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Response Surface Metamodel-based Performance Reliability for
Reinforced Concrete Beams Strengthened with FRP sheets

Junwon Seo, Yail J. Kim, and Shadi Zandyavari

Synopsis: This paper presents the performance reliability of reinforced concrete beams strengthened with fiber
reinforced polymer (FRP) sheets, including structural fragility. Emphasis is placed on the development of effective
strains that can represent FRP-debonding failure. The reliability predicted by a conventional standard log-normal
cumulative probability density function and by the proposed response surface metamodel (RSM) combined with
Monte-Carlo simulation (MCS) is employed to assess the contribution of physical attributes to debonding failure.
The models are constructed based on a large set of experimental database consisting of 230 test beams collected
from published literature. Another aspect of the study encompasses the effect of various RSM parameters on the
variation of effective strains, such as FRP thickness (#), steel reinforcement ratio (p), concrete strength (f°.), beam
height (%), beam width (w), span length (L), and shear span (a). The mutual interaction between these parameters
indicates that those related to beam geometry (i.e., L, w, 4, and a parameters) and the # parameter are significant
factors influencing the effective strain of FRP-strengthened beams.

Keywords: debonding, effective strain, fiber reinforced polymer (FRP), fragility, performance reliability, response
surface metamodel (RSM)
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INTRODUCTION

Structural fragility/reliability has been used for assessing seismic risk in constructed facilities such as highway
bridges. Fragility (also known as vulnerability) is defined as a conditional probability that a structure exceeds a
prescribed damage state when subjected to various levels of natural or man-made hazards. Reliability is, on the other
hand, defined as the extent of achieving the given functionality of a structure exposed to distressful hazards.
Previous studies have shown that use of either empirical or analytical vulnerability functions can be regarded as one
of the standard approaches for seismic fragility estimation [1-9], while analytical vulnerability functions are
dominantly employed because in-situ data are limitedly available in most cases [1-6]. Conventional methodologies
for generating analytical vulnerability functions include the statistical extrapolation of a structure’s performance
along with Monte Carlo simulation (MCS) [2-6]. Seo et al. [5] estimated the structural fragility of steel moment-
frame structures using MCS-based response surface metamodels (RSM). The joint RSM-MCS method enables the
efficient fragility assessments of a group of steel moment-frame structures when compared to the conventional
methodologies. Ghosh et al. [6] utilized metamodels combined with MCS to evaluate existing bridges subjected to
seismic load. Although the concept of structural fragility and corresponding reliability are proven to be robust in
evaluating the performance of civil structures, it has not fully been integrated into the resiliency appraisal of
retrofitted structural members.

Over the past couple of decades, fiber reinforced polymer (FRP) composites have been used for enhancing the
behavior of deteriorated reinforced concrete members, including several advantages such as favorable strength-to-
weight ratio, non-corrosive characteristics, and reduced long-term maintenance costs [10]. A number of studies on
FRP-strengthening were concerned with the performance evaluation of various structural systems in static, fatigue,
and seismic loadings [11]. The reliability-oriented assessment of such a strengthening method was, however, rarely
reported, particularly structural fragility accounting for critical failure modes such as FRP-debonding. This paper
proposes a theoretical framework for examining the debonding vulnerability of reinforced concrete beams
strengthened with FRP sheets. Of interest is a relationship between FRP-debonding and performance reliability. An
RSM model was built using a large number of laboratory test data compiled from published literature, encompassing
geometric and material parameters, in order to predict the effective strain of FRP. It is worth noting that the effective
strain controls the response of a strengthened beam in such a way that FRP-debonding failure takes place when the
strain of the strengthening system exceeds its effective strain. The experimentally validated RSM model coupled
with MCS was implemented to generate the debonding fragility of FRP-strengthened beams, which was compared
with a conventional fragility approach, followed by quantifying performance reliability.
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RESPONSE SURFACE METAMODEL
This section discusses the development of a prediction model for debonding strain of an FRP-strengthened beam
based on a statistical approach and its validation against experimental data.

Development
The RSM model proposed is a second-order polynomial function as shown in Eq. 1:
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where y is the dependent variable representing the effective FRP strain of a strengthened beam at debonding failure;
x; and x; are the independent input variables dependent upon the geometric and material properties of the beam; S,
Bi, P, and p; are empirical coefficients to be determined by statistical analysis on test data; & is the number of input
variables, and ¢ is the statistical bias. Such a statistical RSM model is expected to generate a fragility curve for FRP-
strengthened members at low computational expenses [5]. A large set of database comprising 230 test beams was
used to develop an RSM model, as listed in Table 1 where several parameters are presented: beam height (%), beam
width (w), span length (L), shear span (a), compressive strength of concrete (), thickness of FRP (), and steel
reinforcement ratio (p). The effect of shear span («) and shear-span-to-depth-ratio (a/d) on the flexure of the beams
is basically identical from a fundamental mechanics standpoint. To identify the necessary statistical coefficients of
the parameterized model, the JMP software [12] was utilized for least-square analysis. Equation 2 is the refined
format of the proposed RSM model (units are in mm and MPa) to predict the effective stain of an FRP-strengthened
beam (&.):
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Table 2 exhibits the average properties of each RSM parameter, while Table 3 summarizes the statistically
determined RSM coefficients (8 through Sss).

Validation

Figure 1 shows a typical comparison between the experimental and predicted debonding strains (or effective strains)
with respect to FRP thickness. With an increase in FRP thickness (#), the effective strain of the strengthened beams
was exponentially reduced. This observation can be explained by the fact that interfacial shear stresses along the
bond-line of the beams augmented when an FRP thickness increased until the stress exceeded a critical stress that
would result in FRP-debonding failure. Acceptable agreement was made between the test and model, as shown in
Fig. 1, with a correlation coefficient of 0.75. The margins of error for the predicted mean and standard deviation
against those of the test data were 36% and 26%, respectively. Given that the experimental beams were
independently designed and tested by a number of researchers, such a range of prediction error appears to be
inevitable [13]. Although some discrepancy was noticed between the test and prediction, it is reasonable to conclude
that the RSM model developed can represent the behavior of FRP-strengthened beams in terms of effective strains.
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EFFECT OF PARAMETER VARIATION
The effect of the aforementioned RSM parameters and the mutual interaction between two selected attributes and
FRP-debonding were studied in the following subsections.

Effect of a Single Parameter

Figure 2 shows the variation of effective strains with respect to the RSM parameters, including FRP thickness (z),
steel reinforcement ratio (p), concrete strength (f°.), beam height (%), beam width (w), span length (L), and shear
span (). It was found that the effective strain of FRP tended to decrease with an increase in the 4, L, p, and ¢
parameters, while tended to increase when the w, 1%, and a parameters were raised. The physical interpretation of
each attribute is discussed as follows:

o  FRP thickness [Fig. 2(a)]: as explained previously, FRP thickness influences the development of interfacial
stress along the bond-line. From a mechanics point of view, the interfacial stress is a function of hyperbolic
trigonometry with respect to FRP thickness [14]

o Steel reinforcement ratio [Fig. 2(b)]: when more steel reinforcing bars are used the flexural rigidity of the
beam augments (i.e., the stiffness of the beam increases), thereby accelerating the development of normal
stresses along the bonded FRP. It should, however, be noted that such an increase in flexural rigidity may
not be significant, which is in conformance with the variation range of the effective strain given in Fig. 2(b)

o  Concrete strength [Fig. 2(c)]: FRP-debonding occurs inside a concrete substrate in most cases since the
strength of the concrete cover is less than that of a bonding agent. An increase in concrete strength can,
therefore, increase resistance to the occurrence of FRP-debonding

o  Beam height [Fig. 2(d)]: the effect of beam height is in principle analogous to that of the steel
reinforcement ratio, provided that an increase in beam height results in an increase in flexural rigidity

e  Beam width [Fig. 2(e)]: as the width of a beam soffit becomes wider, interfacial stresses are reduced due to
an increased contact area. The full coverage of a beam substrate by FRP is thus generally recommended in
practice

e Beam length [Fig. 2(f)]: the bending moment of a beam is directly proportional to its span length so that
any increase in flexural moment detrimentally affects the behavior of the strengthened beam, which entails
an increased probability of FRP-debonding.

o Shear span [Fig. 2(g)]: the applied shear stress to the interfacial layer is redistributed when the length of a
shear span increased, which is similar to the stress-reduction mechanism discussed in the beam width
parameter.

According to the RSM prediction (Fig. 2), significant parameters influencing the effective strain of a strengthened
beam were FRP thickness, beam width, beam length, and shear span. Given the geometric properties of an existing
beam may not be controllable when a strengthening design is conducted, attention should be paid to the thickness of
FRP: if thick FRP sheets are necessary to meet the requirement of flexural strengthening, additional thoughts shall
be necessary such as use of anchorage for addressing premature debonding failure, in addition to a debonding strain
check as per design guidelines. Table 4 lists the results of multivariate analysis of variance (MANOVA), including F
statistics for individual parameters. All parameters were statistically meaningful at a confidence level of 95% except
for the beam height (%) and steel reinforcement ratio (p). The most influential factor was the FRP thickness (\/;),

followed by the beam width (w) and concrete strength (\E ). These observations statistically confirm the

contributing parameters of mechanics-based FRP-debonding models [14], namely, the occurrence of debonding
failure is dominated by the extent of interfacial stresses that are a function of FRP thickness and bonded area as well
as the substrate concrete strength.

Interaction between Two Parameters

Figures 3 to 8 exhibit the mutual interaction between the RSM parameters influencing the effective strain of FRP-
strengthened beams. The variation range of each parameter was taken from the maximum and minimum values of
those listed in Table 1. When two parameters were simultaneously compared, all other parameters mentioned earlier
were set to their average values (Table 2). The interaction effect of beam height (%) along with other parameters is
provided in Fig. 3. It was found that a combination of the beam height (%) and beam length (L) parameters had the
most significant impact on the variation of effective strains ranging from 0% to 3.5% [Fig. 3(b)], while that of the
beam height (%) and steel reinforcement ratio (p) was least influential on the effective strain development from 0%
to 0.8% [Fig. 3(c)]. It should be worthwhile to note that the efficacy of FRP-strengthening is virtually none when the

4
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effective strain value of 0% is associated. Figure 4 is dedicated to the contribution of the beam width parameter (w).
The interaction between the beam width (w) and beam length (L) parameters was noticeable [Fig. 4(a)], given a
large variation in effective strain was predicted up to 7%. A combination between the beam length (L) and FRP
thickness (z) parameters resulted in a substantial effect on developing effective strains from 0% to 8% when
compared to other cases, as shown in Fig. 5. The interaction effect of steel reinforcement ratio (p) is given in Fig. 6.
The effective strain of FRP-strengthened beams changed from 0.3% to 0.7% when the concrete strength (/)
parameter increased from 20 MPa to 80 MPa at a reinforcement ratio of 0.5% [Fig. 6(a)]; on the other hand, the
variation range of the effective strain enlarged as the reinforcement ratio (p) approached 4% where effective strains
varied from 0% to 0.8%. As shown in Fig. 6(b), a simultaneous increase in steel reinforcement ratio (p) and FRP
thickness () caused a consistent decrease in effective strain. Although a high reinforcement ratio tended to reduce
the effectiveness of FRP-strengthening (i.e., low effective strain), such a trend became compensated with an increase
in shear span length [Fig. 6(c)] due to the stress redistribution mechanism explained earlier. Figure 7(a) illustrates
that the shear span parameter (a) was much more susceptible to the development of effective strain than concrete
strength (f°;). The contribution of the FRP thickness (#) and shear span (a) parameters was however similar, as
shown in Fig. 7(b). The last interaction effect was provided in Fig. 8, including the concrete strength (/) and FRP
thickness (#) parameters. When an FRP thickness increased from 0 mm [0 in] to 5 mm [0.2 in] at a concrete strength
of 20 MPa [2900 psi], the effective strain was reduced from 0.3% to 0%. Such a change in effective strain became
more pronounced as a concrete strength augmented. For instance, the effective strain decreased from 0.9% to 0.2%
and 1.3% to 0.4% with a variation in FRP thickness from 0 mm [0 in] to 5 mm [0.2 in] at a concrete strength of 50
MPa [7250 psi] and 80 MPa [11600 psi], respectively. It should be noted that an FRP thickness of 0 mm [0 in] given
in Fig. 8 can indicate a very thin thickness of FRP sheet (e.g., - = 0.167 mm [0.0066 in], [15]), rather than an
unstrengthened case.

FRAGILITY OF FRP-DEBONDING AND PERFORMANCE RELIABILITY
The structural fragility of FRP-debonding associated with performance reliability was predicted using a
conventional standard log-normal cumulative probability density function and the joint RSM-MCS method. Below
is a summary of the modeling approaches taken and technical discussion.

Model Formulation
Conventional fragility approach
The probability of debonding occurrence may be predicted by Eq. 3 [16]:

py -0 In(s,/8,)

3)
VB2 + B

where @[ |, S, S., Ba, and S. are the standard normal distribution function, the demand of FRP-debonding, the

median capacity of FRP-concrete interface, and corresponding logarithmic standard deviations, respectively. The
demand of FRP-debonding may be expressed by [16]:

S, = x%e’ (4)

where x is the RSM parameter and « and b are the regression coefficients of the FRP-effective strain (&.) which can
be obtainable from Egs. 2 and 5:

In(s,)=aln(x)+b ()

To generate a conventional FRP-debonding fragility curve, the experimental effective strains corresponding to the
metrics listed in Table 1 was used to calculate the probability of exceedance related to the constituent parameters.
Figure 9(a) typically shows how to obtain the regression coefficients a and b using a relationship between the
effective strain and beam width. The slope and intercept of the best-fit line provided the following coefficients: a =
0.1804 and b = -1.5628. The demand of FRP-debonding (S,) and its standard deviation (5,) were then computed for
each beam width of the 230 experimental beams listed in Table 1. The median capacity of the FRP-concrete
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interface (S.) and corresponding standard deviation (5.) were estimated for the 230 beam data using the equation
proposed by Kim and Harries [17]:

0.1 '
¢ - 0.05( wa L (©)
100 \ ALp ty
in which all the variables are defined earlier and their units are in mm and MPa. The solved results were substituted
into Eq. 3 to determine the exceedance probability of a specific value for all the parameters associated with FRP-

debonding (Eq. 2). Finally, the performance reliability (R,) of an FRP-strengthened beam in terms of debonding
resistance is obtained:

Joint RSM-MCS fragility

Best-fit distribution functions for each parameter given in Table 1 were acquired using the allfitdist feature of the
MATLAB software [18] that can fit various types of probability distributions within an empirical distribution range.
The fitted distribution functions were linked with MCS for numerical iteration assisted by the Cristal Ball software
[19]. Two kinds of parameters were taken into consideration: governing and non-governing parameters. The value of
a governing parameter was fixed, whereas that of a non-governing parameter was randomly selected within a
boundary of the fitted distribution function. For example, FRP thickness has a substantial variation within the given
interval [Fig. 2(a)] so that this attribute can be considered a governing parameter. The rest of non-governing
parameters, including steel reinforcement ratio, beam height, beam width, beam length, concrete strength, and shear
span, are sampled in random order from their intervals at a certain FRP thickness for the generation of an FRP
variation-based fragility curve. The effective strains generated by the MCS (10,000 random samples per parameter)
were compared with those predicted by Eq. 6 so that the probability of exceedance could be estimated for a specific
governing parameter. A value in a fragility curve is then created for a certain failure level in conjunction with
effective strains. Such a process is repeated at other failure levels to generate a fragility curve for different failure
levels of another governing parameter. Lognormal functions were also fitted to the simulated data of each parameter.
For example, Fig. 9(b) reveals an example plot for the beam width parameter with respect to effective strains. The
intercept and slope of the fitted line on a lognormal distribution response were taken as the mean and standard
deviation of the logarithmic relationship between the effective strain and beam width and were used for developing
an MCS fragility curve.

Predicted Performance Reliability

Figure 10 shows the predicted performance reliability of each RSM parameter, along with a comparison between the
conventional and RSM-MSC approaches. Figure 10(a) emphasizes the effect of FRP thickness. The reliability of the
FRP-concrete interface estimated by the conventional method at an FRP thickness of 1 mm, 2 mm, 4 mm, and 6 mm
was 60%, 25%, 12%, and 7%,, respectively, while corresponding RSM-MSC solutions provided 58%, 25%, 18%,
and 15%. This appears that there is no significant discrepancy at all values of the FRP thickness between these two
approaches. The contribution of a steel reinforcement ratio to performance reliability was not substantial unlike the
case of the FRP thickness parameter, as shown in Fig. 10(b) where a variation range between 60% and 40% was
predicted. Given a steel reinforcement ratio less than 2% is typically used in practice, the performance reliability of
strengthened beams may be regarded as 50% irrespective of the steel ratio. Figure 10(c) illustrates a relationship
between the reliability and concrete strength. When the concrete strength of the strengthened beam was less than 30
MPa [4350 psi], the reliability was maintained below 30%. Such a low level of reliability, however, gradually
increased with an increase in concrete strength. These observations imply that aged concrete structures with a low
concrete strength (e.g., 20 MPa [2900 psi] or less) may need extra care when a strengthening design is carried out.
Figures 10(d) through (g) depict the effect of beam geometry on the variation of reliability. The contribution of the
beam length parameter [Fig. 10(f)] was relatively less significant than that of other parameters. The significant
discrepancy between the conventional and the RSM-MSC methods shown in Fig. 10(f) is attributed to the fact that
the slope and intercept of the best-fit line created by the conventional method, using the effective strains
corresponding to discrete points of beam length from the limited experimental database, are not identical to those
created by the RSM-MCS with the corresponding effective strains that were replicated via the RSM.
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SUMMARY AND CONCLUDING REMARKS

This study has examined performance reliability associated with the structural fragility of FRP-strengthened beams
(i.e., effective strain) based on a conventional standard log-normal cumulative probability density function and the
proposed joint RSM-MCS method. A large set of 230 experimental data was employed to develop an RSM function
for FRP-strengthened beams and the response of unstrengthened beams was outside the scope of the research. The
effect of various geometric configurations, that is to say a size effect, was examined when interacting with other
physical attributes. The conventional and the proposed approaches exhibited nearly indistinguishable responses for
most parameters, excluding the beam length parameter, and hence further refinement appears to be necessary to
claim the effectiveness of the proposed approach. Nevertheless, an ultimate merit of the application of joint RSM-
MCS to the experimental beam data is its flexibility for efficient use in their performance reliability and parametric
studies to examine the single effect and mutual interaction between RSM parameters. Specifically, studied was the
mutual interaction between the RSM parameters and FRP-debonding. The effective strain of the FRP-concrete
interface was influenced by a number of attributes such as stress redistribution along the bond-line, flexural rigidity
of the strengthened beam, failure plane, and external loading conditions. With an increase in the beam height and
length, steel reinforcement ratio, and FRP thickness parameters, the effective strains were reduced; however, the
effect of the beam width, concrete strength, and shear span parameters showed an opposite trend. The mutual
interaction between the RSM parameters revealed that the beam geometry (i.e., length, width, height, and shear
span) and FRP thickness were significant factors affecting the effective strain development. The contribution of
concrete strength was somewhat notable, while that of a reinforcement ratio was negligible. The degree of surface
preparation for a concrete substrate could be another parameter to consider, whereas most published papers did not
provide quantifiable information which restricted a mathematical formulation in the current investigation. The
predicted performance reliability illustrated that the risk of FRP-debonding failure was substantially raised when an
FRP thickness increased and when a low concrete strength was used.
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Table 1— Experimental database of FRP-strengthened beams partially reproduced based on [17]
Beam h w L fe p t a
Reference ID (mm) | (mm) | (mm) | MPa) | (%) | (mm) | (mm)
Ahmed [20] AF.2 225 125 1500 41 0.36 0.33 500
Af.2-1 225 125 1500 41 036 | 0.33 500
AF.3 225 125 1500 41 036 | 0.33 500
AF.4 225 125 1500 41 0.36 0.33 500
DF.1 225 125 1500 42 054 | 0.17 500
DF.2 225 125 1500 42 0.54 0.33 500
DF.3 225 125 1500 40.5 0.54 05 500
DF.4 225 125 1500 40.5 054 | 0.67 500
BF.2-1 225 125 1500 41 0.36 0.33 500
BF.3-1 225 125 1500 41 0.36 0.33 500
CF.2-1 225 125 1500 43 0.46 0.33 500
CF.3-1 225 125 1500 43 054 | 0.33 500
CF.4-1 225 125 1500 43 0.74 | 0.33 500
EF.1-1 225 125 1500 46 0.54 0.33 500
EF.3-1 225 125 1500 38 0.54 0.33 500
EF.4-1 225 125 1500 33 0.54 0.33 500
FF.2-3 225 125 1500 39.5 0.54 05 700
Aidoo et al. [21] CS 825 343 8840 45 2.62 1.4 4420
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Reference Beam h " L Je P fr “
ID (mm) (mm) (mm) | (MPa) | (%) | (mm) | (mm)
Arduini et al. [22] S-TiL1p 240 1500 4500 38.8 0.25 | 0.165 1500
S-T2L1 240 1500 4500 38.8 0.78 | 0.165 1500
S-T2L.2 240 1500 4500 38.8 0.78 0.66 1500
S-T3L1 240 900 4500 38.8 0.57 0.165 1500
S-T3L2 240 1500 4500 38.8 0.34 | 0.165 1500
S-T4L1 240 1500 4500 38.8 2.02 | 0.165 1500
S-T4L2 240 1500 4500 38.8 2.02 0.33 1500
Beber et al. [23] VR5 250 120 2349 33.6 0.52 0.44 783
VR6 250 120 2349 33.6 0.52 0.44 783
VR7 250 120 2349 33.6 0.52 0.77 783
VRS 250 120 2349 33.6 0.52 0.77 783
VR9 250 120 2349 33.6 0.52 1.1 783
VR10 250 120 2349 33.6 0.52 1.1 783
Brena et al. [24] Al 356 203 2690 35.1 0.56 0.33 1065
A2 356 203 2690 35.1 0.56 0.33 1065
A3 356 203 2690 35.1 0.56 0.33 1065
A4 356 203 2690 37.2 0.56 | 0.165 1065
Bl 356 203 2690 37.2 0.56 0.336 1065
B3 356 203 2690 37.2 0.56 0.336 1065
C1l 406 203 3000 35.1 0.49 2.08 1220
C2 406 203 3000 35.1 0.49 2.08 1220
C4 406 203 3000 37.2 0.49 2.08 1220
D1 406 203 3000 37.2 0.49 1.19 1220
D2 406 203 3000 37.2 0.49 1.19 1220
D3 406 203 3000 37.2 0.49 2.38 1220
Ceroni & Prota [25] A2 100 150 1800 29 0.67 | 0.165 750
A3 100 150 1800 29 0.67 0.165 750
Chan & Niall [26] S6-50-0 100 330 2500 53.36 0.34 1.2 850
S6-50-1 100 330 2500 53.36 0.34 1.2 850
S8-50-0 100 330 2500 53.36 0.61 1.2 850
S8-50-1 100 330 2500 53.36 0.61 1.2 850
Chicoine [27] PO 300 200 3000 44.3 0.26 0.9 1000
P1 300 200 3000 44.3 0.26 0.9 1000
P3 300 200 3000 44.3 0.26 0.9 1000
David et al [28] P4 300 150 2800 40 0.68 6 900
P7 300 150 2800 40 0.68 1.2 900
Dimande [29] V.A 100 75 900 46.9 0.75 0.117 450
V.B 100 75 900 46.9 0.75 0.117 450
V.C 100 75 900 46.9 0.75 | 0.117 450
V.D 100 75 900 46.9 0.75 | 0.117 450
V.E 100 75 900 46.9 0.75 0.117 450
V.F 100 75 900 46.9 0.75 0.351 450
V.G 100 75 900 46.9 0.75 0.351 450
V.H 100 75 900 46.9 0.75 14 450
Fang [30] Bl 200 150 1500 24.96 0.50 0.11 550
B2 200 150 1500 24.96 0.50 0.11 550
B3 200 150 1500 24.96 0.50 0.11 550
Fanning & Kelly [31] F10 240 155 2800 80 0.91 1.2 1100
F3 240 155 2800 80 0.91 1.2 1100
F4 240 155 2800 80 0.91 1.2 1100
F5 240 155 2800 80 0.91 1.2 1100
F6 240 155 2800 80 0.91 1.2 1100
F7 240 155 2800 80 0.91 1.2 1100
F8 240 155 2800 80 0.91 1.2 1100
F9 240 155 2800 80 0.91 1.2 1100
Gao et al. [32] BB1 200 150 1500 35.7 0.52 0.22 500
BB2 200 150 1500 35.7 0.52 0.22 500
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Reference Beam h W L S p I 4
ID (mm) (mm) (mm) | (MPa) | (%) | (mm) | (mm)
BB3 200 150 1500 35.7 0.52 0.22 500
BB4 200 150 1500 35.7 0.52 0.44 500
BB5 200 150 1500 35.7 0.52 0.44 500
BB6 200 150 1500 35.7 0.52 0.44 500
Garden & Hollaway [33] Can-05 100 100 1174 51.2 0.85 0.82 587
Can-06 100 100 1544 51.2 0.85 0.82 772
Can-07 100 100 1544 51.2 0.85 0.82 772
Garden et al [34] 1Au 100 100 900 57.9 0.85 0.5 300
2AuU 100 100 900 57.9 0.85 0.5 340
3AuU 100 100 900 57.9 0.85 0.5 400
1Bu 100 100 900 57.9 0.85 0.7 300
1B2u 100 100 900 57.9 0.85 0.7 300
2Bu 100 100 900 57.9 0.85 0.7 340
3Bu 100 100 900 57.9 0.85 0.7 400
1Cu 100 100 900 57.9 0.85 1 300
2Cu 100 100 900 57.9 0.85 1 340
3Cu 100 100 900 57.9 0.85 1 400
Garden et al [35] 1U1.0 100 100 1000 44.8 0.85 0.82 300
2U1.0 100 100 1000 44.8 0.85 0.82 300
3U1.0 100 100 1000 44.8 0.85 0.82 340
4U1.0 100 100 1000 44.8 0.85 0.82 400
5U1.0 100 100 1000 44.8 0.85 0.82 400
1U2.3 230 130 2300 39 0.79 0.82 845
1U4.5 230 145 4500 39 0.68 0.82 1525
Grace et al. [36] C-3 254 152 2440 55.2 1.04 1.9 839
Juvandes [37] LA3R 76 441 1600 60.2 0.25 0.222 550
LB1R 81 438 1600 61.6 0.24 0.222 550
LC3R 81 425 1600 65.8 0.25 0.222 550
LC4R 77 445 1600 65.5 0.25 0.222 550
LA4S 80 435 1600 60.3 0.24 1.2 550
LB2S 85 439 1600 61.8 0.23 1.2 550
LC1S 81 439 1600 65.6 0.24 1.2 550
LC2S 85 438 1600 65.7 0.23 1.2 550
LD3BL 85 433 1600 49.2 0.23 1.4 550
LD4BL 81 445 1600 49 0.24 1.4 550
LE3I 82 437 1600 50.2 0.24 1.4 550
LE4I 78 441 1600 50.2 0.25 1.4 550
Al 150 100 1500 31.6 1.05 1.2 650
A4 150 100 1500 38.4 1.05 1.2 650
B.7 150 75 1500 36 0.13 1.2 650
B.11 150 75 1500 32.4 0.13 1.2 650
C5 150 150 1410 21.3 2.01 1.2 605
Kaminska and Kotynia [38] B-04/S 300 150 3000 28.5 0.35 1.2 800
BO¥S | 300 150 | 2100 | 285 | 035 | 1.2 | 800
B-04/M 300 150 3000 29.7 0.35 1.2 800
B-04/M
121 300 150 2100 29.7 0.35 1.2 800
B-06/S 300 150 3000 32.3 0.50 1.2 800
B-06/S 300 150 3000 32.3 0.50 1.2 800
B-08/S 300 150 3000 33.8 0.75 1.2 800
BO-08/S 300 150 3000 36.5 0.75 1.2 800
BF-
04/0.55 300 150 3000 33 0.35 1.2 1500
BF-06/S 300 150 3000 325 0.50 1.2 1500
Kim et al. [39] SRP 30 150 100 1110 46.2 1.33 1.2 555
SRP 60 150 100 1110 46.2 1.33 1.2 555
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Reference Beam h " L Je P fr “
ID (mm) (mm) (mm) | (MPa) | (%) | (mm) | (mm)
SRP 100 150 100 1110 46.2 1.33 1.2 555
Kotynia and Kaminska [40] B-08M 300 150 4200 37.3 0.50 1.4 1400
B-08Mk 300 150 4200 32 0.50 14 1400
B-08Mn 300 150 4200 38.2 0.50 14 1400
B-08S 300 150 4200 32.3 0.50 1.2 1400
B-083m 300 150 4200 34.4 0.50 1.14 1400
B-083mb 300 150 4200 25.8 0.50 0.76 1400
BO-
08Smb 300 150 4200 274 0.50 12 1400
Matthys [41] BF2 450 200 3800 36.5 0.89 1.2 1250
BF3 450 200 3800 34.9 0.89 1.2 1250
BF4 450 200 3800 30.8 0.89 1.2 1250
BF5 450 200 3800 37.4 0.89 1.2 1250
BF8 450 200 3800 39.4 0.45 1.2 1250
BF9 450 200 3800 33.7 0.45 1.2 1250
B3 400 300 3800 30 0.33 0.51 1100
M'Bazaa [42] PO 300 200 3000 44.3 0.33 0.9 1000
Ngyuen et al. [43] A950 95 120 1500 32.1 2.07 1.2 250
A1100 95 120 1500 32.1 2.07 1.2 250
A1150 95 120 1500 32.1 2.07 1.2 250
Bl 93 120 1500 44.6 0.51 1.2 250
B2 100 120 1500 44.6 5.24 1.2 250
C5 135 120 1500 25.1 1.45 1.2 240
C10 125 120 1500 25.1 1.57 1.2 240
C20 105 120 1500 25.1 1.87 1.2 240
Quantrill et al. [44] Alb 100 100 1000 58.1 | 0.85 1.2 300
B2 100 100 1000 44 0.85 1.2 300
B3 100 100 1000 44 0.85 1.2 300
B4 100 100 1000 44 0.85 1.6 300
Quattlebaum et al. [45] CS 254 152 4600 29.9 0.98 14 2300
Rahimi & Hutchinson [46] A4 150 200 2100 54 0.52 0.8 750
A5 150 200 2100 54 0.52 0.8 750
A6 150 200 2100 54 0.52 1.2 750
A7 150 200 2100 54 0.52 1.2 750
A8 150 200 2100 54 0.52 0.8 750
A9 150 200 2100 54 0.52 0.8 750
B3 150 200 2100 54 0.52 0.4 750
B4 150 200 2100 54 0.52 0.4 750
B5 150 200 2100 54 0.52 1.2 750
B6 150 200 2100 54 0.52 1.2 750
B7 150 200 2100 54 0.52 1.8 750
B8 150 200 2100 54 0.52 1.8 750
Reeve [47] L1 250 150 4537 23.3 1.01 14 2268.5
L2 250 150 4537 23.3 1.01 14 2268.5
L2x1 250 150 4537 23.3 1.01 14 2268.5
L4 250 150 4537 23.3 1.01 14 2268.5
H1 250 150 4537 23.3 1.01 14 2268.5
H2 250 150 4537 23.3 1.01 14 2268.5
H2x1 250 150 4537 23.3 1.01 14 2268.5
H4 250 150 4537 23.3 1.01 14 2268.5
Ritchie et al. [48] C 305 152 2438 40 055 | 48 915
D 305 152 2438 40 0.55 4.8 915
G 305 152 2438 43.2 0.55 4.2 915
| 305 152 2438 40 0.55 4.06 914
M 305 152 2438 43.2 0.55 1.27 914
F 304.8 152 2438 35 0.67 9.4 914.4
L 304.8 152 2438 35 0.67 1.27 914.4
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Reference Beam h W L S p I 4
ID (mm) (mm) (mm) | (MPa) | (%) | (mm) | (mm)
Ross et al. [49] Bl 200 200 2742 54.8 0.46 4.5 914
B2 200 200 2742 54.8 0.83 45 914
B3 200 200 2742 54.8 1.24 4.5 914
B4 200 200 2742 54.8 1.83 4.5 914
B5 200 200 2742 54.8 2.50 4.5 914
B6 200 200 2742 54.8 3.30 4.5 914
Saadatmanesh and Ehsani [50] B 455 205 4575 35 1.05 6 1982
D 455 205 4575 35 1.05 6 1982
Sharif et al. [51] P3 150 150 1180 37.7 0.70 3 393
P2 150 150 1180 37.7 0.70 2 393
Shin & Lee [52] R20 250 150 2200 18 0.71 0.22 800
R30 250 150 2200 18 1.06 0.22 800
Spadea et al [53] All 300 140 4800 249 | 096 1.2 1800
A3.1 300 140 4800 24.9 0.96 1.2 1800
Tan and Mathivoli [54] A00 150 100 1800 28.6 1.05 0.22 600
A15 150 100 1800 314 1.05 0.22 600
A25 150 100 1800 29.7 1.05 0.22 600
A40 150 100 1800 314 1.05 0.22 600
A60 150 100 1800 28.6 1.05 0.22 600
A75 150 100 1800 28.5 1.05 0.22 600
A90 150 100 1800 30.1 1.05 0.22 600
Teng et al. [55] GS1-1 151.2 302 2000 | 22556 | 0.34 | 1.27 | 1000
CS1-I 150.8 303 2000 21.44 0.34 | 0.165 | 1000
CP1-I 150.5 301.5 2000 27.04 0.69 1.2 1000
CP2-I 151.9 303.6 2000 37.68 0.68 1.2 1000
Triantafillou & Plevris [56] B4 127 76 1220 43.58 0.39 0.65 458
B5 127 76 1220 43.58 0.39 0.65 458
B6 127 76 1220 43.58 0.39 0.9 458
B7 127 76 1220 43.58 0.39 0.9 458
B8 127 76 1220 43.58 0.39 1.9 458
Tumialan et al. [57] Al 300 150 2130 50.6 1.76 | 0.165 | 1065
A2 300 150 2130 50.6 1.76 0.33 1065
A7 300 150 2130 50.6 1.76 0.33 1065
Cl 300 150 2130 50.6 1.76 0.165 1065
White et al. [58] RA 300 150 2800 45.6 1.56 0.44 1000
RB 300 150 2800 45.6 1.56 0.44 1000
Xiong et al. [59] CF1 150 120 1800 15.68 1.26 0.11 600
GF1 150 120 1800 15.68 1.26 0.08 600
CF3 120 80 1200 15.68 2.36 0.11 400
Ye et al. [60] BMO 200 400 3760 40.24 1.15 0.111 1380
Yi & Huang [61] B 06 180 100 2000 32.64 0.84 0.22 700
B 08 180 100 2000 34 0.84 0.33 700
Zhao et al. [62] LL-3 250 150 1600 20.16 0.60 | 0.166 600
LL-4 250 150 1600 33.12 0.60 0.166 600
LL-5 250 150 1600 20.16 0.82 0.083 600

h = beam height; w = beam width; L = span length; a = shear span; /°. = concrete strength in compression; p = steel
reinforcement ratio; #-= FRP thickness; @ = shear span length
[1 mm =0.0394 in; 1 MPa = 145.038 psi]
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Table 2—Auverage property of RSM parameters
Parameter Property
212.9 mm [8.4 in]
204.3 mm [8.0 in]
2301.4 mm [7.6 ft]
0.79%
856.2 mm [33.7 in]
6.37

0.95

ﬁ?‘ab =~ =

Table 3—Statistical coefficients for RSM parameters

Parameter Coefficient Parameter Coefficient Parameter Coefficient Parameter Coefficient
o 0.699981860 Lo 0.000003708 Pis -0.000001620 S27 -0.000003888
i -0.000222101 Bio -0.000000073 b1y 0.000394565 Pas 0.031525656
b2 0.000875085 pii -0.001131978 P20 -0.001042398 29 -0.047545024
B3 -0.000075095 L2 0.000000265 )2y, 0.000000078 Pso 0.000000146
P4 -0.030622844 B3 -0.000004066 P22 0.000131358 Ps1 -0.000056777
ps 0.000119648 P4 0.000755277 J2% -0.000000219 P32 -0.000947194
Ps 0.086594988 pis -0.000000676 P24 0.000043769 P33 -0.004190976
b7 -0.764317041 Pis 0.000000399 p2s 0.000474248 P34 -0.055246108
Ps -0.000001033 L7 -0.000295394 B2 -0.008112305 Pss 0.257868896

Table 4—Multivariate analysis of variance
Parameter F statistics Significance

h 0.1763 0.6750

w 61.3873 <0.0001"

L 13.1175 0.0004"

P 3.46 0.0642

a 7.6919 0.0060"
N fc‘ 32.2942 <0.0001"
J 391.2163 <0.0001*

*: statistically meaningful at a confidence level of 95%

,_z.: ] x RSM
= <1 * Experimental
118 & . .
2 !' ] L o'i I o !
'E 0.5 | x x X x :
0 0.5 1 1.5 2 2.5
FRP thickness (mm)

[1 mm =0.0394 in]

Fig. 1—Comparison between RSM and experimental effective strains with respect to FRP thickness
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Fig. 2—Effect of single RSM parameters on effective strain of FRP-strengthened beams: (a) FRP thickness; (b) steel
reinforcement ratio; (c) concrete strength; (d) beam height; (e) beam width; (f) beam length; (g) shear span



Response Surface Metamodel-based Performance Reliability for
Reinforced Concrete Beams Strengthened with FRP sheets
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Fig. 3—Interaction between beam height and other parameters: (a) beam width; (b) beam length; (c) steel
reinforcement ratio; (d) shear span; (e) concrete strength; (f) FRP thickness
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Fig. 4—Interaction between beam width and other parameters: (a) beam length; (b) steel reinforcement ratio; (c)
shear span; (d) concrete strength; (e) FRP thickness
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Fig. 5—Interaction between beam length and other parameters: (a) shear span; (b) concrete strength; (c) FRP
thickness; (d) steel reinforcement ratio
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Fig. 6—Interaction between steel reinforcement ratio and other parameters: (a) concrete strength; (b) FRP thickness;
(c) shear span

0
Effective Strain (%) 1.5

1 20 Conerete strength (MPa)
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Response Surface Metamodel-based Performance Reliability for
Reinforced Concrete Beams Strengthened with FRP sheets
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Fig. 9—Log-normal probability plot of effective strain for a range of beam width: (a) conventional method; (b)
joint RSM-MCS method
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Fig. 10—Reliability response of FRP-strengthened beams: (a) FRP thickness; (b) steel reinforcement ratio; (c)
concrete strength; (d) beam height; (e) beam width; (f) beam length; (g) shear span
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