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PRINCIPAL NOTATION

..Equivalent area of comnecting beams for shear

deformation

..Overall structure dimensions

Coefficients

_.Distance from the centre of the stiructure to the

centroid of the element i; in X and Y direction,

_respectively.
..Flange length of the cross section.
.. Modulus of elasticity

..Distance of element centroid from flanges

Eccentricity of applied loads Ry , P., Pp,

respectively

Distance from the centre of the structure to the
Shear centre of the element i, in x and y directions,

respectively

...Shear modulus

Total height of structures

Storey height (spacing between centre lines of

connecting beams)

.Moment of inertia of element i about x and y axes,

respectively
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"
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.. Coefficient defined by equation (33)
..Saint Venant moment of inertia

.. Clear span of connecting beams

Bending moment in x and y directions

..Torsional moment defined from shear forces

.. Saint Venant torsional moment

..Torsional moment resulting from distributed shear

forces on the connecting media

....Warping torsional moment
..Total external twisting moment

..Coefficients defined for channel section by

equations (53b) and (56)

..Coefficients defined by equations (23, 24) and

(28a)(28b).

... Applied horizontal forces

..Shear forces and torques on element i

.Axial shear forces along the cut
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Distributed shear forces in connecting media

The sectorial statical moment

...Coordinate along centre line of thin walled

section

...Thickness of cross section and slab

Deflection in x and y directions

.”Rotétion of centre of structure

...Overall system axes

Axes of element i

Coefficient defined by equation (36)

Relative vertical displacement due to horizontal

deflection and rotation of element i

__Vertical deflection due to the shear forces

....Horizontal bending deformation at slab levels due

to. the axially applied load .

..Horizontal deflection due to the flexural twisting

moment

Beam stiffness factor

.. Warping stress

...Shearing stress

Sectorial area of element
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ABSTRACT

The work presented in this thesis is concerned with the analysis
of multi-storey masonry shear wall structures connécted by floor
. slabs, under axial and various eccentric lateral 1oadings; 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 analogiesAare used for the determining of the bending
effects and the finite element method is used for both the bending
and the st;ess analyses. For torsion analysis, the governing equation
is obthined by considering that the gxternally applied torque is
equilibfated 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 fests 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 anotherA

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
thé slab effect is neglected. The rotation is underestimated Whén
slab effect is included in the governing equations for poth structures.
Hérping is shown to be of minor importance in the calculation of

rotations and stresses. The stresses calculated using the theory,



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 ahd does not

require the use of a computer.



CHAPTER T

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 deéign, 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 6r
asymmetrical arrangenent. The shéar 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 cf building and enclosing but-may also provide acoustic
insulating and fire fesisting divisions between the units of the
structure. Vhen such a structure is subjected to lateral forces, the

slaﬁs; 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 sco
a nunber 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 flqor slabsvsystems in tall buildingé has been given more
attention. The problem has frequently been tackled by assuming that
the system of connections{ formed by lintel beams or floor slabs can
be replaced by a continuous connecting medium of the éame_stiffness.
Also it is assumed that the walls deflect equally‘and the connecting
beams deform with a fixed point of contraflexuvre. The behaviour
of the structure may bé 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.



openings by .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, 457, Burns
(1965) [12], Coull and Chaudhury (1967) [16], Coull and Puri (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 -~ Eguivalent Frame Analogy

Analytical methods for analysis for shear wall and shear wall
frame systemg; 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
cohtraflexure at the midpoint of the piers and spandrels.
Amaratunga (1962) [1], in his analysis used the "equivalent frame"
approach in which he replaced the shear-wall structure with columns
having the same flexurai rigidities as the walls. The beam lengths
ére 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.

t
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



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 tb 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 "ﬁide column frame" analogy
analysed coupled shear walls by considering shear, axial and bendiné
deformations in the members and assuming rigid connections at beam-wall
joints.  Sinha (1 967) [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 methoas underestimated‘deflection; later Maurenbrecher, Sinha
and Hendry (1970) [41] presénﬁed a series of test resuits on a full-scale
fivg storey brickwork shear—wall’strucfure subjected to lateral
loading. Sinha and Hendry (1973) [51] then compared these results,
along with deflection results obtained by Sinha [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 elemént-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 rectangﬁlar 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
element 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.

A thin-walled prismatic member of open cross-sectorial profile,
characterised by high bending rigidity but extremely weak for torsion,

wag first studied by Timoshenko (1956) [55]. The most extensive early



study has been by Vliasov (1958) [58, 59] who postulated a theory on the
effect of elastié 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 1oading. The Saint-Venant (1855) [54]
theory developed for the twisting moment acting on a thick-walled

beam was inadeqﬁate to caléulate 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
unéymmetrical 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 firstvfloor but the
second and third floor analytical rigidities were found to be higher

~

compared with the actual.

Seto (1967) [Ag] 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. Kélita'(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 fhe theory from combinihg 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 computér, and for the torsion analysis the theorem of Minimum
Potential Energy was used. The slab stiffness could be included in
the finite element technique. The experimental results obtained ffaﬁ‘
pefspex 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 reéognised the inadequacy of St. Venant
torsion theory and so applied the restrained torsion theory of Vlasov,
which fullv allows for warping of cross-sections. He showed
theofetically and experimentally that the warping sfiffness of floor
slabs increasés the strength énd stiffness of the structures.

Wafping displacements for open sections and the corresponding warping



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. Addition;lly; 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 perforéted 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 complate 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 Clough 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 Winkour 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



solution could be obtained by computer in a few minutes.

' Heidebrecht and Swift (1971) [32] described a matrix method
based on Vliasov’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 buildihgs. 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_psing the continuum method of Michael [42] compared

more closely with the experimental data.

A simple method for forsional analysis of three-dimensional core
wall structures; consisting of two equal channels; has beeﬁ presented
by Michael (1969) [42]. The analysis makes use of the symmetrical
nature of the structure. His governing equation was found'by
considering compatibility equations combined with the torque-rotation
and the bending-moment curvature rela%ionship. The mefhod is similar
to that for coupledshear walls where the continuéus donnecfing
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 calculaﬁions.

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 stfuctures. Also Coull and Irwin (1968) [19] have
discussed a method for analysis of multi—s%orey 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 sy;tem of Macaulay’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 betwesn 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 Trwin (1974) [21].  The
same procedure as Michael [42] was followed for torsional analysis f
core elgments. 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 analysié of tall three dimensional multiple
shear wall buildings. In the theory, the torsional rigidities of
the shear walls wefe 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.



1

The éontinuous method has also been extended, by using Vlasov’s
theory of thin-walled beams by Gluck (1970) [24j 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 béams bétween 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 stfains in frame
coluun and shear walls was then included in the analysis (1972) [25]
and further (1972) [26] a linear dynamic analysis of asymmetric
ﬁulti—storey'struc%ures 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) [11] modified Gluck’s [24] method
anq took the forces to act through the shear centre of the individual
element. Furthexmore; 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 lcading. The theory gives the torsional and flexural
deformations of the structure. A comparison was maae with calculations
based on the theory: including and neglecting axial‘deformétion 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 slébs 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 réstraining effect
: coefficients were calculated and included in the differential governing
equations. The analytical resulté; with and without lintel beams
compared élosely with experimental results obtéinéd 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 to;sion.

Two methods were applied for bending analysis; namely equivalent

frame and wide column frame analogies. The finite element technique
Wés used for stress and bending ané;yses. 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 torgue, Warping and contributlions Trom the connecting media.
The aécuracy 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 deéigner who wishes to consider tersion

effects on tall buildings at the start of the design process.
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.CHAPTER _IT

THEORETICAL INVESTIGATION 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 éolution 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 stfucture 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 principletof independent
action of differeﬁt 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

for the basic equations and assumptions. The effect of the slabs was
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" 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 appiied 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
>rigid1y tied tu 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 diaphragns, 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, 2z which are the element axes and
the overall system axes are denoted by X, Y, Z.  GCi 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)i respectively. The
rotation e(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 distancesvfrom the centroids to the
point O 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 C to the element shear centre are denoted as €xi, €yi

respectively, as shown in figure (2.2)(2.3). Due to the symmetry of
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the individual elements the analysis is simplified by

JXI = Jx3 = -]XL = -IXS = Jh = Jy3 = ‘]YI. - -]76 (13_)

Jxo = Jxs , Jyo = Jys 1)
and '

ex1 = exg = eXL = eXs ................:........................................(1C)

€, = €.,= €, = € 1)
and

let the horizontai displacement of the system centre point O 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) ,

Vv(z) and 6{z) from the simple geometric relationship, as

U =-u, =-(u + eey‘), Vi==-V, = (V- Gex1)..........(2a)
Uy=- Ug=-(U+ ee,), Vay==Vg= (V- ©0€y3)......... (2v)
U2 - us’-';'o Y V2 :—'VS = eexz ............. (2C)

Due to the symmetry of the structure U; and Us can be assumed equal
to zero. Within the limitations of the simplifying assumptions an

elementary analysis can be developed without complications.



a) Shear forces and internal torques
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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 O which is the axes origin,

can be written as,

i=6

T=1

: . iz 6 :
My = ZQ“ + Z[QXEe“ + Qwe,ﬁ]
i=z1

where, the clockwise rotations are positive.

(3)

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 (Mw), given by the formula

i=6
.ZQU: Msv + My
i '

e (4)

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

can be written as

de
dz

’MSV = G KT

in which.

iz6

KT = '%— é S;t?

i=1

-(5)

..(6)

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

jnertia and GK; is the St. Venant torsional rigidity; 1 is the

thickness and §i is the length of the wall elements.
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The second term of equation (4); the warping torsional moment

is

3 ) : .
Mw = Elu 3; (7)

where the termij introduced by Vlasov, is the warping moment of

inertia defined in the following expression.

s’ | ) -
To =/uﬁ5,t AS  «eereeet e e e e ()

From equation (8) the terms CQXiand<Qy;represent the respective
shear forces acting on the individual shear centre of elements;
€y

; and e,;, are the lever arms of thé shear forces in OX and oY

directions respectively. The accepted equations for the relatlionship.

between the shear forces and displacement are

and
Qy; = - EIx;dd;-\ﬁ-‘ g (9D)

from equation (2), differentiating Ui and Vi with respect to the
variable z ccordinate and substituting into equation (9a, 9b) and
multiplying equation respectively by €y; and €, , considering the

symmetry of the building, we have,
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j d3 :
ZQXieYi = [Ely’ dz EIy3-———~ —_— EI %Zl:'g- + E1y6 SZL;G]GY‘I _.(10a)
izt
and becomes
ZQX;‘e,iz - ;45:1y,e31393 e 1OD)
izt

and

§ 3
Qy; ex: = [EIX,—‘ + Ely dV3 _ E]x,_d Vi, El d*v, _

3473 dz3 dz3
3
EIXS jzvs — EIxz gzv: :l ....................................... (11a)
and becomes
1i=6 ) .
E Qyiex' - [4EIX‘ ex21 + 2EIX2 832] 3363 B T R (11b)
z ) .

1=

Therefore the equations (10b) and (11b) are substituted into the shear
force term of equation (3) and the resulting equation we denote by

Mg, thus-

3
M = - [4EL €} + 2615, + 4EL, G090 . (2a)
R Z .

\}

I* = 4])(1 ei;“ + 2Ix2e2x2 + 4])!1 ezy‘ ...(12b)
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_ % d'o ‘ |
Mg = - E].;;za 1”..“..”..“.‘H.“.u.._.“‘”.“.““.”“.“‘”““u“.m(12c)

finally, equation (3) vecomes

Mpu= Mayt+ Med+ My . (13)

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

de * d%e d’e |
M. = GK,== _ ET YOS _ AU RUUUSTRIRRI &
T | e a7 EI&dZ:’ (14)

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 CmZ)j and are written

H

Qi =/q3 AZ e (1)

z

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 Ciuuj are transformed into an
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equivalent distributed shear force acting on the continuous media with
flexural rigidity EI, and may be replaced by an equivalent connecting

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

Elg
h

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

considered as open thin-walled beam so that Vlasov’s theory for thin-

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

Secondly, additional forces and torques are déveloped in the
connecting media due to the shear forces dJ(z); as shown in figures(2.4)
(2.5). The resultant torque (Nk) produced by these forces and torques,

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

M = Z[Qmew + C?y;em] v ) Qpp e '(16)

From equation (16) the shear forces C@X;and<QYican be obtained by
considering the static equilibrium of each element and by taking the
total moments about the x; and Y; axes as being equal to zero. Thus

the following relationships can be written.

ZMX‘ =0 (17a)

_Q“,,dz' + qdz(ey,— C, ) + Q,dz [c,‘ - Lz_g_l] = rieemrennnn. (170)
Qi = i€y, ~ Cyy) + ‘—b[ch - l‘2+ t] .............................. an

and
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Qydz - q,dzcy, + g,dz [cx,_ ex,] = O crererieieiiieeiienn(18D)

Qx1 = G, Cyy — Qz[cx1— em] e e (18C)

For second element

- Qy,dz 4+ qzdz[l2+ t] = O e (1omv)

Qy, = qz[(z+ t] e e {19C)

and

ZM“ =0 (ZOa)

Qxz = O oo e 20D)

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 ()i , act along the midpoints of the laminae. These torques -
are equal to the shear forces ((;); times the sectorial area Ws)]

appendix (1). It can be written

Qri = QU2 UOIS) o e e e e 21)
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Hence, by substituting equations (170), (180), (190), (20b) and (21)
into equation (16) considering the symmetry, the result can be obtained

as follows.

MS = —[4QX1ey,‘ + 4leex1 + ZQyzexz + 4@1’; + 2@1’2] -\223)

= - 4 [q1Cx1 -— q2( CX]"" ex‘)Jey‘ =+ 4 [q1<ey1— Cy1> QZ(CYI"' l22’§‘t)]

+ 24, (L+ t)ey, + 4[wnq1 + UJ21Q2_] + AW dob i (220)

= - Ch[exa_(Cyl - _l_z;_t> - en(c)(l— ex1> + €x2 lz; t + Wy + (,022]
+ q«| [Cx|ey1 + eX‘ (eyl_ Cy1> + (JJ”J 4.-..............‘..._.............‘('220)

M‘S = — [qlm‘l + q2m2:’ .........................‘............'.............-.(22d)

\

In which m, and m, are denoted by

m, = 4[cx,e,, + ex,<e,,_c,> + w":l e (23)

m, = 4[e'x,<c,,- 12; t) - ey1<cx,- ex,) + €y, 12;" + Wa + (ﬂnJ ....... (24)

In equation (22) the shear forces qy and q, 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
(Soj = ij + Sjy + Sje (25)

From equation (25) the deflections Ojx and éﬁy arise as a result of
bending in the xz and vz planes respectively. In such a deformation .
those elements that remain in plane rotate (3, 58, 59) about x and v
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 ge times the sectorial area W{(s)j .
The displacements of point M; for element number -1- in figures (2.4),

(2.6) and (2.7) are as follows.

gﬂi = Cx1g_u + (e)'l ~ Cyy g\z/‘ + (;Jnad_ze_ ’(263.)

for the point M; and elements, number 1 and 2 are

Sas = (Cx1" ey, gm _ ( _ lz+t) v+ Wy g? ............... (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) Adj is the effective area of the connectipg laminae
a_nd‘ l4; its moment of inertia. (7 = 1,2). These deflections 80‘ and
602 are equal in magnitude and 0pposite to the defleqtion Sb‘ ‘and sz
respectively (21 , 42, 58, 59). -Assuming that axial deformation of
the walls under axial load Q(z)j , are negligible. Thus using equaticn

(27a), (27b), (19a) and (29b) to eliminate 80,- and (Sbj we get

a, = - AMME .g% e i (312)
and
q, =- MM E §¥§ e e (31D)

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

P

equation becomes

M. = A0
3 EKs dz : (32)
in which
Ks = AMM, 4 Ay, e (33)

Finally by combining the moments M1t and Mg, equating with the external-

twisting moment, which becomes

M= Mg+ Mg+ Mo+ My, . (34)

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

equation, the governing equation becomes
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-
M, = [GK EK]@ _ [51" =B ]d_e
My T+ s\ a3 + w| 3 (35)

Dividing this equation by the coefficient of - E(T*+ l») and introducing

the notation

2 E . '
and

The equation (35) is simplified

d’s _ y*de _ _ M,

= — e {38)
dz? dz E 5

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)
© = C, + Cycosh(¥z) + GCysinh(¥z) + K_'\;‘EITZ_ e {39)

The coefficients C,, C, and Cj 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 2 =20 6(z) = O coeeeeeenn(40a)
de - '
de

at 2 = H 7 = O e e e e e (40€)

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

6 = [z ~ sinh(¥z) + tanh(¥H) [cosh(&z) - 1]] —&%T—I; e 41)

Additionally, the differential equation for a distributed torque Gﬂt)
can be found by differentiating equation (35) with respect to z

e

axis such that,

dz? dz*

' 2 4
-m, = [GKT + EKs]d—e — [EI*+_E _d_ze_(42)

The differential equation is solved (20), and given as
o = {[’tanh(KH) + 7z_ﬁsech(ejH)][c:osh(z{z) - 1] + ¥z

¥ 2? sinh(z) | M H B ' (

2L e . (43)
2H ¥Els

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

walled . beams theory by the formulation,

' 2

Guss) = Ewis) _g?@z. e (a0)
_ ES. d%

-E;w — : 5 ““‘“'.”'“"“j“f'““-“.““““'“'““““.m'"'“‘“."".(45)

In which W(s)is the sectorial area and Se 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

21 -INTRODUCTION

In this section a method is presented for the analysis of symme%?ical
channel sections connected by floor slabs. Previous workers [21, 24,
37; 42, 46, 55; 56 ] used channel core sections for development of their
theories. For this réason; it was desirablé to compare the anélytical
results obtained by the thesis theory and the analytical results obtained
by.the other workers; using their own theory, wifh 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 - VWarping 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
wi(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 (1)

W07 s O ceeeeteen e em e e e et e e e eieonneen s neee s oo e e eee e (468)
b/,
Wy = /e ds = _e% ., £46D)
0 .
d
Wm= W bgs = Brgoel
m = bie +/2 ds - 2[d e]l . (460)
(0]
/2 ‘ ' :
' b
Wy W + /%ds = 7[8 —-28] i a6a)

The sectorial statical moment of the section with respect to
the shear centre, according to the general formula (appendix 1) for

the points II and I, can be found.

d
Swyy = /[wn+ UJuI:I_t,s ds = Eit_[d _ 2e]...................'......(47a)
d 4
° b/2
Su)x = Swu —/E%Ilts dS
0

- %[2d(d—2e) _ be] (47b)
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Figure (2.13) shows the diagram of the sectorial statical moment in

(int, cm:).

B — Application of Theory

The Saint Venant Torsional moment (BASQ, the warping torsional
moment My, 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.

a) The channel cross—section is of constant thickness t; and length

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

Ke = 2[b - 2d]t’ | (48)

’

b) Warping moment of inertia for channel cross-section is obtained

according to the general formula appendix (I).

b/, | d
Io = 2/(es)2t ds + 2/ bs_b(g-elltds ... (49a)
2f [Be-Be-gftes -
I = p;t_[_t% e? _ de d - e) + %3] (49b)

c) Bending stiffness

TP = 20g el e (50)

d). The moment Ms, from équation (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= L2‘) as
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M = z@,ex . QT) (51)

The horizontal shear forces and torques Qx:v QY; and Qn can be
related to the vertical shear forces {zj from consideration of the
equilibrium conditions of the individual elements; as presented in

figure [2.11].

Thus @y, = O e e e e e e (B22)

Qy;

I

D Gy e e e et e (52D)

and

Qr

wT a, ....(520)

Equations 52(b,c) are substituted into equation (51) given by
M : mc| ql ____.______(52(1)

In which

My = D (D + Wr) oo (53 D)

The relative vertical displacement in the xz and vz 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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By substituting W; by equation (46d) into the above equation and
considering the relationship between the deflection ( UU\G) and -

rotation (@), the equation becomes

_ m.de _

Ba, = Mo £2 (55)
where

mc] = = [Cx] + a —~ e] ....................................................... (56)

The relative vertical displacement due to bending and shear of the

connecting laminae is

Ob1 = %(ZE)“ i
1 o

Fron equations,(SB) and (57) the shear force Q(z can be derived ard
substituted into equation (52). Thus the final form of the moment

is -

Mg = A,mgmgE %529_ e (58)

where

KS = A‘ mC|mC' ‘.........‘.....................‘......---.-.............--.--.-.--........(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 relatedAequations as detailed in section I can be

solved to give,
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'a) The deflections on the structure
b) Shear forces along the cut

c) 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

Eeye B, M, YO LM, XE) B W6 (60)
A Ix Iy ' w ’
and
Bs)= @y 2x() Syls) M; Swls) . (61
S s Qy T2 My St )

s

WhereQx and Canre the shear forces in the section acting in the X and
Y direction. Sy(s)and Sy(s) are the static moments of inertia, Swls)
is the sectorial statical moment of inertia and t is the thickmess of

the cross-section.
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CHAPTER III

—-III- EXPERIMENTAL INVESTIGATION OF THE BEHAVIOUR OF A

MULTI-STOREY SHEAR WALLED STRUCTURE 1IN 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 wallé can be made of any of
several types of materials. One which is becoming increasingly used
.and.froﬁ which the test structpre is constructed is that of the concréte
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 o
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 Qoncrete blocks have been extensiveiy

discussed by Rostampom‘(1973) [47].

With the increasing use of such blocks a greater knowledge of the
behaviour of this typé of structure is required. As buildings increase
in height it becomes more important to ensure adequate lateral stiffness.

In recent years this has been obtained by providing shear walls. They
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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 structures which are designed to act jointly with
floor slabs participating as horizontal diaphrams are effective in
resisting gravity load, (dead and live weight) ana the large lateral
forces produced by wind, earthquake and other acticns. 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

Jateral 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 éxperiméntal 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 thevt0p slab level of

the structure.
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2 — MATERTALS

A — BLOCKS

One-third scale "Aglite" blocks measuring (152.4 x 76.2 x 50.8)mm
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 113%8.9 kg/m3.

B - SAND

Locally available building sand was used for blockwork 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 beans.

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 1.3
600 microns 92.9 3.8
300 microns 63.4 9.5
150 microns 17.4 46.1

_B.S. 1198

C_— CEMENT

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

with B.S. 12 (1971) [6].
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D -~ LIME

Hydrated lime class "A" was used to conform with B.S. 890 (1972)
(7).
B — 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 stofeys, each consisting of four equal
angle sections aﬂd éﬁo éingle cross sections, all having the same
dimeﬁsions as showing in figﬁre’(3.3) plate (3.2) shows a photograph,. .
and figure (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.

Tﬁe foundatibns of the strﬁcture 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 coﬁcrete in (6.4 X 3.2) cm
gteel 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 valls 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 Jjoint

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 - STMULATION OF DEAD LOAD STRESSES

It wvas necessary to increase the dead weight stresses by a factor
of {wo to simulate the effect of gravity as the structure was of one-
third scale. Weights were hung fr&m hooks on the walls and placed
on ‘the floor slabs. See plates (3.1) to (3.5). The estimated
precompressions were (345,'276; 207; 138; 69) kN/mz at the 1st, 2nd,

3rd, 4th, 5th floors respectively.

5 — TESTING EQUIPMENT

A ~ Loading Frame

39

A portal frame of two steel columns (203.2 mm x 203.2 mm x 15.9 kg)

war bolted to the base grillage and secured in posi-tion by jointing
 with four I beam cross braces (152.4 mn x 114.3 mn x 9.2 kg) 4o 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.
Bet'ore 1oadiné, the apparatus was calibrated in an "Avery Universal"
testing machine and the calibration curves are shown in figure (331).
The applied load was taken froﬁ a previously calibrated digital

voltmeter, "Solatron type IM 1450" to an accuracy of about + 0.05%
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¢ — Dial Gauge Frame

The dial gauge frame was alsystem of scaffolding. The vertical
poles were bolted to the foundation grillage and horizontal énd
diagonal members made the whole system stiff and rigid. Care was
taken to ensure that the frame did not come in contact with thé

structure and loading frame.

D -~ Dial Gauges

Dial gauges; with a range of 0.01 mm: were bolted by "Dexion‘ll
scotted steel angle sections to-their frame. The horizéntal
‘deflections X énd 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 EXPERIMENTAL ERROR‘

Measurement of deflection + 0.01 mm
Measurement of load + 0.05 kN
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 platés 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 gouges were checked, and the pre-loading gauge reading recorded,

loading was commenced.

The first set of tests was carried out duriné the day, but when
tue results were piotted, 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 céused 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, té reduce the reading error.

Each load test was repeated between 12 to 24 times.

a) 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
.verticai strain distribution in the first floor shear walls, flanges
and centre wall at cross section A-A was calculated and plotted in

Figure (4.99. The magnitude and direction of the principal strains

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

3] from test :results, and are shown in Figure (4.6)(49).

b) Test - 2 Eccentric Loading e = 38.1 cm (15")

Forces of 0.75 to 4.53 kN were applied eccentrically to the

- structure. The plots of load against deflectioh 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 (48).
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PLATE (3.5) DIAL GAUGES FOR MEASURING VERTICAL DEFLECTION OF THE BUILDING



c) Test — 3 Eccentric Loading ét = 76.2 cn (30")

Forces of 0.58 to 3.08 kN were applied ecéentrically 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 plotited in Figures

(3.18) and (3.19).

d) Test — 4 Eccentric Loading €, = 116.8 cn (46m)

Finally forces of 0.38 to 2.88 kN were applied eccentriéally
to the structure. Plots of load against deflection and storey
against deflection for individual dial gauges are shown in Figures

(3.20:t0 3.26). The load against rotation and storey against

rotation data, calculated from side and front readings are also o

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.

+6 71

Load

. . . el ’ ~ -2
Distoriions top siab of the stiructure Def.[mmx10]
B‘B‘CD.= 3.0 kN
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8 — DISCUSSION OF RESULTS

The primary purpose of the investigation was to obtain an
understanding of the behéviour of the structure under lateral
point loadings. The behaviour is best visualised from curves
which relate the load to the aeflection, and load to the strain,
of any characteristic point on the structure. The structure is
loaded by a complex system of forces, producing bénding and
torsional deformations. From the test~resu1ts, 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 for-: the deflection andstrain of the structure under
axial loading and eccentric loadings. These reéults 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 varioﬁs ecg¢entric point loadingswere 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 (LS) 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 (410), 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 dué 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 fest 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/in2 to 50 1bf/in2 in the fifth
to the first floors, respectively.  Therefore, in the wall’and beam
tests a maximum compression of 250 lﬁf/in2 was applied. Previous
workers (37) (43) used a range of Modulus of Flasticity 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 "E"

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

P

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 biocks (18" x 9" x 4") which were cut
.to the reqﬁired dimensions in the laboratory from full scale blocks,
using a clipper machine by a ﬁetted abrasive blade, Care was taken
to retain uniformity in the ¥ scale "glite blocks". Sand, Cement,

lime and Mortar wére 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.



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 blockwork; Figure (3.32); (3.37) plate (3.8b)°

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

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

Test ~3~- The beam was used for the measurqment of the strain
with:

a) ~ Beam under compression, Figure (3.34).
B) ~ Beam in flexure, Figure (3.35)

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

Test —4- A different beam was subjected to compression and
lateral loading to measure the strain and deflection. The beam was

tested
a) — Under constant compression and varying lateral loads.

b) - Under constant lateral load and varying compressions.

The calculated 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

blocks, under various conditions, showed that within the range cf pre-
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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.

L8



(3.6b)

PLATES (3.6a) AND (3.6b) TESTS ON BLOCKWORK BEAMS FOR MEASUREMENT OF
YOUNG S MODULUS OF ELASTICITY (a) BENDING + COMPRESSION

(b) UNDER BENDING



PLATE (3.7) BLOCKWORK BEAM UNDER TEST, SHOWING COMPRESSION APPARATUS
AND GT UNIT TYPE DATA LOGGER
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CHAPTER TV

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, numérous theories exist for the analysis of multi-
storey shear wall structures under bending and torsional forces,
but each theory has its disadvéntages, mainly due to the simplifying
assumptions which have to be made to permit the analysis of the
'structure." The more widely used theories}for bgnding 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 réquife 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 séction. 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

6

ITI to be 7.171 kN/m° (1.04 x 10 1bf/in®) for blockwork and 29.647

6

kN/m2 (4.30 x 1C 1bf/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‘pfoblems. In a typical building, the walls are
frequently cbmbined'to form units consisting of two or more walls
orientated at right angles. A wall can act either as a shear wall,
a flangekor 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 h is 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 reasongble égreement with the experimental
values can be seen from Figure [4.9&]. 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 showvn in Figure [4.7].

The closest agreement is found near the foundationms. The deflection,
when calculéted 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 e#pected

analytically. . ’

Th= wide column frame analogy considers the structure as a
frame with beams which are assﬁmed to be infinitely stiff from the
centre of gravity of the angle'section, to the edge of the actual
qpeniné, aé"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 aﬂalysis, the discrepancy is reduced slightly.

. In thé equivalent frame analogy, the sheaf wall structure is
replaced ty columns having the same flexural rigiditiesﬁas the wails.
The slabs are replaced by beams with the same stiffnéss and with
lengths equal to the disfance between the centroidal axes of the
neighbouring columns, as shown in Figure [4.4]. The deflection

is overestimated by 10% at the storey when compared with experimental
& |
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Fig. 45 Comparison of the analytical and 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, 50], 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 sfructure is
constructed of four anéle and two single wall sections. In the
theorétical 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;

| LT A

Ws)j=0 and le =0

the crosé-section has the shear centre CSi at the interse;tion of
the flanges and therefore the sectorial properties vanish everywhere;
the sectorial co-ordinate WI(s)=0and the sectorial moment of inertia
Ie =0 (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 elasficity (E) used in the calculation for thé 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 7.1T1 kN/ﬁZ
(1.04 lbf/in2) is used in the numérical solution. Poisson’s

ratio for blockwork was taken to be 0.18 and the shear modulus of
elasticity (G) was calculated from the relationship G = 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 cn, ( 96 in)

b = 228.60 cm, ( 90 in)
Cpy = 48.26 cm, (19 in) -
'cy1 = 96.52 cm, ( 38 in)
€ = 38.10 cm, ( 15 in)
€ = 76.20 cm,‘( 30 in)
e, =116.84 cm, ( 46 in)
"€y, = 25.40 cm, ( 10 in)
ey, = 69.85 cm, ( 27.5 in)

e, = 119.38 cm, ( 47 in)

—+
i

5.08 cm, ( 2 in)

=
li

45.70 cm; ( 18 in)

l, = 28,00 cm, ( 11 in)
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.Applied force and moment

PB = 8800.22 N 1978.38 1bf
PC = 4400.11 N 989.19 1bf
PD = 2869.64 N 645.12 1bf

3352.8825 Nm (29675.52 1bf in)

=5
Il

Moment of inertia

i Iy1 = 810870.4%4 cm” (19481.26 in4)

1026.67 cnt (24.667 in%)

x2
4832673013.5217 em® (17996383.325 in®)

=
il

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 equationg 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 (PB) is

given in Figure (4.8).

C - COMPARISON BETWEEN THEORY AND EXPERTMENTAL RESULTS

A comparison is made in Figure (4.10) between the theoretical
and experimental results, by the angle of rotation. The difference

between these two results is expressed as a percentage of the experimental
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Aresults, 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 rotation is grossly
undereétimated compared with the experimenfal results. The
predicted rotation is smaller by 38% at the top storey level but the
analysis gives a clése agreement with the experimental when the
slab-effect.is neglected. In both forms of the theory, the warping
stiffness is not taken into account. VWhen the structure rotates
under eccentric loading; the fioor 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 demdﬁstrate that the slabs rotate
in their plane ana do not warp. The slab stiffness will aliso
increase the torsional stiffness of the whole system. The
discrepancies between the theoretical, including the slab effect and
the experimentél 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 thedry, slabs can
have a large influence on fhe stiffness of the structure. The
caiculated rotation.can be reduced by a maximum of about 58% of the
rotation calcﬁlatéd 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 stresseé due to the
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twisting moment. For direct loading stresses can be calculated |
using the finite element method. Figures h.6L(4.7)and(4.9ﬂ 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,
Warpiﬁg 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.
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4 — SYMMETRICAL CHANNEL STRUCTURE

A - INTRODUCTION

In this section a method is presented for the analysis of a
symmetrical channel cross—section connecied 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/inz. The loads were appligd
eccentrically at each floor level to simulate wind lcading and
produced both bending and torsional deformations. The loads on
the 1st to Brd 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 thé 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 {he 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 (29



PLATE 41 TORTION CORE WALLS OF STRUCTURE USED BY KALITA SHOWING
CONSTRUCTION IN SITU.




PLATE 4.2 ONE SIXTH SCALE BRICKWORK FOUR STOREY MODEL
STRUCTURE UNDER TEST BY KALITA
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H =68 in
h =17 in
a =Db=16.69 in
Cx1 = sz - 8.02 in
a = 2.655 in
A= x2 = 8.995 in
e1 = 5, = 0.65 in
Ly, = , =11.381n
t =0.69 in
P = 1.0 in, slab depth
¢ = E/2.2 1bf/in2
Ix1 ; Ix2 = 522,61 in4
'P1’2;3 = 40 1bf for each storey
Py, = 20 1bf top floor
eA = 3.0 in load eccentricity

6

Young’s modulus of elasticity was taken as 0.98 x 10 lbf/inz,

from Sinha [50] and was constant throughout the structure.

D -~ COMPARISON AND DISCUSSION

Comparisons are ﬁade 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 (St. 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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-5
-~ v &'| ROTATION, [Radx 1O Jj Percentage
6 08‘ & éb 5 For differenc
E=098x10 f o S « EACH STOREY ¢
. 2 A\J L}o & < Q(:: ,\Qo’ from
Ibt/ in S R N (@oé‘ (§°‘ st | ond| grdi 4th | experimental
2% 2) F _
A .COULL .
W, IRWIN GK; | EKge| EI* | Eluc {22 | 68 1.4 (136 [ 15%
W.K.TSO GK, | EKsr| EI" | Elyr |04} 09| 1.21 15 91%
1 GK; | EKsk | EI" | Elyc | 20| 62| 103[123]| 2%
> | GK; | — | EI* | Elyx | 24| 76| 130|155f 2%
O. KESKIN —
3 | GKy | — E1* | — -] 24| 77 13.2]157] 19
4 GK, —_ — | EIyk | 980 |263. |386. |431. —
U.C. KALITAY " FROM J.R. BENJAMIN | 32| 68 |101|13.6] 15%
U.C.KALITA'S EXPERIMENTAL DATA 41| 86125159

Table 41 Comparison of theoretical and experimental .
results, showing the terms of rotation included in the formulae

‘and the percentage difference. The terms are listed below
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Asmaller than the experimentally calculated rotatioms. The
disciepancy is most likely due to the overestimation of the floor
slab stiffnesses in the theoretical solution. Secondly, if the
slab effect is neglected in the calculations the theoretical
rotation compares very closely with the experimental, there being
only a 2% difference, see table (4.1). It may be suggested from
these two sets of results that the siab effect is contributing to
20% of the underestimation of the calculated rotation. A very
close agreement, only 1% difference is observed between theory

and experimental when both the slab effect and warping effect are
neglected. Therefore, the warping effect, in the theory, may be
considered to contribute to 1% of the calculated rotation. The
difference is so insignificant because the coupling action of the
slabs makes the whole section deform in plane, when the structure
rotates. Finally, when only the warping and St. Venant torsion
effects are considered in the governiag equation, the value of rotation
is much hiéher than the experimental value. Therefore, the
bending due to shear forces acting through the individual element’s
shear centre, in the X-X and Y-Y directions, has a significant

influence on the torsional stiffnesses of the structure.

For further comparison, the core wall structure was analysed
by the theories of other workers, who developed their theories for
this type of structure. The theory recently presented by Tso and
Biswas 1974 (57) for ﬁhe cove wall structure, was applied to the
present symmetrical channel cross section. The calcﬁlated rotation
is shown in FigureA(4.13)‘and Table (4.1). Very poor agreement

is obtained with the experimental results because, according to the



)

authors the sectorial parameters such as the sectorial co-ordinate
hﬂsh and the warping moment of inertia Iu; are calculated with
respect to the rotation centre of whole structure. Their calculated
slab coefficient Kg; and sectorial moment of inertia Tt 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 apait in the X-X direction; thus the initial
radius between the pole and the centre line of the wall bécomes
longer. The calculated sectorial moment of inertia I becomes

‘much greater compared with the bending stiffness. The calculated
rotations in these circumstances become underestimated and the warping
stresses cén be 1afger 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 I 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 stiffnessEZKsc; which is given below table (4.1). Their
‘torsional stiffness E lwc 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 vefy small and varied for

each storey from 0.26 x 106 to 0.12 x 106

1bf/in° for 1st to 4th
floors, respectively. From the present investigation; this was

found not t& 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 resuits of the calculatzd stresses are given iﬁ
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 priﬁcipal of superposition. On comparison of
theory and eiperimental; the stresslcalculated 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 cloée enough agreement
with the pattern of strain distribution eipeéted 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 actioh, the true action
being decided by the degree of coupling ard stiffness of the floor

slabs [63].

In both structures it appears that the stiffness of the floo£
slabs considerably. increases the strength and stiffness of the whole 7~
structure. The analytical results; including the slab effect were
gross underestimates of rotatien qompared with the experimental
results and when the slab effect was neglected there was close
agreement, but still a slight underestimate. The expefimentally
observed behaviour éf the structures should be between the theoretical
predictions. The discrepancy may be due to various reasons, one
being rotation at the base ofnthe 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 variousAstructural elements,
non-homogeneity of the material, shrinkage cracks and workmanship

in masonry construction.



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 practiéable fér better accuracy. The proposed theory; not
including the slab effect, seems td be suitable for analysis.of both

warpable and warpless structures.

6_~— GENERAL CONCI.USION

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

openings and coupled by floor slabs has been analyzed for bending
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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 saﬁe underestimated values for deflection when compared
witﬁ 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
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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 problemslconnected 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.

{ - In the present study a three dimensional 1/3rd scale model was
tested under laterai 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; Alsd, special attention
should be paid to the measu;ement of the movement and rotation at the

base of the structure.



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 fROPERTIES 6F 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 POand PS;and curved line OS; measured from the pole P
and with initial radius PO. A sectorial co-ordinate is denoted by
W(s); and the units of measurement are in2, ftz, cm2 or m2. The sign
of the sectorial co-ordinate is negative if the angle { OPSi' is

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

if the angle <JJ OPS,is measured in a clockwise direction.

Pole

Centre line of an outline
ot a section

Figure -I-

a) In the example shown in Figure (-I-) the value of (Q(g); is
equal (=12 ) to the algebraic sum of twice the sum of area OPS and

S‘PS2 or any point between O and S; is as

S
Si
W(s)i =/dw(5) = / he)ids
0
0
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~ where: s; is the length of a centre line of the section measured from
point O and hcai 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.

b) The sectorial statical moment of inertia of a section in

(in4; ft4; cm4 or ﬁ4) from a pole P and initial radius PO is given

Sw=/(.UdA

A -

'by

6

¢) The sectorial moment of inertia of a section in (ins; £+,

cm6, or m6) from a pole P with an initial radius PO can be calcuiated

o =,J//ruf<dA

A

as



78

APPENDIX -I1-

FLEXURAL STRAIN MEASUREMENT 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 vélue. Therefore,
a correction factor must be applied to the strain readings, as

demonstrated in the figure.

Vibroﬁng wire strain gauge

Wire

Catalog Metal plate

MASONRY WALL
t

€ = Eoﬁ
in which = t
i c P = 1+p
€, = measured strain on the wire

= true strain on the wall
P = distance of vibrating wire from the wall

surface

t = thickness of the wall
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APPENDIX ~ITI-

CALCULATION OF THE PRINCIPAL STRAIN

The direction of the principél strains are not normally known
'in advance and so the'measurements must be made in many arbitrary
directions. The arbitrary gauge lines, inclined at CX1vCX2 andc)(3
to the x-x axis are sufficient to measure the strains. The
o

calculations are simplified by havingtoﬁ = 0° X, = 450 andC)(3 = 90

as shown in Figure,

STPAIN ROSETTES

The principal strains and their directions are calculated by

the formulae as suggested by Hendry [*].

)

S O |

282—[?|+ EJ
€, — €3

tan 2X pqg =
Pd

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



