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ABSTRACT 

The work presented in this thesis is concerned with the analysis 

of multi-storey masonry shear wall structures connected by floor 

slabs, under axial and various eccentric lateral loadings, producing 

bending and torsional deformations. 	For analysis, the problem 

is split into two parts, namely that due to direct lateral load and 

that due to twisting moment. The equivalent frame and wide 

column frame analogies are used for the determining of the bending 

effects and the finite element method is used for both the bending 

and the stress analyses. For torsion analysis, the governing equation 

is obtbined by considering that the externally applied torque is 

equilibrated by the internal torques. The governing equation is 

derived for a system of third-degree linear non-homogeneous, differential 

equations with the unknown in the problem being the angle of twist. 

The results obtained from various forms of the proposed theory 

are compared with results from tests on a five-storey 1/3rd scale 

concrete blockwork structure. For further comparison, the theory 

was modified for a symmetrical channel cross-section and the theoretical 

results compared with the experimental values taken from another 

worker's test on a four-storey, 1/6th scale brickwork structure. 

When both structures are analysed by the proposed theory with 

and without warping, and with and without considering slab effect, 

the closest agreement with the experimental results is obtained when 

the slab effect is neglected. The rotation is underestimated when 

slab effect is included in the governing equations for both structures. 

Warping is shown to be of minor importance in the calculation of 

rotations and stresses. 	The stresses calculated using the theory, 

IX 



including the slab effect compares closely with the experimental 

values which were obtained from the symmetrical channel cross—

section. The axial deformations of the vertical elements were 

neglected in both the analyses. 

The proposed theory can be applied to both symmetrical and 

unsymmetrical sections. The method of analysis yields results 

of sufficient accuracy for application to be made in engineering 

practice. 	It is also sufficiently simple that an explicit solution 

can be obtained using a slide rule or desk calculator and does not 

require the use of a computer. 
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CHAPTER I 

1 - INTRODUCTION 

The number of tall buildings is. increasing rapidly in almost 

every country, the reason being a combination of shortage of. available 

land, increase in land costs and the prestige value. When the 

buildings reach such a height that lateral wind or seismic loading 

becomes a major factor in the design, then greater strength and 

stiffness are required than are provided by a system of frames. 

Therefore, in taller buildings, certainly when above fifteen storeys, 

the bracing to counteract the lateral loads can be most effectively 

and economically obtained by a system of shear walls, or cross walls 

for the basic structure. 

Shear walls are playing an increasingly important role in high 

rise building construction. The shear wall components may be a 

straight wall or walls combined to form a complex symmetrical or 

asymmetrical arrangement. The shear walls are primarily used to 

resist lateral forces but may also be load-bearing walls or act in 

combination with columns or form a complete structure. Also with 

careful planning they can not only be utilised for non-structural 

purposes c' building and enclosing but may also provide acoustic 

insulating and fire resisting divisions between the units of the 

structure. When such a structure is subjected to lateral forces, the 

slabs, which are very stiff in their plane, act as deep beams and not 



only transmit the horizontal forces to the vertical wall elements but 

they also interact with the walls to give a stiffer and stronger 

structure. Additionally floor slabs keep storey heights to a minimum. 

The exact analysis of the shear wall structures is complicated and so 

a number of approximate methods have been developed, which replaced the 

structure by a simple idealised form. 

2 - REVIEW OF LITERATURE 

The actual behaviour of the coupled shear wall structures 

bears little relationship to that predicted by the analytical methods 

due to the simplifying assumptions made in each theory. 

A - Continuum Method 

In recent years, the problem of the interaction between shear 

walls and floor slabs systems in tall buildings has been given more 

attention. The problem has frequently been tackled by assuming that 

the system of connections- 	by lintel beams or floor slabs can 

be replaced by a continuous connecting medium of the same stiffness. 

Also it is assumed that the walls deflect equally and the connecting 

beams deform with a fixed point of contraflexure. The behaviour 

of the structure may be expressed by a single second order differential 

equation which is solved to give shear, moments and deformations 

throughout the wall. 

This continuum method was probably first applied to building 

frames by Chitty and Wan (1947) [15]* and to coupled shear walls with 

* 
Figures in curved brackets represent year of publication. 

Figures in square brackets refer to bibliography. 
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openingsJ.Dy .Beck (1962) [2]. 	The technique has been extensively used 

and developed for the analysis of plane coupled shear walls subjected 

to lateral loading by many workers e.g. Rosman (1964) [44, 4.51, Burns 

(1965) [12], Coull and Chaud.hury (1967) [16], Coull and Purl (1968) [17] 

and Coull and Irwin (1970) [20]. 	The method has the advantage that 

the accuracy of the solution increases with an increasing number of 

storeys. 

B - Equivalent Frame Analogy 

Analytical methods for analysis for shear wall and shear wall 

frame systems, using digital computers, are more accurate, more 

flexible and can consider more variables than the continuum approach 

Green (1952) [29]  presented a simple treatment of the analysis of 

multi-storey coupled shear walls, with deep beams, in which he 

considered the strUcture as an "equivalent frame" with the point of 

contrafiexure at the midpoint of the piers and spandrels. 

Amarahjga (1962) [i], in his analysis used the "equivalent frame" 

approach in which he replaced the shear-wall structure with columns 

having the same flexural rigidities as the walls. 	The beam lengths 

are equal to the distance between the centroidal axes of neighbouring 

columns and having the same stiffness as the actual beams or slabs. 

His deflection results, including shear and axial deformations, were 

overestimated when compared with results obtained from perspex model 

tests. 

A method of equivalent frame analysis which was applicable to 

diverse shear wall structures was presented by Schaighofer and Microys 

(1969) [48]. 	The cross-sectorial characteristics of columns in the 
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equivalent frame were considered identical with those of the corresponding 

wall sections and the beams have the same cross-sectorial areas as 

the connecting beams of the shear wall structure. Good agreement 

with experimental data was provided by this method. 

C - Wide Column Frame Analogy 

A basically similar approach is the-wide column frame technique. 

It considers a frame with beams which are assumed to be infinitely stiff 

from the centreline of the column to the edge of the actual opening 

and as a normal beam within the opening, as in the equivalent frame 

method. Macleod (1968) [38] using the "wide column frame" analogy 

analysed coupled shear walls by considering shear, axial and bending 

deformations in the members and assuming rigid connections at beam-wall 

joints. 	Sinha (1967) [50] tested a five storey one-sixth scale 

cross-wall structure in brickwork under lateral loading and compared 

the results with continuum and wide column frame analogy methods. 

Both methods underestimated deflection, later Maurenbrecher, Sinha 

and Hendry (1970) [41] presented a series of test results on a full-scale 

five storey brickwork shear-wall structure subjected to lateral 

loading. Sinha and Hendry (1973) [51 ] then compared these results, 

along with deflection results obtained by Siitha [50] and Kalita [37] 

with the deflection calculated by four different methods, namely 

continuum, wide column frame, equivalent frame and cantilever. The 

first two of these methods underestimate, and the cantilever method 

overestimates the deflection. The equivalent frame analogy gave the 

best agreement for deflection. Similar conclusions were presented 

by Rostampour (1973) [47]. 	In addition, he applied the method of 



"finite element" to stress and deflection analysis. This method was 

suitable for stress analysis but underestimated deflection. 

D - Finite Element Method 

The finite element method is a commonly applied approach to 

plane wall analysis of multi-storey structures. 	In this method, 

the structure is sub-divided into a mesh of two dimensional elements 

of triangular or rectangular shape, Jenkins (1968) [36]. The accuracy 

depends on the fineness of the mesh used which in turn affects the 

computer running costs. Macleod (1969) [39] used the finite 

elempnt method for analysis of coupled shear walls and later Macleod 

and Green (1973) [40] compared this approach with wide column frame 

analogy. They found the finite element analysis marginally more 

accurate but it was less efficient computationally. 

E - Torsion Analysis 

The deformations of coupled shear walls subjected to lateral 

loading, under many circumstances, are not restricted to their plane. 

The torsional effect cannot be neglected in most asymmetric structures 

and even for symmetric structures when the lateral load is non-uniformly 

distributed along the structure. 	Essentially torsion will occur if 

the centre of rigidity of the vertical resisting elements does not 

coincide with the line of action of the horizontal loading. 

5 

A thin-walled prismatic member of open cross-sectorial profile, 

characterised by high bending rigidity but extremely weak for torsion, 

was first studied by Timoshenko (1956) [55]. 	The most extensive early 
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study has been by Vlasov (1958) [58, 591 who postulated a theory on the 

effect of elastic warping of thin-walled beams. His method was 

based on the "sectorial properties" of a cross section of beams and 

shells. He treated the theory mathematically in great depth and it 

has been extended and proved in numerous experiments. Vlasov 

explained the behavioural differences between "thin-walled" and 

"thick-walled" beams under the same loading. 	The Saint-Venant (1855) [54] 

theory developed for the twisting moment acting on a thick-walled 

beam was inadequate to calculate the stresses and distortions of a 

thin-walled beam. 

Benjamin (1959) [3] was one of the earlier workers to point out 

the torsional problems in the analysis of shear wall structure. The 

method of shear distribution provides a simple approach but was applied 

to one and two storey structures. 	Murthy (1964) [43] tested 

unsymmetrical three-storey model, cross-wall, brickwork structure 

under lateral loading and compared the experimental with the analytical 

results, calculated as suggested by Benjamin. Reasonable agreement 

was obtained with the theoretical rigidity at the first floor but the 

second and third floor analytical rigidities were found to be higher 

compared with the actual. 

Seto (1967) [] developed Benjamin's. method in accordance with 

the fundamental principles of applied mechanics and strength of materials 

and suggested that the theory may be applied to the approximate 

analysis of multi-storey shear wall structures. Kalita (1970) [37] 

carried out tests on a multi-storey symmetrical channel section 

structure in one-sixth scale brickwork, under eccentrically applied 



lateral loading. For analysis, the problem was split into two parts. 

The finite element method was used for solution due to bending. 

In the torsional analysis, he obtained the theory from combining the 

thin-walled section theory of Timoshenko with the theory developed by 

Seto [49]. 	The analytical and experimental results compared 

favourably but doubt can be cast on the reliability of this theory 

as an unacceptably low modulus of elasticity value was used in the 

calculations. 

Jenkins and Harrison (1966) [35] analysed tall buildings with 

shear walls under bending and torsion. Bending was conveniently 

calculated using a stiffness matrix method involving the use of a 

digital computer, and for the torsion analysis the theorem of Minimum 

Potential Energy was used. The slab stiffness could be included in 

the finite elemeni technique. 	The experimental results obtained from 

perspex models compared rather disappointingly with the analytical 

data. 

Experimental results of Jenkins and Harrison [35] have been quoted 

by Taranath (1968) [53] for comparison with the theoretical results 

calculated from his theory. His own experiments were concerned with 

testing thin-walled members interconnected by internal or external 

slabs in perspex models. He recognised the inadequacy of St. Venant 

torsion theory and so applied the restrained torsion theory of Vlasov, 

which fully allows for warping of cross-sections. He showed 

theoretically and experimentally that the warping stiffness of floor 

slabs increases the strength and stiffness of the structures. 

Warping displacements for open sections and the corresponding warping 

7 



stiffness of floor slabs were solved by computer. Experimental 

results for the models were compared with the theoretical results, 

with and without warping and with and without floor slabs. Stafford 

Smith and Taranath (1973)  [52] incorporated the slab warping stiffness 

of each floor into the analysis by adding it to the appropriate 

diagonal elements of the core stiffness matrix. They recommended 

the finite element method as the most convenient for analysis of the 

slab. Additionally, vertical stresses due to warping in core cross-

section should be taken into account in the design of open cores, as 

they can be of the same magnitude as the bending stresses. 

Rosman (1969) [46] developed an analytical method, based on 

the principle of minimum complementary energy, for perforated concrete 

shafts of tall buildings subjected to torsion. 	The use of dimensionless 

coefficients made it possible to find a general solution for different 

loadings. He recognised a coo-plate mathematical analogy between the 

torsionally loaded shaft and the laterally loaded shear wall. 

The analysis of interconnected structures of three dimensional 

open section prismatic members was approached by two methods by 

Harrison (1971) [30],  both the Wagner-Kappus equation and a Ritz 

Energy approach were used. 

The redistribution of lateral loads in buildings symmetrical 

in plan was considered by dough et al (1964) [13] and a similar 

method for the analysis of buildings, unsymmetrical in plan, which 

have shear walls and frames, was presented by Jinkour and Gluck (1968) 

[60]. 	They believed their matrix method to be a most effective 

approach for solving problems with many degrees of freedom, and the 
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solution could be obtained by computer in a few minutes. 

Heidebrecht and Swift (1971) [32] described a matrix method 

based on Vlasov's thin-walled beams theory for analysing coupled 

asymmetrical shear walls. The method considers warping of the shear 

walls by floor beams and slabs. 	The solution can be simplified by 

considering the floor slabs as equivalent to beams. The analysis 

allows for varying storey height and varying wall Thicknesses throughout 

the height of the buildings. Results obtained by this method 

compared reasonably with the experimental results previously obtained 

by Jenkins and Harrison [35] from a plexiglass model. However, the 

results obtained using the continuum method of Michael [42] compared 

more closely with the experimental data. 

A simple method for torsional analysis of three dimensional core 

wall structures, consisting of two equal channels, has been presented 

by Michael (1969) [42]. 	The analysis makes use of the symmetrica. 

nature of the structure. His governing equation was found by 

considering compatibility equations combined with the torque-rotation 

and the bending-moment curvature relationship. The method is similar 

to that for coupled shear walls where the continuous connecting 

technique is employed, but due to neglecting the warping restraint of 

the beams, the stiffness is underestimated. 	The vertical element 

displacements are also neglected in his calculations. 

Research concerned with the analysis of shear wall systems, 

particularly those where vertical and horizontal plates act as walls 

and floor slabs and where few or no columns are present, has been 

presented by Irwin (1970) [33]. His theoretical solution was based 

on the continuous connection method for two and three dimensional. 
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shear wall structures. 	Also Coull and Irwin (1968) [19] have 

discussed a method for analysis of multi—storey structures which 

consist essentially of parallel assemblies of coupled shear walls. 

The load deflection characteristics of individual shear elements 

were determined using the continuous connecting technique. 	The 

complete structure was analysed using compatability and equilibrium 

conditions and to give a convenient equation, a system of Nacaulay's 

brackets was adopted. 	Coull and Irwin (1970) [20] developed the 

technique to more realistic conditions of bending and torsion. A 

method was presented for analysing structures which had discrete 

assemblies of wall units, even if the system of walls was complex. 

Agreement between experimental results, obtained from perspex models, 

and the thecretical results, was very satisfactory. A simple 

approximate method of analysis for coupled shear walls and core 

elements has been discussed by Coull and Irwin (1974) [21]. 	The 

same procedure as Michael [42] was followed for torsional analysis of 

core elements. 	The theory predicts the deflection accurately but 

the torsional stiffness is underestimated probably due to the neglecting 

of the warping restraint of the floor slabs and of the influence of 

the coupling of pairs of walls in line. 

Jaeger et al (1972) [34] developed a theory based on the continuum 

approach, for the analysis of tall three dimensional multiple 

shear wall buildings. 	In the theory, the torsional rigidities of 

the shear walls were neglected and the torsion moment is equilibrated 

by the shear forces associated with bending of the shear walls. A 

good correlation was achieved between data obtained by the finite element 

method and experimental results obtained from a seven storey multiple 

shear wall model. 
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The continuous method has also been extended, by using Vlasov's 

theory of thin-walled beams by Gluck (1970) [24] who developed it to 

cover the bending and torsion analysis of more complex structures 

consisting of coupled shear walls and a frame arranged asymmetrically 

in floor plan. The total stiffness of the coupled wall system was 

considered to be equal to the sum of the stiffnesses of the shear 

walls and the elastic medium of known stiffness properties which 

replaced the connecting beams between the walls. The axial 

deformations of the shear walls were neglected and to derive the 

stiffness matrix of the elastic media, he considered the horizontal 

shear forces, and torque on the coupled walls to .act through the centre 

of gravity of each element. The influence of normal strains in frame 

column and shear walls was then included in the analysis (1972) [25] 

and further (1972) [26] a linear dynamic analysis of asymmetric 

multi-storey structures was presented. Both analyses included the 

axial deformations in vertical elements. 	Recently, (1974) [28] it 

was found necessary to include the axial deformations when the beam 

system was of significant stiffness compared to the walls. 

Later Biswas and Tso (1970) [ii] modified Gluck's [24] method 

and took the forces to act through the shear centre of the individual 

element. Furthermore, Tso and Biswas (1973) [56] presented a simple 

continuum approach for the three-dimensional analysis of non planar 

coupled shear walls, of arbitrary cross-sectional shape, subjected to 

lateral lading. The theory gives the torsional and flexural 

deformations of the structure. A comparison was made with calculations 

based on the theory, including and neglecting axial deformation with 

the experimental results obtained from tests on a flexiglas model. 
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Neglecting axial deformation produced an error but the theory including 

axial deformation compared favourably with experimental results. Later 

Tso and Biswas (1974) [57] reformulated the theory to consider 

symmetrical core wall structures. The governing equation was obtained 

by equilibrium consideration of internal torques and applied torques. 

They showed that the warping stress could be significant compared 

with the bending stresses and should be taken into account in design. 

The relative vertical displacement due to the axial forces were 

neglected as, due to the symmetry of the core wall structure, the terms 

cancelled each other out on summing the two compatibility equations. 

Heidebrecht and Stafford Smith (1973) [31] presented a relatively 

simple method, suitable for sliderule or desk, calculator, for the 

torsion analysis of asymmetric open section shear walls. For analysis 

lintel beams and floor slabs were replaced by an equivalent continuum. 

By consideration of the compatibility conditions at the envisaged cut 

along the mid-span of the beams and slabs, the restraining effect 

coefficients were calculated and included in the differential governing 

equations. 	The analytical results, with and without lintel beams 

compared closely with experimental results obtained from Stafford 

Smith and Taranath (1972) [52]. 	Coull and Stafford Smith (1973) [22] 

and later in greater detail Coull (1974) [18], presented a simple theory 

for the analysis of regular, symmetrical three-dimensional, cross-wall 

structures. The structure is replaced by an equivalent plane 

coupled shear wall-cantilever structure. 
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3 - SCOPE OF THIS THESIS 

The aim of this thesis is to present a method of analysis of 

coupled shear wall multi-storey buildings, whose lateral load-bearing 

masonry structures consist of shear and cross walls. The structure 

is subjected to lateral point loading causing bending and torsion. 

Two methods were applied for bending analysis, namely equivalent 

frame and wide column frame analogies. The finite element technique 

was used for stress and bending analyses. The governing equations 

for the torsion moment was obtained by considering that the external 

torque is equilibrated by the shear forces associated with bending of 

the shear walls, and the internal torques, which are comprised of 

St. Venant torque, warping and contributions from the connecting media. 

The accuracy of the theoretical method was verified by comparison 

with tests carried out on a one-third scale model structure. Also, 

the theoretical results obtained by the method modified for symmetrical 

channel cross-sections, were compared with results calculated by other 

theories and with experimental data obtained by Kalita (1970) [37]. 

The method is suitable for calculation by sliderule or desk 

calculator and is useful for the designer who wishes to consider torsion 

effects on tall buildings at th start of the design process. 



CHAPTER II 

THEORETICAL fl'WESTIGATION OF THE BEHAVIOUR 

OF MULTI—STOREY STRUCTURES 

1 - INTRODUCTION 

If the resultant horizontal force due to lateral loading does 

not pass through the centre of twist of a structure, the application 

of this force will cause not only deformation but also twisting. 

The solution of this type of problem is simplified by replacing the 

lateral forces by a single statically equivalent force with a well 

defined line of action in the same plane. Any number of forces 

applied to various points of the structure can be replaced by parallel 

forces passing through the centre of twist together with a torsion 

moment. The forces transferred to the shear centre will cause 

bending deformations and stresses which are determined by the usual 

elementary theory of bending. The concentrated external torsional 

moment obtained by transferring the horizontal force to the twist 

centre gives rise to complementary sectorial stresses and torsional 

deformation. Therefore, by considering the principle of independent 

action of different forces, the deformation and stresses caused by 

eccentric loading can be obtained by the superposition of the two 

actions, pure bending plus flexural torsion. 

In the solution of the torsion analysis the standard literatures 

of Timoshenko, Vlasov, Michael and Tso, mainly have been consulted 
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for the basic equations and assumptions. The effect of the slabs was 



FIG 2.1 ISOMETRIC VIEW OF THE STRUCTURE 



included in the analysis by applying the continuum medium approach 

and some different assumptions have been used to solve the structures. 

The theory was initially applied to a complex three dimensional 

coupled shear wall structure, and then modified for analysis of a 

symmetrical channel section. 

A-FORMULATION OF PROBLEM 

Figure (2.1) shows a view of a typical five storey structure, 

consisting of four equal angle sections and two single cross walls 

connected by floor slabs. The shear and cross walls are of uniform 

thickness over the entire height of the building, and the walls are 

rigidly tied to each other in the horizontal plane by the floor slabs. 

Therefore, it may be assumed for the sake of simplicity, that the 

floors are rigid horizontal diaphragms, and that these rotate as 

rigid bodies around the centre of twist of the structure. The axes 

of the walls are denoted by x, y, z which are the element axes and 

the overall system axes are denoted by X, Y, Z. 	G-Ci is the centre 

of gravity and CSI is the shear centre of the element i. 	The 

horizontal displacement of the shear centre along the x, y directions 

of the cross sections will be U(Z)i and V(z)1 respectively. 	The 

rotation 0(z) is about the Z axis which is assumed coincident with the 

torsional centre of the structure. 	The locations of the element 

centroid and shear centre are the distances from the centroids to the 

point 0 which is the system shear centre, the centre of gravity 

measured in the global direction is Cxi and Cyi and the distances from 

the point 0 to the element shear centre are denoted as exi, eyi 

respectively, as shown in figure (2.2)(2.3). 	Due to the symmetry of 

I 5. 
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the individual elements the analysis is simplified by 

J x3 = JX4 =JX6=JY 1 = JY3 - 	- J y5 	....................................(ia) 

Jx 2 = 	Jxs 	, 	Jy2  = 	.Jy 	............................................................. -(ib) 

e 1 = 	e 3  = 	e 4  = 	ex& 	.........................................................(ic)  

e y1  = 	ey3  = 	e 	 = 	e y5 	........................................... (id) 

e 2  = 	eX5 	, 	e Y2 	= 	e 5 	...................................... (le) 

let the horizontal displacement of the system centre point 0 be U(z) 

and V(z) then, the displacements and rotations about the shear centres 

of the element i, can be related to the displacement and rotation u(z) 

V(z) and 0(z) from the simple geometric relationship, as 

U 1 	U 4  = -( u + ee l ) 
	

VI= - V4  = (V - ee 1 ) ..........( 2a) 

- U6 	- ( u + ee 3 ), 	 v3v(v - ee 3 ) .........( 2b) 

U 2 	U 5 	0 ., 	 V2  =-V5 	oe 2  ............. (2c) 

Due to the symmetry of the structure U2 and U 3  can be assumed equal 

to zero. Within the limitations of the simplifying assumptions an 

elementary analysis can be developed without complications. 

-a. 

and 



a) Shear forces and internal torques 

The internal torques and shear forces acting on an element's 

shear centre are shown in figure 2.2. The equation of the resultant 

torque for the whole structure about point 0 which is the axes origin, 

can be written as, 

M 11 =• 
	

+ 	 + 	........................................( 3) 

where, the clockwise rotations are positive. 	The internal torque 

which is contributed from the individual wall elements of the structure 

is a result of two combined actions, Saint Venant contribution (Msv) 

and the warping contribution (11w), given by the formula 

QTI = 	M S V + 	M W .....................................................(4) 

Hence, from in the above equation the St. Venant torsion moment (M) 

can be written as 

MSV 	GKT 
ciz 	 .

(5) 

in which. 

K 1 .............................................................(6) 

The value KT is called a torsion constant or St. Venant moment of 

inertia and GK 1  is the St. Venant torsional rigidity; 1i is the 

thickness and Si is the length of the wall elements. 

17 



The second term of equation (4), the warping torsional moment 

is 

M 	EL-_®  
dz3  

where the term Ico introduced by Vlasov, is the warping moment of 

inertia defined in the following expression. 

' 	fwcsi t ds 	..................................................................... (8) 

From equation (3) the terms Q>,1 and Q.represent the respective 

shear forces acting on the individual shear centre of elements; 

e x1  and e i  are the lever arms of the shear forces in OX and OY 

directions respectively. 	The accepted equations for the relationship 

between the shear forces and displacement are 

Qxj =-EI 	.cti 	.. ... 

..... .... ...............................................(ga) 
d Z3 

and 

Qy EIx; 3 'ç. ........................................................... ( gb)  

from equation (2), differentiating ui and Vi with respect to the 

variable z coordinate and substituting into equation (9a,  9b) and 

multiplying equation respectively by ex ;  and e 1  , considering the 

symmetry of the building, we have, 

18 
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:6 

d3 u61 I:Qx;ey. = I EI1 d3u1 El 	- Er d3u4  + EI6 
dz3 

j e 1 	(1 Oa) 
i =1 

and becomes 

- 	 - 4EI 1 e 1 	.................................................(lob) 

and 

i :6 

Qe 
	

[

EIX, 
 d3v1

El 3 	El d3v4 El d3 v4 
-+ 

 dz3 	
dz3 - Xl.d3 - 	X6 

 dz3  - 
:1 

d3v 	 a 1 
EI5 	

z3 	
. 	EI2 u V2 	........................................(ha ) 

d 	 dz 3 j 

and becomes 

E Yi ex , = [4EI xi e i  + 2E1x2 e 2] c1 

Therefore the equations (lob) and (lib) are substituted into the shear 

force term of equation (3) and the resulting equation we denote by 

MF, thus 

MF 	[4EI xi e xi  + 2El 2 e 2  + 4Elyie2yi] (12a) 

in which 

2  4l 1  e 1  + 	21 2 e2 + 	4J 	...........................................(12b) 
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MF  = - 	 .(12c) 
dz 3  

finally, equation (3) becomes 

M T1 = 	M 5 	-i-- 	M F  -- MW 	.......................................................(13) 

Substituting equations (5), (7) and (12c) into the above equation 

N4 11  =G KT do  - 	- Ejwd 3G 
 

dz 	dz3 	dz3  

b) Slab effect 

The torsional behaviour of such structures may be derived using' 

an analysis which is comparable to the continuous medium technique 

widely used for plane walls with openings (19, 24, 42,  44, 56). 	The 

further assumption is that it is considered that the connecting media 

	

deform only in the vertical plane (xz, Yz). 	These deformations can 

be obtained by cutting the structure at midspan and reapplying the 

vertical shear forces Q(z) and are written 

Q(z)i 	d 

Z
I (15) 

In this case the midpoint of the connecting media is coincident with 

the contraflexure point and so there is zero bending moment and also 

their net axial force is zero. In a cut at this section as shown in 

figure (2.5) these applied shear forces Q(z)i are transformed into an 
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equivalent distributed shear force acting on the continuous media with 

flexural rigidity El d  and may be replaced by an equivalent connecting 

medium with flexural rigidity ii per unit height, where h is the 

storey height, as shown in figure (2.5). 	Finally the walls can be 

considered as open thin-walled beam so that Vlasovs theory for thin-

walled beams can be easily applied (23, 58, 59). 

Secondly, additional forces and torques are developed in the 

connecting media due to the shear forces 	as shown in figures (2.4) 

(2.5). 	The resultant torque (Ms) produced by these forces and torques, 

for the whole structure about point 0 can be written as, 

Ms II xiey, + 	Q Yi exj + EQTi ................................. ( 16 ) 

From equation (16) the shear forces Q and Q. can be obtained by 

considering the static equilibrium of each element and by taking th 

total moments about the xi and Yi axes as being equal to zero. 	Thus 

the following relationships can be written. 

T—MX1 =0 	................................................................................(17a) 

+ q 1 dz(e 1 _ c) + 	 - 12 	] 	
0.................(17 

QYI 
= 	- c r1 ) + q 2  IC Y1 - 12+ t] (llc) 

and 

21 

Y:MYI 
= 	0 	..................................................................................(18a) 
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Q,dz - q 1 dzc 1  + q 2 dz [cr1  -  

q j c 1  _ q 2  [Cxl - ex1 ] 

For second element 

E X 2 	= 	0 ............................................................................(19a) 

- 	2 dz + 	q 2 dz112 + t] = 	o ................................................ (19b) 

Q 2 = 	ci 2 [12+ t] ......................................................................(19c) 

and 

FM y2
= 	o .......................................................................(20a) 

QX2 = 	o 	.................................................................................(2ob) 

From the second term of equation (16) the torques of the individual 

elements about their own shear centre which are produced by the shear 

forces q(z)j , act along the midpoints of the laminae. 	These torques 

are equal to the shear forces q 	times the sectorial area (..k)(s)j 

appendix (I). 	It can be written 

QTi = 	q(z); UJ(s) ..................................................................(21) 



23 

Hence, by substituting equations (17c), (18c), (19c), (20b) and (21) 

into equation (16) considering the symmetry, the result can be obtained 

as follows. 

M s  = -[4Qxj eY1  + 4 1 e 1  + 242e2 + 4QTi+ 2T2] ............(.22a) 

=_4[ i cx i _ 2 (cxi _exi )]e yi + 4 [q, (e yj  - c) 	q2(cy1- 12+t)] 

+ 2q 2 (1 2 + t)e2 + 41w11i + W212] + 4W222J ...................(22b) 

= -q 2  [eXl.(CY, - 12 t) - e 1  (c 1  - ex) + e2 12 + 
t + 0)  21 + (J)  22] 2 

+ q 1  [cxi  ey1 + 	e1 (ey1 _ cr) + wii]1 4...................................(22c) 

Iqm, + q 2 m 2] 	.............. .......................................( 22d) 

In which m1  and m2  are denoted by 

M 1  = 4C x1 e y1  + e x , 	- c 	+ () i 	 (23)[ 	 ) 	]  

12+ t\  M 2  = 4[ex1(c1_ 	
2 

) - e11 (cxt - ex + e2 	+ 	+ ( 22] .......(24) 

In,- -  equation (22) the shear forces q 1  and q2  are unknown variables. 

These two values can be obtained from consideration of compatibility 

along the cuts of the laminae. As mentioned earlier shear forces 
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applied along the cut on the wall elements of the structure. The 

walls deform independently and the connecting media are only allowed 

to displace in the longitudinal direction. 	The relative vertical 

displacement, due to the horizontal deflections and rotations along 

the cut, can be calculated by means of considering the theory of thin--

walled beams, and can be written as 

cSoj = 

 

Six+ 	Sjy 	-- Sje 	..................................................(25) 

From equation (25) the deflections Sjx and 6Jy  arise as a result of 

bending in the xz and YZ planes respectively. 	In such a deformation 

those elements that remain in plane rotate (3, 58, 59) about x and 

axes as shown in figures (2.6) and (2.7). 	Now the third term of the 

equation determines the part of the displacement which arises due to 

torsion. Longitudinal displacement along the cut is equal to the 

product of thetorsional warping 	times the sectorial area W(s)j 
dz 

The displacements of point Mj for element number -1.- in figures (2.4), 

(2.6) and (2.7) are as follows. 

dul + (e 1  - c 1) dv 	de  -I-. 	(&)-- 	.............................. (26a) 

for the point Mj  and elements, number 1 and 2 are 

802 =(cr1 -  e) .i - (cr1 - 12+ t) 	+ W21 de  ...................(.26b) 

Substituting the expression of equation (2) into equations (26a, 26b) 

and abbreviating, considering the symmetry of structure we obtain 
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In equation (30) Ad is the effective area of the connecting laminae 

and Idj  its moment of inertia, (j = 1 ,2). 	These deflections Sa l  and 

602 are equal in magnitude and opposite to the deflection 6b1  and 

respectively (21, 42, 58, 59), Assuming that axial deformation of 

the walls under axial load Q(Z)j, are negligible. Thus using equation 

(27a), (27b), (19a) and (2 9b) to eliminate Scij and cSb we get 

deq1 	= - 7\1F191E 	.. 	...............................................................(31a) 
dz 

and 

q2 _ 	7.Fñ 	E 	. 	...............................................................(31b) 
dz 

Substituting equations <31a) and (31b) into equation (22) the final 

equation becomes 

dz
......................(32) 

in which 

K s = 	rn1 rn 1  + 	..........................................................(33) 

Finally by combining the moments M 11  and. Ms, equating with the external 

twisting moment, which becomes 

M T = 	M5 	+ 	M 5  + 	MF + 	N4 	..............................................(.) 

Further, by substituting the equations for the four terms into the above 

equation, the governing equation becomes 
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M 1  = [G K T + EKl4 - 
J dz 

[E1+ 	EIw].4 ....................(35) 

Dividing this equation by the coefficient of - E ( I+ i) and introducing 

the notation 

= 	GK 1 + EK 	 . (36) 
EIEI<  

and 

Iw= 	i 	+ 	.......................................................................() 

The equation (35) is simplified 

de - 	= - M T  
dz3 	dz 	EI 

This differential equation formulates the relation between the angle 

of twist of the structure and the external load. The general solution 

of the equation (38) can be written when concentrated torque is applied, 

as (20) 

M I z0 	C 1  + C2 cosh('z) + C3sinh(z) + __ 	.............() 
EIW  

The coefficients C, C 2  and C 3  are constants of integration and 

determined from the boundary conditions of the structure which are: 

if the structure is entirely built in at the base no rotation and no 

warping is developed, also at the top of the structure warping is not 

restrained. These boundary conditions can be expressed as, 
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at z = 0 	0(z) = 0  

de 
dz 

at 	z = H 	--=0 	 . (40c) 

with these boundary conditions equation (39) can be solved as (20) 

0 	z -  sinh(z) + tanh(H)[cosh(z) 	1]I 	.......... (41) 
 

M T  

Additionally, the differential equation for a distributed torque (mt) 

can be found by differentiating equation (35) with respect to Z -

axis such that., 	 . 

Mt = [G KT+K.] jqLe - [EI*  + EIC]4 	(42) 

The differential equation is solved (20), and given as 

0 = J[tanh(WH)+ 	sech(H)][cosh(z) - i] + z 

---- - sinh(z)1_mtH 	
...

.
( ) 

2H 	 J3EL 

The deformation of the building can be obtained by substituting the 

angle of twist into equation (2). 	Similarly, the vertical shear forces 

per unit height can be found from equations (31a) and (31b). We can 

easily determine the complementary warping stress and shearing stress in 



29 

the walls due to torsion, which can be obtained considering the thin-

walled.beams theory by the formulation, 

G .,(s) = 	EÜJ(s) ................................................................( 44 ) 
d z2  

- ES, d3e 
W 	t 	dz3  

In which W(s)is the sectorial area and S. is the sectorial statical 

moment of the sections, both with respect to the individual element 

shear centre. 

2 -MODIFICATION OF THE THEORY FOR CHANNEL SECTION 

2.1 -INTRODUCTION 

In this section a method is presented for the analysis of symmetrical 

channel sections connected byfLoor slabs. 	Previous workers [21 , 24, 

37, 42, 46, 55, 56] used channel core sections for development of their 

theories. For this reason, it was desirable to compare the analytical 

results obtained by the thesis theory and the analytical results obtained 

by the other workers, using their own theory, with the experimental data 

available for the symmetrical channel cross-section. in figure (2.8) (2.9). 

In the experimental structure, the magnitude of the warping effect 

is not taken into consideration as the structure is comprised of an 

angle and single cross section. Therefore in the theoretical formula 

the warping torsional properties become zero. 	In other typical 

structures such as the channel section this is not the case and so 

additional equations have to be considered to take into account the 

warping torsional properties. Also this provides the opportunity to 
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compare the analytical and the experimental results in an example 

with warping and one without warping. 

A - Warping Torsional Properties 

Using the thin-walled beams theory, warping torsional properties 

of the channel cross section may easily be found as follows. 

The figure (2.10) shows the diagram of the sectorial coordinate 

W(s) in [in, cm2] with respect to the individual elements shear centre. 

Using the notations in Fig. (2.9) and according to the general formula, 

appendix (i) 

WI = 	o 	........................................................................................(4 6a) 

b,'2  

= Ieds .... 

0 	

............................................................46b) 
J 	2 

-. 	ii 	 = 	- e] .............................................(4 6 c) 

1/2 

WT 	Win + f1?_ ds 	 - 2eJ .....................................(46d) 

The sectorial statical moment of the section with respect to 

the shear centre, according to the general formula (appendix I) for 

the points II and I, can be found. 
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d 

S()11 	j [Wi1 + (.L)iilI- 

b/2

ts ds = 
d  

SLL)I= SW 11 

0  

bdt [d 
- 2e] .........................(47a) 

?! [2 d (d - 2e) - 	be 	..........................................(47b) 
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Figure (2.13) shows the diagram of the sectorial statical moment in 

( in , cm'). 

B - Application of Theory 

The Saint Venant Torsional moment (M5 )9 the warping torsional 

moment Mw  and M   which is derived from shear forces of the individual 

elements, are already defined in the previous section. Their related 

stiffness properties are calculated below. 

The channel cross-section is of constant thickness t j  and length 

	

s(b,d). 	The St. Venant moment of inertia can be written ( i= 1,2 ) as 

	

K 1 	 - 2d]t 
	

(48) 

Warping moment of inertia for channel cross-section is obtained 

according to the general formula appendix (i). 

= 2f(es)2t ds + 2f1s - 	- e)]tds ......................(49a) 

I = .4_[e2 - de(d - e) + 
3 1 (49b) 

Bending stiffness 

	

1* 	= 	2Ie. 	.......... ...........................................................................( 50) 

d). The moment Ms, from equation (14), developed in the connecting 

media from the shear forces and torques, as shown in figures (2.12) 

can be written in the form to fit the channel section, ( I = 1,2 ) as 



NI 5  = 2(yex +  

The horizontal shear forces and torques Q,1, qi and QTi can be 

related to the vertical shear forces q(j from consideration of the 

equilibrium conditions of the individual elements, as presented in 

figure [2.11]. 

Thus Qxj 	0 	.................................................................................................. ( 52a) 

Qy; = 	b q 1 	......................................................................................(52b) 

and 

QT W1q1 	....................................................................................(52c) 

Equations 52(b,c) are substituted into equation (si) given by 

NI ... 1 ......................................................................................(52a) 

In which 

m 1 b(bey  + 	WT) 	.....................................................................( 53 b) 

The relative vertical displacement in the xz and Yz planes due to 

deflection and rotation of the walls, as presented in figure [2.14] 

can be obtained by applying the equation (25) are derived previously 

is 
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du l
=CX, --- 	+ + 	T ..............................................() 
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By substituting LOT by equation (46d.) into the above equation and 

considering the relationship between the deflection ( uv) and - 

rotation (e), the equation becomes 

gal = 	ci - -- 	 ............................................................................. 

where 

F—n cl = 	J.. [c 1  + 	a - 	e] 	........................................................ (56) 

The relative vertical displacement due to bending and shear of the 

connecting laminae is 

Sbi = _____
( vi) 

7 1 E 

From equations (55) and (57)  the shear force q(z) can be derived and 

substituted into equation (52). Thus the final form of the moment 

Is 

M S 	= 	m 1  fficl E 	................................................................... (58) 

where 

Almclfficl...........................................................................( 59 ) 

Therefore, the coefficients thus derived can be substituted into the 

governing equation and by using the angle of twist relationship of 

the structure the related equations as detailed in section I can be 

solved to give, 



The deflections on the structure 

Shear forces along the cut 

Complementary warping stress and shearing stress. 

Furthermore, for the calculation of stresses, the structure 

can be analysed by Vlasov's thin-walled beams theory. The longitudinal 

stresses caused by axial, shear forces and bending moment are additive 

algebraically and can be calculated from the general formula as given 

6(s) = - 	+ MXX Y(s) + Myy X(s)  + B (iJ(s) (60) 
Ix 	 ly 

and 

s(s) = 	S (s) + 
QY 

Sy(s) 	
MT S,(s) (61) 

Ix 	 I )' 	 tI(j) 

There QX  and Q y  are the shear forces in the section acting in the X and 

Y direction; 	Sx(s)and S i (s) are the static moments of inertia, S m (s) 

is the sectorial statical moment of inertia and t is the thickness of 

the cross-section. 
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PLATE(3.1) ONE-THIRD SCALE BLOCKWORK MODEL STRUCTURE WITH LOADING 

AND DIAL GAUGES FRAMES 



CHAPTER III 

—III— EXPERIMENTAL INVESTIGATION OF THE BEHAVIOUR OF A 

MULTI—STOREY SHEAR WALLED STRUCTURE IN BLOCKWORK 

UNDER BENDING AND TORSION LOADING. 

1 —INTRODUCTION 

Load bearing masonry wall system, in recent years have received 

new attention as a structural system. This is evident from the number 

of articles published. The masonry walls can be made of any of 

several types of materials. One which is becoming increasingly used 

and from which the test structure is constructed is that of the concrete 

block. Concrete block is a versatile building material widely used 

throughout the world in different climatic conditions. 	The blocks 

have high thermal and sound insulation. Also, as well as being 	-- - 

economical, they can be successfully handled by unskilled workers. 

Block production can either be in a large central factory or at the 

site as the demand arises. 	It is largely for these reasons that 

concrete blocks offer a unique opportunity in the construction 

program of underdeveloped countries which suffer-from an acute shortage 

of industrial resources. 	But the future development of the concrete 

block is by no means limited to the underdeveloped countries. 	The 

advantages and disadvantage of concrete blocks have been extensively 

discussed by Rostampour (1973) [ 47 ]. 

With the increasing use of such blocks a greater knowledge of the 

behaviour of this type of structure is required. As buildings increase 

in height it becomes more important to ensure adequate lateral stiffness. 

35 

In recent years this has been obtained by providing shear walls. They 



can be walls of repeating unitsfigure 3.1 or are often grouped 

together to form a core which is utilised to form lift and service 

shafts. It is presently accepted that reinforced and unreinforced 

masonry shear wall stTuctures which are designed to act jointly with 

floor slabs participating as horizontal diaphrams are effective in 

resisting gravity load, (dead and live weight) and the large lateral 

forces produced by wind, earthquake and other actions. Wind load 

is a major criterion in designing a tall building. The structuraL 

engineer must be sure the design is structurally safe and sufficient 

support systems are provided. 	Subsequently more attention is being 

paid to the adequacy of the design of buildings with regard to the 

lateral loads. 

This investigation was to examine and analyse the lateral load 

(axial and eccentric) resistance of the structure (see typical plan 

figure 3.4). 	This type of structure may be used in current tall 

buildings for both commercial and residential purposes, partly as it 

has the advantage of being capable of carrying more lateral load along 

its axes than any other similar unit systems. 

In this work, an experimental investigation was carried out to 

examine the behaviour of a structure and to test the accuracy of the 

theoretical analysis. 	For this purpose, a one-third scale five storey 

shear wall structure made up of "Aglite" blocks with opening was tested 

under lateral point loads. The loads were applied axially, through 

the shear centre of system and eccentrically at the top slab level of 

the structure. 
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2 - MATERIALS 

A - 

One-third scale "Aglite" blocks measuring (152.4 x 76.2 x 50.8)min 

were used for the walls. 	The blocks came from two different batches 

with mean crushing strengths of 9900 kN/m2  and 13016 kN/m2  according 

to BS 2028 [4]  and the mean density was 1138.9 kg/rn 3 . 

RIMEERM M, 

Locally available building sand was used for blockork construction. 

The sand conformed with the limits of B.S. 1198 (1963) [5] and its 

grading is given in the table below. 

Table 3.1 Sieve analysis of ordinary sand used in 

construction of building and beams. 

B.S. Sieve No: % passing by weight % retained 

3.18 mm 98.5 1.5 

2.14 mm 98.0 0.5 

1.20 mm 96.7 	S  1.3 

600 	microns 92.9 3.8 

300 	microns 63.4 9.5 

150 	microns 17.4 46.1 

B . S. 1198 

•Q - CEffENT 

"Ferrocrete" a rapid hardening Portland Cement was used to conform 

rd with B.S. 12 (1971) L°J 
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1• 	T TMt1 

Hydrated lime class "A" was used to conform with B.S. 890 (1972) 

(7). 

E - MORTAR 

The mortar was Cement, Lime and Sand in of 1 :+:3 by volume. 

After conversion, all proportioning was done by weight B.S. 12 (1971) 

[6]. 

3 - CONSTRUCTIONAL DETAILS 

The structure has five storeys, each consisting of four equal 

angle sections and two single cross sections, all having the same 

dimensions as showing in figure (3.3) plate (3.2) shows a photograph, 

and figurO (3.1) (3.2) and (2.1), (3.2), (3.3) and  (3.4)  show the 

isometric view, front and side elevations and plan of the model structure. 

The foundations of the structure consisted of (6.4 x 6.4) cm steel 

I sections welded to a steel base grillage (43.5  x 16.1) cm. 	The 

bottom course of the building was embedded in concrete in (6.4 x 3.2) cm 

steel channels which in turn was welded to the I sections. Additionally 

a steel plate was welded, one each side of the structure, between the 

top of the I section and the grill in an attempt to stop rotation at 

the base of the structure during the lateral loading. 

All walls were constructed in situ by technicians, see plate (3.2) 

and after a curing period the floor slabs were lifted by crane on to 

mortar beds, then settled by tapping with hammer. The mortar joint 

was keyed in by a pointing tool. Each floor slab was precast in 



reinforced concrete mix in the ratio of 1 :1 :2 by weight and. was 

reinforced by a mesh of 1/8" (3.2 mm) diameter steel. 

4 - SIMULATION OF DEAD LOAD STRESSES 

It was necessary to increase the dead weight stresses by a factor 

of two to simulate the effect of gravity as the structure was of one-

third scale. Weights were hung from hooks on the walls and placed 

on the floor slabs. 	See plates (3.1) to (3.5). 	The estimated 

precompressions were (345, 276, 207 9  138, 69) k1T/m2  at the 1st, 2nd, 

3rd, 4th, 5th floors respectively. 

5 - TESTING E'EI'TT 

Loading Frame 

A portal frame of two steel columns (203.2 mm x 203.2 mm x 15..9 kg) 

weir bolted to the base grillage and secured in position by jointing 

with four I beam cross braces (152.4 mm x 114.3 mm x 9.2 kg) to a 

previously built compression rig. 

B - Load. Measuring Apparatus 

The load was applied at various points, on the top slab level by 

a three ton hydraulic jack, pumped by a "Losenhausen" testing machine. 

Before loading, the apparatus was calibrated in an "Avery Universal" 

testing machine and the calibration curves are shown in figure (3.31). 

The applied load was taken from a previously calibrated digital 

voltmeter, "Solatron type LM 1450" to an accuracy of about + 0.05% 

cM 
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FIG 3.4. TYPICAL FLOOR PLAN 



C - Dial Gauge Frame 

The dial gauge frame was a system of scaffolding. The vertical 

poles were bolted to the foundation grillage and horizontal and 

diagonal members made the whole system stiff and rigid. 	Care was 

taken to ensure that the frame did not come in contact with the 

structure and loading frame. 

D - Dial Gauges  

Dial gauges, with a range of 0.01 mm, were bolted by "Dexion" 

scotted steel angle sections to their frame. 	The horizontal 

deflections X and Y directions were measured by gauges positioned near 

the corners (232  cm) apart on the side wall and (247 cm) apart on the 

front wall and in the middle of the walls, at all slab levels and the 

vertical deformation was measured by gauges positioned at the top of 

the building as shown in plates and figures (3.5) and (3.2), (3.3) and 

(3.4). 	A total of fifty gauges were fitted on the frame. 

E- Strain Gauges 

For measuring the strain distribution in the shear and cross walls, 

vibrating wire strain gauges were used. The strain gauges were of 

(5.5 in) 14 cm gauge length and the strain range measuring capacity of 

about 3000 microstrain. 	The strains were recoreded.using a portable 

digital unit type GT 1169 and a 100 channel data logger type GT 1172, 

shown in plate (3.7). 
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6 - SOURCES OF EXPERIMETTAL ERROR 

Measurement of deflection ± 	0.01 mm 

Measurement of load ± 	0.05 kM 

Measurement of strain ± 	3 microstrains 

When the lateral load is applied the structure will tend to overturn. 

The base of. the structure rotated under the applied loading. Therefore, 

a large part of the error is coming from incomplete fixity of 

foundations. 

7 - EXPERIMENTAL TECHNIQUES AND RESULTS 

The dial gauges were bolted to the frame and lined up against 

the metal contact plates on the walls and slabs. 	Care was taken 

to ensure each gauge was plumbed to the wall and slabs. For 

positioning of the strain gauges, a metal plate was fixed by "Cataloy" 

to the wall and the gauge securely screwed to the plate. After all 

the gauges were checked, and the pre-loading gauge reading recorded, 

loading was commenced. 

The first set of tests was carried out during the day, but when 

the results were plotted, the line did not pass through the origin and 

the curve was very irregular. It was decided that the sources 

of error were from the vibrations caused by the movement of the other 

workers and from temperature fluctuations at the top of the building, 

caused by the sunlight coming through the translucent roof. Therefore, 

all future tests and the tests presented, were carried out in the 

evening and at night. The time lapse between loading and reading the 



gauges was between 5 to 8 minutes, to allow the building to stabilise. 

There was a further 5 to 8 minute time lapse before the gauges were 

read after the load was removed. The dial gauges were read by 

theodolite and always in the same order, to reduce the reading error. 

Each load test was repeated between 12 to 24 times. 

Test - 1 Axial Loading 

Forces of 1.0 to 5.0 kN were applied axially to the structure. 

No rotation occurred and the plots of load against deflection and 

storey against deflection are shown in Figures (3.5) and (3.6). 	The 

vertical strain distribution in the first floor shear walls, flanges 

and centre wall at cross section A-A was calculated and plotted in 

Figure (4.9. 	The magnitude and direction of the principal strains 

in the ground floor shear and cross walls were calculated [Appendix 

31 from test-:results, and are shown in Figure (4.6)(4.9). 

Test - 2 Eccentric Loading eB = 38.1 cm (15" 

Forces of 0.75 to 4.53 kN were applied eccentrically to the 

structure. 	The plots of load against deflection and storey against 

deflection for individual dial gauges are shown in Figures (3.7 to 

3.11). 	The load against rotation and storey against rotation data 

calculated from side and front readings are plotted in Figures (3.12) 

and (3.13). 	The strains in the first floor at section A-A are 

plotted in Figure (4.9). 	The magnitude and direction of the principal 

strain in the ground floor shear walls, flanges and central cross 

wall were calculated (Appendix 3) from test results and are shown in 

Figure (4.8). 
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PLATE (3.5) DIAL GAUGES FOR MEASURING VERTICAL DEFLECTION OF THE BUILDING 



Test - 3 Eccentric Loading ec  = 76.2 cm (30") 

Forces of 0.58 to 3.08 kil were applied eccentrically to the 

structure. 	The plots of load against deflection and storey against 

deflection for individual dial gauges are shown in Figures (3.14 

to 3.17). 	The load against rotation and storey against rotation 

data calculated from side and front reading are plotted in Figures 

(3.18) and (3.19). 

Test - 4 Eccentric Loading e0  = 116.8 cm (46") 

Finally forces of 0.38  to 2.88 kN were applied eccentrically 

to the structure. 	Plots of load against deflection and storey 

against deflection for individual dial gauges are shown in Figures 

(3.20:to 3.26). 	The load against rotation and storey against 

rotation data, calculated from side and front readings are also 

plotted in Figures (3.27  to 3.30). 

The vertical deformation under the various loading measured in 

the Y—Y direction at the top of the structure,.are plotted in the 

figure below. 

In all the above tests, the experimental data presented was 

the average values from between 12 to 24 separate testings. 
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Fig.3.22 Load/ Deflection curves for structure from dial 

gauge position No.4 at various floor levels.. (X- birection) 
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8 - DISCUSSION OF RESULTS 

The primary purpose of the investigation was to obtain an 

understanding of the behaviour of the structure under lateral 

point loadings. 	The behaviour is best visualised from curves 

which relate the load to the deflection, and load to the strain, 

of any characteristic point on the structure. 	The structure is 

loaded by a complex system of forces, producing bending and 

torsional deformations. 	From the test results, load against 

deflection and load against strain graphs were plotted and the 

best line drawn by eye through each set of points. Linear curves 

were obtained fr the deflection andstrain of the structure under 

axial loading and eccentric loadings. 	These results are typical 

of a structure behaving elastically. 	Therefore, the theoretical 

assumption of the elastic behaviour of the structure is justified. 

The straight line relationship can be used in calculating values 

of deflection and strain for any magnitude of applied load. 

The various eccentric point loadinwere transferred to the 

axial position and the deformation curves compared with the curve 

from load against deflection obtained for axial loading of the same 

magnitude. 	It can be seen in Figure (4.5) that the curves are 

very similar, they could be considered the same within the range 

of experimental error. 	Similarly, the rotation was calculated 

when various eccentric loads, but with the same moment as calculated 

from the load times eccentricity relationship, were applied to the 

structure. 	From graph (4.10), it is seen that the curves are the same, 

within the range of experimental error. 
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In conclusion, the assumption of simplifying the analysis by 

considering the deflection due to pure bending separately from the 

deflection due to pure torsion has been demonstrated experimentally 

to be valid. 	It is apparent that the experimental results from 

the various load positions are in good agreement and so the results 

may be confidently used for comparison with the theoretically 

calculated data. 
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9 - YOUNG'S MODULUS OF ELASTICITY 

A part of the work was concerned with finding the modulus of 

elasticity by different test methods. 	It was desirable to discover 

if the "E' value changed appreciably in the range of compressions 

known to be applied within the test structure. The compression 

on the structure varied from 10 lbf/1n2  to 50 lbf/in2  in the fifth 

to the first floors, respectively. 	Therefore, in the wall and beam 

tests a maximum compression of 250 lbf/in was applied. Previous 

workers (37) (43) used a range of Modulus of Elasticity from racking 

tests on one storey-height structures subjected to precompression, 

using the formula suggested by Benjamin (1959) (3). 	From the results, 

they used in their calculations of the structures, a different tE 

value for each storey. 	It was apparent that they had underestimated 

the "E" values. With consideration to the earlier workers, 

numerous tests were carried out as described below. 

The material for construction of the model walls and beams 

was obtained from full scale blocks (18"  x 9 11 x 4") which were cut 

.to the required dimensions in the laboratory from full scale blocks, 

using a clipper machine  by a wetted abrasive blade. Care was taken 

to retain uniformity in the 4 scale Ag1ite blocks". 	Sand, Cement, 
lime and Mortar were as described previously. 

Before each compression test a 2" x 2" steel plate was cemented 

on the ends of the wall and beams with Ferrocrete rapid hardening 

cement and sand. The plate was accurately levelled to ensure that 

the applied load was uniformly distributed over the whole section. 
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In the second beam test a special ball and socket joint plate was 

designed to give a firm connection between beam ends and top and 

bottom plates of the "Avery Machine" but which permitted free beam 

rotation, i.e. giving a hinge connection. 

Test -1- The strain on the wall and deflection was measured 

by the flexure test on blockork, Figure (3.32), (3.37) plate (3.8b). 

Test -2- The strain on the wall was measured when undr pre-

compression, Figure (3.33) and plate (3.8a). 

Test -3- The beam was used for the measurement of the strain 

with: 

- Beam under compression, Figure (3.34). 

- Beam in flexure, Figure (3.35) 

- Beam under shear plus bending, Figure (3.36), plate (3.6b). 

Test -4- Adifferent beam was subjected to compression and 

lateral loading to measure the strain and deflection. The beam was 

tested 

- Under constant compression and varying lateral loads. 

- Under constant lateral load and varying compressions. 

The cuIculated test results are shown in Figure (3.38), (3.39) and 

plate (3.6a, 3.7). 

a) E value conclusion 

The results from the tests to find the "E" value of the test 
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blocks, under various conditions, showed that within the range of pre- 



compression experienced in the test structure, the value did not 

change.significantly. 	Therefore, it is reasonable to use a constant 

value for the modulus of elasticity in all calculations involved 

in the theoretical analysis of the test structure. 
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CHAPTER IV 

GENERAL DISCUSSION AND CONCLUSION 

1 - INTRODUCTION 

In recent years shear wall structures have been increasingly 

used in tall buildings, for both commercial and residential 

purposes, to resist lateral loads. 	Therefore an efficient and 

simple method of analysis is of the utmost importance. At the 

present time, numerous theories exist for the analysis of multi-

storey shear wail structures under bending and torsional forces, 

but each theory has its disadvantages, mainly due to the simplifying 

assumptions which have to be made to permit the analysis of the 

structure. The more widely used theories for bending analysis are 

discussed in following section. 

The present studies describe a method applicable to the torsion 

analysis of multistorey buildings with shear walls. The method 

does not require the use of a computer and would be of particular 

use to the design engineer in the early stages of design. 	The 

experimental results obtained in this investigation, from a model 

structure, are compared with the experimental data taken from the 

work of Kalita [37] on a 1/6 scale model brickwork structure, as 
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well as with the results calculated using the theories of other 

workers. 

2 - ANALYSIS OF THE STRUCTURE UNDER LATERAL LOADING 

The analytical methods for the solution of multistorey shear 

wall buildings and the assumptions on which they are based, are 

briefly discussed in the following section. The methods were 

previously outlined in Chapter I. 	In the following methods, due 

to the symmetry, half of the structure was considered in the analysis. 

Young's modulus of elasticity was found experimentally, in Chapter 

III to be 7.171 kN/m2  (1.04 x 10  lbf/in2 ) for blockwork and 29.647 

kN/m2  (4.30 x 106  lbf/in2 ) for slabs. 	Poisson's ratio was taken 

to be 0.18 and 0.15 for blockwork and concrete, respectively. 

In the finite element method, the structure is subdivided into 

324 two-dimensional elements, rectangular in shape, connected at 

364 nodal points or joints, as demonstrated in Figure [4.1]. 	The 

program provides for the solution of plane strain, plane stress and 

deflection problems. 	In a typical building, the walls are 

frequently combined to form units consisting of two or more walls 

orientated at right angles. A wall can act either as a shear wall, 

a flange or a cross-wall depending on the direction of lateral loading. 

In resisting lateral loading, only an effective width rather than 

the total width of the flange is included in the calculations of area 

and moment of inertia in the analysis, as given in Figure [4.2]. 

Work has been published suggesting effective flange widths e.g. 

(37, 54, 55, 62). 	The effective flange width is calculated using 
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the BS. CP 114 [61], from the equation 0.17h + t where his the 

storey height and tw is the wall thickness. 

The vertical strain distribution in the shear walls of the 

ground floor, under axial loading, was calculated by the finite 

element method. A reasonable agreement with the experimental 

values can be seen from Figure [4.9a]. 	The principal strain 

distribution in the ground floor, as shown in Figure [4.6] was also 

calculated. 	A similar pattern of strain distribution on the shear 

wall was obtained from experimental data shown in Figure [4.7]. 

The closest agreement is found near the foundations. 	The deflection, 

when calculated by the finite element method, is underestimated by 

37% at the top storey, compared to the experimental, as shown in 

Figure [4.5]. 	The structure seems to be more flexible than expected 

analytically. 

Th wide column frame analogy considers the structure as a 

frame with beams which are assumed to be infinitely stiff from the 

centre of gravity of the angle section, to the edge of the actual 

opening, as shown in Figure [4.3]. 	By this method, the deflection 

was underestimated by 34%, about the same as by the finite element 

method. When the shear deformation on the columns and beams are 

included in the analysis, the discrepancy is reduced slightly. 

In the equivalent frame analogy, the shear wall structure is 

replaced Ly columns having the same flexural rigidities as the walls. 

The slabs are replaced by beams with the same stiffness and with 

lengths equal to the distance between the centroidal axes of the 

neighbouring columns, as shown in Figure [4.4]. The deflection 
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is overestimated by 1 0% at the 	storey when compared with experimental 
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results, but the discrepancy is reduced towards the base of the 

structure (Figure 4.5). 

The same pattern of results, for the three methods presented, 

has been reported by numerous workers e.g. [40, 47, so], but the 

degrees of discrepancy vary in the different reports. 

3 - TORSIONAL ANALYSIS FOR STRUCTURE 

A - INTRODUCTION 

The solution for the experimental test structure by the 

proposed theory is presented below. The experimental structure is 

constructed of four angle and two single wall sections. In the 

theoretical assumptions, all the elements were considered independently 

and the stiffnesses calculated individually for each element. 

Consequently the warping stiffness is calculated as zero. 	In this 

type of section with only one joint, as exemplified, 

	

LJ 
	

II [LIA' 	l 
W(s)=O and I=O 

the cross-section has the shear centre CS at the intersection of 

the flanges and therefore the sectorial properties vanish everywhere; 

the sectorial co-ordinate W(s)O and the sectorial moment of inertia 

	

= o 	(Appendix i). 	Thus there is no warping 

developed in such sections and these elements resist eccentric 

load by free torsion only. 	The value of Young's 



modulus of elasticity (E) used in the calculation for the analyses 

of the test structure, was found by simple beam and wall tests, under 

pure bending and under compression, as described in Chapter III. 

The average of numerous test was taken and a value of 7.171 kN/m 2  

(1-04 lbf/in2 ) is used in the numerical solution. 	Poisson's 

ratio for blockwork was taken to be 0.18 and the shear modulus of 

elasticity (a) was calculated from the relationship C- = E/2(1+r) = 

E/2.36. 

B - DETAILS OF THEORETICAL SOLUTION AND EXPERIMENTAL RESULTS 

H = 482.60 cm, (190 in) 

h = 	96.52 cm, 	( 38 in) 

a = 243.90 cm, ( 96 in) 

b = 228.60 cm, ( 90 in) 

C xi = 	48.26 cm, ( 	19 n) 

Cyl = 	96.52 cm, ( 38 n) 

e = 	38.10 cm, ( 	-is in) 

ec = 	76.20 cm, ( 30 in) 

e = 116.84 cm, ( 46 in) 

e1 = 	25.40 cm, C 	10 in) 

e2 = 	69.85 cm, ( 27,5 ±n) 

e 1  = 119.38 cm, ( 47 in) 

t = 	5.08 cm, ( 	2 in) 

= 	45.70 cm, ( 18 in) 

12 = 	28.00 cm, ( 	11 in) 
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Applied force and moment 

P  = 8800.22 N 1978.38 lbf 

= 4400.11 N 989.19  lbf 

= 2869.64 N 645.12 lbf 

MT = 3352.8825 Nm (29675.52 lbf in) 

Moment of inertia 

'xl = 'yl = 810870.434 cm  (19481.26 in4 ) 

'x2 = 1026.67 cm4  (24.667 in4 ) 

I 	= 4832673013.3217 cm   (17996383.325  in 
6) 

Due to the symmetry of the structure about both axes, X-X and 

Y-Y, the calculations are simplified. The rotations were calculated 

by two forms of the governing equation; in one the slab effect was 

taken into consideration and in the other, it was neglected. 	Both 

sets of results are shown in Figure (4.10). 

The experimental results plotted in Figure (4.10) show the 

average rotation calculated under various eccentric loadings, but 

with the same moment, as calculated from the load times eccentricity 

relationship. The longitudinal strain distribution of the walls 

in the ground floor at section A-A under eccentric loading 	is 

given in Figure (4.8). 

C - COMPARISON BETWEEN THEORY AND EXPERIMENTAL RESULTS 

A comparison is made in Figure (4.10) between the theoretical 

and experimental results, by the angle of rotation. The difference 
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between these two results is expressed as a percentage of the experimental 
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results, calculated for the top storey only. 	When a slab effect, 

which is based on the continuum approach of coupled shear wall 

analysis, is included in the calculations, the rotatiori is grossly 

underestimated compared with the experimental results. The 

predicted rotation is smaller by 38% at the top storey level but the 

analysis gives a close agreement with the experimental when the 

slab effect is neglected. 	In both forms of the theory, the warping 

stiffness is not taken into account. 	When the structure rotates 

under eccentric loading, the floor slabs, being coupled with the wall 

elements, attempt to warp and bend out of their plane but will be 

restrained by their stiffness. The experimentally measured vertical 

displacements given in Chapter III demonstrate that the slabs rotate 

in their plane and do not warp. The slab stiffness will also 

increase the torsional stiffness of the whole system. 	The 

discrepancies between the theoretical, including the slab effect and 

the experimental and theoretical neglecting the slab effect are 

likely due to the overestimation of the slab stiffnesses by the 

continuum method of analysis. Therefore, by the theory, slabs can 

have a large influence on the stiffness of the structure. 	The 

calculated rotation can be reduced by a maximum of about 38% of the 

rotation calculated without the slab effect. When, half the 

effective width of the floor slabs is considered in the theoretical 

calculations of area and moment of inertia the rotations approached 

nearer the experimental; they underestimated by about 30% of the 

experimental. 

The total stresses can be obtained by the principal of superposition 

of the stresses due to direct loading and the stresses due to the 
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twisting moment. 	For direct loading stresses can be calculated 

using the finite element method. 	Figures 14.6),(4.7)and (4.9a show 

that the experimentally measured strain distribution compares 

reasonably with the strains also calculated by the finite element 

method. The complementary warping stresses due to the twisting 

moment can be calculated using the sectorial area but in the test 

structure, the sectorial area becomes zero and so the warping 

stresses cannot be calculated. 

Another typical structure was similarly analyzed to discover 

if this pattern of results was the general case and to verify the 

accuracy of the theory. 	Particularly since, in the test structure, 

warping is calculated as zero, due to the sectorial properties 

of the elements. 	It was desirable to analyze a structure where 

the magnitude of the stiffness contribution from warping could be 

found, as well as that from the slab effect. 



4 - SYPThETRICAL CHANNEL STRUCTURE 

A - INTRODUCTION 

In this section a method is presented for the analysis of a 

symmetrical channel cross-section conneci;ed by floor slabs, using 

the modified theory as previously detailed in Chapter II. 	The 

experimental results referred to were obtained by Kalita [37] from 

tests on a four storey, one-sixth scale brickwork model. 	The model 

structure is shown in plate (4.1) and (4.2). 	The bricks had a 

mean crushing strength of 3865 lbf/1n2 . 	The loads were applied 

eccentrically at each floor level to simulate wind loading and 

produced both bending and torsional deformations. The loads on 

the 1st to 3rd storeys were equal and the load on the roof slab 

was half of the load applied at the other slab levels. 

B - EXPERIMENTAL RESULTS 

The results of the deflections produced on walls A and B, 

under eccentric loadings are shown in Figures (4.11) and (4.12). 

The storey against the rotation results are given in Figure (4.13) 

and Table (4.1). 	The stresses calculated from the measured strain 

on the web are shown in Figure (4.14). 

C - NUMERICAL SOLUTIONS 

The numerical values for the theoretical calculations are given 

below. 	The test structure dimension terms are shown in Figure (2.9) 
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PLATE 41 TORTION CORE WALLS OF STRUCTURE USED BY KALITA SHOWING 

CONSTRUCTION IN SITU. 
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II 	=681. 

h =17 in 

a =b=16.69in 

O xi  =C  x2  =8.O2in 

d 	= 2.655 in 

e1 = x2 = 8.995 in 

e1 = 2 =0.65 in 

L i =  2 =11.38 in 

t =0.69in 

59 = 1.0 in, slab depth 

G = E/2.2 lbf/in2  

I xi = I x2 = 522.61 in  

P 	= 40 lbf for each storey 1,2,3 

p4  = 20 lbf top floor 

eA = 3.0 in load eccentricity 

Young's modulus of elasticity was taken as 0.98  x 10 
6

lbf/in 

from Sinha [so] and was constant throughout the structure. 

D - COMPARISON AND DISCUSSION 

Comparisons are made between the experimental results and 

various forms of the proposed theory, in Figure (4.13) and Table 

(4.1). The difference between the theory and experimental results 

is expressed as a percentage of the experimental results, calculated 

for the top storey only. 

When all terms (s -t. Venant torsion, slab effect, shear forces 

and warping effects) of the governing equation are considered in the 

solution of the-rotation of the structure, the resultswere 22% 
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g 
-s 

ROTATION,(ROdXIO) Prcentae 

E=0.98x1C 4 
For 

EACH 	STOREY 
difference 

Ibf/in 2  -Q  ( 
from 

experimental - 
l 2 3rd 

- 
4th 

A. COULL 
GK T  E Ksc EI* E 1wc 11.4 13.6 15% 

A.W. IRWIN 

W.K.TSO GKT  EKST EJ EI 1  0.4 0.9 1.2 1.5 91 010 

1 GK T  EKSK EI* EIWK 2.0 6.2 10.3 12.3 22% 

2 GKT E1* EIWK 2.4 7.6 13.0 15.5 2 °/c, 

0. KESKIN . - - 
3 GKT - E1* - •2.4 7.7 13.2 15.7 1 0/0 

4 GK - - E IWK 98.0 263. 386. 431. - 

U.C. KALITA FROM 	J.R. BENJAMIN 3.2 6.8 1 10.1 13.6 15 0Io 

U.C.KALITA'S 	EXPERIMENTAL DATA 4.1 8.6 12.5 15.9 

Table 4.1 Comparison of theoretical and experimental 

results, showing the terms of rotation included in the formulae 

- .and the percentage difference. The terms are listed below 

EL?t F. 
h - I -t 1[,EI 	

196 [  

Et [b2  
EIWT = 12 [_(b+6d) + d 2 (3b+ 2 d)1 

EIWK = Et 12 be+ 2d- 6de(d-e)] 
[ 

AND 

EK sc 	24EIdb3 eX 
hI 3  

EK ST  = 2E [be + 

EK 5  = m1F7E 	E 1b+ e][b+ c}\ 1  

AND 

1=2 
GKT  = ? h+2dj? 	AND 	I*=: 	I(Ix 1 e 1 + I 1 e, 1 ) 

1=1 
* E

1 , E2 ,E3 , E4 	10.26x106 to 0.12 x1O] lbf/jn2 
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authors the sectorial parameters such as the sectorial co-ordinate 

and the warping moment of inertia I are calculated with 

respect to the rotation centre of whole structure. Their calculated 

slab coefficient KST  and sectorial moment of inertia IWT are given 

below table (4.1). 	Therefore, the calculated warping and slab 

stiffnesses are grossly overestimated. The error in this 

interpretation is emphasised when the structure is wider, i.e. the 

core walls are further apart in the X-X direction, thus the initial 

radius between the pole and the centre line of the wall becomes 	- 

longer. The calculated sectorial moment of inertia ILo becomes 

much greater compared with the bending stiffness. The calculated 

rotations in these circumstances become underestimated and the warping 

stresaes can be larger than expected. Possibly, if the shear force 

effect acting on the elements shear centre is neglected in this 

formula, a reasonable agreement with the experimental may be found, 

as was shown by Taranath [53]. He also calculated the sectorial 

moment of inertia Iw  about the centre of rotation of the core, and 

neglected the shear force effect on the wall element. As a result 

of these assumptions he concluded the warping stiffness to be of 

major importance when the torsional load predominated. 

Better agreement with the experimental was obtained by applying 

the theory as suggested by Coull and Irwin (21). The rotation 

is underestimated by 15%.  This compares more favourably with the 

experimental, than the proposed theory including the effect of the 

slabs, which underestimates by 22%.  This difference is mainly from 

the slab stiffness EKSC,  which is given below table (4.1). 	Their 

torsional stiffness El for the channel cross section was derived 

from standard 'strength of materials' formulae also given below table (4.1). 
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Finally, when this structure is analysed by the method presented 

by Kalita [37] the calculated rotation is underestimated by 15% 

compared with the experimental. But, in the calculations the 

modulus of elasticity (E) value used was very small and varied for 

each storey from 0.26.x 
10  to 0.12 x 

10  lbf/in2  for 1st to 4th 

floors, respectively. 	From the present investigation, this was 

found not to be the case, for the E value. 

The longitudinal strain distribution was measured by electric 

gauges placed on the web of the bottom storey, at section Y-Y of 

wall A, and the results of the calculated stresses are given in 

Figure (4.14). 	In the figure, the stresses are compared with the 

results calculated by the theory presented by Kalita [37] and the 

theory proposed in this thesis. 	The approximate analysis of stress 

at section Y-Y due to twisting moment and direct loading, can be 

obtained from the principal of superposition. On comparison of 

theory and experimental, the stress calculated from the theory, 

including the slab effect, compared closely with the experimental, 

but without the slab effect, the stress was over estimated. The 

figure also shows that the stress calculated by Kalita's theory 

overestimates more than the proposed theory. 
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5 - DISCUSSION 

The same general pattern of results has been obtained from 

analysis of the channel cross—section, as from the analysis of the 

test structure. 

The measured values of strain are in close enough agreement 

with the pattern of strain distribution expected on the assumption 

of the walls acting independently to make this assumption feasible. 

The true behaviour of the walls lies somewhere between complete 

composite action and complete independent action, the true action 

being decided by the degree of coupling and stiffness of the floor 

slabs [ 63 ]. 

In both structures it appears that the stiffness of the floor 

slabs considerably. increases the strength and stiffness of the whole' 

structure. 	The analytical results, including the slab effect were 

gross underestimates of rotation compared with the experimental 

results and when the slab effect was neglected there was close 

agreement, but still a slight underestimate. The experimentally 

observed behaviour of the structures should be between the theoretical 

predictions. 	The discrepancy may be due to various reasons, one 

being rotation at the base of the structure. 	The base deformations 

are probably very small but they may change the entire behaviour of 

the structure because the shear wall and diaphragm distortions are so 

small. Additionally, each structure will not behave as idealized 

in the theory due to interaction between the various structural elements, 

non—homogeneity of the material, shrinkage cracks and workmanship 

in masonry construction. 
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A structure can be classified as warpable Or warpless, depending 

upon the shape of the wall elements. From the analytical and 

experimental data presented for the warpable symmetrical channel 

structure, it can be seen that the warping stiffness was of little 

importance. Neglect of warping stiffness of slabs and wall elements 

would appear not to have a profound effect but should be included 

where practicable for bettor accuracy. 	The proposed theory, not 

including the slab effect, seems to be suitable for analysis of both 

warpable and warpless structures. 

6 - GENERAL CONCLUSION 

In this thesis, the problem of a shear wall system with 

openings and coupled by floor slabs has been analyzed for bending 

and torsion. 	As a result of the study, the following conclusions 

can be made. 

1 - The wide column frame analogy and finite element methods 

give about the same underestimated values for deflection when compared 

with the experiment data, although finite element gives a satisfactory 

prediction of stresses. Better agreement with the experimental 

results for bending deformation is provided by the equivalent frame 

analogy which usually gives tolerably overestimated values. Also 

this method, as well as the wide column frame analogy is much more 

efficient computationally than finite element. 

2 - The calculated results obtained from the proposed theory 

outlined in Chapter II are in close agreement with the experimental 

values measured from a one-third scale model. 

3 - The results calculated by the theory modified for a different 

plan form are in agreement with the results from tests on a one-sixth 

No  LA 



scale model, taken from Kalita [37]. 

4 - From comparison of both structures, it has been shown 

that analytical results for rotation are improved if stiffness of 

the slabs is neglected. Warping is of negligible effect. 

5 - Shear forces associated with the bending of the shear walls 

are not negligible and cause serious error when neglected. 

6 - Comparison between results calculated by the proposed theory 

and the theories of other workers, given in Table 4.1, shows that 

the proposed theory compares favourably with these other theories and 

is simpler to apply. 

7 - SUGGESTION FOR FUTURE WORK 

A large number of problems connected with shear wall structures 

still remain to be considered. 	Some suggestions for future 

research which are relevant to the present thesis, have been outlined 

below. 

1 - In the present study a three dimensional 1/3rd scale model was 

tested under lateral point loading at the top of the structure. 

Further experimental work should be carried out on the model when 

distributed lateral loadings are applied. A comparison may then be 

made between the experimental results and those obtained using the 

method of analysis presented in this thesis. Also, special attention 

should be paid to the measurement of the movement and rotation at the 

base of the structure. 
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2 - Another type of warpable structure should be tested to find 

the magnitude of any additional warping stiffness and stresses, over 

that calculated on the assumption that the walls act independently 

in torsion. 

3 - A range of structures of different magnitudes and plan form should 

be analysed using the proposed theory and the results compared with 

the experimental values measured on actual structures (or models). 

4 - Since rotation at base of structure greatly affects the 

calculated results, an attempt should be made to calculate the degree 

of fixity at the base of real structures. 
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APPENDIX -I- 

SECTORIAL PROPERTIES OF A SECTION 

The sectorial properties of a section may be found using the 

theory of thin-walled beams [59]. 	In Figure ( -I-) the sectorial co- 

ordinate of any point S; is defined as the double area enclosed by 

straight lines P0 and psi and curved line 0Sj measured from the pole P 

and with initial radius RD. A sectorial co-ordinate is denoted by 

2 	2 	2 	2 
i W(s)1 and the units of measurement are n , ft , cm or m . The sign 

of the sectorial co-ordinate is negative if the angle <ops j  is 

measured from the radius Pa in an anticlockwise direction, and positive 

if the angle zOPS2 is measured in a clockwise direction. 
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Figure -I- 	 I' 

a) In the example shown in Figure (-I-) the value of W(s); isr .

equal (i = 1,2 ) to the algebraic sum of twice the sum of area OPS 1  and 

SPS 2  or any point between 0 and S i  is as 

Si 	 s 

0' 

	

= 
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where: S is the length of a centre line of the section measured from 

point 0 and h (S) i 
 is the function of S representing the distance between 

the pole P and the line tangential to the outline of the point of the 

co-ordinate S. 

For the calculation of internal stresses due to bimoment and 

flexural twist, additional properties built up from the sectorial 

co-ordinate W(s) must be known. 

The sectorial statical moment of inertia of a section in 

in ft4 , cm4  or m4 ) from a pole P and initial radius P0 is given 

by 

=-/

A d A 

The sectorial moment of inertia of a section in (in 6 , ft6 , 

cm6 , or m6 ) from a pole P with an initial radius P0 can be calculated 

as 

1 2 L =w ciA 
A 



APPENDIX -II- 

FLEXURAL STRAIN NEASUREMKNT CORRECTION 

When the vibrating wire gauge is fitted on the wall by the metal 

plate, the wire is a finite distance from the wall surface. 	If 

this distance is appreciable compared to the wall's depth the measured 

strain will be considerably higher than the true value. Therefore, 

a correction factor must be applied to the strain readings, as 

demonstrated in the, figure. 

E= E0  

t 
in which 

= measured strain on the wire 

8 = true strain on the wall 

P = distance of vibrating wire from the wall 

surface 

t = thickness of the wall 
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APPENDIX -III- 

CALCULATION OF THE PRINCIPAL STRAIN 

The direction of the principal strains are not normally known 

in advance and so the measurements must be made in many arbitrary 

directions. The arbitrary gauge lines, inclined at 	c and 0(3 

to the x-x axis are sufficient to measure the strains. 	The 

calculations are simplified by having 	= 00 2 = 450 and O(3 = 90
0  

as shown in Figure. 
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E3  

STPAIN ROSETTES 

7 - 

E 1  

The principal strains and their directions are calculated by 

the formulae as suggested by Hendry N. 	 - 

Epq = E 
83 ± 	J[8, - E 2] + [82 - E 3 2 

tan 20(p = 
	282 - 161 + £31 

q   

[*] A.W. Hendry "Elements of experimental stress analysis" Oxford 1964. 


