.016047320 -0.1177049 -0.0250310 

0.002262905 -0.1196641 -0.0203801 

0.000322616 -0.1199396 -0.0196600 

0.000046477 -0.1199788 -0.0195485 

0.000006761 -0.1199844 -0.0195313 

0.000000992 -0.1199852 -0.0195286 

0.000000147 -0.1199854 -0.0195282 

0.000000022 -0.1199854 -0.0195281 

0.000000003 -0.1200 -0.01953 

85 

Joint 4 
(ksi) 

-0.0610852 

-0.0621226 

-0.0622832 

-0.0623081 

-0.0623119 

-0.0623125 

-0.0623126 

-0.0623126 

-0.06231 



Iteration 
No. 

0 

1 

2 

3 

4 

5 

6 

7 

8 
(Results) 

TABLE II 

TANGENTIAL STRESSES OF JOINT ELEMENTS 
ELEMENTS FOR EACH ITERATION 

Joint 1 Joint 2 Joint 3 
(ksi) (ksi) (ksi) 

0.056051976 0.0170428 0.0046481 

0.008678506 0.0047507 0.0046240 

0.001343685 0.0028476 0.0046204 

0.000208041 0.0025529 0.0046199 

0.000032211 0.0025073 0.0046198 

0.000004987 0.0025002 0.0046198 

0.000000772 0.0024991 0.0046198 

0.000000119 0.0024990 0.0046198 

0.000000018 0.002499 0.004620 
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Joint 4 
(ksi) 

0.0042666 

0.0042536 

0.0042516 

0.0042513 

0.0042512 

0.0042512 

0.0042512 

0.0042512 

0.004251 



the validity of the load transfer method is verified. 

6.3 ,comparison of Example Solutions 

6.3.1 Description of Example Soil-

Structure System 
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A typical U-Frame structure was analyzed by programs 

BOUFIN and FINITE. The idealizations of the symmetric 

U-Frame structure, surrounding soil, and prescribed trac

tion/displacement boundaries for the coupling of boundary 

and finite element methods and the finite element method 

alone are shown in Figures 18 and 19. The assumptions of 

negligible horizontal and vertical displacements at a suffi

cient distance from the structure center line and ground 

surface have been taken into account. 

The specified soil-structure system is treated as a 

plane strain type problem since it involves a long body 

whose geometry and loading do not vary significantly in the 

longitudinal direction. The forces applied to the system 

are water pressure, weights of soil and structure, and pre

scribed loads/tractions. Water pressure is linearly dis

tributed along the vertical wall of the U-Frame and becomes 

a constant at the floor slab. The properties of weight, 

elastic modulus, shear modulus, and Poisson's ratio for the 

U-Frame and soil are listed in Table III based on the 

assumptions that the U-Frame is composed of normal weight 

concrete with f'c = 3000 psi and that the surrounding soil 

is composed of dense sand. 
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U-Frame 

Soil 

TABLE III 

U-FRAME AND SOIL PROPERTIES USED IN THE 
PROPOSED SOIL-STRUCTURE SYSTEM 

Weight 

150 pcf 

128 pcf 

Poisson's 
Ratio 

0.25 

0.35 

Elastic 
Modulus 

3000 ksi 

15 ksi 

90 

Shear 
Modulus 

1200 ksi 

5.56 ksi 

Because the unit normal and shear stiffnesses of joint 

elements are unavailable, the elastic modulus of U-Frame is 

taken as the unit normal stiffness and the shear modulus of 

soil is taken as the unit shear stiffness. 

6.3.2 Verification of Solution Convergence 

The numerical solutions of the coupling of boundary and 

finite element methods and the finite element method alone 

can be improved by increasing the mesh sizes of the soil

structure system. However, if the tradeoff between cost and 

accuracy is taken into consideration, the optimum case may 

be the solution close to the exact one with lower cost. 

In order to acquire the optimum solutions for the exam

ple problem, several computer runs using programs BOUFIN and 

FINITE were conducted and a critical point at the soil mass 

near the corner of the U-Frame was chosen to test solution 

convergence. When the displacements and stresses at the 
' 
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specified critical point are close in two consecutive runs 

the results obtained from the finer mesh were used for com

parison. 

6.3.3 Comparison of Nodal Displacements 

and Element Stresses 

The example U-Frame structure was analyzed with 209 

nodes and 221 elements by program BOUFIN, and 204 nodes and 

185 elements by program FINITE when the solutions converged. 

Data input and output information are presented in Chapter 

v. Computer codings and input listings of programs BOUFIN 

and FINITE are given in Appendices A and B. The printout 

sheets for program BOUFIN with 209 nodes and 221 elements, 

and for program FINITE with 204 nodes and 185 elements are 

listed in Appendices D and E. All computations were carried 

out on the IBM 3081D computer. 

Nodal displacements and element stresses calculated 

from programs BOUFIN and FINITE for the U-Frame-soil system 

are presented in the following tables. Element stresses are 

evaluated at the centroid of the element. 

Tables IV, V, and VI list the results of nodal dis

placements for the U-Frame structure, the interface, and 

surrounding soil mass, respectively. Tables VII, VIII, and 

IX are the results of element stresses for the U-Frame 

structure, the interface (joint elements), and surrounding 

soil mass, respectively. 



Node X 
No. (inch) 

1 0 
2 0 
3 0 
4 0 
5 0 
6 144 
7 144 
8 144 
9 144 

10 144 
11 264 
12 264 
13 264 
14 264 
15 264 
16 360 
17 360 
18 360 
19 360 
20 360 
21 432 
22 432 
23 432 
24 432 
25 432 
26 432 
27 432 
28 432 
29 432 
30 432 
31 432 
32 432 
33 456 
34 456 
35 456 
36 462 
37 468 
38 468 
39 480 
40 480 
41 480 
42 480 

TABLE IV 

RESULTS OF NODAL DISPLACEMENTS 
IN U-FRAME STRUCTURE 

y u 
(inch) (inch) 

FINITE BOUFIN 

576 0.000 0.000 
540 0.000 0.000 
504 0.000 0.000 
468 0.000 0.000 
432 0.000 0.000 
576 0.014 0.014 
540 0.006 0.006 
504 '"'0.002 -0.002 
468 -0.011 -0.011 
432 -0.019 -0.019 
576 0.025 0.025 
540 0.010 0.010 
504 -0.004 -0.004 
468 -0.019 -0.019 
432 -0.033 -0.033 
576 0.031 0.031 
540 0.012 0.012 
504 -0.006 -0.006 
468 -0.024 -0.024 
432 -0.043 -0.043 

1392 0.579 0.594 
1272 0.488 0.500 
1128 0.379 0.389 

984 0.279 0.286 
840 0.188 0.191 
768 0.144 0.146 
696 0.101 0.103 
576 0.033 0.034 
540 0.013 0.013 
504 -0.007 -0.007 
468 -0.027 -0.027 
432 -0.047 -0.047 

1392 0.579 0.594 
1272 0.488 0.500 
1128 0.379 0.389 

984 0.279 0.285 
840 0.188 0.191 
768 0.144 0.146 
696 0.101 0.103 
624 0.061 0.062 
576 0.034 0.034 
528 0.006 0.006 
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v 
(inch) 

FINITE BOUFIN 

-1.203 -1.200 
-1.202 -1.199 
-1.202 -1.199 
-1.202 -1.199 
-1.203 -1.200 
-1.221 -1.218 
-1.220 -1.217 
-1.219 -1.216 
-1.219 -1.216 
-1.220 -1.217 
-1.261 -1.258 
-1.260 -1.257 
-1.259 -1.257 
-1.259 -1.257 
-1.260 -1.257 
-1.307 -1.305 
-1.307 -1.304 
-1.306 -1.304 
-1.306 -1.304 
-1.306 -1.304 
-1.353 -1.350 
-1.353 -1.350 
-1.354 -1.351 
-1.355 -1.352 
-1.355 -1.353 
-1.355 -1.353 
-1.354 -1.352 
-1.350 -1.348 
-1.348 -1.346 
-1.348 -1.345 
-1.347 -1.345 
-1.347 -1.345 
-1.372 -1.369 
-1.371 -1.369 
-1.371 -1.369 
-1.375 -1.373 
-1.378 -1.376 
-1.377 -1.375 
-1.382 -1.380 
-1.380 -1.378 
-1.378 -1.376 
-1.376 -1.375 
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TABLE IV (Continued) 

Node X y u v 
No. (inch) (inch) (inch) (inch) 

FINITE BOUFIN FINITE BOUFIN 

43 504 480 -0.022 -0.022 -1.389 -1.388 
44 516 450 -0.040 -0.040 -1.396 -1.395 
45 480 1392 0.579 0.594 -1.390 -1.388 
46 480 1272 0.488 0.500 -1.390 -1.388 
47 480 1128 0.379 0.389 -1.389 -1.387 
48 492 984 0.279 0.285 -1.395 -1.393 
49 504 840 0.188 0.191 -1.400 -1.399 
50 504 768 0.144 0.147 -1.399 -1.397 
51 528 696 0.101 0.103 -1.412 -1.410 
52 528 648 0.075 0.076 -1.408 -1.407 
53 528 600 0.048 0.049 -1.406 -1.405 
54 528 552 0.020 0.021 -1.404 -1.403 
55 576 504 -0.009 -0.009 -1.433 -1.432 
56 600 468 -0.032 -0.032 -1.448 -1.447 
57 504 1392 0.579 0.594 -1.408 -1.407 
58 504 1272 0.488 0.500 -1.408 -1.406 
59 504 1128 0.379 0.389 -1.406 -1.405 
60 522 984 0.279 0.285 -1.415 -1.414 
61 540 840 0.188 0.191 -1.423 -1.422 
62 540 768 0.144 0.147 -1.421 -1.420 
63 564 696 0.100 0.102 -1.436 -1.435 
64 600 552 0.019 0.020 -1.448 -1.447 
65 648 504 -0.011 -0.011 -1.478 -1.478 
66 684 486 -0.022 -0.023 -1.501 -1.501 
67 552 1392 0.579 0.594 -1.445 -1.444 
68 552 1344 0.543 0.556 -1.445 -1.444 
69 528 1320 0.524 0.537 -1.427 -1.425 
70 528 1272 0.488 0.500 -1.427 -1.425 
71 528 1128 0.379 0.389 -1.423 -1.422 
72 552 984 0.279 0.286 -1.435 -1.434 
73 576 840 0.188 0.191 -1.445 -1.444 
74 600 768 0.144 0.147 -1.459 -1.458 
75 600 696 0.100 0.102 -1.458 -1.458 
76 672 816 0.1721 0.175 -1.502 -1.502 
77 672 768 0.143 0.146 -1.502 -1.502 
78 636 696 0.100 0.102 -1.480 -1.480 
79 672 696 0.100 0.102 -1.501 -1.501 
80 672 648 0.072 0.074 -1.499 -1.500 
81 672 600 0.044 0.046 -1.497 -1.498 
82 672 552 0.018 0.018 -1.494 -1.494 
83 720 744 0.128 0.131 -1.530 -1.531 
84 720 672 . 0.086 0.088 -1.528 -1.529 
85 720 600 0.045 0.046 -1.525 -1.526 
86 720 528 0.003 0.003 -1.524 -1.525 
87 768 792 0.157 0.160 -1.561 -1.561 
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TABLE IV (Continued) 

Node X y u v 
No. (inch) (inch) (inch) (inch) 

FINITE BOUFIN FINITE BOUFIN 

88 768 696 0.100 0.102 -1.557 -1.558 
89 768 600 0.045 0.046 -1.554 -1.555 
90 768 504 -0.011 -0.011 -1.552 -1.554 



Node X 
No. (inch) 

1 528 
2 528 
3 552 
4 576 
5 672 
6 768 
7 768 
8 768 
9 768 

10 684 
11 600 
12 516 
13 432 
14 360 
15 264 
16 144 
17 0 

TABLE V 

RESULTS OF NODAL DISPLACEMENTS 
AT INTERFACE 

y u 
(inch) (inch) 

FINITE BOUFIN 

1272 0.488 0.500 
1128 0.379 0.389 

984 0.280 0.286 
840 0.188 0.191 
816 0.170 0.174 
792 0.157 0.160 
696 0.100 0.102 
600 0.045 0.046 
504 -0.011 -0.011 
486 -0.021 -0.022 
468 -0.031 -0.031 
450 -0.039 -0.039 
432 -0.047 -0.047 
432 -0.042 -0.043 
432 -0.033 -0.033 
432 -0.019 -0.019 
432 0.000 -0.000 
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v 
(inch) 

FINITE BOUFIN 

-1.427 -1.426 
-1.423 -1.423 
-1.437 -1.436 
-1.445 -1.444 
-1.502 -1.502 
-1.561 -1.561 
-1.560 -1.562 
-1.555 -1.554 
-1.552 -1.554 
-1.500 -1.501 
-1.448 -1.447 
-1.396 -1.395 
-1.347 -1.345 
-1.306 -1.304 
-1.260 -1.257 
-1.220 -1.217 
-1.203 -1.200 



Node X 
No. (inch} 

1 0 
2 0 
3 0 
4 0 
5 144 
6 264 
7 360 
8 432 
9 516 

10 600 
11 684 
12 768 
13 864 
14 1008 
15 1200 
16 1440 
17 1680 
18 1680 
19 1680 
20 1680 
21 1680 
22 1680 
23 1680 
24 1680 
25 1680 
26 1680 
27 1680 
28 1440 
29 1200 
30 1008 
31 864 
32 768 
33 672 

TABLE VI 

RESULTS OF NODAL DISPLACEMENTS 
IN SOIL MASS 

y u 
{inch} {inch} 

FINITE BOUFIN 

360 0.000 +0.000 
264 0.000 +0.000 
144 0.000 +0.000 

0 0.000 +0.000 
0 -0.035 -0.035 
0 -0.058 -0.059 
0 -0.071 -0.072 
0 -0.077 -0.078 
0 -0.081 -0.083 
0 -0.084 -0.085 
0 -0.085 -0.087 
0 -0.086 -0.089 
0 -0.088 -0.091 
0 -0.088 -0.092 
0 -0.078 -0.081 
0 -0.046 -0.047 
0 0.000 -0.000 

144 0.000 0.000 
264 0.000 0.000 
408 0.000 0.000 
504 0.000 0.000 
600 0.000 0.000 
696 0.000 0.000 
792 0.000 0.000 
984 0.000 0.000 

1128 0.000 0.000 
1272 0.000 0.000 
1272 0.131 0.129 
1272 0.289 0.273 
1272 0.438 0.452 
1272 0.537 0.571 
1272 0.569 0.592 
1272 0.564 0.588 
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v 
{inch} 

FINITE BOUFIN 

-1.042 -1.041 
-0.804 -0.803 
-0.466 -0.466 

0.000 0.000 
0.000 0.000 
0.000 0.000 
0.000 0.000 
0.000 0.000 
0.000 0.000 
0.000 0.000 
0.000 0.000 
0.000 0.000 
0.000 0.000 
0.000 0.000 
0.000 0.000 
0.000 0.000 
0.000 0.000 

-0.567 -0.567 
-0.990 -0.991 
-1.438 -1.440 
-1.699 -1.700 
-1.928 -1.928 
-2.123 -2.123 
-2.283 -2.283 
-2.490 -2.491 
-2.551 -2.553 
-2.543 -2.544 
-2.544 -2.544 
-2.609 -2.607 
-2.705 -2.742 
-2.262 -2.261 
-1.991 -1.994 
-1.770 -1.768 



Elm. Centroid 
No. (inch) 

X y 

1 72 558 
2 72 522 
3 72 486 
4 72 450 
5 204 558 
6 204 522 
7 204 486 
8 204 450 
9 312 558 

10 312 522 
11 312 486 
12 312 450 
13 396 558 
14 396 522 
15 396 486 
16 396 450 
17 444 1332 
18 444 1200 
19 446 1056 
20 448 912 
21 450 804 
22 453 732 
23 456 648 
24 456 579 
25 456 537 
26 465 495 
27 471 458 
28 468 1332 
29 468 1200 
30 472 1056 
31 482 912 
32 486 804 
33 495 732 
34 504 666 
35 504 612 
36 504 564 
37 522 516 
38 549 476 
39 492 1332 
40 492 1200 
41 500 1056 
42 515 912 
43 522 804 

TABLE VII 

RESULTS OF ELEMENT STRESSES 
IN U-FRAME STRUCTURE 

Sigma X 
(ksi) 

Sigma Y 
(ksi) 

FINITE BOUFIN FINITE BOUFIN 

.2125 .2138 -.0277 -.0280 

.0274 .0281 -.0354 -.0348 
-.1569 -.1572 -.0433 -.0430 
-.3419 -.3431 -.0506 -.0505 

.1899 .1920 -.0273 -.0274 

.0192 .0200 -.0341 -.0340 
-.1491 -.1495 -.0438 -.0436 
-.3204 -.3220 -.0528 -.0523 

.1310 .1344 -.0234 -.0238 
-.0054 -.0039 -.0348 -.0345 
-.1308 -.1317 -.0456 -.0453 
-.2580 -.2612 -.0532 -.0531 

.0440 .0496 -.0628 -.0611 
-.0291 -.0279 -.0654 -.0641 
-.1050 -.1066 -.0604 -.0596 
-.1758 -.1800 -.0605 -.0603 

.0004 .0003 -.0038 -.0042 
-.0025 -.0024 .0020 .0017 
-.0071 -.0072 -.0112 -.0121 
-.0141 -.0144 -.0137 -.0086 
-.0155 -.0154 -.0406 -.0335 
-.0199 -.0198 -.0654 -.0615 
-.0302 -.0303 -.1251 -.1206 
-.0181 -.0145 -.1245 -.1223 
-.0200 -.0178 -.1018 -.1008 
-.0796 -.0810 -.0794 -.0786 
-.1212 -.1250 -.0624 -.0617 

.0021 .0019 -.0060 -.0059 
-.0011 -.0010 -.0161 -.0154 
-.0104 -.0100 -.0262 -.0256 
-.0164 -.0172 -.0450 -.0424 
-.0105 -.0110 -.0639 -.0609 
-.0348 -.0332 -.0985 -.0975 
-.0373 -.0370 -.1659 -.1662 
-.0038 -.0037 -.1330 -.1348 
-.0113 -.0086 -.1176 -.1192 
-.0641 -.0639 -.0511 -.0506 
-.1122 -.1161 -.0560 -.0563 

.0039 .0037 -.0076 -.0072 

.0003 .0007 -.0352 -.0331 
-.0134 -.0127 -.0626 -.0627 
-.0200 -.0217 -.0763 -.0761 
-.0147 -.0162 -.0759 -.0758 
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Tau XY 
(ksi) 

FINITE BOUFIN 

-.0070 -.0070 
-.0087 -.0086 
-.0085 -.0085 
-.0070 -.0070 
-.0184 -.0182 
-.0265 -.0261 
-.0271 -.0266 
-.0186 -.0183 
-.0221 -.0219 
-.0458 -.0450 
-.0476 -.0470 
-.0286 -.0283 
-.0448 -.0433 
-.0592 -.0583 
-.0559 -.0556 
-.0318 -.0318 

.0011 .0010 

.0086 .0085 

.0031 .0041 
-.0074 -.0065 
-.0054 -.0065 
-.0000 -.0004 
-.0273 -.0268 
-.0261 -.0256 
-.0299 -.0306 
-.0295 -.0301 
-.0238 -.0246 

.0015 .0013 

.0116 .0114 

.0046 .0059 
-.0095 -.0079 
-.0136 -.0155 
-.0208 -.0221 
-.0454 -.0453 
-.0102 -.0098 
-.0016 -.0024 
-.0058 -.0065 
-.0169 -.0179 

.0002 .0003 

.0111 .0109 

.0062 .0073 
-.0066 -.0042 
-.0203 -.0228 
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TABLE VII (Continued) 

Elm. Centroid Sigma X Sigma Y Tau XY 
No. (inch) ( ksi) (ksi) (ksi) 

X y FINITE BOUFIN FINITE BOUFIN FINITE BOUFIN 

44 534 732 -.0455 -.0417 -.0957 -.0970 -.0497 -.0518 
45 588 528 -.0666 -.0651 -.0321 -.0326 -.0132 -.0135 
46 627 491 -.0860 -.0898 -.0656 -.0662 -.0249 -.0256 
47 534 1362 +.0000 .0001 -.0043 -.0042 -.0001 -.0000 
48 516 1314 .0067 .0062 -.0058 -.0060 -.0040 -.0034 
49 516 1200 .0022 .0028 -.0559 -.0518 .0071 .0071 
50 526 1056 -.0151 -.0140 -.0997 -.1011 .0075 .0083 
51 548 912 -.0250 -.0277 -.1103 -.1126 .0030 .0057 
52 564 804 -.0331 -.0354 -.0671 -.0728 -.0142 -.0164 
53 576 732 -.0338 -.0291 -.0289 -.0298 -.0236 -.0244 
54 660 534 -.0798 -.0772 -.0760 -.0773 -.0398 -.0404 
55 705 506 -.0441 -.0433 -.0844 -.0818 -.0077 -.0078 
56 630 798 -.0527 -.0553 -.0348 -.0382 .0055 .0075 
57 627 732 -.0334 -.0292 -.0183 -.0189 .0025 .0045 
58 708 780 -.0387 -.0358 -.0621 -.0573 -.0072 -.0028 
59 675 726 -.0289 -.0259 -.0516 -.0518 .0124 .0150 
60 696 690 -.0210 -.0207 -.1025 -.0998 .0066 .0081 
61 744 726 -.0271 -.0271 -.1106 -.0981 -.0083 -.0071 
62 696 630 -.0071 -.0075 -.1284 -.1249 -.0150 -.0154 
63 744 642 -.0271 -.0295 -.1225 -.1209 -.0185 -.0185 
64 696 570 -.0608 -.0603 -.1542 -.1519 -.0449 -.0452 
65 744 558 -.0403 -.0390 -.0897 -.0762 -.0130 -.0129 
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TABLE VIII 

RESULTS OF ELEMENT STRESSES AT INTERFACE 

Elm. Centroid Normal Stress Tangential Stress 
No. (inch) (ksi) (ksi) 

X y FINITE BOUFIN FINITE BOUFIN 

1 528 1200 -.0099 -.0074 .0020 .0016 
2 540 1056 -.0113 -.0234 .0066 .0061 
3 564 912 -.0196 -.0162 .0069 .0060 
4 624 828 -.0215 -.0353 -.0046 -.0041 
5 720 804 -.0786 -.0716 -.0046 -.0040 
6 768 744 -.0227 -.0261 .0071 .0109 
7 768 648 -.0343 -.0359 .0090 .0082 
8 768 552 -.0256 -.0269 -.0020 -.0027 
9 726 495 -.0847 -.0536 -.0024 -.0012 

10 642 477 -.0483 -.0283 -.0044 -.0035 
11 558 459 -.0629 -.0509 -.0053 -.0058 
12 474 441 -.0445 -.0403 -.0036 -.0037 
13 396 432 -.0792 -.0705 -.0010 -.0010 
14 312 432 -.0523 -.0495 -.0011 -.0011 
15 204 432 -.0556 -.0516 -.0007 -.0008 
16 72 432 -.0532 -.0404 -.0002 .0004 
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TABLE IX 

RESULTS OF ELEMENT STRESSES IN SOIL MASS 

Elm. Centroid Sigma X Sigma Y Tau XY 
No. (inch) (ksi) (ksi) (ksi) 

X y FINITE BOUFIN FINITE BOUFIN FINITE BOUFIN 

1 72 396 -.0330 -.0479 -.0562 -.0358 -.0003 -.0012 
2 72 312 -.0374 -.0374 -.0628 -.0627 -.0003 -.0003 
3 72 204 -.0424 -.0424 -.0713 -.0711 -.0003 -.0003 
4 72 72 -.0479 -.0480 -.0815 -.0812 -.0001 -.0001 
5 204 396 -.0333 -.0404 -.0574 -.0479 -.0009 -.0011 
6 204 312 -.0374 -.0374 -.0640 -.0639 -.0010 -.0009 
7 204 204 -.0421 -.0422 -.0724 -.0723 -.0007 -.0007 
8 204 72 -.0476 -.0477 -.0824 -.0822 -.0003 -.0003 
9 312 396 -.0337 -.0357 -.0595 -.0569 -.0014 -.0015 

10 312 312 -.0372 -.0372 -.0660 -.0658 -.0013 -.0013 
11 312 204 -.0417 -.0417 -.0739 -.0738 -.0008 -.0008 
12 312 72 -.0472 -.0472 -.0835 -.0835 -.0003 -.0003 
13 396 396 -.0342 -.0341 -.0628 -.0622 -.0017 -.0017 
14 396 312 -.0367 -.0368 -.0678 -.0678 -.0010 -.0010 
15 396 204 -.0414 -.0414 -.0751 -.0751 -.0006 -.0006 
16 396 72 -.0469 -.0469 -.0845 -.0845 -.0002 -.0002 
17 474 401 -.0331 -.0334 -.0629 -.0629 .0003 .0008 
18 474 312 -.0368 -.0368 -.0686 -.0687 -.0000 -.0000 
19 474 204 -.0413 -.0413 -.0759 -.0759 -.0002 -.0002 
20 474 72 -.0467 -.0468 -.0853 -.0853 -.0001 -.0001 
21 558 410 -.0329 -.0329 -.0617 -.0617 .0006 .0005 
22 558 312 -.0371 -.0370 -.0688 -.0688 .0003 .0003 
23 558 204 -.0414 -.0414 -.0765 -.0764 .0001 .0001 
24 558 72 -.0467 -.0467 -.0859 -.0859 +.0000 +.0000 
25 600 1200 .0014 .0012 -.0015 -.0025 -.0062 -.0062 
26 606 1056 -.0138 -.0137 -.0130 -.0116 -.0074 -.0079 
27 618 906 -.0167 -.0163 -.0202 -.0219 -.0058 -.0061 
28 642 419 -.0328 -.0328 -.0615 -.0618 .0009 .0008 
29 642 312 -.0375 -.0371 -.0693 -.0691 .0003 .0006 
30 642 204 -.0414 -.0415 -.0768 -.0768 .0004 .0004 
31 642 72 -.0468 -.0468 -.0864 -.0863 .0001 .0001 
32 720 1200 -.0050 -.0050 -.0057 -.0052 -.0041 -.0040 
33 720 1056 -.0119 -.0135 -.0159 -.0164 -.0079 -.0082 
34 720 894 -.0200 -.0177 -.0340 -.0341 -.0069 -.0078 
35 726 440 -.0331 -.0323 -.0614 -.0614 .0013 .0017 
36 726 324 -.0366 -.0369 -.0685 -.0683 .0009 .0011 
37 726 204 -.0417 -.0418 -.0770 -.0769 .0005 .0005 
38 726 72 -.0470 -.0470 -.0868 -.0867 .0001 .0002 
39 816 1200 -.0096 -.0108 -.0084 -.0078 -.0053 -.0053 
40 816 1056 -.0136 -.0142 -.0216 -.0210 -.0095 -.0094 
41 816 888 -.0231 -.0207 -.0355 -.0336 -.0133 -.0123 
42 816 744 -.0236 -.0242 -.0230 -.0288 -.0111 -.0107 
43 816 648 -.0285 -.0291 -.0266 -.0268 -.0052 -.0051 
44 816 552 -.0269 -.0265 -.0296 -.0366 .0017 .0016 
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TABLE IX ( Co.nt inued) 

Elm. Centroid Sigma X Sigma Y Tau XY 
No. (inch) (ksi) (ksi) (ksi) 

X y FINITE BOUFIN FINITE BOUFIN FINITE BOUFIN 

45 816 456 -.0355 -.0347 -.0578 -.0541 .0038 .0030 
46 816 336 -.0371 -.0374 -.0669 -.0665 .0015 .0012 
47 816 204 -.0422 -.0421 -.0772 -.0770 .0005 .0004 
48 816 72 -.0472 -.0472 -.0871 -.0870 .0001 .0001 
49 936 1200 -.0170 -.0163 -.0213 -.0220 -.0071 -.0080 
50 936 1056 -.0149 -.0144 -.0268 -.0272 -.0077 -.0075 
51 936 888 -.0201 -.0206 -.0315 -.0321 -.0064 -.0065 
52 936 744 -.0234 -.0232 -.0367 -.0373 -.0033 -.0033 
53 936 648 -.0235 -.0241 -.0401 -.0423 -.0026 -.0025 
54 936 552 -.0275 -.0271 -.0482 -.0489 -.0024 -.0024 
55 936 456 -.0319 -.0325 -.0551 -.0562 -.0018 -.0017 
56 936 336 -.0377 -.0375 -.0668 -.0666 -.0003 -.0004 
57 936 204 -.0423 -.0423 -.0775 -.0774 +.0000 -.0001 
58 936 72 -.0473 -.0473 -.0876 -.0875 +.0000 +.0000 
59 1104 1200 -.0191 -.0207 -.0208 -.0187 .0037 .0053 
60 1104 1056 -.0160 -.0159 -.0257 -.0273 .0010 .0016 
61 1104 888 -.0193 -.0193 -.0333 -.0342 -.0004 -.0002 
62 1104 744 -.0223 -.0223 -.0412 -.0422 -.0003 -.0003 
63 1104 648 -.0245 -.0245 -.0477 -.0482 -.0008 -.0007 
64 1104 552 -.0274 -.0276 -.0538 -.0544 -.0014 -.0012 
65 1104 456 -.0315 -.0315 -.0605 -.0608 -.0016 -.0014 
66 1104 336 -.0365 -.0365 -.0689 -.0693 -.0012 -.0011 
67 1104 204 -.0419 -.0418 -.0790 -.0791 -.0006 -.0006 
68 1104 72 -.0471 -.0472 -.0889 -.0886 -.0002 -.0001 
69 1320 1200 -.0144 -.0217 -.0074 -.0027 .0016 .0018 
70 1320 1056 -.0180 -.0182 -.0199 -.0188 .0028 .0027 
71 1320 888 -.0205 -.0207 -.0322 -.0321 .0019 .0022 
72 1320 744 -.0234 -.0235 -.0425 -.0427 .0011 .0013 
73 1320 648 -.0258 -.0259 -.0494 -.0496 .0005 .0006 
74 1320 552 -.0286 -.0286 -.0563 -.0564 -.0001 .0001 
75 1320 456 -.0317 -.0318 -.0629 -.0632 -.0004 -.0003 
76 1320 336 -.0362 -.0362 -.0714 -.0717 -.0006 -.0005 
77 1320 204 -.0413 -.0413 -.0809 -.0812 -.0005 -.0004 
78 1320 72 -.0465 -.0470 -.0906 -.0900 -.0002 +.0000 
79 1560 1200 -.0122 -.0192 -.0052 -.0037 .0001 .0003 
80 1560 1056 -.0172 -.0173 -.0166 -.0167 .0008 .0007 
81 1560 888 -.0214 -.0214 -.0305 -.0303 .0009 .0009 
82 1560 744 -.0245 -.0246 -.0420 -.0418 .0006 .0007 
83 1560 648 -.0268 -.0269 -.0495 -.0493 .0004 .0004 
84 1560 552 -.0294 -.0295 -.0567 -.0566 .0002 .0002 
85 1560 456 -.0322 -.0324 -.0638 -.0638 -.0000 .0001 
86 1560 336 -.0363 -.0364 -.0725 -.0727 -.0001 -.0000 
87 1560 204' -.0411 -.0412 -.0821 -.0823 -.0001 -.0001 
88 1560 72 -.0462 -.0468 -.0918 -.0912 -.0001 .0001 
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6.4 Discussions and Conclusions 

Tables IV through IX present the nodal displacements 

and element stresses for the example problem analyzed in a 

one inch width by programs BOUFIN and FINITE. The results 

obtained from the test run of program BOUFIN indicate excel

lent agreement with those from program FINITE. In addition, 

beca·use the iterative scheme for simulating the interface 

behavior is adopted in both programs, the limitation of no 

tensile stresses across the soil/structure interface is sat

isfied in program BOUFIN. The accuracy of the coupling of 

boundary and finite element methods in solving Soil Struc

ture Interaction problems is proven. 

As the boundary element matrices are fully populated, 

the computer cost of program BOUFIN is greater than that of 

program FINITE in solving a problem with similar sizes of 

system matrices. This indicates that the coupling of bound

ary and finite element methods is less efficient computa

tionally than the finite element method alone. However, due 

to the fact that the dimensionality of the boundary element 

region is reduced, the equations generated by the coupling 

of boundary and finite element methods are fewer than the 

equations generated by the finite element method alone in 

acquiring the same accuracy. This advantage is more evident 

for complex two- or three-dimensional continuum problems. 

For instance, in the example given in section 6.3, the size 

of the system matrix in BOUFIN (324x324) is much smaller 

than the size of the system matrix in FINITE (408x408); 
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hence, the computer execution time needed in program BOUFIN 

is about three-fourths of the computer execution time needed 

in program FINITE. 

Another advantage of the coupling of boundary and 

finite element methods, which is not prominent in this 

study, is the required time in data preparation. The input 

data required for program BOUFIN can be simplified signifi

cantly if the domain integrals in evaluating body force 

terms are transformed into boundary integrals (31). In con

strast, a large amount of data is needed for program FINITE. 

This is an important point as many man-hours are lost in 

preparing and checking finite element data. 



CHAPTER VII 

SUMMARY AND CONCLUSIONS 

7.1 Summary 

The direct boundary element method has been formulated 

in which the symmetry condition is introduced. The dis

placement approach of the finite element method has been 

reviewed where the joint stiffness formulation is included. 

The coupling of boundary and finite element methods is 

derived for both equivalent boundary and finite element 

approaches. 

A computer program based on the coupling of boundary 

and finite element methods was developed to analyze the 

elastic behavior of a U-Frame structure. Another computer 

program based on the finite element method alone was devel

oped to solve the same soil-structure system for comparison. 

Both structure and soil mass were assumed to be linearly 

elastic, isotropic, and homogeneous. The limitation of no 

transfer of tensile stresses across soil/structure interface 

was ensured by employing iterative schemes on joint ele

ments. 

104 



105 

7.2 Conclusions 

An example problem of U-Frame structure has been ana

lyzed using the two numerical methods indicated above. Com

parison of the results of nodal displacements and element 

stresses in the soil-structure system obtained from both 

techniques demonstrates the accuracy and validity of the 

coupling of boundary and finite element methods. Due to the 

fact that the dimensionality of the boundary element region 

is reduced, the equations generated by the coupling of 

boundary and finite element methods are fewer than the equa

tions generated by the finite element method alone in 

acquiring the same accuracy. Therefore, the coupling of 

boundary and finite element methods is more efficient than 

the finite element method alone in solving a complex Soil 

Structure Interaction problem. 

7.3 Recommendations 

The coupling of boundary and finite methods is the pro

posed approach to analyze a U-Frame structure. In this 

study, boundary elements were applied to simulate the behav

ior of surrounding soil and internal cells were used to cal

culate body force terms by a domain integral. The process 

in computing body force terms adopted is the traditional 

boundary element method which requires soil mass to be 

divided into integration cells since the domain integral 

must be evaluated numerically. This process greatly 

increases the amount of required data preparation and causes 



the boundary element method to lose much of its advantage 

over the finite element method. 
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Danson (31) has presented a numerical technique 

recently to improve the efficiency in evaluating body force 

terms. According to his method, the body force terms are 

expressed by a simple function of gravity inertia such that 

the domain integral can be transformed to a boundary inte

gral which may be evaluated at the same time as the other 

boundary integrals. 

The present study concentrates on the linear isotropic 

stress analysis of a soil-structure system. However, in 

many practical applications, the soil-structure system is 

non-homogeneous and/or non-linear. Brebbia (32) has pro

posed a solution to the system with non-homogeneous materi

als. Therefore, any future work should place emphasis upon 

the boundary integral formulation of inelastic problems. 
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c 
c 
c ""' = =-= ======= ===== .. ==== ""'"'"'"'"'"'"'"'" =======::: :::: = = = :====="'= ;:;;;;:: == == =:: = :::;; "' ~ 

c c 
C THIS PROGRAM IS APPLIED TO EVALUATE THE ELASTIC BEHAVIOR 
C OF A U-FRAME STRUCTURE BV THE COUPLING OF c 
C BOUNDARY AND FINITE ElEMENT METHODS C 
c c 
c == == :::::: = = =::==":: "'"' ="' ==::== = =" = ,., "'"' :::::==== = == = :::::::::::=== = = = ::::::::::::::::::== c 
c 
C X, V. NODE COORDINATES 
C E. ELASTICITY MATRIX FOR STRUCTURE 
C ICONNE ELEMENT INCIDENCE VECTOR 
C A SYSTEM MATRJ X 
C IOCOLU SPECIFIED BOUNDARY CONDITIONS, 0 _..., LOAD, I -> OISP 
C COLUMN SPECIFIED BOUNDARY VALUE 
C BODY BODY FORCE VECTOR 
C STR. STRESS VECTOR 
C OISP DISPLACEMENT VECTOR 
C ELSTIF ELEMENT STIFFNESS MATRIX 
C NNSTR2. 2 X NUMBER OF NODES IN STRUCTURE 
C NNINT4 4 X NUMBER Of NODES IN INTERFACE 
C NNSOL2. 2 X NUMBER OF NODES IN SOIL 
C NESTA NUMBER OF STRUCTURE ELEMENTS 
C NEJON. NUMBER OF \JOINT ELEMENTS 
C NEINT. NUMBER OF INTERFACE ELEMENTS 
C NESOL NUMBER OF SOIL ELEMENTS 
C NEREG. NUMBER OF INTEGRATION CELLS 
C HH, GG. MATRIX GENERATED IN BOUNDARY ELEMENT REGION 
C XM, XMI VECTOR IN STORING SOLUTIONS 
c 

c 

c 

c 

c 

MAIN PROGRAM 

IMPLICIT REAL*B(A-H,O-Z) 
DIMENSION X(250), Y(250). E(3.3), JCONNE(250,4). IDCOLU(420) 
DIMENSION COLUMN(420), A(420,420), BODY(420), XMI(420) 
DIMENSION STR(3,1). OJSP(2,1), HH(200,200), GG(200,200), XM(420) 
DIMENSION ELSTJF(8,8) 

COMMON /CO/ X, Y 
COMMON /NNN/NNSTR2,NNINT4,NNSOL2,NESTR,NEJON,NEJNT, NESOL, NEREG 
COMMON /MMM/ NEB, NEL. NEREGI, NEREG2 
COMMON /10/JRE, JWR 

C---- SET POINTERS AND INPUT TITLE 
c 

c 
c---
c 

c 

IRE = 5 
IWP = 6 

WRITE (JWR.9) 

CALL SUBROUTINE "INPUT" 

IER • 0 
CALL INPUT ( ICONNE, IOCOLU, COLUMN, IUNKNO, I TYPE, IER) 
IF ( IER EO 0) GO TO 1000 

GO TO 10000 

1000 00 5 M = 1, IUNKNO 
BODV(M) • 0 
XMI(M) • 0 
DO 8 N = 1, IUNKNO 

A(M.N) • 0 

8 CONTINUE 
5 CONTINUE 

c 
C---- FINITE ELEMENT FORMULATION 
c 

CALL FINITE(E,ICONNE,A,BODV) 
c 
C---- BOUNDARY CONDITION IN THE STRUCTURE AND INTERFACE 
c 

JK :::: NNSTR2 + NNINT4 I 2 
DO 10 J • I. IK 
IF (JOCOLU( J) EQ 0) GO TO 20 
CALL CLEAN(J.COLUMN(J).A,BODY) 

BODY(J) • COLUMN(J) 
GO TO 10 

20 BDOY(J) • BODY(J) + COLUMN(J) 
10 CONTINUE 

c 
C---- MATRIX "M" FORMULATION 
c 

c 

30 
c 
c----
c---
c----
c 

c 

c 
c----
c 

c 

70 
60 

JB = NESTR -t NEJON + t 
Jl = NESTA + NEJON -t NE INT 

DO 30 ..tJ = JB, .JL 
IB • JCONNE(JJ,I) 
IL = ICONNE(JJ,2) 
XLENG = DSORT((X(JL)-X(JB)) •• 2 + (Y(JL)-Y(IB)) •• 2) 
KK .. 2 • IS - 1 
LL = 2 • ll - 1 
MM "' KK + NNJNl4 I 2 
NN = lL + NNINT 4 / 2 

A(KK,MM) = A(KK,MM) + XLENG / 3. 
A(LL,MM) • A(Ll,MM) + XLENG / 6 
A(KK+I,MM+1) • A(KK+t,MM+1) + XLENG / 3. 
A(LL+I,MM+I) = A(Ll+I.MM+I). XlENG I 6 
A(KK,NN) • A(KK.NN) + XlENG I 6 
A(LL,NN) • A(ll,NN) + XLENG / 3. 
A(KK+I.NN+I) • A(KK+I,NN+I) + XLENG / 6 
A(Ll+I,NN+1): A(ll+I.NN+1) + XlENG I 3 

CONTINUE 

BOUNDARY ELEMENT FORMULATION 
ITYPE = 1 UNSYMMETRY 
!TYPE • 2 SYMMETRY ABOUT Y AXIS 

CALL BOUND( ICONNE ,HH,GG,BODY ,!TYPE, IFA ,NIF ,JDCOlU,COLUMN,CC) 

IROW • NNSTR2 + NNINT4 / 2 
!COLt • NNSTR2 
ICOL2 • JROW 
MROW • NNSDL2 + NNINT4 / 2 
MCOL • NNJNT4 / 2 

ASSEMBLE MATRIX "HH" AND "GG" INTO MATRIX "A" 

00 60 M = 1 , MROW 
00 70 N "' 1 , MCOL 

A( JROW+M. I COL t+N) • HH(M,N) 
A(JROW+M,JCOL2+N) • - GG(M,N) 

CONTINUE 
CONTINUE 

MCOL ::: MCOL + 1 
00 80 M = 1, MROW 

00 110 N = MCOI , MROW 

....... 

....... 

....... 



c 

110 
80 

c---
c----
c 

A( IROW+M,ICOL2+N) = HH(M,N) 
CONTINUE 

CONTINUE 

SOME TERMS IN MATRIX A ARE MULTIPLIED BY CC OR CO TO AVOID 
NUMERICAL ERROR 

MM • NNSTR2 + t 
NN • MN + NNINT4 I 2 
LL = IUNKNO - NNSOL2 
CO = A( t ,I) I A(NN,MMI 
CC=CC•CD 
DO 40 J • MM, IUNKNO 

DO 50 K • t, IUNKNO 
IF ((J LT NNI OR (J GT LL)) GO TO 55 

A(K,JI = CC • A(K,JI 
GO TO 50 

55 A(K,JI • CO • A(K,J) 
50 CONTINUE 
40 CONTINUE 

IT = 0 
MB = NESTR + t 
,ML "' NESTA + NE.JON 

c 
c---- CALAULATE THE INVERSE OF GLOBAL MATRIX 
c 

CAll INVER(A,420,IUNKNO) 
c 
C---- XM STORE SOLUTION OF UNKNOWNS 
c 

2000 CALL PRODt(A,BODY,xM,420,1UNKNO,IDCOLU,CC,CDI 
c 
C---- CHECK THE CONVERGENCE OF DISPLACEMENTS AT INTERFACE 
c 

c 

t20 
c 

c 
c----
c 

c 

t30 

t40 

c----
c 

c 

c 

c 
c----
c 

t90 

IF (IT EQ ttl GO TO t90 
IB '"' NNSTR2 + 1 
IL = NNSTR2 + NNINT4 I 2 

DO t20 K = IB, IL 
IF (OABS(XN(K) - xllt(K)) GT 0 OOOOOOt) GO TO t30 
CONTINUE 

GO TO t90 

RESTART THE PROLEM STORE 11 XM 11 TO "XM1" 

DO t40 I = t, IUNKNO 
Xllt( I) • XM(I I 

CONTINUE 

ITERATIVE ROUTINE 

IT = IT + 1 

CALL ITER( XII, BODY ,ICONNE ,MB,MLI 

GO TO 2000 

REORDER AND STORE DISPLACEMENTS TO XM, TRACTIONS TO COLUMN 

II = NNSTR2 + NNINT4 I 2 + t 
N = NNSTR2 + NNINT4 
DO 530 K • M, N 

L = K - NNINT4 I 2 
rotUMNfl) = XMfK) 

530 
c 

c 

540 

550 
c 

CONTINUE 

M = N + 1 

DO 550 K • M, JUNKNO 
L = K - NNINT 4 I 2 

IF (IOCOLU(K) EO 0) GO TO 540 
GOLUMN(L) = XN(K) 
XM(l) • COLUMN(K) 
GO TO 550 
COLUMN( L I • COLUMN(K) 
XM(l) • XM(K) 

CONTINUE 

c---- STRUCTURE OUTPUT 
c 

c 

NNSTR = NNSTR2 I 2 
WRITE ( IWR,90) 

DO 570 L = 1, NNSTR 
WRITE (IWR,94I L, XM(2•L-I), XM(2•LI 

5 70 CONY I NUE 
WRITE (IWR, 97 I 

DO 580 JJ = t , NESTR 
I • ICDNNE(JJ, t) 
J • ICONNE(JJ,21 
K = ICONNE(JJ,31 
L = ICONNE(JJ,41 

CALL SOLVE( I,J,K,L,E ,STR,OISP,XM) 
WRITE (IWR, 904 I JJ, (OISP(M, t) ,M• t, 2). ( STR(M, t) ,M= t, 31 

580 CONTINUE 
WRITE (IWR,99I 

DO 585 JJ = MB, ML 
I = ICONNE(JJ,I) 
J • ICONNE(JJ,21 
K = ICONNE(JJ,31 
L = ICONNE(JJ,41 

CALL FIND(I,J,K ,L, STR ,DISP, XMI 
WRITE (IWR, 9061 JJ, I, J, (DISP(M, t) ,M= t, 2 I, ( STR(M, t l.M= t, 2) 

585 CONTINUE 

c---- INTERFACE OUTPUT 

WRITE (IWR,907I 
M = NNSTR + t 

c 

c 

590 
c 

N • NNSTR + NNINT4 I 4 

DO 590 K = M, N 
WRITE (IWR, 9t4 I K, XM( 2'K- t). XM(2•KI ,COLUMN( 2•K- t I ,COLUMN( 2'K I 
CONTINUE 

C---- SOIL OUTPUT 
c 

c 

c 

c 

WRITE (IWR,9t71 
M • N + 1 
N • M + NNSOL2 I 2 - t 

DO 600 K = M, N 
WRITE (IWR, 9 t4 I K, XII( 2'K- t I, XM(2 'K). COLUMN( 2•K- t). COLUMN( 2•KI 

600 CONTINUE 

WRITE (IWR,97I 

IF (NEREG EO Ol GO TO tOOOO 
00 200 JJ • NEREG t , NEREG2 

I = ICONNE(JJ, I) 
ol = !rONNEiolol,?) 

1-' 
1-' 
N 



c 

c 

c 

c 

c 

c 

c 

c 

235 

K = ICONNE(JJ,3) 
L = ICONNE(JJ,4) 
XI = X(l) 
XJ = X(J) 
XK = X(K) 
XL = X(l) 
VI = Y(l) 
YJ = Y(J) 
YK = Y(K) 
Yl = V(L) 
XS= 25*(XI+XU+XK+Xl) 
YS = 25 • (VI + VJ + YK + YLJ 

00 230 JSV "' 1, !FA, NIF 
IF (ISY EQ 1) GO TO 235 

XS = - XS 
GO TO 240 
OISP( t, 1) = 0 
OISP(2,t) = 0 
STR( t, t) • 0 
STR(2,1) • 0 
STR(3, t) = 0 

240 
230 

CALL CALCU( ICONNE, XS, YS, COLUMN, Xr.t, STR, DISP, I SY) 
CONTINUE 

200 
WRITE( IWR,904 )JJ, (OISP(M, t) ,M= t, 2), STR[ t, t), STR( 3, t), STR(2, t) 
CONTINUE 

WRITE(IWR,924) 

9 FORMAT(tHt,///,40X,'COUPLING OF FINITE AND BOUNDARY ELEMENT' 
& ' METHODS', 
& I I. 40X.. APPLIED TO'. 
& //, 42X, ' SOl L -STRUCTURE INTERACTION PROBlEMS') 

90 FORMAT(/////,36)(, ••••••••••••••••••••••••, 
& /, 36X. '• STRUCTURE OUTPUT •' , 
& I asx · • • • •••••• • •• •• •• ••• • • • • 
& ////,4tX,'NOOAL DISPLACEMENT ' 
& //,34X,'NOOE',7X,'U',13X,'V') 

94 FORMAT(34X,I3,2(3X,E11 4)) 

97 FORMAT(////,51X,'ELEMENT DISPLACEMENT AND STRESS',//, 
& 34X, 'ELEMENT' ,4X, 'U', 13X, 'V', t2X, 'SXX', ttX, 'SYY', lOX, 'SXY') 

99 FORMAT(////,47X,'RELATIVE DISPLACEMENT AND LOCAL STRESS ', 
& 'AT JOINT ELEMENT' ,//,34X,'ELEMENT' ,5X,'LDCAL X AXIS', 
& 7X, 'TAN OISP' ,5X, 'NOR OJSP' ,BX, 'TAU' ,10X, 'SIGMA') 

904 FORMAT( 34X ,13, 5(3X, E 1 t 4)) 

906 FORMAT(34X,l3,6X,'NODE', 13,' TO NODE' ,J3,4(3X,E11 4)) 

907 FORMAT(/ I I I I. 36X.; ............ ··········"'I. 
& /, 36X, '• INTERFACE OUTPUT *', 
& l.3sx,·••••••••••••••••••••••·. 
& //// ,43X,'OISPLACEMENT ANO TRACTION AT INTERFACE', 
& 11. 34X. 'NODE •. 1x. ·u·. t3X. • v•, t2X. •rxx•. 11x. •nv • l 

914 FORMAT(34X,I3,4(3X,Ett 4)) 

917 FORMAT(/ I I I I' 36X.; ••••••••••••••• ••••• 
& I,36X,'* SOIL OUTPUT *', 
& I 36X •••••••••••••••••••• 
& ////,43X, •DiSPLACEMENT AND TRACTiON AT BOUNDARY NODE', 
8 //,34X,'NOOE',7X,'U',t3X,'V'.t2X.'TXX',ttX,'TVV') 

c 
924 FORMAT( tH t) 

c 
10000 STOP 

END 

c 
c 
c 

c 

c 

c 

c 

c 

c 

c 

c 

c 
c 
c 
c 
c 
c 

c 

c 

c 

c 

20 

40 
30 

50 
toe 

SUBPROGRAM "INVER" 

SUBROUTINE INVER(A,NX.N) 

IMPLICIT REAL*S(A-H,O-Z) 
DIMENSION A(NX,NX) 

DO 100 K ,. 1, N 

0020J=t,N 
IF ( J EQ K) GO TO 20 

A(K,J) = A(K,J) / A(K,K) 
CONTINUE 

A(K,K) • t A(K,K) 

D030I=t,N 
IF(I EQ K) GO TO 30 

0040J=t,N 
IF (J .EQ K) GO TO 40 

A (I ,J) • A (I ,J) - A(K,J) • A (I ,K) 
CONTINUE 

CONTINUE 

D0501=1,N 
IF (I EQ K) GO TO 50 

A(I,K) • -A( J.K) • A(K,K) 
CONTINUE 

CONTINUE 

RETURN 
END 

SUBPROGRAM .. ITER" 

SUBROUTINE ITER( XM, BODY, ICONNE, MB, ML) 

IMPLICIT REAL•S(A-H,O-Z) 
DIMENSION XM(420), BOOY(420), ELSTIF(8,8), X(250) 
DIMENSION Y(250). ICONNE(250,4) 

COMMON /CO/ X, Y 
COMMON /PROPIESTR, PSTR, WSTR, EKN, Et<S, ESOL, PSOL, WSOL 

DO 10 Llt.J = MB, Ml 
I = ICONNE(JJ, t) 
J = ICONNE ( JJ, 2) 
K = ICONNE(JJ,3) 
L • ICONNE(JJ,4) 
XLENG • DSQRT((X(J) - X(J)) "2 • [Y(J) - Y(J)) "2) 
COST • (X(J) - X (I)) I XL ENG 
SINT • (V(J) - Y(J)) / XLENG 

1--' 
1--' 
w 



c---
c 

c 
c---
c 

c 
c- ---
c 

c 

c 

c 

c 
c 
c 

c 

c 

10 

c 
c----
c 

RELATIVE DISPLACEMENT AT CENTROID OF JOINT ELEMENT 

U= 0 5 • (XM(2•K-1) .._ XM(2•L-H - XM(2•I-t) - XMt2•J-t)) 
V = 0 5 • (XM(2•K) + XM(2•L) - XM(2•1) - XM(2•J)) 

TRANSFORM TO LOCAL DISPLACEMENT 

WS = U • COST + V • SINT 
WN = - U • 5 INT + V • COST 

TAU = WS • EKS 
SIGMA = WN • EKN 

IF (SIGMA LE 0) GO TO 10 

RESTRAINING FORCE IS - SIGMA • LENGTH AND - TAU • LENGTH 

TX = (COST • TAU - SIGMA • SINT) • XLENG / 
TV = (SINT • TAU + SIGMA • COST) • XLENG / 
BODY(2•I-1) = BOOV(2•1-1) + TX 
BOOV(2•I) = 800¥(2•1) • TV 
BOOY(2•J-1) "'BOOV(2•J-1) + TX 
BOOY(2•J) = BODV(2•J) .f. TV 

BOOV(2•K- t) = BOOV(2•K-1) - TX 
BOOV(2•K) = B00Y(2•K) - TV 
BOOY(2•L-1) = BODY(2'L-1) - TX 
BODY(2'L) = BODY(2•l) - TV 

CONTINUE 

RETURN 
END 

SUBPROGRAM II FINO" 

SUBROUTINE FINO( I ,J.K,l, STR ,OISP, XM) 

IMPLICIT REAL•B(A-H,O-Z) 
DIMENSION STR(3,1), DISP(2,1), XM(420), 0(2), X(250), Y(250) 

COMMON /CO/ X, Y 
COMMON /PROP/ESTR, PSTR, WSTR, EKN, EKS, ESOL, PSOL, WSOL 

XD = X(J) - X(l) 
YO= Y(J) - Y(l) 
0(1) = (-XM(2•I-t)- XM(2•J-1) + XM(2•K-1) + XM(2•L-t)) * 0 5 
0(2) = (- XM(2'Il - XM(2'J) + XM(2•K) + XM(2'L)) '0 5 

XLENG = OSQRT(XD • XD + YO • YO) 
COST = XO / XLENG 
SINT = YO / XLENG 

TRANSFORM DISPLACEMENT TO LOCAL COORDINATES AND FINO STRESS 

DISP( 1,1) =COST • 0( 1) + SINT • 0(2) 
DISP(2,1) = -SINT • D( 1) + COST • 0(2) 
STR(1,1) = EKS • DISP(1,1) 
STR(2,1) = EKN' OISP(2,1) 

1000 RETURN 
END 

c 
C SUBPROGRAM "FINITF" 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

50 

10 

SUBROUTINE FINITE ( E, ICONNE, A ,BODY) 

IMPLICIT REAL'8(A-H,O-Z) 
DIMENSION ELSTIF(8,8), A(420,420) 
DIMENSION ICONNE(250,4), BODY(420), E(3,3). DETJAC(4) 

COMMON /PROP/ESTR, PSTR, WSTR, EKN, EKS, ESOL, PSOL, WSOL 
COMMON /NNN/NNSTR2, NNINT4, NNSOL2, NESTR, NEJON,NEINT, NESOL, NEREG 

CONST = ESTR / (( 1. + PSTR) ' ( 1 - 2 ' PSTR)) 
E(1,1)-= CONST' (1 - PSTR) 
E(2,2) = E(1,t) 
E(3,3) = CONST • 5 • (1 - 2 'PSTR) 
E( 1, 2) = CONST • PSTR 
E(2,1) = E(t.2) 
E(2,3) = 0 
E(3,2) = E(2,3) 
E( 1,3) = 0 
E(J, 1) = 0 

N = NESTR + NEJON 
DO 100 JJ = 1, N 

I = ICONNE(J~,t) 
J = ICONNE(~~.2) 
K = ICONNE(~~.l) 
L = ICONNE(JJ,4) 

IF (JJ GT NESTR) GO TO 50 

CALL STIFF (I,~. K ,L, E, ELSTIF ,OET ~AC) 

BODY(2'1) = BOOY(2'1) - WSTR ' DET~AC( 1) 
BODY(2'J) = BOOY(2•~) - WSTR ' DET~AC(2) 
BODY(2•K) • BODY(2'K) - WSTR ' DET~AC(3) 
BODY(2•L) = SOOY(2'l) - WSTR ' OET~AC(4) 
GO TO 70 

CALL SJOINT( I, a.l, K ,l, EKS, EKN, ELSTJF) 

CALL ASSEM(ELSTlF ,I,J,K,L,A) 

tOO CONTINUE 
RETURN 
END 

C SUBPROGRAM "Sa..IOINT" 
c 

c 

c 

c 

c 

SUBROUTINE S~OINT(I ,J,K,L,ES,EN,ELSTIF) 

IMPLICIT REAL 0 8(A-H,O-Z) 
DIMENSION S04(8,8). ELSTIF(8,8), TRAN(8,8), TEMP(8,8). X(250) 
DIMENSION Y(250) 

COMMON /CO/ X, Y 

C---- CLEAR TRANSFORMATION MATRIX AND LOCAL VOINT STIFFNESS MATRIX 
c 

DO 10 M = 1, 8 
D020N=1,8 

TRAN(M,N) = 0 
S04(M,N) = 0 

1-' 
1-' 

""" 



20 CONTINUE 
10 CONTINUE 

c 
XO = X(J) - X(l) 
YO = Y(J) - Y(l) 
XlENG = OSQRT(XO • XO + YO • VO) 

c 
c---- FORMULATION OF TRANSPOSE "TRAN" 
c 

TRAN( 1, t) = XD / XL ENG 
TRAN(2,2) = XO I XLENG 
TRAN(3, 3) = XD I XL ENG 
TRAN( 4, 4) = XO I XL ENG 
TRAN(5,5) = XD I XLENG 
TRAN(6,6) = XO I XLENG 
TRAN(7,7) = XO I XLENG 
TRANi8,8) = XO / XlENG 
TRAN( 1, 2) = - YO I XL ENG 
TRAN( 2, 1) = YO I XL ENG 
TRAN(3,4) = - YO I XLENG 
TRAN( 4, 3) = YO I XL ENG 
TRAN(5,6) = - YO / XLENG 
TR.N(6,5) = YO I XLENG 
TRAN( 1, 8) = - YO I XlENG 
TRAN(8,7) = YO I XLENG 

c 
c---- FORMULATION OF LOACL l.IOJNT ElEMENT STIFFNESS 
c 

504( 1, 1) = XlENG I 3 • E5 
504( 1,3) = XLENG I 6 • ES 
504 ( I . 5) = - XlENG I 6 • ES 
504(1,1) =- XLENG I 3 • ES 

c 
S04(3,1) = XlENG I 6 • ES 
504(3,3) = XLENG I 3 • ES 
S04(3,5) = - XLENG I 3 • ES 
S04(3,7) =- XLENG I 6 • ES 

c 
504(5,1) "' - XLENG / 6 • ES 
S04(5,3) = - XLENG I 3 • ES 
S04(5,5) = XlENG I 3 • ES 
S04(5,7) = XLENG I 6 • ES 

S04 ( 1, I ) = - XL ENG I 3 • ES 
504 (1, 3) = - XL ENG I 6 • E5 
S04(7,5) = XLENG I 6 • ES 
S04(7,7) = XLENG I 3 • ES 

504(2,2) = XLENG I 3 • EN 
S04(2,4) = XLENG I 6 • EN 
S04(2,6) = - XlENG I 6 • EN 
504(2,8) = - XLENG I 3 • EN 

S04(4.2) XlENG I 6 • EN 
S04(4.4) = XLENG I 3 • EN 
504(4,6) = - XLENG I 3 • EN 
504(4,8) = - XLENG I 6 * EN 

504(6,2) = XLENG / 6 • EN 
504(6,4) = XLENG I 3 • EN 
S04(6,6) = XLENG I 3 • EN 
SQ4(6,8) = XLENG I 6 • EN 

S04(8,2) = - XLENG I 3 • EN 
504(8,4) = - XLENG I 6 • EN 
<;fJ 1 (A fi) XI FNG I {; r11 

c 
c---
c 

c 

c 
c 
c 

c 

c 

c 

c 
c----
c 

c 

20 
10 

c 

15 

& 
c 

& 
c 

& 
c 

SQ4(8,8) = XLENG / 3 • EN 

TRANSFORMATION TO GLOBAL JOINT STIFFNESS MATRIX 

CALl PROD(TRAN,SQ4, TEMP,8,8,8) 

TRAN( 1, 2) 
TRAN( 2. 1) 
TRAN(3,4) 
TRAN(4. 3) 
TRAN(5,6) 
TRAN(6,5) 
TRAN(7,8) 
TRAN(8,7) 

TRAN( I, 2) 
TRAN(2 ,1) 
TRAN(3, 4) 
TRAN(4.3) 
TRAN(5,6) 
TRAN(6,5) 
TRAN(7,8) 

- TRAN(8,7) 

CALL PROD(TEMP,TRAN,El5TIF,8,8,8) 

RETURN 
END 

SUBPROGRAM "STIFF" 

SUBROUTINE STIFF( I, ,J, K, l, E, ELSTI F, OET,JAC) 

IMPLICIT REAL•B(A-H,O-Z) 
DIMENSION E(3,3). SQ4(8,8), 8(3,8), OUMM(8,3), DETJAC(4) 
DIMENSION XJINV(2,2), XM1(2,8). XN2(2,8). ELSTIF(8,8) 
DIMENSION AALPHA(4), ABETA(4), BT(8,3), X(250). Y(250) 

COMMON /CO/ X, V 
COMMON IALPHI AALPHA, ABET A 

IGNORE WEIGHT, BECAUSE WEIGHT r t FOR 4 POINT INTEGRATION 

XI = X(l) 
XJ = X(J) 
XK = X(K) 
XL = X(L) 

Yl = Y(l) 
YJ = Y(J) 
Y~ = Y(K) 
YL = Y(L) 

DO 10 IR :: 1, 8 
DO 20 IC = 1, 8 

ELSTIF(IR,IC) = 0 
CONTINUE 

CONTINUE 

!POINT = I 
ALPHA = AALPHA(IPOINT) 
BETA = ABET A( !POINT) 

DXOA = 25 • ( t - BET A) • X I + 
+ 25 * ( 1 + BET A) * XI< -

OYDA "' 25 • ( 1 - BETA) • Yl + 
+ 25 * ( 1 + BET A) • VK -

DXOB = 25 * ( I - ALPHA) * X I -
+ 25 + ( t + ALPHA) * XK + 

25 * (I BETA) • X,J 
25 * ( 1 + BET A) • XL 

25 * ( 1 - BETA) • YU 
25 • ( 1 + BETA) * VL 

25 * ( 1 + AlPHA) • XJ 
25 * ( 1 - ALPHA) * Xl 

1-' 
1-' 
(J1 



OYDB ==- 25 • (1- ALPHA) • VI- 25 • (t -t- ALPHA) • VJ 
& + 25 • ( t + ALPHA) • VK • 25 • ( t - ALPHA) + Yl 

c 
c---
c 

c 

c 

c 

c 

c 

JO 

& 
50 

40 

OXDA, OYDA, OXOB AND OYDB ARE TERMS IN JACOBIAN 

XJDET ::: DXDA • DYOB - OXOB • OYOA 
XJINV( 1. 1) • OVOB / XJOET 
XJINV( 1, 2) = - OVOA / XJOET 
XJINV(2,1) = - OXOB / XJOET 
XJINV( 2, 2) = OXOA / XJOET 
OETJAC(IPOINT) = OABS(XJOET) 

00301!=1,4 
XM1( 1,2•M) "' 0 
XN1(2,2•N) = 0 
XM2(t,2•M-I) • 0 
XN2(2,2•N-1) = 0 

CONTINUE 

XM1( 1, 1) = 25 • ( 1 BETA) 
XM2(1,2) • XN1(1,1) 
XN1(1,J) = + 25 • ( t - BETA) 
XM2(1,4) = XN1(1,J) 
XM1 ( 1, 5) = + 25 • ( 1 + BET A) 
XM2( 1,6) • XMI( 1,5) 
XM1( 1, 7) = 25 • (1 +BETA) 
XM2 ( 1 , 8) = XM 1 ( 1 , 7) 

XM1(2,1)=- 25 • ( t - ALPHA) 
XM2(2,2) = XM1(2,1) 
XM1(2,J) = 25 • ( 1 + ALPHA) 
XM2(2,4) = XN1(2,J) 
XM1(2,5) = + 25 • ( 1 + ALPHA) 
XN2(2,6) = XM1(2,5) 
XM1(2,7) = + 25 • ( 1 - AlPHA) 
XM2(2,B) = XM1(2,7) 

DO 40 M = 1, 8 
B( 1,M) = 0 
B(2,M) = 0 
B(J,M) = 0 

D050N=I,2 
B( 1,N) = B( I.M) + XJINV( 1,N) • XM1(N,M) 
B(2,M) = B(2,M) + XJINV(2,N) • XM2(N,M) 
B(J,M) = B(J,M) + XJINV(2,N) • XM1(N,M) 

CONTINUE 

BT(M,1) 
BT(M, 2) 
BT(M,J) 

CONTINUE 

B( 1,M) 
B(2,M) 
B(J,M) 

CAll PROO(BT, E ,OUMM.B, 3, 3) 

CALL PROD(OUMM,B, 504, B ,3, 8) 

DO 60 M = 1, 8 
oo 10 N = 1. a 

XJINV( 1,N) • XM2(N,M) 

ElSTIF(M,N) = ELSTIF(M,N)+SQ4(M,N) • OETJAC(IPOINT) 
70 CONTINUE 
60 CONTINUE 

c 
If (!POINT EQ 4 ) GO TO 1000 

c 

c 

c 
c 
c 

c 

c 

c 

c 

c 

c 

c 
c 
c 

c 

c 

c 

c 

c 

c 

!POINT = IPOJNT + 1 
GO TO 15 

tOOO RETURN 
END 

10 

JO 
20 

SUBPROGRAM "ASSEM" 

SUBROUTINE ASSEM(ElSTIF ,I,J,K,l,A) 

IMPLICIT REAL•B(A-H,O-Z) 
OIMENSION ElSTIF(B,B), JR(4), NR(B), A(420,420) 

JR( I) = I 
JR(2) = J 
JR(J) = K 
JR(4) = L 

DO 10 M "' 1, 4 
IX = 2 • M - 1 
IV = IX + 1 
NR(IX) = 2 • JR(M) -1 
NR(IV) • 2 • JR(N) 

CONTINUE 

0020M=1,8 
DO 30 N = 1,8 

A(NR(M),NR(N)) = A(NR(M),NR(N}) + ELSTIF(M,N) 
CONTINUE 

CONTINUE 

RETURN 
END 

SUBPROGRAM ,. SOLVE" 

SUBROUTINE SOLVE( I, \.1, t<, l, E, STR, DISP ,BODY) 

IMPLICIT REAL•B(A-H,0-2) 
DIMENSION E(3,J), STR(3,1), STRAIN(3, t), BOOV(420) 
DIMENSION 8(3,8), OISP(2,1), XJINV(2,2), XMI(2,8), XM2(2,8) 
DIMENSION X(250), V(250), 00(8, 1) 

COMMON /CO/ X, V 

XI = X(l) 
XJ • X(J) 
XK = X(K) 
XL = X(L) 

VI = V(l) 
YJ = Y(J) 
VK = V(K) 
Vl = Y(L) 

00( 1,1) 
00(2.1) 
00(3, 1) 
00(4,1) 
00(5 I) 

BOOV(2•1-1) 
BOOV(2•1) 
BOOV(2•J-1) 
BOOV(2°J) 
BOOY(?*K-1) 

I-' 
I-' 
0"1 



c 

c 

15 
c 

c 

c 

c 
c----
c 

c 

c 

c 

c 

c 

30 

& 
50 

00(6 ,1) 
00(7,11 
00(8,1) 

BOOY(2+K) 
SOOV(2'L-1l 
BOO't' ( 2 *l) 

DISP( 1.11 = 0 
DISP(2 ,1) = 0 

D015K=1,4 
OISP(t,1) = DISP(t,t) + 25 'DD(2'K-1,1) 
DISP(2,1l = DISP(2,1) + 25 'DD(2'K,1) 

CONTINUE 

OXDA 25 + XI + 25 • Xl..l + 25 • XK 25 • XL 

OVOA 25 • v [ + 25 + Va.l + 25 + VK - 25 • VL 

OXOB 25 • XI 25 • xu + 25 + XK + 25 + XL 

DVOB 25 + VI 25 • YJ + 25 + YK + 25 • Yl 

DXOA. DVOA, DXOB AND DVOB ARE TERMS IN JACOBIAN 

XUOET = OXDA + OYOB - OXOB • OVOA 
XJINV( 1 ,1) = OVDB / XJOET 
XJINV( 1, 2) = - DVDA / XJDET 
XJINV( 2, 1) = - DXDB / XJDET 
XJINV(2,2) = DXDA / XJDET 

D03QM:1,4 
XM1(1,2*M) = 0 
XM1(2,2*M) :: 0 
XM2 ( 1 , 2 •M- 1 ) • 0 
XM2(2,2'M-1) • 0 

CONTINUE 

XM1(1,1) 
XM2( 1,2) 
XM1(1.3) 
XM2( 1,4) 
XM1( 1,5) 
XM2( 1,6) 
XM1(1,7) 
XM2( 1,8) 

XM1(2, 1) 
XM2(2,2) 
XM1(2,3) 
XM2(2,4) 
XM1(2,5) 
XM2(2,6) 
XM1(2,7) 
XM2(2,8) 

- . 25 
= XM!( 1, 1) 

+ 25 
= XM1(1,3) 

• 25 
XM1( 1,5) 

c - 25 
= XM1(1,7) 

- 25 
XM1(2, 1) 

25 
• XM1(2,3) 

+ 25 
XN1(2 ,5) 
• 25 
XM1(2,7) 

DO 40 M • 1, 8 
B( t.M) • 0 
B(2,M) = 0 
B(3,M) • 0 

0050N=1,2 
B( 1 ,M) • B( 1 ,M) + XJINV( 1 ,N) • XM1(N,M) 
B(2,M) = B(2,M) + XJINV(2,N) • XM2(N,M) 
B(3,M) = B(3,M) + XJINV(2,N) ' XM1(N,M) 

+ XJINV( 1,N) * XM2(N,M) 
CONTINUE 

40 CONTINUF. 

c 

c 

c 

c 
c 
c 

c 

c 

c 

c 

c 

c 

CALL PRDO(B,OD,STRAIN,3,8,1) 

CALL PRDD(E,STRAIN,STR,3,3,1) 

RETURN 
END 

SUBPROGRAM "CLEAN" 

SUBROUTINE CLEAN(J,V,A,BODV) 

IMPLICIT REAL+8(A-H,O-Z) 
DIMENSION A(420,42D),BODV(420) 

COMMON /NNN/NNSTR2 ,NNINT4, NNSDL2, NESTR, NEJDN,NE INT, NESDL, NEREG 

IK = NNSTR2 + NNINT4 + NNSOL2 
DO 10 K = 1, IK 

BDDV(K) • BODV(K) - A(K,J) ' V 
A(J,K) = 0 
A(K,J) • 0. 

10 CONTINUE 

A(J,J) • 1 
RETURN 
END 

C SUBPROGRAM "BOUND" 
c 

c 

c 

c 

c 

c 

SUBROUTINE BOUND( JCONNE ,HH, GG,BOOV, ITVPE ,IFA,NJF, JOCOLU,COLUMN,CC) 

IMPLICIT REAL+B(A-H,0-2) 
DIMENSION Gl(3,6), DME(3,6), 0(2,2), HH(200,200), GG(200,200) 
DIMENSION H(2,4). G(2,4), USTAR(2,2), AALPHA(4), ABETA(4) 
DIMENSION ICDNNE(250,4). BODV(420), X(250), V(250), IDCDLU(420) 
DIMENSION CDLUMN(420) 

COMMON /CO/ X, V 
COMMON /NNN/NNSTR2,NNINT4 ,NNSOL2 ,NESTA ,NEl.ION,NEINT, NESOL, 
COMMON /CONS/ C 1, C2, C3, C4, C5, C6, C7, Gl, OME, 0 
COMMON /PRDP/ESTR, PSTR, WSTR, EKN, EKS, ESOL, PSOL, WSDL 
COMMON /ALPH/ AALPHA, ABETA 
COMMON /MMM/ NEB, NEL, NEREG1, NEREG2 

GE = ESDL / (2 • ( 1 + PSOL)) 
C2 "" 3 - 4 • PSOL 
C3 = 1 I ( ( 1 - PSDL) • 12 56637062) 
C4 • 1 2. • PSOL 
CG = 2 • C3 • GE 
C7 = 1 - 4 • PSOl 
c 1 = C3 I (2 • GE) 
C5 = C1 I 2. 
cc • 2 • GE / ( 1. - PSOL) 

D( 1 ,1) = 1 
D( 1,2) = 0 
0(2,11=0 
0(2. 2) = j 

NEREG 

1-' 
1-' 
-....1 



c 

c 

15 
10 

23 

1000 

c 
55 

c 

c 
25 

c 
40 

c 
c----
c 

c 

c 

c 

NNB = NNSTR2 / 2 + 1 
NNL = NNB + NNSOL2 / 2 + NNINT4 / 4 - I 
KKK = 2 "' (NNL - NNB • I) 
DO 10 J = t, KKK 

DO 15 L = I , KKK 
HH(J,l) • 0 
GG(J,l) = 0 

CONTINUE 
CONTINUE 

NEB = NESTR + NE..JON + t 
NEL = NEB • NE JNT + NESOL - I 

IFA = t 
NIF :::: I 
IF ( lTYPE EQ 1) GO TO 23 

!FA = 3 
NIF = 2 

DO 990 ISY = I, IFA, NIF 
NODE "' NNB 
XS = X(NOOE) 
VS = Y(NOOE) 

IF (JSY EQ I) GO TO 55 
xs = -xs 

00 100 ,J = NEB. NEL 
IB = ICDNNE(J, I) 
ll = ICONNE(J,2) 
OXB • OABS(X(JB)-XS) 
OYB = OABS(V(JB)-YS) 
OXl = OABS(X(JL)-XS) 
OVL = OABS(V(Jl)-YS) 
ICDO = t 

IF ((ISY NE t) AND (OABS(XS) GT 0 OOI)) GO TO 40 

IF ( ( OXB GT 0 00 I ) DR ( OVB GT 0 00 t ) ) GO TO 25 
ICOO = 2 
GO TO 40 

IF((OXl GT 0 OOt) OR (OVL GT 0 OOI)) GO TO 40 
JCOO = 3 

CALL FUNC( ICOD,H,G, IB ,ll, XS, VS,USTAR, XX, VV, ISY) 

SET REQUIRED POINTERS IN TERMS OF LOCAL MATRIX "HH", "GG" 

M " 2 • (NODE - NNB) + 1 
N"' 2 • (IB- NNB) + I 
L = 2 • (JL - NNB) + I 

HH(M,N) = HH(M,N) + H(t.1) 
HH(M,N+I) = HH(M,N+I) + H(1,2) 
HH(M,l) = HH(M,l) + H( 1,3) 
HH(M,L+I) = HH(M,L+t) + H(l,4) 

HH(M+t,N) = HH(M+I,N) + H(2,1) 
HH(M+ t ,N+ I) = HH(M+ t ,N+t) + H( 2 o 2) 
HH(M+Iol) = HH(M+Iol) + H(2o3) 
HH(M+t,l>t) = HH(M+Iol+t) + H(2o4) 

GG(MoN) = GG(M 0 N) + G( t. t) 
GG(MoN+t) = GG(MoN+I) + G(1 0 2) 
GG(M,Il ::= r.G(M ll + t.C1 ·n 

c 

c 

90 

100 

c 

c 

300 

& 

& 
c 

& 

& 
c 

& 
c 

& 
c 

c 
c---
c 

c 

GG(Mol+l) = GG(Mol+l) + G(to4) 

GG(M+ 1,N) = GG(M+ t,N) + G( 2 ,1) 
GG(M+t,N+t) = GG(M+t,N+I) + G(2o2l 
GG(M+toll = GG(M+Iol) + G(2o3) 
GG(M+1,l+t) "'GG(M+-t,l+l) + G(2,4) 

IF (ISY EO I) GO TO 90 
H( I o t) • - H( I o t) 
H(2otl =- H(2ol) 
H( to3) = - H( lo3l 
H(2o3l = - H(2o3) 
HH(MoMl • HH(MoMl- H( 1ol)- H( I ,3) 
HH(M,M+I) = HH(MoM+I)- H(t,2)- H(t 0 4) 
HH(M+IoM) • HH(M+toM)- H(2ol)- H(2o3) 
HH(M+t,M+I) = HH(M+IoM+I) - H(2o2)- H(2o4l 

CONTINUE 
IF (NEREG EQ 0) GO TO 220 

NEREG1 = NEL + I 
NEREG2 = NEREGt + NEREG - 1 

DO 200 JJ = NEREGt o NEREG2 
I = ICONNE(JJo t) 
J = ICONNE(JJo2l 
K = ICONNE(JJ 0 3) 
l = ICONNE(JJo4) 
XI • X(J) 
XJ • X(J) 
XK = X(K) 
Xl = X(l) 
VI = Y(l) 
VJ • Y(J) 
VK = Y(K) 
Yl • V(L) 

IPOINT • t 
AL = AAlPHA(JPOINT) 
BE = ABETA(JPDINT) 
XX = 25+( 1-AL)•( 1-BE)•XJ +- 25"'( t+AL)•( 1-BE)•X.J 

+ 25•( HAL)*( 1+BE)•XK + 25•( 1-AL)•( t+BE)•XL 
VY • 25'( t-Al)•( t-BE)'YI + 25'( t+AL)•( t-BE)'YJ 

+ 25*( 1+AL)•( H·BE)•VK + .25*( t-AL)•( t+BE)•VL 

DXDA ., - 25 • ( 1 - BE) • XI + 25 • ( 1 - BE) • XJ 
+ 25 • ( 1 + BE) • XK - 25 • ( 1 + BE) • XL 

OVDA = - 25 • ( 1 - BE) • VI + 25 • ( t - BE) • V.J 
+ 25 • ( 1 + BE) • YK - 25 • ( t + BE) • V l 

DXOB = 25 • ( 1 - Al) • X I - 25 • ( 1 + Al) • XJ 
+ 25 • ( 1 + Al) • XK + 25 • ( 1 - AL) • XL 

OVOB = 25 " ( 1 - Al) • VI - 25 • ( 1 + Al) • VJ 
, 25 • ( 1 + Al) • VK + 25 • ( 1 - Al) • Vl 

X.JOET = OXOA • OVDB - OXDB • DVDA 
XJA • OABS(XJDET) 
ICOO = 4 

CAll FUNC( I COO, H, G, IB, ll, XS, VS, US TAR, XX. YY, I SV) 

SET REQUIRED POINTERS IN TERMS OF GLOBAL MATRIX "A" 

MM = 2 • NODE - 1 + NNINT4 / 2 

BOOV(MM) = BOOV(MM) - WSOL * USTAR( 1,2) * XJA 
BODY(MM+1) = BOOV(MMt-t) - WSOL • USTAR(2,2) "XJA 

1-' 
~ 
OJ 



c 
200 

c 
220 

990 
c 
c----
c 

c 

c 
c----
c 

380 
c 

c 
400 

450 
c 

350 

c----
c 
c 
c 
c 
c 

c 

!POINT = IPOINT + 1 
IF (I POINT LE 4) GO TO 300 

CONTINUE 

NODE = NODE + 1 
IF (NODE LE NNL) GO TO 1000 

CONTINUE 

TAKE CARE OF GIVEN BOUNDARY CONDITION FOR "HHn AND "GG" 

ILOC = KKK - NNSOL2 + 1 

DO 350 K = llOC, KKK 
IGLO ::: K + NNSTR2 + NNINT4 / 2 

IF (IDCOlU(IGlO) EO 0) GO TO 400 

THE TERMS IN GG ARE MULTIPLJEO BY CC TO AVOID NUMERICAL ERROR 

DO 380 N = L KKK 
JG a N + NNSTR2 + NNJNT4 / 2 
BODY( !G) • BODY( !G) - HH(N,K) • COlUMN( IGlO) 
HH(N,K) = - GG(N,K) ' CC 

CONTINUE 

GO TO 350 

DO 450 M = 1 I KKK 
JG = M + NNSTR2 + NNINT4 / 2 
BOOY(IG) = BODY( !G) + GG(M,K) ' COlUMN( IGlO) 

CONTINUE 

CONTINUE 
RETURN 
END 

SUBPROGRAM "FUNC • 

SUBROUTINE FUNC( JCOD ,H, G, 18, ll, XS, VS, US TAR, XX, VV. I SY) 

IMPLICIT REAL•B(A-H,0-2) 
DIMENSION USTAR(2,2), G(2,4), H(2,4), Gl(3,6), OME(3,6) 
DIMENSION PSTAR(2,2). DRD(2), DND(2), PHISC(2), XV(2) 
DIMENSION X(250), Y(250), 0(2,2) 
COMMON /CO/ X, Y 
COMMON /CONS/ C 1, C2, C3, C4, C5, C6, C1, Gl, OME, 0 

00 10 KK = 1, 2 
00 20 L = 1, 4 

G(KK,l) • 0 
H(KK,l) • 0 

20 CONTINUE 

c 

c 

10 CONTINUE 

XV( 1) = X(ll) - X (I B) 
XY(2) = Y(ll) - Y(IB) 
XlENG = (XY(1) 'XY(1) + XY(2)' XV(2)) "0 5 
DND( 1) = XY(2) I XlENG 
DND(2) =- XY(1) I XlENG 

IF ((!COD EO 2) OR (!COD EO 3)) GO TO 2000 

IF ( ICOO EQ 1) GO TO 1000 

c 

c 

c 

c 

500 

1000 

115 

& 
IF 
IF 

125 

135 
700 

25 

XDD = XX - XS 
YDD = YY - YS 
GO TO 25 

SEl = 0 5 • DSQRT((2 • XS - X(IB) - X(ll)) " 2 + (2 
YS - Y(IB) - V(ll)) " 2) / XlENG 

(SEL LE 1 5) GO TO 115 
(SEl lE 5 5) GO TO 125 

l = 1 
NPOINT = 2 
GO TO 135 

l "' J 
NPOINT :: 6 
GO TO 135 

l • 2 
NPOINT = 4 
IPDINT = 1 
XDO = (X(IB)+X(llll I 2- xs. XY(1) I 2 • Gl(l,IPOINT) 
YDD. (Y(IB)+Y(Il)) I 2- vs. XY(2) I 2 • Gl(l,IPDINT) 
A == ( XOD • XOD + YDD • YDO) • • 0 5 
ORO( 1) = XDD / R 
DRD(2) • YOD I R 
DRON =ORO( t) • OND( t) + DR0(2) • OND(2) 

c---- COMPUTE MATRICES H AND G 
c 

c 

c 

c 

c 

c 

c 

& 
40 
30 

00301==1,2 
DO 40 ~ = 1, 2 

US TAR(!,~) = -C 1'(C2'DlDG(R) •O(I, ~)-ORO( I) 'ORO(~)) 
IF (!COD EQ 4) GO TO 40 

PSTAR(I,~) • -c3•( (C4•0(1,~)+2 'DRO(I )•DRD(~))•DRDN 
+C4' (ORO(~) •ONO( I )-ORO( I}'ONO( ~)) )/R 

CONTINUE 
CONTINUE 

IF (!COD EQ 4) GO TO 900 

PHISC(1) = 25' (1.-GI(l,IPOINT)) 'XlENG' OME(l,IPOINT) 
PHISC(2) o 25' (1 +GI(l,IPOINT)) • XlENG • DME(l,IPOINT) 

G( 1,1) 
G( 1,2) 
G( 1,3) 
G( 1,4) 

G( 1, 1) + US TAR( 1, 1) • PHISC( 1) 
G(1,2) + USTAR(1,2} 'PHISC(1) 
G(1,3} + USTAR(1.1) • PHISC(2) 
G(1,4) + USTAR(1,2) 'PHISC(2) 

G(2,1) o G(2,1) + USTAR(2,1) 'PHISC(1} 
G(2,2) o G(2,2) + USTAR(2,2) • PHISC(1} 
G(2,3) = G(2,3} + USTAR(2,1} • PHISC(2} 
G(2,4) = G(2,4) + USTAR(2,2) * PHISC(2) 

H(1,1} o H(1,1) • PSTAR(1.1) • PHISC(1) 
H(1,2) = H(l,2} + PSTAR(1.2} 'PHISC(1} 
H(1,3) o H(1,3) + PSTAR(1.1} • PHISC(2) 
H(1,4) = H(1,4) + PSTAR(1,2) 'PHISC(2) 

H(2,1) = H(2,1) + PSTAR(2,1) • PHISC(1) 
H(2,2) = H(2,2} + PSTAR(2,2) ' PHISC( 1) 
H(2,3) = H(2,3) + PSTAR(2,1} ' PHISC(2) 
H(2,4) = H(2,4} + PSTAR(2,2) • PHISC(2) 

IF (!POINT EQ NPOINT) GO TO 900 
IPOINT = IPOINT + 1 
GO TO 700 

....... 

....... 
\.0 



c 

c 

c 

:woo Al = CS • C2 • XLENG 
AA = AL • (0 5 - OLOG(XLENG)) 

00 70 I = 1, 2 
0080J=1,4 

IT = (J I 2) • 2 + 2 - J 
G(l 0 .J) = CS • XY(J) • XY(IT) / XLENG 

IF (IT NE I) GO TO 80 

G(I,J) = G(I,J) + AA 
80 CONTINUE 
10 CONTINUE 

IAA = -2 
IF (!COD NE 3) GO TO 90 

90 

900 IF 

IAA "' 0 
G( 1, J+IAA) 
G(2 ,4+1AA) 
H( 1, 2-IAA) 
H(2, 1-IAA) 

(JSY EQ 1) 

USTAR( 1,2) 
DO 130 J 
H( 1,J) = 
G( 1,J) = 

130 CONTINUE 

,. G(lo3+1AA) + AL 
G(2 0 4+IAA) + AL 
C3 • C4 • ( 1 + I AA) 

•- H(1,2-IAA) 
GO TO 10000 

=- USTAR(1,2) 
1, 4 
H( 1. J) 
G( 1,J) 

10000 RETURN 

c 
c 
c 

c 

c 

c 

c 

c 

END 

SUBPROGRAM "CALCU" 

SUBROUTINE CALCU( ICONNE, XS, YS, COLUMN o BODY o STR ,OISP, ISY) 

IMPLICIT REAL*B(A-H,O-Z) 
DIMENSION Gl(3,6), OME(3,6), 0(2,2), OISP(2,1), 5(2,1), T(2,1) 
DIMENSION AALPHA(4), ABETA(4), B(3,1), XV(2). PHI(2), 00(2,2,2) 
DIMENSION ICONNE(250,4), 800V(420), X(250), V(250), STR(3,1) 
DIMENSION COLUMN(420), A(3, 1), SSS(3,4). 000(3,4), P(4, 1). Q(4,1) 
DIMENSION H(2,4), G(2,4). USTAR(2,2) 

COMMON /CO/ X, V 
COMMON /CONS/ C1, C2, C3, C4, C5, C6, C7, Gl, OME, 0 
COMMON /PROP/ESTR o PSTR o WSTR o EKNo EKS, ESOlo PSOL o WSOL 
COMMON /ALPH/ AALPHAo ABETA 
COMMON /MMM/ NEB, NEL, NEREG 1, NEREG2 

IFLAG = 1 
ICOO = I 

00 100 U = NEB, NEL 
18 = JCONNE(J,1) 
IL = JCONNE(J,2) 
P( 1, 1) = COLUMN( 2'18-1) 
P(2,1) = COLUMN(2•18) 
P(3,1) = COLUMN(2'1L-1) 
P(4,1) = COLUMN(2*1L) 
Q(1,1) = BOOV(2'1B-t) 
Q(2,1) = BOOV(2*1B) 
Q(3,1) = BOOV(2•1L-1) 
Q(4,1) = BOOV(2•1L) 

c 

100 
c 

c 

300 

& 

& 
c 

& 

& 
c 

& 
c 

& 
c 

c 

c 

c 

c 

c 

CALL PROO(OOO,P,Ao3,4,1) 
CALL PROO(SSS,Q,B,3,4,1) 

STR(t.1) = STR(1,1) + A(1,1)- B(1,1) 
STR(2, t) = STR(2, t) + A(2, 1) - B(2,1) 
STR(3,1) = STR(3, 1) + A(3, f) - 8(3,1) 

CALL FUNC( ICOO,H, G,IB,IL, XS, VS,USTAR, XX, VV ,ISV) 
CALL PROO(G,P,S,2,4,1) 
CALL PROO(H,Q,T,2,4,1) 

OISP(1,t) • OISP(1,1) + S(1,1)- T(1,1) 
OISP(2,1) • OISP(2,1) + S(2,1) - T(2,1) 

CONTINUE 

I FLAG= 2 
!COO = 4 
00 200 JJ = NEREG 1, NEREG2 

I = ICONNE(JJ, 1) 
J = ICONNE(JJ,2) 
K • ICONNE(JJ,3) 
L = ICONNE(JJ,4) 
XI = X(l) 
XJ = X(J) 
XK = X(K) 
XL = X(L) 
VI = V(l) 
VJ = V(J) 
VK = V(K) 
YL = V(L) 

IPOINT = 1 
AL • AALPHA(IPOINT) 
BE • ABETA(IPOINT) 
XX = 25•( t-AL)•( t-BE)•XI + 25•( 1+AL)•( 1-BE)•X..J 

+ .25•(HAL)*(1+SE)*XK + .25•(1-Al)•(t+BE)•XL 
VV • 25•( 1-AL)•( 1-BE)•YI + 25•( t+AL)•( t-BE)•Yl.l 

25•( 1+AL)•( 1+BE)'VK + 25•( 1 -AL I• ( t+BE) •YL 

OXOA = - 25 • ( 1 BE) • XI + 25 ' ( 1 - BE) ' XJ 
+ 25 • ( 1 + BE) • XK - . 25 • ( 1 + BE) • XL 

OYOA = - 25 • ( t - BE) • Y I + 25*(1-BE)•Y..J 
+ 25 • ( I + BE) • VK - 25 • ( t + BE) • Yl 

OXDB = - 25 • ( 1 Al) • XI - 25 • ( 1 + Al) • X..J 
+ 25 • ( 1 + AL) * XK + 25 ' ( 1 - AL) • XL 

OVOB = 25 * ( 1 - AL) ' VI - 25 • ( 1 + Al) • V,J 
25 • ( 1 + Al) • YK + 25 • ( I - AL) • Vl 

X.JOET = OXOA • OVOB - OXOB • OVOA 
XJA = DABS( XJOET) 

CALL FORM( I FLAG, IB ,IL, XX, VV, XS, VS ,000, SSS,OO,ISY) 

STR( 1, 1) • STR( 1, 1) - DO( 2, 1, 1) • WSOL • XJA 
STR(2,1) = STR(2,1)- 00(2,1,2) • WSOL • XJA 
STR(3,1) = STR(3,1) - 00(2,2,2) • WSOL • XJA 

CALL FUNC(ICOO, H,G ,IB, IL, XS, VS ,USTAR, XX, VV, ISV) 

OISP(1,1) = OISP(I,t)- USTAR(1,2) * WSOL • XJA 
OISP(2,1) = OISP(2, 1) - USTAR(2,2) • WSOL • XJA 
!POINT "' IPOINr + 1 
IF (I POINT LE 4) GO TO 300 

200 CONTINUE 
CALL FORM(JFLAG,IB,Il,XX,YY,XS,VS.DOD.SSS,OD.ISY) RFT11RN 

1-' 
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c 
c 
c 

c 

c 

c 

c 

c 

c 

c 

20 
10 

40 

50 

END 

SUBPROGRAM "PROD t" 

SUBROUTINE PROD1(A,B,C,M,IN.IDCOLU,CC,C0) 

IMPLICIT REAL•B(A-H,O-Z) 
DIMENSION A(M,M), 8(11), C(M), IDCOLU(M) 

COMMON /NNN/ NNSTR2,NNJNT4,NNSOL2,NESTR,NEJON,NEINT ,NESOL,NEREG 

DO 10 I • I, IN 
C(l) • 0 

CONTINUE 

DO 20 K • I, IN 
C(l) = C(l) + A(I,K) • B(K) 

CONTINUE 

MM = NNSTR2 + 1 
NN = MN + NNINT4 / 2 - I 
DO 40 I • MM, NN 

C(l) = CO • C(l) 
CONTINUE 

MM=NN+ 
NN .. MM+ 
DO 50 I = 

C(l) 
CONTINUE 

I 
NNINT4 I 2 - I 
MM, NN 

CC • C(l) 

MM=NN+1 
DO 60 I = liN, IN 
IF ( IOCOLU(I) EQ 0) GD TO 70 

C(l) = CC • C(l) 
GO TO 60 

70 C(l) • CD' C(l) 
60 CONTINUE 

RETURN 
END 

C SUBPROGRAM "FORM" 
c 
c--- --------------------------
c 

c 

c 

c 

c 

SUBROUTINE FORM( IFLAG,IB ,IL, XX, YY, XS, YS ,ODD, SSS ,00, ISY) 

IMPLICIT REAL•S(A-H,D-Z) 
DIMENSION Gl(3,6). OIIE(3,6), 0(2,2), SSS(3,4), 000(3,4) 
DIMENSION XY(2), PHI(2), 00(2,2,2). SS(2,2,2). DND(2), DR0(2) 
DIMENSION X(250), Y(250) 

COMMON /CO/ X, Y 
COMMON /CONS/ Cl, C2, C3, C4, C5, C6, C7, Gl, OME, 0 
COMMON /PROP/ESTR ,PSTR, WSTR, EKN, EKS, ESOL, PSOL, WSOL 

DO 10 KK • I, 3 
D020L•I,4 

SSS(KK,L) • 0 
ODO(KK,L) • 0 

20 CONTINUE 
10 CONTINUE 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

XY( I) = X(IL I - X (I B) 
XY(2) = Y(IL) - Y(IB) 
XLENG • (XV( I) • XV(I) + XV(2) • XY(2)) '' 0 5 

IF (I FLAG EQ 2) GO TO 155 

ONO( I) = XV( 2) / XlENG 
OND(2) =- XV(I) / XLENG 
SEL • 0 5 • DSQAT((2 • XS - X(IB) - X(IL)) " 2 + (2 

& VS - V(IB) • V(IL)) " 2) / XLENQ 

115 

125 

135 
500 

155 

& 

& 

& 

& 

50 
40 
30 

IF (SEL LE I 5) GO TO 115 

IF (SEL LE 5 5) GO TO 125 

L = 1 
NPOINT = 2 
GO TO 135 

L = 3 
NPOINT • 6 
GO TO 135 

L • 2 
NPOINT • 4 
!POINT = I 
XX • (X(JB)+X(IL)) I 2 + XV( I) I 2 • GI(L,IPOINT) 
vv = (V(IB)+V(IL)) I 2 + XY(2) I 2 • GI(L,IPOJNT) 
PHI( I) = 25 • ( 1.-GI(L,IPOINT))•XLENG•ONE(L,IPOINT) 
PHI(2) = 25 • (I +GI(L,IPOINT))•XLENG'DME(L,IPOINT) 

XOD "" XX - XS 
VDD • YV - VS 
R = (XOD • XOO + YOO • YOO) •• 0 5 
ORO( I) = XDD / R 
DRD(2) = VDD / R 
DRDN • ORO( I) • DND( I) + DRD(2) • DND(2) 

DO 30 I = 1, 2 
D040l.l=1,2 

D050K•t.2 
OD(K,I,LI)•C3'(C4•(DRD(LI)*D(K,I )+ORO( I )*D(K,LI)
DRD(K) +Q( I ,LI) )+2. •ORO( I )•ORO( LI)•DRD(K) 1/R 

IF (JFLAG EQ 2) GO TO 50 

81=2. •ORON•(C4*DRD(KPD( I,I.I)+PSOL*(DRD(J)• 
O(I,K )+DAD( I )*D(LI,K) )-4 •DAD (I) •DRD(LI) 'DAD(K)) 

82•2 •PSOL•(DND( I) *DRD(LI)•DRD(K )+DND(LI)' 
DAD( I)•DAD(K)) 

B3=C4•(2 •DND(K)•DRD( I )•DRD(.J)+DND(.J)•D( I,K)+ 
DNO(I)•D(.J,K)) 

SS(k, I, J)=C6• (8 1+82+83-C7•0NO(K) •O( I, ..J) )/R**2 
CONTINUE 

CONTINUE 
CONTINUE 

IF (I FLAG EQ 2) GO TO 700 

ODD( I, I) = DOD( I, I) + PHI (I) • DO( I, I, I) 
000(1,2) • 000(1,2) + PHI(O • 00(2,1,0 
000(1,3) • 000(1,3) + PHI(2) • 00(1,1,0 
000(1.4) • 000(1,4) + PHI(2) • 00(2,1,0 
000(2,1) = 000(2,1) + PHI( I) • DO( I ,1,2) 
000(2,2) = 000(2,2) +PHI(!) • 00(2,1,2) 
noot' :n = nnot? 3) + Pttrt2l • ont t. t ,, 

1-' 
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c 

c 

c 

c 
c 
c 

c 

c 

c 

c 

c 

c 

000(2,4) • 000(2,4) + PHI(2) • 00(2,1,2) 
000(3,1) = 000(3,1) + PHI(I) • 00(1,2.2) 
000(3,2) = 000(3,2) + PHI( I) • 00(2,2.2) 
001)(3,3) • 000(3,3) + PHI(2) • DO( 1,2,2) 
000(3,4) • 000(3,4) + PHI(2) • 00(2,2,2) 

SSS( 1,1) • SSS( I. I) + PHI( I) • SS( I, I, I) 
SSS(t.2) = SSS(I,2) + PHI(I) • SS(2,1,1) 
SSS(I,3) = SSS(I.3) + PHI(2) • SS(I,I,I) 
SSS(I,4) • SSS(I,4) + PHI(2) • SS(2,1,1) 
SSS(2,1) • SSS(2,1) + PHI(I) • SS(I,I,2) 
SSS(2,2) = SSS(2,2) + PHI( I) • SS(2,1.2) 
SSS(2,3) • SSS(2,3) + PHI(2) • SS(I,I,2) 
SSS(2,4) = SSS(2,4) + PHJ(2) • SS(2,1,2) 
SSS(3,1) = SSS(3,1) + PIH( I) • SS( 1.2,2) 
SSS(3,2) • SSS(3,2) + PHJ(I) 'SS(2,2,2) 
SSS(3,3) = SSS(3,3) + PIH(2) • SS(I,2,2) 
SSS(3,4) = SSS(3,4) + PHJ(2) • SS(2,2,2) 

IF (I POINT EQ NPDJNT) GO TO 700 
!POINT = !POINT + I 
GO TO 500 

700 IF (ISY EQ I) GO TO 1000 

00(2,1,2). -00(2,1,2) 
DO 25 .J = I, 4 

000(2,..!) = - 000(2,..!) 
SSS(2,.J) • - SSS(2,.J) 

25 CONTINUE 
1000 RETURN 

END 

SUBPROGRAM .,INPUT" 

SUBROUTINE INPUT( ICONNE ,IOCOLU,COLUMN, IUNKNO,ITYPE ,IER) 

IMPLICIT REAL 0 8(A-H,O-Z) 
CHARACTER•! CARD(BO), WORD(6). TIT(3). STR(3), SOI(3), PR0(3) 
CHARACTER•! INTE(3). NOI)C00(6), PRELDA(6), PRESTR(6). PREDJS(6) 
CHARACTER•! ELECDN(6), TYP(3) 

I)JMENSION VAR(S). ICONNE(250,4), IDCDLU(420) 
DIMENSION CDLUMN(420), X(250), Y(250), AALPHA(4), ABETA(4) 
DIMENSION Gl(3,6). DME(3,6), 0(2,2) 

COMMON /CD/ X, Y 
COMMON /PROP/ESTR ,PSTR, WSTR, EKN, EKS, ESDL, PSDL, WSDL 
COMMON /NNN/ NNSTR2,NNINT4 ,NNSDL2,NESTR.NE.JDN,NEINT ,NESOL,NEREG 
COMMON /10/IRE ,IWR 
COMMON / ALPH/ AALPHA, ABET A 
COMNDN /CONS/ Cl, C2, C3, C4, C5, C6, C7, Gl, ONE, D 

DATA TIT/IHT,IHI.IHT/, STR/IHS,IHT,IHR/, 501/IHS,IHO,IHI/ 
DATA PRO/IHP,IHR,IHD/, INTE/IHI ,IHN,IHT/, TYP/IHT ,tHY ,IHP/ 
DATA NDOCOO/IHN,IHD,IHD, IHC,IHD,IHO/ 
DATA PREDIS/IHP,IHR,IHE,IHD,IHI,IHS/ 
DATA PRELDA/IHP,IHR,IHE,IHL,IHD,IHA/ 
DATA PRESTR/IHP ,IHR,IHE, IHS,IHT, IHR/ 
DATA ELECON/IHE,IHL,IHE,IHC,IHO,IHN/ 

C---- INITIALIZATION OF GAUSS INTEGRATING POINTS Gl AND WEIGHTS OME 
c 

AAL PHAf 1) == - 577150:;J6'J 189626 

c 

c 

c 

c 

c 

c 

c 

c 

c 
c----
c----
c----
c 

c 
c----
c 

c 
c---
c---
c---
c----
c 

AALPHA(2) = + 577350269189626 
AALPHA( 3) = + 577350269189626 
AALPHA(4) = - 571350269189626 

ABETA( I) 
A8ETA(2) 
ABETA(3) 
ABETA(4) 

- 577350269189626 
- 577350269189626 
• 577350269189626 
• 571350269189626 

Gl( I, I) • - 0 577350269189626 
Gl(l,2) = - Gl(l,l) 

OME ( I , I ) • I 000000000000000 
ONE ( I , 2 ) = I 000000000000000 

Gl(2,1) = - 0 861136311594053 
Gl(2,2) = - 0 339981043584856 
Gl(2,3) • - Gl(2,2) 
GJ(2,4) = - GJ(2,1) 

ONE(2,1) = 0 347854845137454 
OME(2,2) • 0 652145154862546 
OME(2,3) = DNE(2,2) 
ONE(2,4) • OME(2,1) 

Gl(3,1) • 
Gl(3,2) = 
GJ(3,3) • 
Gl(3,4) 
111(3,5) 
Gl(3,6) = 

OME(3,1) 
ONE(3,2) • 
DME(3,3) = 
OME(3,4) • 
OME(3,5) • 
OME(3,6) • 

IUNKND • 0 
NETO = 0 

STRUCTURE 
INTERFACE 
SOIL 

- 0.932469514203152 
- 0.661209386466265 
- 0.238619186083197 

Gl(3,3) 
Gl(3,2) 

- Gl(3,1) 

0 171324492379170 
a. 360761573048139 
0 467913934572691 
DIIE(3,3) 
OME(3,2) 
DME(3,1) 

ICHECK • -1 
!CHECK = 0 
!CHECK • I 

I CHECK "' -1 

TYPE CARDS 

002..!=1,3 
WORD(..!) = TYP(.J) 

CONTINUE 

ID IDENTIFIER 
NW. NUMBER OF WORDS, 3 CHARACTERS PER WORD 
NV: NUMBER OF VARIABLES 
READ TYPE CARD 

READ (IRE,4) (CARD(K), K= 1,80) 
10 = I 
NW • I 
NV = 1 

CALL CDNVI( JER,NW,NV ,CARD,WORD, VAR,ID) 
IF (IER EQ O) GO TO 15 

II WRIT£ IIWR.GI 

1-' 
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c 
GO TO 10000 

15 ITVPE = VAR( 1) 
IF ( ITVPE EO 1) GO TO 13 
IF ( ITVPE EO 2) GO TO 16 

IER = 1 
13 WRITE (IWR,7) 

GO TO 17 
16 WRITE (IWR,B) 

c 
c---
c 

17 

10 
c 
c---
c 

c 

SET WORDS FOR TITLE CARD 

00 10 J • 1' 3 
WORO(J) • TIT(J) 

CONY INUE 

READ TITLE CARD 

READ (IRE,4) (CARO(K), K= 1,80) 
CAll CONV 1( IER, NW, NV, CARD, WORD, VAR, 10) 
IF (IER EO 0) GO TO 20 

WRITE (IWR, 9) 
GO TO 10000 

20WRITE (IWR, 93) 
JJ = VAR( 1) 

c 
c----
c 

30 
c 
c---
c 

5000 

100 

110 

200 

210 

c 

READ INPUT CARDS OF TITLE 

00 30 &.I = 1' JJ 
READ (IRE,4) (CARD(K), K=1,80) 
WRITE (IWR,96) (CARD(K). K=1 ,80) 
CONTINUE 

SET WORDS FOR PROPERTY CARDS 

10 = 1 
NW = 2 

IF (!CHECK) 100, 200, 300 
00 110 .... = t. 3 

WORO(J) • STR(J) 
CONTINUE 
NV = 3 
GO TO 400 

DO 210 J = 1, 3 
WORO(J) = INTE(J) 

CONTINUE 
NV = 2 
GO TO 400 

300 DO 310 l.l = 1, 3 
WDRO(J) = SOI(J) 

310 CONTINUE 
NV = 3 

400 00 410 "' = 1, 3 
WORO(J•3) " PRO(J) 

410 CONTINUE 
c 
C---- READ PROPERTY CARD 
c 

READ (IRE ,4) (CARO(K), K= 1 ,80) 
NW = 2 

CALL CONV1(JER.NW,NV,CARD,WORO,VAR. 10) 

IF (IER EO 0) GO TO 415 
c 

WRITE (IWR, 99) 
GO TO 10000 

c 
415 IF (ICHECK) 420, 430, 440 
420 ESTR • VAR( 1) 

PSTR = VAR(2) 
WSTR = VAR(3) 

WRITE (IWR,903) ESTR, PSTR, WSTR 
GO TO 450 

c 
430 EKN = VAR( 1) 

EKS • VAR(2) 
WRITE (IWR,906) EKN, EKS 

GO TO 450 
c 

440 ESOl = VAR( 1) 
PSOl = VAR( 2) 
WSOl = VAR(3) 

WRITE (IWR,909) ESOl, PSOl, WSOl 
c 
c---- SET WORDS FOR COORDINATE CARDS 

00 460 t) "' 1, 6 
c 

450 

460 
WORO(J) • NODCDO(J) 

CONTINUE 
c 
c---
c 

READ COORDINATE CARD 

c 

c 

c 

READ (IRE,4) (CARO(K), K= 1,80) 
NV = I 

IF (I CHECK NE 1) GO TO 468 
NV = 2 

468 CAll CDNV1(1ER,NW,NV,CARO,WDRO,VAR, 10) 
If (IER EO 0) GO TO 480 

470 WRITE (IWR, 913) 
GO TO 10000 

480 NN • VAR( 1) 
IF (!CHECK) 490, 500, 510 

c---
c---
c----

STRESSES OR LOADS ARE ASSUMED TO BE 0 AT THE BEGINNING 
IDCOLU = 0 STRESSES DR lOADS ARE PRESCRIBED 
IOCOLU • 1 DISPLACEMENTS ARE PRESCRIBED 

c 

c 

c 

c 

490 NNSTR2 "' 2 • NN 
IUNKNO = IUNKNO + NNSTR2 

WRITE (IWR,916) NN 
ll = 1 
GO TO 520 

500 NNINT4 = 4 • NN 
IUNKNO = IUNKNO + NNJNT 4 

WRITE (IWR,919) NN 
ll = JUNKNO - NNJNT4 + 1 
GO TO 520 

510 NNSOL2 = 2 • NN 
IUNKNO = IUNKNO • NNS0l2 
MM = VAR(2) 

WRITE (IWR,923) NN, MM 
NN:::~NN+MM 

LL = IUNKNO - NNSOL2 + t 

I-' 
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520 

525 
c 

c 
c----
c 

c 

530 
c 

DO 525 J = LL, IUNKNO 
IDCOLU(J) = 0 
COLUMN(J) = 0 

CONTINUE 

WRITE ( IWR,926) 
10 ... 2 
NV = 3 

READ INPUT CARDS OF COORDINATE 

DO 530 J = 1,NN 
READ (JRE,4) (CARD(I<),K=1,80) 
CALL CONV1(1ER,NW,NV,CARD,WDRD. VAR,ID) 
IF (JER NE 0) GO TO 470 

KK = VAR(1) 
X(KI<) • VARI2) 
YII<K) • VAA(3) 

WRITE (JWR,929) 1<1<, X(KK). Y(KK) 
CONTINUE 

c---- SET WORDS FOR CONNECTIVITY CARDS 

00540J•1,6 
c 

540 
c 

WORO(J) • ELECON(J) 
CONTINUE 

c---- READ CONNECTIVITY CARD 

READ (JRE,4) (CAAD(I<), K• 1,80) 
10 •1 

c 

c 

c 

535 
555 

NW • 2 
IF I I CHECK NE 0) GO TD 535 

NV = 1 
GO TO 555 
NV = 2 

CALL CONV1(JEA,NW,NV,CARO,WORD, VAR,ID) 
IF (lEA EO 0) GO TO 545 

550 WAITE (IWR, 933) 
GO TO 10000 

c---- READ INPUT CARDS OF CONNECTIVITY 
c 

c 

c 

c 

c 

545 IF (!CHECK) 560, 580, 600 

560 1<1< = VAA( 1) 
NESTR c: KK 
NEJON = VAR(2) 
NETO = NETO + NESTA + NEJON 

WRITE (JWR,936) KK. NEJON 
NN = 1<1< + NEJON 
ID = 3 

562 NV = 5 

570 

DO 565 J = 1 , NN 
READ (IRE,4) (CAADI1<),1<=1,80) 
CALL CONVI(IER,NW,NV,CARD,WORD,VAR,ID) 
IF (JER NE 0) GD TO 550 

Pot = VAR( 1) 

OD 570 K ... 1. 4 
ICONNEIM,I<) = VAR(K+1) 

CONTINUE 

c 

c 

c 

c 

575 
565 

IF (ICHECI< EO -1) GO TO 575 
IF (J LE I<K) GO TO 575 
WRITE (JWR,937) N, (ICONNE(N,K), 1<=1,4) 

GO TO 565 
WAITE (IWR,938) M, (JCONNEIN,K), 1<•1.4) 
CONTINUE 

GO TO 620 

580 NN • VAR( 1) 
NEINT • NM 
NETO • NETO + NEINT 

WRITE (IWR,939) NN 
10 • 3 

582 NV=3 

00585J=1,NN 
READ (JRE,4) (CARD(K),K=1,80) 

c 
CALL CONV 1( I EA, NW, NV, CARD, WOAD, VAA, ID) 
IF (IER NE 0) GO TD 550 

N = VAR( 1) 
005901<•1,2 

ICONNE(M,K) • VAR(k+l) 
590 CONTINUE 

c 
WAITE liWR,941) M, (ICONNEIM,K), 1<=1,2) 

585 CONTINUE 
c 

IF (!CHECK 
c EO 1) GO TO 605 

GO TO 620 
c 

600 NM • VAR( 1) 
NN = VAR(2) 
NESOL = Nil 
NEREG " NN 
NETO • NETO + NESOL + NEREG 

WRITE (JWR,943) NN 
ID =3 
GO TO 582 

c 
605 WRITE (IWR,944) NN 

IF INN Ell 0) GO TD 620 
GO TO 562 

c 
C---- SET WORDS FOR PRESCRIBED DISPLACEMENTS c 

620 DO 640 J • I, 6 
WOROIJ) • PREDISIJ) 

640 CONTINUE 
c 
C---- READ PRESCRIBED DISPLACEMENT CARD c 

c 

c 

READ (JRE,4) (CARDII<), I<= 1,80) 
ID = t 
NW = 2 
NV • t 

CALL CONVt(IER,NW,NV,CARD,WORD, VAR,ID) 
IF (JER EO 0) GO TO 645 

650 WRITE (JWR,946) 
GD TD 10000 

645 JJ = VAR( 1) 
rF f lr'l-tFrf() Fi'i"l fi'iR fi(;O 

...... 
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c 

c 

655 WRITE (IWR,949) •.h.l 
GO TO 670 

658 WRITE (IWR,951) ,.kl 
GO TO 670 

660 WRITE (IWR,953) JU 
670 IF ~~~ EO 0) GO TO 800 

10 • 2 

c---- READ INPUT CARDS OF PRESCRIBED OJ $PLACEMENTS 
c 

c 

c 

c 

c 

c 

c 

c 

705 
710 

720 

730 

740 

760 
700 

DO 700 K "' 1 , ,J..J 
READ (IRE,4) (CARD(~). ~·1, 80) 
CALL CONV2(1ER,CARO,WORD,VAR, 10) 
IF (IER NE 0) GO TO 650 

KK • VAR( I) 
IP • 1 

IF (I CHECK EQ 1) GO TO 705 

MM"'2*KK-1 
GO TO 710 

MM = 2 • KK - 1 + NNJNT4 / 2 
IF (WORD(IP) EO ' ') GO TO 740 

IF (WORO(IP) NE 'X') GO TO 720 

IDCOLU(MM) • 1 
COLUMN(MM) = VAR(IP+ 1) 
GO TO 730 

IDCDLU(MM+ I) = 1 
COLUMN(MM+ 1) = VAR(IP+ 1) 
IP = IP + 1 
GO TO 710 

If (lp EO 3) GO TO 760 

WRITE (IWR,956) KK, WORD(I), VAR(2) 
GO TO 700 

WRITE (IWR,959) KK, WORO(I), VAR(2), WOR0(2), VAR(3) 
CONTINUE 

c---- SET WORD FOR PRESCRIBED NON-ZERO LOADS OR STRESSES 
c 

BOO If 
c 

830 

840 

c 
834 

848 
c 

(I CHECK) 830, 830, 834 

00 840 J = 1. 6 
WORD(~) • PRELOA(~) 

CONTINUE 
GO TO 838 

00 848 J = 1. 6 
WORD(~) • PRESTR(~) 

CONTINUE 

c---- READ PRESCRIBED LOAD OR STRESS CARDS 
c 

838 READ (IRE,4) (CARO(K), K= 1.80) 
ID • 1 
NW = 2 
NV • 1 

CAll C'ONV1(1ER,NW NV,CARD WORO VAR JO) 

c 

c 

c 

c 

c 

IF (IER EO 0) GO TO 845 

855 WRITE (IWR,963) 
GO TO 10000 

845 ~~ • VAR( I) 
IF ([CHECK) 860, 865, 870 

860 WRITE (IWR, 966) ~~ 
GO TO 880 

865 WRITE (IWR,968) ~~ 
GO TO 880 

870 WRITE (IWR,969) ~~ 
880 IF ~~~ EO.O) GO TO 1200 

ID = 2 

c---- READ INPUT CARDS OF PRESCRIBED LOADS DR STRESSES 

DD 900 K = I, ~~ 
c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

905 
910 

920 
930 

940 

925 

960 

935 

965 
90,0 

READ (IRE,4) (CARD(~). ~·1, 80) 
CALL CDNV2(IER, CARD, WORD, VAR ,ID) 
IF (IER .NE. 0) GO TO 855 

KK = VAR( 1) 
IP • 1 

IF (I CHECK EO I) GO TO 905 

MM=2*KK-1 
GO TO 910 

MM = 2 • KK - ,1 + NNINT4 / 2 
IF (WORO(IP) EO ' ') GO TO 940 

IF (WORO(IP) NE. 'X') GO TO 920 

COLUMN(MM) • VAR(IP+I) 
GO TO 930 

COLUMN(MM+I) = VAR(IP+I) 
IP a IP + t 
GO TO 910 

IF (ICHECK) 925, 1200, 935 

IF ( IP EO. 3) GO TO 960 

WRITE (IWR,973) KK, WORD( 1), VAR(2) 
GO TO 900 

WRITE (IWR,976) KK, WORO(I), VAR(2), WORD(2), VAR(3) 
GO TO 900 

IF (lp EO 3) GO TO 965 

WRITE (IWR,979) KK, WORD(I), VAR(2) 
GO TO 900 

WRITE (IWR,983) KK, WORO(I), VAR(2), WORD(2), VAR(3) 
CONTINUE 

1200 IF (ICHECK) 1300, 1400, 10000 
c 

1300 ICHECK = 0 
GO TO 5000 

........ 
N 
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c 
1400 ICHECK ::: 1 

GO TO 5000 
c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

4 FORMAT( BOA 1) 

6 FORNAT(///,26)(,•••••..,, TYPE CARD ARE LOST OR WRONG ·····•·) ; 

7 FORMAT( I II. 44X •• •••••••• UNSYMMETRICAL CASE .......... , 
8 FORMAT(///,44X,'''"••••• SYMMETRICAL ABOUT y AXIS ·········· 
9 FORMAT(///. 26X, '••••• • TITlE CARDS ARE lOST OR WRONG ....... ) 

93 FORMAT(IIIII,26X, 'PROBlEM IDENTIFICATION , 
s 1. 26x. • ----------------------- •• n 

96 FORMAT( 36X, SOA 1) 

99 FORMAT(//, 26X, '• • • •• • PROPERTY CARDS ARE LOST OR WRONG • • • • • •' , 
& I. 26X,' OR ', 
& /,26X, ••••• NUMBER OF TITLE CARDS IS INCONSISTENT ••••••, 
& I.26X,' OR ', 
& /,26X, '*NUMBER OF STRUCTURE LOAD CARDS IS INCONSISTENT•', 
& I,26X,' OR 
& /,26X, ••••• NUMBER OF INTERFACE CONNECTIVITY ••••••, 
& /, 26X, '••••• CARDS IS INCONSISTENT •••••') 

903 FORMAT( /II, 26X, 'STRUCTURE INPUT 
& I,26X, •---------------
& //,36X, 'ElASTIC MODUlUS • ',Ell 4,' 
& I,36X,'P01SSON RATIO • ',Ell 4, 
& I,36X,'UNIT SElFWEIGHT =',Ell 4,' 

906 FORMAT( /II, 26X, 'INTERFACE INPUT 
& I,26X,'----------------, 
& //,36X,'UNIT NORMAl STIFFNESS 
& I,36X. 'UNIT TANGENTIAl STIFFNESS 

909 FORMAT(///,26X,'S01l INPUT ', 
& I,26X,'-----------•, 

KSI'. 

KCI') 

',Ell 4,' KPI', 
• ',EI1 4,' KPI') 

& //,36X, 'ElASTIC NODUlUS Ell 4,' KSI', 
& I,36X,'POISSON RATIO E II 4, 
& I. 36X, 'UNIT SElFWEIGHT Ell 4,' KCI') 

913 FORMAT(//,26X,'•••••• COORDINATE CARDS ARE LOST OR WRONG •••••••) 

916 FORMAT(/I,36X,'NUMBER OF NODES IN STRUCTURE • ',13) 

919 FORMAT(//,36X, 'NUMBER OF NODES IN INTERFACE = ',13) 

923 FORMAT(//,36X, 'NUMBER OF NODES IN SOil = ',13, 
& I,36X,'NUMBER OF NODES FOR INTEGRATION • ',13) 

926 FORMAT(/,36X,'NOOE',IOX,'X COOROINATE',IOX,'Y COORDINATE') 

929 FORMAT(36X,I3,11X,Eit 4,11X,E11 4) 

933 FORMAT(//,26X, '*****CONNECTIVITY CARDS ARE LOST OR WRONG ••••••, 
& I,26X,' OR ', 
& /,26X,'** NUMBER OF COORDINATE CARDS IS INCONSISTENT •••) 

936 FORMAT(/I,36X,'NUMBER OF ElEMENTS IN STRUCTURE = ',13, 
& I,36X,'NUMBER OF ~OINT ElEMENTS = ',13, 
& //,36X,'ElEMENT N0',4X,'NODE 1',6X,'NOOE 2',6X,'NOOE 3', 
& GX. 'NODE 4' ) 

c 

c 
c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

937 FORMATI39X,I3,4(9X,I3).' 

938 FORMAT(39X,I3,4(9X,I3)) 

JOINT ElEMENT') 

939 FORMAT(//,36X,'NUMBER OF ElEMENTS IN INTERFACE= ',13, 
& //,36X,'ElEMENT N0',4X,'NOOE 1',6X,'NODE 2') 

941 FORMAT(39X,I3,2(9X,I3)) 

943 FORMAT(//,36X,'NUMBER OF ElEMENTS IN SOil • ',13, 
& //,36X,'ElEMENT N0',4X,'NODE 1',6X,'NOOE 2') 

944 FORMAT(//,36X,'NUNBER OF ElEMENTS FOR INTEGRATION • ',13, 
& //,36X,'ElEMENT N0',4X,'NODE 1',6X,'NODE 2',6X,'NOD£.3', 
& 6X,'NODE4') 

946 FORMAT(//,26X,•••••• DISPLACEMENT CARDS ARE LOST OR WRONG ••••••, 
& I,26X,' OR ', 
& /,26X,'• NUMBER OF CONNECTIVITY CARDS IS INCONSISTENT ••) 

949 FORMAT(//,36X, 'NUMBER Of PRESCRIBED DISPLACEMENT', 
& ' IN STRUCTURE • ',13, /) 

951 FORMAT(//, 36X, 'NUMBER OF PRESCRIBED DISPlACEMENT', 
& ' IN INTERFACE • ',13,/) 

953 FORMAT(/I,36X,'NUMBER OF PRESCRIBED DISPlACEMENT', 
& • IN SOil = • ,13,/) 

956 FORMAT(36X,'NODE ',13,8X,AI,' =',Ell 4,8X,'INCH') 

959 FORMAT(36X, 'NODE ',13,8X ,At,' 
& ' INCH') 

',Ett 4,8X,A1,' .. ',Ett 4, 

963 FORMAT(//,26X,••••• LOAD DR STRESS CARDS ARE LOST OR WRONG 
& I. 26X, • OR •, 
& /,26X,'• NUMBER OF DISPLACEMENT CARDS IS INCONSISTENT*') 

966 FORMAT(//,36X, 'NUMBER 0~ PRESCRIBED NON-ZERO lOAD IN STRUCTURE •, 
& •• ',13,/) 

968 FORMAT(//, 36X, 'NUMBER OF PRESCRIBED NON-ZERO lOAD IN INTERFACE', 
& • = ',13,/1 

969 FORMAT(//,36X,'NUNBER OF PRESCRIBED NON-ZERO TRACTION IN SOil', 
& •• ',13,/) 

973 FORMAT(3GX,'NOOE ',I3,8X,AI,' • ',Ell 4,8X,'KIPS') 

976 FORNAT(36X,'NODE ',I3,8X,AI,' 
& ' KIPS') 

',Ett 4,8X,A1,' • ',Ett 4, 

979 FORMAT(36X,'NOOE ',13,8X,AI,' ',Ell 4,8X, 'KPI') 

983 FORMAT(36X,'NOOE ',13.BX,AI,' • ',EI1 4,8X,AI,' = ',Ell 4, 
& KPI') 

10000 RETURN 
END 

c 
c 
c 

c 

SUBPROGRAM "CONV t" 
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c 

c 
c---
c-- -
c---
c 

c 
c-- --
c 

20 

30 

60 
c 

c 

c 
100 

c 
c----
c 

65 

70 
c 

c 

c 
80 

200 

• 

SUBROUTINE CONV 1( I ER ,NW ,NV, CARD. WORD, VAR, 10) 

IMPLICIT REAL*8(A-H,O-Z) 
CHARACTER•1 CARD( BO), WORD( 6) 
DIMENSION VAR(5) 

FOR MAJOR INPUT CARD (START WITH CHARACTER), 10 = t 
FOR COORDINATE, DISPLACEMENT OR LOAD, ID = 2 (MAYBE NEGATIVE) 
FOR CONNECTIVITY CARD 10 " 3 (POSITIVE VALUE ONLY) 

Ll = 1 
If (10 NE 1) GO TO 65 

FINO CHARACTER 

DO 100 K ~ 1. NW 
IF (J GE 77) GO TO 500 

IF ((CARO(J) NE ' ') AND (CARD(J) NE ', ')) GO TO 30 

J ; u + t 
GO TO 20 

IF ((CARD(J) NE WOR0(3•K-2)) OR (CARD(J+I) NE 
WDRD(3•K-I)) OR (CARD(J+2) NE WDR0(3•K))) GO TO 500 

J = J + 3 
IF (J GE 80) GO TO 500 

IF ( (CARD(J) EQ ' ') OR (CARO(J) EO ', ')) GO TO 100 

J :: J + 1 
GO TO 60 

CONTINUE 

fIND VARIABLE 

00200K=1,NV 
VAR(K) • 0 

IF (J GE 80) GO TO 500 

IF ( (CARD(J) NE ' ') AND (CARD(J) NE ', ')) GO TO 80 

J = J • I 
GO TO 70 

CALL VALUE(IER,CARO,VAR(K),ID,J) 
IF (VAR( I) LT 0 ) GO TO 500 

CONTINUE 

GO TO 1000 

500 IER = 1 
1000 RETURN 

ENO 

c 
C SUBPROGRAM "CONV2" 
c 

SUBROUTINE CONV2( IER, CARD, WORD, VAR, 10) 

IMP I ICTT RFAl ~A( A-It 0-7) 

c 
c---
c 

CHARACTER•I CARD( 80), WORD( 6) 
DIMENSION VAR(5) 

INITIALIZATION 

WORD( 1) • ' 
WOR0(2) • ' 
VAR(I) • 0 
VAR(2) • 0 
VAR(3) • 0 
J • I 
JC = 1 

10 IF (J GE 80) GO TO 500 
c 

c 
IF ((CARD(J) NE ' •) .AND (CARD(J) NE 

J = J + t 
GO TO 10 

c 

',')) GO TO 100 

c 

100 CALL VALUE(IER,CARD,VAR(IC), ID,J) 
IF ( (IER NE 0) OR (VAR( I) LT 1 )) GO TO 500 

c 

c 

c 

c 

c 

c 

20 IF ((J GE 80) AND (Ic NE I)) GO TO 9oo 

IF ( (J GE 80) AND (IC Eo 1)) GO TO 500 

IF ( (CARO(J) NE • . ') 

J = J + I 
GO TO 20 

200 IF ( (CARD(J) NE ·x· l 

WDRO(IC) • CARD(J) 
IC = IC + 1 
J = v + 1 
GO TO 10 

AND (CARO(J) 

AND (CARD(J) 

900 IF (WORO(I) EQ WORD(2)) GO TO 500 
WOR0(3) • ' 
GO TO 1000 

500 JER = 1 

NE ', ')) GO TO 200 

NE. 'V' )) GO TO 500 

1000 RETURN 

c 
c 
c 

c 

c 

c 

c 

30 
20 
10 

END 

SUBPROGRAM "PROD" 

SUBROUTINE PROD(A,B,C,M,L,N) 

IMPLICIT REAL*8(A-H,O-Z) 
DIMENSION A(M,L), B(L,N), C(M.N) 

DO 10 I • I, M 
DO 20 l.l = 1, N 

C(l,J) • 0 
D030K=1,l 

C(I,J) • C(l,J) 
CONTINUE 

CONTINUE 
CONTINUE 

RETURN 
END 

+ A(l,K) • B(K,J) 
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c 
c SUBPROGRAM "VALUE" 
c 
c 
c 

SUBROUTINE VALUE(IER,CARD,VAL,ID.~) 
c 

IMPLICIT REAL*8(A-H,D-Z) 
CHARACTER* I CARD( 80) 
DIMENSION IOIGIT( 16) 

c 
c---- NO NUMBER OF DIGIT 
c---- IP, LOCATION OF 
c---- INITIALIZATION 
c 

SIGN = 1 0 
NO = 1 
IP = 0 
VAL "' 0 

IF ((CARO(J) NE . -.) AND (CARD(~) NE '+')) GO TO 10 
c 

IF (CARD(J) EQ '+')GO TO 15 

IF (10 NE 2) GO TO 500 

SIGN = -1 
15 J = u + 1 

IF (~ GT 80) GO TO 500 
IF (CARD(J) EQ ') GO TO 15 

10 KK = J 
c 

00 1000 K = KK, 80 
IF (CARO(K) EQ '0') GO TO 20 

c 
IF (CARO(K) EQ '1') GO TO 30 

IF (CARD(K) EQ '2') GO TO 40 

IF (CARO(K) EQ '3') GO TO 50 
c 

IF (CARO(K) EQ '4') GO TO 60 
c 

IF (CARO(K) EQ '5') GO TO 70 
c 

IF (CARO(K) EQ '6') GO TO 80 
c 

IF (CARO(K) .EQ '7') GO TO 90 
c 

IF (CARO(K) EQ '8') GO TO tOO 

IF (CARO(K) EQ '9')GOT0110 

IF (CARD(K) EQ ') GO TO 120 
c 

IF ((CARD(K) NE ') AND (CARD(K) NE ','))GO TO 500 
c 

J = K + 1 
GO TO 125 

c 
20 IDIGIT(NO) = 0 

GO TO 115 
c 

30 IOIGIT(ND) 
GO TO 115 

40 IDIGIT(ND) = 2 
GO TO I 15 

c 
50 IDIGIT(ND) • 3 

GO TO 115 
c 

60 IDIGIT(NO) • 4 
GO TO 115 

c 
70 IDIGIT(ND) = 5 

GO TO I 15 
c 

80 IDIGIT(ND) • 6 
GO TO 115 

c 
90 IDIGIT(ND) = 7 

GO TO 115 
c 

100 IDIGIT(ND) • 8 
GO TO t t5 

c 
110 IDIGIT(ND) • 9 
115 ND=NO+t 

GO TO 1000 
c 

120 IP = NO 
1000 CONTINUE 

c 
t25 IF ( IP NE 0) GO TO 130 

c 
JP : NO 

c 
130 NM=ND-t 

c 
DO 200 K = 1 , NM 

VAL = VAL + SIGN "' IOIGJT(I<) • 10 • • (IP-K-1) 
200 CONTINUE 

c 
GO TO 2000 

c 
500 IER = 1 

2000 RETURN 
END 

SENTRY 
TYPE 2 
TITLE 5 

THIS PROBLEM IS TO TEST A U-FRAME STRUCTURE BY THE COUPLING Of BOUNDARY 
AND FINITE ELEMENT METHODS. IT INCLUDES 209 NODES AND 221 ELEMENTS 
THE RESULTS ARE COMPARED WITH THOSE OBTAINED FROM THE FINITE ELEMENT 
METHOD ALONE NOTE THAT TWO SMALL ELEMENTS ARE USED AT EACH END OF 
INTERFACE TO AVOID 01 SPLACEMENT 01 SCONTINUITIES 

STR PROP 3000 25 0 0000868 I 
NODE COOR 90 

t 0 576 
2 o. 540 

3 0 504 
4 0 468 

5 0 432 
6 144 576 

7 144, 540 
8 144 504 

9 144 468 
10 144 432 

1 t 264 576 
12 264. 540 

11 264 50·1 

1--' 
N 
00 



80 G72 G48 
81 G72 GOO 

14 264 468 
82 672 552 

15 2G4 432 
83 720 744 

16 360 57G 
84 720 G72 

17 360, 540 
85 720 GOO 18 360 504 
8G 720 528 19 360 468 87 768 792 

20 360 432 
88 768 G9G 21 432 1392 
89 7G8 600 

22 432 1272 
90 768 504 

23 432 + 1128 
ELE CONNE G5 1G 

24 + 432 ... 984 
1 1 2 7 G 

25 432 840 
2 2 3 8 2G 432 7GB 
3 3 4 9 8 27 432 G9G 
4 4 5 10 9 

28 432 57G 
5 6 7 t2 11 

29 432 540 
G 7 8 13 12 

30 432 504 
7 8 9 14 13 

31 432 4G8 
8 9 10 15 14 

32 432'. 432 
9 11 12 17 16 33 456 1392 

10 12 13 18 17 34 45G 1272 
11 13 14 19 18 35 456 1128 

12 14 15 20 19 3G 462 984 
13 16 17 29 28 37 4G8 840 

14 17 18 30 29 38 4G8 7G8 
15 18 19 31 30 

39 480 G9G 
16 19 20 32 31 40 480 624 
17 21 22 34 33 41 480 576 

18 22 23 35 34 42 480 528 
19 23 24 36 35 

43 504 480 
20 24 25 37 3G 

44 516, 450 
21 25 2G 38 37 45 480 1392 

22 26 27 39 38 4G 480,. 1272 
23 27 28 40 39 47 480 1128 

24 28 29 41 40 48 492 ... 984 
25 29 30 42 41 49 504 840 

26 30 31 43 42 50 504 768 
27 31 32 44 43 51 528 696 

28 33 34 46 45 52 528 648 
29 34 35 47 46 53 528 600 
30 35 36 48 47 

54 528 552 
31 36 37 49 48 55 57G 504 

32 37 38 50 49 56 GOO 4G8 
33 38 39 51 50 57 504 1392 
34 39 40 52 51 58 504 1272 

35 40 41 53 52 59 504 1128 
3G 41 42 54 53 GO 522 984 
37 42 43 55 54 61 540 840 
38 43 44 56 55 62 540 7G8 
39 45 46 58 57 63 564 G96 

40 4G 47 59 58 64 600 552 
41 47 48 60 59 

65 G48 504 
42 48 49 61 60 G6 684 486 
43 49 50 62 G1 67 552 1392 

44 50 51 63 62 
68 552, 1344 

45 54 55 65 64 69 528 1320 
46 55 56 66 65 

70 528 1272 
47 57 69 68 67 

71 528 1128 
48 57 58 70 69 

72 552 984 
49 58 59 71 70 

73 576 840 
50 59 60 72 71 

74 600 768 
51 60 61 73 72 

75 GOO 69G, 
52 61 62 14 73 

76 672 816 
53 62 63 75 74 

77 672 768 54 64 65 86 82 
78 636 696 

79 672 696 

I-' 
N 
\.0 



55 65 66 90 86 
56 73 74 77 76 

74 75 78 77 57 
58 

59 
60 
Gt 

62 
63 

76 77 83 87 
77 78 79 83 

79 80 84 
83 84 88 

80 81 85 84 

83 
87 

84 85 89 88 
64 

65 
66 
67 
68 
69 
70 
7t 
72 
73 
74 
75 
76 
77 
78 
79 
80 
Bt 

8 t 82 86 85 
85 86 

92 91 
93 92 
94 93 
95 94 
96 95 
97 96 
98 97 
99 98 

100 99 
101 100 
t02 tOt 
103 102 
104 103 
105 104 
tOG tos 
107 106 

PRE DIS 5 
1 X 0 

2 X D. 
3 X D. 
4 X 0 
5 X 0. 
PRE lOAD 
v -1 810 

6 y -3.318 
11 y -2.714 

11 

16 v - 2. 111 
22 X + 0 0875 

23 X 0 7492 

90 
70 
71 
72 
73 
76 
87 
88 
89 
90 
66 
56 
44 
32 
20 
15 
10 

24 X 1 498 
25 X 1 592 
26 X 1 31D 
27 X 2 053 

71 
72 
73 
76 
87 
88 
89 
90 
66 
56 
44 
32 
20 
15 
10 
5 

28 X 1.422 Y -0 905 
!NT PROP 3000 5 56 

NODE COOR 17 
91 528 1271 

94 

92 528 1128 
93 552 984 

840 576 
95 

96 
97 

672 816 
768 792 

768 696 
98 

99 
768 600 

768 504 
100 684 486. 

101 600 
102 516 
t03 432 
104 360 
105 264 
106 144 
107 1 

[LEM CONN 

468 
450. 

432. 
432 

432. 
432 

432. 
16 

82 91 92 

89 

83 92 93 
84 93 94 

85 94 95 
86 
87 

88 97 

95 
96 

98 
89 98 99 

so. 99 tOO 
91 100 
92 tot 
93 102 
94 103 
95 104 
96 105 
97 106 

PRES DISP 0 

96 
97 

101 
t02 

t03 
104 

t05 
tOG 

PRES lOAD 0 

107 

SOl PROP 15 35 
NODE COORDINATES 38 

0 00007407 
64 

108 0 43t 
109 0 360 

110 0 264 
111 0 144 

i12 0 o. 
113 0 o. 
114 144 0 
115 

116 
117 

264. 
360 

432 0 
118 516 

119 600 0 
120 684 0 

121 768 0 
122 864 

123 1008 0 
124 1200 

125 t440 
126 1680 

0 

0 

0 

0 

0 
0 

D 

0 
127 1680 

128 1680 
129 1680 

144 
264 

130 1680 408 
131 1680 504 

132 1680 600 
133 1680 696 

134 1680 792 
135 1680 984 

136 1680 1128 
137 1680 1272 

138 1680 1272 
139 1440 1272 

140 1200 1272 
141 1008 

142 864 1272 
1272 

143 768 1272 

149 
150 

1St 

146 
147 

148 

144 672 
145 529 

144 360 
144 264 

t44 144 
264 360 

264 264 
264 144 

152 
153 

360 
360 

160 

360 
264 

H4 t51 

t272 
1272 

1-' 
w 
0 



108 118 119 
155 432 360 109 119 120 

156 432 264 110 120 121 
157 432 144 Ill 121 122 

158 516 360 112 122 123 
159 516 264 113 123 124 

160 516 144 114 124 125 
161 600 360 115 125 126 

162 600 264 116 127 128 
163 600 144 117 128 129 

164 672 t 128 liB 129 130 
165 672 984 119 130 131 

166 684 360 120 131 132 
167 684 264 121 132 133 

168 684 144 122 133 134 
169 768 1128 123 134 135 

170 768 984 124 135 136 
171 768 408 125 136 137 

172 768 264 126 138 139 
173 768 144 127 139 140 

174 864 1128 128 140 141 
175 864 984 129 141 142 

176 864 792 130 142 143 
171 864 696 131 143 144 

178 864 600 132 144 145 
179 864 504 133 145 91 

180 864 408 134 108 109 146 106 
181 864 264 135 109 110 147 146 

182 864 144 136 110 111 148 147 
183 1008 1128 137 111 112 114 148 

184 1008 984 138 106 146 149 105 
185 1008 792 139 146 147 150 149 

186 1008 696 140 147 148 151 150 
187 1008 600 141 148 114 115 151 
188 1008 504 142 105 149 152 104 

189 1008 408 143 149 150 153 152 
190 1008 264 144 150 151 154 153 

191 1008 144 145 151 115 116 154 
192 1200 1128 146 104 152 155 103 

193 1200 984 147 152 153 156 155 
194 1200 792 148 153 154 157 156 

195 1200 696 149 154 116 117 157 
196 1200 600 150 103 155 158 102 

197 1200 504 151 155 156 159 158 
198 1200 408 152 156 157 160 159 

199 1200 264 153 157 117 118 160 
200 1200 144 154 102 158 161 101 
201 1440 1t28 155 158 159 162 161 

202 1440 984 156 159 160 163 162 
203 1440 792 157 160 I 18 119 163 

204 1440 696 158 91 92 164 144 
205 1440 600 159 92 93 165 164 
206 1440 504 160 93 94 95 165 

207 1440 408 161 101 161 166 100 
208 1440 264 162 161 162 167 166 

209 1440 144 163 162 163 168 167 
ElEMENT CONNECTIV[TV 36, 88 164 163 119 120 168 
98 107 108 165 144 164 169 143 

99 108 109 166 164 165 170 169 
100 109 110 167 165 95 96 170 

101 110 111 168 100 166 171 99 
102 111 112 169 166 167 172 171 

103 113 114 170 167 168 173 172 
104 114 I 15 171 168 120 121 173 

105 115 116 172 143 169 174 142 
106 116 117 11:1 11;9 170 115 174 

107 I 17 118 

I-' 
w 
I-' 



174 170 96 176 175 
115 96 97 117 176 
t76 97 98 t78 177 

177 98 99 179 178 
178 99 171 180 179 

179 11 t 112 tat tao 
180 172 173 182 181 

181 173 121 122 182 
182 142 174 183 141 

t83 114 115 t84 t83 
t84 t75 t76 t85 t84 

185 176 t77 186 185 
186 171 178 187 186 

187 178 179 188 187 
taa na tao tB9 tao 

189 180 181 190 189 
t90 tOt t82 t9t t90 

191 182 \ 122 123 191 
t92 t4 t t83 t92 t40 

193 183 184 193 192 
t94 t84 t85 t94 t93 

195 185 186 195 194 
t96 186 187 196 t95 
197 187 188 197 196 
198 188 189 198 197 
199 t89 t90 t99 t98 

200 190 191 200 199 
201 tat t23 t24 200 
202 140 192 201 139 
203 192 t93 202 20t 

204 t93 t94 203 202 
205 t 94 195 204 203 

206 195 t 96 205 204 
207 196 197 206 205 

208 t97 t98 207 206 
209 t 98 199 208 207 
2tO t99 200 209 208 
2 tt 200 t24 t25 209 

212 139 201 136 137 
213 20t 202 t35 t36 

214 202 203 134 135 
2t5 203 204 t33 t34 

2t6 204 205 132 t33 
217 205 206 131 132 
2t8 206 207 130 t3t 
2 t9 207 208 t29 130 

220 208 209 t 28 t 29 
22 t 209 t25 t26 t28 

PRESCRIBED DISPLACEMENT 25 
tt3 y 0 
114 y 0 

tt5 y 0 
1t6 y 0 

t11 v 0 
ttB Y 0 
tt9 y 0 
t20 v 0 

12t y 0 
122 y 0 
t23 y 0 

124 y 0 
t25 y 0 

126 y 0 
t27 X 0 
t28 X 0 
12q X 0 

130 )( 0 
t3t X 0 
t32 X 0 
133 X 0 
134 )( 0 
t35 X D 
t36 X 0 
137 )( 0 
PRES STRESS 1 
t4t y -D 0375 
SIBSYS 
II 

I-' 
w 

"' 



APPENDIX B 

COMPUTER CODINGS AND INPUT LISTINGS 

OF PROGRAM FINITE 

133 



c 
c 
c === ======== = "'"" .... = == ='"' .... ., "' .. = = = ="' = ==· ......................... :"":: == ............. "' """ .. = .. = = c 
c c 
C THIS PROGRAM IS APPLIED TO EVALUATE THE ElASTIC BEHAVIOR OF C 
C A U-FRAME STRUCTURE BV THE FINITE ELEMENT MEHTDD ALONE C 
c c 
C "'= = == ="' "'"" = = = = • = = = = = = = == = = = == = ==== = •"' • •'""' .,., .... • • •., • •• •= = = = = == ==== = ===o C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 

X, V NODE COORDINATES 
STR~ ELASTICITY MATRIX FOR STRUCTURE 
SOLE ELASTICITY MATRIX FOR SOIL 
ICONNE ELEMENT INCIDENCE VECTOR 
A SYSTEM MATRIX 
JOCOLU SPECIFIED BOUNDARY CONDITIONS, 0 -> LOAD, 1 -> DISP 
COLUMN SPEC IF lEO BOUNDARY VALUES 
BODY BODY FORCE VECTOR 
STR. STRESS VECTOR 
DISP DISPLACEMENT VECTOR 
ELSTif ELEMENT STIFFNESS MATRIX 
NNSTR2 2 X NUMBER OF NODES IN STRUCTURE 
NNINT2 2 X NUMBER OF NODES IN INTERFACE 
NNSOL2 2 X NUMBER OF NODES IN SOIL 
NESTA NUMBER OF STRUCTURE ELEMENTS 
NE..OON NUMBER OF .JOINT ELEMENTS 
NEINT NUMBER OF INTERFACE ELEMENTS 
NESOL NUMBER OF SOIL ELEMENTS 
XM, XMI VECTOR IN STORING SOLUTIONS 

C MAIN PROGRAM 
c 
c------------· 

c 

c 

IMPLICIT REAL•8(A-H,O-Z) 
DIMENSION X(250), V(250l, STRE(3,3l, ICONNE(250,4l, IDCOLU(420l 
DIMENSION COLUMN(420l. A(420.420l. BODY(420l, STR(3, 0. XMI(420l 
DIMENSION 01 SP( 2, 11, XM( 4201, ELSTIF(8, 8), SOLE( 3, 31 

COMMON /CD/ X, V 
COMMON /NNN/ NNSTR2.NNINT2.NNSOL2.NESTR,NE..OON,NEINT. NESOL 
COMMON /10/IRE.IWR 

C---- SET POINTERS AND INPUT TITLE 
c 

c 

IRE = 5 
IWR • 6 

WRITE (IWR,9) 

C---- CALL SUBROUTINE "JNPUT 11 

c 

c 

IER = 0 
CALL INPUT(ICONNE,IDCOLU,CDLUMN,IUNKNO,IER) 
IF ( IER EQ Ol GO TO 1000 

GO TO 10000 

1000 DO 5 M = I , IUNKNO 
BODY(Ml = 0 
XMI(Ml • 0 
DO 8 N = I, IUNKNO 

A(M,Nl = 0 
8 CONTINUE 
5 CONTINUE 

C---- FINITE ELEMENT FORMULATION 
r 

c 
c----
c 

c 

c 

20 
10 

c----
c 

c 

CAll FINITE ISTRE. SOLE .ICONNE. A, BODY. NEB ,NEll 

TAKE BOUNDARY CONDITION AND NODAL FORCE VECTOR INTO ACCOUNT 

DO 10 1.1 "' t. JUNKNO 
IF (IOCOLU(..Ol EQ Ol GO TO 20 
CAll CLEAN( ..0. COLUMN( ..01, A. BODY ,IUNKNO I 

BOOY(ul = CDLUMN(ul 
GO TO 10 
BODY(..Ol • BDDYI..Ol + COLUMN(..Ol 

CONTINUE 

IT = 0 
MB = NESTA + t 
ML = NESTA + NEJON 

CALCULATE THE INVERSE OF GLOBAL MATRIX 

CAll INVER(A.420.1UNI<NOI 

C---- XM STORE DISPLACEMENTS 
c 

2000 CALL PROD I( A, BOOV, XM, 420, IUNKNO I 
c 
C---- CHECK THE CONVERGENCE OF DISPLACEMENTS AT INTERFACE 
c 

c 

120 
c 

c 
c----
c 

130 

140 
c 
c----
c 

c 

c 

c 

IF (IT GT 101 GO TO 190 
IB • NNSTR2 + t 
ll '" NNSTR2 + NNINT2 

DO 120 K • IB, ll 
IF (DABS(XM(I<l - XMI(Kll GT 0 0000000 GO TO 130 
CONTINUE 

GO 10 190 

RESTART THE PROLEM. RESTORE "XM• TO "XN1• 

DO 140 I = I, IUNI<NO 
XMI( II = XM( II 

CONTINUE 

ITERATIVE ROUTINE 

IT = IT + 

CAll ITER(XM,BOOV,ICONNE,MB,Mll 

GO TO 2000 

C---- STRUCTURE OUTPUT 
c 

190 NNSTR = NNSTR2 / 
WRITE IIWR,90l 

DO 570 l = I, NNSTR 
WRITE (IWR,94l l, XMI2•L-0, XM(2•Ll 

570 CONTINUE 
WRITE IIWR.97l 

DO 580 ..0..0 = I, NESTA 
I • ICONNE(..O..O,Il 
..0 = ICDNNE(..O..O, 21 
K • ICONNE(o.I..0,3l 
l = ICONNE(..0..0,4l 

CALL SOLVE( I, o.l,l< ,l, STRE. STR .DISP, XMI 
WRITE (IWR,904l ..O..O,(DISP(M,Il,M=1,2l,(STR(M,ll,M=1.3l 

580 CONTINUf 

1-' 
w 
~ 



c 

WRITE (IWR,99) 
DO 585 l.h..l = MB, Ml 

I • ICONNE(JJ, t) 
J • ICONNE(JJ,2) 
K = ICONNE(JJ, 3) 
L • ICONNE(JJ,4) 

CALL FINO(I,J,K,L,STR,OISP,XII) 
WRITE (IWR,906) JJ,I,J,(OISP(II,t),N•t,2),(STR(II,t),M•t,2) 

585 CON r I NUE 

C---- INTERFACE OUTPUT 

c 

590 

WRITE (IWR,907) 
M = NNSTR + t 
N = NNSTR + NNINT2 / 2 

DO 590 K = M, N 
WRITE (IWR,94) K,XM(2'K-1),XM(2•K) 
CONTINUE 

c 
c---
c 

SOil OUTPUT 

c 

c 

c 

c 

c 

WRITE ( IWR,917) 
M = N + 1 
N = M + NNS0l2 / 2 - 1 

00 600 K = M, N 
WRITE (IWR,94) K,XM(2•K-t).XM(2•K) 

600 CONTINUE 
WRITE (IWR,97) 

00 200 ,JJ = NEB, NEL 
I • ICONNE(JJ,1) 
J • ICONNE(JJ,2) 
K • ICONNE(JJ,3) 
L • ICONNE(JJ,4) 

CALL SOLVE (1, J ,K, L, SOLE, STR ,DISP, XM) 
WRITE (IWR,904) JJ,(OISP(M. t),ll•t,2l.(STR(M, t),M•1,3) 

200 CDNT INUE 

WRITE(IWR, 924) 

9 FORMAT(1H1,///,40X,' FINITE ELEMENT METHOD ', 
& II ,40X.' 
& //,42X,' 

APPLIED TO', 
SOIL-STRUCTURE INTERACTION PROBLEMS') 

90 FORMAT(/////,36X,'**"*"*"**""*•••••••••••, 
& /, 36X, '• STRUCTURE OUTPUT •' , 
& /.Jsx.·•••••••••••••••••••••••. 
& ////,4tX, 'NODAL DISPLACEMENT 
& II ,34X, 'NODE'' 7X, 'U'. 13X, 'V') 

94 FORMAT(34X,I3,2(3X,E1t 4)) 

97 FORMAT(//// ,51X, 'ELEMENT DISPLACEMENT AND STRESS',//, 
& 34X, 'ELEMENT' ,4X, 'U', 13X, 'V', 12X, 'SXX', 1 tX, 'SYY', 10X, 'SXY') 

99 FORMAT(//// ,47X, 'RELATIVE DISPLACEMENT AND LOCAL STRESS ', 
& 'AT UOINT ELEMENT' ,//, 34X, 'ELEMENT', SX, 'LOCAL X AXIS' , 
& 7X, 'TAN DISP' ,5X, 'NOR DISP' ,OX, 'TAU' ,10X, 'SIGMA') 

904 FORMAT( 34X, 13, 5(3X, E 1t 4)) 

906 FORMAT(34X,I3,6X,'NODE',I3.' TO NOOE',I3,4(3X,Et1 4)) 

907 FORMAT(/////,3GX.'t"+TTT•• .. ~•t .. TT++•••••••. 

& /. 36X, '• JNTERr ACE OUTPUT , 
& I. 36X. , •••••••••••••••••••••• , 0 

& ///1 ,41X, 'NODAL DISPLACEMENT ' 
& II ,34X, 'NODE'. 7X, •u•. t3x, ·v· l 

c 
917• FORMAT(/ ////,36X, '••••••••••••••••••', 

& /,36X,'• SOIL OUTPUT •·. 
& I 36X •••••••••••••••••••• 

& I I I I' 4 IX' 'NODAL DISPLACEMENT • 
& //,34X,'NODE',7X,'U',t3X,'V') 

c 
924 FORMAT( tHt) 

c 
10000 STOP 

END 

c 
c 
c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 
c 
c 

c 

c 

c 

20 

40 
30 

50 
100 

SUBPROGRAM "INVER" 

SUBROUTINE INVER(A.NX,N) 

IMPLICIT REAL•B(A-H,O-Z) 
DIMENSION A(NX,NX) 

DO 100 K = t, N 

DO 20 J = 1, N 
IF (J EQ K) GO TO 20 

A(K,J) • A(K,J) / A(K,K) 
CONTINUE 

A(K,K) • 1 A(K,K) 

D0301•t,N 
IF(I EQ K) GO TO 30 

DO 40 J "' 1, N 
IF (J .EO K) GO TO 40 

A(I,J) • A(I,J) - A(K.~) 
CONTINUE 

CONTINUE 

D0501=1,N 
IF (I EO K) GO TO 50 

A(I,K) = -A(I,K) • A(K,K) 
CONTINUE 

CONTINUE 

RETURN 
END 

SUBPROGRAM "ITER" 

SUBROUTINE ITER(XM,BOOY ,ICONNE, MB, Ml) 

IMPLICIT REAL•B(A-H,O-Z) 

• A(I,K) 

DIMENSION XM(420). BDDY(420), ELSTIF(B,8), X(250) 
DIMENSION Y(250), ICONNE(250,4) 

COMMON /CO/ X, Y 
COMMON /PROP/FC:,TR PS TR WC:,TJ~ FKN EKe; F<;OI P"nl WC:,OI 

,_. 
w 
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c 

c 
c---
c 

c 
c---
c 

c 

c 
c----
c 

c 

c 

c 
c 
c 

c 

c 

c 

to 

00 10 JJ "' MB, ML 
I • ICONNE(dd, t) 
d • ICDNNE(dd,2) 
K • ICONNE(dd,3) 
l • ICONNE(dd,4) 
XlENG • OSQRT((X(d) - X(J)) "2 + (V(d) - V{l)) •• 2) 
COST • (X{d) X(J)) / XlENG 
SINT • (V(d) - V(J)) I XlENG 

RELATIVE DISPLACEMENT AT CENTROID OF JOINT ELEMENT 

U= 0 5 • (XM(2•K-1) • XM(2•L-I)- XM(2•J-t)- XM(2•tJ-1)) 
V = 0 5 ' (XM(2'K) + XM(2'l) - XM(2•1) - XM(2•dl) 

TRANSFORM TO lOCAL DISPLACEMENT 

WS = U • COST + V • S I NT 
WN = - U • SINT + V • COST 
TAU = WS • EKS 
SIGMA : WN • EKN 

IF (SIGMA LE 0) GO TO 10 

RESTRAINING FORCE IS - SIGMA • LENGTH • ANGLE OF TRANSFORM 

TX = (COST • TAU - SIGMA • SINT) • XLENG I 2 
TV = (SINT • TAU + COST • SIGMA) • XLENG I 2 
BODY(2•I-1) = 800Y(2•I-1) + TX 
BOOY(2•I) = BOOY(2*1) + TV 
BOOY(2•J-1) = BOOY(2•tJ-1) + TX 
BOOY(2•J) = BOOV(2•U) + TV 

BOOV(2*l-t) = BODV(2•l-l)- TX 
BOOV(2'll = 800V(2•l) - TV 
BODV(2•K-t) = BODY(2*K-I) -TX 
BOOV(2'K) = BODV(2'K) - TV 

CONTINUE 

RETURN 
END 

SUBPROGRAM "FINO" 

SUBROUTINE FIND( I ,i.J,K ,l, STR ,OISP, XM) 

IMPliCIT REAl 0 8(A-H,O-Z) 
DIMENSION STR(3,tl, DISP(2,1), XM(420), 0(2). X(250). V(250) 

COMMON /CO/ X, V 
COMMON /PROP/ESTR, PSTR, WSTR, EKN, EKS. ESOL, PSOl, WSOL 

XD • X(J) - X(J) 
VD • V(J) - V(l) 
D( I) = (-XM(2•I-t) - XM(2•d-1) + XM(2'K-t) + XM(2*l-l)) • 0 5 
0(2) = (- XM(2•1)- XM(2•1..1) + XM(2•K) + XM(2•L)) • 0 5 

XLENG = OSQRT(XO • XO + YO • YO) 
COST • XD / XlENG 
SINT = YO / XlENG 

C- TRANSrnRM 11Tc;PI 1\f'FMFNT TO I OrAl rnmmTNltTF<; J\1'10 rTNI1 <;TRF<;<; 

c 

c 

DISP( t, I) • COST ' D( I) + SINT ' 0(2) 
OISP(2,1)::::- SJNT • 0(1) +COST • 0(2) 
STR(t,t) • EKS 'DISP(t,t) 
STR(2, t) = E~N • OISP(2, I) 

1000 RETURN 
END 

C SUBPROGRAM "FINITE" 
c 

c 

c 

c 

c 

c 

c 

c 

c 
50 

c 
70 

c 
tOO 

c 

SUBROUTINE FINITE ( STRE, SOlE, ICONNE. A. BDOV ,NEB. NEl) 

IMPLICIT REAL•O(A-H,O-Z) 
DIMENSION ElSTIF(B,B), A(420,420). STRE(3,3) 
DIMENSION ICONNE(250,4), BOOV(420). SOlE(3,3). DETdAC(4) 

COMMON /PROP/ESTR, PSTR, WSTR, EKN, EKS, ESOL, PSOL, WSOL 
COMMON /NNN/NNSTR2. NNINT2 ,NNSOL2 ,NESTA ,NEJON,NE [NT, NESOL 

CONST • ESTR / (( t + PSTR) ' ( t - 2 ' PSTR)) 
STRE( t, I) = CONST • ( t. - PSTR) 
STRE(2,2) = STRE(I,I) 
STRE(3,3) = CONST • .5 • (1 - 2 • PSTR) 
STRE( t. 2) = CONST • PSTR 
STRE(2,1) = STRE(I,2) 
STRE(2,3) = 0 
STRE(3,2) = STRE(2,3) 
STRE( 1,3) = 0 
STRE(3, I) = 0 
N = NESTA + NEt.ION 

00 100 tJU "' 1. N 
I= ICONNE(JJ,t) 
d = ICONNE(Jd,2) 
K • ICONNE(JJ,3) 
l = ICONNE(JJ,4) 

IF (tJtJ GT. NESTA) GO TO 50 

CAll STIFF( I, J ,K .l, STRE, ElSTIF ,DETdAC) 

BOOY(2•1) '"' BOOY(2•J) - WSTR • DETdAC( I) 
BODV(2•J) = BODV(2'J) - WSTR • DETJAC(2) 
BODV(2'K) = BDDV(2•K) - WSTR ' DETJAC(3) 
BODV(2•ll = BODV(2*l) WSTA ' DETJAC(4) 
GO TO 70 

CAll SdOINT( I. J ,K ,l, EKS, EKN, ElSTI F) 

CAll ASSEM(ElSTIF ,I,J,K,l,A) 

CONTINUE 

CONST1:: ESOL / ((t + PSOL) • (1 - 2 • PSOL)) 
SOlE( 1,1) = CONSTt ' ( t - PSOl) 
SOlE( 2. 2) = SOlE( I, t) 
SOL£(3,3) = CONSTt • .5 • (1 - 2 • PSOL) 
SDlE(I,2) = CONSTI • PSOl 
SOlE(2,1) = SOlE( t ,2) 
SOlE(2,3) = 0 
SOlE(3,2) = S0lE(2,3) 
SOlE(I,3)=0 
SOlE(3,ti•O 

I-' 
w 
C1'l 



c 

c 

NEB N -+ NE JNT • 1 
NEl = NEB + NESOL 1 

00 200 JJ = NEB. NEL 
I = ICONNE(JJ. t) 
J = ICONNE(JJ.2) 
K = ICONNE(JJ.3) 
L = ICONNE(JJ.4) 

CALL STIFF( I ,J,K,l, SOLE, ELSTlf ,OET..JAC) 

CALL ASSEM(ELSTIF.I.J.K.L.A) 

BOOV(2•J) 
BOOY(2'J) 
BOOY(2•K) 
BOOY(2•L) 

BOOY(2'1) WSOL ' DETJAC( t) 
BOOY(2'J) - WSOL • OETJAC(2) 
BOOY(2•K) - WSOL ' DETJAC(3) 
BDDY(2'L) - WSOL • DETJAC(4) 

200 CONTINUE 

c 
c 
c 

c 

c 

c 

RETURN 
END 

SUBPROGRAM "SJOINT" 

SUBROUTINE SI.IOINT(I,J,K,L,ES.EN,ELSTIF) 

IMPLICIT REAL•S(A-H,O-Z) 
DIMENSION SQ4(8.B). ELSTIF(B.B). TRAN(B.S). TEMP(&.&). X(250) 
DIMENSION V(250) 

COMMON /CO/ X. Y 

C---- CLEAR TRANSFORMATION MATRIX AND LOCAL UDJNT STIFFNESS MATRIX 
c 

c 

c 

20 
to 

c----
c 

DO 10 M = 1, 8 
00 20 N = t, 8 

TRAN(M.N) = 0 
S04(M.N) = 0 

CONTINUE 
CONTINUE 

xo = x(J) - x(l) 
YO = Y(J) - y(l) 
XLENG = OSQRT(XD • XD + YO • YO) 

FORMULATION OF TRANSPOSE "TRAN" 

TRAN( 1,1) 
TRAN(2.2) 
TRAN(3.3) 
TRAN(4.4) 
TRAN(5.5) 
TRAN(6.6) 
TRAN( 7. 7) 
TRAN(8 .8) 
TRAN( t .2) 
TRAN( 2. t) 
TRAN(3.4) 
TRAN(4.3) 
TRAN(5.6) 
TRAN(G .5) 
TRAN(7 .a) 
TRAN(B. 7) 

XO / XLENG 
xo 1 xLENG 
XD / XLENG 
XO I XLENG 
xo 1 xLENG 
XO / XLENG 
XO I XLENG 
XO / XLENG 
- YO I XLENG 
VO / XLENG 
- YO I XlENG 
YO I XLENG 
- YO / XLENG 
YO / XLENG 
- YO / XLENG 
YO / XLENG 

c----
c 

c 

c 

c 

c 

c 

c 

c 

c 
c----
c 

c 

c 

c 

c 
c 
c 

c 

FORMULATION OF LOACL JOINT ELEMENT STIFFNESS 

SQ4( t. t) = XLENG / 3 • ES 
SQ4 ( t • 3) = XL ENG / 6 • ES 
SQ4( t.5) • - XLENG / 6 • ES 
SQ4(t.7) =- XLENG / 3 • ES 

SQ4(3.t) = XLENG /6 • ES 
SQ4(3.3) • XLENG I 3 • ES 
SQ4(3.5) = - XLENG / 3 ' ES 
SQ4(3.7) =- XLENG I 6 • E5 

SQ4(5.t) = XLENG I 6 • E5 
SQ4(5.3) = - XlENG I 3 • ES 
504(5.5) = XLENG / 3 • ES 
SQ4(5.7) • xLENG I 6 • E5 

504(7 .1) = - XL ENG I 3 • E5 
5Q4(7. 3) = - xLENG 1 6 • ES 
5Q4(7.5) = XlENG I 6 • ES 
5Q4(7.7) • XLENG / 3 • E5 

504(2.2) = XlENG I 3 • EN 
5Q4(2.4) = XLENG / 6 ' EN 
SQ4(2.6) = - XLENG / 6 ' EN 
5Q4(2.8) = - XLENG / 3 • EN 

504(4.2) = XLENG / 6 • EN 
504(4.4) = xLENG I 3. • EN 
SQ4(4.6) = - XLENG / 3 • EN 
SQ4(4.B) = - xLENG I 6 • EN 

S04(6.2) = - XLENG / 6 ' EN 
S04(6.4) = - xLENG / 3 • EN 
S04(6.6) = XlENG / 3. • EN 
SQ4(6.8) = XLENG I G. ' EN 

S04(8.2) 
SQ4(8.4) 
SQ4(8.6) 
S04(8.8) 

- XLENG / 3 • EN 
- XL ENG I 6. • EN 
XlENG / 6 • EN 
XLENG / 3 • EN 

TRANSFORMATION TO GLOBAl JOINT STIFFNESS MATRIX 

CALL PROO(TRAN.SQ4. TEMP.8.8.8) 

TRAN( t.2) 
TRAN(2. t) 
TRAN(3.4) 
TRAN(4. 3) 
TRAN(5.6) 
TRAN(6. 5) 
TRAN(7 .B) 
TRAN(8. 7) = 

TRAN( t .2) 
- TRAN(2. t) 

TRAN(3.4) 
TRAN(4. 3) 

- TRAN(5.6) 
- TRAN(6.5) 
- TRAN(7.8) 
- TRAN(8. 7) 

CALL PROO(TEMP.TRAN.ELSTIF.8.8.8) 

RETURN 
END 

SUBPROGRAM "STIFF" 

SIJBROUliNF CiTIFFti,d K.l f FICiTIF OfT.IAC) 

1--' 
w 
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c 

c 
c---
c 

c 

20 
10 

15 

c 

c 

c 
c----
c 

c 

30 
c 

& 

& 

& 

& 

IMPliCIT REAl*S(A-H,O-Z) 
DIMENSION E(3,3), SQ4(8,8). 8(3,8), DUMM(8,3), DETJAC(4) 
DIMENSION XJINV(2,2). XM1(2,8). XM2(2,8), ElSTIF(8,8) 
DIMENSION AALPHA(4), ABETA(4), BT(8,3). X(250). Y(250) 

COMMON /CO/ X, Y 
COMMON /ALPH/ AALPHA. ABET A 

IGNORE WEIGHT, BECAUSE WEIGHT 1 FOR 4 POINT INTEGRATION 

XI X (I) 
XJ = X(J) 
XK = X(K) 
XL = X(L) 

VI = Y(l) 
YJ = Y(J) 
YK = Y(K) 
Yl • Y(L) 

00 10 lA = f, 8 
00 20 IC " 1, 8 

ELSTIF(IR,IC) = 0 
CONTINUE 

CONTINUE 

!POINT = I 
ALPHA = AALPHA( I POINT) 
BETA = ABETA(IPOINT) 

DXOA = 25 • ( 1 - BETA) • XI + 
25 • ( t + BETA) • XK -

DYOA = 25 • ( 1 - BETA) • Yl + . 25 • (1 +BETA) • VK-

DXDB = 25 • (I -ALPHA) • XI 
25 • ( 1 + ALPHA) • XK + 

OYDB = 25 • ( 1 - ALPHA) • VI -. 25 • ( 1 + ALPHA) • YK + 

25 • (1 -BETA) • X..J 
25 • (t +BETA) • XL 

25 • ( 1 BETA) • Vl.l 
25 • (t +BETA) • Yl 

25 • ( 1 + ALPHA) • Xt.J 
25 • ( 1 - ALPHA) • XL 

25 • ( t + ALPHA) • V..J 
25 • ( 1 - ALPHA) • Yl 

OXDA, DVDA, OXDB AND OVDB ARE TERMS IN JACOBIAN 

X!.lOET = DXDA * DYDB - OXOB * DVDA 
XJINV( I, I) • OYDB I XJDET 
XJINV( t, 2) = - DVDA / XJDET 
XJINV(2, I) = - DXOB / XJOET 
XJINV(2,2) = DXDA I XJDET 
OETJAC(IPOINTI = DABS(XJOET) 

D030M=1,4 
XMt(1,2*M) = 0 
XMI(2,2•M) = 0 
XM2( I ,2•M- I) = 0 
XM2(2,2•M-t) = 0 

CONTINUE 

XMI(I,t) =- 25' (I- BETA) 
XM2 ( I , 2 I = XM I ( I , I) 
XMI(I,3)=+ 25' (I- BETA) 
XM2 ( I , 4) = XM I( I , 3) 
XMI(I,5) = + 25*(1+BETA) 
XM2 ( I , 6) = XM I( I , 5) 
XM1 ( 1 7) 2'5,.. (1 I RFTA) 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

XM2 ( I , 8) = XM1( I , 7) 

XMI(2,1) = 25 • ( f AlPHA) 
XM2(2,2) = XM1(2, I) 
XMI(2,3) = 25 • ( I + ALPHA) 
XM2(2,4) = XM1(2,3) 
XMI(2,5) • + 25 • ( t + ALPHA) 
XM2(2,6) = XMI(2,5) 
XMI(2,7) • + 25 • ( I - ALPHA) 
XM2(2,8) = XMI(2, 7) 

00 40M=1,8 
8( I ,M) • 0 
B(2,M) = 0 
B(3,M) = 0 

D050N•I,2 
B(I,M) = B(I,N) + XJINV(I,N) 
B(2,M) = B(2,N) + XJINV(2,N) 
B(3,M) = B(3,M) + XJINV(2,N) 

& 
50 CONTINUE 

XJINV( I ,N) 

• XMI (N,M) 
' XN2(N,M) 
• XMt(N,M) 
' XM2(N,M) 

40 

70 
60 

BT(M, I I = B( I ,M) 
BT(M,2) = B(2,M) 
BT(M,3) = B(3,M) 

CONTINUE 

CALL PROD(BT,E,OUMM,8,3,3) 

CAll PROD(OUMM,B,SQ4,B,3,8) 

0060M=1,8 
DO 70 N :e 1, 8 

ELSTIF(M,N) = ELSTIF(M,N)+SQ4(M,N) • OETJAC(IPOINT) 
CONTINUE 

CONTINUE 

IF (I POINT EQ 4 ) GO TO 1000 

IPOINT :: IPOINT + 1 
GO TO 15 

1000 RETURN 
END 

c 
c 
c 

c 

c 

c 

c 

SUBPROGRAM "ASSEMH 

SUBROUTINE ASSEM( ElSTIF, I, J ,K ,l, A) 

IMPLICIT REAL•S(A-H,O-Z) 
DIMENSION ElSTIF(8,8l. JR(4), NR(8), A(420,420) 

JR( I) = I 
JR(2) = J 
JR(3) = K 
JR(4) = L 

DO 10 M = 1, 4 
IX = 2 * M - t 
IY:IX+t 
NR(IX) = 2 • JR(M) -I 
NR(IVI = 2 • JR(M) 

I-' 
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c 

c 
c 
c 

c 

c 

10 

30 
20 

CONTINUE 

0020M=f,B 
oo ao N = t,a 

A(NR(M),NR(N)) o A(NR(M),NR(N)) + ELSTIF(M,N) 
CONTINUE 

CONTINUE 

RETURN 
END 

SUBPROGRAM "SOLVE" 

SUBROUTINE SOLVE (I, J ,K, L, E, STR ,01 SP, BODY) 

IMPLICIT REAL*8(A-H,O-Z) 
DIMENSION E(3,3), STR(3,1), STRAIN(3,1), BDOY(420) 
DIMENSION 8(3,8). OISP(2,1), XJINV(2,2), XMI(2,8). XM2(2,8) 
DIMENSION X(250), Y(250), 00(8,1) 

COMMON /CO/ X, Y 

XI o X(l) 
Xu o X(J) 
XK o X(K) 
XL o X(L) 

VI o Y(l) 
YJ o Y(J) 
YK Y(K) 
YL o Y(L) 

BODY(2•I- t) 
BOOY(2•1) 
BOOY(2•J-I) 

DO( 1,1) 
00(2, I) 
00(3,1) 
00(4, I) 
00(5,1) 
00(6,1) 
00(7,1) 
00(8,1) 

o BDOY(2'J) 
BOOY(2'K-I) 
BOOY(2•K) 
BOOY(2•L-I) 
BOOY(2•L) 

DISP(I,I) o 0 
OISP(2,1) = 0 

0015K=1,4 
DISP(I,O = DISP(I,O + 25 • 00(2'K-1,1) 
OISP(2,1) = DISP(2,1) + 25 • D0(2'K,I) 

15 CONTINUE 
c 

OXDA = 25 • XI .._ 25 * Xt.l + 25 • XK - 25 • XL 
c 

OYDA = 25 • Yl .._ 25 * Vt.l + 25 • YK - 25 * Yl 

DXDB = 25 * X I - 25 • X..J + 25 * XK + 25 * XL 

DVDS = 25 • VI 25 * V..J + . 25 • VK + 25 * Vl 
c 
c---- OXOA, OVDA, OXDB AND DVDB ARE TERMS IN JACOBIAN 
c 

XJOE T = OXOA * DVOB - OXOB * OVOA 
XJINV( I, I) = OYOB I XJOET 
XJINV( I, 2) = - OYOA I XJOET 
X.IJNV(? tl "' - OXOf! / 'X\InfT 

c 

c 

c 

c 

c 

c 

c 

30 

& 
50 

40 

Xt.IINV(2,2) = OXOA / XJOET 

0030M=t,4 
XMI(t,2•M) = 0 
XMI(2,2•M) o 0. 
XM2(1,2'M-I) o 0 
XM2(2,2*M-1) = 0 

CONTINUE 

XMI( 1,1) 
XM2( 1,2) 
XMI( I, 3) 
XM2( 1,4) 
XMI(I,S) 
XM2( 1,6) 
XMI( I, 1) 
XM2(1,8) 

25 
XMI(I,I) 
+ 25 
XMI( 1,3) 
+ 25 

•XMI(I,S) 
25 

XMI(I,7) 

XMI(2,1) o 25 
XM2(2,2) o XMI(2,1) 
XMI(2,3) • - 25 
XM2(2,4) • XMI(2,3) 
XMI(2,5) = + 25 
XM2(2,6) = XMI(2,5) 
XMI(2,7) • + 25 
XM2(2,8) • XMI(2,7) 

DO 40M=1,8 
B( I,M) • 0 
B(2,M) • 0 
8(3,M) = 0 

005QNol,2 
B( I.M) o B( I,M) 
B(2,M) = B(2,N) 
B(3,M) = B(3,M) + 

+ 
CONTINUE 

CONTINUE 

CALL PROO(B,DD,STRAIN,3,8,1) 

CALL PROD(E,STRAIN,STR,3,3,1) 

RETURN 
END 

X..JINV( t,N) • XMI(N,M) 
XJINV(2,N) • XM2(N,N) 
XJINV(2,N) • XMI(N.M) 
XJINV( I,N) • XN2(N,N) 

c--------
c 
c SUBPROGRAM "ClEAN" 
c 
c 
c 

SUBROUTINE ClEAN( J, V, A, BODY, IUNKNO) 
c 

IMPLICIT REAL'B(A-H,O-Z) 
DIMENSION A(420,420),BOOY(420) 

c 
00 10 K = t, IUNKNO 

BOOY(K) o BOOY(K) - A(K,J) • V 
A(u,K) = 0 
A(K,J) • 0 

10 CONTINUE 
c 

A(u,J) o I 
RF TIIRN 
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c 
c 
c 

c 

c 

c 

c 

c 

c 
c---
c 

c 

c 

c 
c----
c---
c----
c 

c 
c---
c----
c----
c----
c 

c 

END 

SUBPROGRAM "INPUT" 

SUBROUTINE INPUT( JCONNE .IDCOLU,COLUMN.IUNKNO, IER) 

IMPLICIT REAL•B(A-H,O-Z) 
CHARACTER•! CARD(BO), WDRD(6), TIT(3), STR(3), SOI(3), PR0(3) 
CHARACTER•! INTE(3), NDDCDD(6), PRELOA(G), PREOIS(G), ELECDN(G) 

DIMENSION VAR(5), ICONNE(250,4), IDCDLU(420) 
DIMENSION CDLUMN(420). X(250), Y(250), AALPHA(4). ABETA(4) 

COMMON /CD/ X, V 
COMMON /PRDP/ESTR,PSTR, WSTR, EKN, EKS, ESOL, PSDL, WSOL 
COMMON /NNN/ NNSTR2,NNINT2,NNSDL2,NESTR,NEJDN,NEINT, NESOL 
COMMON /10/IRE ,IWR 
COMMON /ALPH/ AALPHA, ABElA 

DATA TIT /IHT, IHI, IHT /, STR/IHS, IHT, IHR/, SOI/IHS, IHD, 1Hl/ 
DATA PRO/IHP, IHR, IHD/, INTE/IHI, IHN, tHT/ 
DATA NDDCDD/tHN, tHO, IHD, tHC, UID, tHO/ 
OAT A PRED I S/tHP, tHR, tHE, tHO, tHI , tHS/ 
DATA PRELOA/tHP,tHR,tHE,tHL,tHD,tHA/ 
DATA ELECDN/ tHE, tHL, tHE, tHC.tHD, IHN/ 

INITIALIZATION OF GAUSS INTEGRATING POINTS Gl AND WEIGHTS DME 

AALPHA( t) • 577350269t89626 
AALPHA( 2) • + 577350269t89626 
A ALPHA( 3) = + 577350269t89626 
AALPHA(4) = - 571350269t89626 

ABElA( t) 
ABETA(2) 
ABETA(3) 
ABETA(4) 

IUNKND = 0 
NETO = 0 

STRUCTURE 
INTERFACE 
SOIL 

- 577350269189626 
- 577350269t89626 

• + 577350269t89626 
+ 577350269189626 

!CHECK • -t 
!CHECK = 0 
!CHECK • t 

!CHECK = -t 

10 IDENTIFIER 
NW NUMBER Of WORDS, 3 CHARACTERS PER WORD 
NV NUMBER OF VARIABLES 
SET WORDS FOR TITLE CARD 

ID=t 
NW = 1 
NV = t 

t7 DD10J=t,3 
WDRO(J) = TIT(J) 

tO CONTINUE 
c 
c---- READ TITLE CARD 
c 

REAO f IRF 4 l (CARO(K) K= 1 80} 

c 

c 

CALL CONV1( lEA ,NW,NV ,CARO,WORD, VAA,IO) 
IF ( IER EQ 0) GO TO 20 

WRITE (JWR, 9) 
GO ro toooo 

20 WRITE (JWR, 93) 
JJ = VAR( 1) 

c 
c----
c 

30 
c 
c----
c 

5000 

tOO 

110 

c 
200 

210 

c 
300 

310 

c 
400 

410 
c 
c----
c 

c 

c 

READ INPUT CARDS OF TITLE 

DD30J•t,JJ 
READ (IRE,4) (CARD(K). K=I,BO) 
WRITE (JWR,96) (CARD(K), K•t,80) 
CONTINUE 

SET WORDS FOR PROPERTY CARDS 

ID = t 
NW "' 2 

IF (JCHECK) tOO, 200, 300 
DO 110 l.l • t, 3 

WDRD(J) = STR(J) 
CONTINUE 
NV = ~ 
GO TO 400 

DO 2t0 J = t, 3 
WORD(J) • INTE(J) 

CONTINUE 
NV • 2 
GO TO 400 

DO 310 J • t, 3 
WDRD(J) = SDI(J) 

CONTINUE 
NV • 3 

00 4t0 J • t, 3 
WORD(J+3) = PRD(J) 

CONTINUE 

READ PROPERTY CARD 

READ (JRE,4) (CARD(IC), K• t,BO) 
NW • 2 

CALL CDNVI(IER,NW,NV,CARD,WDRD, VAR,ID) 
IF (JER EQ 0) GO TO 415 

WRITE (JWR, 99) 
GO TO 10000 

415 IF (JCHECK) 420, 430, 440 
420 ESTR • VAR( 1) 

PSTR = VAR(2) 
WSTR • VAR(3) 

WRITE (IWR,903) ESTR, PSTR, WSTR 
GO TO 450 

c 
430 EKN = VAR( 1) 

EKS • VAR(2) 
WRITE (JWR,906) EKN, EKS 

GO TO 450 
c 

440 ESDL = VAR( 1) 
PSOL • VAR( 2) 

1-' 
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WSOL = VAR(J) 
WRITE (IWR,909) ESOL, PSOl. WSOl 

c 
C---- SET WORDS FOR COORDINATE CARDS 
c 

450 DO 460 J = 1, 6 
WORO(Jl • NOOCOO(Jl 

460 CONTINUE 
c 
C---- READ COORDINATE CARD 
c 

c 

c 

READ (IRE,4l (CARO(Kl. K• 1,801 
NV "' 1 

CAll CONV 1 ( IER ,NW,NV, CARD, WORD, VAR, 10) 
IF (JER EO Ol GO T!l 480 

470 WRITE (IWR, 9131 
GO TO 10000 

480 NN = VAR( t) 
IF (ICHECKl 490, 500, 510 

c 
c---- lOADS ARE ASSUMED TO BE 0 AT THE BEGINNING 

IOCOLU = 0 LOADS ARE PRESCRIBED c---
c---- IDCOLU = 1 DISPLACEMENTS ARE PRESCRIBED 
c 

c 

c 

c 

c 

c 

490 NNSTR2 = 2 • NN 
IUNKNO = IUNKNO + NNSTR2 

WRITE (IWR,916l NN 
ll = 1 
GO TO 520 

500 NNINT2 = 2 • NN 
IUNKNO = IUNKNO + NNINT2 

WRITE (IWR,919) NN 
ll = IUNKNO - NNINT2 + 1 
GO TO 520 

510 NNSOL2 = 2 • NN 
IUNKNO = IUNKNO .._ NNSOL2 

WRITE (IWR,923l NN 
Ll = IUNKND - NNSOL2 + 1 

520 DO 525 U "' ll, IUNKNO 
IOCOLU( J l • 0 
COLUMN(Jl • 0 

525 CONTINUE 

WRITE (l\oJR,926) 
10 = 2 
NV = 3 

c---- READ INPUT CARDS OF COORDINATE 

530 

DO 530 U = t,NN 
READ (IRE,4l (CARD(Kl,K=I,80l 
CALL CONV1( IER ,NW ,NV ,CARD, WORD, VAR, IO) 
IF (IER NE Ol GO TO 470 

KK • VAR( 0 
X(KKl = VAR(2l 
V(KKl = VAR(3l 

WRITE (JWR,929l KK, X(KKl, V(KKl 
CONTINUE 

~FT WOROS fOR COf.JNFrTTVTTY CARne; 

c 
DO 540 J :: t, 6 

WORO(Jl • ELECON(Jl 
540 CONTINUE 

c 
C---- READ CONNECTIVITY CARD 
c 

c 

READ (IRE,4l (CARD(Kl. K= 1,801 
10 =I 
NW "' 2 
NV = I 

IF (ICHECK NE - 0 GO TO 542 
NV "' 2 

542 CALL CONVt(JER,NW,NV,CARO,WORD,VAR,IDl 
IF (IER EO Ol GO TO 545 

550 WRITE ( IWR, 933) 
GO TO 10000 

c---- READ INPUT CARDS OF CONNECTIVITY 
c 

c 

c 

c 

c 

c 
c 

c 

c 

c 

c 

c 

545 If (I CHECK) 560, 580, 600 

560 KK = VAR( 1) 
NESTR = KK 
NEJON = VAR( 2l 

562 

570 

575 
565 

580 

582 

NETO = NETO .._ NESTA + NEUON 
WRITE (IWR,93Gl KK, NEJON 

NN "' KK + NEJON 
10 • 3 
NV • 5 

DO 565 J = I , NN 
READ (IRE,4) (CARO(Kl,K=1,80l 
CALL CONV I( I ER, NW ,NV, CARD, WORD, VAR, 10 l 
IF (IER NE Ol GO TO 550 

M = VAR( 1) 

DO 570 K = I, 4 
ICONNE(M,Kl = VAR(K+1) 

CONTINUE 
IF (I CHECK EO 1) GO TO 575 

IF (J LE KKl GO TO 575 

WRITE (IWR,937l M, (ICONNE(M,Kl, K=l ,4) 
GO TO 565 

WRITE (IWR,938l M, (ICONNE(M,Kl, K=1,4l 
CONTINUE 

GO TO 620 

NM = VAR( 1) 
NEINT = NM 
NETO = NETO + NE INT 

WRITE (IWR,939l NM 
10 = 4 
NV = 3 

00 585 U = 1 , NM 
READ (IRE,4l (CARD(Kl,K=I,80) 
CALL CONV I (IER ,NW, NV ,CARD, WORD, VAR, 10 l 
IF (IER NE Ol GO TO 550 

M VAR( tl 

I-' 
.c:::-
1-' 



c 

c 

c 

c 

590 

585 

00590K•I,2 
ICONNE(M,K) • VAR(K+I) 

CONTINUE 

WRITE (IWR,941l M, (ICONNE(M,K). K•l,2) 
CONTINUE 

GO TO 620 

600 NN = VAR( I) 
NESOL • NN 
NETO = NETO + NESOL 

WRITE ( IWR,943) NN 
10 =3 
GO TO 562 

C---- SET WORDS FOR PRESCRIBED DISPLACEMENTS 
c 

620 00 640 tJ = 1. 6 
WORD(~) = PRECIS(~) 

640 CONTINUE 
c 
C---- READ PRESCRIBED DISPLACEMENT CARD 
c 

c 

c 

c 

c 

c 

READ (IRE,4) (CARD(K), K= 1,80) 
10 = I 
NW • 2 
NV • I 

CALL CONVI (IER,NW,NV ,CARD ,WORD, VAR,ID) 
IF ( IER EO 0) GO TO 645 

650 WRITE (IWR,946) 
GD TO 10000 

645 ~~ = VAR( I) 
IF (!CHECK) 655, 658, 660 

655 WRITE ( IWR, 949) ~~ 
GO TO 670 

658 WRITE (IWR,951l ~~ 
GO TO 670 

660 WRITE (IWR,953) ~~ 
670 IF ~~~ EO O) GO TO 800 

10 = 2 

c---- READ INPUT CARDS OF PRESCRIBED DISPLACEMENTS 
c 

c 

710 
c 

c 

c 
720 

00700K=1,J..J 
READ (IRE,4) (CARD(LI), .J=I, 80) 
CALL CONV2 (I ER, CARD, WORD, VAR, I 0) 
IF ( IER NE O) GO TO 650 

KK = VAR( 1) 
IP • I 
MM=2•KK-t 

IF (WDRO(IP) EO ' ') GO TO 740 

IF (WORO(IP) NE 'X') GO TO 720 

IDCOLU(MM) • I 
CDLUMN(MM) = VAR(IP+ I) 
GO TO 730 

IOCOLU(MM+I) = I 
COLUMNfMM+1) = VAR(IP-+-1) 

c 

c 

c 

c 

730 

740 

760 
700 

IP = JP + 1 
GO TO 710 

IF (IP EO 3) GO TO 760 

WRITE (IWR,956) KK, WORD( 1). VAR(2) 
GO TO 700 

WRITE (IWR,959) KK, WORO(Il, VAR(2), WOR0(2), VAR(3) 
CONTINUE 

c---- SET WORD FOR PRESCRIBED NON-ZERO LOADS 
c 

c 
c 

800 

840 

00840J=-1,6 
WORO(.J) = PRELOA(.J) 

CONTINUE 

c---- READ PRESCRIBED LOAD CARDS 
c 

c 

c 

c 

c 

c 

c 

READ (IRE,4) (CARD(K), K• 1,80) 
10 • I 
NW = 2 
NV • I 

CALL CONVI(IER,NW,NV,CARD,WORD, VAR,ID) 
IF (IER • EO 0) GO TO 845 

855 liiRITE (IWR,963) 
GO TO 10000 

845 ~~ = VAR( I) 
IF (!CHECK) 860, 865, 870 

860 WRITE (IWR,966l .J.J 
GO TO 880 

865 WRITE (IWR,968) .J.J 
GO TO 880 

870 WRITE (IWR,969) .J.J 
880 IF ~~~ EO 0) GO TO 1200 

ID • 2 

c---- READ INPUT CARDS OF PRESCRIBED LOADS 

DO 900 K = I, ~.J 
c 

c 

c 

c 

c 

c 

c 

910 

920 
930 

940 

READ (IRE,4) (CARD(.J), .J=I, BD) 
CALL CONV2(1ER,CARD,WDRD,VAR,IO) 
IF (IER NE. 0) GO TO 855 

KK = VAR( I) 
IP • I 
MM=2•KK-1 

IF (WORO(IP) EQ ' ') GO TD 940 

IF (WORD(IP) NE 'X') GO TO 920 

COLUMN(MM) • VAR(IP+t) 
GO TO 930 

COLUMN(MM+ I) • VAR(IP+ I) 
IP = IP + I 
GO TO 910 

IF (!CHECK) 925, 1200, 935 

.__. 
~ 
IV 



925 IF ( lP EO 3) GO TO 960 
c 

WRITE (lWR,973) KK, WOR0(1). VAR(2) 
GO TO 900 

c 
960 WRITE (IWR,976) KK, WORD(1), VAR(2). WOR0(2), VAR(3) 

GO TO 900 
c 

935 IF ( IP EO 3) GO TO 965 
c 

WRITE (IWR,979) KK, WORO(t), VAR(2) 
GO TO 900 

c 
965 WRITE (lWR,983) KK, WOR0(1), VAR(2), WOR0(2), VAR(3) 
900 CONTINUE 

c 
1200 IF (!CHECK) 1300, 1400, 10000 

c 
1300 !CHECK = 0 

GO TO 5000 
c 

1400 ICHECK = 1 
GO TO 5000 

c 

c 

c 

c 

c 

c 

c 

c 

c 

4 FORMAT(80A1) 

9 FORMAT(/II.26X, •u•••• TITLE CARDS ARE lOST OR WRONG 

93 FORMAT(///// ,26X, 'PROBLEM lDENT!FlCAT!ON ', 
& I .26X, • ----------------------- • ,/) 

96 FORMAT ( 36X, BOA 1 ) 

99 FORMAT (I I, 26X, '• •• • • • PROPERTY CARDS ARE lOST OR WRONG 
& I, 26X, • OR 

......... ) 

& I ,26X, '•••• NUMBER OF TITlE CARDS IS INCONSISTENT •••••• 
& I. 26X.. DR • 
& I, 26X, 1 •NUMBER OF STRUCTURE lOAD CARDS IS INCONSI STENT•' , 
& I, 26X,' OR 
& I, 26X, '•••• NUMBER OF INTERFACE CONNECTIVITY •••••', 
& /,26x,••••+• CARDS IS INCONSISTENT +•••••) 

903 FORMAT(/// ,26X, 'STRUCTURE INPUT 
& I ,26X,. ---------------
& // ,36X, 'ELASTIC MODULUS 
& /,36X,'PO!SSON RATIO 

I ,E1 t 4,. 
= ', E t t 4, 

& /,36X,'UN!T SELFWEIGHT = ', E It 4,' 

906 FORMAT(///,26X,'!NTERFACE INPUT·', 
& /,26X, '----------------•, 
& //, 36X, 'UNIT NORMAL ST lFFNESS 
& / ,36X, 'UNIT TANGENTIAL STIFFNESS 

909 FORMAT(/// ,26X, 'SOIL INPUT 
& I. 26X •• ----------
& //, 36X, 'ELASTIC MODULUS = E 11 4,' 
& /,36X,'PO!SSDN RATIO = E t t 4, 
& /, 36X, 'UNIT SElF WEIGHT = E t 1 4,' 

KSI', 

KCI') 

',E 11 4,' KPI', 
',Et t 4,' KPI') 

KSI', 

KC!') 

913 FORMAT(//, 26X, '• .. *** COORDINATE CARDS ARE lOST OR WRONG • • • + "'*' ) 

916 FORMAT(I/,36X, 1 NUMBER OF NODES IN STRUCTURE= ',13) 

919 FORMAT(//,36X,'NUMBER OF NODES IN INTERFACE= ',13) 

923 FORMAT(// 3f1X, 'NUMAFR Of NOOE"S TN '1011 "' . ,,, 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

926 FORMAT(/, 36X, 'NODE', 10X, 'X COORDINATE' , tOX, 'V COORDINATE •) 

929 FORMAT(36X,l3,11X,Ett 4,11X,Et1 4) 

933 FORMAT(//,26X, •••••• CONNECTIVITY CARDS ARE LOST OR WRONG ••••••, 
& /,26X,' OR ', 
& /,26X,'•• NUMBER OF COORDINATE CARDS IS INCONSISTENT •••) 

936 FORMAT(//, 36X, 'NUMBER Of ElEMENTS IN STRUCTURE = ' , 13, 
& /,36X,'NUMBER Of JOINT ELEMENTS • ',13, 
& //,36X,'ELEMENT N0',4X,'NODE t',6X,'NODE 2',6X,'NODE 3' 
& 6X, 'NODE 4' ) 

937 fORMAT(39X,l3,4(9X,I3),' JOINT ELEMENT') 

938 FORMAT(39X,l3,4(9X,I3)) 

939 FORMAT(//, 36X, 'NUMBER OF ELEMENTS IN INTERFACE = ', 13, 
& //,36X,'ElEMENT N0',4X,'NODE t',6X,'NODE 2') 

941 FORMAT(39X.I3,2(9X,I3)) 

943 FORMAT(//.JGX,'NUMBER OF ELEMENTS IN SOIL = ',13, 
& //,36X,'ELEMENT N0',4X,'NODE t',(_;.X,'NODE 2',6X,'NODE 3', 
& 6X, 'NODE 4' ) 

946 FORMAT (I I. 26X' I ...... 0 I $PlACEMENT CARDS ARE lOST OR WRONG ...... , • 
& I, 26X,' OR ', 
& /,26X,'* NUMBER OF CONNECTIVITY CARDS IS INCONSISTENT • 1 ) 

949 FORMAT(// ,36X, 'NUMBER OF PRESCRIBED DISPlACEMENT', 
& ' IN STRUCTURE • ',13,/) 

951 FORMAT(// ,36X, 'NUMBER OF PRESCRIBED DISPLACEMENT', 
& ' IN INTERFACE = ',13,/) 

953 FORMAT(//, 36X, 'NUMBER OF PRESCRIBED DISPLACEMENT' , 
& ' IN SOIL = ',13,/) 

956 FORMAT(36X,'NODE ',13,BX,A1,' 

959 FORMAT( 36X, 'NODE ', 13 ,8X ,A 1,' 

',Ett 4,8X,'INCH') 

',E11 4,8X,A1,' = ',Ett 4, 
& ' INCH') 

963 FORMAT(// ,26X, ••••• LOAD OR STRESS CARDS ARE lOST OR WRONG 
& I. 26X.. OR •• 
& / ,26X, •• NUMBER OF DISPLACEMENT CARDS IS INCONSISTENT ••) 

966 FORMAT(//, 36X, 'NUMBER OF PRESCRIBED NON-ZERO LOAD IN STRUCTURE', 
& •• ',[3,/) 

968 FORMAT(//,36X,'NUMBER OF PRESCRIBED NON-ZERO LOAD IN INTERFACE', 
& • = ',13,/) 

969 FORMAT(// ,36X, 'NUMBER OF PRESCRIBED NON-ZERO LOAD IN SOIL', 
& • = ',13,/) 

973 FORMAT(36X,'NODE ',13,8X,At,' = ',Ett 4,8X,'K!PS') 

976 FORMAT(36X, 'NODE , ,13,8X,A1. I ., I ,Ell 4,8X,A1,, = • ,Ell 4, 
& KIPS') 

979 fORMAT(36X,'NODE ',13,8X,A1,' =',Ell 4,8X,'KIPS') 

G81 FORMATf36X 'NOOE ',T1.AX At'"' ',F11 4 AX AI • "' I F 11 4 

....... 
tj::o 

w 



& KIPS') 
c 
10000 RETURN 

END 

c 
c 
c 

c 

c 

c 

c 

c 
c 
c 

c 

c 

c 

20 
tO 

c---
c---
c---
c----
c 

c 
c----
c 

20 
c 

c 

c 
30 

& 
c 

60 
c 

c 

c 
too 

SUBPROGRAM "PROD 1" 

SUBROUTINE PROD1(A,B,C.M,IN) 

IMPLICIT REAL•B(A-H,O-Z) 
DIMENSION A(M,M). 801), C(M) 

00 10 I = 1, IN 
C( I) = 0 
00 20 K = 1, IN 

C(l) = C(l) + A (I ,K) ' B(K) 
CONTINUE 

CONTINUE 

RETURN 
END 

SUBPROGRAM "CONV t• 

SUBROUTINE CONV t ( IER, NW, NV, CARD, WORD, VAR, 10) 

IMPLICIT REAL•B(A-H,O-Z) 
CHARACTER•1 CARO(SO). WORO(G) 
DIMENSION VAR(5) 

FOR MAJOR INPUT CARD (START WITH CHARACTER). 10 = 1 
FOR NODE COORDINATE, 10 = 2 
FOR STRUCTURE CONNECTI V 1 TV, 10 = 3 
FOR SOIL CONNECTIVITY, 10 = 4 

J = 1 
IF (IO NE t) GO TO 65 

FIND CHARACTER 

00 100 K = 1, NW 
IF (J GE 77) GO TO 500 

IF ((CARD(J) NE '') AND (CARD(J) NE ','))GO TO 30 

J = ..., + 1 
GO TO 20 

If ((CARD(d) NE WORD(3•K-2)) OR (CARD(J+t) NE 
WORD(3•K-t)) DR (CARO(J+2) NE WORD(3•K))) GO TO 500 

u = u + 3 
If (J GE 80) GO TO 500 

IF ((CARD(J) EQ ' ') OR (CARD(J) EQ ','))GO TO tOO 

J = J + 1 
GO TO 60 

CONTINUE 

c 
c---
c 

65 

70 

FIND VARIABLE 

D02QOK::::1,NV 
VAR(K) = 0 

IF (J GE 80) GO TO 500 

IF ((CARD(J) NE '•) AND (CARD(J) NE ','))GO TO 80 

c 

c 

c 
c 
c 

c 

c 

c 

u = .... + 1 
GO TO 70 

CAll VAlUE(IER,CARD,VAR(K),ID,J) 
IF (VAR(1) LT 0) GO TO 500 

80 

200 CONT I NUE 

GO TO 1000 

500 IER ., 1 
1000 RETURN 

END 

SUBPROGRAM NCONV2" 

SUB ROUT JNE CONV2( IER ,CARD, WORD, VAR, 10) 

IMPLICIT REAL•8(A-H,O-Z) 
CHARACTER•! CAR0(80), WORD(6) 
DIMENSION VAR(5) 

c---- INITIALIZATION 
c 

c 

c 

c 

c 

c 

c 

c 

c 

WORD( 1) = • 
WORD(2) = ' 
VAR(1) = 0 
VAR(2) = 0 
VAR(3) = 0 

J = ' 
IC = t 

10 IF (J GE 80) GO TO 500 

IF ( (CARO(J) NE ' ') AND (CARD(J) NE ',')) GO TO tOO 

u = J + 1 
GO TO 10 

toO CAll VALUE(IER,CARD,VAR(IC),ID,J) 
IF ((IER NE 0) DR (VAR( t) LT 1 }) GO TO 500 

20 IF ((J GE 80) .AND (IC NE t)) GO TO 900 

IF ( (J GE 80) ANO (IC EQ t)) GO TO 500 

IF ( (CARD(J) .NE •) AND. (CARD(J) .NE ','))GO TO 200 

u = u + 1 
GO TO 20 

200 IF ( (CARD(J) NE 'X •) 

WORO(IC) = CARD( J) 
JC = JC + 1 

AND (CARD(J) NE 'Y')) GO TO 500 

I-' 
~ 
~ 



c 
"' = "' + t GO TO tO 

900 If (WORD(t) EQ WORD(2)) GO TO 500 
WORD(3) = ' 
GO TO 1000 

500 lEA = I 
tOOO RETURN 

c 
c 
c 

c 

c 

c 
c---
c---
c----
c 

END 

SUBPROGRAM "VALUE • 

SUBROUTINE VALUE (lEA, CARD, VAL. 10, Ll) 

IMPLICIT REAL•8(A-H,D-Z) 
CHARACTER•! CAR0(80) 
DIMENSION !DIGIT( 16) 

NO NUMBER DF DIGIT 
IP LOCATION OF 
INITIALIZATION 

SIGN = 1 0 
NO = I 
IP = 0 
VAL • 0 

IF ((CARD(LI) NE •-•) AND (CARD(LI) NE '+')I GO TO 10 
c 

IF (CARD( <.II EQ '+') GO TO 15 
c 

IF (IO NE 2) GO TO 500 
c 

SIGN • -t 
16 .J = "' + t 

IF (LI GT 80) GO TO 500 
IF (CARD(LII EQ ' ') GO TO 15 

10 KK • L1 
c 

DO 1000 K "' KK. 80 
IF (CARD(KI EQ. '0' I GO TO 20 

c 
IF (CARD(KI EQ 'I' I GO TO 30 

c 
IF (CARD(KI EQ '2') GO TO 40 

c 
IF (CARD(KI EQ '3') GO TO 50 

c 
IF (CARD(KI EQ '4' I GO TO 60 

c 
IF (CARD(KI EQ '5'1 GO TO 70 

c 
IF (CARD(KI EQ '6' I GO TO Bo 

c 
IF (CARD(KI EQ '7') GO TO 90 

c 
IF (CARD(KI EQ '8' I GO TO tOO 

c 
IF (CARD(KI EQ '9' I GO TO Ito 

c 
IF (CARD(KI EQ ' ')GO TO 120 

c 
IF ((CARD(KI NE 'I AND (CARD(K) NE •,')) GO TO 500 

\J = K + 1 
GO TO 125 

c 
20 IDIGIT(ND) • 0 

GO TO 115 
c 

30 IDIGIT(ND) • I 
GO TO 115 

c 
40 IDIGIT(ND) • 2 

GO TO 115 
c 

50 IDIGIT(NO) • 3 
GO TO 115 

c 
60 IOIGIT(ND) • 4 

GO TO 115 
c 

70 IDIGIT(NO) • 5 
GO TO 115 

c 
80 IDIGIT(ND) = 6 

GO TO 115 
c 

90 IDIGIT(ND) • 7 
GO TO 115 

c 
100 IDIGIT(ND) = 8 

GO TO 115 
c 

ItO IDIGIT(ND) • 9 
115 ND=ND+1 

GO TO 1000 
c 

120 IP = NO 
tODD CONTINUE 

c 
125 If ( IP NE a) GO TO 130 

c 
IP = NO 

c 
130 NII=ND-1 

c 
DD200K•t,NII 

200 
VAL • VAL + SIGN • IDIGIT(K) • to 

CONTINUE 
c 

GO TO 2000 
c 

500 lEA = 
2000 RETURN 

END 
c- ----------------------------
c 
C SUBPROGRAM •PROD'' 
c 
c--- --------------------------
c 

c 

c 

SUBROUTINE PROD( A ,B,C,M,L,N) 

IMPLICIT REAL•B(A-H,D-Z) 
DIMENSION A(M,L), B(L,N). C(II,N) 

DO 10 I = I, II 
DD2DLI•t.N 

C(i,LII = 0 

•• (IP-K- I) 

..... 
~ 
01 



0030K=t,l 
C(l.~) • C(l.~) + A(I,K) • B(K,~) 

30 CONTINUE 
20 CONTINUE 
10 CONTINUE 

RETURN 
END 

$ENTRY 
TITLE 4 

THIS PROBLEM IS TO TEST A U-FRAME STRUCTURE BY THE FINITE ElEMENT METHOD 
ALONE IT INCLUDES 204 NODES AND 185 ELEMENTS THE RESULTS ARE COMPARED 
WITH THOSE OBTAINED FROM THE COUPLING OF BOUNDARY AND FINITE ELEMENT 
METHODS 

STR PROP 3000 25 0 00008681 
NODE COOR 90 

1 0 576 
2 o. 540 

3 0 504 
4 0 468 

5 0 432 
6 144 576 

7 144, 540 
8 144 504 

9 144 468. 
10 144 432 

11 264 576 
12 264. 540 

13 264 504 
14 264 468 

15 264 432 
16 360 576 

11 360, 540 
18 360 504 

468 
432 

19 360 
20 360 

21 
432 

432 
1272 

432 
+ 432 ••• 

1392 
22 

23 
24 

25 
26 

27 
28 

29 
30 
31 

32 
33 
34 

35 
36 

37 
38 

39 
40 
41 

42 
43 
44 

45 
46 

47 
48 

49 
50 

432 840 
432 768 

+1128 
984 

432 
432 

432 
432 

432 

696 
576 

432 •• 
456 

456 
456 

462 
468 

468 
480 
480 

540 
504 
468 

432 
1392 

1272 
1128 

984 
840 

768 
696 

480 576 
480 528 

504 480 
516, 450 

480 1392 
480,. 1272 

480 1128 
492 ••• 984 

504 840 
504 768 

624 

51 
52 
53 

528 
528 
528 

696 
648 

54 
55 
56 
57 

58 
59 

60 
61 

528 
576 
600 
504 

504 

552 
504 

468 
1392 

1272 
504 

522 984 
I t28 

540 840 
62 

63 
540 768 

564 696 
64 
65 

66 
67 

600 552 
648 
684 

504 
486 

552 
68 

69 
552. 1344 

10 
71 

72 

528 1320 
528 1272 

528 1128 
552 984 

73 576 840 
74 600 768 

75 600 696, 
76 672 816 
77 672 

78 636 
79 672 

768 
696 
696 

648 80 672 
81 672 600 

672 
720 

82 
83 

84 
85 
86 

720 672 
720 600 
720 528 

768 792 
768 696 

552 

600 

1392 

ELE 
I I 

87 
88 
89 

90 
768 

768 
600 

504 
CONNE 65 16 

2 2 
3 3 
4 4 
5 6 

7 
8 

6 
1 

8 

2 7 6 
3 8 
4 9 

5 10 
7 

8 
9 

12 
13 

14 

8 
9 

10 15 

It 
12 

13 
14 9 

It 12 11 
12 13 18 

13 14 t9 

16 
11 

18 

9 
tO 

11 
12 14 15 20 19 

13 
14 

15 
16 
11 

16 11 29 
17 18 30 

28 
29 

30 
31 

18 19 31 
19 20 32 

2 I 22 34 33 
18 

19 
20 

22 23 35 34 

21 
22 

23 24 36 
24 25 
26 38 

27 39 
27 28 40 

28 29 41 
25 :;?q 30 

35 
36 

41 

744 

I-' 
If:>. 
0"1 



26 30 31 43 42 
27 31 32 44 43 

28 33 34 46 45 
29 34 35 47 46 
30 35 36 48 47 
31 36 37 49 48 

32 37 38 50 49 
33 38 39 51 50 
34 39 40 52 51 

35 40 41 53 52 
36 41 42 54 53 
37 42 43 55 54 
38 43 44 56 55 
39 45 46 58 57 

40 46 47 59 58 
41 47 48 60 59 
42 48 49 61 60 
43 49 50 62 

44 50 51 63 62 
45 54 55 65 64 

46 55 56 66 65 
47 57 69 68 67 

48 57 58 70 69 
49 58 59 71 70 

50 59 60 72 71 
51 60 61 73 72 
52 61 62 74 73 

53 62 63 75 74 
54 64 65 86 82 
55 65 66 90 96 
56 73 74 77 76 

57 74 75 78 17 
58 76 17 83 87 

59 77 78 79 83 
60 79 80 84 83 
61 83 84 88 87 

62 80 81 85 84 
63 84 85 89 88 

64 81 82 86 85 
65 85 86 90 89 
66 92 91 70 71 
67 93 92 71 72 
68 94 93 72 73 
69 95 94 73 16 
70 96 95 76 81 
71 97 96 81 88 
72 98 97 88 89 
73 99 98 89 90 
74 100 99 90 66 
75 101 100 66 56 
76 102 101 56 44 
17 103 102 44 32 
78 104 103 32 20 
79 105 104 20 15 
80 106 105 15 10 
81 107 106 10 5 

PRE DIS 5 
I X 0 

2 X 0 
3 X 0 
4 X 0 
5 X 0 
PRE LOAD 11 
y -1 810 

6 y -3 318 
11Y-2714 

61 

16 - 2 11 I 
22 X + 0 0975 

23 X 0.7492 
24 X 1 498 
25 X 1.592 
26 X 1.310 
27 X 2053 

28 X 1 422 Y -0.905 
INT PROP 3000 5 56 
NODE COOR 11 

91 528 1272 

94 

92 528 1128 
93 552 984 

840 576 
95 

96 
672 .816 

768 792 
97 768 696 

98 
99 

768 600 
768 504 

100 684 486 
101 600 
102 516 

468. 
450. 

103 432 
104 360. 
105 264 

432 
432. 

106 144 
107 0 

ELEM CONN 

432. 
432 

432 
16 

82 91 82 

84 
83 92 

93 
85 

86 
87 

88 87 

94 

93 
94 

85 
95 
96 

98 

96 
97 

89 98 89 
90 88 100 

81 100 
82 101 
93 102 
84 103 
85 104 
96 105 
97 106 

PRES DISP 1 
107 X O. 

101 
102 

103 
104 

105 
106 

PRES LOAD 0 

107 

SOl PROP 15 35 0.00007407 
NODE COORDINATES 87 

108 0 360 
109 0 264 

110 0 144 
111 0 0 

112 144 
113 144 
114 144 
115 

116 

360 
264 

144. 
144. 0 

264 360 
117 

118 
264 

264 
264 

144 
t19 264 0 
120 360 360 

264 121 360 
122 

123 360 
360 144. 

0 
124 432 360 

...... 
~ 
-....] 



Ul1 1440 264 
125 432 264 

126 432 144 
192 1440 144 

127 432 0 
193 1440 0 

128 516 360 
194 1680 1272 

195 1680 1128 
129 516 264 196 1680 984 

130 516 144 197 1680 792 
131 516 0 198 1680 696 

132 600 360 199 1680 600 
133 600 264 200 1680 504 
134 600 144 201 1680 408 

135 600 0 202 1680 264 
136 672 1272 203 1680 144 

137 672 1128 204 1680 0 
138 672 984 

139 684 360 
ELEMENT CONNECTIVITY 88 

140 684 264 
98 107 108 112 106 

141 684 144 
99 108 109 113 112 

142 684 0 
100 109 110 114 113 

143 768 1272 
101 110 111 115 114 

144 768 1128 
102 106 112 116 105 

145 768 984 
103 112 113 117 116 

146 768 408 
104 113 114 118 117 

147 768 264 
105 114 115 119 ItS 

148 768 144 
106 105 116 120 104 

149 768 0 
107 116 117 121 120 

150 864 1272 
108 117 118 122 121 

151 864 1128 
109 118 119 123 122 

152 864 984 
110 104 120 124 103 

153 864 792 
Ill 120 121 125 124 

154 864 696 
112 121 122 126 125 

155 864 600 
113 122 123 127 126 

156 864 504 
114 103 124 128 102 

157 864 408 
115 124 125 129 128 

158 864 264 
116 125 126 130, 129 

159 864 144 
117 126 127 131 130 

160 864 0 
118 102 128 132 101 

161 1008 1272 
119 128 129 133 132 

162 1008 tt28 
120 129 130 134 133 

163 1008 984 
121 130 131 136 134 

164 1008 792 
122 91 92 137 136 

165 1008 696 
123 92 93 138 137 

166 1008 600 
124 93 94 95 138 

167 1008 504 
126 101 132 139 100 

168 1008 408 
126 132 133 140 139 

169 1008 264 
127 133 134 141 140 

170 1008 144 
128 134 135 142 141 

171 1008 0 

129 136 137 144 143 

172 1200 1272 
130 137 138 145 144 

173 1200 1128 

131 138 95 96 145 

174 1200 984 
132 100 139 146 99 

175 1200 792 

133 139 140 147 146 

176 1200 696 
134 140 141 148 147 

177 1200 600 

135 141 142 149 148 

178 1200 504 

136 143 144 151 150 

179 1200 408 

137 144 145 152 151 

180 1200 264 

138 145 96 153 152 

181 1200 144 

139 96 97 154 153 

182 1200 0 

140 97 98 155 154 

183 1440 1272 

141 98 99 156 155 

184 1440 1128 

142 99 146 157 156 

185 1440 984 

143 146 147 158 157 

186 1440 792 

144 147 148 159 158 

187 1440 696 
145 148 149 160 159 

188 1440 600 

146 150 151 162 161 

189 1440 504 
147 151 152 163 162 
148 152 153 164 163 

190 1440 408 

....... 
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149 153 154 165 164 
150 154 155 166 165 150 v -0 9 
151 155 156 167 166 161 v -4 2 
152 156 157 168 167 172 v -1 2 
153 157 158 169 168 $18SVS 
154 158 159 170 169 II 
155 159 160 171 170 

156 161 162 173 172 
157 162 163 174 173 
158 163 164 175 174 
159 164 165 176 175 
160 165 166 177 176 
161 166 167 178 177 
162 167 168 179 178 
163 168 169 180 179 
164 169 170 181 180 
165 170 171 182 181 

166 172 173 184 183 
167 173 174 185 184 
168 174 175 186 185 
169 175 176 187 186 
170 176 177 188 187 
171 177 178 189 188 
172 178 179 190 189 
173 179 180 191 190 
174 180 181 192 191 
175 181 182 193 192 

176 183 184 195 194 
177 184 185 196 195 
178 185 186 197 196 
179 186 187 198 197 
180 187 188 199 198 
181 188 189 200 199 
182 189 190 201 200 
183 190 191 202 201 
184 191 192 203 202 
185 192 193 204 203 
PRESCRIBED DISPLACEMENT 27 
108 X 0 

109 X 0 
110 X o. 

111 X 0 v 0 
115 v 0 

119 v 0 
123 v 0 
127 v 0 

131 v 0 
135 v 0 

142 v 0 
149 v 0 

160 v 0 
171 v 0 
182 v 0 
193 v 0 
194 X 0 
195 X 0 
196 X 0 
197 X 0 
198 X 0 
199 X 0 
200 X 0 
201 X 0 
202 X 0 
203 X 0 
204 X 0 y 0 
PRES I OAO 1 

1-' 
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FINITE ELEMENT METHOD 

APPLIED TO 

SOIL-STRUCTURE INTERACTION PROBLEMS 

PROBLEM IDENTIFICATION 

THIS PROBLEM IS TO TEST THE INTERFACE BY THE FINITE ELEMENT METHOD 
ALONE THE NORMAl AND TANGENTIAL STRESSES ARE PRINTED FOR EACH ITERATION 

STRUCTURE INPUT 

ELASTIC MODULUS 
POISSON RA TID 
UNIT SELFWEIGHT 

0 30000 04 KSI 
0 25000 00 
0 86810-04 KCI 

NUMBER OF NODES IN STRUCTURE "' 8 

NODE X COORDINATE 
I 0 00000 00 
2 0 00000 00 
3 0 50000 02 
4 0 50000 02 
5 0 50000 02 
6 0 10000 03 

0 10000 03 
0 10000 03 

NUMBER OF ELEMENTS IN STRUCTURE 
NUMBER OF JOINT ELEMENTS 

ELEMENT NO NODE t NODE 2 
I I 2 
2 3 4 
3 4 5 
4 10 9 
5 II 10 
6 12 II 
7 13 12 

Y COORDINATE 
0 10000 03 
0 50000 02 
0 15000 03 
0 10000 03 
0 50000 02 
0 15000 03 
0 10000 03 
0 50000 02 

NODE 3 
5 
7 
8 
6 
7 
8 
5 

NUMBER OF PRESCRIBED DISPLACEMENT IN STRUCTURE 

NODE 
NODE 

X = 0 00000 00 
X "' 0 00000 00 

INCH 
INCH 

NODE 4 
4 
6 
7 
7 JOINT ELEMENT 
8 JOINT ELEMENT 
5 JOINT ELEMENT 
2 JOINT ELEMENT 

NUMBER OF PRESCRIBED NON-ZERO lOAD IN STRUCTURE 

NODE X = -0 15000 02 KIPS 

INTERFACE INPUT· 

SOIL INPUT 

UNIT NORMAL STIFFNESS 
UNIT TANGENTIAL STIFFNESS 

0 30000 04 KP I 
0 15000 02 KPI 

NUMBER OF NODES IN INTERFACE "' 5 

NODE 
9 

10 
II 
12 
13 

X COORDINATE 
0 IOOOD 03 
0 10000 03 
0 10000 03 
0 50000 02 
0 OOOOD 00 

NUMBER OF ELEMENTS IN INTERFACE 

ELEMENT NO NODE 1 NODE 2 
8 9 10 
9 10 II 

10 II 12 
II 12 13 

Y COORDINATE 
0 15000 03 
0 10000 03 
0 5000D 02 
0 50000 02 
0 50000 02 

NUMBER OF PRESCRIBED DISPLACEMENT IN INTERFACE 

NODE 13 X = 0 00000 00 INCH 

NUMBER OF PRESCRIBED NON-ZERO LOAD IN INTERFACE = 0 

ELASTIC MODULUS 
POISSON RATIO 
UNIT SELFWEIGHT 

0 15000 02 KSI 
0 35000 00 
0 74070-04 KCI 

NUMBER OF NODES IN SOl L 

NODE 
14 
15 
16 
17 
18 
19 

X COORDINATE 
0 OOOOD 00 
0 50000 02 
0 10000 03 
0 1500D 03 
0 15000 03 
0 15000 03 

II 

Y COORDINATE 
0 OOOOD 00 
0 OOOOD 00 
0 00000 00 
0 1500D 03 
0 10000 03 
0 5000D 02 

I-' 
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20 0 15000 03 0 00000 00 
21 0 20000 OJ 0 15000 03 

22 o :wooo oa 0 10000 03 
23 0 20000 03 0 50000 02 
24 0 20000 03 0 00000 00 

NUMBER OF ElEMENTS IN SOIL = 8 

ELEMENT NO NODE 1 NODE 2 NODE 3 NODE 4 

12 13 14 15 12 
13 12 15 16 11 
14 9 10 18 17 
15 10 11 19 18 
16 11 16 20 19 
17 17 18 22 21 
18 18 19 23 22 
19 19 20 24 23 

NUMBER OF PRESCRIBED DISPLACEMENT IN SOIL = 8 

NODE 14 X = 0 00000 00 v = 0 00000 00 INCH 

NODE 15 v = 0 00000 00 INCH 
NODE 16 v = 0 00000 00 INCH 
NODE 20 v = 0 00000 00 INCH 
NODE 21 X = 0 00000 00 INCH 
NODE 22 X = 0 00000 00 INCH 

NODE 23 X = 0 00000 00 INCH 

NODE 24 X = 0 00000 00 v = 0 00000 00 INCH 

NUMBER OF PRESCRIBED NON-ZERO LOAD IN SOIL = 3 

NODE 9 v = -0 10000 01 KIPS 
NODE 17 v = -o soooo ot KIPS 
NODE 21 v = -0 50000 01 KIPS 

ITERATION "' 0 

ELEMENT "' 4 SIGMA "' 0 016047320 TAU "' 0 056051976 

ELEMENT "' 5 SIGMA= -0 117704953 TAU "' 0 017042793 

ELEMENT = 6 SIGMA = -0 025031025 TAU "' 0 004648125 

ELEMENT = 7 SIGMA :: -O 061085243 TAU = 0 004266631 

ITERATION = 1 

ELEMENT = 4 SIGMA = 0 002262905 TAU 0 008678506 

ELEMENT = 5 SIGMA :: -0 119664106 TAU = 0 004750739 

ElEMENT = 6 SIGMA = -O 020380114 

ELEMENT " 7 SIGMA = -Q 062122606 

ITERATION 

ELEMENT • 4 SIGMA "' 0 000322616 

ELEMENT • 5 SIGMA = -O 119939620 

ELEMENT = 6 SIGMA = -O 019660013 

ELEMENT = 7 SIGMA = -0 062283220 

ITERATION • 

ELEMENT = 4 SIGMA = 0 000046477 

ELEMENT • 5 SIGMA = -0 119978796 

ELEMENT = 6 SIGMA = -O 019548520 

ELEMENT = 7 SIGMA = -O 062308087 

ITERATION 

ElEMENT = 4 SIGMA = 0 000006761 

ELEMENT "' 5 SIGMA :: -O 119984426 

ELEMENT = 6 SIGMA "' -O 019531257 

ELEMENT = 7 SIGMA = -0 062311937 

ITERATION = 5 

ELEMENT = 4 SIGMA = 0 000000992 

ELEMENT = 5 SIGMA = -O 119985243 

ELEMENT = 6 SIGMA = -O 019528585 

ELEMENT = 7 SIGMA = -O 062312533 

ITERATION = 6 

TAU = 
TAU = 

TAU = 

TAU = 

TAU = 

TAU = 

TAU = 

TAU = 
TAU = 

TAU = 

TAU = 

TAU = 

TAU = 

TAU = 

TAU = 

TAU = 

TAU = 

TAU "' 

0 004624049 

0 004253621 

0 001343685 

0 002847566 

0 004620428 

0 004251575 

0 000208041 

0 002552900 

0 004619881 

0 004251255 

0 000032211 

0 002507277 

0 004619798 

0 004251204 

0 000004987 

0 002500213 

0 004619785 

0 004251197 

....... 
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ELEMENT "' 4 SIGMA "' 0 000000147 

ELEMENT "' 5 SIGMA = -O 1 19985363 

ELEMENT • 6 SIGMA= -0019528171 

ELEMENT • 1 SIGMA • -0 062312626 

ITERATION 

ELEMENT "' 4 SIGMA = 0 000000022 

ELEMENT = 5 SIGMA :::: -O t t 9985380 

ELEMENT = 6 SIGMA = -0 019528107 

ELEMENT "' 1 SIGMA :: -0 062312640 

ITERATION 

............................................. 
STRUCTURE OUTPUT .......... ..,. .......... . 

NODE 
I 
2 
3 
4 
5 
6 
1 

NODAL 0 I SPLACEMENT 

u 
0 00000 00 
0 00000 00 

-o t t370 oo 
-0 25790-01 
0 14390-01 

-0 10380 00 
-0 34420-01 

0 18330-01 

v 
-o t25to oo 
-0 12840 00 
-o t nso oo 
-o 10930 oo 
-0 10620 00 
-0 42820-01 
-o 4972o-o1 
-o sss1o-o1 

TAU = 

TAU 

TAU "' 

TAU "' 

TAU "' 

TAU = 

TAU = 

TAU "' 

ELEMENT DISPLACEMENT AND STRESS 

ELEMENT U 
1 -o 2850D-o2 
2 -0 69430-01 
3 -0 68710-02 

v 
-o 11120 oo 
-0 79860-01 
-0 80290-01 

sxx 
-o 40880 oo 

0 28500-01 
-o 13t5o oo 

0 000000772 

0 002499120 

0 004619783 

0 004251195 

0 000000120 

0 002498950 

0 004619783 

0 004251 195 

SYY SXY 
-0 13190 00 -0 26590-01 
-0 34530-01 -0 27520 00 

0 55250-01 0 20230 00 

RELATIVE DISPLACEMENT AND LOCAL STRESS AT UOINT ELEMENT 

ELEMENT 
4 

LOCAL X AXIS 
NODE 10 TO NODE 9 
NODE I I TO NODE 10 
NODE 12 TO NODE I I 
NODE I 3 TO NODE 12 

TAN 01 SP 
0 12340-08 
0 16660-03 
0 30800-03 
0 28340-03 

5 
6 
1 

INTERFACE OUTPUT ...................... 

NODE 
9 

10 
11 
12 
13 

NODE 
14 
15 
16 
11 
18 
19 
20 
21 
22 
23 
24 

NODAl 0 I SPLACEMENT 

u 
-o to38o oo 
-o 34450-0t 

0 18290-01 
0 13820-01 
0 00000 00 

SOIL OUTPUT 

v 
-o 42500-0I 
-0 50040-01 
-0 55990-01 
-0 10610 00 
-0 12830 00 

NODAL OI SPLACEMENT 

u 
0 00000 00 

-o 276BD-02 
-0 59200-0I 

0 20250-01 
-0 11460 00 
-0 55560-01 
-o sGsso-ol 
0 00000 00 
0 00000 00 
0 00000 00 
0 00000 00 

v 
0 00000 00 
0 00000 00 
0 00000 00 

-0 67280 00 
-0 41280 00 
-0 20560 00 
0 00000 00 

-0 10800 01 
-0 64050 00 
-0 27960 00 

0 00000 00 

NOR DISP 
0 10940-1 t 

-0 40000-04 
-0 65090-05 
-0 20170-04 

ELEMENT DISPLACEMENT AND STRESS 

ELEMENT u v sxx SYV 

TAU 
0 18510-07 
0 24990-02 
0 46200-02 
0 42510-02 

sxv 

SIGMA 
0 32820-08 

-o 12000 oo 
-o 19530-01 
-0 62310-01 

1-' 
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12 0 27630-02 -o sas2o-ot 
13 -o 74660-02 -o 40530-01 
14 -0 58160-01 -o 29450 oo 
15 -o 46590-01 -o 18110 oo 
16 -0 38360-01 -0 65390-01 
17 -o 23600-01 -o 70t7D oo 
18 -0 42550-01 -0 38460 00 
19 -0 28130-01 -o 1213o oo 

-o 2114o-o t -o sso2o-ot 
-0 33530-01 -o 45770-01 
-o 22110-ot -0 55080-0t 
-0 63180-01 -o 6843o-o1 
-0 51140-01 -0 72250-01 
-o saoto-ot -o tSGao oo 
-o 32sao-ot -0.11470 00 
-0 35800-0t -o 1022o oo 

0 21550-02 
0 80130-02 

-o sts3o-ot 
-o 34680-01 
-0 39270-02 
-0 27810-01 
-0 20040-01 
-0 40350-02 

I-' 
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COUPLING OF FINITE AND BOUNDARY ElEMENT METHODS 

APPLIED TO 

SOIL-STRUCTURE INTERACTION PROBLEMS 

SYMMETRICAL ABOUT Y AXIS 

PROBLEM IDENTIFICATION 

THI 5 PROBLEM IS TO TEST A U-FRAr.tE STRUCTURE BY THE COUPLING OF BOUNDARY 
AND FINITE ELEMENT f.tETHOOS. IT INCLUDES 209 NODES AND 22 t ELEMENTS. 
THE RESULTS ARE COMPARED WITH THOSE OBTAINED FROM THE FINITE ELEMENT 
METHOD ALONE NOTE THAT TWO SMALL ElEMENTS ARE USED AT EACH END OF 
INTERFACE TO AVOID DISPLACEMENT DISCONTINUITIES 

STRUCTURE INPUT. 

ELASTIC MODULUS 
POISSON RATIO 
UNIT SELFWEIGHr 

0 JOOOD 04 ~51 

0 25000 00 
0 86810-04 KC I 

NUMBER OF NODES IN STRUCTURE "' 90 

NODE 
t 
2 
3 
4 
5 
6 
7 
8 
9 

to 
t1 
12 
IJ 
14 
15 
16 
17 
18 
19 
20 
21 

X COORDINATE 
0 00000 00 
0 00000 00 
0 00000 00 
0 00000 00 
0 00000 00 
0 14400 OJ 
0 14400 OJ 
0 t4400 03 
0 14400 OJ 
0 14400 OJ 
0 26400 OJ 
0 26400 OJ 
0 26400 OJ 
0 26400 OJ 
0 26400 OJ 
0 36000 03 
0 36000 03 
0 36000 03 
0 36000 03 
0 36000 03 
0 43200 03 

Y COORDINATE 
0 57600 OJ 
0 54000 OJ 
0 50400 03 
0 46800 03 
0 4J20D 03 
0 57600 03 
0 54000 03 
0. 50400 03 
0 46800 03 
0 43200 03 
0 57600 03 
0 54000 03 
0 50400 03 
0 46800 03 
0 4J20D 03 
0 57600 OJ 
0 54000 OJ 
0 50400 OJ 
0 46800 03 
0 43200 OJ 
0 13920 04 

22 
2J 
24 
25 
26 
27 
28 
29 
JO 
3t 
J2 
JJ 
34 
35 
36 
37 
38 
39 
40 
4t 
42 
4J 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
Gt 
62 
6J 
64 
65 
66 
67 
68 
69 
70 
7t 
72 
7J 
74 
75 
76 
77 
78 
79 
80 
81 

0 43200 03 
0 43200 03 
0 4J20D 03 
0 4J20D 03 
0 43200 03 
0 43200 03 
0 43200 03 
0 43200 03 
0 43200 03 
0 43200 03 
0 43200 03 
0 45600 03 
0 45600 03 
0 45600 03 
0 46200 03 
0 46800 03 
0 46800 03 
0 48000 03 
0 48000 03 
0 48000 03 
0 48000 03 
0 50400 03 
0 51600 03 
0 48000 03 
0 48000 03 
0 48000 03 
0 49200 03 
0 50400 03 
0 50400 OJ 
0 52800 03 
0 52800 03 
0 52800 03 
0 52800 03 
0 57600 03 
0 60000 03 
0 50400 03 
0 50400 03 
0 50400 03 
0 52200 03 
0 54000 03 
0 54000 03 
0 56400 03 
0 60000 03 
0 64800 03 
0 68400 03 
0.55200 03 
0 55200 03 
0 52800 03 
0 52800 03 
0 52800 03 
0 55200 03 
0 57600 03 
0 60000 03 
0 60000 03 
0 67200 03 
0 67200 03 
0 63600 03 
0 67200 03 
0 67200 OJ 
0 67200 03 

0 12720 04 
01128004 
0 98400 03 
0 84000 03 
0 76800 OJ 
0 69600 OJ 
0 57600 OJ 
0 54000 OJ 
0. 50400 03 
0 46800 03 
0 4J200 OJ 
0 1J920 04 
0 12720 04 
0. 11280 04 
0 98400 OJ 
0 84000 03 
0 76800 03 
0.69600 03 
0 62400 OJ 
0 57600 03 
0 52800 03 
0 48000 03 
0 45000 03 
0 13920 04 
0 12720 04 
01128004 
0 98400 03 
0 84000 03 
0 76800 OJ 
0 69600 OJ 
0 64800 03 
0 60000 03 
0 55200 03 
0 50400 03 
0 46800 03 
0 13920 04 
0 12720 04 
o. 11280 04 
0 98400 03 
0.84000 OJ 
0 76800 OJ 
0 69600 03 
0 55200 OJ 
0 50400 03 
0 48600 03 
0 13920 04 
0 13440 04 
0 13200 04 
0 12720 04 
01128004 
0 98400 03 
0 84000 03 
0 76800 OJ 
0 69600 OJ 
0 81600 03 
0 76800 03 
0 69600 03 
0 69600 03 
0 64800 03 
0 60000 03 
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82 0 67200 OJ 0 55200 03 
83 0 72000 03 0 74400 03 
84 0 72000 03 0 67200 03 
85 o. 72000 03 0 60000 03 
86 0 72000 03 0 52800 03 
87 0 76800 03 0 7920D 03 
88 0 76800 03 0 6960D 03 
89 0 76800 03 0.60000 03 
90 0 76800 03 0 50400 03 

NUMBER OF ElEMENTS IN STRUCTURE = 65 
NUMBER OF JOINT ELEMENTS = 16 

ELEMENT NO NODE I NODE 2 NODE 3 
I I 2 7 
2 2 3 8 
3 3 4 9 
4 4 5 10 
5 6 7 12 
6 7 8 13 
7 8 9 14 
8 9 10 IS 
9 II 12 17 

10 12 13 18 
II 13 14 19 
12 14 15 20 
13 16 17 29 
14 17 18 30 
15 18 19 31 
16 19 20 32 
17 21 22 34 

18 22 23 35 
19 23 24 36 
20 24 25 37 
21 25 26 38 
22 26 27 39 
23 27 28 40 
24 28 29 41 
25 29 30 42 
26 30 31 43 
27 31 32 44 
28 33 34 46 
29 34 35 47 

30 35 36 48 
31 36 37 49 

32 37 38 50 
33 38 39 51 
34 39 40 52 

35 40 41 53 
36 41 42 54 

37 42 43 55 
38 43 44 56 
39 45 46 58 
40 46 47 59 
41 47 48 60 
42 48 49 61 
43 49 50 62 
44 50 51 63 
45 54 55 65 

NODE 4 
6 
7 
8 
9 

II 
12 
13 
14 
16 
17 
18 
19 
28 
29 
30 
31 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
57 
58 
59 
GO 
61 
62 
64 

46 55 56 66 65 
47 57 69 68 67 
48 57 58 70 69 
49 58 59 71 70 
50 59 60 72 71 
51 60 61 73 72 
52 61 62 74 73 
53 62 63 75 74 
54 64 65 86 82 
55 65 66 90 86 
56 73 74 77 76 
57 74 75 78 77 
58 76 77 83 87 
59 77 78 79 83 
60 79 80 84 83 
61 83 84 88 87 
62 80 81 85 84 
63 84 85 89 88 
64 81 82 86 85 
65 85 86 90 89 
66 92 91 70 71 
67 93 92 71 72 
68 94 93 72 73 
69 95 94 73 76 
70 96 95 76 87 
71 97 96 87 88 
72 98 97 88 89 
73 99 98 89 90 
74 100 99 90 66 
75 101 100 66 56 
76 102 101 56 44 
77 103 102 44 32 
78 104 103 32 20 
79 lOS 104 20 IS 
80 106 lOS 15 10 
81 107 106 10 5 

NUMBER OF PRESCRIBED DISPlACEMENT IN STRUCTURE = 5 

NODE 1 X = 0 00000 00 INCH 
NODE 2 X = 0 OOOOD 00 INCH 
NODE 3 X = 0 00000 00 INCH 
NODE 4 X = 0 00000 00 INCil 
NODE 5 X = 0 00000 00 INCH 

NUMBER OF PRESCRIBED NON-ZERO LOAD IN STRUCTURE = 11 

NODE ' y = -0 1810D 01 KIPS 
NODE 6 v = -o JJt8D ot KIPS 
NODE II v = -o 27t4D ot KIPS 
NODE 16 y = -0 21110 01 KIPS 
NODE 22 X = 0 8750D-Dt KIPS 
NODE 23 X = 0. 74920 00 KIPS 
NODE 24 X = 0 1498D 01 KIPS 
NODE 25 X = 0 I592D 01 KIPS 
NODE 26 X = 0 13100 01 KIPS 
NODE 27 X = 0 2053D 01 KIPS 
NODE 28 X = 0 14220 01 v = -0 90500 00 

JOINT ElEMENT 
JOINT ElEMENT 
JOINT ElEMENT 
JOINT ElEMENT 
JOINT ElEMENT 
JOINT ElEMENT 
JOINT ElEMENT 
JOINT ElEMENT 
JOINT ELEMENT 
JOINT ElEMENT 
JOINT ELEMENT 
JOINT ELEMENT 
JOINT ElEMENT 
JOINT ElEMENT 
JOINT ElEMENT 
UOINT ELEMENT 

KIPS 

1-' 
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INTERFACE INPUT 
----------------

UNIT NORMAL STIFFNESS = 0 30000 04 KPI 
UNIT TANGENTIAl STIFFNESS = 0 55600 Of KPI 

NUMBER OF NODES IN INlERFACE = 17 

NODE X COORDINATE Y COORDINATE 
91 0 52800 03 0 12710 04 
92 0 52800 03 0 • t280 04 
93 0 55200 03 0 98400 03 
94 0 57600 03 0 84000 03 
95 0 67200 03 0 81600 03 
96 0 76800 03 0 79200 03 
97 0 76800 03 0 69600 03 
98 0 76800 03 0 60000 03 
99 0 76800 03 0 50400 03 

100 0 68400 03 0 48600 03 
101 0 60000 03 0 46800 03 
102 0 StGOD 03 0 45000 03 
103 0 43200 03 0 43200 03 
104 0 36000 03 0 43200 03 
105 0 26400 03 0 43200 03 
106 0 t4400 03 0 43200 03 
107 0 10000 01 0 43200 03 

NUMBER OF ElEMENTS IN INTERFACE = 16 

ELEMENT NO NODE 1 NODE 2 
82 91 92 
83 92 93 
84 93 94 
as 94 95 
86 95 96 
87 96 97 
88 97 98 
89 98 99 
90 99 100 
91 100 101 
92 101 102 
93 102 10J 
94 103 104 
95 104 105 
96 105 106 
97 106 107 

NUMBER OF PRESCRIBED DISPLACEMENT IN INTERFACE 

NUMBER OF PRESCRIBED NON-ZERO LOAD IN INTERFACE 

SOil INPUT, 

ELASTIC MODULUS = 0 15000 02 KSI 
POISSON RATIO . 0 J5000 00 
UNIT SElFWEIGHT = 0 74070-04 KCI 

NUMBER OF NODES IN SOil = 
NUMBER OF NODES FOR INTEGRATION "' 

NODE X COORDINATE 
108 0 00000 00 
109 0 00000 00 
110 0 00000 00 
Ill 0 00000 00 
112 0 00000 00 
113 0 00000 00 
114 0 14400 03 
115 0 26400 03 
116 0 36000 03 
117 0 43200 03 
118 0 51600 03 
119 0.60000 03 
120 0 68400 03 
121 0 76800 03 
122 0 86400 03 
123 0 10080 04 
124 0 12000 04 
125 0 14400 04 
126 0 16800 04 
127 0 16800 04 
128 0 16800 04 
129 0 16800 04 
130 0 16800 04 
IJI 0 16800 04 
132 0 t6800 04 
IJJ 0 16800 04 
134 o. 16800 04 
IJ5 0 16800 04 
136 o. 16800 04 
IJ7 0 16800 04 
138 0 16800 04 
139 0 14400 04 
140 0. 12000 04 
141 0 10080 04 
142 0 86400 OJ 
14J 0 76800 03 
144 0 67200 03 
145 0 52900 03 
146 0 14400 03 

0 147 0 14400 03 
148 0 14400 03 
149 0 26400 OJ 
150 0 26400 03 

0 151 0 26400 03 
152 0 36000 03 
153 0 36000 03 

38 
64 

V COORDINATE 
0 4JIOO 03 
0 36000 03 
0 26400 03 
0 14400 03 
0 00000 00 
0 00000 00 
0 00000 00 
0 00000 00 
0 00000 00 
0 00000 00 
0 00000 00 
0 00000 00 
0 00000 00 
0 00000 00 
0 00000 00 
0 00000 00 
0 00000 00 
0 00000 00 
0 00000 00 
0 00000 00 
0 14400 03 
0 26400 03 
0 40800 OJ 
0.50400 OJ 
0 60000 03 
0 69600 03 
0 79200 OJ 
0 98400 OJ 
0 11280 04 
0 12720 04 
0 12720 04 
0.12720 04 
0 12720 04 
0 12720 04 
0 12720 04 
0 12720 04 
0 12720 04 
0.12720 04 
0 36000 03 
0 26400 OJ 
0 14400 03 
0 36000 03 
0 26400 03 
0 14400 OJ 
0 36000 03 
0 26400 03 

1--' 
U1 
co 



154 0 36000 03 0 14400 03 ElEMENT NO NODE t NODE 2 
155 0 43200 03 0 36000 03 98 107 108 
156 0 43200 03 0 26400 03 99 108 to9 
157 0 43200 03 0 14400 03 too 109 ItO 
158 0 51600 03 a 3600D o3 tot ItO Itt 
159 0 51600 03 0 26400 03 102 Itt t 12 
160 0 51600 03 0 14400 03 103 113 114 
161 a 6oooo o3 0 36000 03 104 114 115 
162 0 60000 03 a 26400 o3 105 t 15 116 
163 0 60000 03 a t440D o3 toG 116 117 
164 0 67200 03 01128004 to7 117 ttB 
165 0 67200 03 a 98400 o3 108 118 119 
166 0 68400 03 0 36000 03 109 119 120 
167 0 68400 03 a 264oo o3 ItO 120 121 
168 0 68400 03 0 14400 03 Itt 121 122 
169 a 76800 03 0 tt280 04 t 12 122 123 
170 0 76800 03 0.98400 03 113 123 124 
17 t 0 76800 03 0 40800 03 114 124 125 
172 a 76800 o3 0 26400 03 115 125 126 
173 0 76800 03 a t44oo o3 t 16 127 128 
174 a 8640D 03 a tt28D04 117 128 129 
175 0 86400 03 a 984oo 03 118 129 130 
176 a 86400 03 0 79200 03 119 130 131 
177 0 86400 03 0 69600 03 120 131 132 
178 0 86400 03 0 60000 03 121 132 133 
179 0 86400 03 a 5o4oo 03 122 133 134 
180 0 86400 03 a 4o8oo o3 123 134 135 
181 a 864oo 03 0 26400 03 124 135 136 
182 0 86400 03 a t440D o3 125 136 137 
183 0 10080 04 0 11280 04 126 138 139 
184 0 10080 04 0 98400 03 127 139 140 
185 0 10080 04 0 79200 03 128 140 14 t 
186 0 10080 04 0 69600 03 129 141 142 
187 a too8o o4 0 60000 03 130 142 143 
188 0 10080 04 0 50400 03 131 143 144 
189 0 10080 04 0 40800 03 132 144 145 
190 o. 10080 04 0 26400 03 133 145 91 
191 0 10080 04 0 14400 03 
192 0 12000 04 01128004 
193 0 12000 04 0 98400 03 NUMBER OF ElEMENTS FOR INTEGRATION = 
194 0. 12000 04 0 79200 03 
195 0 12000 04 0 69600 03 ELEMENT NO NODE 1 NODE 2 
196 0 12000 04 0 60000 03 134 lOB 109 
197 0 12000 04 a 50400 03 135 to9 110 
198 0 12000 04 0 40800 03 136 110 Itt 
199 0 12000 04 0 26400 03 137 111 tt2 
200 0 12000 04 0 14400 03 138 toG 146 
201 o. 14400 04 0 11280 04 139 146 147 
202 o. 14400 04 0 98400 03 140 147 148 

203 0 14400 04 0 79200 03 14 t 148 114 

204 0 14400 04 0.69600 03 142 105 149 
205 0 14400 04 0 60000 03 143 149 150 

206 0 14400 04 0 50400 03 144 150 151 

207 o t440D ·o4 0.40800 03 145 151 115 

208 0 14400 04 0 26400 03 146 104 152 

209 0 14400 04 0 14400 03 147 152 153 
148 153 154 
149 154 116 

NUMBER OF ElEMENTS IN SOl l , 36 150 103 155 
151 155 156 

88 

NODE 3 
146 
147 
148 
114 
149 
150 
151 
115 
152 
153 
154 
116 
155 
156 
157 
117 
158 
159 

NODE 
106 
146 
147 
148 
105 
149 
150 
151 
104 
152 
153 
154 
103 
155 
156 
157 
102 
158 

........ 
U1 
U) 



152 156 157 tGO 159 
153 157 tt7 tta 160 
154 102 158 161 tOt 
155 158 159 162 161 
156 159 160 163 162 
157 160 ttB tt9 163 
158 91 92 164 144 
159 92 93 165 164 
160 93 94 95 165 
161 tot tGt 166 tOO 
162 161 162 167 166 
163 162 163 168 167 
164 163 tt9 120 168 
165 144 164 169 143 
166 164 165 170 169 
167 165 95 96 170 
168 100 166 171 99 
169 166 167 172 17 t 
170 167 168 173 172 
171 168 120 121 173 
112 143 169 174 142 
173 169 170 175 114 
174 170 96 176 175 
175 96 97 177 176 
176 97 98 178 117 
177 98 99 179 178 
178 99 171 lBO 179 
179 171 172 tat lBO 
180 172 173 182 tat 
181 173 12 t 122 182 
182 142 174 183 141 
183 174 175 184 183 
184 175 176 185 184 
185 176 177 186 185 
186 177 178 187 186 
187 178 179 188 187 
188 179 lBO 189 188 
189 lBO tat 190 189 
190 tat 182 191 190 
191 182 122 123 191 
192 14 t 183 192 140 
193 183 184 193 192 
194 184 185 194 193 
195 185 186 t95 194 
196 186 187 196 195 
197 187 188 197 196 
198 188 189 198 197 
199 189 190 199 198 
200 190 191 200 199 
201 191 123 124 200 
202 140 192 201 139 
203 192 193 202 201 
204 193 194 203 202 
205 194 195 204 203 
206 195 196 205 204 
207 196 197 206 205 
208 197 198 207 206 
209 198 199 208 207 
2t0 199 200 209 208 
"1 200 124 125 209 

212 139 201 136 
213 201 202 135 
2t4 202 203 134 
215 203 204 133 
216 204 205 132 
217 205 206 131 
218 206 207 130 
219 207 208 129 
220 208 209 t28 
221 209 125 126 

NUMBER OF PRESCRIBED DISPLACEMENT IN SOIL :: 25 

NODE t 13 y • 0 00000 00 INCH 
NODE 114 y • 0 OOOOD 00 INCH 
NODE t 15 y • 0 00000 00 INCH 
NODE 116 y • 0 00000 00 INCH 
NODE tt7 y • 0 OOOOD 00 INCH 
NODE t 18 y • 0 OOOOD 00 INCH 
NODE t 19 y = 0 OOOOD 00 INCH 
NODE 120 y • 0 00000 00 INCH 
NODE 121 y • 0 OOOOD 00 INCH 
NODE 122 y = 0 00000 00 INCH 
NODE 123 y • 0 00000 00 INCH 
NODE 124 y • 0 00000 00 INCH 
NODE 125 y • 0 00000 00 INCH 
NODE 126 y • 0 00000 00 INCH 
NODE 127 X = 0 00000 00 INCH 
NODE 128 X • 0 00000 00 INCH 
NODE 129 X • 0 OOOOD 00 INCH 
NODE 130 X • 0 00000 00 INCH 
NODE 131 X = 0 00000 00 INCH 
NODE 132 X • 0 00000 00 INCH 
NODE 133 X • 0 00000 00 INCH 
NODE 134 X • 0 00000 00 INCH 
NODE 135 X • 0 00000 00 INCH 
NODE 136 X • 0 00000 00 INCH 
NODE t:J7 X = 0 00000 00 INCH 

NUMBER OF PRESCRIBED NON-ZERO TRACTION IN SOIL 

NODE 141 v "' -o 375oo-ot I<PI 

...................... . STRUCTURE OUTPUT . ........................ 
NODAL 0 I SPLACEMENT 

NODE u v 
t 0 00000 00 -o 12ooo ot 
2 0 00000 00 -o t t99D ot 

137 
136 
135 
134 
133 
132 
131 
130 
129 
128 

1-' 

"' 0 



3 0 00000 00 -0 t 1990 01 
4 0 00000 00 -o 11sso 01 63 0 10230 00 
5 0 00000 00 -0 12000 01 64 0 19910-01 
G 0 14190-01 -01218001 65 -o toa4o-ot 
1 0 58910-02 -o 12110 01 66 -o 226so-o1 
8 -o 23190-02 -0 12160 01 67 b 59380 00 
9 -o 10530-0I -o 12160 01 68 0 55630 00 

10 -o taa2o-ot -o 12 t7o ot 69 0 53750 00 

" 0 24970-01 -o 12580 ot 70 0 50010 00 
12 0 10190-01 -0 12570 01 11 0 38890 00 
13 -o 427 to-02 -0 12570 01 12 0 28570 00 
14 -o ta7m-ot -0 12570 01 73 o tst:m oo 
15 -o 33soo-ol -0 12570 01 74 0 14660 00 
16 0 31400-01 -o taoso ot 75 0 10210 00 
t1 0 12300-01 -0 13040 01 76 0 17510 00 
18 -o 59250-02 -0 13040 01 11 0 14580 00 
19 -o 24oso-ot -0 13040 01 78 0 I02to 00 
20 -o 42770-ot -o tJo4o ot 79 0 10210 00 
21 0 59380 00 -0 13500 01 80 0 73520-01 
22 0 49980 00 -o tasoo ot 81 0 45590-01 
23 0 38880 00 -o tJsto ot 82 0 18160-01 
24 0 28560 00 -0 13520 01 83 0 13100 00 
25 0 19140 00 -o tJSJD ot 84 0 87980-01 
26 0 14650 00 -0 13530 01 85 0 46 I to-Ot 
27 0 10300 00 -o t3520 ot 86 0 32920-02 
28 0 33770-01 -o 13480 01 87 0 15990 00 
29 0 13080-01 -0 13460 01 88 0 10230 00 
30 -o 1ooao-o2 -0 13450 01 89 0 46100-01 
31 -o 26870-0t -0 13450 01 90 -0 t 1440-01 
32 -o 47t4o-ot -0 13450 01 
33 0 59380 00 -o tasso at 
34 0 49980 00 -0 13690 01 
35 0 38870 00 -0 13690 01 
36 0 28550 00 -0 13730 01 
37 0 19130 00 -o 13760 ot 
38 0 14650 00 -0 13750 01 ELEMENT u 
39 0 10300 00 -0 13800 01 1 0 50200-02 
40 0 61680-01 -0 13780 01 2 0 89300-03 
4 I 0 34160-01 -0 13760 01 3 -0 32130-02 
42 0 64970-02 -0 13750 01 4 -0 73400-02 
43 -0 21910-01 -0 13880 Of 5 0 138 to-Ot 
44 -0 39960-0I -o t3950 ot 6 0 23730-02 
45 0 59380 00 -0 13880 01 1 -0 89580-02 
46 0 49990 00 -o t3880 01 8 -0 20390-01 
47 0 38870 00 -o 13870 01 9 0 19720-01 
48 0 28550 00 -o t3930 ot 10 0 30730-02 
49 0 19130 00 -0 13990 01 " -0 13240-01 
50 0 14670 00 -0 13970 01 12 -0 29750-01 
51 0 10270 00 -01410001 13 0 22640-0t 
52 0 76080-01 -o t407D ot 14 0 31130-02 
53 0 48540-01 -0 14050 01 15 -0 15960-01 
54 0 20770-01 -0 14030 01 16 -o 352to-ot 
55 -o 92sao-o2 -0 14320 01 17 0 54680 00 
56 -o 32060-0t -0 14470 01 18 0 44430 00 
57 0 59380 00 -0 14070 01 19 0 33720 00 
58 0 50000 00 -0 14060 01 20 0 23850 00 
59 0 38880 00 -0 14050 01 21 0 16890 00 
60 0 28550 00 -o 14140 01 22 0 12470 00 
61 0 19130 00 -0 14220 01 23 0 75350-01 
62 0 14690 00 -0 14200 01 24 0 35670-01 

25 0 11680-01 

-0 14350 01 
-0 14470 01 
-o t47BD ot 
-0 15010 01 
-0 14440 01 
-0 14440 01 
-0 14250 01 
-0 14250 01 
-0 14220 01 
-o t4340 01 
-0 t4440 01 
-o 14seo o1 
-0 14580 01 
-o tso2o 01 
-0 15020 01 
-o 14800 ot 
-0 15010 01 
-0 15000 01 
-0 14980 01 
-0 14940 01 
-0 15310 01 
-0 15290 01 
-0 15260 01 
-0 15250 01 
-o 15610 ot 
-0 15580 01 
-0 15550 01 
-0 15540 01 

ELEMENT DISPLACEMENT AND STRESS 

v sxx 
-0 12090 01 0 21380 00 
-o 12oeo ot 0 28100-0I 
-0 12080 01 -0 15720 00 
-0 12080 01 -0 34310 00 
-o 12370 01 0 19200 00 
-0 12370 01 0 19980-0I 
-o t237o o• -0 14950 00 
-o t2370 01 -0 32200 00 
-o t2a to o1 0 13440 00 
-0 128 tO 01 -0 39370-02 
-o 12eoo o• -0 13170 00 
-o 12e10 ot -0 26120 00 
-0 13260 Of 0 49610-01 
-0 13250 01 -o 279oo-ot 
-0 13250 01 -0 10660 00 
-0 13240 01 -0 18000 00 
-0 13600 01 0 34590-03 
-0 13600 01 -0 24120-02 
-0 13610 01 -0 11980-02 
-0 13630 01 -0 14390-01 
-0 13640 01 -0 15350-01 
-o t3650 01 -o 198oo-ot 
-0. 13640 01 -0 30330-0t 
-o 13620 ot -0 14520-01 
-0 136 tO 01 -0 t7810-0t 

SVV 
-o 27960-ot 
-o 347Bo-ot 
-0 43040-01 
-0 50530-01 
-0 27400-01 
-0 33960-01 
-0 43640-01 
-o s22eo-ot 
-0 23790-0t 
-0 34490-01 
-0 45280-01 
-0 53110-01 
-0 61130-01 
-0 64090-01 
-0 59590-01 
-0 60260-01 
-o 4 ts90-02 

0 17330-02 
0 12080-01 

-0 86320-02 
-0 33540-01 
-0 61500-01 
-o t2o6o oo 
-o t223D oo 
-0 10080 00 

SXY 
-0 69560-02 
-o 8641D-02 
-0 84690-02 
-0 70270-02 
-0 18220-01 
-0 26070-0I 
-o 26570-ot 
-o tB3IO-ot 
-0 21930-01 
-0 45010-0I 
-0 46950-01 
-o 28310-ot 
-0 43310-01 
-0 58340-01 
-0 55610-01 
-o 31e2o-ot 

0 10140-02 
0 85460-02 
0 40640-02 

-o 65280-02 
-0 65070-02 
-o 41410-03 
-0 26790-01 
-0 25600-01 
-0 30590-01 

...... 
en 
...... 



26 -o t232D-ot -o t3G3D ot 
21 -0 33970-0t -0 13680 Of 
28 0 5468D 00 -o t37ao ot 
29 0 44430 00 -0 13780 01 
30 0 337tD 00 -0 13800 01 
31 0 23840 00 -o 13850 ot 
32 0 t689D 00 -o t3a7o ot 
33 0 t247D 00 -o 13910 o1 
34 0 85860-0t -0 13940 Of 
35 0 55120-01 -o 13920 ot 
36 0 2749D-Ot -o t390D ot 
37 -0 97460-03 -0 13990 Of 
38 -o 25aoo-ot -o 14160 ot 
39 0 54690 00 -0 13970 Ot 
40 0 44430 00 -o t39GD ot 
41 0 33710 00 -o t4ooo ot 
42 0 23840 00 -o 14o7o ot 
43 0 169t0 00 -o 141oo ot 
44 0 12470 00 -0 14 tGD Ot 
45 0 51470-02 -o t4400 Of 
46 -o 187oo-ot -o 14650 01 
47 0 57030 00 -0 14300 01 
48 0 53290 00 -a f4t6D 01 
49 0 44450 00 -0 14150 Ot 
50 0 33720 00 -o t4t9o 01 
51 0 23850 00 -a 14290 01 
52 0 16900 00 -o t436D Of 
53 0 12450 00 -o t44JO ot 
54 0 76300-02 -o 14860 01 
55 -0 104 to-Ot -o 15140 01 
56 0 t647D 00 -o t477D ot 
57 0 124t0 00 -a 14750 Ot 
58 0 t530D 00 -0 t524D Ot 
59 0 12020 00 -0 15040 01 
60 0 98650-0 I -o 15t5o 01 
Gt 0 t203D 00 -O t545D Ot 
62 0 63300-0t -0 15130 01 
63 0 70630-01 -o 15420 01 
64 0 28290-0 I -0 15110 01 
65 0 2 1020-0t -0 15400 01 

-o ao9GD-ot 
-0 12500 00 

0 18960-02 
-0 10250-02 
-o too2o-ot 
-0 17200-0t 
-o t09GD-ot 
-0 33190-01 
-0 36970-01 
-0 37420-02 
-0 85730-02 
-o 638Go-ot 
-0 11610 00 

0 37230-02 
0 71230-03 

-0 12670-01 
-0 21730-01 
-a 16240-ot 
-0 4 1670-0f 
-0 65140-01 
-0 89760-0t 
0 65370-04 
0 61610-02 
0 28450-02 

-0 14000-01 
-0 27680-0 I 
-0 35440-01 
-o 29oso-ol 
-0 77240-0I 
-o 4330D-ot 
-o 5527D-ot 
-0 29160-01 
-0 3582D-Ot 
-o 25890-0t 
-0 20690-0t 
-o 270aD-o t 
-o 75510-02 
-o 295oo-ot 
-o 60270-0I 
-o 3896D-o1 

-O 786 tD-Ot 
-o 6 t67D-Of 
-o 5ano-o2 
-0 15400-0t 
-0 2558D-Ot 
-0 42350-0t 
-o GoaGo-ot 
-o 974eo-ot 
-o tGG2D oo 
-o 134BO oo 
-o t t92D oo 
-o so64D~ot 
-0 56260-0t 
-0 72160-02 
-o 33t4D-ot 
-0 62710-01 
-0 76080-01 
-0 75810-01 
-0 9705D-Ot 
-0 32610-0t 
-0 66170-0t 
-0 41870-02 
-0 59770-02 
-o 51760-ot 
-0 tOt tO 00 
-o t t2GD oo 
-0 72810-0 I 
-0 29800-0t 
-0 7728D-01 
-0 8 1750-0t 
-0 38 t6D-Ot 
-o f89So-ot 
-0 57260-0t 
-0 5179D-01 
-0 99710-0t 
-0 98 140-0t 
-o t249D oo 
-0 12090 00 
-o ts 190 oo 
-0 76210-0f 

-0 3008D-Ot 
-o 24590-ot 

0 13320-02 
0 t 1430-01 
0 59340-02 

-o 79240-02 
-0 t54GD-Ot 
-o 22o6o-ot 
-o 45250-0I 
-o 984JD-02 
-o 235GO-o2 
-0 64730-02 
-o t795D-ot 

0 34040-03 
0 10870-0f 
0 73100-02 

-0 42310-02 
-o 2282D-OI 
-0 5t78D-Ot 
-0 13530-01 
-0 25650-01 
-o fJ5BD-o4 
-0 34170-02 

0 70890-02 
0 8312D-02 
0 57540-02 

-o t643D-Ot 
-o 24380-ot 
-o 40380-0t 
-0 78290-02 

0 74950-02 
0 45570-02 

-0 28080-02 
0 15010-01 
0 80860-02 

-0 70990-02 
-o t545D-ot 
-0 f8450-0I 
-0 45160-01 
-0 12860-0t 

RELATIVE DISPLACEMENT AND LOCAL STRESS AT JOINT ELEMENT 

TAN OJSP TAU SIGMA ELEMENT 
66 

lOCAl X AXIS 
NODE 92 TO NODE 9 I 
NODE 93 TO NODE 92 
NODE 94 TO NODE 93 
NODE 95 TO NODE 94 
NODE 96 TO NODE 95 
NODE 97 TO NODE 96 
NODE 98 TO NODE 97 
NODE 99 TO NODE 98 
NODE 100 TO NODE 99 
NODE tOt TO NODE tOO 

0 28480-03 
0 10950-02 
0 t073D-02 

-o 72BGD-03 

NOR 01 SP 
-o 24760-05 0 15830-02 

0 60900-02 
0 59640-02 

-o 40510-02 

-o 74280-02 
67 
68 
69 
70 
7 t 
72 
73 
74 
75 
76 
77 
78 

-NODE 102 TO NODE tot 
NODE 103 TO NODE 102 
NODE 104 TO NODE 103 

-0 72540-03 
0 19640-02 
0 14830-02 

-0 47830-03 
-0 21710-03 
-0 62840-03 
-o 10210-o2 
-0 67340-03 
-0 17280-03 

-0 78100-05 
-0 53910-05 
-0 1 1760-04 
-0 23850-04 
-o 8693D-05 
-o t tseo-o4 
-o B95so-os 
-o 17aeo-o4 
-0 94340-05 
-0 16970-04 
-o tJ43D-04 
-o 23510-o..s 

-o 40330-02 
0 10920-0f 
0 82460-02 

-0 26600-02 
-o 12010-o2 
-0 34940-02 
-o 56760-o2 
-o 3744o-o2 
-0 96070-03 

-0 23430-0 I 
-o tG t7o-ot 
-0 35270-01 
-0 7 1560-0t 
-0 26080-0t 
-0 35940-0t 
-o 26880-0I 
-0 53640-01 
-o 283oo-ot 
-0 50910-01 
-o 403oD-OI 
-0 70540-0 I 

79 
80 
at 

NODE 
91 
92 
93 
94 
95 
96 
97 
98 
99 

tOO 
tOt 
102 
103 
104 
105 
106 
107 

NODE 
toe 
109 
ItO 
ttl 
I 12 
113 
t 14 
t 15 
t 16 
117 
t 18 
t 19 

NODE 105 TO NODE 104 
NODE 106 TO NODE 105 
NODE 107 TO NODE toG 

-0 195 to-03 -o t648D-o4 -o toa5o-o2 
-0 t434D-03 -0 t720D-04 -o 7972D-o3 

0 66730-04 -0 13450-04 

INTERFACE OUTPUT 

DISPLACEMENT AND TRACTION AT INTERFACE 

u 
0 50010 00 
0 38890 00 
0 28610 00 
0 t9t3D 00 
0 17370 00 
0.15990 00 
0 10230 00 
0 46090-0t 

-o t t45D-ot 
-0 22240-01 
-o 3t2Go-ot 
-0 38770-0t 
-0 47020-0t 
-0 42550-0t 
-0 33330-0t 
-0 187 tD-Ot 
-0 25150-03 

SOil OUTPUT 

v 
-0 14260 Ot 
-0 14230 Ot 
-0 14360 Of 
-0 14440 01 
-0 15020 Ot 
-0 15610 Ot 
-0 t5G2D Ot 
-0. 15540 Ot 
-0 15540 01 
-0 t50tD Ot 
-0 14470 Of 
-0 13950 01 
-0 13450 Ot 
-0 t304D Ot 
-0 12570 Ot 
-o 12110 ot 
-o 12000 ot 

TXX 
-o 2247D-ot 
0 1042D-OI 
(J 20720-0t 
0 14100-0t 
0 13 tOD-Ot 
0 2053D-Ot 
0 31830-0t 
0 36010-0t 
0 18680-01 
0 77240-02 
0 72590-02 
0 79290-02 
0 22010-02 

-0 18970-02 
-0 77820-03 
-0 6989D-03 

0 14200-02 

TYY 
0 98750-02 
0 69700-02 
0 t tB5D-Ot 
0 12050-0t 
0 37080-0t 
0 54260-0I 
0 40780-02 
0 t t05D-Ot 

-0 47340-0t 
-o 574 m-ot 
-0 56390-0t 
-0 57010-0t 
-o 62400-0t 
-0 57590-0t 
-o 5529D-ot 
-0 53330-0t 
-o 53G4o-ot 

DISPlACEMENT AND TRACTION AT BOUNDARY NODE 

u v TXX TYY 
0 3376D- f4 -O t t92D Ot 0 OOOOD 00 0 00000 00 
0 24840-14 -o to4to o1 0 00000 00 0 00000 00 
0 28940- 14 -o 80330 oo 0 OOOOD 00 0 OOOOD 00 
0 35750-14 -o 46570 oo 0 00000 00 0 00000 00 
0 79030-14 0 62360- 15 0 OOOOD 00 0 00000 00 
0 79030-14 0 00000 00 0 00000 00 0 86450-0I 

-O 35 t2D-Ot 0 OOOOD 00 0 00000 00 0 87040-0t 
-o 5865D-ot 0 00000 00 0 00000 00 0 88250-0t 
-o 1 tGGD-ot 0 00000 00 0 OOOOD 00 0 8935D-01 
-0 78290-0t 0 00000 00 0 00000 00 0 90140-01 
-o B278D-ot 0 00000 00 0 OOOOD 00 0 90920-0t 
-0 85460-0t 0 00000 00 0 00000 00 0 91450-0I 

0 37100-03 

-o 49450-ot 
-o 51610-ot 
-0 40360-01 

,_. 
0"1 
I'V 



120 ~o a1a to-ot 0 00000 00 0 00000 00 0 91830-0t 
121 -o sst to-ot 0 00000 00 0 00000 00 0 92130-01 
122 -0 91240-01 0 00000 00 0 00000 00 0 92530-01 
123 -0 91670-01 0 00000 00 0 00000 00 0 93440-01 
124 -0 81290-01 0 00000 00 0 00000 00 0 95200-01 
125 -o 412ao-ot 0 00000 00 0 00000 00 0 96900-01 
126 -0 24340- 13 0 00000 00 0 00000 00 0 97810-01 
127 0 00000 00 0 44390-13 -o 4952o-ot 0 00000 00 
128 0 00000 00 -0 56750 00 -o 431oo-o1 0 00000 00 
129 0 00000 00 -o sstso oo -0 39070-01 0 00000 00 
130 0 00000 00 -0 14400 01 -0 33780-01 0 00000 00 
131 0 00000 00 -0 t7000 Of -o Jtaso-ot 0 00000 00 
132 0 00000 00 -o 19280 01 -o 28300-o1 0 00000 00 
133 0 00000 00 -0 21230 01 -o 25730-ot 0 00000 00 
134 0 00000 00 -o 22830 01 -0 24090-01 0 00000 00 
135 0 00000 00 -o 24sto ot -o tasto-ot 0 00000 00 
136 0 00000 00 -o 25530 ot -o tso1o-ot 0 00000 00 
137 0 00000 00 -o 25440 01 -0 87380-02 0 00000 00 
138 -0 16820- 13 -o 25440 ot 0 00000 00 0 00000 00 
139 0 12870 00 -0 25440 0 I 0 00000 00 0 00000 00 
140 0 27340 00 -o 2607o ot 0 00000 00 0 00000 00 
141 0 45230 00 -o 27420 01 0 00000 00 -0 37500-01 
142 05713000 -o 22610 01 0 00000 00 0 00000 00 
143 0 59210 00 -0 19940 01 0 00000 00 0 00000 00 
144 0 58820 00 -0 t7680 Of 0 00000 00 0 00000 DO 
145 0 50740 00 -0 143 to Of 0 00000 00 0 00000 00 

ELEMENT DISPLACEMENT AND STRESS 

ELEMENT u v sxx svv sxv 
134 -0 10640-01 -O tt ttD Of -o 4788D-o1 -0 35760-01 0 12310-02 
135 -o 15630-ol -o 92390 oo -0 37390-01 -0 62720-01 -o 33570-03 
136 -0 17590-01 -0 63700 00 -0 42410-01 -0 71140-01 -0 27770-03 
137 -0 18060-01 -0 23660 00 -o 49o2o-o1 -081210-01 -0 10860-03 
138 -0 32840-01 -0 11470 01 -o 404J0-01 -0 47930-01 -0 10740-02 
139 -0 41850-01 -o 94730 oo -0 37430-01 -0 63880-01 -o 93190-03 
140 -0 46410-01 -0 65270 00 -0 42160-01 -0 72260-01 -o 71250-03 
141 -0 47670-01 -o 24280 oo -o 47670-ot -0 82220-01 -0 26930-03 
142 -0 46770-01 -o 11920 01 -o 35730-01 -0 56880-01 -o 14510-02 
143 -0 57480-01 -0 97910 00 -0 37240-01 -0 65830-01 -0 12890-02 
144 -o 63150-o1 -0 67220 00 -0 41750-01 -0 73800-01 -o 82940-03 
145 -0 65520-01 -o 24990 oo -0 47240-0t -0 83470-01 -0 29390-03 
146 -o 52450-0I -0 12330 01 -0 34090-01 -0 62200-0t -o 168IO-o2 
147 -0 62670-01 -o 1oo6o 01 -0 36820-01 -0 67800-01 -o 98700-03 
148 -0 70420-01 -0 68750 00 -0 41420-01 -0 75060-01 -o 59330-03 
149 -o 7464D-o1 -o 25530 oo -0 46940-01 -0 84480-01 -o 212oo-o3 
150 -0 48150-01 -o 12650 01 -0 33430-01 -0 62910-01 0 81650-03 
151 -o 622so-ot -0 10210 01 -0 36770-0 I -0 68660-01 -o 43440-04 
152 -0 73490-01 -o 69770 oo -0 41300-01 -0 75900-01 -o 19540-03 
153 -o 79850-o t -0 25870 00 -0 46780-01 -0 85250-0I -o 89790-·04 
154 -0 45370-01 -0 12950 01 -0 32920-01 -0 61720-01 0 52080-03 
155 -0 61910-01 -0 10300 01 -0 37040-01 -0 68760-01 0 34730-03 
156 -0 74950-01 -0 70500 00 -0 41370-01 -0 76420-01 0 15000-03 
157 -0 83100-01 -o 26150 oo -o 46750-01 -0 85890-01 0 29890-04 
158 0 43920 00 -o 15790 01 0 12200-02 -0 25170-02 -o 6 1110-o2 
159 0 30930 00 -0 15700 01 -0 13650-01 -0 11620-01 -0 78750-02 
160 0 19150 00 -0 15330 01 -0 16270-01 -0 21880-01 -0 61360-02 

161 -o 41880-01 -0 13260 01 
162 -o G nso-ot -0 10360 01 
163 -0 75910-01 -0 70920 00 
164 -o 85100-01 -0 26320 00 
165 0 44240 00 -0 18710 01 
166 0 26840 00 -0 18250 01 
167 0 17070 00 -0 16720 01 
168 -0 33450-01 -0 13830 01 
169 -0 58950-01 -0 10720 01 
170 -o 77tso-ot -0 71130 00 
171 -0 86780-01 -0 26420 00 
172 0 41710 00 -0 21200 01 
173 0 24760 00 -o 20540 01 
174 0 17050 00 -0 18720 01 
175 0 84740-01 -0 17110 01 
176 0 24480-01 -0 16410 Ot 
177 -o 34o2o-ot -0 15550 01 
178 -0 35940-01 -0 13950 01 
179 -o 61420-0I -0 I tOto Of 
180 -0 798 to-Ol -0 71230 00 
181 -0 88710-01 -0 26470 00 
182 0.37030 00 -0 24730 01 
183 0 23720 00 -0 23270 01 
184 0 14250 00 -0 21260 01 
185 0 44010-01 -0 19390 01 
186 -0 19970-01 -0 17870 01 
187 -0 56520-0I -0 16090 01 
188 -o s6J6D-OI -0 14040 Ot 
189 -o 74640-ot -0 11060 01 
190 -0 84780-01 -0 11540 00 
191 -o 90730-0I -0 26470 00 
192 0 34930 00 -0 26610 01 
193 0 24390 00 -0 25300 01 
194 0 12590 00 -0 23220 01 
195 0 34770-01 -0 20950 01 
196 -0 14870-01 -0 19130 01 
197 -0 48740-01 -0 17030 01 
198 -0 67460-01 -0 14680 01 
199 -0 78520-01 -0 I 1410 Ot 
200 -0 84560-01 -0 73080 00 
201 -o 87520-ot -0 26760 00 
202 0 20820 00 -0 25570 01 
203 0 17600 00 -0 25350 01 
204 0 10010 00 -0 23870 01 
205 0 36300-01 -0 2t110 01 
206 0 15150-02 -o 19860 01 
207 -o 24910-01 -0 17710 01 
208 -o 43oso-ot -0 15260 01 
209 -o 564oo-o1 -0 11820 01 
210 -0 63390-01 -0 75250 00 
211 -0 66040-01 -o 27290 oo 
212 0 65030-01 -o 25330 01 
213 0 57780-0I -o 2S1so o1 
214 0 36660-01 -o 23890 o1 
215 0 16050-01 -0 21890 01 
216 0 36140-02 -o 201 10 ot 
217 -0 63270-02 -0 t7990 01 
218 -0 13680-01 -0 15540 01 
219 -0 19520-01 -o t2o5o ot 
220 -o 22870-ot -o 7675o oo 

-o 32760-01 -o 618o0-01 
-o J7t to-ot -o 69t2o-ot 
-0 41530-01 -0 76760-01 
-o 46850-01 -o 86330-01 
-0 49740-02 -0 52290-02 
-o t347o-ot -0 16430-01 
-0 17670-01 -0 34100-01 
-o 32320-01 -o 61440-01 
-0 36920-01 -o 68270-01 
-o 41770-ot -o 76920-01 
-0 47010-01 -0 86650-01 
-0 10820-01 -o 78050-02 
-0 t423D-O t -o 2t03D-ot 
-0 20700-01 -0 33580-01 
-0 24170-01 -o 28850-01 
-0 29150-01 -0 2Ei830-0I 
-0 26540-01 -0 36590-01 
-0 34710-01 -0 54130-01 
-0 37360-01 -0 66480-0t 
-o 42too-ot -o 76950-01 
-0 47200-01 -o 86950-ot 
-o 16310-01 -o 22o3o-o1 
-o t4410-ot -0 27 t70-0f 
-o 20650-01 -o 32080-01 
-0 23210-01 -0 37270-01 
-o 24140-01 -o 42260-01 
-0 27130-01 -o 48900-01 
-0 32470-01 -0 56210-01 
-0 37470-01 -o 66560-o1 
-0 42260-01 -o 77380-ot 
-o 47330-ot -0 87460-01 
-0 20740-01 -0 18700-01 
-o 15900-01 -o 27320-01 
-o 19350-01 -o 34250-o1 
-o 2233o-ot -0 42200-0I 
-o 2452o-o1 -0 48200-01 
-0 27580-0t -0 54450-01 
-o 31470-ot -o 6082o-ot 
-o 36520-01 -0 69300-01 
-o 41800-01 -o 79060-01 
-0 47180-01 -0 88630-01 
-o 21680-01 -0 26970-02 
-o 18190-o1 -0 18820-01 
-o 20750-0I -0 32080-01 
-o 23550-01 -o 42730-01 
-0 25880-01 -0 49600-01 
-0 28650-01 -o 56420-01 
-o 31840-0I -0 63190-0t 
-o 36230-o1 -0 71690-01 
-0 41310-01 -0 8 I 160-01 
-o 47ooo-o1 -0 89980-01 
-o 19220-0t -0 37150-02 
-0 17280-0t -o 16680-ot 
-o 21440-o1 -0 30250-01 
-o 24610-01 -0 41800-01 
-0 26940-01 -0 49280-01 
-o 29520-0I -0 56640-01 
-0 32400-01 -0 63830-01 
-0 36390-01 -0 72690-01 
-0 41160-0t -o 82310-ot 

0 79010-03 
0 58610-03 
0 37530-03 
0 11630-03 

-0 40430-02 
-0 81700-02 
-0 77790-02 

0 16860-02 
0 10730-02 
0 52040-03 
0 15960-03 

-0 52500-02 
-0 94460-02 
-o 12260-01 
-0 10700-01 
-0 50870-02 

0 16130-02 
0 29510-02 
0 t 1580-02 
0 43820-03 
0 14040-03 

-0 80050-02 
-o 74760-02 
-0 65170-02 
-o 33460-02 
-o 25340-02 
-0 24140-02 
-0 16980-02 
-0 42510-03 
-o 9215o-o4 

0 56770-05 
0 53250-02 
0 16010-02 

-0 19350-03 
-o 3 1420-oJ 
-0 69430-03 
-0 12 I 10-02 
-o 13940-02 
-o 101oo -02 
-0 57380-03 
-o 1045o-o3 

0 18060-02 
0 27460-02 
0 21590-02 
0 12580-02 
0 64930-03 
0 11080-03 

-0 26650-03 
-0 45170-03 
-0 36940-03 

0 35630-04 
0 29400-03 
0 71000-03 
0 85280-03 
0 67780-03 
0 43030-03 
0 22320-03 
0 74000-04 

-o 49B80-o4 
-o 509J0-04 

....... 
0"1 
w 
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APPENDIX E 

SELECTED PRINTOUT SHEETS FOR PROGRAM FINITE 
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FINITE ELEMENT MEnmo 

APPLIED TO 

SOIL-STRUCTURE INTERACTION PROBLEMS 

PROBLEM IDENTIFICATION 
------ -----------------

TillS PROBLEM IS TO TEST A U-FRAME STRUCTURE BY THE FINITE ELEMENT METHOD 
ALONE IT INCLUDES 204 NODES AND t85 ELEMENTS THE RESULTS ARE COMPARED 
WITH THOSE OBTAINED FROM THE COUPLING OF BOUNDARY ANO FINITE ELEMENT 
METHODS 

STRUCTURE INPUT 

ELASTIC MODULUS • 0 30000 04 KSI 
POISSON RA TID . 0 25000 00 
UNIT SELFWEIGHT • 0 86810-04 KCI 

NUMBER OF NODES IN STRUCTURE = 90 

NODE X COORDINATE Y COORDINATE 
I 0 00000 00 0 57600 03 
2 0 00000 00 0 54000 03 
3 0 00000 00 0 50400 03 
4 0 00000 00 0 46800 03 
5 0 00000 00 0 43200 03 
6 0 t4400 03 0 57600 03 
7 0 14400 03 0 54000 03 
8 0 14400 03 0 50400 03 
9 0 14400 03 0 46800 03 

10 0 14400 03 0 43200 03 
11 0 26400 03 0 57600 03 
12 0 26400 03 0 54000 03 
13 0 26400 03 0 50400 03 
14 0 26400 03 0 46800 03 
15 0 26400 03 0 43200 03 
16 0 36000 03 0 57600 03 
17 0 36000 03 0 54000 03 
18 0 36000 03 0 50400 03 
19 0 36000 03 0 46800 03 
20 0.36000 03 0 43200 03 
21 0 43200 03 0 13920 04 
22 0 43200 03 0 12720 04 
23 0 43200 03 0 11280 04 

24 0 43200 03 0 98400 03 
25 0 43200 03 0 84000 03 
26 0 43200 03 0 76800 03 

27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 

0. 43200 03 
0 43200 03 
0.43200 03 
0 43200 03 
0 43200 03 
0 43200 03 
0 45600 03 
0 45600 03 
0 45600 03 
0 46200 03 
0 46800 03 
0 46800 03 
0 48000 03 
0 48000 03 
0 48000 03 
0 48000 03 
0 •50400 03 
0 51600 03 
0 48000 03 
0 48000 03 
0 48000 03 
0 49200 03 
0 50400 03 
0 50400 03 
0 52800 03 
0 52800 03 
0 52800 03 
0 52800 03 
0 57600 03 
0 60000 03 
0 50400 03 
0.50400 03 
0 50400 03 
0 52200 03 
0 54000 03 
0 54000 03 
0 56400 03 
0 60000 03 
0 64800 03 
0 68400 03 
0 55200 03 
0 55200 03 
0 52800 03 
0 52800 03 
0 52800 03 
0 55200 03 
0 57600 03 
0 60000 03 
0 60000 03 
0 67200 03 
0 67200 03 
0 63600 03 
0 67200 03 
0 67200 03 
0 67200 03 
0 67200 03 
0 72000 03 
0 72000 03 
0 72000 03 
0 72000 03 

0 69600 03 
0 57600 03 
0.54000 03 
0 50400 03 
0.46800 03 
0 43200 03 
0 13920 04 
o. 12720 04 
0 11280 04 
0 98400 03 
0 84000 03 
0. 76800 03 
0 69600 03 
0 62400 03 
0 57600 03 
0 52800 03 
0.48000 03 
0 45000 03 
0 13920 04 
o. 12720 04 
0 I 1280 04 
0 98400 03 
0 84000 03 
0 76800 03 
0 69600 03 
0.64800 03 
0 60000 03 
0 55200 03 
0 50400 03 
0 46800 03 
0 13920 04 
o. 12720 04 
0 11280 04 
0 98400 03 
0 84000 03 
0 76800 03 
0 69600 03 
0.55200 03 
0 50400 03 
0.48600 03 
0. 13920 04 
0 13440 04 
0 13200 04 
0 12720 04 
0. I 1280 04 
0 98400 03 
0 84000 03 
0 76800 03 
0 69600 03 
0 81600 03 
0 76800 03 
0 69600 03 
0 69600 03 
0 64800 03 
0 60000 03 
0 55200 03 
0 74400 03 
0 67200 03 
0 60000 03 
0 52800 03 

1-' 
0'\ 
0'\ 



87 0 76800 03 0 7920D 03 
88 0 7680D 03 0 6960D 03 
89 0 76800 03 0 60000 03 
90 0 76800 03 0 50400 03 

NUMBER OF ELEMENTS IN STRUCTURE • 65 
NUMBER OF ~OINT ElEMENTS = 16 

ELEMENT NO NODE t NODE 2 NODE 3 NODE 4 
t t 2 7 6 
2 2 3 8 7 
3 3 4 9 8 
4 4 5 to 9 
5 6 7 12 tt 
6 7 8 13 12 
7 8 9 14 13 
8 9 to 15 14 
9 tt 12 t7 16 

to 12 13 18 t7 
tt 13 14 19 18 
12 14 15 20 19 
13 16 t7 29 28 
14 t7 18 30 29 
15 18 19 31 30 
16 19 20 32 31 
t7 21 22 34 33 
18 22 23 35 34 
19 23 24 36 35 
20 24 25 37 36 
21 25 26 38 37 
22 26 27 39 38 
23 27 28 40 39 
24 28 29 41 40 
25 29 30 42 41 
26 30 31 43 42 
27 31 32 44 43 
28 33 34 46 45 
29 34 35 47 46 
30 35 36 48 47 
31 36 37 49 48 
32 37 38 50 49 
33 38 39 51 50 
34 39 40 52 51 
35 40 41 53 52 
36 41 42 54 53 
37 42 43 55 54 
38 43 44 56 55 
39 45 46 58 57 
40 46 47 59 58 
41 47 48 60 59 
42 48 49 61 GO 
43 49 50 62 61 
44 50 51 63 62 
45 54 55 65 64 
46 55 56 66 65 
47 57 69 68 67 
48 57 58 70 69 
49 58 59 71 70 
50 59 60 72 7 t 

51 60 61 73 72 
52 61 62 74 73 
53 62 63 75 74 
54 64 65 86 82 
55 65 66 90 86 
56 73 74 77 76 
57 74 75 78 77 
58 76 77 83 87 
59 77 78 79 83 
60 79 80 84 83 
61 83 84 88 87 
62 80 81 85 84 
63 84 85 89 88 
64 81 82 86 85 
65 85 86 90 89 
66 92 91 70 71 
67 93 92 71 72 
68 94 93 72 73 
69 95 94 73 76 
70 96 95 76 87 
71 97 96 87 88 
72 98 97 88 89 
73 99 98 89 90 
74 tOO 99 90 66 
75 tot too 66 56 
76 102 101 56 44 
77 103 102 44 32 
78 104 103 32 20 
79 105 104 20 15 
80 106 105 15 10 
81 107 106 10 5 

NUMBER OF PRESCRIBED DISPLACEMENT IN STRUCTURE = 5 

NODE 1 X = 0 OOOOD 00 INCH 
NODE 2 X = 0 00000 00 INCH 
NODE 3 X = 0 OOOOD 00 INCH 
NODE 4 X = 0 OOOOD 00 INCH 
NODE 5 X = 0 00000 00 INCH 

NUMBER OF PRESCRIBED NON-ZERO LOAD IN STRUCTURE = tt 

NODE 1 v = -o 1810D 01 KIPS 
NODE 6 y = -0 3318D 01 KIPS 
NODE tt y = -0 2714D 01 KIPS 
NODE 16 v = -o 21110 ot KIPS 
NODE 22 X = 0.87500-01 KIPS 
NODE 23 X = 0 7492D 00 KIPS 
NODE 24 X = 0 1498D 01 KIPS 
NODE 25 X • 0 1592D 01 KIPS 
NODE 26 X = 0 1310D 01 KIPS 
NODE 27 X = 0 2053D 01 KIPS 
NODE 28 X = 0 t4220 Ot v = -o sosoo oo 

INTERFACE INPUT 

~OINT ELEMENT 
~OINT ELEMENT 
~OINT ELEMENT 
~OINT ELEMENT 
~OINT ELEMENT 
~OINT ELEMENT 
~OINT ELEMENT 
~OINT ELEMENT 
~DINT ELEMENT 
~OINT ELEMENT 
~OINT ELEMENT 
~OINT ELEMENT 
~OINT ELEMENT 
~OINT ELEMENT 
~DINT ELEMENT 
~OINT ELEMENT 

KIPS 

I-' 
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UNIT NORMAL STIFFNESS = 0 30000 04 KPI 
UNIT TANGENTIAL STIFFNESS 0 55600 Ot KPI 

NUMBER OF NODES IN INTERFACE t1 

NODE X COORDINATE Y COORDINATE 
91 0 52800 03 0 12720 04 
92 0 52800 03 0 11280 04 
93 0 55200 03 0 98400 03 
94 0 57600 03 0 84000 03 
95 0 67200 03 0 81600 03 
96 0 76800 03 0 79200 03 
97 0 76800 03 0 69600 03 
98 0 76800 03 0 60000 03 
99 0 76800 03 0 50400 03 

tOO 0 68400 03 0 48600 03 
101 0 60000 03 0 46800 03 
102 0 51600 03 0 45000 03 
103 0 43200 03 0 43200 03 
104 0 36000 03 0 43200 03 
105 0 26400 03 0 43200 03 
106 0 14400 03 0 43200 03 
107 0 00000 00 0 43200 03 

NUMBER OF ELEMENTS IN INTERFACE ::: 16 

ELEMENT NO NODE t NODE 2 
82 91 92 
83 92 93 
84 93 94 
85 94 95 
86 95 96 
87 96 97 
88 97 98 
89 98 99 
90 99 100 
91 100 101 
92 101 102 
93 102 103 
94 103 104 
95 104 105 
96 105 106 
97 106 107 

NUMBER OF PRESCRIBED DISPLACEMENT IN INTERFACE 

NODE 107 X • 0 00000 00 INCit 

NUMBER OF PRESCRIBED NON-ZERO LOAD IN INTERFACE 

SOIL INPUT 

ELASTIC MODULUS • 0 15000 02 
POISSON RATIO . 0 35000 00 
UNJT SELFWEIGHT = 0 74070-04 

NUMBER OF NODES IN SOIL 

NODE X COORDINATE 
108 0 00000 00 
109 0 00000 00 
ItO 0 00000 00 
ttl 0.00000 00 
t 12 0 14400 03 
113 0 14400 03 
t 14 0 14400 03 
115 0 14400 03 
116 0 26400 03 
117 0 26400 03 
118 0 26400 03 
t 19 0 26400 03 
120 0 36000 03 
121 0 36000 03 
122 0 36000 03 
123 0 36000 03 
124 0 43200 03 
125 0 43200 03 
126 0 43200 03 
127 0 43200 03 
128 0.51600 03 
129 0 51600 03 
130 0 51600 03 
131 0.51600 03 
132 0 60000 03 
133 0 60000 03 
134 0 60000 03 
135 0 60000 03 
136 0 67200 03 
137 0 67200 03 
138 0 67200 03 
139 0 68400 03 
140 0 68400 03 
141 0 68400 03 
142 0 68400 03 
143 0 76800 03 
144 0 76800 03 
145 0 76800 03 

I 146 0 76800 03 
147 0 76800 03 
148 0 76800 03 
149 0 76800 03 
150 0 86400 03 

0 151 0 86400 03 
152 0 86400 03 
153 0 86400 03 
154 0 86400 03 
155 0 86400 03 
156 0 86400 03 
157 0 86400 03 
158 0 86400 03 

KSI 

KCI 

. 97 

V COORDINATE 
0 36000 03 
0 26400 03 
0 14400 03 
0 00000 00 
0 36000 03 
0.26400 03 
0 14400 03 
0 00000 00 
0 36000 03 
0 26400 03 
0 14400 03 
0 00000 00 
0 36000 03 
0 26400 03 
0 14400 03 
0.00000 00 
0 36000 03 
0 26400 03 
0 14400 03 
0 00000 00 
0 36000 03 
0 26400 03 
0 14400 03 
0 00000 00 
0.36000 03 
0 26400 03 
0 14400 03 
0 00000 00 
0 12720 04 
0. t 1280 04 
0 98400 03 
0 36000 03 
0 26400 03 
0 14400 03 
0.00000 00 
0 12720 04 
0 11280 04 
0 98400 03 
0 40800 03 
0 26400 03 
0. 14400 03 
0 00000 00 
0 12720 04 
0 11280 04 
0 98400 03 
0 79200 03 
0.69600 03 
0 60000 03 
0 50400 03 
0 40800 03 
0 26400 03 

I-' 
0'1 
ro 



159 0 86400 03 0 14400 03 
160 0 86400 03 0 00000 00 
161 0 10080 04 0 12720 04 
162 0. 10080 04 0 11280 04 
163 0 10080 04 0 98400 03 
164 0 10080 04 0 79200 03 
165 0 10080 04 0 69600 03 
166 0 10080 04 0 60000 03 
167 0 10080 04 0 50400 03 
168 0 10080 04 0 4Q800 03 
169 0 10080 04 0 26400 03 
170 0 IOOBO 04 0 14400 03 
171 0 IOOBO 04 0 00000 00 
172 0 12000 04 0 12120 04 
173 0 12000 04 0 112B004 
174 0 12000 04 0 9B400 03 
175 0 12000 04 0 79200 03 
176 0 12000 04 0 69600 03 
177 0 12000 04 0 60000 03 
17B 0 12000 04 0 50400 03 
179 0 12000 04 0 40BOO 03 
180 0 12000 04 0 26400 03 
IBI 0 12000 04 0 14400 03 
182 0 12000 04 0 00000 00 
IB3 0 14400 04 0 12720 04 
IB4 0 14400 04 0 11280 04 
185 0. 14400 04 0 9B40D 03 
186 0 14400 04 0 79200 03 
1B7 0 14400 04 0 69600 03 
1BB 0 14400 04 0 60000 03 
IB9 0 14400 04 0 50400 03 
190 0 14400 04 0 40BOO 03 
191 0 14400 04 0 26400 03 
192 0 14400 04 0 14400 03 
193 0 14400 04 0 00000 00 
194 0 16BOO 04 0 12120 04 
195 0. 16BOO 04 0112B004 
196 0 16800 04 0 98400 03 
197 0 16BOO 04 0 79200 03 
198 0 16BOO 04 0 69600 03 
199 0 16BOO 04 0 60000 03 
200 0 16800 04 0 50400 03 
201 0 16800 04 0 40BOO 03 
202 0 16800 04 0 26400 03 
203 0 16800 04 0 14400 03 
204 0 t6BOD 04 0 OOOOD 00 

NUMBER OF ELEMENTS IN SOil = BB 

ELEMENT NO NODE I NODE 2 NODE 3 
98 107 lOB 112 
99 lOB 109 113 

100 109 110 114 
tot 110 Ill 115 
102 106 112 116 
103 112 113 117 
104 113 114 118 
105 114 115 119 
106 105 116 120 

107 116 
108 117 
109 118 
110 104 
111 120 
112 121 
113 122 
114 103 
115 124 
116 125 
117 126 
118 102 
119 128 
120 129 
121 130 
122 91 
123 92 
124 93 
125 101 
126 132 
127 1,;:13 
128 134 
129 136 
130 137 
131 138 
132 100 
133 139 
134 140 
135 141 
136 143 
137 144 
13B 145 
139 96 
140 97 
14 t 98 
142 99 
143 146 
144 147 
145 148 
146 150 
147 151 
14B 152 
149 153 
150 154 
151 155 
152 156 
153 157 
154 158 
155 159 
156 161 
157 162 

NODE 4 158 163 
106 159 164 
112 160 165 
113 161 166 
114 162 167 
105 163 168 
116 164 169 
117 165 170 
118 166 172 
104 

117 121 
118 122 
119 123 
120 124 
121 125 
122 126 
123 127 
124 128 
125 129 
126 130 
127 131 
128 132 
129 133 
130 134 
131 135 
92 137 
93 138 
94 95 

132 139 
133 140 
134 141 
135 142 
137 144 
13B 145 
95 96 

139 146 
140 147 
141 14B 
142 149 
144 151 
145 152 
96 153 
97 154 
98 155 
99 156 

146 157 
147 158 
148 159 
149 160 
151 162 
152 163 
153 164 
154 165 
155 166 
156 167 
157 1GB 
158 169 
159 170 
160 171 
162 173 
163 174 
164 175 
165 176 
166 117 
167 178 
16B 179 
169 180 
170 fBI 
171 182 
173 IB4 

120 
121 
122 
103 
124 
125 
126 
102 
128 
129 
130 
101 
132 
133 
134 
136 
137 
138 
too 
139 
140 
141 
143 
144 
145 
99 

146 
147 
148 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
161 
162 
163 
164 
165 
166 
167 
I6B 
169 
170 
172 
173 
174 
175 
176 
177 
178 
179 
lBO 
181 
IB3 

I-' 
(1\ 

\0 



167 173 174 185 
168 174 175 186 
169 175 176 187 
170 176 177 188 
171 177 178 189 
172 178 179 190 
173 179 180 191 
174 180 tat 192 
175 tBt 182 193 
176 183 184 195 
177 184 185 196 
178 185 186 197 
179 186 187 198 
lBO 187 tBB 199 
tat 188 189 200 
182 189 190 201 
183 190 191 202 
184 191 192 203 
185 192 193 204 

NUMBER OF PRESCRIBED DISPLACEMENT IN SOIL • 

NODE lOB X = 0 OOOOD 00 INCH 
NODE 109 X = 0 OOOOD 00 INCH 
NODE ItO X • 0 00000 00 INCH 
NODE t II X • 0 00000 00 y = 
NODE 115 y • 0 00000 00 INCH 
NODE 119 y • 0 00000 00 INCH 
NODE 123 y • 0 OOOOD 00 INCH 
NODE 127 y • 0 00000 00 INCH 
NODE 131 y • 0 00000 00 INCH 
NODE 135 y • 0 00000 00 INCH 
NODE 142 y • 0 00000 00 INCH 
NODE 149 v = 0 00000 00 INCH 
NODE 160 y • 0 00000 00 INCH 
NODE 171 v = 0 00000 00 INCH 
NODE 182 y = 0 00000 00 INCH 
NODE 193 y • 0 00000 00 INCH 
NODE 194 X • 0 00000 00 INCH 
NODE 195 X • 0 00000 00 INCH 
NODE 196 X = 0 00000 00 INCH 
NODE 197 X • 0 00000 00 INCH 
NODE 198 X = 0 00000 00 INCH 
NODE 199 X • 0 00000 00 INCH 
NODE 200 X • 0 00000 00 INCH 
NODE 201 X • 0 00000 00 INCH 
NODE 202 X = 0 00000 00 INCH 
NODE 203 X = 0 00000 00 INCH 
NODE 204 X • 0 00000 00 v = 

NUMBER OF PRESCRIBED NON-ZERO LOAD IN SOIL 

NODE 150 v • -o 90000 oo KIPS 
NODE 161 Y = -0 42000 Ot KIPS 
NODE t72 Y = -O t:lOOD Ot KIPS 

184 
185 
186 
187 
tBB 
189 
190 
191 
192 
194 
195 
196 
197 
198 
199 
200 
201 
202 
203 

27 

0 00000 00 

0 00000 00 

INCH 

INCH 

I-' 
-..J 
0 



......................... . STRUCTURE OUTPUT ······················ 
NODAl DISPLACEMENT 

NODE u v 
1 0 00000 00 -0 12030 01 
2 0 00000 00 -o 12020 01 
3 0 00000 00 -o 12020 01 
4 0 00000 00 -0 12020 01 
5 0 00000 00 -o t203D 01 
6 0 14110-01 -o 12210 01 
1 0 58480-02 -o 12200 ot 
8 -0 23240-02 -o 12190 01 
9 -0 10500-01 -0 12190 Ot 

10 -o 18750-01 -0 12200 01 
11 0 24790-0t -o 126to ot 
12 0 10090-0t -0 12600 01 
13 -0 42810-02 -o 12590 01 
14 -0 18630-01 -o 12s9o 01 
t5 -o 33340-ot -0 12600 01 
16 0 31090-01 -0 13070 01 
17 0 12120-01 -o 1307D 01 
18 -o 594oo-o2 -o I306o ot 
19 -o 23soo-o1 -0 13060 01 
20 -o 424BD-o1 -0 13060 01 
21 0 57940 00 -o 13530 01 
22 0 48770 00 -o t3530 ot 
23 0 37940 00 -o 13540 ot 
24 0 27920 00 -0 13550 01 
25 0 18770 00 -o tJs5o 01 
26 0 14380 00 -o 13550 ot 
27 0 10120 00 -o 13540 ot 
28 0 33280-0I -0 13500 01 
29 0 12860-01 -0 t3480 01 
30 -o 70030-02 -o 13480 01 
31 -0 26660-01 -o t3470 ot 
32 -0 46720-01 -o 13470 ot 
33 0 57940 00 -0 13720 01 
34 0 48770 00 -o 13710 ot 
35 0 37930 00 -0 13710 01 
36 0 27910 00 -0 13750 01 
37 0 18760 00 -0 13780 01 
38 0 14380 00 -0 13770 01 
39 0 10120 00 -0 13820 01 
40 0 60700-0t -o 13BOO ot 
4 I 0 33630-01 -o t378o ot 
42 0 63300-02 -o t3760 01 
43 -0 21710-01 -o t3B90 01 
44 -o 39520-ot -0 13960 01 
45 0 57950 00 -0 13900 01 
46 0 48770 00 -o t3900 ot 
41 0 37930 00 -o t389o 01 
48 0 27910 00 -o 13950 01 
49 0 18760 00 -o 14000 ot 

50 0 14400 00 
51 0 10090 00 
52 0 74830-01 
53 0 47780-01 
54 0 20380-01 
55 -o e229o-o2 
56 -0 31640-01 
57 0 57940 00 
58 0 48780 00 
59 0 37940 00 
60 0 27910 00 
61 0 18770 00 
62 0 14420 00 
63 0 10040 00 
64 0 19420-01 
65 -o 1o1so-ot 
66 -0 22300-01 
67 0 57950 00 
68 0 54280 00 
69 0 52450 00 
70 0 48800 00 
71 0 37950 00 
72 0 27930 00 
73 0 18770 00 
74 0 14380 00 
75 0 10010 00 
76 0 17190 00 
71 0 14300 00 
78 0 99970-01 
79 0 99960-01 
80 0 71830-01 
Bt 0 44390-01 
82 0 t7570-0I 
83 0 12840 00 
84 0 86070-01 
85 0 44940-01 
86 0 29920-02 
87 0 15690 00 
88 0 10020 00 
89 0 44960-01 
90 -0 t 1380-01 

ELEMENT u 
t 0 49900-02 
2 0 88100-03 
3 -0 32060-02 
4 -0 73130-02 
5 0 13710-01 
6 0 23340-02 
7 -0 89330-02 
8 -0 20300-0I 
9 0 19530-0f 

10 0 29980-02 
11 -0 13190-01 
12 -0 29590-01 

-0 13990 01 
-o 1412o 01 
-0 14080 01 
-0 14060 01 
-0 14040 01 
-0 14330 01 
-0 14480 01 
-o 140BO 01 
-o 14oao 01 
-o 14oso 01 
-0 14150 01 
-o 14230 01 
-o t4210 o1 
-o 14360 01 
-0 14480 01 
-o t47ao o1 
-O ISOtO 01 
-0 14450 01 
-o 14450 01 
-o 14270 01 
-o 14270 ot 
-0 14230 01 
-o t43SO 01 
-0 14450 01 
-0 14590 01 
-0 14580 01 
-0 15020 01 
-o tso2o 01 
-o 14800 01 
-o 1s010 01 
-o 14990 01 
-0 14970 Ot 
-0 14940 01 
-o t5300 01 
-o 1s2ao o1 
-0 15250 01 
-0 15240 01 
-o ts6 to ot 
-0 15570 01 
-0 15540 01 
-o 15520 ot 

ELEMENT DISPlACEMENT AND STRESS 

v sxx 
-0 12110 01 0 21250 00 
-o 12110 01 0 27370-01 
-0 12100 Ot -0 15690 00 
-o 12110 01 -o 34 t90 oo 
-0 12400 01 0 18990 00 
-0 12390 01 0 19120-01 
-0 12390 01 -o t49 to oo 
-o t24oo 01 -o 32040 oo 
-0 12840 01 0 13100 00 
-o t283D ot -0 53940-02 
-0 12830 01 -o 13080 oo 
-0 12830 01 -0 25800 00 

svv 
-o 27750-0I 
-o 3536o-ot 
-0 43350-0t 
-o sos3o-ot 
-o 27330-0I 
-0 34110-01 
-o 43850-01 
-0 52840-01 
-o 23420-01 
-0 34760-01 
-o 45580-0t 
-0 53,30-01 

SXY 
-o G9680-o2 
-0 86990-02 
-0 85390-02 
-0 70180-02 
-0 18400-0t 
-0 265 tO-Ot 
-0 27100-0I 
-o 18G50-o1 
-0 22150-0t 
-0 45780-01 
-0 47640-01 
-0 28620-01 

I-' 
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13 0 22340-01 -o tJ2BD ot 0 44050-01 -0 62830-01 -0 44820-01 
14 0 30090-02 -0 13270 01 -0 29060-01 -0 65420-0t -0 59160-0t 
15 -o tsaao-ot -0 13270 01 -0 10500 00 -0 60400-0I -0 55880-0t 
16 -0 34940-01 -o t327D ot -0 t7580 00 -0 60490-01 -0 31840-01 
17 0 53360 00 -0 13620 Ot 0 41150-03 -0 38090-02 0 11090-02 
18 0 43350 00 -o t362D ot -0 24900-02 0 20460-02 0 86190-02 
19 0 32920 00 -0 13640 01 -o 1oaao-o2 0 1 1210-0t 0 31470-02 
20 0 23340 00 -o tJGGO ot -0 14150-0I -0 13750-01 -0 744 t0-02 
2 t 0 16570 00 -o t36&D ot -0 15480-01 -0 40590-0t -0 54420-02 
22 0 12250 00 -o tJG7D ot -o tssso-ot -0 65360-01 -0 46260-04 
23 0 74070-01 -0 13660 01 -o J025D-OI -0 12510 00 -o 21:120-01 
24 0 35120-01 -o t3&4o ot -o 180GO-o1 -0 12450 00 -0 26080-0t 
25 0 11460-01 -0 13620 01 -o t99ao-ot -0 10180 00 -0 29950-01 
26 -0 12260-01 -0 13650 Ot -0 79570-01 -0 79420-01 -0 29510-01 
27 -0 33650-01 -o t37oo ot -o 12120 oo -0 62370-0t -0 23950-01 
28 0 53360 00 -0 13810 Ot 0 20730-02 -0 59830-02 0 14850-02 
29 0 43350 00 -0 13800 Ot -o 1129u-o2 -o 16080-ot 0 116 to-01 
30 0 32920 00 -0 13830 01 -0 10360-01 -0 26220-01 0 46320-02 
31 0 23330 00 -0 13870 Ot -0 16360-01 -0 45010-0t -0 95440-02 
32 0 16580 00 -0 13880 Ot -0 10500-01 -0 63940-01 -0 13630-01 
33 0 12250 00 -0 13920 01 -0 34830-01 -o 98470-0I -o 201ao-ot 
34 0 84390-0t -0 13950 01 -0 37260-01 -0 16590 00 -o 454oo-ol 
35 0 54230-01 -0 13930 01 -0 38040-02 -0 13300 00 -o 10230-0t 
36 0 27030-01 -0 13910 01 -0 11330-01 -0 t 1760 00 -0 15950-02 
37 -0 to59D-02 -0 14010 01 -0 64060-01 -0 51090-01 -0 58200-02 
38 -0 25530-0t -0 14110 01 -0 11220 00 -o 56020-0t -0 16930-0t 
39 0 53360 00 -0 13990 01 0 38760-02 -o 76090-02 0 24930-03 
40 0 43360 00 -o 13980 01 0 25270-03 -0 35220-0t 0 ttt1D-OI 
4 t 0 32920 00 -o t4oto ot -0 13440-0t -o 626 to-Ol 0 61910-02 
42 0 23340 00 -0 14080 01 -o 2ooso-o1 -0 76290-01 -o 662oo-o2 
43 0 16590 00 -o 14110 01 -o 14710-ot -0 75950-01 -o 2034D-o1 
44 o. 12240 00 -0 14110 Ot -o 45530-ot -o 95sso-o1 -o 497so-o1 
45 0 49450-02 -0 14410 01 -0 66600-01 -0 32130-01 -0 13180-01 
46 -0 18490-0t -0 14650 Ot -0 85960-0t -0 65600-0t -0 24890-01 
47 0 55660 00 -0 14310 Ot 0 30230-04 -0 43350-02 -0 90680-04 
49 0 51990 00 -0 14170 01 0 67360-02 -0 58140-02 -0 39580-02 
49 0 43370 00 -0 14160 Ot 0 22430-02 -0 55980-01 0 70800-02 
50 0.32930 00 -0 14200 01 -0 15150-0t -0 99750-0t 0 75130-02 
51 0 23340 00 -0 14290 Ot -0 24970-0t -0 t 1030 00 0 30440-02 
52 0 16590 00 -0 14370 01 -0 33090-01 -0 67110-01 -0 14230-01 
53 0 12210 00 -0 14430 Ot -0 33830-0t -0 28920-01 -0 23630-0t 
54 0 72990-02 -0 14860 Ot -0 79820-01 -o 76020-0I -0 39820-01 
55 -0 10370-0t -0 15140 Ot -0 44070-0t -0 84370-01 -0 76560-02 
56 0 16160 00 -0 14770 01 -0 52720-01 -o 34760-01 0 54950-02 
57 0 12110 00 -o t475D 01 -o 334 to-ot -0 18340-0t 0 25370-02 
58 0 15000 00 -0 15240 Ot -0 39730-0t -0 62060-01 -0 71790-02 
59 0 11780 00 -0 15030 Ot -0 29980-0t -o 5t&2o-ot 0 12430-0t 
60 0 96550-0t -0 15150 Ot -0 20980-0t -0 10250 00 0 65910-02 
61 0 11790 00 -o t544D ot -o 21110-ot -0 11060 00 -o 933ao-o2 
62 0 61810-01 -0 15130 Ot -o 7056D-o2 -0 12840 00 -o 14990-ot 
63 0 69050-01 -0 154t0 01 -o 21120-ot -0 12250 00 -0 19550-01 
64 0 27470-01 -0 15100 01 -o soa2o-ot -0 15420 00 -0 44860-01 
65 0 20380-01 -0 15390 Ot -0 40300-01 -o 99sso-o1 -o t29ao-o1 

RELATIVE DISPLACEMENT AND LOCAl STRESS AT JOINT ELEMENT 

ElEMENT LOCAL X AXIS TAN DISP NOR OISP TAU SIGMA 

66 NODE 92 TO NODE 9 I 0 35650-03 
67 NODE 93 TO NODE 92 0 t 1810-02 
68 NODE 94 TO NODE 93 0 12450-02 
69 NODE 95 TO NODE 94 -0 82640-03 
70 NODE 96 TO NODE 95 -0 82340-03 
71 NODE 97 TO NODE 96 0 12720-02 
72 NODE 98 TO NODE 97 0 16220-02 
73 NODE 99 TO NODE 98 0 35t40-03 
74 NODE tOO TO NODE 99 -0 42740-03 
75 NODE tOt TO NODE 100 -o 795oo-o3 
76 NODE 102 TO NODE tOt -0. 94620-03 
11 NODE 103 TO NODE 102 -0 64780-03 
78 NODE 10~ TO NODE 103 -0 19220-03 
79 NODE 105 TO NODE 104 -0 20080-03 
80 NODE 106 TO NODE 105 -0 12320-03 
81 NODE 107 TO NODE toG -0 35490-04 

...................... . INTERFACE OUTPUT . ............ " ......... 
NODAL DISPLACEMENT 

NODE u v 
9t 0 48800 00 -0 14270 Ot 
92 0 37950 00 -o t423D ot 
93 0 27970 00 -0 14370 01 
9• 0 18170 00 -o 14450 ot 
95 0 17030 00 -o tso2o ot 
96 0 15690 00 -o t56 to 01 
97 0 10020 00 -o t560D ot 
98 0 44940-01 -o 15550 01 
99 -o 1 t39D-01 -o 15520 ot 

tOO -0 21470-01 -0 15000 01 
101 -o 30920-01 -0 14480 01 
102 -o 384oo-o1 -0 13960 Ot 
103 -0 46580-01 -o 13470 ot 
104 -0 42250-0t -o 13060 ot 
105 -0 33160-0t -0 12600 01 
106 -0 18680-0t -0 12200 01 
107 0 00000 00 -0 12030 01 

.................. . SOIL OUTPUT . . . .. . . . ... . . . . . . . . . 
NODAL 0 I SPLACEMENT 

-0 33140-05 0 19820-02 
-o 37640-05 0 66010-02 
-0 65210-05 0 69220-02 
-0 11650-05 -o 4ssso-o2 
-o 26210-04 -o 4578o-o2 
-o 757oo-o5 0 70730-02 
-o 1145D-o4 0 90170-02 
-0 85230-05 -0 19540-02 
-o 2822D-o4 -0 23760-02 
-0 16090-04 -o 442oo-o2 
-o 20980-04 -0.526 t0-02 
·O 14930-04 -o J6o2o-o2 
-o 2639D-o• -0 10130-02 
-0 17430-04 -o tt 110-02 
-o 1853D-o4 -o &852D-o3 
-o U73D-04 -0 19730-03 

-0 99410-02 
-O 11290-0t 
-0 19560-0t 
-0 21500-01 
-0 78640-0t 
-o 22110-01 
-0.34340-0t 
-o 25570-ot 
-o 84&6o-ot 
-o 48270-01 
-0 62940-01 
-o 445oo-ot 
-0 79160-01 
-o 52280-0t 
-0 55590-01 
-0 53190-0t 

1-' 
-...] 

rv 



NODE u v 
108 0 00000 00 -o 10-120 ot 
109 0 00000 00 -0 80390 00 
110 0 00000 00 -0 46580 00 
111 0 00000 00 0 00000 00 
112 -0 27170-01 -0 10570 01 
113 -o 3234D-o1 -0 81480 00 
114 -o 34210-01 -0 47170 00 
115 -0 34560-01 0 00000 00 
116 -o 46260-01 -o 109oo 01 
117 -o 53700-01 -o 83890 oo 
118 -0 56810-01 -o 48400 oo 
119 -0 57140-01 0 00000 00 
120 -0 55510-01 -0 11280 01 
121 -0 63420-01 -0 86270 00 
122 -0 68660-01 -o 49560 oo 
123 -0 70520-01 0 00000 00 
124 -0 54580-01 -0 11520 01 
125 -0 66190-01 -o 87780 oo 
126 -0 73860-01 -0 50330 00 
127 -0 76750-01 0 00000 00 
128 -0 52420-0t -o 11630 01 
129 -0 66840-01 -0 88940 00 
130 -0 17150-01 -0 51020 00 
131 -0 81150-01 0 00000 00 
132 -o 53240-01 -0 11710 01 
133 -0 66990-01 -0 89670 00 
134 -0 78630-01 -o 51440 oo 
135 -0 83640-01 0 00000 00 
136 0 56440 00 -0 17700 01 
137 0 34060 00 -0 17360 01 
138 0 21350 00 -0 16780 01 
139 -0.55760-01 -0 11780 01 
140 -0 66000-01 -0 90020 00 
141 -0 79860-01 -0 51690 00 
142 -o 8S14D-o1 0 00000 00 
143 0 56860 00 -o 19920 01 
144 0 31470 00 -0 19750 01 
145 0 20190 00 -0 18730 01 
146 -o 45920-01 -0 13080 01 
147 -0 67110-01 -0 90180 00 
148 -o 81160-01 -0 51880 00 
149 -o 86370-01 0 00000 00 
150 0 53680 00 -0 22620 01 
151 0 28950 00 -0 22230 01 
152 0 20510 00 -o 208so 01 
153 0 10840 00 -0 18800 01 
154 0 22420-01 -0 17650 01 
ISS -0 36120-01 -0 16440 01 
156 -o 53720-01 -0 14170 01 
157 -o s262o-o1 -0 12850 Ot 
158 -0 72570-01 -0 90t8D 00 
159 -0 83t2D-Ot -0 52050 00 
160 -o 87640-01 0 00000 00 
161 0 43850 00 -o 27o5o 01 
162 0 29510 00 -0 25380 0~ 
163 0 19160 00 -0 23600 01 
164 0 68600-01 -0 21000 01 
165 0 10780-02 -0 19440 01 
166 -o 46&9o-o1 -0 17570 01 

167 -o 68660-01 
168 -0 74660-01 
169 -o 80230-01 
170 -o 8529D-01 
171 -0 87710-01 
172 0 28890 00 
173 0 26600 00 
174 0 17140 00 
175 0 58230-01 
176 0 93100-02 
177 -o 2816D-o1 
178 -o 52840-01 
179 -o 6646D-o1 
180 -o 7487D-o1 
181 -0 77100-01 
182 -o 78110-01 
183 0 13130 00 
184 D 13220 00 
185 0 99900-01 
186 0 39980-01 
187 0 13020-01 
188 -D 84110-02 
189 -0 24200-01 
190 -0 34870-01 
191 -o 428oo-o1 
192 -o 4537o-o1 
193 -o 46090-0I 
194 0 00000 00 
195 0 00000 00 
196 0 00000 00 
197 0 00000 00 
198 0 00000 00 
199 0 00000 00 
200 0 00000 00 
201 0 00000 00 
202 0 00000 00 
203 0 00000 00 
204 0 00000 00 

ELEMENT u 
98 -o 1 146D-o1 
99 -0 14880-01 

100 -0 16640-01 
tOt -0 17190-0t 
t02 -o 3t32D-ot 
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