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SYNOPSIS

In this Thesis, details of a proposed method for tﬁe
elastic-plastic failure load analysis of complete building str-
uctures ére given. in order to handle the problem, a computer
programme in Atlas Autocode is produced. The structures con-
sist of a number of parallel shear walls and intermediate frames
connected by floor slabs. The résults of an experimental in-
vestigation are given to verify the theoretical results and to
demonstrate various factors that may influence the behaviour of
these structures. Large full scale practical structures are’
also analysed by the proposed method and suggestions are made for
achieving design economy as well as fdr extending research in
various aspects of this field.

The existing programme for elastid—plastic analysis of
large frames is modified to allow for the effect of compoéite
action of structural members, i.e. reinforced concrete floor
slabs and the supporﬁing steel beams. This modified programme
is used to analyse some framed type structures with composite
action as well as those which incorpdrate ﬁlates and shear walls.
The results obtained are studied to ascertain the influence of
composite action énd other factors on the load carrying capacity

of both bafe frames and complete building structures.

The thedretidél‘fail l d presented in thls thes1s does not predlct

the overall_failurevlégdl§ +1 Spre nor does 1t predlct the partlal

- 4. -failure load ofjthe shear wa}  and slabs but it merely‘predlcts the partlaL

quilﬁ?e load of a single fraﬁé,ﬁ assumes that the loss 6f stlffneSS of




For most structures the analysis proposed in this thesis is likely to
break down prematurely due to the failure of the slab and shear wall system
and this factor must be taken into account in éﬂ;.future ﬁ;rk on such struc-—
tures;

The experimental work reported in this thesis is acknowledged to be
unsatisfactory as a verification of thé limited theory'prOposed. In particular

perspex was not found to be a suitable material for testing at high loads,

micro-concrete may be more suitable.
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NOTATIONS
L Applied external load vector, or unit load vector.
K Overall stiffness matrix.
X Joint Displacements.
fy | Yield stress.of steel.
As area of steel beam.
b Effective width of concrete slab (Chapter 1,
Section 1.3).
ts Thickness of condrete slab.
c Cube strength of concfete.
n Depth.of plastic neutral axis below top of slab.
EC Plastic momént of the composite section.
Depth of steel beam.
bf Width of stéel flange.
tf Thickness of steel flange.
Af = bf x tf.
tw Thickness of web.
a,b : First end and second end éf the memﬁer ab.
Kaa, etc. Stiffness subﬁatrix or subvector.
h | Hinge number in member data.
X. ‘ _ Load Factor
xl;XZ ;oad factors ét previdus and current iterations.
Mp Plastic moment of the section.
i,m2 Bending moments at previous ahd current iteratiohs
Mp Reduced ﬁlastic hinge moment.

1’M’ Reduced plastic hinge moment at previous and
current iterations. '



n Value of "n" when the web is fully yielded.

/7

G,F,n Constants for calculation of Mp (Chapter 1).

P Axial force in the member at a load factor of

pl',p2 Axial forces in the member at previous and
current ilterations.

E ' Young's Modulus of Elasticity for steel.

I ' Second moment of area of the section.

A “Area of the sestion,

xa, Xb Horizontal deflections at ends a and b of the
member. '

ya, yb Vertical deflections at ends a and b of the
member. -

6 7 y,e ' Rotational displacements about x, y, 2z axis.

@ - ! Stability functions.

ea,eb Rotational displacements at ends a and b of the
member. ' '

a Inclination of the member (Chapter 1) or the.

" fraction of a unit external load transmltted
to the frames (Chapter 2).

-t Specified tolerance (Chapter 1), or thickness of
slab or wall (Chapter 2).

P Vector of externally applied wind loads.
£ Vector of horizontal loads transmitted to the
frames.

g Vector of horizontal loads transmitted to the
: grillage of slabs and walls.

G Influence coefficient matrix of the grillage of
o slabs and walls.

K | Tatal number of.frames to be analysed.

F Influence caefficient matrix of the frames.

a Vector of horigzontal deflections at the junction

of flcors and slabs due to loads applied to the
shear walls.



m,n

d,b,c,q,8

K
—uv
E-Lm
B

t

foij

@ oij

Total number of floors and frames in the
structure (Chapter 2).

Stiffness coefficients (Chapter 2).

Overall stiffness matrix of a wall element.
Overall stiffness matrix of a floor element.
Width of the wall or floor slab.
Thickness of slab (Chapter 2).

Constant for the effect of shear on slope
deflection equations.

Torsional rigidity (Chapter 2).

= 1/(1 + 2Y ).

An external load at é given junction 1ij.

Frame load at a given junction ij.

Grillage load at a given junction ij.

= 1 - o (Chapter 2).

The value of ¢ at a given junction ij (Chapter
The Valué’of B at a given junction ij;

The initial value of o (Chapter 2).

The initial value of f.. at the junction 1j.

i]
The ;nitial value of aij.

Lowest load factor.

Total number ofljoints in frame s.

Total number of hinges in frame s.

Load factor -in frame s.

Load factor in frame J.

New influence coefficient matrix of frames.

The new vector of frame loads.

The new value of «

2)



int.pt

The new value of fij.

- The new value if gij.

An increment.
The row number corresponding to the unit load.
The row number in load vector R (Chapter 3).

The joint number at which the unit load is applied
to frame i at floor level je

The total number of hinges round joint k.
Applied hinge moments.

Axial loads in the member (Chapter 2).

= Il .// fy (Chapter 2).

Axial load in the member at a load factor M g.°

Axial load in the member of the lower load
factor KI,

Applied moment.

Applied horizéntal load.

Applied vertical load.

Length of the member (Chapters 1 and 2) or the

distance between two neighbouring frames.
(Chapter 1).

Integer part
Number of frame

Number of floor

Length of a secondary beam
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CHAPTER 1

INTRODUCTION

1.1 ANALYSIS OF FRAMED STRUCTURES

The innovation of the digital computers made the analysis
of large structures possible. bLivesley (11,12) was one of the
first to give the application of the computer in the structural
engineering problems. By using the matrix displacement method,

a relationship was given between the external loads and resulting
joint displacements. This was formulated by applying the con-
ditions of joint equilibrium and compatibilityvand the matrix
formulation was given in the form:-

« X . ceeesal(lol)

L =

1=

Here L, K, X are externally applied load matrix, the overall
stiffness matrix and-the resulting joint displacements respect-
ively. For a given frame the unknown is usually the joint dis-
placements vector §f<while L and K are known.

The effect of the axial loads were later studied. The
stability functions were introduced by Merchant (3,4,5,6,7,8)
and tabulated by Livesley (10) and Chandler. It was pointed out
that the "overall frame instability" could be ignored for small
structures such as one, two or three storey frames, but it would
be of great importance for largef frames.

The failure load analysis was dealt with by several authors,
_(4,5,6,7,85. Merchant (8) et all gave an emprical formulae in orde
to determine the collapse load of a frame as a whole. This

formulae was similar to that proposed by Rankine for simple



load of nulti-storey structure was given by Wood (13). The
collapse load of the structure was described as a fuanction of
the "deteriorated critical load" after yielding had taken place
at various plastic hinge locations. Wood observed that the
"elastic critical load" would have a "deteriorated value" when-
ever a plastic hinge developed with a corresponding discount in
stiffness. During the formation.of the plastic hinge at some
point, the "elastic-critical"™ load value would deteriorate. The
formation of plastic hinges and the existence of large com-
pressive axial forces in the members, therefore, resulted in a
high reduction in the stiffness of a frame.

The concept of stability was approached by a study of the
elastic behaviour in relation to the critical load (11). This
was followed by the study of deterioratlion of stability as
plastic zones developed (12). The stability functions (10)
were used in this way as mentioned above. Firstly, the elastic
behaviour of frames was traced and consequenfly the approximate
behaviour of the frame between the formation of plastic hinges
was followed.

Taking the effect of instability into consideration imme-
diately violated the three basic requirements of the simple
plastic theory (1, 2,19). Consideration of the axial loads
also made the equilibrium condifions different from those assu-
med by the simple plastic’ theory, and led to a premechanism
‘collapse by reducing the overall stiffhess of the frame. The
plastic theory wasifound to be insufficient to obtain the fail-

s TAnA ~f +all frames where the instability plays the signi-



theory (17,18).

The elastic-plastic failure loads of a general framed
structure was studied in detail by Jennings, Majid and others
(16). The stiffness equations given by Livesley (11) was mod-
ified to include the presence of real and/or plastic hinges in
the frames. They also studied the effect of axial load in re-
ducing the plastic hinge moment of the members.

The same analysis procedure wasilater extended by Jenﬁings.
and Majid (21) to allow for the inclusion of such effects as
méntioned above. The iteration procedure was the same as that
of LiVesleyPs (11,12). While fhey were constructing the over-
all stiffness matrix, the rows and columns corresponding to
pléstic hinges were inserted to the bottcom and the right of the
original elastic stiffness matrix. The full matrix operation
was used in order to solve the stiffness eguations to obtain re-
sulting joint displacements. Therefore, the storage locatiocn
and machine time required for such an analysis was considerably
high. Hence its appiiCation limited the size of frames to be
analysed.

The size of their matrix‘was considerably large. This is
particularly the case when a large sway frame approaches the
point of failure under the combined loading, since many plastic
hinges are usually present in the sﬁructure at this stage. The
demand on the storage locations was also too high, when thé full
matrix operation was used, because so many zero elements to-
gether with the non-zero ones had to be stored.

To overcome the limitations in the programme of Jennings



the analysis of large frames. The rows and columns correspond—
ing to plastic or real hinges were placed immediately aftef the
rows and columns of the related joints. Majid and Anderson (23)
constructed the overall stiffness matrix in compact form and
solved it according to the technique given by Jennings (20).

In "compact storage scheme" (20), two "sequences'" were in-
troduced. The "main sequence" stored the elements which appeared
between the first non-zero element and that on the leading dia-
'gonal, inclusive, in each row within the half band-width of the
overall stiffness matrix. The second sequence was called the
"address sequence" and was used to record the position of each
location which contains thg elements on the leading diagonal.
The zero elements existing within the irregular half band-width
were also stored. The compact methcd of construction and stor-
age was applied successfully by using the rather important
characteristic of the stiffness matrix which is symmetrical
about its leading diagonal and have a large number of zero ele-
ments. In this way a large number of zeros were left outside
the stérage and resulted in a considerable reduction in the
storage requirements.

Even'in the compact storage of the overall stiffness matrix,
the'width of the half band became sometimeé extremely large and
it was also found uneconomical. ‘Anderson (24), later modified
the same programme (23) to keep'ﬁhe half band-width as small as.
possible, and also to minimise the increase in the size of the
""main sequence'.

FPor instance, for a member connecting the joints a and b,



of the same matrix lies below the leading diagonal, and the
contributions of a member to that submatrice consists of nine
elements in this submatrix. Anderson (24) inserted the rows and
columns, related to the hinge, h, at end a, immediately below
and to the right of the rows and columns which correspond to the
joint a. In addition to this, if a hinge formed at end b, then
the row and column corresponding to this hinge were also placed
below and to the right of the row and column of joint a respect-
ively. These hinges were considered to be '"grouped" around
joint a. Only the parts of the row and column subvectors of the
hinges existing below and on the leading diagonal within the
half-band width were storedf

The column corresponding to a hinge might pass through the
half-band width of the joint and hinge fows. Therefore, this
column would appear below the row related to the same hinge, so
the zero elements in such a column subvector were also stored.

The hinges from more than one member might be grouped around
a joint. In this case, the positioning of such hinges were
solely‘dependent upon the number of members containing these
hinges.

While predicting the lqad factor, 3 , at which a.plastic
hinge would form, the variation of bending moment_with the load
factor was assumed to be linear (16,21). Therefore, an iteration
to a constant plastic moment of the section Mp, was carried out,
and the prediction of the load factor was made by interpolation
or extrapolation. To avold the mathematical inaccuracies caused

when Mp 2. m.. the formulae to predict the load factor was



where;l and

1My 7\2,m2 were the»load parameters and bending
moments at previous and current iterations respectively.

It was shown by Majid and Anderson (23) that the variation
of bending moment and plastic moment of the section due to load
parameter was not linear, since the axial loads in the members
were considerable. It was observed that with 3 increasing, both
the bending moment and. the axial load increased while the plas-
tic moment of the section decreased.' This process continued
until the bending moments equal to the reduced plastic‘moment
of the section, M'pl at which a plastic hinge formed. Realising
that the variation in the load parameter in this case is not so
large a linear variation was adopted.

To overcome the oscillation problem when predicting the
load parameters in case of more than one hinge were about to
form, an improved prediction was obtained (23,24) by iterating
towards the reduced plastic moment, M/pl of the section at
current iteration. ﬁowever, this increased the computer time.
In order tc reduce the increased combuter time and to overcome

oscillation, the prediction of A was made in the form:-

. / !
o= ag o+ Gy -tg) (Mpy - my)  eeaee. (1.3)

/ /
Mpl - Mp2 + M, - My
where MEﬁ;and M%kzare the reduced plastic moments of the section

/
at previous and current iterations. The value of Mp was obtained

by the formulaes given below:-

M;; = (Zp - F x n2) x fy for n<n’ ) ceeae. (l.4.2)
)
and M;f ) ceeees (1l.4.D)

' P . /
(G (1 - n) (n” «+ n)> x fy for n>n
\

J P T SR U S T +ha aHhAatre FAarmiill e -



n = the value of n when the web of the section
is fully yielded.
A G,F,n = Section constants given in standard tables
(26) of section properties.

The sign of Ay = Ay Was adopted as the sign of the plastic

m -~ m

N

1
/
moment. But, m, ml__g Mp gave numerical inaccuracy which

ne

led to the wrong prediction of laod parameters. Davies ( 9)
found it to be necessary to check'(mi X m2) against UH%)2. If
these were within a specified tolerance, then the sign of m, wWas
given to M%.

The axial loads, P, in the member at a predicted load par-

ameter M p was obtained as:-
p = )\.2—)\.2x pl + )\_E—xl" p2 00.--0«(1.5)
A2 T A1 A2 TAlL

Where Pq and p, are the axial loads in a member at previous and
current iterations.‘ These axial lcads were used to construct
£he stiffness matrix (23 ) ih the presence of axial forces .

The iteration procedure used in the above elastic-plastic
analysis programmes (16,21,23) were that given in references |
(11,12). As an example, the iteration procedure followed by
Anderson (24) will be described since this was also used in the
work done in this Thesis.

For the first iteration, the member forces were set to zero
and load parameters were put to equal unity. In this case, the
stability functions are made equal to unity. The overall stiff—

ness matrix was constructed, and the stiffness equations were



ma = 6EI %

< (ya x Cosq - xXa X Sing ) - (yb x Coso -
L2

)
) (1.6
. )
xbe:Lna,)>Q§a+§§ﬂ£¢3xea+2_§£¢4xeh )

mb = 6EI x ¢2x (ya x Cosaq—- xa Sing ) - (yb x Cos g -
L2 .

xb x Sin a) > + 2EI @, x0_ + AETI @, X 6 (1.6)
xab = EA (xa - xb) Cosa + EA (ya - yb) x Sinaq
L L

Where ma, mb and xab are the bending moments at end 1 and end 2,
and the member axial force respectively. xa, Xb are the horiz-
ontal displacements of end 1 and end 2 while ya, yb are the
vertical displacements of end 1 and end 2, a being the inclin-
ation of a membér. .¢2, ¢3 and ¢4 are the stability functions,
while E, I and L are the Young Modulus of elasticity, seéohd
moment of area and length of the member respeétively.

These member forces were used in the prediction of load
parameters at which a plastic hinge forms. ; was predicted
from the eqn. (1.3) and the iteration continued until the con-
dition lx /)‘2 - 1l t was satisfied. nge t is a specified tol-
erance. The axial load at 3 was predicted by eqgn. (1.5), tb be
used in the reformation of the overall stiffness matrix. Mean-
while, the sign of m, wWas inen to the reduced plastic moment
which was included in the load vector. In thé next iteration,
the load factor was increased by a small amount to initiate the -~

new iteration. The new sets of joint displacements were obtalned

which were used in obtaining new member forces by egn's. (1.6).

- & N -

L. T



in the member and the sign of (m2) was given to the reduced
plastic moment of the section. After each hinge insertion to
the frame, the determinant of the overall stiffness matrix of
the frame was checked to find out that at some stage, the frame
lost all its stiffness after the formation of sufficient hinges,
when the determinant of the overall matrix became negative.

1.2 HISTORICAL REVIEW OF THREE DIMENSIONAL ANALYSIS
OF STRUCTURES

A brief review of the work done on the analysis of two
dimensionsl bare frames in both elastic (3,4,5,6,8,11,13) and
elastic plastic range (12,16,17,18,21,22,23,24) including in-
stability (4-8) effects was given in section (1.1). It is gen-
efally impossible to rely only on the bare frames in stabilising
the structure against the lateral forces. The shear walls were
thought to be lateral force resistant elements in the building
and first research work (30) on this appeard in the U.S.A. in
the design of blast resistant structures. Further research in
shear walls (31,33,34) together with bracing walls (29) and rigid
frames coupled with shear walls (32, 5T) Were carried oﬁt and is
still continuing. The effect of the cladding on the load’ bear-
ing capacity of the structure was also studied by Bryén and
El—Dakhakﬁni (39,40) and Majid (16).

It was realised that a struétufe should be stiffened against
lateral loads by means of a system compésed mainly of flat con-
crete elemeﬁts or panels with walls and floor slabs supported by
walls. The anélysis of structures .was mowed from two dimen-

w2 21 ~Aanventional analvsis into a three dimensional one.
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Wilson (35); in their method, ignored the shear walls and assu-
med that all the frames parallel to one axis were treated to be
connected by rigid intermediary at each floor level.

Clough (36) et all, later, extehded this method and devel-
oped another method for the analysis of the arbitrary systems
of shear walls acting in conjunction with frames. Nonetheless
they continued to treat three dimensional structures in two
dimensions. In order to simulate the behaviour of a three di-
mensional building, two dimensional frames were assembled into
a system of crossed frames. The effect of the torsion in the
analysis of the frame members was neglected. To analyse the
complete system, the lateral stiffness of each frame was deter—
mined and added to each other so as to obtain the total building
stiffness. This method was only applicable to the. type of build-
ing laid out in rectangular grid pattern. The complete strﬁcture
was assumed to consist of two sets of parallel frames 1in perpen-
dicular directions...To simplify the problem, floor slabs were
assumed to be rigid in their own plane and not to have stiffness
normai to this plane. Each floor level was constrained to
translate but not to rotate. The axial deformation of both
columns and walls were considered, but such an effect was ig-
nored in the beams. Therefore, each plane frame was assumed to
have the same displacement at‘any given floor 1e§el. The effects
of the shear, flexural and.the axial strains of the members were
taken into account.

Weaver and Nelson (37) presented a more realistic approach

for the three dimensional analysis. A type of structure was



11

model for a "tier building" was built. Frames within the
structure were connected by floor slabs which were assumed to
be rigid in their own planes.

They followed the modified "tri—diagonalization appfoach"
(35,36) and treated the frames to be in three dimensional con-
figuration rather than conventional two dimensional one. This
approach comprised the effect of axial forces in the columns and
the torsion in all members. The axial force in the beams was
neglécted. This method was to construct load and stiffness
matrices of a floor taken one storey at a time starting from the
top to the bottom storey. From load vector and stiffness matrix,
the resulting rigid body displacements were calculated. These
consisted of displacements in x and y direction and rotation
about z axis by assuming the frames to be rigidly fixed to the
foundation. Joint displacements and member forces were obtained
from the rigid body displacements. There was no restriction on
the symmetry of the loads and frames, thus the assymmetrical
arrangement of frames was allowed in the analysis.

Goldberg (41) took the deformations of walls and floors
into consideration by assuming that the slabs act as "deep
beams" under the combined action of bending moments and shear
force in their own plane. The method proposed by him made use
of the "slope deflection" equations and was mainly based upon
similar concept of "Timoshenko's Beam" (70,71). It was noted
that the method was abplicable to long narrow tall slab type
buildings.

The equilibrium equations for each type of the intersection
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seven intermediate frames which were connected by means of floor
slabs to one another and supported by two end walls. The frames
were arranged to be parallel at roughly equal spacing. To re-
duce the computer time, the frames wére éssumed to be identical
and were substituted by an equivalent frame with two columns.

Three different cases were taken into account in the anal-
ysis in which the walls and floors were subject to:-
~ combined bending and shear defbrm@tions,

- Dbending deformations only,
- shear deformations only.

Goldberg did not consider the effect of axial deformations
in the columns and neglected the resulting'side sway of the
structure owing to the vertical loading. Twisting of the floors
and walls and the out of plane bending of these elements and
frames were also ignored. The flexural effect of axial forces,
particularly in columns, was not considered.

Majid and Williamson (44,45) gave a method of analysis for
the general complete structures consisting of a combination of
one or more three basic elements. These components were pris-
matic members and plate elements with in plane forces and plate
elements with out of plane forces respectively.

A computer programme was given which enabled the analysis
of a structure in its complete form. This was one of the first
programmes to analyse space structure including plate elements
‘under in plane forces. It also included the out of plane forces
including bending torsion and cross coupling. The method made

use of the finite element technigue.
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The contribution of each structure consisting of plate elements
with in plane forces and plate elements with out of plane forces
and the space frame of the structure were grouped together. The
overall stiffness matrix was obtained so simply by superimposing
the overall stiffness matrix of each three components. The
"sparse matrix'" technique (42) was utilieed in both constructing
the matrices and solving the stiffness equations for obtaining
the nodal displacements. |

‘They aleo carried out a set of experiments on two or three
storey plane frames with shear wall cladding. The effect of
shear walls on the stiffness of bare frames were taken into con-
sideratien. By analysing a pitched roof poftal shed (16,39,40),
the effect of sheeting on the carrying capacity of the frames
was demonstrated. |

The laterally loaded system comprising of shear walls aﬁd
parallel intermediate frames similar to "Goldberg Structure”" (41)
was studied by Rosman (47). The walls at both ends of the struc-
ture were identical and the intermediate frames were also iden-
tical to one another. The floor slabs which played a role as an
interconnecting media betweeh frames and walls werevassumed in-
finitely rigidvin their own planes.

The intermediate frames were assumed not to take partAin
carrying the lateral loads. The rigidity of the walls was also
assumed to be much greater than those of the frames.

All the building was replaced by a "substitute system" thch
consisted of a flexure eantilever resting on an elastically yield-

o ciimmmrd and 8 chear cantilever. both continuously connected
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thin laminae which was extremely rigid in their longitudinal axié
and hinged at both ends when dealing with multi-storey structures.

Rosman used differential equations for the solution and
ignored the effects of shear deformation in the walls and‘the
flexural deformation in the frames. The deformation of the wall
was assumed to be of prime importance. The main purpose was to
define the bending moment of the flexure cantilever so as to
satisfy the differential equation.
| Stamato and Stafford Smith (46) gave an approximate method
of three dimensional alysis of complete buildings which were
assumed to consist of two dimensional vertical'panels such as
rigid jointed frames, trusses and shear wails or any sort of
mixed arrangement of these. Three dimensional analysis of the
structure was reduced to a two dimensional analysis. The com-
ponents of the building might be arranged in an arbitrary pattern
in the plan.

Discontinuity in walls and floor slabs were permitted, beams
may also be discontinuous across the width or length of the struc-—
ture. They gave consideration to the axial strains in both walls
and columns. ”Either to conform the assﬁmptions of slabs being
rigid diaphragms in their own plane with no transverse stiffness
or in order to satisfy the compatibility conditions at each floor
level, the beams were assumed to be axially rigid. That is to
say, the axial strains in the beams were ignored.

The vertical fbrces in the intersections between panels and
the horizontal forces transmitted by floor slabs in the inter-

bt e T atiaan Floors and panels were assumed to be the only
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Allowance was given.for any arbitrary intersection between
panels. The angle of intersection might be of any magnitude,
but it had to be ;ight angle where the intersections took place
at a column, otherwise it would cause the occurance of bénding
moments along the line of intersections between panels. This '
bending moment was already assumed to be sﬁall, therefore, the
occurance of such a bending moment would violate this assumption.

The effect of the torsionfin the structure as a whole was
ignored. The shear deformations was considered only in the shear
walls by including "Poisson's Ratio" in the calculations.

Majid and Croxton (51) proposed a method for the analysis of
three dimensional structures consisting of>skeletal frames to-
gether with a system of grillage of shear walls and floor slabs.
It was a method for the wind analysis of complete building stru-
ctures. The frames and the grillage were taken to be two dis—
tinct components of the structure and were analysed independently
in order to obtain the influence coefficients of these components.
The arrangement of frames was assumed to be parallel to one
another. Consideration was also given to the assymetrical arr-
angements of parallel frames and walls in the plan of the struc-
ture.

The floors were considered to be monolithic and of an
arbitrary shape at any floor level. The bendiﬁg of walls and
floor slabs in their own plane due to mixed action of flexure
‘and shear were taken into account. The torsion of the whole
structure, together with the possible side sway caused by ver-

L2 aadl TAade wueare alen included.,
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caused by wind loads were ignored. The horizontal displacement
of the columns at a certain level in a frame was assumed to be
equal. Therefore, the axial forces in the beams were neglected
and by which the compatibility equations were satisfied.

The overall stiffness matrix of the grillage was construc-
ted by utilising the concept of the "deep beams'. This was used
to obtain the "influence coefficients" of the grillage system.
The unit load matrix was constructed and the eqn. G = gfllg_ waé
solved. Here G is the grillage influence coefficient matrix, K
is the overall stiffness matrix and L is the unit load matrix
actihg on the griliage. |

The overall stiffness matfix was constructed by using any
téchnique (21,22,24). The influence coefficients matrix of bare

L L, where F

frames were obtained by solving the equations E: = gf
is the influence coefficients matrix of the frame, K is the over-
all stiffness matrix and L is the unit load vector acting on the
frame.

By utilising tﬁe influence coefficients of both grillage
and plane frames, the horizonﬁal deflections at junctions of the
frames with the grillage and the sway deflections of all the
junctions of the bare frames were obtained. The horizontal dis-
placements of the grillage and the intermediate frames at the
same junctions of the grillage were-set to equal to one another
in order to satisfy tﬁe compatibility conditioﬁs. From the
compatibilify consideration, the loads transmitted by frames and
grillage elemeﬁts were calculated, and then these were used as

T armmdtme A analves Fhe grillade and the frames individually.
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of the concrete on the behaviour of the complete building struc-
ture as a whole were considered. It was shown that the assump-
tion that the slabs were rigid misrepresented the bending moments
at the top and the bottom storeys of the structure. The éffect
of axial thrusts in columns was also included.

This method was only applicable to the type of structure
which consists of orthogonal grillage and frames. However, it
was rather a simplified methed énd enabled to reduce the time
required for both data preparation and computer analysis con-
siderably. The method was basically a matrix force method and
required a small number of equations.

To verify the method, a number of tests were carried out.
The structure analysed by Goldberg (41) was reanalysed and the
results were compared witﬁ each other. The results were also
compared with those obtained from finite element solution (44).

Ghali and Neville (50) gave a method for the analysis of
shear walls in which the effect of the lateral forces on the
structure was studied. In the three dimensional analysis the
structure was considered to have an arbitrary arrangement of
both shear . walls or frames. The structure was considered to have
an assembly of monolythic walls, plane walls connected by beams
at each floor level and a plane frame. |

The floor slabs were assumed to act as a.rigid diaphragms
(35,46,47) but the floors were not to restraint the angular dis-
placements of any member. By utilising this assumption on the
floors, the joint displacements of the structure were reduced

A firm et oertal deflactions with an anale of twist about ver-—
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of elements in an arbitrary arrangement was_given. The pro-
cedure was commenced by determining the lateral stiffness of
each element as a separate structure. The laterall stiffness
of individual elements were then used to construct the overall
stiffness matrix of the complete structure. The out of plane
and the torsional rigidities of plane frames and plane walls
connected by beams at floor levels were ignored. The axial def-
ormation iﬁ the beams was also negle;ted; |
Davies (58) proposed a method for the computer analysis of
"stressed skin buildings" which consisted of a series of p;ral—
lel rigid steel frames connecfed together via purlins and sheet-
ing panels which were supported by end gables at both ends of .
tﬁe building. The frames were arranged roughly at equal spacing.
Davies used‘a mathematical model to reduce the complete
building analysis to that of a two dimensional frame analysis.
The joint properties of sheeting panel with purlin was defined
by the shear flexibility "c". In the model, the distance bet-
ween frames and alsovbetween outer frames and end gables was
assumed to make no difference, therefore; they were moved
close together. By considering the relative
displacemenf M " of two adjacent frames, a couple of restoring
forces "8/c" exerted by sheeting panels was. obtained and applied
at each flobr level. To simulate tﬁe coupling effect of the
sheeting panels, therefore, these panels were substituted by a
series of springs of flexibility nen, These springs connected
two adjacent ffames through the one leading diagonal of the
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of the next frame. The same type of connections was repeated
at each span.

The end gables were assumed to act as a rigid foundation.
In the case of stiffened end gables the same idealisation was
made. The restoring forces were found by considering the rel-
ative displacement of end frames and flexibility "c".

A computer method  was given. The overall stiffness matrix
of the complete structure was constructed including the coupling
effect of the sheeting. Such an' inclusion incréased the band
width of the matrix considerably. But, the sheeting resulted in
considerably large reductions in bending moments of the frames.

By using this technique and a mathematical model, Davies
(59) later tried to give a method of analysis for the elastic-—
plastic stressed skin buildings. The three dimensional analysis
of the structure was reduced to an elastic-plastic analysis of
two dimensional bare frames.

Proposed method of elastic-plastic analysis was applied to
pitched roof and rectangular portal frames buildings. The com-
puter results for both complete structure and bare frame (uncladd—
ing)compared with those of experimental results obtained from the
tests on bare frame and complete structures. The increasing
effect of the sheeting on the load bearing capacity of the
structures was demonstrated.

The well known assumptions on the elastic-plastic analysis -
(16,21,23) were utilised. In addition, the behaviour of the

panel sheetings were assumed to be elastic - purely plastic.
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1.3 ANALYSIS OF COMPOSITE STRUCTURES

There have been a continuous research in the field of the
composite action of floor slabs and supporting steel beams.
They were particularly based on the experimental work rather
than computer analysis. It was shown by current research that
there would be many advantages in using the composite action
between steel beams and the concrete slabs. It has already been
realised that the effect of the claddingl(l6,39,40) on the.load
bearing capacity of the bare frame would be considerably high.

The early tests on the composite action were performed by .
a b:idge company (60). Two sfeel beams encased in concrete and
floor slabs were tested. It was thought that the steel beam-'
and the concrete might really act together in order to form a
composite beam,

A review of the research works carried out on the composite
actions was given by Viest (60). This review covered most of
the research carried out on composite stéel—concrete structures
between 1920—1958. Vieét (61) conducted a number of tests so
as to demonstrate the carrying capacity and the behaviour of
the steel shear connectors for composite coﬁcrete and steel T
beams. The éteel beams and the concrete slabs can be cqnnected
naturally, but it was obvious that this type of connection can-
not always be reliable. Therefore,-it was recommended to use
shear connectors in order to provide the mechanical connection
between floors and beams. The shear connectors provided the

composite actién by preventing the slabs moving away from the

beams,




in complicated structures.

An ultimate design method was suggested to be suitable when
the relatively large shape factor of the composite section is
taken into consideration. But, some limitations would be re-
quired to satisfy the restrictions of the rotational ductility
of the composite section. It was pointed out that because of
the large shape factor of the section, yielding was spread over
a large poftion of the length of the’beam before collapse
occurred. By using a large shape factor of 1.55 for the comp-—
osite beam, a considerable increase in both elastic and plastic
section modulus were gained.

Chapman (63), later carried out a number of tests on simply
supported composite T beams under both concentrated and dis-
tributed load. The loads were applied on the axis of the beam.
The elastic neutral axis was considered to be close to the
adjacent face of the slab and the steel beam. As the bending
moment increased, the bottom flange yielded first which caused
the neutral axis to move upward resulting in tensile cracking
at the adjacent face of the concrete slab. It was also pointed
out that if the plastic neutral axis was close tb the beam
flange, then full plasticity could not be developed in the steel
before the cracking of the concrete.

Barnard (64) et all carried ouf a number of tests in order
to obtain complete sets of values of the bending moment and
curvature fér a cross-section of a composite beam. This was an
extension to the work of Chapman (62, 63).

The high shear stress and the slip at the adjacent face




stress-strain curve for the concrete was assumed to be linear
up to first-field in the steel reinforcement. This was pre-
dicting the behaviour of the section of the composite beams

at yield and at a maximum moment. By assuming the linear var-
iation in stress due to strain in concrete and neglecting the
slip at the steel-concrete interface, the possible thfee con-
ditions at maximum moment were studied. They were as follows:-
The neutral axis is: |
- 1n the steel beam,

- 1in the concrete slab but steel fully plastic,

- iﬁ concrete slab but the sfeel beam is not fully plastic,
respectively.

At the above conditions, the reinforcement was assumed to be con-
centrated at a point and to have a negligible area compared to
the slab area.

Later, Barnard (65) et all carried out further tests on
the plastic behaviour of continuous composite beams. The use
of simple plastic théory was justified for the design of most
types of continuous composite beams. It was pointed out that
the secondary failure could be prevented. They did not give a

clear recommendation to analyse and design such a continuous

beam by using ultimate strength method. But a method for the
prediction of the behaviour of compésite sections was described
in bending in which the effect of slip was neglected. The prop-
osed method was shown experimentally to be still applicable.
Davies (66) carried out an experimental research into the

half scale steel-concrete beams with steel stud connectors. A




forcement in the slab was examined. It was noted that the gen—
eral behaviour of a composite beam was affected by the amount
of transverse reinforcement in the slabs. Within the elastic
range, the theory gave the stresses to be slightly less than
the observed values.

Johnson and Heyman (67) compared the design methods of
using simple plastic and. plastic composite methods with other
conventional design methods. The advantages of the composite
plastic design method over the others were shown. Tt was also
noted that the composite actions between a column member and con-
crete wall elements were significant. In this case a proportion
of. the axial load could be carried by the concrete elements.
This resulted in reducing the section of columns by a consider-
able amount.

No composite action at the ends of the composite beams was
taken into consideration. It was found to be important to check
the deflections at working load. Therefore an elastic analysis
was necessary. This was carried out by neglecting any slip at
interface.

Wood (13) also carried out a large amount of tests to de-
monstrate the interaction of floors and beams in multi-storey
buildings. The simply supported and discontinuoqs reinforced
concrete slabs were tested which were supported by beams of
various sizes. The slabs tested by Wood (13) were assumed to
be resting on edge beams without any composite action between
them.

Majid- (69) used an experimental programme in order to sat-




considerable advantage would be gained when the effect of com—

posite action was considered. The inclusion of floor slabs was

found to be particularly slgnificant as the stiffness of the
beam or floor slabs play a significant role in the stability .
¢riteria for a multi-storey structure.

This work was mainly concerned with the ultimate load be-
haviour of beam and flcor slabs. using steel beam and concrete
floor slabs. Three basic modes of collapse of beams and floor
5labs were considered. They were:- |
~ Collapse might happen in the slab and the Secondary beam
due to weak secondary and main beams,
~ . Collapse might take plaqe in the floor slabs and main beams
also due to weak secondary and weak main beams respectively,
~ The independent collapse of the slab might occur.

The failure of the slab and the secondary beam ccnsisted of a
"repeating element" of one secondary beam of length (1), and a
slab of width equal to the average length of two adjacent bays.
In the case of equal bays, the effective slab width was tc be
equail fo the length of the bay, L.

Majid (68) gave a general computer analysis. This was
written in Atlas Autocode. Thfee different types of failure,
(68,69) were considered in the programme. The effect of compo-
site action of the stiffness of the suppcrting beams and; there~
fore, on the instability of the frame as a whole were also

considered. Tﬁe effect of walls in composite behaviour of frames

was not included.

The plastic moment of the composite section was acquired by




Here only the first case will be summarised since it was related
to the part of work done in this Thesis. The formulaes were
given depending upon the position of plastic neutral axis and
derived from the simple equilibrium consideration between ten-
sile and compressive forces in the composite section. In all
formulaes, slab reinforcement and the effect of axial forces were
neglected.

1 - Plastic neutral axis within the slabs:-

This case happens when:-—

(fy x As) ¢ (b x ts x Uc) ceeeee (1.7)
therefore
dn ¢ ts ceeee. (1.8)

The plastic neutral.axis position was found by:-

dn = (fy x As) / (b x Uc) cecese (1.9)
where
fy = vyield stress of steel beam.
As = the cross—sectional area of steel beam.
. b = effective width of floor slabs.
té = thickness of slab.
Uc = cube strength of concrete which is 4 of the value

specified for construction.

dn = the position of the plastic neutral axis within
the composite section which is the distance from

the top of the slabs to the neutral axis.
The plastic mement of the composite section, Mpc was ob-
tained by:~-

Mpc = fy x As x [ 0.5 x (d - dn) ¥ ts] ceeses (1.10)

depth of the steel beam.

",

where d




a8 - Plastic neutral axis within the top flange of the steel

beam: -

This was possible in the case when the following conditions
were present:-
either (fy x As) < (bx ts x Uc + 2 x fy x Af) c.... (1.11)

or (fy x As) s (b x ts x Uc) ceses (1.12)

where

Af = the area of the steel flange.

The.lqcation of plastic neutral axis was determined'by:—

dn = ts + fy x As - b x ts x Uc ceeee (1.13)
2 x bf x fy :

Fh

hence

ts < dn < tf + ts

where
ts = thickness of slab
tf = thickness of flange
bf = width of flange
Af = Dbf x tf

After having found the location of the plastic neutral axis
in the section, then the plastic~composite moment Mpc was ob-

tained: -

Mpc = fy [0.5 x As x (d + ts) - bf x dn x ceen. (1.14)
(dn - ts) ]

| b - Plastic neutral axié within the web of the steel beam:-

This case was possible when the following condition was

present:-

fy x .(As - 2 x b, x tf) > (b x ts x Uc) ceees (1.15)

and the distance of the plastic neutral axis from the top of the

slab is given by:-—




therefore:.

dn > ts + tf (1.17)

Plastic moment of the composite section is then given

Mpc = fy x [ (0.5 x As x (d + ts) - (bf x tf) x

(ts + tf) - tw x (dn + tf)x (dn - ts - tf)] (1.18)

The effect of slab reinforcement was included in references
(68,69). The location of the plastic neutral axis and the value
of Mpc were found in the same manner followed in the derivation
of the above formulaes.

As mentioned before, the effective width of the compression
flange of the slabs, b, is .taken to be equal to the distance
between two intermediate frames. In the case of unequal spacing

between frames, then the average of these was taken as '"b".

1.4 SCOPE OF THE PRESENT WORK

The main purpoée of this Thesis is to present an elastic-
plastic method for the wind analysis of a class of multi-storey
buildings consisting of a grillage system of parallel floor slabs
and shear walis, together with an arbitrary arranéementvof para-
llel skeletal éway frames. The proposed method given in Chapter
2 considers the structure to consist of two distinct components.
An accurate approach to this type of structure demands a know-
ledge of_thé separate amount of external loads transmitted in-

dividually to the frames and the grillage system of floop slabs

Hence, the relative stiffness of the frames and the grillage

system throughout the loading history of the complete structure

L. .o11lapse will be taken into account.



actlon of shear and flexure. Allowance is also made for the

torsion of the building as a whole about a vertical axis. The

full effect of the axial loads in the stability and the plastlc

hinge moment of the frames is included. Asymmetrical arrange-
ment of parallel frames and shear walls is permitted.

The method assumes that the thickness of the floor slabs
are decilded by the vertical dead . plus superloads. It is also
assumed that the panels act as deep beams in which the out of
plane bending under wind loading can be neglected.

Elastic-plastic analysis of complete building structures
is not an easy task, since it'involves the solution of a large
number of equations repeatedly. Therefore; a computer programme,
which is described in Chapter 3, is required to handle the prob~
lem. In this programme, facilities are provided to‘reduce the
requirements in computer time and storage locations in the an-
alysis. |

The results of an experimental investigation are given in
Chapter 5 to verify the theoretical work and to demonstrate
various factors that may influence the behaviour of these struc-—
tures. Descriptions of the experimentai set up are given in
Chapter 4. The practical work. carried out here is of two types.
Firstly, single storey structures with three internal frames
(sometimes two) are tested to collapse. The second type of tests
are on two storey structures consisting of three intermediate
frames which are also tested to collapse.

Large full scale practical building structures are analysed

in Chapter 2 by the proposed method and suggestions are made
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bare plane frames is modified in Chapter 6 to take the composite

effect of the slabs on the pPlastic hinge moment of the beam into

consideration. Thus the accuracy of the elastic~plastic analy-

sis will be improved by including the composite effect of‘the

slabs and the frames. A number of examples taken from practical

structures are given to exhibit the advantage gained by includ-
ing such effects.

The elastic-plastic method proposed for the wind analysis
of the complete building structure is combined in Chapter 6 with
the method proposed for the composite analysis of the bare frames.
In carrying out the elastic-plastic analysis of complete build-
ings, the composite effect of slabs on the.plastic hinge moment
of the beams is taken into consideration. To do this, the com-
puter programme written for complete building strucéures is
modified in Chepter 6 to provide the facility to include the
composite action.

To demonstrate the effect of the composite action on the g
load carrying capacity of the complete building, a number of - |

full scale practical structures are analysed in Chapter 6. 1In

these analyses, the effect of slab reinforcement and also the

composite action in the columns are ignored.




CHAPTER 2

THE ELASTIC-PLASTIC FAILURE LOAD ANALYSIS OF

COMPLETE BUILDING STRUCTURES

2.1 Introduction

In the field of structural analysis, significant progress

was made 1n the last decade mainly because of using matrix and

computer techniques. This facilitated the development of.general

methods applicable to quite complex problems. For instance,
analysts moveq away from elastic plane frames into three dimen-
sionél skeletal as well as clad structures (35,40,42,44,49).
The shortcomings of the simple plastic theory (1) of plane fra-
mes, popular in the fifties, was soon recognised and it was re-
placed by the more realistic elastic-plastic approaéh including

the effect of instability (16,18,21,22,23,24,25).

It is, therefore, natural to expect that, during the present

decade, elastic-~plastic analysié and design procecdures will be
extended to deal with complete three dimensional structures. In
fact, Davies (58) has already used & two dimensional plane frame
analysis to deal with the elastic-plastic analysis of pitched
roof portal sheds. Although the corrugated sheeting of the shed
was idealised by a simple pin ended nmember whose stiffness was
found experimentally, the results obtained proved to be en-
couraging.

In this chapter an elastic-plastic method for the wind
analysis of a class of multi-storey buildings consisting of a

grillage system of parallel floor slabs and shear walls, toge-

o rement of parallel skeletal sway

¥
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requires a knowledge of the separate amount of external loads

transmitted individually to the frames and the grillage system

of slabs. This demands the consideration of the relative stiff-

ness of the frames and the grillage system throughout the load-

ing history of the complete structure, up to and including

collapse.

2.2 Separation of Wind Lbads

The complete structure is considered as if it consists of
two distinct components (51). These are the bare frames, made
out of steel, and the grillage system of slabs and shear walls
which is usually made out of reinforced concrete. Throughout -
the proportional loading of the complete structure and specific-
ally whenever a plastic hinge develops in one of the frames, the
"amount of external load transmitted to the bare frames changes.
It is, therefore, necessary to‘evaluate, at each hingeiform—
ation, the manner in which the external wind loads are divided
between the frames on the one hand and between the frames and
the grillage system on the other.

Consider the complete structure, with the sign convention

and the degrees of freedom shown in fig. (2.2) which chsists

of shear walls, slabs and frames. The applied wind'load vector

p at the junctions of the frames and the slabs are divided into -
2 vector £ transmitted to the frames and another vector g trans-
mitted to the grillage system.

Thus
p = £+4

This is the same equation as eqn.

ceeene (2.1)

(2) in reference (51).

~ et 1aing the grillage of floors and shear walls, let G



expresses the horizontal. displacement at each junction due to

unit loads applied, one at a time, at the various junctions of

the frames and the floors. For instance, matrix G is given (51)

for the structure shown in the figure (2.2) as:

, B

]
G = Gll,ll symmetrical lst floor
Cr1,11 Co1,21
... (2.2)
G
12,11 C12,21  C12,12
. . 2nd floor
22,11 22,21 S22,12  S22,22

Each row of matrix G includes all horizontal deflections of a
given frame junction, when unit loads are applied alternatively
at every frame junction of the grillage. The vector of hqriz;
ontal deflections of these junctions is given by G g + a where
a is the vector.of_horizontal deflections of the junctions when
loadé w, shown in fig. (2.2), are applied to the shear walls.
Ssimilarly, the deflections at the floor levels in the frames are
given.by F f, where F is the influence coefficients matrix for -

the frames and which, for instance, is given for the structure

shown in the same figure by:i-

' w
F11,11 ’ 1st floor
0 ' F21,21 symmetrical
F 000(2.3)
~ {Fi2,11 0 P,
’ 12,12
o 2nd floor
0 Foo,21 0 F22,22 |
‘Frame Frame . Frame - Frame

- 2
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In matrix F each row contains alil the horizontal deflections ¢

a given frame junction when unit loads are applied alternative

at every floor level of the frames. Matrices G and F are of
5 ,
the same order (m x n)“, where m and n are the total number of

floors and frames in the structure.

When combining the framgs and the grillage system, compat
ibility requires that the horizontal deflection of the grillac
and the bare frames at the junctions must be equal, thus:-

Gg + a = F £ ceesss (2.4)
Using (2.1) and solving for f gives:- |

f = (_C-Jr__+£)"l (Gp+ a)

e & © 8 & 0 (2.5)
The vector g can be calculated from egn. (2.1). Further
details about the form of the influence coefficient matrices a

given in references (51,52) and need not be repeated here.

2.3. The Elastic-Plastic Analysis

The steps for the full analysis of the complete structure
up to collapse are:— | '
(i) - The frames in the structure are analysed_by any conven-—
tional method such as the matrix-displacement metﬁod. In that
case, an inverse transformation of the form F = Efl L gives th
influence coefficients, where K is the overall stiffness matri
of a frame. Each column of the load matrix L for a frame con-
sists entirely of zeroes except for a single unit load. Each
joint in the frame has three degrees of freedom in z, y andfx
directions (see fig. 2.2). Initially, many or ail of the fram

may be identical and a single frame analysis may suffice. How

ever, this state of affairs changes as soon as plasticity de-

wrelorne 1in the frames.



grillage system for the construction of matrix G. Each joint
of the grillage is assumed to have freedom in Z, ex and 6 di-
rections. The contribution of a wall or floor element to the
overall stiffness matrix of the grillage can be obtained.direc-
tly from the slope deflection equations for a deep beam. For

instance, the contribution of a shear wall element connecting

floors u and v is:- :
[ \

K d symmetrical
-V = —C b
0 0 q
-..d C O d o-.--.(Z-Goa:
-C & 0 C b
0 0 -q 0 0 q
at u at v
wherea = 2EIV (1~Y)“/L_
b = 2EI V(2 +7Y)/L,
¢ = 6EI ‘l"/Lz‘,
a = 1281 V/L3,

Vo= 1/(1+2Y ),

B = the width of the shear wall,

t = the thickness
The constant Y takes into consideratioﬁ the effect of shear
_deformation on the slope deflection equation and is taken as
7.ZEI/L2AG. Here A is Ehé‘cross—sectional area of the panel ar
G is the modulus of rigidity (70). This assumes a parabolic

shear stress distribution.



(51). This matrix is:-

d

d ~
q symmetrical
-é b .
}_<.1 = ‘
m ~d 0 ¢ d ' cesesses (2.6.D)

0 -q 0 0 q

L“d 0 a ¢ 0 b

”

where all the coefficients appearing in the above matrix are the

same as those of matrix K .
—uv

(iii) - Once matrices G and § are constructed, the inverse trans
formation, given‘by equations (2.5),is carried out. This gives
the forces f transmitted to the frames.

Consider now a given junctibn ij with an exterﬁal load pij.
The horizontal equilibrium equation at this junction is:-

pij = £ij + gij ceecas (2.7)

Dividing through by pij we obtain:-

1 = Flipig o+ 9pij
. ....‘..(2.8)
ice. 1 = @ij + Bij
where 0ij = flJ/pij and
Bij = 93 pij

Here o ij is that fraction of a uﬁit'externai load which is
transmitted to the frame. For a given frame let the initial
value of a be a O

(iv) - Each.frame is now considered separatg}y and analysed
elasto-plastically to find the load factor )\ that is necessary
to caﬁse the formation of a plastic hinge. Full account is

t b e tha ofFect of the axial ‘loads in the members on the ste



Mp values of the hinges. A brief explanation of this is given

in Chapter (1), and full details are given in references (23,24)

and need not be repeated here.
(v) - Because the loads f acting on each frame are different
from frame to frame, the load factor for the formation of e
hinge islalso different from frame to frame. The lowest load
factor X\ amongst these is selected as being the one that causes
a plastic hinge to form anywhere in the structure.

Consider that under M thé plastic hinge develobs in frame
i and let the force obtained from equation (2.5) at floor j of
the.frame be foi] and the corresponding g o value be @oijt The
total load at junction ij acting on the frame, at the formation

of a hinge in frame i will, therefore be A f ... The ex-

‘ L ° 7oij"
ternal load 3 LP; 3 is thus given by:-

X = : '
Lpij -_— XL foij/aloij ® o ® e 00 (2.9)

Hence, if the external working loads acting on the structure are
increased proportionally by a load factor A Ly @ plastic hinge
will develop in frame i.

(vi) - This hinge is inserted in the frame. With it, frame 1
changes qualitatively and becomes different from other initially
similar frames. A plastic hinge can only sustain a behding
moment equal to its plastic hinge moment Mp. Any increase in tr
loads acting on frame i does not lead to a similar increase in
the bending moment across the plastic hinge. In fact, from now
on this hinge responds as a purely'frictionless real hinge.
Furthermore, as the loads increase, the axial forces in the

members of frame i also increase and hence the plastic hinge mo-

ment of a hinge continuously decreases.



flexible. As the external loads increase, this frame becomes

incapable of sustaining its share of the transmitted loads.
Part of this has, therefore, to be transferred to the siabs and
transmitted to the other frames and the shear walls.

Before leaving this stage, it is necessary to mention that,
to save computer time, more than one plastic hinge can be in-
serted into the structure. Tb do this, while selecting.l L the
load factor at which a hinge develop$ in any other frame is com-

pared to XI: If this is within a specified tolerance of A

L’
then a further hinge'is also inserted in that frame. On the othe
hand, to safeguard the accuracy of the analysié, only one plastic
hinge at a time is permitted to develop in-any one frame.

(vii) - The inflﬁence coefficient matfix for a frame with plas-
tic hingés is different from a similar.one without é hinge. For
this reason, every time a hinge is inserted in a frame, it has
to be re-analysed under unit loads in order to prepare a new
influence coefficient matrix Eh' During the interval between

the formation of one hinge and the next, interest is focussed
upon the increments of the applied loads and ndt upon their total
values.' Therefore, the response'of the.plastic hinges, already
in the structure, to these load increments is exactly aé that

of real hinges. Details of the changes invthe stiffness matrix
of the frames with hinges and the corresponding unit load matrix
are given in the next section.

(vii) - Each time a new En is prepared, the inverse matrix trans-
formation (2.5) is carried out to calculate the new forces £

transmitted to the frames. Equations (2.5) are now in the form:

e - (G+FI) T (@p+a) . (2.10)
—T — ] —

. - FEE T - T S



system is unaltered but matrix (G + Fn) is nonetheless differ-

ent from (G + F).
(ix) - Once f 1is obtained, the new factors & , and Bn at each
junction are calculated from:- |

*nijy = fnij/pij

® o o ¢ » 0 (2.11)
and Bl’ll_] = gnl_]/pij

It is noticed that here and in equations (2.10), the values of

vector p or force pij are unaltered. This is because the actual

— o,

values of the external loads are immaterial in these calculation
and the original working loads can be used throughout.

(x) - Each frame is now treated independently to a fresh elasto-
plastic analysis to predict the lowest load factor for the
formation of the next plastic hinge in the whole structure. Each
existing hinge is now treated as a plastic hinge and the ﬁanner
in which this is catered for in the stiffness matrix and the
applied load vector is also given in the next section.

At each junctioﬁ ij of a frame, let fnij'and féij be re-
spectively the frame loads at the formation of the previous and.
current hinges in the structure. The load increment at this
junction is fnij - foij and the increment A4 pi ] in the external
load (acting on the structure) at this junction is given by:-

- - . .. (2.12)
A pij (fnij foij) /a nij ]

From this the applied load factor Kn_at the formation of the

current hinge is calculated. Once again, the smallest of these

obtained from all the frames is selected.
(xi) - The whole process is repeated until the determinant | K|
of the stiffness matrix for one of the frames becomés negative

e eai1re of that frame and hence of the structure



bility of each frame, failure usually takes place prior to the

formation of a mechanism either in one frame or in the structure
as a whole.
The iteration process, for tracing the load deflection

history of the entire structure up to collapse, is noticed to

be from one hinge to the next. No intermediate analysis between

the formation of two successive hinges is necessary. In this
manner, a considerable amount of computer time is saved.

Notice that because a general matrix is used for the stiff-
ness of the slabs and the shear walls, it is necessary to carry
out a fresh influence coefficient analysis for each hinge. This
is necessary in an accurate three dimensional analysis of the |
structure in order to detect the redistribution of the loads.
Davies (58) excluded the stiffness of the slabs in éy and Ox
directions. The stiffness of the slabs in Oy direction is far
too large to be neglected. Furthermore, the plane frame approach

of Davies excludes the use of any shear walls.

2.4 Load and Stiffness Matrices

To save computer storage, the overall stiffness matrix, for
a frame with hinges, is constructed in the manner recommended by
Majid and Anderson (23). Fig. (2.3) shows a part of this matrix
for the first three joints and three hinges near joints 1 and 3
of a frame. This matrix is simplified considerably by utilising
the orthogonal nature of the frames. When using the irregular
band width elimination metﬁod-of Jennings (20), only the portion
bound by the double lines is stored and operated upon.

The ma

trix is used repeatedly in two different manners.

Firstly, it is uséd when the influence coefficilent matrix F for

t 1 . P,



columns in the applied load vector is equal to the number of

storeys 1n the frame. Each load column consists of zeroes ex-—

cept for a unit horizontal load at the beam level of the floor.
The joint where this load is applied is always numbered first.
This is to simplify the scanning operation when specifying the
row number corresponding to a unit load. Thus, if Ji' is the
joint number at which the unit load is applied to frame i at

floor level j, the row number corresponding to the unit load is
given by:-

ij-1

I‘Jl = 3Jij — 2 + z fk e e s ene (2013)

where fk is the total number of hinges round joint k. In equa-
tion (2.13), the summation for Jij = 1 is disregarded.

For example, the unit load matrix for the two storey frame;
shown in fig. (2.4), is given as:i-

. 3

0 0 Joint 1

0 0
o
0O O ho
0 0
L = 0 0 Joint 2 - ceeee. (2.14)
0 0
_XM;___,

0 O Joint 3
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The supports of a frame are fixed and make no contribution to

the stiffness matrix. They are all numbered zero in (fig. 2.4).

Since each hinge at this stage is treated as a real one, its con-
tribution to the load matrix consists of zeroes which appear

under the headings h in equation (2.14).

During the elasto-plastic analysis, the matrix of figure

(2.3) 1is also used repeatedly. Qn this occasion, the loads are

presented in a single vector with the reduced plastic hinge

- / *
moments Mp , for the hinges appearing at the appropriate places
in this vector. These are shown as My My, etc., in figure
(2.3). The reduced plastic hinge moments M’'p are obtained from
equations (l.4a) and(Q.4b), for the universal sections. For the
rectangular solid sections, such plastic moments are obtained
from: -

4

Mp = (Zp ~ O.ZS‘X w2/B>fo_ cesesre (2.15)

where

W= =1/ fy. Here x is the.axial force in the member, Zp
the plastic section modulus ., B is the width of the section and
fv is the yield stress of the section.

The stability functions @2 - @5, shown in fig. (2.3), are
.calculated from current values of the axial loads in the members.
Suppose that the load factor at which a hinge develops in frame
s is M s, that for frame g is'W q, with » g being the lowest
lcad factor Mj,. For frames other than g, it is necessary to
recalculate by.simple prbportion the forces in every member for
the case when X = A4 is acting on the structure. Thus the

axial load x_ in memper m o f frame S at A 1s calculated from:-
V4 "\ '}\ « e s v s (2916)
Xn = Xm* L‘/ s .

B L e Frame S 1S subiject to A .
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2.> Elasto-Plastic Analysis of s Single Storey Structure

As an application, the simple structure shown in figure (2.5
was analysed. For experimental reason (see Chapter 5), the gril-

lage system 1s made of perspex consisting of two 12.7 mm thick

shear walls and a 7.94 mm thick slab. The frames are made of

12.7 mm x 12.7 mm black mild steel bars with Mp = 152.475 KN mm.
The overall dimensions of the complete structures are shown in
the figure with the slabs being 130 mm wide.

The result of the elastojplastic analysis of the structure
is shown in the figure by graph (1). The first two plastic hin—
ges developed in the central frame. These redﬁced the capacity
of the frame to sustain its share of the wind loads. More load
was thus transmitted via the slabs to the outer frames and the
shear walls. This caused the second set of hinges é and 4. to
develop in the outer frames. These too became more flexible and
threw the loads back to the grillage system. The complete struc-
ture finally collapsed at a load p = 1.696 KN after the forma-
tion of two more hinges in the central frame.

In figure (2.5), the elasto-plastic load deflection diagram
for one of .the bare steel frames is also shown. It is observed
that the carrying capacity of the complete structure is 66%
higher than that of the bare frame. This Structure was also an-
alysed by calculating the init.ialc"o value for the central frame
whiéh was then used in a rigid plastic analysis. This gave the

failure load for a sway mechanism as 1.56 KN indicating that %4

exaggerates the amount of load transmitted to this frame and

thus this analysis under-estimates the failure load. The ex-

perimental load deflection curve presented by graph (3) will be

L L,y st At em~nicecing the results ob-
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An investigation into the manner in which the value of o in
each frame deteriorates jis shown in figure (2.6). As the first

hinges develop, the load share of the central frame deteriorates

while loads transmitted to the outer frames increase. The fig-

ure shows that as plasticity develops in the outer frames, their

share of the load also dwindles.

2.6 Elastic—-Plastic Analysis of Two Storey Structure

For a further example, the two storey structure shown in
figure (2.7) was analysed. For experimental reason (see Chapter
5), the floors and the wails are fabficated from perspex con-
sisting of two 15.875 mm thick shear walls and two 7.94 mm thick
slabs. The frames are manufactured from 12.7 x 12.7 mm black
mild steel bars With a plastic moment of 122.56 KN mm. The over-
all dimensions of the structure are shown in the figure with the
slabs being 180 mm wide.

Figure (2.7) shows the results of the elastic-plastic
analysis of the structure. The first plastic}hingé took place
in the beam in mid floor of the central frame. This reduced the
load bearing capacity of the frame and,_thereforé, more load was
transmitted by slabs to the other ffames and shear walls. This
resulted in the development of a second and third set of plastic
hinges in the outer frames. Formation of these two groups of
hinges in the outer frames threw more loads back to the central
frame and caused the hinges 4, 5 and 6 to develop in frame 2.

These hinges again weakened the central frames and reduced 1ts

capacity of holding up its share of the loads, so more loads

were transferred to both shear walls and outer frames via floor

slabs. Consequently, hinges 7 and 8 developed in frames 1 and 3

. 2 & I T T
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This was followed by the formation of hinge 9 in the middle
frame, and hinge 10 in the outer frames. Eventually, the struc.
ture collapsed at a load of 1.207 KN at the top floor levels
after the formation of the 1lth group of hinges at all inter-
mediate frames. The last hinges developed in all frames sim-
ultaneously and led the outer frémes and then complete structur:
to failure. There were altogether.18 plastic hinges- in the
whole structure while the intermediate ffames had 6 hinges each,.
Graph (3) presents the experimental load--deflection curve of
the structure. This will be discussed in Chapter 5 in more
detail.

The elastic~-plastic load defléction diagram for cne of the
bare steel framés analysed independently is shown in figure (2.’
by graph (2). The bare frame had six plastic hingeé at collaps:e
and their sequence of formation is also shown with the hinge
patterns in the same figure.

In figure (2.8), the deterioration of o Values with the
formation of plastic hinges is shown. This is given only for
the top floor of the outer frames. It can easily be seen from
the figure. that whenever a hinge occurs in other frames the q
values increase and the outer frames take moré loads. - When a
hinge forms in the outer frames,then their o values decrease
since these frames become weaker than before.. For instance, th
first hinge developed in the central frame and caused a sudden
increase in , value 0.06 in the outer frames. On the other ha
the formation of hinges 2 and 3 resulted in sudden drops in q
as shown in the figure. It is shown in the figure that the for
mation of the 1lth group of hinges in the structure caused the

o emiia e Aron from 0.27 down to zero. At this stage, it can be
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said that these frames are no longer stable and cannot take

any extra loads at all.

2.7 Analysis of Large Structures:

2.7.1 Four Storey Structures

The first grogp.of examples in practical structures anal-
ysed by the proposed method consists of 3, 5, 7 and 10 four
storey single bay intermediate steel frames connected by rein-
forced concrete slabs of 152.4 mm thickness which are connected
at either end to two reinforced concrete shear walls of 304.8 mm.

In these examples, all the dimensions, the applied external
loads and the section properties of the intermediate frames are
the same. As an ekample, a structure consisting of 10 internal
frames will be given; Figure (2.9) shows the dimensions of the
structure and the frames as well as the working vertical and
horizontal loads, while the sectional properties of the frames
are listed in table (2.1).

Because of the stmetrical arrangement of the intermediate
frames, plastic hinges develop in pairs and symmetry is pres-
erved throughout the analysis. The‘full.effect of the axial
loads in reducing the stability of the frames and the plastic
hinge moﬁents of the sections was considered. The patfern of
hinge formation is striking. This is shown.in figure (2.9) where
it is seen that hinges spread from the interidr of the structure
outwards. The first two plastic hinges develop simultaneously
in the first floor beams of frames 5 and 6.

Altogether 66 hinges develop before collapse with a maxi-
mum of 8 hinges in frames 5 and 6. Only four hinges develop in
the outer frames. Collapse takes place before a mechanism de-

velops in any frame. This 1s because of the loss of stiffness of
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MEMBER SECTTION
BEAMS 406 x 178 x 60
GROUND FLOOR COLUMNS 305 x 305 x 118
OTHER COLUMNS 254 x 254 x 89
TABLE 2.1

SECTIONS USED FOR THE FRAMES OF THE FOUR
STOREY STRUCTURES




the frames due to axial load effects. All the hinges develop

in the beams because of excessive vertical loading. This also

indicates that while the vertical loads are transmitted to the
foundations, via the frames, most of the wind loads are trans-
ferred by the slabs to the shear walls. The failure load factor
of the structure at 1.83 is 22% higher than that of one of the
frames analysed independently. This frame collapsed with -10
hinges, also without the formation of a mechanism,

The results obtained from the analysis of the structures
with 3, 5, 7 and 10 intermediate frames are summarised and given
in table (2.2). This Table shows the load factors of the struc-
tures at collapse and the maximum number of plastic hinges
occured in one of the frames within the structure as well as the
load factor and the number'df plastic hinges at collapse of a
single'bare frame analysed individually. As can be seen in the
table, the load factors at collapse of the first three struc-
tures are found to be nearly the same which are 1.89 and 26%
higher than that of one of the bare frames analysed independently..
This is just because of the excessivé vertical loads actipg on
the intermediate frames.

2.7.2 Six Storey Structures

‘The second group of examples in pracﬁical structures consist
of complete structures with 3; 5 and 7 intermediate frames of
two unequal bays. Bay one is 6.098 m while bay two is 3.049 m.
The reinforced concrete slabs were'152.4 mm thick while the shear
walls were 3048 mm thick. The dimensions and the appliéd work-
ing loads and the sectional properties are the same for all the
frames. As an example, structﬁre consisting of seven inter-

mediate frames of two uneqgual bays, shown in fig. (2.10} will




Nanber of e | Foilure | Mprmm o, | fotel Nooof
Frames Ope Frame Structu;e
3 1.89449 6 16
5 ‘ 1.89022 8 36
7 1.89433 8 36
10 _ 1.82555 8 , 66
Bare Frame 1.50 : 10 iO
TABLE ?.2

ANALYSIS OF FOUR STOREY STRUCTURES




be given. The dimensions and the applied working loads are
shown in fig. (2.10) and table (2.3) gives the sectional prop-
erties.

Once again the structure collapsed before the formation of
a mechanism in any frame. Failure took place at a load factor
of 1.765 under combined loading with a total of 103 hinges as
shown in fig. (2.10). It is noticea that because of the sym~
metrical nature of the frames, due to unequal bays, the sway
deformations of the structure are aggravated and as many as 18
hinges develop in the columns. Thé failure load factor under
combined loading of the whole structure was onée again higher
than that of a bare frame by 24%.

The results obtained from the analysis of the structures
in this group are shown altogether in the table (2.4). This
shows not only the load factors, the total number of plastic
hinges developed in the structure and the maximum number of plas~
tic hinges in one of ‘the intermediate frames of the structure
at failure but also the number of plastic hinges and the load
facfor at collapse of one bare frame analysed independently.

As shown in the table,‘the collapsé load factor of the
structures with the increasing number of the internal frames
were found to be nearly'the same. This was, cnce again, because
of the excessive vertical loads acting on the-bare frames, and
also because of the horizontal loads, most of which are taken by
the floor slabs and transmitted to the shear walls. All struc-
tures in this group of examples collapsed before the development
of a mechanism in any of the frames.

To reduce the computer time, the facility of inserting more

than one hinge simultaneously was resorted to with bcth struc-




MEMBERS SECTIONS
2,7,12,17,22 305 x 165 x 40
4 254 x 146 x 31
Beams 9 254 x 146 x 37
U.B.
14 203 x 133 x 30
19,24,29 203 x 133 x 25
27 203 x 133 x 30
1,8,13 254 x 254 x 73
3 305 x 305 x 97
5,6 203 x 203 x 60
10,11 203 x 203 x 52
Columns 15 152 x 152 x 37
U.C.
16 203 x.203 x 46
18 203 x 203 x 52
20,21,23,25,26,28,30 152 x 152 x 37

TABLE 2.3

SECTIONS USED FOR THE FRAMES OF THE SIX

STOREY STRUCTURES




Tatermediate | Foilure | (BN Pin | of Ringes
Frames one Frame in Structure
3 1.76678 14 42
5 1.76794 14 68
7 1.76501 17 103
Bare Frame 1.42 16 16
TABLE 2.4

ANALYSIS OF SIX STOREY STRUCTURES




tures. At one time six hinges were inserted in the four storey
structure consisting of 10 intermediate frames and seven in the
six storey one with 7 internal frames. In figures (2.9) and
(2.10)it is seen that simultaneous hinge development takes place
in the early stages of loading. In the advanced stages nearer
collapse, hinges are inserted one at a time (two at a time to
preserve symmetry). Thus the accuracy of the analysis in the
advanced étages was not tampered with. |
Computer time is also saved by taking into consideration
the symmetrical arrangement of shear walls and frames. In this
case; only half of the total ﬁumber of the frames within the
structure is considered, including the frame on the axis of the
stmetry, if there is any. For instance, only five frames out
of ten frames are analysed- in the example on the foﬁr storey
structure shown in fig. (2.9), and four frames only are analysed

in the example on the six storey structure shown in fig. (2.10).

2.8 Conclusion

The carrying capacity of a building depends considerably
upon the relative stiffness of the grillage system and the
frames at all stages of the loading process. Investigatibn into
the variation of the load transmitted to a frame by evaluating
its a value (shown in figures (2.6) and (2.8)) indicates that,
as hinges develop, a proportibnal increase in the applied ex-
ternal loads does not lead to a‘similaf‘increase in the loads
carried by each individual’ frame. It is this fact that makes a
fresh calculation of o , each time a hinge develops, imperative.

Analysis oflthe large practical frames indicate that most
of the~wind‘loéds are transferred by the slabs to the shear

walls and then to the foundations. The vertical loads on the
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other hand are carried mainly by the frames. This was also

concluded by Creasy (55). However, with vertical loading, the
accdracy of the elasto-plastic analysis can be improved by in-
cluding the composite effect of the slabs and the frames. This

will be paild special attention later in Chapter 6.




CHAPTER 3

COMPUTER PROGRAMME FOR THE ELASTIC-PLASTIC ANALYSIS
@, OF COMPLETE BUILDING STRUCTURES

3.1 Introduction

A computer programme for the analysis of the complete
structures was written in Atlas Autocode. This computer pro-
gramme will be described and a flow diagram, together with the

steps followed will also be given in this Chapter.

3.2 Elastic Analysis of Structure

It should be noted that an elastic analysis of the structure
(51,52) is required in order to provide the data for the subse-
quent elasto-plastic analysis of the frames. This analysis gives
the external horizontal loads transmitted to the frame members
at each junction with the floor slabs. This also gives the in--
fluence coefficient matrix G of the grillage and the célumn vec-—

tor of (G P + a) of equation (2.5). The horizontal external loads

acting at each floor level of the frames and matrix G together
with (G p + a) have to be found in advance before an elastic-
plastic analysis can be carried out. The rest of the information

needed for the structure is obtained from the geometry and the

member properties of the structure.

3.3 Programme Data

The data is divided into two groups. One is the data con—
cerning the overall properties of the general structure. The
second is the data which is relevant to the intermediate frames.

In thé general data (Block 1 of figure 3.1), the symmetry
in the arrangement of frames and éhear walls is specified. If

there is a symmetry, then O is used to indicate the symmetrical




arrangement. Otherwise, 1 is used for the unsymmetrical arrange-
ment. The type of sections used are also defined, in case of
universal section integer 1 is indicated, while integer 2 in-
dicates that the sections are rectangular. The total number of
different sections used in the intermediate frames throughout

the structure is also read in as data.

The maximum number of joints, the maximum total number of
members in any of the frames, Young's Modulus of Elasticity of
steel, the applied tolerance, the unit load factor and the max-
imum number of plastic hinges expected to develop in the analysis
up to collapse are also fed into the data. Theée are fdllowed
by the total number of frames and the total.number of storeys
in the structure. A single load acting at one mid floor level
on the structure and the incremen£ to be used in the iterations
are also fed in.

The sectional properties of the different sections used in
the structure are given. For the universal sections a total of
7 properties are needed. These are the cross—sectional area,
second moment of area, the plastic section modulus and the othef
relevant constants given in the "safé loéd tables" (26). These
are used to calculate the reduced plastic hinge moments of the
sections. For the rectangular solid sections only five proper-—
ties are required for each different section. - These are the
width énd the depth of the séctions, apart from the cross-
sectional area, second moment of area and the plastic section
modulus of the sections.

Following the above information, the column vector (§'2'+_g)
and the influence coefficient matrix of the grillage system, G,

are fed in. The vector (G p + a) is of order (m x n) and G is




of order (m x n)2 where m, n are the total number of frames and
the total number of storeys respectively. The latter matrix is
full which generally has no zero elements. These two matrices
become large in size when dealing with large structures.‘ This
raises an important problem in solving equations (2.5) and (2.10)
by requiring extrémely large computer storage and time.

The general data of structure includes the above informa-
tion. The rest of the information will be given in the data for
the intermediate frames.

The second part of data,block 2 of figure (3.1) stafts
with the total number of real hinges, the totai number of joints
and the total number of the members. If there are any real
hinges in any member of the frame, then the number of the hinges
at one end (or either end) of the member have to bé stated.

The length, joint numbers of first and second ends and the
inclination of the members are given in the data. This is fol-
lowed by the -number of different section types used in each
frame. The external loads acting On.each joint, in turn, in z,
y and €y directions are also given in the form of a row vector.
This load .vector is of order (3mS + hsf where mg and hS are the
total number of joints and the total number of hinges in frame s.
The yield stress of each section is also fed into the data to be
used in the calculation of the reduced plastic section modulus
and hinge moments. The lowest joints of each storey of the
frame are also given. This is used in the construction of the
unit load matrix. In the second part of the data, the informa-

tion is given for one frame at a time.

3.4 Description of the Programme

Aftef feeding both the general and the frame data into the
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programme, the programme.procedure is commenced. For each frame
in turn the maximum size of the stiffness matrix and the other
arrays to be used throughout the analysis are found. If there
is no real hinge in the frame, then the hinge numbers at both
ends of the members are set to zero, otherwise they have to be
read in. The total number of plastic hinges that can possibily
form around each joint is calculated. This depends ﬁpon the
number of members connected to each joint. The lowest non-zero
joint connected to each joint is calculated and used in construc=-
ting the overall stiffness matrix.in the "subroutine stiffmatt”.
The locations of the elements in the "address éequence" are cal-
culated and the total number of locations fequired by the™main.
sequence" is determined. Meanwhile, the initial load parameter
is set to zero while'the current one is put equal to unity. All
these are preparations for the analysis (Block 2 of Fig. (3.1)).

By taking one frame at a time, the member forces are set to
zero so as to start the iteration towards the first plastic
hinge. By using the zero axial forces, the contribution of each
member to the submatrices Eaa’ Eba and Ebb are found. The stiffa
ness equations are solved by a techniqué given by Jennings (20),
(Block 4 of Fig. (3.1)). 1In the first iteration, the "stability
functions" and the applied load factér are taken as unity. From
this solution‘the resulting joint displacements are found which
are used in the calculation of the new member forces by using
equations (1.6). The reducéd plastic moment of the section is
found by equations (1l.4a), (1.4b) or (2f15) depending upon the
type of section used. These member forces and the reduced plas-
tic hinge moments are utilised in the prediction of the load

factor at which a hinge will possibly form in the frame. The
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load factor is predicted.by egn. (1.3), and the member axial
loads at this predicted load parameter are calculated by eqn.
(1.5). The predicted load parameter is compared with the cur-
rent load parameter. If this is within the specified toierance,
then a plastic hinge can be inserted in this frame. Otherwise,
the old load parameter is set to the current one, and the éur—
rent member axial loads are replaced by the predicted axial load
and a further iteration is started. By using new predicted axial
loads, the stability functions ¢2 ~ @5 are calculated. This time
the stability functions have values different from unity. The
overall stiffness matrix is constructed once again and solved to
yield the new set of joint displacements. -The new displacements
of the joints are used in the calculation of the member forces
which are utilised in the prediction of the new loaa factor and
the axial loads. If the predicted load‘parameter is within the
tolerance of the current load factor, a plastic hinge can form

in a certain member of the frame. -If noﬁ, this iteration con-
tinues until the predicted load parameter satisfies the tolerance
test. When the tolerance test is satisfied, then the predicted'
load parameter at.which a plastic hinge'will be inserted to a
frame and the location of plastic hinges are printed out with
‘the number of intermediate frames. The member forces are stored
for later use in the programme..

This is carried out for each frame in turn, and the loca-
tion of a plastic hinge with its load factor are printed out.
After each frame is analysed, the load factors at which each
frame may have oneplastic hinge each are compared to one another,
and the smallest load factor is found amongst them (Block 8 of

Fig. (3.1)). This lowest load factor is compared with the load
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factors for the other frames, (Block 10 of Fig. (3.1)). If
any load factors A\ g for frame s is within the stipulated tol-
erance to A L? then a plastic hinge is inserted to this frame
too, (Blocks 11,12). The factor7\-L is selected as the load
factor at which a plastic hinge forms anywhere in the structure.

If a plastic hinge is inserted to any of the frames, the
size of the stiffness matrix changes immediately. The plastic
hinge momeht is included in the load vector corresponding.to' |
this frame. The plastic hinge is included in the stiffness ma-
trix in the manner described briefly in Chapter (1). Inclusion
of a-hinge causes a change in.the number of locations required
to store the stiffness matrix and the locations of the "address
séquences". Hence, these are re-calculated and used in the re-
construction of the overall stiffness matrix. |

The inclusion of any plastic'hinges in any of the frames
results in a change in the behaviour of the structure. There-
fore, a new set of frame influence coefficients F, of equation
(2.10) is calculated (Block 14 of Fig. {(3.1)). To do this, the
unit load vector is constructed by considering one floor at a
time in a frame in the manner described in Chapter (2). ‘At this
stage, the overall stiffness matrix of the frames are obtained
by using zero axial forces in the members. . The equation F =
Efl L is solved as many times as thé number of storeys in each

frame. The solution yields the deflections at the lowest joint

number at each floor level in 2z , X and ex_directions as shown

in figure (2.2).
For the frame influence coefficient matrix I only the

displacements in the 2 direction arce required and these are se-

. . o 2
lected amongst the others. The metrix F,  1s OL order (m x n)—,




hglf of its elements are zerces. Only its non-zero elements
wi.thin the matrix En are detected together with their locations.
Once these are found, they are added to the elements within the
corresponding locations inside matrix G. In this manner, only
the non-zero elements with their locations are stored, and the
total number of locations required by En is highly reduced. At
each frame only the related parts of (G + Eﬂ) are found (Block
14 of Fig. (3.1)), and by analysing each intermediate frame in
turn, the construction of (G + F ) is completed (Block 15 of Fig.
(3.1)).

This is followed by a matrix inversion routine to obtain
(G, + Eﬂ)—l, (Block 16). This is used in solving equation (2.10)
which yields £he new sets of frame loads in’ (Block 17 in Fig.
(3.1)). £ is a column vector which contains n groqps and each
group includes m number of elements. Here m, n are the total
number of frames and floors‘respectively. The loads acting at
each floor level in each frame in turn ére selected from én and
they are placed into the new load array R which is of the same
order és the load array fed in the data. R is initially a null
matrix, eventually some of the zero elements in certain rows
which correspond to the lowest joint at each floor are substit-
uted by the actual values obtained from the load vector I

(Blocks 18 and 19 in Fig. (3.1)). The row numbers are found by:-
7—‘- . = 3J . - 2 . e 3 e e oo (3.1)

where Jri is the lowest joint at which one external load is app-

lied to a frame at floor r.
The new o values are obtained from the loads obtained by
using the equation (2.11), (Block 20 of flow diagram shown in

Fig. (3.1)). To find the « values at each floor, except the




top floor, the new loads.are divided by the single load given in
the general data of the structure. The value of a at a floor
level is found in the same way, but the new load at the top floor

is halved. The a values are placed in a matrix which is of

order m X n. Here m and n are the total number of the interme-
diate frames and the storeys in the structure. These values are
used in the calculation of the external loads at each hinge for-
mation.

The load array R is multiplied by a small increment spec-
ified in the general data and put on the load array L used in
the previous iteration' to commence the next itération, (Blocks
21 and 22). Before leaving this stage, it-must be noted that
for the next iteration, the'new member forces in each frame are
calculated from equation 2.9, (Block 13). To do this, the mem-
ber forces are recalled from the store and divided by the load
factor of the frame at this iteration aﬁd later multiplied by
A L of the structure. The iteratioﬁ pr&cedure is re-started all
over again.

The analysis continues ﬁntil one of the frames within the
structure loses its stiffness after the'formation of a suffici-
ent number of plastic hinges, but often before a collapée mech-
anism develops. At each hinge insertion to any of the frames,
the determinant of its overall stiffness matrix is checked. If
it is negative, then the analysis is terminated and the frame
number which loses its stiffness is printed out.

The horizontal external load at each floor level, in par-
ticular, the horizontal load at the top floor of the frame which

collapsed in the analysis is calculated and the load deflection

graphs are produced as in figures (2.5) and (2.7) for the anal-




ysis of the simple stfuctures. In these figures, the sequence
and the pattern of the hinge formation are also given. 1In
Chapter (2), a number of examples were solved by this computer
programme. In figures (2.9) and (2.10), the results obtained
from the analysis of large structures were shown, their load-

deflection graphs were given.

3.5 The Subroutine Stiffmatt

The subroutine stiffmatt is similar to that of Majid and
Anderson (23). It is modified to allow for the analysis of com-
plete building structures and its flow diagram is shown briefly
in figure (3.2). At the beginning of the subroutine, the total
number of storage locations is calculated for the considered fr-
ame and used in.defining the size of the arrays to be used in the
operation within the subroutine.

This subroutine is used for two different purposes. It is
used in the elastic-plastic analysis of the intermediate frames.
>Secondly, it is also used in the calculation of the frame in-
fluences coefficients Eﬂ at each iteration. In the second case,
all member forces are set to zero while the actual member forces
are being stored in the main programme is ﬁtilised. The stiff-~
ness matrix is formed by disregarding the axial forces, and the
stiffness equations (egn. 1.1) are solved by another subroutine
called "compact div" within thé "subroutine stiffmatt". To
carry out the elastic-plastic analysis, the actual member forces
‘are taken from their stores and used to construct the stiffness
matrix. In the solution of the stiffness eguations, the actual
load for a frame in quesfion is used. The "compact div" routine
is the same subroutine of references (23) and (24) which is

written to.solve the stiffness equations by a technique given Ly
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Jennings (20).

3.6 The Effect of Symmetrical Arrangement of Both Shear
Walls and Intermediate Frames

The symmetrical arrangement of both shear walls and frames
is allowed in the programme. This provides a rather important
advantage in the analysis of the structure. Only half the num-
ber of intermediate frames are considered. The frame on the
axis of symmetry being included. The total number of frames K;

to be considered in the analysis is caléulated by:i-

K = dint.pt (0.5 xn + 0.5) cecens (3.2).
wheré n is the total number of the frames within the structure.

The computer time and the total number of storage locations
réquired for such an analysis are considerably saved. On the
other hand, the time required for data preparation is also re-
duced, since only K number of frames are analysed, and their
data has to be prepared. In a symmetrical structure, the plastic
hinges appear in pairs as shown in figures (2.5), (2.7), (2.9)
and (2.10).

When constructing the (G + Eﬂ) matrix,_only the elements of
A corresponding to K frames are found and added to G. The whole
elements of (G + F_). are completed aufomatically from the sym-

metry consideration.




CHAPTER 4

EXPERIMENTAL WORK

4.1 Introduction

In order to test the validity of the computer programme,
a number of tests were carried out. The results obtained from
both the theory and the.experimental work were compared with
each other. Two different groups of tests were conducted. One
group was on one storey structures éonsisting of three frames
connected by floor slabs which were supported by two shear walls
at either end of the structures. The second group of tests were
o; two storey structures consisting of three frames. These
frames were connected to eéch other by floor slabs in the same
way as for the first group of tests. Altogether, fifteen tests
were carried out, eight of which were one storey strgctures, the
rest were two storey structures.

4.2 Preparation of the Structural Model

The frames were constructed from (12.7 mm x 12.7 mm) square
section black-mild steel bars except the frames in test 5B which
were made out of (9.525 mm X 9.525 mm) square section bars. At
each test, the frames were tried to be constructed from a single
par chosen for its evenness. A length of steel bar, long enough
for one frame, was taken énd the length of each member was mar-—
ked. The same ends having the same number were welded together
with a double V welding to form the frame. With this arrange-
ment, any possible difference in the cross—-sectional areas of
the members forming a joint was avoided. For the control test,
a bar of 508 mm length was cut out of the same bar which was

used to construct +he frames. At the floor level on the centre

line of the beam elements, a steel ring of 10 mm diameter was




welded for the application of the loads in vertical direction.
The length of the columns were made 50 mm longer than the columns
of other storeys. These extra lengths were used in fixing the
frames to the test bed mounted on Ehe labaratory wall, The
frames were fixed to the plates of the test bed by two steel
angles at the foot of each frame as shown in fig. (4.1).and
plate 1. Two 12.7 mm x 3 mm nests were engraved on the horiz-
ontal arms of the plates and the foqt of the frames were in-
serted in them. The two angles were then bolted together. The
other arms of the angles were bolted firmly to the bed plates
in order to provide the rigidness at the bases. This type of
connection is shown clearly in figure 4.1 énd plate 1. In test
5B of one storey structures, the same size of angles and con-
nection at the base were used, but the nests were of 9.525 mm'x
3 mm.

The shear walls and floors were manufactured from the
"Acrylic" perspex sheets in different thickness. The walls were
thicker than the floor slabs. The connection between the walls
and floors were made by using a special glue for perspex. A
strip of perspex was glued to the inside corner of each wall-
floor junction. This strip of perspex was bolted by means of
a number of (3 mm) bolts to the wall and the floor. 1In this
manner, a rigid connection was obtained. To provide the fixity
and avoid the cracking at the base of the walls, a striptof
perspex was glued to the base of the wall on either side. These
strips were of ( 50 mm x width of the wall). The overall length
of the walls were also made 50 mm longer at the.bottom storeyf
These extra lengths were used when fixing the walls to the base
plates. The base plates‘of the walls were made of strips of

bright mild steel angles. The foot of the wall, at which two
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strips of perspex glued on was inserted between two base plates
and were bolted firmly by using (12.7 mm) bolts at 50 mm centre
as shown in figure 4.2. The depth of these plates was 50 mm and
the thickness was 12.7 mm. The width and length could be any-
thing provided they were not less than the width of the shear
walls. The floor slabs were bolted to the beams by using 3 mm
bolts.

The model structure was fixed to the test bed. The fest
bed was made out of 25.4 mm thick steel plate. As can be seen
from Plate 2,.this plate was securely bolted to two I beams
runping longditudinally along‘the laboratory wall. It was con-
sidered to be important that no movement of the wall should be
allowed during the loading process. Therefore,'great care was
taken in ensuring that all the components were firmly bolted.

The frames were first fixed between the angles and the other arms
of the angles at the fQot of the frames and were bolted securely -
to the plate of the test bed. In order to set up the shear walls
for uniform fixity,.the walls were fixed between the angles and
the bolts were tightened. The other arms of the angles were
attached to the test bed with the same size of bolts as those
used in fixing the walls.

A Dexian frame was built and mounted,above the structure
to be tested, as can be seen in Plates 2 and 4. This was used
to hold the dial gauges M, W, G, N, H etc., in position in order
to measure the deflectionS~at each required point on the struc-
turé during the tests. This frame was fixed to the same two I
beams(bolted iongditudinally along the laboratory wall, to which

the plate of test bed was also bolted rigidly. Therefore, any.

movement of the labaratdry wall or test bed would have no effect
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on the deflections. The dial gauges were of 50 mm travel.

A piece of bright mild steel bar of 6 mm diameter, 50 mm long
was attached to the dial gauges to avoid the possibility of dial
gauges moving off the points where deflections were being re-
corded.

The loads were applied at each floor frame junction on one
side of the structure by using dead weights so that it provided
constant loading as yield and creep 'took place. No loads were
applied to the floor jdnction at the shear walls. While.test-
ing the one storey structures, the loads applied at each frame
junction of floors were such that a lever system at each loading
paint was required. The lever system used in the tests is ilius-
trated in figure (4.3) and also shownvin Plate 2. The le&er
arms were made from a 76 mm X 57 mm X 7;" R.S.J. and the lever-
age was 1:7. One end of each lever arm was anchored to the
anchorage girder which was a heavy universal beam polted securely
to the ground by using épecial grip bolts. To fasten the end of
the lever to the anchorage girder a high tensile wire of 2 mm
diameﬁer was used. The same size wires were also utilised in
transmitting the loads from lever arms to the loading points of
the structure. 1In tﬁis manner, the effect of any possible vi-
bration during the test on the structure was avoided. The loads
were applied at one end of the lever arms by using hangers with
| The dead weights applied to each lever were

a loading pan.

transmitted to the anchorage girder and to the loading points

through knife edges on the lever arms as can be seen in figure

4.3. The knife edges at both the loading point and the anchorage

end were placed just above the centre line of the lever beam,

and the third knife edge was located at one-seventh of the length
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from the anchorage end on the levers just below the centre line

By doing this, the loads were made to act exactly on the centre

line of the levers as shown in the same figure

At the loading points, one pin of 10 mm diameter and 100 mm
long passed through the holes of knife edges. The hanger was
looped around the same size of pin and those two pins were lin-
ked by two silver steel plates. . Those two pins were also passed
through the knife edges drilled through those two link plates.
The plates were 3 mm thick. The same size of pins and plates
were also used at the other knife edges. At the anchorage end,
one pin went through the hole of the knife edgé on the lever
arm. The high tensile wire went round the-neck opened on the
lower pin which was.connected to the anchorage girder as shown
in figure 4.3. The same type of conneétion was made between
the levers and the loading points on the structure. One pin,
as before, passed through the hole of the knife edge and the
wire looped around the neck on the other pin. The other end of
the wire went through the ring welded to the frames and was
clipped by using special grips. These two pins were linked to-
gether by two steel plates. The detailé of the lever arms and
‘full details of the connection points are shown in figure 4.3.

All plates and pins used in the load transfer from the
lever arms to both frames énd anchorage girder were hardened

by tempering in an oven. The knife edges on the levers were

also hardened. In this manner, the components of the connec-—

tions were prevented from being damaged during the test.

The lever arms were initially set up above the level, but

dufing the test, owing to the deflections, it moved downward.

If an adjustment was required, it could be conducted by using




the two 300 mm long in 12.7 mm diameter bolts utilised in linking

the lever arm to the anchorage girder. Such an adjustment could be

performed easily by turning the nuts on these two bolts. The

anchorage plate was of inverted U shape of 12.7 mm thick black-
mild steel plates which are shown in figure (4.3) and plate 3.
The adjustment bolts are shown in plate by C, D and E. In the
same plate A, B and L show the anchorage plates and K shows the
anchorage girder. One end of each bolt.was linked to thevotheré
by a solid steel plate and the other end connected to the anchor-
age plates. it should be noted that, whenever an adjustment was

performed, the dial gauges were reset and a new set of readings

were recorded.

4,3 Testing Procedure

After setting up the model structure on the laboratory wall
(see plates 2 and 4), the Dexian frame with dial gauges were
fixed 'ébove the model. First zero readings were taken, then
the lever arms were set up. at each loading point and the load-
ing pans, with hangers were located on the levers. All moving
parts used in transmission of the loads were oiled to reduce
friction. Then a new set bf readiﬂgs'were taken.‘ In thié way,
the self weight, including the loading hanger with the pan,
plates, pins and lever arm were taken into account. The effect
of these was magnified owing to the 1:7 leverage ratio of the
value of the self weight of the lever

system. The magnified

arms was calculated as 46 kgf., which was the magnitude of the

load transferred to a frame via the high tensile wire. There-

fore, in effect, ét each loading point on the structure, 46 kgf.

was applied at the start of a test.

The loading procedure was- started by using an increment of







4 kgf., which was magnified to 28 kgf., and passed to the lcoad-
ing point on the frame. This increment was gradually reduced
té 2 kgf., 1 kgf., and eventually %o 0.5 kgf., at each pan as
vield progressed and collapse became imminent. fter each load-
ing, before taking the new sets of readings, the dial gauges
were left for a while until they became steady. That is to say,
the dial gauges were left for some ten minutes, at least, in

the elastic range, and half an hour after yiecld progressed. The
readings were taken only when the movement of the dial gauges
had slowed down to one division (0.0l mm) per minute. The lcad
deflection grabh of the centre frame on the top floor ievel was
plofted. Before applying another load, the readings were checked.
If there were any slight difference with the previcus readings,
the average of the two readings was used. Whenever yield com-
menced at any joint on the frame, this Qas ncted. The occurance
of the plastic hinges_was traced by observing the cracks on a
film of plumber's resin which had been put on both ends of the
members of each frame. However, this manner of follpwing the
sequence of‘plastic hinge formation was not very satisfactory.
At some'tests, the resin was too thick, therefore, the detection
of the plastic hinges was found to be difficult. But at col-

lapse, all plastic hinges were obvious and could be seen clearly.

Tn the tests on the two storey structures,; the loads were
applied by hangers at each floor level on the frames as shown

in plate 4. No loads were applied to the shear walls.

Load procedure was commenced by using an increment of

20 kgf. on the hangers of the first floor and 1C kgf. on the




hangers of the second floor of the frames. .This initial incre-
ment was reduced to 10,8,6,4,2 and 1 kgf. on first floor
and correspondingly 5,4,3,2 and 0.5 kgf. on second floors as

yield commenced and eventually failure became imminent.

4.4 Control Tests

At least two specimens for each tést, cut out from the
same bars used to manufacture the intermediate frames, were tes-
ted. To carry ou£ such tests, a loading device, seen in figure
4.4 and plate 5, was utilised. The specimens were of 508 mm
(= 20" ) 1long and rested on two supports 457 mm apart. They
were loadéd in one-third points along the bar. The loads were
applied on a hanger looped around a knife edged hole drilled in
a plate 140 mm x 70 mm. A pin, 20.00 mm ($") in diameter and
made out of silver steel, passed through a second knife edged
hole drilled at the top end of the plate. Both ends of this pin
were linked to one-third points of the test specimen by using
two more silver steel plates as seen in figure 4.4 and plate 5.
The loads acting on the hanger were transmitted to the linkage
plates and the specimen through sharp knife edges opened on the
plates as shown in the'éame figure. The specimens were suppor-
ted on a knife edge (shown as."Z" in plate 5) at one end and on
a roller (shown as "R" in the same plate) at the other. The
loads were initially applied in increﬁents of 16 kg.f. to the
load pan which was gradually reduced to 8,4,2,1 and eventually
to 0.5 kgf. as the plastic hinge in the section of the span
between the loading points was about to form. Between each
loading, ample time was given for the dial gauge to settie.
When the gauge settled to a constant rate of 0.01 mm per minute,

then the next load was added. The dial gauge was located at mid
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point of the specimen. After recording each dial gauge reading,

the load-~-deflection graph was plotted. One of the typical load
deflection diagrams obtained from a control test carried out for
test 4 of the one storey structure ié shown in figure 4.5. The
same control tests were performed on the specimens cut out from
the frames after testing the structure to.collapse. One bar

cut out of the undistorted part of ecach frame was subjected to
the control. test. By taking the average of the results obtained
from the éontrol tests carried out for each structure, the plas-
tic moment, Mp . and the corresponding yield stress, fy, of the
members were calculated. The irregularities of the members were
1ot taken into consideration in the theoretical calculations.
However, the variations in the cross-section of the members were
avoided by using the values of the plastic moment and vield
stress obtained from the control tests. Extreme care was taken
in the selection of the members to be as nearly perfect as pos-
sible. The magnitude of deflections at collapse were such that,
the effect of untrueness was negligible.

The value of Young's Modulus of Elasticity was obtained from
the tensile test on at least two specimens cut from the frames
used in the same tests. The average value of the test results
were taken into account in the calculations.

It should be noted that no control tests were carried out
to find the mechanical properties of "Perspex". It has already
been emphésised +hat the mechanical properties of "Acrylic"
perspex depend markedly upon the temperature at which they sre
measured. In reference (72); the mechanical properties were
given at 20° Cc. In the analysis, Young's Modulus of Elasticity

in flexure was taken as 2.943 KN/mm2 as given by the manufac-
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CHAPTER 5

EXPERTIMENTAL INVESTIGATION

5.1 Introduction

To verify the method described in Chapter (2), a series
of tests were carried out on single storey and two stbrey struc—
tures. The shear walls and the flocr slabs were made of per-
spex sheets of different thickness. The frames were fabricated
from 12.7 mm x 12.7 mm black mild steel bars. The values of
plastic moment of the sections and the Young's Modulus cof Elas-
ticity were found from the control tests cérried out on the bars
cut out of the frames used in the tests. In this Chapter, the
results of the tests performed will be given and compared to the

computed results.

5.2 Results of the Tests on Single Storey Structureé

To cover a spectrum of possibilities, eight structures were
tested. The overall dimensions of these were kept constant like
those given in figure (2.5), but other properties were varied
as shown in table (5.1). Structures 1A and 1B were manufactured
to be identical so as to examine the consistency of the appar-
atus and the test procedure. These failed exactly under the same
loads. Both structures failed by slab buékling at loads lower
than the elasto—plastic analytical values. A discrepancy of
17% was observed with these structures.

The method described in Chapter (2) does not cater for
buckling of unstiffened thin slabs but these are not used in
practice. The thickness of the slabs in structures 2 and 3 was
therefore increased. Both structures gave very favourable re-
sults. The overall dimensions of structure 2 are shown in the

figure (5.1) with the slabs being 130 mm wide while the other
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properties are varied as shown in table (5.1). The results of

the elastic-plastic analysis of the structure is shown in the
figure by graph (1). The first three plastic hinges formed in
the middle frame which became so weék and unable to maintain its
share of the wind loads. Hence, more load was transmitted to
the outer frames by means of the floor slébs. This caused
hinges 4, 5, 6 and 7 to develop in the external frames consec-
utively. Structure 2 collapsed with fsilure mechanism develop-
ing in fréme 1 and frame 3 at a load of 1.74 KN. In figure
(5.1), the experimental load-deflection graph was shown by
“graph (2). The model structure collapsed at a load of 1.58 KN
owing to excessive buckling in floor slabs. The structure col-
lapsed after the occurance of a sudden crack along the floor and
one of the outer frames intersection as shown in plate (6). The
formation of the first two hinges in the central frames were
traced by cracks occuring on the resin film on the frames.
Hinge (1) was visible at a load of 1.373 KN and hinge (2) was
visible at a load of 1.451 KN. In the outer frames‘only hingé
(4) was traced which was clearly apparent at a load of 1.550 KN.
After that point, the floor slab buckled extremely and led the
structure to failure. Therefore, the rest of the hinges were
not traced. Structure 2 proved to be 9% too weak.

The rigid plastic collapse load for a‘sway mechanism is
' 1.709 KN which is 1.7% below the computed collapse load. The
deterioration of & values with the formation of the plastic
hinges is shown in figure (5.2). It can be seen in the figure
that the development of the iast hinge in the outer frames
alue to drop down to zero indicating that those

caused the o V

frames lose their stiffhess at this stage, and are not able to

hold up their share of the loads.
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The thickness of the floor slabs were iﬁcreased to 7.92 mm
in structure 3. The rigid plastic collapse load for this struc
ture was calculated as 1.56 KN which was 8.7% and 8.1% lower
than those of the computed and the éxperimental collapse loads
respectively. The results obtained from the various analjsis

of this structure are summarised in table.(S.l) and the related
graphs are présented in figure (2.5). The structure collapsed
at the expected theoretical value. The variation in the

values of this structure was given also in Chaptef (2) by figure
(2.6).

The slab thickness was agaiﬁ increased for structures 4A
and 4B while for structures SA and 5B the thickness of the slabs
as well as the shear walls was increased further. Structures
4A and 5A both failed at loads much higher than those predicted.
It was obvious that with grillage systems as thick as these,
it is possible to reduce the number of the intermediate frames.
Thus structures 4B and 5B were manufactured with two interme-
diate frames instead of three. In this manner, while kéeping
the thickness of the perspex unaltered, the relative stiffness
of the slabs was reduced by increasing their longitidunal spans
from 300 mm to 400 mm. The load deflection graphs thained
from experimental and theoretical analysis are shown in figure
(5.3). The experimental results of structure 4B compare favour-—
ably with those obtained theoretically. The rigid-plastic col-
lapse load for a sway mechanism in the middle frame was 1.706 KN.
"This was found to be lower than both the experimental and the:
theoretical values. The deterioration of the a values with
the formation of the plastic hinges is shown in figure (5.4).

The formation of ﬁlastic hinges in the structure throughout the

analysis was traced up to failure. Altogether, four plastic
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hinges developed. During the testing, the formation of the

plastic hinges were not traced successfully. At 1.55 KN. hinge

(1) was visible. Number 2 hinge was not traced because the plu-

mber resin was too thick. Yield was observed around the top

ends of the columns at 1.687 KN. Hinges numbered 2, 3 and 4
were visible at 1.824 KN. The structure failed at 1.893 KN,
while the theoretical collapse load was 1.824 XKN. A difference
of 3.8% was observed with structure 4B.

With structure 5B, the experimental results compare favour-
ably with those obtained theoretically. . In structure 5B, the
frames were also weakened by manufacturing them from (9.525 x
9.525) mm2 black mild steél bars. In this teSE, alsc the plas-
tic hinges were clearly visible before collapse took place.

The model structure collapsed at a load of 2.545 KN. With struc-
ture ‘5B, a-discrepancy of 5.83% was observed. Excessive buck-
ling of floor slabs was also observed.

Both structures 4A and SA collapsed with failure mechanism
developing in the outer frames rather than the central one.
There were as many as 10 hinges in each structure and consider-
able strain hardening was observed. This was particularly the
case with the outer frames where the spread of plasticity was
noticed along the columns. With the simple structures tested,
where collapse takes place at the formation of a frame mechanism
and with no instability effects or any reduction in Mp due to
the axial forces, it is possible for strain hardening to play

a significant role. However, this effect is much less with

larger and taller structures where failure takes place by a pre-

mechanism collapse. Structures 4B and 5B with 8 hinges at

collapse also demonstrated strain hardening but to a lesser

extent.




5.3 Results of the Tests on Two Storey Struetures

The intermediate frames in alil tests were made out of
12.7 mm x 12.7 mm black mild steel. The length and the height
of the structure were 1200 mm and were kept censtant throughout.
But other properties were varied as shewn in table (5.2). .There
were altogether three intermediate frames.in each model struc-
ture. Altogether seven structures were tested to collapse. The
results obtained from both computer analysis and the experiments
are also summarised in the same table. While carrying out the
tests, there were no loads applied to the shear walls. Shear
walls and floor slabs were fabricated from "Acrylic Perspex"
sheets of various thickness. The ratic between the external
loads applied to middle floors and the top floors of the struc-
ture was 0.5. ”

‘In the first test the width of the structure was 200 mm
with the other properties shown in table (5.2). The test was
carried out in the manner outlined in the previous Chapter. The
experimental load-deflection diagram of the structure was shown
in figure (2.7) of Chapter (2), and as can be seen in the figure,
the experimental collapée load of 0.79 KN was lower than that of
the predicted load of 1.207 KN. This is because of the thin
slabs used in the structure which.resulted in their buckling.
During the test, at the load of 0.49 KN at.the top floor level
and 0.98 KN at mid-floors, a crack was observed in the floor

slabs connecting the middle frame to the outer frames. This

crack later propagated and speeded as the loads were increased.

Before collapse took place a considerable creep was observed

in the perspex. The model structure collapsed at a load of

0.79 KN at the top floors and 1.58 KN at mid-floors. Just before

collapse, the hinges at the feet of the centre frame were V1iSili-




ble. The formation of the rest of the hinges were not followed
= : : =My

since the film of plumbers resin put on the frames appeared to

be too thick. However, all hinges were visible after collapse.
The failure of the structure was disastrous as shown in the
Plate 7.

The dete;ioration of the g wvalue at'the top floor of one
of the outer frames were illustrated in figure (2.8), and the
result obtained from the elastic-plastic analysis of the struc-
ture was presented in figure (2.7) of Chapter 2. Therefore,
there is no need to make further comments on them.

By employing the same thickness of walls and floors, the
width of the structure was increased byv50 mm in structure 2 and
by 100 mm in structure 3 to find out the effect of the width
change on the éollapse load of the structure. In structures 2
and 3 the buckling of the slabs, especially in the middle storey

floor slabs was experienced as shown in Plate (8). Failure,

however, was finally caused by the occurance of cracks in mid-

floor slabs. The results of structures 2 and 3 show that an
increase in the width of the structure may'cause the early fail-
ure of the structures, ' since the grillage system becomes tif-
fer and attracts most of the loads. At any stage of the
loading procedure, buckling in slabs may take place and lead to

the occurance of cracks and consequently the collapse of the

whole structure.

The effect of the variations of both floor and wall thick-

ness was studied in structures 4, 5, 6 and 7. Struc-

tures 4 ahd 5 were similar to that of structure 2. The

e middle floor was

only difference was that the thickness of th

increased to 12.7 mm in structure 4 and 15.88 mm in structure

5. The second floor slabs were kept at the same thickness as
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that for the previous structures. Both strﬁétures collapsed

after the occurance .of cracks at one of the bases of the shear

walls and at the junction of the wall with the middle floor

This showed that an increase in the thickness of the slabs di-
verted most of the loads to be transmitted via floors to the

walls. These“structures failed due to thé development of large‘

shear forces in the slabs and the walls. As mentioned in the

previous Chapter; the shear walls were fixed to the test plate
by bolted clamps. Large shear forces may causé a considerable
stress concentration around the holes of the bolts at the wall
bases. This can also cause a crack around the holes and an
eafly fallure of the complete structure.

To reduce the discrepancy between the computed and the
experimental collapse loads, it was decided to increase the
thickness of the walls, and structures 6 and 7 were tested.
The thickness of the walls in structure 6 was 20.00 mm. The
floors, howevér, were kept to be of the same thickness as in
structure 4. This structure collapsed at a load of 1.373 KN
with shear cracks developing ‘at the bases. Structure 7 Qas
similar to structure 5 except the walls were 20.00 mm thick.

No much improvement was gained from this test. Premature col-

lapse was observed in both structures 6 and 7. Structure 7

collapsed suddenly at a load of 1.667 KN due to the development

of a shear crack at the base of one of the walls. Structures

6 Vand 7 showed that increasing the thickness of the walls

may reduce the gap between the experimental and computed col-

lapse loads. It should be noted that in the above tests carried . ‘

out on two storey structures, it was found impossible to de-~-

termine the optimum thickness of both wall and floors to pro-

vide the simultaneous failure of slabs and framesS. With struc-




tures 6 and 7 discre i o -
pancies of 46% and 40% were obltained. These

are far above the experimental collapse loads

5.4 Conclusions

From the tests carried out on single and two storey struc-

tures, the following conclusions may be drawn:

(1) =~ The carrying capacity of a building depends considerably
upon the relative stiffness of the grillage system and the frames
at ail stages of the loading process. Investigation ihto the |
variation of the load transmitted to a frame by evaluation its q
value indicates that, as hinges develop, a proportional increase in .
the’applied external loads does not lead to a similar increase -in
the loads carried by each individual frame. This can be seen in
the figures.

(ii) - In the case of thin slabs,.failure of a structure may

take place by the buckling of the slabs, but thin slabs are
impractical unless stiffened by cross beams which add to the
construction cost. With thicker slabs, it is not so easy to
select the geometry of a bﬁilding to ensure a simultaneous fail-

ure of the slabs and the frames.

(iii) - Two storey structures with thin plates collapse at an
early stage of the tests due to excessive buckling of the floor

slabs. Buckling and large shear forces occur along the floor

beam intersection and may cause- cracks in the slabs. This can

lead the structure to failure promptly.

(iv) — The stiffness of the grillage increased with the increase

in the width of the structure. This was confirmed by the re-

duction in the initial ao values obtained.

(v) - With thicker walls, the structure may take much more loads

repancy observed between the theoretical and

and reduce the disc




experimental collapse loads. It was observed that, with thicker

walls and floors, collapse may occur due to high shear stress at

the wall bases or anywhere in the grillage system.

(vi) - Comparison of the results also showed that the effect of
the grillage system on the load carrying capacity of the struc-
ture is considerably high. This could easily be seen in tables
(5.1) and (5.2) by comparing the results obtained from bafe
frames analysed independently.

A(vii) - Torsional buckling of walls and slabs was also exper-
ienced in the tests. This may cause the premature fallure of
the structufes as well. | |

(viii) — Considerable creep wés also observed in all tests. This
may cause the discrepancy between the theoretical and experi-

mental deflections of the structures.
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THE COMPUTER PROGRAMME FOR THE COMPOSITE ELASTIC—PLASTIC

ANATLYSTS OF THE FRAMED STRUCTURES

6.1 Introduction

This Chapter describes the development of the clastic-
plastic analysis programme by Anderson (24) to analyse skeletal
frames by taking the composite action between floors and the
~supporting beams into consideration. To do this, Anderson's
programme 1s modified and the plastic moment of the composite
section is obtained by making use of the‘formulaes (68) given in
Chapter (1). Previous work carried out by Majid (68) on the
composite action of continuous beams and slab floor systems was
described briefly'in section 1.3 of Chapter (1). A brief review
of the work done by Anderson (24) was also given in the same
Chapter (section 1.1). |

Later in the Chapter, a few examples taken from practical
structures are given in order to demohstrate the advantage gained
in the load carrying capacity of the frames by the inclusion of
composite action. In these examples, the effect of slab rein-
forcement on the plastic composite moment of the section and the
composite action in the columns are ignored..

The elastic-plastic analysis programme of the complete

building structure described in Chapter (3) is also modified to

allow for the inclusion of the composite action. 1In this Chap-

ter, the effect of composite action in the cqmplete building

structure is also studied. By the modified programme a number

of examples taken from the practical structures were analysed

to exhibit the advantage gained DY the inclusion of such an

effect on the carrying capacity of the structures.




6.2 Description of Analysis Programme

At the beginning of the data, it is indicated whether

composite action is being taken into consideration in the anal-

ysis or not. To do this, (0) is used to show that the composite

action is not being considered. In this case, a normal elastic-

plastic analysis (23,24) is carried out. Otherwise, an integer,
for instance 1, is used to indicate that the composite action
will be considered. Following this, the effective width of floor
slabs, thickness of slabs and the cube strength of concrete are
fed in. In tbis part of the data, the tctal number of load
cases to ke considered in the analysis, and the type of section
used in the frames are included.

The general frame data consists of the total number of
joints, total number of members, Young's modulus of elasticity
of steel, applied tolerance, the unit working load factor, and

the total number of plastic hinges expected to form in the frame.

The rest of the information required for the analysis is obtained-

from the frame geometry.

The computer programme is written in Atlas Autocode -
Chilton - Didcot and its flow diagram ig shown in figure (6.1).

Each block of this is labelled from 1 to 26. By following the

same programme procedures of references (23,24), the contribu-~

tion of each member to the submatrices of the overall stiffness

matrix is constructed and stored in the manner (23,24) which was

briefly described in Chapter 1 (section 1.1). The stiffness

equations (1.1) are solved to obtain the resulting joint dis-

placements. These are used to calculate the new sets of member

 forces from equation (1.6). New member forces are used to pre-

dict the load factor for a plastic hinge.




In the calculation of plastic moments df the section, the
?

member 1s checked whether the composite action is being consid-

ered. If it 1s not, the plastic moment of the section is found

by equation (l.4a) and (1.4b). If it is, by checking the sign
of the bending moments at each end of the members, it is decided
whether composite action is present at these ends. In the casé
of the composite action, the plastic composite moment of the
section is calculated by any of the equations given in Chapter
(1) (section 1.3), depending upon the location of the plastic
neutral axis within the section.

It must be noted that when a beam ié subject to a sagging
moment and the slab is in compression, the plastic hinge moment.
of the beam is increased substantially. On the other hand, hog-
ging moments cause tension in the concrete slab and thus the
plastic hinge moment of the beam is considered tc be unaffected
in this case. Thus each member has two different plastic hinge
moment values Mp and Mpc. It is possible that the beam can be
subjected to a sagging moment at one end and a hogging momentv
at the other end. The composite plastic moment of a section is
considered when sagging moment is present.

The same iteration procedure of Majid and Anderson (23) is
utilised and iteration-is continued until the predicted load
parameter satisfies the tolerance test. A>hihge is then recor-

ded in the member data and + plastic hinge moment of the sec-

tion is included in the load vector. The prediction of load

' . : 1 re carried out in
parameter and the axial- forces 1n the members a

the manner which was outlined briefly in Chapter 1 (section 1.1).

These predicted axial forces are used in the re-construction of

the stiffness matrix in the next iteration. The value of pre-

') 03 m__
dicted load parameter 1S increased by a specific amount to co
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mence the search for the next plastic hinge;. The overall stiff-

ness matrix 1s re-constructed by using the axial forces, and the
) cces,

cerminant ich is che i
det t of which is checked. The analysis is terminated

when a negative determin i inec i

ant is obtained, which means that at
this load parameter the structure loses its stiffness
6.3 Examples

6.3..1 Analysis of Four Storey Frames

The first practical structure analysed by considering the
effect of composite éction is the four storey structure analy-
sed in Chapter (2). As mentioned earlier in that Chapter, the
structure may consist of various numbers of intermediate steel
frames connected by reinforced concrete slabs of 152.4 mm thick—
ness which are connected at either end to two reinforced con-
crete shear walls of 304.8 mm thickness.' The intermediate fra-
mes in this example are arranged at equal spacings of 9.144 m.
One of the intermediate frames is taken out of the structure to
be analysed elastic-plastically by taking the composite be-
haviour into account. The effective width "b" of the floor
slabs is taken to be of 9.144 m. The composite aétion is con-
sidered only in the beaﬁs while it is ignored in the columns.
The cube strength of the concrete is taken to be of 2.06 KN/mmZ.

The isolated frame is first analysed under vertical loading.
The dimensions of the frame and the working vertical loads are

shown in figure (6.2). The sectional properties of the frame

were as listed in table (2.2).

The computer analySis shows that the first plastic binge

formed at a load faétor of 2.07. The structure collapses at a

load factor of 2.98851 after the formation of the 8th hinge be-~

. ; .
fore a mechanism developes in the frame. Most of the hinges,
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seven in all, formed at the ends of the beams. The beam in {
3 X . 1 the

top floor has 2 hi
p i one hinge at one end, number 7 hinge. The form-

1 a (.d_n ..._n(__r & v

factor from 2.44017 to 2.98851 at which the eighth plastic hinge

formed at the mid-span of the roof beam. This resulted in the

collapse of the frame. The vertical deflections of the roof

beam at mid-span are plotted against the load factor at each
hinge formation. Figure (6.2) shows the load~deflection graph
and the plastic hinge pattern at coliapse.

The same frame was analysed once again by ignoring the
effect of composite action. The first piastic hinge occurs at
the mid-span of the top floor Beam at a load factor of 1.51 which
is lower than that of the first plastic hinge in composite frame

by 37%. This time the frame collapses at a load factor of 1.80
which is 66% lower than that of the frame analysed by consider-
ing the composite action. This frame collapses with six hinges
also without the formation of a mechanism. Four of the hingés
formed at the mid-span of the beams, the other two hinges formed
at the ends of the top floor beams. It is noticed that while

failure of the non-composite frame takes place at a load factor

of 1.80, the composite oneis still linear. The load deflection

curve and the hinge pattern are shown in the same figure.

Secondly, the isoiated frame is analysed under combined

loading. Altogether five hinges develop in the frame. Filgure

(6.3) shows the load-deflection graph, hinge patterns and the

sequence of hinge formation. The applied working loads are also

shown in the figure. As expected, four of the hinges develop

After the formation

around the column junctions of the beams.

of the fourth hinge at one end of the top floor beam, a consid-

observed in the 1oad factor. This leads to

erable increase 1s
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i
the formation of the fifth hinge at the mid-span of the second
. ~ n

floor beam at a load. factor of 2.33804 which causes the collapse

of the frame. This load factor is 55.87% hicher than that of

the frame analysed by ig i . R . .
¥ Y i9noring the effect of composite action.

This latter frame collapses after the formation of the tenth

hinge at a load factor of 1.50. ‘Altogether four hinges formed

at the mid~spans of the beams and three hinges developed at the
columns. The rest of the hinges develcped at one end of the

first, second and third floor beams. The hinge pattern is shown

in figure (6.3). Both composite and non-composite frames col-
lapsed without the development of a mechanisn.

6. 3.2 Analysis of Six Storey Frames

The second practical structure analysed by the programme
is the 6 storey structure analysed in Chapter (2), which also
consisted of varying numbers of intermediate frames of two un-
equal bays. The reinforced concrete slabs were 152.4 mm thick.
The arrangement of the frames are made at equal spacing of 2.l1l44m..

One of the intermediate frames is isolated to be analysed in-

dependently by considering the composite action between floors
and the supporting beams. The effective width of the slabs is

9.144 m. The "Uc", cube strength of the concrete 1is taken as

2.06 KN/mmZ.

First of all, the frame is analysed subjected to vertical

loads only. The dimensions and the working applied vertical

loads are shown in figure (6.4). The sectional properties of

the frame were as listed in table (2.3).

The frame collapses at a load parameter of 2.55632. Alto—

S in
gether, 21 plastic hinges developed before collapse as hown i

en of the plastic hinges developed around the

figure (6.4). Elev

i i at the
column junctions of the beams. The ninth hinge formed
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mid-span of the beam in the third floor at the wider bay at a

toad facto; of 2.12920. Nine of the hinges formed in the col
[y ne 4 e —

umns. The development of the twenty-first hinge in one of the

columns of the third storey caused the failure of the frame

The failure load factor under vertical loading of the frame is

higher than that of the same frame analysed by ignoring the
effect of composiﬁe action, by 45%. This latter frame collapsed
with fourteen hinges, also without the development of a mechanism.
Tts load-deflection graph and the hinge patterns are also shown
in figure (6.4). At the load factor of 1.45916, the first hinge
occurred in non-composite frame while the composite frame was.
still elastic. This load factor is 22.7% lower than that of the
first plastic hinge in the composite frame. There were two hin-
ges in the columns, six hinges at the mid-span of the beams and

a total of six hinges around the column junctions of the beams.

At the collapse load factor of non-composite bare frame, 1.76735,

the composite frame was still elastic.

The same frame was also analysed under combined loading.

This time, the frame collapsed at a load factor of 1.86917 with

fifteen plastic hinges. There were no plastic hinges at the

mid-span of any beam and all the hinges formed aroung the beam-
column junctions. It is noticed that because of the unsymmetri-

cal nature of the frame, the.sway deformations'of the frame are

agravated and as many as five hinges develop in the columns.

The failure load parameter of the frame with composite action

is, once again, higher than that of the frame without composite-

[ i 1-
action, analysed individually by 33%. This latter frame co

lapsed at a load factor of 1.40620 with sixteen hinges as shown

in figure (6.5) At the collapse load factor of the non-composite




~
-
2
v
v
G
3
L
2.0
. s |
e—521.86917
bare frqvng-(cmpoan) /’5/’;/
" ' 4 _ ‘
1-5
; 8.0 42.0§ 14. 05
) g 4.40620 S6.02. | 29.01
13 top £ 6.c | 1% *
6 ‘ op floor —5 i !
' loading KN |
’ 56.02 8403 1801
* other fleor H2.04 | 5609._l
ioading kKN l_glg'[ ], . I
bare frame L
Cnor\- C»Omposifa)
(.
PU— 3144,”___,;
T Gy 2
13910 ‘4
16 N
o 5798 9
®
t L e
9§ 915 191 6
o
S man o
2 97 4
o !
)
%@ L 1L
M ke - ) .
bare frame hinges
bor%coﬁ‘r;?sq‘x:)mgcs {non mm?oswa)
40 ot »
~ S " Sway at roof (mm)
" inad  loadine
Fig. 6:56 Six storey frame (combine ‘ g)

>




frame, there were only seven hi
First four hinges deve

same load factors.

6.4 The Effect of the Composite Ac

Building Structures tion in the Complete

By the modified elastic-plastic analysis programme of the

complete building structures, a number of examples are solved

to demonstrate the advantage gained, by the inclusion of the
composite action, on the load carrying capacity of the structures.
The sample structures analysed by this programme are the
four and six storey structures analysed in Chapter (2). The
effective width and the thickness of the slabs, and the cube

strength of the concrete are the same as those given in Section

6.3.

6.4.1 Analysis of Four Storey Structures

In this group, four separate analysis were carried out, by
taking the structure with different nﬁmber of internal frames
each time. The results obtained from the analysis are tabulated
and summarised in table (6.4). The table showé the load, the

maximum total number of hinges in both structure and one frame

at collapse. For comparison purposes, the results obtained from

the bare frame analysed individually is also shown in the table.

As an example, only the analysis of the structure with ten inter-

mediate frames is briefly described below:-

The dimensions of the structure and the frames as well as

the working combined loads is shown in figure (6.6). The sec-

tional properties were as listed betore in table (2.1).

Because of the symmetrical arrangement of the intermediate

are considered in the analysils.

frames, only five of the frames

e searched in those five frames, 1f any

The plastic hinges wer




{

of them had a plastic hinge, the corresponding frame on the

other side of the °ymmetry axis would have a plastic hinge as

well. As mentioned earlier in Chapter (2), plastic hinges de-

velop 1n palrs and symmetry is breserved throughout the analysis.

The hinge pattern is shown in figure (& 6), where it is seen

that the first plastic hinges appeared &t a load factor of 1.52

in the centre frames simultaneously, i.e. frame numbers five and

six. Later in the lterations, the hinges spread from the cen-

tral frames to the outer ones. For instance, the second group

of hinges appeared in frame numbers four and seven. The struc-—
ture collapsea at a load factor of 2.51084 after the formation
of fifty-two hinges. The central frames five and six had seven
hinges each, frame numbers two, three,.four and also seven,
eight and nine had five plastic hinges each, and finally the
outer frames, frames one and ten had four hinges each at col-
lapse. Only one hinge developed at the mid-span of the first
floor beam in frame numbers five and six at the same time and
which caused the failure in these frames and, therefore, in the
Structure.' Forty of the plastic hinges formed at column junc-
tions of fhe beams, ten of them formed in the columns. The col-
lapse load factor of 2.51084 is 38% higher than that of the
same structure analysed without composite action. It is also

higher than that of the bare frames analysed 1ndependent1y by

67%. It can be seen from table (6.1) that the same load factor

than that of the comp051te frames analysed in-

is also 7% higher
dividually.

6.4.2 Analysis of Six Storey Structures

group of examples

Three analysis were performed in this

; i even inter-
on the six storey structures. with three, five and s

The results obtained from the

mediate frames respectively.
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in both the str ure o i
i structure and one of the intermediate frames at
. b}

collapse. The results obtained f
P 5 obtained from the bare frame analysis are

also included in the table. As an example, the analysis of the

structure with six stcrey seven frames is given belo
. w ¥ b St -t L . ™

The overall dimensions of the structure and the frames, to-

. LRI PRI PP i3 . .
gether with the working vertical and horizontal loads were shown
in figure (6 .7). The sectional properties of frames were as

listed before in table {(2.3).

The first hinge appeared in the central frame, frame number
4, at a load factor of 1.66710. The structure finally collapsed
at a load factor of 2.40983 under ccmbined loading with a total
of 114 plastic ’ninges as can be seen in figure (6 .7). Once again,
by making use of the symmetrical nature of the structure, the
computer time and storage were saved by considering only four
intermediate frames in the analysis. .P].astic hinges were 1n-
serted symmetrically and also in pairs, except in the centre
frame. A rﬁaximum number of eighteen hinges formed in the central

, . : . The
frames and seventeen hinges formed in frame nurber 2 and 6

rest of the frames had a total of sixteen hinges each. In this

structure, as many as 53 plastic hinges developed in the col-

" umns because of the unsymmetrical nature of the intermediate

frames. The collapse l1oad factor of the structure is higher

. = sed in-
than those of the same structure and the bare frame analyse -

dependently, without giving any consideration to the composite
action, by 3'6.5% and 69.7% respectively. This load factor is
also 28.9% higher than that of the bare frames analysed in
Section(6.3) (sub-section 6.3.2) with composite action.

4_—
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6.5 Conclusion

In this C ' d
1s Chapter, an elastic-plastic composite analysis

programme for the frames was shortly described and a number of

examples were solved. By making use of this programme‘, the

isting programme, described in Chapter (3), was modified to

study the effect of the composite action on the behaviour of the

complete structures. A number of examples were also given.

By comparing the results obtained from composite and ﬁon—
composite analysis of both the bare frames and the complete
structures, the following conclusions may be drawn:-

(i) = The load carrying capacity of a structure is increased
considerably by the inclusion of the composite action.

(ii) - The hinge patterns, the sequence cf hinge fcrmaticn and
the total number of hinges developed in the structures were
changed. + was observed that the composite action stopped the
hinges forming at the mid-spans of the beams, therefore, most

of the hinges developed around the beam—-column junctions.

(iii) - It iz observed that, to increase the number of the inter-
mediate frames, caused the load factors at collapse to drop.

This is clearly seen in table 6.1. In the analysis of the four
storey complete strucﬁures, the collapse load factor of a struc—

{4 ' ' 5. 2.96 4ses while the total num-
ture with three frames, 2,96473, decreases v

. . iyt s Am 1 o ten. For
ber of the intermediate frames 15 saried from three t©

frames, 2.75882 with seven

. . . YAR L fFive
instance, it becomes 2.92454 with ©1

: ir wediate frames. This
- N -1ra4 wilh ten intermedlate -
frames and finaliy 2.51084 with te

- -3 stem. With less
was because of the effect of the grillage syst

: . c¢ tman the frame system, SO MOLE
frames, the grillage is more stiff than the fra y ,
T CEdt ] ne g, C | |
i ge system of wolls
loads are naturally attracted by rthe grillage SY
i an incre in the number
ard £l Labo on the otner hand, an increase
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of frames reduces the relative Stiffness of the grillage, there-
fore, most of the wind loads are transferred to the frames and
this causes a drop in the collapse load factors. This phen-

omenon 1s also observed in the six storey complete structures

but not as much as in the four storey ones. There was a slight

decrease in the load factors. For instance, the load factor of

the six storey structure with three frames was 2.444425, later

it became 2.41678 with five frames and 2.40983 with seven frames.
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CHAPTER 7

GENERAL CONCLUSTONS AND SUGGESTIONS FOR FURTHER WORK

A method for the elastic-plastic failure load analysis of
complete bullding structures consisting of a number of parallel
frames of any shape made out of'steel, together with reinforced
concrete floor slabs and shear walls was described in Chapter
(2). An accurate approach to them required a knowledge of the
separate amount of the external loads transmitted individually
to the frames and the grillage system. The relative stiffness
of the frames and the grillage system throughout the loading
history of the complete structure, up to and including collapse,
was considered. Investigation into the variation of the load
transmitted to a frame by evaluating its o value showed that
the development of plasticity in it caused a sudden drop in its
share of the load. Therefore, the stiffening effect of the
slabs was shown to be changing. This indicated that, as plastic
hinges develop, a proportional increase in the applied external
Joads did not lead to a similar jncrease in the loads carried by

individual frames as could be zeen in figures (2.6) and (2.8).

. } o
Hence, a fresh calculation of a was required each time a hinge

developed.

i S rate the
A number of examples were given S0 as to demonstrat

effect of the grillage system on the load carrying capacity o
! f the

‘he oiructures. Lt was shown that the grillage system of 1
i <ed such a capacity of

floor slabs and the shear wallis increased such @ capacity
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walls and then to the foundations. The vertical loads th
- on the

other hand were carried mai '
: nly by the fr i
ames. This phenomenon
= is : Vo o
was also concluded by Creasy (55). The larce structures anal
] - - Aled L=

< 3 - ) 1 -
ysed in Chapter (2) collapsed before the develcpment of a mech-
anism in any of the intermediate frames. This is simply because
- 4D D 1 Y ~

of the effect of the axial loads in the members. The excessive

vertical loads dominated the failure loads of the structures

The method proposed in Chapter (2) was applicable only to struc-

tures consisting of concrete grillage system and steel frames.

But, nowadays, many frames are constructed in concrete. There-

fore, a suitable technique for the anzlysis of the complete
structure comprising concrete cladding system and concrete inter-
mediate frames up to fallure should be produced.

A general computer programme was develcped in the course of
the precent work in Atlas Autocode which was described in Chapter
(3). In the programme an allowance was given for the assymmet-—
rical arrangement of the walls arid frames.

The overall stiffness matrix for a frame with hinges was
constructed in the manner recommended by Majid and Anderscn (23),

1 i r yrac This rrix was used repeat-
in order to save computer storage., This matrlx wd 1sed red

AR T I 1 i WS i - 3a} ¥l '»‘1»1.-:\
odly in two different marners. wirstly, it was used when the

o ' . o -mes was being con-
influence coefficient matrix F for the frames wa 9

y 37 +he ~N 1 l_:r)d
the number of columns in the applié

structed. In that case,

4 o~ F storeys in rhie frame.
losd vector was equal to the number of storey

’ | S 1S eyr i 2o -
. F me « excent for a unit horlzdo
Bach load column consisted cf zerces eRIET

v T B e ,_\1 E:‘Si"o—-

1 : . floor. Durlng thie =-¢
al load at the baam 1avel of the i |
used repeatedly.

’ i ffness matrix
nlastic analysis, the stiffness met

single vector

: . . the loads were
On this occasion, the 10ads W

n

stic hinge

)
I
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appearing at the appropriate places in this vect h
8 or. This time
the stabllity functions (10) ¢. - @ . wer i
| 1 5 e also included, with
their actual values, in the analysis

The iteratlion process adopted in the method presented in

chapter (2), for tracing the load-deflection history of the

. -3 e - 1~ . | - _ .
entire structure up to failure, was from one hinge to the next

A number of practical i
practical large structures were analysed, as

examples, by this computer programme and presented also in

Chapter (2). In these structures, owing to the symmetrical

arrangement of the intermediate frames, plastic hinges developed
in pairs and symmetry was maintained throughout the analysis.
The full effect of the axial loads in reducing the stability of
the frames and the plastic hinge moments of the sections were
considered. In the programme, both rectangular and univers~al
sections were allowed to be used in the structures.

The hinge patterns at collapse were also rather interesting.
Tt was noticed that the order of plastic hinge formation changed
from frame to frame and the structures collapsed without the
develcﬁpment of a mechanism. It was seen that the development of

. . : _ o \
plasticity spread from the internal frames to the outer irames

in the structure.

. . \ 11itati ~ insertions of
Computer time was saved by facilitating the inse i

. - - e + i M-
more than one hinge gimultaneouslys- It was observed hat sl

I - s ~ of loading.
ultaneous hinge formation occured in the early stage of 1 g

. 3 .inges were in-
Gut in the later stages, nearer to collapse, hing

er i to oreserve s mmetry). - In
serted one at a time (two at & time Dres SRvautiat N

e is i -he advanced sta-
this manner, the accuracy of th analysis 1n the a
" s ! —..’ R4

:IC}.; was not ’Wj_o:‘ at"\_ d
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: all |
that allowed for shape factors other than unity, strain hard
’ n ard-—

ening and large changes of geometry would enable a mor
€ acc

CUur--
— e anal\ S} i Y i >
S S 3 LYS1S

of the bulldings. Therefore, they could be included in the

programme.

It was essential to test the validity of the method, pro
, -

posed in Chapter (2), as extensively as possible. The ideal

situation would be to build several full size complete building

structures and test them under experimental conditions until

failure occurs. This, of course, was impossible owing to the
sheer size of the problem. It would be necessary to reduce the
size and consider the model structures. Since it was considered
that the behaviour of model structures could safely be used to
predict the behaviour of full scale tests. The experimental set
up and the testing procedure followed in tests were outlined in
Chapter (4). The results obtained from theoretical and experi-
mental analysis were compared, in Chapter (5), with the aid of
a general computer programme described in Chapter (3).

Most of the single storey structure tests showed an accept-
able agreement with the theoretical resﬁlts as shown in table

(5.1). These tests demonstrated that, in the case of thin

slabs, collapse of a structure night take place Dby the Buckling

of the slabs. The method presented in Chapter (2) did not con-

sider the buckling of the plates. More accurate results might

) ( in the analysis
be obtained by the inclusion of such phencmenon 4 . Y

programme outlined in chapter (37. However, thin slabs. are not
. ° L
practical unless stiffened by cross beams which increase whe
comsbruction cost. On Fhe other hand, with the thicker slabs-,
. _ nektr £ a

it was found to be tov difficult to determine the geometry Of

_4_
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structure to provide for a failure occuring at th
e same time

in the grillage system and the €
frames. By reducin
g the number
of intermediate frames in stry
S ctures 4B and 5B i
' 1 of single store
ey
structures tested, good agreements were obtained with th
e theo~

retical results by obtaining the discrepancies 0f 38 and 58 %wi th

structures 4B and 5B respectively. The interest should, th
Pe) S 9 ere—'

fore, be particularly focussed on achieving design economy by
reducing the number of the intermediate frames required for a
given grillage system. It might be possible to utilise the
initial values of the loads transmitted to the central frame of

a structure.

A number of tests were also carried out on two storey struc-
tures, but none of the test results in this category did agree
with the theoretical results. It was shown in table (5.2).£hat
all experimental frames failed at much lower loads. This in-
dicated that the grillage system was collapsing earliier than the
frames. As mentioned before, it was quite difficult to decide
the optimum thickness of the grillage members, particularly in
multi-storey structures, in order to achieve the simultaneous
failure of.floor slebs and frames. Further tests should, there-

.

C ; structure ver sll tne
fore, be carried out on two storey structures to cover & c

hickness of the

i

. . . K Tacti -he
factors piaying a major role in selecting the

. . U= tmie of its own when carry=
grillage meambars. This can form a topl& or 1 :

. s . £ rhe floor
. ] : PR Famum thickness oL~ -
ing out further research on che optimum € '

slabs and shear walls.

+ on the model structures exhibited

All the tests carried ou

~ved between the
PSore _ ~e observed between
high crecp. A considerable discrepancy was obs
' " ’ e =
i r+ may oe possible
. e LEYectlcnse Tt may ©
theoretical and the @xpermmentai deflectlons
ving a specilfic
. o eisn by glV.Lllg a spe
to increase the accuracy of the analysie »J
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consideration to creep. .0On the other hand, the above test
, e tests

could be repeated by using some material to construct the gril

lage system that might exhibit less or no creep

There were many advantages to be gained by considering the

+ . .
structure as a composite system rather than a series of indi

vidual components. Hence, the well known elastic-plastic an-

alysis programme (23,24) was modified in Chapter (6), to allow
for the composite action in the rigidly jointed frames. 1In
practice, wall and floor panels are usually attached to the
bare frame. It has already been shown that even light walls and
roof cladding had a significant stiffening e;ffect (16,39,40)‘.
Moreover, when the floor slabs are connected to the beams by
shear connectors to provide the continuity between two compén—
ents (beams and flocr slabs or walls and columns), then the slab
and beam (or wall and column) can act together as a composite
section and the stiffness of the complete structure is then
considerably increased. BY the programme outlined in Chapter
(6), the four and six storey bare frames were analysed under

the vertical and combined loading, in turn, to exhibit the 1n-

creasing effect of composite action on the failure loads. Note

that when a beam 18 subject to a sagging moment and the slab 1S

: E AST=Y: Balel
in compression, the plastic hinge moment of the obeam increases
ng g

substantially. On the other hand, hogging moments cause ten-

noment of the beam

sion in the slabs and thus the plastic hinge

s n Ehi ~co. Therefore each
is considered to be unaffected 1n this case e )

H - » a1 S .

member had two different Mp values

1di £ . composite action Pro=
Tn order to test the validity ©OF the compo &
SLoLh Y
i 1 ex-
should be carried out, anc the
P A =

. 2 9
1 be compared with the theoreticax
also be COMP=s®

gramme, a number Of tests

perimental results should
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ones.

There shou. i
uld be many design advantages in using composite

t I e a S - i i

two elements 1S by no means the only one in a structure. Wh
! c . en—

ever any continuity exists between two components, there is
, 2
bound to be a certain degree of structural interaction, and ba-

sic philosophy of composite design is that this interaction

should be recognised and allowed for during the design process

Tt was usual for specifications to allow for no provision to be

made for the effect of cladding and to stipulate that all wind
1oads should be carried on the bare steel fra;me. This was al-
ready disproved. The grillage system of shear walls and floor
slabs play an important role by carryingb a substantial portion
of the wind loads {(Chapter 2). Tt was also concluded in Ch.apter
(2) that the carrying capacity of a building depends consider-
ably upon the relative stiffness of the grillage system and the
frames at all stages of the loading process. Almost all clad-

ding would increase the stiffness of the structure. The effect

of cladding should, therefore, be made use of in design. It

would be appreciated then that if such an elasto-plastic comp=

osite method were devised for designing a steel framework DY

. s 4is. the elastic-
considering the composite action. To do this, the €:as

110 e 1 31 I’ld
plastic design method for SW&Y frames, produced by Majid @

. FRE, . OSite.
Anderson (22) could be utilised. BY combining the comp

Y i pnrogrammne of

action programme of Chapter (6) and the design PrOS

. ; ogramme might be

Majid and Anderson (22), a composite design PEOZEE ?
[« } A s -

produced. .
~nmes outlined in
By combining the twe computer programmes
' . . e was obtained.
Chapt (3) and (6), & nev computer programne e

laprers ) arl oy :

_4_
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This was Dbasically a modification of the programme writt f
CL en or
t3 - (= 3 L]
the elastic-plastic failure load analysis of the complet 1
- complete build-
K v 4 .
ing structures. For the examples, the same type of multi-storey

structures of Chapter (2) were analysed by considering the corn
posite action between slabs and beams in complete buildings.
The results were compared with the previous ones (without com-—
posite action) and the bare frames (with composite action).
These results were rather interesting, mainly two facts wére

observed. Firstly, the carrying capacity of complete structures

increased by a considerable amount as could be seen in tables
(6.1) and (6.2). Secondly, the hinge patterr;s were completely
different from those of non-composite structures. Due to com-
posite action between slabs and the supporting steel beams, most
of the plastic hinges developed at the ends of the beams and
columns. Since,cconposite action preﬁented the hinges to form at
nid-span of the beams where usually a sagging moment is present.
Tt was observed that only one or two hinges could form at the
nid span of the beams when the structure is approaching collapse.
The structures analysed with composite action also collapsed

hefore the development of mechanisms.

i d i apter (€), the
In “he computer. programuies mentioned in Chapt (e),

[

i - o in &t s were taken from the
properties of the members 1n the frames W

! ' T he effect of
"Handbock on Structuratl Steelwork™ (26), Thus, the effect

i he s was not in-
i be ries of the frames was !
the slabs on the member propertlies

‘ i asi Ffect of
' i sctior Anly the increasilg eff
cluded in the composite action. Onx¥

O section was con-
) \ T T s moment of the ¢
the slabs on the plastic ninge

a S i h i Nt was pres-
1 { Aqing moment wWos P
sidered. It was quite right where the hoggily

( gi DAY 1
i th alysSls whare he
Lt it 1d cause inac C‘Jra\,\/ n che ana.Lysde v t
ontl sk Lt couid aus - '
} A
C X hig Ca se, the
SE](J(J% ng momnent Waos preSenL- in © [
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. u l—- re was und . | L p B - -
« t]' ( U ! m [eS DIrese Ilted

. 6 C 1
in Chapter (8), an excessive side sway we i
as observed while it was

compared with the deflections of the bare frame anal 1
r > analysed in-

do‘pe d .Y Wlt-lOdt givlng ar y ~ Q 2|

A more true approach to the problem would be achieved by con
sidering the joint properties of the composite element, i.e
, l.e.

slabs and beams.

In both programmes mentiored in Chapter (6), the effeét of
reinforcement on the composite action was not considered that

would have an effect on the collapse load. The composite action
between wall panels and the steel columns was also not included
which would have a considerable effect on load carrylng capacity

of the structures. These two aspects should, therefore, be taken

into account when further work is carried out in this field.




100

REFERENCES

BAKER, J.F.

"A Review of Recent Inves

ti i i .
of Steel Frames in the Plas%iglggigéito £he Behaviour

Jnl, Inst. Civ. Engrs., vol. 31, pp 188--240, 1949.

BAKER, J.F: HORNE, M.R; HEYMAN, J
"The Steel Skeleton" Vol. 2

Cambridge University Press, 1956,
MERCHANT, W.

"The faillure Load of Rigid Jointed Frameworks as
Influenced by Stability".

The Struct. Engr. July, 1954,

MERCHANT, W.

"Critical Loads of Tall Building Frames".

The Struct. Engng. March, 1955.

SMITH, R.B.L; MERCHANT, W.
nCritical Loads of Tall Building Frames" (Part IT)

The Struct. Engr. August, 1956.

MERCHANT, W.
"Frame Instability in the Plastic Range™.
oritish Weld. Jnl. August, 1956.

MERCHANT, W; BOWLES, R.E.
ncritical Loads of Tall Building Frames" (Part IIT).
The Struct. Engr. September, 1956.

BOWLES, R.E; MERCHANT, W.
nCritical Loads of Tall Building Erames" (Part IV).
The Struct. EBEng. Juné; 1958,

DAVIES, J.M. ) .
"ph.D., Thesis", University of Manchester, 1965.
LIVESLEY, R.Kj CHANDLER, D.B.

T ct Framework'.
"Stapility Functions IoOr Sstructural Fra

Manchester University Press 1956.
LIVESLEY, R.K.

nPhe application oF
Problem of Structur

er to some

an Flectronic Comput
al Analysis'e

2 560
The Struct. BEngre vol. 3%, 19




12

13

14

15

16

17

18

19

20

101

LIVESLEY, R.K.

"The Applicati 3
Application of Computers to Problems

Plasticity". Involving

Symposium on the use of Electron

Structural Engineering. 1c Computers in

September, 1959,
WOOD, R.H.

"The Stability of Tall Buildings".
Proc. Inst. Civ. Engrs. September, 1958.
HORNE, M. R.

"Multi-Storey Frames®,.

British Weld., Jnl. August, 1956,
LIVESLEY, R.K.

"Matrix Methods of Structural Analysis',
Pergamon Press, 1956. -

MJAID, K. I.

"pPh.D. Thesis", Manchester University, 1963.

. HORNE, M.R; MAJID, K.I.

"The Automatic Ultimate Load Design of Rigid Jointed
Multi-Storey Sway Frames Allowing for Instability".

Tnternational Symposium on "The Use of Electronic
Digital Computers in Structural Engineering.” September
1966.

HORNE, M.R; MAJID, K.I.

T

nglastic-Plastic Design of Rigid-Jointed Sway rFrames

By Computer'.
Research Report 1. Manchester University Press, 1966

NEAL, B.G.
"The Plastic Method of gtructural Analysis".
Chapman and Hall, 1963.

JENNINGS, A

np compact Storade Scheme
‘ jnear Simultanecus

for the golution of
3 Pt

Symmetrical L Equations

- 1966,

T}‘le CONQ . J‘n] . E\IOV’ember ) ] C

JENNINGS, Aj MATLD, K.t
S . ra 1 uter u
AN 51astic»P1ast1c Analysis DY comp

. . - Nacemoel . 1965.
The Struct. Bngrte Decamos=:

p to Collapsa'.



22

24

25

26

27

28

29

31

32

102

MAJID, K.I; ANDERSON, D,
"Elastic- st i
i 1c~Plastic Design of Sway Frames by Comput

- - . Y u "
Proc. Inst. Civ. Engrs. December, 1968 o

’ .
MAJID, K.I; ANDERSON, D,
"The Computer Analysi i

Analysis of La i

e Hres rge Multi-Storey Structures".
e ruct. Engr. November, 1968.

ANDERSON, D.

"Ph.D Thesis", Manchester University, 1969
-— b] .

HEYMAN, J.

"An approach to the Design of Tall Steel Buildings™".

Proc. Inst. Civ. Engrs. December, 1966,

"Handbook on Structural Steelwork™

Publication of the British Const. Steelwork Assoc.
Ltd., 1971.

HOLMES, M; GANDHI

nJjltimate Load Design of Tall Steel Buildings Allowing
for Instability".

Proc. Inst. Civ. Eng., January, 1965.

HORNE, M.R.
"wind Loads".

Proc. Inst. Civ. Engrs., January, 1950.

GREEN, N.B.
"Bracing Walls for Multi--Storey Buiidings".

Jpl. A.C.I., Vol. 49, 1952.

WHITNEY, C.5; ANDERSON, B.G; COHEN, E.
"Design of Blast Resistant Construction for Atomic
Explcsions'.

Jnl. A.C.I., Vol. 51, 1.955.

ROSENBLUETH, Ej HOLTZ, L.

is of Shear walls in Tall Buildings'™:

"Elastic Analys
Jni. A.C.T., Vol. 56, 1960.

CARDAN, B.

~4 with Rigid Frames in
ned i TLooads".

ar Walls Combi

A ¢V 1A ~
"Concrete one gubjected o Lateral

Multi-storey puildings

Inl. A.C.I., Vol. 58, 196%




33

34

35

36

37

38

39

40

41

42

ROSMAN, R.

"An Approximate Anal

Lateral Loads".

Jnl. A.C.I., Vol. 56, 1960.

ROSMAN, R,

"An Approximate Method of W

Buildings'".

103

YS1ls of Shear Walls Subject

to

alls of Multi-Storey

Proc. Inst. Civ. Engrs., Vol. 59 1964
’ *

CLOUGH, R.W; KING, 1.P; WILSON, E.L
b - .

"Structural Analysis of Multi-Storey

Buildings™".

Proc. A.S.C.E., Vol. 90, March, 1964.

CLLOUGH, R.W;

KING, I.P.

" . . . ,
Analysis of Three Dimensional Building Frames".

Publs. Int. Ass. Brd., Vol. 24, 1964.

WEAVER, W; NELSON, M.F.

"Three Dimensional Analysis of Tier Buildings".

Proc. A.S.C.E., December, 1966,

KHAN,

F.R; SHAROUNIS, J.A.

"Interaction of Shear Walls and Frames".

A.S.C.EQ, VOl. 90, NO. ST3, pp- 285"'335, 1964.

Proc.

BRYAN, E.R; EL-DAKHAKHNI, W.M.

"Behaviour of Sheeted Portal Frame Sheds: Theory
and Experiments".

Proc. Inst. Civ. Engrs., December, 1964.

BRYAN, E.R; EL-DAKHAKENI, W.M.

"Digcussion on the Paper

"Behaviour of sheeted Portal

Frame Sheds; Theory and Experiments'.

Proc. Inst. Civ. Engrs. Vol. 1, 1965.

GOLDBERG, J.E.

"Analysis of Mul
wall and Floor

Tall Buildings,

Unive

of Southampton,

Oxford, 1967.

Proc. Symposium on
Agril, 1966. Pergamon Press,

JENNTNGS, Aj MAJID, K.I.

nPhe Computer Analy

Matrix Technique'.

univ.

of Surrey,

c4, 1966.

sis of Spa

ti-Storey Buildings Censidering Shear
Deformations'.

Tall Buildings,

ce Frames Using Sparce




44

45

46

48

49

52

104

MAJID, K. I.

A Study of the

Analvsis : e
Wwith or Without ! and Desi

n
Plate Components"g of Space Structures
Research Report No.

2 ™

2y BNgng. Dept., Manchester Univ. 1966
MAJID, K.I; WILLIAMSON, M.

1" 3 > vsia :

Linear Analysis of Complete Structures by Computers™
Proc. Inst. Civ. Engrs.,0ct. 1967 .

MAJID, K.I; WILLIAMSON, M.

Discussion on the Paper "Li )
- ) inear Analysis
Structures by Computers". Y of Complete

Proc. Inst. Civ. Engrs., Vol. 42, 1969.

STAMATO, C; SMITH, B.S.

"An Approximate Method for the Three Dimensional
Analysis of Tall Buildings".

Proc. Inst. Civ. Engrs., Voi. 43, 1969.

ROSMAN, R.

"T,aterally Loades Systems Consisting of Walls and Frames".

Tall Buildings, The Proc. of a Symposium on Tall
Buildings. Univ. of Southampton, 1966.

QADERER, A; SMITH, B.S. |
nThe Bending Stiffness of Slabs Connecting Shear Walls".
Jnl. A.C.I., Juine, 1969.

HOLMES, M; ASTILL, A.W; MARTIN, L.H.
"Experimental Stresses and Deflections of a Model
Shear Wall Structure'.

Jnl. A.C.I., August, 1969.

GHALI, A; NEVILLE, A.M.
"Phree Dimansional Analysis of Shear Walls".

Proc. Inst. Civ. Engrs., 1972.

MAJID, K.I; CROXTON, p.C,L. )

| i1di tr es
"wind Analysis of Complete Buildlng Structur Y
Influcnce Coefficients'.

1 9
Proc. Inst. Civ. Engrs., oct. 1970

PON, P.C.L. L ia7a.
CROXTON, . 4w of Aston in pirningham, 15974
"Ph.D. Thesis', University ©f




56

57

58

59

60

61

62

105

MAJUMDAR, N. G; ADAMS, pPeter p

i 4 I
~Tests on Steel rrame, Shear wWall Structures"
Jnl. A.S5.C.E., April, 1971, '

IRWIN, A, W.

"Static and Dynamic Tests
Structure', tests on a Model Shear Wall

Proc. Inst. Civ. Engrs., 1972,

CREASY, L. R.
"Stabiiity of Modern Buildings",

The Struct. Engr., January, 1972.

MAJID, K. I.

"Non-Linear Structures".

Butterworths, July, 1972.

GOULD, P. L.
"Interaction of Shear Wall-Frame Systems in Multi-Storey

Buildings", Jnl. A.C.T., V. 62, 1965,

DAVIES, J. M.
"Computer Analysis of Stressed Skin Buildings'.

Civ. Bngrg. Publ. Wrks. Rev., Nove. 1972.

DAVIES, J. M.

"The Plastic Collapse of Framed Structures Clad with
Corrugated Steel Sheeting'.

Proc. Inst. Civ. Engrs., March, 1973.

VIEST, I. M.

3 "
"Review of Research on Composite Steel-~Concrete Beams™.

Proc. A.S.C.E., June, 1960.

VvIEST, I. M.

"Tnvestigation of Steel-Shear Co?nectors for
" - . 1

Composite Concrete Steel T beams”-

Jnl. A.C.I., April, 1:956.

CHAPMAN, J. C. . che
o ‘n S ; ncrete, tne
"Composite Construction 1n bEeel and Co ’
Behavicur of Composite Beams'.
RS -4 1964.
The Struct. Bagr., April, 196




63

64

65

66

67

68

69

70

12

106

CHAPMAN, J. C; BALAKRISHNAN, §
"Experiments on Composite Beamgm

- T .
Proc. Inst. Civ. Engrs., November, 1964

BARNARD, P. Rj; JOHNSON, R. p. g
"Ultimate Strength of Composite Beams"

Proc. Inst. Civ. Engrs., October, 1965

BARNARD, P. Rj; JOHNSON, R. P. J.
"Plastic Behaviour of Composite Beams"

Proc. Inst. Civ. Engrs., October, 1965,
DAVIES, C.

"Experiments on Composite Beams."

The Struct. Engr., November, 1964.

JOHNSON., R. P; FINLINSON, J. C; HEYMAN, J.
"A Plastic Composite Design'".

Proc. Inst. Civ. Engrs., October, 1965.

MAJID, R. I.

"Ph,D. Thesis", University of Aston in Birmingham, 1972.

HOLMES, M; MAJID, R. I.

"The Design of a Beam and Slab Floor System by'
Computer".

Tnternational Symposium on the "Composite Design of
Structures by Computer', University of Warwick, 1972.
TIMOSHENKO, S.

"Strength of Materials".

McGraw Hill Company, 1961.

TIMOSHENKO, S.
"Theory of Elastic~Stability".
McGraw Hill Company, 1961.
NPERSPEX" ACRYLIC MATERTALS.

. . . Tyl A 3
published by I.C.1 Ltd., Plastic Division, England,
asne - i

March, 1971.




PURLISHED WORK

The work prasented inp Chapters 2 - 5 of this Thesig !
I 5 o S Thesig h-

048

——

—

neel

published in the form of a paper, written jointly oy
prof. K. T. Majid and the asuthor. The Paper, entitled "The
plasto-Plastic Feilure Load Analysis of Complete Building
structures', was published in "Proc. Instn. Civ. Engrs.," Vol.

55, September, 1973.

A paper on the composite action between structural members
in both bare frsmes and complete building structures, based on
the werk presented in Chapter 6, hés been submitted tc the
ninstitution of Civil Engineers'", for consideration for pub-

lication.




