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A study on the behaviour of coupled shear walls
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Abstract. An effective design technique for symmetrical coupled shear walls is presented. Proposed
formulation including assumptions and steps with mathematical formulation has been elaborated to make
the design technique. An example has been considered to validate the technique with the DRAIN-3DX
(1993) and SAP V 10.0.5 (2000) nonlinear programs. Parametric study has also been considered to find
out the limitations along with remedial action of this technique. On the other hand, nonlinear static
analysis is considered to determine the response reduction factor of coupled shear walls. Finally, it has
been concluded in this paper that the proposed design technique can be considered to design the coupled
shear walls under seismic motion.
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1. Introduction

There are various building codes (ACI 318 1995, NZS 3101 (Part1) 1995, ACI 318 1999, AISC

2000 and ACI 318 2005) which provide guidelines to design a coupled shear walls considering its

linear and nonlinear behavior. Similarly, Schulz (1961), Beck (1962), Rosman (1964), Burns (1965),

Mcleod (1966), Coull et al. (1967), Choudhury et al. (1967), Schwaighofer (1967), Jain et al.

(1967), Coull et al. (1968), Kratky et al. (1971), Swift et al. (1971), Kumar (1978), Smith et al.

(1991), Shahrooz et al. (1993), Kuang et al. (1999), Kuang et al. (2000), Chan et al. (2000), Kuang

et al. (2001), Aksogan et al. (2003) and Kim et al. (2003) described the different methods

(Continuous connection method, Differential equation method, Matrix analysis, Finite element

method, Wide column frame analogy etc.) to analyze the coupled shear walls based on its linear

behavior. It has been observed that continuous connection method is based on Chitty (1947)’s

concept.

All the above mentioned authors stated same assumptions in their papers. These are:

1. Coupled shear walls exhibit flexural behavior.

2. Coupling beams carry axial forces, shear forces and moments.
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3. The axial deformation of the coupling beam is neglected.

4. The effect of gravity loads on the coupling beams has not been taken.

5. The horizontal displacement at each point of wall 1 is equal to the horizontal displacement at

each corresponding point of wall 2 due to the presence of coupling beam.

6. The slopes and curvatures of the two walls are same at any level. and

In those papers, both symmetrical and unsymmetrical coupled shear walls were taken for analyses

and the base of the shear walls were found as fixed base and flexible base (assuming spring)

conditions. On the other hand, Hindalgo et al. (2002) described the analytical model to predict the

inelastic seismic behavior of unsymmetrical shear walls with fixed base. Paulay (1970) also

explained the elasto-plastic analysis of fixed base unsymmetrical coupled shear walls based on the

continuous connection method and Winokur et al. (1968)’s design concept. He has analyzed the

walls (ductility of 6) considering both uncracked and cracked sections with the assumption of

formation of all plastic hinges in the coupling beams and at the base of the shear walls at the

collapse mechanism. Nadjai et al. (1998) has also shown the ductility of 6 for flexible based

(assuming spring) unsymmetrical coupled shear walls. Chan et al. (1989) has prepared the elastic

design charts of stiffened unsymmetrical coupled shear walls with fixed base. Similarly, Hutchison

et al. (1984), Wallace et al. (1992), Wallace (1994) have given methodologies to design the

symmetrical coupled shear walls for fixed base condition during earthquake. Paulay et al. (1976),

Lu et al. (2005) described the modeling of symmetrical ductile coupled shear walls with fixed

bases. They have verified these models experimentally. Paulay et al. (1976) showed the ductility of

coupled shear walls with diagonally reinforced coupling beam was greater than the conventional

reinforced coupling beam; whereas, Lu et al. (2005) calculated the ductility about 4 for coupled

shear walls with deep beam of Lb/db < 1.5. For completely ductile coupled shear walls, ductility

exhibits 4; whereas, for partially coupled shear walls the ductility found as 3.5 (Chaallal et al. 1996

and Mitchell et al. 2003). Saka (1992), Harries et al. (1993), Munshi et al. (2000), Paulay (2002)

have explained seismic design methodology for symmetrical coupled shear walls with fixed base

conditions. Among those Paulay (2002) has shown the ductility of 5 at the collapse mechanism and

Harries et al. (1993) has considered the steel coupling beam in coupled shear walls to obtain more

ductility. In addition, some text books on RCC structures (Paulay et al. 1992, Englekirk 2003)

provide guidelines for designing a coupled shear walls considering its linear and nonlinear behavior.

In those books, seismic design approaches of symmetrical coupled shear walls with fixed bases

have been described. Significance for considering different types of coupling beams has been

explained and reduced sectional properties have been taken care for designing the shear walls. Both

the books have taken the ductility factor of coupled shear walls as 5.5. However, Indian codes do

not discuss anything about ductility factor of coupled shear walls. It has given only the response

reduction factor as 5 for special moment resisting frames (IS 1893 (Part 1) 2002). Hence, in this

paper an attempt has been made to develop a design technique to obtain an adequate ductility of

coupled shear walls considering its ideal seismic behavior (stable hysteresis with high earthquake

energy dissipation). It has also been seen from the above surveys that all the coupled shear walls

were varying in between 6 to 40 stories; whereas, for the design purposes coupled shear walls were

considered as symmetrical coupled shear walls. Therefore for preparing this design technique,

symmetrical coupled shear walls have been considered. Design/capacity curve of coupled shear

walls has been obtained at the collapse mechanism of the structure based on this technique. The

design technique is applied to both fixed base and pinned base coupled shear walls. To start with,
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procedure is useful in selecting the preliminary dimensions of symmetrical coupled shear walls and

subsequently arrives at a final design state. Further, this technique is particularly useful for designer,

consultant and practicing engineer who have no access to sophisticated software packages. A case

study has been performed implementing the technique with the help of Microsoft Excel Spreadsheet

and the results have been validated. Parametric study has also been considered to find out the

limitations along with remedial action of this technique. On the other hand, nonlinear static analysis

is considered to determine the response reduction factor of coupled shear walls.

2. Proposed formulation

In Fig. 1, the coupled shear walls are subjected to a triangular variation of loading with amplitude

F1 at the roof level. The value of F1 is obtained corresponding to the CP level of structure.

Subsequently the base shear and roof displacement can be determined. The procedure involving

Fig. 1, the assumptions, steps and mathematical calculation with initial value of F1 as unity has been

illustrated as follows.

2.1 Assumptions

The following assumptions are adopted for the design technique to obtain the ideal seismic

behavior of coupled shear walls.

1. The analytical model of coupled shear walls is taken as two-dimensional entity.

2. Coupled shear walls exhibit flexural behavior.

3. Coupling beams carry axial forces, shear forces and moments.

4. The axial deformation of the coupling beam is neglected.

5. The effect of gravity loads on the coupling beams is neglected.

6. The horizontal displacement at each point of wall 1 is equal to the horizontal displacement at

Fig. 1(a) Coupled shear walls  Fig. 1(b) Free body diagram of coupled shear walls



648 Dipendu Bhunia, Vipul Prakash and Ashok D. Pandey

each corresponding point of wall 2 due to the presence of coupling beam.

7. The slopes and curvatures of the two walls are same at any level.

8. The point of contra flexure occurs at mid point of clear span of the beam.

9. The seismic design philosophy requires formation of plastic hinges at the ends of the coupling

beams. All coupling beams are typically designed identically with identical plastic moment

capacities. Being lightly loaded under gravity loads they will carry equal shear forces before a

collapse mechanism is formed. All coupling beams are, therefore, assumed to carry equal shear

forces.

10. The nonlinear static analysis has been considered (ATC 40 1996) to carry out the study.

Hence, the distribution of the lateral loading is assumed as a triangular variation, which conforms

to the first mode shape pattern.

2.2 Steps

The following iterative steps are developed in this study for the design of coupled shear walls.

1) Select type of coupling beam and determine its shear capacity.

2) Determine the fractions of total lateral loading applied on wall 1 and wall 2.

3) Determine shear forces developed in coupling beams for different base conditions.

4) Determine wall rotations in each storey.

5) Check for occurrence of plastic hinges at the base of the walls when base is fixed. For walls

pinned at the base this check is not required.

6) Calculate coupling beam rotation in each storey.

7) Check if coupling beam rotation lies at collapse prevention level.

8) Calculate base shear and roof displacement.

9) Modify the value of F1 for next iteration starting from Step (2) if Step (7) is not satisfied.

2.3 Mathematical calculation

The steps which are described in the above have been illustrated here as follows:

Step 1

The type of coupling beam can be determined according to Table 1 and shear capacity can be

calculated as follows.

i. Reinforced concrete coupling beam

Shear capacity of coupling beam with conventional reinforcement 

whereas, shear capacity of coupling beam with diagonal reinforcement +

 and shear capacity of coupling beam with truss reinforcement Vsp =

+ . where,  and =

. All three shear capacities must be less than equal to . where, λ0

is member over strength factor of 1.25. Moment capacity for all three types of reinforcements can

be written as: . where, d is the effective depth of the coupling beam, d' is the

distance from extreme compression fiber to centroid of compression reinforcement, As is the total

area of reinforcement and  is the area of truss diagonal reinforcement. 

Vsp 2As fy d d′–( )/Lb=

Vsp 2As fy d d′–( )/Lb=

4As
″ fy db/2 d′–( ) /Lb

2As
″ fy d d′–( )/Ld1 2 As As

″–( )fy d d′–( )/Ld2 Ld1 Lb/2( )2 d d′–( )2+= Ld Ld2=

Lb( )2 d d′–( )2+ 0.08fc
'bbdb/λ0( )

Mp Vsp Lb/2×=

As
″



A study on the behaviour of coupled shear walls 649

ii. Shear dominant steel coupling beam

For I-section type of steel coupling beam, shear capacity for shear dominant steel coupling beam

is denoted as  and moment capacity is ; which, fy is yield stress of

steel,  is web thickness, D is the overall depth of the section, tf is flange thickness and Zp is

plastic section modulus.

iii. Flexure dominant steel coupling beam

The transferable shear force (Vnf) for flexure dominant steel coupling beam is the lesser of 

and Vsp; where, Mp is the moment capacity which is Zp fy.

Step 2
In Fig. 1(b), free body diagram of coupled shear walls has been shown; α and β are fractions of

total lateral loading incident on wall 1 and wall 2, such that

α + β = 1.0 (1)

For symmetrical coupled shear walls, moments of inertias of two walls are equal for equal depths

and thicknesses at any level. Further, curvatures of two walls are equal at any level. Hence based on

the Assumption (7), Eq. (1) can be written as

α = β = 0.5 (2)

Step 3

In this step, it is explained how to calculate the shear force developed in the coupling beams for

different types of boundary conditions. CSA (1994), Chaallal et al. (1996) defined the degree of

coupling which is written as

Vsp 0.6fytw′ D 2tf–( )= Mp Zp fy=

tw′

2Mp/e

Table 1 Modified parameters governing the coupling beam characteristics controlled by shear

Type of coupling 
beam

Shear Span 
to Depth 

Ratio
Type of detailing

Plastic Rotation Capacity (Radians)

CP

Reinforced concrete 
coupling beam

α ≤ 2

No limit
Conventional longitudinal

reinforcement with conform-
ing transverse reinforcement

≤3 0.015

≥6 0.010

< 1.5

Diagonal Reinforcement
(strength is an overriding 

consideration and thickness
of wall should be greater than

406.4 mm)

- < 0.03

1.5 to 4.0
Truss Reinforcement 

(additional experimentation is 
required)

- 0.03-0.08

Steel coupling
beam

Shear dominant -

Lb

db

----- Shear

bwd fc′
------------------

e
1.6Mp

Vsp

--------------≤
0.15

Lb

----------
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(3)

where, l = Lw + Lb; T is the axial force due to lateral loading; Mot is total overturning moment at the

base of the wall produced due to lateral loading. For fixed base condition DC varies from 0 to 1

and Eq. (3) can also be written as

(3a)

The above Eq. (3a) is proposed by Chaallal et al. (1996); where, k is constant and a, b and c are

exponents which are given in Table 2.

So based upon the above criteria and considering Eqs. (3) and (3a), shear force developed in the

coupling beam could be determined as follows:

Fixed base condition:

For fixed base condition following equation can be written as

(4)

where, N is the total number of stories and Mot is total overturning moment at the base due to the

lateral loading.

Therefore, based on the Assumption (9) shear force in coupling beam at each storey is

(5)

Pinned base condition:

In this study, pinned base condition has been introduced as one of the possible boundary

conditions for coupled shear walls. It is expected that stable hysteresis with high earthquake energy

dissipation can be obtained for considering this kind of base condition; although no previous papers

described this kind of boundary condition.

DC is 1 for pinned base condition from the Eq. (3). Hence, the equation can be written as 

(6)

DC
T l×
Mot

----------=

DC k
db( )a

Lw( )b Lb( )c×
-----------------------------=

C T Vi

i 1=

N

∑
Mot

l
-------- k

db( )a

Lw( )b Lb( )c×
-----------------------------×= = =

V

Vi

i 1=

N

∑

N
------------=

C T Vi

i 1=

N

∑
Mot

l
--------= = =

Table 2 Values of constant k and exponents a, b and c

N k a b c

6 2.976 0.706 0.615 0.698

10 2.342 0.512 0.462 0.509

15 1.697 0.352 0.345 0.279

20 1.463 0.265 0.281 0.190

30 1.293 0.193 0.223 0.106

40 1.190 0.145 0.155 0.059
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Therefore, based on the Assumption (9) shear force in coupling beam at each storey is 

(7)

Step 4

After getting α, β and V at each storey for the particular value of F1, bending moment values in

each storey could be determined for each wall. Subsequently, curvature diagram for each wall is

generated by using moment area method as adopted in the Microsoft excel spreadsheet which is

required to determine the wall rotation in each storey. The following equations are considered to

calculate the wall rotation.

Overturning moment at a distance ‘x’ from base with respect to each wall can be written as 

(7a)

where, i is storey number and it is considered from the base as 0, 1, 2, 3, …, N. Resisting moment

in wall due to shear force in the coupling beam at a distance ‘x’ from base can be written as

(7b)

whereas, net moment in the wall at a distance ‘x’ from base generated due to overturning moment

and moment due to shear force in the coupling beam, can be written as

(7c)

Wall rotation at ith storey for fixed base can be written as

(7d)

where

(7e)

For plastic hinge rotation at the fixed base of wall or rotation at the pinned base of wall, Eq. (7d)

could be written as

(7f)

Step 5

i. Tensile forces at the base of wall 1 (T) as well as compressive forces at the base of wall 2 (C)

are calculated due to lateral loading.

ii. Compressive loads at the bases of wall 1 and wall 2 are calculated due to gravity loading.

iii. Net axial forces at the bases of wall 1 and wall 2 are calculated, i.e., Net axial force = Tensile or

V

Vi

i 1=

N

∑

N
------------=

Mox x( ) 0.5
F1

H
----- H jhs–( ) H x– jhs–( )×

⎩ ⎭
⎨ ⎬
⎧ ⎫

j 0=

N i–

∑=

Mwr x( )
Lw

2
------

Lb

2
-----+⎝ ⎠

⎛ ⎞ Vj

j i=

N

∑=

Mnet x( ) Mot x( ) Mwr x( )–=

θwi

Mnet x( ) xd
0

ihs

∫

EIw
----------------------------=

I
tw Lw

3×
12

---------------=

θwi

Mnet x( ) xd
0

ihs

∫

EIw
---------------------------- θw0+=
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Compressive force due to lateral loading (T or C) ± Compressive load due to gravity loading.

iv. Then, according to these net axial forces for the particular values of fck, b, d and p, the yield

moment values at the bases of wall 1 and wall 2 can be determined from P-M interaction

curve (IS 456 1978, Jain 1999). where fck, b, d and p are yield strength of concrete, breadth of

a section, depth of that section and percentage of minimum reinforcement in that particular

section,; and P is the axial force and M is the moment; here net axial force is considered as P

in the P-M interaction curve.

v. Therefore, if calculated bending moment value at any base of the two walls is greater than

yield moment value, plastic hinge at that base would be formed, otherwise no plastic hinge

would be formed.

Step 6

The rotation of coupling beam in each storey is determined as follows:

Rotation of coupling beam at ith storey for symmetrical walls (Englekirk 2003) according to

Fig. 2 is given by

(8)

where,  is rotation of wall at ith storey and can be calculated according to Eq. (7d), Lw = depth

of wall, Lb = length of coupling beam.

For plastic hinge rotation at the fixed base of wall or real hinge rotation at the pinned base of

wall, Eq. (8) could be written as

(9)

where,  can be calculated as per Eq. (7f) for fixed base of wall or for pinned base of wall and

(10)

θbi θwi 1
Lw

Lb

------+⎝ ⎠
⎛ ⎞=

θwi

θbi Lwb θwi{ }=

θwi

Lwb 1
Lw

Lb

------+⎝ ⎠
⎛ ⎞=

Fig. 2 Deformed shape of a ith storey symmetrical coupled shear walls
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Step 7

The rotational limit for collapse prevention level of different types of RCC coupling beams and

steel beams are given in Table 1. Check whether the rotations of beams attain their rotational limit

of CP level at the collapse mechanism of the structure simultaneously.

Step 8

The roof displacements can be calculated as per the following equations

(11)

The Base shear can be calculated as follows

(12)

Step 9

The F1 will be modified as follows if the condition of Step 7 is not satisfied:

To obtain the collapse mechanism of the structure, it is required to increase F1 with equal

increment until coupling beams attain their rotation limit of CP level simultaneously. 

∆roof( ) hs θwi

i 0=

N

∑
⎝ ⎠
⎜ ⎟
⎛ ⎞

×=

VB

F1 N 1+( )×
2

----------------------------=

Fig. 3(a) Plan view of building Fig. 3(b) Coupled shear walls at section ‘a-a’ 

Table 2a Dimensions and material properties of coupled shear walls

Depth of the wall (Lw) 4 m Width of coupling beam (bb) 300 mm

Length of coupling beam (Lb) 1.8 m Storey height (hs) 3.0 m

Depth of coupling
 beam (db)

600 mm
Modulus of concrete (Ec) 27.0 GPa

Modulus of steel (Es) 200.0 GPa

Number of stories (N) 20
Steel yield strength (fy) 415 MPa

Wall thickness (tw) 300 mm
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3. Validation of the proposed design technique

The following numerical example has been considered to validate the propose design technique.

In this study plan and elevation with dimensions and material properties of the coupled shear walls

have been adopted as given in Chaallal et al. (1996).

3.1 Numerical example

The results obtained from the proposed method are compared with the results obtained in SAP V

10.0.5 (2000) and DRAIN-3DX (1993) software packages. These walls are subjected to triangular

variation of lateral loading. Table 2a mentions the different parameters with dimensions and material

properties which have been considered in the study.

Fig. 3(a) and Fig. 3(b) show the plan and sectional elevation of the coupled shear wall building.

3.2 Loading consideration

Dead loads (DL) of 6.7 kN/m
2 and live loads (LL) of 2.4 kN/m

2 have been taken as given in

Chaallal et al. (1996). Total gravity loading on coupled shear walls at section ‘a-a’ has been

calculated as the sum of dead load plus 25% LL using IS 1893 (part 1) (2002) for floor; however,

in case of roof only dead load is considered.

3.3 Modeling of coupled shear walls in proposed design technique

The modeling of coupled shear walls involving Fig. 1, assumption and steps with mathematical

calculation in design technique is already described.

Fig. 4 Modeling in SAP V 10.0.5 (2000) and DRAIN-3DX (1993)
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3.4 Modeling of coupled shear walls in SAP and DRAIN-3DX

Wide column frame analogy (Mcleod 1966) has been considered for modeling in SAP V 10.0.5

(2000) and DRAIN-3DX (1993) according to Fig. 4. In this analogy, shear walls are represented as

two line elements (centre line of shear wall) and beams are represented as line elements (centre line

of beam) by joining with each other with rigid link. Beam column elastic element (Type-17) and

inelastic element (Type-15) are used for modeling.

3.5 Calculation of ductility

The obtained design/capacity curve from the proposed design technique, SAP V 10.0.5 (2000) and

DRAIN-3DX (1993) is bilinearized. The bilinear representation is prepared in the following manner

based on the concepts given in ATC 40 (1996).

It can be seen from Fig. 5 that bilinear representation can be due to the basis of initial tangent

stiffness and equal energies (Area a1 = Area a2).

Subsequently, ductility of the coupled shear walls has been calculated as 

(13)

4. Results and discussions

Coupled shear walls at section ‘a-a’ as shown in Fig. 3 are considered for conducting the study.

RCC coupling beam with Conventional longitudinal reinforcement with conforming

transverse reinforcement: RCC coupling beam with Conventional longitudinal reinforcement with

conforming transverse reinforcement in each storey has been selected as per Table 1 for the study.

The results of this study for fixed base as well as pinned base conditions have been shown in the

following manner.

Discussions of numerical results:

Figs. 6(a) and 6(b) shows that the results obtained from proposed design technique for both fixed

µs

∆roof CP,

∆roof yield,

-------------------=

Fig. 5 Bilinear representation for capacity curve
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and pinned base conditions are almost similar to the results obtained from DRAIN-3DX (1993) and

SAP V 10.0.5 (2000). Ductility of coupled shear walls (Table 3) is obtained for all three methods. It

is noticed that ductility for pinned base condition is greater than fixed base conditions for all three

methods. However, it is necessary to find the limitations of the proposed design technique. Therefore,

parametric study is described to detect the limitations of the proposed design technique in the

following manner.

4. Parametric study

It has been seen from the CSA (1994) and Chaallal et al. (1996)’s papers that the behavior of the

ductile coupled shear walls depends on degree of coupling. whereas, degree of coupling depends

upon depth and length of the coupling beam as well as depth and height of the coupled shear walls

(Park et al. 1975, Paulay et al. 1992).

Therefore, study has been restricted on length of the coupling beam and number of stories as basic

variables and other parameters are taken as constant. These parameters have been considered in

proposed method to make out effect on the behavior of coupled shear walls. Further, modifications to

achieve desirable behavior according to the proposed method have been included in this paper.

4.1 Model for parametric study

Fig. 3 and DL of value 6.7 kN/m2 & LL of value 2.4 kN/m2 have been considered to carry out

the parametric study.

Table 3 Ductility of coupled shear walls considering different approaches

Method
Ductility

Fixed base Pinned base

Proposed Design Technique 7 7.5

DRAIN-3DX (1993) 6.75 7.45

SAP V 10.0.5 (2000) 6.92 7.47

Fig. 6(a) Capacity curve for fixed base condition Fig. 6(b) Capacity curve for pinned base condition
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4.2 Parameters

Table 4 mentions the different parameters with dimensions and material properties which have

been considered to carry out the parametric study.

4.3 Expected behavior

Overturning moment is generated when coupled shear walls are subjected to lateral loading. This

moment is resisted by moment in each wall and axial force induced in the wall. Overturning

moment at a distance ‘x’ from base with respect to each wall can be calculated as per the Eq. (7a).

From the Eq. (7a) it is evident that overturning moment increases with increase in F1 and H.

Resisting moment in wall due to shear force in the coupling beam at a distance ‘x’ from base can

be calculated by the Eq. (7b).

whereas, net moment in the wall at a distance ‘x’ from base generated due to overturning moment

and moment due to shear force in the coupling beam, can be calculated by the Eq. (7c).

According to the Eq. (7c), if net moment at that the base of the wall is greater than its yield

moment capacity, plastic hinge occurs at the base for fixed base condition. But for pinned base

condition, net moment at the base is zero.

Wall rotation at ith storey can be calculated by the Eq. (7d). For plastic hinge rotation at the fixed

base of wall or for rotation at the pinned base of wall, wall rotation at ith storey can be calculated

by the Eq. (7f).

From Eqs. (7d) and (7e), it is clear that wall rotation increases with decrease in Lw. However,

beam rotation decreases with decrease in wall rotation and increase in Lb, (Eqs. (8), (9) and (10)).

Thus triangular variation of lateral loading with amplitude of F1 at the roof level increases until

coupling beams attain their rotational limit of CP level. The storey displacement increases towards

the roof as storey displacement is the summation of the wall rotation from base to roof (Eqs. (11)

and (12)). For symmetrical coupled shear walls, displacement, wall rotation and bending moment of

two walls are equal due to their equal flexural rigidity.

4.4 Analysis using proposed design technique

The above mentioned building has been studied by the design technique. The results for different

parameters have been described in this section.

4.5 Observed behavior

To study the influence of length of the coupling beam (Lb) on the behavior of coupled shear walls,

Table 4 Dimensions and material properties of coupled shear walls for parametric study

Depth of the wall (Lw) 4 m Width of coupling beam (bb) 300 mm

Length of beam (Lb) 1 m, 1.5 m and 2 m Storey height (hs) 3.6 m

Depth of beam (db) 800 mm Modulus of concrete (Ec) 22.4 GPa

Number of stories (N) 10, 15 and 20 Yield strength of steel
(fy)

415 MPa

Wall thickness (tw) 300 mm
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length of the coupling beam is considered as 1 m, 1.5 m and 2 m for both fixed and pinned base

conditions. RC coupling beam with Conventional longitudinal reinforcement with conforming

transverse reinforcement has been selected. Shear capacity in the coupling beam is calculated as in Step

1. The rotational limit of coupling beam has been selected as per Step 7. The study has been done for

coupled shear walls with number of stories 20, 15 and 10 for both fixed and pinned bas conditions.

Fig. 8(a) Wall rotation for fixed base condition at
CP level

Fig. 8(b) Wall rotation for pinned base condition at
CP level

Fig. 9(a) Beam rotation for fixed base condition at
CP level

Fig. 9(b) Beam rotation for pinned base condition at
CP level

Fig. 7(a) Storey displacement for fixed base condition
at CP level

Fig. 7(b) Storey displacement for pinned base
condition at CP level

For Number of Stories N = 20
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4.6 Discussion of results for N = 20

The deflection for the case of pinned base condition is much higher than the case of fixed base

(Fig. 7), whereas, the base shear for the case of pinned base condition is lower than the case of

fixed base (Fig. 10). It means that the results obtained from the proposed method are satisfactory.

Since wall rotation is proportional to the length of the beam (Fig. 8) and deflection is the

summation of the wall rotation, deflection is proportional to the length of the beam (Fig. 7). It has

been also observed that all beams reach to their rotational limit of CP level for pinned base

condition; whereas, most of the beams reach to their rotational limit of CP level for fixed base

condition (Fig. 9). Hence, coupled shear walls is behaving as a rigid body motion for pinned base

condition; which is expected. However, explanations of the results as per Fig. 9 are given in the

following manner for fixed base condition:

i) The rotation of the cantilever wall is maximum at the free end of the wall. This rotation

decreases towards the base of the wall and is zero at the base for fixity.

ii) Fixed base coupled shear walls with short span coupling beam behaves as a cantilever wall

(Lb = 1 m of Fig. 8). It means that this kind of coupled shear walls behaves like a single shear

wall; which is expected as per behavior concerned.

whereas, fixed base coupled shear walls with long span coupling beam does not behave as a

cantilever wall (Lb = 1.5 m and Lb = 2 m of Fig. 8). It shows unexpected behavior.

iii) Beam rotation is proportional to the wall rotation.

Therefore, it can be said from the above observations that coupled shear walls with short span

coupling beam (Lb = 1 m) will be more acceptable in comparison with the long span coupling beam

Fig. 10(a) Capacity curve for fixed base condition Fig. 10(b) Capacity curve for pinned base condition 

Table 5 Ductility of coupled shear walls for N = 20

Base condition Length of the coupling beam (Lb) Values

Fixed

1 m 3.33

1.5 m 4.8

2 m 6.3

Pinned

1 m 5.11

1.5 m 6.35

2 m 7.1
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(Lb = 1.5 m and Lb = 2 m) although the behavior of all three coupling beam is governed by shear

according to Table 1.

With the help of Eq. (13), Fig. 5 and Fig. 10, ductility for pinned base condition and fixed base

condition has been calculated according to the following table.

It has been seen from the above table that ductility is found more for pinned base condition in

comparison with the fixed base condition and ductility is increased with increase in length of the

coupling beam.

Fig. 11(a) Storey displacement for fixed base condition
at CP level

Fig. 11(b) Storey displacement for pinned base
condition at CP level

For Number of Stories N = 15

Fig. 12(a) Wall rotation for fixed base condition at
CP level

Fig. 12(b) Wall rotation for pinned base condition
at CP level

Fig. 13(a) Beam rotation for fixed base condition at
CP level

Fig. 13(b) Beam rotation for pinned base condition
at CP level



A study on the behaviour of coupled shear walls 661

4.7 Discussion of results for N = 15

With the help of Eq. (13), Fig. 5 and Fig. 14, ductility for pinned base condition and fixed base

condition has been calculated as per the following table.

It has been observed from Figs. 11 to 14 and Table 6 that the results obtained for N = 15 are

similar with the results of N = 20 for fixed base condition and pinned base condition.

Fig. 14(a) Capacity curve for fixed base condition Fig. 14(b) Capacity curve for pinned base condition

Table 6 Ductility of coupled shear walls for N = 15

Base condition Length of the coupling beam (Lb) Values

Fixed

1 m 2.93

1.5 m 4.0

2 m 5.9

Pinned

1 m 4.5

1.5 m 5.85

2 m 6.87

Fig. 15(a) Storey displacement for fixed base
condition at CP level

Fig. 15(b) Storey displacement for pinned base
condition at CP level

For Number of Stories N = 10
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4.8 Discussion of results for N = 10

Figs. 15 to 18 show that capacity curve reaches CP level for the case of Lb = 1 m with pinned

base condition only. However, capacity curve does not reach the CP level for the other cases. It

means that ideal seismic behavior of coupled shear walls has only been achieved for Lb = 1 m with

pinned base condition. Now, remedial action has been considered in the following manner to obtain

the ideal seismic behavior.

Fig. 16(a) Wall rotation for fixed base condition at
CP level

Fig. 16(b) Wall rotation for pinned base condition
at CP level

Fig. 17(a) Beam rotation for fixed base condition
at CP level

Fig. 17(b) Beam rotation for pinned base condition
at CP level

Fig. 18(a) Capacity curve for fixed base condition Fig. 18(b) Capacity curve for pinned base condition 
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Remedial Action for N = 10

The remedy for the cases of Lb = 1 m, 1.5 m and 2 m with fixed base condition and Lb = 1.5 m

and 2 m with pinned base condition to achieve CP level is mentioned below.

To obtain the CP level, it is required to increase the wall rotation. Since wall rotation (Eqs. (7d)

and (7e)) is inversely proportional to the , it is required to decrease the Lw.

It has been observed that the desirable behavior of coupled shear walls has been achieved (Figs.

19 to 22).

Lw

3

Fig. 19(a) Storey displacement for fixed base
condition at CP level

Fig. 19(b) Storey displacement for pinned base
condition at CP level

Fig. 20(a) Wall rotation for fixed base condition at
CP level

Fig. 20(b) Wall rotation for pinned base condition
at CP level

Fig. 21(a) Beam rotation for fixed base condition
at CP level

Fig. 21(b) Beam rotation for pinned base condition
at CP level
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4.9 Discussion of the above results

Figs. 20(a) and 20(b) show expected behavior for pinned base condition and unexpected behavior

for fixed base condition according to the explanations given in discussion of results for N = 20

although ideal seismic behavior has been achieved.

The following salient features have been illustrated based on the above studies:

Coupled shear walls with pinned base condition shows rigid body motion, which is expected as

per behavior concerned. Pinned base condition also shows better nonlinear behavior (adequate

ductility with high earthquake energy dissipation) in compare to the fixed base condition. On the

other hand, coupled shear walls with fixed base condition shows surprising behavior with regard to

the wall rotation for long span coupling beam and reduced depth of wall, ; although desirable

behavior (adequate ductility with high earthquake energy dissipation) has been achieved. For this

reason, to obtain consistency between the behavior with respect to the wall rotation and the

behavior based on the high earthquake energy dissipation, coupled shear walls (N ≥ 15 with equal

storey height hs = 3.6 m) should be designed with an optimum ratio of Lb/Lw = 0.25 for Lb/db = 1.25

and Ib/Iw = 8 × 10−03. It also shows that the behavior of coupling beam should be governed by shear.

5. Nonlinear static analysis

In this paper, nonlinear static analysis is also carried out to determine the response reduction

factors of coupled shear walls at different earthquake levels.

5.1 Calculation of performance point

It is required to compute the performance points at different earthquake levels to find response

reduction factors of coupled shear walls as per ATC 40 (1996). Thus, it is necessary to discuss the

following parameters for calculation of performance point one by one in brief. Selection of coupling

beam

There are different types of RC coupling beams and steel coupling beams whose geometry,

rotational capacities and moment capacities are different. The behavior of coupled shear walls is

governed by these coupling beams. Therefore, it is necessary to select the proper type of coupling

Fig. 22(a) Capacity curve for fixed base condition Fig. 22(b) Capacity curve for pinned base condition 
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beam based on its geometry, rotational capacity, moment capacity and the demand for the particular

zone. Table 1 describes the different types of coupling beams and the parameters which govern the

coupling beam characteristics.

Capacity curve

Two key elements of a performance based design procedure are capacity and demand. Capacity is

a representation of the structure’s ability to resist the seismic demand; whereas, demand is a

representation of the earthquake ground motion. The structure must have the adequate capacity to

resist the demands of the earthquake such that the performance of the structure is compatible with

the objectives of design. ATC 40 (1996) provides the procedure of construction of capacity

spectrum and demand spectrum for NSP in PBSD. Matsagar and Jangid (2008) and Prasanth et al.

(2008) have considered this procedure for their work.

Demand curve

The demand curve is the curve plotted as spectral acceleration versus time period. The demand

curve is considered as 5% damped elastic response spectra for the particular zone as per IS 1893

(Part 1) (2002).

Modal analysis

The modal analysis is carried out to calculate the modal frequencies and corresponding mode

shapes which are taken up for calculation of modal participation factor and modal mass coefficient

for the first natural mode. SAP V 10.0.5 (2000) is considered for modal calculations. Wide column

frame analogy has been considered for modeling of coupled shear walls in SAP V 10.0.5 (2000) as

shown in Fig. 4. In this analogy, shear walls are represented as two line elements (centre line of

shear wall) and beams are represented as line elements (centre line of beam) by joining each other

with rigid link.

Identification of performance point

There are different methods which identify the performance point for the particular zone given in

the ATC 40 (1996). This paper considers procedure ‘A’ for calculation of performance point.

Roof drift and ductility

The roof drift is the displacement at roof level when the structure is subjected to external forces.

In this paper, roof drift (Pore 2007) is taken as the roof displacement at the performance point (pp).

Calculation of ductility has already been discussed based on the concept of bilinearization (ATC 40

1996) and conventional definition of ductility, i.e., . However, this definition

cannot represent the reduction in energy dissipation capacity on account of bilinear form of capacity

curve. This formula is meant only for elastic-perfectly-plastic (EPP) behavior under monotonic

loading and unloading. It is also implied in the definition that ultimate displacement is at least few

times of yield displacement which is meant that energy dissipation is required to be significantly

greater than energy recovery. The following two equations (Pore 2007) are then considered to find

out the ductility, i.e.

for monotonic loading (14)

µ∆ ∆roof CP, /∆roof yield,=

µδe1

µδ

1 α1 µδ 1–( )+
--------------------------------=
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where, ; k1 is post yield stiffness and k is unloading stiffness.

for cyclic loading (15)

where, 

These two equations are proposed on the basis of energy dissipation and energy recovery involved

in the problem for two cases of loading – monotonic and cyclic. These equations adopted for

general case of bilinear behavior with hardening is able to provide results consistent with the

conventional EPP idealization as well as accommodates the elastic behavior where no energy

dissipation is involved. These equations are also expressed in terms of the area under hysteretic

loop. This helps to incorporate the stiffness and/or strength degradation effects. Relationship among

 and the two proposed energy based forms is 

5.2 Calculation of response reduction factor

Response reduction factor depends on three parameters – 

(i) Over strength factor

(ii) Ductility factor

(iii) Redundancy factor

However, There has no proper definition available in IS codes which is required to classify those

three factors individually. The response reduction factor serves as calibration factor (Prakash 2004,

Prakash et al. 2006, Pore 2007) to incorporate the observed seismic performance of a particular

structure type under earthquake shaking. This factor is the only link between linear or elastic

behavior and non linear behavior (Pore 2007). It provides an important contribution to the present

PBSD methodologies (Bertero 1986, Miranda 1997). IS 1893 (Part 1) (2002) says that response

reduction factor depends on overstrength factor and ductility factor. Therefore, response reduction

factor, R using IS 1893 (part 1) (2002) can be as 

RIS1893 = Rs × Rµ (16) 

where, Rs is overstrength factor which can be calculated as (Pore 2007)

(17)

Based on the studies of 13 formulations for Rµ the ductility factor, Pore (2007) proposed

formulation as follows 

Rs =
Base shear at limiting response or the maximum or ultimate level base shear, whichever is LOWER

Base shear at first yield or (non-factored) design base shear, whichever is LOWER

Rµ =
Base shear corresponding to elastic response, i.e., for µ = 1

Base shear corresponding to limiting performance level, i.e., for µ ≥ 1

α1 k1/k=

µδe2

αeµδ

αe µδ 1+( ) µδ–
-----------------------------------=

αe 1 α1 µδ 1–( )+=

µδ

µδ µδe1 µδe2≥ ≥

(18)
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If redundancy factor RR is to be included in the above Eq. (16), the modified equation can be

written as 

Rmodified = Rs × Rµ × RR (19) 

where, RR is redundancy factor which can be calculated as (Pore 2007) 

where, δu is the roof displacement at ultimate strength capacity and δl is the displacement at limiting

response.

ATC 40 (1996) describes the following reduction factors, i.e.

 for constant acceleration region (21)

and

 for constant velocity region (22)

where,  and  

where  and  can  be calculated from Eqs. (14) and (15).

Pore (2007) proposed a formula to find out the total response reduction factor 

R = RS min × RSTratio × Rµξ × RµTelong × RR for constant velocity region (23)

= RS min × RSTratio × Rµξ × RR  for constant acceleration region (24)

where, ; ; RR is already defined above; RS min can be found with 

the help of the Eq. (17).

However, Pore (2007) has shown that the above two Eqs. (22) and (23) having few shortcomings

associated with formulation for κ and Rµξ. Then he proposed following two modified approaches to

find out the response reduction factor, i.e.

(a) First Method of Energy-Ductility Based Response Reduction 

 for constant velocity region (25)

 for constant acceleration region (26)

RR =
Base shear at maximum or ultimate level

Base shear at limiting response

RR = 1.0

 1.0 for δl δu≤≥

 
for δl δu>

⎭
⎪
⎬
⎪
⎫

Rµξ

1.65

2.31 0.41– 1n 100κξeq 5+( )×
----------------------------------------------------------------------=

Rµξ

2.12

3.21 0.68– 1n 100κξeq 5+( )×
----------------------------------------------------------------------=

ξeq
2

π
---

µδe2 1–

µδe2

-----------------× 100×⎝ ⎠
⎛ ⎞= κ 1.13 0.51

µδe2 1–

µδe2

-----------------⎝ ⎠
⎛ ⎞×–

⎩ ⎭
⎨ ⎬
⎧ ⎫

1.0≤=

µδe1 µδe2

RµTelong
µδe1= RSTratio

Sa/g( )Tappro
Sa/g( )Tdyn.

---------------------------=

RµIDRS
µeq µδe1= =

RµIDRS
2 µeq 1–× 2 µeq2 1–×= =

(20)
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(b) Second Method of Energy-Ductility Based Response Reduction:

The First method is based on the same set of assumptions as that of the ATC 40 (1996) procedure

up to the point of finding µeq; whereas, in this method all those assumptions are eliminated and the

response reduction factor for ductility effects has been computed.

 for the constant acceleration region (27)

 for the constant velocity region of spectra. (28)

where, (29)

  

5.3 Design example

Table 7, Fig. 3 and DL of value 6.7 kN/m2 & LL of value 2.4 kN/m2 have been considered to

carry out the non linear static analysis of coupled shear walls. These walls are subjected to

triangular variation of lateral loading. The base of the walls is assumed as fixed. Soil type for

Roorkee is assumed as medium (Type II); maximum considered earthquake (MCE) level and design

basis earthquake level (DBE) are considered for the study.

Results and discussions

The results and discussions have been discussed in the following manner for determining the

response reduction factors at DBE and MCE levels. The coupling beam is selected here as coupling

beam with conventional reinforcement.

Calculation of response reduction factor at the performance point

Table 8 shows different response reduction factors for MCE and DBE level. These are calculated

at different performance points.

From the above table, response reduction factor of coupled shear walls is varying between 1.22 to

2.05 for maximum considered earthquake (MCE) level; which is almost same as the provision of

CSA (1994) for coupling beam with conventional reinforcement.

From the above studies it is observed that response reduction factor for coupled shear walls

(N ≥ 15 with equal storey height hs = 3.6 m and Lb/Lw = 0.25 for Lb/db =1.25 and Ib/Iw = 8 ×10−03
)

with conventional reinforced coupling beam is found almost same as per the provision provided by

CSA (1994) standard.

RµIDRS
2µeq 1–=

RµIDRS
µeq=

µeq

µδe2 1–

µδe2

----------------- µδe1×⎝ ⎠
⎛ ⎞ 1+=

Table 7 Dimensions and material properties of coupled shear walls for nonlinear static analysis

Depth of the wall (Lw) 4 m Width of coupling beam (bb) 300 mm

Length of beam (Lb) 1 m Storey height (hs) 3.6 m

Depth of beam (db) 800 mm
Modulus of concrete (Ec) 22.4 GPa

Modulus of steel (Es) 200.0 GPa

Number of stories (N) 20 and 15 Steel yield strength 
(fy)

415 MPa
Wall thickness (tw) 300 mm
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6. Conclusions

(i) The result obtained from design technique exhibits ideal seismic behavior of coupled shear

walls.

(ii) For the case of pinned base, ductility was obtained more than the fixed base condition.

(iii) Coupled shear walls with pinned base condition showed rigid body motion, is expected.

(iv) Pinned base condition showed better nonlinear behavior (adequate ductility with high

earthquake energy dissipation) in comparison to the fixed base condition.

(v) Coupled shear walls (N ≥ 15 with equal storey height hs = 3.6 m) should be designed with an

optimum ratio of Lb/Lw = 0.25 for Lb/db =1.25 and Ib/Iw = 8 ×10−03
 to obtain consistency between

the behavior with respect to the wall rotation and the behavior based on the high earthquake

energy dissipation.

(vi) Ductile response reduction factor for coupled shear walls (n ≥ 15 with equal storey height hs =

3.6 m and Lb/Lw = 0.25 for Lb/db =1.25 and Ib/Iw = 8 ×10−03
) with conventional reinforced

coupling beam was found almost same as per the provision provided by CSA (1994) standard.

(vii) Response reduction factors obtained at DBE and MCE levels were found as consistent.

Finally, it can be concluded that proposed design technique can be considered to design the

coupled shear walls under seismic motion.
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Notations

A Area of Symmetrical Coupled Shear Walls
Acw Area of Concrete Section of an Individual Pier, Horizontal Wall Segment, or Coupling Beam

Resisting Shear in in2 as per ACI 318 (2005)
Ag Gross Area of Concrete Section in in2 For a Hollow Section, Ag is the Area of The Concrete Only

and does not Include the Area of the Void (S) as per ACI 318 (2005)
As

'' Reinforcing Steel in One Diagonal as per Englekirk (2003)
As Area of Nonprestressed Tension Reinforcement as per Englekirk (2003)
Asd Reinforcement along each Diagonal of Coupling Beam as per IS 13920 (1993)
Avd Total Area of Reinforcement in Each Group of Diagonal Bars in a diagonally reinforced coupling

beam in in2 as per ACI 318(2005)
bb Width of Coupling Beam
bf Flange width of I-beam as per FEMA 273 (1997) and FEMA 356 (2000)
bw Web Width of the Coupling Beam as per FEMA 273 (1997) and FEMA 356 (2000)
C Compressive Axial Force at the Base of Wall 2
CP Collapse Prevention Level
D Overall Depth of the Steel I-Coupling beam Section
DC Degree of Coupling
DL Dead Loads
DBE Design Basis Earthquake
d Effective Depth of the Beam
db Depth of the Coupling Beam
d' Distance from Extreme Compression Fiber to Centroid of Compression Reinforcement as Per

Englekirk (2003)
∆b Displacement at Vb

∆e Elastic displacement (⇒Ve)
∆l Displacement at Limiting Response 
∆roof Roof Displacement
∆roof, CP Roof Displacement at CP Level
∆roof, yield Roof Displacement at Yield Level
∆u Displacement at Ultimate Strength Capacity
∆y Displacement at Yield Strength Capacity
∆ya Actual displacement at Vya

Ec Modulus of Elasticity of Concrete
Ecb Young’s Modulus for Concrete in Beam
Ecw Young’s Modulus for Concrete in Wall
EPP Elastic-Perfectly-Plastic
EQRD Earthquake Resistant Design
Es Modulus of Elasticity of Steel as per FEMA 273 (1997) and FEMA 356 (2000)
Esb Young’s Modulus for Steel in Beam
Esw Young’s Modulus for Steel in Wall
e Clear Span of the Coupling Beam+2×Concrete Cover of Shear Wall as per Englekirk (2003)
εc Strain in Concrete
F Force
F1 Maximum Amplitude of Triangular Variation of Loading
FEMA Federal Emergency Management Agency
Fu Ultimate Force
Fy Yield stress of Structural Steel 
fc' Specified Compressive Strength of Concrete Cylinder 
fck Characteristic Compressive Strength of Concrete Cube 
fy Specified Yield Strength of Reinforcement 
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H Overall Height of the Coupled Shear Walls
h Distance from inside of compression flange to inside of tension flange of I-beam as per FEMA

273 (1997) and FEMA 356 (2000)
hs Storey Height
I Moment of Inertia of Symmetrical Coupled Shear Walls
Ib Moment of Inertia of Coupling Beam
IO Immediate Occupancy Level
i Storey Number
k Unloading Stiffness
k1 Post Yield Stiffness
ke Elastic Stiffness
ki Initial Stiffness
ksec Secant Stiffness
Lb Length of the Coupling Beam
Ld Diagonal Length of the Member
LL Live Loads
LS Life Safety Level
Lw Depth of Coupled Shear Walls
l Distance between Neutral Axis of the Two Walls
λ0 Member Over strength factor as per Englekirk (2003)
M Moment of Symmetrical Coupled Shear Walls
M1 Moment at the Base of the Wall 1
M2 Moment at the Base of the Wall 2
MCE Maximum Considered Earthquake
MDOF Multi-Degree of Freedom
Mn Nominal Flexural Strength at Section in lb-in as per ACI 318 (2005)
Mp Moment Capacity of Coupling Beam as per Englekirk (2003)
Mot Total Overturning Moment due to the Lateral Loading
MRF Moment Resistant Frame
µ Displacement Ductility Capacity Relied on in the Design as per NZS 3101 (1995) 

Ductility
Energy based proposal for ductility under monotonic loading and Unloading
Energy based proposal for ductility under Cyclic Loading 

N Total Number of Storeys
NA Not Applicable
NEHRP National Earthquake Hazard Reduction Program
NSP Non-linear Static Procedure
P Axial Force as per IS 456 (1978)
PBSD Performance Based Seismic Design
p Percentage of Minimum Reinforcement
φ Shear span to depth ratio 
pp Performance Point
R Response Reduction Factor
RCC Reinforced Cement Concrete
Rd Ductility Related Force Modification Factor 
Rµ Ductility Factor
RR Redundancy Factor
Rs Overstrength Factor
Sa Spectral Acceleration 
Sd Spectral Displacement
SDOF Single-Degree of Freedom
T Tensile Axial Force at the Base of Wall 1

µ∆

µ
e1∆

µ
e2∆
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T1 Tensile Strength of One Diagonal of a Diagonal Reinforced Coupling Beam 
Td Tensile Strength of Truss Reinforced Coupling Beam’s Diagonal as per Englekirk (2003)
T' The Residual Chord Strength as per Englekirk (2003)
tf Flange Thickness of Steel I-Coupling beam as per Englekirk (2003)
θ Inclination of Diagonal Reinforcement in Coupling Beam 
θb Coupling Beam Rotation
θLu Rotational Value at Ultimate Point
θu, max Maximum Rotational Value
θw Wall Rotation
θy Yield Rotation as per FEMA 273 (1997) and FEMA 356 (2000)
tw Wall Thickness
tw' Web Thickness of Steel I-Coupling beam
V Shear Force in the Coupling Beam
V1 The Shear or Vertical Component of One Diagonal in a Primary Truss Travelled along the Com-

pression Diagonal as per Englekirk (2003)
V2 The Shear in a Secondary Truss produced by the Residual Tension Reinforcement Activated the

Load Transfer Mechanism as per Englekirk (2003)
VB Base Shear
Vb Non-factored design base shear
Vd Factored design base shear may be less than or greater than Vya

Ve Base shear for elastic response
Vl Base shear at limiting response
Vn Nominal Shear Strength in lb as per ACI 318 (2005)
Vnf The transferable shear force for flexure dominant steel coupling beam as per Englekirk (2003)
Vsp Shear Capacity of Coupling Beam as per Englekirk (2003)
Vs1 Shear Strength of Closed Stirrups as per ATC 40 (1996), FEMA 273 (1997) and FEMA 356

(2000)
Vu Capacity corresponding to ∆u (may be the maximum capacity)
Vu1 Factored Shear Force as per IS 13920 (1993)
Vu2 Factored Shear Force at Section in lb as per ACI 318 (2005)
Vw Shear Force at the Base of the Shear Wall 
Vw1 Shear Force at the Base of Wall 1
Vw2 Shear Force at the Base of Wall 2
Vy Base shear at idealized yield level
Vya Actual first yield level
vn Total Nominal Shear Stress in MPa as per NZS 3101 (1995)
Wg Total Gravity Loading for Symmetrical Coupled Shear Walls
w Compressive Strut Width as per Englekirk (2003)
Z Zone Factor
Zp Plastic Section Modulus of Steel Coupling Beam




