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Abstract— In this paper, the influence of increasing the height of building on the seismic behavior
of dual structural systems in the form of steel moment resisting frames accompanied with
reinforced concrete shear walls has been investigated. Common structures experience inelastic
stage of behavior encountering the seismic loads and the applied energy will be dissipated. The
nonlinear responses of the structural models have been evaluated in this research. As a result, some
parameters such as ductility factor of structure (p), over-strength factor (R;) and response
modification factor (R) for the mentioned structures have been studied. To achieve these
objectives, the buildings have 10 and 20 stories and contain such structural systems used to
perform the pushover analyses having different load patterns. Regarding the results, it seems that
the response modification factor (R) for the mentioned structural system is assumed to be higher
than the value which is used in Iranian Code of Practice for Seismic Resistant Design of Buildings
[Standard No0.2800]. Analytical results showed that the ductility factor and the response
modification factor increased as the structure height increased. In contrast, the over-strength
factors increased by decreasing the height of the structure.

Keywords— Dual system, steel moment resisting frame, shear wall, steel bracing, reinforced concrete, seismic
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1. INTRODUCTION

Studying the behavior of building structures as subjected to severe earthquake ground motions reveals that
these types of structures can exhibit enough strength, due to the nonlinear behavior of materials and
possibility of the sufficient deformations of the structures. These structures absorb the applied energy and
will dissipate it via tolerating the great displacements in nonlinear seismic behavior [1-4].

Nonlinear time history analysis of a detailed analytical model is perhaps the best option for the
estimation of deformation demands. However, due to many uncertainties associated with the site-specific
excitation as well as uncertainties in the parameters of analytical models, in many cases, the effort
associated with detailed modeling and analysis may not be justified and feasible [5-7].

In recent years, nonlinear static analysis has received a great deal of research attention within the
earthquake engineering community. Their main goal is to describe the nonlinear capacity of a structure
when subjected to horizontal loading with a reduced computational effort with respect to nonlinear
dynamic analyses. Pushover methods are particularly indicated for assessing existing structures
(commonly not originally designed with seismic criteria in mind), when the employment of linear elastic
methods, typical in new design situations, tends to be inappropriate. For these reasons, many codes and
guidelines (e.g. [8-10]) recommend the use of nonlinear static methodologies to evaluate structural
behavior under seismic action [11]. To assess the seismic performance of the structures, three various
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nonlinear static analyses are used, each of which contains a constant load pattern. These approaches are
pushover analyses with load patterns proportionate to uniform and reverse triangular displacements of
structures, and modal pushover analysis.

2. RESEARCH BACKGROUND

Numerous studies in the form of analytical and experimental works have been implemented on the
mentioned structural systems. The most important results of which are as follows:

One of the most important points of composite structural systems is the connection between steel and
concrete components of such systems. According to implemented tests, sufficient inner connectors such as
shear studs can be used for uniform transfer of shear forces between steel frames and infilling walls and
thus assure perfect composite action [12, 13].

The shaking table tests are the best method for simulation of behavior of the structure during
earthquakes. But, this method is very expensive, especially for large scale models. The shaking table tests
also implemented on steel moment frames infilled with light weight reinforced concrete walls have been
reported. The tests contain thef scale specimens having one bay and four-storey while linked to the
reinforced concrete slabs [14].

A series of experimental programs including two-story specimens having larger scales in comparison
to previous tests were developed to recognize the cyclic behavior of the composite structural systems. This
study shows the lateral shear force tolerate via compressive strut of wall and shear studs [15].

Also, in another research about cyclic behavior of a composite structural system consisting of
partially-restrained (PR) steel frames with reinforced concrete infill walls, it was found that this system
has the potential to offer strength appropriate for resisting the forces from earthquakes and stiffness
adequate for controlling drift for low- to moderate-rise buildings located in earthquake-prone regions [16].

Infills are commonly used in buildings for architectural reasons. It is proved that they have significant
effects on both the strength and stiffness and they should not be ignored in the analysis and design of
structures [17, 18]. Structural frames with infill panels typically provide an efficient method for bracing
buildings [19]. The presence of infills can also have a significant effect on the energy dissipation capacity
[20].

For the purpose of preliminary design and analysis of structures, many studies have been carried out
to construct reduced nonlinear models that feature both accuracy and low computational cost. Miranda
[21, 22] and Miranda and Reyes [23] have incorporated a simplified model of a building based on an
equivalent continuum structure consisting of a series of flexural and shear cantilever beams to estimate
deformation demands in multi-story buildings subjected to earthquakes. Although in that method the effect
of non-linear behavior is considered by using some amplification factors, the flexural and shear cantilever
beams can only behave in elastic range of vibration. Some researchers [24-26] have attempted to develop
analytical models to predict the inelastic seismic response of reinforced concrete shear-wall buildings,
including both the flexural and shear failure modes.

3. SEISMIC BEHAVIOR OF STRUCTURES
a) The ductility of structures

As a general rule it is possible to replace the ideal bilinear elasto-plastic diagrams with the base shear-
displacement curves of structures (Fig. 1). The ductility factor in the SDOF systems is a proportion of

maximum lateral displacement to the yielding lateral displacement of structures.
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H= (1)

In fact, the ductility factor explains to what extent the structure enters the nonlinear state. There is no
accurate definition for the ductility factor of MDOF structures. In some provisions, yielding is assumed to
have been simultaneous, although not precise [27]. Meanwhile the relation between the base shear and
displacement isn’t an elastic-perfectly plastic equation. Taking Fig. 1 into consideration, an idealization in
definition of the ductility factor is accepted.
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Fig. 1. General structure response [23]
b) Response modification factor

Seismic codes consider a reduction in design loads, taking advantage of the fact that the structures
possess significant reserve strength (over-strength) and capacity to dissipate energy (ductility). The over-
strength and the ductility are incorporated in structural design through a force reduction or a response
modification factor. This factor represents ratio of maximum seismic force on a structure during specified
ground motion if it was to remain elastic to the design seismic force. Thus, actual seismic forces are
reduced by the factor "R" to obtain design forces. The basic flaw in code procedures is that they use linear
methods but rely on nonlinear behavior [28].

As it was shown in Fig. 1, usually real nonlinear behavior is idealized by a bilinear elasto- perfectly
plastic relation. The yield force of structure is shown by V, and the yield displacement is A,. In this figure
V. or Vi correspond to the elastic response strength of the structure. The maximum base shear in an
elasto perfect behavior is Vy [29]. The ratio of maximum base shear considering elastic behavior V. to
maximum base shear in elasto perfect behavior Vy is called force reduction factor,

Ro=3- @

The over-strength factor is defined as the ratio of maximum base shear in actual behavior V) to first
significant yield strength in structure Vi,
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Ry =—= (3)

To design for allowable stress method, the design codes decrease design loads from V; to V. This
decrease is done by allowable stress factor which is defined as [30]:

y=-5% 4)

The response modification factor, therefore accounts for the ductility and over-strength of the
structure and the difference in the level of stresses considered in its design. It is generally expressed in the
following form, taking into account the above mentioned conceptions [30],

vV v, vV, v

R=—¢=—¢x2Yx S _—R xR.xY 5
Ve V., Ve Vv, 0° (%)

y

¢) The relation between the force reduction factor, the ductility factor and the period of structure

The force reduction factor (R,) is related to several parameters many of which are correlated to
characteristics of the structural system and some of them are independent from the structure and are
related to the other parameters such as respected loading (the time history of earthquake). The R, will be
correlated to a set of factors, especially the ductility factor of structure and its performance characteristics
in the nonlinear state, if we consider a specific earthquake for a particular place. Therefore, the first step in
determining the force reduction factor is specifying the relation between it and the capacity of the ductility
of structure.

Multiple factors are known that affluence on the relation between R, and p, such as materials, period
of system, damping, P-A effects, the load-deformation model in the hysteresis loops and the type of soil
that exists in the site. If we consider the assumption that the ductility in the structures with short period is
the same as those that have longer periods, then the smaller R, is obtained.

Also, New Mark and Hall [31] suggested the following equations for calculation of the force
reduction factor of structures:

R, =1 T < 0.125 Sec (6)
R, =2p—-1 0125 Sec<T <0.5 Sec (7)
R, =u 0.5 Sec<T (8)

d) The conversion coefficient of linear to nonlinear displacement (Cy)

It’s clear that the structural damages are normally originated from excessive deformations of the
structure. Therefore, regarding the effective parameters on seismic design of a structure, the discussion
about assessment and accurate prediction of displacement and monitoring of them are the most important

aims in seismic design of a structure. The C4 coefficient can be calculated as follows:

C max Amax AV R (9)
== X — = X
d AS Ay AS Hu s
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4. DESIGN OF THE STRUCTURAL MODELS

In this study, two structural models are used for specifying the trend of this research and are defined as
follows:

(1) A 10-storey building in the form of steel moment resisting frame accompanied with reinforced
concrete shear wall, (Model A).

(2) A 20-storey building in the form of steel moment resisting frame accompanied with reinforced
concrete shear wall, (Model B).

The height of all the stories is 3.5 m. Both of them have a residential application. Therefore, a floor
dead load, an equivalent partition load and a live load for each story are applied 200, 650, 150 kg/m’
respectively. Also, the structural system of the floor is a composite of reinforced concrete slabs and steel
secondary beams. The steel material used in the sections of the structural members is of ST37 type with
yielding strength of 2400 kg/cm” and ultimate strength of 3700 kg/cm®. The compressive strength of
concrete material, fc, used in the shear walls is 300 kg/cm®. American Institute of Steel Construction
Specification (AISC-ASD 2005) [32] and American Concrete Institute Requirements (ACI 318-05) [33]
were used to design steel members and shear wall respectively. In order to calculate earthquake load, the
spectrum dynamic method was used based on reference Standard No. 2800-05 [34]. The equation
suggested by Kheyroddin was used to determine the thickness and the number of required shear walls

[35].
()
L, (10)

835 + 205 h

w

pmin =

In which pp;, is the minimum wall area to story area ratio, h, is the total wall height and 1, is wall
length (average shear wall lengths present in building plan).

The plans of the structures, the direction of the girders and secondary beams and the location of shear
walls are shown in Fig. 2 and Fig. 3. In the design process of these structures, an attempt was made for
moment frame members to tolerate 25 percent of earthquake forces in addition to bearing gravity load.
The thicknesses of the shear walls for each storey are shown in Table 1 and Table 2. Regarding the design
of the structures, box-shaped and I- shaped sections are obtained for the section area of columns and
beams, respectively. Also, Table 3 indicates the some gained properties of these structures.
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Fig. 2. The structural plan of the model A Fig. 3. The structural plan of the model B
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Table 1. The thickness of the shear walls in model A

No. of the Storey 1-4 5-7 8-10

Thickness (cm) 35 30 20

Table 2. The thickness of the shear walls in model B

No. of the story 1-4 5-8 9-12 13-16 | 17-20

Thickness (cm) 50 45 40 30 20

Table 3. The structural properties of model A in linear design stage

Type of T, Vv Ax Ay . .
Model (sec) R (ton) (cm) (cm) Max drift X Max drift Y

Model A 1.215 8 800 6.98 9.09 0.0028 0.0036

Model B 1.915 8 1145 16.17 13.17 0.003 0.0024

T, is the natural period of the structure.

R is the response modification factor of the structure.

V is the base shear of the structure.

Ax and Ay are the displacements at roof level of the structure in X and Y direction respectively.

Max drift X and Max drift Y are the maximum drifts of the structure in X and Y direction respectively.

5. NONLINEAR ANALYSIS
a) Existing pushover analysis methods

During a pushover analysis, a frame structure is subjected to gravitational loads and horizontal loads
applied at each storey, with the latter being incremented up to failure. Ideally, the distribution of
horizontal loads should approximate the inertia forces that are generated in the structure during an
earthquake. Conventional pushover procedures adopt an invariant load pattern during the analysis, and
according to a number of codes and guidelines, at least two different force distributions must be
considered; uniform and proportional to the first modal shape. The invariant load pattern is one of the
most significant limitations of traditional methods, because the actual inertia force distribution changes
continuously during seismic events due to higher mode contribution and structural degradation, which
modifies the stiffness of individual structural elements and consequently of the structure as a whole [36].

A procedure proposed by Chopra and Goel [37], is the Modal Pushover Analysis (MPA), whereby a
series of independent pushover analyses are carried out, considering different horizontal load patterns for
each modal shape. According to the authors, it is sufficient to consider the first two or three modal shapes.
Results in terms of capacity curves for various modal shapes are transformed in capacity curves for
equivalent SDOFs, one for each mode. Seismic demands are separately evaluated for each SDOF and
finally combined by the SRSS method. A common drawback of this method is the mode superposition of
results obtained from nonlinear pushover analyses carried out separately, for various modes. The method
neglects the interaction amongst the modes, with modal superposition being performed just as in elastic
modal analysis. Accordingly, capacity curves typically overestimate base shear values [38].

b) Modeling

In order to assess the seismic behavior of selected buildings we have conducted a series of nonlinear
static analyses. After a preliminary design of the structures, the nonlinear model of the following elements,
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force-deformation relationship and deformation capacities has been developed. There are a number of
different ways to model inelastic beams and columns. At one extreme are finite element models using
fiber sections. At the other are chord rotation models that consider the member as a whole and essentially
require one to specify only the relationship between end moment and end rotation. In between these
extremes are a number of other models. In this study the chord rotation model for beams and columns has
been selected. The basic model is shown in Fig. 4. This is a symmetrical beam with equal and opposite
end moments and no loads along the beam length. To use this model one has to specify the nonlinear
relationship between the end moment and end rotation. An advantage of this model is that FEMA-356
gives specific properties, including end rotation capacities [39].

The F-D relationship shown in Fig. 5 is utilized for all beams and columns components. For beam
components, F is end moment and D is end rotation. For column elements, F is force and D is axial
displacement and end rotation. Also, for modeling beams and columns, the FEMA beam and column
components are used in both models. Hence, the modeling parameters used in the F-D relationship are
accessible in FEMA-356.

Chord rotation
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Fig. 4. Chord rotation model [39]
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Fig. 5. Force-deformation relationship [39]

To make the reinforced concrete shear wall sections, defining the linear and nonlinear characteristics
of its materials (concrete and steel bar) are necessary.

As it is shown in Fig. 6, the stress-strain curve of concrete is selected in the form of trilinear with
strain hardening; and its tension strength is ignored. To calculate the modulus of elasticity of concrete, the
following equation is used.

E. =15100 /1, (11)

Hence, the modulus of elasticity, Ec, is assumed to be 261540 kg/cmz.

The strain of ultimate strength of concrete, €, is taken 0.003 [34], and the strain of crushing limit of
concrete, &, is taken 0.005. As it is seen in Fig. 6, the strain of yielding strength of concrete, &y, is taken
0.002; and then the ratio of initial modulus of elasticity to secondary modulus of elasticity is specified to
0.402.

As it is shown in Fig. 7, the stress-strain relationship of steel bar is supposed to be bilinear (elastic-
perfectly plastic). The modulus of elasticity, Es, is taken 2100000 kg/cm” and the ultimate strain, &g, is
taken 0.05. Also, its yielding strength, Fy, is 4000 kg/cm’.
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Fig. 7. Nonlinear properties of steel bar
¢) Nonlinear analysis of the models

In this research, three nonlinear static analysis approaches are used for each model, which are
described in the following. So 9 pushover analyses have been performed. The center of mass at the roof
level is selected as a control point of the displacement of structure in all analysis. Since the relative lateral
displacement (drift) of roof is used as a reference relative lateral displacement, for platting the capacity
curves of the structures and for interpretation of the results obtained from these analyses.

During application of these analyses, two approaches have been used to regulate the drift of structure.
The first criterion is the limitation of reference drift and inter-story drift for the structure, which is 2%
based on Table C1-3 of FEMA-356 and Standard No.2800 [34]. Consequently, the analysis will be
stopped when these drifts exceed from the mentioned limit. The second criterion for finishing the analysis
is when the deformation capacity of each element is reached.

1. Uniform nonlinear static procedure (UNSP): To perform a static pushover analysis you must specify
the distribution of horizontal loads over the structure height.

One of the most difficult issues for push-over analysis is choosing the push-over load distribution.
During an actual earthquake, the effective loads on a structure change continuously in magnitude,
distribution and direction. The distribution of story shears over the height of a building can thus change
substantially with time, especially for taller buildings where higher modes of vibration can have
significant effects. In a static pushover analysis the distribution and direction of the loads are fixed, and
only the magnitude varies. Hence, the distribution of story shears stays constant. To account for different
story shear distributions it is necessary to consider a number of different push-over load distributions. One
option in FEMA-356 is to use uniform and triangular distributions over the building height. Note that a
uniform distribution usually corresponds to a uniform acceleration over the building height, so that the
load at any floor level is proportional to the mass at the floor.

2. Triangular nonlinear static procedure (TNSP): The difference between this procedure and the
previous one is in their load pattern, while in this procedure the inverted triangular profile is used for
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displacement based load pattern of storey masses, based on FEMA-356. Therefore, the imposed
displacement and hence the acceleration will not be uniform over the building height.

3. Modal pushover analysis (MPA): Load distributions can be based on the structure mode shapes. For a
low-rise structure that is dominated by its first mode response, a load distribution based on the first mode
may be reasonable. Also, considering the higher modes is important for a structure with significant higher
mode responses.

In this study, the three first mode shapes in the X-direction of structural plan (see Fig. 2 and Fig. 3)
are selected to perform modal pushover analyses.

The capacity curves of the Models A and B which are obtained from mentioned pushover procedures
are shown in Figs. 8 and 10. The ideal bilinear diagrams of the curves are shown in Figs. 9 and 11
respectively. Also, the values of Vs, Vy, Vy, Ay and Ay which are obtained from the analyses and the value
of Vw which is specified in preliminary design stage, are represented in Table 4. Therefore, seismic
parameters have been calculated by using the equations which are defined in the section 3, as it indicated
in Table 5. Also, the average of the above values that are shown in the following tables are determined.
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Table 4. The structural properties of models A and B in nonlinear analysis stage

. VW Vs VY VU
Type of model | Type of analysis (ton) (ton) (ton) (ton) Ay Ay
UNSP 1440 3455 3690 0.00542 0.0151
TNSP 1070 2435 2596 0.00527 0.0149
Model A 800
MPA 1177 2780 2967 0.00522 0.0151
Mean 1229 2890 3084 0.0053 0.01503
UNSP 2429 3954 4193 0.00456 0.01843
TNSP 1688 2940 3171 0.00487 0.01753
Model B 1145
MPA 2690 4110 4351 0.00431 0.01854
Mean 2269 3668 3905 0.00458 0.01816
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Table 5. The seismic parameters of models A and B

Type of model Type of analysis K, R, Rs Y R Cq
UNSP 2.78 24 1.8 12 6.67
TNSP 2.83 2.28 1.34 8.65 6.45
Model A
MPA 29 2.36 1.46 10 6.84
Mean 2.84 2.35 1.54 10.28 6.67
UNSP 4.03 1.63 2.12 13.93 6.57
TNSP 3.6 1.74 1.47 9.2 6.26
Model B
MPA 4.3 1.53 2.35 15.46 6.58
Mean 3.96 1.62 1.98 12.7 6.42

As it observed from analytical results, the parameters obtained from modal pushover analysis such as

ductility factor (p), force reduction factor (R,) and response modification factor (R) for the mentioned
structures have been increased as the structure height increased and will be greater than the same
parameters obtained from other pushover approaches. This behavior can reveal the impact of increasing
the number of stories and hence the effect of higher mode shapes of the structure.

6. CONCLUSION

Some of the key results obtained from the present analytical work are as summarized as:

The mean value of the u and R, factors for 10-story structure (Model A) is 2.84, whereas the value of
mentioned factors is 3.96 for 20-story structure (Model B).

The mean value of the over-strength factor, Rs, for Model A and Model B are 2.35 and 1.62,
respectively.

The mean value of the response modification factor, R, for Model A and Model B in allowable stress
design method are evaluated as 10.28 and 12.7, respectively. These values are greater than the same
factors for both of the above structural systems in Standard No.2800.

The mean value of the increasing coefficient of linear to nonlinear displacement, C4, for Model A and
Model B is evaluated as 6.67 and 6.42, respectively.

Analytical results show that the ductility factor and the response modification factor increased as the
structure height increased. However, the over-strength factors increased as the structure height
decreased.

With regard to the results, it seems that the Cy factor for the mentioned structural systems is more than
the values which are in Standard No.2800. The Cy factor is suggested as 0.7 times the response
modification factor, R, in this code.
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