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Abstract:

The current manuscript presents a probabilistic seismic assessment of non-ductile RC structures
retrofitted by pre-tensioned aramid fiber reinforced polymers (AFRP). Three RC buildings with
different heights (4-, 6- and 8-stories) are designed according to older construction practice and
the poorly detailed columns of each model are then retrofitted using pre-tensioned AFRP belts.
The numerical finite element models are developed in OpenSees using concentrated plastic hinge
models that can capture shear weakness of original columns and deterioration of beams’ stiffness
and strength. Incremental dynamic and nonlinear static analyses are performed to quantify
structures’ performance in terms of both global- and component-level metrics. The structures’
global response is evaluated using fragility curves, mean annual frequency of collapse, and
collapse margin ratios. Furthermore, statistical analyses are performed to obtain median inter-story
drift distribution along the height of the structure, structural members’ ductility and dissipated
energy under three different seismic hazard levels. The results indicate that retrofitting by pre-
tensioned AFRP improves the structure’s global-level ductility and reduces the collapse
probability significantly. Moreover, it can prevent weak story formation by engaging a larger
number of stories in collapse mechanism. From a component-level perspective, pre-tensioned
AFRP increases columns’ ductility and dissipated energy and enhances their performance,
particularly at near-collapse-limit states.

Keywords: Shear Failure, Seismic Retrofitting, Pre-tensioned AFRP, Fragility Curves,
Incremental Dynamic Analysis, Performance-based Earthquake Engineering



1. Introduction

During recent earthquakes, such as L’ Aquila in 2009 and Christchurch in 2011, reinforced
concrete (RC) buildings were severely damaged due to shear-, plastic hinge-, splice- and
anchorage-failure of their columns [1,2]. Among these mechanisms, shear failure is particularly
common in older RC buildings, since their columns are either inadequately detailed with widely
spaced hoops or only designed for gravity loads. Shear failure reduces columns’ ductility and axial
load-bearing capacity, and hence imposes additional gravity loads to adjacent structural members,
which can lead to partial or entire structural collapse. As previously shown by Liel et al., a non-
ductile RC frame structure at a high-seismic site in California is 40 times more likely to collapse
than a code-complying ductile one [3]. Such a high probability of collapse and its socioeconomic
impacts on the large stock of non-ductile buildings around the world urges the need for simple,
low-cost and efficient retrofitting techniques.

In the last two decades, fiber reinforced polymers (FRPs) have become increasingly
popular in the retrofitting of concrete and masonry buildings because of their low weight-to-
strength ratio, corrosion resistance, high tensile strength and easy handling [4,5]. In addition, FRPs
can be pre-tensioned, which increases the yield load of the transverse reinforcement and improves
the load-bearing capacity of the retrofitted RC member. Also, pre-tensioned FRPs increase
concrete initial stiffness, delay concrete core expansion, control crack width, and reduce the strain
level of longitudinal reinforcement, which consequently improves FRP efficiency [6,7]. The effect
of FRP on the behavior of concrete columns has been widely studied [8-10] and Table.1
summarizes several of these studies. As shown in Table 1, these studies suggest that FRP increases
the lateral load and drift capacity of RC columns that are not seismically designed [11].

A major shortcoming of the current literature is that limited studies addressed the global
response of FRP-retrofitted structures, instead of focusing on a single column or beam. Given the
importance of this issue, Di Ludovico et al. [12] evaluated an under-designed RC structure
retrofitted with FRP. They showed that retrofitted frame could sustain a higher value of peak
ground acceleration than the under-designed frame. Eslami and Ronagh [13] investigated the effect
of FRP wraps on seismic performance of two 8-story RC frames with different column stirrup
details. They showed that FRP wraps increased the ductility and seismic resistance of the poorly
confined frame. Cao and Ronagh [14] performed damage analyses on an 8-story RC frame
retrofitted by FRP subjected to different seismic excitations. They observed that the damage index
of the poorly confined frame was reduced significantly under all different seismic intensities. In
addition, they reported that retrofitted models had lower damage indices than the code-compliant
intermediate frames. Niroomandi et al. [15] compared performance level of ordinary RC frames
with FRP-retrofitted joints. They concluded that FRP-retrofitted joints increased lateral load
resistance of an ordinary frame to the extent of an intermediate frame.

Despite the significance of the aforementioned studies, these studies’ scope is limited to
only few global response metrics, e.g., ductility reduction factor, which are not incorporated into
the current state-of-the-art framework of performance-based earthquake engineering (PBEE).
PBEE is a conditional probabilistic framework to assess performance using quantitative metrics.
In PBEE, numerical models of structures are typically subjected to a suite of ground motion records
to perform nonlinear response history analysis, and the model response is then recorded. Next, the
probability distribution of exceeding a specific response level, conditioned on the seismic



excitation intensity, is determined. This conditional probability, denoted as seismic fragility, can
be used to compare structural performance or is integrated over the ground motion intensity
distribution of the site to represent annualized seismic risk of the model [16,17]. The incorporation
of PBEE-compatible approaches for assessment of FRP retrofitting is a critical step for future
resilience-based risk mitigation of vulnerable communities [18]. In addition, unlike other common
FRPs, the application of pre-tensioned aramid FRPs (AFRPs) for seismic retrofitting of RC frames
has not been explored to date. As will be discussed in section 2, pre-tensioned AFRPs provide
practical and structural advantages, and further research is needed to better understand their effects
on the seismic response of older RC frames.

The current manuscript presents a comprehensive seismic assessment of RC structures
retrofitted with pre-tensioned AFRPs from both global- and component-level perspectives. The
experimental results of AFRP-strengthened columns, carried out by the second author [19], is
implemented into the PBEE framework to investigate the response of non-ductile RC buildings
from elastic state to collapse. In this study, three 4-, 6- and 8-story buildings are designed according
to old construction practices, and the critical regions of columns are assumed to be retrofitted,
following a technique described in Section 2. Nonlinear numerical models are developed in
OpensSees, and incremental dynamic and nonlinear static analyses are performed. The results are
used to derive fragility curves, mean annual frequency of collapse, and collapse margin ratio
(CMR). Finally, the inter-story ratio (IDR) distribution along the height of buildings, and median
ductility and dissipated energy values of columns and beams are calculated under design basis
earthquake (DBE), maximum considered earthquake (MCE), and collapse hazard levels, and
compared between the original and retrofitted buildings. The result of this study can provide a
better understanding of the pre-tensioned AFRP application to retrofit older RC structures under a
wide range of seismic hazard intensities. In addition, it bridges the current literature’s gap between
the local effects of FRP material and the structure’s overall seismic risk. Lastly, the numerical
models are consistent with PBEE framework and can be readily implemented in resilience-based
evaluation of communities consisting of non-ductile building portfolio.

2. Retrofitting method

Since the first use of FRPs to retrofit RC bridges in 1987 [4], different externally bonded
FRP materials have been used to upgrade RC structures’ flexural and shear performance. Three
common FRP materials in civil engineering practice are carbon (CFRP), glass (GFRP) and aramid
(AFRP) FRPs. CFRPs show the best mechanical properties such as the highest tensile strength and
modulus of elasticity [20]. Previous studies have shown that CFRPs can reduce collapse potential
of non-seismically designed RC bridge piers [21], improve the strength and energy dissipation of
beam-column subassemblages [22], and reduce the seismic demand of frames with retrofitted infill
walls [23]. On the other hand, while GFRPs have the lowest stiffness and tensile strength, they are
the least expensive. GFRPs have been used to repair and strengthen RC beams [24], increase
strength and deformation of masonry houses [25], and serve as a reinforcement cage in precast
concrete tunnel segmental lining [26] . While AFRPs are less explored than the two other FRPs,
nevertheless they exhibit favorable features such as excellent dielectric, flame resistance, and fast
curing time [27]. The tensile strength and stiffness of AFRPs are higher than GFRPs. In addition,
comparing to CFRPs, AFRPs provide several practical advantages such as easier handling and
installment, higher work speed, and better rounding of corner angles when applied to beams and
columns [28]. Besides their difference in terms of mechanical properties and application, these



FRP materials have different long-term performance and durability under environmental effects.
For example, while CFRP is not affected by moisture, GFRPs and AFRPs are susceptible to
mechanical degradation due to moisture ingress [29]. Although CFRP generally shows the best
durability characteristics, AFRP significantly outperforms GFRPs in regard to Alkali resistance
and fatigue [30]. To conclude, although each FRP material provides a distinctive advantage for a
particular retrofitting application, AFRPs provide high workability and favorable mechanical and
durability characteristics.

In this study, it is assumed that the emergency retrofit method proposed by Yamakawa and
Banazadeh [19] is used to strengthen non-ductile columns of the under-designed buildings. This
technique uses AFRP belts. Figure 1 shows the schematic detail of this retrofitting method. As
shown in Figure 1, two-ply aramid belts are twisted around the non-ductile columns. The ends of
each ply form a hook, which is later secured using crossbar and bolts. The pre-tensioned force is
applied manually by fastening the belts. The width and thickness of aramid plies are 17 mm and
0.61 mm, respectively, and the spacing between each belt is taken as 100 mm. A pre-tensioning
force of 688 MPa is applied to bolts. Two major advantages of this technique are easy installation
and the ability to readily apply or adjust pre-tensioning stress to a specific pre-tensioning stress
level, which increases the potential of this technique for rapid structural rehabilitation before or
after an earthquake scenario. The second author had completed a series of cyclic tests on shear-
critical columns and showed that the proposed technique effectively restores seismic performance
of damaged columns. The retrofitted columns sustained larger axial force and recovered from 60%
up to 100% of concrete cylinder strength. Also, the active confinement of pre-tensioned AFRPs
shifted the shear failure mode to a flexural failure mode [19].

3. Numerical Modeling
3.1. Seismic design of prototype buildings

Three 4-, 6- and 8-story RC buildings are designed according to ASCE 7-10 [31] and ACI
318-08 [32] minimum requirements. The designed prototype buildings present the expected design
variation of short- and medium-rise buildings in California’s construction practice prior to 1970
[3]. Figure 2 shows the typical layout plan and elevation of the buildings. Each building consists
of perimeter moment-resisting frames (MRFs) in both directions. Floor slabs are modeled using
membrane elements that provide a load transfer path and constrain the interior gravity frames and
the perimeter MRFs. The columns are assumed to be fixed at the base. The prototype plans consist
of three and four bays in each direction. The typical story height and bay width are 3.2 m and 4.5
m, respectively. Dead and live load values of 5.89 kN/m? and 1.96 kN/m? are assigned to all
buildings floors, respectively. Concrete compressive strength is assumed as 25 MPa and
longitudinal and transverse reinforcement with yield strength values of 400 MPa and 300 MPa are
used, respectively.

The buildings are assumed to be located in Los Angeles, California with latitude and
longitude of 34.05°N and 118.24°W, respectively. Based on the site hazard map, prototype
buildings should meet the seismic design category D requirement (the highest seismic
vulnerability) with a risk category of Il (for common residential units) and stiff soil site class D,
which corresponds to the maximum considered earthquake (MCE) spectral acceleration at short
periods (Ss) and 1s period (S1) of 2.43g and 0.85g, respectively. In order to imitate older RC
structures construction and achieve non-ductile columns, the MRFs are designed without
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considering two requirements of seismic design category D. First, instead of using special MRFs
that are required for this design category, intermediate MRFs are selected. Intermediate MRFs
have less stringent detailing requirements than special MRFS and they exhibit moderate ductility.
Second, section 21-3 of ACI 318-08 requirements for columns are deliberately discarded. Ignoring
this requirement resulted in widely spaced hoops in columns. Therefore, the designed buildings
represent “inadequately detailed” RC buildings in the real world. Other requirements of ASCE 7
for ordinary MRFs are met, namely, minimum and maximum longitudinal reinforcement ratio and
spacing, required flexural strength of frame sections, and maximum inter-story drift ratios. Since
all the prototype structures are short-period (less than 3.5 s) and have no horizontal and vertical
irregularity, equivalent lateral force (ELF) analysis is performed. Based on ASCE 7, the response
modification coefficient (R), and deflection amplification factor (Cq) of intermediate MRFs are
taken as 5 and 4.5 in ELF analysis, respectively. ELF analysis treats structure as a single-degree-
of-freedom system with a period corresponding to the first mode of the structure and obtains the
corresponding spectral acceleration from an elastic design spectrum. The resultant elastic seismic
response is then reduced using R to account for the nonlinear behavior of the structure.
Furthermore, the displacement values (in terms of maximum inter-story drift) are amplified using
Cd to ensure that the design accounts for large nonlinear displacements of the structure. The
seismic design results of the buildings are shown in Table 2. As shown in Table 2, buildings are
designed for the seismic coefficient (Cs) values from 0.09 to 0.18 and their fundamental periods
(T1) range from 0.65 s to 1.2 s. Table 3 summarizes the designed sections of beams and columns
for the prototype buildings.

3.2. Nonlinear finite element modeling

Two-dimensional finite element models of RC moment-resisting frames are developed in
OpenSees simulation platform [33]. Figure 3 shows the configuration of nonlinear models. The P-
A effect of gravity frames is considered through a leaning column, where the seismic weight of
interior frames is assigned to a pinned column. The leaning column is connected to the moment-
resisting frame using rigid truss elements. In order to quantify the effect of pre-tensioned AFRP
retrofitting technique, two different nonlinear models are prepared for each building. The
numerical model consisting of non-ductile columns is denoted herein as “original” building,
whereas the same building when strengthened with pre-tensioned AFRP belts is referred as
“retrofitted” structure.

In the original buildings, non-ductile columns are modeled using an elastic element with
plastic hinges at both ends. The plastic hinge is comprised of two shear and flexural subelements,
following the numerical procedure by Yamakawa and Banazadeh [34] (Figure 3). The flexural
subelement is defined by fiber sections, where column cross-section is discretized to uniaxial
concrete and longitudinal reinforcement fibers. ConcreteO1 material is used for cover and core
concrete in OpenSees which accounts for degrading of concrete stiffness and ignores its tensile
strength [33]. The shear subelement behavior is defined based on a modified shear-distortion
relation using the hysteretic material in OpenSees. As shown in Figure 4, the monotonic shear-
distortion behavior is initially defined according to the MCFT and adjusted based on a procedure
described in [19]. Then, the point corresponding to half of the shear strength from MCFT model
at 0.4% shear distortion is connected to shear strength value of the Pan and Li equation, as follows
[35]:
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Where Vn, Vs, and Vct show the shear strength of column, transverse reinforcement, and
concrete, respectively, uk, Ka, and K; represent the ductility effect coefficient, stiffness of truss, and
stiffness of arch components defined in [35].

In the “retrofitted” buildings, shear subelements of columns are discarded and the pre-
tensioned AFRP effect is considered as active and passive confinement in flexural subelement
using Mander’s confinement model [36], following [19] suggestion. The active confinement is due
to the pre-tensioning stress of AFRP belts as follows:

o =—2¢c )

where or and o show active confinement and pre-tensioning stresses respectively. aa, Sa, N and b
show the area of a single AFRP ply cross-section, AFRP belts spacing, number of AFRP plies and
column width, respectively. The active confinement stress is then used to adjust the concrete
compressive stress in the Mander’s equations based on [37]. AFRP passive confinement is
determined as the working stress corresponding to strain value of 0.7% [34]. Therefore, retrofitted
columns are confined by three different sources: active confinement of AFRP belts due to pre-
tensioning, passive confinement of widely spaced hoops, and passive confinement of AFRP belts.
Figure 5 compares the effect of different confinement sources on the stress-strain curve of a 50 cm
x 50 cm concrete section. The unconfined concrete, such as cover concrete, shows a baseline to
compare other confining methods. The “poorly confined” line (denoted with a dotted line) shows
the effect of insufficient transverse reinforcement of original model on the behavior of concrete.
On the other hand, the “retrofitted concrete” line (denoted with a dashed line) shows that the
combination of all three sources in the retrofitted buildings. As Figure 5 shows, while the poorly
confined provides a minimum level of ductility, the confinement due to AFRP retrofitting
increases both strength and ductility of the concrete, and such effect is significantly larger for the
ductility.

In both retrofitted and original buildings, beams are modeled using elastic elements with
two flexural inelastic springs at their ends. The elastic part and springs are modeled by
elasticBeamColumn and zeroLength elements in OpenSees, respectively. The inelastic spring
behavior is defined using Ibarra-Medina-Krawinkler (IMK) model. This model is able to account
for both monotonic and cyclic deterioration of structural members when they are damaged. Five
parameters are needed to construct the trilinear backbone curve of IMK model: yield moment (My),
capping strength (Mc), yield stiffness (ky), pre-capping plastic rotation (&p), and post-capping
plastic rotation (fpc). An additional parameter, deterioration parameter (1), is then used to capture
the cyclic degradation of beam’s stiffness and strength during an earthquake simulation. The
aforementioned parameters are derived based on the regression equations developed by Haselton
et al [38].



In both retrofitted and original buildings, the beam-column connections are modeled using
the Joint2D element in OpenSees. This element creates four constrained external nodes to connect
the adjacent frame member to the panel zone, while a central zerolength element defines the panel
zone shear behavior [39]. The damping is defined using the Rayleigh model by assigning 5% of
critical damping ratios to the first and second vibration modes of buildings computed from the
eigen analysis. In order to resolve convergence and damping issues of plastic hinge models, the
stiffness of plastic hinges, and elastic part are modified, based on Zareian and Medina’s
recommendations [40].

3.3. Verification of the numerical model

In order to verify the accuracy of the proposed procedure, the finite element model is
compared to the experimental study of retrofitted columns by the Yamakawa and Banazadeh [34].
In this experiment, a 250 mm x 250 mm x 750 mm rectangular column (AO specimen) with shear
span to depth ratio of 1.5 and transverse reinforcement of 0.08% was subjected to a cyclic test with
three cycles at drift angle ratios of 0.5%, 1%, 1.5%, 2%, 2.5%, and 3% followed by a single cycle
at 4% and 5% drift angle ratios under constant axial force ratio of 0.2. In addition, three other
specimens with the same dimensions were tested, where the axial load was kept at a constant level
and the damaged column was then retrofitted with 2-ply AFRP belts with 200 mm spacing (A200/3
specimen), 2-ply AFRP belts with 65 mm spacing (A65/2 specimen) and 2-ply AFRP belts with
65 mm spacing (A65/3 specimen), respectively. The axial force ratio was kept at 0.2, 0.2, and 0.4
for the A200/3, A65/2 and A65/3 specimens, respectively. The yield strength and elastic modulus
of aramid fiber belts were 2065 MPa and 118 GPa, respectively, and they were wound in 17 mm
width parallel belts. The ends of the plies were then secured using a crossbar, and 688 MPa, 1032
MPa and 688 MPa of pre-tensioning force was applied to the A200/3, A65/2 and A65/3 specimens,
respectively. In OpenSees, the specimen column was modeled based on the procedure described
earlier and a displacement-control analysis with modified Newton algorithm was employed,
following the experiment cyclic load pattern. Figure 6 shows the comparison between numerical
and experimental results.

In order to quantify the difference between the finite element models and test results, the
average of maximum strength and drift of each cycle are compared. Overall, for shear-critical
columns, the difference between the displacement of finite element model and test are lower than
same values for strength. For the A0 specimen, the differences between OpenSees’s average
strength and the test’s average strength are 12% and 15% at positive and negative branches of
hysteresis, respectively, whereas the differences between drifts of OpenSees and test results are
3% and 1.5% at the positive and negative branches, respectively. The larger difference in strength
is due to shear failure mode, which renders fiber finite element model ineffective to account for
bond slip and rebar pullout, thus reducing its accuracy. For A200/3 specimen OpenSees predicts
average strength 15% and 18% higher than the test’s average strength at positive and negative
branches of hysteresis, respectively, whereas for the drift, OpenSees’s estimation is 6% and 7%
lower than the test results at the positive and negative branches, respectively. It should be noted
that the large spacing of this specimen results in a mixed shear/flexural failure mode and as a result,
the difference in finite element model and test results is similar to the unreinforced specimen. On
the other hand, when members experience a flexural mechanism, the agreement between finite
element model and test results increases, particularly for strength. For A65/2 specimen, the
differences between OpenSees’s average strength and the test’s average strength are 7% and 8%



at positive and negative branches of hysteresis, respectively, whereas the difference between drifts
of OpenSees and test results are 8% for both positive and negative branches. For A65/3 specimen
OpenSees’s estimates the average strength 11% and 8% lower than the test’s average at positive
and negative branches of hysteresis, respectively, whereas the difference between drifts of
OpenSees and test results are 11% and 12% at the positive and negative branches, respectively.

As shown in Figure 6, the numerical model has a satisfactory accuracy to predict the
behavior of original shear-critical column before and after retrofitting. Although there are some
small discrepancies at higher displacement, it is well-known that finite element models are usually
stiffer than the actual specimen [15]. Therefore, numerical results are in good agreement with
experimental results as they trace maximum load resistance and the general trend of the
experimental observation.

4. Nonlinear Analysis
4.1 Pushover analysis

Pushover analysis is performed using the inverse triangular load pattern described in ASCE
7-10 [31]. In this method, the displacement of a roof node is monotonically increased, and the base
shear change is recorded. Figure 7 compares the pushover curves of original and retrofitted
buildings. As shown in Figure 7, for all different building heights, the original model shows a
brittle shear failure mechanism, whereas the retrofitted model exhibits a ductile response.
Furthermore, the retrofitted buildings have significantly larger ductility and strength compared to
original ones.

To quantify the difference between models’ strength and ductility, static overstrength (£2),
and period-based ductility («7) values are determined from pushover analysis and are reported in
Table 4, respectively. The static overstrength factor is the ratio of maximum base shear from
pushover analysis to the design base shear. As shown in Table 4, static overstrength values of all
the retrofitted models are larger than the original models. The static overstrength value of the
retrofitted model is 29.5%, 60.5%, and 44.9% larger than the original model for 4-, 6- and 8-story
buildings, respectively. Period-based ductility is defined as the ratio of the global ultimate
displacement corresponding to the point of 20% strength loss to global yield displacement. In all
different building heights, the retrofitted model has a significantly larger ductility compared to the
original model. The ur of retrofitted 4-, 6- and 8-story buildings are 137.2%, 71.1% and 194.8%
larger than the original models with the same height. Overall, retrofitting with pre-tensioned AFRP
belts increases both ductility and overstrength but its impact on the ductility is more substantial.

4.2. Incremental dynamic analysis

Incremental dynamic analysis (IDA) is a numerical simulation technique which captures
the structure’s seismic response from elastic state to collapse. In this method, a suite of ground
motion records is selected and time history analysis is performed by repeatedly scaling each
record’s intensity measure until the structure’s failure [41]. An IDA plot is then plotted by
recording an engineering demand parameter of interest versus the ground motion intensity
measure. In this study, 44 far-field ground motion records of FEMA P695 are used [42]. This
ground motion suite consists of strong ground motion records from earthquakes with magnitude
and distance larger than 6.5 and 10 Km, respectively. Maximum inter-story drift ratio (IDRmax)
and spectral acceleration at structure fundamental period (Sa) are recorded as structure demand
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parameter and ground motion intensity measure, respectively. Collapse point is identified either as
numerical instability where a trivial increase in ground motion intensity measure will cause a large
increase in the response, reaching a pre-defined upper bound of the response (here taken as inter-
story drift ratio that exceeds 10%) or when the tangent slope of IDA curve is 20% of the elastic
slope. “Hunt and Fill” algorithm is employed to reduce computational demand of the analysis
while maintaining its accuracy [43].

Figure 8 compares the median IDA curves of the buildings. As shown in Figure 8, at lower
ground motion intensities, e.g. Sa value less than 0.2 g, both original and retrofitted models have
similar behavior since AFRP belts are possibly not engaged yet. However, as the shaking intensity
level increases, the original building reaches to its collapse capacity rapidly, whereas the retrofitted
building resists a significantly larger seismic demand. In order to quantify their difference, the
spectral acceleration values of median IDA curves are compared at different limit states in Table
5. Based on FEMA 356 guideline [44], immediate occupancy (10), life safety (LS), and collapse
prevention (CP) limit states of concrete frames are defined when the maximum inter-story drift
value exceeds 1%, 2%, and 4%, respectively. A “collapse" limit state, which refers to the IDRmax
value, corresponding to collapse point in IDA analysis, is also included. In this regard, CP limit
state represents severe damages and onset of collapse, whereas “collapse” limit state shows the
expected actual collapse due to dynamic instability. Table 5 presents the median values of S, at
10, LS, CP and collapse for the original and retrofitted models. As shown in Table 5, the AFRP
retrofitting does not influence 10 and LS limit states significantly, whereas CP and collapse limit
states are affected notably. For example, the 6-story retrofitted model exceeds CP and collapse
limit states at Sa values that are 22.6% and 48.0% larger than the original model, whereas both
models exceed the 10 limit state at the same Sa value. The same trend can be observed in other
buildings. This interesting observation will be further discussed in the next section.

5. Seismic Performance Assessment
5.1. Fragility evaluation

Seismic fragility is the probability of a building’s response exceeding a particular limit state,
conditioned on the ground motion intensity measure [45]. Here, the fragility function is defined as
follows:

In(Sai)

P(IDR,,, > IDRY, |S,=S,,)=® (3)

(o}

where S and IDRmax are the S, value of i ground motion spectral acceleration and structure’s
maximum inter-story drift values, respectively. IDRmax* shows the maximum inter-story drift
associated with the k' limit state. ®@, 1, and o are a standard normal cumulative distribution and its
mean and standard deviation, determined from IDA results.

When the same suite of ground motion is used to evaluate a number of numerical models,
the fragility results, especially for higher hazard levels such as collapse, should be adjusted to
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account for the difference between the spectral shape of the applied ground motion suite and the
site-specific spectral shape [46,47]. The second method described in [47] is used to adjust the
median and standard deviation of fragility curves based on the hazard deaggregation results of Los
Angeles, following a set of empirical equations for FEMA far-field suite. Figure 9 compares the
adjusted collapse fragility curves of the retrofitted and original buildings. In all buildings, for a
given S value, the retrofitted model has a lower probability of collapse, compared to the original
model. The median values of collapse fragility curves, denoted as Sacol in Table 4, show the Sa
values where half of the selected ground motion records will cause the building to collapse. As
Table 4 shows, retrofitting with pre-tensioned AFRP increases the Sacol Vvalue, i.e. the median
collapse capacity, significantly in all different building heights. For example, the median collapse
capacity of the retrofitted 4-story building has an increase of 119.0% compared to the original
building. This is consistent for 6- and 8-story buildings where the retrofitted structures have
median collapse capacities that are 66.7% and 83.6% larger than the original buildings,
respectively.

In order to elaborate the effect of retrofitting with pre-tensioned AFRP at different damage
states, 10 and LS fragility curves are derived following the same formulation described in Equation
3. Figures 10.a to 10.c compare the 10 and LS fragility curves of the 4-, 6- and 8-story models,
respectively. As shown in Figure 10, despite the significant effect of pre-tensioned AFRP on
collapse capacity of the studied buildings, its effect on limit states corresponding to slight to
moderate damage states is negligible. For example, the difference between fragility curves of the
6-story original and retrofitted models are less than 5% for both 10 and LS limit states. It can be
concluded that retrofitting using pre-tensioned AFRP affects structure global seismic response, but
its impact depends on the considered limit state; when a structure experiences near collapse limit
state, the AFRP retrofitting is more effective.

5.2. Collapse assessment

As mentioned in section 3.2 and 4.1, the effect of AFRP retrofitting is more substantial at
collapse limit state. Therefore, this section addresses collapse limit states of retrofitted and original
models using quantifiable metrics. Table 4 reports four collapse metrics: the median value of
maximum inter-story drift ratio at collapse (IDRca), the probability of collapse at maximum
considered earthquake level (P[C|Samce]), mean annual frequency of collapse (ico) and the
probability of collapse in 50 years (Pcsso). As shown in Table 4, the retrofitted model has larger
IDR at collapse comparing to the original model, which indicates that the retrofitted model has
higher global-level ductility. This is consistent with the period-based ductility results discussed in
Section 3.1. For example, the original 4-story model reaches collapse at median IDR value of 5%
while the retrofitted model reaches the predefined upper bond of 10%, showing a significantly
large deformation at collapse. The probability of collapse conditioned on the occurrence of MCE
is drastically reduced for all the retrofitted models and even reaches the acceptable 10% threshold
of ASCE 7-10 in most cases. For example, AFRP retrofitting reduced collapse probability at MCE
of the 4-story building from 70% to 6%. The same observation can be made for other structures.
Although the retrofitted 6-story model has a P[C|Samce] value larger than 10%, its initial collapse
probability is reduced by 215.8%.

Mean annual frequency (MAF) of collapse is obtained by multiplying the intensity measure
hazard curve with the conditional probability of collapse (i.e. Collapse fragility curve) and
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integrating over the whole range of the intensity measure. Therefore, this metric covers the
structure’s performance in a larger range comparing to P[C|Samce] which only considers MCE. In
this study, discrete 5% damped S hazard values are obtained from USGS unified hazard tool for
the site of interest, and a polynomial is fitted for each building. Figure 11 shows the interpolated
Sa hazard curve of the buildings, which represents the mean annual frequency that the site’s Sa
exceeds a given value. As shown in Figure 11, MAF of exceeding Sa is a function of first mode
period and is smaller for the building with a longer fundamental period. Subsequently, the MAF
of collapse is obtained as follows:

Sa=sd dAq
A= [P(CIS,)=xds, @)
S,=S2 dsa

where s, refers to the MAF of S, exceedance, and P(C| Sa) shows the probability of collapse for a
given Sa As shown in Table 4, MAF of the collapse of original models ranges from 9.04 x10* to
14.98x10*, whereas the collapse MAF values of the retrofitted models are reduced to roughly one-
third of the original models, ranging from 2.83 x10* to 4.82x10*. Finally, the collapse probability
in 50 years is calculated based on MAF of collapse results. ASCE 7-10 requires collapse
probability in 50 years to be lower than 2%. As shown in Table 4, all the original models have
significantly higher collapse probability in 50 years than the acceptable threshold; however, the
retrofitted 4- and 8-story models collapse probability in 50 years are below 2%. Similar to other
metrics, the 6-story retrofitted model has a collapse probability in 50 years of 2.4%, which is
slightly over the acceptable threshold. Further discussion on the 6-story retrofitted model will be
presented in the next section. To conclude, all the metrics suggest that retrofitting with pre-
tensioned AFRP is an effective technique to reduce collapse probability of non-ductile RC
structures, though there is no guarantee that the improved collapse behavior of the retrofitted
buildings will be within the acceptable range of modern seismic codes.

5.2.1 FEMA P695 assessment

The procedure of Federal Emergency Management Agency (FEMA P695) [42] is also used
to compare buildings’ collapse performance to an allowable threshold. This procedure assesses
whether a structure has an adequate safety margin against collapse under the MCE, defined as
collapse margin ratio (CMR). CMR s the ratio of median collapse capacity, Sacol, to the spectral
acceleration at the MCE level, Samce. Since the spectral shapes of the FEMA P695 records do not
match the site of buildings and their period, the CMR values are adjusted using spectral shape
factor (SSF). SSF values are determined based on structures’ period-based ductility and
fundamental period of structures and are multiplied by CMRs to obtain the adjusted CMRs
(ACMRs). Lastly, the computed ACMRs are compared to the allowable ACMR, which is
determined based on an acceptable collapse probability of 10% and the total collapse uncertainties
associated with the nonlinear finite element models, structure design requirements and materials,
and record-to-record uncertainty.

Table 6 presents the results of FEMA P695 assessment. It is important to mention that the
CMR values represented in Table 6 are obtained from unmodified collapse fragility curves, since
they are later adjusted based on SSF values in a similar manner to the second method described by
Haselton et al. in [47]. The original models fail to provide an adequate safety margin against
collapse (CMR<1) due to the fact that their collapse capacity is actually smaller than the MCE
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demand, which subsequently reflects in their unacceptable ACMRs. On the other hand, the AFRP
retrofitting increases the numerator of CMR ratio, providing the acceptable safety margin in most
cases. This is not surprising because both ductility (which is reflected in higher SSF) and CMR
values of the retrofitted models are significantly larger than the original models. Consistent with
the previous collapse metrics, although the ACMR of the retrofitted 6-story model is increased by
65.82%, this building fails to provide the acceptable safety margin, mainly because of its lower
increase in ductility compared to other buildings. In order to elaborate on this observation, it should
be noted that pre-tensioned AFRP improves non-ductile RC frames behavior by mostly increasing
their ductility. Therefore, the effectiveness of the retrofitting technique lies in the extent of the
additional ductility that it provides. As mentioned in section 4.1, the 6-story has the lowest increase
in ductility in comparison to the other two buildings (71% versus 137.2% and 194.8%,
respectively). This lower improvement is reflected in SSF coefficients (1.06 comparing to 1.19
and 1.26 for 4- and 8-story models, respectively) which is later multiplied by the CMR. Therefore,
while the CMR of the 6-story is improved (from being less than one to being more than one), the
retrofitted model does not provide a similar ductility as expected for a modern 6-story building in
this seismic zone. The difference in the increased ductility could be due to the design variation of
the studied models. In other words, pre-tensioned AFRPs increased the stiffness of non-ductile
columns of the 6-story frame to an extent that it actually reduced the ductility of columns at
collapse. In addition, the transverse ties of the 6-story model’s columns are smaller than the two
other models, which lead to smaller post-capping rotation capacity and subsequently smaller initial
ductility of columns. Since the initial ductility is lower, the final improved ductility could not reach
a satisfactory level. This indicates that the effect of AFRP retrofitting is sensitive to the seismic
detailing and could be more substantial for a particular design. The variation in building design
and geometry leads to different collapse mechanism and if other structural members play a
significant role in the collapse as well, then the sole seismic upgrade of columns’ ductility plays a
smaller role in the overall collapse response of the structure.

5.3. Comparison of structural performance at different hazard levels

In this section, the results of IDA are used to derive the median inter-story drift distribution,
structural members’ ductility, and dissipated energy at three different hazard levels—DBE, MCE
and collapse levels. DBE and MCE earthquakes are defined as Sa values with 10% and 2%
exceedance probability in 50 years at the site of interest based on the Los Angeles response
spectrum, respectively. Since the period of original and retrofitted models are equal, they undergo
the same S, demands under DBE and MCE, providing a comparable basis to assess pre-tensioned
AFRP effect under low and high seismic intensities. Additionally, collapse Sa value corresponds
to median collapse capacity; which is different for the original and retrofitted models and
represents how each model responds at near collapse limit state.

5.3.1. Story drift distribution

Figure 12 compares the distribution of median IDR along the height of 4-, 6- and 8-story
buildings, respectively. As shown in Figure 12.a and 12.b, IDR of the original 4-story model at
lower stories is higher than the retrofitted building under both DBE and MCE, indicating lower
stiffness of the original model. Also at MCE level, a weak story is formed at the second floor of
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the original model (Figure 12.b), whereas the retrofitted model reduces IDR of the second floor to
half of the original one.

Figures 12.d and 12.e show that the excessive drift is accumulated on the second floor of
the original 6-story model, whereas both first and second floors are engaged in the collapse
mechanism of the retrofitted model. The higher number of engaging stories indicates better
performance of columns to redistribute forces in the retrofitted building. This issue is better shown
in Figure 12.f, where all the top four stories of the original 6-story building have nearly the same
low IDR at collapse whereas the second floor shows a significantly larger drift, indicating a
possible weak story formation. On the other hand, the 6-story retrofitted model exhibits large drift
at lower two stories, showing a more ductile response.

Figure 12.g shows that at DBE level, both original and retrofitted 8-story models have the
same IDR at lower stories. However, the original model has a larger IDR at the sixth story
compared to the retrofitted one. As shown in Figure 12.h, a weak story is formed at the sixth story
of the original model under MCE, whereas the retrofitted 8-story building has nearly the same IDR
at the top four floors. Lastly, Figure 12.i shows that retrofitting with pre-tensioned AFRP has
changed the collapse mechanism of the 8-story buildings and the first, second and third stories of
the retrofitted model are engaged in the collapse mechanism, whereas only the sixth floor of the
original building exhibits a significantly large IDR.

Overall, at collapse level, retrofitting with pre-tensioned AFRPs increases the IDR
compared to the original, which indicates that the retrofitted models have higher ductility. In
addition, while weak stories are formed in the original buildings, retrofitted buildings show
different collapse mechanisms with more stories engaged in the collapse mechanism.

5.3.2. Frame member’s ductility

Table 7 presents median values of frame components’ ductility. Component ductility (x) is
defined as the ratio of plastic deformation to the yield deformation of a structural member. As
shown in Table 7, the 4-story retrofitted model has lower ductility at the first floor, whereas, at
upper stories, its columns and beams show higher ductility in comparison to the original model at
DBE level. The 4-story retrofitted model has higher ductility at all floors under MCE and, the
difference is significantly larger when columns of the second floor and beams of the third floor are
compared between these models. At collapse level, columns of the second floor in both models
show large ductility consistent with the collapse mechanism observed in Figure 12.c. However,
the retrofitted models show larger values of components’ ductility at all floors. It is noteworthy
that pre-tensioned AFRP resolves low ductility issues of first and third columns under MCE and
collapse, though it does not affect the first floor’s columns under DBE.

As shown in Table 7, retrofitting with pre-tensioned AFRP increases both columns’ and
beams’ ductility values of the 6-story building at each story under all the considered hazard levels.
The improved behavior of retrofitted models’ columns leads to larger plastic deformation in
beams, especially at the lower three stories. Structural components of the retrofitted 8-story model
have larger ductility values at all stories, under DBE, MCE, and collapse levels. However, columns
of the retrofitted model have low ductility at the first, fifth and seventh floor under DBE. Despite
the fact that AFRP improved the ductility of inner columns at the fifth and seventh floors under
MCE and collapse levels, the outer columns of the fifth floor still have ductility values smaller
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than one. The columns of the original model lack the required ductility.Therefore, large plastic
deformations are accumulated mostly at outer bays’ beams. On the other hand, AFRP belts
increase ductility values of columns and middle bays’ beams along the height of the retrofitted
model.

Collectively, retrofitting by pre-tensioned AFRP significantly increases component-level
ductility in frames. However, there is no guarantee that each structural member of the retrofitted
building would have an acceptable performance. For example, as shown in Table 7, the median
ductility value of the retrofitted 4-story model is 23% lower than the 4-story model at the first floor
under DBE. In addition, the effect of pre-tensioned AFRP is more significant at higher seismic
demands. For example, at collapse level, the median ductility values of the retrofitted sixth story
model are 293.8%, 131.9%, 343.3%, 82.7%, 88.2% and 152.8% larger than the original model at
the first to the sixth story, respectively. Same observations can be made for the 4- and 8-story
buildings at MCE and collapse hazard levels.

5.3.2. Frame members’ dissipated energy

Dissipated energy is defined as the work produced by plastic deformation due to dynamic
loads. The total dissipated energy of structural members’ at each floor is presented in Table 8, for
the studied models. As shown in Table 8, most of columns’ and beams’ hysteretic energy in both
retrofitted and the original 4-story building is dissipated at the first and second floors, respectively,
under all the considered hazard levels. However, the columns of the retrofitted model have larger
dissipated energy values than the original model, whereas its beams dissipate smaller amounts of
hysteretic energy.

As shown in Table 8, energy dissipation of the original 6-story model’s columns is larger
at the second and sixth stories under all hazard levels, whereas pre-tensioned AFRP reduces the
dissipated energy of columns at the second and sixth stories and increases the dissipated energy of
columns at the first story. This is consistent with the drift distribution mechanisms observed in
Figure 12.f, where the original model showed an excessive drift at the second floor, while both the
first and second stories of the retrofitted building were engaged in the collapse mechanism.
Following the same trend, beams of the original 6-story model exhibit excessive energy dissipation
at the first floor, while the retrofitted model shows higher energy dissipation at beams of the first
and second floors. In addition, the dissipated energy of the retrofitted models’ beams is larger at
the third, fourth and fifth floors in comparison to the original model.

Table 8 shows that the dissipated energy of the original 8-story model’s columns is larger
at the sixth floor, while columns of the retrofitting model dissipate energy notably higher at the
first and third floors under all considered hazard levels. This is similar to the pattern observed in
the Figures 12.h and 12.i. In terms of beams, there is no difference in the location of maximum
energy dissipation between the original and retrofitted 8-story buildings. More importantly, the
same trend as the previous buildings can be noticed; pre-tensioned AFRP increases columns’ total
energy dissipation and reduces beams’ total portion of the dissipated energy. However, this
statement cannot be held true for an individual beam or column.

Overall, retrofitting by pre-tensioned AFRP increases columns’ total contribution to the
structure’s dissipated energy and, reduces beams’ energy dissipation. This indicates that columns
of the retrofitted models perform better than the original models. For instance, the ratios of
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column’s dissipated energy to the total dissipated energy of the original 4-story are 43.5%, 45.4%
and 44.3% under DBE, MCE and collapse hazard levels, respectively, whereas these ratios change
to 53.3%, 61.4% and 77.0% under the same hazard levels, respectively. Furthermore, retrofitting
by pre-tensioned AFRP reduces the beams’ dissipated energy ratios of the original 4-story model
from 56.5%, 54.6% and 55.7% to 46.7, 38.6 and 23% under DBE, MCE and collapse levels,
respectively. The same observations can be made regarding the 6- and 8-story buildings.

6. Conclusion

In this study, the effect of pre-tensioned AFRPs on the global and local seismic response
of three non-ductile RC buildings is investigated. The prototype buildings, ranging from 4 to 8
stories, are modeled using concentrated plastic hinge models in OpenSees. Two sets of nonlinear
models are developed for the original and retrofitted cases of each prototype building, where
columns behaviors are defined by a combination of adjusted MCFT shear spring with fiber flexural
sub-element, and the IMK model is used to account for stiffness and strength deterioration of
beams under both cyclic and monotonic loadings. The numerical models are subjected to 22 pairs
of FEMA far-field ground motion records to perform IDA, and fragility curves are constructed and
adjusted based on the site-specific epsilon. Different global metrics such as over-strength, MAF
of collapse, and collapse probability in 50 years are obtained. Furthermore, median inter-story drift
distribution at DBE, MCE and collapse hazard levels are determined and compared. Finally, from
a component-level perspective, ductility and dissipated energy values of beams and columns are
also calculated at the aforementioned hazard levels. The following conclusions summarize the
results discussed in this study:

e Overall, pre-tensioned AFRP improves the seismic behavior of non-ductile RC buildings,
and its effect depends on the considered performance level; it is shown that AFRP effect is
more substantial at near-collapse-limit states.

e Based on the pushover results, pre-tensioned AFRP increases both static over-strength and
period-based ductility of all the structures; however, its effect on the structure’s ductility
is more significant.

e The collapse fragility curves show that retrofitted models have larger median collapse
capacity. However, the difference between retrofitted models and original ones are
negligible at 10 and LS limit states.

e Pre-tensioned AFRP significantly reduces all considered global collapse metrics (mean
annual frequency of collapse, probability of collapse at MCE and collapse probability in
50 years).

e The retrofitted buildings show larger inter-story drift at collapse, indicating a ductile
collapse mechanism.

e Following FEMA P695 methodology, all the original non-ductile buildings fail to meet the
collapse margin ratio requirement; however, the retrofitted 4- and 8-story models provide
the adequate safety margin. A similar conclusion is made when buildings are compared to
ASCE 7-10 objective of 2% collapse probability in 50 years.

e The collapse findings indicated that although retrofitting with pre-tensioned AFRP
improves collapse behavior of non-ductile RC structures, there is no guarantee that the
retrofitted building meets modern seismic codes requirements.
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e The effectiveness of the pre-tensioned AFRP retrofitting depends on the extent of increased
ductility, and hence, the strength and stiffness of the frame members.

e Based on the median inter-story drift distribution, the original models show weak story
formation and excessive drift accumulation at a single story, whereas retrofitting with pre-
tensioned AFRP engages a larger number of stories and prevents weak story formation.

e Pre-tensioned AFRP increases both columns’ and beams’ ductility values, particularly at
collapse level.

e In the original non-ductile buildings, more energy is dissipated at beams, whereas
retrofitting with AFRP increases columns’ contribution to the frame’s total dissipated
energy.

The results of this study support the application of pre-tensioned AFRP belts for collapse
prevention of non-ductile RC frame structures at high seismic zones. While this method is
inexpensive, fast, and less labor-intensive due to the high workability of AFRPs, it also reduced
collapse probability of considered prototype frames by a factor of 2.5~5. Since the results obtained
in this study are restricted to the particular retrofitting method and the three prototype buildings
that are examined here, further research is needed to investigate the effectiveness of pre-tensioned
AFRPs for other structural systems, design parameters, etc. Also, the results show that pre-
tensioned AFRPs have limited effect on low damage performance levels and might not be a
feasible option to upgrade structures’ serviceability. In order to address lower damage levels, other
retrofitting techniques can be used in combination with the proposed technique to cover a wider
range of performance. Some authors[48] have shown that flexural retrofitting of beams and
columns can increase the lateral strength and subsequently structural performance under low
damage states. However, it should be noted that a single retrofitting scheme cannot upgrade the
structure under all considered performance levels and the practicing engineer should consider the
applicability of each technique for the target performance level and the underlying interactions of
these techniques. Lastly, the established procedure could be easily extended to other FRPs (such
as CFRP or GFRP) and structures (e.g. dual system, masonry) to evaluate the impact of different
retrofitting methods and/or FRP materials on these structures. Such efforts could be substantial to
better understand the challenges of structural rehabilitation from both engineering practices and
natural hazard research community perspectives.
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Table 1. Literature summary of FRP effect on RC column

Reference Year summary
Toutanji and 2002 AFRP sheet increased concrete compressive strength up to 220%
Deng [49]
Kumutha et al. 2007 GFRP increased load carrying capacity of columns but this increase

[50]

depends on the number of GFRP layers and columns cross sections

Promis et al.[51] 2009

FRP reinforcement shifted brittle shear failure mode to ductile
flexural failure for fully wrapped columns. All Columns retrofitted
with FRP had higher ultimate load and displacement capacity than
reference column

Tabandeh and 2014 They showed that although FRP improved fragility curve of columns,
Gardoni [52] it was more effective for columns that were not seismically designed
Seyhan et al. 2015 The flexural strength of columns retrofitted with AFRP, were about
[53] 38% to 91% higher than reference column

Dundar et 2015 using CFRP sheets in transverse and longitudinal directions increased
al.[54] ductility and ultimate strength of both plain and reinforced concrete
Rodsin [55] 2015 Non-ductile column failed in shear at a drift value of 3.5%, whereas

the column failed in flexure at a drift value of 12%

Table 2. Equivalent lateral force analysis of buildings

Model Height (m) W (ton) T1(S) Cs Base shear (ton)
4-story 12.8 1267.8 0.65 0.18 223.10
6-story 19.2 2021.1 0.94 0.12 246.57
8-story 25.6 2866.9 1.20 0.09 269.49
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Table 3. The beams and columns sections of the designed buildings

Model Story Beams  Long. Reinf. Trgns. Inner ang Tr_ans Outer ang. Trans ties
No. ties column Reinf. ties column Reinf.
1 50X60 Top 4925 2910/17  60X60 16025  2¢8/35  60X60 16925 2¢8/35
Bottom 4925
4-story 2 50X60 Top 4928  2010/14  50X50 12025  2¢8/30  50X50 12925 2¢8/30
Bottom 4928
3 40X50 Top 4925  2¢8/13  50X50 12025 2¢8/30  50X50 12925 2¢8/30
Bottom 325
4 40X50 Top 3022  208/18  45X45 8¢26 208/25  45X45 8¢26 2¢8/25
Bottom 3¢22
1 60X70 Top 4926  2¢8/16  60X60 16928  2¢10/3  60X60 1628 2¢10/30
Bottom 326
2 60X70 Top 5026  2¢98/14  50X50 12925 2¢910/3  60X60 1628 2¢010/30
Bottom 4026
3 60X70 Top 526  298/12  50X50 12925 2¢910/3  60X60 1628 2¢10/30
6-story Bottom 4026
4 50X60 Top 5025  2¢98/17  50X50 12925 2¢910/3  60X60 1628 2¢10/30
Bottom 4925
5 50X60 Top 5022  2¢98/25  50X50 12925 2¢910/3  50X50 12¢25 2¢10/30
Bottom 4922
6 50X60 Top 4922 2¢8/30  40X40 8¢p18 2¢08/35  45X45 8¢p25 2¢8/35
Bottom 322
1 60X70 Top 5¢26  2910/10  70X70 16928  2¢10/3  70X70 1628 2¢10/35
Bottom 4¢26
2 60X70 Top 5028  2¢10/7.5  60X60 16926 201072 70X70 1628 2010/35
Bottom 4¢28
3 60X70 Top 5028  2¢10/7.5  60X60 16926 20102 60X60 1626 2010/25
Bottom 3¢28
4 60X70 Top 528  2¢10/8  60X60 16926 2010/2 60X60 1626 2010/25
8-story Bottom 3¢28
5 50X60 Top 525  2910/7  60X60 16926 2010/2 60X60 1626 2010/25
Bottom 3¢25
6 50X60 Top 5025  2910/7  45X45 8¢p22 2¢08/25  60X60 1626 2¢10/25
Bottom 325
7 50X60 Top 5022 298/10  50X50 1220  2¢8/30  60X60 1626 2¢10/25
Bottom 322
8 50X60 Top 518  208/18  45X45 8¢p22 2¢8/25  50X50 1220 2¢8/30
Bottom 318
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Table 4. The results of IDA and pushover analysis

Building Q pnt Samce(g) Saco(g) IDRco  P[C|Samce] Acol (x10%)  Pcrso(%0)
4-story Original 359 094 1.32 1.05 0.05 0.70 14.98 7.22
Retrofitted 4.65 2.23 1.32 2.30 0.10 0.06 2.83 1.41

6-story Original 311 0.76 0.92 0.81 0.07 0.60 12.08 5.86
Retrofitted 4.99 1.30 0.92 1.35 0.09 0.19 4.82 2.38

8-story Original 341 0.77 0.71 0.73 0.07 0.46 9.04 4.42
Retrofitted 4.94  2.27 0.71 1.34 0.10 0.03 3.03 1.50

Table 5. Comparison of median IDA results corresponding to different limit states

model 10 LS CP Collapse
A-story Original 0.30 0.55 0.79 1.12
Retrofitted 0.30 0.52 0.87 1.86
Original 0.20 0.30 0.53 0.75
6-story
Retrofitted 0.20 0.34 0.65 1.11
8 Original 0.14 0.29 0.50 0.67
-story
Retrofitted 0.14 0.29 0.68 1.03

(*) the values are in units of g.
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Table 6. FEMA P695 assessment results

model CMR SSF ACMR Btotal ACMR ajowabie  Pass/Fail
4- Original .83 .99 .82 40 1.48 Fail
story  Retrofitted 1.45 1.19 1.73 A7 1.68 Pass
6- Original .82 .96 .79 .39 1.47 Fail
story  Retrofitted 1.24 1.06 1.31 42 1.55 Fail
8- Original .94 .96 .90 .39 1.47 Fail
story  Retrofitted 1.52 1.26 1.92 48 1.69 Pass
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Table 7. Median values of structural component’s ductility

Story DBE MCE collapse
model  “\ columns beams columns beams columns beams
org ret org ret  org ret org ret org ret org ret
1 1.39 1.07 8.34 752 156 221 7.08 19.26 1.49 1.40 944 1112
4story 2 332 575 181 121 342 1216 134 227 337 752 163 153
3 1.49 2.48 3.27 528 158 478 312 1294 145 2.96 3.03 7.78
4 2.16 3.19 191 159 225 8.45 1.39 3.96 2.39 4.58 1.93 2.20
1 0.63 1.67 14 27.11 0.66 2.04 138 3432 0.64 2.52 1.55  39.50
2 1.78 3.24 0.80 1191 187 4.03 081 1766 2.04 4.73 091 20.73
6-story 3 0.85 2.71 0.87 391 0.87 3.58 0.89 6.59 0.9 3.99 0.91 7.56
4 0.72 1.07 0.83 239 0.75 131 0.85 4.56 0.75 1.37 0.89 4.89
5 1.01 1.67 0.76 0.89 1.08 1.94 0.78 1.02 1.10 2.07 0.82 1.01
6 2.37 4.92 0.35 039 2.68 6.11 0.36 0.41 248 6.27 0.42 0.41
1 0.67 1.45 3.9 21.39 0.71 241 085 3451 071 3.26 6.75  45.63
2 1.06 1.87 0.86 1292 1.13 291 545  23.03 1.24 3.68 391 30.79
3 1.00 243 0.72 527 1.18 4.07 277 1081 1.26 5.03 2.97 16.57
8-story 4 0.81 161 0.72 220 0.83 2.33 1.76 4.56 0.93 2.99 1.66 7.21
5 0.72 0.99 1.51 6.48 0.75 1.36 0.75 8.30 0.78 1.62 2.02 11.93
6 1.96 251 2.14 934 244 2.87 0.73 9.61 2.38 3.67 2.82 13.04
7 0.83 1.33 438 10.10 0.87 1.7 0.88 1384 0.92 2.04 4.60 19.49
8 1.70 2.57 0.83 100 186 3.49 4.10 1.00 1.87 411 0.82 1.27
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Table 8. Sum of structural components’ dissipated energy

Story DBE MCE collapse
model "\ columns beams columns beams columns beams
org ret  org ret org ret org ret org ret  org ret
1 583 183 2112 20.83 8.29 274 2274 1867 544 834 1919 1015
4-story 2 2215 3324 1468 1062 21.09 3733 1257 736 2216 43.46 16.68 4.33
3 585 11.05 17.86 12.84 6.48 1197 1481 11.03 549 1333 16.03 7.50
4 971 724 279 2.33 9.53 9.32 4.49 158 1123 1192 3.79 0.97
1 261 542 5111 37.2 2.37 777 4783 2965 266 9.17 46.83 27.07
2 25.04 9.72 2.03 23.68 2531 10.76 3.05 2324 29.28 1149 244 23.90
6-story 3 110 418 0.01 5.59 0.97 5.05 0.01 7.06 1.20 564 0.01 7.45
4 0.60 028 011 1.38 0.53 0.39 0.13 3.10 060 039 014 2.90
5 182 188 0.07 0.49 1.90 2.34 0.14 1.20 1.78 2.3 0.11 1.09
6 1551 10.19 <0.01 <001 1776 945 <0.01 <0.01 1493 861 <0.01 <0.01
1 153 3.60 3492 2442 1.19 6.68 2711 189 1.19 94 2831 1532
2 198 160 21.26 2458 2.19 263 2287 2499 212 306 228 23.27
3 166 437 1277 8.28 2.18 6.30 1658 1130 208 651 16.24 1246
8-story 4 047 1.75 144 3.07 0.52 2.40 4.17 3.36 0.49 291 4.00 4.63
5 026 059 2.09 8.50 0.19 0.54 341 6.90 020 070 290 6.90
6 532 231 517 8.46 5.52 1.92 4.76 6.33 5.49 210 4.80 5.69
7 028 043 7.22 5.88 0.21 041 6.31 5.05 022 043 6.30 4.61
8 3.63 215 <001 <0.01 2.78 230 <0.01 <0.01 2.87 203 <0.01 <0.01
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Figure 12. Median drift distribution of archetype buildings. (a) to (c), (d) to (f) and (g) to (i) show the median
drift distribution of the 4-, 6- and 8-story models under DBE, MCE and collapse, respectively.
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