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This thesis studies the effect of-floor slabs on the 

static and dynamic behaviour of the shear wall structure. 

A single component has been analysed using the 'Matrix 

Transfer' technique along with Vlaspv's thin walled elastic 

beam theory. Experimental verification was done on a small 

scale plexiglas eight storey model in the form of a channel 

section for both static and dynamic loading. 

The thesis also deals with the ·analysis of the non-

planar shear walls coupled through floor beams subjected 

to static loading. The continuum approach along with 

Vlasov's theory h&s been used in the analysis. Experimental 

verification was done on a small scale plexiglas model in 

the form of two equal angles connected by eight floor beams 

at equal spacing. 
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NOTATIONS .--. 

The following symbols are used throughout this thesis 

without further definition. Other symbols are defined when 

used. 

E 'Modulus of Elasticity 

G Modulus of rigidity 

v Poisson's ratio 

X,Y Orthogonal axis 

Z Vertical axis 

w· Principal Sectorial co-ordinate 

A cross sectional area 

IX,IY Moment of Inertia about X and Y axes 

J Torsional rigidity 

I Polar moment of ine~tia about shear center p 
I~ Sectorial moment of inertia 

0 Rotation about Z axis 

e• Rate of change of rotation about Z axis 

u,v Displacement of shear center in x and y directions 

u',v' Slope in zx and zy planes 

V Shear Force 

M Moment 

H Torque 

B Bimoment 

N Axial Force 

ax,ay Co-ordinate of shear center 

p Mass density of material 

w Natural frequency 
( . ) Differentiation with respect to time 

( I ) D.if ferentiation with respect to space. 

vi 



CHAPTER I 

INTRODUCTION 

1.1 Description of Shear Wall 

·As buildings increase in height, it becomes necessary 

to ensure adequate lateral stiffness. This stiffness may be 

achieved in various ways of which the use of shear wall is 

very common and popular. 

Al though shear walls C'an be arranged in a building 

in innumerable ways, they can be broadly classified into two 

basic types. In an apartment building, shear walls are 

used alone and located on both sides of the corridor ·as 

shown in Fig. 1.1.1. In an office building, shear walls 

are located in the center to form a service core for stair-

aases, elevators etc. This core is surrounded by a structural 

framing which are interconnected as shown in Fig. 1.1.2. 

In both the above types, shear walls serve the multipurpose 

function of supporting vertical and lateral loads, acting 

as partition walls and serving other useful functions. 

Shear walls are normally interconnected by floor 

slabs at each floor level. These f°loor slabs act as highly 

rigid diaphragm in their own plane and bend and twist out of 

plane. Therefore, the slabs transmit and distribute lateral 

loads among the walls and also provide some resistance 

l 
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to the deformation of the walls. The effect of overall inter-

action between the walls and the floors is to increase the 

lateral stiffness of the building and to reduce stress 
I 

level in the walls. 

Very of ten shear walls are pierced to provide openings 
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for doors, windows or corridors. The arrangement ·may be thought 

of as two or more sets of walls connected by beams. These beams 

resist the deformation of the wall and increase the stiffness 

of the assembly. 

Frequently the section of shear walls are in the form 

of open thin walled sections. Such beams are distinguisheG 

from solid beams by experiencing longitudinal stress as a 

result of torsion due to warping. Appropriate theory should 

be considered for dealing with such sections. 

For these reasons, a complete analysis of a building 

as shown in Figs. 1.1.l and 1.1.2 is a most complex problem 

encountered in structural engineering practice. The complexity 

is due to various interacting ele~ents. The dynamic analysis 

is even more complex. Approximate design ·methods, neglecting 

complex interaction can be used for proportioning elements 

which often under estimates the stiffness of building. 

Therefore, more sophisticated techniques of analysis are required. 

The general purpose of research on shear wall structure 

is firstly to understand fully the behaviour of different 

elements and secondly, to develop more realistic methods of 



analysis. 

1.2 Shear Wall Project 

The Canada Emergency Measures Organization is spon­

soring an extensive program into behaviour of shea~ wall 

building. This project is conducted in the Department 

of Civil Engineering and Engineering Mechanics at McMaster 

University. The experimental part of the project consists 

4 

of building small' scale shear wall structures and studying 

their response due to static and dynamic lateral loadings. 

The theoretical part of the project consists of developing 

theories to explain the behaviour of shear wall structures, 

comparing theoretical results with experiments and developing 

simplified design method. 

Tests have been carried on an eight feet model having 

E shaped section and made of non-reinforced micro-concrete. 

Afsar(l), Quareshi(2), Speirs(3),· Raina(4) and Swift(S) 

studied different aspects of behaviour of shear wall structures. 

1.3 Review of Past Works 

Coull and Smith (6) compiled. a comprehensive summary 

of the published literature concerning shear wall buildings. 

Winokur and Gluck (7). developed a method to form 

lateral stiffness matrix of asyrrunetric bulding by combining 

lateral stiffness matrix of each element. Transverse 

stiffness of slab and warping torsional stiffness of individual 
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elements has been neglected. 

The phenomenon of warping has been known to the 

aeronotical engineers for a long time but its application 

to shear wall structure is rather recent. Vlasov (8) 

developed the theory of thin walled open beams. Zbirohowski-

Koscia (9) presented Vlasov's theory in simpler way and with 

an aim to make it usable by practicing engineers. 

Afsar (1) has outlined various analytical and experi-

mental approaches used in the shear wall study. 

Quareshi (2) analysed the shear wall with rows of 

opening by frame analogy method and also conducted experiments 

on small scale models. 

Speirs (3) studied the behaviour of floor slabs 

introduced in shear wall structure. His theoretical analysis 

is mainly based on the initial parameter approach of Vlasov. 

\ 

Raina (4) studied response of shear wall structure 

under dynamic loading. 

Swift (5) developed computer program based on matrix 

method, to solve asymmetric coupled shear wall. He also 

developed a program to analyse shear wall with floors. 

Qadeer (10) and Qadeer and Smith (11) discussed the 

interaction between walls and slabs in a cross wall structure. 

Curves are given for equivalent width of slab. Experimental 



work on a model was done for verification of the theory. 

Taranath (12) studied open section with and without 

floors. Finite element treatment for floor slab is used. 

Multiple open section core structure coupled through floor 

slab is also examined for the case of static loading. 

Beck (13), Rosman (14) analysed plane coupled shear 

wall by continuum method. The connecting beams are replaced 

by independently acting laminae. Coull and Choudhury (15), 

(16) developed design curves for different types of loading· 

based on the continuous method of analysis. 

Choudhury (~7) discussed the solution single shear 

wall with openings by continuous method, equivalent frame 

method and finite element method. The behaviour of walls 

interconnected through floor slab is also examined. A 

method of complete analysis of shea~ wall/frame buildings 

taking into account their three-dimensional behaviour is 

presented. 

Michael (18) made torsion analysis of a core wall 

consisting of two equal channels tied by beams at equal 

spacing by the continuum approach. 

Jenkins and Harrison (19) analysed tall building with 

shear walls under bending and torsion. · His bending analysis 

is based on stiffness matrix approach and torsion analysis 

is based on the theorem of minimum potential energy. The 

6 
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warping stiffness of the open sections are neglected. Experi­

ments are carried out on small scale plexiglas model in 

different stages. 

Holmes and Astill (20) conducted experiments on a 

small scale shear wall structure under simulated wind load. 

Comparison of experimental values are made with theoretical 

consideration of simplified structure using Rosman's (14) 

theory. 

Rosman (21) presented analysis of pierced torsion 

boxes subjected to torsion loading, arbitrarily distributed 

along the height. Treatment for two channel box and four 

angle box ls done. Determination of approximate fundamental 

period of torsional vibration is also included. 

Gluck (22) presented a lateral load analysis by 

three dimensional continuous method for structures consisting 

of simple or coupled, prismatic or.non-prismatic, shear 

walls and frames arranged asymmetrically in floor plan. 

Connecting beam on the shear wall is replaced by an 'elastic 

media' of known stiffness properties. Treatment for thin 

walled open section is included. Differential equations are 

obtained for ~hree-generalised displacements. In his deri­

vation of stiffness matrix for 'elastic media', slight 

inconsistancy of the use of 'thin walled beam theory' was 

noticed. Modification of few elements of matrix has been 

suggested by Biswas and Tso (24) in a discussion of Gluck's 

(22) paper. 



Macleod (23) commented on the limitation of the use 

of continuum method when the bending stiffness of the wall 

appraoch that of connecting beams. A criterion is developed 

for assessing when this effect may be important. Comparison 

is made with more accurate frame analysis. 

Coull and Irwin (28) presented a _method for the 

analysis· of the distribution of load amongst the shear 

walls of a three dimensional multistoreybuilding subjected 

8 

to bending and torsion. The method is based on the contin~um 

approach_. 

1.4.Present Investigation 

In the second and third chapters of this thesis, 

particular interest is given on shear wall with floors. 

~ shear wall structure consisting of channel section with 

floor slabs is analysed for static and dynamic loading 

·using the 'Matrix Transfer' method. To the best of 

the author's knowledge, this method has not been used to 

solve similar problems before. Experimental study was 

conducted on a small scale plexiglas model. This model was 

subjected to lateral loading at different floor levels when 

the recorded deflections and strains were studied. It was then 

subjected to lateral vibration to determine the resonant 

frequencies. The relative strain distribution at resonance 

is also studied. 

In the fourth chapter, particular interest is on the 

nonplanar shear walls coupled by floor beams where warping 



due to torsion of piers is taken into account. Differential 

equations are obtained using the continuum approach. The 

present formulation is applicable to two shear walls 

connected by one row of beams and subjected to forces and 

torques distributed along its height. The experimental 

study was performed on a small scale plexiglas model 

consisting of two equal angle sections connected by beams 

at equal spacing. It was subjected to a force and a 

torque at top. The resulting strains and deflections are 

then analysed. A comparison of the experimental results 

with the theory is made in all three chapters. 

9 



CHAPTER II 

STATIC STUDY -OF SHEAR WALL WITH FLOORS 

2.1 Sununary 

In this chapter, a shear wall structure consisting of a 

channel section with floor slab is analysed for static lateral 

load. The 'Matrix Transfe..:r:-' technique.is used. An experiment 

performed on a smail ~cale plexiglas model Fig. (2.1.1) is de-

scribed and the experimental results are compared with theore-

tical predictions. 

2 .. 2 Matrix Transfer Method 

This method was originally developed by Holtzer(25) for 

treating torsional vibrations of shafts with lumped system. 

Myklestad(26) used a similar method for study of.beam vibration 

problems~ It was modified by Thomson(27) to extend its appli-

cability to more general problems. Application of such 

method to static problem is less common. 

Consider a system with n points and n elements along its 

length as shown in Fig.(2.2.1). For any point i there are two 

sub-point (i) and (i)+ denoting position before and after the 

ith point. Generalised force and displacement quantitites of a 

sub-point is assembled in a column matrix called state vector {Z}. 

The part of the structure between (i)_ and (i-1)+ is defined 

as ith field and that between (i) and (i)+ is defined as 

ith point. Field transfer matrix [F.] relates the state 
l. 

vectors of two subpoints in ith field and is obtained from 

10 
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Field 1 'l 3 • t n -1 n 

{zi} State Vector at Point i & Sub point + l 
( i} -

[Fi] Field Transfer Matrix at i th Field i th field 

[Pi] Point Transfer Matrix at i th Point 

[L11 Load Vector at i th Point M 
{i)- (j}+ 

i th po\nt 

FrG .. 2.2_1 



solution of differential equation of the element. Point 

transfer Matrix [P.] relates the state vectors of two 
1 . 

subpoints in ith point. Load vector at ith point is de-

fined as {L.} • The relations can be expressed as 
1 

{z:} = [F. J {z:" 
1

} 
1 1 1-

{Z~} = [P.]{Z~} + {L.} 
l. 1 1 l. 

where i = 1,2, ••• n 

13 

(2.2.1) 

(2.2.2) 

From these two sets of eqs. (2.2.1) and (2.2.2) it· is possible 

to eliminate the state vectors of the inner points and get a 

relation between the state vectors of the extreme points 

(O)+ and (n)+ 

(2.2.3} 

Where [A] is combined transfer matrix and {N} is combined 

load vector obtained from multiplication of appropriate 

matrices. 

Mathematically, they are given by 

[A 1 = ( p n] [ F n] • • • . [ p 2 ] [ F 2 ] [ p 1] [ F 1 1 

{N} = [Pn] [Fn] ••.• [P21 [F2] {Ll} 

+ [Pn] [Fn] •••• [P] 2 [F3 ] {L
2

} 

+ [Pn] [Fn] [Pn-11 [Fn-l]{Ln-2} 

+ [P ] .[F ] {L l} + {L } n n n- n 

(2.2.3a) 

(2.2.3b) 

The next step is to substitute the boundary conditions 

in the boundary state vectors, narnely.{Z~} and {Z~} in eq. 2.2.3. 



Simplification of this matrix equation will yield a set of 

linear simultaneous equation which can be solved. The 

solution will give the values of boundary state vectors 

{Z+} and {Z+} . The state vector at other points follow 
n o 

from the eq. 2.2.l and 2.-2.2 as, 

_·{Z~} = [F1 J{Z~} 

{Z-}= [F ] [P -
1

1 [F 
1

1 •••• [P
1

J [F
1

J {Z+} 
n n n- n- o 

• • • • • • • • • · • • + [ F n ] { L.n -1 } 

14 

(2.2.4} 

2.3 Application of Matrix Transfer Method 

The structure considered consists of a prismatic mono 

synunetric section with equally spaced slabs. The floor slab 

represents 'point' and the part of the beam in between floor 

slabs represents 'field' as' defined earlier. The simplified 

model to be used in Matrix Transfer method is shown in 

Fig. 2.3.1. In this case n equals eight and all field transfer 

matrices and points transfer matrices are identical. 



~~:~~=:::::::y= 1::=::::::~7---7~=~ 9 
0 1 -2 3 4 5 6 7 8 

f Y 
i • I 

SIMPLIFIED MODEL 

FfG. 2.3.1 

FORCE & DISPLACEMENT QUANTlTIES 

FIG. 2.3. 2 
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2.3.l State Vector 

The state vector is Qneighth order column matrix con-

sist~ng of the following terms 

r. v 

V'' 

The notations are explained and illustrated in f~g. 2.3.2. 

2.3.2 Field Transfer Matrix 

The field is a prismatic thin walled beam of length £ 

and its transfer matrix is obtained from the solution of the 

differential equations. When refered to principal axes, the 

uncoupled differential equations for bending in y-direction 

and rotation are (Eq. A.4, Appendix-A): 

l;I I IV = 0 _, xv 

EI e rv 
w 

II 
GJ6 = 0 

(2.3.1) 

(2.3.2) 

The solution of the first equation yields the following 

expressions for displacement, slope, moment and shea=. 

v(Z) = o1 z3/6 + o2z2/2 + o3z + o4 

V(Z) /EI. = . x 
- V' I I 

(2.3.3) 
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Where n1 , D2 , o3 and n4 are constants of integration deter­

mined from the boundary condition at Z=O namely 

1 V = V(O), v' = v• (O), M = M(O) and v = V(O) 

The state vector at Z = ~ can be expressed in terms of state 

vector at Z = 0 by the relation, 

v (R.,) = 
,Q,2 ,Q,3 

( 0) + R..v ' ( 0) + 2E 1- M ( 0) - GEI V ( 0) 
x x 

v' (t) R, = v 1 (O) +EI M(O) 
x (2.3.4) 

M(R..) = M(O) +R...V(O) 

V(i) = V(O) 

The solution of the second equation yields the following 

expresssions for rotation, warping, bimoment and torque. 

6'(Z) = c2 + C3K cosh KZ + C4 K sinh KZ 

B(Z)/EI = -e'' = -c K
2 

sinh K2 -c K2 cosh KZ w ·. - 3 4 

H(Z) = - Eiw8 lll + CJ8 1 = c2 .GJ 

Where 

(2.3.5) 

The constants c
1

, c2 , c3 and c4are constants of integration 

determined from the boundary condition at Z = 0 namely 

e = e(O), e' = 6 1 (0), B = B(O) and H = H(O) 

The boundary condition at Z = i are 

e = e ( i ) , e • = e ' ( i ) , B = B ( £ ) and H = H ( R..) 



They can be expressed in terms of e (O) er (O) I B (0). and 

H{O) by the following expressions 

\ e < ,Q, > = 6(0) - Kl sinh K,Q, 8'{0) - !_(1-cosh K£) B(Q) GJ 

+ ~J {,Q, - ~ sinh K,Q,)' H(O) 

e ' {,Q..) = co sh Kl e ' ( o) - ~J s i nh KR.: B ( o ) 

B (,Q,) = 

1 ·+ GJ (1 - cosh K£} H(O) 

GJ sin KR. 8'(0} +cash K,Q, B(O} 
K 

+ 1 sinh K,Q, H ( 0) 
K 

H(i) = H(O) 

18 

(2.3.6) 

Eq. 2.3.4 and eq. 2.3.6 can be combined in a single. matrix eq. 

as 

. {Z(R-)} = [F}{Z(O)} (2.3.7) 

where v( R,) v(O) 

v' ( Q. v' ( O) 

M( ,Q,) M(O) 

V( R.) V(O) 

.{Z(R.)} = e < R.) and Z(O) = e co> 
e I ( ,Q,) a • co) 

B (.Q,} B (0) 

H ( ,Q,) H (0) 
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Field transfer matrix is an eigth order square matrix 

f 11 f 12 £13 f 14 0 0 0 0 l 0 f 22 f 23 f 24 0 0 0 0 

0 0 f 33 f 34 0 0 0 0 

0 0 0 f 44 0 0 0 0 
[F] = 

0 0 0 0 f ss fs6· f 57 f ss 
0 0 0 0 0 £66 £67 f 68 

0 0 0 0 0 f 76 £77 £78 

0 0 0 0 0 0 0 fas 

(2.3.8) 

Where the non zero elements are 

f 11 = 1, £12 = .Q,, f 13 = i 2/2EI I £14 = - i 3/6EIX, x 

f 22 = 1, ·£23 = i/EIX, f 24 = - .e..
2/2EIX, 

f 33 = 1, f 34 = .e.., f44·= 1, 

f55 = 1, f 56 = sinh Ki/K, 

- cosh KQ.)/GJ, f sa 
. 1 

f 57 = (1 = (i - K sinh Ki)/GJ 

f 66 = co sh KQ., £67 = - K sinh Ki/GJ 

f68 = (1 - cosh Ki)/GJ, f = -76 GJ sin Ki/K 

f 77 = co sh Ki, £78 = sinh K9../K, £88 = l. 
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2.3.3 Action of Floor Slab 

Vlasov (1) considered the effect of a diaphragm on the 

behaviour of a thin walled beam. In a shear wall structure, 

floor slab is equivalent to diaphragm. Vlasov assUmed that 

the diaphragm acts as a plate in torsion and derived the 

following relationship for the bimoment applied to the shear 

wall by the action of the slab (Fig. 2.3.4(a)). 

Et3bd B = 8' t 6(l+v) 
(2.3.9) 

Where b = width of slab 

d = length of slab 

t = thickness of slab 

v = Poisson's ratio 

E = modulus of elasticity of slab 

0' =warping of the shear wall at the level 

of slab. 

In this derivation Vlasov neglected the effect of 

bending of slab (Fig. 2.3.4 (b)) due to fixity of walls. 

This can be considered by treating the slab as a series of 

beams running between the flanges. The center line of the 

beams is the locus of point of contraflexure for each beam. 

If a cut is made along that line, there will be relative 

displacement to the left and right of the cut. (Fig. 2.3.4(c)). 

Shear force q will develop along the line to maintain con-

tinuity (Fig. 2.3.4 (d)). For an element of beam at a 

distance ~ from the wall, the sectorial areas at the center 



Fl G. 2. 3. 4 

(a) To rs ion of slab 

"" 
,,,."' , 

cc) Slab cut at center 

+ 

( e) Sectorial arC?a 
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Cb> Bending of slab 

(d) Shear force 

(f) Bimornent from slab 

• 
I 



(Fig. 2.3.4(e)) considering rigid arms attached to thin 

wailed beam.are: 

wr = ~d, wi = -~d. 

Discrepancy of displacement is 

o = (w - w )8' = 2~d8' r .i 

22 

Shear force develops to maintain continuity considering bending 

deformation only 

The bimornent due to the shear force is 

The total bimoment due to bending is obtained on integration 
b 

Bb = J dB =· 4Et 3b 3 e • c 2. 3 .10 > 

. 3d(l-v2
) 

0 

The combined bimoment due to torsion and hen.ding is 

Where 

D = ( Et3bd 
6(1+\J) 

(2.3.11} 

(2.3.12) 

From Fig. 2.3.4 (a), the bimoment contribution from slab is 

related to the bimoments in the walls immediately above and 

below the floor slab. 

(2.3.13) 

2.3.4. Point Transfer Matrix and Load Vector 

The Point transfer matrix [P] is a square matrix of 

order eigth. It is obtained from the consideration of 

I 
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equilibrium and compatibility: 

1 0 0 0 . 0 0 0 0 

0 1 0 0 0 0 0 0 

0 0 1 0 0 0 0 0 

0 0 0 1 0 0 0 0 

[P] = 

0 0 0 0 1 0 0 0 

0 0 0 0 0 1 0 0 

0 0 0 0 0 -D 1 0 

·O 0 0 0 0 0 0 1 

The load vector is a column matrix of order eight .. 

0 

0 

0 Where i = 1, 2 ..... 8 

-P. and p, is applied load {L. }= 1 
1 

1 0 and Q.. is the applied 
0 l. 

0 torque at ith level. 

-Q.. 
1 

2.3.5 Boundary Conditions 

The shear wall is fixed at the base and free at top. 

Therefore, the state vectors at the base and the top 

can be written as 
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0 v+ 
~-

0 v"'+ 
M+ 8 

0 
0 

v+ 
0 0 

. {Z+} = 0 
0 and {Z+} 

8 = e + 
8 

0 e'+ 
B+ 8 

0 0 
ff+. 

.. 0 0 

Substituting the above conditions in eq. 2.2.3 and making 

some rearangment of terms the following eq. is obtained. 

[B] {Y} = {N} (2.3.14) 

Where 

+ 
vs 

v'+ 
8 

M+ 
0 

v+ 
{r.r} is defined 0 

and {Y} = e+ 
8 

in eq. 2.2.3b •+ 
68 

B+ 
0 

H+ 
0 

and 
1 0 -al3 -al4 0 0 0 0 

0 1 -a23 -a24 0 0 0 0 

0 0 -a33 -a34 0 0 0 0 

0 0 -a43 -a44 0 0 0 0 
[B] = 

0 0 0 0 l 0 -a57 -ass 
0 0 0 0 0 1 .-a67 -a68 

0 0 0 0 0 0 -a77 -a78 

0 0 00 0 0 0 -.a87 -a88 
-
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Here 'a' denotes the elements of matrix (A] as defined in 

eq. 2.2.3 (a). The solution is obtained by inversion· 

{Y} = [B]-l{N} (2.3.15) 

Knowing {Y}, {Z~} and {z;} can be f~rrned. State vector at 

other ~oints are obtained from.expressions in eq. 2.2.4. 

2.4 Computer Program 

A computer program based on the above analysis has 

been written. The input data are the geometric and elastic 

propertie·s and loadi:n9 of the structure. The output 

quantitites are the state vectors at all floor levels. 

The present program is for identical floor slabs, equal 

storey heights and prisma~ic section. Extension for 

.stepped cases or different storey heights and floor slabs 

can be made with little modification. 

The flow chart is given in Fig. 2.4.1 and the computer 

program i.s included in· Appendix-B. 

2.5 Experiment 

Anexperiment was done on a small scale plexiglas 

model (Fig. 2.1.1). It was made by assembling different 

components representing walls and floors. The base of 

the model was connected to a thick base plate which in 

turn was fixed to two heavy I sections to achieve fixity 

(Fig. 2.5.1), It was loaded at the 8th, 6th and 4th floor 

respectively, one floor at a time, by hanging weights over 
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a pulley. Strain gauges were attached at the middle of 

1st, 2nd and 5th storey. Leads from the strain gauges were 

hooked up to a strain indicator through switch boxesand 

strain readings at every increment of loading were taken. 

Deflecti6ns are measured from readings of dial gauges 

mounted at different points of the structure (Fig. 2.5.2). 

· The strain gauge ·and dial gauge read_~_!lgs_ .. are_. tabulated in 

Appendix C. Fig. 2.5.3 shows the experimental set up for 

the case with loading at top. 

The following is a list of equipment and materials 

used in this experimental work. 

A. Model Material: Plexiglas 

Elastic properties: E ~ 0.40 x 10 6 psi,v = 0.35 

B. Electric ·Resistance Strain Gauges 

Make: Micro Measurement 

Type: EA-41-25086-120 

suitable for plastic 

Resistance: 120 Q + 0 .15% 

Gauge Factor: 2. 01 + 0. 5% 

c. Dial Gauges: 

Make: Baty 

Reading: .001 in and .0001 in 

D. Strain Indicator: 

Make: Budd Corporation 

Reading: Directly calbirated to strain in µin/in 

Range: + 40 ,0 00 µ in/in 

/ 
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2.6 Results and Discussion 

The lipeari ty of' the test structure is checked in :fig. 

2.6.15. The comparison of theoretical and experimental data 

as plotted in fig. 2.6.3 to 2.6.11 shows that the structure 

is not so stiff as predicted by considering both torsional and 

flexural stiffness of floor slabs. If only the torsional 

stiffness of floor slab is taken, the theoretical analysis 

gives a mathematical model which is more flexible than the 

actual structure.· The difference between theory and experi-

ment attributed to the local bending of the wall section 

at the joint of the floor slab as shown in fig. 2.6.1. 

As a result of this bending, the joint is not rigid which 

in turn reduces the shear force q at the centerline of· 

slab (Fig. 2.3.4d). To allow for this effect, the bimoment 

contribution from flexure of the floor slab is modified by 

a factor K. The effect of the floor is then expressed 

as. 

(2.6.1) 

An approximate method to assess the value of K is 

given below. Consider a on~·bay multistory frame as in 

fig. 2.6.1. Assuming voints of contraflexure are at 

the center of storey height. Let M be the moment ·induced 

at the- end of the slab strip if the joints do not rotate 

locally. Due to the local bending of the joints the final 

moment is KM where K is obtained as 
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1 (2.6.2} 

1 + 

Where:. ts and tb are thicknes of slab and beam flange respectively. 

The procedure of obtaining K is by a moment dist~ibution 

scheme as shown in fig. 2.6.2. 

If the ratio ts/tb is very small, the value of 

K is unity and the total flexural stiffness of the slab is 

effective. On the other hand if t
5
/tb is large, there 

will be large local bending of the flange which will violate 

the hypothesis of non deformable section of Vlasov. 

Therefore in order to use Vlasov's theory, the expression 

of K is valid only for t
5
/tb < 3. 

For the model structure the value of K is 0.2545 

and the displacement/rotation plots are found to have 

reasonable agreement with the experiment. 

The strain distribution are plotted in fig. 2.6.12 

to 2.6.17 and found to have reasonable agreement with 

the experiment. 



CHAPTER III 

DYNAMIC STUDY OF SHEAR WALL WITH FLOORS 

3.1 Summary 

In this chapter, the same shear wall structure 

treated in Chapter 2 is analysed, for dynamic loading. 

The 'Matrix Transfer•·method is used in the analysis. A 

dynamic test was carried out to determine natural frequencies. 

The strain distribution at resonance was also determiped. 

The experimen~al values are compared with the theoretical 

predictions. 

3.2 Matrix Transfer Method 

As in static case, field transfer matrix [F.] relates 
. 1 

the state vector {z} of two subpoints in ith field. The 

point transfer matrix [P.J·relates the state vector {z} of 
. 1 

two subpoints in ith point. The application of the method 

is the same in the dynamic case except the external loading 

is replaced by inertial forces which appear in the point 

transfer matrix [P.]. Consideration of equation for vibration 
1 

is necessary for obtaining field transfer matrix [F.]. The 
1 

relation between state vectors can be expressed as 

{z~} = [F.]{z: 
1

} 
1 1 1-

{z:} = [P.]{z-:-} 
1 1 1 

(3.2.1) 

(3.2.2) 

Where i = 1,2; •.. n 

From these relations, the state vectors at inner points can 

be eliminated and the relation between state vectors of extreme 
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points (O)+ and (n)+ can be expressed as: 

{z+} = [A]{z+} 
n o (3.2.3) 

Where [A] is the combined transfer matrix and is defined as 

(3.2.3a) 

Substituting boundary conditions 1n the boundary state vectors 

namely {z+} and {z+} in eq. 3.2.3, a set of homogeneous linear n o 

simultaneous equations are obtained. They can be expressed 

in matrix form as 

[R] {X} == 0 (3.2.4) 

Where {x} is a vector formed by collecting non zero terms of 

"{ + state vector z
0

} • The matrix [R] is obtained from matrix 

[A] depending on boundary condition. 

For non trivial solution, the determinant of R must 

vanish. Thus 

IRI = 0 (3.2.5) 

The eq. 3.2.5 is the condition to determine natural frequency 

of vibration of the structure. 

3.3 Theoretical Analysis 

The state vector is the same as used in Chapter 2. 

Fig. 2.3.l and Fig. 2.3.2 are refered to for the simplified 

model and the illustration of notations. 

3.3.1 Field Transfer Matrix 

The field transfer matrix for a thin walled beam of 

length 2 is determined from the solution of differential 

equation of free vibation. For mono-synunetric section, the 



equations are obtained by substituting a =O in the eq. A.5 y 

(Appendix A). The first and the third equations are 
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uncoupled and represent independent extensional vibration and 

flexural vibration in x-direction. The remaining equations 

representing coupled torsional and flexural vibration in 

y-direct.ion are: 

E IX VIV +p A v 
• • I I 

= a 

(3.3.la) 

EI ~lV - GJB' I + p I 6 
w p = 0 

(3.3.lb) 

Assuming periodic solution of the form 

and 

t:t • t:t eiwt 

(3.3.2a) 

substituting eq. 3.3.2 in eq. 3.3.1, there is obtained 

E I yfY _ w 2 
p A y + ~2 I y I f + w2 p A <f> = 0 -x p x ax 

{3. 3. 3a) 

E I cp rv - GJ¢' ' - ·w2 
p I <P + w2 

p I ¢' .' + w2 p A a. y = O 
(Jj p w x 

(3.3.3b) 

Expressing in terms of y from eq. 3.3.3a there is obtained 

- 4> = Bl ylV + B2 y' I + B3 y (3.3.4) 

Where 

Bl = E I °ifl2 p A a)· x X'; I 

B2 = rx;(A ax) ; B3 = l/a x 

Eliminating ¢ from eq. 3. 3 .3b using eq. 3.3.4, there is obtained 

B4 y VIII + BS y VI + B6 y IV + B7 y" + Ba y = 0 (3.3.5) 
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Where 

B4 = - E2 I I w x 

BS E GJ I 2w 2 p E I I = -x w x 

B6 w2 (E I A + E I I + GJ Ix)- W4p 2 
I I (3.3.Sa = p w p x w x 

B7 
2 p GJA + w 

4 2(I I + I A) = - w p p x w 

Ba = w4p2 (-I A + A2 a 2 ) 
p x 

Assuming solution of the form 

mz 
y = c e 

The characteristic equation is 

B4m
8 + B5m6 + B

6
m4 + B

7
m2 + B

8 
= 0 

Let the eight roots of this polynomial are 

(3.3.6) 

The solution can then be expressed as 

iwt 8 m.z 
v(z) E K. 1 = e e 

i=l 1 

iwt 8 m.z 
v' (z) E K. 1 = e m. e 

i=l l. 1 

. t 8 2 m.z 
M ( z) -= E I v' ' = e iw C E K. m. e 1 

) EI x 
x . 1 l. l. 

l.= 

iwt 8 3 miz 
V(z) = - EI v''' = - e E Ix EK. m. e x . 1 l. l. 1= 

6(z) 

0' ( z) 

iwt 8 4 = e E (B.rn . 
. 1 l. l. 1= 

iwt S· 5 
=·e E (B1m. 

. 1 1 1= 

B(z) = -E 1 e • • w 
iwt 8 6 4 2 = -e EI E (B.m.+B 2m.+B 3m.) 

w i=l 1 l. 1 1 

m.z 
x K. e 1 

l. 



H(z) = - E I e ' ' ' + GJ e ' 
CJ.) 

iwt 8 7 5 = e E {-E I B.rn. + (-E I B2 + GJB 1 )rn
1
. 

i=l CJ.) 1 1 CJ.) 

Where K
1

, K 2 ,. • • • • • K
8 

are the constants to be determined 

from boundary conditions.· 
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The above equations can be expressed in matrix form as 

. { Z (z)} = [C] ro (z)_] {K} eiwt (3.3.8) 

Where Z(z) is the state vector at a distance z from the 

origin and defined as 

z(z)= 

V (z) 

v' (z) 

M(z) 

V(z) 

e (z) 

a' (z) 

B (z) 

H (z) 

·[C] is a 8 x 8 square matrix with elements as follows 

c(l,i) = 1 

c(2,i) = m. 
1 

c(3,i) = E Ix m~ 1 

c (4 'i.) E 
3 

= - I m. x 1 

c(S,i) Bl 
4 

+ B2 
2 

+ B3_ = m. m. 
1 1 

c(6,i) Bl 
5 3 

+ B3 = m. + B2 mi m. 
1 1 

c ( 7, i) - E 6 4 2 = Iw (Bl mi + B2 m. + B3mi) 1 

(3.3.Sa) 
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c(8,i) 

where i = 1 , 2 , • .. • • • 8 

[D(z)_J is a 8 x 8 diagonal matrix with diagonal elements as 
m.z 

d(i,i) = e 1
1 where i=l,2 ... 8 

i=l,2 .•. 8 .{K} is a column matrix consisting of constants K. 
1 

The boundary conditions at the base z = 0 are 

v = v(O), v' = V 1 (0) I M = M (O) I v = V(O) 

a = a co> , e' = 8' (0), B = B (0) I H = H (0) 

Substituting these conditions in eq. 3.3.8, there is obtained 

.. {Z (0) } = [ C] [I 1 {K} eiwt ( 3. 3. 9) 

The constants can be determined by matrix inversion in 

eq. 3.3.9 

.{K} [CJ-1 {Z(O)} -iwt (3.3.9a) = e 

The boundary conditions at z = R, are 

v = V( ,Q,) I v' = v'(R.), M = M(R.) I v = V(i) 

e = ecR->, e I = 6 1 
( ,Q,) / B = B ( i) , H = H ( t) 

Substituting these conditions in eq. 3.3.8 and using eq. 3.3.9 

to eliminate· {K} 

.{ Z(R.)} = [CJ[D(R.)](Cl-l{z(O)} (3.3.10) 

The field transfer matrix is a 8 x 8 square matrix obtained 

from matrix multiplication 

[Fl= [C][D(t)J[CJ-l (3.3.11) 
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3.3.2 Point Transfer Matrix 

The displacement of the center of gr.avity of the 

slab is shown in Fig. 3.3.la. The inertia forces due· to 

motion of the slab is shown in Figs. 3.3.lb to 3.3.ld. 

Stiffening action of the slab to contribute bimoment is 

shown in Fig. 3.3.le. 

Consideration of equilibrium of the slab element yields the 

following equations. 

~+ = v + mv + ame·· -
= H + J e .... + amv + 2 8 •• am H+ rn (3.3.12) 

M+ = M + J 1JJ •• = M + J VI • • + aJX e ' .. 
x x 

B = B - ~s = B - D8' 
+ -

Notations used in the above eqs. are 

a Distance between shear center of the section and 

the center of gravity of the slab 

m Mass of the slab 

Jm Polar mass moment of inertia of the slab about an 

axis through the center of gravity. 

Jx Mass moment of inertion of the slab about an axis 

parallel to x and passing through the center of 

gravity 

D Birnoment contribution factor defined in eq. 2.3.12 
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For a periodic vibration of frequency w 

v(z,t) l 
v' {z,t} + 
6(z,t) J 

e• (z,t) 

= 

r )' (z) l 

t Y·.' c·z) t 
I 

4> {z) 

l ~· ( z) J 

eiwt 

Differentiating twice with respect to time 

v·· (z,t)l 

v' • · (z,t) 

e··cz,tlt 
e•··cz,tlJ 

Substituting in eq. 

2 

v(z,t>l 

=-w2 v' (z,t)t 
e ( Z It) 

e'(z,td 

3.3.12, there is 

v+ = v - w mv - w2 ame 

obtained 

H+ H 
2 w2 (Jm + a 2m) e = -w amv -

- w2J v' 2 
M = M - w aJ e' + - x x 

B+ = B - oe• 

Compatibility conditions give 

v+ = v -
v' = v' + 
e . = e + 

e' = a' + 

57 . 

(3.3.13) 

' I 
(3.3.14) 

(3.3.15) 

Point transfer matrix (P] can there be formed from eq. 3.3.14 

and eq. 3.3.15 as 
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f 1 0 0 0 0 0 0 0 1 
0 1 0 0 0 0 0 0 I 
a P32 1 0 0 P36 0 0 I 

P41 0 0 l P45 0 0 0 
l [P] = 
I 

(3.3.16) 
0 0 0 0 1 0 0 0 

0 0 0 0 0 1 0 0 
l 

0 0 0 0 0 P76 1 0 I 
lPa1 0 0 0 Pas 0 0 1 j 

The elements of matrix are 

2 2 
P32 = W JX I P36 = - w aJ x 

2 
P41 = - w m 

2 
I P45 = - w am 

- D 
2 

P76 = I Pg1 = - w am 

- w2 (J + 2 
Pas = a m) 

m 

3.3.3 Boundary Conditions 

The boundarv conditions for the shear wall fixed at 

base and free at top can be written as 

f 

0 

1 
f v; l 

0 
v'+ 

M+ 8 
0 

i v+ 0 

{z+} 

t 
0 + 

= and {z8} = 0 
0 0 

0 
a+ 

8 

B+ 

I 
e•+ 0 

H+ 
8 

0 0 

0 

J 



Subst~tuting these conditions in eq. 3.2.3, there 

( + 

r 
0 

l V8 

,+ 0 vs I M+ 
0 I 0 

0 I 
v+ 

0 

+ 

[A J I 0 
88 = 

I 0 ,+ 
es I B+ 

0 

l 
0 I H+ 

l 
0 

J 
0 J 

Re-arrangement of terms of the above eq. yields 

[R]{X} = 0 

Where 

( 
a34 a37 a381 la33 

a43 a44 a47 a48 
[R] = 

a73 a74 a77 a78 j 
a83 aa4 a87 a88 

Here 'a' denotes elemnets of matrix [A]. 

{X} = 
r
M~ 
v+ 

0 

B+ 
0 
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is obtained 

(3.3.17) 

(3.3.18) 

The condition to determine the natural freqeuncies is 

(3.3.19) 
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After determining the natural frequencies, the relative 

values of the elements in vector {X} can be determined. The 

mode shape of the structure follows by back substitution of 

the vector {X} . 

3.4 Computer Program 

A comput~r program based on the above analysis has 

been written. The input data are the geometric and elastic 

properties of the shear wall structure. The trial frequency 

w is increased from an initial value and !RI (eq. 3.3.19) 

i~ calculated. If IRI # 0 another value of w is tried . . . 
The same procedure is repeated until !RI is reasonably 

small to be considered as zero. The next higher frequency is 

then determined following the same scheme. These natural 

frequencies obtained are then used as inputs in a second 

program to determine associated mode shapes. 

The flow chart for the first program is shown in 

fig. 3.4.1 and the computer program is included in 

Appendix B. 

3. 5 Experiment 

A dynamic experiment was carried out on the model 

(Fig. 2.1.1). The model was fixed on the shaking table and 

subjected to lateral vibration of known amplitude while the 

frequency is gradually swept from an initial value upwards. 

In all the dynamic tests, the shaking table was subjected 
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. to a constant displacement of 0.005 inch from 10 cps to 44 cps. 

After cross over frequency of 44 cps it was subjected to 

constant acceleration of 0.5 g. The response of the accelero­

meters fixed at different points of the model was studied. 

The experimental set up is shown in fig. 3.5.1 to 3.5.3. 

The output from the accelerometers was viewed in an 

oscilloscope. The ·RMS response of the accelerometers were 

plotted in a XY recorder. D.C. voltage proportional to RMS 

acceleration was fed in X ordinate and Y ordinate was adjusted 

in a suitable time scale .. The arrangement of instruments is 

shown in fig. 3.5.4. arked increas~ in response is noticed 

in the frequency response plots (Fig. 3.6.l to 3.6.4) at the 

resonant frequencies. For locating the resonant peak more 

accurately, the frequency was ~anually changed around each 

resonance zone and the response was monitored on a RMS 

voltmeter. The strains at resonance were determined from 

plotting outputs from the strain gauges in the Visicorder. 

The arrangement of instrument used.is shown in fig. 3.5.S. 

Relative strain distirubtion is drawn from these plots and 

shown in fig. 3.6.7 to fig. 3.6.10. 

The following is a list of different instruments 

used in the experiment. 

The dynamic testing set-up consists of 

A. Sweep Oscillator SDlO 4A-5D 

Make: Spectal Dynamic Corporation 
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B. Amplitude Servo/Monitor SD105A 

Make: Spectal Dynamic Corporation. 

D. Accelerometer source follower SFA-100 

Make: Ling Electronics 

·E. Accelerometer Normalizing Amplifier ANA-101 

Make: Ling Electronics 

.F. Power Amplifier CP-5/6 

Make: ~ing Electronics 

G. Shaker B 290 

Make: Ling Electronics 

H. Vibraglide Sliptable SINGCO 30-30 
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Make: Marshall Research and Dveloprnent Corporation 

For monitoring and plotting the response the following 

instruments were employed. 

I. Dual Beam Oscilloscope 

Make: Tectronix Inc. 

J. Accelerometer 

K. Laboratory amplifier 2616B 

Make: Endevco Corporation 

L. D.C. Amplifier, High Gain Type 1-165 

Make: Endevco Corporation 

M. Bridge Amplifier 

Make: Ellis Associates 

N. RMS Voltmeter 

Make: Hewlett Packard 

O. Visicorder (2 channels) 

Make: Honeywell Controls Ltd. 



P. Digital Counter 

Make: Hewlet Packard. 

3.6 Results and Discussions 

The frequency response plots as obtained from the 

dynamic test for the accelerometers located at different 

positions are shown in fig. 3.6.1 to 3.6.4. The figures 

near the peaks are the experimental resonant frequencies. 

Average of all the experimental frequencies together with 

the theoretical frequencies for different consideration of 

floor slabs are shown in table 3.6.1. 

It can be seen that for the first and third modes 
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the experimental freq. lies between the theoretical predicted 

value when the torsional restraining effect of the slab 

is considered and the theoretical predicted value when both 

the torsional and effective bending restraining effect 

of the slab is considered. The difference between the 

theoretical and experimental values is about 5%. 

In the second mod~, the experimental value is 16% 

lower tha.n the theoretical calculated value. Since the 

second mode is a bending predominant mode, in this case, 

the larger difference may be caused be neglecting shear 

deformation in the mathematical model. The importance of 

considering shear deformation for bending predominant mode 

was noted by Tso (29). 
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The associated mode shapes of .the structure for first 

three modes obtained theoretically are plotted in fig. 3.6.S • 

. It shows from these plots that the first mode consists of 

torsion predominant displacement and the second mode consists 

of bending predominant displacements. 

·It is also noted that in. first mode displacement and 

rotation are in phase. In second mode they are out of phase. 

In third mode they are in phase in lower part of the structure 

but out of phase in top part. 

The displacements_ and rotations at the top of the 

structure for different modes are plotted in fig. 3.6.6 

The values of v and 6 written on the figure are the values 

of mode shapes curve (Fig. -3.6.5) at 48 inch levels are 

relative values only. In other words the values for the 

first mode does not have any relation with that for the 

second or the third mode. 

It is seen from the frequency response· plots 

(fig. 3.6.1 to fig. 3.6.4) that at any resonant frequency, 

the response varies depending on the position of the 

accelerometer. For example in _the third resonance the 

accelerometers mounted at points q and r show lower response 

than that.mounted at points p ands. In the second resonance, 

the accelerometers mounted at points q and r shows higher 

response than that mounted at points p and s. In the first 

resonance, the response of accelerometers mounted at p and s 

shows.higher response than that mounted at q and r. These 
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type of behaviour is due to the in phase or out of phase 

nature of displacements and rotations in different modes 
\ 

and can be explained from fig. 3.6.6. It is seen from 

the plot that points p and s undergo maximum translational 

displacement due to combined action of v and e in the 

third and the first mode. Whereas points q and r undergo 

maximum translational displacement in second mode only. 

The relative strain distribution at level A and 

level B (refer fig. 2.5.2 for level A and B) at the first 

and the second resonace·are plotted (Fig. 3.6.7 to Fig. 3.6.10). 

Theoretical distribution are drawn from the calculated 

mode shapes. Since the mode shapes are defined by relative 

values only the theoretical strain diagram is made to pass 

through one experimental point. A reasonable agreement be-

tween the theory and experiment is shown in these plots. 



CHAPTER IV 

STATIC FORMULATION OF NON PLANAR COUPLED SHEAR WALL 

4.1 Summary 

In this chapter, the nonplanar coupled shear wall is 

analysed using the continuum approach. Differential equa­

tions are developed for such wall subjected to lateral 

forces and torq~es distributed along the height. Special 

configurations of shear walls are shown and the modification 

on differential equations and solution is indicated. The 

experimental study was performed on a small scale plexiglas 

model consisting of two angles connected by beams at equal 

spacing (Fig. 4.4.1). The model was subjected to a force 

and a torque at the top storey and strains and deflections 

are measured. The experimental results are then compared 

with the theoretical predictions. 

·4.2 Theoretical Analysis 

Consider two nonplanar piers which are connected by 

floor beams at equal spacing (Fig. 4.2.1). In the analysis 

the center of the connecting beam 0 is taken as the reference 

point. The differential equations are derived in terms of 

the displacement variables of point o, namely u, v and e. 

The external forces and torques are also refered to the same 

point o. The theory is based on two assumptions: 

(i) The deformation of the connecting beams due 

to bending in horizontal plane is restricted. 
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(ii} Points of contraflexure for the connecting 

beams due to bending in.vertical plane are taken to be at the 

center. 

In addition to the above assumptions, Vlasov's theory 

is taken to be valied for individual section constituting 

the coupled wall. 

Using the continuum approach, the connecting beams 

are replaced by independently acting laminae of appropriate 

stif~ness (F~g. 4.2.2a). 

4.2.1 Notations ·used 

The notations used in the present an~lysis are listed 

below and illustrated in fig. 4.2.1. 

X,Y,Z 

u,v, e 

Orthogonal principal axes for pier 1 

Generalised displacements of the shear center 
of pier 1. 

Orthogonal global axes with origin at point O. 
X is parallel to the leng~h of the beam. 

Orthogonal axes parallel to X and Y and passing 
. through centroid of pier 1 (Fig. 4. 2. 4) • 

Generalised global displacements of point O. 

Co-ordinates of the centroid of pier 1 refered to 
global axes. 

Co-ordinate of the shear center of pier 1 refered 
to global axes. 

Distances of the centroid of pier 1 from point o 
measured parallel to x1 , Y1 axes. 

Distances of the shear center of pier 1 from 
point o measured parallel to x

1
, Y

1 
axes. 

Angle between x
1 

and X axes. 

Sectoral ordinate of pier 1 at the point O 
refered to shear center of the same pier. 
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h 

Moment of inertia of pier 1 about x
1

, Y
1 

axes. 

Moment of inertia .of pier 1 about x
1 

and 
Y

1 
axes (Fig. 4.2.4). 

Product moment of inertia of pier 1 about 
axes parallel to X,Y and passing through 
centroid i.e. x

1
,Y

1 
axes respectively. 

Principal sectorial moment of inertia. 

External.moment about X axis 

External moment about Y axis 

External torque about point 0. 

Moment of inertia of the connecting beam 

Area of the connecting beam 

Clear span of connecting beam. 

Storey height 

Note:--The sub.script 1 in the above notations are replaced 

by 2 for pier 2. 

4.2.2. Geometric Relations 
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The global axes of the structure· are X, Y and Z are 

the reference axes about which the displacements and forces 

are refered. The X axis is parallel to the longitudinal 

axis of the connecting beam. The principal axis of the piers 

are inclined at angles ¢ 1 and ~ 2 to the X axis (Fig. 4.2.1). 

The Z axis is the vertical axis through point O. 

The assumption (i) along with Vlasov's hypothesis of 

non deformable cross section leads to a rigid section of 

the coupled wall, for which the following geometric relation 

are valied for the transformation of displacement of the 

cross section from one reference point to another. 
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The Transfer matrices [R.] and [T.] can be defined as: 
J J 

[Cos ¢j 
Sin 4> • 

~1 J 
[R.] = -Sin cp. Cos <P • {4.2.1) 

J J J 

0 0 iJ 

[ 
1 0 -cyil 

[T.] = 0 1 c . (4.2.2) 
J X] 

0 0 1 

(j = 1,2) 

The relatinn between the global displacement variables u, v 

and 6 and the displacement variables of the piers are: 

u. u 
J 

v. = [R.] [T.] v 
J J J 

(4.2.3) 

e. e 
J 

"(j = 1,2) 

Other geometric relations which relate the distances 

measured along the principal axes of the piers to the global 

directions are: 

Sin 4>jl 

Cos <P. 
J f ::: t 

in which j = 1,2 

(4.2.4) 

(4.2.5) 
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4.2.3 Displacement Consideration 

An imaginary cut.is made along the center line of the 

laminae. Due to deflection of the piers, there is a relative 

displacement o1 to the left and the right of the cut as 

shown in fig. 4.2.3(a). 

(4.2.6) 

Using relations in eq. 4.2.3 and 4.2.4 this equatinn becomes: 

o1 = u'a + v'b + 8' (w+d) (4.2.7) 

Where a = e - e x2 xl 

b = e y2 - e yl 

w = WI - w2 

d = 

The shear force distribution q induced at the center 

of laminae produces compressive force on one pier and tensile 

force in the ot~er. This axial force T in pier is related 

to q (Fig • 4 • 2 . 2 c) as : 

dT 
q = - dz (4.2.8) 

This axial force T produces axial deformation of the pier 

which .decreases the relative displacement at center of laminae 

by 02. 

(4.2.9) 
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Finally the force q will produce in the laminae a deformation 

o3 due to bending and .shear. 

= qc3 0
3 12EJb 

(4.2.10) 

Where Jb is the equivalent moment of inertia of laminas 

taking into account shear deformation of beam. 

h(l 
12Eib 

+ - ) 
2 

c GAb 

(4.2.11) 

To satisfy the condition of compatibility it is required 

0 -1 - 02 + 03 

Substituting above expressions for o
1

, 02' and o3 

u•a + v'b + e • (w+d) 

= r 1 (!_ + !_ ) T (s) d~ + 
qc3 

E Al A2 12EJb 
0 

(4.2.12(a): 

Differenting once 

U t f a + V I r b + e I r ( W+d) 

= 1 cl 1 ) c
3 

dq 
E Al + A2 T + 12E.JhdZ 

(4.2.12) 

4.2.4 Force Equilibrium Conditions 

The internal moments act.ing on the different component.s 

of coupled shear wall are shown in fig. 4.2.5. These internal 

moments along with couple produced by axial force T balances 

the external moment• For equilibrium of moments about Y and 

X axis, the following expressions can be derived. 

/ 
I 
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•• 
EI ylul Cos ¢1 - EI v I ' xl 1 Sin ¢1 + EI u'' y2 2 Cos ¢2· 

-EI v'' Sin ¢2 + Ta = M x2 2 y 
(4.2 .. 13) 

EI u' I yl 1 Sin ¢ 1 + EI v' ' xl 1 Cos ¢1 + EI u'' y2 2 Sin ¢2 

+EI v' ' x2 2 Cos ¢2 + Tb = M x (4.2.14} 

The relations between the moment of inertia with reference 

to different axes (Fig. 4.2.4} are: 

s . 
XJ 

. 2 . 2 
=I . Sin ~· +I . Cos $. 

y J J XJ J 

s I Cos 2 ¢ . + I Sin 2 ¢. (4.2.15) yj = Yj J x.j J 

(I . I . ) 
t 

s . = - Sin ¢ . Cos ¢. 
XYJ YJ XJ J J 

in which j = 1,2 

Using relations in eq. 4.2.3 and 4.2.15, the above equations 

are simplified as follows. 

E s u'' + Exy V' I - E s e I I + Ta= M (4.2.16) y ye y 

E s U I I + E S V 1 I + E 8 xc e ' ' + Tb = M (4.2.17) xy x x 

Where 

s = syl + s y2 y 

sx = s ·+ xl 8x2 

sxy s + s (4.2.18) = xyl xy2 

s = cyl syl + cy2 s - 0 xl s xyl - cx2 s xy2 
/ 
/" ye y2 

5xc = cxl 8x1 + cx2 5x2 - c yl s xyl - c y2 s xy2 
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The internal torques and shear forces acting on different 

components of coupled shear wall are shown in fig. 4.2.6. 

Let Qt be the resultant torque of all these forces about 

point o. Therefore: 

Qt = - EI v. I I q . + EI u I I I q - EI v ' I I q 
xl 1 xl yl 1 yl x2 2 x2 

+EI u'''q - E(Iwl + Iw2 )8' ''+G(Jl + J 2 )e' y2. 2 . y2 
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{4.2.19) 

Using relati~ns in eq. 4.2.3 and 4.2.15 the above ~quation, 
.1-_ 

is simplified.a~ follows: · 

o = E s u • • ' - E s v' ' ' - Er e • • • + GJ e • t ye xc w 
(4.2.20) 

Where 

Iw 1 wl + 1 w2 
2 

1xl 
2 

1x2 
2 

;ryl = + cxl + c x2 + cyl 

2 
I - 2c c I -2c 2c 21 2 + cy2 y2 ·Xl yl xyl x y xy 

{4.2.21) 

J = Jl + J2 

Additional shear forces Qxl' Qyl'-Qx2 and Qy 2 and torques 

Qtl and Qt2 develop in the section due to the shear force 

q in the laminae (Fig. 4.2.7). These forces can be expressed 

in terms of q from consideration of equilibrium of an element 

as shown in fig. 4.2.8. Thus, 

0x1 = - qpxl Qy2 = - qpyl; 

Qx2 = qpx2 Qy2 = qpy2 (4.2.22) 

Qtl = qwl 0t2 = - qw2 
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The resultant torque Qt about the point O then becomes 

Qt = Qtl + Qt2 -· Qxl qyl + Qyl qxl - Qx2 qy2 

+ Qy2 qx2 (4.2.23) 

Using relations in eq. 4.2.4, eq. 4.2.5 and eq. 4.2.22, the 

above equation is simplified as follows: 

Qt = q(w+d) dT 
= -(w+d) dZ (4.2.24) 

Equilibrium of torque about O gives the internal torque Qt 

together with torque due to shear force Qt must'balance the 

external torque Qt. Thus 

or -E s v' • ' + E s u' ' • - EI e • ' ' + GJe' 
XC ye W 

dT _ 
-(w+d) dZ - Qt 

4.2.S Differential Equations 

(4.2.25) 

The compatibility condition (eq. 4.2.12) and the 

three force equilibrium condition in eq. 4.2.16, eq. 4.2.17 

and eq. 4.2.25 are four equations relating the ·unknown of 

the problem u, v, e and T. In-the following paragraphs, 

simplification is made to reduce the four coupled equations 

to a single equation in e. From eq. 4.2.16 and 4.2.17 the 

following expressions are obtained by algebraic elimination. 

U I I = c e • ' + Cz T + C3 M + C4 M (4.2.26) 
1 y x 

v' ' = c a'' + c6 T + c7 M + CS M (4.2.27) 
5 y x 
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Where 

SS == s s - s2 . 
xy x y xy- I 

cl = (Sxy s + s Syc)/SSxy; xc x 

c2 - -(a S - b S } /E SS · x xy xy' 

C3 = S /E SS . C4 = - S /E SS xyi (4.2.28} 
x xy I xy 

c = -cs 5 . y s + xc sxy syc)/ssxy; 

c6 = -(b s - a S )/E SS xy; y xy 

c7 = - S /E SS · xy xy' cs = Sy/E SS xy 

Differenciating eq. 4.2.26 and eq. 4.2.27 and substituting in 
eq. 4. 2. 25, 

dT Efw 8 , , • + GJ 6 • + M 1 
-q = dZ = - Cg + clO M~ + ell Qt rl Y 

Where 

Iw = I - (S s 2 + Sx s 2 
)/SS W y XC XC xy 

r 1 = w+ d - S (b Sy - a S )/SS xc xy xy 

+ Syc (a Sx - b Sxy)/SSxy 

c9 = (Sxy sxc + sx syc)/SSxy r 1 

clO = -(sy sxc + sxy.syc)/ssxy rl 

c11 = - 1/rl. 

Substituting eq. 4.2.26 and eq. 4.2.27 in eq. 4.2.12, 

6 II - 1 T + M d2T - 0 
Er2 A C12 My + cl3 x + y dZ2 -

Where 

r 2 = W+d + a (S S c + S S ) /SS xy x x ye xy 

(4.2.29) 

{4.2.30) 
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.l/A = l/A1 + l/A2 + a(a Sx - b S )/SS + xy xy 

+ b(b S - a S )/SS 
y xy xy 

c 12 = (a sx - b sxy)/SSxy 

c13 = (b s - a s )/SS y xy xy 

y = c 3
/12Jb 

Differentiating eq. 4.2.31 once 

Ef 6''' -·! dT + C M' C M' d
3

T 0 
2 A dZ 12 y + 13 x + ydZ3 = 

(4.2.31) 

(4.2.32) 

dT d 3T 
Eliminating dZ and dZ 3 using eq. 4.2.29 the following fifth 

order differential equation in e is obtained. 

a av - B e' " + S3 e ' = cl4 M' + Cl5 M~ + Cg M' I I 

1 2 y y 

+ ClO M' ' • + cl6 Qt - Q, ' (4.2.33) x t 

Where 

81 = EI w 

82 
. EI w + GJ 

. E1' l:r 2 
= + 

Ay 
.L 

83 = GJ/Ay i c16 = l/Ay (4.2.34) 

cl4 
c12· rl . Cg 

= .Y Ay 

ClS 
cl3_r1 - Clo = y y 

The Eq. 4.2.33 along with eq. 4.2.26, eq. 4.2.27 and 

eq. 4.2.29 are the final equations used in the analysis. 



4.2.5 Boundary Conditions 

For no rotation and displacement at base 

8(0) = 0 

u(O) = 0 

v(O) = 0 

For no slope and warping at base 

e ~co> = o 

u'(O) = 0 

v' (0) = O 

For no moment and bi.moment at top 
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(4.2.4l(a)) 

( 4 • 2 • 41 (b ) ) 

(4.2.4l(c)) 

(4.2.42(a)) 

( 4 • 2 • 4 2 (b) ) 

(4.2.42(c)) 

S''(H) = 0 (4.2.43(a)} 

u''(H) = 0 (4.2.43(b)) 

v" (H) = 0 (4.2.43(c)) 

Substituting eq. 4.2.42 in eq .. 4.2.12a the followi~g,condition 

is obtained at z = a. 
q (O) 

· dT = - dZ lz=o = 0 

Using eq. 4.2.29 

EI 
(~ 6''' - GJe• - c M' - clO M' - ell O.J = 0 r 1 r1 9 y x 

Z=O 
{4.2.44) 

Axial force T can be expressed in terms of q by the following 

relation 

T = f: q er> d~ (4.2.45) 

From which at z = H, T = 0 (4.2.46) 

Substituting eq. 4.2 .. 43 and 4.2.46 in eq. 4.2.12 

~1 = - d2T = 0 
dZ Z~H dZ2 Z=~ 

(4.2.47) 
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Differentiating expression in eq. 4.2.29 and using in eq. 4.2.47 

EI 
( \ r wl e•v - ~Jl e' ' - : c9 My' ' - clO M~ • - ell Qt_) =O 

x=H 
(4.2.48) 

The solution of the differential equation subjected 

to the above boundary conditions are the complete solution 

to the problem. 

4.2.7 Solution 

The· solution of the differential equation (eq. 4.2.33)' 

will consist the complimentary solution ec and a particular 

integral ep. Thus 

The complimentary part SC.will satisfy the following equation 

s e v - s e • ' ' + · s e' = o .1 2 3 (4.2.50) 

rnZ 
Assuming solution of the form SC = Ke the following 

characteristic equation is obtained. 

(4.2.51) 

.The roots are: = 0 



In the·, above express ions B 
1

, 8 
2 

and S 3 are positive. It 

can be shown that 

Therefore all roots are real. 

Defining 

Ctl = -lm2I = lm3l 
a2 = lm4 1 = lmsl 

The solution is of the following form. 
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{4.2.52) 

The particular integral ep depends on loading. 

Case-I, Concentrated load W , W and torque Wt at top. The loads x y 

are acting in the +ve directions and refered to the center line 

of beams. For such loading 

M = Wx (H-Z) y 

Mx = W (H-Z) 
y 

Qt = wt 

Particular integral for this case is: 

K p 
z 



Where 

K p 
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(4.2.~3) 

Case-II, Uniformly distributed load wx, wy and torque wt 

acting though out the height. The loads are acting in the 

positive directions and refered to the center line of beams. 

For such loading: 

2 
M = w (H-Z) /2 

y x 
2 

Mx = w (H-Z) /2 
y 

Q = t wt Z 

Particular integral for this case is: 

Where 

Kpl = (Cl4 wx + cl5 WY - cl6 wt) 12a3 

Kp2 = - H < c 14 w x + c 15 w y C 16 wt ) I 13 3 (4.2.54) 

o.re 
The constants K1 , K2 , K3 , K4 , K5 (eq. 4.2.52)~determined 

from the boundary condition in eq. 4.2.4l(a), eq. 4.2.42(a), 

eq. 4. 2. 4 3 (a) , eq. 4. 2. 4 4 and eq. 4. 2 . 4 8. 

After obtaining complete solut~on for e, the expression 

for shear force q is determined from eq. 4.2.29. The expression 

for axial force T is determined from direct integration of the 

expression for q subjected to boundary condition as in eq. 4 .·2. 46. 
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The expression of displacements u and v are determined 

from direct integration ~f the expressions in eq. 4.2.26 and 

eq. 4.2.27 subjected to boundary condition as in eq. 4.2.4l(b), 

eq. 4.2.4l(c), eq. 4.2.42(b) and eq. 4.2.42(c). 

The displacement of the individual piers u., v. and 8. 
J J J 

(where j = 1,2) are determined from the relation in eq. 4.2.3. 

The average; moment and bimoment of the indivdual piers are 

determined from the following relations. 

= EI . u I I I M . = EI . v I I 

YJ j X] XJ 

B. = - EI . e ~' 
J WJ J 

(4.2.55) 

where j = 1,2 

4.2.8 Special Configurations 

For a mono symmetric configuration of piers as shown 

in Case-A (fig. 4.2.11) b = O; Sxy = O; Sxc = 0. Substituting 

these conditions in the governing equations (eq. 4.2.12, eq. 

4.2.16, eq. 4.2.17 and eq. 4.2.25) they are reduced to 

U 11 a + 8 1 I (Wf-d} 
1 1 1 C 3 dq 

= -(- + - ) T + 
E Al A2 12JbE dZ 

(4.2.56) 

E S U 1 I + E s e ' ' + Ta = M (4.2.57) 
y ye y 

E S V 1 I 
x = Mx (4.2.58) 

E s U I I I - EI e ti I + GJ8' (w+d) 
dT 

Qt (4.2.59) - dZ. = ye w 
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The eq. 4.2 •. 58 is uncoupled and represents independent bending 

of the structure about the X axis. The other equations can be 

combined in a single differential equation in 6 and solved 
\ 

fo116wing the same scheme as before. 

For a mono symmetric configuration of piers as in 

Case-B (fig. 4.2.11). b = O, Sxy = O, Sxc = O; (w+d) = O. -

Substituting these conditions the governing equations 

(eq. 4.2.12, eq. 4.2.16, ·eq. 4.2.17 and eq. 4.2.25) they are 

reduced to. 

. u' 'a 

u' ' + T a = M y 

E S v' '' + E S 8'' = Mx x xc 

(4 •. 2.60) 

(4.2.61) 

(4.2.62) 

-E Sxc v''' - Eiw 6 111 + GJ 6' =Qt . (4.2.63) 

In the above equations u and T are coupled in the first 

two equations. In the last two eq.uations v and e are coupled 

but independent of u and T •. The first two equations (eq. 4.2.60 

and eq. 4.2.61) represent plane coupled case for bending 

about y axis but the bending about x axis and rotation are 

coupled in the other two equations. 

For a symmetric configuration of piers as shown in 

Case-C (fig. 4.2.11) b = O, Ixy = O, Ixc = O; Iyc = 0; 

(w+d) = O. Substituting these conditions in the governing 

equations (eq. 4.2.12, eq. 4.2.16, eq. 4.2.17 and eq. 4.2.25), 
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they are reduced to: 

U t I a (4.2.64) 

E syc u' I + T a = My (4.2.65) 

E S . v'' = M x x {4.2.66) 

(4.2.67) 

The first two equations (eq. 4.2.64 and eq. 4.2.65) represent the 

plane coupled case for bending about y axis. The other two 

equations (eq. 4.2.66 and eq. 4.2.67) are uncoupled representing 

independent rotation and bending about x axis. It should be 

noted that though the individual piers do not have any 

sectorial mome~t of inertia, the. group has an equivalent I
00 

as defined in eq. 4.2.21. In this case 

(4.2.68) 

Therefore, the torsional resistance of the combined structure 

is substantially larger than the sum of individual resistance. 

4.2.9 Effect of Neglecting Axial Deformation of Piers 

Gluck (22) assumed the ~xial defqrmation of piers to be very 

small and neglected it in.h~s analysis. It is of interest to 

indicate the present analysis is reducible to the equation 

given by Gluck. 

/ 
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If axial deformation of piers is neglected, o2 = 0 

(eq. 4.2.9). For which the compatibility equation {eq. 4.2.12a) 

is reduced to, 

u' a + v' b + e' (<.t.* d} (4.2.69) 

Different~ating eq. 4.2.16 and eq. 4.2.17 and using eq. 4.2.8 

U I I I + s v ' I I - E s 8 f r ' - aq = M ' 
xy ye y 

(4.2.70) 

E .s u' ' ' + E s v' ' ' + E s e • • ' - bq = M • xy x xc x 

(.4.2.71) 

Using eq. 4.2.8, eq. 4.2.25 becomes 

-E s v I I I + E s u ' I I - EI 8 I I I + GJ 8 I 
xc ye w 

(4.2.72) 

Eliminating eq. q from eq .. 4.2.70, eq. 4.2.71 and eq. 4.2.72 

by the help of eq. 4.2.69 and expressing in matrix form: 

E Sy E sxy -E s ye 
u' I I 

E sxy E sx E s 
xc 

VI I I 

-E s E 5 xc E I ye w a ' ' ' 

0 0 0 u' 

+ 0 0 0 v' 

0 0 GJ 6' 
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2 ab a (wJ- d) u' J-M~ a 

+ .12EJb ab b2 b (WI- d) ·V' = -M'. (4.2.73) 

c3 
a (w+ d) b (w+ d) ( wr d) 2 e I l Q: 

This equation is same as Gluck (22) except the factor 

d which is omitted. The error has been noted and suggested 

by Biswas and Tso (24). 

4.3 Computer ~r?gra~-

A computer program based on the analysis has 

been written. This program covers the_ general configuration 

and the special configuration in Case-A {Fig. 4.2.11). 

subjected to concentrated force and/or torque at top. The 

input data a~e the geometric and elastic properties of the 

shear wall. The program determines the value of constants 

K
1

, K2 , ••. K~ (eq. 4.2.52) by solving a set of linear 

simultaneous' equation .obtained from the boundary conditions. 

The output consists of the generalised displace~entof reference 

point O, shear force in the connecting beams and bendi~g 

moment of the individual pie~s at chosen levels. The computer 

program is included in Appendix B. 

4.4 Experiment 

An experiment was done on a small_scale model (f~g. 

4.4.1). It consisted of two e~ual a~gles connected by floor 

beams at equal spacing. The model was made from plexiglas 

sheet. It was loaded by a concentrated force at the top by 

hanging weights over a pulley system (Fig. 4.4.2). A 
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second loading configuration consists of a torque applied at 

top of the same structure. This was done by applying two 

equal but opposite forces as shown in fig. 4.4.3. Strain 

gauges and dial gauges were fixed at different points of 

the model (Fig. 4.4.4) and readings were taken at every 

increment of loading. Strain gauge and dial gauge readings 

are tabulated in Appendix-C. The same set of instruments 

used for static test of model with floor (Chapter 2) was used. 

4.5 Results and Discussion 

The linearity of the test structure is checked in fig. 

_ ~.8.1 O.. The rotation and displacement of the model subjected 

to concentrated load and torque at top are plotted in fig. 4.5.l 

to fig. 4.5.4. The moment -in pier l in the principal directions 

and distributed shear force q in the connecting beam are 

plotted in fig. 4.5.5. From the moment diagram, the theoretical 

strains at different points in level AA and BB (Fig. 4.4.4) 

are determined. The strain distribution thus obtained 

together with the experimental strains are plotted in Fig. 

4.5.6 to 4.5.9. 

The experimental results of rotation and displacement 

compared reasonably well with the theory except for the case 

of displacement measured due to an applied torque as shown 

in fig. 4.5.3. The probable reason for difference in fig. 

4.5.3 may be due to the imperfection -of the torque applying 

device. It is conceivable that some lateral load may 

develop in addition to the applied torque during the test. 
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The effect of axial deformation of piers is found to 

have no effect on results for loading case with applied 

torque. However, the effect is considerable for in the case 

of lateral loading. The displacement at top decreases by 

37% and rotation at top decreases by 7% as a result of 

neglecting axial deformation. The error introduced by neglect­

ing axial deformation becomes significant if the axial force 

in the piers is large as in the case of the lateral loading. 

A comparison from the shear (q) plot in fig. 4.5.5 shows that 

the shear i's about five times in the case of applied loading 

as compared to the case of applied torque. Since the axial 

force in the piers is the sum of the distributed shear q, 

neglecting the deforroation due to axial force in the case 

of applied loading affect the results considerably. 

In the strain diagrams (Fig. 4.5.6 to 4.5.9) the 

comparison between the experiment and the theory is less 

·favourable. Since strain is a local measure, the experimental 

results are affected by the local imperfection of the test 

model. The continuum approach used in the analysis is expected 

to give results to the overall behaviour of the structure 

but with less accurate results to the· local behaviour. 

Nevertheless, the trend of the strain distribution as predicted 

by the theory is varified by the experimental points. 

In general it is expected that the continuum approach 

of analysis is best suited for structures with a· large number 

of stories. In the present study, the model used in the 

experiment consists of eight floor beams only. Yet, the 

results obtained from the analysis compare well with the 
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experimental points. 



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

The results from the st~tic analysis and the testing 

of shear wall model with floors show that floor slab can 

provide considerable torsional stiffness by providing 

restraint against warping. Neglect of the floor slab stiff-

ness will underestimate the stiffness of the structure. 

Moreover the actual structure is not as stiff as predicted by 

considering both torsional and flexural stiffness of the 

slabs. The bending stiffness of the slab is less effective 

due to the local rotation of the joints and a modified bending 

stiffness is to be considered. This is taken into account 

by a factor K in eq. 2.6.2. Theoretical values thus obtained 

compare reasonably well with experiments for displacement 

and strain measurements. 

In the dynamic study of shear wall with floor slabs, the 

mass and mass moment of inertia of the slabs have to be con-

sidered in addition to the stiffness provided. The vibration 

is in general coupled. The first mode is a torsion predominant 

one and the second mode is bending predominant. The theoretical 

frequency compareq -:-easonably _with the experimental values 

except for the second frequency which is 16% higher. This is 

due to the neglect of shear deformation in the theory, which 

have considerable effect on the frequency for bending pre-

dominant modes. 
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.In the static and dynamic analysis of shear walls with 

floors, the 'Matrix Transfer' method has been used. The 

method is ideal for continuous systems with discrete points. 

The main advantage is that the size of the matrix handled 

in the analysis is independent of the number of floors. 

An increase of the number of floors will only increase the 

number of matrix multiplication which can be done easily 

in a digital computer. 

The non-planar coupled shear wall was analysed using 

the continuum method. It is shown that the effect of 

neglecting axial deformation of piers will lead to gross 

overestimation of stiffness of the structure for certain 

cases. Simplicity can be achieved by th~s assUL~ption but 

should always be done with caution. The theoretical 

analysis shows reasonable agreement with the experimental 

results for displacements but less favourable for strains. 

So it can be concluded that continuum method gives good 

results for overall behaviour but is less accurate for 

local behaviour of a structure. 

5 • 2· Recomme·ndatinns 

The present study of shear wall structures with special 

interest on floor slabs and floor beams are carried out'on 

simple structures. The arrangement of the shear walls in an 

actual multi-storey building is very complex. The analysis is 

also complex due to various interacting elements. Simpli-

city can be achieved by assumption but a complete understanding 

of the behaviour of different interacting elements 
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is necessary for making reasonable assumptions. 

More experimental _and theoretical study on the behaviour 

of _floor slab with different geometrical arrangement is 

necessary. In such cases, it may not be justified to treat 

the floor slab as a series of beams but as an elastically 

supported plate. 

Extension of the for~ulation on non-planar coupled 

shear wall is necessary for more generalised cases. The 

present analysis is applicable for two shear walls 

connected by a single row of beams. Extension for cases with 

more piers and more rows of connecting beam is required. A 

study on the dynamic analysis for non-planar coupled shear 

walls is also recomended. 

In general, the analytical tools presently available 

to design engineers are very limited and most of the time 

very restricted in its applications. Therefore, more 

theoretical work supported by experimental data is necessary 

in the shear wall field to assist the practicing engineers to 

analyse and design structures which will be safe at the 

same time economic. 
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APPENDIX A 

VLASOV'S THEORY OF THIN WALLED BEAM 

The method of analysis used in the present work is 

based on the theory presented by Vlasov (8). Vlasov's 

theory is based on two geometric hypothesis: 

(a) a thin walled beam of open section can be 

considered as a shell of rigid (undeformable) ·cross section. 

(b) the shear deformation of the middle surface 

(characterising change in the angle between the co"-·ordinate 

line) can be ·neglected. 

In shear wall structure, the concrete clear wall can 

be treated as thin walled beams connected by floor slabs 

which are normally located at regular intervals~ The action 

of the floor slab is to prevent any deformation of the 

section which supports the hypothesis (a) . Hypothesis (b) 

requires shear deformation to be negligible compared with the 

torsional and flexural deformations. Vlasov states that this 

is satisfied if for the structure shown in Fig. A.l 

t/d ~ 0.1 and d/i 2 0.1 

For components of tall building this conditions are satisfied. 

The expression of longitudinal stress in Vlasov's 

theory is 

a = N 
A 

M ·x 
_y_ 

Iy 

M ·y 
_x_ + B·w 

Ix r:- {A. l) 

The first three terms coincide with the equation known 
' 

from elementary theory. The last term of the expression is 
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the longitudinal stress due to warping. The notations of the 

last terms are explained as: 

Birooroent B is a generalised balanced system of forces 

statically equivalent to zero. Units are force x (length) 2 

e.g. lbs. in2 • 

w is the sectorial area of the point on the section 

where the stress is being measured. Units are (length) 2 

e.g. . 2 in • 

I is sectorial moment of Inertia of the section and is 

definedwas f Aw2dA units are (length) 6 e.g. in6 • 

The distribution of sectorial co-ordinate for some 

open section is shown in Fig. A.2. Right hand co-ordinate 

system used in the present work (Fig. A.3). The generalised 

di?placement yariables are shear center displacements u, V 

and e in xy plane and centroidal displacement s in z di-

rection (Fig. A.4). Sign convention for generalised forces 

are shown in Fig. A.5. 

The relation _between the generalised forces and 

displacement variables are: 

N = EAs', M = EI v'' M = EI u'' x x ' y y ' 

B = -EI 8' ' H = - EI 8 I I I + GJ8 I I w , w 
(A. 2) 

v = -EI v. I I vx = - EI U I I t • 
y x ' y 

of these quantities, axial force and bending moments are 

refered to the centroid and shear forces and torque are 

refered to the shear center of the section. 

The longitudianl stress at any point can be expressed 
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in terms of displacement variables as: 

a= E[s' - u"x - v"y - S"w] (A. 3) 

Displacement of any point in z direction is obtained as: 

o = s - u'x - v'y - 8'w (A. 3a) 

Tensile.stress and displacements in the direction of positive X,Y 8< 

2 are positive in eq. A.3 and eq. A.3a. When referred to 

principal generalised co-ordinates of an open section, the 

differential equation of a thin walled beam statically 

loaded at its ends are: 

EAs' ' = 0 

Eixv 1v· = 0 

EI U IV = 0 
y 

EI e•v - GJ9'' = 0 
w 

(A. 4) 

Differential equations for free vibration of ·a thin walled 

beam are: 

EAs'' 
.. 

- pAs = 0 
• • I I 

EI v 1V 
x + pAv - plxv - pAaxe = 0 

u•v •• 1 ' 

EI + pAu - pr u + pAa e = 0 y y y 

e•v . . ' ' 
EI - GJ6 I I + P'l e - pr e + pAa u - pAa v = 0 w p w y x 

{A. 5) 

Eq. A.4 and eq. A.5 are refered in Chapter 2 and Chapter 

3 and solved accordingly as they appeared in the analysis. 
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c 
c c 
c 
8 
c 
E 
c c 
c 
c 
c 
c 
c 
(.,; 

000003 

c 
00000~ oouuo 
0{10 oy6 • ouuu 0 
uOOOll 
00u013 
0000~4 
ouou 0 
000021 
000022 
000024 
uuoucs 
OIJOOcb 
OC00c7 
000030 75 
000033 
oouuJo 

8 
oc~oo36 
00004t;! 
000041: 

1 
0LOU74 2 oooy14 
(J{) 0 0 0 3 
OG 0 .1 OU 7 
OuOlOO c 
000102 70 

.. 0U01l6 
Ol!OlcO 
000126 
000127 
000130 
OOU13! 
000134 - 4 

PROGRAM TST (lNPUTtOUTPUT,TAPE~=INPUT,TAPE6=0UTPUT) 
STATIC AN~LYSIS-OF SH~AR WALL WITH FLOOR~ 
M; ENG. !HESIS BISWA~ 

CQMPUT~R NOTA!ION~ USED 
XI MOMENT OF INE~IJA OF sECflON ABOUT X AXIS 
Y I l~ 0 MEN T 0 F I l\l E. R r I A 0 F SEC T l 0 N A~ U UT Y AX I S 
Wu! !:>ECTORI.i.\L MOMEf\H ()f l!'IEl-H !A OF SEcTIOl\I 

I ~OLAR MUt>IEIH OF-. I 1\JE~1 TI A AtHJU T SHEAR CENTER· 
E AUUULUS OF ELA~TrcrrY I 

G t·:lODULUS Of R l.G .1 DI TY 
H f LOO~ HEIGHT 
NF MUMUER Uf STOR~Y 
OM BIMOMENT-CONlRlHUTION FACfOR 
PLY ( I ) LATERAL L 0 A 0 - A I I TH F L 0 UK l r~ Y D I REC T I 0 l'J 
PLH(l) ~PPLIED ToR~~E AT I TH FLOOR 

D I ME I'~ S I 0 N P ( 8 t 8 ) ' F (B ' B ) ' P F A ( 8 H~ ) , PF" ti ( [3 ' b } ' PF ( {'H 8 ) ,. J\ ( i·h 8 ) ' T ( 8 t 8 ) t 
lATcatJ.) ,tjf(t3,l) tNl (32) tWORK(81 •PLYC50) tr;LR(50) tS(tid) tPS(dtl) 
I1~PUT DAT A . 
XI: 42•708~ 
y!: l!.o32Z 
wI= 108.6~31 
DI= .09761-
E::: .4~+o6· 
PSN=. •35 
G= E/(2.*(l•+PSN)) 
Nf = 8 . · 
H= 6• 
DM= 20•l09E•o4 
DM= !24.909E+04 
DM= O• . 
DO 716 I=l'NF 
PLR(!): Ot 
pLy(l): Oi_ 
PL.Y(til= 12 5 
PLH(dJ= b!?~2S*l2•5 

PRHJTlNG OUT INPUT DATA 
WHIT£ (t),.L> - -
FOPMAT <1~~* INPUT DATA *) 
\-JR I T t.. : . ( 6 , c! J - NF t H , X I t Y I , W I t n I , PS N , E t ·ti ' E , D M 
F U R M i\ 1 ( S X ' I 5 t l v E. 1 2 • '+ ) . 
wH1n: (6,3r · 
FORMAT (IX;~ FLUOR LOADS ~ ) 
FUHMAT (lX,llOt~Xt3Ela.6) 
DU 7 U I= l , 1-Jf . 
FIELU THAN~fER MATRIX F 
\~Rrn.: (6, 7\ ·-r.PLY{I) tPLR(I) 
GU= u*D I ·.~ 
AK= H·U·sw~ T (GD/ ( E*W I) ) 
A L. = I\ K n1 - -
OU 4 !: 1•8 
ou 4 J= l'~ 
IF (l•NE.J\ F(I~J).= o. 
FCJ,J>= i; 
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00lJl-.2J 
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000~54 
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000£!63 
000263 
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O(JOjOS 
OOO:,)O!:) 
0003~.3 
0{)0323 
OfJO:,j24 
0<;0333 
Ou0.33:> 
000j37 
000352 
000353 
0(;0355 
OtJOJ~S 
OUU357 
O<;O.Jou 
ouo;.107 
OCU371 
OOO::S72 
UOUJ74 
00u:ns 
(,)()UJ77 
000'+0~ 

- .OU04U7 
0 (j v '-du 
01)0411 
0C04l~ 
00042U 
0 0 (: 't-21 
0 0 i) '~ 2 1 

c 

-w 
U1 



000425 
OOO't2o 
00044-32 
000433 
OLIO't34 
000435 

000'+30 
000441 

888~~~ 

Oll0'+4!:i 
0004h:; 
000'+6.3 
000 4t-b4 
0 G O't-66 
000'+72 
000474 
ono'+7b 
O(;U!:JO! 
OOU~ZJ. 
U{iUo2l 
ooos2s 
Ol\0~27 
000:,:.;4 
oeot>54 
oou=>54 
0(.J{JS56 
U1Jli~oU 
000565 
01.;0~66 
000t>67 
000071 

UNU~t::D 
oo~ouu 

-w 
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000012 
0(;0vl2 
000014 
OOOU15 
0000~4 

8 0002~ 00020 
000041 
0(J004t:! 

800044 
Ov04~ 

000060 
0U0Uo3 
ooovos 
0UOtJ7G: 
00007J 
Ou0!06 
OOOllU 
OUO!lO 
00011c 
000113 
U00l2b 
000127 

Ul\IUSED 
OU~C;!OU 

SUBROUTINE FLOOR(p,f,NtTtPFAt~F~,PF ) 
C Ml:Jt..TH'LICATION OF l"IATRJCES AC(.;OJ.~DING TO NO OF FLOOR 
C p; F. ARE THE. II~PUT MATRICE~ 
c N rs THE NO OF FLOORS". . 
C T IS THE ~UTPOT MATRIX 
C PFA,-P~H, PF AAE THE WORKING MATRICES O~ SIZE 8 * 8 

DIMENSION P(8tdttf (d,9) 'TUH8) tPFA<l:h8) tr>Fu (8,8) ,pF(8t8) 
CAbL HULT(Ptf 9 Pf 18) · 
KO NT= l -
1 p· ( hi • G T • 1 ) G 0 l 0 4 
OU lU I=ltB .... 
OU 10 J=l;8 

10 TtI,J)= PF(!,J) 
GO TO 30 

4 DU ~ l=ltb 
DU 5 J=lt8 

5 PfA(ItJ)= "P((J1.)) 
6 CALL MULT(pFA,~f ,PFBt8) 

KOUNT = KOUNT+l-
DU 7-l=ltti 
OU 7 J=1,t:S 

7 PFA(ltJ)=-PFB(ltJb 
If (~~UUNT•EQ.N) "G TO 9 
GO TO 6 -

9 ou 12 I=ltn 
OU l~ J=ltO 

12 T ·r f , J) = Pf 8 ( I , J) 
30 R~ UkN . 

EI~[) . 

COMPILER SPA~E 
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000007 
00001() 
Ut 00 l l 
OOOOl!J 
OOOOlb 
OOOU32 
0UOU4·0 
00004V 

UNUSED 
00~:.ou 

SU~ROUTINE MULT(A,UtCtN) 
C MULTIPLICATION Uf SYUARE MARRlCES 

OlMENSION A~~tNl·ta(NtN)tC(NtN) 
DO l L=1,1r . 
OU l J=ltN 
C(·I,J)=O. 
DO 1 K=ltN 
C(l,J)= C(ltJ)+ A(I,K)*B(K,J) 

l CONT 11'-IUE 
Rt. TlJRN 
El"!:? 

COMPILER SPACE 
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c 
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c 
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OllUU03 
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0G0003 
OOUU04 
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OvOUll 
OUUul~ 
000014 
00001:> 
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ooou2J 
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000033 
Ov0035 
OOU03o 
OUUU37 
OOU04l g 
OOOU42 
0UU05b 

000056 
00006'+ 

'rr!.Jf 000004 

PROGRAM TST <INPUTtOUTPUTtTAP~5=INPUT,TAPE6=0UTPUT) 
DYNAMIC ANAL.YSLS OF SHEAH WALL \•JITH FLOUKS 
M • . E l'J l:i. I ~·l t SI !:i - 8 IS w AS - . 

CoMPUTER Nu TAT I Oi\JS tlSED 
E MODULUS OF ELASTICITY 
G MODULUS Of RIG10ITY 
PhlU Po I 5011.JS HATlO 
RO ~ASS U~N$ITY Of M~TERIAL 
A AREA o~ ~EcTIUN xr MOMC:NT 0,.. lt~l:.~Ht1\ OF c;ECT!ON ABOUT x AXIS 
OJ: TORSION rACTOH Of THE.St::Cl!ON 
Pl f'OLJ\R MOMErH OF- I NE~~T I A Ur SECT l ON Al:iOUT SHEAR CENTER 
AX CQORQlNA1E U~ SHEAR CtNT~~ .. 
NF Q Nu M 8 ER 0 ~ F RE. (Ju F r·J c I s r·~ E ct. 5 s I\ R y 
XJ MASS MOMENT UF Ir~EH TI A ot-- PLATE A1:3QUT X AX 1 S 
ZJ POLAR Mi\~S MUMt.rH OF Il~Ekl IA UF PLATE ABOUT SHEAR CENTER 
AP DISTANCE .tiETWE~N SHEA~ CtNfER ANO CENTROID OF PLATE 
H rit: lGHT Or El\CH r;;ToREY . -
NFLOOR f'.JUM£Jl:R or FLOORS 
w ST MH I N0-··FREi.JlJt:."JCY 
WI NC I NC REMt.N T Or F r<E tHJEf.JC Y 
D l ME 1\1 S I 0 f'J TS ( 4 , 4 ) i T F ( 4 , 4 ) 
fJ l ME I~ SI 0 N C ( 8 t d T t 0 ( 8 t 8 ) t H (8 H3 > 
D I ME r ~ S I ON A A ( 9 ) ; ~rn < 8 ) , R I ( ti ) , R 1., < H ) 
() 1 M E 1-J ~ I 0 f' I ~ ( 8 t ti )· , C l) ( b t 8 ) , I~ l .< H ) • T F: M iJ ( 8 ) t W ( t; , B ) , . _ 
O!MEN:,lor.J f (C,\,dt,PF(U,b) ,Pt-A(de8) tPFh(tittJ) ,T(8t8) ,Tl (4,4) 
COMPL~X c,BjtCU~tl,Q,TEMPtHC -

!NP T DAfA -
~JFLOOH:: B .. . -
RU= lellE-04 
DM= 4b.67'E•04 
AM= lti.40&9t•04 
XJ= tiu.74'-~5~·04 
ZJ= 4 ·ro. 467~E-04 
AP= 4.4412 . -
AX= -J.3192 
H= 6 • .. 
E= .400E+U6 
PNU= .35 
G= E/<2.*(lt+PNU)) 
A= 4·<~706 -
Xl: 4c.7089 
WL= luB.o~3l 
DJ.= .v97of 
PI"= luo.-7907 
NFQ= J w= ~o. 
W !.NC= l 0 0 • 

w 
tD 



000116 

0()0116 
OtlO!lt> 
000!2~ ovult:c 
Ou012J 
uuolc4 
000125 

000126 
0001;.iU 
OOOJ.~l 
000!34 
O,!Q 143 
O\J014b 
OCJ015U 
000!5'-! 
000!54 ocoi:>s 
000157 

OOOlbl 
UGO!o2 
00016!:> 
OUOJ.~/U 
000;;01 
OL10c2v 
OvU~37 

000247 
ooocs2 
ouoc54 
000205 
00Uc61 
Oi;Oc76 
OuOJ02 
{) lH) j 1 7 
VtJU334 

000373 

000437 

(.)(;0!>13 

OOOoll 
00001.j 
OU0bl4 
000015 
ouo62c 

c 

c 

c 

c 



00Vt>40 
OU()b53 
OU06b2 
CJ006ob 
0()0070 
000672 
0006"1J 
0(10705 
OOO"f 13 
OUCf'llb 
000120 
Otl 0 "122 
ouu724 
000726 
0{)0"730 
0fJLl137 
0 l) u '7 41 
OlJ074:3 
Ov014~ 
Ul•U'/45 
000140 
lJU0747 
Ot..01Sl 
000752 
ue,,o 7SJ 
Ov0"/5~ 
Oo07S6 
o o u ·1 ':50 
Uu076U 
OOOl62 
00077 ! 
000771 
oeo17J 
000776 
0 li u ·177 
001001 
()1)1002 
uolvOJ 
ooluo5 
OUlOOo 
OOlOlU 
UNUSED 
Ov~lOO 

13 B<I.,J>=CCI,J) · _ 
CACL lNVCPX(Bt8t8•l•E•8tlERR,NI,TEMP 
CALL MATMOLT(C,UtCUt~) . 
CALL MATMULTCCUjcljQ,8) 
00'24 l:I,B ·· .. · . 
DO 24 J:lt8 · 

24 F (I , J) =REA1' ( Q (I 'J) ) 
CALL fLOOH(PtFt~fLOOR,TtPFAtP~H,PF 
CALL UCFXFR(TtTTt 
CALL LIETvA1 (TTiOET,4) 

4b PROD= UETU•LlET - -
IF (NCOUNT·EY.5555) Go To 47 
lt-' (PHtJt.).uE.o.). GO TO 8. . 

44 Dt: H~=UE T - . 
45 WAP: wO+(W-WO)~UETO/(DETO•OETN) 

PC: (wAP•WO)/WAP -
If (PC.LT••Ol ) "GO To 55 
WT: vv -
w= ~/AP 
NCOUl'JT= 555~ 
GU TO 40 

47 If (PHOD.LT.o.J GO TO 44 
Dt:.To= UET 
KRK= 1;22 
WO= w 
W= \oJT 
GU TO 45 

55 NfREY= NFREY+l 
WW= WAP/6•2ti 
WRITE (6t~0) NFREQtWW 

bO FOMMAT (7X.*FHEQ *t l3t5XtFl0•4 
8 D~TO= DET - -

It- (KKK.EQ,1:!22 ) DET.O= OETN 
KKK= lll ' 
~!O= w 
NCUUhl T: 3333 
VJ= W + Wt flJC 
I r· (f ~ f RE \J 7 E Q • NF Y ) G 0 T 0 5 0 
Gu TO 40 - . -~ 

50 SfOP 
END 

COMPILER SPA~E 
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OUUU24 
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000043 
(I(' 0 040 
0{10U51 
UUOJ5~ 
Oli0v5~ 
Oouu55 
ouovo~ 
Ot:0070 
000072 
OuU101 
.OuO.t.10 
00011~ 
OtUl.CU 
Ov012S 
0C0126 
0U0l4o 
OUUl~v 
00015i::! 
Oti0l!::i2 
OOO.l~4 
OUOlbU 
0(,QlbO 
ot.iul6c 
(){)0163 
0001b:> 
OUOcOU 
ooot:u l 
000~14 
0l!0C!16 
OVU~l7 
0CU22U 

g 
c 
c 
c 
c 
c 
c 
c 
c 
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c 
c 
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30 

70 

50 

55 
60 
~o 

98 

95 
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81 
uo 

SUBROUTINE INV~PX(A,N,NN,ZERU,IERRtNI•T~MP) MHG000Ul 
kEW MGHUIJU05 
REM THE ROUTINE INVERTS tHE MATRIX oY A PIVOTAL METHOD MHGUUUlO 
HEM USING THE LAHGEST lL~MENT IN TH~ NEXT ROW ~S A PlVOT.THE MHGOUU20 
KEM F lRST PART 001:.S THL JrJVfRSlON Al~U H1E SECOND PAK T MHGUU\JJO 
Rt.M t'<i:~Mh~t\~GES THt.. FWvJ::, I\ l\JIJ • COLUMf,JS To TAKE ~\CC OUN T OF h'iE W-IGU 0 u 4 u 
REM f AC T T rl A T TH£-· P I V 0 l S ~1 t: ~ b~ l\J iJ i U 1\J THE U I AG UN AL • - M H n 0 U U 5 0 
r<~M tHrS Sd13RoUT!NE J.5-CALLED tH' Ci~l..L FN1vJl~T(Atf\J91\jl\J,LEJ.<0,I£K,H~HrnOtJ60 
Rt. M ~ l ' TE 1"1 P ) . W I u.:: R l:. . A .. l S '"'N 1~ N U Y N 1\1 H /.\ TH I ~ I N ~ N N l:H 1\J A HR A Y M HG 0 U U 7 0 
REM iEHO IS A T tS T VALUt: RELO'.\' bd·H CH t\N ELD-1£1'..iT IS CONS I Dt.:Ht:::IJ1"1HG O OU /3 U 
HEM TO eE L.~HO,lEH IS f\1\1 TrJt)!CArOH_ ~HICH IS 0 lF THt:: lN~F.RSt. MHG0UU90 
kE1vl 15 FOUNU-ANU NON-Zt:.RU OTHER111ISt.t t'J! LS A woRK!f~G ARr~AY Mi-H;;OUlOU 
REM Of NN tLEMENTS AND·T~~P IS ANUlrlER MHGOVllU 
REM . .. - . MHG0Ul2U 
0 I Mt: NS I 01\1 A (N , ! ) ' N 1 ( N N ) , TE MP \ N i\J ) , , M HG U U l '~ U 
COMPLEX K~AA,TEMP MGHOUl45 
DO lo l=I,NN - M~IGOUl:;u 
f\I I ( ! ) ;: 0 . ) y _ M H Ci 0 U l 6 0 
lJ 0 d v K = l ' N N ~_1- M HG 0 U l 7 O 
AAA=v. .. MHG01JlBIJ 
DO 30 J:l,NN '1tiGOU19U 
H (IH (J} ;Nt.Q) GO TO 30 MHGUv2ou 
C = C A LI S ( A ( K ' J ) ) . tvi G H 0 \J d l 5 
lF(C.LT.Al\A) Gu TO 3o MGHOU210 
A A A = C . - . . M l1 I 10 Ll c 2 IJ 
JJ=J MHGOUiJU 
CONT!NUE ~UHOU24U 
If" (AAA.GT .ZERO) GO TO 70 MGHIJOcSO 
l~RK=K . MHG0Uc60 
J:<ETUKN - MHGU027U 
N!(JJ)=K M~GOU2d0 
AA:A(l~,JJ~ .,::;;.- MHGULl2'1V 
A(K,JJ)=1• ,L--,l- MHGOUjUO 
0 0 ~ iJ J = ·; N N M H {;0 U .3 1 U 
A(K•J)=A{K•J)/AA MHG00320 
DU bU I=l7NN - MHG00330 
IF(I.EQ.K\ GO TO 60 Mrl~0034U 
AA=-~(l,JJ) - MHGOUJ5U 
~ ( I l J J ) = 0 • M ~-t G 0 U j 6 () uu o:> J=l ,NN t-lt-it500J ru 
A(ltJ):A(l,J)+AA*A(KtJ) MHGOOJ..iJ 
CONTINUE - MHGOUJ~U 
CONTINUE MHGQ~400 
l~RR=u MHG00410 
UO 9d I=ltNN MHGUU42U 
! f ( 1~ l ( I ) ! NE. • I ) G 0 T 0 9 5 M ~ i G 0 U 4 J U 
HETUKN MHGOU440 
00 ~0 l=l,NN MHGUU45U 
UQ 7~ J=l~NN MHG0~460 
K:Nl(J) MHGUU47U 
TEMP(K)=A<l,J) MHGOU4HO 
UO Bl J:l,NN MHGOU4~U 
A(I,J)=Tt.MP(J) MHl100Soo 
C 0 NT l l\J U E M H 1.; 0 U :> 1 U 
U 0 9 l) J = 1 ' l'l N M l·H3 O IJ ':l 2 V 
l)Q 89 I=ltNN MHGOllSJU 
K:Nl(l) MHGOU~40 
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UC 01 l U 
0 1,) (J l l C! 
Of~OllJ 
{J()IJ126 
OOO.L27 
Ul\IU.::>£0 
u(;~200 

89 

91 
tto 

COMPILER 

TEMP<I>=A(K,J) 
DO 9.L I=lH'lN 
A(It.J):TEMP(!) 
CONT LIWE 
Ht::TUKN 
E.NO 

SPACC: 

SU~ROUTINE FLOOH(P,Ft~,T,PFAt~FS,PF ) . 
c MULTIPLICATION OF MATRICES ~c~nRoING TO NO OF FLOUR 
C p, F ARE-TH~ INPUT MATHICES . 
C N IS THE fW Of-- .FLOORS -
C T IS THE OUTPUT MATRIX 
C PFAt PFB; PF ArtE TH£ WOHKING MATRICES Of SIZE 8*8 

OIMEhl!:>ION p (8 ,ar tF (8,8) 'T (chd) •PFA (B,8) tPf8 (1:3,ti) ,pF (8,8) 
CALL MULT(P,f,Pf ,8) · 
Kl...11.JNT= 1 ... -
If, (NeGT.l) GO To 4 
UU 10 I=lHi -
UV 10 J=1Hs 

lo r·q,J>= PftI,J> 
GU TU 30 

4 (JU 5 I=ltd 
DU 5 ~::l,ti 

5 PFA<l,J)= PF(XtJ) 
6 CALL MULTtPFA,pr,PF~t8) 

KUUNT = KVUNT+l-
DU 7 l=lt$ 
OU 7 J=1,u . 

7 PFACltJ>=-PFB<I•J) 
If fKOUNT•EG.N) .. GO TO '1 
GO 0 6 - , 

9 ou 12 1=198 
DO l~ J=l'8 

12 T, lf•J>= PrB(ltJ) 
3o RE UHN · 

Et'll) 

COMPILER SPA~t: 

MHGOU550 
MHGOU:.-560 
MrlL500570 
fv1~1G U U SB U 
MHGOU590 
fv'iHGOUbOO 



0 

000007 
000007 
000007 
UOUOlO 
UOUUll 
OGUOlo 
000020 
UOU04c 
OoOiJSU 
000050 

UNU:iEO 
00~400 

ooooos 
0{10005 
\){Ju() 0 b 
0UUUU7 
000011 
OCOOl~ 
00001~ 
U(iOU 4 
00003() 
000046 
OiJ0064 
000101 
0(.0105 
Ut)0.1.06 

UNU~ED 
00~.300 

SUBROUTINE MATMULT (AtB,CtN) 
C MlJLTH'l .. ICATION Of-COMPLEX Ml\TK!CES 

D l ME l'-J !:> I 0 /\I A ( N • N r t 8 C N t N ) t C ( N HJ> 
CUMPLt:X Atl:hC . 
00 l l=l,N . 
DO l J=l,N 
c(IIJ>=o. 
L>O K=l•N 
C<ItJ>=C(ItJ)+A(I·tK)*B<K,J) 

l CUN !!'WE 
Rt.: TUl-{1\J 
El\JtJ -

COMPILER SPACE 

-



0€\0006 
000006 
000007 
OOOUll 
tJUOUli:! 
01..HJv 14 
000016 
ocoo:,hJ 
OOOVJ~ 
000034 
U00036 
00004~ 
0000!JU 
OOOUo5 
OvOl16U 
00UU{i2 
ooourl 
OUOU72 
000111 
ouo J. l:; 
0 (J 0 .ll 4 
0(J0llb 
OOO!l!S 
000130 
Ol.10 J.Jl 

c 
SUBROUTINE DETVAL(AtDETtM) 
EVALUATION OF O~TERMINANT 
OlMEN~lON A(~tM1 -
Nt=o· . 
MM=H•l 
DU ti J=l,MM 
J .. J:J+J. 
DO 30 JB=JJtM 
If (A~S{A(JtJ))•GE.A8S(A(J8tJ))) 
N~=NE+l - -
Ir (t~t..EQ.2) l'JE=o 
OU 2U KK=1;M 
H0LU=A(J,KK) 
A.(J,KK) :A (Jd,KK) 

28 A<JH,KK)=HO~O . 
30 CONTH.JUE 

DU '+ NN=JJ,M 
C=A(NNtJ)/A(JtJ) 
OU 4 1~=1 9 M , 

4 A(NNtl~)=IHNN,N).,..A(J,N)*C 
8 CUNTINUE -

Ot.T=l• 
DO ~ J=ltM 

5 Ut:.. T=l>t. T~~\ < J 'J) 
I~ (N~.EQ.l ) DET=·DET 
Rt. TURr-.J -
ENLJ 

UNU~ED COMPILER 
~o§c:oo 

SPACE 

000007 
OUOUU7 
000010 
vOOUll 
OOU!Jltl 
OUOUlo 
OcOU3c 
Ov0U40 
OOOU4V 

Uf\IUSEl) 
00~~00 

c 

1 

SUBROUTINE MULT<AtB,CtN) 
MULTIPLICATION Of ··s~UARE MARR!CES 
D ! MENS I 01\1 A ( l'h N )" t B ( N ' N ) ' C ( l\h N ) 
DO 1. I =1, N . 
DV 1 '-'=l,N 
Ct"I,J>=o. 
DO 1 t\=1,1\J 
C(l,J)=C(ltJ)+A(I,K>*B(K,J' 
CONT I NUE .. 
Ht. TURI~ 
ENL! -

COMPILER SPACE 

GO TO 30 

I 



.. -- .-:-: ~ + ~ 12 :;::: ..... 

-
c 
c 
c c 
c 
c 
c 
c 
c 
c 
c 
c c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

000003 
c 
c 

000003 
000005 
000006 
000007 
000011 
000012 
000014 
000015 
000016 
000017 
000021 
000022 
000024 
000025 
000026 
000027 
000031 
000032 
000033 
000034 
000036 
000037 
000040 
000041 
000043 
000047 
000051 
000052 
000054 
000055 

PROGRAM TST <INPUT1 0UTPUT,TAPE5=INPUT,TAPE6=0UTPUT> 
NON PLANAR COUPLEU SHEAR WALL 
M. ENG. THESIS BISWAS 

COMPUTER NOTATIONS USED 

sx1,sx2, MOMENT OF INERTIA OF PIERS ABOUT PARALLEL GLOBAL x TH C.G. 
SY1,SY2 MOMENT OF INERTIA OF PIERS ABOUT PARALLEL GLOBAL Y TH C.G. 
SXY1iSXY2 PRODUCT MOMENT OF INERTIA OF PIERS 
SW1 ~W2 SECTORIAL MOMENT OF INERTIA OF PIERS w.~.T·SHEAR CENTRE 
sJ1:sJ2· TORSION FACTORS OF PIERS , 
EX1,fY1,EX2,EY2 COORDINATES OF C.G. OF PIERS W.R.T GLOBAL AXES 
cx1,cv1,cx2,cv2 COORDINATES OF s.c. OF PIERS ·w.R.T GLOBAL AXES 
A1 1 A2 AREA OF THE PIERS 
W1, W2 SECTORIAL COORDH!ATES 
E, G, PSN MODULUS OF ELASTICITY~ MODULUS OF RIGIDITY, POISONS RATIO 
L CLEAR SPAN OF THE CONNECTING BEAM 
SB MOMENT OF INERTIA PF CONNECTING.BEAM 
AST EFFECTIVE SHEAR AREA OF CONNECTING BEAM 
H SPACING OF CONNECTING BEAM 
NF NUMBER OF FLOORS 
PX CONCENTRATED LOAD AT TOP IN X DIRECTION 
PY CONCENTRATED LOAD AT TOP IN Y DIRECTION 
QT CONCENTRATED TORQUE AT TOP 
HT TOTAL HEIGHT OF. STRUCTURE 
DIMENSION AAAC5,5>,BBB<5> 

INPUT DATA 
SX1= 9.377 
SX2= 9.377 
SY1= 2.289 

, SY2= 2.289 
SXY1= -2.594 
SXY2= 2.5<J4 
SW1= O. 
SH2= O. 
SJ1= .159 
SJ2= .159 
EX1= -4.313 
EX2= 4.313 
EY1= 1.687 
EY2= 1.687 
CX1= -4.804 
CX2= 4.804 
CY!= D. 
CY2= O. 
Ai= 3.128 
A2= 3.128 
W1= O. 
W2:: O. 
E= .4E+06 
PSN= .35 -
G= E/<2.•<1.+PSN)) &"" 
L= 4. c:h 
SB= .10997 
AST= .5865 
H= 6. 
NF= 8 



c 
000056 
000060 
000061 

c 
000062 
000061+ 
000074 
000075 
000076 
000100 
000110 
000112 
000114 
000116 
0001.20 
000122 
000132 
000141 

000163 
000167 
000172 
000174 
000176 
000200 
000206 
000207 
000212 
000214 
000217 
000222 
000233 
000244 
000255 
000270 
000271 
000273 
000274 
000276 
000277 
000301 
000302 
000303 
000304 
000315 
000326 
000336 
000337 
000345 
000347 
000356 
000360 
000363 
000366 
000370 - 000371 
000372 

PX= 25. 
.PY= O. 
OT= o. 
COMPUTATION STARTS 
HT= FLOAT<NF>•H 
D= CX2•EY2- CY2•EX2+ CY1•EX1- CX1•EY1 
A= EX2- EX1 
B= EY2- EY1 
W= W2- W1 
RFACT= 1.+ <12.•E•SB)/(L•L•G•AST> 
SJB= SB/CH•RFACT) 
SJ= SJ1+ SJ2 
SX = SX1+ SX2 
SY= SY1+ SY2 
SXY= SXY1+ SXY2 
svc= cv1•sv1+ cv2•sv2- cx1•sxv1- cx2•sxv2 
sxc= cx1•sx1+ cx2•sx2- cv1•sxv1- cv2•sxv2 
sw= cx1•cx1•sx1+ cx2•cx2•sx2+ cv1~cv1•sv1+ cv2•cv2•sv2 

1-2.•cx1•cv1•sxv1- 2.•cx2•cv2•sxv2+ sw1+ sw2 AA= sv•sxc+ sxv•svc 
BB: sxv•sxc+ sx•svc 
cc= A•sxc+ s•svc 
SXP= SX1+ ·sx2 
SYP= SY1+ SY2 
SWP= SW- <sxc•SXC)/SX- <SYC•SYC)/SY 
IF CAA.EO.O.> GO TO 40 
SX= sx- sxv~CBB/AA) 
SY= SY- sxv~<AA/88) 
AP= A- SXY•<CC/88) 
BP= 8- SXY•<CC/AA> 
P= (SXP~svc•SYC)/CSY•BB)+ <sxv•sxc•sxC>ltSX•AA) 
Q= CSYP•sxc•SXC)/(SX•AA)+ <SXY•SYC•SYC)/(SY•BB> 
R= CSXP•SYC•A) I <SYlolBB>- csxy.v.sxc~s> I csx•AA) 
S= CSYP•sxc•B)/CSX•AA>-<SXY•svc~A)/{SY•BB) 
GO TO 42 

40 SX= SXP 
SY= SYP 
AP= A 
BP= 8 
P= SYC/SY 
Q= o. 
R= A/SY 
S= O. 

42 WP= W+ 0+ <SYC•A)/SY+ <SXC•B>ISX 
WB=-W+ CBP•SXC}/SX- CAP•SYCJ/SY -D 
FF= <A•AP)/SY+ <B•BP)/SX+ 1./A1+ 1.IA2 
F= 1./FF 
ALPH= <L•L•L)/(12.•SJB) 
CLTH5= ALPH•E~SWP 
CLTH3= -<<E•SWP>IF+ ALPH•G•SJ- E•WP•WB> 
CLTH1= tG•SJl/F 
CRMYP1= -<R~WB+P/F) 
CRMXP1= -<s•we- Q/F) 
CRMYP3= ALPH-¥-P 
CRMXP3= -ALPH•Q 
CROTP2= -ALPH 
CRQl'= 1. /F 



000374 

000471 
000475 
000475 

000575 
000575 
000607 
000621 
000623 
000625 
000635 
000637 
000645 
000647 
000650 
000651 
000652 
000654 
000655 
000656 
000657 
000660 
000661 
000664 
000564 
000712 
000714 
000715 
000724 
000725 
000726 
000727 
000730 
000732 
000737 

. 000745· 
000753 
000762 
000771 
001000 
001004 
001007 
001012 
001015 
001016 
001017 
001027 
001030 
001031 
001036 
001036 
001044 
001047 
001055 
001055 

WRITE <612> sx1,sx2,sv1,sv2isxv1,SXY21SW1,sw2,sJ1,sJ2,EX1,EX2,EY1, 
1EY2fCX1iGX2,CY1,CY2,A1,A2,W ,w2,E,G,P~N,L,SB,AST,H 

WRI E (b,31 
3 FORMAT (1QX) 

WRITE <o,2) sxc,svc,swtAA,BBtCC,SX,SY,SXP,SYP,AP,BPzSWP,WB1P,Q, 
1WP,F,R~S,ALPH,CLTH5,CL H3,CL H1,CRMYP1,CRMXP1,CRMYP~,CRMXP~, 
2CRQT,C~QTP2 . 

2 ~~~~A1~ect~~: 5 s8kr<CLTH3•CLTH3- 4.•CLTH5•CLTH1))/(2.•CLTH5> 
RBS= C-CLTH3+ SQRTCCLTH3•CLTH3- 4.•CLTH5•CLTH1))/{2.•CL·TH5)· 
RA= SQRT< RAS) -
RB= SO.RTCRGSJ 
CP= -<CPMYPi•PX+ CRMXP1•PY>ICLTH1 + CCRQT•QT)/CLTH1 
ALP= ALPH•E•SWP . 
BET= -CALPH•G•SJ- E•WP•W8) 
RA5= RA•RA•RA•RA•RA 
RA4= RA•RA•PA¥RA 
RA3:: RA•RA•RA 
RA2= RA•RA 
RB5= RB•RB•RB•RB•RB 
RB4= RB•RB•Rs•Rs 
RB3= RB•Rs•RB 
RB2= RB•RB 
RAT= RA•HT 
RBT= RB•HT 

s ~~~~~r<?i~b 
WRITEC6,2) RAS,RBS,RA,RB,CP,BET,ALP,RAT,RBT 
DO 4 I= 1 1 5 
DO 4 J= 1 1 5 

4 AAA<I,Jl= 0 
A.O.A<i,1)= 1. 
AAAC1,2)= 1. 
AAAti,4)= 1. 
AAAC2,3)= RA 
AAA<2,5)= RB 
AAA<3 3)= RA•RA•RA•E•SWP- G•SJ 4~A 
AAA<3:5>= RB•Re~RB•E•SWP- G•sJ~RB 
AAA<4,2)= <ALP•RA4+ DET•RAZ>•COSHCRAT> 
AAA<4,3>= CALP•RA4+ BET•RA2>•SINH<RAT) 
AAAC4,4)= CALP•RB4+ BET~RB2>•COSHCRBT) 
AAAC4,5)= CALP•RB4+ BET•RB2>~SINHCR8T) 
AAA<5,2l= RA2•COSHCRAT> 
AAA<5,3>= RA2•SINHCRAT> 
AAA<5,4l= RB2•COSHCRBT> 
AAAC5 1 5J= RB2•SINHCRBT> 
888(1J= o. 
B38(2)= -CP 
BBBC3>= G4 SJ•CP-P•PX+ Q•PY -QT 
888(4)= o. 
RBBC5>= O. 

7 ~~~~~T<~3~~5~~~.6) 
WRITE (6, 7J 888 
CALL SIMQCAAA,BBB,5,KS) 
WRITf (6 9) KS 

9 FORMAT c2ox,I3) 
WRITE (6, 7> 888 

-.i:-
co 



001063 
001065 
001066 
001070 
001071 
001073 
001074 
001077 
001077 
001101 
001103 

001126 

001150 

001172 

001214 
001230 
001230 
001232 
001234 
001234 
001244 
001253 
001262 
001271 
001302 
001304 
001305 
001307 
001311 
001312 

001337 
001340 
001343 
001343 
001345 
001347 
001367 

001412 

001436 

001460 

001502 

001524 
001527 
001531 
001536 
001544 
001563 
001553 



\Y 

001565 
001567 
001567 
001600 
001611 
001622 
001633 

001652 

001672 
001676 
001702 
001713 
001724 
001735 
001746 
001747 

001765 

002005 
002005 
002010 
002014 
002020 
002024 
002025 
002031 
002031 
002033 
002035 

002057 

002113 

002153 

002176 

002232 

002272 
002312 
002312 
0U2314 
002316 
002316 
002320 

UNUSED 
010700 U1 

0 



APPENDIX-C 

EXPERIMENTAL DATA 

ts 1 
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TABLE Cl 

STRAIN DATA FOR MODEL WITH FLOORS 

strain in µ in/in for load at 8th floor 

Strain Loading 
Gauge 
No. 2.5 lbs. 5 Lbs. 7.5 lbs. 10 lbs. 12.5 lbs. 

1 -30 -56 -92 -116 -140 

2 + 24 + 48 + 68 + 86 + 106 

3 -28 -5_6 ;...94 -110 -130 

4 + 14 + 38 + 64 + 94 + 118 

5 -30 -56 -84 -114 -138 

6 + 18. + 50 + 80 + 112 + 142 

7 + 15 + 30 + 48 + 60 + 76 

8 0 -10 -22 -34 -46 

9 * 
10 -22 -48 -74 -100 -126 

11 +5 +5 +7 +8 +9 

12 -12 -25 -40 -55 -68 

13 -20 -44 -72 -96 -120 

14 + 14 + 36 + 48 +60 + 70 

15 -14 -36 -52 -64 -78 

16 -3 -7 -11 -15 -20 

17 -14 -28 -38 -42 -54 

18 +6 + 16 + 32 + 48 + 60 

19 -8 -24 -42 -56 -70 

20 + 25 + 58 + 98 + 134 + 170 

21 -28 -58 -90 -118 -148 

22 + 16 + 38 +60 + 84 +108 

23 +6 + 12 + 20 +28 + 34 

24 + 14 + 36 + 56 + 78 +98 

* Strain Gauge out of order 
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TABLE Cl (continued) 

STRAIN DATA FOR MODEL WITH FLOOR 

1 Strain in µ in/in for load at 8th floor 

Strain Loading 
Gauge 

No. 10 lbs. 7.5 lbs. 5 lbs. 2.5 lbs. 0 

1 -114 -84 -50 -25 -2 

2 +90 +70 +50 +28 t2 

3 -114 -94 ..:.74 -52 -26 

4 +94 +70 +40 +14 0 

5 -114 -90 -62 -34 -6 

6 +116· +84 +62 +28 +8 

7 +62 +48 +36 +20 +2 

8 -38 -24 -10 -2 0 

10 -104 -80 -54 -26 0 

11 +8 +8 +6 +4 0 

12 +56 +44 +30 +16 +2 

13 -100 -74 -so -26 -2 

14 +60 +52 +42 +26 +10 

15 -64 -54 -40 -26 -12 

16 -15 -12 -8 -5 -2 

17 -44 -36 -23 -13 -2 

18 +SO +46 +24 +12 0 

19 -60 -46 -32 -22 -11 

20 +138 +106 +72 +36 +6 

21 -124 -94 ·-66 -38 -10 

22 +86 +62 +40 +14 0 

23 +28 +18 +12 +4 +2 

24 +80 +58 +40 ·+16 +3 

* Strain Gauge out of order 
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TABLE C2 

DEFLECTION DATA FOR MODEL WITH FLOOR 
\ 

.Deflection in inch for load at 8th floor 

Dial Loading 
Gauge 

No. 2. 5 lbs. 5 lbs. 7.Slbs 10 lbs. 12.5 lbs-. 

1 .011 • 0 32 .055 .079 .097 

2 .0285 .0725 .118 .1695 .2125 

3 . 009 .o 26 .043 .062 • 0 84 

4 .025 .066 .108 .151 .187 

5 .007 .022 .041 .061 .0 83 

6 .020 . 0 53 • 0 86 .122 .152 

7 .003 .010 .022 .024 . 0 30 

8 .010 .0 30 .048 .. 069 .085 

9 .002 .004 .006 .009 .011 

10 .004 .011 .0175 .025 .031 

Dial 
Gauge 

No. 10 lbs. 7.5 lbs. 5 lbs. 2.5 lbs. 0 

1 .o 82 .063 • 040 • 016 .005 

2 .1715 .1325 .o 885 .040 .010 

3 .066 .049 .o 32 .014 .005 

4 .153 .120 .o 80 • 0 36 .006 

5 .064 .047 .028 .011 .003 

6 .124 .097 .064 .028 .oo 3 

7 .• 025 .o 20 .013 .005 . 001 

8 .070 .054 .o 36 .015 .003 

9 .008 .007 .005 .002 .001 

10 .025 .020 .013 .090 .002 



TABLE C3 

STRAIN DATA FOR MODEL WITH FLOORS 

Strain in µ in/in for load at 6th floor 

Strain 
Gauge 

No. 2.5 lbs. 5 lbs. 7.5 lbs. 10 lbs. 12.5 lbs. 

1 -24 -44 -62 -84 -9 8 

2 +24 +44 +66 +86 +106 

3 -24 ...;46 -70 -92 -116 

4 +4 +18 +36 +56 +78 

5 -18 -40 -60 -80 -100 

6 +4 +18 +.40 60 +80 

7 +8 +20 +30 +42 +52 

8 0 -4 -12 -24 -36 

9 * 
10 ------~---~----~no reading------------------

11 -4 -8 -12 -17 -22 

12 +6 +10 +16 +26 +30 

13 -4 -12 -22 -34 -44 

14 +10 +18 +28 +36 +42 

15 +2 +4 +5 +6 +8 

16 -10 -:22 -36 -so -66 

17 +5 +10 +18 +26 +34 

18 -6 -16 -24. -30 -38 

19 0 -2 -12 -24 -42 

20 +14 +32 +50 +72 +92 

21 -14 -32 -48 -68 -86 

22 +5 +14 +24 +34 +44 

23 +12 +32 +46 +62 +78 

24 -2 -4 -5 -6 -6 

* Strain Gauge out of order 

i 
I 
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TABLE C3 (continued) 

STRAIN DATA FOR MODEL WITH FLOORS 

Strain in µ in/in for load at 6th floor 

Strain 
Gauge 

No. 10 lbs. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

-88 

+88 

-96 

+60 

-82 

-58 

+42 

-28 

* 

Loading 

7.5 lbs. 5 lbs. 

-72 
+68 

-74 

+38 

-64 

-44 

+34 

-18 

-56 

+46 

-52 

+22 

-44 

-16 

+24 

-12 

2. 5 lbs. 0 

-22 

+26 

-28 

+10 

-26 

-8 

+12 

-2 

-6 

0 

-6 

+2 

-6 

0 

0 

0 

10 ---------------~no reading-----------------

11 -18 -13 -9 -4 -2 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

+26 

-36 

+34 

+6 

-58 

+30 

-30 

-42 

+76 

-72 

+34 

+62 

-4 

+20 

-24 
+28 

+4 

-42 

+20 

-25 

-22 

+54 

-54 

+24 

+48 

-4 

+14 

-18 

+20 

+2 

+32 

+14 

-18 

-12 

+38 

-36 

+15 

+32 

-4 

* Strain Gauge out of order 

+8 

-6 

+10 

0 

-14 

+6 

-10 

-2 

+14 

-18 

+6 

+14 

-2 

+4 

-2 

0 

0 

+4 

0 

-2 

0 

+2 

-4 

0 

0 

0 
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Dial 
Gauge 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Dial 
Gauge 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

TABLE C4 

DEFLECTION DATA FOR MODEL WITH FLOORS 

Deflection in inch for load at 6th floor 

Loading 

2.5 lbs. 5 lbs. 7.5 lbs. lOlbs. 12.5 

.005 .024 .o 30 .043 . 0 5 8 

.015 .• 0525 .072 .100 .129 

.004 .020 .0255 .o 36 .047 

.014 .052 .060 .097 .1245 

.004 .018 .023 .033 .046 

.o 12 .o 43 .059 .o 81 .105 

.002 .010 .012 .017 .022 

.007 .026 .o 36 .050 .064 

.001 .004 .005 .006 .00 8 

.003 .011 • 014 .019 .025 

10 lbs. 7.5 lbs. 5 lb.s 2.5 lbs. a 

.o 44 .032 .019 .008 0 

.105 .076 .047 .020 .001 

.038 .027 .016 .006 0 

.101 .074 .046 .019 .001 

.036 .024 .014 .005 .001 

.085 .062 .038 .016 .001 

.018 .o 14 .008 .00 3 a 

.052 • 038 .023 .009 0 

.007 .005 .003 .001 0 

.020 .015 .009 .004 0 

lbs. 

15 7 

! 
I 
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TABLE CS 

STRAIN DATA FOR MODEL WITH FLOORS 

Strain in µ in/in for load at 4th floor 

Strain Loading 
Gauge 

No. 2.5 lbs. 5 lbs. 7.5 lbs. 10 lbs. 12.5 lbs. 

1 -21 -36 -54 -68· -84 

2 +18 +40' +60 +82 +100 

3 -14 -34 -so -68 -84 

4 0 +6 +18 +34 · +so 
5 -12 -26 -28 -50 -62 

6 0 +6 +14 +26 +40 

7 +8 +20 +30 +42 +52 

8 ----------------no reading---------~-----------

9 * 
10 -7 -18 -30 -40 -52 

11 -4 -8 -12 -17 -22 . 

12 +6 +10 +16 +22 +26 

13 -4 -12 -.22 -34 -44 

14 +10 +18 +28 +36 +42 

15 -2 -4 -5 -6 -8 

16 -10 -22 -36 -so -66 

17 +5 +10 +18 +26 +34 

18 -6 -16 -24 -30 -38 

19 0 -2 -12 -24 -42 

20 +14 +32 +50 +72 +92 . 

21 -14 -32 -48 -68 -86 

22 +5 +14 +24 +34 +44 

23 +12 +32 +46 +62 +78 

24 -2 -4 -s -6 -6 

* Strain Gauge out of order 
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TABLE cs (continued) 

STRAIN DATA FOR MODEL WITH FLOORS 

Strain in µ in/in for load at 4th floor 

Strain 
Gauge 

No. 10 lbs. 7.5 lbs. 5 lbs. 2.5 lbs. 0 

1 -72 -56 -44 -28 -10 

2 .+78 +58 +34 +14 +2 

3 -70 -54 -36 -18 -4 

4 +40 +34 +24 +10 +6 

5 -52 -40 -30 -16 -6 

6 +32 +20 +12 +4 0 

7 +42 +34 +24 +12 0 

8 --------------no reading-------------------

9 * 
10 -43 -32 -22 -10 -4 
11 -18 -13 -10 -5 0 

12 +22 +16 +10 +4 0 

13 -32 -20 -14 -4 0 

14 +34 +28 +20 +10 0 

15 -6 -4 -2 -2 0 

16 -58 -42 -32 -14 -4 
17 +30 +20 +14 +8 a 
18 -30 -22 -17 -10 -2 

19 -42 -22 -12 -2 0 

20 +76 +54 +38 . +14 +2 

21 -72 -54 -36 -18 -4 

22 +34 +25 +15 +6 0 

23 +62 +48 +32 +14 0 

24 -4 -4 -4 -2 Q. 
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TABLE C6 

DEFLECTION DATA FOR MODEL WITH FLOOR 

Deflection in inch for load at 4th floor 

Dial Loading 
Gauge 

No. 2.5 lbs. 5 lbs. 7.5 lbs. 10 lb .s 12.5 lbs. 

l ~001 .008 .012 .020 .029 

2 • 'O 0 8 .025 . 0 37 .054 .073 

3 .001 .008 .012 .018 .026 

4 .007 .024 .o 37 .055 .o 74 

5 .001 ,007 .011 .017 .025 

6 .006 .020 • 032 .047 .064 

_7 .001 .005 .008 .011 .015 

8 .005 .015 .023 .0 34 .046 

9 0 .002 .003 .005 .006 

10 .002 .007 .010 .015 .020 

Dial Loading 
Gauge 

No. 10 lbs. 7.5 lbs. 5 lbs. 2.5 lbs. 0 

1 .023 .017 .012 .007 0 

2 .060 .046 .o 31 , .020 .003 

3 • 021 .016 .011 .007 0 

4 .060 .048 .031 • 019 .003 

5 .019 .014 .010 .006 .001 

6 .052 .040 .026 •. 016 .003 

7 .012 .0095 .007 .004 .001 

8 .037 .029 .019 .011 .001 

9 .005 .004 .003 .0015 0 

10 .016 .012 .008 .006 .001 
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TABLE C7 

STRAIN DATA FOR MODEL WITH BE&\1S 

Strain in µ in/in for lateral load at top 

Strain 
Gauge 

No. 5 lbs. 10 lbs. 15 lbs. 20 lbs. 25 lbs. 

1 -.20 -60 -82 -120 -152' 

2 :...1a -42 -72 -104 -132 

3 -16 -40 -76 -112 -140 

4 no strain 

5 -12 -24 -46 -52 -64 

6 -22 -46 -74 -98 -124 

11 +--8 + 24 + 38 + 52 + 64 

12 + 22 + 42 + 62 + 82 + 110 

13 + 35 + 63 + 83 + 103 + 123 

14 + 16 + 38 +62 + 88 + 114 

15 +14 + 2°4 +.34 + 44 +54 

16 no strain 

17 -14 -29 -44 -59 -73 

18 + 18 + 42 + 76 +1.14 + 160 

19 -16 -33 + 50 -66 -84 

20 + 10 + 30 + 40 +54 + 70 

21 -54 -138 -230 -326 + 410 
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TABLE C7 (continued) 

STRAIN DATA FOR MODEL WITH BEAMS 

strain in µ in/in for lateral load at top 

Strain Loading 
Gauge 
No. 20 lbs. 15 lbs. 10 lbs. 5 lbs. 0 

1 -124 -92 -64 -34 -6 

2 -106 -76 -46 -22 0 

3 -120 -86 -56 -26 -4 

4 no strain 

5 -54 -·42 -26 -14 -2 

6 -104. -80 -56 -30 -5 

11 + 56 + 44 + 30 + 14 0 

12 +90 + 72 + 52 + 28 +2 

13 +99 + 79 + 65 + 41 +6 

14 +94 + 76 +so + 26 +4 

15 + 46 + 36 + 26 + 16 +2 

16 no strain 

17 -62 -46 -30 -13 -2 

18 + 130 +98 + 68 + 36 + 10 

19 -70 -52 -34 -14 0 

20 -60 -so -34 -20 -2 

21 -336 -252 -182 -76 -8 
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TABLE C8 

DEFLECTION DATA FOR MODEL WITH FLOORS 

Deflection in inch for lateral load at top 

Dial Loading 
Gauge 

No. 5 lbs. 10 lbs. 15 lbs. 20 lbs. 25 lbs. 

1 .015 .o 30 .052 .064 .0].9 

2 .013 .024 .046 .056 • 0..61. 

3 .013 • 0 20 .037 .042 .053 

4 .007 .012 .019 .026 .OJQ: 

5 .0 036 .006 9 .0095 .0119 • 012. 7 

6 .024 .060 .100 .132 .167 
--~ 

7 .019 .050 .086 .113 .144 

8 .016 .042 .071 .100 .121 

9 .009 .026 .045 .060 .077 

10 .0051 .0115 .0206 .0270 .0336 

Dial Loading 
Gauge 
No. 20 lbs. 15 lbs. 10 lbs. 5 lbs. 0 

1 .066 .054 .035 . 02Q .004 

2 .os7. .046 .029 .016 .006 

3 .045 .039 .033 .014 .004 

4 .029 .021 .015 .Oio .003 

5 • 0124 .009.9-. .0073 .0048 .0013 

6 .147 .115 .085 .046 .011 

7 .127 .099 .074 .038 .009 

8 .107 .083 .063 .032 .007 

9 .068 .054 .039 .019 .006 

10 .0289 .0230 .0178 .0121 .0043 
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Tl\.BLE C9 

STRAIN DATA FOR MODEL WITH BEAMS 

Strain in µ in/in for torque at top 

Strain Loading 
Gauge 
No. -25 lb-in 50 lb-in 75 lb-in 100 lb-in 125lb-in 

1 -:72 -164 -248 -356 -446 

2 -30 -66 -116 -158 -200 

3 no strain 

4 -34 -76 -124 -168 -200 

5 -12 -24 -38 -so -60 

6 +6 + 22 + 36 + 52 + 60 

11 -10 -28 -48 -70 .-88 

12 + 15 + 38 + 58 + 79 + 101 

13 + 50 + 113 + 173 + 233 + 301 

14 -11 -24 -36 -49 -62 

15 + 10 + 23 + 35 + 52' + 65 

16 + 25 + 55 + 83 + 114 + 142 

17 + 30 + 70 + 108 + 154 + 184 

18 + 26 + 54 + 89 + 117 + 145 

19 + 10 + 23 + 36 + 48 + 64 

20 -14 -22 -34 -47 -62 

21 -20 -32 -42 -56 -70 
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TABLE C9 (continued) 

STRAIN DATA FOR MODEL WITH BEAMS 

Strain in µ in/in for torque at top 

Strain Loading 
Gauge 
No. lOOlb-in 75lb-in SO lb-in 25lb-in 0 

1 -.380 -308 -212 -92 -15 

2 :....172 -134 -96 -56 -6 

3 no strain 

4 . -174 -144 -108 -74 -4 

5 -50 ~38 -28 -14 0 

6 + 54 + 38 + 25 + 16 +2 

11 .::76 -64 -46 -28 -8 

12 + 82 + 62 + 42 + 22 +2 

13 + 236 + 176 + 118 + 60 +4 

14 -·51 -39 -27 -15 -2 

15 -50 -38 -26 -14· -3 

16 + 116 + 89 + 60 + 30 +2 

17 + 160 + 128 + 100 + 62 +6 

18 + 119 + 92 + 56 + 30 +3 

19 + 52 + 39 + 25 + 14 +2 

20 -54 -38 -26 -10 0 

21 -so -43 -33 -22 -2 
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TABLE Cl 0 

DEFLECTION DATA FOR MODEL WITH FLOORS 

Deflection in inch for torque at -:top 

Dial Loading 
Gauge 
No. 25lb-in SO lb-in 75lb-in lOOlb-in 125lb-in 

1 .004 .008 .018 .023 .031 

2 .003 .007 .016 .022 .028 

3 .003 .0005 .013 .018 .025 

4 .002 .004 .008 .011 .015 

5 .0006 .0018 .0041 .0054 .0071 

6 .017 .059 .101 .139 .180 

7 .013 .043 .081 .110 .146 

8 .009 .035 .066 .091 .121 

9 .006 .023 .043 • 059 .078 

10 .0023 .0099 .019 .0262 .0354 

Dial Loading 
Ga~ge 
No. lOOlbs-in 75lb-in SO lb-in 25lb-in 0 

1 .026 .018 .011 .008 .003 

2 .023 .016 .010 .007 .004 

3 .021 .014 .008 .005 .002 

4 .013 .009 .005 .003 .001 

5 .006 .0042 .0024 .0018 .0009 

6 .149 .111 .072 .045 .008 

7 .119 .094 .056 .035 .007 

8 .099 .073 .046 .0 29 .004 

9 .064 .047 .030 .018 .003 

10 .0284 .0208 .0125 .0071 .001 
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