
ABSTRACT

EFFECT OF WALLS ON

STRUCTURAL RESPONSE TO EARTHQUAKES

By

Palamadai S. Natarajan

The development of an optimal numerical model for

filler walls in building frames is described. A method

of elasto—plastic dynamic analysis of plane building

frames with filler walls is presented. A computer program

written in FORTRAN IV for use on the Michigan State

University CD3 6500 computer system was prepared to

accomplish the dynamic solution of such structures sub-

jected to earthquake ground motion.

The filler walls are treated as finite elements in

plane stress, interacting with the moment-resisting frame

such that the translational displacements of the joints

are compatible. Both triangular and rectangular elements

are considered. The effect of mesh size and modelling of

the cracking phenomenon are studied. Computed results of

load-displacement relations, crack propagation pattern and

ultimate load capacity have been compared with known

experimental results.
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In the dynamic analysis the mass of the system is

handled by a lumping procedure, which accounts for rotary

as well as translational inertia. Mass-proportional

viscous damping has been taken into account. The equations

of motion have been formulated in terms of joint displace-

ments relative to supports. Two methods of analysis have

been derived. In the first, all the three degrees of

freedom of a joint are considered. In the second (modified)

method the degrees of freedom associated with the axial

deformation of frame members and rotation of joints are

eliminated. The modified method makes possible the use

of a much larger time step for the numerical integration

procedure, resulting in a considerable saving of compu-

tation time.

Numerical results of the study of a three story steel

frame with concrete filler walls subjected to selected

portions of the El Centro Earthquake of 19u0, are presented.

The results of the study highlight the importance of the

effect of walls on the lateral stiffness and dynamic

response of infilled frames. It is also shown that there

is no significant loss of accuracy in using the modified

methOdo
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CHAPTER I

INTRODUCTION

1.1 General

The effect of frame-wall interaction in a structure

subjected to lateral loads, such as those resulting from

earthquake shocks, has received much attention in recent

years. In order to design structures that are safe and

economical, the importance of more accurate analysis has

long been recognized. Although the loading under con-

sideration is dynamic in nature, earlier investigations

were based on statics only and often in conjunction with

gross simplifying assumptions leading to a crude modelling

of the structure. Nevertheless, those investigations were

significant contributions considering the importance of

the problem and the limited computational facilities avail-

able then. With the availability of modern high speed

digital computers a more exact analysis of the problem

seems warranted. The work reported in this thesis repre—

sents an effort in this direction.

It has often been claimed that the aseismic design of

framed structures without considering the effect of walls

would produce a conservative design. If this is true,

considering the effect of walls would lead to a more

economical design. However such an observation is made



purely from a statics point of view. It is well known that

the fundamental frequency of a structure is a major factor

in its response to earthquakes. Corresponding to an in-

crease in the fundamental frequency of a structure, the

Code (16)* calls for an increase in the percentage of its

gravity load to be applied as seismic lateral load. The

fundamental frequency is substantially increased by the

presence of walls even if cracked. This according to the

Code would increase the lateral loads on the structure.

Thus, a design neglecting the effect of walls might not be

conservative after all. It must, however, be recognized

that the inclusion of the effect of walls adds substantially

to the lateral stiffness of the structure.

1.2 Scope and Outline of the Investigation

The purpose of this investigation is to study, using

a more accurate formulation of the stiffness characteristics

of structures, the effect of walls on the dynamic response

of infilled frames subjected to earthquakes. The analysis

extends beyond the elastic range. The nonlinearity of the

structural response, due to the formation of plastic hinges

in the frame members and crack propagation in the wall

elements, is taken into account.

Only plane frames are considered. The bending moment-

curvature relationship is assumed to be elastic-perfectly

plastic. The filler walls, treated as finite elements

 

* Numbers refer to items listed in the List of References.



in plane stress, interact with the frame such that the

translational displacements of the joints are compatible.

It is also assumed that the wall elements can not transmit

moments at the joints. A wall element is assumed to have

cracked when the principal tensile stress exceeds a pre-

scribed "cracking stress". The overall stiffness of a

cracked wall element is approximated by that of the original

uncracked element except that the elastic modulus is reduced.

In the dynamic analysis the structure is treated as a

discrete system of masses lumped at the joints. The equations

of motion are formulated using the displacements of the joints

:relative to the supports as variables. The transient response

.is obtained by a numerical integration of the equations of

nuytion. A modified procedure in which the axial and the

Instational modes are eliminated, is also derived. This

nuikes possible the use of a much larger time step for the

rnxmerical integration, saving considerable computation time

\Nithout significant loss of accuracy.

1-:3 Literature Review

Smith (13) presented a procedure for predicting the

approximate lateral stiffness of infilled frames, by

aSEBurning an equivalent diagonal strut to replace the infill.

Thfé effective width of the strut was derived theoretically

arui checked by model experiments. Frischman, Prabhu and

TOIXPler (5) used the influence coefficient method and the

egllivalent column method for the analysis of multistory



frames with interconnected shear walls. The frame was

replaced by a column whose stiffness equals the sum of all

column stiffnesses and restraints were applied at each

floor level equivalent to the beam stiffnesses. Beck (1)

presented an approximate method of analysis, replacing the

discontinuous frame system by a continuous system. He took

(into account shear wall deformations due to normal forces.

Cardan (2) proposed that the problem of flexural

deformations of the wall, could be reduced to a second degree

differential equation, with a few simplifying assumptions.

Roseman (11) presented an approximate method of analysis of

walls of multistory buildings with openings. The basic idea

of his approach consisted in the replacement of the connect-

ing beams with a continuous connection. To obtain the

distribution of lateral forces on the elements of a frame-

Wall system, Khan and Sbarounis (8) considered the structure

as:separate parts with certain conditions for compatibility.

Gould (7) studied shear wall-frame interaction by

remucing the problem, with some simplifying assumptions, to

that of a cantilever beam supported by concentrated elastic

rmartions. He represented each story of the frame as an

elastic:spring connected to the shear wall at each floor by

a l"igid bar and a (rotational spring, and connected to each

0f the adjacent floors through a rigid joint.

Kokinopoulos (9) investigated the seismic response

0f a-Inultistory system, treating it as a cantilever with



masses concentrated at the floor levels. Coull and

Choudhury (3) analyzed coupled shear walls by replacing

the discrete system of connecting beams by an equivalent

continuous medium. Fedorkiw and Sozen (4) proposed a lumped

parameter model to simulate the response of reinforced

concrete frames with concrete filler walls. Their study

included load-displacement characteristics of infilled

frames and crack propagation in the filler walls.

Experimental work on the ultimate lateral load capacity

of concrete frames with masonry filler walls has been

reported by Sachanski (12). Yorulmaz and Sozen (15) made

experimental studies on the lateral load.capacityand.load-

displacement characteristics of reinforced concrete frames

with concrete filler walls.

The preceding works were related to the static

anaLysis of-frame-wall systems. Goldberg and Herness (6)

Smuiied the vibration of multistory buildings. The floor

and wall deformations were studied by use of a generalized

slope-deflection equation. Saghera (17) investigated the

effect:of shear walls on the frequencies of vibration of

a.stzuacture. His study included experimental verification

OfC(Dmputed results. The results of his study indicate

that the filler walls, as expected, increase the stiffness

Ofii frame, resulting in considerably higher frequencies.



1.4 Organization of this Report

The formulation of the joint stiffness matrix of the

structure is presented in Chapter II. A comparative study

is also made, treating the walls by the finite element

method. Computed load-displacement characteristics are

compared with known experimental results. The effect of

wall openings on the lateral stiffness of infilled frames

is also discussed. Chapter III deals with the numerical

solution of the governing differential equations of motion.

Two methods of analysis are derived. In the first, all the

three degrees of freedom of a joint are considered. In the

second (modified) method, the degrees of freedom associated

with the axial deformation of frame members and rotation

of joints are eliminated. In this chapter a section on the

cmmputer program has also been included. In Chapter IV

Cmnparative results of dynamic analysis of a three story

stee1.frame with concrete filler walls, with and without

'Uue effect of walls are presented. Comparative responses

of the structure and the computation time involved, with

andWithout the axial and rotational modes are discussed.

A Summary and conclusions are presented in Chapter V.

1-5 Generalggefinitigns

The joints of the structure consist of supports and

free joints. The free joints are classified as frame

jotnts and interior wall joints (see Figure 1). At a

franks joint two or more frame members are incident. At an



interior wall joint only wall elements are incident. At a

frame joint three components of forces or displacements can

be specified and at an interior wall joint only the two

translational displacements or the corresponding forces can

be specified since it is presumed that the wall elements can

not transmit moments at the joints. The joints of the

structure are numbered consecutively starting with 1. The

ordering is arbitrary, but once assigned it remains fixed

during the analysis,

The incidence of a frame or wall element is defined

by the Joint Numbers of its ends or corners. A frame member

whose incidence is IJ has its initial or positive end at I

and its final or negative end at J. The incidence of a

triangular wall element is given by IJK where I, J and K

are the Joint Numbers of its corners. The choice of the

initial end I is arbitrary but IJK is ordered counter-

clocflcwise. The incidence of a rectangular wall element

wifii its corners at Joints I, J, K and L is given by IJKL.

I ks the left hand bottom corner of the rectangle and IJKL

is Ordered clockwise.

Three coordinate systems are used in the analysis.

(See Figures 1.2 and 3)}

1) Structure Global Coordinate System:

This system consists of a single set of cartesian

axes with origin at any chosen point. Since the

analysis is confined to plane frames, the set of

cartesian axes implies a two dimensional system



2)

3)

with the X axis horizontal and Y axis vertical.

Rotation is defined to be positive in the counter-

clockwise sense.

Joint Coordinate System:

This system consists of one set of cartesian axes

for each joint with its axes parallel to the

structure global axes. This system is used to

describe the displacements of the joint and forces

acting on it. At a frame joint the displacements

are represented by a vector with three elements,

the first two elements being the translational

displacements in the X and Y directions and the

third element being the rotation in the XY plane.

The force vector is made up of forces correspond-

ing to these displacements. In the case of an

interior wall joint, this vector is made up of

two elements, the rotation or the moment component

being absent.

Member Coordinate System:

This consists of a set of cartesian axes for each

end of a frame member and for each corner of a

wall member. The origins are located at the ends

or corners as the case may be, and the axes are

parallel to the global axes. These axes are used

to describe the end or corner displacements of

the elements, and also the forces acting at the

ends or corners of the elements. For the frame



members there will be three components of dis-

placements or forces at each end and for the wall

elements there will be two components of displace-

ments or forces at each corner.

1.6 Notation

The notation shown below has been used in this

report:

a, b

dt

the dimensions of the rectangular wall

element in the x and y directions;

area of the triangular wall element;

the matrix relating strain and corner

displacements of a rectangular wall element;

the matrix relating strain and corner

displacements of a triangular wall element;

damping matrix;

damping constant;

the matrix relating stress and strain in a

plane stress formulation;

time interval for the numerical integration

procedure;

the strain vector at any point in the wall

element;

Young's Modulus;

vector of forces acting at the ends of a

frame element or the corners of a wall

element;

element of the joint flexibility matrix F;
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joint flexibility matrix of the unreduced

system;

joint flexibility matrix of the reduced

system;

a submatrix of K;

joint stiffness matrix of the unreduced

system;

joint stiffness matrix of the reduced system;

stiffness matrix of the frame element;

stiffness matrix of the rectangular wall

element;

stiffness matrix of the triangular wall

element;

mass matrix of the unreduced system;

mass matrix of the reduced system;

Poisson's ratio of the wall material;

number of free joints;

vector of joint loads of the unreduced

system;

the ratio of the height to breadth of a

rectangular wall element;

internal joint resistance vector of the

unreduced system;

internal joint resistance vector of the

reduced system;

vector of end or corner displacements of

a frame or wall element;



(
:
0

ll

11

joint displacement vector of

system;

joint velocity vector of the

system;

joint acceleration vector of

system;

joint displacement vector of

system;

joint velocity vector of the

joint acceleration vector of

system;

- the coordinates of Joint i;

the unreduced

unreduced

the unreduced

the reduced

reduced system;

the reduced

a vector formed from prescribed ground

accelerations;

dimensionless member coordinates of the

rectangular wall element; and

stress vector at any point in the wall

element.



CHAPTER II

STATIC LOAD-DISPLACEMENT RELATIONS

2.1 General

The main objective of this first phase of the investi-

gation is to determine an "optimal" numerical model to re-

present the stiffness characteristics of infilled frames.

The following approach is used.

1.

3.

Only plane frames are considered. Failure of frame

elements is assumed to occur due to flexure only. The

bending moment-curvature relationship is assumed to be

elastic-perfectly plastic. It is assumed that when the

yield moment is reached an abrupt transition takes place

from a purely elastic state to a state where all the

fibres are stressed to the yield limit and unrestricted

plastic deformation can occur. This is tantamount to

assuming a shape factor equal to unity.

The wall elements are treated as finite elements in

plane stress, interacting with the frame such that the

translational displacements of the joints are compatible.

Both triangular and rectangular elements are considered.

Cracking is assumed to occur in the wall material when

the principal tensile stress exceeds a prescribed

"cracking stress". The stiffness characteristics of a

wall element after cracking are computed as usual except

12
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that the value of the elastic modulus for that element

is reduced.

2.2 Member Stiffness Matrix

The member stiffness matrix of a frame element is a

6 x 6 symmetric matrix which relates the end displacements

to the forces acting at the ends of the member. The member

stiffness matrix of a wall element is also a symmetric

matrix which relates the corner displacements to the forces

acting at the corners of the wall element. Since it is

presumed that the wall elements can not transmit moments

at the joints, only the two translational components of the

displacements or the corresponding forces can be specified

at the corners. Thus the member stiffness matrix has a

dimension of 6 x 6 for a triangular element and 8 x 8 for

a rectangular element.

The member stiffness matrices are generated with

their axes of reference parallel to the global axes. This

has a distinct advantage in that the joint stiffness matrix

of the structure can be assembled in a very efficient and

quick manner by the direct summation of the appropriate

stiffness coefficients of the member stiffness matrices.

2.2.1 Frame Elements.--The relation between the end dis-

placements and the forces acting at the ends of a frame

member is given by



    

rulI rfl‘r

u2 f2

1113 f3
Kf 0 ‘ L: j ? 0000(18.)

uh f4

U5 1‘5

L116» L136;

or in matrix notation

KfU’= f 0000(1b)

where Kf is the member stiffness matrix of the frame

element, f the vector of end forces and u the vector of

end displacements. For the analysis a consistent procedure

has been adopted to specify the incidence of the frame

elements. The lower end of the vertical members and the

left end of horizontal members are taken as positive ends.

The member stiffness matrices of frame elements for

different cases of moment releases are given in Appendix I.

2.2.2 Triangular Wall Elements.--The corner displacements

u and forces f acting at the corners of a triangular wall

element are related by

Kwtu = f 0000(2)

where Kwt is the stiffness matrix of the triangular wall

element, u the vector of corner displacements and f the

vector of forces acting at the corners of the element.

The vector u contains only the two translational components
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of the displacements at each corner and f the corresponding

force components. The matrix Kwt is computed by a method

suggested by Zienkiewicz and Cheung (15).

Consider a typical triangular wall element shown in

Figure 4. A displacement function is chosen such that the

displacement components are compatible at the interfaces of

the various finite elements. This condition is satisfied

by assuming linearly varying boundary diSplacements of the

form

ux = kl + kZX + k3y 0000(38)

Uy k4 + kSX + kéy 0000(3b)

where ux and uy are the displacements in the x and y

directions at any point (x,y) and k1, k2 etc. are constants

which can be determined from the known values of the corner

displacements. Solving, the following relations are

obtained.

1=1

- 1

uy ‘ 51- (ai + biX + 01301121 ....(4b)

i=1

where A = the area of the triangular element,

a1 = X2y3 — x3y2 0000(53)

bl = y2 - YB 0000(5b)

Cl = X3 - X2 0000(5c)
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x1,y1, x2,y2 and X3,y3 being the coordinates of the corners.

Other constants a2, b2, 02 etc. can be obtained by cyclic

permutations of the relations given above.

The relation between strains and displacements is

  

given by

r 1
exx 22x

ex

9 = <eyyg 2" ally 0000(6)

by

exy 32X + 223/

L J oy 6X 1

 

where e is the strain vector, exxo eyy, and exy are the

components of direct strain in the x direction, direct

strain in the y direction and the shear strain in the xy

plane respectively. Using Eq.(4) for u and uy the following
X

relation is obtained.

e = Bt u ----(7)

where

Bt = O 01 O 02 0 C3 ....(8)

L01 b1 02 b2 03 b3 ....  
It is obvious that the strain field is constant

within a given triangular element. Since a state of plane

stress has been assumed, the stress components can now be
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computed from the following relationship.

      

fimx‘ '1 n olegl

_ E
fidyy>’ - I:;2 n 1 O fieyy? 0000(9)

o o o llfle
\ XyJ .L 2.11ka

where Oxx and ny are the normal stress components in the

x and y directions and ny the shear stress component in

the xy plane. E is the Young's modulus and n is the

Poisson's ratio of the wall material. In matrix notation

we have

C = De 0000(10)

where

D = n 1 O E, 0000(11)

1-n2

  
and o is the stress vector.

By the principle of virtual work, equating the work

done by the external forces to the work accomplished by

the internal stresses the following relationship is obtained.

uT f = eT dAt ....(12)

where t is the thickness of the wall element and the

superscript T denotes the transpose of the matrix.
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Substituting for e and o and grouping terms to one side

of the equation, we obtain,

T T _
u (f - Bt D Bt AtU) — O0 0000(13)

Since the corner displacements u are arbitrary,

f = B¥ D Bt Atu = KWL u coo-(1”)

where

B¥DBt At. ....(15)
Kwt

2.2.3 Rectangular Wall Elements.--Consider a typical

rectangular element shown in Figure 4. The origin of the

local coordinate system is taken at the lower left corner

of the rectangle. The following dimensionless coordinates

are introduced.

9 fl

A
N
N =‘Xand B b 0000(16)

where a and b are the dimensions of the element and, a and

B are the dimensionless coordinates corresponding to the x

and y directions. Let u be the vector of corner displace-

ments again; it contains eight components, i.e. two for each

of the four corners. Simple displacement functions,

assuming linearly varying boundary displacements are given

by the relations,

ux 013 + 0298 + 039 +- cu ....(17a)

Uy C5a + 06GB + C78 + 08 0000(17b)
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where the constants c1, c2 etc. can be determined from the

known values of displacements at the four corners. Solving,

the displacements at any point (x,y) are given by

ux (1-a)(1-B)u1 + (1-a)Bu3 + aBu5 + a(1-B)u7 ...(18a)

uy (1-a)(1-B)u2 + (1-a)Bu4 + a8u6 + a(1-B)u8 ...(18b)

From the known relations between the strain and displacement

components. we obtain

 

e = Bru 0000(19)

where

l”-(1;§) o “.3. 0 -§ 0 1:12 0‘
‘ a a a a

Br" 0 41:11.) 0 1:2 0 a 0 -g ”(20)

b b b b

41:91.) -(1_-&) (1:92) -§ 2:. B ~91 1_-E

b a b a b a b a 1

L.
_. 

The corner displacements and forces acting at the

Corners of the wall element are given by the relationship

Kwru = f 0000(21)

Where Kwr is the member stiffness matrix of the rectangular

wall element. To obtain Kwr we proceed in a very similar

manner and equate the work done by the external forces to

the work accomplished by the internal stresses. It should

be noted that the matrix Br, unlike Bt is a function of the
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position variables, and as such, the work accomplished by

the internal stresses should be obtained by integration.

The internal stress components are determined by using

Eq.(9). The member stiffness matrix Kwr is given in

Appendix I. The method described above for computing the

stiffness matrix of a rectangular element is according to

Przemieniecki (10).

The assumption of linear edge displacements ensures

compatibility of displacements at the interfaces of the

finite elements. It can be observed that the displacement.

components represented by Eqs.(17) are second degree

functions similar to a hyperbolic paraboloid and, when

compared with the previously treated case of a triangular

element, are suggestive of a better representation of the

state of stress. This, in fact, is verified during the

course of this investigation.

2.3 Joint Stiffness Matrix

The equilibrium equation for a statically loaded

framed structure can be expressed in matrix form as

KU = P 0000(22)

Where K is defined as the joint stiffness matrix of the

Sturucture, U the vector of joint displacements and P the

JO int load vector .
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In partitioned form

K = 0000(23)

  LJN.1 JN,N (

where the J's are the submatrices corresponding to the

various free joints and N the number of free joints. Since

the member stiffness matrices of the frame and wall elements

have been generated with reference to global axes, the

submatr1ces Ji,j

of the contributions by the frame and/or wall members

are easily computed by the direct summation

incident at Joint i and Joint j. Since wall elements can

not transmit moments at the joints, displacement or force

components corresponding to joint rotations can not be

specified at the corners of a wall element. As such, the

number of rows in a typical submatrix Ji,j will be 3 or 2

according as i is a frame joint or an interior wall joint

and the number of columns in Ji,j

as j is a frame joint or an interior wall joint. Thus Ji,j

will be 3 or 2 according

will be a rectangular matrix when i and j are different

type of joints and the extra row or column will be made up

of zero entries, to make the matrix multiplication defined

in Eq. (22) possible. It may be noted that Ji'j = Jin.

Referring to Figure 1, the submatrix J1,9 would have

three rows and two columns, since Joint 1 is a frame joint
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and Joint 9 is an interior wall joint. By definition, J1,9

multiplied by the column vector of displacements at Joint 9,

gives the force components at Joint 1 contributed by members

incident at both Joints 1 and 9. Since wall elements can

not transmit moments at the joints, irrespective of the

magnitude of the translational displacements of Joint 9,

the contribution from J1'9 to the moment at Joint 1 is zero.

Therefore the third row of J1’9 consists of zero elements.

Also, any rotation of Joint 1 can not affect the force

components at Joint 9. Therefore the submatrix J9’1 which

has two rows and three columns, contains all zero elements

in its third column.

2.4 Static Analysis

For a given set of static joint loads, the joint

displacements are given by

U = K-1P. ....(24)

A computer program was written to obtain the load-

displacement relation and crack propagation pattern in the

filler wall for steadily and linearly increasing joint

loads. Initially, loads are specified at one or more

joints. The magnitude of the loads are such that no cracks

develop in the wall elements and no plastic hinges form in

the frame members. The maximum tensile stress and the

wall element in which this is developed are determined.

The loads are increased proportionately such that this wall

element just cracks. The joint stiffness matrix of the
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structure is now modified as explained in section 2.1, and

the procedure is continued until the entire wall panel is

cracked. The sequence in which the wall elements crack

gives the crack propagation. At every step it is also

checked whether plastic hinges form in any frame member.

If any plastic hinge forms, the joint stiffness matrix is

modified accordingly.

2.4.1 Effect of Reduction Factor.--The model structure

considered for this part of the study is a single story

reinforced concrete frame with concrete filler walls,

experimental work on which has been reported by Yorulmaz

and Sozen (14). Steadily increasing horizontal loads were

applied at the quarter points of the beam. The load-

displacement relation and crack propagation pattern in the

wall were obtained for various values of a "reduction

factor," which is defined to be the ratio of the elastic

moduli of the wall material after and before cracking.

Figure 5 shows the computed and experimental load-displace-

ment plots. In this analysis the wall panel was divided

into an 8 x 8 mesh with 64 triangular elements as shown in

Figure 6. Results are given for two extreme values of the

reduction factor assumed for the analysis. The crack

propagation pattern is also shown in Figure 6. The location

of the initialcrack and the general pattern of crack

propagation agreed well with the results reported by

Fedorkiw and Sozen (4).
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2.4.2 Ultimate Load Capacity.--A second type of model

structure considered is a concrete frame with masonry filler

walls, experimental work on which has been reported by

Sachanski (12). The wall panel was divided into 8 tri-

angular elements and a steadily increasing load was applied

at the story level. The load capacity is given by the

magnitude of the applied load which causes all the wall

elements to crack. It may be mentioned here that this load

will be far greater than the load capacity of the same frame

without filler walls, the ultimate load in this case cor-

responding to the collapse mechanism. Table 1 shows the

experimental values of load capacity and computed values for

a reduction factor of 0.01. It is seen that the computed

values agree well with the experimental ones. Results

of Figure 5 and Table 1 would indicate that a reduction

factor of 0.01 is a reasonable value for concrete and masonry

filler walls.

2.4.3 Effect of mesh sige.--The horizontal displacements

of the single story structure referred to in Figure 5,

under horizontally applied loads of 10 kips each at the

ends of the beam, for several mesh sizes are shown in

Tables 2 and 3, respectively, for triangular and rectangular

elements. It is observed that there is convergence of

results with increasing mesh size, which is an essential

requirement of any finite difference or finite element

formulation. It is also observed that the size of the mesh

does not affect the displacement a great deal. Comparing
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the results corresponding to the finest and coarsest mesh

in Table 3, the variation in the value of displacements is

about 15%. On the other hand the computation time required

is 45 seconds for the finest mesh and 0.16 second for the

coarsest mesh. It may also be noted that for the same

amount of computation effort, which depends on the size of

the joint stiffness matrix, rectangular elements are superior

to triangular elements.

2.5 An Optimal Numerical Model

It is obvious that there are bound to be some uncertain

elements due to the complex nature of frame-wall interaction.

Based on the data presented here and on the assumptions made

in the course of the analytical formulation, it is assumed

that an optimal numerical model to represent the lateral

stiffness characteristics of a frame wall system could be

obtained by treating the wall panel as a single rectangular

element. This minimizes computation effort and seems to

yield reasonably accurate results.

2.6 Effect of openings in the wall panel

The presence of openings in the wall panel reduces the

lateral stiffness of infilled frames. Figure 7 shows the

effect of openings on the lateral stiffness of a single

story frame. A constant horizontal load is applied at

story level. For various dimensions of the Openings, the

horizontal displacement at the story level has been plotted.

It may be noted that the lateral stiffness is not
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appreciably affected for normal sized openings, i.e., for

values of h/H between 0.45 to 0.55 and b/B between 0.2 and

0.3. (See Figure 7 for definition of symbols used here.)

In the dynamic analysis the effect of openings has not

been considered. If desired this can be easily included

by a suitable modification of the computer program.



CHAPTER III

METHOD OF DYNAMIC ANALYSIS

3.1 General

The structure considered here is a multistoried

plane frame with filler walls in plane stress. The dynamic

loading consists of the horizontal and vertical components

of ground motion in the plane of the frame. In the

modified method of dynamic analysis described later in this

chapter, dynamic loading consists of horizontal components

of ground motion only.

3.2 Lumping of Masses

In the formulation of the equations of motion the

structure is treated as a discrete system of masses lumped

at the joints. Dead and live loads from each floor are

assumed to be uniformly distributed over the beams. The

mass of a beam or column is lumped equally at the ends of

the member. The mass of a wall panel is lumped equally at

the corners. The rotary inertia of a joint is taken to

be equal to the sum of the moments of inertia about the

joint as contributed by the columns and beams incident at

that joint. The contribution of each member is taken to

be that of a rigid bar with half of the mass of the member

distributed uniformly over a quarter of its length. Walls

are ignored in the calculation.cfi'the rotary moment of

27
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inertia since they do not add to the rotary stiffness of

the joints. In the modified procedure, the mass elements

are first computed as indicated above and then all those

mass elements which correspond to the joints of the same

floor are summed up and lumped at one point. Rotary moment

of inertia is ignored in the modified procedure.

3.3 Numerical Integration Procedure

The Analysis is formulated in terms of the joint

displacements relative to the supports. The transient

response of the structure is obtained by a numerical

integration of the equations of motion of the joint masses.

Assuming a velocity damping, proportional to mass inertia,

the equations of motion are given in matrix form by

MU + of] + KU = P ....(25a)

In modified form this can be written as

00 1

U + Cf] + M- KU = 'fi 0000(25b)

S

where M is the diagonal mass matrix, U, U and U are the

vectors of joint accelerations, velocities and displace-

ments respectively, K is the joint stiffness matrix, c is

a damping constant and Ug is a vector formed from the

prescribed ground accelerations. In Eq. (25a) C is the

damping matrix. Elements of Ué corresponding to the

horizontal motion of joints will be equal to the horizontal

component of ground acceleration, those corresponding to

the vertical motion of joints will be equal to the vertical
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component of ground acceleration and those corresponding

to rotation of joints will be equal to zero.

The initial values of the displacements and velocities

of the joints are taken as zero. Theinitialvalues of the

forces in the various members are those corresponding to

the static loads before the commencement of dynamic loading.

The initial accelerations of the joints are readily computed

from Eq. (25b). The displacements, velocities and

accelerations of the joints at any time after the ground

motion commences, are computed by a step by step numerical

integration procedure, using the following relations.

. 2“

U1 3 U0 + dtUO + E5)- UO 0000(263)

.0 - -1 o 00

1 " “M KUl - CUO - Ugl 0 0 0 0 (26b)

131 = 1'10 + 0.5dt(Uo + '61) ....(26c)

where dt is the time interval used, the subscript 0 denotes

known conditions at the beginning of any given time step

and subscript 1 denotes quantities to be computed at the

end of the time step.

To minimize computation time, the largest possible

time interval should be used. To obtain a stable solution

this is limited to a certain fraction of the smallest period

of the system. The theoretical value of this fraction is

of the order 1/h, and for the present investigation a value

of 1/6 is used. The smallest period is easily estimated

from the largest eigenvalue of the matrix M'IK. Due to
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the nonlinear nature of the response, K may vary with time

and so would the optimum time interval. Whenever a crack

forms in a wall element there is a substantial increase

in the value of the optimum time interval. The computer

program automatically calculates the best time interval

whenever there is a change in K due to formation of cracks

in wall elements and uses it for further analysis.

For any step in the numerical integration procedure,

the changes in the joint displacements cause changes in

the stresses in the frame and wall elements. For given

values of joint displacements these are easily computed

from known stiffness properties of the elements. If the

stress in any member at the end of a given time step

exceeds the elastic limit values, causing a wall element to

crack or a plastic hinge to form in a frame member, a

smaller time interval estimated by interpolation, is used

for the present step so that the crack in the wall element

or the plastic hinge in the frame member forms just at the

end of the time step. The joint stiffness matrix K is now

modified accordingly and the procedure continued. At the

end of each time interval, the energy absorption due to the

incremental rotation of each plastic hinge is also checked.

If it is negative, the elastic state is reinstated for the

concerned hinge.

3.4 ModifiedPgocedgre With Reduced Degrees of Freedom

In the procedure discussed before there are three

degrees of freedom for each of the N free joints and the
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structure has 3N degrees of freedom. In this section a

modified procedure is presented. In this procedure the

axial and rotational modes are eliminated and consequently

the smallest period of the modified system would be much

larger than that of the previous system with 3N degrees

of freedom. This would make possible the use of a much

larger time interval for the numerical integration and a

considerable saving of computation time. For the sake of

simplicity, the previous system with 3N degrees of freedom

and the modified system will henceforth be called "the

unreduced system" and "the reduced system", respectively.

The number of degrees of freedom of the reduced system

is equal to the number of floors. The equations of motion

are given by

*-1

fi* + CU* + M K*U* = '1}; 0 0 0 0 (27)

where the superscript * refers to the reduced system. The

generalized coordinates of this system correspond to the

horizontal displacements of the joints along a line of

exterior columns. Consequently, there is one coordinate

for each floor. The elements of M* are the sum of the

elements of M corresponding to all joints at the same

floor level. The joint stiffness matrix of the reduced

system, K*, can be computed from K as follows.

Let F and F* be the joint flexibility matrix of the

unreduced and reduced systems respectively; i.e., F = K"1

and F‘eK*'1. From physical considerations it is apparent
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that F* is a submatrix of F. Thus to obtain K*, F is first

computed by inverting K. The appropriate elements of F are

picked to form F*, the inversion of which yields K*. To

illustrate this,l the structure shown in Figure 8 is now

considered. The unreduced system corresponding to this

structure has eighteen degrees of freedom and the joint

flexibility matrix is given by

" f1,1 - - - - - f1,18

F = _ l’j ' 0000(28)

  _f18,1- - - - - f18,18

and the joint flexibility matrix of the reduced system is

given by

l— — 1F _

'36 * if

f1,1 f1,2 f1.3 f1,1 f1,4 f1,7

* * * *

F = f2,1 f2,2 f2,3 = fu,1 fu,u fu,7 ----(29)

    
*- * *-

_f3.1 f3.2 £3.34 Lf7.1 f7.4 f7.7

The damping constant c is assumed to be the same in

both systems. The displacements, velocities and accelera-

tions of the joints of the reduced system are computed by a

iitep by step numerical integration procedure using the

following relations which are similar to Eqs. (26).
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U; = U3 + dtfig + 0.5(dt)zfig ....(30a)

“-x» *-1-* at '4;- "-5

U1 = "M K U1 -' CUO - Ugl 0 0 0 0 (30b)

1.]; = fig + 005dt(fi3 + fi:)0 0000(30C)

Because of the nonlinear nature of the response, it

is necessary to compute the internal forces in each element

at every step of the numerical integration procedure. This

requires the determination of the vector U, the displace-

ments of the unreduced system. These displacements are

computed as follows. The vector R*, defined as the internal

resistance at the joints due to displacements U*, is given

by the relation

R* = K*U*. 0000(31)

Let R be the unreduced resistance vector corresponding to

U. The vector R may be constructed from R* by setting

each element equal to zero except those corresponding to

the horizontal displacements of the joints of the unreduced

system; and those corresponding to the horizontal displace-

ments will be taken to be the same as those of R*. This

is tantamount to assuming that the inertia and damping

forces in the axial and the rotational coordinates are

:negligible. Subsequent numerical results show that this is

a reasonable assumptions. The vector U can now be computed

from

U = K'lR ....(32)
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The rest of the procedure is the same as before. Whenever

there is a change in the stiffness properties of an element,

due to cracking of a wall element, or the formation or

disappearance of a plastic hinge in a frame member, K*

must be recomputed.

It should be noted that the computation of K*

involves the inversion of K, and as such the procedure

will not operate once the joint stiffness matrix K becomes

singular. However this does not appear to be a serious

disadvantage, since in most cases, if a structure becomes

statically unstable, collapse would often follow shortly,

even in dynamic response. Besides, if necessary, one can

always proceed with the analysis by reverting to the

original procedure when K becomes singular.

3.5 Computer nggram

An outline of the program developed for the study is

presented in this section, the program itself is given in

Appendix II. The important steps in the program are

described in the order in which they are executed.

1) Input information includes location of joints,

the incidence, geometrical and physical

properties of all structural elements, number

of floors, number of degrees of freedom, time

limit up towhich analysis is to be continued,

etc. Both methods of analysis discussed in

the preceding sections are incorporated in the
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3)

4)

5)
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program. For a given structure, the value of

the number of degrees of freedom specified

directs the program to select the apprOpriate

method of solution.

From the information input in 1, the stiffness

matrices of the frame and wall elements are ,

computed. The joint stiffness matrix K is next

assembled. If necessary, K* is computed.

The elements of the member stiffness matrices

and the joint stiffness matrix K are stored as

one dimensional arrays. Only the upper or lower

triangular elements are stored. This makes

possible a considerable saving of computer

memory.

The mass matrix is next assembled using the

procedure outlined in section 3.2.

The optimum value of the time interval namely

1/6th of the smallest period of the system is

computed from the largest eigenvalue of the

matrix M-lK obtained by an iteration procedure.

Information regarding earthquake loading is

input. At any desired time the ground accelera-

tion components are computed by a straight line

interpolation between the appropriate discrete

points. The input motion of supports is adopted

from the two components (North-South and Up-Down)

of ground acceleration records of the El Centro
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7)
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Earthquake of May 18, 1940. This is accomplished

by a subroutine which can also be easily modified

to include dynamic loading on the joints.

The dynamic analysis is accomplished using the

procedure outlined in sections 3.3 and 3.4.

Information is output at designated intervals to

permit a running record of joint diSplacements,

forces in the frame members, maximum tensile

stress in the wall elements and location of

plastic hinges. In addition, the above informa-

tion is given as output, whenever there is a

change in the structural properties of an element,

i.e., whenever there is a crack formation in a

wall element or the formation or disappearance

of a plastic hinge in a frame member.

The program checks joint displacements at every

time increment against prescribed maximum values

and will exit once the prescribed maximum values

are exceeded. At the end, the final status of

joint displacements, velocities and accelerations,

forces in the frame members, maximum tensile

stress in the wall elements, location of plastic

hinges and the energy absorbed due to the

rotation of plastic hinges are furnished as

output. This data can be used to continue the

analysis. The displacement of the top story and

the corresponding time are furnished as punched
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output. This information is used to plot the

horizontal diSplacement of the top story versus

time in the computer plotter CALCOMP 643. This

procedure was necessary because the program has

been written for the CDC 6500 computer system

and the plotter forms part of the CDC 3600 system.

3.5.1 Limitations of the Program.--The program has been

dimensioned to analyse structures with a maximum of 40

joints, 40 frame members and 40 wall elements. The frame

should also be rectangular and there is no restriction to

the number of bays or number of stories. Dynamic loading

consists of components of ground accelerations due to

earthquake motion. However, the program can be modified

easily to handle different types of plane frames, more

number of joints, frame members and wall elements and also

other types of dynamic loading.
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CHAPTER IV

NUMERICAL RESULTS

4.1 The_§tructure

The structure considered for the present study is a

three story steel frame with concrete filler walls, six

inches thick. The dimensions and sectional properties are

shown in Figure 8. Values of other parameters are; elastic

modulus of steel 30 x 106 psi, elastic modulus of wall

material 2.5 x 106 psi before cracking and 2.5 x 104 psi

after cracking, Poisson's ratio of concrete zero, yield

stress for steel 33000 psi and cracking stress for concrete

150 psi. A.10% critical damping (based on the fundamental

mode) is assumed in obtaining the following results.

4.1.1 Loading.—-For initial static loading, a uniformly

distributed load of 2400 lb./ft. is assumed on each beam.

Dynamic loading consists of selected portions of the

El Centro Earthquake of May, 1940. Failure of the structure

is assumed to occur if the horizontal displacement exceeds

2" per story height or the rotation of any joint exceeds

0.2 radians.

4.1.2 Time Increment.--As mentioned previously, for the

numerical integration procedure, the choice of time incre-

ment depends on the smallest period of the system. For the

unreduced system the time interval used is 0.002 second.
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For the reduced system the time step used is 0.004 second

before the first floor wall cracks and 0.01 second after-

wards. These values were estimated from the largest eigen-

1K. In the final version of thevalue of the matrix M-

computer program given in the Appendix, the Optimum time

interval to be used for the analysis is computed by the

program itself and modified whenever a wall element develops

cracks.

4.2 Numerical Examples

The results presented in this chapter may be divided

into two parts. In the first part, four examples of earth-

quake loading are considered for the study of the effect of

walls on the dynamic response of the structure. The

responses with and without wall-stiffness are presented in

the form of graphs, with the horizontal displacement of

the top story plotted against time. In the second part,

the dynamic response is studied by the modified procedure

in which the axial and rotational modes are eliminated.

The results are compared with those obtained by the previous

procedure in which all the modes are retained. Items

compared include the horizontal displacement of the top

story and the computation time.

4.3 Effect of Wal;§

The linear responses of the structure with and without

the effect of wall-stiffness are shown in Figure 9. The

structure is subjected to the ground motion of El Centro



40

Earthquake of May, 1940, from 1.5 to 5.0 seconds with a

scaling factor of 0.005 to ensure that the moments in the

frame members and the maximum tensile stress in the wall

elements do not exceed the elastic limit and that the

response would be entirely in the linear range. It is

seen that, if the wall-stiffness is taken into account,

the structure vibrates with a high frequency and low

amplitude. Without wall-stiffness the response has a

large amplitude and low frequency.

Figure 10 represents the first example of nonlinear

responses with and without wall-stiffness. The loading

is the ground motion of the same El Centro Earthquake

from 1.5 to 4.0 seconds, with a scaling factor of 0.5.

If the wall-stiffness is considered, the first floor wall

cracks soon after loading commences. The response has a

relatively low amplitude and high frequency. The vibration

is damped out after the ground motion ceases and the

structure remains stable. When wall stiffness is neglected

the response has a large amplitude and low frequency, and

the structure fails due to excessive rotation of Joint 5.

In the next example shown in Figure 11 the nonlinear

response to a more severe earthquake is considered. The

ground motion of the same El Centro Earthquake from 1.5 to

4.0 seconds with a scaling factor of 1.0 is used. With

wall-stiffness taken into account, soon after loading

commences, the walls crack one by one starting from the

ground floor. The vibrations are damped out after the
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ground motion ceases and the structure remains stable.

The amplitude is substantially larger and the frequency

lower when compared with the previous example in which two

of the three walls did not develop cracks. When the wall-

stiffness is ignored the structure fails within 1.5 seconds

of loading, due to excessive rotation of Joint 3.

Figure 12 shows the last example of nonlinear re-

sponse, the loading being the ground motion of the same

earthquake from 24.0 to 30.0 seconds with a scaling factor

of 1.0. With wall-stiffness, the walls crack one by one

starting from the ground floor soon after loading commences.

The response is quite similar to the previous example,

except that the ground motion is present during the entire

period for which the response is plotted. Without wall-

stiffness the structure vibrates with a relatively large

amplitude and low frequency. For a given interval of time

the energy absorption due to the rotation of plastic hinges

is also greater with wall-stiffness ignored than that with

wall-stiffness considered.

The above results indicate that even when all the;

wall elements are cracked, the contribution of walls to

the lateral stiffness of the structure and its dynamic

response is too considerable to be neglected. The computed

fundamental periods of vibration of the structure with and

without wall-stiffness are shown in Table 4. The funda—

mental periods,in seconds, of the structure with the effect

of walls ignored, with all walls cracked and with all walls
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intact are 2.170, 0.855 and 0.200, respectively. Expressed

as a percentage of the fundamental period with walls

ignored, the fundamental period with all walls cracked

and with all walls intact are, 40% and 9%, respectively.

4.4 Effect of Axial and Rotational Modes

Figure 13 shows the dynamic responses of the struc-

ture without considering wall-stiffness by the modified

procedure with three degrees of freedom and by the previous

procedure with eighteen degrees of freedom. It may be seen

that there is hardly any difference in the response. The

loading conditions are the same as for the previous example,

i.e., Figure 12. The computation time required by the

modified method is only about 25% of that required by the

previous procedure.

The graphs shown in Figure 14 represent the responses

of the structure wigg wall-stiffness by the two methods,

the conditions of loading being the same as in the previous

example. This is representative of cases in which somewhat

larger discrepencies are found between the responses

computed by the two methods. In the unreduced system

cracks develop in all the walls, whereas in the reduced

system cracks develop in the first and second floor walls

only. (Actually the maximum tensile stress developed in

the third floor wall falls just short of the cracking

stress so that it remains intact.) Thus the modified

procedure would appear to be slightly less conservative.
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It would seem reasonable to expect this considering the

fact that the axial and rotational modes have been elimi-

nated and also the structure is not subjected to the

vertical components of ground motion. There is no appre-

ciable difference in the amplitudes and the general trends

of the response. With one wall still uncracked the

response by the modified procedure has a slightly higher

frequency. The computation time required by the modified

procedure is again only about 25% of that required by the

other procedure with eighteen degrees of freedom. The

periods of the responses in the various graphs presented

above agree well with the computed values given in Table 4.

4.5 Egeration Procedure for Acceleration of Joints

From the relation specified in Eq.(25b) the accelera-

tion vector at a given time, say, t1 should be

U1 2 —M-1KU1 - fig]. "' CU]. 0 0 O 0 0 (33)

In the numerical integration procedure, Eq.(26b) was

actually used, the difference being,UO was used in place

of U1 in order to avoid iterations. This procedure amounted

to assuming that the damping force is proportional to the

velocity at the previous time step in stead of the current

velocity. It was anticipated that this would be a justi-

fiable assumption because the time interval was usually

so small that it would hardly make any difference in the

solution. Two numerical problems were actually solved
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with and without iteration. The time-displacements were

almost identical, thus confirming the validity of the use

of Eq.(26b) in stead of Eq.(33).



CHAPTER V

SUMMARY AND CONCLUSIONS

The development of an "optimal" numerical model and

its application to the elasto-plastic dynamic analysis of

building frames with filler walls have been presented.

The nonlinearity of the structural response, due to the

formation of plastic hinges in the frame members and/or

crack propagation in the wall elements has been taken into

account. The dynamic analysis has been embodied in a

computer program written in FORTRAN IV. This has been

used to study the dynamic response of a three story steel

frame with concrete filler walls subjected to an earth-

quake loading. The study also includes the effect of the

axial and rotational modes on the dynamic response.

For the study of the modelling of the stiffness

characteristics of the structure, the filler walls are

treated as finite elements in plane stress, interacting

with the frame such that the translational displacements

of the joints are compatible. After formation of crack

in a wall element, the stiffness properties of the struc-

ture are computed by assuming a reduced elastic modulus

for that wall element. Both triangular and rectangular

elements are considered. The effect of mesh size and the

cracking phenomenon in the wall panel are studied.

45
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Computed results of load-displacement relations, crack

propagation pattern and ultimate load capacity have been

compared with known experimental results.

In the dynamic analysis the mass of the system is

handled by a lumping procedure. Two methods of analysis

have been derived. In the first, all the three degrees

of freedom of a joint are considered. In the second

(modified) method, the degrees of freedom associated with

the axial deformation of frame members and the rotation

of joints are eliminated. Mass-proportional viscous

damping has been included in the analysis which is formu-

lated using the joint displacements relative to supports

as variables. The transient response of the structure is

obtained by a numerical integration of the equations of

motion of the joint masses. The time interval used for

the numerical integration procedure is based on the

smallest period of the system at any instant. For the

dynamic analysis, the initial values of the forces in the

various members are those corresponding to the static

loads before the commencement of dynamic loading.

Based on the assumptions made during the course of

analysis and on the limited numerical results presented in

this report, the following observations may be made.

1. The modelling of the wall panel of a floor as a single

rectangular finite element interacting with the moment-

resisting frame could reasonably satisfactorily

account for the contribution of walls to the overall



2.

3.

4?

lateral stiffness of the structure.

The contribution of walls to the lateral stiffness and

consequently to the fundamental frequency and the

dynamic response of a structure appears to be too

considerable to be ignored, even when the walls are

cracked. In general it would be appear that the

inclusion of the effect of walls would lead to a

substantially conservative design.

Elimination of the axial and rotational modes makes

possible the use of a much larger time interval for

the numerical integration procedure, and thus resulting

in aconsiderable saving of computation time without

any appreciable loss accuracy.

Future extensions of this investigation could include;

(1) experimental study of the dynamic response of frame-

wall systems in the laboratory to form a basis of compari-

8011! (2) contribution of floors to the rotational stiffness

of joints and the effect of floors on the dynamic response

of the structure.
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Table 1. Ultimate load capacity of model infilled frame.

 

 

 

Frame Length Height of Cross Thickness Collapse load in tons

.Of beam columns section If wall. Sachanski's Computed

1n centi- 1n centi- of frame in can 1- tests values

meters meters 1n centi- meters

meters

1 350 280 15 x 60 3O 23. 2 22. 70'

2 350 280 15 x 60 15 8. 6 8. 12

      
 

Table 2. Effect of mesh size on load-displacement relation

using triangular elements

 

 
 

Pattern Dimension Number of Number of Horizontal

of joint frame wall displacement

stiffness members members of deck in

matrix inches x 10

8 3 4 0. 11965

   

XX 13 4 8 0.13025

L‘KABQL‘VAK‘VA

H§Q§VA§KAE 87 16 64

fi’AfiVAL‘VABVA

VA§VAEVA§VAB

     0. 13884
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Table 3. Effect of mesh size on load-displacement relation

using rectangular elements

Pattern Dimension Number of Number of Horizontal

of joint frame wall displacement

stiffness members members of deck in

matrix inches x 10

6 3 1 0. 12074

I l 9 4 2 0. 13091

ll ll I {J1 27 8 8 0.13960

87 16 32 0. 14017

 

    
 



Table 4.

50

Computed values of fundamental periods.

 

Condition of W alls Fundamental Period

 

1.

Z.

3.

4.

5.

All walls intact

First floor wall cracked

First and second floor

walls cracked

All walls c racked

Effect of walls ignored  

0. 200 sec.

0. 636 sec.

0. 806 sec.

0. 855 sec.

2.170 sec.
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Frame Elements: (Incidence IJ)
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3 (XBOYB)

2

(X2:YZ)

leyl)

 
 

Triangular Finite Element: (Incidence 123)
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Rectangular Finite Element: (Incidence 1234)

“6.4 WALL ELEMENTS
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“6.8 MODEL THREE STORY STRUCTURE
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APPENDIX I

MEMBER STIFFNESS MATRICES

Stiffness Matrix of a Frame Element
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APPENDIX II

COMPUTER PROGRAM

A2.1 General

The analysis is accomplished by a main program called

FINELEM, twelve subroutines and two function subprograms.

All the basic information concerning the structure is read

by the main program. The subroutine FRSTIF generates the

stiffness matrices of the frame members and the subroutine

WSTIFF generates the stiffness matrices of the wall elements.

The subroutine JSTIFF assembles the joint stiffness matrix

of the structure. As already explained in Chapter III

the choice of the method of analysis is made by the number

of degrees of freedom declared in the input. In case the

modified method of analysis is chosen, the joint stiffness

matrix assembled by JSTIFF is inverted by the subroutine

INVERSE to yield the joint flexibility matrix of the un-

reduced system. The subroutine FLEX then forms the joint

flexibility matrix of the reduced system and the subroutine

MATIN computes the joint stiffness matrix Of the reduced

system by inversion.

The subroutine MASS reads data regarding dead and

live loads on the structure and generates the mass matrix

of the unreduced or reduced system as the case may be.

Data pertaining to ground motion is read by the subroutine

7O
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GROUND which generates the vector Ug or U; as the case may

be, at any desired time, by linear interpolation between

discrete points. The subroutine EIGEN and function TSTEP

determine the best time interval to be used for the

numerical integration procedure. All matrix multiplica-

tions are accomplished by the subroutine MATMULT. Function

IPOS maps elements of a symmetric matrix to an one dimen-

sional array and vice versa. The joint stiffness matrix

of the unreduced system, and the member stiffness matrices

of the frame and wall elements are stored as one dimen-

sional arrays to save computer memory.

The subroutine FRAMST computes the incremental forces

in the frame members due to incremental displacements

during any time interval. The maximum tensile stress in

the wall elements at any time is computed by the subroutine

WALST.

The dynamic solution is accomplished by a step by

step numerical integration procedure as already described

in the section on computer program in Chapter III.

A2.2 Variables used in the Computer Program

The variable names used in the program are listed

below in the alphabetical order:

Program FINELEM

AFR(J) = Area of section of frame member J:

COEF = ratio of elastic modulus of wall after and

before cracking:
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CRSTW = cracking stress for wall:

CTIME = computer time elapsed in seconds:

DAMP = damping constant:

DPN = incremental rotation of the J end of a

frame member:

DPS = incremental rotation of the I end of a

frame member:

DWL = computed value of maximum tensile stress in a

wall element during any time step:

EF = elastic modulus of frame material:

EW = initial value of elastic modulus of wall

material:

FACT = scaling factor for earthquake loading:

FACTOR =_ interpolating factor used when crack

develops in a wall element:

FFR(I,J) = Jth element of internal force vector of

frame member I:

FLONG = length of a frame member considered:

FRAMEK(I,J) = Jth element of the member stiffness

matrix of frame member I stored as an

one dimensional array:

FRMI(J) = moment of inertia Of frame member J:

FWL(I) = maximum tensile stress in wall element I:

ICOUNT = counter to keep track of endless looping:

IDEXN = variable identifying transition of plastic

to elastic state of J end of a frame member:
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IDEXP = variable identifying transition from plastic

to elastic state of I end of frame member:

IDFN(I) = variable identifying transition from

plastic to elastic state of J end of

frame member I:

IDFP(I) = variable identifying transition from

plastic to elastic state of I end of

frame member I:

IFLAG = variable identifying wall element when

crack develops:

IFR(J) = joint number of I end of frame member J:

INDEX = variable controlling printing of results:

INQ = a common parameter for the main program and

subroutine ground which causes earthquake

data to be read on the first call only:

INTX = variable identifying a frame or wall element

when structral properties change during

any time interval:

IWALL(J) = joint number of I end of wall element J:

JFLAGN = variable identifying frame element when

plastic hinge develops at the J end:

JFLAGP = variable identifying frame element when

1 plastic hinge develops at the I end:

JFR(J) = jOint.number of J end of frame member J:

JWALL(J) = joint number Of J end of wall element J:

KWALL(J) = joint number of K end of wall element J:

LWALL(J) = joint number of L end of wall element J:
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MODEF(J) = variable identifying moment releases in

frame member J: MODEF = 1 for no releases,

2 for release at I end, 3 for release at

J end and 4 for releases at both ends:

NDEG = number of degrees of freedom:

NFLOOR = number of floors:

NFRAME = number of frame members:

NI = number of time steps after which results are

printed:

NJF = number of frame joints:

NJFREE = number-of.free joints:

NJOINT = number of joints including supports:

NJW = number of interior wall joints:

NN = number of degrees of freedom of the unreduced

system:

NSUP = number of supports:

NWALL = number of wall elements:

PLINCN(I) = incremental energy absorbed due to

rotation of plastic hinge at the J

end of frame member I:

PLINCP(I) = incremental energy absorbed due to

rotation of plastic hinge at the I

end of frame member I:

PLMOM(J) = yield moment in frame member J:

POISS = Poisson's ratio of wall material:

PROOF(J) = bending energy stored in frame member

J at yield:
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PWORKN(I) = energy absorbed due to rotation of

plastic hinge at J end of frame

member I:

PWORKP(I) = energy absorbed due to rotation of

plastic hinge at the I end of frame

member I:

RU = incremental joint displacement vector of the

reduced system:

RUDF = joint displacement vector of the reduced

system at the end of the time step:

RUDI = joint displacement vector of the reduced

system at the beginning of the time step:

RUVF = joint velocity vector of the reduced system

at the end of the time step:

RUVI = joint velocity vector Of the reduced system

at the beginning of the time step:

RUXF = joint acceleration vector of the reduced

system at the end of the time step:

RUXI = joint acceleration vector of the reduced

system at the beginning of the time step:

S = mass matrix:

SMJ = stiffness matrix of the unreduced system in

one dimensional array: (in case the modified

method is chosen, this is inverted and stored

as joint flexibility matrix Of the unreduced

system)

STARK = stiffness matrix of the reduced system:



 



76

TINT = time interval used for the current step of

numerical integration:

TIME = time at any stage of the dynamic analysis:

TLIMIT = time upto which analysis is to be

carried out:

TMH = time interval for the numerical intergration:

TSTART = starting time of earthquake loading:

U = incremental joint displacement vector of the

unreduced system:

UDF = joint displacement vector of the unreduced

system at the end of the time interval:

UDI = joint displacement vector of the unreduced

system at the beginning of the time step:

UVF = joint velocity vector of unreduced system at

the end of the time interval:

UVI = joint velocity vector of the unreduced system

at the beginning of the time step:

UXF = joint acceleration vector of the unreduced

system at the end of the time interval:

UXI = joint acceleration vector of the unreduced

system at the beginning of the time step:

UXLIM = maximum permissible horizontal displacement

of joints:

UXLG = vector of accelerations Ug:

UZLIM = maximum permissible rotation of joints:

WALLK(I,J) = Jth element of the member stiffness

matrix of wall element I, stored as
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WT = thickness of wall in inches:

XJ(J) = X coordinate of joint J:

YJ(J) = Y coordinate of joint J:

ZW(J) = ratio of current value of elastic modulus

to the initial value of elastic modulus of

wall element J: (for wall Openings this

value is declared as zero).

Subroutine IPOS

IPOS(I,J) = Integer value defining the position

of the I,J element of a symmetric

matrix mapped on to an one dimensional

 

array.

Subroutine FRSTIF

A = Matrix used for temporary storage of stiffness

matrix during computation:

I = variable identifying the frame member whose

stiffness matrix is being currently computed:

MODE = variable identifying moment releases:

R = rotation matrix:

RT = transpose of the rotation matrix.

.3ubrout ine WSTIFF

BATA = Ratio of the height to the breadth of a

rectangular wall element:

I = variable identifying the wall element whose

stiffness matrix is being currently computed:
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W(I.J) Jth element of the member stiffness matrix

of the wall element I, stored as one

dimensional array.

Subroutine MASS

ALFWiA = Fractional length of frame member over

which one half of the mass of the frame

member is lumped:

DENSE = density of frame material:

DNS = density of wall material:

NBAY = number of bays in the frame:

WLOAD = total dead and live load on beams in lb./in.

Subroutine EIGEN

B = Derived normalized eigen vector:

C = derived eigen vector:

EPSI = tolerence specified for the iteration:

procedure:

INDEX = counter for the number of iterations:

TMH = time interval computed from the largest

eigen value.

Subroutine GROUND

AH = Interpolated value of horizontal component of

ground acceleration:

AV = interpolated value of vertical component of

ground acceleration:

AXLH horizontal component of ground acceleration:
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AXLV = vertical component of ground acceleration:

INQ = a parameter which causes the subroutine to

read data cards on first call only:

NOH = number of data cards for horizontal ground

acceleration:

NOV = number of data cards for vertical ground

acceleration:

QTH = time corresponding to any given value of AXLH:

QTV = time corresponding to any given value of AXLV:

TIME = time at which U or U* is to be generated by
g 8

linear interpolation between discrete points:

UXLG
*-

vector U or U .

g g

Subroutine FRAMST

X = Incremental end displacement vector.

Subroutine WALST

ALFA = Dimensional x coordinate of a point under

consideration in the wall element:

BETA = dimensional y coordinate of a point under

consideration in the wall element:

PMAXT = variable used for temporary storage of

maximum stensile stress:

UU = vector of corner displacements in a wall

element.

Subroutine MATIN

N = Dimension of S or STARF:
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S = stiffness matrix of the reduced system:

STARF = flexibility matrix of the reduced system.

Subroutine INVERSE

A = Joint stiffness matrix of the unreduced system

stored as one dimensional array:

N = dimension of the matrix to be inverted.
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IN = JFQ(I)

FLONG = SOQT((XJ(IN)-XJ(Ip))**?+(YJ(IN)-YJ(ID))**?)

CPSXJ(IFP(I))-XJ(JFQ(I))

ICp=3*IFQ(I)'?

‘CN=3*JFQ(I)-?

IF‘CPQEQoOoO) GO TO 900

Dp§=(U(ICp+l) ' U(ICN+1))/FLONG + U‘ICD+P)

DPN=(U(ICP+1) - U‘ICN+1))/FLONG + U(ICN+2)

GO TO 910

000 Dp§=-(U(ICP)‘U(ICN))/FLONG + U(ICD+?)

DPN=-(U(ICP)‘U(ICN))/FLONG + U(ICN+2)

010 IF(MODEF(I)0NF¢2) GO TO 930

ON=DPS*FFQ(IO3)

IF(QNOGEOOOO, pLINCD(I)=ON

IF‘ONOGFO-OOIO) GO TO Infifi

IDEXP = I

pQINT 91591

915 FORMAT(/* PLASTIC HINGE DISAPPEAPg AT + END OF FQAME *

1*MEMREQ *014)

INDFX = N1

970 MODEF(I)=1

925 CALL FQSTIFCIQMODEF(I))

TIME=TIME~TINT

CALL JSTIFF

GO To 590

010 IF‘MODEF(I’ONF03’ GO TO 950

QN=DPN*FFQ(194)

I=(ONoGFoOoO) pLINCN(I)=ON

IF(ONQGFo-qoln) GO TO 1000

IDEXN = I

pDINT 93501

935 FORMAT(/* pLASTIC HINGE DISAPPEAPS AT - END OF FRAME *

1*MEMREQ *014)

INDEX = N1

GO TO 920

9:” ON=DPS*FFQ(193)

IF‘QNOGFOOOO) PLINCP(I)=ON

IF‘ONOGF0-0010) GO TO 1000

IDEXD = I

PQINT 91591

‘NDFX : NI

MODEF(I)=3

GO TO 9?5

Q60 QN:DPN*FFP(IO4)

IF‘QNOGEOOOO’ leNCN(I)=QN

IF‘QNOGFo-OQIO) GO TO 1000

IDEXN = I

pPINT 9359!

INDEX = N1

MODEF(t)=2
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660 Do 710 II:I.NFDAME

«=0

00 730 K=IIIIB

KK = KK+1

LL30

DO 730 L=JIIJ3

LL = LL+1

IFILOLTOK) GO TO 730

IFIIaEOoIFQIIIII GO TO

IFIIaNFoJFPIIIII GO TO

KKI = KK + 3

GO TO 690

6‘7n KK! = KK

68H IFIJoEOoIFPIIIII GO TO

IFIJ.NE.JFQ(II)) GO TO

LL] 3 LL + 3

GO TO 700

60“ LLl = LL

700 9MJ(1POSIKIL)) = gMJIIpOQIKOLII

ILLIII

73h CONTINUE

81” CONTINUC

DC 1100 I=ICNJFQ==

DO lion J=I9NJF°FF

IF(IOGTOJ) GO TO 1100

I:(lOGTONJF) GO TO 060

11 = 3*I - 2

I? = II + I

GO TO 960

OR” 11 3 NJF + 2*1 ‘ 1

I? = II + 1

96h IFIJQGTONJF) GO TO 070

J1 = 3*J ‘ 2

J? = J1 + I

GO TO GPO

O7n J] = NJF + ?*J * I

J? = J1 + I

98” DO 1090 11:1 ON‘IIALL

KK = 0

DO 1090 K:IIOI?

KK = KK + 1

LL = 0

DO 1090 L=JI‘J?

LL = LL + 1

IFILOLTOK) GO TO 1000

I=IIOEQOIWALLIIIII GO

IFIIQFQOJWALL(II)) GO

IF‘IOEOOKWALL(II,) GO

[FIIONEQLWALLIIIII GO

KKI = KK+6 5 GO To In

96

67m

71m
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1000

+ cQAM:K(IIoIPO<(KK1.

m
m
“
I
n
.
.
.

i
f
.
t
a
t
”

 10



Am**aaah~vflu505>~

au~vak~fl3~

I.»~_vau401>v+m**...__.aufi.1XI.a_~vou_.fix..kaomu204u

CbCh00.~.m2..-vauflooz4._.m2..__.au~.u_

w24au2.~u_—orCO

«I_*mufi

ufiz.~u~cm00

Cocua~0U

ON_.~H_on00

.m_.o.cuum.k42aou

>4m2.uzo.mv2mo.04042.cmC4wa

332tm+u52*mu22

X4ZZ.A0.0.4N

.mm_OQ.F3.3m.uwoAmomvcooam.®vumoamoovkmoafloflvmm.50.00mu

..c.cvka.ac.¢00.AC4.—2au.acqvau4.acuvfi>.2cv.fix\r\202200

cucz..co~.u..cu.cnvya4+u..cm.cn.ua4kv\u\202200

.cq03m.AC4.44424«

.QDmZ.31Z.ufiz.m54au2.44432.nom.C40y4443.a~N.C40¥m24aufi

.ACQV4443¥.“04.44437.“0404443h.Acvvflhfiono¢vflu~ZCZEOU

._y¥0w00_._~0y4443
+-

X~QF42w¢42EIF

“‘4.y.U00~0fiéuu

COC—

C®C~

Oficfi

04C—

mmkDa200m~IF

‘41Q4dem4iLZ~FDCOmDm

ZODFmU

02m

zaskua

“UMCZVZLF4S4440

xu4u4440

AOoCMoZZVL—

CuLfiZnOoCUoZZVL~

AZvam0m>2_

CCR~OF00

crcgCh0cw

CPC~CF000

Chc—CF000

OF00

Ch00

o»00

OF00

etc"or00w

crcnCh00$

mm

Zfl

4440

Dkwa

AOMCZoFOQZZVL—

CF

(a

CH

OCA—

mDZ~FZCU(Cw—

LDZMFZOUC00"

44

0+44

.._~.44434.w2.fi.u~

“AH—.4443y.cw.fi.u_

..__.44433.Cm.30u~

..~_.4443_.0m.fi.u~

€+¥¥

Q+¥¥

X!

06—44"

.64oyvm00~.12m

4+44

«+44

_44

”44

~44

~44

~¥y

n¥¥

"My

CFOu

C004

(“CH

CQCF

CFO—

CRO—

C40—

CCC—

U
I
J
U



AONMFVfiZm\—\ZOZEOU

0mm3mmOP44>QMPZ~minkmemNIPWUPDQZOUmHIP

AIZFozszuwnwwZ~F303mDm

czw

2&3th

Auom—mcu\.k42acuou—

.0mc2.~u~..~.m..«m_k2_aa

“*xmak42mm42*\.k42aou~«_

~m~kzuaacan

Ay0m+aflvmn.fi.mcg"

0m02*~+fiuy

0m02.~u7044co

>4m2.~n_CH"00

.3vmu._0mcc“

mI~*ru3

2._u~CC"00

._+>4m20*0mczu2C0

cm”orC0

00CF00.0w02.k0.220u~

mDZ~FZCUKG

043+.~+yy.mu.~+yy.m

O4B+A¥¥0mu4¥¥vm

C43+.4+fifi.mu._+fifi.m

043+.330muafi30mn4

C43+A~+440uu.—+44.v

e43+a440uu.44.m

amOhCOAZZok0.440u~pa

C43+.—+_~0uuafi+huvv

c43+6~.0mu.-0m

"0Chc0622.F0.-.u_

4.cmE\rm.c*mzc*k3*Aa._.~

444BLVWXI4._.4443y03x0*2.n~.4443~.fi>lan~04443403>0u043

«IA—044434tmu44

«Ia—04443ytmuyy

«IA—.4443fi*mnfifi

«I.~.4443~*MM~_

44432.4u.mmcc

uzznhzcu(a

LDZ—FZCUCh

Afl+fivw+am**<Ifl440*nm**ZC4u0*AC0F\O4OJO.NAQ+W0U

a~+fivm+C4C4Cua~+10U

4fi0v+o4c40u230uct

4.00m\mm2uC*-~00u4*ZO4L*U.CnO404OCU

co0%00

4.omm\.o4043+mm2w0*.~_.au40*204u#m.cu0404oc4

oc.cm.cq.AEfivfiXI.3~.fix.u_

Anhvaufiuzfi

mm



>oz.Icz.c~04ma

C4.0»00._.ou.02~0u_

302*“+ufiZ#ruZZ

.ccq.>ko.accqvlkc..ccq.>4><..cc<.I4X4204w2u2_c

kp4u.cz~.>4.r4..cn_.04x3\ozoc\zozsou

cucz..cn~0a..cm.cw.ya4kw..cm.cm.ua4»m\m\2022ou

.c403N.ac4.44434m

.aamz.332.uwz.u24auz.44432..om.oe.y4443.A4N.040ym24au_

..0444443y..04044431..0404443_.Acvvaufi..040au_202200

.m2_»0k4zo_»020230a00»mac20—F4am4u004m1»mmknazoum~Ik

.w24».czacaomzhknoamzm

62m

.LOEFLQ

n\U.¢u*u44>Ohk2~m2~k*\\VP4ZQCL

IEF.OQFZHOO

AA~VUVQMF0FHISF

~m0k00

haCFC0AcmoFOoXMCZHVuH

—+meZHuxwozu

“40¢u.Hvx

2.4"»cmCC

hmOh00

mDZMFZCU

U«.Kn.4u._uoml.uu_o.mm4.u~

._.aI.L.Xnuu~0

2.Hu~4mCO

.Cccccocuhunk

>0403004OcuyquU

A—VL\A—v0nA~vm

2.~n~mm00

u32~k200

.HVU\hfivx*Afi._.ya4ku+“4.0u«~00

mmor00

._.U\“fivx*.A3._vuoa~.fizu+.LVLu“~00

~CmCFCGAOECZoLZoZZvuw

ZoaufianCO

C.Cu“~00

Z.~u_anCC

uOCh0m>2u0~uuCUkzuzcnzcumk4430440

c.~ua~0x

Z.—n~CRCC

mDZHFZOU

mu344>2m0~uUCLLGDCLUCUQZO_F4QhP~LIP

cuxwoz—

0MCZHZ

Acmfivx.acm_.0.acm_vmzo~mzw2~O

0mC2.4C&—.o.“(A.CRVXO4FU.ACR.CNVLU4FU\m\ZCSSOU

mm

00

an

Fa

CR

En

4Q

nu

~Cm

PG

C“

.H



H00

43 flDDZbaavum.

00 mo ~n~.ZOI

qubtulu 9 LmuL4+~ % LwnLH+v m LbuL4+w

D). DNDO ~03o04I~LavoDXFIALHVoDHIALNv.DX—IIALNvoofilfiLUvo

”DXFIAL4..OAIALb..bXFI.Lb.

00 03 HHH.ZO<

Lflub*ul4 m LmuL_+~ 0 LuuLH+v a LbuL4+4

0) DflbD ~00.04<.L4..>Xr<.L40.04<ALNV.DXF<ALNV.04<AL00.

4>XF<AL00.04<.Lb..>KF<.va

4)) NODZD4AJX.b.flDoD.flOo)Vv

4b) 00 M): 4n4.533

uflADAIANV.04.4~3m. 03 43 043

03) nOZA_ZCfi

v4) 40u041.40

>9u>XFIA~V

4Fn041A~I40

DFflDXFIauluv

nflu.4~3mI4FV\AAOI4F0

>Iu>F+nn*.>0Ibrv

00 430 ~n~.900

~n.34<.40.34.4~3n. 33 40 44)

0)) ODZH_Z:H

44) 40fl34<a~v

>0u>XF<A~V

4Fu04<a~lflv

>Fu>XF<A~IHV

nflu.4~ZflI4F0\AAOI4F0

><npr+nfl*.>0I>F0

_H.ZONQ.F4.ZZV 00 40 £3)

00 530 4"“.ZLW

LHJ*HIV

CXFQALOu>I*fl>04 * 43).»

CXFOAL+~vn><*fl>nd * Jam.»

9:3 CXFDAL+VVHD.0

03 40 039

£33 00 n33 anu.zonm

nn) cxr0.~. u >I*npna*nm).b

m3) 00Z4~2Cfl

~20u.

DmACDZ

mZO

fiCJOOCfiuzm fl0>3n4

4I~m nOSUCANm 41m HZflumzflZADF floonnn HZ flnpgfl flFWZWZAA

003302 4nn.bov.Lnn.>3..4£>rr.bov.szrraoov.Kiprr.oo..

n."D>3fl..A~bOoNu a oibffKaDOoJov oZED—lpl oZ"D>3TIoZLfl.oZLE cZWCUo

MFEDFF.330.VE.930

OOZZOZ\~\wZL.44m0..W.4430.Caufl00.x.mv.<.o.



pan

3fi0

Inn

11"

I?“

no

101

COMMON/3/ XJ(50)0YJIRO)OAFQIQAIQPDMII4OIQDIGOGIoQTI616)C

18(696IOBBI306)OBTI693)08C(693)QDD(393)QEFQEWQWTQPOISSI

?A(696I9NMAX

COMMON/4/DFQ‘4nO4)ODWLIQO)0FFQI4fi04IQFWLIAO)

DO 300 I=IONFPAMF

Kl=3*IFPII) ‘ 2 $ K?=KI+I 3 K3 = K1 + ?

K4 = 3*JFQII) - P $ Kg = K4 + I $ K6 = K4 + ?

XI1)=U(K1) $ XI2)=U(K?) 5 XI3I=U(K3) ‘5 XIII):U(K4)

XIS) = UIKQI % XISI = UIK6)

00 ?OO II=196

DO ?00 JJ=196

AIIIQJJI=FDAMFKIIQIDfiQIIIOJJ)’

CALL MATMULT (AIXIYIEHFJQI)

DFQ(IOI)=Y(I)

DFQIIQ?)=YI?)

DFQIIQ3I=YI3I

DFP(I¢4I=YI6I

CONTINUE

QETUQN

END

QURDOUTINE WALCIT

THIS COMPUTEé THE MAY TFNCILE QTQFQQ IN THE WALL CLFMFNT§

DIMENSION UUIBIIFFI1IIKIP)

COMMON IFQI‘IO) QJFDIAO) I I‘UALLI‘IO) oJWALLIlIO) IKWALLI‘IO) I

IFRAMEKI40921)CWALLKI40936)QNWALLONFRAMFQNJFQNJWONSUPI

2LWALLI4OIIZWI40)

COMMON/l/SMJI73ROIIUI]?O)IFII?O)IX(6)IYIE)o

IGGI3QB)OHH(3!8)

COMMON/3/ XJ(50)0YJ(aO)QAFQ‘4OIQFRMII4OIOR(696)OQTI606)Q

lRIévé)098(396)IBTI693)ORCI6I3)IDDI303)IEFIEWIWTQPOISSI

2AI606)9NMAXIDVAXT

COMMON/A/DFQ(40.4).n“,l_(an)QFFD14094) OFWLIAO)

DO 600 N=IOMWALL

PMAXT = 0.0

ALFA = XJ(LWALLINII - XJ(IWALLINI)

BETA = YJ(JWALLIN)) - YJ(IWALLIN))

IF (IWALLIN)oGToNJF) GO TO 100

KIl) = 3*IWALLIN) - 7

GO TO 110

KIl) = NJF + 9*IWALLIN) - I

KI?) = KIII + I

IF (JWALLINIoGToNJF) GO TO 120

K(3) = 1*JWALLIN) - ?

GO TO 130

KI?) = NJF + ?*JWALL(NI - 1

KIa) = KI?) + 1

IF (KWALLIN) o GToNJF) GO TO 140



102

KI?) = 1*KWALLIN) — 9

GO TO 1:0

140 KI“) = NJF + ?*KWALLIM) ‘ 1

1R0 KI6) = KI“) + 1

IF (LWALLIN)oGToNJF) GO TO 160

K(7) = 3*LWALLIN) - ?

GO TO 170

16n KI?) = NJF + ?*LWALL(N) - 1

I70 KIB) = KI7) + I

DO 200 1:198

?OO UUII) = UIKII))

DO EGO II=II?

DO FOO JJ=IOP

XEF = (II-1)

ETA = (JJ-l)

DO 330 I=I¢3

DO 330 4:108

31” GGIIIJ) = 0.0

GGIIOI) = -(100 - FTAI/ALFA

66(103) = -ETQ/ALFA

GGIIQF) = -GG(193)

66(197) = -GG(IOI)

66(292) = “(Ion - XFFI/pFTA

GG(?v4) = -GG(?9?I

GG(?96) = XEE/RETA

GG(?98) = -GG(?06)

66(301) = GG(?0?)

GG(3.2) = GGIIQI)

66(393) =-GG(29?)

66(304) = 66(103)

66(305) = GG(206)

66(396) = - GGIIIB)

65(397) = -GG(206)

66(308) = -GG(191)

CALL MATMULTIDDIGG.HH.3I3IPI

1:0 CALL MATMULT(HHIUUIFFI1IRIII

$1 = n.=*(pc(1I + =F(7)+ COQTIIFFI1)-¢FI2II**2 + 4.0*

FF(3)**P))

IFISIOLTOPMAXT) GO TO 400

PMAXT = 51

can CONTINUE

500 CONTINUE

DWLINI = PMAXT * 7WIN)

600 CONTINUE

PETUPN

END

fl

SURQOUTINE MATMULT (AIRICILIMIN)
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