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The seismic behavior of asymmetric structures with a flexible diaphragmwas studied by conducting inelastic dynamic time-history
analyses. Asymmetric structures with different configurations of mass, stiffness, and strength centers, in combination with a wide
range of diaphragm flexibility, were evaluated. The behavior of structures was studied by considering three aspects: (1) effect of
structural asymmetry on diaphragms deformation; (2) effect of diaphragm flexibility on demands of the lateral load-resisting
elements; (3) optimum configuration of mass, stiffness, and strength centers to limit important engineering demand parameters
in asymmetric structures with a flexible diaphragm. The results showed that the shear-dominant deformation of diaphragms is
sensitive to both structure asymmetry specifications and the degree of diaphragm flexibility; therefore, it can be used for the
qualitative classification of the seismic behavior of structures. Also, the center of strength in structures with flexible diaphragm
is more important relative to the stiffness center and has a significant effect on engineering demands at all levels of diaphragm
flexibility. Moreover, it was found that a suitable configuration of centers in torsionally stiff structures depends on the degree of
diaphragm flexibility, in addition to the intensity of earthquakes (structure yield level) and selected engineering demand parameter.

1. Introduction

In some structures, the assumption of a fully rigid seismic
diaphragm is far from reality and can lead to a significant
difference in the actual responses of structure and the results
of analysis [1–3]. The type of floor system is an important
factor in the degree of diaphragm flexibility. Many types
of reinforced concrete floors such as prestressed beam and
block [4], RC waffle slabs [5], ribbed RC slabs [6], and
the traditional beam and block floor systems [7] can be
considered as flexible diaphragms under certain conditions.
Based on previous studies, diaphragm flexibility depends not
only on the floor type, but also on other parameters such as
the diaphragm aspect ratio and ratio of diaphragm stiffness
to adjoining lateral elements stiffness [6].

Previous studies suggest that plan-asymmetric structures
havemore potential for diaphragmflexibility [2, 8, 9]. In plan-
asymmetric structures, the degree of diaphragm flexibility
and distribution of structure stiffness and strength are key

parameters that affect the distribution of forces between the
lateral load-resisting elements (LLREs) simultaneously. On
the other hand, LLREs forces and deformations affect the
response of diaphragms and their components. Therefore,
there is a close relationship between diaphragmflexibility and
structural asymmetry. Most previous studies have examined
extreme cases of this relationship. For example, when the
diaphragm is quite rigid, the distribution of stiffness and
strength in the structure plan has the greatest effects on the
seismic response of plan-asymmetric structures. However,
for absolutely flexible diaphragms, the distribution of force
between the LLREs is only based on their tributary area.

While past earthquakes observations [10, 11] clearly
showed that the diaphragmofmany structures has a semiflex-
ible performance, the behavior of plan-asymmetric structures
with a semiflexible diaphragm has received less attention
in previous studies and some issues remain unresolved.
These issues include (1) the effect of stiffness and strength
eccentricity parameters on the deformation demands of
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flexible diaphragms, (2) the effect of diaphragm flexibility on
the response of LLREs of asymmetric structures, especially in
the field of nonlinear behavior, and (3) proper configuration
of centers with the aim of limiting engineering demand
parameters (EDPs) in plan-asymmetric structures with a
flexible diaphragm.

In the current study, a parametric study was conducted to
address these issues. Simple numerical models were used to
determine the general characteristics of the seismic response
of plan-asymmetric structures with flexible diaphragms. A
wide range of diaphragm flexibility was considered for eight
single-story structures with different and realistic config-
urations of stiffness, strength, and mass centers. Models
were exposed to a suite of unidirectional earthquake records
with two different intensities (DBE and MCE). The mean
maximum displacements and ductility demands of LLREs
and deformation components of diaphragms were evaluated
using an inelastic dynamic time-history analyses. In order
to compare the results, elastic analysis of the structures was
performed.

2. A Review of Previous Studies on Flexibility
of Seismic Diaphragm

Several studies have been conducted on the effects of
diaphragmflexibility on structureswith different dimensions,
lateral load-resisting systems, stories height, and numbers.
The results indicated that diaphragm flexibility is more
important in structures with stiffer LLREs such as shear walls
[2, 12], lower story height [12], less number of stories [1, 12–
14], less number of structure spans [1, 13], and larger aspect
ratios [12–14].

Diaphragm flexibility affects the dynamic characteristics
of structures. For example, it increases the natural vibrational
periods of structures [1, 3], and also the participation of
higher modes in structural response [14, 15]. An increase in
the period, depending on the natural period of the initial
structure with rigid diaphragm and the soil type, can cause
an increase in the spectral acceleration (ascending branch),
decrease in spectral acceleration (descending branch), or
no change in the spectral acceleration (fixed branch) in
structures with diaphragm flexibility [6]. Also, diaphragm
flexibility can lead to the modification of mode shapes and
cause a phenomenon called “mode shift” in which some
modes of the structure with rigid diaphragm appear in
higher modes of similar structures with a flexible diaphragm
[13].

Diaphragm flexibility causes changes in the distribution
of forces in the LLREs. For example, while in symmetric
structures with rigid diaphragm all elements experience
the same deformation and accordingly, the stiffer elements
absorb more lateral forces in those with absolutely flexible
diaphragms; as previously mentioned, the distribution of
force between the LLREs is only based on their tributary area
[3].

One of the other important issues addressed in flexible
diaphragm studies is the local failures of the diaphragms con-
nections with LLREs, especially in the unreinforced masonry

structures (URM) that can lead to out of plane failures ofwalls
[10, 11, 16, 17].

Fewer studies have addressed diaphragm flexibility in
plan-asymmetric structures, in comparison with symmetric
structures. Studies have shown that, with increase in flex-
ibility, the effects of stiffness eccentricity and consequently
the torsional response of the structures reduce significantly
[8]. This performance has been introduced as one of the
noticeable advantages of diaphragm flexibility [6].

De-La-Colina [8] examined the seismic response of one-
span, single-story plan-asymmetric structures with a flexible
diaphragm. The investigated structures had stiffness eccen-
tricity and it was assumed that the strength of elements is
independent of their stiffness, and, consequently, the strength
of structure was distributed among the LLREs according to
their stiffness. It was concluded that, by increasing the initial
natural period of the structure and the level of elements yield
(increase in force reduction factor), the flexibility effects are
reduced.

In a parametric study, Kim and White [18] evaluated
the structural behavior of one-story reinforcement masonry
buildings with timber diaphragm in the inelastic range. They
found that the maximum wall displacement occurs when the
diaphragm has a semirigid behavior.

Nakamura et al. [19] investigated the impacts of dia-
phragm flexibility on masonry structures. In asymmetric
structures, it was assumed that the strength center coincided
with the stiffness center. They concluded that the diaphragm
flexibility, depending on the degree of eccentricity, can have
different effects on the responses of LLREs. Their study also
showed that the stiffness and strength of orthogonal side
elements, except in structures with very stiff diaphragms, do
not have much impact on responses.

While the experiences of past earthquakes clearly show
that the diaphragms of many structures have a semiflexible
behavior, the likely change in response of plan-asymmetric
structures for different levels of diaphragm flexibility is
unknown and less addressed in previous studies. Therefore,
the identification of asymmetric structures behavior with a
flexible diaphragm is one of themain objectives of the present
study.

3. Configuration of Stiffness and Strength
Centers in Plan-Asymmetric Buildings

In seismic design, the lateral elements nonlinear moment-
curvature can be considered satisfactory as an ideal bilinear
relationship [20]. Also, the researches conducted on the
concrete columns and shear walls [21, 22] showed that yield
displacement of LLREs (D-type elements [23]) is only depen-
dent on the material properties and geometric dimensions of
elements and is independent of its axial force and strength
(reinforcement ratio). Based on these assumptions, the yield
displacement for a cantilever shear wall with different condi-
tions of loading (Δ 𝑦) can be calculated from [24]

Δ 𝑦 =
𝐶𝜀𝑦ℎ
2

𝑙𝑤
, (1)
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Figure 1: Centers of structural model and their eccentricities.

where 𝑙𝑤 and ℎ are, respectively, the length and height
of the shear wall, 𝜀𝑦 is the yield strain of longitudinal
reinforcements, and 𝐶 is a coefficient related to the shape of
lateral force distribution and element section. For example,
for a cantilever shear wall with lateral load acting on the top
of the wall (as in a single-story building), the value of 𝐶 is
equal to 0.66.

Unlike the traditional assumption, element stiffness
depends on its nominal strength and is not a constant
property. Therefore, the stiffness of the lateral load-resisting
element (𝐾𝑖) can be calculated according to (2) using the
nominal base shear strength of the wall and its yield displace-
ment (see (1)) [24]:

𝐾𝑖 =
𝑉𝑛𝑖
Δ 𝑦𝑖
, (2)

where 𝑉𝑛𝑖 and Δ 𝑦𝑖 are the nominal strength and yield
displacement of the element, respectively. Δ 𝑦𝑖 for a cantilever
shear wall is given by (1).

Therefore, in buildings consisting of D-type elements, the
location of the stiffness center is a function of their strength
and yield displacement. In a study, Tso and Myslimaj [25]
showed that even in the case of using different methods to
assign strength to LLREs, the distance between the centers
of strength and stiffness will be almost equal to the distance
between the centers of mass and yield displacement.

Themodels considered in this study had three shear walls
in the direction of the applied seismic load (unidirectional
excitations applied in the 𝑦 direction) (Figure 1).

In this figure, CM, CS, CV, and Cd are, respectively,
mass, stiffness, strength, and yield displacement centers of
structures. The lengths of walls from left to right are 𝑙1, 𝑙2,
and 𝑙3 and their distances from the geometric center of the
diaphragm are equal to −𝐴/2, 0 and 𝐴/2, respectively. As
shown in Figure 1, the center of mass (CM) coincides with
the geometric centroid (CG). Uniaxial stiffness eccentricity
(𝑒𝑠𝑥, defined as the distance between CM and the center of
stiffness, CR) and strength eccentricity (𝑒V𝑥, defined as the
distance between the CM and the center of strength, CV)
are introduced by change in edge walls strength and length.
Stiffness, strength, and yield displacement of the 𝑖th wall

oriented in the 𝑦 direction are defined by 𝐾𝑦𝑖, 𝑉𝑦𝑖, and Δ 𝑦𝑖,
respectively, and thewall located at a distance𝑥𝑖 from theCM.
The configuration of the analytical models is defined by the
following parameters:

(a) The yield displacement eccentricity is expressed as
normalized to the dimension of the diaphragmperpendicular
to the direction of excitation (𝜀𝑑𝑥).

𝜀𝑑𝑥 =
𝑒𝑑𝑥
𝐴
=
1

𝐴

∑3𝑖=1 Δ 𝑦𝑖𝑥𝑖

∑3𝑖=1 Δ 𝑦𝑖
=
(𝑙2𝑙1 − 𝑙3𝑙2)

2 (𝑙2𝑙3 + 𝑙1𝑙3 + 𝑙1𝑙2)
. (3)

It is notable that since in the model shown in Figure 1, the
height, material properties, and coefficient 𝐶 of all LLREs are
considered the same, therefore, their yield displacement is
inversely proportional to the length of the elements (Δ 𝑦𝑖 ∝
1/𝑙𝑖).

(b) The stiffness eccentricity is expressed as normalized
to the dimension of the diaphragm perpendicular to the
direction of excitation (𝜀𝑠𝑥).

𝜀𝑠𝑥 =
𝑒𝑠𝑥
𝐴
=
1

𝐴

∑3𝑖=1 𝑘𝑖𝑥𝑖

∑3𝑖=1 𝑘𝑖
=
(𝑉3𝑙3 − 𝑉1𝑙1)

2 (𝑉1𝑙1 + 𝑉2𝑙2 + 𝑉3𝑙3)
. (4)

(c)The strength eccentricity is expressed as normalized to the
dimension of the diaphragmperpendicular to the direction of
excitation (𝜀V𝑥).

𝜀V𝑥 =
𝑒V𝑥
𝐴
=
1

𝐴

∑3𝑖=1 𝑉𝑖𝑥𝑖

∑3𝑖=1 𝑉𝑖
=
(𝑉3 − 𝑉1)

2 (𝑉1 + 𝑉2 + 𝑉3)
. (5)

Aziminejad and Moghadam [26] showed that, in this model,
for eccentricities of yield displacement and strength in the
range of −15 to 15%, the distance between centers of strength
and stiffness can be assumed to be equal to yield displacement
eccentricity with an acceptable approximation.

Although these eccentricities are typically used to explain
the asymmetry in structures with rigid diaphragm, in some
researches conducted on asymmetric structures with flexible
diaphragm, the same indices in similar structures to rigid
diaphragm were used as convenient definitions [8, 19].
Accordingly, in this study, the eccentricities in structures
with flexible diaphragms mean the same values in similar
structures with rigid diaphragms.

4. Studied Models

In order to study the combined effects of asymmetry and
flexibility in structures, different configurations of the mass,
stiffness, and strength centers were considered in the evalu-
ated models. A one-story ideal model with a rectangular plan
(diaphragm) and dimensions of 30m × 12m and shear wall
system was considered. The height of the model was equal
to 3.2m and the floor masses (850 kg/m2) were distributed
across the diaphragm uniformly. The base model has two
shear walls in the 𝑥 direction and three shear walls in the 𝑦
direction, respectively. Building asymmetry was only relative
to the 𝑦-axis (Figure 2).
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Table 1: Strength and stiffness of LLREs in analytical models.

Model Description Length (cm) Strength (Ton) Stiffness (ton/cm)
Wall 1 Wall 2 Wall 3 Wall 1 Wall 2 Wall 3 Wall 1 Wall 2 Wall 3

1 Symmetric 200 200 200 17.85 17.85 17.85 36.99 36.99 36.99
2 Stiffness symmetric 260 200 140 12.50 17.85 23.21 33.66 36.99 33.66
3 Balance (0.75 CV-CS) 260 200 140 13.83 17.85 21.87 37.26 36.99 31.71
4 Balance (0.5 CV-CS) 260 200 140 15.17 17.85 20.53 40.87 36.99 29.77
5 Balance (0.25 CV-CS) 260 200 140 16.51 17.85 19.19 44.47 36.99 27.83
6 Strength symmetric 260 200 140 17.85 17.85 17.85 48.08 36.99 25.89
7 De Stefano (0.25 CM-CS) 260 200 140 19.63 17.85 16.07 52.88 36.99 23.30
8 De Stefano (0.5 CM-CS) 260 200 140 23.21 17.85 12.50 62.51 36.99 18.12

Table 2: Eccentricity of asymmetric buildings.

Model Description Eccentricity (%)
𝑒V/𝑒𝑑Yield displacement Strength Stiffness

1 Symmetric 0 0 0 0
2 Stiffness symmetric 10 10 0 1
3 Balance (0.75 CV-CS) 10 7.5 −2.5 0.75

4 Balance (0.5 CV-CS) 10 5.0 −5 0.5

5 Balance (0.25 CV-CS) 10 2.5 −7.5 0.25

6 Strength symmetric 10 0 −10 0

7 De Stefano (0.25 CM-CS) 10 −3.33 −13.33 −0.33

8 De Stefano (0.5 CM-CS) 10 −10 −20 −1
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Figure 2: Plan view of the base symmetric model.

It was assumed that gravity loads are transferred by a
simple frame system. The analysis and design of LLREs were
carried out based on the characteristics of the base symmetric
model and assuming full rigidity of the seismic diaphragm.
Gravity design loads of structures were determined based
on the sixth part of the National Building Code of Iran
[27]. Seismic design loads were calculated based on seismic
provisions of Standard 2800 of Iran [28]. The structure
force reduction factor was considered to be equal to 5.0
based on the Standard 2800. The total base shear of the
symmetric structure was calculated as 53.55 tons (535.5 KN).
To create asymmetric models, the length of the left and right
walls of the structure changed in such a way that the yield
displacement eccentricity of the structure was equal to 10% of
the plan length.Therefore, the wall lengths were similar in all
the asymmetric models. The lengths of left, central, and right
walls were considered as 260, 200, and 140 cm, respectively

Table 3: Natural period and torsional to lateral frequency ratios (Ω)
of models with rigid diaphragm assumption.

Model Mode 𝑥 (sec) Mode 𝑦 (sec) Mode 𝜃 (sec) Ω𝑥 Ω𝑦
1 0.381 0.330 0.231 1.649 1.429
2 0.381 0.330 0.231 1.649 1.429
3 0.381 0.339 0.238 1.601 1.424
4 0.381 0.339 0.234 1.628 1.449
5 0.381 0.342 0.230 1.656 1.487
6 0.381 0.346 0.226 1.685 1.531
7 0.381 0.354 0.221 1.723 1.602
8 0.381 0.376 0.209 1.823 1.799

(Table 1). The length of the two orthogonal side walls (in 𝑥
direction) was considered the same in all models and equal
to 300 cm. The width of all the walls was considered the
same and equal to 30 cm. To create different degrees of the
strength eccentricity, the strength of the left wall increased,
while the strength of the right wall decreased, such that the
overall strength of the structure was assumed to be fixed and
the same strength of the base symmetric model. Revealing
the initial yield displacement of any structural elements from
(1) and their initial strength (Table 1), the initial stiffness of
elements can be determined using (2).

Also, the eccentricities of structure models can be cal-
culated from (3) to (5) (Table 2). Natural periods and also
the torsional to lateral frequency ratio of analytical models
assuming the full rigidity of the diaphragm are presented in
Table 3.
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Figure 3: Schematic view of centers configuration in models (distance is not in scale).

Given that the torsional to lateral frequency ratio is larger
than one in all the models, all the primarymodels are consid-
ered torsionally stiff and their responses are predominantly
in transitional mode. The mentioned models are similar to
models used in previous studies and as a representative of a
wide range of asymmetric buildings [29].

The configuration of centers of the symmetric model and
seven plan-asymmetric models are depicted in Figure 3.

These models have been briefly described as follows.
Model 1 is the base symmetric model with a regular geo-
metric shape and uniform distribution of mass, stiffness,
and strength in its plan. In model 2, the stiffness center
coincided with the center of mass. Models 3 to 5 which
were presented by Myslimaj and Tso [30, 31] are called
“balance configuration” models. The center of the mass is
located between the stiffness and strength centers in these
three models. In model 3, the distance between the center of
mass and the center of strength is about 0.75 of the distance
between the stiffness center and the strength center. The
distance between the center ofmass and the center of strength
in models 4 and 5 is, respectively, 0.5 and 0.25 of the distance
between the center of stiffness and the center of strength.
Model 6 is a model with uniform strength distribution and
stiffness eccentricity. Models 7 and 8 are known as “optimum
configuration” models according to the study of De Stefano
et al. [32]. In model 7, the distance between the mass center
and strength center is 0.25 of the distance between the mass
center and the stiffness center, while in model 8, the strength
center is between the mass and stiffness centers and in an
equal distance from each of them.

After determining the configuration of centers in eight
structures with rigid diaphragms, different degrees of flexi-
bility were considered for the diaphragm and the responses of
the structureswere determined using finite elementmodeling
and inelastic dynamic time-history analyses.

Although the most powerful method of identifying all
failure mechanisms in structures is nonlinear modeling
by considering the details of diaphragms and their con-
nections, this method is complicated and very time con-
suming. With the increasing complexity of the model and
lack of detailed information, sources of error in the model
are likely to increase. Since the main objective of this
research was to investigate the overall characteristics of the
dynamic responses of asymmetric structures with flexible
diaphragm, and the relatively simple models are able to
estimate the overall response of the structure, the simplifying
assumptions were considered in the ideal model. Some
of the most important assumptions and details considered
in the design and analysis of selected models include the
following:
(1) Based on the principles of many seismic design codes

[28, 33], seismic diaphragms must be designed in such a way
that they behave in the elastic range; in this study, the elastic
behavior was proposed for the diaphragms. As pointed out
by Tena-Colunga et al. [6], the stiffness properties of some
concrete diaphragms such as two-way concrete slabs, ribbed
RC slabs, and RC waffle flat slabs in two main directions are
the same and therefore an isotropic material modeling can be
used to model their stiffness properties in the elastic range.
In modeling, the overall diaphragm stiffness was considered
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Figure 4: Finite element model of structures and main displacement recorders.

and the flexural stiffness of the diaphragm beams was not
considered explicitly.

Based on given descriptions for diaphragms modeling,
384 shell elements with isotropic elastic behavior were used.
The diaphragm modeling was performed in OpenSees [34]
using the Elastic Membrane Plate Section commands for the
diaphragm cross section and the ShellMITC4 command for
the diaphragm element type. A complete description of the
material, element type models, and their parameters is given
in the OpenSees Manual [35]. The ideal analytical model
and main recorders of wall displacements and structure
diaphragms are shown in Figure 4.

Also, the mesh sensitivity analysis was performed and
approved. In another simplification, it was assumed that the
diaphragm is completely and continuously connected to the
LLREs. Also, the connection of diaphragms to the walls in
all seismic levels was considered perfect and without any
imperfections.

Since the shear walls of the structure modeled using
spring models are connected to the diaphragm at a point,
to make the results more realistic and prevent strain con-
centration at the connection point, especially in very flexible
diaphragms, as depicted in Figure 4, the axial stiffness of
the main beams was added to the analytical model using
one-dimensional truss elements. The axial stiffness of these
elements was calculated based on the initial design (under
gravity and seismic loads).

(2) In each model, the material properties of the two
structure diaphragms were considered identical, and the
fundamental natural period of the individual diaphragmwith
fixed ends (𝑇𝑑) was used to express the degree of flexibility.

Different values of the diaphragms period considered in
this study are presented in Table 4. Diaphragm thickness
was considered a realistic value (0.15m). Also as previously
mentioned, structure plan dimensions were considered con-
stant for all analytical models (12m × 30m). The flexible
diaphragm modulus of elasticity (𝐸𝑑) was calculated using
error and trialmethod so that the structure diaphragmperiod
converges to the target values in Table 4.

In order to better understand this parameter, the corre-
sponding amounts of diaphragm flexibility ratio (𝛾𝑠) in the
symmetric structure are given in the table in accordance
with the common definition of diaphragm flexibility ratio
in seismic codes [33]. Diaphragm flexibility ratio (𝛾𝑠) is
quantified as the ratio of the maximum diaphragm deflection
to average drift of adjoining lateral load-resisting system,
under uniform distributed lateral load along the diaphragm.
This study considered a relatively wide range of different
degrees of diaphragm flexibility.
(3) The structures were exposed to unidirectional (𝑦

direction) earthquake excitations. Models have different
degrees of stiffness and strength eccentricity only in the per-
pendicular direction (𝑥 direction) to seismic loading. How-
ever, according to the description of the previous sections, the
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Table 4: Natural periods of individual diaphragms and correspond-
ing values of flexibility in base symmetric structure.

Number 𝑇𝑑 (sec) 𝛾𝑠
(1) 0.000 0.000
(2) 0.027 0.031
(3) 0.038 0.062
(4) 0.056 0.125
(5) 0.089 0.250
(6) 0.142 0.500
(7) 0.191 0.750
(8) 0.235 1.000
(9) 0.276 1.250
(10) 0.314 1.50
(11) 0.382 2.00
(12) 0.441 2.50
(13) 0.494 3.00
(14) 0.587 4.00
(15) 0.667 5.00
(16) 0.740 6.00
(17) 0.806 7.00
(18) 0.867 8.00

F

ki

ki
−

Δ

Figure 5: Takeda thin hysteresis rule [36].

distance between the centers of stiffness and strength in all
asymmetric models were considered the same. The mass of
walls was neglected as compared to the diaphragmmass, and
the diaphragm mass is uniformly distributed on its surface.
Therefore, in all the models, the mass center matches the
geometric center of the diaphragm.
(4) The out of plane stiffness and strength of the walls

were neglected. The local and out of plane failures of the
walls were avoided. The dependence of the strength of the
walls to the axial force was neglected.The force-displacement
relationship of concrete shear walls was modeled using the
thin Takeda hysteresis model (Figure 5).

This model is commonly used to simulate the seismic
behavior of reinforced concrete shear walls and columns [36].
The postyield stiffness was considered zero on all walls. It is
notable that, in this study, the collapse potential of resisting
elements was not considered in analytical modeling. A 5%

damping ratio proportional to the mass was included in the
analyses.

Analytical modeling and nonlinear inelastic dynamic
time-history analyses were performed using the OpenSees
software package [34]. Due to the long period of time needed
to analyze each of the models, the facilities of DesignSafe [37]
were used.

After the finite elements modeling, the structures were
subjected to seven unidirectional records of far-field earth-
quakes. The earthquake records considered were related to
the same soil conditions with aminimummagnitude of 6 and
a minimum PGA of 0.15 g (Table 5). The displacement and
pseudo-acceleration spectra of the used records are presented
in Figure 6. In dynamic time-history analyses, each record
was scaled for two different earthquake intensities with PGA
= 0.35 g forDesign Basis Earthquake (DBE) and PGA= 0.70 g
for Maximum Considered Earthquake (MCE).

5. Results of Analyses

5.1. The Effect of Structure Asymmetry on the Deformations
of Flexible Diaphragms. According to the dimensions of
the diaphragms and modeling of the axial stiffness of the
primary beams, and also applying the unidirectional seismic
loading in this study, the investigations showed that one
can decompose the deformation of each diaphragm into
four components with a very accurate approximation: (1)
the translation of the diaphragm as a rigid mode (𝛿𝑡), (2)
the rotation of the diaphragm as a rigid mode (𝛿𝑟), and
(3) shear-dominant deformation (𝛿𝑠) and bending-dominant
deformation (𝛿𝑑) (Figure 7). It should be noted that shear-
dominant and bending-dominant deformations are the over-
all deformation shapes of the diaphragm and is not related to
the components of the deformation of a Timoshenko beam.

Majority of these deformations can be calculated using
the displacement recorders considered in the analytical mod-
els (Figure 4) for each of the diaphragms (DPH):

DPH 1: 𝛿𝑡 = 0.5 (𝑢1 + 𝑢2)

𝛿𝑟 =
𝑙 (V𝑑1 − V𝑑2)
𝑏

𝛿𝑠 = (𝑢2 − 𝑢1) − 𝛿𝑟

𝛿𝑑 = 𝑢𝑑1 − 𝛿𝑡

DPH 2: 𝛿𝑡 = 0.5 (𝑢2 + 𝑢3)

𝛿𝑟 =
𝑙 (V𝑑3 − V𝑑4)
𝑏

𝛿𝑠 = (𝑢3 − 𝑢2) − 𝛿𝑟

𝛿𝑑 = 𝑢𝑑2 − 𝛿𝑡.

(6)

In Figure 8, the mean of maximum values of 𝛿𝑡, 𝛿𝑟, 𝛿𝑠, and 𝛿𝑑
for diaphragms of model 6 (which has only stiffness eccen-
tricity) for DBE earthquakes is shown: (a) elastic response
and (b) inelastic response. For comparison, the results of the
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Table 5: Earthquake records used in dynamic time-history analysis.

Event Year Station 𝑀𝑤 Mechanism Closest distance (m) 𝑉𝑠30 (m/s) PGA (g) Duration (sec)
Imperial Valley-06 1979 Cerro Prieto 6.53 Strike slip 15.19 471.53 0.168 36.27
N. Palm Springs 1986 San Jacinto, Soboba 6.06 Reverse oblique 22.96 447.22 0.254 20.09
Cape Mendocino 1992 Shelter Cove Airport 7.01 Reverse 26.51 518.98 0.228 30.5
Chi-Chi, Taiwan 1999 TCU045 7.62 Reverse oblique 26 704.64 0.507 35.095
San Fernando 1971 Castaic, Old Ridge Route 6.61 Reverse 19.33 450.28 0.320 20.27
Kern County 1952 Taft Lincoln School 7.36 Reverse 38.42 385.43 0.159 47.64
Manjil, Iran 1990 Qazvin 7.37 Strike slip 49.97 302.64 0.184 35.99
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Figure 6: The response spectra of records (𝜉 = 0.05): (a) pseudo-acceleration and (b) displacement. Thin curves are the response spectra of
earthquake records in Table 5.

corresponding deformations in the symmetric structures are
also drawn as a continuous line.

As shown, the diaphragms deformations of the asym-
metric structure, especially in the inelastic analysis, are
very similar to those of the symmetric structure. The only
major difference is the lack of rotational deformation of the
diaphragms in the symmetric structure. Another significant
point is the importance of the shear deformation and its
growth for the inelastic range, and even for the symmetric
structure. This can be due to the fact that, with increase in
the flexibility, the central wall of the structure with a greater
tributary area than the two side walls absorbs more seismic
load and thus experiences more deformations than the lateral
elements, and this increases the shear deformation of the
diaphragms.

Reducing the translational and rotational rigid modes
and, in contrast, the increase in bending and shear defor-
mations of the diaphragm which occurs with increase in
diaphragm flexibility clearly reflect a change in the seismic
behavior of the structure. Although this change in behavior

(changing the mode from the rigid modes to the deforma-
tionalmodes) can lead to a reduction in engineering demands
in some LLREs, another issue that needs to be fully addressed
is the growth of the demand for deformational modes in
the diaphragms, which usually has no capability for large
deformations.

Themean of maximum values of the deformations for the
diaphragms of model 2 (which has only strength eccentric-
ity), at inelastic range and for DBE earthquakes, is depicted
in Figure 9. For comparison, the results of the corresponding
deformations in the symmetric structure are also drawn in
the form of a dashed line.

As shown, the modes of rotational motion and bending
deformation of the two diaphragms of the asymmetric struc-
tures are very similar. Also, the bending deformation of the
diaphragms corresponds to their values in a symmetric struc-
ture.Themajor difference in the deformation of the neighbor
diaphragms is the translation and shear deformationsmodes.
It can be clearly seen that the values of shear deformation for
the weak side diaphragm (DPH1) of the asymmetric structure
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Figure 8: Deformation components of diaphragms for model 6 in DBE earthquakes: (a) elastic and (b) inelastic.
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Figure 9: Deformation components of diaphragms for model 2 in DBE earthquakes: (a) DPH1 and (b) DPH2.
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Figure 10: Bending-dominant deformation of diaphragms in DBE earthquakes: (a) DPH1 and (b) DPH2.

are lesser than that of the strong side diaphragm (DPH2).
This phenomenon can be interpreted as the concentration of
shear-dominant deformations in the strong side diaphragm
of the structure which is accompanied by the concentration
of the translational motion (rigid mode) on the weak side
diaphragm of the structure.

Therefore, it can be concluded that, by increasing the
diaphragm flexibility, the rigid modes of the translational

and rotational motions of the diaphragm are reduced and
the diaphragm shear and bending deformations grow. The
growth of the diaphragm shear deformation approximately
stops after a certain degree of flexibility, but the growth
of the bending deformation of the diaphragm is continu-
ous. The bending deformation of adjacent diaphragms in
different asymmetric structures is very close to each other
and similar to that in the symmetric structure (Figure 10),
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Figure 11: Qualitative classification of the asymmetric structures behavior for model 8 in DBE earthquakes: (a) inelastic and (b) elastic.

while the shear deformation of adjacent diaphragms of
asymmetric structures is very different and the concentra-
tion of shear deformations in one of the diaphragms is
observed.

5.2. Qualitative Classification of the Asymmetric Structures
Behavior Based on Degree of Diaphragm Flexibility. As a
result of the shear deformation sensitivity of the diaphragms
to structure asymmetry and the degree of flexibility, the
shear deformation can be a better criterion for measuring
the performance of structure diaphragms. The shear defor-
mations of diaphragms and displacement of walls for model
8 are depicted in Figure 11: (a) elastic and (b) inelastic. In
accordance with Figure 11(a), for the inelastic range, the
behavior of the considered asymmetric structures can be
categorized qualitatively into four steps based on their degree
of diaphragm flexibility.

Step 1 (rigid diaphragms). The diaphragm’s shear deforma-
tion is negligible in comparison with the rotational and
translational motions.

Step 2 (semirigid diaphragms). In this step, by increasing the
diaphragmflexibility, the shear deformation of both structure
diaphragms continuously grows at a fast rate.

Step 3 (fixed shear-dominant response in the weak side
diaphragm (DPH2)). Starting the third step, with increase
in diaphragm flexibility, the shear deformation of the weak
side diaphragm remains almost constant, while the shear
deformation of the strong side diaphragm continues to grow.
In this step, the displacement of the central wall has almost a
constant trend.

Step 4 (fixed shear-dominant response on both diaphragms of
the structure). In this step, the shear deformation growth of
the strong side diaphragm will stop and will have a constant
trend. In this step, displacement of the strong wall has an
approximately constant trend.

In elastic structures, given that the elements response
is only in the elastic range, only three steps of behav-
ior can be identified. (1) rigid diaphragm, (2) semirigid
diaphragms, and (3) fixed shear-dominant response on both
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Figure 12: Walls displacements of model 6 in DBE and MCE earthquakes: (a) wall 1 (left side, stiff), (b) wall 2 (central), and (c) wall 3 (right
side, flexible).

diaphragms of the structure. It should be noted that, in
the third step of elastic structures, the convergence of the
weak wall displacement to the central wall displacement is
mainly due to decrease in the rotational deformation of the
weak side diaphragm. From this discussion, it can be con-
cluded that, first, the behavior of the structure diaphragms
is not only a function of the diaphragm flexibility, but
the overall configuration of the structure and configura-
tion of the centers. It should be noted that the center of
strength has the most significant effect on the behavior of
diaphragms. Second, while the bending deformation of the
diaphragms in all structures is almost identical, the shear-
dominant deformation gives clearer criteria of diaphragm
performance.

5.3. Effect of Diaphragm Flexibility on LLREs of Asymmetric
Structures. In Figures 12(a), 12(b), and 12(c), respectively,
the mean of maximum displacement of walls 1 (stiff side),
2 (central), and 3 (flexible side), which are the main walls
in the direction of seismic loading, for model 6 (which has
stiffness eccentricity and strength symmetry) is shown for

different degrees of diaphragm flexibility (𝑇𝑑). The first row
corresponds to the elastic structure response under DBE
earthquakes, while the second and third rows, respectively,
represent the results of nonlinear analyses in DBE and MCE
earthquakes. In all the diagrams, the displacements of the
corresponding walls in the symmetric structure (model 1) are
also presented for comparison.

In general, by increasing the diaphragm flexibility, the
displacement of the LLREs decreases in both symmetric
and asymmetric structures. According to the acceleration
response spectra of earthquakes records, rigid diaphragm
models fall into a resonance region, while their flexible
diaphragm structures fall into the descending branch of the
spectra; this explains why those demands are considerably
reduced. It is notable that an increase in flexibility result in
a higher participation of the tributary area in lateral forces
distribution and, consequently, less reduction in demands can
be seen for the central walls.

As shown, the overall asymmetric structure response
is similar to the symmetric structure response and the
asymmetry has little effect on the displacements of the walls.
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Figure 13: Ductility demands of stiff (wall 1) and flexible (wall 3) walls of themodel 6: (a) DBE earthquakes (0.35 g) and (b)MCE earthquakes
(0.70 g).

In the elastic asymmetric structure, the flexible side wall
shows more displacement compared to the same wall in the
symmetric structure, and the opposite is true in the stiff side
wall. In general, it can be said that the stiffness eccentricity
only in elastic analyses and in low flexibilities (rigid and
semirigid diaphragms) increases displacement of the flexible
side wall relative to the similar symmetric structure. With
increase in the diaphragm flexibility or the intensity of the
earthquake (yield level of elements), the effect of the stiffness
eccentricity on structure displacements quickly decreases.
Similar conclusions were provided in previous studies
[6].

The mean of maximum ductility demands for end walls
of model 6 in DBE and MCE earthquakes for various
degrees of flexibility (𝑇𝑑) is shown in Figures 13(a) and 13(b),
respectively. The results of the corresponding walls in the
symmetric structure (model 1) are presented for compari-
son.

As shown, in contrast to the displacement responses, the
stiff side wall of the asymmetric structure (wall 1) experi-
ences more ductility demands than that of the symmetric
structures, while the opposite is true for the flexible side wall
(wall 3). Higher ductility demand values can be observed
in semirigid diaphragm structures and by increasing the
flexibility, the ductility demands converge to its values in
symmetric structures. This phenomenon actually represents
a more uniform distribution of damage in the asymmetric
structure walls by increasing the flexibility. As the intensity of
the earthquake increases, variation in the ductility demands
of the asymmetric structure walls becomes closer to that of
the symmetric structure. In general, the stiffness eccentricity,
in contrast to the displacement response of walls, affects
the ductility demand of asymmetric structure walls and

increases the ductility demands in stiff structural elements.
By increasing the diaphragmflexibility, the ductility demands
of the LLREs are also reduced.

In Figures 14(a), 14(b), and 14(c), respectively, the mean
of maximum displacement of walls 1 (weak side), 2 (central),
and 3 (strong side) for model 2 (which has strength eccen-
tricity and stiffness symmetry) is shown for different degrees
of flexibility (𝑇𝑑). The first and second rows respectively
represent the results of nonlinear analyses in the DBE and
MCE earthquakes. In all the diagrams, displacements of the
corresponding walls in the symmetric structure (model 1) are
also presented for comparison.

As shown, the overall responses of asymmetric structures
are similar to the responses of symmetric structures. In
contrast to structures with stiffness eccentricity, in this group
of structures, flexibility has a significant effect on the displace-
ment of the endwalls. In this model, the weak side wall shows
more displacements than similar symmetric structure, and
the opposite is true for the strong sidewall. Also, by increasing
the diaphragm flexibility or the intensity of the earthquake
(the yield level of elements), the effect of strength eccentricity
will not be diminished on the displacement of structure walls,
so that, in structures with a very flexible diaphragm, the effect
of the strength eccentricity on the displacement of the walls
is quite significant.

The mean of maximum ductility demand for end walls of
model 2 (which has strength eccentricity and stiffness sym-
metry) in DBE and MCE for different degrees of flexibility
(𝑇𝑑) is shown in Figures 15(a) and 15(b), respectively.

Generally, by increasing the diaphragm flexibility, the
ductility demands of the walls in the asymmetric structure
decrease. As shown, the weak side wall of the asymmetric
structure (wall 1) experiences more ductility demands than
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Figure 14: Walls displacements of model 2 in DBE andMCE earthquakes: (a) wall 1 (left side, weak), (b) wall 2 (central), and (c) wall 3 (right
side, strong).
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Figure 15: Ductility demands of weak (wall 1) and strong (wall 3) walls of model 2: (a) DBE earthquake (0.35 g) and (b) MCE earthquake
(0.70 g).

symmetric structures, while the ductility demands in the
strong side wall (wall 3) are less than that in the symmetric
structure. A comparison of Figures 13 and 15 clearly shows
that the influence of the strength eccentricity is much greater
than that of the stiffness eccentricity on the displacement of
walls in structures with flexible diaphragms. In structures

with a very flexible diaphragm, the influence of strength
eccentricity in the ductility demands of walls is clearly
significant. As the intensity of the earthquake increases,
the variation in the ductility demand of the asymmetric
structure walls becomes closer to that of the symmetric struc-
ture. Contrary to the structures with stiffness eccentricity,
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Figure 16: The mean of maximum displacements of walls in asymmetric structures: (a) DBE earthquakes (0.35 g) and (b) MCE earthquakes
(0.70 g).

in structures with strength eccentricity, ductility demands
converge less by increasing the flexibility, indicating a greater
concentration of damage in the weak wall of the asymmetric
structure.

5.4. Proper Configuration of Stiffness and Strength Centers in
Structures with Flexible Diaphragm. The mean of the maxi-
mum displacement for walls of asymmetric models in DBE

and MCE earthquakes is shown in Figures 16(a) and 16(b),
respectively. The first row graphs refer to a completely rigid
diaphragm structures (𝑇𝑑 = 0.0 sec), the second row belongs
to a semirigid diaphragm structure (𝑇𝑑 = 0.142 sec), and the
third row is for structures with quite a flexible diaphragm
(𝑇𝑑 = 0.867 sec). The displacement of the corresponding
walls in the symmetric structures (model 1) is presented in the
form of a dashed line and for comparison.The horizontal axis
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represents the number of structuremodels and displacements
are presented only for the main walls that are exposed to
seismic loads.

As shown in Figure 16(a), for DBE earthquakes in struc-
tures with a rigid diaphragm, the optimal configuration for
reducing the mean displacement of all walls is related to
model 5.This model has a balance configuration in which the
center of the mass is located between stiffness and strength
centers and the strength eccentricity is equal to one-quarter
yield eccentricity. This conclusion is consistent with the
findings of Aziminejad and Moghadam [26]. Considering
other diagrams of Figure 16(a), which is related to structures
with flexible diaphragms, it was observed that the degree
of flexibility affects the optimal configuration. By increasing
the flexibility from 𝑇𝑑 = 0.0 sec to 𝑇𝑑 = 0.142 sec, the
best configuration of the centers moves from models 5 to
6, and then with increasing flexibility from 𝑇𝑑 = 0.142 sec
to 𝑇𝑑 = 0.867 sec, the optimal configuration continuously
returns tomodel 5. As seen in the structure with quite flexible
diaphragm (𝑇𝑑 = 0.867 sec), model 5 is the best configuration
for minimizing the displacement of walls.

Another important point is that, in structures with a flex-
ible diaphragm, the presence of only balance configuration
cannot reduce the displacement of walls. Models 3 and 4,
despite the presence of balance configuration, showed almost
the same responses or evenworse than the responses ofmodel
7, which has no balance condition.

In MCE earthquakes, the optimal configuration of the
centers is somewhat different for displacement of thewalls. As
shown in Figure 16(b), in structures with a rigid diaphragm,
model 6 (which has strength symmetry) is considered as
the optimal model. The displacement of walls in this model
is consistent with that of the symmetric structure. This
result is in accordance with the findings of Aziminejad and
Moghadam [26]. With increase in the flexibility, while the
responses of model 6 have a major similarity to symmetric
structures in almost all the degrees of flexibility, in the
flexibility of 𝑇𝑑 = 0.142 sec and higher values, model 8 offers
displacements even less than that of the symmetric model.
Therefore, this configuration can be considered as optimal
configuration for the displacement of walls.

The mean of maximum ductility demand for walls of the
asymmetric model in DBE andMCE earthquakes is shown in
Figures 17(a) and 17(b), respectively.

As shown, in DBE earthquakes for a structure with a rigid
diaphragm, the best configuration to reduce the ductility
demand is the configuration of centers in model 8. By
increasing the flexibility, the optimal configuration moves
towards model 6, so that in structures having quite a flexible
diaphragm with 𝑇𝑑 = 0.867 sec, model 6 is the best config-
uration of centers. The conditions in the MCE earthquakes
vary slightly. In structures with a rigid diaphragm, the best
configuration is between models 7 and 8, while by increasing
the flexibility, the optimum configuration moves to model
8. For flexibilities more than 𝑇𝑑 = 0.142 sec, model 8 is
considered as the best configuration for minimizing the walls
ductility demands.

6. Conclusion

In this article, the effects of diaphragm flexibility on plan-
asymmetric structures subjected to far-field ground motions
are studied. A wide range of diaphragm flexibility in single-
story models with different configurations of mass, stiffness,
and strength centers were considered. The analytical study
resulted in the following major conclusions:
(1) By increasing the diaphragm flexibility, the intensities

of rigid modes of diaphragms deformation are reduced, and
bending and, especially, shear-dominant deformations grow.
This clearly demonstrates changes in the mechanism of seis-
mic forces absorption by asymmetric structure with a flexible
diaphragm. Moreover, the concentration of shear-dominant
deformations in some diaphragms of the plan-asymmetric
structures is one of the most important weaknesses of these
structures.
(2) Based on the shear deformation of the structure

diaphragms, it is possible to qualitatively classify the behavior
of asymmetric structures with various degrees of flexibility.
This classification actually represents the single or coordi-
nated function of the structural elements at various levels of
diaphragm flexibility.
(3) Generally, increasing the diaphragm flexibility

reduces the displacement and ductility demands of the
LLREs in both symmetric and asymmetric structures. The
changes observed in structural demands with diaphragm
flexibility are strongly related to the considered ground
motions. According to the acceleration response spectra of
earthquakes records, rigid diaphragm models are put into
the resonance region and, in contrast, their very flexible
diaphragm structures fall in the descending branch of the
spectra; this explains why those demands are considerably
reduced.
(4) The effect of strength eccentricity on the demands

of lateral walls is much greater than that of the stiffness
eccentricity. High ductility demands in weak walls of struc-
tures with strength eccentricity indicate the concentration of
more damage in these elements even in structures with quite
flexible diaphragms.
(5) The proper configuration of centers in asymmetric

structures with flexible diaphragm depends on three fac-
tors: degree of diaphragm flexibility, yield level of elements
(earthquake intensity), and selected engineering demand
parameter. In general, the proper configuration of centers in
structures with flexible diaphragm is very similar to that in
structures with a rigid diaphragm.

While this study focused on structures with concrete
shear walls, the results can be used for other types of
structures with different degrees of diaphragm flexibility.
Also, it is expected that the general results of this study can
be applicable in low-rise buildings because it is possible to
ignore the participation of higher modes in these structures
[19].
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Figure 17:Themean of maximum ductility demands of walls in asymmetric structures: (a) DBE earthquake (0.35 g) and (b)MCE earthquake
(0.70 g).
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