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ABSTRACT

The primary objective of this report was the development
of an approximate method of analysis to predict the behaviour of
multi-story shear wall-frame structures with reasonable accuracy
and study the behaviour by a test of a reinforced concrete shear

wall-frame structure.

The analysis was performed on an equivalent Tumped model
under incremental lateral load and fixed vertical load and traces
the second order elastic-inelastic response of the structure.
Conditions of equilibrium are formulated on the deformed structure
to include the secondary, P-A, effects in columns and shear walls.
The analysis does not consider the axial shortening of the columns
and shear wall but the width of wall has been taken into consideration.
Time effects, temperature changes and shear deformations in the members

and joints are neglected.

The analysis uses an iterative procedure. The computer
program developed for the analysis uses moment area and slope
deflection equations modified to consider the presence of plastic
hinges in the members. A method has been developed to derive the
equivalent lumped structure. Using this analysis, good correlation

was obtained with other analyses. A design example has been presented.

Rationalized methods were developed to predict the moment-
iii
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thrust-curvature relationships for the cross-sections of the members.
The computer program developed for the:purpose considers rectangu-
lar reinforced concrete cross-sections and can consider tensile

stress jn the concrete and unsymietrically placed reinforcement.

A four story, one bay shear wall-frame structure was tested
under incremental lateral load and fixed vertical load applied at
the top of column and wall. The behaviour shown by this test was
compared to the behaviour predic¢ted by the present analysis and

a good correlation was obtained.
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CHAPTER I

INTRODUCTION

The social and economic development of urban areas requires the
construction of high rise commercial and residential buildings. Recent
years have seen the construction of many tall buildings and their numbers are
increasing rapidly. Such construction has proved the necessity for more
and more knowledge of the behaviour of such buildings angi;nalyses capable

of accessing,with sufficient accuracy and rapidity, the overall strength of

the buildings.

The planning and design of tall buildings requires the provision
of sufficient resistance against lateral loads in all directions. This
stiffness can be achieved in many ways depending upon the height and plan
of the building. The most usual planning concept uses shear walls to
provide the required rigidity. In the twentieth century large number of
tall reinforced concrete buildings have been built with shear walls so
located that they act as columns in addition to resisting the lateral forces.
In most cases, in addition to carrying vertical and lateral loads, shear
walls are used for the purpose of enclosing service areas. As a result,
shear walls can take a variety of shapes. The object of this thesis is to
present an approximate method of analysis for shear wall-frame structures

and justify this analysis by laboratory test and discussion.

The modern trend of reinforced concrete design has shown increas-



ing use of ultimate load theory. This design method tends to be more
economical and logical than working stress design because it predicts the
dependable load carrying capacity of the structure and the design can be

so arranged that the appropriate load factor can be achieved. Most of the
presently available analyses for shear wall frame structures, reviewed in
CHAPTER II, are limited to the elastic regime and tend to give rise to
different load factors for different members in a structure. Consequently,
the information from such an analysis is not sufficient to design by a limit
design procedure and it does not constitute the true behaviour of the

structure.

The theory of "plastic hinges" is now widely accepted to estab-
1ish the behaviour of steel members at failure. However, this type of
failure is still being investigated for multi-story structures. The
trial and error method of choosing the plastic hinge configuration in
the mechanism method of analysis has the serious disadvantage that there
is no guarantee that the worst possible hinge configuration has been
chosen. The recent development of electronic computers has made it possible
for engineers to perform more satisfactory analyses of multi-story steel

structures.

Because of the complex nature of behaviour of reinforced concrete
members, the development of the comparable theories for reinforced concrete
structures has not been so marked. Since reinforced concrete columns lack
~ ductility, an ultimate load theory for concrete structures, in which
collapse is forced to occur due to beam hinging by creating a strong column

(H2)

and weak beam design could be used. This method has the disadvantage of

the trial and error method of choosing the worst mechanism and leads to the

overdesigning of the columns. The most satisfactory and probably eventual
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analysis method for concrete structure seems to be the technique of analys-
ing a mathematical model on a computer through each stage in its loading
history. This method has the advantage that the load history dependence

of the stress-strain curve can be included in the program.

In tall buildings, the axial loads in columns are significant
and produce additional overturning moments commonly referred to as P-A
moments; where P is the axial load and A is the displacement due to side-
sway. The effect of these "secondary" moments is to reduce the capacity
of the structure to resist lateral loads. These moments must be considered
in the analysis of tall buildings(D3) . In an unbraced structure the P-A
effects are significant and increase as the inelastic action progresses
causing a rapid softening of the structure. If the members are sufficiently
slender,it is conceivable that the failure load could be initiated by elastic
instability before any portion of the structure reached the inelastic
behaviour range. On the other hand in a laterally braced structure the
P-A effects are reduced due to lateral stiffness of the structure and
hence less danger of elastic instability failure exists. The response of
a structure is significantly influenced by the shear wall, which provides
a sort of bracing system. Although the problem has been studied(cs), there
is no specific way to differentiate between braced and unbraced structures.

It is mentioned e]sewhere(Az)

that "what constitutes adequate bracing in
any given case must be left to the judgement of the engineer, depending

on the arrangement of the structure in question".

For shear wall-frame structures, it has been common practice to

design the frame for the vertical load and shear wall to resist the lateral

(BlS).

loads only. For a building of relatively small height this assumption

is adequate but considerable error results when it is applied to high



buildings. Therefore this assumption seems to be an over-simplification.
The behaviour of a building depends on the way it is built and not in the
way it is arbitrarily assumed to behave. When the frame portion of the
building is fairly rigid by itself, the interaction between the shear wall
and frame can result in considerably more rigid and efficient design. The
redistribution of the lateral forces resulting from the inelastic action
would influence the interaction behaviour in a shear wall frame system.
Therefore, a realistic approach to assess the load sharing between shear

wall and frame is an obvious necessity for a rational and economical design.

An attempt has been made in this thesis to present an approximate
computer analysis to trace the second order elastic-inelastic behaviour of
shear wall frame structures. A brief review of the previous work on such
structures is given in CHAPTER II. CHAPTER III presents the proposed
method of analysis. The assumptions made in CHAPTER III are critically
examined in CHAPTERS IV, V and VI. The cross-séctional response is dis-
cussed in CHAPTER IV. CHAPTER V describes the response of the members
and joints. CHAPTER VI is devoted to the discussion of the simplified
structure assumed in the analysis. CHAPTER VII describes the fabrication
and testing of a four story, one bay reinforced concrete shear wall frame
structure. The test and the processing of test data are discussed in
CHAPTER VIII and the actual and predicted behaviour are compared in CHAPTER

IX. CHAPTER X summarises and concludes the dissertation.



CHAPTER II

REVIEW OF THE PREVIOUS WORK

2.1 Introduction

For the investigation of the problem outlined in CHAPTER I, it
is necessary to employ a method of analysis to trace the response of shear

wall-frame structure as loading progresses to failure.

A brief review of the extent of the present information on the
elastic and inelastic action of multi-story structures is included in this
CHAPTER. The review considers five different aspects which influence the
study of shear wall frame structures. The areas of this survey of litera-

ture are as follows:

—_—
.

Cross-sectional behaviour in the form of moment-curvature

relationship and material properties.

2. Analysis of frames.

3. Analysis of shear walls.

4, Analysis of shear walls combined with frames.

5. Tests on concrete structures.



2.2 Moment Curvature Relationship

An extensive study on plain and reinforced concrete columns was
carried out in the period 1929 to 1933 under the sponsorship of the American

(R1). The most important conclusion of this study was

Concrete Institute
that the full concrete cylinder strength cannot be taken as the failing
strength of a reinforced concrete column,and a factor, 0.85, was established
to be multiplied to the cylinder strength of concrete. This value of 0.85

(H]). For analysing his

was confirmed by the studies made by Hognestad
test results, Hognestad proposed a new stress-strain relationship for
concrete in flexure. There is a discontinuity in the slope of the curve
at its maximum value.and the concreté is assumed to fail at an ultimate

strain of 0.0038.

The stress-strain relationship for concrete is the 'subject of much
debate, since the mechanism of failure of concrete is not completely under-
stood. Based on various 11terature,(N]’D]’K3’B]2’w3)MacGregor proposed

(M5)

a stress-strain curve for concrete which has been used in this thesis.

This stress-strain curve is described in CHAPTER IV.

For cross-sections which consist of linearly elastic material
it is possible and convenient to write a single expression relating moment,
thrust and curvature. Unfortunately, the response of reinforced concrete
section is extremely complex and it is difficult to write an M-P-¢
expression as a simple function. Different authors have tried different
approaches. Most methods use a trial and error procedure, involving con-
siderable computations, and define the relationships among moment-thrust-
curvature by a number of discrete points. 'Such presentation have been

facilitated considerably by the use of electronic computer. Two methods



of such analysis, suggested by Ernst, Hromadik and Rive]and(E]) in 1953,

are as follows:

1. The values of axial load, P, and moment, M, can be obtained
for a given value of outer fibre compressive strain,e“,
and using various values of € - The moment-curvature and
axial load-curvature curves for values of e, can be plotted.
From a series of such curves for different values of €, a
moment-curvature curve at constant axial load can be ob-

tained.

2. For a given axial load, P, and a given outer fibre compress-
jve strain, s“, it is possible to find the va]ﬁe of el, by
trial. The process can be repeated for various values of
€, to get a direct moment-curvature curve at constant axial

load, P.

(B2) used the Hognestad stress-strain curve and

Broms and Viest
derived four equations relating the axial load and the moments to the outer

fibre strains, for four different possible strain configurations.

Chang(cz) rederived these equations and used them to derive the
moment-curvature relationship using the first approach. Breen(B]])

considerably improved this procedure.

Pfranq(P]) established contours of equal curvature to define the
combination of axial loads and moments for a given curvature. By inter-
polating a sufficient number of contours the moment-thrust-curvature

relationship can be established.

A1l of the above analyses used the Hogenstad stress-strain curve



and neglected the tensile stress of concrete. Fow]er(Fz)

has suggested
an analysis using the second approach for getting direct moment-curvature
relationship for a given axial load. Different stress-strain curves were

used. The ultimate strain 1imit was not taken as the criteria for failure.

(F2)

An analysis similar to that presented by Fowler using the
stress-strain curve proposed in reference(Ms) including the effect of
tensile stress of concrete is presented in CHAPTER IV, to define the

behaviour of reinforced concrete cross-sections.

2.3 Analysis of Frames

Several theoriés and methods have been developed for the analysis
of single and multi-story frames. The structural action of a multi-story

frame can be classified as follows:

1. The frame can resist gravity load without lateral deflection
of the floors until loads are increased to the load corres-

ponding to an elastic sway buckling failure.

2. The frame can resist gravity load without lateral deflection
at floor level and does not fail in sway mode. The frame

fails by plastic hinging.

3. The frame can resist gravity load with lateral deflection of

floor level. Failure occurs by inelastic buckling.

4, The frame can resist both gravity and lateral load with
lateral deflection of floor level and the frame fails by

instability. This is characterized by a gradually increasing
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lateral deflection, first under a growing load and later

after reaching a maximum load, under a diminishing load.

The various methods for evaluating the elastic buckling load

have been summarized by B]eich(B1). The elastic and inelastic solution

of buckling load of symmetrical three story structures subjected to
uniformly distributed gravity loads have been described by Lu(Lz).

He has also suggested that the solution described for a three story frame
may be applied to taller frames by first dividing them into several
three-story tiers. The case, where the failure results from a trans-
lational instability of the structure is the most practical problem. In

most cases, much of the frame is strained into the inelastic range before

the buckling loads are reached.

Merchant(M]) has proposed a Rankine type formula,

Xl' = Xl' + Xl" for the evaluation of inelastic buckling capacity of
F P C

the structure, AF, where AP is a function of rigid-plastic collapse

(H3) has

(7).

1oad and AC is the function of elastic critical load. Horne

justified this formula and it was experimentally verified by Majid

WOOd(wz)

illustrated the loss in structure stiffness in the
presence of plastic hinges by inserting real hinges in the structure and
computed "deteriorated elastic critical load". His illustrations indicated
the tendency for structures to become unstable prior to the formation of
enough hinges to render the structure into a mechanism. However, it is

not possible to predict the deteriorated state of the structure without

advance knowledge of the actual history of the order of hinge formations.

Even then, only an upper and lower bound to the collapse load can be
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obtained.

Recently, computer oriented elastic-plastic analyses .of unbraced
plane frames have been developed by assuming point plastic hinges and

elastic-perfectly plastic section behaviour.

Jennings and Majid(J])

developed an iterative procedure to per-
form an elastic-plastic analysis of unbraced frames loaded by static,
proportional concentrated loads. ‘The solution is derived using a matrix
technique having joint displacement as unknowns. This analysis yields
the complete load-deflection characteristic and the order of plastic

hinge formation. Davies(Dz)

extended this analysis for cyclic loading
and considered the effects of hinge reversals by a locked hinge with a

rotational discontinuity.

Parikh(P2)

formulated a second order elastic-inelastic analysis
employing slope deflection equations. An iteration procedure was used

for solving the simultaneous equations. Korn(K5)has also developed a similar
solution except that he uses matrix techniquesto solve the simultaneous

equations.

Heyman(Hz) has proposed a design method for multi-story frames
in which beams were designed by plastic methods and columns were designed
to be elastic up to the design ultimate Toad. An approximate method to

calculate the deflection has also been proposed.

Daniels and Lu(Ds)

proposed a subassemblage method to analyze
unbraced frames subjected to vertical and lateral loads. Isolated parts

of a multi-story frame were analyzed as independent units with the point
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of contraflexure in the columns being assumed to be at mid-height. Sub-
sequently, this model is reduced to a number of subassemblages, each
consisting of a column restrained by the adjoining beams. Both inelastic

action and the second order P-A effects are included in this analysis.

K]oucek(K])

suggested a simplified solution for elastic analysis
of the sidesway of a multi-story closed system. The true multi-story
system is replaced by a substitute cantilever with the same loading. The
substitute member stiffness factors of the cantilever were obtained by
addtion of all the column stiffness factors on the same floor of the
original frame. The beams were represented by "knots" at each floor with
the stiffness factors of the "knots" determined by adding an imaginary
member having a rotational stiffness equal to sum of all the beam stiff-
ness factors on one floor multiplied by a factor "A". The factor "A"

is a fairly insensitive quantity. Many examples were solved to show the

(L1)

rapidity and validity of the method. Lightfoot has illustrated this

method and has solved two examples.

2.4 Analysis of Coupled Shear Walls

This section is devoted to some of the literature available for

the analysis of groups of shear walls coupled by beams.

The analysis of coupled shear walls is due in large part to

(R3,R4,B9)

Rosman and Beck Rosman established the solution in the form

of a trigonometric series using the principle of least work. In subse-

(R3). He derived

quent work he used a direct mathematical solution
solutions for a wall with two symmetric bands of openings, with various

conditions of support at the lower end (piers on rigid basement, on separate
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foundations and on various forms of column supports). Two loading cases,
a uniform wind load, and a point load at the top of the building were
considered. Beck(Bg), who used a similar approach as Rosman, presented
an approximate method of analysis where a continuous system replaces the
discontinuous system. He assumed that all connecting beams had

the same distance from each other and, except the end beam, had

the same stiffness. The end beam had one half the cross-section and

one half the moment of inertia of a normal connecting beam. He treated
the single case of two uniform coupled shear walls on a rigid foundation,
subjected to a uniformly distributed lateral load. Useful graphs to

enable bending moment, axial force and deflection have been presented.

Frischman, Prabhu and Topp]er(F]) have used two different
methods , both based on the principle of analysis for a rigidly jointed
framework, to deal with the coupled shear walls. Equivalent column
method has been used, by which a multi-bay structure can be reduced to
a single column by the lumping together of all column stiffnesses, with
a single beam restraint at each story level, given by the addition of
the beam stiffnesses, to analyze the coupled shear walls. The problem
was reduced to a single second order differential equation, by using a
continuous distribution of restraints and loads, to evaluate the bending
moments in the continuous system. A conventional method using the flexi-
bility approach was also used. A similar approach was used by Coull
and Choudhury(C4) who have presented curves for the moments and maximum

deflection.

2.5 Analysis of Shear Walls Combined with Frames

Several investigators have considered the problem of load
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distribution in the combined frames and walls system. Because of the
high in plane stiffness of floor slabs, most investigators have been

concerned with the plane frame wall system.

(R2)

Rosenblueth and Holz present an approximate analysis of the
interaction between single shear wall and a rigidly jointed frame
structure. The shear carried by the frame in any one story was assumed
to be proportional ‘to the average slope in that story whereas the moments
and shears in beams supported by the wall were proportional to the flex-
ural slope of the wall. Newmark's method of successive approximation

was suggested as a solution. Column shortening and foundation deformations

were neglected.

Cardan(C])

reduced the problem to the solution of second order
linear differential equations, giving the slope of the shear wall. The
properties of frames and walls were assumed to be constant ‘throughout
the height. Axial deformations were neglected and the wind loads were

assumed to be distributed throughout the height of the structure.

Bande1(B]0)

suggested the analysis of shear trusses, to replace
an equivalent shear wall, combined with frames. Power series solution
was suggested which requires the solution of a set of simultaneous
equations. Column shortening was considered but axial deformations of

the beams were neglected and a fixed end foundation condition was assumed.

A computer program, using the stiffness method of analysis,

taking flexure, shear and axial deformation into account, was developed by

(c3),

Clough, King and Wilson The axial deformation of beams Wwas neglected.
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1t was assumed that the building was laid out in a regular rectangular
grid pattern, with each floor level constrained to translate but not
rotate under the action of lateral forces. It was further assumed that
the shear walls were of uniform width throughout the entire height,

although variations in stiffness of shear walls were allowed.

Khan and Sbarounis(Kz) presented a method of successive approx-
imation on a substitute structure derived for the purpose.of. analysis.The
derivation of the substitute structure resembled that used by'Klbucek(Kl)or
Lightfoot(L]). Forced convergence techniques have been used to arrive at
an elastic solution. In this way, convergence is tied directly to the
physical reality that the deflections of the entire structure must lie
between zero and the free deflection of the shear wall. This method
will converge for any combination of structural stiffnesses although
at different rates. A number of influence curves were presented for
use in preliminary design. The analysis proposed in this thesis is on

somewhat similar lines.

Goutd(€1)

replaced the frame by a system of rotational and
translational springs. The finite difference technique was used
to solve the fourth order governing beam equations giving the wall

deflection at each floor level,.

A computer analysis, which traces second order elastic-plastic
behaviour of planar reinforced concrete structures as loading progresses
to failure, was presented by Clark, MacGregor and Adams(CS’CG). The
analysis considers axial shortening of the columns and shear walls and

includes the effect of finite width of shear wall. Time effect and shear



deformations on the members and joints are neglected.

(W7)

Winokur and Gluck presented a method of analysis for
asymmetric multi-story structures. They have shown that the rotational
constraints of the stiffening elements in their planes at the floor
diaphragms are important factors which are to be taken into account in

analysis.

A number of other papers(A4,Bl4,G2,J2,K4,P3,52,T1,T2,W5,N6)

are also available which illustrate the problem and solutions have

been suggested with various assumptions.

2.6 Tests of Shear Walls and Shear Wall-Frame Structures

Though much has been said about the analysis of multi-story
structures, experimental studies should not be forgotten. Although
many experimental studies have been carried out on multi-story frame
structures, relatively few experimental studies of shear wall-frame

structures have been carried out.

The first major tests were carried out in the United States in

full scale by atomic explosions at Eniwetok. Abbreviated reports were

(1),

presented by Whitney, Anderson and Cohen Approximate methods based

on simple strength of materials theories were proposed to predict the

stiffness and ultimate capacity of simple shear wall structures subjected

to lateral loads.

A large number of tests were made by Benjamin and Williams

(83’B4’BS’BG), on single story brick and reinforced concrete shear walls

16
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with and without openings and on one or two story parallel reinforced

concrete shear wall assemblies connected by diaphragms.

A model test on a reinforced mortar eight story shear wall-
frame was described in reference (A4). The stories were each one foot

high. Photoelastique methods were also used in this investigation. -

A model scaled at 1:64 was tested by Barnard and Schwaighofer
(814)to establish the width of “"slab strip", which acts as the connecting
media between shear wall coupled by slab floors, and to determine the
validity of an analysis presented. The walls for the model were cut
from 1/4 inch thick epoxy sheets and the floor slabs were slotted to fit
around the walls and then glued to the walls using an epoxy glue. The

model was tested in horizontal position with the base being rigidly

f1ixed.

Twenty three story models constructed from 1/4 inch thick per-

(

spex sheets were tested by Jenkins and Harrison J2) to compare their

analysis under bending and torsion.
2.7 Conclusions

Extensive literature is available on different aspects of the
problems encountered in dealing with multi-story structures. Some of
these papers are reviewed briéfly inthe previous sections. The review
indicates that many questions regarding the behaviour of shear wall frame
structures are yet unanswered. Most of the studies were Timited to
elastic cases only. In many cases the analytical procedures are cumber-

some requiring extensive computation work and not suitable for design



18

office use.

Very few actual laboratory tests have been reported especially
on reinforced concrete shear wall-frame structures. Many tests have

been performed to describe the behaviour of the members.

In view of the above limitations it was felt necessary to derive
an approximate rapid, elastic-plastic analysis of shear wall frame
structures, and to check this analysis by tests on large scale reinforced

concrete models. This is undertaken in this thesis.



PART II

APPROXIMATE ANALYSIS OF REINFORCED CONCRETE
SHEAR WALL-FRAME STRUCTURES



CHAPTER III

APPROXIMATE ANALYSIS

3.1 Introduction

A computer analysis of shear wall-frame structures under
incremental lateral loads and constant vertical load is described in
this CHAPTER. The analysis traces the second order elastic-plastic
behaviour of the structure as the loading approaches the ultimate
value. To simplify the problem the analysis deals with the reduced
structure shown in FIGURE 3.1. The formulation of the analysis and
the assumptions made are outlined in this CHAPTER. A design example
is calculated using this analysis in AP?ENDIX A. The validity of the
assumptions will be discussed more fully in CHAPTERS IV, V and VI.

The analysis will be compared to the results of a test of a four story

frame in CHAPTER IX.

3.2 Assumptions in the Analysis

The assumptions made in deriving this analysis fall into
several major categories. The first group includes those dealing with
the behaviour of the structural members, joints and plastic hinges in the
structure. . These assumptions are discussed in detail in CHAPTERS IV

and V.

20
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It is assumed that the moment rotation relation-
ship for the individual frame members can be
jdealised as elastic-plastic for the beams and
columns and elastic-strain hardening for the

shear walls, as shown in FIGURES 3.2(a) and (b).

A11 members in the idealised structure are assumed
to be prismatic. That is, the stiffness and ulti-
mate moment capacity may vary from member to
member but not along the length of a given member.
It is possible to develop moments of opposite sign
at the two ends of the member., The

ultimate moment capacity, M_, and stiffness, EI,

p
of the members are derived in CHAPTER IV.

The stiffness factors C and S commonly used in the
slope-deflection equations have been assumed to
remain sufficiently close to 4 and 2 that these
values can be used. In deriving the Mp value for
the cross-section, however, the axial load is taken

into account.

Shear deformations are neglected.

The joints are rigid prior to hinging of the members

and do not undergo shearing distortions.

The plastic hinges in the columns and beams are

assumed to be point hinges at the ends of the members.
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(g) Plastic hinges in the walls are assumed to form

in a segment of preset small finite length.

(h) The hinges are assumed to have an infinite rotation

capacity.

The second and most important group of assumptions deals
with the derivation of the simplified model used in the analysis. This

group of assumptions is derived and discussed in detail in CHAPTER VI.

2. It is assumed that the load-deflection behaviour of
multi-story shear wall-frame structures can be represented by the
simplified or "lumped" structure shown in FIGURE 3.1. This assumption

implies that:

(a) Each floor is assumed to act as a diaphragm of
infinite rigidity and it is assumed that the
structure does not rotate about a vertical axis.
Thus, all points on a given floor level are
assumed to undergo the same lateral deflection.
This ‘assumption allows the entire building to be

considered as a plane frame.

(b) The shear walls 1in any one story can be represented
by a single wall with a moment curvature relation-
ship defined by superimposing the moment curvature 4
relationships of each of the individual walls in
that story. The resulting moment-curvature relation-

ship is approximated by a bi-linear curve. The
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slope of the second branch of this curve may be
small but not zero and the ratio of the slope

of the secorid branch to that of the elastic portion
of the curve must be the same in all stories. The
neutral axis of the wall is assumed to coincide

with the centroid of the uncracked wall.

The columns in any one story are assumed to be
represented by a single column as shown in FIGURE
3.1. The lumped column is assumed to have a stiff-
ness and a plastic moment capacity equal to the sum
of the corresponding values for all the columns

being Tumped together in a given story.

The beams 1inking the shear wall to the rest of the
structure (link-beams) in each story are assumed

to be represented by a single 1link beam as shown -in
FIGURE 3.1. The Tumped link beam has a length equal
to the average length of all the link beams in the
story except that the Tumped T1ink beams must have
the same length in all stories. The stiffness,
EI/L, of the lumped 1ink beams shall be taken as the
sum of the 1ink beams in the story in question. The
plastic moment capacity of the Tumped beam shall be
taken as oX Mp for all the corresponding beams. The

term a, a reduction factor, is discussed in section
6.2.2.2.

The remaining beams connecting adjacent ¢olumns in

each floor are assumed to be represented by a single



The third group of assumptions deals with the loads to be applied

(f)

(g)

beam as shown in FIGURE 3.1. The two ends of this
beam are assumed to undergo the same rotations. That
is, the point of contraflexure in the beam is assumed

to be at mid-span.

The lumped beams are assumed to have a length, LB’
equal to the average length of all the corresponding
beams under consideration. The moment of inertia,
ILB’ and the plastic moment capacities of the lumped

beams, MPLB’ are given by equations:

g = 2gE(ly/ly) (3.1)

M Ta(M

PLB = 1 * Mpg2) e

These equations are derived in sections 6.2.1 and

6.2.2.2. The term a is discussed in section 6.2.2.2.

The foundation conditions are represented by elastic
rotational springs at the bases of the column and

the wall of the lumped model. The spring constants
are obtained by adding the known or assumed foundation
spring constants of all the columns or walls in the

real structure.

to the lumped structure. These assumptions are discussed in CHAPTER VI.

3.

(a)

It is assumed that the total vertical load in a story

24
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can be applied as a concentrated load. Thus, there
are no dead and Tive load moments on the beams in
the Tumped structure. The vertical loads remain

constant throughout the analysis.

The lateral loads are assumed to be concentrated at
the floor levels. The lateral loads are incremented

during the analysis.

The loads are assumed to be applied statically and

act in the plane of the structure.

The fourth group of assumptions concern special aspects of

behaviour of entire structure. These are as follows:

4,

(a)

(b)

It is assumed that there is no out-of-plane behaviour
of the members such as lateral-torsional-buckling
etc. and it is assumed that none of the members fail
due to buckling prior to the attainment of the ulti-

mate load.

Temperature changes and differential axial settlement

or shortening are neglected.

3.3 Method of Analysis

To determine the deflected shape of a structure subjected to a

static load, the conditions of equilibrium and compatibility must be

satisfied.

The usual methods for such an analysis are the displacement
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(or stiffness) method or the force (or flexibility) method.

In the displacement method the joint displacements are treated
as unknowns and equilibrium conditions of external and internal forces
are used to solve for these unknowns. In the force method, the redundant
forces are treated as unknowns and consistent deformation conditions are

then used to solve for these unknowns.

The present analysis uses an iterative technique in which both
the above procedures have been used to arrive at a solution. For this
purpose the analytical model has been divided into the frame system and
the wall system shown in FIGURE 3.1. The procedure used requires the

following steps:

A. Apply all the lateral load to the free wall system. The

deformations are then computed(FIGURE 3.3).

B. Force the frame system through the deflections computed
in step A at each floor level and compute the shear
induced in the frame due to this force-fitting (FIGURE
3.4).

C. Compute the shears and moments in the wall system in each
story due to the applied loads and the force fitting
process  (FIGURE 3.5).

D. Calculate the deflections, Awi’ and rotations, ew%’ of
the wall system due to the shears and moments computed
in step C. A "forced-coenvergence correction" was applied

to obtain the initial trial deformations of the (n+1)th
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cycle. The correction used in this analysis is described

in reference (K2).

E. Steps A through D are repeated in order until the desired

accuracy has been achieved.

This basic procedure was originally described by Khan and

Sbarounis(Kz) for structures in the elastic range. It is extended in
this report to trace the second-order elastic and inelastic behaviour

of the structure.

A computer program was written in Fortran IV language for
IBM system 0S/360 to carry this out. The flow diagram, program
nomenclature and the 1listing of the program are presented in APPENDIX

B.

The program takes into account the inelastic action of the
structure due to the formation of plastic hinges and the secondary
moments caused by the P-A effect. To take this effect into consider-

ation the equilibrium equations are formulated on the deformed structure.

The steps in the program are outlined below: -

1. The program starts by reading in all the data necessary
to describe the problem. This includes the number of
structures to be considered, the dimensions and properties
of the structural members in the lTumped frame shown 1in
FIGURE 3.1, the loading and load increments, and the

convergence Tlimit.
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The stiffness, EI/L, of all the beams and columns in the
lumped frame are computed and the vertical load acting

on the frame is also computed. This load remains constant
while the lateral load on the structure is incremented to
determine the load-deflection characteristics. Each story
of the shear wall is divided into a desired number of

segments and systemized for the calculations.

The entire lateral load is applied to the shear wall and

the moment at the centre of each segment is calculated

by considering the wall as a free cantilever. The rotations
and deflections are calculated at every segment using moment-
area principles. The vertical displacement at the junction
of the shear wall and the frame is computed as the product
of the rotation of the wall and one-half the wall width,
FIGURE 3.3 shows the deflected shape of the shear wall

under the entire lateral load, where ew1(]), Aw1(1) and
5w1(1) are the rotation, lateral displacement and vertical
displacement of the wall. The initial subscript W repres-
ents the shear wall, while i represents the floor under
consideration and the superscript (1) represents the

initial iteration cycle. The story height is Hsi’ In

the latter stage of the analysis a reduced value of the

wall stiffness is used for any wall segment where a hinge

has been detected.

The frame system is forced into the deflected shape of the

wall as defined by the deformations computed above. This
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step is shown in FIGURE 3.6.

Next the frame joint rotations are computed. In FIGURE 3.6
Bi is the beam-to-column joint, wi is the joint at the-
connection of the wall and the right side beam and Fi is
the left end of the left side beam. Under lateral loads
beam BiFi will have a point of contraflexure approximately
at midspan. This is enforced in the structural model by

assuming that the joints Bi and Fi have equal rotations

and that the left end support, Fi’ is free to translate.

At each joint the slope-deflection equations are written and
by using the moment equilibrium equations, an expression is
developed which relates the joint rotation to the deformations
of the adjacent joints and the member properties. The
detailed derivation of this equation is given in APPENDIX B.
A set of equations is generated by applying the moment
equilibrium equation to all the beam-to-column joints 1in
turn. The joint rotations are then computed using the
Gauss-Seidel Iteration Method. The moments at potential
hinge locations in the members of the substitute frame can
now be computed. Next the vertical and horizontal shears

at the junctions of the wall and frame system are computed.

At each floor level, the moment to be applied to the wall
system for the next cycle of iteration, Mw1, is the
algebraic sum of the moment, MWBi’ at the end wi of the
right beam and the moment produced by the beam shear

multiplied by half the wall width. FIGURE 3.5 shows typical
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forces at floor level i. In the initial iteration, the
moment , Mw1, is assumed to be zero. This is corrected

in subsequent cycles.

The net out-of-balance forces are applied to the wall and

(2) (2)

the resulting deflections, Aw1 and

(2)

» rotations 9w1
vertical displacements Sy are computed as described

in Step (3).

In order to speed convergence, the frame is not forced into
the deformation mode defined by AWi(Z)’ etc. Instead the

frame is forced into the position defined by:

o 5 o™
1 - 1 . 1
ewi = e (]) e (2) ..... (3-3)
Wi - Owi
v (2) (1) (1) :
By - Awi(]) . Awi( s (3.4)
7
Meit - B
and ' (2 = o Bp 2L (3.5)

where DWi is the width of the shear wall at the i th floor.
The analysis now returns to Step (4) and the steps (4) to
(7) are repeated. For any cycle (after the initial cycle),
the forcing Equations (3.3), (3.4) and (3.5) are replaced
by:
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where n denotes the cycle in progress.

For any cycle (except the initial cycle) convergence tests
for rotations and deflections are performed at the end
of Step (5) to determine whether further iteration is

required.

The system has converged if the quantities

(n) - A (ﬁ‘])

(n)_et (n']) A' Wi
i

(n?i and

Wi A wi

% Wi Wi

are less
el

than a specified limit.

If the system has not converged as defined above, then
force Fi and moment MwBi (FIGURE 3.5) at each floor
are applied on the shear wall and the Steps from (6) to

(8) are repeated.

On the other hand, if the system has converged, the P-A
effect is considered next. The total axial load at each
floor level of the structure has been read into the pro-
gram. The increased story shears due to the P-A effect

are simulated by increasing the applied lateral loads.

The additional force H']i is calculated on the basis of the

deformations obtained from the analysis under the lateral

31
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loads Hi' The derivation is given in section 3.4. Next
the lateral loads (Hi + H‘]i) are applied on the shear wall
system and Steps (3) to (8) are repeated. The deformations
of the structure obtained from this analysis are compared
with the deformations obtained from the analysis under

lateral loads Hi only.

If the deformations obtained from the two analyses do not
agree (within a specified 1imit) new additional forces
H.Zi are computed as above using the deformations of the
structure taken from Step (9). Steps (3) and (10) are
then repeated until the desirable agreement in deforma-

tions at each floor level are achieved.

If the deformations agree, the shear resisted by the
frame is then deducted from the total lateral load to

determine the shear to be resisted by the wall.

The program then proceeds for detection of hinges by
comparison of computed moments at critical sections to
that of their plastic moment capacity. If no hinges

have formed the lateral loads are increased by a preset
factor times the original starting load and step (3)
through (11) are repeated. One incrementing factor is
used in the elastic range and a second smaller increment-
ing factor is used after hinging has occurred. If, on
the other hand, hinges are detected for the first time

in the history of the analysis the locations and moment

values are printed out and the loads are decreased to the



previous values increased by the load increment to be
used for the inelastic range. When hinges are detected
in the first loading the previous load is assumed to be
zero. Following this, steps (3) through (12) are

repeated.

From now on the loads are incremented by the inelastic
factor and steps (3) through (12) are repeated to get

the load-deflection characteristics.

The analysis ends if: 1. the desired number of points
on the load-deflection curve has been obtained; 2. the
lateral deflections have become larger than a preset
value; 3. convergence within given 1imit is not achieved

in a given cycle.

The manner in which the inelastic action has been included,
implies that the stiffness deterioration lags the actual
stiffness deterioration by one load increment. To mini-
mize this effect, it is desirable to use smaller increments

in the inelastic range.

3.4 Inclusion of the P-A Effect

The P-A effect plays a dominant role in the behaviour of flexible

structures. The vertical load ,P, on the structure, acting through a side-

sway displacement, A, produces an additional overturning moment commonly
known as the P-A moment. Consider a single story structure, which has

been displaced by an amount A and is subjected to vertical loads, P,

| Easiat s e b T



as shown in FIGURE 3.7. To balance the P-A moment an additional shear

of PA/Hs is required in the columns of the frame.

~

In this analysis, the P-A effect has been taken into account
by analyzing the structure under an equivalent lateral force. In
FIGURE 3.8(a), Hi is the applied lateral load at the i th floor. Due
to this applied lateral force system, a lateral deflection Ali will

be produced.

The story moment between the i th and (i-1)th floor due to
the P-A effect is obtained by taking moments about the i th floor
of all the axial loads above this level. Similarly, by taking moments
at each level, the other story moments are obtained. The extra shear

due to the P-A effect, Vli’ is given by:

Vi_ H
si

where Hsi is the story height and Pi is the total vertical load on the

structure above the i th floor.

The additional lateral load, Hii’ simulating the P-A effect

can then be determined and is given by:

H o= v -yl = Pyl - 8

1=V Vi T 1oy Ms

CPindais) - A1)
Hs(1‘+1)
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Pi(815- 81(4-1)) ....(3.9)

The structure is now reanalyzed under the lateral force system,

Hi + Hii (without considering vertical loads). In FIGURE 3.8(b), Bos is



the lateral deflection corresponding to the new lateral force system.
The deflections By etc. are then compared with the deflections, A]i
etc. If these deflections do not agree (within a specified convergence

1imit) the additional horizontal force, H.., due to the P-A effect

21°
for the next cycle is given by :

o Pidi - B2(i-1) ) Pie (agi) - f2d)
21 Hes Hs(1'+1)
The structure is again analyzed under the lateral force

system Hi + Héi' The process is continued until the changes in

lateral deflections are within the convergence limit.

The vertical load at each floor level has been read into the
program. In the present method of simulating the P-A effect a constant
vertical load has been used throughout the analysis. In the actual
structure the girder shears will introduce tension in one column and
compression in the other. This will not change the total vertical

load or the gross P-A effect.

3.5 Functions of the Main Program and Subroutines

To perform the computer analysis, several subroutines were
employed in conjunction with the main program. A brief description

of these subroutines are presented here.

In the 'MAIN' program, the number of problems to be solved
is read in. The Subroutine "SR" is called. This subroutine reads in
the data required for the analysis of the first structure. It computes

the co-ordinates of each floor from the base and the stiffness of all
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the members. A1l the input quantities are printed out. Control is then

returned to the 'MAIN' program.

The maximum number of load increments to be used in the
analysis is specified. The initial load system (i.e. first increment)

is applied to the shear wall system.

Subroutine 'BAKA' is called. 'BAKA' computes the distri-
bution of lateral load between the frame and the shear wall systems.
The moments and deformations at each segment of the wall are computed.
The convergence formula is then applied (except in the first cycle)
to the deflections and rotations. The deformations as computed by
the convergence formula are enforced on the frame system. The joint
rotations of the frame system are computed in Subroutine 'FRAME' by
the Gauss-Seidel Iteration Method. In 'BAKA', the moments at all
locations are compared with the plastic moment capacities (except
during the first load increments). If a hinge is detected, the moment
is set equal to the plastic moment capacity for all subsequent load
increments. The deformations are compared with those of the previous
cycle of iteration. If the deformations are within preset 1imit of one
another, control returns to the 'MAIN' program. If the deformations
are not within the preset 1imit, the process is repeated within 'BAKA'.
In this manner the forces and deformations (elastic) for a given loading

condition are completely known.

Equivalent horizontal forces simulating the P-A effect are
computed. These are added to the initial horizontal Toad and the total

forces are then applied to the structure. The structure is analyzed by
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recalling Subroutine 'BAKA'. The deflections obtained from the two
analyses (i.e. with and without axial load) are compared; if they are
within preset 1imit, the results of the last analysis are printed out

by Subroutine 'ROFA' and 'SR3'. .

On the other hand, if the deflections are not within preset
limit, new equivalent horizontal loads, are computed on the basis of
the latest set of deflections. The process is repeated until the deflec-

tions have converged.

Inelastic action of the shear wall is considered in the 'MAIN'
program. At each segment of the shear wall, the computed moment is
compared with the plastic moment capacity. If the moment exceeds the
plastic moment capacity of the story, the moment of inertia of the
plastified wall segment is reduced according to the M-¢ diagram. This

reduced stiffness is used in subsequent steps in the analysis.

In Subroutine 'SR1', the formation of plastic hinges in the
members of the frame system is detected. If a hinge is detected, the
Tocation of the plastic hinge is printed out with the magnitude of the

moment. Control then returns to 'MAIN' program.

If the structure is still elastic, the horizontal load is
incremented and the structure is reanalyzed. On the other hand, if a
hinge has formed at some location in the structure, the horizontal load
is decremented so that the structure is still elastic. The structure

is then reanalyzed with this reduced load. Subsequent increments in

37



Toad are reduced in magnitude to trace the inelastic range as closely
as possible. The program stops for the reasons specified eariier.

It then returns to beginning to analyze the next structure.

38



39

SHEAR
WALL
l‘ FRAME SYSTEM SYSTEM
t——>
Y
A
ﬂ: y
.

() -

FIGURE 3.1 ANALYTICAL MODEL FOR ANALYSIS



——

©-
D

—_— ¢

(a) FOR BEAMS AND COLUMNS

10fF—-——-

M/My

—

1.0
. 4’/¢y

(b) FOR WALLS

FIGURE 3.2 MOMENT CURVATURE RELATIONSHIP

40



Y+

41

TYM  ¥V3HS 3HL 40 3dVHS Q31031430 v°E€ FWNII

!
A

&

wam\-\
|
I
|

SISO ———

3

«— 0

®
d

Ry
o
=

Q

L e e ¥




Fisl ::-l (

M(wi'l)

FIGURE 3.5 STRESSES IN WALL SYSTEM

DUE TO FORCE FITTING

42



43
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CHAPTER IV

RESPONSE OF CROSS-SECTIONS

4.1 Introduction

The theoretical analysis presented in CHAPTER III assumes
that the behaviour of cross-sections of the members can be represented
by bi-linear moment-curvature relationships. A method of tracing the
theoretical load-moment-curvature {P-M-¢) response of reinforced
concrete cross-sections is presented in this CHAPTER. This analysis
predicts the ultimate capacity of the cross-section and the response
of the cross-section at loads less than the ultimate load. It differs

% from previous analysis by considering the tensile stresses §n the

concrete. The theoretical load-moment-curvature diagrams were used

Srd & L R e

in the computation of moments and thrust from the curvatures measured
: in the frame test. Approximate load-moment-curvature diagrams based
| on the theoretical diagrams are also presented in this CHAPTER. These

s are intended for use in design.

Throughout this CHAPTER the abbreviation P-M-¢ will be

used to refer to the term "load-moment-curvature".

4.2 Analysis of Load-Moment-Curvature Response of Reinforced Concrete

Cross-Sections

For the purpose of this report, moment-curvature relationships

45



N Ll Mt O g by 18 T P

will be computed for the case of constant axial load and changing moment
and curvature. For a known value of axial load and curvature, it is
possible to find the value of moment by trial and error. This can be
repeated for different values of curvature to get the entire moment-
curvature relationship for the given axial load. The procedure can be
repeated for as many different values of axial lToads as necessary tol
get a set of moment-curvature characteristics for the section. If

desired, interaction diagrams can be prepared from these curves.

The following assumptions were made in deriving the P-M-¢

relationships for reinforced concrete section:
1. The section is rectangular.

2. The stress-strain curves for concrete and reinforcing steel

46

are those presented in section 4.2.1 and 4.2.2, respectively.

{
3. The maximum stress developed in concrete is 0.85 times the

standard 28 day compressive strength. This has been veri-

fied by extensive tests(Hl?

4. At all loads, plane section perpendicular to the axis of

the member remain plane.

5. Creep and shrinkage deformations are neglected. If
desired, creep deformations can be approximated by
increasing the short-time strains. This approximation

is discussed in references (M2) and (M6). -

4.2.1 Concrete Stress-Strain Curve

For the purpose of defining the stress-strain
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response of concrete, the stress-strain curves(Ms) defined by equations

(4.1) and (4.2) are assumed to define the behaviour in compression and

tension, respectively, in members loaded in flexure or combined axial

load and bending.

concrete having a compressive strength of 4000 psi.

w
here €

Cult

1.67
2(51) - 1.03 (ELQ
€o o

2(—==—)-(=—)3
Cult  Eult

2

Ee

WET

c

th

Ee

The relationships are illustrated in FIGURE 4.1 for

... (4.1)

....(4.2)

fc is compressive strength of concrete loaded in flexure

and is assumed to be 85 percent of the concrete strength in direct

compression(Hl).

-~

The stress-strain curves were derived to satisfy the following

requirements:

1. The stress-strain curve should be continuous in tension

and compression

(B12)

In applying the stress-strain

curve in this analysis the ACI code value of the modulus

of elasticity was used although any other convenient

value could be used.
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2. Concrete loaded in combined bending and compression is
assumed to fail at a limiting strain of 0.0035(K3:C7)
Under these loadings, concrete will generally fail at
strains greater than this value. If it does this
assumption will always result in computed ultimate
moments which are equal to or less than the greatest
moment, the section can carry. This can be seen from

an examination of P-M-¢ diagrams such as those shown

in FIGURE 4.3.

3. -There should be reasonable agreement between measured
and computed compression stress-strain curves for strains

less than 0.0035.

4. There should be reasonable agreement between the measured

and computed tension stress-strain curves (W3).

5. The maximum tensile strength in a split tension test is

assumed to be ft' = 7V fc' (Nl).

6. The modulus of rupture, computed as f = 6M/bt? is

about 40 percent greater than the tensile strength of
concrete. That is, the modulus of rupture should be

about 10 v fc' (N1) .

4,2.2 Reinforcing Steel Stress-Strain Curve

The assumed steel stress-strain for reinforcing
steel is shown in FIGURE 4.2. It is assumed that the yield point

and modulus of elasticity are identical in tension and compression.



The effect of strain hardening was neglected. In view of the large
deformations attendant to the development of the stresses in the

strain hardening range, this assumption is fairly reasonable.

4.2.3 Computer Analysis for Load-Moment-Curvature Relationship

As the axial loads and moments are varied the cross-

section can have three different strain configurations:

1. The full section is under compression.

2. One face of the section is under compression and the

other is under tension but uncracked.

3. One face of the section is under compression and the

other is under tension and cracked.

The relationships between axial load, fibre strains,
moment and curvature for each of these cases are derived in APPENDIX

C.

A computer program was written to generate the moment-
curvature relationship for a given axial load. The program was
written for IBM, 0S/360 system in Fortran IV language. The flow
diagram, the nomenclature used in the program and a listing of the
program are given in APPENDIX C. The principal steps in the pro-

gram are described below:

1. The number of cross-sections to be analyzed and the
material properties, cross-sectional dimensions and

axial load, P, on each section are read. If the ten-

49
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sile stresses in the concrete are to be neglected, the
ultimate tensile strain is specified as zero. The area
of steel in each layer and the distance from the tension
face to the respective centroids is also read. The

pertinent data are then written out.

The ultimate capacity of the section under pure axial
Joad is then calculated in the form P/btfc". This is
the upper limit of axial load on the section. If this
axial load is less than the axial load under consider-

ation, computations are terminated.

A value of curvature times depth, ¢t, is assumed.

A trial value of extreme compressive face strain, €4
is assumed and the extreme tensile face strain corres-
ponding to the curvature assumed in step (3) is then

computed.

The subroutine "PM" is then used to find the corres-
ponding strains in each layer of steel and the strain
domain for the calculation of axial load and moments.
This subroutine then calculates the load, P/btfc", and

the moment, M/btzfc“, for the assumed strain distribution.

The calculated value of the load, P/btfc", is then
compared with the value of P/btfc" for which the
P-M-¢ curve is being computed. If the difference is one

percent or less, it is assumed that a solution has been
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found which satisfies P, M, ¢t, and 54; The com-
puted moment and curvature represent one point on

the load-moment-curvature diagram for the cross-
section. For values of P/btfg less than 0.05, an
acceptable solution is assumed to exist when P/btfg
differs from the given value by 0.001 or less. If
the convergence is not satisfactory the extreme
compressive fibre strain is increased by 0.000001 and
steps (4) through (6) are repeated in order until

the loads converge.

7. Following convergence in Step (6) the value of wpurvatyre
is then increased to find another point on the P-M-¢
diagrams and steps (4) through (7) are repeated in
order. This is continued until the maximum compression
strains reach 0.0040 at which time the program moves
on to consider another section. The limiting strain
of 0.0040 was taken so that a point near the strain

of 0.0035 could be found in the data.

This program was also modified to generate P-M-¢ diagrams
for a given cross-section subjected to a series of values of P/btfg
ranging in increments of 0.1 from 0.0 to the ultimate axial load
capacity of the cross-section. The maximum moment from each of these
curves is stored and used to construct an interaction diagram for

the column cross-section.
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4.3 Effect of Various Parameters on Load-Moment-Curvature Relationships

Prior to discussing the approximate P-M-¢ relationships assumed
in the analysis the main parameters affecting this relationship will be
studied. For this study a symmetrically reinforced, rectangular cross-
section, 2 percent longitudinal reinforcement in each of the two faces,
4,000 psi concrete strength and 50,000 psi steel strength with a cover

ratio of 0.1 was chosen. The basic section is illustrated in FIGURE 4.3.

4.3.1 Effect of Axial Load

P-M-¢ diagrams for the basic section with axial loads
ratios, P/btf; , equal to 0, 0.2, 0.4, 1.0, 1.2 and 1.4 are plotted
in FIGURE 4.3 to show the effect of axial load on the moment
curvature relationship. The latter two curves correspond approx-
imately to eccentricity ratios, e/t, of 0.1and 0.05 respectively
while P/btfé equal to 0.4 is approximately the balanced Toad.

The ultimate axial load capacity, Pu/btfg , of the basic section
was 1.55. The solid 1ines in FIGURE 4.3 correspond to compression
failures, the broken lines to a balanced failure and the dashed
lines to tension failures. The interaction diagram for this

column is plotted in FIGURE 4.4 with a solid 1ine. The horizontal
1ines in this figure correspondto the moment-curvature diagrams

in FIGURE 4.3. It can be seen that the stiffness and ultimate
moment capacities depend on the axial load on the cross-section.
For columns failing in tension the P-M-¢ diagrams are essentially
elastic-plastic. This is not true for columns failing in compression.
It can also be seen that the rotation capacity of the cross-section

decreases as the load is increased. For high values of axial load
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the rotation capacity is very small.

4.3.2 Effect of Cross-Sectional Properties

The basic cross-section was reanalyzed assuming the yield
strength of the reinforcement was 40,000 psi. The moment-curvature
diagrams for P/btfg equal to 0.3 and 0.8 has been plotted in
FIGURE 4.5 for comparison. As can be seen the yield strength of
reinforcement does not have any effect on the moment-curvature
relationship prior to the yielding of reinforcement. After the
reinforcement yields the change in moment capacity is approxi-
mately constant and varies roughly in proportion to the yield
strength of reinforcing steel. It should be noted that for com-
pression failures the initial non-linearity in the moment-curva-
ture diagram frequently results from the yielding of the compression

reinforcement.

To study the effect of concrete strength the chosen
section was reanalyzed for 3000 psi concrete strength. Moment-
curvature diagrams for the two concrete strength have been
compared in FIGURE 4.6 for values of P/bt equal to 1020 and
2040 psi. It can be seen that the reduction in moment capacity
due to decrease in concrete strength is more for high value of
curvatures and axial loads. By reducing the concrete strength
the value of q = ptfy/fé is increased so that the axial stress of
1020 psi is much closer to the balanced load in the case of 3000
psi concrete than it is for 4000 psi concrete. As a result a

reduction in rotation capacity was exhibited as can be seen in
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FIGURE 4.6. The intial slope of the curves is reduced a little
as the concrete strength decreases. This corresponds approxi-
mately to a reduction in the portion of the EI term which depends
on the modulus of elasticity of concrete. The rotation capacity,
stiffness and moment capacity are reduced with a reduction in

material strength.

To study the effect of the reinforcement ratio the
chosen section was analyzed for 4 percent and 1 percent total
longitudinal reinforcement. The comparison of the two analyses
is shown in FIGURE 4.7. It is noted that the ultimate capacity
of the section is greatly effected by reinforcement ratio. The
change in the slope of initial part of the curve shown in
FIGURE 4.7 is partly due to the reduction in percentage of
reinforcement. The effect of cracking of concrete will be
discussed later. It can also be seen that rotation capacity
for the beam section (P/btfg = 0.0) is larger for smaller percen-

tage of reinforcement.

To study the effect of the cover ratio the chosen
section was analyzed for ratios of d'/t equal to 0.15 and 0.10
for fifteen different axial loads. The values of Mu correspond-
ing to each cover ratio can be compared in FIGURE 4.4 in the
form of interaction diagram. It can be seen that the cover
ratio has a significant effect on the moment capacity of the
cross-section for low axial loads. Under pure moment the ultimate
moments vary essentially in the ratio of the distances between

the layers of reinforcement. The effect of cover on moment



55

capacity diminishes as the axial load increases. The cover ratio
does not have any effect on the ultimate capacity under pure

axial load -

P-M-¢ diagrams for the values of P/btfg equal to 0.3 and
0.8 and cover ratio of 0.1 and 0.15 are compared in FIGURE 4.8.
It is observed that the increase in cover ratio reduces the stiff-
ness of the section especially at low axial loads. This is due in
part to the reduction in the moment of inertia of the steel about

the centroid of the column.

4.3.3 Effect of Tensile Stress in the Concrete

Moment-curvature diagrams computed with and without
tensile stresses in the concrete are compared in FIGURE 4.7(a)
and (b) for two sections having one and four percent longitudinal
reinforcement for axial loads, P/btfg, equal to zero and 0.5 .
The tensile stress in the concrete affects the initial part of
the curve prior to cracking but has no significant effect on the
ultimate capacity of the sections considered. The kink in the
M-¢ curve of FIGURE 4.7(b) for P/btfg equal to 0.5 is observed
due to the transition of axial load from inside to outside of the

kern of the section.

The effect of the tensile stress diminishes as the
axial load and/or the steel percentage increases. The behaviour
portrayed in FIGURE 4.7(a) for the pure bending case (P/btf; = 0)

is quite typical of the behaviour expected from a typical under-
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reinforced beam section. In the case of extremely under-reinforced
cross-sections, the cracking moment may exceed the ultimate moment

of the cracked section resulting in an unstable P-M-¢ relationship.

4.4 Load-Moment-Curvature Relationship for Use in Approximate Analysis

of Reinforced Concrete Shear Wall-Frame Structures.

In the analysis presented in CHAPTER III it is assumed that
the load-deflection curve of the. struetwre can be computed by using an ideal-
jzed elastic-plastic moment-curvature (M-¢) relationship for the beams
and columns and an elastic-strain hardening moment-curvature diagram

for the shear walls as shown in FIGURE 3.2(a) and (b) respectively.

4.4.1 Derivation of Approximate Load-Moment-Curvature Relation-

ships for Use in the Analysis

The assumed P-M-¢ diagram for a cross-section may be

defined by establishing four parameters:

—t
.

The initial slope or EI value.

2. The moment, Mp, at which the curve bends.

3. The slope of the second branch of the curve.
4

The 1imiting rotation capacity of the section.

If the theoretical P-M-¢ curves are available, each of
these terms can be established by fitting the approximate curve
to the theoretical diagram. This procedure was used in deriving
the P-M-¢ curves used in the analysis of the test frame. In the
more general design case, however, each of these values must be

estimated at least approximately.
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1. Value of EI - The stiffness or effective EI
of a structural cross-section at any given curvature will be
given by the ratio M/¢. Using P-M-¢ curves similar to those
developed earlier in this CHAPTER, it is possible to define
secant or tangent EI values. As shown in FIGURE 4.7, the actual
EI varies significantly from this at any stage prior to
yielding. This variation may be due to the reinforcement ratio,
Py the stage of cracking, the axial load level, or a number
of other variables discussed in SECTION 4.3.2. Traditionally,
structural analysis of concrete structures is based on the EI
of the uncracked concrete section. It can be concluded from
FIGURES 4.3, 4.5 to 4.8 that in the normal frame, where beams
are cracked and have one percent tension reinforcement while
the generally uncracked columns have a total of about two to
four percent longitudinal reinforcement, the EI of the un-
cracked concrete section is not sufficiently accurate. This
problem has also been discussed by Okamura et a1.(01).

For the design of slender columns the ACI column
committee(Mg) has proposed the following value of EI:

_ c C
el = — 4 ESIS ....(4.3)

where Ec and ES are the modulus of elasticity of concrete and
steel respectively. Ic and IS are the moments of inertia of
the concrete and the steel, respectively, about centroidal axis.
As shown in reference (M9), however, the equation (4.3) tends to

underestimate the effect of the concrete term and overestimate
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the steel term. A somewhat better approximation would be:

E_I
2.5
This value is plotted with fine radial lines on FIGURES 4.3, 4.5

c
EI + 0.85 EsIs ....(4.48)
to 4.8. The examination of these lines reveals that the equation
(4.4) gives the same trends as the main variables discussed in

section 4.3.

For the preliminary calculations, the EI values of the
members of the structure could be approximated, using the equation
(4.4), assuming rectangular beams with one percent reinforcement
in each face and assuming the columns have two percent reinforce-
ment in each face. Shear walls may be assumed to have one percent

reinforcement.

2. Value of M - The ultimate moment capacity of the
cross-section varies significantly as shown in FIGURES 4.3 to 4.8.
This variation may be due to axial load level, reinforcement
ratio, Pys OF @ number of other variables discussed in section
4.3. The ultimate moment capacities, Mp, for a given reinforced
concrete section can be obtained by drawing interaction diagram
of the form shown in FIGURE 4.4. However, it is not always
possible to draw such diagrams easily. For simplicity in pre-
liminary calculations, the Mp values of the members of structure
could be taken as equal to the ultimate moment of the section
for the loading considered as computed by ACI code. This is

somewhat a conservative estimate.
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3. Slope of Second Branch of the Curve -  For beams and

columns the slope of the second branch of the P-M-¢ curve is

assumed equal to zero. This approaches the truth for loads less
than the balanced load as shown by the dashed lines in FIGURE 4.3.
For columns failing in compression, plotted in solid lines in

FIGURE 4.3, it is necessary to arbitrarily approximate the theoreti-
cal curve with two straight lines. For the shear wall this slope

is assumed to be positive, non-zero and small. This will generally
be a reasonably good assumption for practical shear walls near

the base of a building.

4. Rotation Capacity - For simplicity an infinite

rotation capacity will be assumed for the section. This is
reasonably true for sections failing in tension in view of the
large rotational capacities of such sections as can be seen in
FIGURES 4.3, 4.5 to 4.8. It is not good assumption for columns
failing in compression. For this reason hinges should not be
allowed to occur in columns unless special binding is provided
in the region of the hinge. This is discussed more fully in

reference (C6).

4.4.2 Discussion of Assumed Load-Moment-Curvature Relationship

The load-moment-curvature relationship was assumed to
be elastic perfectly plastic for the columns and beams and an
elastic-strain hardening relationship was assumed for the wall.
The slope of the strain-hardening range will generally be assumed

to be small.
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Several moment-curvature diagrams showing the effect
of various parameters have been presented in SECTION 4.3. 1In
general it is concluded that a normal beam section closely
approximates the assumed elastic-perfectly plastic moment-
curvature diagram with a long range of rotation capacity.
Therefore the idealization made here is quite reasonable since
the error involved is very small. Furthermore the rotational
capacity of a normal beam is very large and will not limit the
strength of the structure.(C6l

For axially loaded sections failing in tension, that
is, for section in which the reinforcement yields before the
concrete crushes, the moment-curvature diagram was found to
approach the idealised diagram. Therefore this assumption seems
to be quite reasonable for the axial loads below the balanced

load of the section.

For column sections it was found that the moment-
curvature diagrams tend to move away from the elastic-perfectly
plastic relationship as the axial load is increased. The
sections failing in compression exhibited curved moment-curvature
diagrams rather than bi-linear diagrams. In addition, these
sections had a very limited rotational capacity. For the columns,
the sections could be so chosen that a weak beam and strong

column design is achieved for the building.
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CHAPTER V
RESPONSE OF MEMBERS AND JOINTS
The shear wall frame analysis presented in CHAPTER III makes
a number of assumptions which deal with the behaviour of the individual

members in the structure. These assumptions are listed and discussed

in this CHAPTER.

5.1 Effect of Axial Load on Member Stiffness

The stiffness factors C and S commonly used in slope deflection
equations have been assumed to remain sufficiently close to 4 and 2 that
these values may be used. In deriving the M_ value for the cross-section

P
however, the axial load should be taken into account.

The slope deflection equations for a generalized member,

subjected to end forces, P, only, can be written as:

_ EI
MA = T {CeA + seB- (C+S)p } ....(5.1)

where MA is the moment at the end A of the member AB. Op and 6p are
the slopes at the end A and B, respectively, p is the sway angle of
the member AB and L is the length of the member AB. The C and S are
given by equations (5.2) and (5.3).

N sinKL - KLcoskL
C = K (GzcosioKTsinkD

....(5.2)
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_ KL - sinkKL
S = K ( 33c0skt -~ KisinkD ++.+(5.3)

_ P
where K = /'ET

For zero axial load the terms C and S have the values of 4 and
2 and equation (5.1) reduces to:
m, = EL (48, + 20, - 6p) (5.4)
A T A B ... (5.
When the members are subjected to axial loads the moments
induced by the deflections affect the distribution of moments. For
an elastic member the values of the terms C and S vary as a function

of the parameter L v P/EI.

For the beams the assumption that C and S remain constant
js essentially true since the axial load in the beam generally remains
very close to zero. In the case of shear walls the ratio L v P/EI is
small since the stiffness is high and the change in the values of C
and S are not of significant importance. However, this assumption

may be of concern in the case of columns.

For a rectangular reinforced concrete column the value of

Pu is given by:

Pu = K fC bt
where K is a constant which varies between 1.0 to 1.8 for pure axial

load. For eccentrically loaded columns K will be lower. For this

[
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discussion assume that K equal to 1.0 and EI is approximately equal

2

to 1000 fé btr® where r is the radius of gyration. Thus:

p o 10fbt : 0.001 5.5)
3 T000 ¥ b € v 5 FERICE
C r
Therefore L v P/EI = 0.0316 %- ....(5.6)

Assuming that r equal to approximately 0.3 t for the rectangular section

of depth, t, the equation (5.6) reduces to:

L/ P/EI = 0.105 %- e (5.7)

The value of L v P/EI given by equation (5.7) increases as the
value L/t increases. In a multistory building L/t seldom exceeds 20.(M9l
The value of L v P/EI will be equal to 2.10 and the corresponding values
of C and S are 3.3745 and 2.1699. Therefore for the case of equal
rotations at the two ends of the member and zero sway angle the assumption

will be unconservative by the ratio 6/(2.1699 + 3.3745) = 1.08.

More than 90 percent of the columns in buildings will have

L/t less than 8 (ng

The value of L v/ P/EI given by equation (5.7) will
be equal to 0.84 and corresponding values of C and S are 3.9050 and
2.0240. Thus for most building columns this assumption will be uncon-
servative by less than one percent. Therefore this assumption will be

quite reasonable for all practical purposes.

5.2 Effect of Shear Deformation

The shear deformation may be of concern in the case of members
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developing large shear such as shear walls. The relative magnitude of
the flexural and shearing deformations can be estimated in the following

analysis.

upon
For a shear wall of height, h, acte%hpy a shear force, V, the

deflections due to bending and shear will be given by equations (5.8)

and (5.9):
3
Vh
AM = 3T .(5.8)
_ 1.2Vh
AV = =55 (5.9)

where A is the cross-sectional area and I is the moment of
inertia of the section. The term 3 in equation (5.8) assumes that
the wall acts as a cantilever and the term 1.2 in equation (5.9)
is based on a rectangular section. E and G are the modulus of elasticity

and modulus of rigidity respectively.

Substituting G = E/2(1+u) and I = Ar2 where r is the radius
of gyration and can be taken as 0.3t for rectangular section and where
u is Poisson's Ratio which can be assumed to be equal to zero for
reinforced concrete, the ratio of the deflections given by equation

(5.8) and (5.9) is:
_ 2
AM/AV - ]-54 (h/t) ..--(5.]0)

For a variation of h/t from 1 to 2 for a one story wall the
ratio of flexural to shear deflections given by equation (5.10) will
vary from 1.54 to 6.17. In this case the shear deflections are sig-

nificant. In a multi-story building, however, since the wall generally
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acts as a cantilever for several stories the ratio h/t will generally
exceed 5. In this case AM/Av will exceed 38. In this case the shear
deflection is very small in comparison to flexural deflection and can

be ignored.

In the case of columns the factor 3 in equation (5.8) should
be taken as 12. The coefficient 1.54 in equation (5.10) reduces to
0.385. For h/t equal to 8 and 20, respectively, the ratios of flexural
to shear deflection are 24.7 and 154.

Thus the shear deformations will generally be small in
comparison to bending deformations in columns and will tend to be small
for walls. It is reasonable therefore to neglect the shear deflections
in approximate analysis. The comparison of test results also shows
that the shear deflections of columns and walls are not of considerable

importance.

In the examples of 10 and 20 story buildings presented in
reference (G2), the shear deformation was found to be greatest in
the bottom part of the shear wall. These examples are also analyzed by

approximate analysis and have been compared in CHAPTER VI.

5.3 Behaviour of Plastic Hinges

In CHAPTER III the following three assumptions were made to

define the properties of plastic hinges in the members:

(a) Plastic point hinges form at the centre of the beam-

column joint and at the face of the wall in the case of
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beam to wall joints.
(b) In case of shear wall the hinges form in pre-specified
small finite width.

(c) Plastic hinges have infinite rotation capacity.

In the frame test described in PART III of this report the
plastic hinges in the beams occurred at about 0.25d from the face
of the columns and the face of the wall as shown in FIGURE 5.1 which
shows the third floor beam in the test specimen. As a result the
moments at the centreline of the column were about 8 percent higher
than the computed plastic moment. The assumed hinge location leads
to a conservative estimate of the hinging load. The degree of con-
servatism is not serious for normal frame structures, but can be in
the case of the exterior wall of a "tube-in tube" type of building
where the clear span of the beam is generally less than 80 percent
of the beam span measured centre-to-centre of the columns. In this
case it would seem reasonable to increase the plastic moment capacity
of the beams to be used in the analysis by the ratio of the centre-

to-centre span divided by the clear span.

The assumption that the hinges can undergo any needed
rotation is reasonable for the beams which can generally develop very
large curvature, at hinges, as shown in FIGURE 4.3 and 4.7. The
assumption may be far from the truth in the case of columns failing
in compression, however, since the rotation capacity of such members
is small as shown in FIGURE 4.3. Walls fall in between beams and
columns but generally will fail in tension and thus generally will be

able to develop large curvatures and rotations. Thus the analysis will
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Tead to a reasonable prediction of frame behaviour provided column
hinges do not form. This will occur if a strong column and weak

beam design is used.

5.4 Behaviour of Joints

In CHAPTER III it was assumed that the joints were rigid prior
to hinging of the members at the joints and did not undergo any shear-
ing deformations. The shears induced in the joint by the compression
and tension forces at the end of the beams freguently lead to diagonal
cracks within the joint as shown in FIGURE 5.1(a). The forces causing
such a crack are shown in FIGURE 5.2. For such cracks to occur the
joint must undergo a shearing distortion which leads to the reduction
in the joint stiffness. As a result of assuming stiff joint, the
analysis will lead to an unconservative estimate of the ultimate loads
and deflections. If ties are provided in the joint to transmit the
shears after inclined cracking in the joint, the shearing distortion
of such joints will not be significant. Ties were provided in the beam
to column joints in the test frame. Hanson and Conner(H4) have dis-
cussed the strength of such joints. To take account of the flexibility
of the beam to wall joint, an equivalent length method, in which beam
length is extended in the shear wall beyond the face by 1/2 of the
beam depth, has been suggested in reference (M10). As will be seen
later, in the analysis of test frame in CHAPTER IX, extending the beam
length of the test frame by 1/2 the beam depth resulted in less than two
percent reduction in the beam moments and 1ittle difference in the
overall behaviour is found. Therefore it can be concluded that the

assumption of rigid joint is reasonable for an approximate analysis.
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(a) COLUMN TO BEAM JOINT

(b) WALL TO BEAM JOINT

FIGURE 5.1 THIRD FLOOR BEAM ENDS 1IN TEST SPECIMEN
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CHAPTER VI

DEVELOPMENT OF THE LUMPED EQUIVALENT
STRUCTURE

6.1 Introduction

In this CHAPTER, an attempt has been made to determine the
arrangement of a lumped or equivalent structure, so that the analysis
developed in CHAPTER III can be used to predict the ultimate load

of the real structure with reasonable accuracy.

CHAPTER III contains a preliminary discussion of the simpli-
fied or equivalent structure. The lumped model used for the analysis
was similar to the elastic model used by K]oucek(K]), Go]dberg(Gz) and
Lightfoot(Ll) for the analysis of plane frame. An extensive discussion
of the lumping procedure has been presented by Kloucek, Also a large
number of examples are presented to show the validity of the procedure
in the elastic range. Khan and Sbarounis(Kz) used a similar approach

for elastic shear wall-frame structures.

In developing the lumped structure, the chosen examples will
be analyzed by the approximate method developed in CHAPTER III and the
response so obtained compared with that obtained from a more rigorous
analysis of the complete structure, using the method developed in
reference (C6). The load deflection curves for the building or frame
under consideration will be compared to show the accuracy obtained by
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using the lumped model.

6.2 Development of the Lumping Procedure

In the discussion of the lumping procedure the frame members
will be considered first. It has been assumed that the shear wall
js forced to undergo the same sway deformation as the structural
frame. FIGURE 6.1 shows the floor plan of a typical building with
the vertical supporting structure consisting of walls and frames. The
lateral force is assumed to be applied parallel to the plane of the

frames.

A symmetrical rectangular portal frame subjected to a hori-
zontal load is shown in FIGURE 6.2(a). Each column has a moment of
inertia, Ic, and the beam moment of inertia is represented by Ip,

Mic and Mpp are the ultimate moment capacities of the column and beam
respectively. The lumped model for this frame is shown in FIGURE
and I

6.2(b). I Lc are the moments of inertia of the lumped beam and

LB
column in the simplified structure. MPLC and MPLB are the moment
capacities of the lumped column and beam respectively. Both the original
and the lumped structures were analyzed by slope-deflection procedure
for a horizontal load, H, applied at the top of the frame. For the two

frames to have identical deformations the following relationships must

be satisfied:

ILC = 2 IC ....(6.1)
ILB = 2 IB ....(6.2)
M = 2 M ....(6.3)

PLC PC
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Mo B = 2 Mop ....(6.4)

In the model shown in FIGURE 6.2(b) the length of the beam
is LB/Z. Alternately, it is possible to have the length of the beam
in the lumped model equal to that in the real frame provided both
ends of the beam are rotated through the same angle. This later
procedure has been followed in the analysis in CHAPTER III to avoid

confusion in the input data.

6.2.1 Lumping of Multibay Frames under the Action of Lateral Load
Only

For a multibay frame having equal bay lengths and
subjected only to a lateral load, the following relationships
similar to equations (6.1) to (6.4) must be satisfied for the

lumped model shown in FIGURE 6.2(b)

I¢ = 1o ....(6.5)
L = 21l (6.6)
Mprc = IMpc eeea(6.7)
MoLg = 2 1My (6.8)

where IC and IB represent the moments of inertias of
columns and beams respectively, whereas MPC and MPB are the ulti-
mate moment capacities of the columns and beams respectively. In
the case of unequal bay lengths, the beam in the lumped structure

can be assigned a length equal to the average length of all the beams
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in the original structure. The moment of inertia of the Tumped

beam is given by:
ILB = 2 LLB . Z(IB/LB) ....(6.9)
where LLB is the average length of the beam.

In the event of unequal plastic moment capacities at
the two ends of the beam in a story, the plastic moment capacity

of the lumped beam is given by:

M Z(M + M ....(6.10)

PLB PB1 PBZ)

where MPB1 and MPBZ are the plastic moment capacities

of the left and right ends, respectively, of each beam in the story.

6.2.1.1 Check of Basic Lumping Procedure

To Jjustify the above procedure, several one story
structures, one bay to seven bays in width were analyzed.
The results of the approximate analysis developed in CHAPTER
III were compared with those of the more rigorous analysis
developed in reference (C6). In each case the story height
was 11 feet and the bay width was 18 feet. The beams were
of reinforced concrete, 10 inches x 20 inches in cross-
section with 2 percent steel; the columns were 10 inches x
10 inches with 4 percent reinforcement. Each frame was
analyzed under the action of a horizontal load applied at

the top of the frame. A typical comparison of the two



82

analyses is given in FIGURE 6.3 for a four bay, one story
frame. The dashed 1ine shows the results given by the
rigorous analysis developed in reference (C6) and the solid
1ine shows the results of the approximate analysis. The
initial slopes of the load-deflection curves are almost
identical. The difference in the two curves becomes notice-
able as inelastic action of the structure becomes severe.
The sequence of hinge formation as predicted by the two analyses
is shown in FIGURE 6.3 and explains this difference. The
rigorous analysis predicts that the first hinges will form
at the bases of the three interior columns, whereas the
second hinges, at the bases of the exterior column form
later in the loading history. By lumping these columns,

the approximate analysis predicts that all hinges form
together, that is, at the base of the lumped column; causing
the change in the hinging load. However, the difference is
not significant. The ultimate load for this structure was
75.2 kips by the approximate analysis whereas the rigorous
analysis predicts an ultimate load of 74.4 kips. Thus for
this frame, the approximate analysis overestimated the
ultimate load by about one percent. A1l other frames
analyzed in this section, exhibited similar trends in load-
deflection curves and the sequence of formation of hinges.
TABLE 6.1 compares the ultimate loads predicted by the two
analyses, for all the frames. In all cases the approximate
analysis tended to overestimate the ultimate load from

1.0 to 2.2 percent.



6.2.1.2 Effect of Variations in Relative Stiffneséfdffééaﬁg

and Columns

To investigate the effect of varying the beam to
column stiffness, the four bay, one story structure, des-
cribed in section 6.2.1.1 was selected as a model. Seven
different sets of columns, varying in cross-section from
10 inches x 10 inches to 34 inches x 34 inches with four
percent reinforcement, were considered. A1l frames were
analyzed under the action of a horizontal load applied at
the top of the frame, by both methods; that is, the
approximate analysis developed in CHAPTER III and the rig-
orous analysis developed in reference (C6). No vertical
loads were considered. A typical example is shown in
FIGURE 6.4. In this case the columns were 20 inches square.
The dashed 1ine gives the results of the analysis developed
in reference (C6), whereas the solid line is that of the
approximate analysis. Both analyses predicted similar load-
deflection curves and hinging patterns. The initial slope
of the load-deflection curves given by the two analyses
are almost identical as can be seen in FIGURE 6.4. The
ultimate load predicted by the rigorous analysis was 557.5
kips whereas approximate analysis predicted an ultimate
load of 568.0 kips. Thus the approximate analysis over-
estimated the ultimate load of this frame by 2 percent.

A11 other frames analyzed in this paragraph yielded
similar comparisons. FIGURE 6.3 also shows a frame
in this series. The hinging sequence differed

for the two frames. TABLE 6.2 compares the ultimate
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loads for all the frames. The ratio of column to beam
stiffness varied from 0.24 to 42.06. By varying this
quantity it was possible to have different hinging sequence
for different frames in the rigorous analysis. In all cases
the approximate analysis tended to overestimate the ultimate
load by 0.5 to 4.5 percent. The errors tended to increase

as the column stiffnesses increased.

6.2.1.3 Effect of Unequal Beam Spans

In the previous sections only those frame having
equal bay legnths have been considered. However, many
structures have unequal bay lengths and subsequently beams
of different length in the same story. In the approximate
analysis, however, all the beams in a floor have to be
lumped together causing the hinges to form simultaneously
in all the beams of a given floor. To compensate for this
effect the use of average bay length has been suggested
above. The moment of inertia of the lumped beam will be
given by equation (6.9) whereas the ultimate moment
capacities will be given by equation (6.8), or (6.10) if

no transverse loads are present on the beams.

To study the effect of span variation, two of
the four bay, one story, frames discussed above were con-
sidered. The first frame had 10 inch square columns and the
second 20 inch square columns. The beam length was 11 feet

in one, two or three of the four bays whereas all other bay
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lengths were 18 feet. Various possible combinations were
considered, resulting in 11 different frames for each

column size. A1l 22 frames were analyzed under the action

of a horizontal load, applied at the top of the frame, by

both the approximate and the rigorous methods. No vertical
loads were applied to the structure. In all cases, both
analysés predicted similar load-deflection curves and

hinging patterns for the structures. The initial slope of

the load deflection curves for the frames were found to be
almost idential by both methods. Two typical load-deflection
curves are presented in FIGURES 6.5 and 6.6. In both FIGURES
6.5 and 6.6 the dashed 1ines represent the results of the
rigorous analysis whereas the solid lines represent the
results obtained by the approximate analysis. FIGURE 6.5

is representative of the first set of frames, which had 10
inches square columns. These frames failed in a sway mechan-
jsm. The ultimate load predicted by the rigorous analysis for
the frame shown in FIGURE 6.5 was found to be 74.5 kips
whereas the approximate analysis predicted an ultimate load

of 75.2 kips. Thus the approximate analysis overestimated

the ultimate load by approximately one percent. FIGURE 6.6
shows the results of a similar frame, chosen from the second
set, which had 20 inches square columns. These frames failed
in a combined mechanism. The ultimate load for the frame
shown in FIGURE 6.6 was found to be 522 kips by the approximate
analysis whereas the rigorous analysis predicted an ultimate
load of 525 kips. In this case the approximate analysis under-

estimated the load by 0.6 percent. The ultimate loads for frame



considered in this section are given in TABLE 6.3. 1In all

cases the error was found to be within + 1.4 percent.

6.2.2 Lumping of Multibay Frames Subjected to Combined Logds

In section 6.2.1 the lumping procedure for frames sub-

jected to lateral load, has been derived. However, the structure

will carry vertical load in addition to lateral load. The vertical

load in a structure could be applied as concentrated 1oads on the

tops of columns or as the uniformly distributed loads on the beams.

It was assumed in CHAPTER III, that the effect of the total vertical

load in a story could be simulated by placing concentrated loads

on the column tops.

6.2.2.1 Effect of Column Top Loads

To study the effect of column top loads, the four
bay, one story frame having 20 inch square columns, shown
in FIGURE 6.4, was again analyzed. The ultimate axial
load capacity, Po’ for this column is 2110 kips. Column

top loads, P, varying from 25 kips to 2000 kips, producing

8 different loading conditions, were considered. The frames
were analyzed by both the rigorous method and by the approxi-
mate method. The frames were lumped by the procedure developed

in section 6.2.1 for the purpose of the approximate analyses.

A11 frames were analyzed under the action of incremental

horizontal load applied at the top of the frame, while the

86

vertical load remained constant. Typical load-deflection curves

from the two analyses are shown in FIGURE 6.7. In this case
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the Toad on the top of each column was 500 kips, giving

P/Po = 0.237. The dashed 1ine in FIGURE 6.7 represents

the results obtained from the rigorous analysis whereas

the solid line represents the results of the approximate
analysis. The initial slopes of the load deflection

curves obtained by the two analyses are almost identical.
Similar hinging patterns were also predicted. The ultimate
lateral load predicted by the rigorous analysis was 633 kips,
whereas the approximate analysis predicted an ultimate

load of 642 kips. Thus the approximate analysis overestimated
the ultimate load by about 1.5 percent. A1l other frames
exhibited similar load-deflection curves and similar hinging
patterns were obtained by the two analyses. TABLE 6.4
compares the ultimate loads for all frames. The error was
about 2 percent for P/Po less than 0.25, increasing
exponentially to 11 percent for P/Po = 0.95. These errors
are probably due to the fact that the effect of axial

load on the coefficient C and S commonly used in slope-
deflections equations are ignored by the approximate
analysis. This problem has also been discussed in section

5.1.

6.2.2.2 Effect of Uniformly Distributed Loads on Beams

To study the effect of applying a uniformly dis-
tributed load to the beams, the four bay, one story structure
was analyzed under the influence of incremental lateral load

and a constant uniformly distributed vertical load on the
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beams. The lumped models, derived using the principles dev-
eloped in section 6.2.1, were analyzed by approximate method
whereas the corresponding actual frames were analyzed by the
rigorous analysis. The results show that the approximate
analysis tended to grossly overestimate the ultimate load
depending upon the magnitude of uniformly distributed load.
Accordingly, it is necessary to reduce the ultimate moment
capacity of the beams in the approximate analysis. The
following analysis was performed to find the reduction factor
which can be applied to the ultimate moment capacities

of the beam. In such cases the equation (6.8) and (6.10)

can be redefined as:

1]

M 2 Lo . M ee..(6.11)

PLB PB

or Mo, g zo (MPB1 + MPBZ) ....(6.12)

where o is the reduction factor.

A sway mechanism will require two beam hinges plus
hinges at the bases of the columns. If no load is applied
between the ends of a restrained beam in a laterally loaded
frame, and if the point of contraflexure is at mid-span of
the beam, the moment diagram for the beam will be as shown
in FIGURE 6.8(a) and the beam plastic hinges will occur
simultaneously as shown in FIGURE 6.8(b). When gravity
loads are applied between the ends of the beam, the

negative moments due to the vertical load add to the wind
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moments at the leeward end of the beam, as shown in FIGURE
6.8(c) reducing the lateral load required to cause hinging
at that point; and subtract from the wind moments at the
other end tending to develop a hinge configuration as

shown in FIGURE 6.8(d).

Consider a restrained beam of span, L, and ulti-
mate moment capacity Mp, in both positive and negative
moment regions, subjected to a constant uniformly distri-
buted load, w per unit length, and a wind moment distribution
characterized by the end moments, Mw. As the wind moment,
MW’ is increased, the first hinge forms at the leeward
end of the beam; on further increase in the wind moment, a
second hinge will form either at the windward end or in
between the ends of the beam. The results obfained from
such an analysis are plotted in FIGURE 6.9 for various ratios
v of midspan moment capacity to end moment capacity. The
term v will be explained in the next paragraph. The ratio
B = Mw/Mp is plotted on the vertical axis whereas the values
of wL2/Mp are plotted on the horizontal axis. For a known
value of wL2/Mp the ultimate moment capacity of the beam should
be multiplied by the corresponding value of B obtained
from FIGURE 6.9 to get the correct mechanism load. If the
value of B is taken corresponding to the first hinge
configuration, the result obtained by the approximate
analysis of the frame will be too conservative since the

second hinge is forced to form at the first hinging

load. If the higer value of B, given by the



second curve is used, the result will be unconservative since
the first hinging load is increased. Therefore, it is
suggested that the quantity a, in equation (6.10) should 1ie
close to the mean of the two values of B obtained from

FIGURE 6.9. The mean value of 8 is plotted in FIGURE 6.10.

In reinforced concrete structure, however, the
positive moment capacity is normally less than the negative
moment capacity. The extreme case would correspond to the
elastic gravity load moments which for a fixed ended beam
lead to a mid-span plastic moment capacity equal to half the
plastic moment capacity at the ends. Let the plastic moment
capacity in the positive moment region is given by'yMp where
Mp is the plastic moment capacity in the negative moment
region. Normally the value of Y will vary from 0.5 to 1.0.
The results of similar analysis described in previous para-
graphs for various values of Y varying from 0.5 to 1.0 are
shown in FIGURE 6.9. The mean value of g obtained from
FIGURE 6.9 are plotted in FIGURE 6.10. From the FIGURE
6.10 it can be seen that the value of a can be approximated
in straight line relationship with wLZ/Mp and a sufficiently
accurate approximation to the values of a will be given by

the equation:
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o= 1.0 - 0.015 (7-3Y) (sz/Mp) ....(6.13)

For the case of beams with equal positive and nega-
tive Mp's, that is, Y = 1.0, the equation (6.13) will

result in:



« = 1.0 - 0.06 (wL2/Mp) ....(6.14)

and for the case of beams having half the value

of negative M_'s in the positive moment region the equation

P
(6.13) will result in:

o = 1.0 - 0.0825 (sz/Mp) ....(6.15)

The other case of the reinforced concrete struc-
ture will be the case of a beam which will have different
moment capacities at the two ends.The leeward end of the
beam will have greater value of moment capacity than the
windward end. If n is the ratio of the windward end
moment capacity, MP. to the leeward end moment capacity
the value of o given by equation (6.13) will be sufficiently
accurate as long as the hinge does not form at the wind-
ward end of the beam. For most of the structure this is

true and this condition is satisfied if:

hc o< ....(6.16)

If the value of a obtained by equation (6.13)
does not satisfy the equation (6.16), a conservative esti-
mate can be obtained by taking o equal to 0 or n depending
upon whether the value of o obtained from equation (6.13)

is less than (1-n)/2 or greater than n.

In the analysis of a large building structure it
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would become tedious if o has to be computed for every

beam in the structure. Accordingly, it is desirable to
have one general value of a which could be used at least

in the preliminary analyses of multi-story structures.

Such a factor can be derived from FIGURE 6.10. In the
design of reinforced concrete buildings by the 1970 ACI
code proposed, it will be necessary to design the structure

for ultimate loads of:

U = 1.4DL + 1.7LL ....(6.17)
or U = 0.75 (1.4DL + 1.7LL + 1.7WL) ....(6.18)
where U = required ultimate load capacity of
section.
DL = dead load
LL = Tive load
and WL = wind load

A well designed shear wall-frame structure will
come very close to satisfying both equations (6.17) and
(6.18) simultaneously. Normally the beams will be designed
for the moment capacity, Mp, equal to wL2/10 to satisfy
the equation (6.17). At the ultimate state under lateral
loads the beams will carry a gravity load of 0.75(1.4DL +
1.7LL) or 75 percent of the design gravity load. For this

load the value of wL2/Mp js 7.5 and the corresponding value

of o, given by FIGURE 6.10, should vary from 0.62 for the

case of equal positive and negative plastic moment capacities
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to 0.44 for the case of beams having half the value of

end moment capacity in the positive moment region.

The correction factor o will lead to a better
prediction of the load at which the beam mechanisms

form in the structure and hence a better prediction of the

load at which significant softening of the structure begins.

On the other hand, however, the work done in deforming the
beam will be underestimated considerably with a resulting
decrease in the stiffness predicted for a structure con-
taining beam hinges. This is illustrated in FIGURE 6.11.
The work done in deforming the columns in mechanism (a),

shown in FIGURE 6.11, through an angle 6 is:

a a _ wb.b.a a
Mp (o+ 58 + v Mp(e+59) =55 6 twa. 56+ Hho

wal
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L
or Mp(1+Y)B- - * H]h ....(6.19)

Combining equation (6.19) and (6.13) and solving for H]

will result in:

_ L (1-a)a/L
mho= M LY E 6‘0_37%'37\'} ....(6.20)

The work done in deforming the columns in mechanism

(b), shown in FIGURE 6.11, through an angle 6 is:

H,ho

2aMp9 9

or H,h = 2 oM ....(6.21)

2 p
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The ratio, HZ/Hl’ will be given from equations (6.20)
and (6.21) as:

H2 20, ‘
ﬁ;' (1+Y)%— _ éTag)a{SY) ....(6.22)

For the value of y equal to one and suggested
value of a equal to 0.62 the ratio H2/H] given by
equation (6.22) will be 0.785. In other words, approximate
analysis will underestimate the ultimate horizontal load
for the structure shown in FIGURE 6.11 by 21.5 percent.
However, this error will be greatly reduced for the multi-
story structure, since many of the beams will not contain
hinges at the ultimate load. Thus it will be seen in
example presented later in this CHAPTER, for large structures
the load at the first major decrease in stiffness is pre-
dicted fairly well by the approximate analysis but the

stiffness, after hinging,is underestimated by it.

To study the effect of a uniformly distributed load
on the beam, the four bay, one story model analyzed earlier,
was considered. The ultimate load capacity Po’ for each
column was 2110 kips whereas each beam required a uniformly
distributed load, wb, of 11.44 kips per foot to form hinges
at the ends under the vertical load only. Four different
uniformly distributed loads varying from O to 76 percent of
wb were chosen. In each case, however, the total vertical
Toad was 2500 kips corresponding to a ratio of P/P0 of

approximately 0.24 for each column. A1l frames were analyzed
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by both the rigorous and approximate methods. The values
of o used in the approximate analysis were taken from
FIGURE 6.10. Vertical loads remained constant while

the horizontal load applied at the top of the frame was
incremented in both the analyses. A typical example, in
which the uniformly distributed Toad was taken as 76
percent of wb is shown in FIGURE 6.12. The initial slope
of the load-deflection curves obtained by the two analyses
are almost identical. The first hinge in the rigorous
analysis was detected earlier than in the approximate
analysis causing a discrepancy in the load-deflection curve
at this point. However, the approximate analysis predicts
a more rapid softening of the structure following the
formation of the first hinge producing approximately the
same ultimate load as that predicted by the rigorous analysis.
In this case the ultimate load predicted by the rigorous
analysis was 544 kips, whereas the approximate analysis
predicted an ultimate load of 522 kips. Thus the approxi-
mate analysis underestimated the load by 4 percent. TABLE
6.5 compares the ultimate loads obtained by both analyses
for all the frames. In all cases the approximate analysis
under-estimated the ultimate load by less than 4 percent
except for the first case where no uniformly distributed
load was present. In this case the approximate analysis

overestimates the ultimate load by about 1.5 percent.

The example frame considered above was reanalyzed
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with the beam length of bays 1 and 3 set at 11 feet. The
results are shown in FIGURE 6.13. A comparison of FIGURES
6.12 and 6.13 shows that for the frame having varying
span lengths, the load-deflection relationship predicted
by the approximate method agreed more closely with the
results predicted by the rigorous analysis. The ulti-
mate load predicted by the rigorous analysis was 584 kips
whereas the approximate analysis predicted an ultimate
load of 564 kips, underestimating the ultimate load by

3.4 percent.

6.2.3 Multi-story Structures

In an attempt to check the validity of the Tumping pro-
cedure, derived in section 6.2.1 and 6.2.2, for multi-story
frames linked to shear wall, several frames were analyzed by the
program described in CHAPTER 111 and the results were compared
with those obtained from the program developed in reference (ce6).
The member sizes of the basic four bay frame, used as an example
in section 6.2.1.2, were used in frames of one, two, three and
four stories. These frames were linked with a shear wall, 10
inches x 120 inches in cross-section, having one percent rein-
forcement. Hinged link beams were used to restrict the study
to effects of the assumptions made in lumping of the frame itself.
The frames were analyzed under the action of horizontal loads
applied at each floor level. The roof level had one half the
lateral load applied at each floor. No vertical loads acted on

the structure. A typical three story structure is shown in FIGURE
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6.14(a) and the lumped equivalent structure is shown in

FIGURE 6.14(b). The four frames were analyzed by the rigorous
method and by the approximate method and the results were
compared. In all cases the initial slopes of the load-
deflection curves were essentially equal. A typical load-
deflection curve for the three story building is shown in
FIGURE 6.15. The dashed 1ine represent the results obtained
from the rigorous analysis whereas the solid 1line is that of
the approximate analysis. Both analyses predicted similar
load-deflection responses and hinging patterns. Due to the
slight differences in the predicted hinging pattern the two
curves do not match gxact1y over the inelastic portions of the
curves. The ultimate load for this frame was found to be 263
kips by the rigorous analysis and 260 kips by the approximate
analysis. Thus the approximate analysis underestimated the
ultimate load by 1 percent. The comparisons of the ultimate

loads for all four frames are presented in TABLE 6.6.

A 20 story, two bay structure, shown in FIGURE 6.16
(a) was chosen as a second example and will be termed as
frame "A". The structure consisted of a two bay rigid frame
Tinked with a 10 inches x 60 inches wall by hinged 1ink beams.
The sizes of the frame members are taken from reference (C6).
The equivalent lumped structure is shown in FIGURE 6.16(b).
No gravity loads were considered except for the self weight
and the value of o was taken as one. This structure was
analyzed under the action of incremental loads applied at the

floor levels. The load-deflection curves obtained from the
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rigorous and approximate analyses are shown in FIGURE 6.17.

The dashed line shows the results obtained from the rigorous
analysis whereas the solid 1ine is that of the approximate
analysis. The hinge configuration of this structure is shown
in FIGURE 6.18. The initial slopes of the load-deflection
curves are identical and the hinging patterns are also similar,
as can be seen in FIGURES 6.17 and 6.18. The load factor
predicted by the rigorous analysis is 2.7 whereas the approxi-
mate analysis predicted a load factor of 2.65. Thus the

approximate analysis underestimated the load by about 2 percent.

The above 20 story structure was also analyzed under
the action of incremental horizontal loads at each floor level
and .constant vertical loads. This frame will be termed as
frame "B". Uniformly distributed loads of 4 kips per foot
were considered on all beams except the roof girders, which
were subjected to loads of 2.2 kips per foot. The value of o
was computed from FIGURE 6.10 for each beam. The load-deflection
curves obtained from both analyses are presented in FIGURE 6.19.
The dashed line was obtained by the rigorous analysis whereas
the solid line represents the approximate analysis. Due to the
differences in the hinging patterns predicted by the two
analyses, the curves differ slightly in the inelastic range.
hinging patterns obtained are shown in FIGURE 6.20. The approxi-
mate analysis predicts hinges at the ends of the beam whereas the
rigorous analysis predicts one hinge at the leeward end of the beam
and-one between the two ends. The approximate analysis predicts

earlier failure of the structure.
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This frame was also analyzed with various wall sizes.
The load-deflection curves obtained by both analyses for a 10
inches x 80 inches wall, frame "C", and for a 10 inches x 96
inches wall, frame "D", are shown in FIGURES 6.21 and 6.22.
In these cases similar comparisons between the two predicted
load-deflection curves and hinging patterns were obtained. In
the case of frame "D" the ratio of the wall stiffness to the
sum of column stiffness varied from 4.87 in the bottom story
to 300 in the top story. The choice of this ratio was limited
in the sense that the analysis presented in reference (C6)
does not converge for large differences of wall to column

stiffness.

It can be concluded from the results of the frames
A,B, C and D analyzed above, that the approximate analysis
yields reasonable description of load-deflection curve for
the multi-story structure when there is no vertical load present
on the structure. The approximate analysis yield a slightly
inaccurate but conservative description of 1oad-def1ectjon curve
for the structure when the gravity loads are present on the
structure. This is due to the way the approximate analysis
takes into accountthe uniformly distributed load on the structure.
As mentioned earlier the value of o is so chosen that the
approximate analysis will always result in underestimation of
the ultimate load. The designer may wish to use a different
value of o to more closely predict some other part of the load-
deflection curve such as the start of hinging. However, the

discrepancy in the results obtained by approximate and rigorous



100

analysis are within tolerable 1imits as can be seen by the

results of frames A, B, C and D.

6.2.4 Lumping of Link Beams

In deriving the analysis it was assumed that the
beams 1inking the shear wall to the rest of the structure (11nk-
beams) in each story are assumed to be represented by a single
Tink beam as shown in FIGURE 3.1. The lumped link beam has a
length equal to the average length of all the 1ink beams in
the story except that the lumped 1ink beams must have the same
length in all stories. The stiffness, EI/L of the Tumped Tink
beams shall be taken as sum of the stiffnesses of all the 1ink
beam in the story in question. The plastic moment capacity of
the lumped beam shall be taken as aZMp for all the corresponding

beams.

The assumptions concerning the use of the average
beam length and the derivation of the EI and Mp terms used in
the analysis have been discussed in sections 6.2.1, 6.2.1.3
and 6.2.2.2. These explanations will also apply to the 1link
beams. The general value of o derived in section 6.2.2.2 will
often be too low since the major portion of the moments in
the link beams often result from wind load rather than gravity

Toad.

6.2.5 Lumping of Shear Walls

In deriving the analysis it was assumed that the shear
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walls in one story can be represented by a single wall with a
moment-curvature relationship defined by superimposing the
moment curvature relationships of each of the individual walls
in that story. The resulting moment-curvature relationship

is approximated by a bi-linear curve. The slope of the second
branch of this curve may be small but not zero and the ratio
of the slope of the second branch to that of the elastic
portion of the curve must be the same in all stories. The
neutral axis of the wall is assumed to coincide with the

centroid of the uncracked wall.

It is customary to assume that the wind shear resisted
by the shear walls in a structure can be distributed between
the various shear walls in each story in proportion to their
individual stiffnesses. Khan(K4) has shown that this assumption
will result in the correct moments and shears in the shear wall

only if one of the following conditions is satisfied:

1. Each shear wall has constant section properties

throughout the height of the building.

2. Where wall sections change, the relative stiff-
ness of each wall remains unchanged throughout

the height of the building.

(k4) (T1)

In the examples presented by Khan and Tezcan
the errors in the wall shears and moments estimated by distri-
buting the total shear in the walls in any story in the ratio

of the stiffnesses of the walls ranged from about -300 percent
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to about +200 percent. The errors appeared to be smaller when
the wall moments were distributed in this way rather than the

wall shears.

Tezcan has shown, however, that the lateral deflection
of a number of shear walls connected by hinged 1ink beams is
equal to the deflection of a single shear wall having a stiffness
in each story equal to the sum of the individual wall stiffnesses
in that story. Thus, the lateral deflections computed for a
structure by lumping the wall stiffness as is done in this
analysis will be essentially correct. To compute the shears
and moments in the individual walls it is then necessary to force

each individual wall through the computed deflections.

The effect of summing the EI/L values of the shear
walls was studied using a ten story building containing three
shear walls, inter-connected by linked beams at each floor
level as shown in FIGURE 6.23(a). This structure was also
discussed in reference (K4). A first order analysis of the
actual structure was performed using a matrix method. In
addition, the three walls were lumped together into the single
cantilever as shown in FIGURE 6.23(b) which was also analyzed.
In both cases analysis were limited to elastic range. The
deflections at each floor level as predicted by the two
analyses are compared in TABLE 6.7. The actual shears obtained
by distributing the total shear in the ratio of the respective
wall stiffnesses are presented in TABLE 6.8. An incorrect

distribution of shears resulted from this procedure. Since the
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Tumped model yields almost coryect deflections, the shears and

moments can be computed from the deflected shape of the structure.

The final assumption considered in Tumping the shear
wall was that the neutral axis of the wall was at mid-depth
of the wall. Although the exact location of the neutral axis
depends on the shape of the wall, the distribution of the wall
reinforcement and the axial load and moment in the wall, it will
generally lie between the mid-depth and the compression face
of the wall. This assumption affects the ultimate load in two
ways: 1. The moments induced in the 1ink beams differ on
the two sides of the core as shown in FIGURE 6.24. This effect
tends to cause hinging to start earlier than predicted on the
windward side and later on the leeward side of the wall. Since
the 1ink beams on both sides of the wall are lumped together
into one 1link beam, this assumption has relatively little
effect on the overall behaviour predicted by the analysis.
2. If the two link beams are similar, more work will be done
in raising the wall end of the windward beam than is dissipated
by Towering the wall end of the leeward beam. This is not true
if the neutral axis of the wall is at mid-depth. As a result
the analysis will tend to underestimate the stability of the

structure.

6.3 Analysis of Planar Structure

It is assumed in the analysis that each floor acts as a rigid

diaphragm and that the structure does not twist about its longitudinal
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axis.

Benjamin(B]S)

has shown that a frame analysis based on the
assumption that the floor diaphragm are rigid, is satisfactory if

the ratio of the diaphragm to frame rigidity is greater than 1.0.

The problem is also discussed by Go]dberg(Gz)

who presents
an exact first order analysis including shear and flexural deforma-
tions of the floor diaphragm and the walls. It is interesting to
see the comparison of elastic deflections and wall shears at each
floor level of ten and twenty story building taken from reference

(G2). The comparison has been presented in section 6.4.

In an example presented in reference (W6), moving the shear
wall from the middle of a 60 foot wide building to 7.5 and 15 feet
from the middle led to reductions in deflection of the top of the
wall by 4 and 15 percent, respectively. Generally, however, the
non-symmetrical nature of the building tends to increase the maximum

deflections of the most highly deflected frame.

6.4 Comparison with other Published Examples

The Tumping procedure developed in this CHAPTER was checked
in part by comparisons of the computed deflections with those of
several published example structures. The example structures selected
were reduced to their equivalent models and analyzed by the program

developed in CHAPTER III.

Example one is a ten story, three bay steel frame first
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presented in reference (P2). This structure had unequal bay lengths
and unequal stiffness in the four column Tines. The actual struc-
ture and the Tumped model are shown in FIGURE 6.25. The loading
and member sizes used for this frame are given in reference (P2).
A11 the beams had uniformly distributed load and the corresponding
values of o were computed from FIGURE 6.10. FIGURE 6.26 compares
the load deflection curve obtained by the approximate analysis

to that presented in reference (P2). The dashed 1line

shows the curve presented in Reference (P2) and the

solid 1ine is that obtained by the approximate analysis. Good
agreement was found between the initial part of the two curves. The
discrepancies in the inelastic range of the curve are due to the
different hinging patterns predicted by the two analyses. Later
softening but earlier failure was predicted by the approximate

analysis.

Example two is a ten story building taken from reference
(62). The structure is shown in FIGURE 6.27(a) whereas the lumped
model is shown in FIGURE 6.27(b). No axial load was considered.
Comparison of elastic deflections at each floor level and the wall
shears are presented in TABLE 6.9 and 6.10. When only bending de-
formations are taken into account, the error in the wall deflection
is within one percent in all floors whereas the error in the shear
force is two percent or less in all floors except for the first and
top, where the errors are about 7 and 35 percent respectively. The
comparison of the deflections obtained by approximate analysis with

the results of combined bending and shear deformation obtained in
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reference (G2) are in greater error. The error in the bottom part of
the building is more than the top part of the building. This is
because of the fact that wall shear is greater in magnitude at the
bottom part of the building. However, it should be remembered that
small numbers have been compared. In terms of the shearing forces

in the wall, however, the approximate analysis gave

reasonable results.

Example three is a twenty-story building taken from refer-
ence (G2). The structure is shown in FIGURE 6.28(a) and the lumped
model is shown in FIGURE 6.28(b). No axial load was present on the
structure. The comparisons of elastic deflections and wall shears
at each story level are presented in TABLE 6.11 and 6.12. The
error in the wall deflection in all stories was within one percent
in comparison to the bending deformation computed in reference
(G2) and the error in wall shear was less than 5 percent except for
the first floor and floors near the top of the structure. In com-
parison to the combined bending and shear deflections obtained in
reference (G2), the approximate analysis resulted in greater error.

This error was greater in the bottom part of the building since the

bottom part of the building attracted greater wall shear in comparison

to the top part of the building. Here also small numbers have been
compared. The reasonable comparisons with Goldberg's bending
deflection analysis suggests that for most normal buildings it is

sufficiently accurate to consider the floor as a rigid diaphragm.

In example two the ratio of the wall to sum of the column

stiffnesses varied from 514 at the bottom story to 5310 in the top
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story. In example three the ratio of wall to sum of column stiff-
nesses varied from 219 at the bottom story to 788 in the top story.

The comparison was limited to elastic range only.

6.5 Discussion of Additional Assumptions

The final group of assumptions presented in CHAPTER III
dealt with specified aspects of member and frame behaviour, such
as there is no out of plane behaviour of the structure and there

is no axial deformation.

The out of plane behaviour is not a probiem except for
thin walls. Many designers provide columns at the end of walls

to prevent this tendency.

Studies of concrete building designs have shown that
columns in multi-story shear wall frame structure will seldom
exceed L/r = 35. According to the long column sections proposed
for the 1970 ACI Code this length would have no effect on the
majority of the building columns. Therefore there will be no

buckling prior to mechanism failure.

In the braced structure H-50, studied in APPENDIX E of
reference (C6), the failure loads and deformations were influenced
very little by axial deformations. However, when differential
shortening of the columns and walls was severe, extensive hinging
occurred at loads as low as 90 percent of the service load. The
hinging caused an increase of 14 percent in the roof sway deflec-

tion at working loads for this particular example. It is important



therefore, for serviceability considerations to investigate
the possibility of relative axial deformations due to elastic
shortening corresponding to temperature changes, settlement and

other causes.

Axial deformations may also cause "cantilever"
deflections of the entire structure. Khan and Sbarounis(Kz)
have proposed a modification to their method of analysis, by
which this can be accounted for, at least approximately. A
similar procedure could be used in the analysis proposed in

CHAPTER III.

6.6 Summary of Chapters IV, V and VI

The assumptions made in the analysis presented in CHAPTER

III have been discussed in CHAPTERS IV, V and VI.

The moment-curvature diagrams presented in CHAPTER IV
suggest that for concrete structures a strong column-weak beam
design is desirable in view of the limited rotational capacity

of column sections.

The study of the proposed lumping procedure and the
other assumptions indicates ‘that the approximate analysis yields
a reasonable prediction of the load-deflection characteristics of
the building. The ultimate load predicted by this analysis was
close to the ultimate load predicted by various other analyses.

Good agreement was found between the deflections and hinging patterns
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predicted by the rigorous and approximate analysis. The test
results presented in CHAPTER IX of this report show that the
analysis closely predicted the load deflection response and
the development of hinges, although it overestimated the

measured ultimate load by about six percent.
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TABLE 6.1

COMPARISON OF ULTIMATE LOADS IN ONE STORY STRUCTURES,
ONE TO SEVEN BAYS IN WIDTH

N Number Ultimate Load in Kips Percent
0. Analysis By Present
of Bays Reference(C6) Analysis Error

1 ONE 29.75 30.40 +2.18

2 TWO 44.63 45.60 +2.18

3 THREE 59.50 60.40 +1.51

4 FOUR 74 .44 75.20 +1.02

5 FIVE 89.31 90.80 +1.67

6 SIX 104.13 106.00 +1.80

7 SEVEN 119.00 120.40 +1.18

TABLE 6.2
COMPARISON OF ULTIMATE LOADS IN FOUR BAY,
ONE STORY STRUCTURES
Ratio of
co}ﬁmﬂ to| Ultimate Load in Kips
B ;
No. Cg}gzn Sti??ﬂess Analysis Present | Percent
Inches I/Le by Error
Ig/Lg Reference(C6)| Analysis

1 10x10 0.24 74.44 75.20 +1.02
2 12x12 0.53 133.69 134.40 +0.53
3 16x16 1.83 325.00 332.00 +2.15
4 20x20 4.67 557.50 568.00 +1.97
5 24x24 9.99 807.50 824.00 +2.04
6 30x30 25.14 1380.00 1424.00 +3.19
7 34x34 42.06 1906.00 1992.00 +4.50
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TABLE 6.4

COMPARISON OF ULTIMATE LOADS. IN

FOUR BAY, ONE STORY STRUCTURES

CARRYING LOADS AT THE TOP OF COLUMNS

The Ultimate Load in Kips | Percent
No. Rg;;o Analysis By Present
o |Reference(C6)| Analysis Error
1 0.01185 528.75 540.00 +2.13
2 0.02370 536.25 546.00 +1.82
3 0.04740 551.72 564.00 +2.23
4 0.09480 579.84 588.00 +1.41
5 0.23700 632.81 642.00 +1.45
6 0.47400 577.97 600.00 +3.81
7 0.71100 418.12 438.00 +4.75
8 0.9480 216.56 240.00 +10.82
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TABLE 6.5

COMPARISON OF ULTIMATE LOADS IN
FOUR BAY, ONE STORY STRUCTURES
CARRYING UNIFORMLY DISTRIBUTED LOAD

U.D. lLoad Value Ultimate Load in Kips Percent

No. | Load to Cause of Analysis By Present
end hinges a Reference(C6)| Analysis Error
1 0.0 1.0 633.00 642.00 +1.45
2 0.3034 0.85 615.00 606.00 -1.46
3 0.4551 0.76 595.00 582.00 -2.23
4 0.7585 0.50 544.00 522.00 -4.00

TABLE 6.6

COMPARISON OF ULTIMATE LOADS IN
FOUR BAY AND ONE, TWO, THREE AND
FOUR STORY BUILDINGS

No. of Ultimate Load in Kips Percent
Analysis By Present
Stories | Reference(C6)| Analysis Error
1 687.50 690.00 +0.36
| 2 475.00 480.00 +1.05
{ 3 263.00 260.00 -0.76
: 4 167.50 170.00 +1.49
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TABLE 6.9

COMPARISON OF DEFLECTIONS AND WALL SHEAR
IN TEN-STORY BUILDING (ONLY BENDING
DEFORMATIONS INCLUDED IN GOLDBERG'S ANALYSIS)

Wall Deflections Wall Shear
Story Inches Kips

Goldberg's | Present |Percent |Goldberg's| Present |Percent

Analysis |Analysis Error Analysis Ana]XEjs Error
1 0.0055 0.00554 +0.73 251.158 270.115 +7.55
2 0.0202 0.02035 +0.74 231.869 236.955 +2.19
3 0.0370 0.03720 +0.54 202.257 201.170 -0.54
4 0.0571 0.05732 +0.39 172.082 171.735 -0.20
5 0.0796 0.07979 +0.24 142.234 141.950 -0.20
6 0.1038 0.10386 +0.06 113.445 113.255 -0.17
7 0.1289 0.12891 +0.01 85.338 85.245 -0.1
8 0.1546 0.15450 -0.06 58.033 57.175 -1.48
9 0.1805 0.18032 -0.10 32.644 32.185 -1.41
10 0.2066 0.20620 -0.19 9.654 6.280 | -34.95
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TABLE 6.10

COMPARISON OF DEFLECTIONS AND WALL SHEAR
IN TEN-STORY BUILDING (BENDING AND SHEAR DEFORMATIONS
INCLUDED IN GOLDBERG'S ANALYSIS)

Wall Deflections, Inches

Wall Shear, Kips

Story |Goldberg's Present | Percent | Goldberg's Present | Percent
Analysis Analysis Error Analysis “Ap§1ysis Error
1 0.0142 0.00554 -60.98 241.254 270.115 +11.96
2 0.0369 0.02035 -44 .85 224.436 236.955 + 5.57
3 0.0591 0.03720 -37.05 197.465 201.170 + 1.88
4 0.0838 0.05732 -31.60 168.545 171.735 +1.89
5 0.1100 0.07979 -27.46 139.743 141.950 + 1.58
6 0.1369 0.10386 -24.13 111.622 113.255 + 1.46
7 0.1641 0.12891 -21.44 84.186 85.245 + 1.26
8 0.1910 0.15450 -19.11 57.508 57.175 - 0.58
9 0.2175 0.18032 -17.09 32.658 32.185 - 1.40
10 0.2434 0.20620 -15.28 10.129 6.280 -38.00
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TABLE 6.11

COMPARISON OF DEFLECTIONS AND WALL SHEAR
IN TWENTY-STORY BUILDING (ONLY BENDING
DEFORMATIONS INCLUDED IN GOLDBERG'S ANALYSIS)

Wall Deflections, Inches Wall Shear, Kips
Story | Goldberg's Present | Percent | Goldberg's Present | Percent
Analysis Analysis Error Analysis Analysis Error
1 0.0156 0.01572 +0.77 266.811 286.740 + 7.47
2 0.0439 0.04394 +0.09 228.409 225.520 - 1.26
3 0.0778 0.07782 +0.03 193. 345 190.735 - 1.35
4 0.1188 0.11874 -0.05 163.878 159.405 - 2.73
5 0.1656 0.16544 -0.10 142.166 141.730 - 0.31
6 0.217 0.21684 -0.12 124.700 126.010 + 1.05
7 0.2643 0.26390 -0.15 110.369 104.895 - 4.9
8 0.3137 0.31318 -0.16 104.405 103.470 - 0.90
9 0.3648 0.36418 -0.17 100.946 110.700 + 9.66
10 0.417M 0.41638 -0.17 88.148 87.305 - 0.96
11 0.4702 0.46935 -0.18 75.937 79.590 + 4.81
12 0.5237 0.52271 -0.19 61.201 61.905 + 1.15
13 0.5773 0.57616 -0.20 47.490 49.840 + 4.95
14 0.6309 0.62946 -0.23 33.473 32.480 - 2.97
15 0.6842 0.68244 -0.26 22.817 26.685 +16.95
16 0.737 0.73499 -0.29 8.983 9.520 + 5.98
17 0.7896 0.78705 -0.32 -3.665 -0.945 -74.22
18 0.8417 0.83863 -0.36 -17.549 -16.11 - 8.20
19 0.8935 0.88981 -0.41 -30.544 -27.525 - 9.88
20 0.9451 0.94074 -0.46 -37.257 -57.740 -54.98
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TABLE 6.12

COMPARISON OF DEFLECTIONS AND WALL SHEAR IN
TWENTY-STORY BUILDING (BENDING AND SHEAR DEFORMATIONS
INCLUDED IN GOLDBERG'S ANALYSIS)

Wall Defliections, Inches Wall Shear, Kips

Story |{Goldberg's Present | Percent | Goldberg's Present | Percent
Analysis Analysis Error Analysis Analysis Error

1 0.0280 0.01572 -43.85 248.448 284.740 +14.61
2 0.0635 0.04394 -30.80 215.392 225.520 + 4.70
3 0.1026 0.07782 -24.15 184.025 190.735 + 3.64
4 0.1477 0.11874 -19.60 157.310 159.405 +1.33
5 0.1980 0.16544 -16.44 137.365 141.730 + 3.18
6 0.2524 0.21684 -14.09 121.269 126.010 + 3.91
7 0.3016 0.26390 -12.50 108.240 104.895 - 3.09
8 0.3530 0.31318 -11.28 102.408 103.470 + 1.04
9 0.4059 0.36418 -10.28 98.585 110.700 +12.29
10 0.4598 0.41368 | - 9.44 86.810 87.305 | + 0.57
11 0.5142 0.46935 - 8.72 74.960 79.590 +6.18
12 0.5686 0.52271 - 8.07 60.905 61.905 + 1.64
13 0.6229 0.57616 - 7.50 47.433 49.840 + 5.07
14 0.6767 0.62946 - 6.98 33.933 32.480 - 4.28
15 0.7300 0.68244 - 6.51 23.099 26.685 +15.52
16 0.7896 0.73499 - 6.92 9.889 9.520 - 3.73
17 0.8345 0.78705 - 5.69 -2.504 - 0.945 -62.26
18 0.8857 0.83863 - 5.31 -15.798 -16.110 +1.97
19 0.9362 0.88981 - 4.95 -27.554 -27.525 - 0.10
20 0.9865 0.94074 - 4.64 -32.641 -57.740 +76.89

(S S O _—
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(a) WIND MOMENT IN A (b) HINGE CONFIGURATION
RESTRAINED BEAM CORRESPONDING TO {a)

(c) COMBINED MOMENT IN (d) HINGE CONFIGURATION
A RESTRAINED BEAM CORRESPONDING TO (c)

FIGURE 6.8 MOMENTS AND HINGE CONFIGURATION IN A RESTRAINED BEAM
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FIGURE 6.14 THREE STORY STRUCTURE
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FIGURE 6.16 TWENTY STORY STRUCTURE
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138

9, JWvdd “9NICTING AYOLS ALN3IML ¥04 JA¥ND NOILDIT343a - AVOT 61°9 3JN9Id

S3IHONI
o'oY 0'0€

NI NOI123143d
002 olt 0

SISATVYNVY 3JIVWIXOJddV
SISATVYNY SNOYOOIY =erenemenmmnceene

0 w b--‘

o--l-l-l-l-lll-o'-

] T 0

JO1DOvd avOl



139

HINGED LINK HINGED LINK
rBEAMS BEAMS
& &
7 5 N
o 5 —e-
—a 5 - -
—- )§7 o—o-
-0~ - E A 4 . o
7 Y .
—-
; —o- '§7 -
4 )
—1-— —0-
3 7 2
-olo——o o
I -
—o-to——-
IR 2 .
-~
3N 4 5
—o—o-{—0—o1t0——o *-
9 1|1 9 4 )é
e OO 10— 0 0~
2 1] 9 3 ;3 3
8 1 8 3 53 3
- o—eo}—o—et0—o ;—o—-bo—o-
8 11 8 2 2 2
8 1 8 2 §1 ]
—o—o1+—0—o{0——o- lo———o-
8 1 8 2 §2 2
—o—o-|—0—ojo——0- o—0-
9 21 ¢ 3 3 3
—olo——o- —e-
4| 6 3
7 77 ) A 777 -
({a) ACTUAL FRAME (b) LUMPED MODEL

FIGURE 6.20 HINGE PATTERN IN TWENTY STORY BUILDING, FRAME 'B'



140

oov

+Jy 3Wvdd “ONIGTING AY0LS ALNIML ¥04 WYYOVIQ NOILD3T3430 - AV01 12°9 JNIIA4

SIHDNI NI NOI1D53143d
0'0¢ 002 )]

1 | |

SISATYNY 3JLVWIXOYdddV
SISATYNY SNOYJOO!Y srermcancnsees

o't

0'¢

Jolov4 avol



141

v, JWYY4 “9YNIGQTING AYOLS ALNIML 404 3IAYND NOILI3T343Q - QY01 2279 Jundld

SIHONI NI NOIL123143d
00¥ 0'0€ 002

00l 0

v | l

SISATVNV 3JIVWIXOdddV

SISATVNY  SNOJOOIY =eemmcecccenes

T 0

dO1DOVvd avOl



AN

AN //

HNmmh

(a) ACTUAL COMBINATION OF WALLS

(b) LUMPED WALL

OF WALLS

FIGURE 6.23 LUMPING



4y AT T g T PR

| Gl S 1

143

(a) DEFLECTED SHAPE OF THE STRUCTURE

— - ACTUAL
ASSUMED

(b) MOMENT DIAGRAM

FIGURE 6.24 EFFECT OF MOVING NEUTRAL AXIS FROM CENTROID
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PART III

TEST OF A REINFORCED CONCRETE

SHEAR WALL-FRAME STRUCTURE



CHAPTER VII

TEST SPECIMEN

7.1 Introduction

A 20 ft. high, one bay, four story reinforced concrete shear
wall-frame was tested to failure under a constant vertical Toad on the
columns and walls and lateral loads applied in increments, at the
floor levels. The test was carried out to trace the actual behaviour
of such a frame and to check on the accuracy of the analysis presented

in CHAPTER III.

The test specimen was constructed and tested inside a steel
testing frame designed for this purpose. The frame provided the
reaction for the horizontal loading jacks and supports for observation
platforms and lateral bracing. Sectional elevations of the testing
frame, specimen and the loading apparatus are given in FIGURES 7.1
and 7.2. FIGURE 7.3 shows a photograph of the testing frame, specimen

and instrumentation during the test.

7.2 Layout of Specimen and Reinforcement

The test specimen was a four story, one bay frame, having one
column and one shear wall interconnected with four beams as shown in
FIGURE 7.4. Each story was 5 foot high center to center of beams. The

columns, beams and walls had nominal cross-sections of 6 x 4% in.,
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6'x 6 in.,and 6 x 24 in. ?espectively. The span of the beams was 84

inches from the center of the column to the inner face of wall. In
addition all the beams had a projection of 7 inches from the outer
face of the columns to ensure adequate anchorage for the beam rein-
forcement. The various cross-section used for columns and beams and
for walls are given in FIGURES 7.5(a) and (b) respectively. The

measured dimensions of the members are listed in TABLE 7.1.

The reinforcement in the wall and column was welded to the
respective base plates and extended vertically far enough to be
anchored past the point where it was no longer required. The fourth
story column had an additional No. 4 bar in the two faces. The beams
were reinforced with four bars, two at the top and two at the bottom
as shown in FIGURE 7.4. Details of the reinforcement in the column
aﬁd wall joints are given in FIGURE 7.6. FIGURE 7.7 shows the clevis

used for transferring the horizontal jack load to the wall joint.

The ties and stirrups in the columns and beams were made
of No. 14 wires, wound in a spiral at 4% inches on centers. Stirrups
for the first two stories of the wall were made out of U-shaped No. 3
bars ‘placed at 6 inches on centers. The legs of these stirrups were
lapped on the width of the wall. In the third and fourth story walls,
stirrups made of No. 9 wires were provided at 6 inches on centers.
Two No. 3 bars were used as stirrups in the wall beam joints. The
column beam joints had stirrups within the joint made of No. 9 wire at

2 inches on centers.
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7.3 Construction of Specimen

The specimen was constructed one story at a time in the vertical
position at the location where it was to be tested so that it was not
cracked or stressed due to handling. The reinforcement cages for
columns and walls were made in the horizontal position and lifted
into place after they were welded to the respective base plates. The
concrete was placed in stages. In a typical story the beam concrete
was placed one day followed by the next higher column and wall the
next day. The concrete was vibrated using a 5 foot long internal
vibrator. TABLE 7.2 gives the date of casting and the age of the
concrete in the various members on the day of testing. FIGURE 7.8

shows the specimen under construction.

7.3.1 Formwork

The formwork consisted of boxes made of 3/8 inch thick
plastic coated ply-wood. These were braced at several points to
prevent deflections due to the pressure of the concrete during
casting. The column and wall forms could be opened at the two
diagonally opposite corners to break them away from the sides of
the member. The forms were designed so that the column and wall
for one story supported the forms for the next higher beam which
in turn supported the forms for the next higher story. The
threaded inserts used to hold the rotation meters were bolted
to the inside of the forms in the correct locations before
casting. The forms were oiled before placing in position. Transits
were used to align the formwork vertically. The forms were braced

against the testing frame to keep them in vertical position during
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casting.

7.3.2 Curing

The forms were loosened one day after casting to destroy
the bond between forms and concrete. Once this had been done
the formwork was put back in place and left until one week after
the entire frame was completed to support the forms for higher
stories and protect the concrete from drying. The tops of the
beams were covered with wet burlap and polythene. After the
forms were removed the frame was cured in the laboratory air
at room temperature for 51 days before the test was carried out.
The control cylinders made during the various casting stages

were also cured in the same way.

Material Properties

7.4.1 Concrete

The concrete mix was designed to have an average strength
of 3000 psi in 28 days. The slump used was 3 inches. The mix
proportions were: cement 170 1bs., sand 530 1bs., coarse aggre-
gates 370 1bs., water 100 1bs. The coarse aggregate was 3/8
inch maximum size. This mix was enough’ for one column and one
wall plus six control cylinders. For the beams, half of this
mix was enough to make one beam and six control cylinders. The
cement used was high early strength portland cement and was
fresh at the time of use. The concrete was mixed in a 9 cubic

foot Eirich mixer.
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Six standard control cylinders were made from each batch.
Three of these were tested in compression two days before the
test and one was tested in compression, three days after the
test. The strength reported in TABLE 7.2 is the average strength
of the four cylinders from each batch. The remaining two cylinders
were used for split tension tests whose average strengths are also

reported in TABLE 7.2.

7.4.2 Reinforcing Steel

Intermediate grade deformed reinforcing bar meeting ASTM
specification A-15 was purchased from a local supplier. Al1l the
reinforcement of any one size came from the same heat. The heat
number, composition and standard mill test results of these bars
were supplied by the producer. Two specimens of each of the No. 3,
No. 4 and No. 5 bars were tested in tension. The loads and the
extension on a 2 inch gauge length were recorded by electrical drum
type recorder mounted on the testing machine. The properties of
the reinforcement are tabulated in TABLE 7.3. Typical stress-
strain curves for the bars tested are shown in FIGURE 7.9. The
yield strength of No. 6 bar was taken from the mill test. The
cross sectional areas of all the bars were taken from the mill
test. The value of modulus of elasticity, E, of these bars were

derived from the stress-strain curves shown in FIGURE 7.9.

7.5 Base Connection

The base connections used for the bases of the column and

wall are shown in FIGURES 7.10 and 7.11 respectively. The column
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reinforcement extended through holes in the base plate to the
bottom of the plate. The holes were enlarged at the bottom of
the plate and the bars were welded in these holes. The base
plate for the wall was a built up channel and the wall reinforce-
ment was welded on the inside face of the flanges of the channel.
In each case the welding was adequate to develop the strength

of the bars.

Each base plate was connected to the floor of the laboratory
by means of two 1% inch diameter high strength steel threaded
rods, 24 inches apart. The rods had a guaranteed yield strength
of 128,000 psi and ultimate strength of 142,000 psi. The bolts
extended through the test floor of the laboratory and were an-

chored by nuts bearing on the underside of the floor.

The construction of the wall and placing of curvature
meters on the column limited the extension of these bolts above
the floor. As a result the bolts used were too long and a sleeve,
5% inches long, of 2 inch standard pipe was used as a spacer under
the nuts. Although the bolts used were high strength steel and
were adequate to take the loads anticipated at the base, the pipe
sleeve in the wall base connection yielded at about half the
anticipated failure load causing a premature failure of the frame.
An identical piece of pipe, cut from the same pipe, was tested in
compression in the laboratory to find the stress-strain characteristics
of the pipe. From this information a moment curvature relationship
was established for the base of the wall as discussed in section

8.10. This predicted moment curvature relationship was used in the
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theoretical analysis and good agreement was obtained between

the measured and computed behaviour.

7.6 Loading Apparatus

The loading devices were shown in FIGURES 7.1, 7.2 and
7.3. Separate hydraulic systems were used for the vertical and
horizontal loads. For each system 0il was pumped from a central
supply by a pump operated by air pressure. The pumps automatically
maintained a given oil pressure. Bleeder valves were used to maintain

the desired load.

Horizontal loads were applied by tension jacks connected
to the frame by the clevises shown in FIGURE 7.7. The jacks reacted
against the testing frame. The three lower jacks were connected on
the same hydraulic line so that equal loads could be applied by all
three jacks. The fourth floor jack was connected to another hydraulic
1ine. Hydraulic pressure gauges with a range of 0 to 10,000 psi were
used to read the pressure between the pump manifold and jack and to

facilitate the controlling of loads.

The apparatus used to apply vertical loads on the top of
the columns and walls is shown in FIGURES 7.1 and 7.2. A loading beam,
placed parallel to the beams in the frame, applied loads through rollers
and plates to tops of the columns and walls. The rollers were positioned
over the center of the wall and the column. A cross-beam, mounted on
top of the center of the loading beam, was connected in turn to two tie
rods of 3 x 1 inch cross-section. The lower ends of the tie rods were

connected to two 100 ton hydraulic jacks acting in tension. These jacks



reacted, in turn, against gravity load simulator of the type developed

at Lehigh University(Y]).

The gravity Toad simulator is a mechanism
which can transmit vertical load but cannot resist horizontal load.
Thus the 1line of action of the applied load remains vertical even if
the structure sways. This was checked during the test using scales

mounted on the simulator and loading beams read with a transit.

7.7 Lateral Braces

Five lateral braces were used to prevent the out of plane
movement of the test specimen. Three were mounted on rods embedded
in the projecting ends of the top three beams. Two more lateral
braces were used to prevent out of plane movement of the loading
beam at the top of the structure. The lateral braces were similar
to those developed at Lehigh University(Y]); The lateral braces
consist of a mechanism which permits the specimen to deflect in its
plane but does not allow lateral movement of the braced points.
FIGURE 7.12 shows the details of one half of a lateral brace. The
measurement of lateral movement onthe fourth story wall indicated that
no significant out of plane movements of the test specimen occurred

during the test.

7.8 Instrumentation and Measurements

7.8.1 Introduction

The objective of this test was to observe the actual
behaviour of the structure and try to relate it with the analysis
described in CHAPTER III. To aid in this correlation, the

following measurements were taken:
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1. The applied vertical and horizontal loads were

measured.

2. The concrete strains were measured at various
positions along the length of the wall so that

curvatures and moments could be computed.

3. Curvature were measured at a number of points
along each of the columns and beams to enable

the computation of moments.

4. The rotations were measured near the ends of the

member.

5. Horizontal deflections were measured at each floor
level as were the vertical deflections of the top
of the column and wall. Lateral deflections were

measured near the top of the wall.

The techniques adopted for the above measurements are

described briefly in the following sections.

7.8.2 Measurements of Loads

The horizontal and vertical loads were measured both by
0il1 pressure and by strains measured in previoys]y calibrated bars.
The graduations on the oil pressure gauges, for horizontal jacks,
corresponded to approximately 350 1bs. of load per division. It
was possible to estimate the dial reading to the nearest third of
a division which corresponded to about 115 1bs. of load. Wherever

possible the loads were chosen to fall on a division mark..Between



the end of the jack ram and the device used to transmit the
loads to specimen was a 2 inch long section, one inch in
diameter on which strain gauges were mounted to measure the
jack load. Two longitudinal and two transverse strain gauges
were mounted on the circular piece to form the four arms of
wheat-stone bridge circuit. In this measurement the effect
of any bending or temperature change were compensated for (87).
To measure the vertical load, one strain gauge was
mounted longitudinally on two faces of each tie rod. These
strain gauges were connected to form two opposite arms of
wheat-stone bridge circuit. The other two arms of the bridge
were provided by mounting two dummy strain gauges on similar

steel plates to provide temperature compensation.

The two jacks used to apply the vertical loads were

connected to a control panel with pressure gauges to measure

the pressure in each jack. The dial readings could be estimated

to the nearest third of a division which corresponded to about
650 1bs. in each jack. Loads were chosen to fall on a

division mark.

The strain gauges were all connected to a Dymec data

acquisition system which read the voltage difference between the

output terminals and printed this out on an automatic printer.
The jacks and pull rods were calibrated before the test to find

the correlation between the oil pressure, voltage difference

reading and the applied loads. The calibrations were found to be
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linear.

7.8.3 Concrete Strain Measurements in the Walls

Strains were measured on the face of the wall using
Whittemore and Demec gauges. The first two stories of the wall
had Whittemore points at 10 inch intervals and the upper two
stories had Demec points at 8 inch intervals. The gauge lines
were used, located at half inch and 4 inches from the outer face
of the wall and at 1% inches from the inner face of the wall,
respectively. A diagram showing these points is given in
FIGURE 7.13. The points were placed on opposite faces of the wall
in alternate stories to facilitate taking the readings from the
working platforms. Two groups of three measurement points on
two adjacent cross-sections made up a curvature measuring station.
In FIGURE 7.13 the curvature measuring stations are labelled by
numbers in circles placed in the center of the curvature measuring

station.

The Whittemore and Demec gauge readings could be repro-
duced to the nearest 10 and 12.5 micro-inches/inch of strains,
respectively. This will result in a maximum error of 21.4 and
26.6 micro-inches/inch in the estimation of curvatures times depth,

¢t, for the wall sections, from Whittemore and Demec gauge
readings, respectively. The concrete strain readings, in the first
story, were found to be very erratic presumably due to the cramped
working space between the gravity load simulator and the frame in

this story.
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7.8.4 Curvature Measurements in Columns and Beams

Curvatures were measured at two locations at each end
of each column and one location at each end of each beam using

(€2)  1he details of a

curvature meters developed by Chang
typical curvature meter are shown in FIGURE 7.14. The meter
consists of two steel reference frames which are attached to

the members by four cap-screws screwed into the concrete surface
and have 0.0001 inch dial gauges mounted at mid-depth of the
specimen to read the relative deflections of the ends of the arms.
The gauge length was 8-3/8 + 3/8 inches and these gauges gave

an average curvature over this length. In order to mount the
meters at the joints, the curvature meter was modified for the
attachment to the member. Similarly, the curvature meter used
for top beam was modified to ensure against interference of the
loading beam. The maximum error in the estimation of curvature
times depth,¢t, of the column and beam sections would be in

order of 18.7 and 25 micro-inches/inch, respectively, if the

dial gauge readings on the curvature meters are reproducable

to nearest 0.0005 inch.

The locations of the measuring stations are shown in
FIGURE 7.13. Two adjacent reference frames form a curvature
measuring station. The numbers in circles, shown in FIGURE 7.13,

indicate the measuring station numbers.

7.8.5 Rotation Measurements

The rotations of points on the columns and beams near

each joint and at the center of the wall joints were measured



electrically. The location of the rotation meters are shown in
FIGURE 7.15. The measuring stations were labelled and are given

by the numbers in circle, shown in FIGURE 7.15.

The basic tool used to measure rotations is shown in
FIGURE 7.16. This rotation meter is essentially the same as

the rotation meter developed at Lehigh University (Y1X

Basically
the rotation meters consisted of a 0.03 inch thick spring steel
strip with a 9.56 1bs .weight clamped to the lower end. The

upper end of the strip was connected to two square bars which were
firmly screwed to a base plate. The base plate was fastened to
the specimen with 1/4 inch bolts screwed into inserts cast into
the members during construction of the specimen. The weight

tends to remain vertical as the structure rotates and bending
strains are induced in the spring steel strip which acts as a beam
under tension. By measuring the bending strain induced at the

end of the strip the rotation can be determined using the formulas

for a beam under tension.

Four active strain gauges were used to form the four
arms of a wheat-stone bridge to measure the strains as shown in
FIGURE 7.17. Gauges 1 and 4 were on one side of the strip and 2 and
3 on the other. This circuit compensated any temperature change and
the strain measured is four times the average strain induced in

B7). A1l the rotation meters were

the strip at the gauge point(
calibrated using a mechanical rotation meter, consisting of a level
bubble and micrometer. The calibration was found to be linear and

was approximately 525 micro inches/inch per degree of rotation.
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7.8.6 Deflection Measurements

The horizontal deflections were measured using scales,
divided in 50ths of an inch, mounted on the beams. The scales
were read with a transit. The scales mounted on the top three
beams were 12 inches long whereas the scale on first beam was
6 inches long. A scale was also mounted on the laboratory floor

to check for movement of the transit.

To measure the vertical deflections, magnetic bars
were attached to the plates below the rollers on which the loading
beam sat. Vertical wires attached to these bars extended to dial
gauges mounted on magnetic stands on the floor of the laboratory.
The deflection measured in this way included a horizontal compon-
ent due to the lateral deflection of the specimen. This was
corrected for in computing the deflections although the maximum

error did not exceed 0.05 inch.

A scale was mounted on one end of the fourth story wall

and the lateral deflection was read with a second transit.



TABLE 7.1

MEASURED DIMENSIONS OF THE SHEAR WALL~FRAME SPECIMEN

Dist. of
. Steel Steel
Lenath Cross-section Layer No. | Areas of | Centroid
Member g Width | Depth From Steel From
Inches b t Tension 5 Tension
Inch Inch Face in. Face
Inch
Col. 1 60.5 6.0 4.5 1 0.222 0.750
2 0.222 3.750
Col. 2 60.0 6.0 4.5 1 0.222 0.750
2 0.222 3.750
Col. 3 60.0 6.0 4.5 1 0.222 0.875
2 0.222 3.625
Col. 4 60.0 6.0 4.5 1 0.415 0.750
ﬁ 2 0.415 3.750
Beam 1 84.0 6.0 6.0 1 0.386 0.750
(Col. end) | 2 0.386 5.250
(Wall end) 1 0.386 1.125
2 0.386 5.250
Beam 2 84.0 6.0 6.0 1 0.610 0.937
(Col. end) 2 0.610 5.062
(Wall end) 1 0.610 1.437
2 0.610 5.125
Beam 3 84.0 6.0 6.0 1 0.610 0.937
(Col. end) 2 0.610 5.062
(Wall end) 1 ©0.610 1.625
2 0.610 5.000
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TABLE 7.1 (contd.)

Beam 4 84.0 6.0 | 6.0 1 0.610 1.000
(Col. end) 2 0.610 5.000
(Wall end) 1 0.610 1.687
2 0.610 5.062

Wall 1 60.5 6.0 | 24.0 1 0.860 1.250
2 0.860 2.625

3 0.610 4.125

4 0.610 5.437

5 0.610 | 18.563

6 0.610 | 19.875

7 0.860 | 21.375

8 0.860 | 22.750

Wall 2 60.0 6.0 | 24.0 1 0.860 1.250
2 0.860 2.625

3 0.860 | 21.375

4 0.860 | 22.750

Wall 3 60.0 6.0 | 24.0 1 0.860 1.250
and 4 2 0.860 | 22.750
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TABLE 7.2

AGE AND CONCRETE STRENGTH OF THE MEMBERS

Age on | Concrete “Split
Member Date of The Day | Strength Tensile
Casting of Test | in Comp. Strength
Days Psi Psi
Col. 1 23. 9.68 80 3,303 513
Col. 2 1.10.68 72 3,195 417
Col. 3 8.10.68 65 3,348 509
Col. 4 11.10.68 62 3,497 488
Beam 1 30. 9.68 73 2,390 356
Beam 2 4.10.68 69 2,868 384
Beam 3 9.10.68 64 2,930 441
Beam 4 15.10.68 58 2,618 426
Wall 1 26. 9.68 77 3,360 529
Wall 2 1.10.68 72 3,195 417
Wall 3 8.10.68 65 3,348 509
Wall 4 11.10.68 62 3,497 488
TABLE 7.3
PROPERTIES OF REINFORCEMENT
n | Modulus
Area* Yield Ultimate of
Bar Size 2 Strength [Strength* Elasticity
in Psi Psi Psi
No. 3 0.1 55,700 78,900 27.7x106
No. 4 | 0.193 | 53,000 80,800 | 27.4x10°
No. 5 0.305 50,700 76,500 26.3x106
No. 6 | 0.430 | 54,900% 82,800 | 27.5x10°

* Taken from Mill Test
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CHAPTER VIII

TEST AND ANALYSIS OF TEST DATA

8.1 Introduction

The testing apparatus, procedure and instrumentation used
in the test of the shear wall-frame specimen were described in
CHAPTER VII. The dimensions, structural details and material properties
of the speicmen are also described in‘that CHAPTER. The computations
carried out in reducing the test data are presented here. The test

results are compared with the theoretical analysis in CHAPTER IX.

8.2 Description of Load Application and Measurements

The shear wall-frame specimen was loaded on two subsequent
days. After three load increments the Dymec electronic data recorder
readings were found to be unreliable and the structure was unloaded
and the test was postponed for a day while the Dymec was repaired.

A11 the beams were cracked near the ends during this first test.

The test was started again on the second day and was continued
to failure. TABLE 8.1 presents a brief history of the second test
including time and application of loads. A1l the deflections, curvatures
and other readings have been referenced to the beginning of the second

test.

The testing and gauge reading was carried out by five groups
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of two persons under the direction of one additional person. One
group was fully responsible for apPlying and recording the loads,

and printing the readings from the Dymec data logging apparatus.

Each of the other four groups was responsible for reading and
recording all dial gauges, Whittemore or Demec gauges and marking
cracks on one story of the frame. The eleventh person was responsible
for reading and recording the frame deflections and for the overall

supervision of the test.

Following the test the frame was photographed and the actual

cross-sectional dimensions recorded in TABLE 7.1 were measured.

8.3 Lloads

The horizontal and vertical loads were computed using

hydraulic pressure-load calibration charts,established before the test.

The electrical resistance strain gauge readings were found to be
completely undependable due to inconsistencies in the Dymec data
logging system. In computing the vertical loads, the weight of the
loading beam, cross-beam and tie rods, totalling 1360 1bs., was

added to the vertical jack loads.

The measured loads from all six rams are presented in TABLE
8.2. At load number 7 the load could not be held constant. For this
reason the loads were measured before taking the other measurements
(load 7) and again, after all the other measurements had been finished

(Toad 7A).

184



185

8.4 Cross-Section Response of the Members in the Test Frame

Theoretical load-moment-curvature relationships were computéd
for all the members of the test frame using the program described in
CHAPTER IV, for the axial loads applied during the test. The load-
moment-curvature characteristics for all sections were idealised to
elastic-inelastic diagrams to comply with the assumptions made in
CHAPTER III and the stiffnesses and ultimate moment capacities used in
the theoretical analysis of the test frame were computed from these
diagrams. On the other hand, the theoretical load-moment-curvature
diagrams were used in computing moments from the curvatures measured
during the test. The theoretical load-moment-curvature diagrams for
all the columns, beams and walls are presented in FIGURES 8.1, 8.2
and 8.3 respectively along with the idealised P-M-¢ diagrams used in

the frame analysis.

8.5 Curvature

.8.5.1 Curvatures in Columns and Beams

Curvatures were measured in the columns and beams using
the device described in section 7.8.4. The average curvature and
fibre strains can be computed from the formulae presented in
APPENDIX D, using the dial gauge readings and parameters related
to the measured dimensions of the curvature meters and the cross-
sections. The initial dial gauge readings at load 1 were adjusted
assuming that a linear variation of dial readings occurred under
loads 1, 2 and 3 when only vertical loads were on the specimen.
This was done to correct for slack, friction or initial movement

of the dial gauges. TABLE D.1 in APPENDIX D lists the measured



curvature times the depth, ¢t, at all measurement stations,
for all loads. Positive curvature indicates compression in

inner face of the columns or the top face of the beams.

8.5.2 Curvatures in Walls

As mentioned in section 7.8.3. strains were measured,
in the wall, using Whittemore and Demec gauges. Three continuous
lines of these gauges were placed along the entire height of the
wall, giving the average strain over 10 or 8 inch gauge length
at three positions across the depth of section. Following the
assumption that the strain distribution is Tinear over the depth
of the wall, a least square line was fitted to the three readings
to describe the strain configuration: The derivation of this
line is described in APPENDIX D. At high load some of the pemec
points were lost on the tension face of the wall, so that readings
could be taken only at two positions. In these cases the strain
distributions were based on these two readings. The curvature
times depth, ¢t, from the fibre strains and geometry are listed
in TABLE D.1 in APPENDIX D for all the sections in the wall and
all the loads. Positive curvature indicates compression on the

outer face of the wall.
8.6 Moments

Moment-curvature relationships were presented in section 8.4
for all the frame members for all the applied axial loads. These
curves were used to find the average moment in the gauge length, at

each curvature measuring station. A linear interpolation was used to
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estimate the moments falling between the computed points in these load-
moment-curvature diagrams. The measured moments at the various

stations are tabulated in TABLE D.2 in APPENDIX D, whereas the predicted
moments are listed in TABLE 9.2 in CHAPTER IX. The error in the esti-
mation of curvature times depth of section, ¢t, due to error in reading
of dial gauges are given in CHAPTER VII. Using an error of 25 micro-
inch/inch in the value of curvature times depth of section, ¢t, and
FIGURES 8.1 and 8.2 the error in the estimation of moments are given

by about 0.6 and 0.8 K-in. in the case of beams and columns, respectively
in the intial part of the loading. Such error in the case of the wall,
using FIGURE 8.3, is about 20 k-in. in bottom story to 12 K-in. in top
story. These errors are reduced (see FIGURES 8.1, 8.2, 8.3) as the
curvature of the section increases and the errors become very small

when the hinges form.

The moment diagram for the entire structure is presented in
CHAPTER IX for each load. The moment diagram for each member was
fitted to the individual moment values by eye. The measured and pre-

dicted moments are compared in CHAPTER IX.

8.7 Computer Analysis of Data

The reduction of the test data, described in section 8.5 and
8.6, were performed by computer at the University of Alberta. A
computer progrém was written, for this purpose in Fortran IV Tanguage
for IBM 0S/360 system. The flow diagram, nomenclature and the listing
of the program are given in APPENDIX D. The various steps involved

in the analysis are as follows:
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1. The 'MAIN' program reads and writes all the data, such
as cross-sectional dimensions and properties, member
dimensions and properties, location and parameters of
measuring stations and devices and all the dial gauges

or strain readings taken during test.

2. The initial dial and strain readings were corrected as

described in section 8.5

3. The 'MAIN' program then calls the subroutine 'FSAC'
which computes the fibre strains and curvatures at all
the stations. These strains and curvatures are then

printed out.

(4. The 'MAIN' program then calls the subroutine 'BMKP',
which in turn interpolates the moments at all the
stations for the curvatures computed in step 3 using
the appropriate load-moment-curvature curves presented

in section 8.4. These moments are then printed out.

Another subroutine was also added to this program to compute
the axial loads and moments on the section from the known fibre strains
and curvatures computed in subroutine 'FSAC'. The axial loads and
moments given by this subroutine were found to be unsatisfactory, since
the dial gauge readings were accurate to 0.0001 inches while the axial
loads and moments were found to be sensitive to gauge readings of one-
hundredth of this amount. The moment computations based on curvatures

are considerably more accurate as discussed in section 8.6, since the
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curvature is the difference of fibre strains which tended to reduce

the error.

8.8 Shears

The shear in the various members is equal to the algebraic
sum of the moments at the ends of the member-divided—by th¥span. of
the member concerned. The shear for the various loads were computed
from the measured moments. The P-A shears were calculated from
measured deflections at all the floors and the measured vertical loads.
The shear diagrams are plotted and compared to those from the analysis

in CHAPTER IX.

8.9 Deflections

The deflection measurements at each floor level were
reduced to get the actual deflections from the position of the frame
at the start of the second test. The measured horizontal deflections
at each floor level are tabulated in TABLE 8.3. The load deflection
diagram for each f]oor.is presented in CHAPTER IX and compared with

the predicted deflections.

8.10 Response of the Base of Wall

As described in section 7.5 the base of the wall was anchored
by two high strength bolts which reacted against pipe sleeves. One of
these sleeves yielded during the test. A piece of the pipe of same
length used in the wall connection was tested in compression. The
measured load-shortening curve for the pipe is plotted in FIGURE 8.4.
This curve was used to compute the wall base response to be used in

theoretical analysis of the test frame. The connection is shown in



FIGURE 8.5(a). The total length of bolt which transferred the fofce
from the wall base to the pipe, including the length of pipe and plate
thickness was 32.5 inches before loading. The axial load applied to
the wall was measured to be 50.2 kips. The wall width was 24 inches.
If it is assumed that the center of the compression force, C, below
the base plate coincides with one edge of the wall as shown in

FIGURE 8.5(b), the relationship between the force in the pipe, T, and
moment, M, in the base will be given by equations (8.1) and (8.2).

24

M - 50.2 x 5 ....(8.1)

T x 24 >

or M 24T + 602.4 ....(8.2)

The upward deflection, AR of corner B of the wall is equal
to the sum of the lengthening of the anchor bolt and the shortening
of the pipe sleeve. The bolt diameter was 1.5 inches and the modulus
of elasticity, E, was taken as 29.6 x f06 psi. For each Valueof T a
value of M from equation (8.2) and a value ofAB was computed. This
was converted, in turn, into an equivalent curvature for use in the
analysis by dividing by one tenth of the story height, since the

analysis considered the wall divided into ten segments.

The resulting moment-curvature-relationship for the base of
the wall is plotted in FIGURE 8.6. The vertical initial tangent in
the diagram corresponds to the period when the pipe sleeve was not

subjected to any compressive force.

For use in the shear wall frame analysis the moment-curvature

relationship for the wall base was idealised as two straight lines as
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shown in FIGURE 8.6. The first_]ine was chosen to correspond to
first line of the moment curvature diagram presented in FIGURE 8.3 for
the first story wall cross-section. The second 1line is an approxi-
mation to the slope of the diagram plotted in FIGURE 8.6. This way
the stiffness of the base was assumed to remain essentially the
same as that exhibited by the wall in the elastic range. The
moment-curvature diagram for the pipe began to drop for curvatures
in excess of 0.080 and this has arbitrarily been taken as the limit

of the wall rotation in the analysis.

8.11 Summary

The procedure used to reduce the data from the test of a
four story shear wall-frame structure have been outlined in this
CHAPTER. Computer programs used in the data reduction are presented
in APPENDIX D. The reduced data are summarized in APPENDIX D and
will be discussed and compared to the analysis in CHAPTER IX of this

report.



TABLE 8.1
HISTORY OF TEST
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s s Top
Load in Kips Story Remarks
Load Time Total Total Defln.
No. Vertical | Horizontal | Inches
1 8.40 0 0 0 Start of Test
2 9.10 11.6 0 -0.02
3 9.30 100.4 0 -0.07
4 9.50 100.4 7.39 0.56
5 10.10 100.4 14.49 1.48 Fairly extensive beam
cracking
6 | 10.55 | 100.4 19.22 2.80 Base plate of wall 1ifted
by 0.16 inch on west side.
Crack at wall base ex-
tended to 2nd Whittemore
line
7 11.30 100.4 21.96 7.08 Start of Readings
7A 100.4 19.73 7.13 End of Readings. Wall base
plate 1ifted by 0.50 inch
on west side. Crushing
noted at wall end of 2nd,
3rd and top beams. Load
difficult to maintain.
8 12.50 100.4 13.47 10.97 Wall base plate 1ifted by
1-1/8 inches at west end.
Top beam column joint
failed.
9 13.10 100.4 0 6.89 Horizontal loads released
10 14.05 0 0 7.05 A11 loads released.
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TABLE 8.2

APPLIED LOADS DURING TEST

] Horizontal Lods in Kips Vertical Loads in Kips

Ntﬁﬁer Floor 1 |Floor 2 | Floor 3 | Floor 4 | Tie Rod 1 | Tie Road 2
1 0 0 0 0 0 0
2 0 0 0 0 5.8 5.8
3 0 0 0 0 50.2 50.2
4 2.10 2.10 2.10 1.09 50.2 50.2
5 4.13 4.13 4.13 2.10 50.2 50.2
6 5.48 5.48 5.48 2.78 50.2 50.2
7 6.26 6.26 6.43 3.01 50.2 50.2
7A 5.48 5.58 5.89 2.78 50.2 50.2
8 4.30 3.62 3.79 1.76 50.2 50.2
9 0 0 0 0 50.2 50.2
10 0 0 0 0 0 0
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CHAPTER IX

COMPARISON OF PREDICTED
Vs§s.

ACTUAL BEHAVIOUR OF FOUR STORY TEST FRAME

9.1 Introduction

A four story one bay reinforced concrete frame was tested
under combined vertical and lateral loads. The test frame was des-
cribed in CHAPTER VII and the results of the test were presented in
CHAPTER VIII and APPENDIX D. In this CHAPTER a comparison is made
between the observed behaviour and that predicted by the shear wall-
frame analysis presented in CHAPTER III in order to illustrate the
validity of the method of analysis. The comparisons have been made

with respect to moments, shears and the sequence of hinge formation.

The test results presented in this CHAPTER are those for the
second application of load and have been referenced to the beginning
of this test. The first loading was stopped because of failure of the
electrical equipment. It should be noted that the beams were cracked

in the first loading sequence.

9.2 Behaviour of Test Frame

The lateral load deflection diagram for the fourth floor of the
test frame is presented in FIGURE 9.1. The data for both Toad applications

are included in this diagram. The deflections have been referenced to the
201
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beginning of the second load application. A positive deflection is
one towards the applied loads (to the east). The loads referred
to with letters and numbers in this figure are those for the first

and second loadings, respectively.

In each test, the first three load increments consisted of
vertical loads of 0, 5.8 and 50.2 kips, respectively, applied to the
center of the column and wall, at the top of the structure. Under
these loadings the column shortened more than the wall and the struc-
ture deflected to the west. Lateral loads were then applied to pull
the frame to the east. Two increments of lateral load were applied
in the first test. During the second lateral load increment, small
cracks developed at the ends of the beams in the floors. Flexural

cracks also developed in the wall in the bottom story.

The residual lateral deflection at the fourth floor was
0.18 inches to the east after all the loads had been removed. Of this,
at least 0.10 inches was creep deflection which occurred during the
time measurements were taken at loads D and E. The balance of the
residual deflection was'probably caused by the change in frame stiff-

ness due to cracking of the beams.

In the second test of the frame, the behaviour essentially
paralleled that observed in the first test. More extensive cracking
was observed in the beams at load 5 and some flexural cracks were
observed in the bottom story of the wall. A diagonal crack was
observed in the third and fourth beam to column joints. The cracks in

the third floor joints are shown in FIGURE 5.1. Between loads 5 and 6



the pipe sleeve (see FIGURES 7.11 and 8.5) below the floor at the
west end of the wall yielded and the west end of the wall gradually
lifted off the floor, rotating about a point near the east end of

the wall. For the rest of the test, the base of the wall probably
behaved according to a moment-rotation relationship similar to the
one shown in FIGURE 8.6. At load 6, diagonal cracks were observed in

the second beam to column joint.

At Toad 7, a diagonal crack was observed in the first beam
to column joint and some bond distress appeared to be developing
at the top beam to column joint. The flexural cracks in the bottom
two stories of the wall extended to form inclined cracks which
tended to cross pre-existing flexural cracks. The loads were very
difficult to maintain and dropped off about 10 percent at this load
increment. The measured rotations at the base of the wall indicated

that the moment-rotation relationship for the base of the wall had

reached its peak and had started to descend. Crushing was noted at the

wall end of the second, third and top beams.

As the deflections were increased after load 7, the loads
dropped continuously. 'Horizontal loading was stopped when the maximum
horizontal jack stroke had been reached. Between loads 7A and 8,
crushing occurred at the bottom of the column and at all other hinges.

The top beam-column joint failed in bond.

FIGURE 9.2 shows the cracks in the frame after the test.

FIGURE 9.3 traces the progress of hinging observed in the test. Plastic

hinges were assumed to exist if very wide cracks developed and if the

measured moments reached the computed plastic moments at any point in a

203



member.

9.3 Analysis of Test Frame

In the approximate analysis program the test frame can be
represented by defining the stiffnesses of the left hand beams in
the analytical model (FIGURE 3.1) as zero. The wall base response
computed in section 8.10 was assumed to represent the behaviour
of the first segment of the wall above the base of the wall. The
jdealized stiffnesses and ultimate moment capacities of various
members used in the analysis were computed according to sections 8.4
and 8.10 and are presented in TABLE 9.1. The ultimate moment capacities
of the beams presented in TABLE 9.1 differ from those in TABLE 9.2
since the moment capacities of the beams at the wall end were used

in the analysis.

The shear wall-frame analysis described in CHAPTER III assumes
that the rotation of the wall section occurs about its center line
when computing the vertical deflection of points on the face of the
wall. Since the base of the wall in the test frame rotated about a
point close to the east edge of the wall section, the deflections of
points on the west face of the wall were approximately equal to those
assumed to occur in a wall of twice the actual width. For this reason
the depth of wall section was assumed to be 48 inches for the purpose

of this analysis.

The computer program, described in CHAPTER III, assumes constant
stiffness and ultimate moment capacities throughout the Tength of a

member. Accordingly, it was necessary to modify the program to allow a
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different moment-curvature relationship for the bottom-most segment

of the wall.

The resulting moments from this analysis and observed moment
during the test are presented in TABLE 9.2 and are compared in section

9.4.

9.4 Comparison of Measured and Computed Moments

The moment diagram for all the members are shown in FIGURES 9.4,

9.5, 9.6 and 9.7 for loads number 4, 5, 6 and 7 respectively. The
points and solid lines refer to the moments computed from the curva-
tures measured in the test and the dashed 1ine shows the predicted
moments. In general the analysis underestimated the column moments

in the top story and overestimated them in the bottom three stories

in the initial stages of loading. For load number 7 the column moments
are in fairly good agreement. As for the wall, the agreement in the
measured and computed moments are fair except for the bottom story.

The measured moments are shown for this wall but the points have not
been joined because of the scatter in the points. This difference

is probably due to errors in the readings resulting from the cramped

working space adjacent to the bottom story.

The beam moments at the wall end are overestimated, by the
analysis, during the prehinging stages of loading and are in good
agreement after hinges formed in the beams. The explanation of this
may lie in the fact that the effect of local deformations at the beam

to wall jointswas ignored in the analysis. A method of correcting for



this in which the beam is assumed to extend into the shear wall,

% of the beam depth beyond the face of the wall, has been suggested
in reference (M10). The effective change in length of the beams
may be increased by cracking of the members and the joint. To
take these factors into account the test frame was re-analyzed

by the analysis developed in CHAPTER III with the beam length
extended by half its cross-sectional depth. However, the reduction
in beam moments with respect to previous analysis was found to be
less than two percent at the ends of the two beams and 5 percent

at the measuring stations which were located about 7%" from the

face of the wall or 10%" from the 'end' of the extended beam.

Another reason for the discrepancy in the moment diagrams
lies on the fact that stiffnesses and moment capacities of the
beams used in the analysis were derived for the sections near the
wall end. In fact the stiffnesses and moment capacity of the beam
varied along the length because the reinforcement was displaced
during casting. The observed moments in the beams at the column
to beam joints were found to be higher than the predicted moments
since the stiffnesses and moment capacities of the beams were

higher at these joints than the wall to beam joints.

It can also be seen from FIGURES 9.4, 9.5, 9.6 and 9.7 that
the moment balance is better at the top two joints than at the other

joints. This difference may be caused by difference in axial loads

on the columns and walls. The beam shear produces a tensile force in

the columns and a compressive forte-on the wall, as a result the

columns and walls carries different axial’ 1oads than the one measured

by the hydraulic jacks. These discrepancies in the axial
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loads are greater in the bottom story than at relatively higher

stories.

Part of the difference in the moments may be caused by
jgnoring the relative axial shortening of column and wall in the
analysis. The measured axial shortening of the column and wall
reveal that it can cause a moment ranging from 1.50 inch-kips at the
ends of bottom beam to 1.80 inch-kips at the ends of the top
beam. If this were included in the analysis however, the errors

in the predicted moments would increase slightly.

The other factor affecting the moments might be due to the
way in which hinges are assumed to form in the analysis. The
analysis assumes that point hinges form at the intersection of
the members. at the joints but the test indicated that the hinges
in the beams formed away from the joints by about half the beam
depth and are spread over a finite length. This can be seen in

FIGURES 5.1 and 9.2.

The idealization of moment-curvature diagram can also
produce some differences in the observed and predicted moment. As
mentioned in CHAPTER IV, the moment-curvature diagram for reinforced
concrete cross-section is not exactly bi-linear. The analysis uses
a bi-linear moment-curvature diagram which is only an approximation
of the exact moment-curvature relationship. In addition the exact
moment-curvature diagram for all sections in a beam may be difficult
to derive, since the various factors which affect this relationship,

discussed in CHAPTER IV, may not be consistent at all cross-sections
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along the length of a member. For example the strength of concrete,
which depends on the compaction, void ratio, proportion of mix etc.
cannot be maintained exactly constant along the full length of the
member. These factors may give rise to different properties at
different sections along the same member. Therefore, the moments
derived from the measured curvature, using moment-curvature relation-
ship for different members, presented in CHAPTER VIII, will give only

an estimate of moments, not the exact value of the developed moments.

9.5 Comparison of Shears

The shear diagrams for all the columns and walls are compared
in FIGURES 9.8, 9.9, 9.10 and 9.11 for load numbers 4, 5, 6 and 7,
respectively. The dotted lines show the predicted shear whereas solid
lines give the observed shear. The applied shear is calculated from
the loads measured by horizontal jacks. The P-A shear has been computed
from the measured horizontal deflections of the floor levels and the
applied vertical loads measured by the vertical jacks. Total shears
are the sum of the applied shear and the P-A shear. The frame and
wall shears have been computed from the observed moments and are
given by the sum of the top and bottom moments observed in a story
divided by the story height. Since the observed moments in the bottom
story wall are not known, as mentioned in section 9.4, it was not
possible to compute the observed wall shear in this story. The P-A

shears and frame shears are plotted on an enlarged scale.

It can be seen in FIGURES 9.8, 9.9, 9.10 and 9.11 that the
sum of the observed frame and wall shears do not agree with the total

shears. This is because of the fact that the observed moments in section
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9.4 are not in good agreement which resulted in the discrepancy of
the shears. If the P-A shears are computed as the sum of frame and
wall shears minus the applied shear the result would be different
from the P-A shears computed from the measured vertical loads and
measured deflections. Since the measured deflections are in good
agreement with the predicted deflections by the analysis, at least
for loads 4, 5 and 6, the P-A shears plotted in FIGURES 9.8, 9.9 and
9.10 are in good agreement and hence the total shear in the structure.
For load number 7 the P-A shears are not in agreement, as can be
seen in FIGURE 9.11, because the difference in the measured and
predicted deflections are large. It should be remembered, however,
that load 7 is close to the peak point of load-deflection curve

(see FIGURE 9.1) and Tittle difference in the load can cause a
greater change in the deflections. Since the shears have been
computed from the moments, the discrepancies in the moment diagrams

are liable to be carried and echoed in shear diagrams.

1t can also be seen from FIGURES 9.8, 9.9, 9.10 and 9.11
that  the shear wall attracts a greater percentage of the shear in
the bottom story whereas the frame seems to attract the greater
portion of the shear in the top stories. This is partly because the
column is stiffer in the fourth story than in the other three stories.
The major reason, however, is the interaction between the shear wall
and the frame. In tall structures, the wall will frequently have
negative shears at the top of the building and as a result the frame

may have very high shears in top stories (K2, M8).
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9.6 Comparison of Deflections

The predicted and observed deflection diagrams for the various
floor are given in FIGURES 9.12, 9.13, 9.14 and 9.15. The theoretical
analysis seems to overestimate the deflection in the beginning and
under-estimates it in the later stage of loading. The explanation of
this 1ies on the idealization of the "elastic" portion of the moment-
curvature relationship for the section. As shown in FIGURE 8.2 for
example, the idealization of this curve Jeads to underestimate the
stiffness at low loads so that the predicted deflections initially
are in excess of the measured values and tends to overestimate the
stiffness at later stages of loading resulting in an underestimation
of the subsequent deflections. The observed deflections include the
shear deformations whereas the analysis consider only the bending
deformation. This may cause little discrepancies in the measured and
predicted deformations. However, the agreement in general is satis-
factory. The falling branch of the load-deflection curve is not possible
to find by the analysis since it does not consider the falling branch

of moment-curvature relationships for the cross-sections.

9.7 Formation of Hinges

FIGURE 973 compares the plastic hinges observed in the test
to those predicted by the analysis. No hinges were found in the
theoretical analysis, or in the test up to load 5. The observed and
predicted hinges for load 6 and 7 are compared in FIGURE 9.3. No hinges
were observed at load 6 in the test although the analysis detected

hinges at the wall end of all the beams. The observed moments were very



close to the hinging capacities at this load, however. At load 7
all the hinges are comparable. In general the formation of plastic
hinges detected in the analysis were close to that observed in

the test. It is also observed that the hinges form away from the
joints by about half the member's depth and spread over a finite
length (see FIGURE 9.2). The hinges form with severe cracking of

concrete.

9.8 Summary

The predicted and observed behaviour of the test frame
was compared in this CHAPTER. The comparisons of moments, shears,
deflections and formation of plastic hinges were méde in sections
9.4, 9.5, 9.6 and'9.7., respectively. In general the analysis seems
to give a good description of the behaviour. It was found that the
various assumptions such as the idealization of moment-curvature
relationship, idealization of material properties, consideration of
point hinges, neglecting shear deformations etc. have very little
effect on the analysis. However, the method of testing does not
focus on the assumptions of lumping and loading made in CHAPTER III.
These assumptions have been discussed in CHAPTER VI and a lumping

procedure has been derived.
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TABLE 9.1

STIFFNESS AND MOMENT CAPACITY OF VARIOUS MEMBERS

Member EI in K-1'n2 U];lTagﬁ ﬂ??ﬁ?t
Beam 1 134,000 86.0
Beam 2 160,200 119.0
Beam 3 141,000 111.0
Beam 4 138,500 109.0
Col. 1 87,000 63.0
Col. 2 84,100 63.0
Col. 3 85,000 61.0
Col. 4 114,000 94.5
Wall 1 20,100,000 3255.0
Wall Base 20,100,000 1470.0
Wall 2 15,500,000 2260.0
Wall 3 10,800,000 1480.0
Wall 4 10,700,000 1480.0
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FIGURE 9.2 SPECIMEN AFTER TEST SHOWING CRACKS
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CHAPTER X

SUMMARY AND CONCLUSIONS

10.1T Summar

A method of analysis which traces the second order elastic-
inelastic behaviour of shear wall frame structures has been presented.
The analysis considers a simplified Tumped model derived in CHAPTER VI.
The iteration procedure has been used for the analysis. Equilibrium
was formulated on the deformed structure to consider the effect of the
P-A moment. Constant concentrated vertical load on each story were
considered. The horizontal loads were assumed to be concentrated at
the floor levels and were applied in increments. The analysis allows
for the finite width of wall but neglects the axial and shear deform-
ations and flexibility of joints. A computer program in FORTRAN IV
language for IBM system 0S/360 was developed to perform the computa-
tions and is presented in CHAPTER III. The assumptions in the analysis
are discussed in CHAPTERS IV, V and VI. A design example has been
presented in APPENDIX A.

Elastic-perfectly plastic and elastic-strain hardening
moment-curvature relationships were assumed for columns and beams,
and for walls respectively. A method was developed to find the load-
moment-curvature relationships for reinforced rectangular cross-sections.
A computer program was written for the purpose and was presented in

CHAPTER 1V.
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The Tumping procedure for the structure has been derived
in CHAPTER VI. The total uniformly distributed load on each story was
replaced by a concentrated load. In order to take this into account,
the plastic moment capacities of the beams were reduced by a reduction
factor o. The analytical checks were also presented to see the

validity of the approximate analysis.

A full scale test on 20 feet high, 4 story, one bay
structure was described in CHAPTER VII. The test was carried under
fixed vertical load and incremental lateral load. The machine pro-
cessing of the test data was described in CHAPTER VIII. Reasonable
correlation was.obtained between the results of the test and analysis.

The comparison was presented in CHAPTER IX.

10.2 Conclusions

The analytical checks in CHAPTER VI and the frame test
suggest that the analysis gives a good indication of the behaviour
of the shear wall frame structure. The model used is relatively
simple to develop. The test and analysis have clearly shown the
necessity of considering the interaction between the frame and the
shear wall. The shear developed in the top of the frame was found to
be much larger than the shear in the wall. The test does not show the
development of negative shear in top of the wall for the model tested,
but it did show that tendency. The analysis has shown.the development
of negative shear on the top of the wall in high rise structures, in
CHAPTER VI, which suggests that in many structures the frame has a

tendency to limit the deflection of the shear wall. Therefore it is
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necessary to evaluate the interaction between the frame and the shear
wall if true behaviour of the structure has to be established. Neg-
Tecting this factor could lead to excessive deformations and possible

failure of the affected frame members.

The test indicated some differences in the observed and
predicted moment and shear diagram. The beam moments were over-
estimated by the analysis during the prehinging stage of the loading
and are in better agreement after the hinges have formed. The hinges
in the test frame were observed to form away from the joint and were
spread over a finite length. The analysis tended to overestimate the
deflection of the test frame in the beginning and underestimated in the
later stage of loading. However, the test has clearly indicated that
the assumption of point hinges and rigid joints and ignoring the shear
deformations has little effect on the analysis. The analysis slightly

overestimated the overall stiffness of the structure.

The analysis does not consider the unloading branch of
load-moment-curvature relationship of the cross-section. The load-
moment-curvature diagram shows the unloading of the cross-section after
reaching its ultimate capacity. The development of load-moment-curvature
diagram indicated that maximum compressive strain corresponding to
ultimate moment capacities varies and depends on the axial load, per-
centage and placing of reinforcement. The effect of the tensile stress
in the concrete was found to be considerable especially in the case of
under-reinforced concrete cross-sections. However, the effect was
considerable when the tensile strain of the extreme fibre is close to

the cracking strain. The stiffnesses and ultimate moment capacities
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were found to be dependent on axial load on the cross-section. At
high axial load, the section did not have sufficient rotation
capacity to permit plastic hinging. However, the load-moment-
curvature relationship developed here was found to be satisfactory

in estimating the stiffnesses and ultimate moment capacities.

The load-deflection characteristics of the structure was
found to resemble well with the Tumped model. The lumped model
gives accurate description of behaviour of the buildings when sub-
jected to lateral load only. For the buildings subjected to combined
load the lumped model gives the latter softening but earlier failure
of the structure. In such cases the predicted ultimate loads were
found to be underestimated but the degree of conservatism was not
in considerable error. The predicted ultimate load by the approxi-
mate analysis was in good agreement with the other analyses (C6,P2,
G2). Thus, the procedure developed for lumping the building is found

to be satisfactory.

In the development of the lumping procedure for walls it
has been found that the moments and shears in the individual shear
wall cannot be determined simply by the ratios of their respective
stiffnesses. The moment diagram in individual members of the building

should be found from the deflected shape of the structure.

10.3 Recommendations for Future Research

The method of analysis can be extended to consider the
axial and shear deformations. The analysis can also be extended

to consider the unloading branch of load-moment-curvature relationships



and insufficient rotation capacity of the section.

Much more extensive large scale laboratory testing of
shear wall frame structures is required to study the behaviour more
completely. Studies of multi-story and multi-bay structures will

illustrate the effect of lumping procedure used in this analysis.

Test on cross-sections are required to accurately
determine the behaviour of the sections. These should include tests
on cross-sections with small percentage of reinforcement to determine
accurately the influence of the uncracked concrete between tension
cracks on the stiffness of the member. Test on cross-sections
composed of high strength concrete and reinforcing steel are also
required, since the multi-story construction may require high

strength of the materials.
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APPENDIX A

EXAMPLE OF A REINFORCED CONCRETE
BUILDING DESIGN



A.1 Introduction

A preliminary design of 20 story building 160' x 62' in plan,
shown in FIGURE 6.28, has been presented here. The objective was to
design the building for vertical load and investigate the behaviour
of the structure, under combined lateral and vertical load, using the
approximate analysis program developed in CHAPTER III. The axial
loads were computed from the normal assumptions of tributary areas.

The checker board loadings were used for the consideration of live
load in the design. The members were proportioned by ultimate strength

design procedure(A]).

A.2 Design for Vertical Loads

The building consisted of seven frames and two shear walls
in the direction of wind as shown in FIGURE 6.28. Each frame had
four column lines interconnected with beams at each floor level. There
was no cross girders. The thickness of the slab was assumed to be
4 inches. The assumed vertical loadings were 100 psf live load on
the floors and 50 psf live load on the roof. For simplicity it was
assumed that slab and beams are not monolithic in construction so that
the beams could be designed as a simple rectangular beam rather than

as a T-beam.

The chosen strength of comcrete and steel were 4 and 60 ksi

respectively.

The beam moments were computed using coefficients given in

section 904 of ACI Building Code (1963). The gravity load on the beams
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were taken as (1.5D1 + 1.8LL)(A]). Clear span length of 19 feet were
used for the computation of moments in negative and positive moment
region. However, to maintain the uniformity and simplicity all the beams

were proportioned, for the maximum moment of w1'2

/10¢, by ultimate
strength design procedure. ¢ is the capacity reduction factor defined
in section 1504 of ACI Building Code (1963) and was taken as 0.9.
While proportioning the beams,equal amount of reinforcement were
assumed in the tension and compression face and the width of beam

was taken approximately half the depth. The percentage of reinforce-

ment in the beams were selected to satisfy(A]):

p.f
q = _%l = 0.18 ....(A.1)
c
where Py = percent of reinforcement based on gross area
fy = yield strength of reinforcement
and fé = concrete strength

The section of the beams designed are presented in TABLE A.1. The
moment of inertias and plastic moment capacities are also presented
in TABLE A.1. The moment of inertias were computed using equation

(4.4) suggested in CHAPTER IV.

The analysis of column loads were based on the assumed tri-
butary areas. The moments were computed for the full dead load and
the live load placed as a checker board. The columns were designed
for the axial loads and moments as per requirement of section 914 of

ACI Building Code (1963). The columns were chosen as square tied
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column and had approximately four percent reinforcement. The
capacity reduction factor,¢, defined in section 1504 of ACI

Building Code (1963), was taken as 0.7. Also the strength reduction
factor for the length of compression members, defined in section

916 of ACI Building Code (1963) was used. A1l the columns were
proportioned by the d]timate strength design procedure(A]).

The sections, thus obtained, are presented in TABLE A.1. The
moment of inertias of the column sections were computed by equation
(4.4) suggested in CHAPTER IV.  TABLE A.2 gives the axial loads on

13

each column.

The walls at the two ends of the building were taken as
6" thick and 62' wide. These were found to be quite adequate for
the axial loads and moments on the wall giving much extra capacity

than required. A nominal reinforcement of one percent were used.

A.3 Design for Combined Loads

The building designed for vertical loads in section A.2
consisted of seven similar frames and two walls in the windward
direction. This building was reanalyzed to test its performance
under the combined vertical and lateral loads. Lateral loads were
assumed to be the wind load of 25 psf and were assumed to be con-
centrated at the floor levels. For the purpose of combined loads

analysis the vertical loads were taken as 1.25(D1 + LL)(A]).

The building was lumped by the procedure developed in
CHAPTER VI. The two walls were lumped together to give the wall

system in lumped model, shown in FIGURE 3.1. Since the wall will
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have a lot of openings for windows etc., an equivalent depth of only
45' was considered for the purpose of computing the stiffnesses and
moment capacities. The effect of reinforcement were neglected.
However, for computing vertical loads, solid wall of 6" x 62' were

considered.

The frame system in the lumped model shown in FIGURE 3.1 was
obtained by Tumping all the seven frames. A1l the columns and beams
were lumped by the procedure developed in CHAPTER VI. The values of
the factor o, defined in CHAPTER VI for the case of uniformly dis-
tributed load on beams, were taken as 0.66 for roof level beams and
0.61 for all other beams. These factors were computed from FIGURE

6.10.

The frame system and the wall system were connected by the
hinged 1ink beams at all floor levels. Thus the building could be
represented by the Tumped model for the purpose of approximate
analysis developed in CHAPTER III. The moment of inertias of the
various members of the Tumped models are given in TABLE A.3 and the
corresponding moment capacities are given in TABLE A.4. The vertical
Toads acting on each story and the horizontal loads acting at each

floor level of the lumped model are also given in TABLE A.31

The lumped frame thus obtained was analysed by the program
developed in CHAPTER III under fixed vertical Toad of 1.25 (D1 + LL)
and incremental horizontal loads. The load-deflection curve, obtained
for the top of the building, is presented in FIGURE A.1. A load factor

of 1.35 was found for this building. Under the action of combined
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loads the ACI Building Code (1963) requires a load factor of 1.25.
The story deflection at working load factor 1.0 and at a load
factor of 1.25 are plotted in FIGURE A.2. The hinges formed at the
ultimate load are shown in FIGURE A.3.

A.4 Discussion and Conclusions -

The vertical load design generally indicated that the
section can be chosen in various ways to satisfy the stiffness
and moment capacity requirement. The chosen relationship between the
various parameters of the section seems to serve the purpose when
the building was subjected to combined vertical and lateral load.
Under 1.25 (D1 4+ LL) + 1.0WL the maximum story to story deflection was
0.25 inches or 1/576 of the story height. This is near the upper
1imit of acceptable values. Under the service load condition of
1.0 (D1 + LL + W1) the deflections would be smaller and it may be
desirable to check these in an actual design. However, the building
as designed has sufficient stiffness under the action of combined
loads and any alteration in sizes are not necessary from the stiffness

point of view. The economical aspects have not been investigated.

The behaviour portrayed under the action of combined loads
are typical of a shear wall structure with the upper floors of the
frame restraining the shear wall from additional deflection and the
lower floors of the frame being restrained from additional deflection

by the shear wall.

A11 hinges formed only in the beams thus giving a strong

column and weak beam design. The first hinge in the structure was



indicated at a load factor of 1.05. The first wall hinge at the
base was indicated at a load factor of 1.30. Due to the importance
of the wall to the overall stability and strength of the building
the 1load factor at first hinging of the wall should exceed the

desired load factor for the structure.

As a result of the above design it can be said that the
structural system employed for this building does not require extra
stiffness in the frame or shear walls, to aid in the resistance of

lateral loads, over and above that required by the gravity loads.
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TABLE A.1

SUMMARY OF THE BEAMS AND COLUMNS SECTION
FOR A TYPICAL FRAME

Beam Sections

Area of
Size Reinf. Moment of Plastic Moment
Inch Sq. In. Inertia, in4 Capacity, K-in.

Roof level 12x24 3.60 7970 2070
A11 other floors| 14x27 4.40 12790 2770

Column Section

Interior Column Exterior Column

. Area Plastic Area Plastic
Story S}ﬁe of Moment Moment| Size of Moment Moment
) Reinf. |of Inertia | Capacity In. Reinf. |of Inertia |Capacity

in2 1'n4 K-in. in2 in4 K-in.
1 36x36 52.00 106800 63600 | 27x27 29.24 40900 26400
2 36x36 52.00 106800 62500 | 27x27 29.24 40900 26000
3 32x32 40.50 80000 45000 | 24x24 22.50 25100 18800
4 32x32 40.50 80000 44500 | 24x24 22.50 25100 18650
5 30x30 36.00 62200 36700 |22%x22% 20.00 19550 15400
6 30x30 36.00 62200 36700 |[22%x22% 20.00 19550 15380
7 | 28%x28% 32.50 50800 31700 | 21x21 17.90 15060 12600
8 | 28%x28% 32.50 50800 31500 | 21x21 17.90 15060 12500
9 26x26 27.00 35100 24100 [19%x19% 15.24 11120 10350
10 26x26 27.00 35100 23900 [19%x19% 15.24 11120 10250
11 24x24 22.50 25200 18800 | 18x18 12.70 7810 7860
12 24x24 22.50 25200 18800 | 18x18 12.70 7810 7820
13 22x22 19.36 18020 14600 | 16x16 10.24 5030 5570
14 22x22 19.36 18020 14300 | 16x16 10.24 5030 5500
15 19x19 14.40 9990 5570 | 14x14 8.00 3020 3700
16 19x19 14.40 9990 5470 | 14x14 8.00 3020 3620
17 16x16 10.24 5030 5520 | 12x12 5.76 1595 2280
18 16x16 10.24 5030 5300 | 12x12 5.76 1595 2180
19 12x12 5.76 1595 2260 | 12x12 5.76 1595 2020
20 12x12 5.76 1595 1950 | 12x12 5.76 1595 1800




TABLE A.2

VERTICAL LOAD ON COLUMNS OF A TYPICAL FRAME

Interior Column Exterior Column
Story Dead Load Live Load Dead Load Live Load

in kips in kips in kips in kips

1 579.84 805.94 291.71 403.06
2 544 .38 764.61 273.50 382.39
3 510.36 723.28 256.07 361.72
4 482.70 681.95 242.24 341.05
5 453.30 640.62 227.42 320.38
6 425.64 599.29 213.61 299.71
7 395.13 557.96 197.98 279.04
8 367.47 516.63 184.19 258.37
9 338.17 475.30 169.59 237.70
10 310.51 433.97 155.76 217.03
11 281.65 392.64 141.26 196.36
12 253.99 351.31 127.43 175.69
13 225.22 309.98 112.79 155.02
14 197.56 268.65 98.96 134.35
15 168.43 227.32 84.40 113.68
16 140.77 185.99 70.57 93.01
17 111.86 144 .66 56.12 72.34
18 84.20 103.33 42.29 51.67
19 55.23 62.00 28.46 31.00
20 27.53 20.67 14.63 10.33




TABLE A.3

LOADS AND MOMENT OF INERTIA OF VARIOUS MEMBERS
OF LUMPED MODEL

Moment of Moment of Moment of | Moment of
Horizontal | Vertical |Inertia of | Inertia of |Inertia of |Inertia of
Story Load in Load in Lumped Lumped Hinged Lumped

Kips Kips Beam Column Link Beam Wall

in4 in4 in4 in4

1 76.00 43676.00 537180 2067800 0 63x106
2 60.00 41288.00 537180 2067800 0 63x106
3 56.00 38955.00 537180 1471400 0 63x]06
4 56.00 36781.00 537180 1471400 0 63x106
5 56.00 34564.00 537180 1144500 0 63x106
6 52.00 32388.00 537180 1144500 0 63x106
7 48.00 30113.00 537180 922040 0 63x106
8 48.00 27940.00 537180 922040 0 63x106
9 48.00 25733.00 537180 647080 0 63x106
10 48.00 23558.00 537180 647080 0 63x106
1 48.00 21341.00 537180 462140 0 63x106
12 48.00 19167.00 537180 462140 0 63x106
13 48.00 16959.00 537180 322700 0 63x106
14 48.00 14785.00 537180 322700 0 63x106
15 48.00 12572.00 537180 182140 0 63x106
16 48.00 10397.00 537180 182140 0 63x106
17 48.00 8190.00 537180 92750 0 63x106
18 48.00 6016.00 537180 92750 0 63x106
19 48.00 3819.00 537180 44660 0 63x106
20 24.00 1643.00 |- 334740 44660 0 63x106
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TABLE A.4

MOMENT CAPACITIES OF VARIOUS MEMBER
OF LUMPED MODEL

Moment Capacity
of Lumped Beam

Moment Capacity
of Lumped Column

Moment Capacity
of Lumped Wall

Story K-in. K-in. K-in.
1 70980 1260000 1x10°
2 70980 1229000 1x10°
3 70980 893200 1x10°
4 70980 886200 1x10°
5 70980 729400 1x10°
6 70980 729120 1x10°
7 70980 620200 1x10°
8 70980 616000 1x10°
9 70980 482300 1x10°

10 70980 478100 1x10°
1 70980 373240 1x10°
12 70980 372680 1x10°
13 70980 282380 1x10°
14 70980 277200 1x10°
15 70980 129780 1x10°
16 70980 127120 1x10°
17 70980 109200 1x10°
18 70980 104720 1x10°
19 70980 59920 1x10°
20 57330 52500 1x10°

A1l
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APPENDIX B

DEVELOPMENT OF THE APPROXIMATE
ANALYSIS



B.1 Derviation of Joint Rotation Equation

The frame system has been forced into the deformed shape of
the wall shown in FIGURE 3.6. Applying the slope-deflection equations,
the moment MBWi , at the end Bi of the right beam is given by:

Mawi = Spwi(46; + 26yp; = 6 R'3)

where SBWi = EI/L is the stiffness of the right beam (Biwi) and Rli
is the vertical chord rotation of the right beam connecting the

column to the wall. Also in the above equation 6, is the rotation
of the frame joint and OB is the rotation at the wall end of the

right beam.

Considering the left beam BiFi and applying the slope
deflection equation, assuming that the joint rotation at the two

ends Bi and Fi are equal, the moment, MBFi’ at the end Fi is given

by:

Mops = 6.5

BFi 0

BFi * i

where SBFi = EI/L is the stiffness of the left hand beam, BiFi‘

The column BiB between the ith and the i+1 th story

i+l
has a stiffness of Sc(i+1) and the chord rotation of this column is
Ris1-
Bi B1.+1 is given by:

The moment, Mc(i+1)’ at the bottom end Bi of the column



Me(inn) = Sc(isn) (485 * 28447 - 6 Ryyy)

where 0541 is the rotation of the frame joint at the (i+1) th level.

The moment, Mci’ at the top end, Bi’ of the column

Bi Bi-] is given by:

Mci = Sci (461 + 291_1 - 6Ri)

where S, = EI/L is the stiffness of the column B, B, ,

is the chord rotation of the column. 6, ; is the rotation of the

and Ri

frame joint at the (i-1) th level.

Equating the sum of the joint moments to zero

M + M + M

Bwi * MBri t Mot * Mepien)

Substituting the values of the end moments from the above

equations the joint equilibrium equation becomes:

S +

]
(461 + ZGWBi - 6R 1.) +6S

BMi BFi %1

S : (491 + 291-] - 6 Ri) + Sc(

ci i+1)

(40, + 26.,., - 6 R. ;) = 0
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after simplification:

= {Spyq (6 R's - 20,p3) + S (6 Ry - 204 1)

BWi

+SC(1'+'l) (6 Ryyq - 291+1) Y o{8Sg; +4S,+

4. ey 6 SR Y e (B.1)

Equation (B.1) can be written in the following simplified

form:
5. = A+B+C+D
i A"+ B "+ C'+ D ....(B.2)
Where in the numerator,
A = Sgy; (6R'y - 26,5;)
B = S, (6R;-26; ;)
C = Sc(inn) (6 Ryyy = 244)
and D =0
And in the demoninator,
At = & Spyj
B' = 4 Sci
Cl = 4$c (.i+-|)
and D' = 6 S

BFi
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Equations (B.1) and (B.2) are valid for the elastic analysis
only. When a plastic hingg forms at any one of the potential hinge
Jocations, the joint rotation equation must be modified. TABLE B.1
1ists the substitutions to be made in Equation (B.2) for the formation
of hinges in the various members, so that the joint rotation equation

will conform to the particular hinge pattern considered.

In TABLE B.1, MPBFi’ MPBwi are the plastic moment capacities
of the beams BiFi and Biwi , and MPci is the plastic moment capacity

(reduced for axial 1oad) of the column.
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TABLE B.1

MODIFICATION OF ELASTIC SLOPE-DEFLECTION
EQUATIONS FOR JOINT EQUILIBRIUM

. . Substitution to be Made
Member Hinge Location in Equation (8.2)
A =3 Spyy e RYy - MPy/2
W,
i
! -
At =3 Spy;
Biwi
Bi A= - MPBWi
or
! -
Bi ’wi A = 0
Bi-] B =3 Sci‘ Ri 'MPci/2
B' =3 Sci
B Bioy
B1 B = - MPci
or
! -—
B]o’ B_i_-l B - 0




TABLE B.1 (contd.)

Substitution to be Made

Member Hinge Location
in Equation (B.2)

Bis1 C = 35S, +1) Rim1 = MPeiivn) 2

€' = 3 5c(i41)

Bi Biny
B C = Me(in)
or
| -

Bis1 =10
Fs D =-MPyr./2

D* = 3 Spy
By D ==MPpry
or
B, F D' = 0
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B.2 Nomenclature for FORTRAN IV Program

BAKA A SUBROUTINE SUBRPOGRAM
BMOM BOTTOM MOMENT IN A SEGMENT OF THE SHEAR WALL (KIP-IN)
BMOMF BOTTOM MOMENT IN THE BOTTOM OF THE LOWEST SEGMENT

IN A STORY (KIP-IN)

CON CONVERGENCE LIMIT FOR THE DEFLECTION AND ROTATION

CDEFF FLOOR LEVEL DEFLECTION OF SHEAR WALL AFTER APPLYING
CONVERGENCE FORMULA

CROTF FLOOR LEVEL ROTATION OF SHEAR WALL AFTER APPLYING
CONVERGENCE FORMULA

DEF DEFLECTION OF WALL AT A SECTION (IN)
DEFF DEFLECTION OF THE WALL AT THE FLOOR LEVEL (IN)
DMBF MOMENT AT THE COLUMN END OF THE LEFT HAND BEAM

COMPUTED IN THE PREVIOUS LOADING CONDITION (KIP-IN)

DMBW MOMENT AT THE COLUMN END OF THE RIGHT HAND BEAM
COMPUTED IN THE PREVIOUS LOADING CONDITION (KIP-IN)

DMCB MOMENT AT THE BOTTOM END OF COLUMN IN A PARTICULAR
STORY COMPUTED IN THE PREVIOUS LOADING CONDITION
(KIP-IN)

DMCT MOMENT AT THE TOP END OF A COLUMN IN A PARTICULAR
STORY COMPUTED IN THE PREVIOUS LOADING CONDITION
(KIP-IN)

DMFB MOMENT AT THE LEFT END OF THE LEFT HAND BEAM COMPUTED
IN THE PREVIOUS LOADING CONDITION (KIP-IN)

DMWB MOMENT AT THE WALL END OF THE RIGHT HAND BEAM COMPUTED
IN THE PREVIOUS LOADING CONDITION (KIP-IN)



DW
EF
EW

FD
FRAME
FocC
FW
HBF
HBW
HLI

HLIR

HS

HSF

IK, IX

IVL

KB

KC

MAX

MI

B9

WIDTH OF SHEAR WALL (IN)

YOUNGS MODULUS OF ELASTICITY OF THE FRAME (KIP/IN?)
YOUNGS MODULUS OF ELASTICITY OF THE WALL (KIP/IN®)
APPLIED FORCE ON THE WALL FROM FRAME ANALYSIS (KIP)
HORIZONTAL DESIGN LOAD ACTING AT FLOOR LEVEL (KIP)

A SUBROUTINE SUBPROGRAM

FRAME FORCE AT THE FLOOR LEVEL (KIP)

FINAL FORCE ON WALL AT EACH FLOOR LEVEL (KIP)

LENGTH OF LEFT HAND BEAM (IN)

LENGTH OF RIGHT HAND BEAM (IN)

PERCENTAGE OF ORIGINAL HORIZONTAL LOAD TO BE INCREASED
IN THE ELASTIC RANGE

PERCENTAGE OF ORIGINAL HORIZONTAL LOAD TO BE INCREASED
IN THE INELASTIC RANGE '

STORY HEIGHT (IN)

HEIGHT OF FLOOR LEVEL FROM BASE (IN)

DUMMY CONSTANTS

DUMMY CONSTANTS FOR STOPPING THE PROGRAM IF THE
DEFORMATION EXCEEDS CERTAIN SPECIFIED LIMIT

SPRING CONSTANT AT THE BASE OF THE SHEAR WALL (KIP-IN
/RAD)

SPRING CONSTANT AT THE BASE OF THE COLUMNS (KIP-IN/RAD)
PRODUCT OF NUMBER OF STORY AND NUMBER OF SEGMENTS IN

A STORY

MAXIMUM NO. OF CYCLE TO BE PERFORMED FOR ANY ITERATION
PROCESS

MOMENT OF INERTIA OF SHEAR WALL (IN%)



MIBF
MIBW
MIC
MII
MM
MMCB
MMCT
MMMM
MOMB
MOMBF

MOMBW

MOMFB

MOMP
MOMW

MOMWB

MPC

MPF
MPS
MPSW
MPW
ND

MOMENT OF INERTIA OF LEFT HAND BEAM (IN4)

MOMENT OF INERTIA OF RIGHT HAND BEAM (IN4)

MOMENT OF INERTIA OF COLUMN (IN4)

MOMENT OF THE SEGMENT OF THE SHEAR WALL (IN4)

NO. OF PROBLEMS TO BE SOLVED

MOMENT AT THE BOTTOM OF A COLUMN IN A STORY (KIP-IN)
MOMENT AT THE TOP OF A COLUMN IN A STORY (KIP-IN)
COUNTER FOR ITERATION WITH THE EFFECT OF AXIAL LOAD
MOMENT AT THE BASE OF THE SHEAR WALL (KIP-IN)

MOMENT AT THE COLUMN END OF THE LEFT HAND BEAM IN

THE CYCLE UNDER CONSIDERATION (KIP-IN)

MOMENT AT THE COLUMN END OF THE RIGHT HAND BEAM IN
THE CYCLE UNDER CONSIDERATION (KIP-IN)

MOMENT AT THE LEFT END OF THE LEFT HAND BEAM IN THE
CYCLE UNDER CONSIDERATION (KIP-IN)

MOMENT IN A STORY DUE TO AXIAL LOAD (KIP-IN)

TOTAL MOMENT AT FLOOR LEVEL ON THE SHEAR WALL DUE TO
END MOMENT AND SHEAR FROM THE RIGHT HAND BEAM (KIP-IN)
MOMENT AT THE RIGHT END OF THE RIGHT HAND BEAM IN

THE CYCLE UNDER CONSIDERATION (KIP-IN)

PLASTIC MOMENT CAPACITY OF COLUMN IN A PARTICULAR
STORY (KIP-IN)

PLASTIC MOMENT CAPACITY OF THE LEFT HAND BEAM (KIP-IN)
PLASTIC MOMENT CAPACITY OF THE WALL SEGMENT (KIP-IN)
PLASTIC MOMENT CAPACITY OF THE SHEAR WALL (KIP-IN)
PLASTIC MOMENT CAPACITY OF THE RIGHT HAND BEAM (KIP-IN)
NUMBER OF DIVISION IN A STORY

B10



NI

NM
NNMM
NS

PS
PSW
PPS
ROB
ROFA
ROS
RMWP
RPWP
ROT
ROTF
ROTFF
ROTO
SBF
SBW
SC
SHEARR
SHEARW
SHEC
SR

SR 1
SR 3
SSB
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NUMBER OF TIMES HORIZONTAL LOAD TO BE INCREMENTED
LENGTH OF A SEGMENT OF A WALL IN A STORY (IN)
SEGMENT HEIGHT FROM BASE OF WALL(IN)

NUMBER OF STORIES

VERTICAL LOAD ON COLUMN (KIPS)

VERTICAL LOAD ON WALL (KIPS)

VERTICAL LOAD ON STORY (KIPS)

SWAY ROTATION OF RIGHT HAND BEAM

A SUBROUTINE SUBPROGRAM

STORY ROTATION OF FRAME

RATIO OF MOMENT TO PLASTIC MOMENT CAPACITY OF WALL
RATIO OF CURVATURE TO CURVATURE CORRESPONDING TO RMWP
ROTATION OF WALL IN A SEGMENT (RAD)

ROTATION OF WALL AT THE FLOOR LEVEL (RAD)

JOINT ROTATION OF FRAME (RAD)

JOINT ROTATION AT THE BASE OF COLUMN (RAD)
STIFFNESS OF LEFT HAND BEAM (KIP-IN)

STIFFNESS OF RIGHT HAND BEAM (KIP-IN)

STIFFNESS OF COLUMN (KIP-IN)

SHEAR AT THE ENDS OF LEFT HAND BEAM (KIP)

SHEAR AT THE ENDS OF RIGHT HAND BEAM (KIP)

SHEAR IN COLUMN IN A STORY (KIP)

A SUBROUTINE SUBPROGRAM

A SUBROUTINE SUBPROGRAM

A SUBROUTINE SUBPROGRAM

SLOPE OF THE SECOND BRANCH OF SHEAR WALL MOMENT-
CURVATURE DIAGRAM
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TMOMF TOP MOMENT IN THE TOP OF THE TOPMOST SEGMENT IN
A STORY (KIP-IN)
TMOM TOP MOMENT IN A SEGMENT OF THE SHEAR WALL (KIP-IN)
VDEF VERTICAL UPLIFT OF THE BEAM CONNECTED WITH THE
WALL (IN)



B.3 FLOW DIAGRAM OF THE COMPUTER PROGRAM
B.3.1 MAIN PROGRAM B13

NO. OF INCREMENT

SET IX =0
IK=1

YES
CALL IX = 1?
Py : - 17>
NO
y YES
SET IX = 0 <::::
| o
AXIAL LOAD ND
PRESENT?
YES
3 YES 1
= 12
NO

CONVERGENCE TEST YES
FOR DEFLECTION WITH
P-a EFFECT WITHIN
D)

SPECIFIED LIMIT?
CALL
YES ROFA
MMMM = MAX? [

(e

NO

NO COMPUTE HORIZONTAL
FORCES ON WALL
CALCULATE HORIZONTAL I
FORCES TO BE APPLIED P s e
TO THE SYSTEM INCLUDING EFOR!
P-& EFFECT ]
SET 1K = 1______,<::)
OR IX = 1
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CALL
SR 3
REDUCE THE
MOMENT OF INERTIA
SHEAR WALL N\ YES OF THE PLASTIFIED
MOMENT > PLASTIC WALL STRIP
MOMENT CAPACITY? ACCORDING TO
M-9 DIAGRAM
NO
CAJ[___-\\‘
sR1 /)
SET 1K = 0

) DECREMENT THE
NL = 297 NO INELASTIC YES | HORIZONTAL LOAD

_ RANGE TO MAKE THE
TS FRAME ELASTIC
INCREMENT < NO
HORIZONTAL NO N = D———
LOAD < N —
] YES
4
OUTPUT STATEMENTS SET NL = JJ
FOR LOAD, HLI = HLIR
DEFLECTION AND

ROTATION FLOOR-
WISE FOR EACH
INCREMENT




B.3.2 SUBROUTINE 'SR’

INPUT
STATEMENTS
FOR DATA

COMPUTE
1. FLOOR HEIGHT FROM THE BASE
2. STIFFNESS OF MEMBERS
3. TOTAL VERTICAL LOAD

l

OUTPUT STATEMENTS
FOR DATA OF
FRAME AND
SHEAR WALL

RETURN
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B.3.3 SUBROUTINE 'BAKA'

Bl6

BAKA

WALL -FRAME
ITERATION
BEGINS
4 —

CALCULATE
1. MOMENT i. AT ALL SEGMENTS
2. ROTATION OF THE WALL
3, DEFLECTION ii. AT FLOOR LEVELS

YES
NO
YES
G
NO
L—-—-\\ YES
T M=17 >
NO

APPLY CONVERGENCE
FORMULA FOR ROTATION AND
DEFLECTION

. CALCULATE
1. STORY SWAY
2. BEAM SWAY

YES
<&
N—
"o
MOMENT (AT | SET MOMENT (COMPUTED
POTENTIAL HINGE Yes I THE PREVIOUS
LOCATIONS) GREATER LOADING CONDITION)
THAN PLASTIC EQUAL TO THE PLASTIC
MOMENT CAPACITY? MOMERT CAPACITY
NO —
CALCULATE MOMENT CALCULATE MOMENTS
USING SLOPE-DEFLECTION AT OTHER POINTS
EQUATIONS usING MODIFIED |—(3)
SLOPE-DEFLECTION
EQUATION

(®
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CONVERGENCE

TEST FOR YES
DEFORMATIONS WITHIN RETURN :)
SPECIFIC LIMIT? :

NO
y

CALCULATE FORCE
FOR THE NEXT
CYCLE.

< ° —~(7)

YES

Y

OUTPUT STATEMENT
FOR INSUFFICIENT
NUMBER OF
CYCLES

RETURN




B.3.4 SUBROUTINE 'FRAME'

B18

ITERATION FOR
JOINT ROTATION BEGINS

INITIALIZE ALL
QUANTITIES

NO
—rrr i D

YES

MOMENT AT

A POTENTIAL MODIFY THE PARTICULAR
HINGE LOCATION YES JOINT ROTATION

EXCEEDS THE PLASTIC l EQUATION TO TAKE INTO

MOMENT CAPACITY ACCOUNT THE FORMATION
OF THE MEMBER? ° OF PLASTIC HINGE

ACCORDING TO TABLE A.1

NO

CALCULATE ROTATION AT
ALL THE JOINTS USING
o JOINT ROTATION
EQUATION (A.1)

YES
I=17?
NO
CONVERGENCE

TEST FOR JOINT ROTATION
BETWEEN SUCCESSIVE CYCLES
WITHIN A SPECIFIED LIMIT?

RETURN

NO

‘ NO
1= maxe _

YES

OUTPUT STATEMENTS
FOR INSUFFICIENT
NUMBER OF
CYCLES

A
< RETURN ’




B.3.5 SUBROUTINE ‘ROFA'

OUTPUT STATEMENTS FOR

JOINT ROTATIONS

2. - MOMENTS AT POTENTIAL HINGE
LOCATIONS IN FRAME MEMBERS

3.  STORY SHEAR AND FORCES

1
‘ RETURN >

—
3

B.3.6 SUBROUTINE 'SR3'

OUTPUT STATEMENTS FOR

1. SLOPE

2. DEFLECTION

3. MOMENT AND SHEAR
IN THE SHEAR WALL

i
‘ RETURN >
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B.3.7 SUBROUTINE 'SR1‘

B20
MOMENT AT A
POTENTIAL HINGE NO
LOCATION HAS EXCEEDED THE RETURN :)
PLASTIC MOMENT CAPACITY

OF THE MEMBER?

l YES

OUTPUT STATEMENT
INDICATING LOCATION
OF PLASTIC HINGE AND
THE MAGNITUDE OF
MOMENT

l

SET THE MOMENT AT
HINGE LOCATION .0001 GREATER
THAN PLASTIC MOMENT CAPACITY

\
( RETURN )




c
c
c
c
c
c
C

20
21
22

130

131
132

233

B.4 LISTING OF THE PROGRAM
MAIN B21

FORTRAN PROGRAM FOR THE ANALYSIS OF SHEAR WALL-FRAME STRUCTURE

DIMENSION F{99,30),HSF{30),DW(30),FOC{30),SHEAR{30)4ROTF(99,30),
1ROTFF{99,31),ROT0O(99),SHEC{30),FD(30),FW(30),SHEARW({30),PS{30),
2SHEARR(30),CPHI(300),D{30C),D1{(300),H(99,30),DELTA(99,30),
3FA(30),PPS(31),CROTF(99,30) ,CDEFF(99,31), PPD{30),ZM(300),

4 DEFF(993,30), HBF(30) yHBW(30),HS(31),SBF(30),SC(31),SBH{(30),
5F11(30),TMCM(300) ,BMOM(300) ,TMOMF (30),BMOMF{30),DMFB(30),
6DMBF{30),DMBW(30) ,DMWB{30),CSHEC(30), DMCB(31),DMCT(31)

REAL NNM{300) ,NNMM{300), MIA{300),MII(300),MMCT(30),MMCB(30),
1KByKC, MOMW(30), MOMWB(30),MOMBW(30),MOMBF{30),MOMFB{30)
29MPF(30)4MPW(30),MPC(31},MPS(300)

COMMON IUNB

FORMAT{1H1)

FORMAT( 1HK)

FORMAT(1H )

READ{5,130) MM

FORMAT(1X,13)

D0 400 JJ=1,MM

INPUT STATEMENTS FOR DATA B8Y SUBROUTINE SR.

CALL SR (L,y,NSyND,y EWyKCyKBy FDo NI, HSy DWWy PS, MPF yNNM,
1 MPW,MPC, SCeSBW,SBF, IVL,PPD, HBF yHBW,
2 RMHP yRPWP y MAX g CONsHLTI yHLIRyHSF o FoMIT o MPS ¢ NNMM,MIA,PPS, ALPHA)
NL=JJ-1

KP=0

SSB=(RMWP-1.0)/(RPWP-1.0)

DO 302 NJ=1,NI

SHEAR WALL ANALYSIS BEGINS.

IK=0

IX=C

MMMM=1

DO 131 K=1,NS

H(NJ,K)'—'F(].,K)

CONTINUE

CALL BAKA (IKyIXgMMMMyL NSyNDEW ,KC sKBy HS yDW,y PS yNNM MPF ,MPW,
IMPC,SCySBW,y SBF yHBW s MAX yCONgHSF yF o MI T 3 NNMMy TMOM, BMOM ¢ MOMW, ROTB, TMOM
2F yBMOMF yROTF,DEFF,ROTFF,ROTO,ITER,NJ,DMCB,DMCT,DMBF, DMFB, DMBW,
3DMAB,MMCBy MMCT y MOMBWo¢MOMWE , FOC,SHEC yCSHEC y SHEARW,NCYCLE,SHEAR,CDEF
4F yCROTF 4 ZM, MIA)

IF{IX .EQ. 1)GO TO 245

IF(IK .EQ. 1Y GO TO 272

IF(PPS({1) .LE. 0.0) GO TN 260

IF(MMMM +EQ. 1 .AND. NJ .EQ. 1) GO TO 235

[F(MMMM LEQ. 1) GO TO 256

NO 234 N=1,NS

IF(ABS{ (CDEFF(MMMM,N)=CNEFF (MMMM=-1,N) )/CDEFF(MMMM,N)) .GE. CON LOR
1. ABS({CROTF{MMMM ,N)-CROTF({ MMMM~-1,N})/CROTF{MMMM,N) ) .GE. CON) 6O
2TQ 251
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234 CONTINUE
GO TO 260

OUTPUT STATEMENTS FCR RESULTS CF FRAME ANALYSIS BY SUBRODUTINE ROFA
(WITHOUT THE EFFECT CF AXIAL LOADS)

235 WRITE(6,240)
240 FORMAT{/45X,'RESULT WITHOUT THE EFFECT OF AXIAL LODAD'//)
CALL ROFA {(ROTFF,y SHEC 4FOCyMMCB,MMCT,ROTOy NSyNCYCLE, ITERyMMMN)
DO 242 N=14NS
MOMFB(N)=SBF(N)*6.0*%ROTFF(ITER,N)
MOMBF(N)= MCMFB(N)
SHEARR(N)=2,.0¥MOMFB (N)/HBF(N)
WRITE({64241) NyMOMBW(N) yMOMWB (N) MOMBF (N) y MOCMFB (N)y SHEARW(N),SHEAR
1R{(N) :
241 FORMAT(13X,I391Xy4F19.295X3F10.2,7X,F10.2/)
242 CONTINUE
WRITE(6,21)
DO 244 K=1,NS
F11{K)=F{1,K)-FOC (K)
F{1,K)=F11(K)
244 CONTINUE
IX=1
60 TO 132
245 WRITE(6,22)

DUTPUT STATEMENTS FCR RESULTS OF SHEAR WALL ANALYSIS BY SUBROUTINE
SR3 (WITHOUT THE EFFECT OF AXIAL LOADS)

CALL SR3 (BMOMF,TMOMF,ROTB,NS,F11,FOC,SHEAR,ROTF,DEFF,CROTF,CDEFF,
1MMMM)

IX=0

WRITE(6,21)

ADDITIONAL HORTZONTAL LOACLTYO SIMULATE P-DELTA EFFECT

251 IF({MMMM .EQ. MAX) GO TO 254
256 PPS(NS+1)=0.0
HS{NS+1)=5000.0
CDEFF{MMMM,NS+1)=CDEFF (MMMM,NS)
F(L1y1)=H(NJy1) +ALPHA%{PPS (1)*CDEFF( MMMM, 1) /HS (1) -PPS(2)%{ CDEFF{ MMM
1My 2)~-CDEFF(MMMM,1) ) /HS(2) )
IF(NS .EQ. 1) GO TO 253
DO 252 N=2,4NS
F(1yN)=H(NJyN) +ALPHA* {PPS(N)* (CDEFF {MMMM, N) -CDEFF (MMMM,N-1) }/HS(N)
1-PPS{N+1)*{CDEFF(MMMM,N+1)-CDEFF({ MMMM,N)) /HS{N+1})
252 CONTINUE
253 MMMM=MNMM+]
GO 10O 132

OUTPUT STATEMENTS FCR RESULTS OF FRAME ANALYSIS 8Y SUBROUTINE ROFA

254 WRITE(6,255)

255 FORMAT(10X, 'CONVERGENCE {(CALCULATION OF THE EFFECT OF AXIAL LOAD)
1WAS NOT ENOUGH?®'//)

260 CALL ROFA (ROTFF,SHEC,FOC,MMCByMMCT,ROTO, NSyNCYCLE, ITER,MMMN)
DO 270 N=1,NS
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IF(MMMM.EQ.MAX.OR.NCYCLE.EQ.MAX) GO TO 960
IF(NJ +.EQ. 1) GO TO 261
IF(ABS(DMFBIN)) .GE. MPF(N)) GO TO 262
261 MOMFB(N)=SPF{N)*6.0%ROTFF{ITER,N)
GO 1D 263
262 MOMFB(N)=DMFB(N)
2623 MOMBF (N)=MOMFB({N)
264 SHEARR(N)=2,0%*MOMFB(N)/HBF(N)
WRITE(6,241)N,M0MBW(N),MOMNB(N)9M0MBF(N).M0MFB(N)’SHEARN(N)'SHEARR
1{N)
270 CONTINUE
DO 271 K=1,NS
DELTA(NJ,K)=CDEFF (MMMM,K)
F11({K)=F{1,K)-FOC(K)
F(1,K)=F11(K)
271 CONTINUE
IK=1
GD TO 132
272 WRITE(6,21)

OUTPUT STATEMENTS FOR RESULTS OF SHEAR WALL ANALYSIS BY
SUBRQUTINE SR3

CALL SR3 (BMDMF.TMOMF,ROTB,NS,FII.FOC.SHEAR.ROTF,DEFF,CROTF.CDEFF,
1MMMM)
WRITE(6,21)

DETECTION OF HINGES IN SHEAR WALL.

IF(NL .NE. JJ) GO TO 273
IF{ABS(DELTA(NJ,NS)) .GT. STOPD) GO TO 960
273 SSB={RMWP-1.0)/(RPWP-1.0)
DO 284 J = 1,L
D(J)={TMOM{JI+BMOM(J) )/ (2.0%MPS(J))
D1(J)=D(J)*MPS(J)
IF(ABS{D(J)) .LT. 1.0) GO TO 284
IF(NL .NE. JJ) GO TO 274
CPHI(J)=(ABS{D(J))-1.0)/SSB+1.0
MIT(J)=(ABS(D{J)) )%XMIA(J) /CPHI(J)
274 KP=KP+1
IF{KP .GE. 2) GO TO 281
275 WRITE(6,280)
280 FORMAT(45X,3THDETECTION OF HINGES IN THE SHEAR WALLZZ/)
281 WRITE(6,282)J,D(J),D1(J)

i 282 FORMAT(5X,20HHINGE IN SECTION NO.,I13,2X,51HRATIO OF MOMENT IN WALL

1 TO PLASTIC MOMENT CAPACITY=,F5.2,2X,15HMOMENT IN WALL=,F14.2/)
WRITE(6,283) MII(J),MIA(Y)

? 283 FORMAT (5X,*REDUCED MCMENT OF INERTIA =%,F13.2,3X,? INITIAL MOMENT

1 OF INERTIA =',F13.2//)

§ 284 CONTINUE

WRITE({6,21)
DETECTION OF HINGES ON FRAME BY SUBROUTINE SR1.
CALL SR1 (DMFB,DMBF yDMB¥,DMWB,DMCT, DMCB , MOMFB y MOMBF  MOMBW, MO

IMWByMMC T, MMCBy NSy M3y MPF 4 MPW,MPC)
IK=0
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IF(NL .FC. JJ) GO TC 285
IF(KP .GE. 1 +OR. M3 .,GE. 1) GO VO 295

C
b ¢ HORIZONTAL LOAD IS INCREMENTEC
C
. 285 IF(NJ .EQ. NI} GO TC 960
: WRITE(6,21)
: WRITE(64291)
291 FORMAT(50X, "HORIZONTAL LOAD INCREMENTED'//)
WRITE(6,4292)
292 FORMAT(10Xs*FLOOR NCo®y5X,"HORIZONTAL LOAD(K)®,5X,'VERTICAL LOAD{
1K1 //7)

DO 294 K=1,4NS
F{1,K)=H{NJ4K) +HL I*FD(K)
IF{IVL .LE. O) GO TC 296
PPS(K)=PPS{K)+HLI*PPDI(K)
296 WRITE(64293)KyF{14K)yPPSIK}
293 FORMAT(13X,13,11X,F8.2916XsF8.2/)
294 CONTINUE
KP=0
GO 70 3C2

HORIZONTAL LOAD IS DECREMENTED

COMPUTE SECTION HEIGHT FRCM BASE IN INCH

295 IF(NJ .EQ. NI) GO TG 960
STOPD=90,0%ABS{DELTA(NJ,NS))

WRITE{6,300)
300 FORMAT{1HK,15X,"HORIZONTAL LOACD DECREMENTED TO MAKE THE FRAME ELAS

1TIC SO THAT HORIZONTAL LOAD CAN BE INCREMENTED SLOWLY'///)
WRITE(6,292)

DO 301 K=1,NS

F(1,K)=H{NJ,yK)—HL [%FD (K ) +HLIR*FD(K)

IF{IVL .LE. O) GO TO 303

3 PPS{K)=PPS{K)-HLI*PPD(K)+HLIR*PPD(K)

i 303 DMFB(K)=0.0

3 DMBF(K)=0.0

DMWB(K)=0.0

DMBW(K)=0.0

DMCT(K)=0.0

DMCB{K)=0.0

1 WRITE{65293) K,F{1,K)yPPS{K)

§ 301 CONTINUE

: HLI=HLIR

NL=JJ
1 Kp=0
¢ 302 CONTINUE

QUTPUT THE ROTATICON AND DEFLECTION OF EACH HORIZONTAL LOAD

660 DO 907 N=1,NS
. WRITE(6,915) N
915 FORMAT{48X,'LOAD-DEFLECTICN DATA FOR FLOOR NO. *',13//)

0 WRITE(6,905)
£ 905 FORMAT (10X, *HORIZCNTAL LOAD{KIP)?,5X%X, *DEFLECTION(IN)?*//)
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NO 906 K = 1,NJ
WRITE(6,908) H{KyN) ,DELTA(K,N)

908 FORMAT(16X,F8.2,11X,E13.67)

906 CONTINUE

§C7 CONTINUC

. 400 CONTINUE

: STOP

END

:
!
!
y
F.
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SUBROUTINE SR READS IN DATA - CCMPUTES CO-ORDINATES OF EACH
FLOCR FROM THE BASE AND THE STIFFNESS OF MEMBERS - ALSO ALL
THE INPUT QUANTITIES ARE PRINTED OUT

SUBRDUTINE SR {LysNSyND, EWyKCoKByFDyNI HS¢DW,yPS, MPF oNNM,
1 MPW,MPC, SCySBW,SBF, IVL,PPD, HBF yHBW,

2 RMWP s RPUP s MAXy CONyHLI yHLIRHSF9FoMII 4 NPS NNMM,MI A,PPS, ALPHA)

DIMENSION FD(30),HS(30),DW(30 ),PS(30), SC(301),

1 SBF{30),S8W{30), HBF(30),
2HBW(30)yHSF(30),F{99,30),PSHW{30),PPS{30),PPD(30)

REAL MI(30)4MPF{30)MPHI(30),MPC(30)yMPSW(30),MIC(30),MIBF(30),
1 MIBW(30) ,NM(30)sNNM(300),MIT(300),MPS(300),NNMM(300}),MIA(300),
2KB 4 KC

COMMCN IUNB

READ(59200)KBy KCo EF yEWyNS yNDyMAX,CONg HLI9 NI, HLIR

FORMAT(1X42E18.592F7.09313,2F5.2,13,F5,.2)

READ{5,470) RMWP,RPWP,ALPHA,IVL,IUNB

FORMAT{1X,2F7.24F5.2,213)

DO 202 K=1,NS

READ(S55204)FDIK) g HS(K)yHBF(K) ¢HBW(K) yDH(K) sMI(K) oy MIC(K),
IMIBF(K)MIBW(K)

FORMAT(1XyF5.244F7.254F11.2)

CONTINUE

DO 102 K=1,4NS

READ(5,101)PS{K) ,PSH(K)

FORMAT(1X,2F8.2)

CONTINUE

DO 205 K = 14NS

READ(5,4500) MPF(K) yMPW(K) ¢ MPCIK) s MPSH(K)
FORMAT( 17X 43Fl4.2,F21.2)

CONTINUE

ALL FORCE UNITS ARE 1IN KIPS AND ALL LENGTH UNITS ARE
IN INCHES UNLESS STATEC OTFERWISE.

L=NS*ND

NDN=0

K=1-ND

CB8=0.0

DO 22 J=14NS

NM{ J)=HS(J) /FLOAT(ND)
HSF(J)=CB+HS(J)
CB=HSF(J)
SBW(J)=EFXMIBW(J) /HBHWIJ)
SBF(J)=EFXMIBF {J) /HBF(J)
SC(J)=EFEMIC(J)/HS(J)
F(1,J)=FD(J)
PPS(J)=PS{J)+PSH(J)
PPD(J)=PPS(J)

K=K+ND



23
22

OO0

25

324

OO0

51

351

E 352

355

356

354

353
510
501

364

357

358

359
10

NDN=NDN+ND B27

DO 23 N=K,NDN
NNMIN)=NM(J)
MII{N)=MI(J)
MIA(N)=MI(J)
MPS(N) = MPSW(J)
CONTINUE
CONTINUE

COMPUTE SECTION HEIGHT FRCM BASE IN INCH

BC=0.0

DO 25 K=1,L
NNMM{K)=BC+NNM {K)
BC=NNMM(K)
CONTINUE
WRITE{6,324)
FORMAT(1H1)

QUTPUT STATEMENTS FOR [CATA OF FRAME ANC SHEAR WALL.

WRITE(6,451)

FORMAT(50X,29HDATA FOR SHEAR WALL AND FRAME//)
WRITE(6,351) NS

FORMAT (10X, 56HNUMBER OF STORIES =
1 1 13/7)

WRITE(6,352)ND

FORMAT (10X ,56HNUMBER OF DIVISION TO BE MADE IN A STORY
1 v137)

WRITE(6,355) EW

FORMAT (10X, 53HMODULUS OF ELASTICITY FOR WALL

1 ,FS.27)

WRITE(6,4356) EF

FORMAT(10X,53HMODULUS CF ELASTICITY FOR FRAME =
1 ,F9.2/)

WRITE(6,354) KC

FORMAT(10X,43HSPRING CCNSTANT AT BASE OF FRAME = 9E19.5/)
WRITE(6,353) KB
FORMAT( 10Xy 43HSPRING CONSTANT AT BASE OF WALL = 4E19.5/)

WRITE(6,510) CON

FORMAT{10X,*CONVERGENCE LIMIT®,24X,"'=*,F20.5/)

WRITE({6,501) ALPHA

FORMAT(10X,'ALPHA ' ,36X,'="',F2C.3//)

WRITE(64364)

FORMAT( 1HK)

WRITE(6,357)

FORMAT{10X,10HFLOCR NO./y2Xy10HFORCE(KIP) 53X, 17THMOMENT OF INERTIA,
13X, 16HSTORY HEIGHT{IN)y3Xs14HWALL WIDTHCIN) ,3X,15HAXIAL LOADI(KIP) .
23X,y 1SHAXIAL LOAD(KIP))

WRITE(6,358)

FORMAT{ 10X, 9HSTORY NO.,18X,13HOF WALL (IN4),43X, 9HON COLUMN 10Xy 7H
20N WALL//)

DO 10 N=1,NS

WRITE(69359)Ny FDUN) yMI {N) yHS{N) sDW{N)4PS{N),PSWIN)

FORMAT(13X,13,6X,F8.2.7X,F12.2,9X'F8.2,11X'F7.2,9X,F8.2,9X,F8.2/)

CONTINUE

WRITE(64366)
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266

361

362
363
T1

411

299

406

407

408

409

410

385

365

367

368

369

72

481

. 482
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FORMAT { 1HK)

WRITE(64360)

FORMAT(10X,10HFLOCR NO«/ 92Xy L4FLENGTH OF BEAM,3X,14HLENGTH CF BEAM
193X, 17THMOMENT OF INERTIA,2X,17HMOMENT OF INERTIA,3X,17HMOMENT OF I
2NERTIA)

WRITFE(6,3€1)

FORMAT(10Xy9HSTORY NO. 94Xy 13HCN RCLLER(IN) 43X, 14HCONNECTED WITH,4X
1414HOF COLUMN{IN4),5X,17HCF BEAM ON ROLLER,3X,17HOF BEAM CONNECTED
2)

WRITE(6,362)

FORMAT (42X BHWALL ({IN) 432X ,S5H{IN4) 4 10X, 14HWITH WALL(IN4)//)

DO 71 J=1,NS

WRITE(64363)JyHBF (J)gHBW(J) yMIC(J),MIBF(J),MIBWI(J)

FORMAT(13X 13, 8X9F8429)9X9yFBa299X9sF11.2,9X9F11.299XyF11.2/)
CONTINUE

WRITE(6,411)

FORMAT(1HKy30X , "PLASTIC MCMENT CAPACITY OF BEAMS, COLUMNS AND WALL"
1*/777)

WRITE(6,399)
FORMAT(1CX,10HFLOCR NO./92X,
1 15HPLASTIC MOMENT,2X,15HPLASTIC MOMENT,2X,15HPLASTIC MO

3MENT, 5X,15HPLASTIC MOMENT)
WRITE(6,44C6)
FORMAT(10X,9HSTORY NO. 53X,

1 15HCAPAC ITY OF THE.2X,15HCAPACITY OF THE,2X.15HCAPACITY OF T
2HE, 5X, 15HCAPACITY OF THE)

WRITE(6,407)

FORMAT(22X, 15HBEAM

20N ROLLER,2X,15HWALL SIDE BEAM,2X,15SHCOLUMN {(KIP-IN), 5X,15HWALL
WRITE(6,408)

FORMAT(26X, BHIKIP-IN
1)y 7X,8H{KIP-IN}//)

DO 410 K= 1,4NS

WRITE(6,5409) K, MPFLK) y MPH{K) 4 MPC{K) 4MPSW(K)

FORMAT (13X, 13, 6X, F14.2y3XyF14.293X,F14,.292X,E18
1.87)

CONTINUE

WRITE(6,385)

FORMAT{1HK 45X y39HSTIFFNESSES (EI/L) OF BEAMS AND COLUMNS//)
WRITE(64365)

FORMAT{( 10X, 10HF LCCR NO&/734X919HSTIFFNESS OF COLUMNy4X,17HSTIFFNESS
1 OF BEAM,4X,17THSTIFFNESS CF BEAM)

WRITE(6,367)

FORMAT(10Xy9HSTORY NO. y10X48H{KIP-IN),11X,15HCONNECTED WITHE,5X,17
1HON ROLLER(KIP-IN))

WRITE(6,368)

FORMAT (49X, 12HWALL(KIP-IN)//)

DO 72 J=1,NS

WRITE(6,369)JySC{J),SBW{J),SBF(J)
FORMAT(13XyI349XsF15.2,7XyF15.296X4F15.2/)

CONTINUE

WRITE(64481)

FORMAT (1HK, 40Xy 53HMCMENT CURVATURE RELATICNSHIP OF THE SHEAR
1 WALL/Z7)

WRITE(6,482)

FORMAT(10X,9HPCINT NO.,5X,19HRATIO OF MOMENT IN,SX,18HRATIO OF CU
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1RVATURE)
ARITE(6,483)

483 TFORMAT{24Xs19HWALL TO THE PLASTIC,5X,18HIN WALL TO THE)
WRITE(64484)

484 FORMAT(?24X,194MOMENT CAPACITY NF,5X,18HCURVATURE OF THE)

WRITE(6,485)
485 FORMAT{29X,9HTHE WALL.,10X,18HWALL AT YIELD PT.///)
WRITE(6,488)
488 FORMAT{13X,'N0O.1 1.00 1.06%7/)

WRITE{(6,487) PMWP,RPWP
487 FORMAT(13Xy*'NO.2"415X,FT7.2418BX,F7.2/)
WRITE{(64324)
RETURN
END
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C
C
c
C
C
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132

133

134
135

140

141

142

|BAKAI 830

SUBROUT INE BAKA CCMPUTES THE CISTRIBUTION OF LATERAL LOAD BETWEEN
THE FRANE AND SHEAR WALL. MOMENYS AND DEFNRMATIONS AT EACH SEGMENT
7% THE WALL ARE COMPUTED. THE CONVERGENCE FORMULA IS APPLIED

{ EXCEPT THE FIRST CYCLE ) FOR DEFLECTION AND ROTATION. TEHE
NEFCRMATICNS COMPUTED BY THE CONVERGENCE FORMULA ARE ENFORCED ON
THE FRAME SYSTEM. THE JOINT ROTATION CF THE FRAME ARE COMPUTED IN
SUBROUT INE FRAME.

SUBROUTINE BAKA (IKyIXygMMMMyL yNSyNDEW9KC 9KByHSyDWy PSyNNMy MPF s MPU,
IMPC,SC,58W,SBF yHBW,MAX 4 CONyHSF4Fy MI Iy NNMM, TMOM, BMOMy MOMW, RCTBy TMOM
2F ¢ BMOMF yRCTF4DEFFRCTFF4RCTO, ITER,NJ,DMCB,DMCT, DMBF ,OMFB,DMBW,
3DMWB,yMMCB,y MMCT  MOMBW yMOMWE , FOCy SHEC  CSHEC ySHEARW,NCYCLE, SHEAR,CDEF
4F,CROTF)

DIMENSION BMOM{300),BMCOMF(30),CSHEC(30),CNEFF(99,30), CROTF(99,30
1),DEF(300),DEFF{99,30),DMCB(30),NMCT(30),DMBWI(30),DMWB{(30) ,DN(30),
2DMFB(30),DMBF(30),F(99,30)4FOC(30),HSF(30),HS{30),HBW(30),PS(30),
3ROT(300),ROTF{99,30),R0S{30),ROB(30),ROTFF(99,30), ROTA(99),SC(30)
49SBW(30),SBF(30),SHEC{30) ySHEARW(30)4SHEAR(30), TMOM(300), TMOMF (30)
59 VNEF (30)

REAL KBy KC,MOMB, MOMW{30) yMII(300),MPC(30),MOMP(30),MPW{30),
1IMPF(30) ,MMCB{(30),MMCT{(30) ,MOMBW(30) ,MOMWB (30),NNMM(300) ,NNM(300)
COMMON TIUNSB

DO 232 ¥=]1,MAX

MOMENTS AT VARIOUS SECTIONS (KIP-IN).

MOMB=0.0

NDN=0

K=1-ND

DO 135 N=1,NS
MOMB=MOMB+F (M, N)*HSF(N)
K=K+ND

NDN=NDN+ND

DO 134 J=K,NDN

RS=0.0

DO 133 I=N,NS

RS=RS+F (M, I ) *{ HSF (I )-NNMM(J))
TMOM( J) =RS

CONTINUE

CONTINUE

IF(IK «EQe 1.0R. IX EQ. 1) GC TO 140
IF(M .EQe. 1) GO TO 145
DO 142 N=14NS
MOMB=MONB+MOMW ( N)
RS=0.0

N0 141 I=NyNS
RS=RS+MOMHKI{T)

CONTINUE

MOMW (N) =RS

CONTINUE

NDN=0

K=1-ND
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K=K+ND
NON=NDMN+ND
NN 143 J=K,NDN
TMOM{ J)=TMOM(J) +MCMWI(T)
AMOM( J) =TMOMJ ) +SHF AR TI®NNM(J)
142 CONTINUF
144 CONTINUE
GO TN 150
145 BMOM(1)=MOMB
IF{L .EGC., 1) GO 70O 150
DO 146 J=2,L
146 BMOM(J)=TrOM{J-1)

NEFLECTIONS AT VARICUS SECTIONS (IN)

OO0

150 A = (TMCM(1)+MOMBIXNNM (1) /{2, 0%EWSMII(1))
ROTR=MNNB /KB
; ROT(1)=ROTB+A
; DEF(1)=ROTR*NNM (1 )+A&NNM(1)/2.0
| IF(L .EG. 1) GO TO 152
f N0 151 J=2,L
| B=(TMOM{J)+BMOM(J)) #*NNM(J )/ (2. OXEWXMIT(J))
| ROT(J) = ROT(J-1) + B
E DEFE(J)=DEF(J=1)+ROT (J-1)%=NNM{J) +BENNM(J)/2.0
-~ 151 CONTINUE

.3 C
C MOMENTS, ROTATICNS AND DEFLECTIONS AT EVERY FLOOR LEVEL
A
152 DO 153 N=1,NS
1=N%ND
K=141-ND

TMOMF {N)=TMOM( T)
BMOMF (N}=BMCM(K)
ROTF{M,N)=RCTI(I)
DEFF{M,N)=DEF(I)
153 CONTINUE
IF(IX .EQ. 1) RETURN
IF{IK .EQ. 1) RETURN
IF(M .EQ. 1) GO TO 155
DO 154 N=1,4NS
ROTF(M,N)=ROTF(I,N)*ROTF(F—lyN)I(ROTF(M—I,N)—ROTF(M.N))
DEFF(M,N)=DEFF(I,N)*DEFF(N-I,N)/(DEFF(M—I.N)-DEFF(M'N))
154 CONTINUE
155 ROS{1)=DEFF(M,1)/HS{]1)
IF(NS .EQ. 1) GC TC 161
DO 160 1=24NS
ROS(1)=(DEFF{M, 1)-DEFF(M,1-1})/HS(T1)
160 CONTINUE
161 DO 162 N=1,NS
VDEF(N)=-ROTF{M,N)*DWI(N)/2.0
ROB{N)=VDEF(N) /HBW(N)
162 CONTINUE

COMPUTE MOMENT, SHEAR AND FORCE ON FRAME BY SUBRQUTINE FRAME

CALL FRAME (MAX,ROTFF.ROTU,SC.ROS,KC,SBW,SBF,ROB,ROTF,NS,ITER'MMMM
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130

131
182

211
212
213
214
215
216

217
218
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l My DMOLB,NMCT,CMBWNIMAB, CMRF,DMFBR , MPC y MPFy MPW,NJ,CON)
TEINS oTCa 1) G0 TO 180

[FCARSIOGMON(L1)) JGE. MPC(1}) GO TN 181
MMCR(L)=-KCA*RATO(ITER)

GO TN 192

MMCR(1)=DMCB(L)

IF(NJ .EQ. 1) GO TO 183

IF(ABSINMCT(1)) .GE. MPC(1)) GC TO 184

TF(ABS{DOMCB{1)) .GE. MPC(1)) GO TO 185
MMCT(1)=SC(1)*{4.,0%ROTFF{ITER,1)+2.0%ROTO(ITER)-6.0%ROS(1))
GO T0 1852

MMCT(1)=DMCT(1)

GC 10 192
MMCT(1)=SC(1)*(3,0%ROTFF{ITER,1)-3.0%RNS{1))+0.5*DMCB(1)
SHEC(1)=(MMCT(1)+MMCB(1))/HS(1)

IFINS .EQ. 1) GC TC 210

N0 205 K=24NS

IF (NJ .EQ. 1) GO TO 195

IF(ABSICMCR(K)) JGE. MPC(K)) GC TO 196

IF{ABRS(DMCT(K)) GE. MPC{K)) GO TO 197

MMCR(K)=SC{K)* (4, 0%ROTFF(ITER,K-1)+2.0%ROTFF(ITER,K)-6.0%ROS(K))
GO 10 168

MMCB(K)=DMCB(K)

GC 1O 198
MMCB(K)=SC(K)*(3,0%ROTFF(ITER,K-1)-3,C0%ROS(K)})+0.5*DMCT(K)
IFINJ +EQ. 1) GO TO 199

IF{ABS(CMCT{K)) .GE. MPC{K)) GC TO 200

IF(ABS{DMCB(K)) .GE. MPC(K)) GC TO 201
MMCT(K)=SC(K)*(4.,0%ROTFF(ITER yK)+2,0%¥ROTFF(ITER,K-11-6.0%R0OS(K))
G3 T0Q 202

MMCT{ K)=DMCTI(K)

G TO 202

MMCT(K)=SCIK)*(3,0%¥ROTFF{ITER ,K)~3.0%ROS(K))}+0.5%¥DMCB(K)
SHEC{K)=(MMCT{K) +MMCB(K) )} /JHS(K)

FOC(K-1)=SHEC(K)-SHEC(K-1)

CONTINUE

FOC (NS)=-SHEC(NS)

SHEAR({1)=0.0

DO 219 K=1,4NS

IF(NJ +EQ. 1) GO TO 211

IF{ABS{DMBW(K)) GE. MPW(K)) GC TO 212

IF{ABS(OMWB{K) ) .GE. MPW(K)) GO TO 213

MOMBWI{K)=SBW(K) {4 ,O0*ROTFF(ITER,K)+2,0%¥ROTF(M,K)-6.0*%ROB{K))
GO TO 214

MOMBW(K)=DMBW{K)

GO TO 214
MOMBU{K)=SBW(K)*(3 ., 0*%ROTFF{ITER,K)=3.0%ROB(K) )+0.5*DMWB(K)
IF(NJ .EQ. 1) GO TO 215

IF(ABS{DMUB{K)) .GE. MPW(K)) GO TO 216

IF({ABS{CMBW(K)) .GE. MPW(K)}) GO TO 217

MOMWB{K)= SBW{K)*{2.,0%ROTFF{ITER,K) +4.0%ROTF(M,K)-6.0%RABIK))
GO 10 218

MOMWB{K)=DMWB(K)

G0 T0 218
MOMWB{K)=SBW{K) *{3,0%ROTF (MyK)~-3.0%ROB(K))+0.5%DMBW(K)
SHEARW(K)=( MOMBW{K) +MOMNWB (K) )} /HBW(K)

MOMWI K) =—MCOMWB (K) -SFEARW(K)*DW{K) /2.0
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F(M+1,K)=-FCC(K)
SHFAR(1)=SHEAP (1) #F {M+1,K)
219 CONTINUE
IFINS .CQ. 1) GC TO 227
DN 226 K=24NS
SHEAR(K)=SHEAR (K-1)-F(M+]1,K-1)
22€ CNNTINUE
227 IF(M .EQ. 1) GO 70O 232
IF(M .EQ. MAX) GD TC 221
DO 220 N=1,NS
IE(ABS{ {DEFF{M,N)-DEFF(M-1,N) ) /DEFF{M,N)) .GE. CON .OR. ABS{{ROTF(
1My N}-ROTE{M-1,N)) /RCTF{M,N)) .CE. CON) GO TD 232
220 CONTINUE
GO TO 223
221 WRITE(6,222) MMMM
222 FORMAT{10Xy*CYCLE NO.='y13,7X,*CONVERGENCE (CALCULATION ON WALL) W
1AS NOT ENOUGH® /)
223 NCYCLE=M
SHEAR(1)=0.0
DO 224 N=14NS
CDFFF(MMMM,N)=DEFF(NCYCLE,N)
CROTF{MMMM, N)=ROTF(NCYCLE,N)
IF(MMMM .EQ. 1) CSHEC(N)=SHEC(N)
SHEAR(1)=SHEAR{1) +F({1,N)
224 CONTINUE
IF(NS .EQ. 1) GC TO 230
DO 225 K=24NS
SHEAR (K )=SHEAR (K-1}~-F{1,K-1)
225 CONTINUE
23C DO 231 K=1,NS
SHEAR{K)=SHEAR {K) 4SHEC(K)
231 CONTINUE
RETURN
232 CONTINUE
RETURN
END
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' FRAME* B34

IN SUBRGCUTINE FRAME, THE JOINT ROTATIONS OF THE FRAME FOR A
SWAYED POSITION (ENFCRCED RY THE WALL ) ARE COMPUTED.

THIS IS PERFORMED BY GAUSS-SEIDEL ITERATICN METHOD. IF A HINGE
FORMS IN THE STRUCTURE THE JOINT ROTATION EQUATION IS MODIFIED.

SUBROUT INE FRAME (MAX, ROTFF4ROTO,SC,ROS sKCy SBWy SBF s ROByROTF 4NS, ITE
1R yMMMM, Ny DMCB, DMC T, OMBW  DMW B, CMBF , DMFB , MPC, MPF, MPWy NJ,CON)
DIMENSION ROTFF(99,31),ROTO(99),SC(31),R0S{31),SBW{30),SBF(30),R0B
1(30),ROTE(99,30),DMCB{31),DMCT(31),DMBW(30),DMNB(30),DMBF(30),
2DMEB(30) ,AA{30) ,RB(30),CC(30),DD(30),EE(30),FF(30),GG(30),HH(30),8
3A(30)

REAL KC,MPC(31) ,MPF{30),MPW(30)

COMMON ITUNSB

DO 174 T=1,MAX

IF(1 .GT. 1) GO TO 164

DO 163 K=1,NS

ROTFF(1,K)=0.0

CONTINUE

N=1 _

IF(N .EQ. 1) GO TO 165

N=N-1

SCINS+1)=0.0

ROS {NS+1)=ROSINS)

ROTFF(NgNS+#1)=ROTFF (NyNS)

MPC {NS+1)=500.0

DMCB(NS+1)=0.0

DMCT(NS+1)=0.0

1IF(NJ .EQ. 1) GO TO 10

IF(ABS{DMCB(1}) .GE. MPC(1)) GO TO 20

IF(ABS{DMCT(1)) .GE. MPC(1)) GO TO 11
ROTO(I)=(6.0%SC(1)*ROS{1)=2.0%SCI1I*ROTFF{N,1))/(4,0%SCL1)+KC)
GO T0 20

ROTO(I)={3.0%SC(1)*ROS(1)~0.5%CMCT(1))/{3.0%SC(1}+KC)

DO 170 J=1,NS

IF(NJ .EQ. 1) GO TO 21

IF{ABS{DNMBW(J)) .GE. MPW(J)) GO TO 30

IF(ABS{OMWBI(J)) GE. MPW(J)) GO TO 40

AA(J)=SBW{J)*{ 6.0%ROB{J)I-2.0%ROTF(M,J))

EE(J)=4.0%SBW(J)

GO TO 50

AA(J)=-DMBHW{J)

EE(J)=0.0

GO 10 50

AA(J)=3.0%SBH(J)*RCE(J)-0.5%DMUB(J)

EE(J)=3.0%SBW(J)

IF{NJ .EQ. 1) GO TO 51

1F(ABS{DMBF({J)) .GE. MPF(J)) GO TO 60

IF(ABS{DMFB(J)) .GE. MPF(J)) GC TO 70

BB{J)=0.0

FF(J)=6.0%SBF(J)

60 TO 80

BB( J)=—DMBF (J)
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FF(J)=0.0
GO 10 839
70 BB(J)=-D.5*NMFB(J)
FF(J)=3.0%SBF(J)
8C IF(NJ .FQ. 1) GO TO 81
IF (ABS(DMCT(J)) .GE. MPC{J)) GO TO 90
IF (ABS(DMCB(J)) .GE. MPC(J)) GO TO 100
81 IF(J +EQ. 1) GO TG 82
. CCUJ)=SCLII*(6.0%ROS{I) -2 0%ROTFF(I,J-1))
GO TO 83
82 CCUJ)=SC(JI)*{6.,0%ROS1I)-2.0%RCTO(I))
83 GG(J)=4.0%5C(J)
GO 70 110
90 CC{J)=—-DNCTLJ)
GG{J)=0.0
GO 7O 110
100 CC(J)Y=3.0%SC{II*RCS{I)-0.5%DMCBI(J)
GG(J)¥=3.0%SC(J)
110 IF(NJ .FQ. 1) GO TC 111
IF(ABS(DMCB({J+1)) .GE. MPC(J+1)) GO T0O 120

E IF{ABS(CMCT{J+1)) .CE. MPC(J+1)) GO TO 130

111 DD( J)=SCl{J+1)% (6., 0%ROS{JI+1)-2.0%RATFF(NyJ+1})

‘ HH(J)=4.0%*SC(J+1)

GO TO 140

© 120 DD(J)=-DMCR(J+1)

1 HH{J)=0.0
GO 1O 140

130 DD{J)=3.0%SC(J+1)*ROS(J+1)-0.5%DMCT(J+1)
HH{ J)=3.0%SC(J+1)

140 BA{JI=FE(J)+FF (J)+GG{J)+HH{ D)
IF(ABS{BA(J)) .LT. C.,0001) GO TO 170
ROTEF(1,J)=(AA(J)+BB{J)I+CCLJI)+DDI(JI))I/BA(J)

170 CONTINUE

171 ITER=I
IF(ITER .EN. 1)GO TO 174
1F(ABS{CMCB(1)) .GE. MPC(1)) GO TO 176
IF(IUNB.EQ.1)GO TO 176
IF{ABS( (ROTO(I )-ROTC{I-1))/ROTO(I)) .GT. CON ) GO TC 173

176 DO 172 K=1,NS
IF(ABS(BA(K)) .LE. C.0001) GO TO 172
IF(ABS{{ROTFF{ 1 ,K)-ROTFF{I-1,K))/ROTFF(I,K)) .GT. CON )GO TC 173

172 CONTINUE
RETURN

173 IF{I .EQ. MAX) GO 7C 175

174 CONTINUE

175 WRITE(6,181) M,MMMM

181 FORMAT(10X,*CYCLE NO.=',123,2X,'T0", I3,7X, *CONVERGENCF (CALCULATION

1 ON FRAME) WAS NOT ENDUGH?'/)
RETURN
END
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'ROFA ~ B36

OQUTPUT STATEMENTS FOR FRANME FORCES AND DEFORMATIONS

SUBROUTINE ROFA (ROTFF,SHEC,FOC,DMCB,DMCT,ROTOyNSyNCYCLE, ITER,MM
1)
DIMENSION ROTFF(99,30) 4 SHEC(30),FOC(30),RCTC(30),DMCB{(30),CMCT(3
COMMON TUNB
WRITE(6,371)

371 FORMAT{(50X,28HRESLLTS OF FRAME ANALYSIS///)
WRITE(6,372) MMMM,NCYCLE

372 FORMAT(10X, *CYCLE NO. MMMM=%,13,2Xy *"NCYCLE=',13///)
WRITE(6,200)

2C0 FORMAT(10X,7HCOLUMNS//)
WRITE(6,373)

373 FORMAT(10Xy10HFLOOR NO./+2X,19HJCINT ROTATION(RAD),,3X,18HBCTTCM
IMENT(KIN) ,3X,16HTOP MOMENT(KIN) 93Xy 10HSHEAR(KIP),3X,y10HFORCE{KI
2)

WRITE(6,374)
374 FORMAT{10X,9HSTORY NO.//)
WRITE{64+4375)ROTO{ITER)

375 FORMAT(12X,4HBASE,10X,E13.6/)

DO 377 K =1,4NS
WRITE(6,378)K,ROTFF{ITER,K) ¢DMCB(K) 4DNMCT{(K),ySHEC(K), FOC(K)

378 FORMAT(13X3I13y10X9EL13.698X9Fl4e296X9F14e294X9F10.2,3X,F10.2/)

377 CONTINUE

814 WRITE(6,386)

386 FORMAT{1HK)

WRITE(6,201)
201 FORMAT(//10X%Xy,5HBEAMS//)
WRITE(6,4380)

380 FORMAT(10X,9HFLOOR NO.s3X,16HMOMENT IN WALL,3Xy,16HMOMENT IN
1LL¢3Xy16HMOMENT AT COLUMN,3X, 16HMOMENT AT ROLLER,3X,14HSHEAR AT
2THE 33Xy 14HSHEAR AT THE)

WRITE{(6,381) .

381 FORMAT(22X,16HSIDE BEAM AT THE,3X,16HSIDE BEAM AT THE,3X,l16HEND
1 THE BEAM,3X,16HEND OF THE BEAM,3X,14HENDS OF WALL,3X,14HEND
2 OF BEAM)

WRITE(6,382)

382 FORMAT(22Xy16HCOLUMN END(K-IN),y3X,16HWALL END (K-IN),3X, 16HON
ILLER{K~TIN)y3Xy16HON ROLLER(K-IN),3X,14HSIDE BEAM(KIP),3X,14HCON
2LLER(KIP)//)

RETURN

e NeNsal

END
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'SR3' B37

AUTPUT STATEMENTS FOR SHEAR WALL FORCES AND DEFORMATIONS

SURROUT INE SR3 {BMOMF, TMOMF,ROTB,NS,F11,FCC,SHEAR,ROTF,DEFF,CROTF,
1CDEFF ,MMMM)

DIMENSION F11({30),FOC(30),SHEAR({30),ROTF{99,30),DEFF(99,30),
1CROTF{99,30),CDEFF{99,30) yBMOMF{30), TMOMF {30)

COMMON TUNB

WRITE(6,455)

FORMAT{39X,52HSHEAR WALL ANALYSIS AND FINAL SLOPES AND DEFLECTION!
1777)

WRITE(64312)

FORMAT(3X,10HFLOOR NO./s3X,1SHWALL FORCE(KIP),3X, 16HFRAME FORCE(K
1P} 43X, 1 SHWALL SHEAR({KIP),9X,17HWALL MOMENT(K-IN)¢+9X,10HSLOPE(RAD)
23Xy 14HDEFLECTION(IND)

WRITE(64401)

FORMAT({3X,9HSTORY NO. 62X ,6HBCTTOM, 13X,3HTCP//)

WRITE(6,20)ROTH

FORMAT{SX44HBASE,93X,E13.6/)

DO 400 K=1,4NS

WRITE(6,313}) KeFL11{K)y FOC(K) o SHEAR(K) 4BMOMF (K ), TMOMF {K)sROTF(1,K)
1DEFF(1,4K)

FORMAT( 66Xy 13, 7XyFB8.2911X,FB8.299X9F10.295X1F14.243XyF14e294X,E13.6
13X,E13.6/)

CONTINUE

WRITE(6,404)

FORMAT{1HK450X y31HCHECK ON SLOPES AND DEFLECTIONS//)

WRITE(6,405)

FORMAT{5X,9HFL GOR NO.,5X, 10HSLOPE{RAD),4X,14HDEFLECTION(IN)//)

DD 402 N=1,4NS

WRITE(6,403) Ny CROTF{MMMM,N),CDEFF(MMMM,N)

FORMAT(BXs I3, TX4E13.644X,E13.6/)

CONTINUE

RETURN
END
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IN SUBRCUTINE SR1 FORMATICN OF PLASTIC HINGE IN A MEMBER CF
THE FRAME IS DETECTED

SUBROUT INE SR1 (DMFB,DMBF yDMBW,DMWB {NMCT,DMCBy MOMFB,MOMBF , MCMBW 4 M0
IMWByMMCT 9 MMCBy NSy M3, VPF,MPW,MPC)
DIMENSION DMFB{30),CMBF(30),DMBW{30),DMWB(30),DMCT{30),DMCB{30)
REAL MOMFB (30), MOMBF (30}, MOMBW(30) ,MOMWB{30),MMCT(30),
1MMCB(30) 4MPF(30), MPR(30},MPC(30)
COMMON TUNB
M3=0
DO 403 K=1,4NS
DMFB{K)=MCOMFB(K)
DMBF (K)=MCMBF(K)
DMBW{K)=MOMBW(K)
DMWB( K)=MCMWB(K)
DMCT{K)=MNCT(K)
DMCB(K)=MMCB(K)
403 CONTINUE

DD 610 K=1,4NS
WRITE{6,4633)
€33 FORMAT(1HK)
IF{{ABS(DMCB{K))).LT.MPC(K))GO TO 616
M3=M3+1
WRITE(6,617)K,DMCB{K)
617 FORMAT{10X,50HHINGE AT BOTTCM POINT OF COLUMN 1IN STORY NO.,I
135 5Xy 40HMOMENT AT BOTTOM POINT OF COLUMN =,Fl4.2,5H K-IN/)
IF(OMCB{K) .LY. 0.0) GO TC 10
DMCB({K)=MPC{K)+0.0001
GO TO 616
1C DMCB(K)=-MPC(K)~0,0001
616 IF((ABS(DMCT(K))).LT.MPC(K))GO TO 602
M3=M3+1
WRITE(6,4618)K, DMCT(K)
618 FORMAT(10X,SOHHINGE AT TQP POINT OF COLUMN IN STORY NO.,I
1395X¢40HMCMENT AT TOP POINT OF COLUMN =,Fl14.2,5H K-IN/)
IF(DMCT(K) .LYT. 0.0) GO TO 20
DMCT(K)=MPC(K)+0.00C1
GO TO 602
20 DMCT(K)=-MPC{K)-0.0001
602 IF{(ABS{DMFB(K))).LT.MPF{K))}GO TO 604
M3=M3+1
WRITE(6,603)KyDMFB(K)
603 FORMAT(10X,50HHINGE AT ROLLER END OF BEAM CN ROLLER OF FLOOR NO.,1
13,5X,40HMOMENT AT ROLLER END OF BEAM CON ROLLER =,Fl14.,2,5H K-IN/)
IF(DMFB{K) .LT, 0.0) GO TC 30
DMFB({K)=MPF(K)+0.0001
GO TO 604
30 DMFB(K)=—-MPF(K)-0.0001
604 IF((ABS(DMBF(K))).LT.MPF(K))GC TD 606
M3=M3+1
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WRITE(6,605)K, DMBF{K)
6N5 FNRMAT{10X,50HHINGE AT COLUMN END OF BEAM CN ROLLER OF FLOCR NO«y I

13, 5%, 40HMOMENT AT CCLUMN END 7F BEAM ON ROLLER =,F14.2,5H K-IN/)
IF(DMBFIK) LT, 0.0) GO TC 40
DMBF(K)=MPF(K)+C.00C1
GC 10 606
40 DMBF(K)==NPF(K)-0.0001
606 IF((ABS(DMBW(K))) . LT.MPW{K})IGO TO 6C8
M3=M3+1
WRITE(6,607)K, DMBUW(K)
607 FORMAT{10X,50HHINGE AT COLUMN END OF WALL SIDE BEAM OF FLOOR NO.,1

13,5X,40HMCMENT AT CCLUMN END OF WALL SIDE BEAM =,Fl4.2,5H K-IN/)
IF{DMBW{K) .LT. 0.0) GO TO 50
DMBMW{K)=MPW{K)+0,00C1
GO 7O 608
50 NDMBW({K)=-MPW{K)-0.0001
€08 IF( {ABS(DMHB{K))).LT.MPW(K))GO TO 610
M3=M3+1
WRITE(65609)K, DMHB(K)
609 FORMAT{10X,50HHINGE AT WALL END OF WALL SIDE BEAM OF FLOOR NO«y1

13, 5Xys 4OHMOMENT AT WALL END OF WALL SIDE BEAM =,Fl4.2,5H K-IN/)
IF{DMWB(K) .LT. 0.0) GO TG 60
DMWB(K)=MPW(K) +0.0001
GO TO 61C
60 DMWB(K)=—-MPW({K)}~-0.0001
610 CONTINUE
RETURN
END



APPENDIX C

DERIVATION OF MOMENT-THRUST-CURVATURE RELATIONSHIP
FOR REINFORCED CONCRETE CROSS-SECTION



C.1 Cross-Section

The cross-section considered is shown in FIGURE C.1. The
nomenclature used to define the cross-section is also shown. The
subscript n refers to the total number of layers of steel. The steel
layers are numbered starting from the tension face. Only rectangular
cross-sections are considered. The stress-strain curves of the

concrete and steel are defined in section 4.2.1 and 4.2.2, respectively.

The corresponding areas of steel, A__ and percentages,

A sn
- _.sn . )
Pin = BT of steel in each layer are given by AS], Aps As3""’
Asn and Pt], Pt2’ Pt3 ...... s Ptn respectively. The total area and

percentage of steel are given by equations (C.1) and (C.2).

A = A

st sl *A

+ A S +A ....(C.1)

s2 s3

P, = Py t Pt2 *+ Pys oo, +P ....(C.2)
The strain in various layers of steel, starting from tension
face are given by (1), €(2)s....... , €(n) whereas the strains at the
extreme fibre of the section are given by €4 and €1 at compressive
and tensile (or least compressed) face respectively. The positive
value of € shows compression on the tensile face whereas negative
value shows tension on the tensile face. FIGURE (C.1) also shows a
typical strain configuration. For any strain configuration the following

hold true.

c2



given by:

and f_ is

by:

or

The curvature, ¢, is given by:

or ¢t
The strain, e, at any depth, h, from compression face is

€ = €4-¢h ....(C.4)

The strain in any layer of steel is given by:

e(n) = e - ¢t(1- §) ....(C.5)
The stress, fsn’ in any layer of steel is given by:
fSn =  g(n) x Es-f-fy ....(C.6)

Where ES is the modulus of elasticity of reinforcing steel

the yield strength.

The total axial force in the reinforcing steel will be given

Ps = As] fs] + A52f§2 """ + Asnfsn
P 1
A= b (Per o1 * Peofse Penfsn)

C3
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The moment contribution of these steel layers will be

given by:
- t_ - t. - t.
Ms 'Aslfs] (2 dl) A52f52(2 d2) ””” Asnfsn(z dn)
M 2d
- s I 1 2dn
or B = bt2fn 2f7 Pefa (- =) Pinfen(1- 1

..(C.8)

The derivations of loads and moments relating curvature and
fibre strains for different possible strain domains are described
below. The reduction in the gross area of concrete due to presence of

steel has been neglected.

C.1.1 Sections under Compression Strain Only

This strain configuration is shown in FIGURE (C.1).
Considering an element of depth dh, at a depth h from top,
where the concrete stress is fc’ the axial load and moment will

be given by:

t
P 1 g
btf" - A + btf" o bfcdh ....(C.g)
C C
t
M 1 t
and = B + ! bf (=h)dh ....(C.10)
btzfg btzfg 0 c2

Substituting the value of fc from equation (4.1) and integrating

we have:

cé



€ € 2.67 2.67
Be - At - (2'3;3?.67 (eg ™™ - L™
c 0 €, ot
... (C.11)
2.67 2.67
l2--'|| - B * %Z- - 0.]9]3.67 {(E]) i (€4) }
bt™f 0 (eo) ot
, 0.105 (¥ - (3 a2
(e )1.67 5
0 (¢t)

C.1.2 Pure Axial Load Capacity

In the case of uniform strain over the cross-section the
curvature becomes zero and equations (C.11) and (C.12) do not
hold true, since M will be zero in this case. Therefore the
value of P in this case can be found by integrating the uniform

stress over the section which will be given by:

_ 2e € 1.67
e = A+ —% -1.03 () .. (C13)
of o 0
M= 0 el (C.18)
and ¢ = 0 ...(C.15)

For the stress-strain curve presented in section 4.2.1,
this will Tead to a maximum value of P when Eg = 1.25250' . Thus
the pure axial load capacity of, the section allowing for the
reduction in gross area of concrete due to presence of steel,

will be given by:
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These values are essentially similar to those presented

in reference (Al).

C.1.3 Sections Partly in Tension but Uncracked

The strain configuration is shown in FIGURE (C.2).
The depth of neutral axis DN, is given by:
DN = €4 /o

The axial load and moment for this strain configuration

will be given by:

p 1 DN t
REET = A+ ] { T bf dh + { bf, dh} ....(C.]7)
BT S . SRR AL

and —9- = B+ _] t ™ b (& - h)dh + ®obr (G-n)dn}
bt“fy thfg 0 DN

....(C.18)

Substituting the values of fc and ft from equations (4.1)

and (4.2) and integrating, we have

2 2.67
p N (64) ] 0.386(84)
bEF: €0t (€0)1.67 ot
2 4
- (eq) (eq) f!
+{ 1 1 --:L ....(C.]g)

- }
eu]t¢t “eu'lt)3 ot fc

cé6

btf" = A+ 1.002 (]'pt) ....(C.]G)
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M (e)? (eg)°
and thfE = B+ ?E;Ef - 35315%)2
- 0.193(c,)?® , 0.105(¢,)*-%’
(e )" gt (50)1.67 (ot)2
£ (ep)? (e®  (ep?

- T { 2e 140t ' 3€u1t(¢t)2 ) 8(€u]£)3 ot
....(C.20)

C.1.4 Section Partly In Tension and Cracked

The strain configuration is shown in FIGURE (C.3).

The depth of neutral axis, DN,-and the depth below which

the section is cracked, dcr, are given by:

DN €4/¢
€4 - Syt

¢

and der

The axial load and moment for this strain configuration

will be given by:

p 1 DN dcr
n = A+ R+ET { I bf dh + I bf dh} ....(C.Z])
btfC btfC o c DN t
and
M _ 1 DN t_
;;E;I = B+ btzf" { bfc (2 h) dh
c c o
+ 9 bFy (G- n ") ....(C.22)



Substituting the values of fc and ft from equations

(4.1) and (4.2) we have

2 2.67 '
PP $e4) ) 0.386(c,) +f1tr. 3yt
8 ¢t (€0)1.67 ot fc 4 ¢t
....(C.23)
: (eF  (gp)° - 0.193(¢,) %/
= + -
! 2€0¢t 3€d(¢t) (éo) 1.67 ¢t
3.67 :
(e )].67 (¢t)2 g 4¢t ‘2 ot

4Tt 17 (eun;g2
+ ot ) - 5l ot 2 ....(C.24)
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C.2 Program Nomenclature

AL
AS(N)

C(N)

DT(N)
EAV
EC
ECC
EO
ES

EU
EUL
El

E4
FC1
FC2
FS(N)
FY
FT2

AXIAL LOAD CONTRIBUTION DUE TO REINFORCEMENT IN THE FORM_
OF P/bt IN 1Tbs. AND INCH UNIT

GIVEN AXIAL LOAD ON SECTION IN 1bs.

AREA OF REINFORCEMENT IN Nth LAYER IN IN?
WIDTH OF SECTION (IN MAIN PROGRAM) IN INCHES

MOMENT CONTRIBUTION DUE TO REINFORCEMENT IN THE FORM OF
(-2M/bt?), IN SUBROUTINE PM.

DISTANCE OF CENTROID OF STEEL REINFORCEMENT IN Nth LAYER
FROM BOTTOM FACE IN INCHES.

THE RATIO C(N)/T

STRAIN AT MID-DEPTH OF SECTION

MODULUS OF ELASTICITY OF CONCRETE IN Tbs/IN
ECCENTRICITY OF AXIAL LOAD IN INCHES

e, (AS DEFINED IN EQUATION 4.1)

MODULUS OF ELASTICITY OF STEEL IN 1bs/IN?

LIMIT ON COMPRESSIVE FIBRE STRAIN, €,

CRACKING STRAIN, &1,

STRAIN AT BOTTOM FACE OF SECTION

STRAIN AT TOP FACE OF SECTION

CONCRETE STRENGTH IN DIRECT COMPRESSION, f., in psi
CONCRETE STRENGTH IN FLEXURE, 0.85f., in psi

STRESS IN Nth LAYER OF STEEL IN PSI

YIELD STRENGTH OF REINFORCEMENT IN PSI

CONCRETE STRENGTH IN TENSION IN PSI

C10
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M MOMENT IN THE FORM OF M/btzfg

NL NUMBER OF REINFORCING LAYERS

NP NUMBER OF PROBLEMS TO BE ANALYZED

P AXIAL LOAD IN THE FORM OF P/btf;

PG GIVEN AXIAL LOAD IN THE FORM OF P/btfg

PHIT CURVATURE TIMES THE DEPTH OF SECTION

PO ULTIMATE AXIAL LOAD IN THE FORM OF P/btf;

PTL TOTAL PERCENTAGE OF STEEL IN THE FORM OF Ast/bt
PT(N) PERCENTAGE OF STEEL IN Nth LAYER OF REINFORCEMENT IN

THE FORM OF Asn/bt
T TOTAL DEPTH OF SECTION IN INCHES
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C.3 FLOW DIAGRAM OF THE COMPUTER PROGRAM

C.3.1 MAIN PROGRAM

READ NO. OF PROBLEMS
TO BE SOLVED

1

SET INDEX FOR THE
PROBLEM

READ AND WRITE DATA
FOR THE PROBLEM IN
PROCESS

COMPUTE ULTIMATE
AXIAL LOAD, Pg

IS
GIVEN AXIAL LOAD
YES

z
ULTIMATE AXIAL LOAD

COMPUTE € AND
‘ 1
CALL SUBROUTINE 'PM’

l




YES

39

INCREASE
¢t BY 0.0003

YES
END

IS GIVEN AXIAL LOAD,
PG, > 0.05

IS ABS(PG-P)<0.001

IS e4>0.004

INCREASE €g BY 0.000001

WRITE OUT ALL THE
PERTINENT INFORMATION

IS ALL PROBLEM DONE ?

YES

YES

YESii

YES —-

C13

INCREASE
ot BY 0,001

«—0)




C.3.2 SUBROUTINE 'PM'

SET
A=0.0 B

0.0

1

COMPUTE STRESS AND STRAIN IN ALL
STEEL LAYERS. SET THIS STRESS
EQUAL TO f_ 1IN THE LAYER OF STEEL
WHICH HAS ¥ YIBLDED

COMPUTE A AND B

COMPUTE P AND M FOR
UNCRACKED TENSILE
FAILURE

COMPUTE P AND M
m FOR COMPRESSION
FAILURE

" COMPUTE P AND M FOR

CRACKED TENSILE FAILURE [

|| COMPUTE P FOR M AND ¢
EQUAL TO ZERO

COMPUTE ECCENTRICITY

_¥

‘ RETURN >

Cl4



105

510

100

101

102

15

516

517

518

102

104

51

514

513

37

C.4 LISTING OF THE PROGRAM

MAIN C15

DIMENSION DT(10)4PT{10),FS{10),€E(10),AS(10),C(10)

REAL M

READ(5,105)NP

FORMAT(1X,13)

No 20 JJ=1,NP

WRITE(6,+510)JJ

FORMATU{1HK/54X, *PROBLEM NG,',12/777)

READ(S5,100)ESyFC1yFYNLyB,TyAL,EUL

FORMAT{1X¢F9e1 3FT.14F8s191292F6.24F9,1,F9.6)

REAC( 51010 {AS{K) sK=1,NL)

FORMAT{ {1X510F7 o4} )

READ (551021 (C{L)sL=1yNL)

FORMAT((1X,10F7.3))

DO 15 I=1,NL

PT(I)=(AS{I}/{B*T))

DTLI)={C(1)/T)

CONTINUE

FC2=0.85%FC1

FC=5T7400.0%{FC1%%0,.5)

ED=((2.0%FC2)/EC)

EY=FY/ES

FY2=T7T.,0%(FC1*%0,5)

EU=0.0040

WRITE(6,516)

FORMAT(S0X,*DATA FOR THE ANALYSISt'///)

WRITE(69517)

FORMAT (5X,'E FOR STEEL?,3X,'CONC. STRENGTH®,3X,"STEEL STRENGTH® ,3X
1,'N0., OF STEEL LAYERS',3X,'GIVEN AXIAL LOAD*,3X,°CRACKING STRAINY/
2)

WRITE(6,518)ESsFC Ly FYoNL s AL 5 EUL

FORMAT(EX9FBe3 3 TX9FTel 39X eF841,315X312415X3F9.1,10XyF9.6//7)

PTL=0.0

WRITE(6,103)

FORMAT(S5X,'% DF STEEL',3X,'COVER RATIO'/)

NO 51 J = 1,NL

WRITE (6,104 )PT(J)+DTLJ)

FORMAT{ TXsFTe49TXyF6.3/)

PTL=PTL+PT{J)

CONTINUE

FIND ULTIMATE AXIAL LODAD

PO=(1.002%(1.0-PTL) )+ { (PTLEFY)/FC2)

CALCULATICNS OF MOMENTS FOR GIVEN AXTAL LOAD AND CURVATURE

WRITE(6,514)

FORMAT (34X, *RESULTS FOR THE MOMENT CURVATURE RELATIONSHIP FOR GIVE
1IN AXIAL LOAD'//)

WRITE[(6,513)

FORMAT(5X,*TOP STRAIN®*,3X,'"BOTTOM STRAIN®',3Xy *AVERAGE STRAIN',5X,*
1CURVATURE® 48X, 'ECCe*9y10Xy *AXTAL LOAD® 48X,y ' MOMENT?® ,3X*GIVEN AXIAL
2L0AD* /)

PG={AL/ (BXTHFC2))

IF{PG.GE.PQOIGD 10O 20

E4=0,000

PHIT=0,0

El=E4-PHIT

CALL PM{E44EL, PHIT,PyMyED EUL, FC2,FSsPTES,FY,DT €, FT2,ECCoNL)

IF(PG.GT.0.05)G0 TO 48

IF ({ABS{PG-P)) <LE.0.001)G0 TO 36
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GO 10 417
48 I=ABS(PG-P)/PG
IF(Z.LE.0.010)GO TO 36
47 IF{E4.GT.0.0039995)G0 TO 36
36 E4=E4+0.0000010
GO 10 37
36 EAV={E4+El)/2.0
WRITE(64520)E44EL14EAV,PHIT,ECC4P,M, PG
520 FORMAT{6XgF8e696X9FBeb9IX3FB8o698XyFBebyTX9FB8e49BXgFO.496X3FG.449TX,
1F9.4/)
IF(E4 .GT.0.0039995)G0 TO 20
IF(PHIT.GT.0.00295)G0 TO 45
PHIT=PHIT+0.0003

GO T0O 39

45 PHIT=PHIT+0.001
GO TO 39

20 CONTINUE
sTop

END



54
55

53

20

26

25

21

22
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‘P -
SUBROUTINF PMIE4,E1+PHIT PyMyEQEULyFC24FSyPTHESyFY 4 NTH4E,FT2,ECC,N
L)

DIMENSICN FS(10),0T({10),PT(10),E(10)

REAL M

A=0,.,0

B=0.0

DO 53 J=14NL

E(J)=E4-{PHIT*(1.0-CT(J)))

FSUJI=E(JI*ES

IF{E(J) .LT.0.0)G0O TO 54

IF{FS{J).GTFY)FS(J)=FY

GO TO 55

IF((ABS(FS(J)))GTLFYIFS(J)==FY

A=A+(PT(JIX*FS(J))

B=B={PT(J)1*{1.0-(2.0%DT(J)))%FS(I}))

CONTINUF

IF(PHIT.EQ.0.0)GO TO 25

IF(E1.LT.0.0)GO TO 20

COMPRESSION FAILURE
P=(A/(1.0%FC2))+((E4+EL)/EQ)-{{0.386*((E4*x%2,6T7)-{E1*%2.67)))/{{EQ
1*%]1 ,67)%PHIT))

M={B/(2.0%FC2) }+(PHIT/(6.C%*EQ))
1-({0.193% ((E4*x%2,6T)+(EL1%%2,67)) ) /( (EQ%%1 ., 67)*PHIT) ) +({0.105%( (E4*
2%¥3.67)-(E1%%3,67) )} /7{{EO®*] 67 )% {(PHIT%%2,0)))

GC T0 21

IF(E1.LTLEUL)GO TO 26
P={A/{(1.0%FC2) ) +((E4*%2 ,0)/(EQ*PHIT))=-{(0.386%(E4*%x2,
L6T))/(LEQ**L 6 T)%PHIT))+{(FT2/FC2)%({(E1*%2) /{EUL¥PHIT))-(El%%4
2) /(4. 0%(EUL*%¥3)*PHIT)))

M={B/(2.0%FC2))+{ (E4**2,0)/(2.0%EQ%*PH

LITY)-{{(E4%x%3,0) /(3. 0%EO*{PHIT*%2,0) ) )-((0.193%(E4*%2,67))/({EQ*%x],
267T)*PHIT))I+( (0. 105%(E4%%3,67) )/ {{ED*%k]1 ., 6T):{PHIT*%2,0)))-((FT2/FC2
3)*{({(E1%*%2) /(2. 0%PHIT*EUL ) I+ ((E1%%3) /(3. 0%{PHIT*%2 ,0)*EUL) )-((
4E1%%4) /{8 . 0%PHIT* (EUL%%3) ) )-( (E1%%5)/(20. O*(PHIT*%2 ,0)*(EUL%
5%3))1)))

G0 10 21

CRACKED TENSILE FAILURE
P=(A/(1.0%FC2)) +( (E4**2,0)/(EO*PHIT))-((0.386%(E4%%2,

167) )/ (EQ**1.,6T)*PHIT) )+ { (FT2*0,75%EUL)/{FC2%PHIT))
M=(B/{2.0%FC2) ) 4{(E4*%2,0)/(2.0%EQ*PH

LIT))-((E4*%*k3,0) /(3 .0%E0*{PHIT**%2,0)))-({(0.193%({F4%%x2,67))/((EO*%*1,
26TYXPHIT))+{{0. 105%(E4%%3 ,67) )/ ((EO*%1 6T )*(PHIT**2,0)))+{(FT2/FC2
3¥X({{{3.0%¥EUL) /(4 0*PHIT) I*({0.5-(E4/PHIT)+{EUL/PHITI))=(17.0%(EULX
4%2)/(60.0%{PHIT%%2,0}))))

GO T0 21

P={A/FC2)+(2.0%E4/EQ)-(1.03*%( (E4/ED)*%1,67})

M=0.0

ECC=0.0

IF(P.EQ.N.0)GO TO 22

ECC=M/P

RETURN

END
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D.1 Curvature and Fibre Strains from Dial Gauge Readings for Columns

and Beams

FIGURE D.1 shows two curvature meter arms mounted on a section
of depth (h+g). The dial gauges are located at distances b and ¢ from
the centre 1ine of the section as shown. Let €g and €y are the extreme
fibre strains as shown. M and (M+1) are the dial gauge number on the
station number, N which is numbered (M+1)/2 where M is an odd number.
DR(M+1,K) and DR(M,K) indicates the dial readings in Mth and (M+1)th
gauge for load increment number K. The dotted 1ine shows the bent
position of the section. Therefore, if the strain profile over the
cross-section is extended then the average strain over the length, a,

at a distance b and c, as shown, from the centre 1ine will be given by:

{DR(M+1,K) - DR(M+1,1) } /a ....(D.1)

84/a

{DR(M,K) - DR(M,1)} /a «...(D.2)

G]/a

Therefore the curvature will be given by:

¢ R L (D.3)
W o000 .

and from similar triangles the fibre strains will be given by:

€ ¢(btg) + G,/a ....(D.4)

4

€ o(b-h) + G1/a ....(D.5)

The above derived equations hold true for all possible strain

configuration.
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D.2 Curvature and Fibre Strains for Wall

FIGURE D.2 shows the placing of Whittemore or Demec points at
a particular section. The reading on the gauges will give an average
strain over the length, a, if divided by the gauge length. Let Y],Y2
and Y3 represent the strains at a distance X], X2 and X3 from the
inner: face of the wall. The strains Y], Y2 and Y3 are given by the
difference in reading at some load increment K and the initial readings
divided by the gauge length for the corresponding gauge 1ine. At each
load increment a best fit straight 1ine was fitted to the strain
readings using least squares. This was done assuming that a straight
Tine distribution of strains existed at every section and the equation
of straight 1ine is given by:

Y = a + a]X ....(D.6)

The inner face was taken as the origin. The constant a, and 3, in the

above equation can be derived (s1) as follows:

X o= X+ K+ X ....(D.7)
Y = Y]+Y2+Y3 =aon+a]ZX ....(D.8)
X% = x]2 + x22 + X32 (D.9)
IXY = XqYq 4 KoY, + Xp¥g = aIX + aqIx? (D.10)

11 2°2 3'3

where n is the number of known points, in this case, three. Solving

equations (D.8) and (D.10) gives:
ZY-ZXZ- anYz ....(D.]])
(ZX)© - nzX

4
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and a = Y- ....(D.12)

The corrected fibre strains can be computed using equation
(D.6) by substituting the value of a and a, and proper value of X.

To find e, the value of X will be zero whereas €y will be given by

1
substituting t for X.
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D.3 Program Nomenclature

A(J)

AS(N,L)

AO
Al
B(J)

BB
BM(N,K)
BMG(I,N)

c(J)

CA

cB

cC

CCA
ccs
CO(N,L)

GAUGE LENGTH OF Jth STATION, OVER WHICH THE MEASUREMENT
HAS BEEN TAKEN, IN INCHES.

A TEMPORARY LOCATION USED IN SUBROUTINE 'BMKP'.

AREA OF REINFORCING STEEL IN THE SECTION AT Nth
STATION AND Lth LAYER

A CONSTANT IN THE LEAST SQUARE LINE EQUATION

A CONSTANT IN THE LEAST SQUARE LINE EQUATION

DISTANCE OF DIAL GAUGE, IN CURVATURE METER, FROM THE
CENTRE LINE OF THE SECTION, AT Jth STATION, TOWARDS
OUTER FACE OF COLUMNS OR BOTTOM FACE OF BEAMS, IN
INCHES.

A TEMPORARY LOCATION USED IN SUBROUTINE 'BMKP'

MOMENT IN KIP-INCH AT Nth STATION FOR Kth LOAD
MOMENT, IN THE GIVEN M-¢ RELATIONSHIP, CORRESPONDING
TO Nth POINT IN Tth CURVE, IN THE FORM OF M/btzfg .
DISTANCE OF DIAL GAUGE, IN CURVATURE METER, FROM THE
CENTRE LINE OF THE SECTION, AT Jth STATION, TOWARDS
INNER FACE OF COLUMNS OR TOP FACE OF BEAMS, IN INCHES
TEMPORARY LOCATION USED IN SUBROUTINE 'FSAC'
TEMPORARY LOCATION USED IN SUBROUTINE 'FSAC'
TEMPORARY LOCATION USED IN SUBROUTINE 'BMKP'
TEMPORARY LOCATION USED IN SUBROUTINE 'FSAC'
TEMPORARY LOCATION USED IN SUBROUTINE 'FSAC'

DISTANCE OF CENTROID OF STEEL IN THE SECTION, In Lth
LAYER AND Nth STATION, FROM THE TENSION FACE, IN INCHES



CURV(I,N)

C1

c2

C3
DR(I,J)
DS(J)

ES(J)
ET(N,K)

E4(N,K)

FC1(J)

FY(J)

G(J)

G4

G1

LS(N)
NC

CURVATURE, IN GIVEN M-¢ RELATIONSHIP, CORRESPONDING TO
Nth POINT IN Ith CURVE, IN THE FORM OF ¢t.

TEMPORARY LOCATION USED IN MAIN PROGRAM

TEMPORARY LOCATION USED IN MAIN PROGRAM

TEMPORARY LOCATION USED IN MAIN PROGRAM

READING OF Ith DIAL GAUGE FOR Jth LOAD

DISTANCE OF Jth STATION FROM THE BOTTOM OR LEFT END OF
THE MEMBER, ON WHICH THE Jth STATION LIES, IN INCHES
MODULUS OF ELASTICITY OF STEEL IN Jth MEMBER IN PSI
STRAIN AT THE OUTER FACE OF COLUMN OR BOTTOM FACE OF
BEAM OR INNER FACE OF WALL, AT Nth STATION FOR Kth LOAD
STRAIN AT THE INNER FACE OF COLUMN OR TOP FACE OF BEAM
OR OUTER FACE OF WALL AT Nth STATION FOR Kth LOAD
CONCRETE STRENGTH OF Jth MEMBER IN PSI

YIELD STRENGTH OF STEEL IN Jth MEMBER IN PSI

DISTANCE OF COMPRESSION FACE OF THE SECTION, AT Jth
STATION, FROM CENTRE LINE IN INCHES

DIFFERENCE IN DIAL GAUGE READING AT ANY LOAD, FROM THE
INITIAL READING ON THE INNER FACE OF COLUMN, OR TOP
FACE OF BEAMS OR OUTER FACE OF WALL

DIFFERENCE IN DIAL GAUGE READING AT ANY LOAD, FROM THE
INITIAL READING ON THE OUTER FACE OF COLUMN OR BOTTOM
FACE OF BEAMS OR INNER FACE OF WALL

DISTANCE OF TENSION FACE OF THE SECTION, AT Jth STATION,
FROM CENTRE LINE IN INCHES

NUMBER OF LAYER OF STEEL IN THE SECTION AT Nth STATION
TOTAL NUMBER OF CURVATURE METER
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ND
NGC

NL

NM
NPC(N)

NS

NSM(J)
NWD

NWL

PHI
PHIT(N,K)

SCX
SCX2
SX
SX2
SXY

D8

TOTAL NUMBER OF DIAL GAUGES IN CURVATURE METERS

TOTAL NUMBER OF SUPPLIED MOMENT-CURVATURE CURVE

TOTAL NUMBER OF LOAD INCREMENT

TOTAL NUMBER OF MEMBERS IN THE TEST FRAME

TOTAL NUMBER OF GIVEN POINTS TO DEFINE Nth MOMENT-

CURVATURE

CURVE

TOTAL NUMBER OF MEASURING STATIONS

TOTAL NUMBER OF MEASURING STATIONS IN Jth MEMBER

TOTAL NUMBER OF WHITTEMORE AND DEMEC GAUGES

NUMBER OF
CURVATURE.
CURVATURE
Kth LOAD

TEMPORARY
TEMPORARY
TEMPORARY
TEMPORARY
TEMPORARY
TEMPORARY

WHITTEMORE OR DEMEC LINES ON WALL
AT ANY STATION
TIMES DEPTH OF SECTION AT Nth STATION FOR

LOCATION USED IN SUBROUTINE 'FSAC'
LOCATION USED IN SUBROUTINE 'FSAC'
LOCATION USED IN SUBROUTINE 'FSAC'
LOCATION USED IN SUBROUTINE 'FSAC'
LOCATION USED IN SUBROUTINE 'FSAC'
LOCATION USED IN SUBROUTINE 'FSAC'

WIDTH OF TEST FRAME IN INCHES

DISTANCE OF Jth LINE FOR WHITTEMORE OR DEMEC GAUGE

FROM INNER FACE OF WALL

TEMPORARY

LOCATION USED IN SUBROUTINE 'FSAC’



D.4 FLOW DIAGRAM OF THE COMPUTER PROGRAM

D.4.1 MAIN PROGRAM

READ ALL THE DATA REQUIRED
FOR THE ANALYSIS

/
AN

!
WRITE OUT ALL THE DATA
SUPPLIED
!

CORRECT ALL THE INITIAL
GAUGE READINGS AND WRITE
ouT

CALL 'FSAC'

'BMKP*

alg
Ul

CALL

END

:
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D.4.2 SUBROUTINE 'FSAC'

COMPUTE FIBRE STRAINS AND
CURVATURE IN BEAM AND COLUMN
SECTIONS FOR ALL LOADS

COMPUTE FIBRE STRAINS AND
CURVATURES IN WALL SECTIONS
FOR ALL LOADS

WRITE OUT FIBRE STRAINS AND
CURVATURES AT ALL SECTIONS
FOR ALL LOADS

{ RETURN ’
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D.4.3 SUBROGUTINE 'BMKP'

SET INDEX FOR STATIONS
AND LOADS

SELECT PROPER M - ¢ CURVE
TO COMPUTE MOMENTS

WRITE'CURVATURE
BEYOND THE M - ¢ CURVE
GIVING STATION AND

LOAD NUMBER

IS CURVATURE
QUT OF RANGE ?

INTERPOLATE MOMENTS

NO

ARE ALL MOMENTS
INTERPOLATED ?

WRITE MOMENTS AT ALL
STATIONS FOR ALL LOADS

( RETURN )




D.5 LISTING OF THE PROGRAM
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MAIN

READ AND WRITEF ALL POSSIBLE DATAS OF THE TEST FRAME
DNUBLE PRECISICN DRyWR,F4,E1,PHIT,C1,C2,C3
DIMENSION A(SO))B(ZS’,C(25)16(50)1H(50)9DR(50115)’E4(50'15)9T(50)o
1El(50,15),PHIT(SO,IS),AS(SO,IG),CO(SO,IO).LS(SO).NR(?S.lS),X(IO).N
2PC(35)yCURV(35,70)9NSM(15),SM(15)9DS(50’,BML(15115’,BMR(15115,1BMG
3(35,70).BM(50.15).FC1(15),FY(IS),ES(ISi
RFAC(55101 )ND, NWDy NWL s NL yNMyNGCy¥
101 FORMAT(1X,6144F6.2)
NC=ND/2
NS=NC +NWD / NWL
READ{5,503) (NSM{J),yJ=1,NM)
503 FORMAT((1X,2613))
READ{5,799){SM{J) ,J=1,NM)
799 FORMAT((1X,13F6.2))
READ(5,850){FC1(J)yJ=1,NM)
850 FORMAT({1X,11F7.1))
READ(5,851){FY{(J),J=1,NM)
851 FORMAT{{1X,9FB8.1))
READ(5+30CYI(ES{(J) yJ=1,yNM)
300 FORMAT{(1X,8E9.1})
READ(5,503)(LS(J)eJ=1,NS)
DO 30 N=1,4NS
I=LS(N)
READ(S,102) ({AS(N,yL)sCO(N,L))yL=1,1)
30 CONTINUE
READ{5,102) (A(J),J=1,NS)
REAC(5,102)(B(J),J=19NC)
REAC(5,102)(C{ J)yJ=1,NC)
READ(5,102¥{G(J) s J=1,NS)
REAC{5,102)(H(J )y J=1,NS)
READ{(S5,1C23(DS(J)yJ=1,NS)
READ(5,102) (X{ J)yJ=1,4NHL)
102 FORMAT((1X,9FB.4))
READ(S' 107,((DR(IgJ’1J=11NL),I=lyND’
READ(51107)((WR(I9J’1J=11NL)11=1'NND,
107 FORMAT({1X,9F8.5))
READ(5,503) (NPCI{N)sN=1,NGC)
DO 600 I=1,NGC
JJ=NPC(I)
READ{5,502){CURV(I¢N)N=1,JJ)
REAC(5,502){BMG({I,N)yN=1,J4J}
502 FORMAT((1Xs11F7.4))
600 CONTINUE
WRITE{6,350)
L 350 FORMAT({50X,*VALUES COF CCNSTANTS*//)
NRITE(b1700)NM9NL,ND,NWD,NC,NS,NWL,NGC,N
700 FORMAT{1HO,5X,"NO. CF MEMBERS IN THE FRAME =?,13/6X,*NO. OFf LOAD 1
INCREMENT =v,13/6X,*N0O. OF DIAL GUAGES =',13/6X%X,*NO. OF WHITTEMORE
2DIAL GUAGES =*,13/6X,*NC. OF CURVATURE METERS =',13/6X,'NC. goF POS
3ITIONS =*,1I3/6X,'NO., OF WHITTEMORE LINES =1,13/76X,*'N0O. DF GIVEN M-
4PHI-P CURVES =1,13/6X,*WIDTH CF FRAME =%,F6,2///)
WRITE(6,852)
852 FORMAT(1HO, 10X, *MEMBER NO.?! y3Xs"CONC., STRENGTH{PSI) 43X, *STEEL STR
1ENGTH(PSI"13X"SPAN(IN"93X1'NO.OF STATIONS® 43X, *'E FOR STEELY//)
DO 853 WNF=1,NM
WRITE(61854)M0FCI(M),FY(M).SM(H)’NSM(M’vES(M’
854 FORMAT(14X1I3gl3X'F7.1'l4X1F8oly10X1F6.2’9X,I3'9X'Fllol,
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852 CONTINUE
WRITE(6,353)
353 FORMAT{1HO,45X, "REINFORCEMENT AREAS AND COVER'//)
WRITE{64354)
354 FORMAT(1X,'POSITICN NO.")
DD 31 N = 1,NS
I=LS{N)
WRITE{64355)Ny{LyL=1,1)
355 FORMAT(8X,13,4Xy*STEEL LAYER NO.',4X,13,9110/(34Xs13,9110))
WRITE(649356)(AS({NyL)yL=1,1)
356 FORMAT{15X,*STEEL AREAS',4X,10F10.4/(30X,10F10.4))
WRITE(69357)(CO(NyLI,L=1,1)
357 FORMAT(15X,*COVER',10X,10F10.4/(30X,10F10.4))
31 CONTINUE
WRITE(6,704)
704 FORMAT(1HO,30X,*VALUES OF CONSTANTS FOR MEASURING STATIONS*)
WRITE(6,4150)
150 FORMAT{1HO,10X,y*POSITICN NO.*9TXe'G*y 10Xy H'y9X,'DS*y10Xy*A*,10X,"*
18*,10X,'C*//)
DO 50 J=14NC
WRITE(6,151)J0,G{J),H{J),DS{J),A(J)4B(J),CLI)
151 FORMAT(13X,13,6X,6F11.4)
50 CONTINUE
MM=NC+1
DO 52 J=MM, NS
WRITE(65145)J,G(J),H{J)DS(J)yALI)
145 FORMAT(13X,13,6X,4F11.4)
52 CONTINUE
JM=NWL-1
WRITE(69116) (X{N) sN=1,JM)
116 FORMAT(1HO»10X, "WHITTEMORE LINES ARE AT A DISTANCE OF',(10(F6.2,",
1')7))
WRITE(6,117)X{NUWL)
117 FORMAT{11X,'AND',F6.2,' INCH FROM THE OUTER FACE OF WALL?')
WRITE{(6,152)
152 FORMAT{1HO0,50X,*DIAL GAUGE READINGS*//)
WRITE(649153)1{KyK=1,NL)
153 FORMAT{6X,*"DIAL NC./LCAD NO.'+3Xy13,9110/(26X,13,9110))
DO 51 N =1,ND
WRITE{6,154 )Ny (DR{N,K)sK=1,NL)
154 FORMAT(9X,13,10X,10F10.5/(22X,10F10.5))
51 CONTINUE
WRITE(6,115)
115 FORMAT{1HO,50X, *WHI TTEMORE GAUGE READINGS'//)
WRITE(6,153){K,K=1,NL)
DO 53 N =1,NWD
WRITE(6,154)N, (WR(N4K) 9K=1,4NL)
53 CONTINUE
DO 601 I=1,NGC
WRITE(6,701)1
701 FORMAT(1H0,20X,*M-PHI CURVE NO.',13/)
WRITE(6,702)
702 FORMAT{10X,*POINT NO.'y3X,"CURVATURE X T*,3X,*MOMENT/BTTFC2'/)
JJ=NPC(])
DO €02 N=1,JJ
WRITE(6,TO3)INs CURV{I4N) 4BMG(TI,4N)
703 FORMAT(14X,13,8XsFT.448XsF7.4)
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602 CONTINUE
6C1 CONTINUE
ND 75 N=1,ND
C3=DR(Ns3)-DR{N,2)
IF(DABS(C3).EQ.0.0)G0O 1O 90
£2=44.44/C3
C1=5.77-C2*NDR(N,2)
DRIN,1)=(-C1/C2)
GO TC 75
90 DR{Ns1)=DR(N,2)
75 CONTINUE
DO 76 N=1,NWD
C3=WRIN»3)-WR(N,2)
IF{DABS{C3).EQ.0.0)G0 TO 91
C2=44.44/C3
C1=5.77-C2%*WR{N,2)
WRIN,1)=(-C1/C2}
GO 1O 76
91 WR(Ns1)=WR(N,2)
76 CONTINUE
WRITE(6,400)
400 FORMAT{1HO,10X,*CORRECTED DIALS AND WHITTEMORE INITIAL READINGS'//
1)
DO 77 N=14ND
WRITE(64401)N,DR{Ny L) ,WR(N, 1)
401 FORMAT(10Xs13,2F10.5)
77 CONTINUE
II=ND+1
DO 78 N=I11,NWD
WRITE(6,402)N,WR{N, 1)
402 FORMAT(10X,13,10X,F10.5)
78 CONTINUE
CALL FSAC{NC,NDyNWDsNWLyNLyNSyA9BysCyGeHyE4,EL1,PHIT,DRyHWR,X)
CALL BMKP (PHITyNSyNLyFCLlyWs Ty NGCyNMyNPC,CURVyBMG4NSM,BM)
sToP
END
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SURRNYTINE FSAC(NC;N”,NWD,NWL1NL1NS’A181C1GoHvF4oEloPH[T1DR1WR9X)
PROGRAMME FOR CONVERSINN COF NDIALS AND WHITTEMCRE READINGS TO
STRAINS AND CURVATURE

NDOUBLE PRECISION DRyWRyE4 yF1lyPHIT4G44Gl s PHI,Y,SY,SXY,Al,AD
DIMENSION A(50) 4B(25),C(25)4G(50),H(50) yE4(50,15),E1(50,15),PHIT(S
10415)4,DR(50415) yWR{T75,15) X(10),Y{10)

23
2?

58

8C

81

61

82

33

DO 22 M=1,ND,2

N={M+1)/2

DO 23 K=2,NL
G4=DR{M+]1,K)-DR{M+1,1)
G1=DR{M,K}-DR{M,1)
PHI={G4-G1)/(A(N)X(B(N)+C(N)))
E4(NyK)=PHIX(B{N)+G(N) )+G1/A(N)
EL{NyK)=PHI*{B(N)-HI(N))+G1/A{N)
PHIT(N,K)=E4(N,K)=E1(N,K)
CONTINUE

CONTINUE

SX=0.0

SX2=0.0

DO 58 N=1,NWL

SX=SX+X(N)

SX2=SX2+( X{N)**2)

CONTINUE

KK=NWD/NWL

CA=FLOAT(NHL)
CB=(SX*%2)-{CA%SX2)

DO 59 J=1,KK

N=NC+J

DC 6C K=2,NtL

SY=0.0

SXY=0.0

1J=0

SCX=5X

SCX2=SX2

DO 61 I =1,NWL
M=J+{(I-1)%KK)
IFIWR{M,K).EQ.0.0)GC TC 80
Y{I)={WR{M,K)-WR{M,1))/A(N)
GO TO 81

Y{I1)=0.0

1d=1J+1

SCX=SCX-X(1)
SCX2=SCX2=(X(I}*%2)
SY=SY+Y{1)}
SXY=SXY+X{I)%Y (1)

CONTINUE

IF{IJ.GT.0)GO TO 82
Al=({SY*S5X-CA*SXY)/C8B
AO=(SY-A1%SX)/CA

GO TO 83

CCA=FLOATINWL-1J )
CCB=(SCX*%*2)-{CCA%SCX2)
Al={SY%*SCX-CCA*SXY)/CC8
AO=(SY-A1%SCX) /CCA
E4(N,K)=A0
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F1(NyK)=AO+AL%*{GIN)+H(N))
PHITIN,K)=E4(N,K)-E1(N,K)
60 CONTINUE
59 CONTINUE
WRITE(6,200)
200 FORMAT({1HO0,25X,*INNER FACE STRAIN IN COL. OR TOP STRAIN IN BEAMS O
1R QUTER FACE STRAIN IN WALL'//)
WRITE({64201){K,K=24NL)
201 FORMAT(2X5s'POSITION NO./LCAD NO.'¢3X,13,9110/7(26X,13,9110))
DO 25 N=1,NS
WRITE(64202)INy (E4G{N4K)yK=24NL)
202 FORMAT(9X,13,10X,10F10.6/(22X,10F10.6))}
25 CONTINUE
WRITE(6,203)
203 FORMAT(1HO0,25X,*OUTER FACE STRAIN IN COL. OR BOTTOM STRAIN IN BEAM
1S OR INNER FACE STRAIN IN WALL'//)
WRITE(6,201)(K,K=2,NL)
DO 26 N=1,4NS
WRITE(69202)INy {EL(N,K) 4K=2,NL)
26 CONTINUE
WRITE(6,206)
206 FORMAT(1HO,50X, *CURVATURES AT VARIOUS POSITIONS'//)
WRITE(6,201)(K,K=24NL)
DO 27 N=1,NS
WRITE(6,202)Ny ({PHITIN,K) 9K=24NL)
27 CONTINUE
RETURN
END
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SUBROUT INE BMKP(PHITyNSyNLsFC1yWyTyNGCyNMyNPC,CURV, BMG,NSM,BM)
PROGRAMME FOR FINDING MOMENTS FROM KNCWN M-PHI CURVES
DOUBLE PRECISION PHIT
DIMENSICN NPC(35)4CURV(35,70)4BMG(35,70),PHIT(50,15),BM{50,15),NSM
1(15),T{50),FC1({15)
DO 605 M =1,NM
[A=NSM(¥)
IFI{M.EQ.1)YG0 TOD 626
KK=NSM{M-1)+1
GO 10 627
626 KK=1
627 DO 603 N =KK,IA
DO 604 K=2,NL
IF(DABS{PHITIN,K)).LT.1D-9)G0O TO 625
IF(M.LE.4.0R.M.GE.9)GO TO 621
I=M
IF(N.EQ.17)1I=1
IFIN.EQ.19)I=2
IF(N.EQ.21)1=3
IFIN.EQ.23)I=4
GO TO 610
621 IF(K.EQ.2)G0 TO 608
IF{K.EQ.NL)GO TOQ 609
IF(M.LE.4)I=M+38
IF{M.GE.9)I=M+12
GO TO 610
608 IF(M.LE.4)I=M+12
IF{M.GE.9)I=M+16
GO TO 610
609 IF{M.LE.4)I=M+16
IF{M.GE.9)I=M+20
61C JJI=NPCI(I)
DO 611 J =2,4J
A= (DABS{PHITIN,K)))=CURV{I,J)
IF{A.GT.0.0)GD TO 612
IF(A.EQ.0.0)GO TO 613
IF(A.LT.0.0)GO TO 614
612 IF{J.EQ.JJ)IGO TO 615
GO TO 611
613 BMIN,K)=BMG(1,J)
GO TO 616
614 AA=(DABS{PHITIN,K)))-CURV{I,J-1)
BB=BMG{I,J)-BMG(I,J-1)
CC=CURVI(I,J)-CURV{I,J-1)
BMIN,K)=BMG(I,J-1)+AA%XBB/CC
GO TO 616
611 CONTINUE
615 WRITE(6,706)N,K,]I
70€ FORMAT{1HO0s5X, *CURVATURE AT PCSITION NO.',I3,* AND LOAD NO.',I3,°?
11S BEYOND THE GIVEN CURVE NO.',I3)
GO TO 604
616 BMIN,K)={0.85%FC1 (M)%WX{T(N)**2)%BM({N,K)}/1000.0
IF{(PHIT(N,K).LT.0.0)GO TO 630
GO TO 604
625 BM({N,K)1=0,0



63C
604
6C32
605

707

708

709
617
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G T 604
BM{NyK)={=-Bi(N,K))
CONTINUF
CONTINUE
CONTINUE
WRITE(6,7CT)
FORMAT{1HC,50X, "MOMENTS FCR KNQOWN P IN KIP INCH®//)
WRITE(6,708)(K4K=24NL)
FORMAT{2X,*POSITION NO./LCAD NO.'y3X,13,9110/(26X+13,9110))
DO 617 N=1,NS
WRITE{64709)IN, {BM(N,K),K=2,NL)
FORMAT(9X,13,10X,10F10.2/(22X410F10.2))
CONTINUE
RETURN
END
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