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Shear walls are among the most common lateral load resisting systems, which are
not recognized as efficient ductile structural components. Using any opening in the
wall leads to disperse the inelastic behavior across the height of the wall and
employ both flexural and shear ductility capacity of the system at the base and
around the openings, respectively. Simple models were utilized to study the role of
large openings in inelastic dynamic behavior of shear walls. Despite the constant
total input energy, the amount of dissipated energy at the lower part of these walls is
decreased to about two-third the value of ordinary shear walls. Consequently, the
ductility demand diminished in the plastic hinge at the base and the required
reinforcement detailing becomes simpler. However, marginal gains observed in the
structural response such as base shear, base moment, inter-story drift and story
displacement. Furthermore, to obtain the crack patterns and the ductility of the
walls, static inelastic analyses were carried out using accurate finite element
models. The results reveal that despite a small reduction in the strength of shear
walls with openings, the crack patterns distribute more uniformly, and the ductility

Finite element model

1. Introduction

Shear walls have long been recognized in medium
height buildings as lateral load resisting systems.
This is due, mostly, to their ability in providing the
required level of lateral stiffness and strength for
the structure. Despite their names, shear walls are
usually considered as large-scale cantilever beams
with dominated bending behavior. This viewpoint is
apparent in design codes where all steps are taken
to ensure the ductility of shear walls by preventing
their shear mode of behavior as a brittle mode. The
comparison of the behavior factors manifests that the
behavior factor of special steel moment frames is
much greater than that of special reinforced concrete
shear walls. Beside other lateral load resisting
systems, it can be deduced that shear wall has not
been presented as a ductile system. Nevertheless,
various methods have been proposed to improve the
ductility of shear walls [1]. On the other hand, from

increases as the opening becomes larger.

an architectural point of view, ordinary shear walls
are almost recognized as a restricted element for the
interior design of a structure.

Since the maximum flexural moment and subse-
quently the maximum curvature in shear walls due
to earthquake loads happens at the base of the wall,
it is expected that the flexural hinge forms at this
area, see Figure (1). According to this figure, it is
obvious that the plastic hinge happens only in a
small region at the base of the wall (i.e. L,) where
the input energy of lateral loads dissipates. In this
ductility mode, upper parts of the wall are subjected
to rigid body movement due to the plastic curvature
at the bottom of the wall. Consequently, the ductility
resource of the rest of the wall is not engaged in the
response of the structure.

It should be noted that the formation of plastic
hinge at the base of the wall might cause serious
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Figure 1. The schematic static response of a shear wall due
to earthquake loads.

problems for the vertical load carrying capacity.

Experimental tests show that the plastic hinge,
where the most inelastic deformations occur, spreads
across the distance equal to the width of the wall.
The ductility of this area depends directly to the
reinforcement details [3]. Early tests of isolated
walls under static monotonic and cyclic reversed
loading have indicated that the concentration of
well-confined longitudinal reinforcement at the
end of a wall section can significantly increase the
ductility of the wall [4-6].

The system performance can improve by distrib-

uting the energy dissipation across the wall-height.
This can be addressed by preventing the dominance
of flexural failure mode and limiting the inter-story
drifts.
In order to enhance the ability of shear walls in
dissipating the input energy, several solutions can be
given. One of the impractical solutions is reducing
the flexural strength across the height of the wall to
spread the plastic flexural mechanism. Considering
the minimum reinforcement requirements in the
wall, it can be possible only by decreasing the
width of the wall proportion to the rate of bending
moment reduction. Another solution for improving
the behavior of RC shear walls is to propagate the
shear mechanism along the height of the wall by
reducing the wall thickness. The shear area of the
wall is calculated so that the inter-story drift reaches
its allowable value under the story shear force. In
this case, the boundary elements at both ends of the
wall provide the flexural strength. As a result, the
required thickness of the wall to be set to achieve the
ultimate shear inter-story drift is inaccessible [7].

As shown in the Figure (1), bending moment
reduced rapidly along the height of the wall and left
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limited room for energy absorption potential in the
wall system. Shear force, however, is distributed
more uniformly across the height. Considering the
special distribution of internal forces, energy dissipa-
tion can be occurred not only at the base flexural
plastic hinge with large bending moment, but also at
the upper part of the wall using shear mechanism
where bending moment is small enough versus
shear force. Therefore, two distinct energy absorp-
tion mechanisms can be utilized in both flexural and
shear mode. According to random distribution of
seismic loads along the height of the wall, the
probability of energy dissipation is provided in both
mechanisms simultaneously or even separately. In
addition, trilinear behavior of reinforced concrete
has the significant role in providing the foundation
of development of plastic flexural and shear hinges.
Therefore, using shear and flexural ductility modes
results in a Dual Ductility mode Shear Wall (DDSW).

According to the previous discussion, it is de-
duced that the conventional shear wall cannot
provide both ductility modes together. To this aim,
this concept can be extended to the shear walls with
openings. Several aspects for such a system as well
as coupled and slit shear walls are illustrated in
Figure (2) [8].
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Figure 2. Sample layouts of dual ductility mode shear walls,
after Ziyaeifar [6].

The position and characteristics of opening
should be selected regarding the interaction of shear
force and bending moment. Accordingly, due to large
bending moment at the base of the wall and the
destructive effect of shear force on flexural capac-
ity, the shear strength of the wall section at this
region should be large enough to avoid any shear
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failure. Therefore, any openings should not be uti-
lized at the base of the wall. Whereas, in upper part
of the wall, because of large reduction in bending
moment compared to shear force, their interaction is
low and the energy dissipation can be employed in
shear mechanism. In order to better use of shear
ductility mode over the wall height, it is necessary to
enlarge the opening dimension proportionate to
reduction of shear force along the height.

Appropriate distribution of openings in the wall
can easily lead to improve the classic criteria of these
walls, such as the dynamic characteristics, nonlinear
behavior, and the ductility of the structure. Moreover,
using openings in the shear walls may be acceptable
as interior design and architectural point of view.

As mentioned, one of the most well known shear
walls with openings is the Coupled Shear Wall
(CSW). In many structural walls, a regular pattern of
openings will be required for architectural purpose.
CSWs are a form of construction often used in
moderately high multi-story reinforced concrete
buildings. Using openings in a regular and rational
arrangement leads to efficient structural systems,
particularly suited for ductile response with very
good energy dissipation characteristics. The main
reason for this implication is that the connecting
beams are considerably weaker than the walls and
have the ability to dissipate the energy if detailed
properly [2, 9]. Actually, special complex reinforce-
ment details are required to provide high local
ductility demands in connecting beams. Several
theoretical and experimental researches have been
devoted to evaluate the behavior of coupled shear
walls [10-15]. However, Paulay [16-17] carried out
a noticeable research that has a considerable contri-
bution to the understanding of hysteretic behavior
of CSW systems and the ability of such walls in
distributing the inelastic behavior along the height of
the wall.

Furthermore, having the ability in dissipating the
energy along the height of the wall, RC slit shear
walls can be also categorized as lateral load resisting
systems. To study the behavior of slit shear walls,
various experimental and theoretical investigations
have been conducted. The results indicate that
yielding of the connecting beams could considerably
reduce the lateral displacement and enhance the
behavior of slit shear walls [18-22].

It should be noted that failure mechanism of
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coupled and slit shear walls occurred as plastic
hinges formed at link beams ends together with the
base of the wall. This is, however, in contradiction
with the concept of dual ductility, which can provide
a situation for using any of the ductility modes even
separately.

In order to study the role of openings in ductile
behavior of shear walls, it is aimed at investigating
the inelastic dynamic and static behavior of DDSWs.
In this regard, a series of dynamic analyses was
performed to understand the general dynamic be-
havior of these walls. In this case, a simple two-
dimensional (2D) model was used to idealize the
shear walls. Moreover, to be able to compare the
crack patterns and ductility enhancement of such
walls with conventional shear walls, various static
inelastic analyses were carried on some finite
element models of DDSWs.

2. Dynamic Nonlinear Analysis of Dual Ductility
Mode Shear Walls

In order to investigate the energy dissipation
potential of the DDSW, it is necessary to perform
dynamic analysis. However, static analysis cannot
be employed to describe the behavior of the system
with dual plastic hinges [23]. To this aim, a shear
wall with varied opening along the height is consid-
ered. In this section, some numerical results are
provided to assess the capability of DDSW in dis-
sipating the input energy under seismic loads,
especially in shear mode along the wall height.

The fundamental difference between CSW and
this kind of DDSW is the way of distributing
the plastic behavior along the height of the wall.
Generally, CSW is designed in a way that their be-
havior becomes similar to the moment frames, and
the plastic hinges form at all the link beams before
ultimate failure mechanism. Therefore, to avoid
undesirable failure and provide sufficient ductility,
complex reinforcement details are required for the
beams. Applying the concept of dual ductility for
CSW (i.e. by changing the dimension of opening
along the height of the wall) leads to propagate
appropriately the input energy across the height of
the wall instead of any concentration only at
connecting beams. Accordingly, lower localized
ductility demand is required for the link beams and
subsequently simpler reinforcement details can be
provided in this region.
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2.1. Model Manifestation

There are several models for analyzing the shear
walls with opening such as CSWs. The most com-
mon models utilized for analyzing these shear walls
are simple truss model, equivalent frame model,
continuous model, and finite element model [24-26].

In the equivalent frame method, both the walls
and the coupling beams are modeled with frame
elements. In this method, it is assumed that the
sectional properties are concentrated in the vertical
centerline of the cantilever wall. On the other hand,
with a simple truss model, the behavior of shear
walls with large openings can be approximated
easily. It should be noted that truss models are only
valid for slender shear walls [27]. In this model, a
single module consists of rigid horizontal beams,
equal in length to the width of the wall segment,
connected to the columns and a diagonal brace. The
columns simulate the bending and axial stiffness,
while the diagonal braces provide the shear stiffness
of the wall. Based on the previous research conduc-
ted by authors, the rigid zone at the connections of
the element cannot be defined correctly in the
equivalent frame approach [28]. Therefore, this
approach cannot easily be able to predict the true
behavior of the DDSWs. Although the finite element
models are the most accurate ones for this purpose,
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due to the complexity in dynamic analysis of these
models, it is decided to employ the simple truss
elements in seismic analysis of shear walls using
DRAIN-2DX program. The elements of the truss
model are simple inelastic bar element which can
transmit axial load [29].

All the walls considered in this study are assumed
as a part of an official building the wall section
view of which is presented in Figure (3). It is
designed to resist all the combinations of gravity
and earthquake loads specified by Iranian Code of
Practice for seismic resistant design of buildings
[30]. Reinforcement details of the walls are pre-
sented in Table (1). Opening dimension and the
reinforcement details of coupling beams are shown
in Table (2).

Table 1. Reinforcement details of walls.

Vertical Rebars Horizontal Rebars

Story
Concentrated | Distributed Distributed
l1to4d 14932 D12@300 D12@200
5t06 | 8D32+2d25 | DI2@300 D12@250
7t08 | 4032 +4d25 | OI12@300 D12@250
9to 12 8d25 D12@300 D12@300
131020 6D25 D12@300 D12@300

Rigid Beam \ Diagonal Element

—

(b)

Typical Opening

(v D N T

Figure 3. Properties of shear walls; (a): Geometric; (b): simple truss model; (c) typical wall section and reinforcement details.
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Table 2. Opening dimensions and the reinforcements of the

link beams.
Story Oﬁ:ltlii(l)lg Opening Dimensions
Height Width
1to3 0% - -
4t05 13% 1250 2400
6to07 21% 1600 3000
8t09 26% 1800 3300
10to 11 40% 2200 4100
12to 15 48% 2450 4500
16 to 20 57% 2650 4900

Bending moment in shear wall can be substituted
by coupling axial forces, which are usually, applied
to the boundary elements at the end of wall section.
Therefore, vertical elements of truss model that
simulate the bending effect are considered at the
center point of boundary zone of the wall section.
Axial stiffness and strength of these elements are
calculated based on flexural strength of the wall
section, which is converted to a pair of coupling
axial force with a specific distance (i.e. the distance
between the center points of boundary elements). As
mentioned before, the trilinear behavior of reinforced
concrete has a significant effect on distributing of
plastic hinges over the height of the wall. Therefore,
to have a better approximation of the behavior of
reinforced concrete elements, column elements are
considered to behave based on trilinear behavioral
model using specific combination of bar elements.

In order to simpler assessment of the effect of
shear mechanism in energy dissipation, only diagonal
elements are employed to simulate the shear stiff-
ness of the wall, while horizontal bars are considered
as rigid elements. The stiffness and strength of the
diagonal braces are calculated based on structural
analytical relationship, obtained by equating the
flexural frame with an equivalent truss model.
Accordingly, the shear capacity of the wall section
at each level is considered by the strength of these
diagonal bars. However, using openings in the
middle part of wall section leads to the reducing of
the shear stiffness and strength of the wall section.
Therefore, any reduction in section area of the
diagonal bar, reduce its stiffness and practically
can simulate the effect of the opening in the wall.
Consequently, using this simple truss model can
easily provide us an operational competent tool for
assessment of the potential of energy dissipation
due to shear force.
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It should be noted that the OSW and DDSW
models considered in this research have the same
flexural stiffness, which is provided by boundary
elements at both ends of the wall, but they differ
only in their diagonal braces. According to the
modal analysis results, the first natural period of the
OSWand DDSW are 2.13 and 2.18sec, respectively.

2.2. Time History Results

To provide better insight into the seismic response
of the DDSW, extensive inelastic dynamic analyses
have been conducted. In this regard, a set of seven
earthquake records; Taft, El Centro, Santa Barbara,
San Fernando, Tabas, Northridge, and Kobe are
utilized as input excitations. All of the earthquake
records are scaled to the peak ground acceleration
equal to 0.4g. To evaluate the seismic inelastic
response of DDSW, several parameters such as the
distribution pattern of the dissipated hysteresis
energy across the height of the wall, an introduced
energy dissipation index, inter-story drift and story
displacement, base shear and base moment are
considered.

The comparison between the average values of
hysteresis, viscous and total energy dissipated
during the analysis shows that the amount of
the energy in OSW and DDSW are very close to
each other. The average of hysteresis and viscous
energy in the selected earthquakes for OSW and
DDSW are (386 and 399kN.m) and (391 and
397kN.m), respectively.

The distribution pattern of the mean values of
hysteresis and viscous energy dissipated across the
height of the shear walls under the aforementioned
earthquakes is presented in Figure (4).

Although the total hysteresis energy is approxi-
mately equal for both OSW and DDSW), it is
indicated that the dissipated energy in DDSW
distributed more uniformly. Meanwhile, the amount
of dissipated energy at the first third floor (i.e.L))
of the OSW is about 70 percent more than that
of DDSW. Therefore, most of the input energy
dissipated at the lower part of OSWand subsequent-
ly, the damages concentrate at small fraction of the
wall. Accordingly, by spreading the dissipated
energy across the height, the DDSW prevents the
accumulation of the damages at special portion of
the wall. Thus, the ductility resources of all parts of
the wall can be utilized to have a more desirable
ductile behavior and subsequently the reinforcement
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Figure 4. The distribution pattern of the average values of
hysteresis and viscous energy in OSW and DDSW
across the height of the wall under the earthquakes.

details and confinement requirements at the base of
the wall would become more simplified.

One way of numerically quantifying the seismic
damage suffered by buildings is by making use of
damage indices. Among the many damage indicators
available, the Park and Ang damage index appears
to be the most acceptable due to its simplicity and
extensive calibration against experimentally observed
seismic damage in reinforced concrete structures
[31]. The latest damage index for reinforced con-
crete building with different types of structural
systems introduced by Ghobarah [32] related to the
inter-story drift is as follows:

1 n — 2 n 2
2(5-5)"2(S)
SDF = \/(n—l)2 i=1 _ i=1 (1)

where SDF is the story damage factor and S, S,
and n are the maximum inter-story drift of floor i, the
mean value of the maximum inter-story drift ratios,
and the number of stories, respectively.

It should be noted that most of these damage
indices explain the overall damage of the systems
and cannot be able to specify the distribution pattern
of the damage along the height of the structures.
Moreover, to be able to discuss about the energy
dissipation along the height of the wall an energy
dissipation index (1) is defined as:

gl )
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where h;, Ej,, H, and n are the height of i" story,
total dissipated energy at the same story, total
height of the structure and the number of stories,
respectively. Higher value for I shows that the input
energy can be dissipated in a larger extend across
the height of the wall. According to Table (3), the
mean values of the damage index defined by
Ghobarah for OSW and DDSW are approximately
equal. It is concluded that these two types of shear
wall have the same damage level. However, the
previous results indicate that OSW and DDSW
completely differ in the distribution of the damage
(i.e. energy dissipation) along the height of the wall.
As a result, the mean values of introduced damage
index are 0.27 and 0.41 for OSW and DDSW,
respectively. It is deduced that the inelastic behavior
in the DDSW spreads in a larger extend along the
height of the wall compared to OSW.

Table 3. Comparison of introduced damage index with the one
suggested by Ghobarah [29].

Ghobarah Energy Dissipation
Earthuakes Index Index
OSW | DDSW | OSW DDSW
El Centro 0.35 0.36 0.24 0.37
Kobe 0.39 0.42 0.25 0.38
Northridge 0.37 0.43 0.26 0.43
Santa Barbara 0.47 0.52 0.27 0.44
San Fernando 0.45 0.48 0.31 0.43
Tabas 0.46 0.47 0.28 0.41
Taft 0.39 0.46 0.26 0.41
Average 0.41 0.45 0.27 0.41

The average of maximum inter-story drift and
story displacement as other damage indexes are
illustrated in Figure (5). The figure represents that
the inter-story drift of the DDSW decreases at most
part, especially at the base and top of the wall.
Despite the small value for the inter-story drift at the
base of the OSW, Figure (4) shows that the amount
of the energy dissipation in this region is higher than
that of the DDSW. This is because of the consider-
able value of the curvature at the base of the OSW.
Moreover, as shown in Figure (5), the story displace-
ment of the DDSW is a little bit smaller than the
OSW. According to these two figures, it is indicated
that both shear and flexural ductility modes are
utilized appropriately.

Table (4) presents the comparison of the average
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and maximum inter-story drift as well as the top
displacement for both OSW and DDSW. It is
shown that the mean value of these parameters for
DDSW is reduced to about 6.3%, 1%, and 7.6%,
respectively. Thus, it is concluded that using open-
ings in the shear walls not only does not weaken
the structural system against the seismic loads, but

4 160
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Story Displacement (mm)
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Figure 5. The mean values of maximum displacement and inter-
story drift of OSW and DDSW under the earthquakes.

also improve the performance of these types of the
wall and can decrease the local ductility demands.

The base shear and moment of the walls due to
the selected earthquakes are presented in Table (5).
The results indicate that the average of the base
shear and moment induced on DDSW decrease to
about 15.6% and 3.9%, respectively. Considering
this fact that the first natural period of these walls
are very close to each other, it can be stated that
the reason for the decrease in the response of
DDSWmay be due to its higher damping. Figure (6)
shows the time histories of the base shear and
moment for OSW and DDSW under the El Centro
earthquake.

In order to predict the ability of the structural
systems in energy dissipation, a numerical algorithm
is proposed by authors to determine the alternate
damping ratio during any excitation according to the
energy response of the structure [33]. To this aim, a
time-window with a definite width is moved over
the whole time history of the dissipated and strain
energy. During each time-window, it is assumed
that the rate of increase in the dissipated energy is

Table 4. The top displacement, the average and maximum inter-story drift of OSW and DDSW under the earthquakes.

Average Maximum Top
Earthquakes Inter-(Sl:l(::‘l))l Drift Inter-(Sl:l(::‘l))l Drift Dlsp(l::lc;:ll)nent
OSwW DDSW OSwW DDSW OSwW DDSW
El Centro 20.0 17.2 26.8 23.2 386.9 331.8
Kobe 16.3 16.6 22.1 24.5 316.6 321.2
Northridge 17.0 15.8 23.1 22.8 3335 311.8
Santa Barbara 17.2 16.3 229 24.4 3339 316.8
San Fernando 14.6 12.4 21.5 19.9 266.7 217.3
Tabas 13.6 13.9 19.3 20.3 2704 273.1
Taft 12.2 11.2 18.6 17.4 227.7 206.6
Average 15.8 14.8 22.0 21.8 305.8 282.7

Table 5. The base shear and moment of OSW and DDSW under the selected earthquakes.

oswW DDSW
Earthquakes Base Shear Base Moment Base Shear | Base Moment

(kN) (kN.m) (kN) (kN.m)
El Centro 3619 62073 3271 59230
Kobe 3465 57298 2980 54812
Northridge 3540 56252 3043 54525
Santa Barbara 2770 60690 2620 58241
San Fernando 2645 56496 2494 53207
Tabas 2780 53394 1910 53571
Taft 3384 58042 2425 54959
Average 3172 57749 2678 55506
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Figure 6. The time histories of base shear and base moment
for OSW and DDSW under the El Centro earthquake.

constant, and the strain energy can be extracted as
the average value. Thus, to calculate the dissipated
energy, the difference between the amount of en-
ergy at the beginning and the end of the window with
the width of T'is required, while for the strain energy,
the average amount of energy at both ends of the
window should be obtained.

In general, the damping coefficient of a system is
given by a dimensionless damping ratio as [32]

c__c
c 2mo, A3)

cr

where m, c, C, and o are the mass, damping
coefficient, the critical damping value, and the
fundamental frequency of the system, respectively.
Considering the damping as a parameter which
specifies the potential of energy dissipation, the
damping ratio can be calculated from the equilibrium
of energy in the system. The total input energy E,,
the structure is exposed to since the beginning of the
excitation can be decomposed as follows [34]:

E,=Ex+E,+Eg+E, 4)

in which E, is the relative kinetic energy of the
mass, E is the dissipated energy due to viscous
damping, E is the recoverable strain energy and E,,
is the energy dissipated by yielding.

Generally, the Equivalent Viscous Damping
(EVD) ratio ‘tch is calculated based on equating the
energy dissipated in each cycle of vibration of a
real structure to a Single Degree of Freedom
(SDOF) system. In the steady-state vibration of a
SDOF system under a sinusoid external force as

40

p= p,sin(ot), the value of ‘tch is derived as [32]

O)H EDO

S " I By, 5)

in which Ej, and Eg are the dissipated energy and
strain energy in one cycle of the excitation, respec-
tively.

Eq. (5) gives an expression for evaluation of
EVD ratio when the structure is under a harmonic
excitation with a specific frequency. For real
structures, which are generally exposed to random
loads with wide frequency content, Eq. (5) is not
capable of describing the equivalent damping
ratio. However, the most contribution of the natural
modes in the dynamic response of a structure and
consequently, the energy dissipation occurs when the
excitation frequency is in the vicinity of the natural
frequencies. In order to resolve this problem, we use
the following relation for evaluation of EVD ratio

Ey,
éeq - m (6)

Actually, Eq. (6) is the same as Eq. (5) when
® = ®,. According to Figure (7), within any window,

—-—-—Strain Energy @
201 Dissipated Energy
E !
P |
< :
3 10k ; Calculating the Dissipated
g AN and Strain Energy Within
i N | the Moving Time-Windows
._,___,'\‘
0 .'\.A\,»-\_/._ ~_ |
0 10 20
Time (sec)
w w
E
‘ ®)| E ©
E, S
tci—l tCi tcm tCH tCi tci—!

Figure 7. The schematic procedure for Calculating the intro-
duced damping ratio based on the proposed
algorithm. (a) Typical time history of the dissipated
and strain energy swept by a moving time-window.
(b) The strain energy in a considered time-window.
(c)The dissipated energy in a considered time-
window.
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the dissipated and average of strain energy, E, and

Eg at time f, can be stated as

Fol . ESM v ESH
Ep =o;T; Eg =T 2 (M
Where
E, —-Ep
a‘ — i+l i-1 8
=l bn ®)

and Ep sEp s and Eg ,Eg are respectively the
dissipated and strain energy at the beginning and
the end of the window (i.e. at the time of ¢, and
tc. » respectively). Now, using Eq. (6) along with
Eq. (7) and (8) at each instant, gives the value of F,Cq.
As a result, the comparison between the alter-
nate damping ratio for hysteric behavior in DDSW
and OSW under the El Centro earthquake is shown
in Figure (8). It is indicated that the proposed
damping ratio is higher in most part of the time
history, which is an important change in dynamic
characteristics of these types of the shear walls.
The average of the proposed damping ratio for
DDSW is increased to about 20%. Consequently, a
design spectrum with higher damping ratio can be
recommended for seismic design of the DDSWs.

B 9]
o o

RBD Ratio (%)
N
= s

o

o
o N

Time (sec)

Figure 8. The alternate damping ratio for DDSW and OSW
under the El Centro earthquake.

Based on the above-mentioned results and dis-
cussions, it is expected that the DDSWs can be
designed for a smaller base shear than the conven-
tional shear wall. Subsequently, simpler detailing for
reinforcement can be used for the whole structure.
The seismic responses of the both shear walls under
the selected earthquakes point out that the concept
of dual ductility mode shear walls can be applied with
simplicity for the conventional shear walls.

3. Static Nonlinear Analysis of Dual Ductility
Mode Shear Walls

To provide better insight into the behavior of such
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walls, extensive inelastic analyses using finite element
models are needed. Being time-consuming and
complex, it is preferred to perform static inelastic
analysis rather than dynamic analysis. Therefore, it
is possible to evaluate the crack pattern and verify
the ductility modes of shear walls with openings. In
this regard, this method is utilized to analyze the
shear walls with slits (SSW) as another type of the
DDSWs using general-purpose FE program, TNO
DIANA[35].

3.1. Model Manifestation

In order to comprehensive understanding of the
role of openings in the ductility characteristics of
shear walls, three types of fixed base shear walls-
an OSW, and two slit shear wall, SSW1 and SSW2-
have been selected. In these SSWs, the width of the
slits in both SSWs is 200mm and the heights of them
are 1000mm and 2000mm, respectively. All the walls
have 24m height, 6m width with the thickness of
300mm. The reinforcement ratio (i.e. the ratio of
the area of total reinforcement to the nominal section
area of the wall) in the central part of the wall and
the boundary zones are 1% and 2%, respectively. To
study the static nonlinear behavior of DDSWs, a
series of pushover analyses under cumulative trian-
gular distributed loads has been performed on the
selected shear walls [36].

The specimens are modeled with eight-node brick
elements and the governing nonlinear phenomena in
the ultimate limit state are cracking and crushing of
concrete and plastic behavior of reinforcement steel
using displacement control approach. The behavior
of concrete is idealized using modified Mackawa
model, which combines a multi-axial damage plas-
ticity model for the effect of crushing in the
compressive behavior with a crack model based on
total strain for the tensile part of the behavioral
curve, considering the strength deterioration of
cracked concrete. Besides, the model describes
hysteretic behavior in tensile and compressive
unloading-reloading loops. The constitutive behavior
of the reinforcement steel was modeled by Von-Mises
plasticity model with isotropic strain hardening.
The equivalent thickness method is used for the
reinforcement bars in both directions. The material
properties used in this research are summarized in
Table (6) and Figure (9). The graphs are depicted
based on the governed relationship presented for
material models.
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Table 6. A summary of material properties for finite element
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Figure 9. Nonlinear material models for Concrete and reinforcement bars.

models.
Material Characteristic
Poisson’s Ratio 0.2
) Density 2400kg/m’
Compression -
£ Compressive Strength 37MPa
=
% Young’s Modulus 28000Mpa
O Fracture Energy 0.24N/mm
Tension Crack Band Width 100mm
Tensile Strength 2.5MPa
_ Young’s Modulus 200000MPa
g Tension Yield Strength 500MPa
Ultimate Strength 700MPa

To achieve equilibrium at the end of the incre-
ment, an iterative solution algorithm, Quasi-Newton
method (also called 'Secant method') is used. The
Quasi-Newton methods implemented in TNO
DIANA are known as the Broyden, the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) and the Crisfield
methods, the last of which is applied in this research.
To attain a good convergence, the energy norm,
which is composed of internal forces not the out-of-
balance force and relative displacements, is employed
in this analysis [35].

3.2. Numerical Results

The patterns of large cracks in shear walls under
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static incremental lateral load are shown in Figure
(10). The concentration of these considerable cracks
and subsequently, the significant damages at the
lower part of the OSW indicates that most part of
the wall does not contribute in the energy dissipation
procedure during lateral loading. It is while, in the
DDSWs (i.e. SSW1 and SSW2), the cracks propa-
gate in link beams along the height of the wall.
Therefore, the damages induced by the lateral
loads spread across the height of the DDSWs
without any localization at any particular region and
consequently, the local ductility demand will be
decreased.

Figure (11) illustrates the pushover curves for the
aforementioned walls. Despite a small decreasing
in the strength and stiffness of the DDSWs, it is
deduced that using some openings such as regular
slits in the shear wall improve the ductility of the
wall. The comparison between the results of push-
over and dynamic analysis shows that the amounts
of maximum top displacement of the walls are con-
siderably different. According to Krawinkler and
Seneviratna [37] and Tso and Moghadam [38] the
pushover method is rarely used to predict the seismic
demands. Notwithstanding, if this method is utilized
as a tool for predicting seismic demands instead of
estimating capacities, the analysis is usually performed

JSEE/VWl. 13, No. 1, 2011
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Figure 10. Significant large cracks in OSW, SSW1, and SSW2
under nonlinear incremental static analysis.
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Figure 11. The pushover curves for OSW, SSW1, and SSW2.

until the roof displacement corresponding to the de-
sign ground acceleration is attained. Clearly, the top
displacement in this case is not only smaller than the
ultimate value obtained in pushover analysis, but also
it is usually beyond the global yield limit states [39].

4. Conclusion

Commonly used analytical models, simple truss,
and finite element models were utilized in a non-lin-
ear static and dynamic analysis to investigate the be-
havior of shear walls with opening considered as dual
ductility mode shear walls. Findings projected from
this investigation provide better insight into ductile
behavioral aspects of these walls. The results of
inelastic dynamic analysis on a variety of shear
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walls indicate that rational arrangement of openings
can improve the dynamic characteristics and
nonlinear behavior. As a result, the amount of the
dissipated energy for the first fourth floor of these
types of the wall is decreased to about half the
value for ordinary shear walls. However, the energy
dissipation dispersed across the height of the wall
without any concentration of damages at the base of
the wall. Consequently, local ductility demands in
this region will decrease and subsequently simple
detailing for reinforcement are required. In addition,
the response of these types of the wall such as base
shear, base moment, top story displacement, and
average value of inter-story drift along the height
are reduced to about 15.6%, 3.9%, 7.6%, and 6.3%,
respectively. Furthermore, the results of inelastic
static analysis demonstrate that despite the small
reduction in strength and stiffness of the wall, the
openings can improve the ductility of these walls by
propagating the large cracks in a more extensive
region along the height of the wall. According to
the results of this work, it can be said that these
types of the wall provide better structural behavior
beside their suitable architectural aspects.
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