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ARTICLE INFO ABSTRACT

This paper presents the seismic upgrade of existing reinforced concrete (RC) structures by using a self-centering
post-tensioned pre-cast concrete frame with friction dampers (SC-PC-FD). The effectiveness of the retrofit is
investigated through conducting cyclic loading tests on a single story RC frame before and after the retrofit. The
experimental results are used to validate the numerical modeling of the test specimens. A performance-based
seismic design procedure is proposed based on a genetic algorithm (GA) to determine the story-wise distribution
of the damper friction capacity and the area of post-tensioning steel. Three-, five-, and eight-story RC framed
structures are used as case study models for evaluating the effectiveness of the retrofit technique. Non-linear
time-history response analysis (NLTHA), incremental dynamic analysis (IDA), and fragility analysis are con-
ducted to investigate the seismic performance of the retrofitted structures. Results of the nonlinear time-history
analyses show that the retrofit reduces the maximum inter-story drift ratio (MIDR) and the residual drift of the
model structures. IDA and fragility curves show that the collapse capacities of the model structures are increased
after the retrofit and the retrofitted buildings have lower probabilities of reaching the design limit states com-
pared to the un-retrofitted ones.
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Sometimes easily replaceable energy dissipation components are added
to absorb seismic energy. The combination of the self-centering and

1. Introduction

After strong earthquakes, building authorities and owners search for
the fastest and most reliable methods for recovering the functionality of
buildings. Recently, the research community realized that designing a
building to survive a design-based earthquake is necessary but may not
be sufficient to recover the initial condition and functionality of
structures, especially, if the structure is subjected to significant struc-
tural damage or excessive residual drift. To reduce earthquake-induced
residual drift, the concept of self-centering systems has emerged as a
new trend for seismic retrofit of structures [1-3]. Using a self-centering
system keeps a structure responding elastically under design-level
earthquake and reduces or eliminates the residual drift. Post-tensioned
elements are generally used to achieve the self-centering ability.

energy dissipative devices provides a flag-shaped hysteresis behavior
that enhances the efficiency of the lateral resisting system of the
structure during ground excitations.

The concept of self-centering has been applied to steel structures
[4,5], RC structures [6], and timber structures [7,8]. Many studies in-
vestigated the performance of self-centering systems; for example, Song
et al. [9] proposed a self-centering prestressed concrete (SCPC) mo-
ment-resisting frame (MRF) with web friction devices (WFDs). In their
proposal, aluminum plates are used for friction and post-tensioned
tendons are replaced by a bundle of tendons to facilitate the field as-
sembly. Eatherton et al. [5] tested a half-scale rocking braced steel
frames that use column-uplifting mechanisms, high-strength post-ten-

Abbreviations: RC, reinforced concrete; SC-PC-FD, self-centering post-tensioned pre-cast concrete frame with friction dampers; GA, genetic algorithm; NLTHA, non-
linear time-history response analysis; IDA, incremental dynamic analysis; MIDR, maximum inter-story drift ratio; PC, pre-cast concrete; PT, post-tensioned; FD,
friction damper; LVDT, linear variable differential transformer; PC-FD, precast-cast frame with friction damper; DBE, design-basis earthquakes; 10, immediate
occupancy; LS, life-safety; CP, collapse prevention limit state; MCE, maximum-considered earthquake
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Fig. 1. Beam-column interface of the SC-PC retrofit frame.

sioning, and replaceable energy-dissipating fuses. Through conducting
quasi-static cyclic tests, they demonstrated that the controlled rocking
system could satisfy the required performance goals. Cao et al. [10]
proposed an iterative procedure to describe the deformation of dis-
sipators of a self-centering prestressed concrete (SCPC) bridge pier with
external dissipators under different conditions. Guo et al. [11] up-
graded existing frame structures by using the self-centering (SC) con-
crete wall with friction dampers. Dezfuli et al. [12] conducted a para-
metric study on an innovative Core-Less Self-Centering (CLSC) brace
(i.e. a retrofit device to be used in conjunction with conventional lateral
resisting systems). Wang and NourEldin et al. [13] proposed a retrofit
design procedure for existing structures using self-centering post-ten-
sioned pre-cast concrete (SC-PC) frames utilizing the initial stiffness and
enlarged beam ends. Morelli et al. [14,15] conducted experimental and
numerical studies on the capacity of reducing the residual deformation
of existing steel structures by using re-centering devices with post-
tensioned and replaceable energy-dissipating elements.

In this paper, a pre-cast concrete PC frame with self-centering and
energy dissipating capability is developed for seismic retrofit of existing

Column
115 mm ]
1
120 mm I Beam 2,_::'7;]' "; d
3
115mmd

Teflon material
Post-tensioning tendon

Engineering Structures 208 (2020) 109925

RC buildings. Cyclic loading tests are conducted on a single story RC
frame before and after the retrofit to examine the effectiveness of the
proposed retrofit system. The experimental results are used to validate
the numerical modeling of the test specimens. A performance-based
seismic design based on a genetic algorithm is proposed for the effective
application of the retrofit system. Three-, five-, and eight-story RC
frames are used as case study buildings, and the seismic performance of
the structures is assessed through incremental dynamic analysis and
fragility analysis.

2. Analytical modeling of the seismic retrofit system

The retrofit system is composed of PC columns and beams con-
nected by post-tensioned tendons (Fig. 1) and rotational friction dam-
pers installed at the corner. The stress-strain relation of the post-ten-
sioning tendon recommended by Mattock [16] for Grade 270
prestressing strands is given by

8.36 1/8.36
e Ep )

= gEy|002+098 / |1+
T = by (1.04-];,

@

where f,, and g, are the stress and strain in the post-tensioning tendon,
E, is the elastic modulus of the tendon, and f,, is the yield strength of
the post-tensioning tendon.

The moment capacity of the beam-column connection, M, is cal-
culated by multiplying the force developed in the post-tensioning
tendon, F,, with the distance to the resultant concrete compression
force, F,, as shown in Fig. 2. From equilibrium,

F = Fy )

Based on that, the moment capacity of the beam-column connection
is obtained as follows:

Mcap = F}zt'(hg -a)/2 3)

where h, is the height of the grout pad at the beam-column interface; a
is the depth of the equivalent rectangular compression stress block
corresponding to the compression force, which can be determined using
the following equation [17]:

a= E/O.ssf;bg )

where F, is the concrete compression force; b,is the width of the grout
pad at the beam-column interface; fcv is the unconfined concrete com-
pression strength.

At the yield of the post-tensioning tendon, M, can be calculated as
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Fig. 2. Beam-column interface of the PC frame used in the test and analysis before and after gap opening.
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Fig. 3. Stress-strain curve of Grade 270 prestressing strands.
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Fig. 4. Rotational friction damper developed for the current study.
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Fig. 5. Hysteresis loops of the FD obtained from the experiment and the ana-
lytical modeling.
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Fig. 6. Hysteresis curves of the FD under different amplitudes and loading
frequencies.
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Meap = Fpy-(hg — a)/2 5)

The decompression point defines the beginning of a gap opening at
the connection interface and corresponds to the condition when the
stress in the extreme concrete compression fiber reaches zero at the
beam-end adjacent to the column. Accounting for the precompression
introduced by the initial prestressing force, and assuming a linear strain
distribution at the critical section, the following equation is used to
determine the moment resistance at gap opening, Myecomp [18].

h
Mdecomp =fpi'1/(_g)
2 (6)

where f, is the initial stress in the post-tensioning tendon, I is the
moment of inertia of the beam section based on the gross section
properties, and h, is the height of the grout pad at the interface.

At the beam-column interface, a bi-linear elastic spring is used
where the gap opening starts between the column and the beam at the
decompression level in the post-tensioned (PT) tendons. When the ap-
plied moment exceeds Mgecomp, the gap opens and the PT tendons start
to elongate. In this study, two tendons are placed in each beam of the
PC frame test specimen to produce restoring force. Fig. 2 shows the
beam-column interface of the PC frame used in this study before and
after gap opening and Fig. 3 shows the stress-strain curve of the Grade
270 strand.

3. Analysis modeling of corner friction dampers

A friction damper (FD) is developed to be placed at the corner of the
PC frame as shown in Fig. 4(a). In order to test the clamping force
required to generate the intended damper yield capacity, a friction
damper is tested under cyclic load as shown in Fig. 4(b). A friction pad
is used to generate the friction force between the steel elements at the
slotted and knee parts. Torques of 600 and 450 Nm are used at the
slotted and knee parts, respectively, with a corresponding clamping
force of 135 and 100 kN.

The force-deformation relationship of the friction damper (FD) is
tested experimentally and is fitted with an analytical model using the
Open System for Earthquake Engineering Simulation (OpenSees) [19]
as shown in Fig. 5. The friction damper is modeled with an element
having an elastic perfectly plastic hysteretic behavior selected from the
OpenSees library. In order to check the yield capacity and the hysteretic
performance of the FD, multiple cyclic loading tests have been con-
ducted using different loading frequency, velocity, and displacement
amplitudes. Fig. 6 shows the hysteresis curves of the FD under the
loading frequency of 0.125 and 0.25 Hz. As can be seen, the FD shows
stable hysteresis curves up to 30.0 mm displacement for both load
frequencies. In addition, the FD yield force is found to have a lower
bound around 50.0 kN for the given loading frequencies. It is observed
that the FD yield force is slightly higher for higher frequency (0.25 Hz)
loading compared to that for lower frequency loading (0.125 Hz). The
reason for this difference may be attributed to the effects of the wear
and the heat, which increase when the time for completing one cycle
become larger.

4. Configuration of the test specimens

Fig. 7 shows the dimension and configuration of the RC bare frame
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Fig. 7. Dimensions and configuration of the test specimens.
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Fig. 8. Loading protocol for cyclic loading test.

test specimen and the PC frame to be used for seismic retrofit. The
cross-sections of the columns and beams of the RC frame are 300 x 300
mm and 300 X 350 mm, respectively. Eight rebars having 22 mm
diameter are used as main reinforcement for both columns and beams.
Shear reinforcement is made with 10 mm stirrups every 200 mm and
150 mm for columns and beams, respectively. The columns and beams
of the PC frame have a size of 300 X 300 x 2850 mm and
300 x 350 x 2100 mm, respectively. Two PC beams are placed at the
top and bottom of the PC columns as shown in the figure. The re-
inforcement of the PC column consists of twelve of 22 mm rebars with
10 mm diameter stirrups spaced at every 200 mm. The beam re-
inforcement of the PC frame consists of six 22 mm rebars (three each at
top and bottom) with 10 mm stirrups at a 150 mm interval. A 50.0 mm (c) Friction dampers
Teflon plate is inserted at the interface between the PC beams and
columns. Steel seat angels are used for positioning the PC beam during
the erection and pre-tensioning of the tendon.

Fig. 9. Test setup for cyclic loading tests.

The pre-stressing seven-wired tendon (diameter of 15.2 mm) has a 500
yield strength of 1600 MPa and 146 kN pre-tensioning force. The e v o
concrete compressive strength for RC and PC frames is 22 and 40 MPa, 400 — — Backbone curveifor bare

frame

respectively. The reinforcement steel yield strength for RC and PC
frames are 400 and 500 MPa, respectively. The PC frame is connected to
the RC frame using horizontal anchor rods (with 32.0 mm diameter and
yield strength of 930 MPa) that penetrate the beam-column joints of the
two frames. A 50.0 mm Teflon plate is inserted at the interface of the
two frames to prevent friction. The PC-frame columns are not con-
nected to the base and there is a sufficient tolerance maintained be-
tween the bottom of the PC-columns and the top of the base during the
test. This is required to avoid any resistance to the column rotation

during the test. 0 .
0 10 20 30 40 50 60 70 80

— — — - Bare Frame

Retrofitted frame

w
=3
S

Force(KN)
3
8

100

Displacement(mm)

Fig. 10. Hysteresis curves of the RC frame before and after retrofit.
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Fig. 12. Analysis model of the PC-FD frame.

5. Cyclic loading test of the specimens

Displacement-controlled cyclic tests of the specimens before and
after the seismic retrofit are carried out using a 2000 kN hydraulic servo
actuator to evaluate their seismic performance. Strain gauges are at-
tached to the steel rebars of the RC frame at different locations. LVDTs
(linear variable differential transformer) are installed to measure the
horizontal displacement at the upper part of the specimens during the

Engineering Structures 208 (2020) 109925
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Fig. 13. Backbone curves of the RC frame before and after the retrofit.

loading test. The loading protocol used in the test, shown in Fig. 8(b), is
constructed based on the loading protocol for the quasi-static cyclic
tests recommended in the ACI 374.2r-13 [17] shown in Fig. 8(a). Fig. 9
shows the test setup for the retrofitted RC frame and bare RC frame
specimens. The hydraulic actuator is fixed to a rigid concrete wall and is
connected to a data acquisition system to plot a real-time force-dis-
placement relation of the actuator.

Fig. 10 shows the hysteresis curves of the RC frame before and after
retrofit obtained from the experiments. The figure shows that the ret-
rofitted frame has larger stiffness compared to the bare frame, and has
about 40% larger strength in comparison with the bare frame. It is
observed that the first drop in strength for both frames occurs at
30.0 mm (i.e. 1.5% of the inter-story drift of the frame height). In ad-
dition, the ultimate collapse is reached at 50.0 mm lateral displacement
in the case of the bare frame, and at 60.0 mm for the retrofitted frame
(i.e. 20.0% increase in displacement at total collapse). The displace-
ments at zero force level in the hysteresis curves represent the amount
of energy dissipation due to inelastic deformation, which is larger in the
retrofitted case because of the friction dampers and the tendons. The
strain time histories recorded by the strain gauges attached to the
longitudinal reinforcement bars in the column and the beam of the RC
frame are shown in Fig. 11.
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Fig. 14. Configuration of the RC analysis model frames.

Reinforcement details of the RC analysis model structures.

Fig. 12 shows the analytical modeling of the PC-FD frame, and
Fig. 13 depicts the comparison between the numerical and experi-
mental backbone curves of the RC frame before and after the retrofit.

Longitudinal
Reinforcement The numerical backbone curves of the specimens are obtained using
SAP2000 [20] software. A multi-linear elastic spring is selected from
Model Dimensions Top Bottom Transverse the SAP2000 library to model the post-tensioned tendons. A multi-
(mm) linear plastic spring is used to model the FD that is located at the beam-
(a) Beams column connection of the PC frame. The columns of the RC frame are
fixed at the bottom and a rigid link is used to model the anchor bolt that
3,5, and 8story 250 X 400 4D20  4D20 D8, 2legs@150 mm connects the RC and PC frames. Frame elements in SAP2000 are used to
model the RC beams and columns considering the longitudinal and
(b) Columns shear reinforcement. Plastic hinges are assigned at the ends of the RC
Model  Dimensions(mm)  Longitudinal Reinforcement ~ Transverse beams and columns to account for the non-linear behavior. The para-
meters of the plastic hinges are determined based on the re-
3-story 300 x 300 6 D14 D8, 2legs@150 mm commendations of ASCE/SEI-41 [22]. The figure shows that, for both
:::zg :gg i jgg TZD];TG the retrofitted and bare frames, the initial stiffness obtained numeri-
cally is almost the same as that obtained experimentally. The backbone
curve of the experiments shows a smooth transition between the linear
and non-linear range before the drop of strength. On the other hand, the
Ai:IOH Action Hardening range
. o . . +Fy to +Fu
UL Original relationship Hardening range _I_Y ‘
Yf’ - R FFytorry Stiffness does
h \‘\ not change
’I' g \\ R
[ ] Equal to Initial
/ Initial elastic elastic range
> range
1 Deformation .
_ Deformation
R\ '
\‘\ K Loop with full strength loss Hardening range Equal to sum of
“ ’,I v interaction -Fyto-Fu _ __ __ | hardening ranges
C ______ _ff Hardening range dk . Equal to sum of
-Fy to -Fu hardening ranges
(a) Beams (b) Columns

Fig. 15. Hysteresis loops of the RC beams and columns used in the non-linear analysis.
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analytical backbone curve shows a sharp transition between the linear
and the non-linear range. This is attributed to the limitation of the
numerical iteration algorithm related to the non-linear static analysis in
the SAP2000 software, in which the tangent stiffness cannot be re-
presented accurately in this transition zone. In the bare frame specimen,
the experimental strength drops from 305 kN to 275 kN at 30.0 mm
lateral displacement. The strength of the analytical backbone curve,
however, drops from 305 kN to 150 kN at 44.0 mm lateral displace-
ment. In the case of the retrofitted frame, the strength drops from 440
kN to 300 and 238 kN for the experimental and the analytical backbone
curves, respectively. After the strength drop, the analytical and ex-
perimental results do not match well due to the numerical instability
and convergence problems of the analysis algorithm.

6. Seismic retrofit of example buildings

In this section, the effectiveness of the PC retrofit frame is in-
vestigated using different RC framed structures. The seismic retrofit for
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these buildings is achieved by adding the preloaded PC frames ex-
ternally at the outer perimeter of the frames in the required direction.

6.1. Design and analytical modeling of the RC buildings and the PC frames

Fig. 14 shows the plan and elevations of the analysis models. One of
the exterior RC moment frames of the building is separated for sim-
plicity in nonlinear analysis. The building is designed for a dead load of
4.1 kN/m? and a live load of 2.5 kN/m? ACI 318 [21] is used for the
design of the RC elements. The dimensions and reinforcement of the RC
elements are presented in Table 1. The compressive strength of the
concrete is taken as 20.7 MPa (3000 psi) and grade 60 (413 MPa yield
strength) steel used for the reinforcement bars. The moment of inertia
of the beam and the column sections are reduced to 35% and 70% of
those of nominal un-cracked values, respectively, to account for the
cracked condition of the elements according to ACI 318. For modal and
dynamic analyses, 5% of the critical damping is used. Plastic hinges
defined based on ASCE/SEI 41-13 [22] are introduced at the ends of the
beams and columns to account for the material non-linearity. According
to the modal analysis, the fundamental periods of the 3, 5, and 8-story
RC frames are found to be 0.87 s, 1.2 s, and 1.9 s, respectively. The
hysteresis loops of the beams and columns used in the dynamic analysis
are shown in Fig. 15. A rigid connection is assumed between beams and
columns, and the first story columns are assumed to be fixed to the
ground.

Fig. 16 shows the components of the PC frame, where the beams are
modeled as member elements with a multi-linear elastic link at both
ends as shown in Fig. 12(a). The multi-linear elastic link property used
for the PC frame is depicted in Fig. 17(a). The columns are modeled as



M.N. Eldin, et al.

Engineering Structures 208 (2020) 109925

Define the limit state
and the MIDR
required

Calculate the angle, where,
tan@ = MIDR/clomn height

Calculate the
maximum gap opening
based on the angle 6

—

Obtain the tendon area,
assuming the post tension

force,
6= f/A

Obtain the

corresponding stress

for the strain,

(Fig. 15.c)
6=E.c€

A

(Fig. 15.b).
e< Ey
for of tendon
grade Calculate the
maximum

elongation of the PT
tendon from the
maximum gap
opening and obtain

. the strain €
Earthquake for conducting
NLTHA (DBE) or (MCE)
GA optimization A/
—> using parallel 41***”" Practical range for FD capacity ‘
computation
‘\‘ Objective function based on MIDR ‘
. . Check for the
Optimum FD capacity for MIDR limit
each floor
states
NO
Fig. 18. Design procedure for the PC retrofit.
3
2.5
5 — Target Mean
[Beam| /
\* Unbonded post- o i ) 3 4 s

tensioning steel

Fig. 19. The geometry of the deformed PC frame.

Floor

20 30
Yeld strength (KN.M)

40 50

Fig. 20. Vertical distribution of yield force of friction dampers obtained from
genetic algorithm.

10

Period(T)

Fig. 21. Target spectrum and response spectra of the seven earthquakes scaled
to the target spectrum.

member elements and are fixed at the base. The friction damper is
modeled using a multilinear plastic link which has the property shown
in Fig. 17.

6.2. Proposed seismic retrofit procedure

In the current study, a performance-based seismic design procedure
is applied for selected earthquakes (design-basis earthquakes (DBE) or
maximum considered earthquakes (MCE)). For the design of friction
dampers, a genetic algorithm (GA) is applied to determine the optimum
yield force of the friction damper installed in each story. As GA is a
probability search methodology, the optimum values are generally
derived after a certain number of generations. If the solution is not as
expected or the objective function does not meet certain criteria, the
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Table 2
List of the earthquake records used in the nonlinear dynamic analysis.
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Sequence Number (PEER) Earthquake Name Station Name Magnitude PGA (g) Source distance (km) Fault type Tp (pulse period-sec)
68 “San Fernando” “LA - Hollywood Stor FF” 6.61 0.231 22.77 Reverse -

169 “Imperial Valley-06” “Delta” 6.53 0.240 15.82 strike slip -

721 “Superstition Hills-02”  “El Centro Imp. Co. Cent” 6.54 0.358 22.03 strike slip -

752 “Loma Prieta” “Capitola” 6.93 0.515 12.56 Reverse Oblique -

953 “Northridge-01” “Beverly Hills — 14,145 Mulhol”  6.69 0.448 18.2 Reverse -

1111 “Kobe_ Japan” “Nishi-Akashi” 6.9 0.490 11.16 strike slip -

1244 “Chi-Chi_ Taiwan” “CHY101” 7.62 0.340 15.23 Reverse Oblique 5.341

number of generations may be modified or the initial input values are
changed.

The proposed retrofit procedure upgrades the existing building by
attaching the preloaded PC frame to the outer perimeter of the building.
The design objective of the retrofitted building is set up to satisfy a
specific limit states (e.g. immediate occupancy (I0), life-safety (LS), or
collapse prevention (CP) limit state). At a certain level of the limit state,
gap opening or decompression in tendons takes place at the joint be-
tween the PC beams and columns, and the maximum inter-story drift
ratio (MIDR) should be maintained below the required limit values.
Fig. 18 shows the flowchart of the proposed procedure, which can be
summarized in the following steps:

. The maximum inter-story drift ratio (MIDR) is defined based on the
limit state required. For example, MIDR = 2.0% for the collapse
prevention limit state.

. From the geometry of the PC frame, the rotational angle (8) corre-
sponding to the MIDR is calculated at the bottom of the PC column
by

tané = MIDR/clomn height ()]

3. The maximum elongation in each PT tendon of the PC beams is

calculated using 6, PC beam depth, and the depth of the PT from the

top of the PC beam as follows (Fig. 19)

X = y,-tan@

®
©)]

X = y,-tanf
4. The strain and stress induced in the PT tendon are computed as
follows

€e=(q +x%)/L (10)

d=Ee=F/A 1)

where € is the tendon strain which should be less than the yield strain of
the tendon (€ <€), § is the tendon stress, E is tendon Young’s modulus,
F is the post-tensioning force, and A is the tendon cross-sectional area.
The post-tensioning force can be assumed and the corresponding cross-
sectional area of the tendon can be obtained.

5. A genetic algorithm optimizer is used to obtain the optimum capa-
city of the friction dampers at each floor of the building. An earth-
quake record scaled to DBE or maximum-considered earthquake
MCE is used for conducting non-linear time history analysis
(NLTHA) for GA in each generation. In this study parallel computing
is used to reduce computational time. Any simplification for analysis
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modeling of the retrofitted building is permitted as long as it pre-
serves the dynamic characteristics of the structure. The MIDR can be
used as an objective function or a constraint, and the initial cost can
be set as another objective function.

. The final check is made by conducting dynamic analysis on the
retrofitted building using the earthquake records scaled to DBE or
MCE spectrum and confirming that the final MIDR is within the
allowed limits. If not, the yield capacity of the friction damper is
increased in the same proportion until the required MIDR is sa-
tisfied.

For the present study, the yield strength of the post-tensioning
tendons, fp , is set to be 1600 MPa and the initial stress after losses, fpi,
is 820 MPa; the nominal compressive concrete strength, f., is 20.7 MPa.
Two tendons are used for each PC beam as in the case of the experi-
ment. The retrofit frame is connected with the bare frame at each floor
to maintain a rigid diaphragm at each level. Guidelines for such a type
of connection is given elsewhere [23].

The practical range of the friction damper (FD) capacities selected in
this study to obtain the optimum value in the GA optimization is be-
tween 5 and 50 kN, varied with 5 kN interval. It has been found that for
the building under investigation, the vertical distribution of the FD
yield force follows a triangular pattern starting from the largest value at
the first story and decreasing toward the upper floors. This finding is
true regardless of the number of generations used during the GA pro-
cess. For example, for the 5-story building, the distribution of the FD
yield force is investigated for 20 and 76 generations. The 20 generations
involve 400 nonlinear dynamic analyses and 76 generations involve
1520 analyses using parallel computing. The optimum FD yield force is
found to be 45, 35, 20, 10, and 5 kN, respectively, for the 1st, 2nd, 3rd,
4th, and 5th stories as shown in Fig. 20. This is true for both genera-
tions, except for the 4th story where the optimum value is found to be
15KkN for the 76 generations. A similar finding has been highlighted in
previous studies [24].

6.3. Seismic performance evaluation of the retrofitted structure

In this section, the seismic performance of the retrofitted structures
is evaluated using nonlinear dynamic analyses. The site class soil-profile
for earthquake records used in the analysis is assumed to be SD (weak
soil), and the spectral accelerations at short periods and at one second
are Sps = 0.70 g and Sp; = 0.38 g, respectively, based on ASCE 7-16
[25] format. The earthquake level is assumed to be the maximum
considered earthquake (MCE) level for the given site. Seven earthquake
records compatible with the design response spectrum, Fig. 21, are used
for conducting the dynamic time-history analyses. Table 2 gives the
details of the seven earthquake records. The seismic performance of the
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model structures is considered satisfactory when the mean response of
the seven analysis results satisfies the given performance limit state. In
this study, the limit state is determined such that the maximum inter-
story drift is less than 2% of the story height, which is considered
compatible with the LS limit state.

Fig. 22 shows the roof displacement time-histories of the 3, 5, and 8
story model structures for selected earthquakes. The figure shows that
the retrofitted structures are experiencing less maximum roof dis-
placements in general compared to the bare structures. The reduction
reaches more than 50% in the case of the three-story building under the
Chi-Chi earthquake. In addition, the residual drift has been reduced or
eliminated in some cases as shown in Fig. 22(a). Fig. 23 shows the flag-
shaped hysteretic behavior of the combined effect of self-centering and
energy dissipation components of the PC frame on the first story of the
5-story building. This ensures the efficient self-centering and energy
dissipation capabilities of the PC frame with the corner friction-damper
retrofit technique.

Fig. 24 shows the maximum inter-story drift ratios (MIDR) of the
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Fig. 24. Maximum inter-story drifts obtained from time history analyses.
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Fig. 25. Plastic hinge formation in the 5-story model structures before and after retrofit.
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Fig. 26. Response spectra of the 30 ground motion records used for IDA.

model structures obtained from the nonlinear dynamic analyses. In the
case of the 3-story building under the Chi-Chi earthquake, the MIDR is
reduced from more than 5% to around 2%. In the case of the 5-story
building under the San-Fernando earthquake, the reduction in MIDR
was from 1.75% to 1.15%. In the case of the 8-story building under the
Chi-Chi earthquake, the MIDR is reduced from 4.9% to 1.95%. This
means that the PC frame with corner friction dampers as a seismic
retrofit device is effective in decreasing the seismic response of framed
structures below given limit states. Fig. 25 shows the plastic hinge
distribution in the 5-story RC frame subjected to the San-Fernando
earthquake before and after the seismic retrofit. It can be observed that
both the number of plastic hinges and their rotations are significantly
reduced after the seismic retrofit.

6.4. Evaluation of seismic fragility curves

In this section, 30 ground motion records obtained from the PEER
NGA Database [26] are used to conduct incremental dynamic analyses
(IDA) and to compute the probability of reaching given limit states of
the analysis model structures. Fig. 26 shows the response spectra of the
ground motions. IDA curves are constructed by conducting nonlinear
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dynamic analysis using the set of ground motion scaled to specific in-
tensity-measure in increasing order until reaching collapse or dynamic
instability is encountered. Fig. 27 shows the IDA curves of the selected
model structures before and after the retrofit. Each dot on the IDA curve
represents the response of an earthquake scaled to the specific intensity
level. It can be observed that the retrofitted structures show better
performance compared to the un-retrofitted structures. The difference
in the seismic performance can be highlighted in a better way through
the seismic fragility curves. IDA curve is a first step to construct seismic
fragility curves that provide a visual understanding of the probability of
a structure to reach a given damage state. The probability of the
structural capacity being less than the seismic demand for a specific
limit state is related to the seismic measure intensity through a condi-
tional probability lognormal cumulative distribution function [27]:

In(C/D)

P[C<D@SI=x]=1-@|
BTOT

|
12

where C is the structural capacity; D is the structural demand; SI is the
seismic intensity hazard; ®[.] is the standard normal probability in-
tegral; C is the median structural capacity for a specific limit state; D is
the median structural demand; B;,; is the total system collapse un-
certainty, which is taken to be 0.6 based on the FEMA P695 [28] re-
commendation. The fragility curves are constructed based on the IDA
curves and the above equation. At every spectral acceleration on the
vertical axis of the IDA curve, the median of the structural demand of
all earthquakes is calculated. After that, this value is used in the above
equation to obtain the probability of reaching or exceeding a specific
limit state that corresponds to each spectral acceleration.

Fig. 28 shows the fragility curves of the bare and retrofitted frames
at three damage states: (a) IO, (b) LS, and (c) CP, which corresponds to
MIDR of 1%, 2%, and 3%, respectively. As can be observed from the
figure, the retrofitted buildings show smaller seismic fragility than the
un-retrofitted ones. For example, for the 3-story building, the im-
provement is manifested for the three limit states. In addition, the
improvement in the fragility for the LS and CP limit states is higher than
that of the IO limit state at the 50% probability of exceedance. This
indicates that for low-rise structures similar to the buildings selected in
the current study, the retrofit technique is more effective for higher
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Fig. 27. IDA curves of the analysis model structures.

limit states, such as LS and CP in comparison with lower-level limit
states, such as IO. For the 5-story building, the fragilities of the retro-
fitted buildings are lower, in general, than those of the un-retrofitted
ones. However, the improvement is more pronounced for the LS and CP
limit states in comparison with the IO limit state. The increase in the
spectral acceleration at the 50% probability of exceedance is found to
be 0.07 g, 0.15 g, and 0.16 g, respectively, for the IO, LS, and CP limit
states. In the 8-story structure, the fragilities follow the same pattern
observed in the 5-story structure. The increase in the spectral accel-
eration at the 50% probability of exceedance is 0.06 g, 0.16 g, and
0.22 g, respectively, for the IO, LS, and CP limit states. This means that
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the largest increase is found in the CP limit state.
7. Conclusion

In this study, a seismic retrofit scheme was proposed using a pre-
loaded PC frames with corner friction dampers attached externally to
existing RC structures. Cyclic loading tests were conducted on RC frame
specimens to validate the effectiveness of the retrofit scheme, and the
experimental results are used to validate the numerical modeling of the
test specimens. A design procedure was proposed based on a genetic
algorithm (GA) to obtain the optimum design parameters of the PC
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Fig. 28. Fragility curves before and after retrofit at three damage states (I0 = 1.0%, LS = 2.0%, and CP = 3.0%).

frame and the optimum yield force of the friction dampers. Three
framed structures were simulated numerically to investigate the effec-
tiveness of the proposed retrofit in terms of inter-story drift and seismic
fragility.

According to the dynamic analysis using seven different earth-
quakes, after the seismic retrofit using the proposed system the max-
imum roof displacements were reduced as much as approximately 60%
in the case of 3- and 8-story model structures and 34% in the 5-story
structure. The incremental dynamic analyses using thirty different
earthquakes showed that the retrofit scheme was effective in increasing
the collapse capacities of the model structures, and the seismic fragility

analyses showed that the proposed retrofit technique was more effec-
tive in decreasing failure probability especially for the higher limit
states such as LS and CP.

Finally, it needs to be pointed out that the proposed retrofit system
is intended to enhance the seismic fragility and collapse capacity of the
superstructure; however, the retrofit may increase the demands for base
shear and the reaction force on the foundation system. Therefore after
the seismic retrofit of the super structure, the safety of the foundation
needs to be checked and proper reinforcement should be provided if
necessary.
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