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Abstract

Despite the extensive literature on reinforced concrete (RC) members retrofitted with fiber-
reinforced polymer (FRP) composites, few studies have employed a reliability-based approach
to evaluate the seismic performance of RC buildings in terms of their collapse capacity and
ductility. In this study, the performance of a poorly-confined RC building structure is
investigated for different FRP retrofitting schemes using different configurations and
combinations of wrapping and flange-bonded FRPs, as two well-established techniques. A
nonlinear pushover analysis is then implemented with a computational reliability analysis
based on Latin Hypercube Sampling (LHS) to determine the collapse capacity and ductility of
the case-study structure. The variations in material properties and applied loads are examined
using a rational probabilistic procedure. The results demonstrate the effectiveness of the
reliability approach as it is capable of providing reliable and accurate comparisons between the
retrofitting schemes implemented. In addition, the failure modes of the original and retrofitted
frames are scrutinized for a more detailed study. It was found that the failure mode of the case-
study building is remarkably dependent on the variations of both the input parameters and the

adopted retrofitting scheme.
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1. Introduction

The advantageous properties of externally bonded fiber-reinforced polymer (FRP) composites
such as high tensile strength, corrosion resistance, and ease of installation have nominated them
as a distinct option for seismic retrofitting of reinforced concrete (RC) structures. Over the past
two decades, FRP composites have received wide acceptance worldwide and many research
endeavors have conducted to explore the different aspects of their application and to address
the associated challenges. The results of these studies have been beneficially employed in

developing design codes and guidelines for real field applications.

In general, FRP composites can be implemented to enhance both the loading capacity and
ductility of RC structures using different retrofitting schemes. Flexural retrofitting is a widely
used approach that would serve not only to increase the loading capacity of members and
structures but also under certain circumstances, to relocate plastic hinges in beams away from

the column interface as well [1-3]. The latter capability can change the failure mode from a
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column-sway to a beam-sway one. A viable scheme to enhance flexural capacity is the flange-
bonded FRPs in which FRP composites can be applied to critical regions of both beams and
columns without any extreme damage to the slab. However, debonding is still a major issue of
concern that can decrease the efficiency of such externally bonded FRP flexural retrofits. As a
remedy, newly proposed anchorage systems are reliable solutions to overcome this undesirable

failure mode [1, 4-6].

In an experimental investigation, Eslami and Ronagh [1] investigated the retrofitting of
damaged/undamaged RC Beam-Column sub-assemblages using the flange-bonded FRP
composites. Their results showed that the proposed technique when combined with a grooving
anchorage system was effective in both increasing the flexural capacity and relocating plastic
hinges away from the column interface. Compared to the pre-cracked control specimen, the
retrofitted joints led to an increase of 30% in ultimate capacity. As expected, however, the
displacement ductility factor of the retrofitted joint reportedly decreased due to the increased

reinforcement ratio provided by the externally bonded FRPs.

Flange-bonded FRPs have also been used to improve the lateral behavior of an 8-story RC
building by Ronagh and Eslami [7]. Comparison of the capacity curves obtained from nonlinear
pushover analysis confirmed increments of 43% and 80% in the capacity of the selected
building as a result of using glass FRP (GFRP) and carbon FRP (CFRP) composites,
respectively. Although CFRP was observed to outperform GFRP in terms of lateral capacity,
the former was associated with a lower ductility. Eslami et al. [8] used the nonlinear time-
history analysis to find that CFRP flange-bonded retrofits were able to reduce the maximum
inter-story drift of the same 8-story building under near-fault ground motions from 3.3% in the

as-built to 2.4% in the retrofitted building.

On a par with flexural retrofitting scenario, FRP wraps can be effectively used for additional
confinement in regions prone to plastic deformations. Towards this, Di Ludovico et al. [9]
investigated the seismic performance of a 3-story RC building retrofitted with a combination
of wrapped and web-bonded glass FRPs (GFRPs). The results obtained from their pseudo-
dynamic loading showed that the retrofitted building was able to resist by around 50% higher
peak ground accelerations (PGA). Further, the findings demonstrated the efficiency of FRP
composites in improving the global performance of the building in terms of both ductility and

energy dissipation capacity. Similar conclusions have been also reported elsewhere [10-12].



The studies cited above used deterministic procedures to investigate the performance of FRP
retrofitted RC structures neglecting the fact that these structures might behave differently due
to unpredicted uncertainties in loads, material properties, and geometry. In reaction to this
shortcoming, some studies used reliability-based approaches in the element scale to study the
performance of RC members such as beams [13-16] and columns [17-19] retrofitted with
externally bonded FRP composites. However, few studies were focusing on implementation of
such reliability-based approaches to upgrade the performance of RC structures at the macro

level.

To achieve a predefined performance in RC structures, Zou et al. [20] proposed a reliability-
based algorithm to optimize the amount of FRP confinement in a building. Focusing solely on
earthquake uncertainties, their study ignored structural uncertainties such as those associated
with material properties in order to reduce the size of the optimization problem to a reasonable
level. Using a reliability-based approach, Ali et al. [21] compared the effects of FRP
confinement (in columns) with those of a combined flexural (in beams and columns) and
confining (in columns) FRPs in a 3-story RC building. For these two retrofitting options,
fragility curves were compared based on the maximum lateral drift of the top story. The results
confirmed a notable increase (32%) in the reliability of the RC building treated with both
flexural and confining FRPs, while sole application of the FRP wraps was only able to improve
the reliability of the building by approximately 16%. Although their study demonstrated the
effectiveness and significance of reliability assessment, little attention was paid to the collapse
capacity of the building. A probabilistic procedure seems necessary when seeking an accurate
judgment of the collapse capacity of the structure and a rationale comparison of the different

retrofitting solutions.

The above considerations were the main motivation beyond the current study aimed at
investigating the seismic behavior of ordinary RC buildings retrofitted with externally bonded
FRP composites. To achieve this objective, the flexural and confining FRP composites, as the
most prevalent techniques in FRP applications, were used in different configurations and
combinations. As a case-study building, a 4-story ordinary RC building was considered and
the results were examined in terms of collapse capacity, displacement ductility, and failure

mode.



2. Methodology

The seismic performance of structures retrofitted with externally bonded FRP composites may
be affected by uncertainties from a variety of sources that can be classified into the categories
of materials, loads, and geometry [22]. Accurate assessment of the seismic performance of such
structures requires the effects of variations in each of the input variables to be taken into
account in order to obtain the distribution of structural responses. Using an appropriate
sampling method, inputs may be randomly generated for structural analysis and the distribution
of responses can be determined. In other words, in a reliability-based assessment, both
structural inputs and outputs have probability distributions rather than deterministic values.
This approach seems useful not only for the assessment of the behaviors of different retrofitting
schemes but also for their accurate and reliable comparisons, especially in the decision-making

step. Fig.1 shows a general overview of the steps of the proposed reliability-based approach.

Generate a random input
vector based on the
probability distribution of
the input variables

!

Nonlinear pushover analysis of
the FRP-strengthened structure

]

No, Need more samples

Check
convergence
criterion

Yes

v

Calculate
distribution of the
output variables

Fig. 1. Steps of the reliability-based seismic assessment of RC structures using a sampling method and
a nonlinear pushover analysis.

The first step involves defining random input parameters and determining their variations. In

practice, a broad number of random input parameters are known to affect the responses of an



RC structure. However, including all the sources of uncertainty in a model might increase the
problem size and its computational time and cost. On the other hand, given the maximum
construction tolerances required by design codes [23], some sources of uncertainty, like
geometry, are of less importance at the structural level [21]. Hence, the effects of geometrical
parameters were ignored in this study. Table 1 lists the random input variables and their
probability distributions involved in the reliability-based assessment of FRP-retrofitted
structures in the current study. The references from which the parameters of probability

distributions were adopted are also listed in the last column of Table 1.

Concerning the uncertainties associated with seismic loading, either of the two approaches of
incremental dynamic analysis (IDA) [24] or nonlinear pushover analysis may be implemented.
While the use of a set of ground motions presenting different intensity levels (IDA) is the most
reliable option to assess the structural responses [25], repetition of that for each generated
random sample would dramatically increase the total number of the analysis. Such analyses
would be tedious and time-consuming given the iterative nature of reliability-based studies.
Despite that IDA might be possible for low-rise buildings and for research purpose, this study
focused on nonlinear pushover analysis to be more applicable to the real projects through which

a broad and effective perspective can be provided for design engineers.

In addition, there is a potentially significant amount of uncertainty that comes from the
damping modeling in nonlinear time history analysis [26]. These limitations encouraged the

use of nonlinear pushover analysis as an alternative.

For lateral loading pattern, the first mode shape of the structure was obtained based on random

input vectors as follows:

Random input vector =[F. Fy Es Fsy Er DL LL Y] )

The definitions for the random input variables in relation (1) are provided in Table 1.



Table 1. Probability distributions of the random input variables used.

Variable Unit Distribution Mean SD* cv# Reference

Compressive strength of

romerors (7o) MPa  Log-normal 25 4 016 [14,18,21,27,28]
Yield S”eng’g;’f steelrebar by og-normal 420 42 01 /18]
;
Elastic ’”Od”l(? )"f steelrebar b, Normal 200000 6600 0'303 [18, 21, 29]
Ultimate tensile strength of .
FRP () MPa Weibull 620.5 93 015  [18 21,28 30]
Tensile elastic modulus of FRP MPa Log-normal 51700 1034 0.2 128, 30]
(E) 0
Dead load (DL) kN Normal 1OSDL  0.105 0.1 [18, 31]
Live load (LL) kN Ex”’e”}e bre rp 0.25 025 [18, 21, 31]
Model error (Y,) - Normal 1 0.05 0.05 [21, 27]

*SD: Standard deviation
#CV: Coefficient of variation

The Latin Hypercube Sampling (LHS) method was implemented to generate random input
vectors from the predefined probability distributions of input variables. Compared to the crude
Monte Carlo sampling method, LHS is a stratified one that provides more accurate evaluations
of the problem distribution with a smaller number of samples [32]. In this method, the
probability distribution of each random variable is divided into non-overlapping intervals of
equal probability before selecting one random value in each interval [32]. This avoids taking
all the samples from the same region of probability distribution, thereby optimizing the
convergence time and improving the computational efficiency. Since the input of the structural
model is a vector, the values selected for different variables should be paired randomly in a
matrix called the ‘random input matrix’ [32]. For instance, the random input vector selected in
this study contained eight elements, as observed in relation (1), while the probability
distributions were divided into ten intervals (with equal probabilities of 10%). As a result, the

random input matrix for one iteration of the LHS would be a 10x8 matrix.

When a sample was generated and the structural model analyzed, the deviation in the average
of output results was used to estimate the final number of samples as a convergence criterion
of LHS. Based on Bayesian probability, the number of samples (N) needed for a deviation of

less than [ in the average number of outputs (i) can be estimated by [33]:

472
N:l—zax$§—k0 (2)



in which, s and k, are the variance and number of samples generated in advance. Also, z,, is
the normal probability of (1-20)100% credible interval. In this study, 1% of the average value
of the results was considered as an acceptable convergence tolerance with a 95% credible
interval (0=0.025). In other words, if the calculated value for (N) becomes zero, with a 95%

credible interval, generating a new sample deviates the average of the outputs less than 1%.
3. Description of the original building

The structure considered in this study was an ordinary moment-resisting RC frame as part of a
lateral resisting system of a four-story residential building with three equal bays of 5 m. Each
story was taken to be 3 m in height. The structural design of the frames was based on the
ordinary provisions of ACI 318-14[34]. In addition, the base shear seismic design was
determined considering a peak ground acceleration of 0.3 g that is related to a high seismic
zone based on the Iranian seismic design code [35], which is similar to the Uniform Building
Code (1997) [36]. In the design of this moment-resisting frame, the design dead and live loads
were assumed to be equal to 40 kN/m and 10 kN/m, respectively. In addition to these gravity
loads, the self-weight of the building was also included in the design load. The compressive
strength of concrete was taken equal to 25 MPa and Grade 60 (fy =420 MPa) ribbed bars were
used as internal reinforcement. Moreover, a clear concrete cover of 45 mm was assumed for
all the beams and columns. In order to simulate poorly-confined conditions, the shear design
of the frame was based on the shear forces induced in the beams and columns but ignoring the
special seismic detailing. Consequently, stirrups of 8 mm in diameter were deployed at
intervals of 170 mm along all the beams and columns. In terms of dynamic characteristics, the
first mode of vibration possesses a period (T1), modal mass coefficient (1), and modal
participation factor (PF1) of 0.781s, 0.771, and 1.309, respectively. Fig. 2 shows the details of

the geometry and reinforcement of the designed frame.
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Fig. 2. Geometric and reinforcement details of the original frame

4. Retrofitting schemes

The retrofitting strategies adopted were assumed to enhance the flexural and/or ductility
behavior(s) of the structure. Towards this, different schemes of CFRP composites were applied
to the regions prone to plastic deformations near the beam-column connections in the case-
study frame as schematically shown in Fig. 3. In order to assess the influences of flexural and

confining retrofits separately, all the CFRP layers were assumed to be unidirectional.

The first scheme contained the application of the flange-bonded FRP retrofits to increase the
flexural capacities of beams and columns, as illustrated in Fig. (3a). The length of the flexural
retrofits was assumed to be twice the depth of the section (2h). This value is approximately
twice and equal to the plastic hinge length for columns and beams, respectively, as
recommended in ACI 440.2R-17 [37]. The second scheme was intended to improve the
ductility of columns through the application of CFRP wraps in their plastic hinge regions as
shown in Fig. 3(b). The wrapping length was also selected to be twice the depth of the columns.
It should be noted that the connected slab in a real application would impede complete
wrapping of beams. Thus, complete wrapping was only applied to the columns. The third

scheme was a combination of the other two schemes, in which the flange-bonded CFRP



composites were installed in both the beams and column while columns were additionally
wrapped with confining FRP layers as shown in Fig. (3c). In order to evaluate the effect of
reinforcing ratio, the number of retrofitting layers was assumed to vary between 3 and 6, each
0.7 mm in thickness (t;=0.7mm). Table 2 reports the test matrix together with the details of

different retrofitting schemes adopted in this study.

end straps to avoid
premature debonding 2HC

l

| ||.’ |

flange-bonded FRP (3 or 6 layers) 1

(2)

combined flange-bonded and
column wrapping (3 or 6 layers)

Fig. 3. Three different retrofitting schemes: a) flange-bonded FRP with end straps, b) column
wrapping, ¢) combined flange-bonded and column wrapping
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Table 2. Test matrix and retrofitting schemes

Beams Columns
Notation Flexural Confining Flexural Confining
Layers Layers Layers Layers

Original - N/A - -
3-Flexural 3 N/A 3 -
6-Flexural 6 N/A 6 -
3-Confined - N/A - 3
6-Confined - N/A - 6
3-Combined 3 N/A 3 3
6-Combined 6 N/A 6 6

N/A: Not applicable

5. Nonlinear model

The nonlinear modeling and pushover analysis of the original and retrofitted frames were
carried out in the OpenSees environment [38]. Since the fiber section can consider the P-M
interaction inherently, both the beams and columns were modeled using the Displacement-
Based Beam-Column element with fiber formulation [38, 39]. It is also possible to model the
progressive failure of a section by removing fibers that meet material failure. All the structural
members were divided into three parts: two end segments with a length equal to 2h (along
which FRP laminates were applied in the retrofitted frames) and a middle segment identically
modeled in both the original and retrofitted frames. Each of these three parts modeled by 5
integration points (control sections) as illustrated in Fig.4 to monitor the behavior of the frame
elements while elastic elements were used to simulate the behavior of the joint panel zone. It

is worth noting that the same approach has been also used by others [39].

11



Eo i 3 1 1 e
H [lepoctycontinede
[
C 4
2H, - \
[ N~— “\.FRP-confined cover
Unconfined cover
() (c)
| |
| |
: : end elements
LA
| | middle elements
2H ) §
c 5
! ———
‘ o |
| N~ -~
| : N elastic joint elements
five integration points : |
| |
| |
L 4

Fig. 4. Configuration of the numerical model and fiber sections for a) non-retrofitted sections
b) flange-bonded FRP sections c¢) combined flange-bonded and column wrapped sections.

Several constitutive models can be found in the literature to predict the nonlinear stress-strain
behavior of FRP confined concrete. Herein, the model proposed by Lam and Teng [40, 41] was
used as it has been claimed to provide the most accurate prediction of the ultimate strength and
strain in FRP-confined circular and rectangular columns [42, 43]. It is worth noting that this
model has been also adopted by ACI 440.2-17[37]. Further, the unconfined concrete was
modeled using a bilinear representation constituting an elastic behavior followed by a

horizontal straight line.

Fig. (5a) shows the constitutive models considered for the confined and unconfined concrete
materials where, f; and E. are the compressive strength and elastic modulus of concrete,

respectively. For normal-weight concrete, E. can be calculated as [34]:

E. = 4700\/f! (in MPa) 3)

In addition, &; is the compressive strain corresponding to f; taken to be equal to 0.002 as
recommended in ACI 440.2R-17 [37] and elsewhere [44-46]. The maximum compressive
strength of confined concrete (f.) and its ultimate compressive strain (&..,) were calculated
based on the maximum confining pressure f;, a strain efficiency factor of k.=0.57, and shape

factors of K, and K}, as described in Lam and Teng [40, 41] . Furthermore, a threshold of 0.01
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was considered for the maximum compressive strain of FRP-confined concrete as higher values
would lead to a loss of concrete integrity [37]. The slope of the second portion of the stress-
strain model for FRP-confined concrete (E,) can be obtained as follows [37]:

E2 _ Jec - fc ( 4)

SCC‘U,
This hardening branch in confined concrete is solely valid if the ratio f;/f is larger than 0.08

[37, 40, 41]. This minimum level of confinement was controlled for all the sections with

providing a minimum number of confining layers (n=3, t;=0.7mm).

The tensile strength of the concrete material was ignored in the nonlinear model as stress in all

concrete fibers at failure is expected to exceed concrete rupture strength to a great extent.

fo.

cc

fi =

/"[‘ — 7 Unconfined

‘ I concrete
I

iE\ \

| 1
1 1
€ & 0.003 €

(a) (b) (c)

Fig. 5. Constitutive models for a) FRP-confined and unconfined concrete, b) Giuffré-Menegotto-Pinto
material (Steel 02) for steel rebars, and c) FRP composites.

As shown in Fig. 5(b), the behavior of the steel reinforcement in the fiber section was simulated
using the Giuffré-Menegotto-Pinto material (Steel 02) with a 2% strain hardening ratio as
proposed elsewhere [38, 47]. In addition, Fig. 5(c) illustrates the behavior of the flange-bonded

FRP sheets modeled by an elastic no-compression material.

For each iteration of the reliability analysis, the material parameters of the described models
were randomly generated based on their distributions reported in Table 1. It should be noted
that some other parameters are a function of these random variables. For example, as Eq. (3)
shows, the elastic modulus of concrete depends on its compressive strength. In consequence, a
random change in the compressive strength of concrete leads to a variation of the elastic

modulus.

All the materials were also integrated with MinMax material to remove fibers when reaching

their fracture strain. In fact, the MinMax material in OpeeSees defines the minimal and
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maximal bounds of strain of the other predefined materials [38]. In case the strain of a fiber
exceeds such bound thresholds, the main material of that fiber stops working [48]. Table 3 lists
the maximal and minimal strain bounds implemented for each material in the current study. All
the seismic lumped masses (for modal analysis) and gravity loads were obtained based on all

the dead load including the self-weight of the frame plus 20% of the live load [35].

Table 3. Minimum and maximum strain bounds considered for material failure.

. Minimum strain Maximum strain
Material . .
(compression) (tension)
Unconfined concrete 0.003 oo
Confined concrete Min (0.01, &.cy) ©
Steel rebar 0.1 0.1
FRP laminates o &ru = frulEr

Note: o means that the material can be deformed extensively without failure.

6. Capacity and ductility assessments

In seismic evaluation of structures, ductility is defined as their ability to sustain large post-yield
deformations without a considerable loss in their lateral resistance. As different parts of a
structure would not yield concurrently, there is no obvious yield point in nonlinear load-
displacement curves of a structure subjected to lateral loading. Consequently, locating a yield
point to determine the ductility factor for the overall behavior of the structure is somehow
subjective. A widely accepted approach is to use an idealized bilinear curve. Herein, the
procedure proposed in FEMA P695 [49] was adopted to obtain the idealized bilinear curve of
the real pushover curves and to determine the ductility factor. As shown in Fig. (6), the elastic
stiffness and ultimate strength of both curves are identical while the inelastic portion of the
bilinear curve is horizontal. To determine ultimate roof displacement (§,,), two criteria were
considered in this study for determining the collapse point in the pushover curves. The first
criterion, as recommended by FEMA 356 [50], requires a maximum inter-story drift of 4% [50]
whereas the second one, as stipulated in FEMA P695 [49], requires a 20% loss in the ultimate

shear capacity of the real pushover curve. In each step of the analyses, these two criteria were
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controlled to find the ultimate roof displacement. Then, the ductility factor can be defined as

[49]:

)

where, 8, ¢¢5 1s the effective yield roof drift displacement corresponding to the end point of

the elastic portion in the idealized bilinear curve.

Base shear

20% loss of the base shear
capacity or exceed 4% of
maximum interstory drift

\

Roof displacement

Fig. 6. FEMA P695 [49] idealized nonlinear static pushover curve with additional story collapse
criterion based on FEMA356 [50].

7. Results and discussions

The nonlinear models of the original and retrofitted frames were analyzed for each input vector
generated by LHS. The number of needed samples (N) was calculated using Eq. (2) for all the
output variables (Vj,qx, Oy, €tc.). For better illustration, Fig. (7) shows the number of samples
(N) still needed for LHS to converge after ko samples have been drawn for ultimate roof
displacements (§,) of 6-flexural, 6-confined, and 6-combined models. As indicated, the
convergence criterion was fulfilled after 660, 622, and 218 samples in the 6-confined, 6-

combined, and 6-flexural frames, respectively. It is worth noting that these values are the least
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number of required samples while all of the frames were analyzed for 1000 samples generated

by LSH to obtain more accurate results.

1200

———6-Flexural
— 6-Confined
——6-Combined| |

1000

800

600

400

200

Number of needed samples (N) for 5u

0 100 200 300 400 500 600 700
Number of generated samples (ko) for 6u

Fig. 7. The number of samples needed for LHS convergence in the ultimate roof displacement (&)
for frames retrofitted with 6 layers of FRP.

The pushover curves of the original and retrofitted frames are plotted in Figs. 8-11. Highlighted
points in these figures are also the cap and collapse points. In the cap points, the frames
exhibited the maximum base shear capacity, whereas the collapse points were obtained based
on the collapse criteria stated in Fig. 6Error! Reference source not found.. Nonetheless, these
points were distributed in some models into two different ranges. For example, in the original
frame, the collapse points were scattered into two ranges of ultimate roof displacement, §,,
(Fig. 8). In fact, the variation in input parameters changed the collapse mechanism of the frame
so that the collapse in 477 samples occurred in the first story. However, in the remaining (i.e.,
523) samples, the original frame experienced collapse in the third story. Similar shifts also

occurred with substituting the beam-sway collapse mechanism with that of column-sway.

Variation of the random variables can change dynamic parameters such as frequency, modal
participation factor, and modal mass coefficient. However, the results of the current study
indicated that by considering the same material and mass properties, all the original and
retrofitted frames had approximately similar dynamic characteristics as observed in Table 4.
This trend was anticipated considering the negligible intervention of FRP laminates in terms

of mass and stiffness, particularly for the confinement retrofitting scheme.
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Table 4. Dynamic characteristics the first mode of the analyzed frames

Frame fundamental period ~ modal mass coefficient ~ modal participation
Ti(s) (a;) factor (PF))

Original 0.781 0.771 1.309
3-Flexural 0.776 0.772 1.308
6-Flexural 0.772 0.773 1.308
3-Confined 0.781 0.771 1.309
6-Confined 0.781 0.771 1.309
3-Combined 0.776 0.772 1.308
6-Combined 0.772 0.773 1.308

With respect to the probability distribution of the results, Fig. 12 compares the Empirical and

Normal Cumulative Distribution Functions (ECDF and NCDF, respectively) of the maximum

frame capacity (Vmax) for the original frame and those retrofitted with 3 layers of CFRP.

Clearly, the results very closely followed a normal distribution due to the observance of the

convergence criterion (based on a normal distribution) for the number of samples.
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Fig. 12. Empirical Cumulative Distribution Function (ECDF) and Normal Cumulative Distribution
Function (NCDF) for maximum frame capacity (Vmax) in 3-layer retrofitted frames.

For all the pushover curves of the analyzed frames, the idealized bilinear curves were obtained

based on FEMA P695 [49]. For the sake of brevity, Fig. 13 presents the average curves for
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each frame, which were calculated by taking into account different sources of uncertainty. They
can now be utilized to assess the effectiveness of each retrofitting scheme in terms of capacity

and ductility.

7.1. Capacity evaluation

According to the average idealized curves shown in Fig 13, all the adopted retrofitting schemes
could increase the capacity of the original frame. However, some schemes were more effective
than others. For example, using 3 layers of confining FRP wraps in columns (3-Confined) was
able to enhance the capacity of the original frame by only 5% while increasing the number of
confining layers (6-Confined) was found inefficient in achieving higher increments. This
performance may be justified by considering the capacity of the beams as they were not
retrofitted in the confining schemes. In fact, the beams reached their maximum capacity as a
result of adding three layers of FRP wraps and the overall lateral strength of the frame was
governed by their behavior. As a result, increasing the number of wrapping layers in columns

to six was not able to produce any significant changes in this pattern.

In contrast, based on the bilinear curves of Fig. 13, using flange-bonded FRP retrofits was an
effective method for capacity enhancement in the original frame. For instance, schemes with 3
and 6 layers of flexural FRP in beams and columns led to higher values of base shear capacity
by about 12% and 20%, respectively. On the other hand, using a combination of flange-bonded
and confining FRP retrofits offered the most efficient method for increasing frame capacity.
For example, the 3-combined frame showed a 20% increment in frame capacity, which was
equal to that achieved by using 6 layers of flange-bonded FRP solely (6-Flexural). Increasing
frame capacity through the application of more confining layers in columns was possible after
the beams had been strengthened with flange-bonded FRP composites. These results indicate
that the frame with the 6-combined retrofitting scheme showed increased capacity by an
average of about 31% higher than that of the original frame. This enhancement was 50% higher
than that achieved by the 3-Combined scheme. It may, thus, be concluded that when
considerable increases are sought in the capacity of the original frame through using more

effective wrapping layers in columns, the beams should be strengthened simultaneously.
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Fig. 13. Average idealized pushover curves for the original and retrofitted frames.
To elucidate the effectiveness of different retrofitting schemes on the capacity of the original

frame, fragility curves were obtained for all the studied frames in terms of spectral acceleration

capacity S,(g) as defined by[51]:

Vmax
/w (©)
a

Sa(g) =

where, w is the effective seismic weight of the frame and a is the modal mass coefficient for
the first natural mode of vibration. Fig. 14 compares the fragility curves of the original and
retrofitted frames. The Maximum Considered Earthquake (MCE, 2%/50 years with S.=0.45g),
taken equal to 1.5 times the Design Basis Earthquakes (DBE, 10%/50 years with S.=0.3g), was
used to obtain the collapse probability of the studied frames. Evidently, the collapse probability
of the original frame is 77% for the MCE hazard level. However, this probability reduced to
around 40% for the frames retrofitted only with FRP wrapping of the columns (3-Confined and
6-Confined). In addition, using more wrapping layers (6-Confined) without beam
strengthening was not effective in decreasing frame collapse probability. It is also apparent
from Fig 14 that using 3 flexural layers of FRP wraps reduced the collapse probability of the
original frame by about 13%. On the other hand, for the other three solutions (6-Flexural and
3-Combined, and 6-Combined), the collapse probability in the MCE level was found very

small, indicating that these schemes were the most reliable for achieving enhanced capacity.
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Fig. 14. Fragility curves for the original and retrofitted frames.

7.2. Ductility evaluation

For each of the pushover curves obtained, an idealized bilinear curve was derived to determine
the ductility factor (u;) based on Eq. (5). Fig. 15 shows the normal probability distribution
function of this factor for all the retrofitting schemes. In some cases, the ductility improvement
was negligible. For instance, the ductility factor obtained for the frames strengthened with 3
and 6 layers of flange-bonded FRP layers was on average by 7% higher than that of the original
frame. In addition, increasing the number of flange-bonded layers from 3 to 6 in the flexural
scheme was solely able to decrease the dispersion (standard deviation) of the ductility value
while the average value remained similar. In contrast, using wrapping layers on columns led to
considerable enhancements in the values of both frame ductility and dispersion. Compared to
the original frame, ductility factors increased by 27% and 44% in the 3-Confined and 6-
Confined frames, respectively. Interestingly, the frame with a combination of 3 layers of
flexural and confining FRP composites exhibited only a small increment in its ductility (about
4% on average). Such behavior can be explained using the average pushover curves shown in
Fig. 13. Despite the increase in the value of §,, in the 3-combined frame, §,, ¢ also became
larger as the FRP flexural retrofits were able to postpone the yielding of steel rebars to a higher

strength level. As a result, the ratio of these two parameters remained approximately constant.

In the 6-Combined frame, the increment gradient for §,, was greater than that of §,, ., which

led to a 43% higher ductility than that experienced by the original frame. It may be concluded
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that using FRP wraps in columns will be the most effective method when a retrofitting scheme
was aimed at increasing only the ductility behavior of a poorly-confined frame. If the target is
to achieve enhancements in both the capacity and ductility factor, the solution would then fail

to increase ductility in cases where the rates of increment in §,, and §,, .5 are identical.
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Fig. 15. Normal probability distribution of the ductility factor for different retrofitting schemes.

8. Failure modes

Variation in input variables and different retrofitting schemes were found capable of changing
the failure mode of the frame. Fig. 16 shows the collapse frequency in different stories of the
studied frames. For about half of the samples (i.e. 477 samples), the original frame collapsed
in the first story while the collapse of the third story was observed in the remainder. Frames
that had only been retrofitted with flange-bonded FRP composites (3-Flexural and 6-Flexural)
failed in the first story in all the 1000 samples. A similar pattern was observed in the 3-
Combined frames where 3 flexural and 3 confining layers were used simultaneously. However,
the collapse patterns of the confined frames (3-confined and 6-confined) exhibited greater
discrepancies, with failures distributed among the 1%, 2", and 3™ stories. In the case of the 6-
Combined retrofitting scheme, 200 samples caused a collapsed state in the first story while for
the remainder, failure of the frame was attributed to the collapse in the second story. These
results demonstrate that uncertainties and differences in retrofitting schemes are also involved

in the collapse mechanisms of RC frames retrofitted with FRP composites.

25



1000 % ® Original
%
é m 3-Flexural
%
g 800 Z 7 6-Flextual
%
§‘ Z m 3-Confined
> 7
S 600 é = 6-Confined
(- % :
o é ® 3-Combined
5 é o
S 400 . g i 6-Combined
=] % =
# .
200 Z - -
% = =
. E -
z
0 Z — = 4

Story level

Fig. 16. Collapse frequency in different stories of the original and retrofitting schemes.

9. Conclusions

Using a reliability-based approach, this paper examined the collapse capacity and ductility of
ordinary RC frames retrofitted with externally bonded FRPs. To this end, wrapping and flange-
bonded FRPs, as two well-known techniques, were used in different configurations and
combinations to retrofit a poorly-confined four-story building. The performance of retrofitting
schemes was evaluated using a reliability approach taking into account different sources of

uncertainty. Based on the obtained results, the following conclusions can be drawn:

e Improvement in the collapse capacity of frames retrofitted with only 3 layers of FRP
layers on the columns (3-Confined frame) was negligible (around 5%) compared to the
original frame. In addition, increasing the confining layers to six (6-Confined frame)
was found ineffective as the overall lateral strength of the frame has controlled by the
beams.

e Using flange-bonded FRPs was an effective method for capacity enhancement in the
original frame. Using 3 and 6 flexural FRP layers in the beams and columns led to
higher base shear capacities in the frames by about 12% and 20%, respectively.

e The frame with a combination of flange-bonded and wrapping layers (3-Combined and
6-Combined) showed about higher capacities by 20% and 31%, respectively, relative

to that of the original frame. Increasing frame capacity through using more confining
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layers in columns is, therefore, possible if the beams are already strengthened with
flange-bonded FRP composites.

e Based on the fragility curves obtained for all the retrofitted schemes, the 6-Flexural, 3-
Combined, and 6-Combined frames were found to provide more reliability for collapse
(lower collapse probability) under an MCE earthquake. As a result, they were identified

as the most reliable retrofitting schemes for the original frame with respect to capacity.

Regarding ductility, the following conclusions may be drawn from the results:

e Using 3 and 6 flange-bonded FRP layers led to non-significant effects on the ductility
factor of the frame. In addition, the average value of the ductility factor remained
unchanged when the number of flange-bonded layers was increased from 3 to 6.

e Compared to the original frame, those retrofitted with 3 and 6 wrapping layers on
columns exhibited higher ductility values of around 27% and 44%, respectively. These
improvements confirmed the effectiveness of the wrapping technique in increasing the
ductility of the original frame.

e In the 3-Combined frame, equal increments in ultimate roof displacement and yield
strength of the frame led to only a small increment in its ductility (about 4% on
average). However, the frame experienced 43% higher ductility than the original frame
when the number of layers was increased to 6. In consequence, the gradients of the
strength and ductility enhancement were identified as factors affecting RC frames

retrofitted with externally bonded FRPs.

Finally, the results also demonstrated that variation in structural parameters and the use of
different retrofitting schemes have drastic effects on the failure mode of the frame. It should
be mentioned at last that the above-mentioned conclusions are restricted to the case-study
structure and for the selected parameters. More extensive investigations need to be conducted

with different structures and FRP types to gain more reliable and generalizable results.
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