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Abstract

Objectives: In this study, three reinforced concrete moment frames were designed conforming to the third edition of 2800
standard under valid accelerograms which were equal in accordance with available improvement instructions.Methods/
Analysis: Nonlinear static or pushover analysis is a new method which is interested by researchers and engineers in the
construction industry for its easy fast computing. This method provides the possibility to evaluate the performance of
structures against earthquakes. Pushover analysis and comparison of its results with results of nonlinear dynamic analysis,
the values obtained for reduced hardness and resistance (C,) were compared with suggested values of the improvement
guideline. Findings: Increase in period of the structure decreases the C, coefficient; thus, it can be considered equal to one
in higher periods and ignored in calculations of target displacement. Conclusion/Application: Greatest effect of reduced
resistance and hardness is experienced on damages to structures with lower period.

Keywords: Hysteresis Curve, Nonlinear Dynamic Analysis, Nonlinear Static Analysis, Reduction Behavior, Reinforced

Concrete Moment Frame

1. Introduction

During the past decades, progress in earthquake engi-
neering and structures has made many changes in the
seismic design codes. Many researchers and research
institutions have worked on seismic design of structures
and published their results. One of the most famous of
these institutions is the federal emergency management
agency which publishes results of its studies in the form of
FEMA reports. The first publication of this agency for vul-
nerability of buildings is Journal FEMA273'. Meanwhile,
the ATC 40 guidelines were also published” Both publica-
tions are essentially similar to each other and express the
same concept of performance and evaluation methods.
Over the years, Researchers have taken effective
steps to improve seismic structures, including shifting
in parameters effective on the structural design from
resistance to performance of the structure to provide a
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safe design. Some studies in the field of seismic analy-
sis*®. According to these theories, seismic improvement
guidelines and regulations of FEMA356 set standards to
design and improve the performance-based structure. In
the pushover analysis, the goal is to obtain the target dis-
placement to determine the structural performance and
improvements. In general, the nonlinear dynamic analy-
sis is the only method that presents seismic behaviour of
the structure. The pushover analysis does not consider the
effects of reduced hardness and reduced hysteresis loop
resistance on the actual behaviour of structure; there-
fore, the coeflicients of reduced hardness and resistance
(C2) are used to approach the structural behaviour to the
actual behaviour.

Pushover analysis is a simple practical method that
can be used to estimate demand responses under earth-
quake stimulations. Pushover analysis is a nonlinear static
analysis of structures under incremental lateral loads to
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determine the load-displacement curve or curved struc-
tural capacity in which values of base shear and lateral
displacement of the highest structural level are used.

Static pushover analysis is not based on a specific the-
ory; instead, it is based on the principle that structural
response can be simulated by a system respond with one
degree of freedom and equivalent characteristics (Figure
1). This assumption causes the response of the struc-
ture only depends on the first mode of vibration and its
shape remains constant over time. Although both above
assumptions may seem improper, extensive research over
several decades has shown that a good estimate of the
maximum system reflects can be derived from this analy-
sis for structures on which the first mode of vibration is
dominant.

In the most general case, the behaviour and perfor-
mance estimation is done by nonlinear dynamic analyses
using certain accelerograms. However, dynamic nonlinear
analysis requires adequate background knowledge which
needs courses of higher education, which is not available
for all those involved in the construction industry. At the
same time, complexity, time consuming and high cost of
these analyses as well as further problems in the analysis
and interpretation of results limit this type of analysis to
research projects and special occasions. Thus, a simple
practical method such as pushover analysis can help to
overcome many of the problems mentioned.

One of the major drawbacks of pushover analysis is
that it does not include explicitly the effect of reduction
behaviour of structural components under earthquake
cycles in calculation related to structural behaviour curve.
This study addresses the effect of this parameter on the
nonlinear static analysis of reinforced concrete moment
frame. Improved pushover analysis and reduced errors
compared to nonlinear dynamic analysis can help to
get more realistic responses. In the present study, three
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Figure 1. Conversion of a multi-degree of freedom

system to an equivalent one-degree system.
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reinforced concrete moment frames with moderate duc-
tility were designed by ETABS software, based on seismic
regulations of Iran for a region with very high relative
seismicity. As mentioned above, the reducing effect of
hysteresis curves are not considered in typical pushover
analyses; hence, several hysteresis models with reduced
hardness and maximum, medium and minimum resis-
tance were used to calculate the adjustment factor of
the discarded reducing effects of hysteresis curves in the
pushover analysis carried out. In addition, the hysteresis
model was selected to describe the hysteretic behaviour
of the shear wall. For nonlinear dynamic analysis, five dif-
ferent accelerograms which were equal in consistent with
the range of soil type III in Standard 28007 were used.

2. Theoretical Background

2.1 Three-Parameter Hysteresis Model of
Park

The distinctive characteristics of concrete over steel
should be considered in evaluating the dynamic response
of reinforced concrete structures. Effects of reduced hard-
ness and resistance as well as narrowing are required
in such models. Park defined these properties by three
parameters a, B, and y, which respectively represent the
three attributes listed above.®

2.2 Target Displacement

In different guidelines, there are two methods to calculate
target displacement: target displacement coeflicients and
the capacity spectrum method.

The first method is used in improvement guidelines.
In this procedure, the target displacement is calculated
using analytical and statistical tests conducted on systems
with one degree of freedom and non-reducing nonlinear
behaviour (two-line or three-line) at 5% damping. Target
displacement is estimated for structures with a rigid
diaphragm considering the nonlinear behaviour of struc-
tures’. An approximate method for calculating the target
displacement is:

T2
5,=C,.C,.C,C,.S,.—5.g (1)
4
Where, T, main period of construction, is as follows:
k.
T =T |- 2
=Tk (2)
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2.3 Damage Index Model

For the first time in 1956, Hausner proposed an analy-
sis of the extent design based on energy in which enough
energy absorption capacity of structures against large
earthquakes was considered as a factor of safety and
health of structures. Bloom et al. presented the spec-
tral sketch to estimate the potential range of damages to
building or a group of buildings. By defining local, overall
and collective fragility, Bertaut and Bresler (1977) deter-
mined the amount of damages to structures'. Presenting

a damage index (DI, ), Park and his colleagues involved

)
structural membersp??l the incurred damage and practi-
cally strengthened the position of vulnerability'. Rate of
reduced resistance as the main characteristic of damage
directly depends on parameter {; therefore, the Park’s
damage model is a part of integral of the three-parameter

hysteresis model, defined as follows:

u

s
DI, =§—m+—5ﬁlD [dE, 3)
usy

Where, §_ is the maximum deformation of the member,
6, is final deformation of the member, P_is yield strength
of the member, [dE is energy absorbed by the member
during the time history analysis of response and P is the
parameter of reduced resistance. For the parameter p in
this equation, the value 0.01 was suggested as a nomi-
nal reduced resistance®. This relationship is defined as a
linear combination of damage from maximum deforma-
tion and absorbed hysteresis energy. The relation of this
damage model depends on final displacements. Since the
nonlinear behaviour of members is limited to the two end
members, Kunnath and colleagues, University of Buffalo,
modified the ParK’s relation as follows".

Where, 0_ is the maximum rotation created during the
time history analysis, 6 is the maximum capacity of the
rotating member, 6_is the rotating back after unloading,
M_ is the yield anchor of the member, E, is the wasted
energy in the member. Based on the proposed indicators,
story damage index and total structural damage index
can be determined according to equations (5) and (6). In
these relations, A is the weight ratio of energy, E, is the
absorbed energy by each member, DI is the partial dam-
age index of each member'.

DIstory = z (/11 )member (Dlr )member ; (j“t )memher
_( E, ) (5)
- Z Ei member

DItotul = Z (lz )story (DIz )story 5 (/11 )story

E, (6)

= (—l)sto
e

In other words, damages to beams and columns of each
story are calculated as members of that story; then, dam-
ages of the stories and total frame can be calculated using
weighted coefficients based on hysteresis energy depreci-
ated in members and story levels. The amount of damage
can be calibrated as shown in Table 1".

3. Methods of Analysis

The purpose of this research is to find adjustment factor
of pushover analysis by target displacement coefficients.
For this purpose, two approaches are considered below:
First approach: In this approach, reinforced concrete
moment frames are analysed using nonlinear static analy-
sis. The analysis does not take the factor C, into account;

DI = 0,0, i B E regardless of the reducing effect of hardness and resis-
0,-0, MJQ, " (4) tance, analysis is conducted. After finding the value of
target displacement and depicting the behavioural curves
Table 1. Calibration of damage index"’
Situation Damage index =~ Appearance Degree of damage
Destruction >1 Localized or total building collapse Collapse
Non-repairable  0.4-1 E)ftenswe smash of concrete, appearance of ricochet Severe
reinforcements
Repairable 0.25-0.4 Large and extensive cracks, concrete delamination in Medium
weaker members
Repairable 0.1-0.4 Small cracks, localized smash of concrete in columns ~ Low
Repairable 0.1> Disperse cracks Negligible
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of frames, nonlinear dynamic analysis is carried out again
by taking into account the reduction using hysteresis
curves. In this case, the ratio of maximum displacement
of nonlinear dynamic analysis to target displacement of
nonlinear static analysis can reflect the value of the coef-
ficient C,. However, the responses obtained may not be
reliable because the coeflicients used in the pushover
analysis may not be accurate. Therefore, there is no guar-
antee that the ratio is exactly equal to the coefficient of
reducing parameter.

Second approach: the second approach tries to cal-
culate the coefficient C, completely independent of
pushover analysis results. This time, it is required to con-
duct the nonlinear dynamic analysis without reducing
effects. In this way, the coefficient C, is calculated from
maximum displacement ratio considering the reducing
effect. Acceptability of this practice is that this method
obtains two values of the numerator and denomina-
tor displacement regarding common assumptions and a
same process; the only difference is the shape of hysteric
curve. Since the curves only consider the reduced resis-
tance and hardness, the results may have less error than
the first approach does. Finally, the results obtained for
three concrete moment frames with different periods are
compared with the recommendations of available codes
and instructions.

3.1 Nonlinear Static Analysis

Initially, the nonlinear static or pushover analysis is used
to acquire the target displacement. For non-linear static
analysis of the studied structures, the nonlinear analysis of
concrete damage IDARC-2D was used!'. After perform-
ing a pushover analysis, the obtained results included the
force-displacement curves of the frame. The next step is
to calculate the target displacement. In this regard, K, was
calculated from the idealized two-line curve method. At
first, a value is supposed for the yield force \A then, K,
is calculated. Having K, the effective period can be cal-
culated by equation (2). Substituting T in (1), the target
displacement is calculated. Here, values of other coeffi-
cients (C, C, C)) are excluded in order to eliminate their
effect on results (i.e., their value is considered equal to
one). After calculating displacement, the area under the
curve is compared to the area under the capacity by depict-
ing a two-line curve. In case of non-compliance, another
value is considered for \A and previous steps are iterated.
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Eventually, the final amount of target displacement can be
obtained upon reaching to the acceptable accuracy.

3.2 Nonlinear Dynamic Analysis

The next step of this study is to perform nonlinear dynamic
analysis by which values of displacement and reducing
effect on structural behaviour can be compared. As men-
tioned above, the nonlinear dynamic analysis is the most
accurate method for analysis of structural response to
seismic loads. The results of nonlinear dynamic analysis
can be misleading if the analyses are not done by correct
assumptions. One assumption that can affect the results
of this analysis is the nature of seismic force. If the accele-
rograms used in the analysis are not reliable or consistent
with the analysed region, the responses can be mislead-
ing. This study used IDARC-2D software that can analyse
concrete frames and damage.

4. Model of the Reinforced
Concrete Moment Frames

Purpose of this study was to examine reduced resistance
and hardness factor (C,) or the hysteresis reducing behav-
iour using nonlinear static analysis. For this purpose,
three reinforced concrete moment frames (5, 9 and 13
story) were used for analysis, as shown in Figure 2. All
these frames had three 5m span and the height of stories
was equal (3.2m). Their ductility was R = 7 (the pro-
posed value of 2800 standard for intermediate moment
frames). The design of these frames has tried to consider
a symmetric shape and avoid the effects of twisting and
irregularity on responses. Gravity loading of the frames
was conducted on the basis of Regulations Section VI
and seismic loading as well as regulations for design of
structures against earthquake’.

Initial analysis of frames was done by the equiva-
lent static analysis by ETABS software. The frames were
designed by ETABS" according to local regulations. To
prevent failure of frames during dynamic analysis, how-
ever, the elements were typed in a way that the structure
had an acceptable level of extra resistance for ductility.
Natural period of three frames were calculated (0.397,
0.816 and 1.209, respectively). It was supposed that the
frames were in an area with very high risk of seismicity
and the base acceleration was 0.35g; the terrain was also
the soil Type III, Standard 2800".
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Five-story moment
frames with

Figure 2.
analyses.

5. The Used Accelerograms

This article tried to select records from earthquakes hap-
pened in Iran in order to consider the ruling tectonic
conditions in the analysis. Therefore, seismic accelero-
grams for earthquakes of Ahar, Bam, Manjil, Tabas and
El Centro were scaled in accordance with the standard
2800; then, they were inserted in IDARC-2D to perform
analysis.

According to improvement guideline, at least three
different accelerograms with different components and at
least three different events are mandatory®. All accelero-
grams are based on assumptions regarding the location
of frames for soil type III of the standard'®. Improvement
guideline of Iran requires that accelerograms be consis-
tent and compatible in a period of 1.0 to 3 seconds. By
calculate the response spectrum of an accelerogram, the
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Nine-story moment
frames with

Thirteen-story
moment frames with

Five, Nine and Thirteen-story moment frames used in linear and nonlinear static and dynamic

area under the curve can be obtained and compared to
the same value of the regional spectrum. It was tried to
achieve a new accelerogram by selecting the proper coef-
ficient multiplied by values of accelerogram in order to
have a similar appearance for both spectra and the area
under the curve.

6. Selection of the Used
Hysteresis Curves

Hysteresis curves are chosen to meet the expected
demands. For this purpose, the selected curves are
required to do three types of analysis:

1. Nonlinear dynamic analysis without effects of reduced
resistance and hardness: in this model, the selected
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curves did not show any reduction during loading
while presenting the concrete behaviour and sepa-
rating it from other materials (such as steel); for this
purpose, the Clough hysteresis curve was used with-
out reducing effect".

2. Nonlinear dynamic analysis with typical effects of
reduction and hardness: in this case, the behaviour of
concrete elements was modelled by selecting proper
curves considering the reducing effects of resistance
and hardness. For this purpose, the Takeda hystere-
sis curve'® with reduced hardness and resistance and
source-oriented hysteresis curve'’ were used for mod-
elling the flexural behaviour of all elements and shear
behaviour of shear walls, respectively.

3. Nonlinear dynamic analysis with strongest reducing
effects: In order to evaluate the worst case, a hysteresis
curve was selected to consider the worst reducing con-
ditions including resistance, hardness and narrowing.
These values were selected according to the program
guideline’. Table 2 presents the main values of the

Table 2. Values of the used three-parameter models
The model Parameter a Parameter f Parameter y
Clough 200 0.01 1
Takeda 2 0.1 1
Strong reduction 4 0.6 0.01
Source-orienting 0 0 0.01

Table 3.
in 5,9 and 13 story moment frames.

three-parameter model for the three above-mentioned
analyses.

7. Calculations

7.1 Coeflicient C,

The value of C, can be calculated after calculating the
maximum roof displacement from results of dynamic
analysis and target displacement. As mentioned above,
the C, coefficient is first calculated from dynamic analysis
results compared with the target displacement; then, the
value of C, is obtained by comparing the dynamic results.
Table 3 shows static and dynamic analysis results for all
three frames. Coefficients C, calculated by both methods
are greater than unit. In addition, the results show that
C, values obtained from pushover analyses are reliable,
because the values obtained in higher periods are lower
than the dynamic analysis.

7.2 Damage Assessment

Calculated values of damage to frames were calculated for
beams and column-wall elements. The damage to each
story and the building, as a whole, was also obtained.
Obviously, increase in reduction behaviour raises the
amount of damage; however, this increase is different for
each frame. In the 13-story frame, the difference between

Results of maximum roof displacement in nonlinear static and dynamic analyses and calculation of C,

Maximum displacement of linear dynamic analysis by
hysteresis curve

Target displacement
of pushover analysis

Strong reduction Takeda-source

by modal adaptation

(mm) oriented (mm) Clough (mm) model (mm) Accelerogram
13 9 5 13 9 5 13 9 5 13 9 5  No. of story
1752 1122 623 178.0 114.0 68.2 1775 113.8 54.0 AHAR
249.5 149.6 92.7 2447 147.7 822 2444 1824 76.1 BAM
281.0 165.6 93.1 2694 1592 755 246.0 1832 32.0 EL CENTRO
2524 151.6 61.5 2436 146.7 19.1 2234 137.0 589 181.07 10136 53.85 MANTJIL
159.2 1057 95.0 1555 102.7 445 1519 101.7 372 TABAS
2235 1369 809 2182 1341 579 208.6 143.6 51.6 Mean
Dynamic with
1.02 1.08 1.21 1.03  1.02 1.01 1.00 1.00  1.00 - - - hysteresis curve
of Clough C2 coefficient
) calculated using the
Pushover with Response Analysis
1.47 1.33  1.60 1.55 1.22 131 - - - 1.00 1.00 1.00

adaptive modal
model
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damage from non-reducing behaviour and the strongest
reduction as well as the strongest reduction and the stron-
gest assumed reduction was 51%; while, this difference
was 87% in 5-story frame with lower period and ductility,
which was more than the case without reduction.
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