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COUPLED WALLS IN EARTHQUAKE-RESISTANT BUILDINGS

M~deling Technigues and Dynamic Analysis

by

M. Saatcioglu(l), A. T. D~recho(2), and N. G. corley(3)

INTRODUCTION

Performance of multistory reinforced concrete structures

subjected te, recent earthquakes has demonstrated that super ior

damage control and human life safety can be achieved if build-

i!1gs are stiffened by proper ly 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 "couplec 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 to uncoupled

walls. The coupling action results in tenslle and compressive

axial forces in walls that iead 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. lTnder dynamic forces, mest

of the energy can be dissipated by significant yielding in beams

while the walls continue providing overall stiffness and stabil-

ity to the stru~ture.

(l)Structural Engineer, (2)Manager, S':ructural Analytical Sec
tion, and (3) Divislonal 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 loaG

ing, an analytical investigation is being ~;arried out at tr\:!

Construction Technology Laboratories of the Portland Cement

Association. This investigation is pi;r.r~ of a combinf~d

analytical and experimental program Lo develop design

information for earthquake-resistant reinforced concrete

structural wall systems.

Modeling techniques developed a~d used for dynamic analysis

of coupled wall structures an:! presented in thi.s report.

Partic~lar attention is pl3ced on simulation of inelastic

action and detailed aspects of hysteretic moment-rotati~n

relationship. Results of dynamic analyses are presenteej to

clarify potenr.ial problems that arise in modeling for r:ynamic

inelastic analysis of coupled walls. These results also

suggest modeling te~hniques to analysts interested ir. dynamic

inelastic analysis for design purposes.

OBJECTIVE AND SCO~E

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 to examine

effects of selected structlual 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, is to examine the analytical tl.)ols, d·~t;ermine
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modeling procedures for dynamic analysis, and v':!::'ify the ·.7&lid·

i ty of these proced'lres through dynamic analys is. The fol':'owing

majol items are covercu L. t~is report:

1. Selection and design of a 20-story coupled wall

structure for use in dynamic analysis.

2. Determination of Tllodeling requirements and develop-'

ment of modeling techniques for computer analysis.

3. Modification of the comput~r program used for dyna

mic analysi~ to incorporate improved modeling

capabilities.

4. Dynamic analyses tc test analytical mode: and

investigate the effects of selected model features

on inelastic response oZ coupled walls.

SELECTION OF PROTOTYPE STRUCTURE

~ 20-story coupled wall struc~ure was selected for dynamic

analys is. Th is height of structure was cons idered reasonably

representative of the majori.ty of mUltistory structures. The

following section gives .3, brief review of architectural and

structural considerations involved in selecting the prototype

structure.

Architectural Considerations

Structural layout of buildings is infll.1enced considerably

by aesthetic and functional requirements. Although reGuired

lateral stiffness is a structural consideration, in most cases,

the locations of structural walls are dictated by architectural

-3-



requirements. The following classification of structures, based

on occupancy, illustrates different uses of coupled walls.

Office Buildings

Cffice buildings generally require open office space with

min5.mull\ interruption by vertical members. Therefore, central

core exterior column or exterior wall-interior column layouts

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 require

construction of isolated walls that may interact with f~ames.

For tall structures where more than one elevator shaft is

used, it becomes necessary to provide corridor openings in

walls. This leads to coupled walls. Similarly, in the case of

exterior walls, window openings may be necessary. Therefore,

structural walls are u£ually pie~ced to form coupled walls.

Fig~r~ l(a) illustrates common 'lSf; of coupled walls in office

building~: ,

Residential Buildings

Use of coupled walls is mor~ common in residential buildings

where walls can act as permanent part i tions. Structural walls

used in apartment, hotel, and other residential buildings pro

vide acoustical privacy and fire separation. A more cummon use

of coupled wall, has them combined with gravity-load carrying

-4-
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~rames. Figur.e l(b) shows common use of coupled walls in apart

me" ':. ~u i U i ng s •

Based on the preceding brief discussion of general architec

tural ~se of coupled walls, two types of coupled wall structures

appe~r to be common. One is representative of an office build

ing intar ior 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 parameter3 characterizing coupled wall

struct'Jr es.

For this investigation, the architectural layout shown in

Fig. 2 is used in dynamic analysis.

Structural Considerations

With the architectural layout assumed as shown in Fig. 2,

t,1e next step was to determine structural prop"'(ti~s of the

20-story s ':.ructure. The structure floor plan was chosen to be

symmetric in both directions. This is generally desirable t.o

minimize torsional 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 combination~ of wall and beam sizes were

considered. 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 tributoli mass associated with seismic response is such

that the walls resist seismic forces acting on 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 Loading

Having determined size and hence stiffness of members, the

next step is to determine the required strength of members.

This is done by using UBC-76 (1) requirements. The structure

is analyzed under the so-called equivalent lateral forces spec

if ied in UBC-76 for Seismic Zone 4. Results of the analys is

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 th is reason,

wall thickness is varied twice along the structure height.

This is expressed in terms of relative stiffness values of

lOa', 80\, and 65% for the structure base, mid-height, and top

portion respe~ti~ely. Percentage reinforcement is also varied

at three locatio~s along the wall height. This is specified in

terms of relative flexural strengths equal to lOa', 75%, and

50'. The significance of strength and stiffness taper on

dynamic response is investigated and discussed later in this

report.
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TABLE 1 - PROPERTIES OF mE SELECTED STRUC'l'URE

Properties Prototype Model

Fundamental Period

Number of Stories

183 ft

1. 0 sec.

20 10

183 ft

1010 k-in. 2

10: kips
10 kips

1.0 sec.

8.28 X
6.09 X
1.42 X

1010 k-. 26 In.
10

8
kips

10 kips

8.~8 X
6.09 X
1.42 X

Parameters

Height

Wall Stiffness
EI
GA
Do

Stiffness Taper+ 1.OEI at base
0.8EI at 6th floor
0.65EI at 12th floor

LOEI at base
0.8FI at 3nd f1~r

O.ESEI at 6th floor

Beam Stiffness Parameters
EI
GA
FA

Wall Yield Moment, My
Strength 'Tape::*

Beam Yield Moment, My
Damping

Post-Yield Stiffness on
Pr imary Curve

Weight

Weight for Ir.ertia Forces

Base Fixity Condition

Ground Motion

Intensity of Ground
Motion··

2.275 X 10~ k-in. 2

3.94 X 10:1 kips
9.215 X 105 kips

400, 000 k-in.

1. OOM at basey
0.75 M at 6th fleer
0.50 ~ at 12th floory

3,000 k-in.

5' of cr i tical

5' of elastic for walls

6' of elastic for beams

1,880 k/wall

3,270 k/wall

fully fixed

Pacotma Dam 1971, 516E

1.5 E1 Centro 1940,
N-S

4.55 X 107 k-in. 2

7.87 X 105 kips
1.84 X 106 kips

400,000 k-in.

1.00 M at basey
0.75 M at 3nd floor
0.50 ~ at 6th floor

y

6,000 k-in.

5' of critical

5' of elastic for walls

n of elastic for beams

1,880 k/wall

3,150 k/wall

fully fixed

Pacotma Dam 1971, 516E

1.5 E1 Centro 1940,
N-S

.
*Yield _enta are also adjusted at every floor based on the weight of the
struc::ture.

**Based on specUUJI intensi ty.
+The same taper also applies for -GA- and -FA.-

1 ft • 0.305 ID

1 k-in. • 0.113 kN m
1 k • 4.448 kN

1 k-in. 2 • 0.00287
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Reduced (Lumped) Model

Because of the large number of cas~s covered in this proj

ect, it was considered essenlial to lump the 20-story struc

ture vertically to reduce the number of membe:s c..:nd hence the

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 ach ieve this

objec~:ve, the following criteria is followed:

a. Overall structure geometry nust be maintained, i.e.,

tde height of the structure as' well as coupling arm

must be preserved.

b. Fundamental periods of the prototyp~ and the model

must be the same.

envelopes

in close

and ductility

model must be

d.

c. Displacements of the prototype and the medel must be

in close agreement.

Shear force, bending moment,

for the prototype and the

agreement.

Reduction of 20 stories into 10 stories through lumping

means a reduction in the dumber 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 leRser 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 poss i ble to base the lumping proce-

dure on the requirement of preserving relative stiffnesses of

beams and walls meetiTlg at a joint as in the case of flames. If

walls are sufficiently stiff as compared to beams, overall

structural stiffness is dominated by the ~alls. This means

that beams can be lump£:d at every other floor wi thout chang

ing overall structural stiffness. As wall stiffness approaches

beam stiffness, there is a chang~ from wall dominance to frame

behavior. The st:=ucture considered in this report has ~ high

wall-to-beam stiffness ratio. Therefore, lumping two beams at

every other floor proe'lees a lO-story medel having essentially

the same fundamental period and response as the prototype

,:;tructure.

Static and dynamic analyses were conducted to compare

responses ~f the 20-story prototype and the lO-story model.

Comparlson of bending moments under static loading is shown in

Fig. 3. Comparis~n for dynamic loading is discussed under

"Dynamic Analyses."

Other means of lum~~ng were also tried. Both wall and beam

stiffnesses were v~ried to obtain a lumped model with fundamen-

tal period same as the prototype. Although.it was possible to

match the per iod, structural res~nse of t~e model cUd not

always agree with response of the prototype.

rizes the cases covered in this trial procedure.

Table 2 summa-

COMPUTER PROGRAM FOR DYNAMIC ANALYSIS

Dynamic response analysis was carried out using program

DRAIN-2D(2) developed at the University of California at

-11-
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'l'ABLE 2 - CDMPARlSOR OF TBE K>DEL AND 'DIE PR)'l'O'l'YPE

lJR)!R STATIC WADING

Fundamental Top Displ. Base MOIIl.
Case * ** Period + +r

1
r 2 (sec)

Ratio Ratio

1 2.00 1.00 0.918 - -
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 0.185

5 1.20 2.40 0.966 - -
6 1.00 2.00 l.015 1.000 0.979

7 0.90 2.25 1.015 1.000 1.055

*rl is the ratio of model wall moment of inertia to prototype
wall moment of inertia, rl • (ImodlI prot)wal1

**r2 is the ratio of model beam moment of inertia to prototype
beam mOIlIt';;'l':. of inert~a, r2 • (ImodlIprot) beam

+ Ratio of prototype results to model results

Berkeley and later modified by the Portland Cement Association.

The pro9ram has capabili ties to analyze plane inelastic struc-

teres under seismic excitation.

The structural stiffness matrix is formulated by the direct

stiffness method, with nodal displac~ments as unknowns. Dynam

ic response is determined using step-by-step inte9ration by

assuming a ~onstant response acceleration during each time step.

Several program modifications have been introduced by the

Construction Technology Laboratories of the Portland Cement

Association. These IDOdif ications range from input-output

-13-



changes to more substantiqe changes such as introduction of new

hysteretic rules

relationships.

Eor moment-rotation and shear-di~·tortion

Computer Program Modifications

Axial Force-Flexure Interaction

The major change to DRAIN-2D, implemented in relation to

this phase of the proje-::t, is the modification of the manent

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, ha.s been prepared. The revi sions in input format pertain

mainly to plotting options and storage of output data on tapes.

The basic moment-rotation hysteretic model incorporated in

the or iginal version of ORAIN-2D follows an extended and modi

fied set of rules based on those proposed by Takeda and Sozen(3).

This basic hyst.~resis loop for the decreasing stiffness beam el

ement is shown in ::Oi9. 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 affecu the effective stiffness of the structure in the

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

-14-



p>p>p>p
I 2 ~ 4

M
---~

c:;j~-~
-~

~~~~~- -- p,.3

- 1I::'---.+---J.--8

M,V

--..,..-:;"""or;....-.f.,J--..,.J.~l-.-_- 8 ,Y

Fig. 4a rakeda's Hysteretic
Loop

Fig. 4b Hysteretic Loop Under
Changing Axial

Forces

f Stren~th Decoy
-<. Guide Line

,

-.,-==----J-~,.L..--e r

Fig. 4 c Eysteretic uJOP Showing
Strength Decay Under

Reversed Load
Cycle's

Fig. 4d Pinching of Hysteretic
Loop

-15-



beam element in DRAIN-2D model is modified to include axial

force-flexure interaction. The modified model is shown in Fig.

4(b) and details are discussed in Appendix ~.

Inelasti.,; Shear

Inelastic shear model, previously implemented into DRAIN-2D

by Buckle & Powell has been modified by Takayanagi and

Derecho (4) 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

tests (5, 6)

yielding, a phenomenon. observed in wall

Strength Loss and Pinching i~ ~steresis Loops

Two additional features have been incorporated into hyster-

etic loops. OnE' is a gradual loss of strength wi th r~peated

load reversals and the other is a pinching action in reloadin'3

branches. Figures 4 (c) and 4 (d) illustrate the strength loss

ana pinching features, reBpe.:tively of the hysteresis loop.

The significance of th€se mechanisms on dynarni~ response of

coupled walls was investigated and is discussed cnder "Dynamic

Analyses. "

MODELING FOR COMPUTER ~NALYSIS

Proper modeling of a structure for .-:'0"!lputer analysis can

not be overemphasi zed if reliable results are to be obtained.

The coupled wall structure analyzed in this investigation is

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

-16-



\EiaSliC Beam

\ . Inelastic Shear Spring

"-Inelastic FlexurGi S~ring

Fig. 5 Computer Idealization of a
Member

between jo;.nts is represented by a line element. rt is ex-

tremely important to specify properties of~hese line elements

properly so that both elastic and inelastic behavior of indivi

dual members can be simulated accurately. While the load de-

for'Ration relationship for the elastic reC1 ion is straight-

forward, representation of hing 1ng reg ions of walls and beams

requires special attention.

DRAIN-2D accounts for inelastic action by allowing the

foraation of plastic hinges at the ends of line elements.

Thus, each ele.ent consists of an -elastic beam- and two

potential "point hinges- at each erd as shown in rig. S.

Stiffness of elastic beam and point hinges should be specifi@d,

such that total chord rotation of a line element in the model

is equal to chord rotation of the real m~mber.
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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-yield or inelastic range.

Figure 6 shows a representation of a moment-rotation diagram of

a wall element in terms of .'loment-rotation diagrams of its

ideali zed components, i. e., the elastic beam element and the

point hinges.

In DRAIN-2D chor.d rotation of a member is calculated as the

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

M A • Me + t.eP
A A

~68 • toe: + tle~

where ~6: and 116~ are increments of chord rotations due to bend

ing of elastic beam, bai and ~e~ are increments of rotations of

poine hinges at ends WAR and wSw, respectively. For an element

AS, incremental manent-rc,tation relationships for elastic and

plastic components are given by:

L
3El

L
6El

-19-
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(2 )

The quantity Keo is specified as having a very large value
.:I

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. Thf!n, the increments of total

flexural chord rotations can be written from Eq. (1).

lie
A = L

1n
L

nI I)

lie
B

:;: ~ee
B

:;: L
- 6EI

L
JEY (4 )

Equations (3) and (4) indicate that it is sufficient to

specify the ef~ective elastic stiffness parameter tEl) to esta

blish the moment-rotation relationship in the elastic range.

I f the moment level exceeds the prescr ibed yield level,

then the point hinges at member ends become act ive and start

rotating to simulate yielding. Within the inelastic range,

ctford 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 wri tten by

adding Eqs. (1) and (2).

lie
A • L

3EI + 1 (5)

• +

-20-
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Where a A and Os are :atios 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 r~tios can b~ determined

by imposing the conditio' that total chord rotation of ~he

model be equal to chord rotatic.m in the real member.

Increments of flexural chord rotation of a real member

beyond yielding can be written as:

= (7)

68 • __L_ 'M L
B 60EI U A + 3 aE I (8)

Where "oEI" is the effective stiffness parameter of the

member beyond yielding_ This effective stiffne~s represents a

uniform member stiffness and corresponds to the slope of

inelastic branch of bilinear moment-rotation idealization, as

shown in Fig. 6. Ir the same idealization, "0" denotes the

ratio of inelastic stiffness to elastic stiffness.

Equating ~eA anc /.6 8 from Eqs. (5) and (6) (which were

developed for the comput~T" model) to the corresponding values

from Eqs. (7) and (8) (~hi<.l1 were developed for real member),

yields expressions for "OA" and "a ".B -

a 3EI a• L ~)A
(1 - (1 - 0) KS2

3EI a
a B • L (1 - 1

(1 - a) K
S2t; )

where ~ . ~/ MA •
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Equations (9) and (10) can be used to determine st iffness

ratios of point hinges in the computer model if the bilinear

moment-chord rotation relationship of the real member:5 kno~n.

The procedure for specifying stiffness prope~ties of point

hinges in program DRAIN-2D is explained in Appendix B.

The procedure described previously is concerned mainly with

establishing the primary force-deformation relationship. The

rules for hysteretic loops are obtained by sub3tantially modify

1.ng the rules proposed by Takeda and s..... zen(31. Figure 4 il

lustrates di~ferent features of the hystp.r.etic 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. 5 ince the mo:nent in an element can be con

sidered uniform, the sectional moment-curvature relationship

has the same shape as tt:e mornent'·chord rotation relationship.

Therefore, general characteristics of the mo~ent-curvature

diagram can be used in specifying bilinear idealization of

moment-chord rotation I:elationship. This implies that the

inelaBtic !'Itiffness ratio "(x" required to solve Eqs. (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 "0" is taken as 0.05.

In solving Eqs. (9) and (10), "~" can be taken as approxi-

mately -0.8. It should be noted that according to the sign
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on a Wall Element

Moment Diagram

M
~=rt~ 0.8

1

Fig. 7 Moment D.i.agram of Wall Element at the Base

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 b@nt in single curvature

has a negative sign. The stiffness parameter of point hinges

in the elastic range This parameter is ass igned a

very large value to prevent rotation of point hinges <Sur ing

elastic action. A value of IS • EI x 108 is used for

modeling wall elements.
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Modeling Beam Elements

Coupling beams behave di ff~rently than wall elements. The

main difference is the double curV&ture configuration that

oceu:s in beams when the structure.~isplaces laterally under

earthquake-induced inertia forces. This implies that in the

absence of gravity loads, the moment diagram for coupling beams

shows a linear variatio~ 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 symmetr ic wall system with symmetr ica1ly reinforced

coupling beams, it is reasonable to assume a symmetr ic moment

distribution. Figure B illustrates a moment diagram and for

mation of hinges in coupling beams.

To determine properties of the poill t hinges at member enc'ls,

it is necessary to establish a bilinear idealization of the

moment-chord rotation relationship. Although coupling beams do

not exhibit uniform member stiffness beyond yielding, it is

possible to assume an effective inelastic stiffness corres

ponding to the post-yield range of the linear idealhation of

the moment-chord rotation diagram. For beams of the coup~f=d

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 ratio "~" is taken

as 1.0 due to symmetry in the moment diagram. AS in the case

of wall elements, KS is taken equal to EI x 10 8 •
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Fig. B Modeling Beam Members
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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. If

the shear: force-shear distortion relat ionship of a member is

known, then characteristics of the primary shear-shear d~s-

t"rtion 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 pla~tic shear distortion.

tl.Y
A

6.y ..
'B

+ , yP
- A

Where 6'~ and ~~ are increments of chord angle rotations due to

elastic shear dis~ortions in the elastic beam and t;yP and ~yp
A B

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 distortlon relationships can be

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

Where SA and Sa are ratios of the slope of post yield b!anch

(11)

(12)

to

the slope of elastic branch of the bilinear shear-shear distor-

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

the elastic range is Ks . This quantity is typically very

large prior to yielding so that the poi:1t hinges remain unde-

formed until yielding. Increments of shear forces at membe;:-

ends are denoted t.VA and ':'VB•

Stiffness ratios " 6 "A and " 8 "B
can be determined by

imposing the condi tior. 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-

npSs ratio of the real member, "5", is similar to the pro-

cedure described previously for flexure.

Moments and shears in a member are direct:y related to each

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

shear stiffnesses are combined as follows:

1
+ elK +

A s
L

6EI +

1
+ 1:1C

A s
L

3EI

In this flIquation, M A and ~eB are "total" incremental chord

angles at elemen:: ends "A" and "B" respecti vely, i.e., includ-

in9 elastic and plastic flexural and shear deformations.

The modeling procedure discussed above is used to establish

.the primary force-deformation relationship. Rules for hystere

tic loops are obtained by modifying those propose<'l by Takeda

and sozen(3). Figure 4 illustrates different fe~tu!es of

hysteretic loops.
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Fig. 9 Bilinear Idealization of Mo~ent-Rotation
Ii.elationship

Bilinear Idealization

A number of assumptions are made in modeling nonlinear

behavior of members. Most of these assumptions are related to

idealization

relatior.shipll.

and modeling of nonlinear force-deformation

Moment-rotation relationships of members are idealized as

bilinear curves. Figure 9 illustrates a typical primary

moment-rotation relationship for reinforced concrete members

and its idealization as two line segments. The first line

segment represents effective stiffness in the elastic range,

and the second line segment represents post yield sti ffness.
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Depending on specifics of a given moment-rotation relation-

ship, a number of rules may be devised to select slopes of

these line segments and corresponding magnitude of yield

moment. Member section details. especially locatior.s of

reinforcing bars, may have a significant effect on the general

character of moment-r("otation relationship. Thus members wi th

the bulk of flexural reinforcement concentrated near ends of

the section exhibit a relatlvely well-defined break (yield

point) in their moment-rotation relationship. Some members, on

the other hand, ~how progressive yielding and do not exhibit a

clear yield point.

In arriving at a bilinear idealization of a particular

force-displacement r.elationship, a number of approaches can be

used. The simplest and most obvious would be a visual

"sketched-in" approximation to the given curve. Rowever, more

specific quantitative criteria are desirable in the interest of

reproducibili ty. Such ru:'es can then be applied uniformly to

any number of widely l7arying cases. For instance, best fit

lines in the least squaces sense could be obtained for specific,
ranges of deformati~n.

A more commonly Us!~ method applies the criterion of equal

area under the actual and idealized curves over a reasonable

range of deformation. In this case the intersection of effec

tive elastic and post-yield line segments def ines 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 exa~in~d

in an effort to determine the range of variation of the ratio

of inelastic stiffness to effective elastic stiffn~ss. For

example, members subjected to a uniform moment develop hinging

along the entire length once yield level i~ reached. In this

case, inelastic sti ffness is almost uniform along the member

length. Wall elements at the base 0.. coupled wall structures

are in this catego~y. Inspection 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-yip.ld stiffness. The significance of variations in this

ratio is investigated and discussed under "Dynamic Analyses".

Beam elements show a sl'ight 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, cOl.1pling beams are

bent antisymmetr ically and hinges can form at each end of a

beam. These hinges are usually localized 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 stiffne~s

should be used to account for the elastic portion of the beam.

In this investigation, 6' of the effective elastic 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 does not extend beyond ~

distance from the end equal to the effective depth of the beam.

The ratio of inelastic to elastic slopes uf idealized

moment-chord rotatior. relationship wi 11 vary wi ':h i ndi vidual

member proper ties. However I this variation is usually small

and therefore is not expected to have any significant effect on

dynamic respcnE~(7, Sl. The significance of v:uiation in the

inelastic slope of primary moment-rotation curv~ is investigated

and discussed in detail under NDynamic Analyses". Results

indicate that small variations do not affect most response

quantities. However, if conl:iderable inelc.stic action tc.:es

place, as in the case of some coupling b@arns, then this effect

becomes more pronounced. Any affect on coupling beams is trans

mitted to the walls in the form of changes in wall axial f0rces.

MEASURES OF INELASTIC!':'~:

The general I;;oncept of inelastic desi'~n against earthquake

forces is well accepted in current. desigr, practice. The aim in

inelastic design is to design critical r~gions of structures so

that the required inelastic action can take plac~ wi thout :3ig

nificant loss of strength or excessive d~formation. A mea~ure

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 defor-

mation. Although this measure indicates maximum deformation
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ffoduced in a member, it does not qualify how this maximum

deformation is obtained. More importantly, it doeli not indi-

cate the number ~f times that this maximum deformation, or

deformations of comparable magnitude, are imposed on a

particular member. Because members subjected to repeat~d

cycles of inelastic deformation can fail at force and de-

formation levels lower than those associated wi th static

monotonic lo~ding (i.e., low-cycle fatigue), it is important to

include information on the r,umber of cycles of large ampli tude

'Chat 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 ductil ity is used as a

measure of inelastic action. However, cumulative dissipated

energy is also computed for comparative purposes.

Rotational Ductility Factors

The rotational ductility factor is defined as:

• emax
e;-
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Where e is maximum rotation andrna,. e is yield rotation.y

Generally, the rotations referred to here are the rotations of

the hinging region. Generally, width of walls is equal to 01

~reat~r than floor-to-floor height. If we assume the hinging

region to have a height approximately e~ual to the wall

width (5,6), then an enti re wall element between floors in the

~odel would form part of the hinging region. For this case, it

would be appropriate to speak of ductility associated wi th 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 end~ 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 rotations 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 prevaltlnt in

walls, a slightly different method is used in calculating duc-

tili ty. In a coupling beam bent in an antisymmetr ical mode,

hinges can form at each end but rotate in opposi te directions.

Because of 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 !)e 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 ax ial forces

at yielding and at the point of maximum rotation may be dif

ferent. In this investigation, yield rotation corresponding in

sign to the maximum rotation is used in defining ductility,

irrespective of corresponding axial for~e 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 b~havior under reversed loading.

Thus, axial force in a coupled wall can be tensile when bending

in onp direction and compressive when loaded in the opposite

direction. Because yield moment of a section changes with

magnitude of the concurrent axial force, different values of

yield moment and rotation generally result for each direction.

In this investigation, the ductility factor is based on the

max imum and yield rotations in the same direction. This is

done even if first yield occurs in on~ direction and maximum

rotation is recorded in the opposite direction, although this

case rarely occurs. Usually both initial yieJ.d and maximum

rotation occur while loading in the same direction. MaximUM

rotation generally occurs dur ing the - t~nsion phase- when the

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

Dissipated

strain energy.

Energy Dissipation

energy is the irrecoverable portion of total

It is therefore associated with plastic deforma-
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Fig. 10 Definition of Rotational Ductility Factors
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Fig. 11 Definition of Energy Oissipation Factors
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t~.ons. In computer program DRAIN-2D, plastic deformations are

~imulated by inelastic point hinges. Dissipated rL_ational en-

ergy can th~n be calculated from the area under moment-rotation

curve of the point hinges.

Cumulative diss ipaled energy can be determined hy summing

the absolute value of inelastic energy for each time increment.

In this investigation, cumulative dissipated energy as a measure

of inelastic action is normalized by dividinq it by the corres

ponding elastic energy up to yield. "Energy Dissipation Factor"

is then defined as the ratio of cumulative dissipated c~ergy to

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

DYNAMIC ANALYSES

A ~er ies of dynamic analyses was carr ied out to answer

several questions mainly relating to modelir.g techniques. The

coupled wall structure pr f>V iously selected, having an initial

fundamental per iOG of 1.0 second was analyzed. The structure

was ~ssumed to be fully fixed at foundation level, and assumed

to have 5% of critical damping*. Basic properties of the struc-

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

Selection of Ground Motion

For preliminary dynamic anaJ.ysis it was desirable to use an

input motion tl1at was critical in terms of frequency cor.tent

with respect to the particular structure considered.

·Viscous damping assumed in this investigation is a linear
combination of stiffness-proportional and mass-proportional
damping. Percentage of the critical damping for the first and
second modes were used.
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Six different acceleroqrams were examined for this purpose.

Response spectra of single-degree-of-freedom systems were used

as basis for the preliminary selection. Figure 12 ShOW,i the

S'-damped response spectra for the first 10 seconds of the

accelerograms considered. In all cases, intensity of each

input motion was adjusted to yield a spectrum 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 initiai fundamental period of the 20-story structure and

possibh softening (lengthE'ning 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 s~conds 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 dynamic analysis.

It can be observed from the response histories that the

maximum response 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. I f the maximum

response is governed by initial maximum loading on the pr imary

curve then gradual loss of stre"igt.h in later cycles dOt!s 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 lO-second duration of

input motion was used. Unless otherwise noted, the input motion

used was the 1971 Pacoima Dam S16E record.
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Vertical Lumping

As outlined under "Selection of a Structure", the 20-story

prototype was reduced to a l.O-story model to reduce the com

puter time required for analysis. Th~ lO-story model was

obtained th:ough static, elastic analysis. To vet ify equiva

lence bet~een model and prototype under dynamic inelastic

response coruJi tions, a compar ison is made between the 20-story

prototype and the IO-story model under earthquake exc i tation.

Response. envelopes for the two structures show <;ood agreement

as indicated in Figs. 15 and 16.

These analyses confirm that the IO-story model provides a

good representation of the 20-story ~rototype.

Integr~tion Time Step

The integratioil time step ,lsed in the dynamic analysis is

of primary concern a~ it plays an important role in accuracy of

results and cost of computer runs. The lO-story model struc

ture, which has a fundamental period of 1.0 second, was

analyzed using ::ntegration time steps of 0.005 sec. and 0.01

sec. The results show eY~ellent ag reement. Top displacement,

base maximum mom r ,&lt, base maximum shear, and ductilities are

all within 5% of each other.

Based on these reRults, an integration time step of 0.01

sec. was selected for use throughout this investigation.

Strength and Stiffness Taper

As discussed under "Selection of a Structure-, wall cross

sectional dimensions and percentages of reinforcement were
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Compression
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TABLE 3 - POSSIBLE VARIATION IN WALL 'mICmESS
OF A 20-STORY STRUCTURE

,
IFloors Wall Thickness (in.) Variation

15 th _ 20 th 8 10 13 16 18 20 65
9th _ 14th

10 13 16 20 23 27 80

1
st

- 8th
12 15 20 24 28 32 100

changed twice along the structure height. This introduced a

sti ffness and strength taper. In practice, th is is done for

tall structures to save mater ial and can be just if ied from the

point of view of static gravity loads.

The significance of taper in walls on dynamic response ~as

investigated and is discussed in th is report. Possible var ia-

tion in wall th ickness for a 20-story structure was reviewed.

Table 3 lists selected wall thicknesses and percentages of

var iation in moments of inertia of rectangular cross sectior's.

Although Table 3 does not necessar ily cover all the countless

possibili ties in practice, it d~es provide a practical

var iation in wall thickness in view of general var iation of

moment along the structure height. Based on this review,

effective elastic stiffnesses equal to 80' and 65i 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 on the

basis of static design under equivalent sta~ic forces. The
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strength taper, introduced at two locations along the wall

height, results in reductions Lo 75% an-=-: 50\ of wall strel"'gth

at the base as shown in Table 1. It is impo:tant ~o note that

wall flexural strength is further adjust,,:;;: at every floor for

effect of axial loads du.e to g:dvity load on the structure.

This is done by specifying a moment-axial force interaction

diagram and dead load of s:cucture at every fl~or. This

strength adjustment for gravity load effects also introduces a

natural !':trength taper along the he ight. Further changes in

flexural strength of wal~s occur during dynamic response due to

effect of ax ial forr;es associated with lateral displacement of

the structure.

To investigate the effect of taper, the structure was sub-

jected to two diff~rant recorded earthquake motions, namely the

1971 Pacoima Dam Sl6E component and the 1971 Holiday Orion E-W

component·. The Pacoima Dam record produced the more severe

response in all cases except for the ductili ty 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 compar~d

in Figs. 17 and 18. Force envelopes for walls and beams, and

ductility envelopes for beams are not significantly affect~d 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 earthquake.

-45-



20 20 \.~

\.\

..J 1971 P~~",il"'a Dam I SI6 e: ...J \,'l.I.J -Withou Tep.r w> > \ I .........
l.I.J -With Tap.r l.IJ \ ~

..J ....J ...,..,..-
>- 10 1911 Holiday Orion 1 E- W >- 10
a: --_. WIthout Tap.r a::
0

---With Top.r ~.....

L
\~en " ~

en
'\

I \
,\,

.~~

0 0

....J
W
>
l.I.J

..J 10
~o.....
en

I k-in =0.113 kN'm

,

,
I,
I,
I
I

J.
:'

~/~

~---ILl
....J

>- 10
%
o.....en

\ ,
" \,,

/
I

J,
j

"!I'I I
'/ /I ,
, I

"U h., h
.1'~
I,'J

c o Ib to
MAX. BEAM DUCTILITY FACTOR

Fig. 17 Response EnYelopes Showing the Gffect of Stiffness and
Strength Taper Along the Height of the Walls

-46-



20

..J
UJ
>
UJ
..J

>-10
0:
o....
Cf)

1971 Pacoima Dam, S16E

Without Taper
With Taper

1971 Holidoy Orion,E-W

Wittlout Taper
With Taper

o 4 8 12
MAX. HORIZONTAL DISPLACEMENT, in.

-2000 a 2000 4000 6000
MAX. AXIAL FORCE IN WALLS, kips

o

I k = 4.446 leN
I in: 25.4 mm

20

MAX.
o

-'
UJ
>
UJ
.oJ

10
~
cr
o
I-
Cf)

Fig. 18 Response Envelopes Showing the Effect of Stiffness and
Strength Taper Along the Height of the walls

-47-



strer-gth and stiffness taper. Wall ductili ty 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 iocations where changes in

strength occur, i. e., at points of discont inu i ty. Inelastic

action in upper story walls 15 redcced to a great extent by

eliminating taper. In this respect, a structure wi th uniform

strength and stiffness produces superior behavior under earth-

quake forces. In all cases, inelastic action Clt upper stories

is less severe than that at the base. Th is can be observed

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

Axial Force Effects

The original DRAIN-2D model for reinforced conc~ete members

with moment-rotatir~ hysteretic loops exhibiting decreasing

stiffness characteristic was developed for constant axial force.

In coupled wall systems, substantial axial forces can be induced

in walls dur ing dynamic response as a result of the coupling

action of linking beams. Because of the significant effect,
that axia~ forces in coupled walls can have on the ir flexural

yield levels(9), it was deemed necessary to include this axial

force-flexure interaction effect in the analytical model."

Modification of Program CRAIN-2D to incorporate this feawre

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 level of axial forc.:!: in walls during dynamic

rasponse has direct influence on force-defcrmation characteris

tics of walls. The presence of compressive forces can increase

flexural ~trength as well as stiffness. Tensile forces, on the

other hand, produce the reverse effect. This results in

shifting of forces from one wall to another during dynamic

response and may subject individual walls to cr itically high

shears and moments.

Figure 19 illustrates the effect of axial forces on hys

teresis loops of "tension" and "compression" walls. Increase

in strength (yield level) and stiffness during loading and

reload ing of compress jon wall can be observed in Fig. 19. The

reverse effect is shown j n the same figure for tension wall.

Had the axial force effect in wall behavior been neglected, a

s·ymmetric behavior would be observed in ·tension" and "com

pression" walls as indicated by broken lines in Fig. 19.

To investigate the effect of adal force-flexure interac

tion, the structure was analyzed first by neglect~ng this effect

and then a second time with the effect consi~ered. 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 igncrcc the

effect of axial force underestimates maximum shear and moment

at the base by as much as 50'. Moreover, the sequence 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 dl.ictili ties
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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

hor izontal displacement of tension walls.

displacements ar~ shown in Fig. 21.

Maximum hor i zontal

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 u'ltil 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,6).

Estimation of the magnitude of inelastic action, in both

shear and flexure, is of pr imary interest in design.

of this and the potential effects that shear yieldins

Because

~y have

on overall structural response, a simplified mcdel of the

inelastic shear mechanism was introduced into Program DRAIN-2D

to allow examination of this effe(:t. 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(5). This figure shows

that shear yielding takes place almost simultaneously with flex

ural yielding. I~vestigation of the ~i~gin9 region deformations
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displacement

revealed that

is

a substanti~l component

due to inelastic shl';ar

of tr.e

action.

horizontal

Similar

hehavior was observed in the other 15 structural wall tests

conducted at the Portland Cement Association'S, 6).

Another important phenomenon ob~erved in the PCA wall tests

was the substantial reduction in shear st::'ffness that occurs

under increasing load. The effecth7 e elasL.c shear stiffness

is reduced due to both flexural and shear cracking in concrete.

Th is reduction resul ts in effective elast ic shear stiffnesses

as low as 10% of its uncracked value. Wall tests under slow

load reversals have also been reported by other investiga

tors (10, 11, 12). Considerable inelastic shear deformation

and a substantial reduction in elastic shear stiffness ~ere also

observe~ in these tests.

The effect of inelastic 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 fil .:;':. analysis, the structure was

not allowed to yield in shear thro,Jghout the response wi th

stiffness equal to effective elastic sheH stiffness. In the

second analysis, shear yieldir.g was allowed following flexural

yielding. The inelastic shear force-velsus-s~~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 d~stcrtion relationship, as

shown in Fig. 4 (d). Response envelotJ~s for these three cases

are compared in Figs. ~3 and 24. In :ig. 23 the decrease in

beam Iotational tiuctility due to shear yielding can be :ottri

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 is shown in Fig. 25 and

Table 5. The eff~ct of pinching is discussed later in this

report under ~Pinching of Force-Deformalion Relationship".

In cddition to the compuriscn of response envelopes, a more

detailed evaluation of analysis results was made to obtain a

better under~tanding of inelastic shear behavior. For this

purpose, the behavior of the wall hinging region was exam

;ned. The hinging region was taken as the lower 2l-foot portion

of the walls at the base. Pn~er dynamic earthquake loading,

moments and shears in struct~ral members are not always in

phase, this can be seen in FIg- 27. This means that in contrast

t:> the usual condi tiol'ls of :310wly reversed tests, the maximum

shear force and tending m()merlt do not l1ecessar ily occur at the

same time. Therefc~e, different times during response were con

sidered to investigate the be~avior 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 tot~l
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• YIELD IN FLEXURE • YIELD IN FLEXURE AND SHEAR

TIME: 2.77 sec.

TIME = 2.e8 sec.

T'ME : ~.80 sec.

TIME: 2.95 sec.

TIME =2.84 sec.

T1Mr:. =~ .80 sec.
(FiNAL 'fIELDING PATTERN)

Fig. 25 Yielding Sequence
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TABLE 5 - YIELDING SE~UENCE

Total Response Time: 10 Sec.

Elastic Shear Inelastic Shear
(with a~d without Pinching)

Time MeJllber 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 • 2.78 2S, 29 •

2.79 24 • 2.78 27, 28 Sh-.ar

2.81 23 • 2.79 24 Flaxure

2.82 30 • 2.79 2S, 26, 29 Shear

I2.85 22 • 2.80 24 •

2.89 19, 20, 21 • 2.81 23 Flexure

3.76 17, 18 • 2.82 30 •

2.83 23 Shear

2.84 30 "

21 2.85 22 Fle,ure

1 22
2 2.87 2', Shear

3 23
4 2.8B 21 Flexure

5 24 S 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 3.80 17, 18 Shear

Note: Effect of axial force on
force defor.sation characteristics
of members is not considered in
this analysis. Therefore, sym
metric behavior is obtained.
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ho~izontal displacement of the top of the hinging ~egion before

yielding.

Contr i bution of snear and flexural deformat ions to hori-

zontal displacement during the inelastic phase 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 r :Jle 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 h is~ories of d ispl acement of the top

of the structure and the t()P of the hinging region fo~ the

three c~ses considered. ~ote the shift in the axis of

oscillation for the structure wi th pinching. Moment and shear

response histories for the wall element at the base ano the

beam element at the eighth floor, ii" shown in Figs. 27 and 28.

The same shift in the axis of oscUlation 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

earthquake motion. The input motion used this time was the E-W

component of the 1940 El Centro record. Two cases were consid-

er~; ore with, and the other without shear yielding allowE'd.

In thie set of analyses, no shear yielding was observed in.
walls. This appears to be mainly due to the frequency charac-

ter isties of the particular input motion used. Examinaticn of

response histories revealed that after flexural yielding in
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walls takes place, a redu~tion in wall shear occurs. Beams, on

the other hand, show simultaneous yielding in flexure and

shear. Response envelopes for these two cases are compared in

Figs. 29 and 30.

It is obviously essential to use reasonably accurate esti

mates of flexural and shear stiffnes~es of members to establish

primary curves

stiffness prior

cl"ac~:ing

for force-deformation relationships. Flexural

to yielding is affected substantially by

in concrete. Tests indicate tt-at effective flexural

stiffness of crackad concrete members c:an be as low as 50% to

30% of the stiffness cor responding to the gross concrete area.

Any addi tional rotation due to bond slip of reinforcement can

be included in this value as a further reduction in rotational

stiffness.

The probll!m of evaluatin':i effective "elastic" stiffness of

a member in terms of rele'lCint factors still awai ts further

It is reasonable co assume that flexural and shear

cracking affect shear stiffness. The contribution of each type

of cracking to decreaee in effective shear stiffness will in

turn depen~ 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 eastabllsh the probable range of

variation of effective shear stiffness for the bilinearly

idealized shear-shear distorition relationship. An estimate of

this range can be obtained by examining available test data.

Tests on isolated walls (5, 6) conducted at the Portland Cement

Associ~tion indicate that effective elastic shear stiffness can
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be as low as 10' t::) 3G% of -:he stiffnE'ss associated with the

gross (uncracked) area. As m:qht be expected, having low shear

stiffness relative to their flexural stiffness show a higher

percentage of tolal deforrration due to shear. Results ob-

tained from the analyses ~iscussed above are valid tor the

structure that ha~ stiffness properties li~te~ in Tatle 4.

It. third set of anb.lyses was conducted on essentially the

same structure considered earlier, but with high ~hear stiff-

ness. Elastic and in~lastic shear stiffnesses for this case

were taken equal to five times the value given in Table 4, whi~(

flexural stiffness wa$ kept constant. TwO structures were ana-

lyzed using the 1940 El 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 Dec~

In a coupl~d ~all system, it is generally desirable to have

the coupling beams dissipate most of the~nergy to limit

inelastic action in the primary vertical-and-lateral-load-

resisting elements, i . e. , the walls. This implie's that

coupling beams are expected to 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 streng th decay depends on structure geomp.try, rein

forcement detaili~g, confinement, and history of loading.
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Eight coupling beam tests ilave been conducted at the

Construction Technology Lab<:-rator ies of the Portlarld Cement

Association (13). These tests were performed under statically

applied slow load reversals. Variables in the test program

were concrete core width, span length, and re inforceme.,t detai l

ing. Table 8 lists the spectmens tester'. FUI ther de4:ails of

the experimental program are discussed in Ref. 13.

Specimens C2 and C5 were short span Rpecimens wit~ conven-

tional straight longitudinal reinforcement. Lc,ad-versus-

Cleflection 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 necessar ily

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. Figure 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 C6 and C8. Load-versus-deflection rela-

tionships for these specimens are shown in Figs. 34 and 35.
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TABLE 8 - VARIABLES CONS!DERED IN COUPLING BEAM TESTS

Core ! Span I
Width LP."9 th

Ia b Primary
Specilllen (in. ) (in. ) Reinforcement

XCl 2.63 16.67 X
C2 2.63 16.67

=* w=C3 2.63 16.67

I =2 ~C4 3.50 16.67

C5 3.50 16.67

C6 3.50 16.67 ~
IC7 3.50 33.33

C8 3.50 33.33 ~

1 in. • 2S. 4 \l1li

I
I- b

I
~I
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Another reinforcement detailing in~luded diagonal bars in the

hinging region. Specimens Cl, C3, and C4 are of this type.

Examination of load-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 achiev-.d prior to strength

decay. Although it is realized that these observations are only

valid for beams similar to those tested I and for the specific

loading history used, they do represent the general character

of beam behavior under cyclic loadin9.
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To investigate the effect of different degrees of strength

decay in beams on overall dynamic response of coupled walls, a

number of analyses were carr ied out. Exper imentall y 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-deformation 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 a moderate value of ductility. The second set

studied the effect of the level of deformation at which

s~rength decay starts. In both sets, walls were assumed not to

suffer loss of strength under load reversals. In all cases the

structures were subjected to the E-W canponent 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 fat' these two

cases are canpared in Figs. 37 and 38. Although maximum shear

force and bending moment are only slightly affectea, wall
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and beam rotational ductilities are significantly increased as

a result of strength decay in beams. Maximum horizontal

displacements also increase significantly. When the rapid

strength decay is a~sumed in beams, maximum top horizontal

displacement is i:lcreased by 70 %, ind iea ting cons iderable 50ft-

ening in the structure. Beam ductilities are also increased by

an average of 100\ Oller tbe 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 I starting at different rotat ional

ductility levels. First structure does not have strength decay,

10,000

8,000

5,000

S 4,000
I

Jlo..
.,:

2,000

z
1M ....................
j 0

I
-2,000

-4.0001M
CD
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...........................
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-IO~1.-.___--- - - __..
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Fig. 39 Moment Versus Plastic ~inge Rotation of
Sixth S~ory Beam Without Strength Decay
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implying that decay starts at a ductili ty level higher than

demanded in this analysis. The other two structures have beam

strength decay starting at rotational ductil ity levels of 3.~

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 se~ond set of analyses are shown

in Figs. 42 and 43. Also shown for comparison are results for

no-decay. The comparison indicatss the expected trend. As the

beg inning of strength decay is delayed, its effect on dynamic

response is reduced. The resul ts ind icate 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 t:~, 25%. The moment-versus-point

hinge rotation (plastic rotatlon) diagram for this case is

shown in Fig. 44 for the sixth ~tory beam.

The above comparisons indic~te that when the combination of

eal'thquake intensity and structure yield level are such as to

pre.tiuee ductility demands in coupling beams well into the range

where strength loss occurs, significant effects can be expected

in structure response. Effects 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-Oeformation Relat:' onz.!!J:£

The force-versus-deflection relationship of cor-crete mem

bers under cyclic loading generally exhibits a "pinching" of

the hysteresis loop during reloading. This pinching represents

slippage that results mainly from degradation of the shear

transfer m.!chanism. Loss of shear stiffness dur Ing this ~hase

of loading is directly related to number of cycles of loading

as well a5 magnitude of forces. Sliding of concrete sections

takes place along tLe interface of a crack with little increase

in force. Subsequently the cracked surfaces come in full

contact, increasing load resistance. An idealization of the

pinching phenomenon is shown in Fi~. 45.
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Tests of specimens subjected to slow load reversals indicate

that pinching is most appare~t in shear force-versus-shear

distortion relationship(S, 6). Fisure 22 shows moment-versus

rotatlon and shear force-versus-shear distortion relationships

of a wall specimen. It is evident from this figure that

pinching act ion is mainly due to the shear component of total

deformation.

The same observation can be made with respect to deforma

tions of two previously mentioned coupling beam specimens.

Specimen CS had a shorter span than S?ecimen C7i otherwlse the~e

two spec imens were identical. F'crce-versus-de flect ion relatior..

ships of the two spec imens are shown in Figs. 32 and :n. It

can be seen in these figures that Specimen CS shows more severe

pinching tha~ Specimen C7. Tbe greater degree of pinching in

Specimen CS, relative to C7, can be attr ibuted mainly to the

higher shear, or lower moment-to-shear ratio, that the spe-

cimen was subjected to. In the case 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 CS, and 16.67 for Specimen C7. Since both

specimens have identical flexural capacity, at any level of mo

ment dur ing load ing, shear force is greater for the case where

moment to shear ratio is lower.

Pinching in Shear-Shear Distortion Relationship

To investigate the effect 01 pinching on dynamic response

of coupled walls, the previously selected 20-story coupled wall
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Fig. 45 Degree of Pinching Used in Dynamic Analysis

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

avaialabl~ test data (5, 6) Figure 45 illust:ates the degree

and the mar;11er in which p~nching in shear-distortion relation

ship is specified in the computer program. No pinching ir.. 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 nistory plots of selected

response quantities for this case were previously snown in

Figs. 26, 27, and 28.

Examination of the results indicate that for the degr'!e of

pinching assumed, a sig~lificant shift in the axis of oscillation
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can occur under input motions with specific frequ,~ncy charac

ter istics. The structure considered shows a s'Jbstantial sway

in one direction that is not recovered in sut>sequent response.

Rp.sponse force envelopes, on the other hand, show little effect

of pinching action.

Pinching in Mom~nt-Rotation Relationship of Coupling Beams

To examine the effect of pi.nching in moment-rotation loops

of coupling beams, another analysis was made using essentially

the same structure considered in tl':e preceding case. This time

elastic shear behav ior was cons idered. Pinch ing was assigned

to the moment rotation relationship of coupling beams. The

same degree of pinching used in the previous analysis ( q=

0.20) was assumed. Properties of the structure, including mem

ber stiffness parameters, are li~ted in Table 1. El Centro 1940

E-W record was used as input acceleration. Response of this

structure is compared with respc.llse of a companion structure

without pinching action. Plots of moment-plastic hinge rotation

relationships for the sixth story beam of the two cases are

shown in Fig. 50. Respon:ie 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-6 loops of beams.

Post-Yield Slope of Primary Moment-Rotation Curve

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

members is specified in terms of the bilinear primary curve.
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The initial elastic branch of this bilinear idealization repre

sents effecti ve stiffness of the member pr ior to yield and £s

directly associated with the initial funcamental per~~d of

vibration. The slope of the second, post-yield braner. of the

pr imary :::urve is usually defined as a percentage of the sloFe

of the elastic branch.

A ser ies of dynamic analyses was per formed to investigat~

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 B~ams-----

1 2% 3%
2 5% 6%
3 9% 10'
4 5' 10'

In all cases, the corresponding ini tial slopes for walls and

ceams were kept constant.

shown in Figs. Sl and 52.

Results for these four cases are

Response envelopes indicate that for the range of values

assumed, maximum wall displacements and forces are not sl9n1fi-

cantly affected by var iations in post. yield slope. In

contrast, maximum beam forces appear to ce significantly

affected by changes in magnitude of the second slope. This can

be explained by high level of inelastic action and associated

ductilities in beams. Maximum beam moments ano shears are
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greater for structures with steeper second slopes, as exp~cted.

The increase in beam shears directly contributes to an increas~

in ax ial forces in walls. This increases tensile forces in

walls and leads to a reduction in yield moment. As a resul t,

walls yield even at upper floors (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 point, another set of analyses was

carried out. In one case, axial force-moment interaction is

permitted to examine the eff~ct of a reduction in yield

capacity of walls due to tensile forces. ITl :.h~ othe.t' 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 te~ms of ~all ductilities.

However, when axial force-moment interaction is cons~dered, the

diffErence between the two wall ductility envelopes becomes

significant (Fig. 53).

Unloading and Relod~ing Slop~s 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 is the decrease in reloading stiffness

that occurs in load cycles subsequent to first yielding. The

reloading stiffness is a function mainly of the maximum previous

deformation. A decrease in unload ing stiffness may also be
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Fig. 54 Unloading and Reloading Parametars of Hysteretic Locf

spec ified. Input parameters "r" and "u" are used to specify

reloadi~g and unloading stiffness, respectively, as indicated in

Fig. Sol.

To investigate the effect of variations in values of

unloading and reloading paramet~rs IOU· and lOr- for coupling

beams on dynamic response of coupled walls, a 3et of three

analys.. were carried out. The previously selected 20-story

coupled wall structure, with properties listed in Table 1 was

analyzed tor th is purpose. Parameters characterizing the

moment-rotation hysteretic loop of coupling beams for the three

cases considered were as foll~ws (refer to Fig. 54):
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Case

1
2
3

Unloading Parameter, u

0.1
0.3
0.1

Reloading Parameter, r

o
o

1.0

F'or the walls, "un and "r", were kept constant at 0.1 and 0,

respectively.

Compar ison 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 var iations in reload

ing and unloading stiffnesses of coupling beams appear to have

little ~ffect on dynamic response of coupled walls. This

observation confirms an earlier similar finding relative to

isolated walls(8).

Decrease in Stiffn~ss Due to Bond Slip

Tests of concrete members under slow lOdd reversals show

that loss of bond between reinforcement and concrete results in

slip which is reflected in a stiffness decrease during laodii\g.

This is in addition to the decrease in stiffneds due to crack-

ing. Although there is no separate mechanism in the analytical

model used in DRAIN-2D for bond slip action, its effect cl\n be

accounted for by assigning appropriate slopes to loading

branches. Contr ibution of bond slip to reduction in member

stiffness can be determined through tests. Appropriate adjust

ments can then be made in both the effective elastic slope of

the primary curve and reloading branches of the hysteretic loop.
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Comparison wi~h Test Results

As a check on validity of the analytical model employed in

this investigation, a compe.rison was made between the results

of a dynamic test of a particular structure and an analys is ot

the samf' ~tructure. The exper imental data were for a lO-story

small-scC:~.l! coupled wall structure tested on the University of

Illinois earthquake simulator by Aristizabal-ochoa(l4).

Figure SS shows overall dimensions of the test specimen. Cross

sectional dimensions of walls and beams were 1.0 x 7.0 in.

(25.4 x l77.Smm) and 1. 0 x 1. 5 in. ( 25.4 x 38. lmm) ,

respectively. Structure we ight was simulated by plac ing a 0.5

kip (2.22kN) weight at each floor. Structur31 properties used

in the analysis are listed in Table 9.

'rABLB 9 - PR)PP~ES Of' TEST SPECIMBH USED IN THE ANALYSIS

Pund.aJlenta1 Period
Nuaber of Stories
Wall Stiffn••• Par...ter (EI)
Stiffne•• Taper

Be.. Stiffne•• Psr..eter (II)
Wall yield *-ent, M
Strength Taper* Y

B... Yield ~ent, K
D.-ping Y
Post-Yield Stiffne.. on

Priaary Cu~
Weight
Ba.. Pixity COndition
Ba•• MoUal

*yield .aaenta are adjusted at every
of the structure.

0.2 .ee.
10
5.77 x 10· k-tn. 2

1.00 1t1 at base
0.67 E1 !t 4th 5loor
1.0 J: 10 k-in.
39.0 k-in.
1.00 M at ba••
0.51 MY at 4th floor
1.5& kItn.
2.0t of critical

2.0t of elastic
2.5 k/"all
fully fixed
&1 Centro 1940 a-s

floor ba.ed on the weight

1 k • •• 488 k! 1 k-i9.2 0.113 kN •
1 k-in. • 0.00287 kR •
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The input mction used was the N-S compo~ent of the 1940 El

Centro record. The original time axis was compressed ty a

factor of 2.5, which i~plies that 3.0 seconds of analysis cor

respor.ds to 7.5 seconds of actual grol;nd mction.

Effect of axial force-flexure ;.nteraction was conside.o::ed in

the analysis. Pinching of nysteresis loops, and st·.ength loss

under cycling loading were considered for coupling beams. The

degree of pinching and strength loss used was determined from

static tests of coupllng beams used in the dynamic test.

Elastic axial and shear rigidities were assumed.

The analytical and the test results are compared in Figs. 55

and 56. Response envelopes and time historie.s of horizontal

displacement, total shear, and overturning moment appear to be

in good agreement.

SUMMARY AND CONCLUSIONS

An examination 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'')r assumes significance in coupled

waJ.ls 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 ar ise from the coupling action of beams

linking adjacent walls, is the reduction in yield moment and
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stiffness accompanying a decrease 1n axial force, and vice

versa. To our knowledge, this effect on dynamic inelastic

response of coupled walls has not open investigated in detail

before. A procedure for considering axial force-flexure

interaction has been incorporated into the computer program

DRAIN-2D.

Other factors considered are parameters defining the force

displacement hysteres is loop of thE: structure. Specifically,

effective elastic stiffness, post-yield stiffness, strength

decay, reloading and unloading stiffnesses, and pinching in the

loop are considered. The effect of inelasti~ shear deformation

is also investigated. A range of values of t~ese parameters is

covered to determine their relative importance with respect to

selected response quantities.

Particular attention is placed on appropri~te stiffness

values to use in the analytical model. Results of tests on

isolated structural walls were used as basis for estimating

ranges of '1alues of effective elasti-:: 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 la-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 mod~ling techniques

used in this investigation.

Based on the results of this invest igation, the follow 109

conclusions can be made:

•_. The comput·!r pro.;ram DRAIN-2D as mod if ied fo:- this

investigation, ceon 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 ag reement.

2. Axial forces in walls due to coupling can have a ~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. 'I'he axial forcl:!-flexure interac-

tion model for concrete hysteretic loop, introduced

into DRAIN-2D by the authors, produces reasonable

results for members under changirg axial forces.

3. !n general, maximum forces anc displacements in a

multistory coupled wall structure are not too sensitive

to shear yielding. However, if decrease in shear

stiffness under cyclic loading is very high, sizable

effects in some response quantities can be observed.

In the lower extreme of shear stiffnesses considered

in this investigation, maximum shear force iE reduced
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by about 1" at the base of the wall due to shear

yielding. Although ductility enveiopes for walls do

not show any appreciable change due to shear yielding,

max imum rotational duct ili ties for beams are reduced

by about 40%. T:,is can be attr ibuted to the increase

in the shear compon~nt of total deformation which

implies a COt respom3 ing decrease in flexural

componert. In the hinging region, at the base of

walls, there have been instances dUt L1g response in

which horizontal displacement due to shear yielding

formed more than 50% of total hinging region

displacem",nt. Th is 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, d ispla,:ement response

envelopes do not necessar ily reflect the same effect

of shear yielding. Furthermore, any effect of shear

yielding in the hinging region doe; not appear to,
influence overall dynamic response of a multistory

coupled wall structure. In cases where reduction in

shear stiffness due to cracking a'1d yielding was

moderate, very little effect was obSErved in response

envelopes due to shear yielding.

4. Stiffness and strength taper of walls along the height

of a structure can, under earthquake excitation, lead
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to yielding a-,: locations w!'lere changes in stiffness

and strength occur. Although ductility demands at

upper floors a.:e usually less sever,", than at the base

hi ng ing reg ion f inelast ic deformations at upper fleors

can be substantial under cr i tical earthquake motions .

.From this point of view, structures having uniform

wall strength and stiffness along the he ight exhibi t

superior behavicr under earthq~ake loaning.

5. Coupling beans under cyclic loading show varying

degrees of strength decay at different levels of duc-

tili ty. Analysis indicates that dynamic inelastic

response of coupled wall str.uctures can be affected

drast L:ally by this parameter. If beams are designed

such that they show ear ly and rapio s " rength decay

rotational ductility requirements two to four times of

those associated with beams with no decay can be

expected.

6. Tests of reinforced concrete members subjected to slow

load reversals usually exhibit some pinching act~on in

force versus deformation relationships(S, 6, 13) This

phonoT.lena is most apparent in shear-shear distortion

hysteresi~ loop3. In general, the effect of pinching

in force-displacement hysteresis loops on overall

dynamic response is small. In certain cases, where

pinching is sever~ and for certain frequency charac

teristics of input motion, a drift in the axis of

oscillation of the structure can occur.
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i. Moderate var iations in inelastic loading, unloading,

and reloading branches of the hysteret ic loop of mell'l"

bers do not affect dynamic response of coupled wall

structures. This implies that any inaccuracy involved

in estimating the slopes (stiffnesses) of inelastic

branches need not be of concern to the analyst, par

ticularly in view of un~ertainties associaten with

other aspects of earthquake eng ineer ing. For members

that experience large inelastic ~eformation, as in the

case of cO'Jpling bearts, effect of variations in the

post-yield slope of the primary curve becomes more

pronounced.

8. The 20-story structure, considered in this investiga

tion, can be modeled as a reducea la-story model for

dynamic analysis.

9. An integration time increment of 0.01 sec. is suffi

ciently small to produce accurate results for the

structure considered in this investigation.
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NOTATIONS

.. Cross sectional arE-C' .

.. MC\dulus elastici ty of concrete •

.. Axial rigidity.

a Felxural rigidity.

.. Shear rigidity.

.. Moment of inertia of a section.

.. Moment of inertia of a section in a mOl. el

structure.

.. Moment of inertia of a section in a

prototype structure.

= Stiffness of a point hinge in elastic

range (a lxlOS).

.. 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 define3 the reduction

in the slope of reloading branches of

r ..
..
..
..

hysteretic loops.

Reloaoing parameter for hysteretic loops.

(Imod/Iprot) of a wall section •

(Imod/lprot) of a beam section •

Elastic stiffness
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T

u

V

ve
max

vie
max

vy
LM

AMA , liMa

AV

AVA , liVa

e~ , e~

a Fundamental period of vibration.

a ~nloading parameter for hyster~tic

loops.

:: Shear force.

5 Maximum shear force in elastic deformation

range.

• Maximllm shear force in inelastic deforma-

• Shear force yield level.

5 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.

5 Increments of shear distortion at member

ends A and a respectively.

: Increments of elastic sbear distortion

at member €nds A and a respecti?ely.

• Increments of plastic shear distortion

at member ends A and B respectively.

• Increments of chord rotation at member

ends A and B respectively.

• Increments of elastic chord rotation

at ~ember ends A and B respectively.

• Increments of plastic chord rotation

at member ends A and B respectively.
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CL

a

CL CL
A ' B

a l

H

• Ratio of the second slope to first slope

of bilinear mome~t-chorC 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 l = a 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.

• CL for walls.

• CL for beams.

• Ratio of the second slope to first

slope of bilinear moment-rotation

relationship of a point hinge at the

restrained end of a cantilever member.

•

Note that if ~ • 0; a l • IlA and ifH

MA • 0; as • ~.

Ratio of the ;econd slope to first slope

of bilinear shear-shear distortion

relationship.

• Ratio of the second slope to first slope

of bilinear shear-shear distortion

relationship of point hinges at member

ends A and B respectively.
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ee =
~ =
. =max
.:: =y

lJ ,.
r

Rotation.

El~stic rotation.

Plastic rotation.

Maximum rotatio".

Rotati~~ at yield.

Rotatio~al cuctility factor

( lJr '"' emaxi 8y)

'"' Ratio of moment at end B to moment at
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APPENDIX A

AXIAL FORCE-FLEXURE INTERACTION ~ODEL

Nature of the Problem

Nonlinear analysis of rei.nforced concrece members has b~en

a major concern in investigating response of structures 'Jnder

earthquake forces. Dynamic inelastic analysis requirea an ana

lytical model that accurately represents behavior un:1er flex

ure, shear, and ~xial forces. A reinforced concrete beam model

waE developed by Takeda(3) for constant level of axial force.

This model has been implemented into program DRAI~-2D in a

slightly modified form as Element No.6.

Coupled walls usually exh ibi t substantial -::hanges in ax ial

forces during their response to earthquake motions as illustra

ted in Fig. AI. A force couple is formed by the axial forces in

the coupled walls that resists overturning. These forces either

inc:ease or decrease compressive forces due to grav i ty loads.

In some cases, axial force due to coupling may far exceed

gravity load, creating net tension.

reduction in member flexural capacity.

This results in a

On the other hand,

compressive forces tend to in~rease flexural stiffness and

strength of walls. This makes the ~ompression wall attract more

forces. Continuous change in level of axial force during

respQnse affect~ yield level due to interaction between axial

force and flexure. This effect not on1y alters initial

flexural yield level, but also affects behav ior of the struc

ture in the post-yield range. Therefore, the original decreas-
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ing stiffness" beam model was modified to include axial force

moment interaction.

Axial Force-Moment Interaction

A typlcal axial force-moment interaction diagram is shown in

Fig. A2. Y~elding of a section is associated with yielding of

reinfor~ement. This condition corresponds to points on the

in~eraction diagram below the balanced point marked "B" (or

"B''') in Fig. A2. During response, axial forces are expected to

have values below that corresponding to the balanced point. In

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 p' ints a warning message

indicating possible crushing of concrete pr ior to yicloing of

reinforcement. This case ln3y also indicate unrealistic input

data.

Our ing analyEis, the yield moment of a section is deter

mi~ed for each time increment, corresponding to the axial force

ca lculated at the end of the immed::ately preceding interval.

These yield moments are used both for checking against yielding

and establishing post yield rules cf the hysteretic loop.

Poi~ts B, B', C, C I
, and D in Fig. A2 are specified as input to

th~ computer program.

Moment-Rotation Relationship

In simUlating behavior of a reinforced concrete member,

realistic representation of moment-r~tation relationship is im

portant. For members under uniform moment, the moment-rotation
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relationship for a specifi; level of axial force has the same

shape as the corresponding sectional moment-curvature relation

ship. This relationship can be idealized as a blli~ear curve as

shown in Fig. A4. This indicates identical slope for C",Lves

corresponding to differ~nt magnitudes of axial for~e. Inelastic

slope remains constant only if th~ axial load remains constant.

During response of a structure, there will be smooth shifts

between curves of different a~ial forces, reflecting either

hardening (\r softening of t~e structure due to increase or de

crease in the axial force, respectively. For purpose~ of this

development, bilinear moment-rotatien relationstip i~ used.

Hysteretic Loop

The hysteretic loop under co~sideration consists of 11

post-yield branches, 6 of which are loading, and the remainder

unload ing as shown in Fig. AS. Beg inn ing and end points of

each branch are found by followin'1 rules proposed by

Takeda (3) and are modified as affected Jy 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 introC';Jcin9 the effect of changing axial forces is

to update stiffness for the sub~equc~t time increment, based on

axial forcp. calculated for the current time increment.
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Loading in Elastic &ranch

Loading in the elastir: branch follows the same stiffness,

irrespective of level ofaxia~. force. At the end of eac~! tine

increment, a new level of axial force is computeG. The

corresponding yield moment is found fro~ moment-axial force

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 app:opriate yield level.

Loading in Inela~tic Branches

Upon exceed ing the current yield mom~ nt, load ing continues

along inelastic branches. Curing 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 relation

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 ha:dening of the element. This new

stiffness given by the slope of the moment-rotation diagram is

followed during the subs~quent 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 Le. the current time increment, point C is obtained. At

point C, the section has a specific value of moment, M2 , and

axial force, P2' Howevet, any point on line AC corresponds

to an axial load of Pl' Therefore, to be able to develop M2 and
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P2' the section should be loaded with reduced stiffness (slopel

of BC'. This reduction in slope reflects the decrease in

member stiffness due to the reduction in axial force from P1

to P2. In this model, correction to stiffness due to change

in axial fOlce during current time increment is applied to the

member dur ing the subsequent tiJII~ 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

si9nifica~(e as far as accuracy of the results are concerned.

If there is an increase in compression or decrease in ten

sion, then st iffness is increased dur ing response. Figure AS

shows an example of increasing axial force. I f there is too

much increase in force wi thin one time increment, then a very

steep slope or a negative slope can be encountered b~ this

procedur~. Since neither case is physically possible, the pro

gram enforces a maximum stiffness equal to the elastic stiff-

ness.

slope.

Figure A9 illustrates the possibility of a negative

Unloading Branches

Unloading in the elastic range follows the same stiffness as

loading. The behavior up to yielding is straightforward.

Unloading in the inelastic !'ange 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, i~ 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. AlD, no matter what the axial force ouring unloading, the

response starts at point "0" and ends at point "E". Any

correction to slope due to axial force effec:"s wi.ll eventually

be directed to poin~ E. Therefore, the effect of variation in

axial force during unloading is believed to be small and assumed

to have no significant contribution on the overall behavior of

a member. For this reason, a constant stiffress is assumed

during unloading. This stiffness corresponds to the le'l~l of

axial force present dur:ng the last time increment of loading or

leloading branch prior to unloading.

Reloading Branches

The same procedure employed for inelast ic load ing branches

applies tn reloading branches. An increase or decrease in axial

force is 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 intel action model wa!! developed by

mod ifying the or ig inal "decreasing stiffness" beam element of

program 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 reliabili ty of the

modifications introduced to the ori9i~al model.

One way to vet ify the analytical model is to compare re

sults of analysis with experimental results. Since the computer
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program DRAIN-2D produces results for dynamic analysis, any

compar ison with exper imental data will nave to be made wi th

dynamic test re~ults. Therefore, a comparison was made by using

the analytical model developed here to analyze re~ponse of a

small-scale lO-story coupled wall specimen. The model struc

ture was tested on the University of Illinois earthquake simu

lator by Aristizabal-ochoa. (14) The comparison is discussed

under "Dynamic Analyses" in the main body of this report. Com-

par ison of response h istor ies and envelopes shows good

agreement between analytical and experimental results. The

test data, however, provide information only on ~verall

structural behavi~r 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 th is behavior

was the primary purpose 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 t ,:,y

comparison. In the simulator test, the strong wall tends to

cancel the negative effect of the weak wall and produces an

overall "average" behavior that masks behavior of individual

walls. Although the test does not provide enough data to verify

the analytical model, this shouid net be taken to suggest that

the effect of axial torce-flexure interaction can be ignored
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in the analysis. The comparison of gross behavior does provide

so~e 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 eng:'neering principles, or by comp~rison with re

sults obtained usinq other 3nalysis programs. Dynamic analysis

of t~e previously described test specimen was also carried out

by Takayanagi at the University of Illinois, using a trilinear

moment-rotation relationship. (15) Comparison between the

analysis of this study and that at the university of Illinois

shows excellent agreement. The sequence and pattern of

yielding among members of the str.uctlJre is the same for both

analyses.

Another interesting observation of this compar ison is that

both analytical results of this investigation and analytical

results of the Ufliversi ty of Illinois do not show yielding in

walls when the moment-axial force interaction is ignor~d. This

indicates the importance of the effect of axial 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 resu~ts when moment-axial force interaction is

considered.

'1'0 provide further desct iption of the lIlOdel, two exuples

are discussed with reference to Pigs. A12 and A13. 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 thrt!e points are inter related and

vary with the level of axial force. In 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 yleld moment COl responding to

gravity load of 400,000 in-kips (point A). This is mainly

because of the increase in yield moment from "A" to"B" due to

compressive axial force. When the san'e wall is under tension,

yielding occuro; at point OlD" prior to reaching "COl, which is

the prescribed yield level under gravity load. Var iation 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. A12. During the first time increment following

yielding, the input stiffness for the second branch of bilinear

moment-rotation relati.onship is used. Depending c .., IE:vel 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) force. A question may ar ise about

the exact location of point "E". If the axial force is reduce~

from PI to P2' 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. If the structure is initially

stiff and becomes flexible dL;r ing loading, then rotatior. is

less than that for tile case where it is originally fl.exib:.e.

This concept is modeled 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 r.eLited to

the amount of change in axial force in an approximate way. It

is obs~rved that the structure is not sensitive to small varia

tion in the stiffness ~f one member for a small time increment.

Therefore, the location of "E" is found to be reasonably accu

rate.

The other important point is the change of stiffness during

reloading. Lines between "F" and "G" in Fig. Al2 are curving

upward, indicating an increase in stiffness due to increasing

compression. The reverse can 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 cutjrent level of yield moment which is used to determine

the end points of reloading branches. Since computation of

current yield moment involves nothin~ more than moment-axial

force interaction, yield moments and thus slopes of reloading

curves are found to be reasonably accurate.

Figure AI3 shows another example of moment-inelastic rota

tion hysteretic loop. The behavior of the reloading curves ir
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the "tension" (above the x-axis) and "compression" (below the

x-axis) zones indicate typical axial force-flexure int~raction

effects.

A plot of base moment-versus-hinging region rotation (w~ich

includes elastic rotation) of individual walls of a coupled

wall system is shown in Fig. A14. Difference in behavior

between tbe "tension" and "compression" w::llls can be seen in

this figure. Also shown in the figure for compar ison are the

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

DETE~~INATION OF INPUT PARAMETERS

FOR INELASTIC HINGES IN DRAIN-2D

Progr"lm DRAIN-2D allows for inelastic action in a member

through formation of point hinges at both end~ of an elast ic

line element. The elastic line element together with point

hinges simulate both elastic a.nd inelasti..: behavior of a real

member. This section d~scribes 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.*

Elastic stiffness parameter "EI" is necessary to define the

stiffness of the elastic beam element. When using the default

option, the program multiplies this lnput "Er" by a large number

(i.e., 10 8 ) and assigns it to point hinges. This means that in

the elastic range, poi~t hinges do not rotate (or rotate

r.egligibly) 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 pr imary curve is re-

qui red to establish rules for the hysteretic loop. This

information is specified by inputing the ratio of the second

* In DRAIN-2D the so-called wdefault" option governs when the
elastic stiffness parameter EI for point hinges are left un
specified where called for. Users of DRAIN-2D must be fami
liar with this input option.
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slope to the first slope of the moment-chord rotation relation-

ship of a me!mber (a'). The prograJ!l the!1 compuo.:es stiffness

ratio for ~oint hinge (~H)' based on a linearly varying moment

distr ibution wi th zero rna;. itude at one end. The relationship

between a l and aa is derived below.

p
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MOMENT DIAGRAM
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L
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• 3EI
r:;-

a 1

(l-Ct') K
s

(Bl)

where ~I s Input stiffness ratio of real member.

aH• Computed stiffness ratio of a point hinge.

Ks • A very large member stiffness (s 108 in DRAIN-2D) •

This expression is used in program DRAIN-2D to internally
,

compute the point hinge property waH" based on an input

value .. a'''. However, this derivation holds true only if the

moment diagram is li~ear and zero at or.e end. In reality,

different types of S1:r.uctures are exposed to different moment

distributions. In a coupled wall structure, wall elements have

almost uniform moment between any two floors and coupling beams

have linearly varying moment with double curvature. Therefore,

when using the default option of DR~.IN-2D, the input item .. a'"

should be modified sut;;h that, when Eq. (Bl) is used,

" as" for point hinge will be the correct value. This can

be done by substituting the correct value of a l (as given byH
Eqs. 9 or 10 in the text of this report) into Eq. (Bl) and

solving for input i tena a' •

It should be noted that Eq. (Bl) is a special case of Eq.

(9) that was developed in the main body of this report. Equa-

tion (9) applies to any kind of lIlOIIlent distribution, whereas

Eq. (Bl) holds true only for a cantilever with concentrated
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force c.t the tip, producing a linear moment distribution .... ith

zero mcment at free end. Similarly, a' and ~H are special cases

of r:t and ()A (or (la) respectively. In Eq. (9), if s = a implying

zero moment at free end then Eq. (Bl) is obtained. An example

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

end -A" is given below:

Cl • 0.05

-0.8 (minus sign comes from sign convention)

0.1128 E1
LKs

Substitute Ct into Eq. (Bi) as aa and solve for :t. 1lI •

A

0.1128 EI 3Et eL'

LKS
.. r::- a.' )(1 - K

S

at • 0.03623
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