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COUPLED WALLS IN EARTHQUAKE-RESISTANT BUILDINGS

Madeling Technigques and Dynamic Analysis

by

(1) (3)

M. Saatcioglu , A. T. Derecho(z), and W. G. Corley

INTRODUCTION

Performance of multistory reinforced concrete structures
subjected tc recent earthquakes has demonstrated that superior
Jamage control and human life safety can be achieved if build-
ings are stiffened by properly designed structural walls. For
functional reasons, reinforced concrete walls are usually
pierced or connected %to other walls by beams, The resulting
structural system is referred to as a "coupled wall system."

The coupling of two or more walls by beams of moderate
stiffness at the floor levels produces a substantial increase
in stiffness of the resulting system as compared teo uncoupled
walls., The coupling action resuits in tensile and compressive
axial forces in walls that lead to a reduction in bending
moment in the individual walls,

Superiority of a coupled wall system in aseismic design can
be explained by its capacity to dissipate energy while maintain-
ing substantial lateral stiffness. Under dynamic forces, mcst
of the energy can be dissipated by significant yielding in beams
while the walls continue providing overall stiffness and stabil-

ity to the structure,

(l)Structural Engyineer, (2)Manager, S<ructural Analytical Sec-
tion, and (3) Divizsional Director, Eng.neering Development Divi-
sion, <Construction Technology Laboratories, Portland Cement
Association, Skokie, Illinois.
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To examine behavior of coupled walls under earthquake loac-
ing, an aralytical investigation is being carried ocut at the
Construction Technology Laboratories of the Portland Cement
Asscciation. This investigation is part of a combined
analytical and experimental program to develop design
information for earthquake-resistant reinforced concrete
structural wall systems,

Modeling techniques developed ar.d used for dynamic analysis
of coupled wall structures are presented in this report,
Particuviar attention is placed on simulation of inelastic
action and detailed aspects of hysteretic moment-rotation
relationship. Results of dynamic analyses are presented to
clarify potential problems that arise in modeling for fynamic
inelastic analysis of coupled walls, These resulcs also
suggest modeling techniques to analysts interested ir dynamic

inelastic analysis for design purposes.

OBJECTIVE AND SCOTE

The main objective of the overall project is to develop
design information for earthquake resistant structural wall sys-
tems, In fulfilling this objective it is essential +©o examine
effects of selected structural and ground motion parameters on
dynamic inelastic response. This part of the project is con-
cerned with coupled wall systems,

The objective of the first phase of the investigation, which

is reported here, i3 to examine the analytical tools, d.-:ctermine



modeling procedures for dynamic analysis, and vzrify the waliag-
ity of these procedures thirough dynamic analysis. The fol_.owing
major items are covered .. this report:

1. Selection and design of a 20-story coupled wall
structure for use in dynamic analysis.

2. Determination of wmodeling requirements and develop-
ment of modeling techniques for computer analysis,

3. Modification of the computer program used for dyna-
mic analysis to incorporate improved modeling
capabilities.

4. Dynamic analyses t¢ test analytical model and
investigate the effects of selected model features

on inelastic response of coupled walls,

SELECTION OF PROTOTYPE STRUCTURE

. 20-story coupled wall structure was selected for dvnamic
analysis. This height of structure was considered reasonably
representative of the majority of multistory structures, The
following section gives a brief review of architectural and
structural considerations involved in selecting the prototype

structure,

Architectural Considerations

Structural layout of buildings is influenced considerably
by aesthetic and functional requirements, Although required
lateral stiffness is a structural consideration, in most cases,

the locatiens of structural walls are dictated by architectural



requirements. The following classification of structures, based

on occupancy, illustrates different uses of coupled walls,

Qffice Buildings

Cffice buildings generally require open office space with
minimum interruption by vertical members. Therefore, central
core exterior column or exterior wall-interior column laycuts
have been generally favored. Structural walls in the form of
elevator and stairway shafts can be effectively used to provide
lateral stiffness to a multistory building., Some cases reguire
construction of isclated walls that may interact with frames.

For tall structures where more than one elevator shaft is
used, it becomes necessary to provide corridor openings in
walls, This leads to c¢oupled walls. Similarly, in the case of
axterior walls, window openings may be necessary. Therefore,
structural walls are usually pievced to form coupled walls,
Figure 1{a) illust:ﬁtes common u23¢ Of coupled walls in office

buildingc.

Residential Buildings

Use of coupled walls ig mora common in residential buildings
where walls can act as permanent partitions. Structural walls
used in apartment, hotel, and other residential buildings pro-
vide acoustical p:ivacy‘and fire separation, A more cummon use

of coupled walls nas them combined with gravity-load carrying
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irames, Figure l(b} shows common use of coupled walls in apart-
ment builiings.

Based or the preceding brief discussion of general architec-
tural use ¢f coupled walls, two types of coupled wall structures
appezr to be common., One is representative of an office build-
ing intarior core with relatively narrow walls, the other is
typical of residential buildings with relatively wide walls,
This information provides a basis for establishing practical
ranges of selected parameters characterizing coupled wall
structures,

For this investigation, the architectural laycut shown in

Fig. 2 is used in dynamic analysis.

Structural Considerations

With the architectural layout assumed as shown in Fig. 2,
the next step was to determine structural prop~riies of the
20-story st=ructure, The structure floor plan was chosen to be
symmetric in both directions. This is generally desirable to
minimize torsionul effects which are beyond the scope of this
investigation. Floor slabs are considered sufficiently stiff
to cause all points on the same floor level to deflect by equal
amounts horizontally.

Different combinations of wall and beam sizes were
congsidered. Member sizes are required to determine effective
stiffnesses that can be used in computing fundamental period.
As a result of many trials, a structure with fundamental period

of 1.0 second was used for this part of the investigation.
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The tributoLyvy mass associated with seismic response is such
that the walls resist seismic forces acting con two bays. This
implies that columns which appear at every other bay are as-
sumed to carry only vertical loads and have no resistance to

lateral forces.

Design Under Static Lcading

Having determined size and hence stiffness of membaers, the
next step is to determine the required strength of memberes.
This is done by using UBC-?G(I) requirements. The structure
is analyzed under the so-called equivalent lateral forces spec-
ified in UBC-76 for Seismic 7Zone 4, Results of the analysis
showed a top displacement of 2.1 inches. This corresponds to a
drift ratio of 1/1000. Yield moments for both beams and walls
as well as other structural properties are listed in Table 1,

It is usual practice to provide stiffness and strength
taper along the height of a tall structure. For this reason,
wall thickness is varied twice along the structure height.
This is expressed in terms of relative stiffness values of
100%, 80%, and 65% for the structure base, mid-height, and top
portion respectively. Percentage reinforcement is alsc varied
at three locatiors along the wall height. This is specified in
terms of relative flexural strengths equal to 100%, 75%, and
50%. The significance of strength and stiffness taper on
dynamic response is investigated and discussed later in. this

report.



TABLE 1 -

PROPERTIES OF THE SELECTED STRUCTURE

Properties Prototype Model
Fundamental Period 1.0 sec. 1.0 sec.
Number of Stories 20 10
Height 183 ft 183 ft
Wall Stiffness Parameters

EI 8 X 1010 k-in.2 8.28 X 1010 k-in.2

GA
EA

Stiffness Taper+

Beam Stiffness Parameters
El
GA
EA

Wall Yield Moment, MY

Strength Taper*

Beam Yield Moment, MY
Damping

Post-Yield Stiffness on
Primary Curve

Weight

Weight for Irertia Forces
Base Fixity Condition
Ground Motion

Intengity of Ground
Motion**

8.2 p
6.09 X 10, kips
1.42 X 10° kips

1.0EI at base
0.8EI at éth floor
0.65EI at l2th floor

2.275 X lﬂz K-in.2

3.94 X 1o§ kips
9,215 X 10° kips

‘00, 000 k-in.
l.OOMy at base

0.75 M at 6th flocr
8.50 u§ a+ 12th floor

3,000 k-in.
5% of critical

5% of elastic for walls
6% of elastic for beans
1,880 k/wall
3,270 k/wall
fully fixed
Pacoima Dam 1971, S16E

1.5 E1 Centro 1340,
K-S

§.09 X 103 kips
1.42 X 10 kips

1.0EI at base
0.8F1 at 3nd flocr
0.€5E1 at 6th floor

4.55 X 107 k-in.2

7.87 X 107 kips
1.84 X 10° kips

400,000 k-in.
1.00 MY at base

0.75 M at 3nd floor
0.50 M§ at 6th floor

6,000 k-in.

5% of critical

5% of elastic for walls
6% of elastic for beanms
1,880 k/wall
3,150 k/wall
fully fixed
Pacoima Dam 1971, S1éE

1.5 E1 Centro 1940,
N-S

*Yield moments are also adjusted at every floor based on the weight of the

structure,

*+gaged on spectrum intensity.
+The same taper also applies for "GA" and "EA."

lft =0.305m
1 k~in. = 0.113 kN m

1l k = 4,448 kN

1 k-in.2 = 0.00287

.




Reduced {Lumped) Model

Because of the large number of cases covered in this pro3i-
ect, it was considered essential te lump the 20-story struc-
ture vertically to reduce the number of membe:s «nd hence tne
computer time required for analysis. The principal requirement
in lumping is that the 20-story prototype and the reduced model
yield essentially the same analysis results, To achieve this
objec.ive, the following criteria is followed:

a. Overall structure geometry mnust be maintained, i,e.,
taue height of the structure as well as coupling arm
must be preserved,

b. Fundamental pericds of the prototype and the model
must be the same.

c. Displacements of the prototype and the mcdel must be
in close agreement.

d. Shear force, bending moment, and ductility envelopes
for the prototype and the model must be in close
agreement,

Reduction of 20 stories into 10 stories through lumping
means a reduction in the rfumber of coupling beams. The simple
omission of every other beam without changing properties of the
remaining beams results in a structure with essentially same
beam stiffness, lesser wall stiffness (due to increased height
between supporting beams), and lesser overall stiffness. The
contribution of wall stiffness to overall structural stiffness

is more significant than the contribution of beam stiffness.

-10-



Because of this, it is not possible to base the lumping proce-
dure on the requirement of preserving relative stiffnesses of
beams and walls meeting at a joint as in the case of frames. If
walls are sufficiently stiff as compared to beams, overall
structural stiffness is dominated by the walls. This means
that beams can be lumped at every other floor without chang-
ing overall structural stiffness. As wall stiffness approaches
beam stiffness, there is a change from wall dominance to frame
behavior. The structure considered in this report has 2 high
wall-to-beam stiffness ratio. Therefore, lumping two beams at
every other floor produces a 10-story mcdel having essentially
the same fundamental period and response as the prototype
3tructure.

Static and dynamic analyses were conducted to compare
responses <f the 20-story prototype and the 10-story model.
Comparison of bending moments under static loading is shown in
Fig. 3. Comparison for dynamic loading is discussed under
"Dynamic Analyses."

Other means of lumvping were also tried. Both wall and beam
stiffnesses were varieé o obtain a lumped model with fundamen-
tal period same as th; prototype. Although it was possibtle to
match the period, structural response of tae model d4id not
always agree with respcnse of the prototype. Table 2 summa-

rizes the cases covered in this trial procedure.

COMPUTER PROGRAM FOR DYNAMIC ANALYSIS

Dynamic response analysis was carried out using program

DRAIN-ZD{z) developed at the University of <cCalifornia at

_ll_
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TABLE 2 - COMPARISOR CF THE MODEL AND THE PROTOTYPE
UNDER STATIC LOADING

Fundamental Top Displ. Base Mom.
Casge * Ldd Period .+ .+
rl L, (sec) Ratio Ratio
1 2.00 1.00 0.978 -— -
2 1.90 0.95 0.986 -— -
3 1.60 0.80 1.052 0.917 0.666
4 1.40 1.40 1.004 1.015 0.785
5 1.20 2.40 0.966 - -
6 1.00 2.00 1.015 1.000 0.979
7 0.90 2.25 1.015 1.000 1,055

*ry; is the ratio of model wall moment of inertia to prototype
wall moment of inertia, r) = (Imsd/Iprot)ll

**rs is the ratio of model heam moment of inertia to prototype
beam momci: of inertia, r3 = (Igoa/Iprot)beam

*+ Ratic of prototype results to model results

Berkeley and later modified by the Portland Cement Association.
The program has capabilities to analyze plane inelastic struc-
tvres under seismic excitation,

The structural stiffness matrix is formulated by the direct
stiffness method, with nodal displacements as unknowns. Dynam-
ic regsponse is determined using step-by-step integration by
assuming a constant response acceleration during each time step.

Several program modifications have been introduced by the
Construction Technology Laboratories of the Portland Cement

Association, These modifications range from input-output

-13~-



changes to more substantive changes such as introduction of new
hysteretic rules for moment-rotation and shear-dirtortion

relationships.

Computer Program Modifications

Axial Force-Flexure Interaction

The major change tc DRAIN-2D, implemented in relation to
this phase of the project, is the modification of the moment-
rotation hysteresis rules to include axial force-flexure inter-
action effects, Appropriate documentation of the changes,
which also involved significant revisions of the input data for-
mat, has been prepared. The revisions in input format pertain
mainly to plotting options and storage of output data on tapes.

The basic moment-rotation hysteretic model incorporated in
the original version of DRAIN-2D follows an extended and medi-
fied set of rules based on those proposed by Takeda and Sozen(3)
This basic hysteresis loop for the decreasing stiffness beam el-
ement is shown in *ig. 4(a) and was developed for members under
constant level of axial force. However, coupled walls generally
undergo substantial changes in level of axial force during
response to earthquake motions. Because of this continuous
change in axial force and the interaction between axial force
and bending moment, the yield moment changes continuously.
This interaction not only alters the initial yield level, but
also affects the effective stiffness of the structure in the

post-yield range, Therefore, the basic decreasing-stiffness

-]l4-



Fig. 4a Takeda's Hysteretic Fig. 4b Hysteretic Loop Under
Loop Changing Axial
Forces
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Guide Line
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Pinching Effect

Fig. 4c¢ Hysteretic Loop Showing Fig. 44 Pinching of Hysteretic
Strength Decay Under Loop
Reversed Load
Cycles



beam element in DRAIN-2D model is modified teo include axial
force-flexure interaction. The modified model is shown in Fig.
4{b) and details are discussed in Appendix A.

Inelastic Shear

Inelastic shear model, previously implemented'into DRAIN-2D

by Buckle & Powell has been modified by Takayanagi and

(4)

Derecho at the Portland Cement Association. The model is

based on hysteresis rules proposed by Takeda. A major feature

of inelastic shear mechanism is the coupling of shear yielding

*

with flexural yielding, a phenomenon observed in wall

tests (5. 6).

Strength Loss and Pinching in Hysteresis Loops

Two additional features have been incorporated into hyster-
etic locps, One is a gradual loss of strength with repeated
load reversals and the other is a pinching action in reloading
branches., Figures 4{c} and 4(d) illustrate the strength loss
and pinching features,'respectively of the hysteresis loop.

The significance of these mechanisms on dynamic response of
coupled walls was investigated and is discussed under "Dynamic

Analyses.,"

MCDELING FOR COMPUTER ANALYSIS

Proper modeling of a structure for ~omputer analysis can-
not be overemphasized if reliable results are to be obtained,
The coupled wall structure 2analyzed in this investigation is

modeled by means of line elements. Each wall and beam member

-16-



Elastic Beam

&_ Inelastic Shear Spring
Inelastic Flexurci Spring

Fig. 5 Computer Idealization of a
Member

between 3joints is represented by a line element. It is ex-
tremely important to specify properties of ‘_hese line elements
properly so that both eiastic and inelastic behavicr of indivi-
dual members can Le simulated accurately., While the load de-
formation relzcionship for the elastic recion is straight-
forward, representation of hinging regions of walls and beams
requires special attention.

DRAIN-2C accounts fcor inelastic action by allowing the
formation of plastic hinges at the ends of line elements.
Thus, each element consists of an "elastic beam™ and two
potential "point hinges®™ at each erd as shown in Pig. 5.
Stiffness of elastic beam and point hinges shculd be specified,
such that total chord rotation of a line element in the model

is egqual to chord rotation of the real mamber.

-17-
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Modeling for Flexure

If moment-rotation characteristics of a member are known,
then flexural properties of the elastic beam and the point
hinges can be determined. Primary moment-rotation relationship
of a reinforced concrete member can be simplified as a bilinear
relationship., This means that the primary curve of a typical
member consists of two linear segments, one representing the
elastic range and the other the post-vield or inelastic range.
Figure 6 shows a representation of a moment-rotation diagram of
a wall element in terms of xoment-rotation diagrams of its
idealized components, 1i.e., the elastic beam eiement 2and the
peint hinges,

In DRAIN-2D chord rotation of a member is calculated as the

sum of elastic beam rotation and plastic hinge rotations. Thus,

e D
ac
ABAa A8A+AA

AD_ = \d P

B AGB + AGB
where Aa: and Aﬁg are increments of chord rotations due to bend-
ing of elastic beam, aeﬁ and Aég are increments of rotations of
point hinges at ends "A" and "B", respectively. For an element

AB, incremental moment-rotation relationships for elastic and

plastic components are given by:

e L _ L -
A6y | | T gET | | Ma )
Ae¢ - L L

B BET 3IET by
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P 1
a8, R 0 'l M,
JLes

A

(2)
Aﬁg 0

1
%5 Kg

The quantity Kg is specified as having a very large value
within the elastic range, implying that the point hinges do not
rotate prior to yielding. This leaves only the elastic beam
component to rotate to simulate behavior of an actual concrete
member in the elastic range, Then, the increments of total

flexural chord rotations can be written from Eq. (l).

AG - e L - L
a AEA =T AMA ZEY AME (3)

A6 = o0 - _ _L L
B B ger Ma t T My (4)

Equations {3) and (4) indicate that it is sufficient to
specify the effective alastic stiffness parameter (EI) to esta-
blish the moment-rotation relationship in the elastic range.

If the moment level exceeds the prescribed yield level,
then the point hinges at member ends become active and start
rotating to simulate yieiding. Within the inelastic range,
cHord rotation at one end is equal to the sum of elastic beam
rotation and plastic hinge rotation at that end. Total incre-
mental flexural rotations at member ends can be written by

adding Egqs. (1) and (2).

AD L _ L 1

A " T M ger Mg t* 3 K, aMy (5)
A@ - L L 1

8 * T gET My * 3T My ¢ I AMy (6)

-20-



Where ap and ap are ratios of the slope of the post-yield branch
to the slope of the elastic branch of the bilinear moment-
rotation curves characterizing the point hinges at member ends
"A" and "B", respectively These two ratios can be determined
by imposing the conditios that total chord rotation of *“he
model be equal to chord rotation in the real member.

Increments of flexural chord rotation of a real member

beyond yielding can be written as:

AR = B - L

A 3287 “Ma T gaEr “Ms n
80 . _L__ L 2

B taET A * JaEr M (8)

Where " aEI"™ is the effective stiffness parameter of the
member beyond yielding. This effective stiffness represents a
uniform member stiffness and corresponds tc the slope of
inelastic branch of bilinear moment-rotation idealization, as
shown in Fig. 6. Ir the same idealization, "a " denotes the
ratio of inelastic stiffness to elastic stiffness.

Equating =P anc JRBB from Egs. (5) and (6) (which were
developed for the computer model) to the corresponding values
from Egs. (7) and (8) (whicn were developed for real member),

yields expressions for "o ," angd "ag":

A H

3El a
¢ ) = (9)
A L g

{1 - 51 (1L - o) Ks

3EI o

QB = L (1 - 1_) (l ~ ) % (10)
2 @) Rg

where £ = MB/ MA
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Equations (92) and (10} can be usad to determine stiffness
ratios of point hinges in the computei model if the bilinear
moment-chord rotation relationship of the real member s Known.
The procedure for specifying stiffness prope-ties of point
binges in progqram DRAIN-2D is explained in Appendix B.

The procedure described previously is concesrned mainly with
establishing the primary force-deformation relationship., The
rules for hysteretic loops are obtained by subatantially medify-
ing the rules proposed by Takeda and suzen!3) . Figure 4 il-

lustrates different features of the hysteretic loops.

Modeling Wall Elements

Variation of moment along the height of structural walls is
generally gradual and can be regarded as’almost uniform between
any two floors. Figure 7 shows a moment diagram of a wall ele-
ment at the base. §Since the moment in an element can be con-
sidered uniform, the sectional moment-curvature relationship
has the same shape as the moment-chcrd rotation relationship,
Therefore, general characteristics of the moment-curvature
diagram can be used in specifying bilinear idealization of
moment-chord rotation relationship. This implies <that the
inelastic stiffness ratio "a" required to solve Egs. (9) and
(10) can be obtained from moment-curvature relationship. For
walls of the coupled wall structure considered in this investi-
gation, the ratio of inelastic to elastic slopes of bilinear
moment-curvature relationship "a"™ is taken as 0.05.

In solving Egs. (9) and (10), "£" can be taken as approxi-
mately =-0.8. It should be noted that according to the sign

-
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convention used in deriving the expressions for chord rotations,
clockwise moments at member ends are positive. Therefore ratio
of moments at ends of a wall element bent in single curvature

has a negative sign. The stiffness parameter of point hinges

in the elastic range is "K."_ This parameter is assigned a
very large value to prevent rotation of point hinges during

8

elastic action. A value of Ks = EI x 10 is used for

modeling wall elements.
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Modeling Beam Elemeénts

Coupling beams behave differently than wall elements. The
main difference is the double curvature configuration that
occu:s in beams when the structure Jisplaces laterally under
earthquake-induced inertia forces, This implies that in the
absence of gravity loads, the moment diagram for coupling beams
shows a linear variation with opposite signs at each end. Con-
sequently, formation of hinges may take place at two ends,
These hinges rotate in opposite directions.

For a symmetric wall system with symmetrically reinforced
coupling beams, it is reasonable to assume a symmetric moment
distribution. Figure 8 illustrates a moment diagram and for-
mation of hinges in coupling beams.

To determine properties of the poiat hinges at member ends,
it is necessary to establish a bilinear idealization of the
moment-chord rotation relationship. Although coupling beams do
not exhibit uniform member stiffness beyond vyielding, it |is
possible to assume an effective inelastic stiffness corres-
ponding to the post-yield range of the linear idealization of
the moment-chord rctation diagram. For beams of the coupied
wall structure selected for this investigation, the ratio of
inelastic to elastic slopes of bilinear moment-chord rotation
relationship "a” is taken as 0.06.

In solving Eqs. (9) and (10), the moment ratioc "E£" is taken
as 1.0 due to symmetry in the moment diagram. As in the case

of wall elements, Kg is taken equal to EI x 105.
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Modeling for Shear

Modeling for shear is done in much the same manner as for
flexure., Shear stiffnesses of the elastic beam and the point
hinges are formulated in terms of fiexibility equations, It
the shear force-shear distortion relationship of a member is
known, then characteristics of <the primary shear-shear dis-
tortion curve for the analytical model can be determined, The
following equations are used to determine total chord angle at

member ends due to elastic and plastic shear distortion.

AY - e A
A AYA + Pl

7

Ay Rye AP
B~ B Y °'B

Where AY: and AYg are increments of chord angle rotations due to
elastic shear discortions in the elastic beam and AYE and AYg
are the corresponding increments due to plastic shear distor-
tions in the point hinges at ends "A™ and "B," respectively.
The following shear-versus-shear distortion relationships can be

written for the elastic and plastic components of an element AB,

A'YA-| . G—A- 4] VA 1
e o 1 v (11)
e m
Ya K, ¢ Va
- 2)
LyP 0 L v t
e L 55,4 LB

Where 8, and By are ratios of the slope of post yield branch to
the slope of elastic branch of the bilinear shear-shear distor-

tion curves for the point hinges at member ends "A" and "B"
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respectively. Stiffness of the shear spring {point hinge) in

the elastic range is Ks. This quantity 1is typically very
large prior to yielding so that the point hinges remain unde-
formed until yielding. Increments of shear forces at membe:
ends are denoted ! A and Vg

Stiffness ratics " BA" and " BB" ¢can be determined by
imposing the condition that the total chord angle due to shear
be the same in both model and real member. The procedure used
to derive expressions for these ratios in terms of the stiff-~
ness ratio of the real member, "3", is similar to the pro-
cedure described previously for flexure.

Moments and shears in a member are directly related to each

other through equilibrium equations, In DRAIN-2D, flexural and

shear stiffnesses are combined as follows:

A8 L 1 1 1 _ _L 1
A E Y TX, Y IGR t g, §eT ' TEA AMy

A ) N E 2o 4 iy Ao, L 4 (L
% | g8l * LA c15 Sl g e S My

In this equation, ABA and ABB are “total" incremental chord
angles at elemen: ends "A" and "B" respectively, i.e,, includ-
ing elastic and plastic flexural and shear deformations.

The mocdeling procedure discussed above is used to establish
.the primary force-deformation relationship. Rules for hystere-
tic loops are obtained by modifying those proposed by Takeda
and Sozen(3) . Figure 4 illustrates different featuvres of

hysteretic loops.
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Bilinear Idealization

A number of assumptions are made in modeling nonlinear
behavior of members. Most of these assumptions are related to
idealization and modeling of  nonlinear force-deformation
relatiorshipsg.

Moment-rotation relationships of members are idealized as
bilinear curves, Figure 9 illustrates a typical primary
moment-rotatipn relationship for reinforced concrete members
and its 1idealization as two line segments, The first line
segment represents effective stiffness in the elastic range,

and the second line segment represents post vyvield stiffness.
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Depending on specifics ¢f a given moment-rotation relation-
ship, a number of rules may be devised to select slopes of
these 1line segments and corresponding magnitude of yield
moment. Member section details, especially locations of
reinforcing bars, may have a significant effect on the general
character of moment-rotation relationship, Thus members with
the bulk of flexural reinforcement c¢oncentrated near ends of
the section exhibit a relatively well-defined break (yield
peint) in their moment-rotation relationship. Some members, on
the other hand, show progressive vielding and do not exhibit a
clear yield point.

In arriving at a bilinear 1idealization of a particular
force-displacement relationship, a number of approaches can be
used. The simplest and most obvious would bhe a visual
"sketched-in" approximation to the given curve. However, more
specific quantitative criteria are desirable in the interest of
reproducibility. Such rules can then be applied uniformly to
any number of widely varying cases. For instance, best fit

lines in the least squares sense could be obtained for specific
4
ranges of deformation,

A more commonly us2d method applies the criterion of equal
area under the actual and idealized curves over a reasonable
range of deformaticn. In this case the intersection of effec-
tive elastic and post-yield line segments defines the yield
point. The actual force-displacement curve will include

effects of cracking as well as any softening due to bond slip.
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A large number of moment rotation curves have been exanined
in an effort to determine the range of variation of the ratio
of inelastic stiffness to effective elastic stiffness, For
example, members subjected to a uniform moment develor hinging
along the entire length once yield level is reached. In this
case, 1inelastic stiffness is almost uniform along the member
length. Wall elements at the base o©. coupled wall structures
are in this catego-y. 1Inspection of moment-rotation relation-
ships for this case reveals that 5% of the effective elastic
stiffness can be used as a realistic approximation of inelastic
post-yield stiffness., The significance of variations in this
ratio is investigated and discussed under "Dynamic Analyses".

Beam elements show a slight difference in the magnitude of
their inelastic stiffness when compared to walls, This is due
mainly to the relatively steep moment gradient across the
span. Under a lateral wall displacement, coupling beams are
bent antisymmetrically and hinges can form at each emd of a
beam. These hinges are usually 1localized and do not extend
beyond midspan. This implies that beams are partially elastic
even after formation of hinges at member ends. For this
reason, slightly higher effective inelastic member stiffnegs
should be used to account for the elastic portion of the beam.
In this investigation, 6% of the effective elagtic stiffness is
taken as the effective inelastic stiffness for the coupling

beams. This value may be higher for shallow and slender beams
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since the hinging region usually deces not extend beyond a
distance frcﬁ the end equal to the effective depth of the beamn,
The ratico of inelastic to elastic slopes of idealized
moment—chord rotation relationship will wvary wih individual
member properties. However, this wvariation is usually small
and_;herefore is not expected t¢c have any significant effect on
dynamic respcnss(T' 8). The cignificance of variation in the
inelastic slope of primary moment-rotation ctrve is investigated
and discussed in detail under “"Dynamic Analyses”. Results
indicate that small variations do not affect most response
quantities, However, if considerable inelastic action ¢tz :es
place, as in the case of some coupling beams, then this effect
becomes more pronounced. Any affect on c¢oupling beams is trans-

mitted to the walls in the form of changes in wall axial forces,

MEASURES OF INELASTICITY

The general concept of inelastic desiyn against earthguake
forces is well accepted in current desigrn practice. The aim in
inelastic design is to design critical rz2gions of structures so
that the required inelastic action can take plac>? without sig-
nificant loss of strength or excessive deformation. A measure
of this inelastic action is difficul: to define if it is to
cover all aspects of inelastic deformation capacity.

A commonly accepted measure of inelastic deformation is
ductility factor or ratio. In a general sense ductility is
defined as the ratio of maximum deformation to yield dJdefor-

mation, Although this measure indicates maximum deformation
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produced in a member, it does not qualify how this maximum
deformation is obtained. More importantly, 1t does not indi-
cate the number of times that this maximum deformation, or
deformations of comparable magnitude, are imposed on a
particular member. Because members subjected to repeated
cycles of inelastic deformation can fail at force and de-
formation levels lower than those associated with static
monotonic loading (i.e., low-cycle fatigue), it is important to
include information on the number of cycles of large amplitude
that can be expected in defining deformatiun requirements or
capacity,

Other measures of inelastic action are based on energy.
Energy, by definition, considers deformations as well as forces
producing the deformations, Dissipated energy is the irrecover-
able part of the total strain energy and is associated with
plastic deformations. Cumulative dissipated energy, on the
other hand, is the sum of the inelastic energy over the entire
response period. As such it reflects the history of loading.

In this investigation, rotational ductility is used as a
measure of inelastic action, However, cumulative dissipated

energy is also camputed for comparative purposes.

Rotational Ductility Pactors

The rotational ductility factor is defined as:

Cmax
= ——

T
eY
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Where 6 . is maximum rotation and %, is yield rotation.
Generally, the rotations referred to here are the rotations of
the hinging region. Generally, width of walls is equal to ot
greater than floor-to-floor height., If we assume the hinging
region to bhave a height approximately egual to the wall
width(s'sl, then an entire wall element between floors in the
model would form part of the hinging region. For this case, it
would be appropriate to speak of ductility associated with the
entire element. In terms of rotational deformation, the total
rotation in the element would be given by the sum of chord
rotations at both ends of an element, This total rotation in
an element is made up of the sum of point hinge rotations and
elastic chord rotations at both ends as shown in Fig. 6. Yield
rotation is taken as the sum of elastic chord rctations at both
ends when the moment in member is equal to the yield moment.

The same basic definition of ductility is used for coupling
beams. However, because coupling beams are generally bent in
double curvature, as compared to single curvature prevalent in
walls, a slightly different method is used in calculating duc-
tility. In a coupling beam bent in an antisymmetrical mode,
hinges can form at each end but rotate in opposite directions,
Because ©f this, hinges in coupling beams are generally limited
in extent to one-half the span. In this case, ductility at one
end is based on chord rotation at that end rather than the sum
of the chord rotations at both ends used for walls.

Further clarification of the definition of ductility for
coupled wall structures may be in order due to the nature of

hysteretic loops for this kind of structure, Because of the
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coupling action betwe=n the walls, magnitudes of axial forces
at yielding and at the point of maximum rotation may be dif-
ferent., In this investigation, vyield rotation corresponding in
sign to the maximum rotation is used in defining ductility,
irrespective of corresponding axial forze levels, Thus, if
maximum rotation is positive, rotation at first yield when the
moment is positive is used to calculate the ductility ratio.
This is illustrated in Fig. 10.

Another feature of the hysteretic loop for coupled walls is
the loss of symmetry in wall behavior under reversed loading.
Thus, axial force in a coupled wall can be “ensile when bending
in one direction and compressive when loaded in the opposite
direction. Because yield moment of a section changes with
magnitude of the concurrent axial force, different wvalues of
yield moment and rotation generally result for each direction.,
In this investigation, the ductility £factor is based on the
maximum and yield rotations in the same direction. This is
done even if first yield occurs in one direction and maximum
rotation ig¢ recorded in the opposite direction, although this
case rarely occurs, Usually both initial yield and maximum
rotation occur while loading in the same direction., Maximum
rotation generally occurs during the “tension phase" when the

flexural yield level of the wall is reduced due to tension.

Enerqgy Dissipation

Disgsipated energy is the irrecoverable portion of total

strain energy, It is therefore associated with plastic deforma-
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tions, In computer program DRAIN-2D, plastic deformations are
simulated by inelastic point hinges. Dissipated rc¢ .ational en-
ergy can then be calculated from the area under moment-rotation
curve cf the point hinges,

Cumulative digsipated energy can be determined by summing
the absolute value of 1nelastic enetrgy for each time increment.
In this investigation, cumulative dissipated energy as a measure
of inelastic action is normalized by dividing it by the corres-
ponding elastic energy up to yvield. "Energy Dissipation Factor"
is then defined as the ratio of cumulative dissipated erergy to

elastic energy up to yield, as shown in Fig., 11,

DYNAMIC ANALYSES

A gyeries of dynamic analyses was carried out to answer
several questions mainly relating to modeling techniques. The
coupled wall structure previously selected, having an initial
fundamental period of 1.0 second was analyzed., The structure
was assumed to be fully fixed at feundation level, and assumed
to have 5% of critical damping*. Basic properties of the struec-

ture are listed in Table 1 and were used unless otherwise noted.

Selection of Ground Motion

For preliminary dynami¢ analysis it was desirable to use an
input motion that was critical in terms of freguercy con=ent

with respect to the particular structure considered.

*Viscous damping assumed in this investigation is a linear
combination of stiffness-proportional and mass-proporticnal
damping. Percentage of the critical damping for the first and
second modes were used,
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Six different accelerograms were examined for this purpose.
Response spectra of single-degrege-cf-freedom systems were used
as basis for the preliminary selection., Figure 12 shows the
S3-damped response spectra for the f£first 10 seconds of the
accelerograms considered. In all cases, intensity of each

input motion was adjusted to yield a sgpectrum intensity* equal

to 1.5 times the spectrum intensity of the N-S component of the

1940 E1 Centro record.

*S%-damped spectrum intensity for the period range of 0.1 sec,

to 3.0 sec. corresponding to first 10 seconds of input motions
considered,
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The initia. fundamental period of the 20-story structure and
possible softening (lengthening in period) in the structure due
to yielding were considered in selecting three potentially
critical accelerograms from Fig, 12. The structure was analyzed
under 10 seconds of each input motion., Figures 13 and 14 illus-
trate response envelopes of the 20-story coupled wall structure.
Based on this comparison, the 1971 Pacoima Dam S16E record was
selected for use in most cases during dyvnamic analysis.

It can be observed from the response histories that the
maximum responce under the 1971 Pacoima Dam S16E record occurs
early in the analysis. Therefore, in cases where this feature
of the response did not allow the effect of a particular para-
meter investigated to show up clearly, a different input motion
was used, ,A good example of this is the investigation of
effect of strength decay in hysteretic loops. If the maximum
response is governed by initial maximum loading on the primary
curve then gradual loss of sirength in later <ycles does not
show up in response envelopes. For this reason, in some cases
the E-W component of 1940 El Centro record was used to create a
condition in which the investigated parameter was affected most.

In all the analyses reported here, a l0-second duration of
input motion was used, Unless otherwise noted, the input motion

used was the 1971 Pacuima Dam S16E record.
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Vertical Lumping

As outlined under "Selection of a Structure", the 20-story
prototype was reduced to a i0-story model to reduce the com-
puter time reguired for analysis. The 1l0-story model was
obtained th:rough static, elastic analysis. To verify egquiva-
lence between model and prototype under dynamic inelastic
response conditions, a2 comparison is made between the 20=-story
prototype and the l0-story model under earthguake excitation,
Response , envelopes for the two structures show good agreement
as indicated in Figs. 15 and 16.

These analyses confirm that the l0-story model provides a

good representation of the Z0-story prototype.

Integration Time Step

The integration time step used in the dynamic analysis is
of primary concern as it plays an important reole in accuracy of
results and cost of computer runs. The 10-story model struc-
ture, which has a fundamental period of 1.0 second, was
analyzed using integration time steps of 0,005 sec, and 0.01
sec. The results show ev~ellent agreement. Top displacement,
hase maximum mom~at, base maximum shear, and ductilities are
all within 5% of each other.

Bagsed on these results, an integration time step of 0.01

sec. was selected for use throughout this investigation.

Strength and S$tiffness Taper

As discussed under ™Selection of a Structure®™, wall cross

sectional dimensions and percentages of reinforcement were
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TAELE 3 - POSSIBLE VARIATION IN WALL THICKNESS
OF A 20-STORY STRUCTURE

'
Floors wall Thickness (in.) Variation
1558 - 2t 8 10 13 16 18 20 65
gt o 14th 10 13 16 20 23 27 80
13t - gth 12 15 20 24 28 32 108

changed twice along the structure height. This introduced a
stiffness and strength taper. 1In practice, this is done for
tall structures to save material and can be justified from the
peint of view of static gravity loads.

The significance of taper in walls on dynamic response wvas
investigated a2nd is discussed in this report., Possible varia-
tion in wall thickness for a 20-story structure was reviewed.
Table 3 1lists selected wall thicknesses and percentages of
variation in moments of inertia of rectangular cross sections.
Although Table 3 does not necessarily cover all the countless
possibilities in practice, it dzes ©provide a practical
variation in wall thickness in view of general variation of
moment along the structure height. Based on this review,
effective elastic stiffnesses equal to B0% and 65% of that of
the walls at the base were used at two locations along the
height of the structure considered, as indicated in Table 1.

Changes in reinforcement also occur at locations where wall
thickness changes. This is done by specifying different
flexural strengths. The amount of taper i: determined oit the

basis of static design under equivalent static forces, The
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strength taper, introduced at two locaticns along the wall
height, results in reductions to 75% ap< 50% of wall strength
at the base as shown in Table 1. It is impcrtant ‘o note that
wall flexural strengtn is further adjustel at every flocr for
effect of axial loads due to gravity load on the structure.
This is done by specifying a moment-axial force interaction
diagram and dead lcad of s.‘ructure at every flcor. This
strength adjustment for gravity locad effects also introduces a
natural strength taper along the height. Further changes in
flexural strength of walls occur during dynamic response due to
effect of axial forces associated with lateral displacement of
the structure.

To investigate the effect of taper, the structure was sub-
jected to two differant recorded earthquake motions, namely the
1971 Pacoima Dam S158E component and the 1971 Holiday Orion E-W
component*. The Pacoima Dam record produced the more severe
response in all cases except for the ductility at midheight
which was greater for the Holiday Orion record.

The same structure having same fundamental period but with-
out the strength and stiffness taper was analyzed under the same
two earthquake motions. Strength taper due to structure weight
was present in these analyses. Response envelopes are compared
in Pigs. 17 and 18. Force envelopes for walls and beams, and

ductility envelopes for beams are not significantly affectad by

*The E-W Component of the record was taken at the ground floor
of the Holiday Inn on Orion Boulevard, Los Angeles, during the
1971 San Fernando earthguake.
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strength and stiffness taper. Wall duct:ility envelopes, on the
other hand, show a considerable effect of strength and stiff-
ness taper,

As can be seen in Fig. 17, walls with taper show yielding
not only at the base, but also at locations where changes in
strength occur, i,e,, at points of discontinuity. Inelastic
action in upper story walls 1s redvced to a great extent by
eliminating taper. In this respect, a structure with uniform
strength and stiffness produces superior behavior under earth-
quake forces. In all cases, inelastic action at upper stories
is less severe than that at the base., This can be observed

from the ductility envelopes of walls given in Fig. 17.

Axial Porce Effects

The original DRAIN-2D model for reinforced concrete members
with moment-rotatica hysteretic loops exhibiting decreasing
stiffness characteristic was developed for constant axial force.
In coupled wall systems, substantial axial forces can be induced
in walls during dynamic response as a result of the coupling
action of linking beams., Because of the significant effect
that axial forces in coupled walls can have on their flex;ral
yield levels(g), it was deemed necessary to include this axial
force~-flexure interaction effect in the analytical model.
Modification of Program DRAIN-2D to incorporate this feature

was the first step in this investigation. A detailed descrip-

tion of the model is given in Appendix A.
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Changes in 1level of axial foreces in walls during dynamic
rasponse has direct influence on force~-defcrmation characteris-
tics of walls. The presence of compressive forces can increase
flexural strength as well as stiffness, Tensile forces, on the
cther hand, produce the reverse effect. This results in
shifting of forces £from one wall tc another during dynamic
response and may subject individual walls to critically high
shears and moments.

Figure 19 illustrates the effect of axial forces on hys-
teresis loops of "tension™ and "compression™ walls. Increese
in strength (yield level} and stiffness during loading and
relocading ©f compression wall can be observed in Fig. 19. The
reverse effect is shown in the same figure for tension wall
Had the axial force effect in wall behavior been neglected, a
symmetric behavior would be observed in “tension" and "com-
pression” walls as indicated by broken lines in Fig. 19.

To investigate the effect of awial force~-flexure interac-
tion, the structure was analyzed first by neglecting this effect
and then a second time with the effect considered, The results
are shown in Figs. 20 and 21. These results indicate that maxi-
mum forces in the walls can be affected significantly by axial
force-flexure interaction. The analysis which ignored the
effect of axial force underestimates maximum shear and moment
at the base by as much as 50%. Morecver, the seqﬁence of yield-
ing observed in this analysis is not realistic since the yield
level is affected by the concurrent axial force., It should be

noted that the difference between the maximum wall ductilities
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of the two cases compared in Fig, 20 is due to the lower yield
level in tension walls. It does not necessarily imply increased
horizontal displacement of tension walls. Maximum horizeontal

displacements are shown in Fig. 21.

Inelastic Shear Effects

Structural walls in multistory buildings, like most rein=
forced concrete members, are generally designed so that shear
strength does not control their behavior, i.e., adequate shear
strength is provided so that flexural yielding can occur prior
to shear distress. Under this condition, a member is expected
to remain essentially elastic in shear at least until flexural
yielding occurs. Tests conducted at the Portland Cement Asso-
ciation, as part of this project, indicate that flexural
yielding is usually accompanied by shear yielding(s's).

Estimation of the magnitude of inelastic action, in both
shear and flexure, is of primary interest in design. Because
of this and the potential effects that shear yieldirng ay have
on overall structural response, a cimplified mcdel of the
inelastic shear mechanism was introduced into Program DRAIN-2D
to aliow examination of this effect. A brief description of
basic features of this model is given under "Computer Program
for Dynamic Analysis”.

Figure 22 shows moment-versus-rotation and shear-versus-
shear distortion relationships of a test specimen subjected to
statically applied, slow load reversals(s). This figure shows

that shear yielding takes place almost simultaneously with flex-

ural yielding. Iavestigation of the ninging region deformations
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revealeé that a substantial component of the  horizontal
displacement is due to inelastic shear action. Similar
hehavior was observed in the other 15 structural wall tests
conaucted at the Portland Cement Association(s' 6).

Another important phenomenon observed in the PCA wall tests
was the substantial reduction in shear stlifness that occurs
under increasing load. The effective elast.c shear stiffness
is reduced due to both flexural and shear cracking in concrete.
This reduction results in effective elastic shear stiffnesses
as low as 10% of its uncracked value. Wall tests under slow
load reversals have also been reported by other investiga-

(10, 11, 12)

tors Considerable inelastic shear deformation

and a substantial reduction in elastic shear stiffness were also
observed in these tests.

The effect of 1inelastic shear deformation on dynamic
response of a 20-story coupled wall structure was investigated
using the structure shown in Fig. 2. Structural and ground
motion properties are given in Table 1, except for stiffness
properties, which are given in Table 4. The structure was
analyzed three times: In the fir=% analysis, the structure was
not allowed to yield in shear throughout the response with
stiffness equal to effective elastic she:r stiffness. In the
second analysis, shear yieldirg was allowed following flexural
yielding. The inelastic shear force-versus-st.ar distortion
relationship was modeled on the basis of rules proposed by
Takeda and Sozen(3} as shown in Fig. 4(a). In the third

analysis, shear yielding was allowed in the same manner as
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the second analysis. However, this analysis includes "pinch-
ing®™ action in the shear-shear distecrtion relationship, as
shown in Fig. 4(4). Response envelopes for these three cases
are compared in Figs., 23 and 24. In Fig. 23 the decrease in
beam rotational Aductility due t¢ shear yielding can be attri-
buted to an increase in shear component of total deformation
which leads to a decrease in flexural component of chord rota-
tion. The yielding sequence of members i; shown in Fig. 25 and
Table 5. The effect of pinching is discussed later in this
report under "Pinching of Force-Deformaiion Relationship”.

In additicn to the campariscn of response envelopes, a more
detailed evaluation of analysis results was made to obtain a
better understanding of inelastic shear behavior, For this
purpose, the behavior of the wall hinging region wes exam-
ined. The Linging region was taken as the lower 2i-foot portion
of the walls at the base, TUnfer dynamic earthquake Lloading,
moments and¢ shears in structural members are not always in
phase, this can be seen in Fig. 27. This means that in contrast
t> the usual conditions of siowly reversed tests, the maximum
shear force and kending moment do not necessarily occur at the
same time. Therefcre, different times during response were con=-
sidered to investigate the bebavior of hinging regions. Tables
6 and 7 summarize displacement response of the hinging region at
six different times during which either. shear or moment was
maximum. Results indicate that for the structure under con-

sideration shear displacement constitutes about 50% of the totel
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TABLE 5 ~ YIELDING SECUENCE

Total Response Time: 10 Sec.

) Inelagtic Shear
Elastic Shear (with and without Pinching)
Time Member Yielding Time Member Yielding
(sec.) No. Type (sec.) No. Type
2.77 26, 27, 28 Flexure 2.77 26, 27, 28 Flexure
2.78 25, 29 o 2.78 25, 29 "
2.79% 24 " 2.78 27, 28 Shear
2.81 23 " 2.79 24 Flexure
2.82 30 " 2.79 25, 26, 29 Shear
2.85 22 " 2.80 24 "
2.89 19, 20, 21 . 2.81 23 Flexure
3.7 17, 18 y 2.82 30 -
2.81 23 Shear
2.84 30
21 2.85 22 Flerure
1 22 z 2.87 22 shear
3 23 4 2.88 21 Flexure
5 24 5 2.89 19, 20 .
7 25 8 2.89 21 shear
9 26 |10 2.95 19, 20 "
11 27 12 3.76 17, 18 Flexure
13 28 14 1.80 17, 18 sheat
15 29 16 Note: Effect of axial force on
17 18 force deformation characteristics
30 of members is not conzidered in
19 20 this analysis. Therefore, sym-
metric behavior is obtained.
o Spp—
10-Story Model of
20~5tory Prototype
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horizontal displacement of the top of the hinging region before
vielding.

Contribution of shear and flexural deformations to hori-
zontal displacement during the inelastic phasc of response
varies depending on moment-to-~shear ratio. When the structure
is subjected to high moments and low shears during response,
flexural deformations play the dominant role and vice versa.
In the structure considered, shear contribution to horizontal
displacement of the hinging region is as high as 85% when maxi-
mum shear deformation occurs. The inelastic shear component of
the same displacement is 65% of total displacement, .

Figure 26 shows time histories of displacement of the top
of the structure and the top of the hinging region for the
three <c¢28es considered. iote the shift in the axis of
oscillation for the structure with pinching. Moment and shear
response histories for the wall element at the base and the
beam element at the eighth floor, is shown in Figs. 27 and 28.
The same shift in the axis of oscillation for the case with
pinching is also apparent in these figures, although to a
lesser degree.

The same structure was also analyzed under a different
earthgquake motion. The input motion used this time was the E-W
component of the 1940 El Centro record, Two cases were consid-
ered; ore with, and the other without shear yielding allowed.
In thie set of analyses, no shear vielding was observed in
walls. This appears to be mainly due to the frequency charac-
teristics of the particular input motion used. Examinaticn of

response histories revealed that after flexural yielding in
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walls takes place, a reduction in wall shear occurs. Beams, on
the other hand, show simultaneous yielding 1in flexure and
shear. Response envelopes for these two cases are compared iIn
Figs. 29 and 30Q.

It is obvicusly essential to use reasonably accurate esti-
mates of flexural and shear stiffnes3es of members tc establish
primary curves for force~deformation relationships., Flexural
stiffness prior to yielding is affected substantially by
cracking in concrete, Tests indicate that effective flexural
stiffness of cracked concrete members can be as low as 50% to
30% of the stiffness corresponding to the gross concrete area.
Any additional rotation due to bond slip of reinforcement can
be included in this value as a further reduction in rotational
stiffness,

The precblem of evaluatiny effective "elastic"™ stiffness of
a member in terms of relevant factors still awaits further
study. It is reasonable :o assume that Elexural and shear
cracking affect shear stiffness. The contribution of each type
of cracking to decrease in effective shear stiffness will in
turn depend on the moment-to-shear ratio. Until this aspect of
behavior is better defined aud for purposes of this investi-
gation, it is sufficient to eastablish the probable range of
variation of effective shear stiffness for the bilinearly
idealized shear—shear distorition relationship. An ectimate of
this range can be obtained by examining available test data,
Tests on isolated walls (53¢ 6) .onducted at the Portland Cement

Associntion indicate that effective elastic shear stiffness can
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be as low as 10% to 30% of -he stiffness associated with the
gross (uncracked) area., As m:ght be expected, having low shear
stiffness relative to their flexural stiffness show a higher
percentage of total deformation due to shear. Results ob-
tained from the analyses discussed above are valid tor the
structure that hac stiffness properties listed in Takle 4.

A third set of analyses was conducted on essentially the
same structure considered earlier, but with high shear stiff-
ness., Elastic and inelastic shear stiffnesses for this case
were taken equal to five times the value given in Table 4, while
flexural stiffness was kept constant. TwO Structures were ana-
lyzed using the 1940 El1 Centro record, E-W component; as in
previous cases, one analysis did not allow shear yielding,
while the other allowed yielding in shear. Comparison of
response envelopes for the two cases indicate that effect of
shear yielding for this set is very small., Response envelopes

for the two cases agree within 5%.

Beam Strength Decay

In a coupled wvall system, it is generally desirable to have
the coupling beams dissipate most of the ~»2nergy to limit
inelastic actiorn in the primary vertical-and-lateral-load-
resisting elements, i.e,, the walls, This implies that
coupling beams are expected toc have high ductility capacity.
Experiments have shown that coupling beams exhibit varying de-
grees of strength decay at higher levels of ductility(13)

Degree of strength decay depends on structure geometry, rein-

forcement detailing, confinement, and history of loading.
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Eight coupling beam tests iave been conducted at the
Construction Technology Labcoratories of the Portland Cement

Association(13).

These tests were performed under statically
applied slow lcad reversals, Variables in the test program
were concrete core width, sSpan length, and reinforcemeat detail-
ing. Table 8 lists the specimens testeq, Further details of
the experimental program are discussed in RrRef. 13.

Specimens C2 and CS5 were short span specimens with conven-
tional straight longitudinal reinforcement. Lcad-versus-
deflection relationships for these two specimens are shown in
Figs. 31 and 32. These hysteretic loops indicate that no
strength decay occurs under load reversals up to a displacement
duct®lity of about 6.0, It should be noted that even after this
ductility level, decrease in load level does not necessarily
indicate a strength loss., This is because loading was deflec-
tion controlled and applied load was released when a predeter-
mined deflection was obtained. However, Figs.-31 and 32 show a
clear trend for strength loss at higher ductility levels.

Specimen C7 was also reinforced by straight reinforcing bars
but had a longer span. Pigure 33 shows load versus deflection
relationship for Specimen C7. For this specimen strength decay
does not occur until after a deflection ductility of 10.0 is
exceeded.

To improve specimen performance, full diagonal bars were
used in specimens Cé6 and C8. Load-versus—-deflection rela-

tionships for these specimens are shown 1n Figs. 34 and 135.
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TABLE 8 - VARIABLES CONSIDERED IN COUPLING BEAM TESTS

-
Core Span
wWidth Length
a b Primary
Specimen {in.) {in.}) 1 Reinforcement
Cl 2.63 16.67 ?E p 4
C2 2,63 16.67

c3 2.63 16.67 K
ce 5o | 6 X%

cs 1.50 16.57
ce 3.50 16.67 ><
c7 3.50 33.33

c8 3.50 33.33 ><

1in, = 25.4 mm
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Fig. 35 Load-Ceflection Relaticonship of Specimen C8

Another reinforcement detailing included diagonal bars in the
hinging region, Specimens Cl, C3, and C4 are of this type.
Examination of locad-versus-deflection relationships for this
series of test specimens indicates that in most cases strength
decay does not start until after a displacement ductility of
6.0. In some cases it is possible to improve beam performance
so that a ductility of 10.0 can be achieved prior to strength
decay. Although it is realized that these observations are only
valid for beams similar to those tested, and for the specific
loading history used, they do represent the general character

of beam behavior under cyclic loading.



To investigate the effect of different degrees of strength
decay in beams on overall dynamic response of coupled walls, a
number of analyses were carried out. Experimentally observed
phenomena, relating to rate of strength decay as well as level
of deformation at which such decay starts, are modeled as
described in the following paragraphs. It should be noted that
"pinching® action in reloading branches of hysteretic loops and
its effect on dynamic response is discussed later,

Force-deformaticon hysteretic loops of members are modeled
as moment-rotation loops for dynamic analysis, Two different
degrees of strength decay, shown in Fig. 36, were modeled. One
is referred to as "mild" and has a "break-off line" slope, Ko'
equal to 10% of the elastic slope while the other is referred to
as "rapid" decay and has Ko = 20%. Two sets of analyses were
carried out to study the effect of strength decay. The first
set investigated the effect of rate of strength decay when this
decay starts at 2 moderate value of ductility. The second set
studied the effect of the level of deformation at which
strength decay starts. In both sets, walls were assumed not to
suffer loss ¢f strength under load reversals. In all cases the
structures were subjected to the E-W component of the 1940 El
Centro earthquake,

In the first set, both mild and rapid rates of beam strength
decay starting at rotational ductility ratio of 3.5 were con-
sidered, with no-decay case. Response envelopes for these two
cases are compared in Figs, 37 and 38. Although maximum shear

force and bending moment are only slightly affected, wall
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and beam rotational ductilities are significantly increased as
a result of strength decay in Dbeams, Maximum horizontal
displacements also increase significantly. When the rapid
strength decay is assumed in beams, maximum top horizontal
displacement ig increased by 70%, indicating considerable soft-
ening in the structure. Beam ductilities are also increased by
an average of 190% over the structure height. Moment-versus-
point hinge rotation (plastic component of total chord rota-
tion) diagrams from computer analyses of the'three cases are
shown in Figs. 39, 40, and 41 for the sixth story beam.

The second set of analysis covers three structures with
rapid beam strength decay, starting at different rotational

ductility levels. First structure does not have strength decay,

19,000 ¢

»
»
-
-
.
*
*
.
.
.

8,000 T

8,000 +

g

P T

DENOING  MOMENT,
[}
:

-8,000 + | k=i 2003 kN-m

sepussansanesn

-10,000 - - ,
~2.200 -1300 =000~ 500 000 .300 1000 1300 2000 2.500

PLASTIC  MINGE ROTATION ,radions x 102

Fig. 39 Mcment Versus Plastic HYinge Rotaticn of
Sixth S:tory Beam Without Strength Decay

-81-



10,000
8,000 ¢
6,000 {
4,500

2,000

o fu o 0S50S tRRIOR oo v fehsurvesrrnssestrscrtamver ve vere e swe e

-2,000 4

BENDING MOMENT , hip-m

-4,000 ¢

-§000 ¢

| k=in=0.113 kN-m
-3,000 +

=10.000

-2.000 4500 ~.000 =400 000 500 1000 500 2000 2.500
FLASTIC HINGE ROTATION, rodians 5 102

Fig. 40 Mcment .ersus Plastic Hinge Potation of Sixth
Story 3eam with Mild Strength Decay

10000 T '
8,000 ¢ E

8,000 1
4000

2,000

QO

BS54RS 4004Lbetstadivinistise

«-2,000

BENDING  MOMENT, hip —in

-4,000

-~4,000

-8,000 | k=in=0M3 kN-m

10,000 +
-2000 ~500 =000 -300 00U 300 100G 1300 2000 2550

PLASTIC  HINGE ROTATION , ragans « 102

Fig. 41 Moment Versus Plastic Hinge Rotation of
Sixth Story Beam With Rapid Streng:ih Decav

-82-



implying that decay starts at a ductility level higher than
demanded in this analysis. The other two structures have beam
strength decay starting at rotational ductility levels of 3.5
and 6.0. The structure without beam strength decay shows maxi-
mum beam ductility demand of abcut 10.0. All three structures
are subjected to the same ground motion previously described for
the first set of analysis.

Response envelopes for this seconéd set of analyses are shown
in Figs. 42 and 43. Also shown for comparison are results for
no-decay. The comparison indicat«s the expected trend. As the
beginning of strength decay is delayed, its effect on dynamic
response is reduced. The results indicate that for a rapid
strength decay starting at ductility of 6.0, maximum horizontal
displacement at the top is increased by about 10% and average
beam ductility is increased Lty 25%. The moment-versus-point
bhinge rotation (plastic rotation) diagram for this case |is
shown in Fig. 44 for the sixth story beam.

The above comparisons indicate that when the combination of
earthquake intensity and structure yield level are such as to
praduce duectility demands in coupling beams well into rhe range
where strenqgth loss occurs, significant eaffects can be expected
in structure response, Efgects of strength loss in coupling
beams are most noticeable in increased horizontal displacements

of the structure and coupling beam ductility requirements,
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Pinching of Force-Deformation Relat:oaship

The force-versus-deflection relationship of concrete mem-
bers under c¢yclic loading generally exhibits a "pinching" of
the hysteresis loop during relcading. This pinching represents
slippage that results mainly from degradation of the shear
transfer machanism. Loss of shear stiffness during this phase
of loading is directly related to number of cycles of loading
as well as magnitude of forces. Sliding of concrete sections
takes place along the (nterface of a crack with little incréase
in force, Subsequently the cracked surfaces come in full
ccntact, increasing load resjistance. An idealization c¢f the

pPinching phenomenon is shown in Fig. 45.
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Tests of specimens subjected to slow load reversals indicate
that pinching is most apparent in shear force-versus-shear
distortion relationship(s’ 6). Figure 22 shows moment-versus-
rotation and shear force-versus-shear distortion relaticnships
of a wall specimen. It is evident frcm this figure that
pinching action is mainly due to the shear component of total
deformation.

The same observation can be made with respect tc deforma-
tions of two previously mentiocned coupling beam specimens.
Specimen C5 had a shorter span than Specimen C7; otherwise these
two specimens were identical. PFerce-versus-deflection relation-
chips of the two specimens are shown in Figs. 32 and 33. It
can be seen in these figures that Specimen CS5 shows more severe
pinching than Specimen C7. The greater degree of pinching in
Specimen C5, relative toc C7, can be attributed mainly to the
higher shear, or lower moment-to~-shear ratio, that the spe-
cimen was subjected to,. In the cas= of coupling beams bent
antisymmetrically, the ratio of moment to shear is equal to half
the span length. This translates into a moment-to-shear ratio
of 8.34 for Sgecimen C5, and 16.67 for Specimen C7. Since both
specimens have identical flexural capacity, at any level cf mo-
ment during loading, shear force is greater for the case where

moment to shear ratio is lower.

Pinching in Shear-Shear Distortion Relationship

To investigate the effect of pinching on dynamic response

of coupled walls, the previously selected 20-story coupied wall
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structure was analyzed with pinching in shear-distortion rela-
tionship. Stiffness properties of the structure are given in
Table 4. The degree of pinching is determined on the basis of

avaialabla test datal>r ),

Figure 45 illustrates the degree
and the marner in which pinching in shear-distortion relation-
ship is specified in the computer program. No pinching in the
moment-rotation relationship was considered. Response envelopes
for the case with pinching are compared with the case without
pinching in Figs. 46 and 47. Time history plots of selected
response quantities for this case were previously snown in
rigs. 26, 27, and 28.

Examination of the results indicate that for the degree of

pinching assumed, a significant shift in the axis of oscillaticn



20

~—— With Pinching

—— Without Pinching
in Sheor—Oistortion
Relationship

—

STORY LEVEL
o
|
STORY | EVEL
o

I k=in=0.113 kN‘m AN
>
~ hoe /
N\
! ] | | | | ‘ '
G oF Q.8 C 2.0 4.0
MAX, WALL MCOMENT, miilicnx-in. MAX. WaLL OUCT LITY FACTCR
20 | 20 B |
i \
]
i ll Bt \
= | w |
> o l
- | -
lOr-— p |O r ,
= l =
& o /
Q ‘ ~
—_ o /
w
u _ //
| - ! | I | J ! ! 1 H ]
0 2.5 5.0 s Q 10 20
MAX. BEAM MOMENT, k-inxIQ MAX. BEAM CUCTILITY FACTCR

Fig. 46 Response Envelopes Showing the Effect of Pinching 1in
Shear-Disiortion Relationship

-8G9=



20

20

/
y 1
/
e // -
w / =
> >
w vy
- -
; 10 —— With Pinching -0 :>:-:
o - Without Pinching O
= in Sheor Distortion [l | 5
Relationship ‘ i
| \
\ Y
Tassion \ Comprassion \
A J | 2 1 ! ! AL ) J
Q 12 16 -2000 o 2000 4000 6000

MAX. HORIZONTAL DISPLACEMENT, in.

MAX. AXIAL FORCE IN WALLS, kips

[ in=254 mm
= ‘ =3
y l -
o | w
2 | Z
- —
o) o | > 0
> o
x ! o
o ; 5
N ) n
L / -
L ] . 1 1 | ] E N | L ]
0 100 200 0 500 1000 1500

MAX. BEAM SHEAR, kips

MAX. WALL SHEAR, kips

Fig. 47 Response Envelopes Stowing the Effect of Pinching in
Shear-Distortion Relationship

-90~



can occur under input motions with specific frequancy charac-
teristics. The structure considered shows a suibstantial sway
in one direction that is not recovered in subsequent response,
Respecnse force envelopes, on the other hand, show little efiect

of pinching action.

Pinching in Momant-Rotation Relationship of Coupling Beams

To examine the effect of pinching in moment-rotation loops
of coupling beams, another analysis was made using essentially
the same structure considered in the preceding case. This time
elastic shear behavior was considered. ©Pinching was assigned
tc the moment rotation relationship of coupling beams. The
same degree of pinching used in the previous analysis ( g=
0.20) was assumed., Propecrties of the structure, including mem-
ber stiffness parameters, are listed in Table 1. El Centro 1940
E-W record was used as input acceleration. Response of this
structure is compared with respciise of a companion structure
without pinching action. Plots of moment-plastic hinge rotatien
relationships for the sixth story beam of the two cases are
shown in Fig. 50. Response envelopes shown in Fig. 48 and 49
indicate that except for beam rotational ductilities which
increase by about 20%, maximum forces and displacements are not

significantly affected by pinching in M-¢ loops of beams.

Post-Yield Slope of Primary Moment-Rotation Curve

In program DRAIN-2D, the force-displacement relationship of

members is scecified in terms of the bilinear primary curve.
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The initial elastic branch of this bilinear idealization repre-
sents effective stiffness of the member prior to yield and is
directly associated with the initial €funcdamental pericd of
vibration, The slope of the second, post-yield branch of the
primary curve is usually defined as a percentage of the slope
of the elastic branch.

A geries of dynamic analyses was performed to investigat2
the sensitivity of dynamic response to varying values of the
second slope. Cases analyzed considered four combinations of
post-yield stiffness of walls and coupling beams, as follows:

Post-Yield Stiffness as a Percentage of Initial Stiffness

Coupling

Case Walls Beams
1 % s
2 5% 6%
3 9% 10%
4 5% 10%

In all cases, the corresponding initial slopes for walls and
oeams were kept constant, Results for these four cases are
shown in Figs. 51 and 52.

Response envelopes indicate that for the range of values
assumed, maximum wall displacements and forces are not signifi-
cantly affected by variations in post yield slope. in
contrast, maximum beam forces appear tc pe significantly
affected by changes in magnitude of the second slope. This can
be expiained by high level of inelastic action and associated

ductilitie= in beams. Maximum beam moments and shears are
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greater for structures with steeper second slopes, as expected.
The increase in beam shears directly contributes to an increas:
in axial forces in walls. This increases tensile forces in
walls and leads to a reduction in yield moment. As a result,
walls yield even at upper flocrs (Fig. 51), and maximum wall
ductilities show higher values for the case where net tension in
walls was higher due to stronger coupling.

To further confirm this peoint, another set of analyses was
carried out. In one case, axial force-mcment interaction is
permitted to examine the effect of a reduction in yield
capacity of walls due to tensile forces. Ir: :he other case,
this effect is neglected. Comparison of maximum response quan-
tities are shown in Fig. 53. When the effect of axial force in
walls is not considered, structures with low and high values of
second slope show close agreement in teims of wall ductilities,
However, when axial force-moment interaction is considered, the
difference between the two wall ductility envelopes beccmes

significant (Fig. 53).

Unloading and Relouding Slopes of Hvsteretic Loop

In Program DRAIN-2D, the character of hysteresis loops

is governed by rules orginally proposed by Takeda(3).

A  basic
feature of this model i3 the decrease in relocading stiffness
that occurs in lcad cycles subsequent to first yielding. The
reloading stiffness is a function mainly of the maximum previous

deformation, A decrease in unloading stiffness may alsc be
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Fig. 54 Unloading ané Reloading Parameters of Hysteretic Locg

specified. Input parameters "r" and "u"™ are used to specify
reloading and unloading stiffness, respectively, as indicated in
Fig. 354.

To investigate the effect of variaticns in wvalues of
unloading and reloading parameters "u" and "r" for coupling
beams on dynamic response of coupled walls, a set of three
analyses were carried out. The previously selected 20-story
coupled wall structure, with properties listed in Table 1 was
analyzed for this purpose. Parameters characterizing the
moment-rotation hysteretic loop of coupling beams for the three

cases considered were as follows (refer to Fig. 54):
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Case Unloading Parameter, u Relcading Parameter,

1 0.1 0
2 6.3 0
3 0.1 1.0

For the walls, "u"™ and "r", were kept constant at C.1 and 0,
respectively.

Comparison of these results indicate that maximum forces
and displacements for the three cases do not differ by more than
5%, Thus, even for the fairly wide range of values represented
by the three cases considered, effect of variations in relcad-
ing and unloading stiffnesses of coupling beams appear to have
little effect on dynamic response of coupled walls. This
observation confirms an earlier similar £finding relative to

isclated walls'8),

Decrease in Stiffness Due to Bond Slip

Tests of concrete members under slow load reversals show
that loss of bond between reinforcement and concrete results in
slip which is reflected in a stiffness decrease during laoding.
This is in addition to the decrease in stiffress due tc crack-
ing. Although there is no separate mechanism in the analytical
model used in DRAIN-2D for bond slip acticn, its effect can be
accounted for by assigning appropriate slopes to 1lcading
branches. Contribution of bond slip to reduction in member
stiffness can be Gdetermined through tests. Appropriate adjust-
ments can then be made in both the effective elastic slope of

the primary curve and relcading branches ¢f the hysteretic lcop.
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Compar ison with Test Results

As a check on validity of the analytical model employed in

this investigation, a comparison was made between the results

of a dynamic test ¢f a particular structure and an analysis of

the same Structure. The experimental data were for a l0-story

small-scele coupled wall structure tested on the University of

(14)

Illinois earthquake

simulator by Aristizabal-Ochoa

Figure 55 shows overall dimensions of the test specimen. Cross
sectinnal dimensions of walls and beams were 1.0 x 7.0 in.
(2.4 x 177.8mm) and 1.0 x 1.5 in.

(25.4 x 38.1mm),

respectively. Structure weight was simulated by placing a 0.5
kip (2.2ZkN) weight at each floor. Structural properties used

in the analysis are listed in Table 9.

TABLE 9 - PROPFRTIES OF TEST SPECIMEN USED IN TEE ANALYSIS

FPundamencal Period

Number of Stories

Wall Stiffnesz Paramster {EI)
Stiffness Taper

Beam Stiffness Parameter (EI)
Wall Yield Moment, M
Strength Taper*

Beam Yield Moment, M

Damping b

Post-Yield Stiffness on
Primary Curve

Weight

Base Fixity Condition

Base Motion

0.2 sec,

10

5.77 x 10% k-in.?
1.00 E1 at base

0.67 B1 !t 4th 5100:
1.0 x 10 k=in,

39.0 k~-in.

1.00 M_ at base
0.51 #’ at 4th floor
1.56 kiin.

2.08% of critical

2.0% of elastic
2.5 k/wall

fully fixed

El Centro 1940 N-S

*Yield moments are adjusted at every floor based on the weight

of the structure.

1l k= 4,488 kY
1 k-in.

1 k-ia.z 0.113 kN m

= 0.00287 kN m
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The input mction used was the N-5 component of the 1940 EI
Centrzo record. The original time axis was compressed Lty a
factecr of 2.5, which implies that 3.0 seconds of analysis cor-
respords to 7.5 seconds of actual ground moction.

Effect of axial force-flexure :nteraction was considered in
the analysis. Pinching of nysteresis loops, and sttvength loss
under cycling loading were considered for coupling beams. The
degree of pinching and strength loss used was determined from
static tests of coupling beams wused in the dynamiz test.
£lastic axial and shear rigidities were assumed.

The analytical and the test results are compared in Figs. 55
and 5e6. Response envelopes and time histories of horizontal
displacement, total shear, and overturning moment appear to be

in good agreement.,

SUMMARY AND CONCLUSICNS

An examiration of a number of variables affec%ing the
modeling and dynamic inelastic response analysis of reinforced
concrete coupled wall structures has been carried out. Princi-
pal among these is the effect of axial force-moment interaction
on wall behavior. This fac'or assumes significance in coupled
waliis because of substantial axial forces that can be induced
in walls of coupled wall structures as a result of lateral
displacements due to ground shaking. The major effect of axial
forces in walls, which arise from the coupling action of beams

linking adjacent walls, is the reduction in yield moment and
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stiffness accompanying a decrease in axial force, and vice
versa. To our knowledge, this effect »5n dynamic inelastic
response of coupled walls has not opeen investigated in detail
before. A procedure for considering axial force-flexure
interaction has been incorporated into the computer pregram
DRAIN-2D.

Other factors considered are parameters defining the force-
displacement hysteresis loop of the structure, Specifically,
effective elastie stiffness, post-yield stiffness, strength
decay, reloading and unlocading stiffnesses, and pinching in the
loop are considered. The effect of inelastic shear deformation
is also investigated. A range of values of t:ese parameters 1is
covered to determine their relative importance with respect to
selected response quantities.

Particular attention is placed on appropriate stiffness
values to use in the analytical model. Results of tests on
isolated structural walls were used as basis for estimating
ranges of values of effective elastic stiffness and post-yield
stiffness as percentages of the gross cross sectional properties
of members. Other questions, such as lumping, integration time
step, and stiffness and strength taper along the height of a
structure, were also considered. The analyses were carried out
using a reduced l0-story model of a 20-story prototype struc-
ture,

A comparison of experimental data for a small-scale coupled

wall model tested on an earthquake simulator and results of an
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analysis of the same structure using program DRAIN-2D, as modi-
fied for this investigation, is presented as a check on
reliability of the analytical model and modeling technigues
used in this investigation.

Based on the results o©of this investigaticon, the following

conclusions can be made:

N

2. The comput:r program DRAIN=-2D as modified for this
investigation, can be used to predict dynamic
inelastic behavior of coupled wall structures
reasonably well. Results of an analysis using the
program and those for a simulator test appear to be in
good agreement.

2. Axial forces in walls due to coupling can have a s«ig-
nificant effect on force-deformation characteristics
of individual walls. Response envelopes of walls can
be increased by as much as 50%, depending on the
degree of coupling. The axial force-flexure interac-
tion model £for concrete hysteretic 1loop, introduced
into DRAIN-2D by the authors, produces reasonable
results for members under changirg axial forces.

3. In general, maximum forces and displacements in a

multistory coupled wall structure are not too sensitive

tc shear yielding. However, if decrease in shear
stiffness under cyclic loading is very high, sizable
effects in some response gquantities can be cobserved,

In the lower extreme of shear stiffnesses considered

in this investigation, maximum shear force is reduced
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by about 17% at the base of the wall due to shear
yielding., Although ductility envelopes for walls do
not show any appreciable change due to shear yielding,
maximum rotational ductilities for Lkeams are reduced
by about 43%. This can be attributed to the increase
in the shear component of total deformation which
implies a corresponding decrease in flexural
componert. In the hinging region, at the Dbase of
walls, there have been instances duriig response in
which horizontal displacement due to shear yielding
formed more than 50% of total hinging region
displacement. This is comparable to values observed
in static tests of isolated walls for the same
stiffness range(s' 6). However, under dynamic
loading conditicns maximum shear <ceformations and
maximum flexural deformations generally do not occur
simultaneously. Therefore, displa:ement response
envelopes do not necessarily reflect the same effect
of shear yielding. Furthermcre, any effect of shear
y;eldinq in the hinging region does not appear to
influence overall dynamic response of a multistory
coupled wall structure., In cases where reduction in
shear stiffness due to cracking aid yielding was
moderate, very little effect was observed in response
envelopes due to shear yvielding.

Stiffness and strength taper of walls along the height

of a structure gan, under earthquake excitation, lead
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to yielding a: locations where changes in stiffness
and strength occur, Although ductility demands at
upper floors ace usually less severs than at the base
hinging region, inelastic deformations at upper flcors

can be substantial under critical earthquake motions.

.From this point of wview, structures having uniform

wall strength and stiffness along the height exhibit
superior behavicr under earthquake loading.

Coupling beams under cyclic 1loading show varying
degrees of strength Jdecay at different levels of duc-
tility. Analysis indicates that dynamic inelastic
response of coupled wall structures can be affected
drastically by this parameter. If beams are designed
such that they show early and rapid syrength decay
rotational ductility requirements two to four times of
those associated with beams with no decay can be
expected,

Tests of reinforced cuvncrete members subjected to slow
load reversals usually exhibit some pinching action in
force versus deformation relationships(s' 6. 13). This
phonomena is most apparent in shear-shear distortion
hysteresis loops. 1In general, the effect of pinching
in force-displacement hysteresis loops on overall
dynamic response is small. In certain cases, where
pinching is severs and for certain frequency charac-
teristics of input motion, a drift 1in the axis of

cscillation of the structure can coccur.
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Moderate variations in inelastic loading, unloading,
and reloading branches of the hysteretic locp of mem-
bers do not cffect dynamic response of coupled wall
structures, This implies that any inaccuracy involved
in estimating the slopes (stiffnesses) of inelastic
branches need not be of cconcern to the analyst, par-
ticularly in view of uncertainties associated with
other aspects of earthquake engineering. For members
that experience large inelastic cdeformation, as in the
case of coupling bears, effect of variations in the
post~-yield slope of the primary curve becomes more
pronounced.

The 20=-story structure, considered in this investiga-
tion, can be modeled as a reduceda l0-story model for
dynamic analysis.

An integration time increment of 0.0l sec, is suffi-
ciently small to produce accurate results for the

structure considered in this investigation.
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NOTATIONS
Cross sectional area.
Modulus elasticity of concrete.
Axial rigidity,.
Felxural rigidity.
Shear rigidity.
Moment of inertia ¢of a section.
Moment of inertia of a section in a mocel
structure,
Moment of inertia of a section in a
prototype structure.
Stiffness of a point hinge in elastic
range (= 1x108).
Length of a member.
Bending moment.
Maximum moment in elastic deformation
range,
Maximum moment in inelastic deformation
range.
Bending moment at flexural yield,
Axial forces.
Pinching factor which defines the reduction
in the slope of reloading branches of
hysteretic loops.
Reloading parameter for hysteretic loops.
(Imod/lprot) of a wall section.
(Imod/Iptot) of a2 beam section.
Elastic stiffness
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Fundamental period of vibration.
Unloading parameter for hysterstic
loops,

Shear force.

Maximum shear force in elastic deformation
range,

Maximnm shear force in inelastic deforma-
tion range.

Shear force yield level,

Increment of bending moment.

Increments of bending moment at member
ends A and B respectively.

Increment of shear force.

Increments of shear force at member
ends A and B respectively.

Increments of shear distortion at member
ends A and B respectively.

Increments of elastic shear distortion
at member eénds A and B respectively.
Increments of plastic shear distortion
at member ends A and B respectively.
Increments of chkord rotation at member
ends A and B respectively.

Increments of elastic ¢hord rotation

at member ends A and B respectively.
Increments of plastic chord rotation

at member ends A and B respectively.
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Ratio of the second slope to first slope
of bilinear moment-chord rotation
relationship.

Input value for the ratio of second
slope to first slope of bilinear
moment-chord rotation relationship

when default option of NRAIN-2D is

used. Note that a' = o if the member

is a cantilever with zero moment at

one end.

Ratio of the second slope to first slope
of bilinear moment~-chord rotation
relationship of point hinges.

a for walls.

a for beams.

Ratio of the second slope to first

slope of bilinear moment-rotation
relationghip of a point hinge at the
restrained end@ of a cantilever member.
Note that if M, = 0; ué = A and if

MA s 0; aﬁ = O

Ratio of the 3econd slope to first slope
of bilinear shear-shear distortion
relationship.

Ratio of the seccnd slope to first slope
of bilinear shear-shear distortion
relationship ¢f point hinges at member

ends A and B respectively.
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Rotation.

Elastic rotation.
Plastic rotation.
Maximum rotation.
Rotati_n at yield.

Rotational cductility factor

(ur = emax/ey)

Ratio of moment at end B to moment at

end A (3 = MB/MA)
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APPENDIX A

AXIAL FORCE-FLEXURE INTERACTION MODEL

Nature of the Problenm

Nonlinear analysis of reinforced concrece members has been
a major concern in investigating response of structures under
earthquake forces. Dynamic inelastic analysis requires an ana-
lytical model that accurately represents behavior under flex-
ure, shear, and axial forces. A reinforced concrete beam model

was developed by Takeda(3)

for constant level of axial force.
This model has been implemented into program DRAIV-2D in a
slightly modified form as Element No. 6.

Coupled walls usually exhibit substantial <hanges in axial
forces during their response to earthquake motions as illustra-
ted in Fig. Al. A force couple is formed by the axial forces in
the coupled walls that resists overturning. These forces either
inczease or decrease compressive forces due to gravity loads.
In some cases, axial force due to coupling may far exceed
gravity load, <c¢reating net tension. This results in a
reduction in member flexural capacity. On the other hand,
compressive forces tend to increase flexural stiffness and
strength of walls. This makes the compression wall attract more
forces. Continuous change in level of axial force during
response affects yield level due to interaction between axial
force and flexure, This effect not only alters initial

flexural yield level, but also affects behavior of the struc-

ture in the post-yield range. Therefore, the original decreas-



ing stiffness"™ beam model was modified to include axial force-

moment interaction.

Axial Force-Moment Interaction

A typical axial force-moment interaction diagram is shown in
Fig. A2, Y.elding of a section is associated with yielding of
reinforcement, This condition corresponds to points on the
interaction diagram below the balanced point marked "B" (or
"B'") in Fig. A2. During response, axial forces are expected to
have values below that corresponding tc the balanced point. 1In
this region, the relationship between axial force and moment is
assumed to be bilinear. If the axial force increases beyond
the balanced point, then the program prints a warning message
indicating possible crushing of concrete prior to viciding of
reinforcement. This case may also indicate unrealistic input
data.

During analysis, the yield moment of a section is deter-
mined for each time increment, corresponding to the axial force
calculated at the end of the immed.ately preceding interval.
These yield moments are used both for checking against yielding
and establishing post yield rules c¢f the hysteretic loop.
Points B, B', C, C', and D in Fig. A2 are specified as input to

the computer program.

Mcment-Rotation Relationship

In simulating behavior of a reinforced concrete member,
realistic representation of moment-rotation relationship is im-

portant. For members under uniform moment, the moment-rotation
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relationship for a specific level of axial force has the same
shape as the corresponding sectional moment-curvature relation-
ship., This relationship can be idealized as a bilinear curve as
shown in Fig. A4. This indicates identical slope for curves
corresponding to differant magnitudes of axial forece. Inelastic
slope remains constant only if the axial locad remains constant.
During response of a structure, there wili be smooth shifts
between curves of different axial forces, reflecting either
hardening or softening of the structure due to increase or de-
crease in the axial force, respectively. For purposec of this

development, bilinear moment-rotaticn relationship ic used.

Hysteretic Loop

The hysteretic 1loop under consideration consists of 11
post-yield branches, 6 of which are lcadirng, and the remainder
unloading as shown in Fig, AS5. Beginning and end points of
each branch are found by followin3y rules proposed by
Takeda(3) and are modified as affected >y changing axial for-
ces, A set of loops, corresponding to different levels of axial
force, is used as a guide in predicting change in stiffness due
to axial force effects. This is shown in Fig. A6. The basic
concept in introcucing the effect of changing axial forces is
to update stiffness for the sukbsequont time increment, based on

axial force calculated for the current time increment.



Fig. A5 Takeda's Hysteretic Loop

Fig. A6 Hysteretic Loop Under Changing
Axial Forces



Loading in Elastic Branch

Loading in the elastin branch follows the same stiffness,
irrespective of level of axial. force. At the end of each tine
increment, a new level of axial force 1is computed. The
corresponding yield moment is found from moment-axial €£orce
interaction diagram. This value is compared with the current
moment to check if yielding has occurred at a given section.
Loading along the elastic branch continues until yielding is

detected at the appropriate yield level.

Loading in Inelastic Branches

Upon exceeding the current yield moment, loading continues
along inelastic branches. During the first time increment after
yielding, the element is assumed to have a stiffness correspond-
ing to the second slope ¢of the primary moment-rotation relatiorn-
ship. At the end of the first time increment, a new level of
axial force is obtained. The difference between axial forces
at beginning and end of the current time increment causes
either softening or hardening of the e.ement. This new
stiffness qiven by the slope of the moment-rotation diagram is
followed during the subsegquent time increment.

The procedure described is illustrated in Fig. A7 for a case
of decreasing axial force. At the end of the first time incre-
ment i.e. the current time increment, pcint C is obtained. At
point C, the section has a specific value of moment, Mz, and
axial force, P2. However, any point on line AC corresponds

tc an axial load of Py Therefore, to be able to develop Mz and



Pz, the section should be loaded with reduced stiffness (slope)
of BC'. This reduction in slope reflects the decrease in
member stiffness due to the reduction in axial force from Pl
to P,. In this model, correcticn to stiffness due to change
in axial force during current time increment is applied to the
member during the subsequent time increment. If the integra-
tion time step is sufficiently small, this delay of one time
increment in making the correction is believed to have no
significarnce as far as accuracy of the results are concerned.

If there is an increase in compression or decrease in ten-
sion, then stiffness is increased during response. Figure A8
shows an example of increasing axial force,. If there is too
much increase in force within one time increment, then a very
steep slope or a negative slope can be encountered by this
procedure. Since neither case is physically possible, the pro-
gram enforces a maximum stiffness equal tc the elastic stiff-
ness. Figure A9 iJjllustrates the possibility of a negative

slope.

Unloading Branches

Unlcading in the elastic range follows the same stiffness as
loading. The behavior up to yieliding is straightforward.

Unloading in the inelastic range can occur from a loading
branch (after yielding) or a reloading branch. The beginning
point of an unloading branch is determined by the last point of
loading or reloading branch. Similarly, the final point of un-

loading, which is the plastic residual rotation, is governed by
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the previous maximum rotation and is assumed to be unaffected
by the change in axial forces during unloading. Therefore, in
Fig. Al0, no matter what the axial force auring unloading, the
response starts at point "DB" and ends at point "E". Any
correction to slope due to axial force effecis will eventually
be directed to point E. Therefore, the effect of variation in
axial force during unloading is believed tc be small and assumed
to have no significant contribution on the overall behavior of
a member. For this reason, a corstant stiffress is assumed
during unloading. This stiffness corresponds to the level of
axial force present during the last time increment of loading or

reloading branch prior to unlcading.

Reloading Branches

The same procedure employed for inelastic loading branches
applies to relocading branches. An increase or decrease in axial
force 1is reflected by updating stiffness at the end of each

time increment. This is illustrated in Fig. All.

Discussion of the Model

The moment-axial force interaction model was developed by
modifying the original "decreasing stiffness" beam element of
prograﬁ DRAIN-2D. The original model was based on rules
suggested by Takeda, that were developed for a constant axial
force level. An effort was made to assess reliability of the
modifications introduced to the original model,

One way to verify the analytical model is to compare re-

sults of analysis with experimental results, Since the computer



Fig. AlQ Unloading Branch

Pig. All Reloading Branch
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program DRAIN-2D produces results for dynamic analysis, any
comparison with experimental data will have to be made with
dynamic test results. Therefore, a comparison was made by using
the analytical model developed here to analyze response of a
small-scale 1l0-story coupled wall specimen . The model struc-
ture was tested on the University of Illincis earthquake simu-
lator by Aristizabal-Ochoa.(l‘) The -comparison is discussed
under "Dynamic Analyses®™ in the main body of this report. Com-
parison of response histories and envelopes shows good
agreement between analytical and experimental results. The
test data, however, provide information only on overall
structural behavior such as displacements and total forces
developed in the system. No data are available on response
quantities for individual members.

In a coupled wall system, shear and bending moment continu-
ously shift from "weak" (tension) wall to "strong" (compression)
wall and may subject individual walls to critically high forces
and/or high deformation demands. Examination of this behavior
was the primary purpcse of developing the axial force-interac-
tion model. It is unfortunate that this type of information is
not available from the dynamic test reported in Ref. 14 tor
comparison. In the simulator test, the strong wall tends to
cancel the negative effect of the weak wall and produces an
overall "average™ hehavior that masks behavior of individual
walls. Although the test does not provide enough data to verify
the analytical model, this should nct be taken to suggest that
the effect of axial force-flexure interaction can be ignored
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in the analysis. The comparison of gross behavior does provide
scme verification of the analytical model,

In lieu of available test data, some form of verification of
the accuracy of the analytical model can be done by using well
established engineering principles, or by comp2rison with re-
sults obtained using other analysis programs. Dynamic analysis
of the previously described test specimen was also carried out
by Takayanagi at the University of Illinois, using a trilinear

moment-rotation relationship.(IS)

Comparison between the
analysis of this study and that at the University of Illincis
shows excellent agreement. The sequence and pattern of
yielding among members of the structure is the same for both
analyées.

Anocther interesting observation of this comparisen is that
both analytical results of this investigation and analytical
tegults of the University of Illinois do not show yielding in
walls when the moment-axial force interaction is ignered. This
indicates the importance of the effect of axigl force on wall
capacity. A wall that may have behaved elastically under
gravity loads may experience significant yielding under tensile
axial force due to coupling. The two analyses produce
identical resuits when moment-axial force Interaction is
considered,

Tc provide further dJdescription of the model, two examples
are Jdiscussed with reference to PFigs. Al2 and Al3. These
figures show computer plots of moment-rotation hysteretic loops

for point hinges, As previously discussed, inelastic action is
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accounted for by allowing formation of point hinges at member
ends. There are three points that deserve attention when study-
ing these plots. First, the yield moment level; second, the
maximum plastic rotation; and third, the stiffness (slope of
each line segment). These three points are interrelated and
vary with the level of axial force. 1In Fig. Al2, elastic action
is traced by a vertical line along the vertical axis. When the
member is in compression, the actual yield moment is indicated
by point "B", which exceeds the yield moment corresponding to
gravity load of 400,000 in-kips (point A). This is mainly
because of the increzse in yield moment from "A" to"B" due to
compressive axial force, When the same wall is under tension,
yielding occurs at point "D" prior to reaching *C", which is
the prescribed yield level under gravity load. Variation of
yield moment with axial force is based on well known moment-

axial force interaction relationships.

Yielding is followed by inelastic loading along line DE, as
shown in Fig. Al2., During the first time increment following
yielding, the input stiffness for the second branch of bilinear
moment-rotation relationship is used. Depending ¢4 level of
axial force, input stiffness is updated to allow for soften-
ing of the element since the element is under increasing tension
(or decreasing compression) foarce. A gquestion may arise about
the exact location of point "E". 1If the axial force is reduceAd
from P, to P,, then "E® is located such that plastic rota-

tion is less than that associated with loading under constant
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P2 and greater than that for constant Pl. Tnis is mai:ly be-
cause of the history of loading. 1If the structure is initially
stiff and becomes flexible during loading, then rotation 1is
less than that for the case where it is originally flexible,.
This concept is mcdeled by updating stiffness and allowing the
structure to respond with this new stiffness rather than
adjusting moment or rotation to match the current level of
axial force. The amount of change in stiffness is related to
the amount of change in axial force in an approximate way. It
is obgerved that the structure is not sensitive te small varia-
tion in the stiffness of one member for a small time increment.
Therefore, the location of "E" is found to be reasonably accu-
rate.

The otner important point is the change of stiffness during
relcading. Lines between "F" and "G" in Fig. Al2 are curving
upward, indicating an increase in stiffness due to increasing
compression, The reverse czn be observed between "H" and "I"
when the compressive force on the wall is decreasing. The
amount of increase or decrease in reloading slopes depends on
the current level of yield moment which is used to determine
the end points of reloading branches. Since computation of
current yield moment involves nothinn more than moment-axial
force interaction, yield moments and thus slopes of reloading
curves &re found to be reasonably accurate.

Figure Al3l shows another example of moment-inelastic rotz-

tion hysteretic loop. The behavior of the relcading curves ir



the "tension" (above the x-axis) and "compression" (below the
x-axis) zones indicate typical axial force-flexure interaction
effects.

A plot of base moment-versus-hinging region rotation (which
includes elastic rotation) of individual walls of a coupled
wall system is shown in Fig. Al4. Difference in behavior
between the "tension" and “"compression™ walls can be Seen in
this figure. Also shown in the figure for comparison are the

primary moment-rotation curves under constant dead load.
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APPENDIX B

DETERMINATION OF INPUT PARAMETERS

FOR INELASTIC HINGES 1IN DRAIN-2D

Program DRAIN-2D allows for inelastic action in a member
through formation of point hinges at both ends of an elastic
line element. The elastic line element together with point
hinges simulate both elastic and inelastic behavior of a real
member, This section desccribes the procedure used in determin-
ing input parameter values defining properties of the analytical

model as used in DRAIN-2D, when using the default option.t®

Elastic stiffness parameter "EI" is necessary to define the
stiffness of the elastic beam element. When using the default
option, the program multiplies this iLnput "EI" by a large number
(i.e., 108) and assigns it to point hinges. This means that in
the elastic range, point hinges do not rotate (or rotate
Legligibly) due to their very high stiffness, while the elastic
beam element alone simulates the actual member behavior.

Beyond the elastic range, stiffnesses assigned to point
hinges are determined on the basis of rules for the hysteretic
loop. However, the second slope of the primary curve is re-
quired to establish rules for the hysteretic loop. This

information is specified by inputing the ratio of the second

* In DRAIN-2D the so-called "default™ option governs when the
elastic stiffness parameter EI for peint hinges are left un-
specified where called for. Users of DRAIN-2D must be fami-
liar with this input option.



slope to the first slope of the moment-chord rotation relation-
ship of a member (&'), The program then compu*es stiffness

ratio for noint hinge (aé), based on a linearly varying moment

distribution with zero mag. itude at one end. The relationship

between a' and aﬁ is derived below.

MOMENT DIAGRAM

COMPUTER MODEL




JEI o
L TT=-a X (B1)
S

QH =

where 2" = Input stiffness ratic of real member,

aé n  Computed stiffness ratio of a point hinge.

K., = A very large member stiffness (= 108

s in DRAIN-2D).

This expression is uvsed in program DRAIN-2D to internally
compute the point hinge property "“ﬁ' based on an input
vaive "a'". However, this derivation holds true only if the
moment diagram is 1inear and zero at one end. In reality,
different types of structures are exposed to different moment
distributions. In a coupled wall structure, wall elements have
almost uniform moment between any two floors and cocupling beams
have linearly varying moment with double curvature. Therefore,
when using the default option of DRLIN=-2D, the input item "y'"
should be modified such that, when Eg. (Bl) is used,
" aé. for point hinge will be the correct value. This can
be done by substituting the correct value of aﬁ {as given by
Egqas. 9 or 10 in the text of this report) into Eq. (Bl) and
solving for input item o',

It should be noted that Eq. (Bl) is a special case of Eq.
{9) that was developed in the main body of this report. Egqua-
tion (9) applies to any kind of moment distribution, whereas

Eq. (Bl) holds true only for a cantilever with concentrated



force at the tip, producing a linear moment distribution with
zero mcment at free end. Similarlv, ,' and aé are special cases
of n and a, (or %) respectively. In Eq. (9), if % = 0 implying
zero moment at free end then Egq. (Bl) is obtained. An example

of specifying input for the point hinge of a wall element at

end "A" is given below:

a= 0.05

£ = -0.8 (minus sign comes from sign convention)

Im
-

ax 0.1128

A L

-

5

Substitute ozA into Eq. (Bi) as 0&;1 and solve for z'.

3EI o
L (1 - a') K

EI
0.l1iz28 K

S S

a = 0.03623



