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Parametric Study of Coupled Wall Behavior—Implications
for the Design of Coupling Beams

Kent A. Harries, M.ASCE1; J. Dan’l Moulton, M.ASCE2; and Robert L. Clemson, M.ASCE3

Abstract: Coupled walls are known to be efficient lateral load resisting systems; however, the relationship between their globa
behavior is not well understood and has been shown to result in structural systems having excessive internal deformation
demands on their component substructures. In order to investigate appropriate parameters for identifying efficient coupled w
etries, an initial parametric study of over 2000 coupled wall geometries is reported. These analyses permitted the evalua
sensitivity of the structural response to various geometric parameters. The objective of this study is to investigate the elasti
parameters of coupled wall structures and to identify parameters that will permit an accurate initial estimate of the global beh
coupled system, the local behavior of the coupling beams and the interaction between the global and local behaviors. Us
analysis and gross section properties, the role of representative geometric parameters in the response of coupled structures
The effect of using various code-prescribed reduced section properties is also discussed. The critical role of the coupling bea
also illustrated.
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Introduction

There has been a considerable body of work investigating
response of coupled wall structures. The emphasis of the ma
of studies of coupled wall behavior has been the global resp
of the walls. Coupled walls are known to be efficient lateral l
resisting systems and therefore the majority of studies of
behavior concentrate on optimizing the design process. R
investigations have included the classification of ‘‘efficie
coupled wall systems~Chaallal et al. 1996! and displacemen
based approaches to ensuring efficient wall-pier response~Munshi
and Ghosh 2000!.

A question remains, however, based on the expected res
of a coupled wall system. Can the coupling beams be detail
provide the ductility and deformability necessary for the wall
achieve the proposed efficient response? There is a sign
disparity between the flexural stiffness of the individual wall p
and the stiffness of the ‘‘frame,’’ composed of the wall piers
coupling beams. The frame stiffness is largely a function o
axial stiffness of the piers.

The relationship between the wall and frame action is the
gree of coupling. The degree of coupling~doc! of a coupled wal
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system is defined as the ratio of the total overturning mo
resisted by the coupling action to the total overturning mom

doc5
NLw

(Mw1NLw
(1)

whereN5axial load in walls due to shears in coupling bea
Lw5 lever arm between centroids of wall piers; andMw

5overturning moments in individual wall piers.
The axial force couple@NLw in Eq. ~1!# in the wall piers is

developed through the accumulation of shear in the cou
beams. The hysteretic characteristics of coupling beams,
fore, may substantially affect the overall response of a cou
wall system particularly for structures having a high degre
coupling. As coupling beams become stiffer, the wall system
havior approaches that of a single pierced wall exhibiting
frame action. Similarly, flexible coupling beams result in the
tem behaving as two isolated walls.

An effective coupling beam is generally quite short, havin
large shear-to-moment ratio. It is accepted that the ductilit
such concrete members having steep moment gradients m
limited and that the moment capacity decays rapidly in the
ence of the high shear. The expected coupling beam beh
strongly suggests the use of hybrid coupling beams~Shahrooz
et al. 1993; Harries et al. 1997; Gong et al. 1998; Harries
2000!. For these reasons, it is necessary to investigate the b
ior of coupling beams in light of the predicted demands place
them.

In a recent review study of analytic coupled wall behavior
experimental coupling beam behavior~Harries 2001! it is con-
cluded that the predicted displacement ductility demand of
pling beams is often greater than the experimentally demons
available ductility of these beams. It was also noted that cou
wall systems having a high degree of coupling are not neces
practical in the form in which they are often presented~Harries
2001!. A high degree of coupling is more practical for ca

where the wall piers are flexible. This is illustrated by the wall
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structures presented by Guizani and Chaallal~1995!. These walls
are an excellent example of obtaining a high degree of cou
with a practical structure. The individual walls in these case
quite slender, having height-to-width ratios between 10.5
23.3. In this case a high degree of coupling is relatively e
achieved with practical coupling beams having span-to-dept
tios of 5.5 and 4.4. Drift limits associated with the more flex
structure, rather than beam deformation capacity, serve to
excessive beam ductility demands. For less flexible wall sys
ductility capacities are often exhausted before typical drift lim
are achieved~Harries 2001!.

It was concluded that the degree of coupling, alone, is
always a suitable parameter for predicting or defining expe
coupled wall behavior~Harries 2001!. An additional paramete
capturing the wall slenderness and/or the relative stiffness o
walls and beams is necessary to accurately qualify coupled
response and link this response to limits imposed by architec
geometry.

In order to investigate appropriate parameters for identif
efficient coupled wall geometries, a parametric study of
2000 coupled wall geometries was conducted. These ana
permitted the evaluation of the sensitivity of the structural
sponse to various geometric parameters. The intent of this st
to investigate the elastic response parameters of coupled
structures and their impact on the local behavior and thus d
parameters of the coupling beams. The results of this param
evaluation will be used to:
1. Evaluate the role of critical geometric parameters in d

mining the response of coupled walls, focusing on the
mands placed on the coupling beams;

2. Identify a number of representative prototype structure
further nonlinear evaluation; and

3. Identify additional parameters affecting the respons
coupled structures.

The objective of this study is to identify parameters that
permit an accurate initial estimate of the global behavior
coupled system, the local behavior of the coupling beams an
interaction between the global and local behaviors. The long
objective is the development of a series of ‘‘selection algorith
that will permit a designer to enter certain desired perform
criteria and some predetermined geometric properties. The
rithms are used to determine reasonable values for some
other unknown geometric properties and to estimate the beh
of the coupled system early in the design process. Such
rithms should permit the initial selection of coupled systems
will work within a performance-based design context.

Parametric Study

For this parametric study, only the coupled core wall of the s
ture is considered to contribute to the lateral resistance o
structure. The initial prototype structure considered is based
18 story prototype presented previously by the author~Harries
et al. 1998!. The general prototype geometry for the parame
study is shown in Fig. 1. The parameters investigated are
vided in Table 1. For the initial parametric study, gross sec
properties were used for the wall piers and the coupling b
stiffness was only reduced to account for shear deformations
effect of different assumptions of effective properties will be
cussed later in this paper.

The prototype is a reinforced concrete double channel

wall with coupling beams spanning the flange wall toes. Both

JOURN
wall piers are identical. The walls have a uniform thicknes
450 mm~18 in.! over their entire height. Story heights,h, are also
constant at 3600 mm~142 in.!. The coupling beams are all 4
mm ~16 in.! wide. For evaluation purposes, the coupling be
are assumed to have a longitudinal reinforcing steel ratio,r, equa
to 0.02. For the initial study it is sufficient to assume that
beams are detailed to satisfy the seismic requirements, Cha
of ACI-318 ~2002!. As the parametric study is refined, the ac
beam details will be discussed. The structure surrounding the
is assumed to be symmetric—torsion will not be considere
this initial investigation—and weigh 10,000 kN~2250 kips! per
floor. It is assumed that concrete having a compressive stre
f c8530 MPa~4350 psi!, and a modulus,E528.5 GPa~4133 ksi!,
will be used throughout the structure.

All combinations of the parameters were investigated in
initial elastic analysis. While it is recognized that many of
resulting structures are architecturally or structurally impract
including all combinations permitted a large range of respons
be investigated.

Finally, only the coupled direction~left to right, in Fig. 1!
lateral resistance was investigated. It is acknowledged that
of the prototype structures—particularly those with a small v
of bw—may not be adequate to resist lateral loads in the pe
dicular direction.

Elastic Analysis of Coupled Shear Walls

Continuous Medium Method

The initial elastic analyses of the 2016 prototype geometries
carried out using the continuous medium method~Chitty 1947! of
modeling the coupled system. The continuous medium me

Fig. 1. Prototype geometry

Table 1. Geometric Parameters Considered

Parameter Values

Number of stories,n 6, 9, 12, 18, 24, 30 stories
Building height,H 21.6, 32.4, 43.2, 64.8, 86.4 and 108
Length of wall pier,L1 2, 3, 4, 5, 6, 7 and 8 m
Breadth of wall pier,bw 3, 6, 9 and 12 m
Length of coupling beam,Lb 1.2, 1.5, 2, 2.5, 3 and 3.5 m
Depth of coupling beam,db 700 and 1000 mm
Note: 1 m539.4 in.

AL OF STRUCTURAL ENGINEERING © ASCE / MARCH 2004 / 481
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results in closed form solutions for the internal forces and d
mations of the system. The complete derivation and resu
closed-form solutions for internal forces and displacemen
coupled wall structures having two piers and one row of coup
beams is presented in Chap. 10 and Appendix A of Stafford-S
and Coull ~1991!. The derivation is based on the plane coup
wall structure shown in Fig. 2~a!, where the coupling beams a
modeled as a continuous medium. The resulting internal fo
and reactions are shown in Fig. 2~b!. Having determined the in
ternal forces in the continuum, it is a straightforward matte
collect these at each of the discrete coupling beams.

Structural Behavior by the Continuous Medium
Method

The assumed lateral loading on the prototype structures is
angularly distributed load varying uniformly over the height
the structure,p(z/H), as shown in Fig. 2~a!. All internal forces
reactions and lateral displacements of the structure are
using the continuous medium method. Having found the s
flow, q(z), in the coupling medium and assuming fixed base
ditions, the relative deflection of the ends of the coupling be
may be found to be

d5
1

~kaH !2

pH3Lw

EI
F2@z/H,kaH# (2)

where p, H, Lw , and z are defined in Fig. 2;k, a and I are
defined below; andE5Young’s modulus.

FunctionF2 for the triangular loading case is~Stafford-Smith
and Coull 1991!:

F25Fsinh~kaH !2kaH/211/kaH

~kaH !cosh~kaH !
cosh@ka~H2z!#

2
sinh@ka~H2z!#

~kaH !
1S 12

z

H D2
1

2 S 12
z

H D 2

1
1

~kaH !2G
(3)

As has been previously stated, the degree of coupling~doc! is
typically used as an indicator of coupled wall behavior. The
gree of coupling for the triangularly distributed loading case
also be found, in closed form, from the continuous med

Fig. 2. Coupled shear wall geometry, loading and modeling
method~Chaallal and Nollet 1997!
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3

k2~kaH !2 F ~kaH !2

3
2cosh~kaH !

1
sinh~kaH !2kaH/211/kaH

cosh~kaH !
sinh~kaH !G (4)

Significance of Geometric Parameter k aH

In the previous equations, the parametersa andk are defined a
follows:

a5A12I cLw
2

Lb
3hI

(5)

k5A11
AI

A1A2Lw
2 (6)

where I 5sum of the moments of inertia of the individual w
piers (I 5I 11I 2); A5sum of the areas of the individual w
piers (A5A11A2); Lw , Lb , and h are defined in Fig. 2; an
I c5effective moment of inertia of the coupling beam accoun
for shear deformations

I c5
I b

11S 12EIb

Lb
2GAb

l D (7)

where I b and Ab5gross moment of inertia and area of the c
pling beam, respectively;E and G5Young’s modulus and th
shear modulus of the coupling beam; andl5shape factor, take
as 1.2 for rectangular sections.

The parametera is a measure of the relative flexibility of t
coupling beams and the walls. A low value ofa indicates a rela
tively flexible coupling beam system. In such a case, the ov
behavior of the system will be governed by the flexural resp
of the individual wall piers. A higher value ofa leads to greate
coupling ~frame! action between the walls. The parameterk is a
measure of the relative flexural to axial stiffness of the wall p
This parameter has a lower limit ofk51 representing axial
rigid wall piers and varies up to values of aboutk51.2. It should
be noted that a structurally and architecturally practical cou
structure will typically have ak value less than 1.1. The avera
k value of all structures in the present parametric study is 1

The parameter

kaH5AS 11
AI

A1A2Lw
2 D 12I cLw

2

Lb
3hI

H2 (8)

may be interpreted as a measure of the stiffness of the cou
beams and is most sensitive to changes in either the stiffne
length of the coupling beam—that is, thea term. If the connec
ing beams have negligible stiffness (kaH50) then the applie
moment is resisted entirely by bending of the wall piers. Tha
the structure behaves as a pair of linked walls. If the coup
beams are rigid (kaH5`) the structure behaves as a single c
tilever wall.

Typically, if kaH is less than 1, the structure is considere
have negligible coupling action (doc,20%) and behaves as
arrangement of linked walls. For values ofkaH greater tha
about 8, the coupling beams are considered to be stiff an
structural response is dominated by that of the wall piers a
scribed by the factork. In this case, a flexible wall pier syste
~higher values ofk) results in greater coupling action as the fl

ibility of the walls engages the frame action of the coupling
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beams. The relationship between kaH and the degree of couplin
~doc! is shown in Fig. 3.

For values of kaH greater than about 8, the incremental
sponse of the structure is exceptionally stable. The doc s
little variance with a further increase ofkaH ~see Fig. 3!. Global
structural deformations, represented by the roof deflection, s
in Fig. 4, normalized by the roof deflection for a pair of link
cantilever walls, are also relatively unaffected beyondkaH58.
The roof deflection of a coupled wall having a triangularly
tributed lateral force is~Stafford-Smith and Coull 1991!

yH5
11pH4

120EI
F3@kaH# (9)

The factorF3 is the reduction in roof deflection provided by
coupling action compared to the roof deflection of a pair of lin
walls yH511pH4/120EI ; and is given as

F3512
1

k2 1
120

11

1

k2~kaH !2

3F13 2
11~kaH/221/kaH !sinh~kaH !

~kaH !2 cosh~kaH ! G (10)

Fig. 4 clearly demonstrates the advantages of coupling wa
order to controll lateral displacements. At higher degrees of

Fig. 3. Degree of coupling determined from Eq.~4!

Fig. 4. Effect of coupling action on roof deflection~adapted from
Stafford-Smith and Coull 1991!
JOURN
pling, the roof deflection falls below 33% of that expected if
same walls were simply linked, acting as a collection of i
vidual cantilevers.

Although the global response of the structure remains
tively consistent at values of kaH greater than 5~see Figs. 3 an
4!, once high levels of coupling are achieved, many of the
response parameters continue to be significantly affecte
changes inkaH. Fig. 5 shows the distribution of shear in
coupling beams as represented by the shear flow in the theo
coupling continuum~Stafford-Smith and Coull 1991!

q5
pH

k2Lw
F2@z/H,kaH# (11)

FunctionF2 is defined in Eq.~3!. The expected shear in t
coupling beams continues to increase with kaH and the distribu
tion of coupling beam shear forces becomes less uniform
respect to the height of the structure.

High shear in coupling beams may be a critical factor in
sign in as far as coupling beams are typically relatively short
have a correspondingly steep moment gradient. More si
cantly, nonuniform shear demand over the height of the stru
can also negatively impact the design of the wall system.
example, Canadian design practice~CSA 1994!, clearly states tha
the piers of a coupled wall system must be designed for fo
resulting from all of the coupling beams reaching their nom
capacities~all coupling beams yielding!. At high degrees of cou
pling, this may be a very restrictive requirement. The Cana
code mitigates the restrictiveness of this requirement some
by specifically permitting a redistribution of forces between c
pling beams of up to 20% provided the total capacity does no
below the total demand. A similar requirement for considering
nominal capacity of all beams is implied in theCommentaryof
ACI 318 ~2002!, although it would appear as though the desig
is given more discretion in this case. There is no discussio
redistribution in the ACI code.

Parametric Analysis

Assumptions of Parametric Analysis

In order to conduct the analysis and assessment of structu
sponse, a number of additional assumptions are necessar
structural response will be assessed based on its conforma
the requirements of the 2000 International Building Code~IBC

Fig. 5. Effect of coupling action on shear forces in coupling be
~adapted from Stafford-Smith and Coull 1991!
2000!. The following additional assumptions were made:

AL OF STRUCTURAL ENGINEERING © ASCE / MARCH 2004 / 483
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1. The prototype structure is assumed to be located in d
town Seattle in a location having a Site Class D. The ma
spectral accelerations areSS51.50 andS150.50.

2. For the purpose of determining an upper bound for the
shear, the Importance Factor,I , is assumed to be equal
1.25.

3. The Global Response Modification Factor,R, is assumed t
be equal to 6.

4. The Deflection Amplitude Factor,Cd , is assumed to b
equal to 4.5.

5. The equivalent lateral load is idealized as a triangularly
tributed load@see Fig. 2~a!#.

Elastic Analysis Procedure

The objective of this study is to identify parameters that
permit an accurate initial estimate of the global behavior
coupled system, the local behavior of the coupling beams an
interaction between the global and local behaviors. As such
response parameters of interest are lateral displacement, inte
drift, and coupling beam deformations as measured by the c
rotation over the length of the beam. The analyses proceed
the following manner for each structure:
Step 1: Using Eq. ~9!, determine the value of the triangula
applied load,p(z/H), resulting in the maximum allowable ro
displacementyH50.02H/R ~2% drift limit!.
Step 2: Calculate the values of interstory drift,Dn , correspondin
to the applied loadp(z/H).
Step 3: If necessary, scale the solution such thatDmax does no
exceed the maximum allowable interstory drift,D5 0.02h/R
512 mm~0.5 in.!. Thus the magnitude of the triangularly distr
uted load becomesp5pfrom step 112 mm/Dmax. This is the applie
load which results in the structure attaining either a maxim
interstory or overall drift of 2%.
Step 4: The equivalent elastic base shear is found to bV
50.5pH. Because some of the prototype structures are very
the base shear determined in Step 4, which assumes that t
drift limit has been met, may be exceptionally large. In additio
limiting the response to the allowable drift limit, responses
further limited by an upper bound base shear. This base
limit is that determined by the IBC 2000 equivalent lateral fo
~ELF! procedure

V5CSIW (12)

where CS5seismic response coefficient ~IBC 2000!;
I 5Importance Factor~IBC 2000!, assumed to be equal to 1.2
and W5seismic weight of the building, previously defined
10,000 kN per floor. Table 2 summarizes the ELF procedure
resulting upper limits applied to the base shear determined in
4. In this way, the magnitude of the applied triangularly dist
uted load,p, is found such that all the following conditions a

Table 2. IBC 2000 ELF Procedure Natural Periods and Base Sh

n
W

~kN!
T51.2(0.049)H3/4

~s!
Cs

~kN! V5CsIW

6 60,000 0.59 0.178 13,315
9 90,000 0.80 0.131 14,736
12 120,000 0.99 0.106 15,835
18 180,000 1.34 0.078 17,524
24 240,000 1.66 0.063 18,831
30 300,000 1.96 0.063 23,438

Note: 1 kN5225 lbs.
met:
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1. The roof drift does not exceed 2% of the height of the s
ture;

2. The maximum interstory drift does not exceed 2% of
story height; and

3. The base shear does not exceed that determined usi
ELF procedure of IBC 2000.

Step 5: Having determined the value ofp, calculate all beam
deflectionsd from Eq. ~2!.
Step 6: The maximum coupling beam chord rotation,wmax, is
found from the maximum beam deformation,dmax, found in Step
5

wmax5
Cddmax

Lb
(13)

whereLb5 length of the coupling beam.

Coupling Beam Ductility Demand and Yield
Displacement

For the sake of comparison between prototype structures an
perimentally determined coupling beam behaviors, the cou
beam displacement ductility demand,mb , is determined. The di
placement ductility is the chord deformation found in Eq.~13!,
wmax, divided by that corresponding to yield of the coupl
beam,wy .

The yield displacements of the coupling beams,dy , were de
termined from a plane section analysis of the beams; the
deformation,wy , is found by dividingdy by the length of th
beam, Lb . This analysis was carried out using the prog
RESPONSE-2000~Bentz and Collins 2000!. It was assumed th
the beams had a longitudinal reinforcing ratio,r50.02, for both
the top and bottom steel. For evaluation purposes, it is ass
that all beams were detailed in accordance with Chap. 21 o
318 ~2002!, thus some beams would have diagonal reinfor
while some would be conventionally reinforced~conventional re
inforcement is shown in Fig. 1!. This distinction will be importan
later when assessing the likely performance of the cou
beams. Table 3 summarizes the assumed coupling beam
and chord rotations at yield. Also shown in Table 3 is the lik
reinforcing arrangement—diagonal or conventional—base
ACI 318 ~2002!. requirements.

Results of Parametric Study
Table 1 provides a summary of the dimensions of the proto
structures considered. In the parametric study, the valuesk
range from 1.01 to 1.12. The values ofa range from
0.4631024 to 5.5231024 m21. The resulting values ofkaH
range from 1.1 to 36.4, corresponding to doc values of 19
93%. It is noted that most extreme values in this study do
represent architecturally practical structures but are includ
capture the full range of response.

Fig. 6 shows the range of response parameters obtained
the elastic analyses of the prototype structures. In this figur
prototype structures are grouped along the horizontal axis b
number of stories,n. Within each group, the structures are furt
arranged according to the depth of their coupling beams,db . In
these figures, data represented by filled circles represent stru
whose response is limited by the 2% drift limit—that is, the b
shear required to cause a limiting story drift is less than the
shear arrived at using the IBC 2000 ELF method. The data
resented by open circles is limited by the base shear,V—that is,

the calculated storey drifts for these structures, at the IBC 2000
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base shear load level, are below 2%. This distinction is m
clear in Fig. 6~a! discussed below. Finally, the larger data poi
labeled ‘‘further analysis,’’ represent the prototype structures
sen for further analysis. The selection of these structures w
discussed further below.

Fig. 6~a! clearly illustrates the limits described in Steps 3
4 of the elastic analysis procedure described above. All of the
points shown~open and closed circles! correspond to the value
the seismic resposnse coefficient,Cs , obtained by simply limiting
the maximum interstory drift to 2%~Step 3!. Clearly, for shor
structures having stiff beams and walls, the base shear requ
obtain this drift limit is very large. As such, the base shear l
was imposed~see Table 2 and Step 4!. The effect of this is that a
of the open circle data points in Fig. 6~a! are reduced to the lin
shown for V. All data presented other than that in Fig. 6~a! reflect
this reduction.

Coupling beam ductility demand, based on chord rotatio
shown in Fig. 6~b!. As expected, for tall structures whose
sponse is limited by interstory drift, the beam ductility is mod
ate and generally falls near or below the selected value oCd

54.5. Similarly, beam ductility demand for taller structu
whose response was limited by base shear also fall in this r
The beam ductility demand of shorter structures, however
creases significantly despite most of these structures having
story drifts well below the 2% limit.

Coupling Beam Ductility Capacity

In a previous paper~Harries 2001!, the author proposed practic
limits to the degree of coupling in order to control the duct

Fig. 6. Response parameters from elastic analysis

Table 3. Values of Yield Deformations for Coupling Beams

Beam length,Lb ~mm!

7003400 mm beams

r50.02 ~8–30 M bars top and

Arrangement dy ~mm!

1,200 Diagonal 3.0
1,500 Diagonal 4.4
2,000 Diagonal or conventional 7.0
2,500 Diagonal or conventional 10.2
3,000 Conventional 14.0
3,500 Conventional 18.2

Note: 25.4 mm51 in.
JOURN
demand in the coupling beams. In light of the present study
clear that additional parameters enter into the determinatio
coupling beam ductility demand and simply restricting the do
not sufficient, particularly for shorter structures. Additiona
based on a review of available experimental data~Harries 2001!,
the author has identified sustainable levels of displacement
tility for various well-detailed coupling beams: five for conv
tionally reinforced concrete coupling beams, seven for diago
reinforced concrete coupling beams and up to 12 for steel
pling beams. Based on these levels of sustainable ductility
considering the results shown in Fig. 6~b!, it can be seen th
well-detailed reinforced concrete coupling beams are likely t
able to provide sufficient levels of ductility in tall and midr
structures.

Coupling Beam Shear Capacity

Ductility capacity of the coupling beams notwithstanding,
shear stress carried by concrete beams must also be cons
ACI 318 ~2002! limits the shear stress to 0.67Af c8 ~MPa units!
and 0.83Af c8 (8Af c8 and 10Af c8 in psi units! for conventionally
and diagonally reinforced concrete coupling beams, respect

Fig. 7 plots the coupling beam ductility demand against
average coupling beam shear demand. The average co
beam shear is determined as the sum of the axial forces i
wall, T, divided by the number of stories,n. This value would
represent the ideal case of all coupling beams having the
capacity and yielding simultaneously. Coupling beam shear v
over the height of the structure~see Fig. 5!, therefore the max
mum coupling beam shear in any structure is greater tha
average presented. In this parametric study, the shear dem
the critical coupling beam varied from 1.2 to 23.8 times the
erage coupling beam shear demand. The average increase i
demand for the critical coupling beam was 1.78 times the ave
shear demand.

Also shown in Fig. 7 are the regions of acceptable behavio
conventionally and diagonally reinforced concrete coup
beams. These regions are bounded by the ACI 318 limits to
stress and the sustainable ductility limits described previous
is clear that, while most of the prototype structures fall wi
ductility limits, many exceed shear stress limits. Indeed, if
considers the critical coupling beam in each structure, only
and 7.4% of the structures considered satisfy the shear stres
its for diagonally and conventionally reinforced concrete coup
beams, respectively.

It can be shown~Brienen and Harries, unpublished, 2003! that
when one includes the effects of code-prescribed torsion, re
dancy factors and material resistance factors, very few reinfo

10003400 mm beams

r50.02 ~8–35 M bars top and bottom!

fy Arrangement dy ~mm! fy

0.0025 Diagonal 2.4 0.0
0.0029 Diagonal 3.4 0.0
0.0035 Diagonal 5.4 0.0
0.0041 Diagonal or conventional 7.8 0

0.0047 Diagonal or conventional 10.4 0.
0.0052 Diagonal or conventional 13.6 0.
bottom!
concrete coupling beam designs will satisfy the requirements of
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ACI 318. Often designers assume very strong concrete and
low beam stiffness in their analyses in order to make the cou
beams acceptable based on strength. Unfortunately, such as
tions result in excessive ductility demands.

Finally, it can also be demonstrated~Brienen and Harries, un
published, 2003! that the practical design of diagonally reinforc

Fig. 7. Coupling beam ductility and average shear demand

Table 4. Effective Section Properties Recommended by Various

Member Parameter Gross section A

Compression wall in flexure I 2 EI2 0.70
Tension wall in flexure I 1 EI1 0.35

I 5I 11I 2 2.0EI1 1.05
Compression wall axial A2 EA2 EA
Tension wall axial A1 EA1 0.35E

A5A11A2 2.0EA1 1.35E

Conventionally reinforced beams I c EIc 0.35

Diagonally reinforced beams I c EIc 0.35
486 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / MARCH 2004
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concrete beams is not possible for shear stresses greate
about 0.50Af c8 (6Af c8). In all but the very deepest beams, i
simply not possible, from a constructability standpoint, to pro
sufficient diagonal reinforcement while respecting concrete c
development, confinement and bundling requirements.

Effective Section Properties
The previously discussed analysis used gross section prop
~see Table 4! in an elastic analysis. While the authors feel that
is valid in the large parametric study to gain an understandin
global and local behavior, this would not be the case in the d
of individual structures.

There are a number of standard assumptions used in estim
the effective stiffness of a concrete element for use in analys
this section, the recommendations presented in three nationa
crete design codes, those of the U.S.@ACI 318 ~2002!#, Canada
@CSA A23-3 ~1994!# and New Zealand~NZ 3101 1995!, are in-
vestigated for their effect on the elastically predicted behavi
coupled walls.

As indicated in Fig. 6, a number of the prototypes have
selected for further parametric study and eventual nonl
analysis. The prototypes selected represent a range of param
two heights~12 and 24 stories! and represent architecturally pr
tical core walls. Eighteen prototypes were selected, nine h
beam dimensions appropriate for conventional reinforcemen
nine for diagonal reinforcement. The 18 selected prototypes
values ofk ranging from 1.03 to 1.08 and values of kaH ranging
from 2.3 to 36.1.

All 18 prototypes were subject to an additional five ela
analyses each using different code-prescribed effective stif
values. These analyses were conducted using the effective
and beam properties given in Table 4. It is noted that the NZ
code has different effective property recommendations bas
the global ductility level,m, considered. The ACI 318 and CS
A23 codes provide only a single recommended value irrespe
of structural performance considered.

Impact of Use of Effective Properties on Response
Parameters

A summary of the effect that the assumed reduced section
erties have on the response parameters is presented in Tab
each case, the values presented in Table 5 are ratios of the
lated parameter with respect to the parameter determined
the gross section properties.

nal Concrete Codes

8 CSA A23-3

NZS 3101

m51.25 m53 m56

0.80EI2 EI2 0.70EI2 0.45EI2

0.50EI1 EI1 0.50EI1 0.25EI1

1.30EI1 2.0EI1 1.2EI1 0.70EI1

EA2 EA2 0.90EA2 0.80EA2

0.50EA1 EA1 0.75EA1 0.50EA1

1.50EA1 2.0EA1 1.65EA1 1.3EA1

0.20EIb

113~d/Lb!2

EIb

115~d/Lb!2

0.70EIb

118~d/Lb!2

0.40EIb

118~d/Lb!2

0.40EIb

113~d/Lb!2

EIb

1.711.3~d/Lb!2

0.70EIb

1.712.7~d/Lb!2

0.40EIb

1.712.7~d/Lb!2
Natio

CI 31

EI2

EI1

EI1

2

A1

A1

EIb

EIb
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.95

2.01
1.66
7–0.99
As is expected when reduced section properties are used
placements, and thus ductility demand, particularly on the
pling beams, increase. Similarly, the average shear demand
beams is reduced, however the shear demand is still gen
observed to be greater than code-prescribed limits as disc
previously.

Although the general impact of code-prescribed effective
tion properties is expected, it is interesting to contrast these
ommendations. As can be seen in Table 5, the modeling re
mendations of CSA A23 result in a substantial reduction in
parameterkaH, and thus in the doc, as compared to that ca
lated using gross section properties or those determined
other code assumptions. The NZ 3101 assumptions, on the
hand, result in very little change to these parameters. Thus
elastic analysis of the same structure based on assumptio
these codes will result in significantly different assumed beha
The coupling beam ductility demand found in the CSA-ba
analysis will be substantially greater than that found in the
based one. More importantly, the coupling beam shear de
found in the CSA analysis will be lower than that determined
NZ. These differences have implications on design philoso
and particularly in attempts to develop international codes
performance based specifications.

Finally, the ACI recommendations do not differentiate betw
conventional and diagonally reinforced coupling beams. The
dicted behavior of these prototypes suggests that the ass
stiffness reduction of 0.35EIb for coupling beams is greater th
appropriate if correlation with other recommendations is con
ered. Indeed, common U.S. practice is often to use 0.15EIb and
0.30EIb for conventional and diagonal reinforced coupl
beams, respectively. These values are more consistent with
calculated using the CSA or NZ recommendations.

Conclusions

An extensive parametric analysis of coupled wall behavior
conducted. Using elastic analysis and gross section propertie
role of representative geometric parameters in the respon
coupled structures has been illustrated. The effect of using va
code-prescribed reduced section properties is also discusse
critical role of the coupling beam design has also been illustr

It is established that coupled wall behavior may be desc
using the geometric parametersk anda, given in Eqs.~5! and~6!,
the overall height of the structure,H and the product of thes
three parameters,kaH. These parameters may be used to obta
basic prediction of coupled wall behavior early in the de

Table 5. Effect of Effective Section Properties on Response Pa

Parameter Coupling beam reinforcement AC

k Both
kaH Conventional '

Diagonal 1.
doc Conventional 0

Diagonal 1.
Beam ductililty demand,mb Conventional 1

Diagonal 0.
Beam shear demand Both
process—when only basic geometry is known.

JOURN
f

e

While it is well recognized that increasing the degree of
pling improves the global performance of a structure, increm
improvement is negligible oncekaH exceeds a value of appro
mately 5. When one considers local coupling beam design
creasingkaH beyond approximately 5 produces greater dem
on the critical coupling beams without a corresponding impr
ment in the performance of the structure. The selection of
pier parameterk also affects the global performance of the st
ture. A more flexible wall system increases the coupling,
reducing the moment demand on the individual piers, but
results in greater lateral displacements of the structure. Bas
the continuous medium method and practical limits to the v
of k, attaining a doc greater than 70% is inefficient from a st
tural response standpoint and attaining a doc greater than 8
impractical.

In using the response parameterkaH to investigate the beha
ior of a coupled wall, the use of appropriate effective sec
properties is critical in determining the structural behavior.
selection of reduced section properties for the coupling beam
a considerable impact on the predicted shear and deform
demands. Different effective properties should be used for
ventionally and diagonally reinforced beams.

Coupling beam ductility demand will often exceed the pra
cal limits of sustainable ductility for reinforced concrete coup
beams. Taller and more flexible structures whose designs ar
ited by interstory drift considerations will exhibit coupling be
deformation demand that can be accommodated by well-de
reinforced concrete beams. Shorter and stiffer structures m
candidates for more ductile steel coupling beams. Finally
results of this parametric study demonstrate that little struc
benefit is obtained by coupling short~six and nine story! stiff wall
piers.

Ductility capacity of the coupling beams notwithstanding,
average shear demand on the concrete coupling beams is
to often exceed the ACI 318~2002! limits for shear stress
reinforced concrete coupling beams. Additionally, the shea
mand in the critical beam of the system exceeds the averag
mand by a factor whose average is 1.8. The difference bet
the maximum coupling beam shear demand and the averag
mand is reduced with lower values ofkaH. Finally, when one
includes the effects of code-prescribed torsion, redundancy
tors and material resistance factors, very few reinforced con
coupling beam designs will satisfy the requirements of ACI
This result, in addition to constructability issues associated
coupling beams, suggests either the use of steel coupling b

ers

tio of parameter to that calculated using gross section properties

2 CSA A23-3-94

NZS 3101-1995

m51.25 m53 m56

0.999 1.000 '0.98 '0.97
0.55 0.85–1.07 0.86–0.95 0.85–0

41 0.77 '0.95 '0.94 '0.93
.99 0.57–0.86 '1.00 '1.02 '1.04
05 '0.97 '0.98 '1.01 '1.02
.38 2.00–4.50 0.88–1.33 1.43–1.61 1.73–
79 1.5–1.75 1.04–1.10 1.09–1.40 1.17–
1.02 0.27–0.97 0.94–1.01 0.62–0.99 0.3
ramet

Ra

I 318-0

1.001
0.90

15–1.
.89–0
01–1.
.05–1
52–0.
0.44–
or the adoption of performance-based design methods for over-
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coming the code-prescribed limitations of concrete coup
beams.

Notation

The following symbols are used in this paper:
A 5 sum of cross sectional areas of individual wall pie

A1 andA2 ;
Ab 5 cross sectional area of coupling beams;
bw 5 width of wall piers;
Cd 5 deflection amplitude factor from IBC~2000!;
Cs 5 seismic response coefficient from IBC~2000!;
db 5 depth of coupling beams;

doc 5 degree of coupling defined in Eqs.~1! and ~4!;
E 5 modulus of elasticity;
f c8 5 compressive strength of concrete;
G 5 shear modulus;
H 5 overall height of structure;
h 5 story height;
I 5 sum of moments of inertia of individual wall piers

I 1 and I 2 ;
I 5 importance factor from IBC~2000! ~Table 2 only!;

I b 5 gross moment of inertia of coupling beams;
I c 5 effective moment of inertia of coupling beam

defined in Eq.~7!;
k 5 geometric parameter defined in Eq.~6!;

Lb 5 length of coupling beams;
Lw 5 distance between centroids of wall piers;

L1 ,L2 5 length of individual wall piers;
Mw 5 moment in individual wall pier;

N 5 axial force in wall piers;
n 5 number of stories;

n(z) 5 axial forces in coupling media;
p 5 magnitude of top of triangular load;

q(z) 5 shear in coupling media;
R 5 global response modification factor from IBC

~2000!;
SS ,S1 5 mapped spectral accelerations for 0.2 and 1 s,

respectively;
T 5 period of structure from IBC~2000!;
V 5 IBC ~2000! seismic base shear;
W 5 seismic weight of building;
yH 5 lateral displacement at roof;

z 5 vertical dimension of structure;
a 5 geometric parameter defined in Eq.~5!;

Dn 5 interstory drift at floorn;
d 5 relative displacement of coupling beam ends;
dy 5 yield displacement of coupling beam ends;

488 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / MARCH 2004
l 5 shape factor;
mb 5 coupling beam ductility demand;

r 5 reinforcement ratio of coupling beams;
w 5 curvature of coupling beams; and

wy 5 yield curvature of coupling beams.
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