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Abstract

The response modification factor is one of the seismic design
parameters that determine the nonlinear performance of build-
ing structures during strong earthquakes. Most seismic design
codes lead to reduced loads. Nevertheless, an extensive review
of related literature indicates that the effect of viscous dampers
on the response modification factor is no longer considered. In
this study, the effect of implementing viscous damper devices
in reinforced concrete structures on the response modification
factor was investigated. Reinforced concrete structures with
different stories were considered to evaluate the values of the
response modification factors. A nonlinear statistic analysis
was performed with finite element software. The values of the
response modification factors were evaluated and formulated
on the basis of three factors: strength, ductility, and redun-
dancy. Results revealed that the response modification fac-
tors for reinforced concrete structures equipped with viscous
damper devices are higher than those for structures without
viscous damper devices. The number of damper devices and
the height of buildings have significant effects on response
modification factors. In view of the analytical results across
different cases, we proposed an equation according to the val-
ues of damping coefficients to determine the response modi-
fication factors for reinforced concrete structures furnished
with viscous damper devices.
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1 Introduction

The response modification factor is one of the main param-
eters in seismic construction design. Equivalent static analysis
is the technique for evaluating the seismic response of struc-
tures. This technique can be implemented by determining the
response modification factor. Current structural design codes
focus on complete safety and sturdiness even during earth-
quakes. However, such endeavor is impossible to achieve.
Nevertheless, certain structural and nonstructural damages can
be studied to economically achieve a high level of life safety
in structural design by applying an inelastic energy dissipation
system. The designed lateral strength of structures must be kept
within the elastic range according to seismic codes. Hence, the
designed lateral strength is usually lower than the required
lateral strength. Maintaining the inelastic range of a structure
means that all the structural and nonstructural members of this
structure that are subjected to lateral motion are assured to
return to their initial state without permanent deformations and
damages. Preserving this state is far from being feasible and
rational in many cases. On the contrary, going beyond the elas-
tic frontier in an earthquake event may lead to the yielding and
cracking of structural members, which can lead to catastrophic
results unless these inelastic actions are limited to a certain
degree. Thus, inelastic behavior definitely decreases overall
construction costs by reducing member sizes and thus reducing
materials and construction time. It also facilitates operability
and construction.

According to the International Building Code [1], a response
modification coefficient (R), including the effect of inelastic
deformations, must be applied to evaluate the design of the
seismic forces of structures that have been reduced and to
evaluate the deflection amplification factor (Cd) for convert-
ing elastic lateral displacements to total lateral displacements.
The values of the R factor and Cdset in the IBC [1] are based
on observations of the performance of different structural sys-
tems in previous strong earthquakes, on technical justification,
and on tradition [2]. The R coefficient is proposed to explain
ductility, over strength, and energy dissipation through the soil
foundation system [2].
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Numerous studies have been performed on the selection
of response modification factors (R) for the seismic design of
structures. For example, Miranda [3] presented a summary of
different investigations on the R coefficient, which the author
described as a strength reduction factor (RH). Miranda [3] fur-
ther suggested that the factor (RH) is mostly a function of dis-
placement ductility (p), natural period of a structure (T), and
soil conditions. The study concluded that the use of strength
reduction factors based on ductility, period, and soil conditions,
together with the estimation of structural over strength factors
and relationships between local and global ductility demands,
is required to establish rational seismic design approaches.
Lin and Chang [4] subjected 102 earthquake records to linear
elastic single degree-of-freedom (SDOF) systems with damp-
ing ratios between 2% and 50% and with periods ranging from
0.01 s to 10 s to develop a formula for a period-dependent
damping factor.

Ramirez et al. [5] derived damping factor data through 10
earthquake histories for linear elastic SDOF systems with
damping ratios ranging from 2% to 100%.The authors consid-
ered BSand Blas the damping reduction factors for period T,
which is given by 0.2Ts and Ts. On the basis of this study, the
National Earthquake Hazards Reduction Program [2] devel-
oped a two-parameter model for the design of structures with
damping systems. Wu and Hanson [6] obtained a formulation
for damping reduction factors from a statistical study of nonlin-
ear response spectra with high damping ratios. Ten earthquake
records were used as input ground motions for elasto-plastic
SDOF systems with damping ratios between 10% and 50%.
Ashour [7]developed a relationship that describes the decrease
in the displacement response spectra for elastic systems with
changes in viscous damping. Viscous damping ratios of 0%,
2%, 5%, 10%, 20%, 30%, 50%, 75%, 100%, 125%, and 150%
were considered in the study. The o coefficients were set to 18
and 65 for the upper and lower bounds of B, respectively.

Freeman [8] reported over strength factors for three steel
moment frames. Two of these frames were constructed in seis-
mic zone 4, and one frame was constructed in seismic zone 3.
Their over strength factors were determined to be 1.9, 3.6, and
3.3.0steraas and Krawinkler [9] observed the over strength and
ductility of steel frames designed in compliance with the work-
ing stress design provisions of the Uniform Building Code.
In their study, the over strength factor for the moment frames
ranged from 8 in the short period range to 2.1 at 4 s. The over
strength factor for the concentric braced frames (CBFs) ranged
from 2.8 to 2.2 at 0.1s to 0.9s, respectively. Kappos [10] exam-
ined five reinforced concrete (RC) buildings with one to five
stories consisting of beams, columns, and structural walls and
obtained an over strength factor ranging from 1.5 to 2.7. In
the Response Modification Factors for Earthquake Resistant
Design of Short Period Structures, which was based on ine-
lastic spectra, Riddell et al. [11] computed for four different

earthquake records using SDOF systems with an elasto-plastic
behavior and with 5% damping.

Mondal et al. [12] estimated the actual R factor value for a
realistic RC moment frame building and compared it with the
value suggested in the design based on the Indian code. The
R value based on the Indian standard code is higher than the
actual R value obtained in the study; such difference is poten-
tially dangerous[12]. Mahmoudi and Zaree[13] evaluated the
response modification factors for congenital CBFs and buck-
ling-restrained braced frames (BRBFs). Their results revealed
that a conventional pushover analysis (CPA) cannot count high
mode outcomes and member stiffness changes, whereas an
adaptive pushover analysis (APA) can overcome these draw-
backs. Mahmoudi and Abdi [14] evaluated the response modi-
fication factors for triangular-plate added damping and stiffness
frames and discovered that the response modification factor for
T-SMRFs has a higher value than that for SMRFs. Mahmoudi
et al. [15] investigated the equivalent damping and response
modification factors for frames equipped with pall friction
dampers. Kappos et al. [16] evaluated the response modifica-
tion factors for concrete bridges in Europe.

According to the research of Galasso et al. [17], code pro-
visions are not conservative and fail to provide a basis for
an improved calibration of future editions of seismic design
codes for buildings. Bojorquez et al. [18] studied the influence
of cumulative plastic deformation demands on the values of
the target ductility and their corresponding strength reduction
factors. Mollaioli et al. [19] studied the displacement damp-
ing modification factors for pulse-like and ordinary records.
Records from 110 near-fault pulse-like ground motions and
224 ordinary ground motions were used to calculate elastic dis-
placements and DMF spectra corresponding to different values
of the damping ratio ranging from 2% to 50%.According to the
study of Mahmudi and Zaree [20], the response modification
factors for BRBFs have high values, and the number of bracing
bays and the height of buildings have a significant effect on
response modification factors.

Hejazi et al. [21] conducted an earthquake analysis of rein-
forced concrete frame structures with viscous dampers and
found that using a damper device as a seismic energy dissipa-
tion system can effectively reduce the structure response of a
frame structure during an earthquake. Hejazi et al. [22] also
examined the inelastic seismic response of an RC building
with a control system. The result of their nonlinear analysis
of a structure furnished with viscous dampers indicated that
viscous dampers effectively reduce building damage and struc-
tural motion during severe earthquakes. Hejazi et al. [23] opti-
mized an earthquake energy dissipation system with a genetic
algorithm and discovered that an optimized control system
effectively reduces the seismic response of structures, thereby
enhancing building safety during earthquake excitation.
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Daza [24] investigated the relationship between response
modification factors and minimum building strength and illus-
trated the relationship between the R factor and the essential
strength of the building established on the basis of these mecha-
nisms and the pushover analysis of the building. Zeynalian and
Ronagh [25] performed experimental investigations to estimate
the lateral seismic characteristics of lightweight knee-braced
cold-formed steel structures; the R factor of knee-braced walls
was found to range from2.8 to 3.61 with an average of 3.18.

Shedid et al. [26] studied the seismic response modification
factors for reinforced masonry structural walls. According to
Shedid et al. [26], the derived values of seismic force reduc-
tion factors (R) are close to 5.0 for rectangular walls and 36 for
the corresponding flanged and end-confined walls; the former
value is reliable based on the ASCE 7 standard, and the latter
value is 90% higher than the former.

The equivalent lateral force method is a well-known
approach for structural engineers because of its simplicity and
reliability when used to calculate the lateral forces induced by
earthquakes. The R factor is a seismic design parameter that
considers the nonlinear performance of building structures dur-
ing strong earthquakes. Furthermore, the application of sup-
plementary energy dissipation systems, such as viscous damp-
ers, has attracted increasing interest among engineers, experts,
and researchers. The literature indicates that information on
the effect of viscous dampers on over strength, ductility, and
response modification factors is not available, and no study has
evaluated R factors for reinforced concrete structures equipped
with viscous damper devices. Moreover, the effect of damping
coefficients on R factors when structures are equipped with vis-
cous damper devices has not been reported. Accordingly, the
present study intends to derive and discuss the effects of viscous
dampers on the over strength, ductility, and response modifi-
cation factors for structures equipped with viscous dampers at
different story levels. The main aim is to perform an equivalent
static analysis of reinforced concrete structures equipped with
viscous damper devices and to evaluate the related R factors.
Numerical studies using the SAP2000 program were performed
on reinforced concrete structures with viscous dampers at dif-
ferent story levels. The graph and equation for determining the
R factors were derived from the analysis results.

2 Response modification factors (R)

Force reduction factors are necessary to design earthquake
load-resisting elements. Response modification factors pro-
posed for the first time in ATC 3-06 [27] were selected accord-
ing to the observed performance of buildings during previous
earthquakes and to the estimation of over strength and damping
[28]. Response modification factors such as over strength, duc-
tility, and redundancy were selected according to ATC-19 [28].

R factors act as an important component of the estima-
tion of the seismic forces of structural buildings. Response

modification factors are considered on the basis of ductility (n),
over strength (Q), and redundancy (p) because dynamic struc-
tural responses activate these factors to reduce elastic forces
into inelastic loads beyond the elastic range.

A load versus displacement curve was used to analyze the
excessive behavior of any structural building when subjected
to a particular one-directional lateral load. If parameters such
as ductility (Ru), over strength (Ry), and redundancy (R;) can
be evaluated during loading procedures, then R factors can be
developed and estimated. The response modification factors in
this study were estimated as follows:

R=Ry.R, R, M

Fig. 1 shows the over strength and ductility factors based on
the pushover curve. These two factors were considered as key
components of the R formulation. The parameters in this figure
are as follows: design base shear (V,), displacement caused by
design base shear (A ), base shear versus roof displacement rela-
tionship at yield point v,), roof displacement relationship at yield
point (Ay), max base shear (VH), and max displacement (A ).
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Fig. 1 Idealization of the inelastic response of a structure

Strength factors area measure of base shear force at the
design level and at yield point, whereas ductility factors serve
as criteria of roof displacement at yield point and at a code-
specified limit. Meanwhile, redundancy factors depend on the
number of vertical framing in seismic resistance.

Fig. 2presentsthe relationship between the base shear and
the roof displacement of a structure with and without a viscous
damper device. This relationship was determined by conduct-
ing a nonlinear statistical analysis. Fig. 2 particularly demon-
strates that the nonlinear behavior of the structure was idealized
through a bilinear elasto-plastic relationship. Vi and Vi denote
the base shear at yield point and the max base shear caused by
the damper device, respectively.
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Fig.2 Idealization of the inelastic response of structures with and without
damper devices

2.1 Ductility factor

Ductility factors (RH) are used to evaluate translation duc-
tility ratios. The relationship between maximum elastic loads
(V,.) and maximum inelastic loads (V) can define the R, fac-
tors for the same structural building under inelastic behavior.
Newmark and Hall [29] conducted essential studies about
response modification factors resulting from ductility. Rpis
sensitive to the natural period of structures. Five periods with
different ranges exist, and Rp can be determined according to
different values. Fig. 3 illustrates R -u-T for numerous ductil-
ity ratios and periods, and Eqgs. (2)—(6)are used to estimate RH
factors for the different natural periods of structures.
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Fig.3 R —u~T curves (Newmark & Hall)

Periods < 0.03 sec:

R,=1.0 2)
Periods 0.03 <t <0.12 sec:
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R#:H( )-(Jeu-1)-1) G)
0.09
Periods 0.12 < T <0.5 sec:
R,=(2u-1) “4)
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R, =\(2u=1)+2(T-0.5)-(u-2u-1) )
Periods T > 1.0 sec:
R, = ©)

2.2 Over strength factor

The real strength of a structure may be higher than its design
strength because of overall design simplifications. Modern
computer-aided tools allow engineers to model and design
structures that closely match those that are actually built. Major
simplifications and assumptions are incorporated in the process.
These assumptions and design practices are usually in favor
of a conservative design to stay on the safe side. The presence
of over strength in structures may be examined in a local and
global manner. Equation 7 presents the relationship between
design base shear (V) and max base shear coefficient (V).

()

2.3 Redundancy factor

Redundancy and over strength are two concepts that should
be clearly distinguished. Redundancy is defined as something
beyond essential or naturally excessive. The same definition
is perhaps applied to over strength. However, this definition is
misleading because redundancy in the perspective of structural
engineering does not indicate what is unnecessary or exces-
sive. The following is an accurate but indirect definition of
redundancy: in a non redundant system, the failure of a mem-
ber is equivalent to the failure of the entire system. However,
failure occurs in a redundant system if more than one member
fails. Thus, the dependability of a system is a function of the
redundancy of the system, that is, dependability depends on
whether the system is redundant. A redundant seismic fram-
ing system is composed of multiple vertical lines of framing,
which is designed and detailed to transfer seismic-induced
inertial forces to the foundation. The multiple lines of framing
must be strength-and deformation-compatible to ensure a good
response in an earthquake [28].

Redundancy in a system may be of the active or standby
type. All members of actively redundant systems participate
in load carrying. By contrast, some of the members of sys-
tems with standby redundancies are typically inactive and
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become active only when some of the active components fail.
In earthquake design, redundancy in a structural system is of
the active type.

2.4 Damping factor

Damping characterizes energy dissipation in a building
frame. Such characterization is achieved regardless of whether
the energy is dissipated through hysteretic behavior or through
viscous damping[28]. Damping is an effect that is either inten-
tionally created or essential to a system. It reduces the oscil-
lation amplitude of an oscillatory system, with a magnitude
proportional to that of the velocity of a system but directed
to displacement. In structural engineering, the cause of this
energy dissipation is related to material internal friction, fric-
tion at joints, radiation damping at the supports, or hysteretic
system behavior. Modal damping ratios are typically used in
computer models to estimate unknown nonlinear energy dis-
sipation within a structure.

3 Pushover analysis

A capacity curve presents the primary data for the evalua-
tion of response modification factors for structures. However,
relevant information collected from the plot must first be ideal-
ized. In this study, the over strength and ductility factors were
evaluated by performing a nonlinear statistical (pushover)
analysis. In implementing the effect of the viscous dampers on
the response of the structure, we applied the incremental load
for pushover within 10 s to provide enough velocity for the vis-
cous dampers to function.

Bilinear idealization provides essential components, namely,
significant yield strength and significant yield displacement, as
well as predetermined design strength and ultimate displace-
ment. On the basis of these components, the over strength factor
can be easily calculated as the ratio of yield strength to design
strength. Furthermore, the ductility ratio can be calculated as
the ratio of ultimate displacement to yield displacement; it is
the key element to calculate the ductility reduction factor.

4 Structural model

The equivalent lateral force analysis is a prominent tech-
nique for evaluating the seismic responses of structures. This
approach is implemented by determining response modifica-
tion factors, importance factors, and seismic zone factors. This
study proposed response modification factors for reinforced
concrete structures equipped with viscous damper devices
intended for numerical analyses.

In this study, reinforced concrete structures with different
stories that are compliant with UBC [30] and IBC [31] design
codes were considered to evaluate the effect of viscous damper
devices on response modification factors.

The factors involved in calculating the R factors were evalu-
ated by conducting nonlinear statistical pushover analyses. The
R factors were classified on the basis of factors such as over
strength and ductility by designing five reinforced concrete
structures in 4-, 8-, 12-, 16-, and 20-story buildings for non seis-
mic detailing. In addition to these geometrical variations, struc-
tures without dampers at 20%, 40%, 60%, and 80% of the bays
equipped with viscous damper devices were considered. Rein-
forced concrete structures have arrangement plans comprising
five bays (6 m each) in both directions, as shown in Fig. 4.

Frame types are illustrated in Fig. 5. Fig. 6 shows the 3D
images of the 4-, 8-, 12-, 16-, and 20-story buildings that were
explored in this research and considered as new buildings.
As the 3D images show, the different floors of the structures
were equipped with viscous damper devices according to the
percentage of the bay closed by the damper devices. The rein-
forced concrete structures featured beam-to-column connec-
tions that were assumed to be pinned at both ends. The beams
measured 400 mm % 500mm, 400 mm X 550 mm, and 500 mm
x 700 mm while the columns measured600 mm x600mm and
800 mm x 1,000mm.

Fig. 7presents the 2D view of each floor of the structures
with a span of6 m and a height of 3 m. The load distributions
described as dead and live loads of 4 and SkN/m?for each floor
and roof were used for gravity. The seismic design base shear
was calculated by considering several parameters, such as
importance factor 1=1.25, seismic zone factor Z = 0.15, soil
type I, R = 5.6, seismic coefficient C =0.5, and seismic coef-
ficient C = 0.3, according to the UBC [30] and IBC [31].Table
1 exhibits the analysis quantities for evaluating the R factors.
The beam and column connections were pinned; hence, the
seismic load was mainly resisted by the damper device.

Table 1 Sample frame analysis quantities

C, = Seismic coefficient 0.5
I =Importance factor 1.25
R = Numerical coefficient 5.6

W = Total seismic weight (kN) W = (DL + 0.25xLL)

Response Modification Factors for Reinforced Concrete Structures Equipped...
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Fig.4 Structural arrangement of buildings in the plan
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Fig. 5 Frame types
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(e) 80% of bays of structures equipped with damper devices

Fig.7 Structures with different damper assignments

5 Reinforced concrete structures equipped with
viscous damper devices

The effect of the number of viscous dampers in each story
on the R factors was appraised by considering four different
cases, namely, 20%, 40%, 60%,and 80% of the bays equipped
with viscous damper devices according to a damping ratio of
5%. The effect of the damper devices on the R factors for the
reinforced concrete structures was proposed by selecting avail-
able viscous damper devices. Table 2 displays the properties of
the fluid viscous dampers [32].

Table 2 Properties of viscous dampers[32]

Force (kN) C (kN.s/mm) Mass (kN.mm)

245 0.2568533 0.0408
490 0.5137048 0.08388
734 0.7705581 0.136

980 1.0274114 0.1927
1,470 1.5411163 0.27204
1,958 2.0548211 0.40807
3,003 3.1522833 0.5894
4,004 4.2030444 1.2015
6,450 6.7715721 1.859

6 Results of analysis

To propose response modification factors for reinforced con-
crete structures equipped with viscous dampers, we applied an
analysis method and illustrated the effect of viscous dampers
on response modification factors. An inelastic pushover analy-
sis was conducted for each model. Fig. 7 shows the arrange-
ment of the damper devices in the structures. The pushover
curve particularly demonstrates that the implemented viscous
dampers were extremely effective in the structures and that
the capacity of the structures under applied forces evidently
increased with the increase in the number of dampers in each
story. Figs. 8 to 10 illustrate the pushover graph for the struc-
tures without dampers and the structures with 20%, 40%, 60%,
and 80% bays furnished with viscous dampers according to
different damping coefficients. Fig. 8 illustrates the structural
pushover graphs for the viscous dampers with a damping coef-
ficient of 0.2568533(kN-s/mm).

Table 3 presents the response modification factors for the
structures with different arrangements of damper devices. A
damping coefficient of 0.2568533 (kN-s/mm) was considered
and tabulated with the pushover curves. The results of the cal-
culation revealed that the R factors increased with the installa-
tion of damper devices in the different structure levels. Table 3
shows that unlike that in the case without any dampers, the R
values could increase by up to 75.3% depending on the differ-
ent story levels, such as for the 12-story structure. The R factors
increased by56.4% on average. This value depends on the per-
centage of bays equipped with damper devices. The number of
dampers and the position of each damper affected the R factors.
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The values of the over strength and ductility factors were
increased with the pushover curve for high damping coeffi-
cients. Fig. 9 illustrates the structural pushover graphs for the
viscous dampers with a damping coefficient 0f 2.0548211(kN-s/
mm) and with different parameters of damper installation.
Such parameters affected the base force and roof displace-
ment, which in turn affected the final values of the R factors. In
this case, Rg had a high value because of the installed damper
devices in the structures. In this research, R, was affected by
the displacements, and R, was set tol.Table 4 indicates that the
values of the R factors were increased by increasing the damp-
ing coefficient. The effect of the damper devices on R ranged
from 37.6% to 83%.

The application of the damper devices in the different build-
ing levels also significantly influenced the R factors. The
dependence of R on the number of bays equipped with damp-
ers and the value of the damping coefficient were considered.
Table 5 specifies the R value for each model according to a
damping coefficient of 8.4060888 (kN-s/mm). R increased with
the addition of the damper devices to the structures. Therefore,
the R factors increased by 71.6% on average. This result indi-
cated that the R values increased by 15.2% with the addition of
the viscous damper devices under a high damping coefficient.

The results indicated that the application of the viscous
dampers significantly increased the response modification fac-
tors. With this improvement brought by the viscous dampers,
the buildings would be effectively protected against severe
earthquakes. The increasing trend of the R factors depended
on the damper properties and on the percentage of the bays
equipped with viscous dampers. The values of the response
modification factors obtained in this study are within the range
of the response modification factors proposed by FEMA 450
[33]and UBC [30].
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Fig. 8 Pushover curve for viscous damper with C=0.2568533(kN.s/mm)

Response Modification Factors for Reinforced Concrete Structures Equipped...

2018 62 1

19



7000

=3¢=60 % of bay equipped

6000 == \Vithout Damper (0%)
—_
& 5000
=g =20 % of bay equipped
g 4000 N N with damper
5] & . $
= 3000 =40 % of bay equipped
z 2000 with damper
A 1000 =3é=60 % of bay equipped
with damper
0 .
0 20 20 €0 20 +89%of bay equipped
with damper
Thenlaramant fmm)
(a) Pushover curve for four-story buildings
8000
7000 ===\Nithout Damper (0%)
—_
5 6000
Z 5000 Y =ll—20 % of bay equipped
() a e .
% 4000 with damper
= 3000 ====40 % of bay equipped
% 2000 with damper
= 1000 =3¢=60 % of bay equipped
o with damper
0 50 100 150 =80 % of bay equipped
I TP with damper
(b) Pushover curve for eight-story buildings
30000
=#=—\Vithout Damper (0%)
g 25000
= 20000 — & =fl=20 % of bay equipped
% 15000 y M with damper
= 10000 —i—4q%of bay equipped
@ with damper
/M 5000 =34=60 % of bay equipped
0 with damper
0 50 100 150 =80 % of bay equipped
Displacement (mm) with damper
(c) Pushover curve for twelve-story buildings
30000
=4=—\Vithout Damper (0%)
g 25000
:/ 20000 =fii=20 % of bay equipped
3] with damper
S . / 440 % of b ipped
of bay equippe
% 10000 with damper
M@ so00 ——60 % of bay equipped
0 with damper
0 50 100 150 200 =80 % of bay equipped
Nicnlacamant fmm) with damper
(d) Pushover curve for sixteen-story buildings
30000
25000 —4—Without Damper (0%)
@ 20000 =20 % of bay equipped
5} .
E 15000 with damper
=~ / =40 % of bay equipped
% 10000 with damper
M s000

o

with damper

o

50 100 150 200 250 80 °%ofbayequipped

. with damper
Displacement (mm) P

(e) Pushover curve for twenty-story buildings

Fig. 9 Pushover curve for viscous damper with C = 2.0548211(kN.s/mm)

1000

7000
6000 =& \Without Damper (0%)
—_
& 5000
~ =—20 % of bay equipped
§ 4000 . N with damper
5] O * $
i 3000 —#—40 % of bay equipped
% 2000 with damper
~ 1000 =3¢=60 % of bay equipped
with damper
0
—5#=80 % of b ipped
0 20 40 60 80 " 70 01 B3y equippe
with damper
MNicnlannomant fomea)
(a) Pushover curve for four-story buildings
8000
7000 —&—Without Damper (0%)
—_
a 6000
~ 5000 & =—20 % of bay equipped
o) a e -
g 4000 with damper
% 3000 =40 :G;:f bay equipped
@ with damper
< 2000
m
0 50 100 150

Base Force (KN

30000
~ 25000
20000
15000

10000

Base Force (KN

g
8

30000
. 25000

20000

Base Force (KN
= e
(%] o w
(=] Q Q
8 Q Q
o (=]

o

Displacement (mm)

=3é=60 % of bay equipped
with damper

=380 % of bay equipped
with damper

(b) Pushover curve for eight-story buildings

0 50 100 150
Displacement (mm)

==—\Nithout Damper (0%)

== 20 % of bay equipped
with damper

==e=40 % of bay equipped
with damper

=>&=60 % of bay equipped
with damper

=l=80 % of bay equipped
with damper

(c) Pushover curve for twelve-story buildings

0 50 100 150 200

Displacement (mm)

—4—Without Damper (0%)

=—20 % of bay equipped
with damper

=40 % of bay equipped
with damper

==3é=60 % of bay equipped
with damper

==l=80 % of bay equipped
with damper

(d) Pushover curve for sixteen-story buildings

0 50 100 150 200 250

Displacement (mmm)

—4—Without Damper (0%)

=—20 % of bay equipped
with damper

=40 % of bay equipped
with damper

=6=60 % of bay equipped
with damper

==#e=80 % of bay equipped
with damper

(e) Pushover curve for twenty-story buildings
Fig. 10 Pushover curve for viscous damper with C = 8.4060888(kN.s/mm)

20

Period. Polytech. Civil Eng.

H. Abdi, F. Hejazi, M. S. Jaafar, 1. B. A. Karim



Table 3 Response modification factor for damping coefficient of 0.2568533 (kN.s/mm)

% of different each

4 story building V,(KN) Ay(mm) A (mm) R in compare to model 1
Model 1(0%) 3250 9.8 72 1.57 -
Model 2(20%) 4560 9 66 2.20 40
Model 3(40%) 5070 9 66 245 56.1
Model 4(60%) 5310 8.5 64 2.56 63.1
Model 5(80%) 5498 8.8 64 2.65 69
Average 57.1
8 story building

Model 1(0%) 4549 19 98.17 2 -
Model 2(20%) 5770 16 97 2.86 43
Model 3(40%) 6375 14.4 97 3.35 67.5
Model 4(60%) 6775 13 94 3.65 82.5
Model 5(80%) 7030 12 92 3.8 90
Average 70.75
12 story building

Model 1(0%) 17700 55 138 3.22 -
Model 2(20%) 20563 433 129 4.49 39.4
Model 3(40%) 22241 37 123 5.43 68.6
Model 4(60%) 23604 34 118 6.02 86.9
Model 5(80%) 24512 31 114.4 6.64 106.2
Average 75.3
16 story building

Model 1(0%) 18000 57 162 3.50 -
Model 2(20%) 19972 45 149 4.56 30.3
Model 3(40%) 21493 42 142 5.01 43.1
Model 4(60%) 22560 39 136 5.43 55.1
Model 5(80%) 23500 38 135 5.76 64.6
Average 48.3
20 story building

Model 1(0%) 17601 70 230 3.69 -
Model 2(20%) 19428 67 229 4.24 14.9
Model 3(40%) 20702 64 226 4.67 26.6
Model 4(60%) 21638 61 220 4.99 352
Model 5(80%) 22400 58 216 5.33 444
Average 30.3
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Table 4 Response modification factor with damping coefficient of 2.0548211(kN.s/mm)

% of difference between models in

Four-story building Vo (KN) A, (mm) A, (mm) R comparison with model 1model 1
Model 1(0%) 3,250 9.8 72 1.57 -
Model 2(20%) 5,061 9.1 66 2.44 55.4
Model 3(40%) 5,571 9 66 2.69 71.3
Model 4(60%) 5,812 8.5 64 2.8 78.3
Model 5(80%) 6,001 8.8 64 2.9 85
Average 72.5
Eight-story building
Model 1(0%) 4,549 19 98.17 2 -
Model 2(20%) 6,270 16 97 3.11 55.5
Model 3(40%) 6,875 14.4 97 3.61 80.5
Model 4(60%) 7,275 13 94 3.92 96
Model 5(80%) 7,530 12 92 4. 100
Average 83
Twelve-story building
Model 1(0%) 17,700 55 138 3.22 -
Model 2(20%) 21,213 433 129 4.63 43.8
Model 3(40%) 22,891 37 123 5.89 82.9
Model 4(60%) 24,254 34 118 6.18 91.9
Model 5(80%) 25,162 31 114.4 6.82 111.8
Average 82.6
Sixteen-story building
Model 1(0%) 18,000 57 162 3.50 -
Model 2(20%) 20,722 45 149 4.73 35.1
Model 3(40%) 22,245 42 142 5.19 48.3
Model 4(60%) 23,315 39 136 5.61 60.3
Model 5(80%) 24,254 38 135 5.95 70
Average 53.4
Twenty-story building
Model 1(0%) 17,601 70 230 3.69 -
Model 2(20%) 20,178 67 229 4.50 21.9
Model 3(40%) 21,465 64 226 4.94 33.8
Model 4(60%) 22,392 61 220 5.26 425
Model 5(80%) 23,170 58 216 5.61 52
Average 37.6
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Table 5 Response modification factor with damping coefficient of 8.4060888 (kN.s/mm)

% of difference between models

Four-story building V, (kN) A, (mm) A_ (mm) R in comparison with model 1
Model 1(0%) 3,250 9.8 72 1.57 -
Model 2(20%) 5,411 9.1 66 2.61 66.2
Model 3(40%) 5,870 9 66 2.83 80.3
Model 4(60%) 6,111 8.5 64 2.94 87.3
Model 5(80%) 6,298 8.8 64 3.04 93.6
Average 81.85
Eight-story building

Model 1(0%) 4,549 19 98.17 2 -
Model 2(20%) 6,021 16 97 3.28 64
Model 3(40%) 7,327 14.4 97 3.85 92.5
Model 4(60%) 7,628 13 94 4.11 105.5
Model 5(80%) 7,881 12 92 4.26 113
Average 93.75
Twelve-story building

Model 1(0%) 17,700 55 138 322 -
Model 2(20%) 21,623 433 129 4.72 46.6
Model 3(40%) 23,300 37 123 5.69 76.7
Model 4(60%) 24,665 34 118 6.29 95.3
Model 5(80%) 25,564 31 114.4 6.93 1152
Average 83.45
Sixteen-story building

Model 1(0%) 18,000 57 162 3.50 -
Model 2(20%) 21,126 45 149 4.89 39.7
Model 3(40%) 22,645 42 142 5.36 53.1
Model 4(60%) 23,715 39 136 5.79 65.4
Model 5(80%) 24,656 38 135 6.14 75.4
Average 58.4
Twenty-story building

Model 1(0%) 17,601 70 230 3.69 -
Model 2(20%) 20,628 67 229 4.6 24.7
Model 3(40%) 21,902 64 226 5.02 36
Model 4(60%) 22,840 61 220 5.38 45.8
Model 5(80%) 23,605 58 216 5.70 54.5
Average 40.3
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7 R factors for reinforced concrete structures
equipped with viscous damper devices

This study attempted to calculate the effect of viscous damp-
ers on over strength, ductility, and response modification fac-
tors for reinforced concrete structures on the basis of differ-
ent damping coefficients. The calculation was carried out by
conducting an equivalent statistical analysis. The formulation
was proposed according to the response modification factors
for the structures equipped with viscous damper devices. In the
formulation, several factors such as the number of dampers,
the damping coefficient, and the height of the structures were
considered. The R factors for the structures

equipped with viscous damper devices were then evaluated
by proposing the addition of R, to the main equation of R. R,
was used to evaluate the effect of the damper devices on the R
values on the basis of the following equation:

R=R..R .R+R, (8)

The equation for evaluating R, on the basis of the percent-
age of bays equipped with viscous dampers and under differ-
ent damping coefficients for reinforced concrete structures
was derived by adopting the described results of the numerical
study. The final formulation of Rd was derived and added to the
main equation of R for reinforced concrete structures equipped
with damper devices in different levels. In this research, the
equation of Rd was based on the structures with 20% to 80%
of the bays equipped with damper devices in different lev-
els. Accordingly, the following equations were developed on
the basis of the response factors for structures equipped with
damper devices:

where
C <1 (kN.s/mm)
R, =-0.009x +0.222x — 0.172 + (C/1.24) xn )
1 <C <2 (kN.s/mm)
R, =-0.009x* + 0.214x — 0.068 + (C/3.61) xn  (10)
2 <C < 8.4 (kN.s/mm)
R, =—0.008x> + 0.208x + 0.004 + (C/14) xn  (11)

whereC = damping coefficient (kN x s/mm), X = number of
stories,and N = % of bays equipped with dampers (Table 6)
according to Eqgs.(9)—(10).

Table 6 Value of N based on the percentage of bays equipped with dampers

% of bays equipped with dampers Value of N
20% 0
40% 1
60% 1.5
80% 2.5

The comparison of the R factors (i.e., structures with-
out energy dissipation systems and structures equipped with
energy dissipation systems) showed that the applications of
viscous dampers efficiently affect R factors. Furthermore, vis-
cous dampers influence structural displacement. The following
conclusions were derived from the research results:

I.  The implementation of viscous damper devices is effec-
tive in reducing the nonlinear response or displacement
of structures during earthquakes.

II. The nonlinear responses of structures with respect to
the occurrence of plastic hinges and structural move-
ment are reduced when dampers are used.

III. The increase of damping coefficients enhances response

modification factors.

IV. Increasing the number of dampers results in high R fac-
tor values.

V. The height of structures affects response modification

factors.

8 Conclusions

In this study, viscous damper devices were installed in rein-
forced concrete structures with different levels to reduce seis-
mic design loads. Specifically, this research attempted to eval-
uate the effect of viscous dampers on over strength, ductility,
and response modification factors for structures on the basis of
different damping coefficients through an equivalent statistical
analysis. The over strength and reduction ductility factors of 75
reinforced concrete structural models with and without viscous
damper devices were evaluated. A nonlinear statistical analysis
was performed to evaluate the over strength and reduction fac-
tors based on the ductility of the structures with various stories.
The results indicated that structures equipped with damper
devices can carry more loads than structures without damper
devices. The evaluation of the average R factor values for dif-
ferent structures indicated that the R values increased from
30% to 94% for the structures equipped with damper devices
compared with those with bare frames. This increase depended
on the different types of damper and the percentage of the bays
equipped with dampers. The number of dampers clearly has a
significant effect on R factors. On the basis of the numerical
results, we finally developed the equation for evaluating the R
factors for structures equipped with viscous dampers accord-
ing to damping coefficients.

24 Period. Polytech. Civil Eng.

H. Abdi, F. Hejazi, M. S. Jaafar, 1. B. A. Karim



References

(1]

[2]

B3]

[5]

[6]

(7]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

IBC. International Building Code, Int. Conf. Building Officials, Whittier,
Calif; USA. 2000.

NEHRP (National Earthquake Hazards Reduction Program) Recom-
mended Provisions for Seismic Regulations for New Buildings and
Other Structures. 2000 Edition, Part 2: Commentary. Building Seismic
Safety Council, Washington, D.C.2000. https:/nehrpsearch.nist.gov/
static/files/ FEMA/PB2002100054.pdf

Miranda, E., Bertero, V.V. “Evaluation of Strength Reduction Factors for
Earthquake-Resistant Design”. Journal of Earthquake Spectra, 10(2),
pp. 357-379. 1994. https://doi.org/10.1193/1.1585778

Lin, Y. Y., Chang, K. C. “A Study on Damping Reduction Factor for
Buildings Under Earthquake Ground Motions”. Journal of Struc-
tural Engineerin (ASCE.), 129(2), 2003. http:/dx.doi.org/10.1061/
(ASCE)0733-9445(2003)129:2(206)

Ramirez, O. M., Constantinou, M. C., Kircher, C. A., Whittaker, A. S.,
Johnson, M.W., Gomez, J. D., Chrysostomou, C. Z. “Development and
Evaluation of Simplified Procedures for Analysis And Design of Build-
ings With Passive Energy Dissipation Systems.”. Multidisciplinary Cen-
ter for Earthquake Engineering Research (MCEER), New York. Rep.
No: MCEER-00-0010,510 pages. 2000. http://mceer.buffalo.edu/pdf/
report/00-0010.pdf

Wu, J. P., Hanson, R. D. ““Inelastic response spectra with high damping”.
Journal of the Structural Engineering (ASCE), 115(6), pp. 1412-1431.
1989. http://dx.doi.org/10.1061/(ASCE)0733-9445(1989)115:6(1412)
Ashour, S. A., Hanson, R. D. “Elastic seismic response of buildings with
supplemental damping.”. Report UMCE 87-01, Department of Civil En-
gineering, University of Michigan, Ann Arbor, Michigan. 1987.
Freeman, S. A. “On the Correlation of Code Forces to Earthquake De-
mands”. In: Proceedings of 4th U.S.-Japan Workshop on the Improve-
ment of Structural Design and Construction Practices, Report ATC 15-
3, Applied Technology Council, Redwood City, California, U.S.A.1992.
Osteraas, J. D., Krawinkler, H. “Strength and Ductility Considerations
in Seismic Design.” Rep.No. 90. John A. Blume Earthquake Engineering
Center, Stanford University, California. 1990.

Kappos, A. J. “Evaluation of Behavior Factors on the Basis of Ductility
and Over strength Studies.”. Journal of Engineering Structures, 21, pp.
823-835. 1999.

Riddell, R., Hidalgo, P., Cruz, E. “Response Modification Factors for
Earthquake Resistant Design of Short Period Structures”. Earthquake
Spectra, 5(3), pp. 571-590. 1989. https://doi.org/10.1193/1.1585541
Mondal, A., Siddhartha Ghosh, Reddy, G. R.
evaluation of the response reduction factor for ductile RC frames.”.
Journal of Engineering Structure, 56, pp. 1808—1819. 2013. https://doi.
org/10.1016/j.engstruct.2013.07.038

Mahmoudi, M., Zaree, M. “Evaluating response modification factors

“Performance-based

of concentrically braced steel frames.”. Journal of Constructional
Steel Research, 66(10), pp. 1196-1204. 2010. https://doi.org/10.1016/].
j€81.2010.04.004

Mahmoudi, M., Abdi, M.G. “Evaluating response modification factors
of TADAS frames.”. Journal of Constructional Steel Research, 71, pp.
162-170. 2012. https:/doi.org/10.1016/j.jesr.2011.10.015

Mahmoudi, M., Mirzaei, A., Vosough, S. “Evaluating Equivalent Damp-
ing and Response Modification Factors of Frames Equipped by Pall Fric-
tion Dampers.”. Journal of Rehabilitation in Civil Engineering, 1(1), pp.
78-92. 2013. https://doi.org/10.22075/jrce.2013.7

Kappos, A., Paraskeva, T., Moschonas, 1. “Response Modification Fac-
tors for Concrete Bridges in Europe”. Journal of Bridge Engineering,
18(12), pp. 1328-1335. 2013. https://doi.org/10.1061/(ASCE)BE.1943-
5592.0000487

[17]

18]

(191

[20]

(21]

(22]

(23]

[24]

(25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

Galasso, C., Maddaloni, G., Cosenza, E. “Uncertainly Analysis of Flex-
ural Over strength for Capacity Design of RC Beams.”. Journal of Struc-
tural Engineering, 140(7), 2014. https://doi.org/10.1061/(ASCE)ST.1943-
541X.0001024

Bojorquez, E., Ruiz, S. E., Reyes-Salazar, A., Bojorquez, J. “Ductility
and Strength Reduction Factors for Degrading Structures Considering
Cumulative Damage”. The Scientific World Journal, vol. 2014, Article
ID 575816, p. 7. 2014. https://doi.org/10.1155/2014/575816

Mollaioli, F., Liberatore, L., Lucchini, A. “Displacement damping mod-
ification factors for pulse-like and ordinary records.”. Journal of Engi-
neering Structures, 78, pp. 17-27. 2014. https://doi.org/10.1016/j.eng-
struct.2014.07.046

Mahmoudi, M., Zaree, M. “Determination the Response Modification
Factors of Buckling Restrained Braced Frames.”. Procedia Engineering,
54, pp. 222-231. 2013. https://doi.org/10.1016/j.proeng.2013.03.020
Hejazi, F., Noorzaei, J., Jaafar, M. S., Abang Abdullah, A. A. “Earth-
quake analysis of reinforce concrete framed structures with added vis-
cous damper.”. International journal of applied science, Engineering
and Technology, 5(4), pp 205-210. 2009. https:/www.researchgate.
net/profile/Farzad_Hejazi2/publication/242782634 Earthquake Anal-
ysis_of Reinforce_Concrete_Framed_Structures_with Added Vis-
cous_Dampers/links/004635221559ef201a000000.pdf

Hejazi, F., Kojouri, S. J., Noorzaei, J., Jaafar, M. S., Thanoon, W. A.,
Abang Abdullah, A. A. “Inelastic seismic response of RC building with
control system.”. Key Engineering Materials, Vol. 462—463, pp 241-246.
2011. https://doi.org/10.4028/www.scientific.net/ KEM.462-463.241
Hejazi, F., Toloue, I., Jaafar, M.S. “Optimization of earthquake ener-
gy dissipation system by genetic algorithm.”. Computer-Aided Civil
and Infrastructure Engineering, 28(10), pp. 796-810. 2013. https://doi.
org/10.1111/mice.12047

Daza L. G. Correlation between minimum building strength and the re-
sponse modification factor. Taylor & Francis Group, London, 2010.
Zeynalian, M., Ronagh, H. R. “An experimental investigation on the lat-
eral behavior of knee-braced cold-formed steel shear walls”. Thin-Walled
Structures, 51, pp. 64-75. 2012. https://doi.org/10.1016/j.tws.2011.11.008
Shedid, M., EI-Dakhakhni, W., Drysdale, R. “Seismic Response Mod-
ification Factors for Reinforced Masonry Structural Walls”. Journal
of Performance of Constructed Facilities, 25(2), pp. 74—86. https://doi.
org/10.1061/(ASCE)CF.1943-5509.0000144

ATC. “Tentative provisions for the development of seismic regulations
for buildings.” ATC-3-06. Applied Technology Council, Redwood City,
California, pp 45-53, 1978.

ATC. “Structural Response Modification Factors.” Applied Technology
Council, Redwood City, California, Rep. No.ATC-19, 1995.

Newmark, N. M., Hall, W. J. ““Earthquake spectra and design.”” EERI
Monograph Series, Earthquake Engineering Research Institute, Oak-
land, Calif. 1982.

Uniform Building Code (UBC). “Uniform building code.” Int. Conf.
Building Officials, Vol. 1, Whittier, Calif, USA.1997.

IBC. International Building Code, Int. Conf. Building Officials, Whittier,
Calif, USA.2012.

Taylor, D., Washiyama, Y. “Taylor Fluid Viscous Dampers”. In: Pro-
ceedings of the SEC ‘04 International Symposium on Network and Cen-
ter Based Research for Smart Structures Technology and Earthquake
Engineering. Osaka University, Osaka, Japan. 2004.

FEMA. “NEHRP Recommended Provisions for Seismic Regulations for
New Buildings.” FEMA 450, Federal Emergency Management Agency,
Washington, DC. 2003.

Response Modification Factors for Reinforced Concrete Structures Equipped...

2018 62 1 25


https://nehrpsearch.nist.gov/static/files/FEMA/PB2002100054.pdf
https://nehrpsearch.nist.gov/static/files/FEMA/PB2002100054.pdf
https://doi.org/10.1193/1.1585778
http://dx.doi.org/10.1061/(ASCE)0733-9445(2003)129:2(206)
http://dx.doi.org/10.1061/(ASCE)0733-9445(2003)129:2(206)
http://mceer.buffalo.edu/pdf/report/00-0010.pdf
http://mceer.buffalo.edu/pdf/report/00-0010.pdf
http://dx.doi.org/10.1061/(ASCE)0733-9445(1989)115:6(1412)
https://doi.org/10.1193/1.1585541
https://doi.org/10.1016/j.engstruct.2013.07.038
https://doi.org/10.1016/j.engstruct.2013.07.038
https://doi.org/10.1016/j.jcsr.2010.04.004
https://doi.org/10.1016/j.jcsr.2010.04.004
http://www.sciencedirect.com/science/article/pii/S0143974X11002823
https://doi.org/10.1016/j.jcsr.2011.10.015
https://doi.org/10.22075/jrce.2013.7
https://doi.org/10.1061/(ASCE)BE.1943-5592.0000487
https://doi.org/10.1061/(ASCE)BE.1943-5592.0000487
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001024
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001024
https://doi.org/10.1155/2014/575816
https://doi.org/10.1016/j.engstruct.2014.07.046
https://doi.org/10.1016/j.engstruct.2014.07.046
https://doi.org/10.1016/j.proeng.2013.03.020
https://www.researchgate.net/profile/Farzad_Hejazi2/publication/242782634_Earthquake_Analysis_of_Reinforce_Concrete_Framed_Structures_with_Added_Viscous_Dampers/links/004635221559ef201a000000.pdf
https://www.researchgate.net/profile/Farzad_Hejazi2/publication/242782634_Earthquake_Analysis_of_Reinforce_Concrete_Framed_Structures_with_Added_Viscous_Dampers/links/004635221559ef201a000000.pdf
https://www.researchgate.net/profile/Farzad_Hejazi2/publication/242782634_Earthquake_Analysis_of_Reinforce_Concrete_Framed_Structures_with_Added_Viscous_Dampers/links/004635221559ef201a000000.pdf
https://www.researchgate.net/profile/Farzad_Hejazi2/publication/242782634_Earthquake_Analysis_of_Reinforce_Concrete_Framed_Structures_with_Added_Viscous_Dampers/links/004635221559ef201a000000.pdf
https://doi.org/10.4028/www.scientific.net/KEM.462-463.241
https://doi.org/10.1111/mice.12047
https://doi.org/10.1111/mice.12047
https://doi.org/10.1016/j.tws.2011.11.008
https://doi.org/10.1061/(ASCE)CF.1943-5509.0000144
https://doi.org/10.1061/(ASCE)CF.1943-5509.0000144

	1 Introduction
	2 Response modification factors (R) 
	2.1 Ductility factor  
	2.2 Over strength factor  
	2.3 Redundancy factor  
	2.4 Damping factor  

	3 Pushover analysis  
	4 Structural model  
	5 Reinforced concrete structures equipped with viscous damper devices 
	6 Results of analysis 
	7 R factors for reinforced concrete structures equipped with viscous damper devices 
	8 Conclusions 

