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A B S T R A C T 

Methods for predicting the shear capacity of FRP shear strengthened RC beams assume the traditional 
approach of superimposing the contribution of the FRP reinforcing to the contributions from the reinforc­
ing steel and the concrete. These methods become the basis for most guides for the design of externally 
bonded FRP systems for strengthening concrete structures. The variations among them come from the 
way they account for the effect of basic shear design parameters on shear capacity. This paper presents 
a simple method for defining improved equations to calculate the shear capacity of reinforced concrete 
beams externally shear strengthened with FRP. For the first time, the equations are obtained in a 
multiobjective optimization framework solved by using genetic algorithms, resulting from considering 
simultaneously the experimental results of beams with and without FRP external reinforcement. The 
performance of the new proposed equations is compared to the predictions with some of the current 
shear design guidelines for strengthening concrete structures using FRPs. The proposed procedure is also 
reformulated as a constrained optimization problem to provide more conservative shear predictions. 

1. Introduction 

Strengthening methods based on plate bonding with 
fiber-reinforced polymers (FRPs) are gaining acceptance all over 
the world to retrofit concrete structures [1,2]. Nowadays, one of 
the major applications of FRP composites for strengthening 
reinforced concrete (RC) members is their use as additional web 
reinforcement to increase the shear capacity of the members. 
However, unlike methods for flexural strengthening, shear 
strengthening with externally bonded FRP laminates has not been 
addressed to the same extent [3-8]. 

Current shear design procedures assume that the nominal shear 
strength of an FRP externally strengthened concrete member can 
be determined by adding the contribution of the FRP reinforcing 
to the contributions from the reinforcing steel (stirrups, ties or 
spirals) and the concrete. The concrete contribution includes the 
dowel action from longitudinal steel reinforcement and is deter­
mined by empirically found relationships. In the standard design 
method, similar to the current US design practices, the concrete 
contribution is calculated for members without web reinforce­
ment. The contribution from steel stirrups is calculated by using 
the truss theory and, as with concrete contribution, is evaluated 

according to the current building code. Different truss models for 
FRP plate bonding have been proposed to evaluate the FRP contri­
bution [5,7,9-12,4]. 

However, despite the substantial amount of experimental and 
numerical work on this subject, accurately calculating the shear 
capacity of FRP shear strengthened RC beams remains a complex 
challenge that has not yet been fully resolved, as highlighted in 
the different design guidelines [13-17] proposed until now. 

The objective of this paper is to develop simple yet accurate 
shear design equations for FRP shear strengthened RC beams by 
dealing with the problem from a different point of view. The pro­
posed equations have been developed by using an optimization 
approach. To do this, experimental shear capacity results of a ser­
ies of reinforced concrete beams and FRP shear strengthened rein­
forced concrete beams have been taken as a reference. The 
optimization approach is developed in a multiobjective frame­
work by considering RC beams with and without FRP external 
reinforcement. Evolutionary algorithms, such as genetic algo­
rithms (GAs), are especially suitable for solving multiobjective 
problems when compared to standard optimization methods 
[18]. Furthermore, GAs are conceptually simple, easy to imple­
ment and yield accurate results when solving optimization prob­
lems, as has been demonstrated through their application to 
other kinds of problems such as design optimization problems 
[19,20] or structural identification [21,22]. 



The key features of the proposed procedure are outlined and 
examples are provided for evaluating the validity of the method 
by comparison with some current codes of practice and results 
from experimental tests. 

2. Current shear design equations 

The truss model, also known as the strut and tie model, has be­
come the basis for many concrete codes such as Eurocode 2 [23], 
the ACI code [24] and the Spanish EHE [25]. This model assumes 
that after cracking of the concrete, the behavior of a reinforced 
concrete beam becomes analogous to that of a truss with a top 
longitudinal compression cord, a bottom longitudinal tension cord, 
vertical steel ties and diagonal concrete struts. This model assumes 
that only the steel stirrups carry the tensile forces. In the standard 
design method, similar to the current US design practices and other 
codes, a concrete contribution without web reinforcement is added 
to the shear capacity. 

When the model is applied to FRP shear strengthened RC 
beams, in all existing design proposals, the design shear strength, 
VRd is evaluated from 

VRd = VC + VS + V, f (1) 

where Vc is the contribution of concrete, Vs is the contribution of the 
steel stirrups and V¡ is the contribution of the FRP. 

The shear strength of the concrete Vc for a cracked section 
depends on the dowel action of the longitudinal reinforcement, 
the diagonal tensile strength of the uncracked part of the concrete 
and the aggregate interlocking effect; Vc may be calculated 
according to the provisions in existing RC design codes using the 
expressions for shear strength provided by concrete without web 
reinforcement which are based on empirical data. 

One of the easiest ways to determine the concrete contribution 
is based on the dimensions of the member, b and d, and the com­
pressive strength of the concrete, /c': 

Vc = bd(fc) l/n (2) 

where n is usually equal to 2 or 3 depending on the code chosen. 
The contribution from steel stirrups can be expressed by using 

the truss theory as follows: 

Vs = (As/S)fyz cote (3) 

where As = area of the transverse stirrups at spacing s, fy = yield 
strength of the shear reinforcement, z is the flexural lever arm 
and 8 is the local inclination of the compression strut. 

By using truss analysis the contribution from the FRP can de­
scribed as 

nf (4) Vf = Z£fdEf-^- sin a/(cot a¡ + cot ff) 

where E¡, A¡ and s¡ are the elastic modulus and the area and the spac­
ing of the FRP reinforcement, respectively, a¡ is the angle for FRP 
reinforcement fiber direction in relation to the beam's longitudinal 
direction and E/d is the critical strain design value of the transversal 
FRP reinforcement. Besides angle Q, one of the key elements for pre­
dicting shear capacity in Eq. (4) is the calculation of an effective FRP 
strain. 

3. Multiobjective shear design problem 

The proposed approach to obtain shear design equations is 
developed as an optimization problem to define in a combined 
way equations for the shear design of RC beams with or without 
FRP external shear reinforcement and whose objective will be to 
minimize the difference between the measured shear strength of 

reinforced concrete beams with and without FRP external rein­
forcement and its calculated values. To this end, original forms 
of the expressions defining Vc, Vs and Vf such as defined in the 
previous section should be taken as the starting point. The equa­
tions should be the simplest and most accurate possible and 
should consider the main basic design parameters on the shear 
strength. 

Taking as reference Eq. (2), the original form of the equation for 
the concrete contribution has been considered as follows: 

Vc = 
(a/dfi 

(5) 

where Q, C2 and C3 are unknown coefficients to be determined. 
Although not considered in the design equations, the shear span/ 
depth ratio has been included since as some studies have demon­
strated [7,26] it has a high influence on the shear capacity. Other ef­
fects, such as the longitudinal steel reinforcement ratio, have not 
been included; it has been assumed, such as postulated in some 
codes that failure shear strength does not increase if this ratio is 
higher than a threshold and, therefore, a simplified procedure has 
been adopted. In any case, the inclusion of the longitudinal steel 
reinforcement ratio is not problematic in the proposed procedure 
since it requires only the inclusion of a new term, and therefore a 
new parameter. 

By analogy with Eq. (3), for the steel stirrups the following 
expression has been adopted 

Vs = C4(AS/S)fyz cot(C545) (6) 

where C4 and C5 are unknown coefficients to be determined. The 
form of this equation is well accepted and is similar in the different 
design equations, the main difference among them being in the 
choice of the crack inclination, 8. For this reason, a coefficient, C5, 
has been included to consider this aspect. 

In addition, the original form of the equation giving the contri­
bution of the FRP to the shear capacity has been considered as 
follows: 

Vf = C6Efdb sin o -̂(cot &¡ c o t ( C 5 4 5 ) ) £ / d ( ^ ) (7) 

where C6 and C7 are unknown coefficients and d is the depth of the 
effective beam section. Using experimental observations as a basis, 
a constant has been included to adjust more suitably the depen­
dence on the ratio p¡={t¡w¡ls¡b). Furthermore, two different equa­
tions should be considered for V¡ depending on if full-wrapped or 
U-wrapped strips are used for the shear strengthening; although 
it is true that some design guidelines neglect the difference, test re­
sults demonstrate that is incorrect to treat the two configurations, 
U-wrapping and full wrapping, as the same. 

The main objective of our design problem is to search for an 
optimum set of coefficients, C\ to C7, within the solution space in 
the above shear equations, for which the difference between the 
measured shear strength and that calculated using the final form 
of the optimized equations is minimal. To perform this, the prob­
lem will be developed in a multiobjective framework by simulta­
neously optimizing the equation to predict the shear capacity of 
reinforced concrete beams without FRP external shear reinforce­
ment and the equation to predict the shear capacity of FRP shear 
strengthened reinforced concrete beams. In both cases, the objec­
tive functions will be constructed as a measure of how well the 
model's predicted output agrees with the experimentally mea­
sured data and have an expression as follows: 

F1 = VexpRc — VpredRC = VexpRc — [Vc + Vs) pred 

F 2 = VexpRc+FRP — VpredRC+fRP = V expRC+fRP — [Vc + Vs + Vf) pred 

(8) 

(9) 



where VexpRC and VpredRC are the measured and the model-predicted 
shear capacities, respectively, in the case of beams without FRP 
external reinforcement, and VexpRC+FRp and VpredRC+FRp represent the 
same when FRP external reinforcement is added. 

3.1. Formulation of the multiobjective shear design problem 

The solution of a multiobjective problem like that posed in the 
previous section requires finding the values of the parameters (Q 
to C7) that simultaneously minimize the objectives 

F{{C}) = {F1{{C}),F2{{Q)) (10) 

where {C} = (Ci, C2, C3, C4, C5, C6, C7) is the vector grouping the coef­
ficients which define the shear equations. 

In multiobjective problems a set of solutions representing the 
trade-offs between the different objectives is sought rather than 
a unique optimal solution. The set of trade-off solutions is consti­
tuted by all the non-dominated solutions and is known as the 
Pareto optimal set or Pareto-optimal front. The non-dominated 
solutions are optimal in the sense that no other solutions in the 
search space are superior to them when all objectives are consid­
ered. No objective function can be improved from a Pareto optimal 
point without detriment to another objective function. The goal of 
multiobjetive optimization is to find the global Pareto optimal set. 

For solving the multiobjective optimization problem, GAs have 
been adopted [27]. The main motivation for using GAs to solve this 
problem is because GAs deal simultaneously with a population of 
possible solutions which allows finding several members of the 
Pareto-optimal set in a single run of the algorithm, instead of 
having to perform a series of separate runs, as in the case of con­
ventional mathematical-programming techniques. Because of this, 
GAs were used in this study to solve the optimization problem. 

Among the different proposed evolutionary algorithms well sui­
ted to solving the multiobjective optimization problem based on 
the concept of Pareto optimality, the Strength Pareto Genetic Algo­
rithm (SPGA) [28] has been used. The SPGA belongs to a second 
generation of multiobjective evolutionary algorithms born with 
the introduction of the notion of elitism. In the context of multiob­
jective optimization, elitism usually refers to the use of an external 
population to retain the non-dominated individuals found at each 
generation. For each individual in this external set, fitness is de­
fined through a strength value based on Pareto dominance. This 
strength is proportional to the number of solutions which a certain 
individual dominates. For an individual of the non-external set (i.e., 
the population), its fitness is calculated by adding " 1 " to the total 
sum of the strengths of all the external members that dominate 
it. With this mechanism, population diversity is maintained with­
out any explicit sharing. Additionally, the SPGA also incorporates a 
clustering procedure in order to keep the size of the external set 
while maintaining its characteristics. 

4. Experimental database 

To solve the optimization problem, two different databases 
were considered. The first collects the experimental results of 40 
RC beams without FRP external reinforcement. The database, in­
cluded in [29], and found mainly from tests results compiled by 
Cladera [30] and Bhatt and Kader [31], includes test results of sim­
ply supported RC beams subjected mostly to a concentrated load at 
the midspan at various shear span-to-depth ratios, strengths of 
concrete and steel, steel ratios and geometrical sizes with the pur­
pose of evaluating the method when applied to a different range of 
values. All the specimens failed in shear. 

The second database includes the experimental results of 89 RC 
beams externally shear strengthened with FRP using U-jacketing 

and full wrapping configurations, 49 beams strengthened by FRP 
U-jacketing and 40 beams strengthened by wrapping. The shear 
strength results were collected from published literature [12,32-
34]; all the specimens used in this work were collected such as 
grouped in [35]. Furthermore, the selected tests present a high 
diversity regarding the beam geometric ratios, reinforcement 
ratios, material properties and, therefore, failure loads. The beam 
parameters available from the experimental database are the load 
configuration, the geometry of the beam, the mechanical proper­
ties and configuration of concrete and internal reinforcement, 
and the geometry, configuration and mechanical properties of 
the external reinforcement. Only rectangular, simply supported 
beams were considered. 

5. Results 

As commented above, multiobjective GAs will provide equa­
tions capable of estimating the shear strength values of FRP shear 
strengthened RC beams as closely as possible to the experimentally 
measured ones. In all the studies performed in this study, the fol­
lowing parameters were chosen for the application of the proposed 
multiobjective genetic algorithm: (a) size of population = 100; (b) 
crossover probability = 0.6; (c) mutation probability = 0.03; (d) 
maximum number of generations = 200. These values are typical 
in GAs and were chosen after some previous numerical tests. Each 
parameter, Q to C7, has been coded into a 4-bit binary number and, 
then, the seven parameters have been translated into a chromo­
some of 28 bits length. A higher number of bits involves more pre­
cision in order to estimate the parameters. Once the optimal 
chromosome has been found, the parameter values are obtained 
through the inverse of the decoded values. The GA search space 
has been limited for each parameter separately by observing those 
equations provided by commonly used shear design standards and 
recommendations and after carrying out some previous numerical 
tests. The following range of values has been considered for each 
parameter: d = [0, 1]; C2 = [0, 1]; C3 = [0.1, 1]; C4 = [0, 2]; 
C5=[0.5, 1.3];C6 = [0, 2];C7 = [0.5, 2]. 

Taking into account the stochastic nature of GAs, 25 indepen­
dent runs were performed per GA and test problem in order to de­
crease the influence of random effects. 

As commented previously, one of the key elements for predict­
ing shear capacity is the calculation of an effective FRP strain. For 
this reason, to apply Eq. (7), the estimation of the FRP effective 
strain of the experimental beams used in the proposed multiobjec­
tive algorithm has been calculated with four design proposals, 
those proposed by the International Federation for Structural Con­
crete (FIB14) [13], the American Concrete Institute (ACI440) [14], 
the Concrete Society in the UK (TR55) [15] and the Italian National 
Research Council (CNR200) [16]. These proposals are summarized 
in Table 1. Therefore, four different predictions were obtained with 
the proposed approach. The values of the constants (Ci to C7) for 
each one of the predictions are shown in Table 2. As was expected, 
the parameter more sensitive to the design proposal considered to 
evaluate the FRP effective strain is C6 since, as observed in Eq. (7), it 
affects E[d directly and there is a high disparity in the criteria used 
for its calculation. Furthermore, a considerable increase is observed 
in its value when full wrapping configuration is observed, espe­
cially when ACI440, TR55 and CNR200 are used, since the FRP con­
tribution is higher in this case. According to the values obtained for 
C6, design guides underestimate the values of E¡d for full wrapping 
and overestimate them for U-wrapping. The values of the parame­
ter C7 show the linear increase of the FRP contribution with the ra­
tio pf, especially when a fully wrapped configuration is carried out. 
These results show the importance of considering differentiated 
approaches for both configurations. Another interesting aspect to 



Table 1 
FRP shear capacity and effective design strain according to different design guidelines. 
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Table 2 
Parameter values for the proposed equations. 

U-wrapping 
Fib 14 
CNR-DT 
TR55 
ACI 440.2R-02 

W-wrapping 
Fib 14 
CNR-DT 
TR55 
ACI 440.2R-02 

c, 

0.78 
0.83 
0.82 
0.72 

0.70 
0.63 
0.61 
0.67 

c2 

0.65 
0.59 
0.70 
0.67 

0.20 
0.12 
0.25 
0.34 

c3 

0.78 
0.76 
0.79 
0.79 

0.75 
0.75 
0.78 
0.78 

C, 

1.14 
1.17 
1.10 
1.21 

1.38 
1.09 
1.04 
1.09 

c5 

0.84 
0.82 
0.84 
0.87 

0.96 
0.86 
0.92 
0.92 

c6 

0.62 
0.56 
0.47 
0.68 

1.16 
1.35 
1.76 
1.40 

c7 

0.89 
0.90 
0.88 
0.90 

0.99 
0.96 
0.99 
1 

-z. 

E 

> 

300 

250 

7 no 

150 

100 

comment from Table 2 concerns the parameters, C1} C2 and C3, in­
cluded in the evaluation of concrete contribution (Eq. (5)). As ex­
pected, the predictions for these parameters do not vary 
appreciably according to the proposal chosen to estimate E¡d and 
depend mainly on the type of configuration of the external rein­
forcement. C3 values are very similar for both types of configura­
tion and Ci values are slightly higher when the U configuration is 
chosen although the differences are low. The main differences 
are related to the C2 parameter which affects the a\d ratio; C2 val­
ues show a higher influence of this ratio on Vc for the W configura­
tion. These results demonstrate the importance of considering the 
concrete contribution in the proposed model and, secondly, the 
importance of the equation chosen to predict Vc when computing 
the total shear resistance implementing the model. 

The performance of the shear equation optimized using the GA 
model for FRP shear strengthened reinforced concrete beams using 
U-jacketing and full wrapping configurations is illustrated in Figs. 1 
and 2, respectively, for both experimental data familiar and unfa­
miliar to the model. These last, not included in the development 
of the model, were used as validation set and include ten U- and 
seven W-jacketing beams. The predictions lie above or below the 
target line, i.e., the line where the predicted value is equal to the 
experimental value. The nearer the points gather around the diag­
onal line, the better the predicted values. From a comparison point 
of view, the linear regression slope and the linear correlation coef­
ficient for both strengthening configurations and for the four de­
sign proposals are shown in Table 3. The figures and Table 3 
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Fig. la. Comparison of shear strength obtained by the proposed equations for U-
wrapped configuration - Familiar data. 
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Fig. lb. Comparison of shear strength obtained by the proposed equations for U-
wrapped configuration - Unfamiliar data. 
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Fig. 2a. Comparison of shear strength obtained by the proposed equations for fully 
wrapped configuration - Familiar data. 
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Fig. 2b. Comparison of shear strength obtained by the proposed equations for fully 
wrapped configuration - Unfamiliar data. 

improve the 'theoretical' predictions carried out with the different 
design guidelines, both U and W configurations. Furthermore, 'the­
oretical' predictions are considerably worse when carried out for 
full wrapping in comparison with U-wrapping. 

Figs. 3 and 4 show the performance for all beams in the data­
base for both configurations, respectively, by using the ratio of 
measured to calculated shear strength, VexplVpred. In both figures, 
theoretical predictions with the different design guides and with 
the proposed approach are shown and confirm what is commented 
above. 

Taking into account that the problem was formulated in a mul-
tiobjective framework, predictions of shear capacities for RC beams 
without FRP external reinforcement were also obtained. In all the 
cases considered the average of the ratio VexplVpred for all the data-
set was close to one. 

6. Conservative equations 

As observed above, with the proposed model, the predicted 
shear capacities for some specimens turn out to be higher than 
the experimental results. Should a reasonably more conservative 
result be preferred, the optimization problem might be reformu­
lated as a constrained optimization problem. The constraints to 
which it should be subjected are: 

g¡ = max 
V, predRC+FRP ' V, expRC+FRP 

V, expRC+FRP 

siO ¡ = 1,2, (12) 

where m is the number of specimens used to obtain the model. 

6.1. Reformulation of the problem 

The constraints are incorporated into the optimization problem 
through the inclusion of a penalty in the objective function F2 (see 
Eq. (9)). The value of the penalty is dependent on the amount of 
each constraint violation present in a certain solution. 

There are many penalty functions schemes proposed for struc­
tural design. In this study, a multiplicative form of the objective 
function proposed by Gen and Cheng [38] has been used as 
follows: 

show, in general, for the proposed equations an overprediction of 
the shear capacity for full-wrapped configuration and an underpre-
diction in the case of U-jacketing. A higher correlation is obtained 
for W-wrapping which is due to a lower sparsity in the experimen­
tal dataset. Evidently, the more the amount of experimental data 
used to evaluate the unknown parameters in the proposed multi-
objective procedure, the better the predicted valued fits the pro­
posed equations. 

The statistical performance of the proposed model is shown in 
Table 4 on the whole of the experimental data for U-wrapping 
and full wrapping validation configurations. These predictions have 
been compared with those "theoretical" predictions provided by 
suitably combining some commonly used concrete codes and FRP 
design recommendations. Specifically, theoretical predictions given 
by EC2 [36] + FIB14, EC2 + CNR200, BS8110 [37] + TR55 and ACI318 
[24] + ACI440 have been included. The comparison is based on the 
average standard deviation (SD) and coefficient of variation (COV) 
of the ratio VeXp/Vpred. With the same purpose, Table 4 also shows 
the average absolute error (AAE) calculated for n specimens as 

MP = I y ^ \VexP ~ Vpred\ 
n i=1 Vexp 

100 (11) 

for the total set of data and for the validation data. 
In general terms, it is clear that, statistically, the predictions 

with the proposed procedure are very good and considerably 

F; I F2P (13) 

where F'2 = penalized objective function, m = total number of con­
straints and G, = adaptive functions of the constraints g, defined as: 

G¡ 
Abj 

bi(t) 
(14) 

where Afa¡ refers to the degree of violation of constraint i and is de­
fined as: 

At>, = max[0,g(-t>,(t)] (15) 

and where fa,{t) = penalty threshold for the ¡-th constraint, which is 
increasingly restrictive when the number of generation t of the GA 
progresses and is defined by the form: 

b,(t) 
Jho_ 
1 + i 

(16) 

where fa, 0 = penalty threshold for the ¡-th constraint used in the first 
generation of the GA. Therefore, the penalty is dynamically modi­
fied according to the present number of generation of the GA. The 
penalty threshold determines the value over which the constraint 
is considered active in the penalty factor P. 

The exponent k in Eq. (14) is a constant which adjusts the 
severity of the penalty. Values of 1 or 2 are usually proposed. 



Table 3 
Linear regression slopes and coefficients of correlation of all the predictions performed. 

Familiar data set Unfamiliar data set 

Fib 14 

0.82 
0.84 
1.29 
0.99 

CNR-DT 

0.85 
0.87 
1.13 
0.98 

TR55 

0.91 
0.84 
1.17 
0.98 

ACI 440.2R-02 

0.89 
0.84 
1.18 
0.97 

Fib 14 

0.84 
0.84 
1.03 
0.92 

CNR-DT 

0.88 
0.90 
0.85 
0.92 

TR55 

1.04 
0.86 
0.85 
0.94 

ACI 440.2R-02 

0.98 
0.86 
0.86 
0.94 

Linear regression slope (U-wrapping) 
Linear correlation coefficient (U-wrapping) 
Linear regression slope (W-wrapping) 
Linear correlation coefficient (W-wrapping) 

Table 4 
Average, SD, COV and AAE of VexpjVpre<j for the theoretical and predicted values. 

Theoretical values Predicted values (GAs) 

EC2 + Fib 14 EC2 + CNR-DT BS8110 + TR55 ACI 318-05 + ACI 440.2R-02 Fib 14 

1.05 
0.26 

24.78 
18.36 
1.24 
0.49 

39.22 
19.86 

CNR-DT 

1.05 
0.19 

18.42 
13.92 
1.18 
0.44 

37.54 
19.44 

TR55 

0.95 
0.23 

23.80 
21.04 

1.35 
0.41 

30.25 
23.95 

ACI 440.2R-02 

0.95 
0.22 

22.67 
20.35 
1.31 
0.46 

35.29 
25.39 

Average (U-wrapping) 
SD (U-wrapping) 
COV % (U-wrapping) 
AAE % (U-wrapping) 
Average (W-wrapping) 
SD (W-wrapping) 
COV % (W-wrapping) 
AAE % (W-wrapping) 

1.23 
0.35 

28.20 
19.63 

1.55 
0.60 

39 
28.88 

1.32 
0.36 

27.34 
23.43 

2.05 
0.62 

30.17 
48.03 

1.23 
0.34 

27.82 
22.08 

2.15 
0.50 

23.16 
50.45 

1.23 
0.29 

23.14 
21.54 

2.05 
0.64 

39 
46.77 
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Fig. 3a. Performance of proposed shear design equations when compared with 
theoretical predictions (U-jacketing). 
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theoretical predictions (U-jacketing). 

The election of the b i 0 coefficients is left to the designer. A value of 
0.01 for all of them has also performed reasonably well. 

According to Eq. (13), if there is no violation of constraints, the 
penalty factor P is one. In the event of one or more constraints 
being violated, the solution is unfeasible, and the value of the pen­
alty factor P describes quantitatively the degree of violation, i.e., 
the amount of constraints violation present in a certain solution. 
The higher this amount, the nearer a certain solution is to satisfy­
ing the constraints of the problem. 

6.2. Results 

As the previous prediction of shear capacities for RC beams 
without FRP external reinforcement, dependent only on the 
parameters Q to C5, was good, only the parameters C6 and C7 were 
updated when solving the constrained optimization problem of 
function F'2 (Eq. (13)). The values of the parameters C6 and C7 

shown in Table 5 were obtained. To solve the optimization 
problem, the same previous GAs parameters were used although 
in a monobjective framework. For U-wrapped configuration, the 
values of C6 and C7 increase when compared to the previous results 
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Fig. 3c. Performance of proposed shear design equations when compared with 
theoretical predictions (U-jacketing). 

(unconservative equations) being close to one for C6. For 
fully-wrapped configuration, predictions of C6 are also close to 
one which means a decrease regarding the previous estimations. 
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Fig. 4c. Performance of proposed shear design equations when compared with 
theoretical predictions (full wrapping). 
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theoretical predictions (full wrapping). 

In this last case, predictions for C7 increase, but more slightly than 
for the U-wrapped configuration. 

The performance of the new shear equations for both U-jacket­
ing and full wrapping configurations is illustrated in Figs. 5 and 6, 
respectively, for the whole set of data. As desired, the new equa­
tions provide more conservative shear capacity predictions. 

Table 6 shows the average, standard deviation (SD), coefficient 
of variation (COV) and AAE of the ratio VexplVpred. for the theoretical 
and predicted values. When compared to Table 4, the results show 
the logical tendency corresponding to more conservative 
equations. 

7. Conclusions 

A new method for satisfactorily estimating the shear capacity of 
RC beams externally shear strengthened with FRP has been pro­
posed. Adopting the traditional truss model as a starting point to 
determine the total shear capacity of RC beams shear strengthened 
with FRP, a new more realistic approach to the subject has been 
proposed for the first time based on the implementation of a mul-
tiobjective optimization problem. According to this new approach 
the simultaneous minimization of the difference between the mea­
sured shear strength of reinforced concrete beams with and with­
out FRP external reinforcement and its calculated values is carried 
out. In this way, taking into account the additive nature of the truss 
model, equations representing the contribution of all the terms in 
the total shear capacity for this kind of strengthening are obtained 
jointly. 

With the proposed method, new shear design equations have 
been developed; shear strength results calculated using the pro­
posed equations correspond well with the experimental results 
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Parameter values for the proposed equations - Conservative Equations. 
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