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Abstract: Strengthening of masonry members using externally bonded (EB) fiber-reinforced polymer
(FRP) composites has become a famous structural strengthening method over the past decade due
to the popular advantages of FRP composites, including their high strength-to-weight ratio and
excellent corrosion resistance. In this study, gene expression programming (GEP), as a novel tool,
has been used to predict the debonding strength of retrofitted masonry members. The predictions of
the new debonding resistance model, as well as several other models, are evaluated by comparing
their estimates with experimental results of a large test database. The results indicate that the new
model has the best efficiency among the models examined and represents an improvement to other
models. The root mean square errors (RMSE) of the best empirical Kashyap model in training
and test data were, respectively, reduced by 51.7% and 41.3% using the GEP model in estimating
debonding strength.
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1. Introduction

Masonry buildings have been utilized from time immemorial and, these days, because of aging,
material degradation, and structural variations, members’ performances often need to be strengthened.
In this case, fiber reinforced polymer (FRP) composites in the form of bonded laminates attached
to the outside can be a lasting strengthening solution provided that they comply with the cultural
value of the building [1]. The use of FRP material, however, causes novel and significant modeling
problems [2,3], in spite of various material modeling plans that were extended in previous years
achieving reproduction of the structural behavior of both un-strengthened and FRP-strengthened
masonry structures [4,5].

A diversity of FRP strengthening systems has been indicated to develop the out-of-plane
load-carrying capacity of masonry elements (e.g., [6–15]). Many experimental investigations have been
performed with the purpose of studying the capability of using FRP in the strengthening of masonry
structures (e.g., [4,16–18]). Similar experimental tests for monotonic or cyclic loading have been
performed by Fam et al. [16], Al-Salloum and Almusallam [19], Wang et al. [20], and Stratford et al. [21].
Accardi et al. [22] proposed a local bilinear shear stress-slip law (bond behavior) between CFRP
strips and calcarenite stone using an experimental study with three different bonded lengths (lb):
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50, 100, and 150 mm. Moreover, mathematical models have also been developed for improving the
existing models to fit the experimental results better ([3,5,23]). Mansouri and Kisi [24] proposed the
use of neural networks and neuro-fuzzy models for modeling the debonding strength of retrofitted
masonry elements.

Failure modes observed in these investigations contain debonding of the FRP laminate from
the masonry layer, tensile rupture of the FRP laminate, masonry crushing in the compression area,
flexural-shear fracture near the support, sliding shear fracture along a bed joint, and localized masonry
collapse. A very common fracture is created by bond loss of the FRP reinforcement, called as debonding
failure. Debonding happens when the FRP is no longer adhered to the element because of a crack or
separation of the fiber matrix and bond junction. This failure mode is often referred to as intermediate
crack (IC) debonding [25]. The adhesive bonded joint analyzed, illustrated in Figure 1, can be noticed
as a simple and generic model of FRP-strengthened structures to understand stress transfer and
debonding behavior. There are various analytical models for calculating the debonding strength of
members with FRP shear retrofit in the literature (e.g., models in Section 2 of this paper).
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In the area of empirical modeling, soft computing methods can be assumed as the effective
superseded to usual techniques. Genetic programming (GP) [26] is a rather new soft computing
method for the treatment modeling of structural engineering problems. GP is a development of genetic
algorithms (GA). The major benefit of the GP-based procedures is their capability to create estimation
equations without presuming a prior form of the relation.

Genetic programming (GP), and its deployment of gene expression programming (GEP), may
be applied as an alternative to a physical model. In the last decade, new procedures based on GEP
have been applied to civil engineering problems. Abdellahi et al. [27] proposed a new formula for
bond strength of FRP-to-concrete composite joints using GEP. Kara [28] introduced a simple model
to compute the concrete shear strength of FRP-reinforced concrete slender beams without stirrups
using GEP. Chen et al. [29] used GEP to predict the slump flow of high-performance concrete by using
seven concrete components. Cevik [30] used several soft computing approaches for predicting strength
enhancement of FRP confined concrete cylinders. Additionally, Mansouri et al. [31] employed several
soft computing approaches for the prediction of the peak and residual conditions of actively-confined
concrete. However, each model agrees well with the experimental results from which it is gathered,
but the model does not indicate good agreement with the other experimental results. Hence, it
is necessary to develop analytical equations that can predict the debonding strength for masonry
members retrofitted with FRP with a wide range of experimental data. Güneyisi et al. [32] suggested
a new equation for the flexural overstrength factor for steel beams. Gandomi et al. [33] proposed a
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novel formulation for the strength of concrete under triaxial compression loading using GEP. The
application of GEP tools can also be seen in other branches of civil engineering: Aytek and Kisi [34]
used a GP approach for modeling suspended sediment. Azamathulla and Ghani [35] used GP to
predict river pipeline scour. Shiri and Kisi [36] predicted short-term fluctuations of groundwater
table depth by using GP. Azamathulla et al. [37] used GP approaches for modelling bridge pier scour.
Shiri et al. [38] applied GEP for estimating daily reference evapotranspiration. Gandomi et al. [39]
predicted the flow number of dense asphalt-aggregate mixtures using GEP. To the knowledge of the
authors, the applicability of the GEP approach for predicting the debonding force of FRP-retrofitted
masonry elements has not been investigated and/or published in the literature.

The main aim of this paper is to investigate the capability of GEP to predict the debonding
resistance of FRP-retrofitted masonry structures. The accuracy of the GEP model is compared with
experimental data and other existing models.

2. Shear Strength Contribution of FRP

The shear strength of FRPs is dependent on several factors, e.g., width of the FRP strip (bp),
thickness of the FRP strip (tp), tensile strength of the masonry block (fut), Young’s modulus of the FRP
(Ep), width of the masonry block (bm), and bonded length (lb).

Table 1 shows several bond strength models which can be utilized for masonry. To improve the
models for utilizing with masonry, the compressive strength (f

′
cm) is represented as a function of the

tensile strength (fut) of masonry in MPa units as:

fut = 0.53
√

f ′cm (1)

Table 1. Analytical models for the evaluation of the (fiber-reinforced polymer) FRP-masonry
bond strength.

Model Equation (Units: N, mm) References

Tanaka Pmax = lb bp(6.13− lnlb) [40]

Sato
Pmax = 2.68× 10−5 ( f ′cm)

0.2 Ep tple(bp + 7.4)

le = 1.89
(
Ep tp

)0.4 i f lb > le : le = lb
[41]

Iso
Pmax = 0.93 ( f ′cm)

0.44 le bp

le = 0.125
(
Ep tp

)0.57 i f lb > le : le = lb
[41]

Yang
Pmax =

(
0.5 + 0.08

√
0.01Ep tp/ fut

)
Le bp fut/2

le = 100 mm
[41]

Neubauer

Pmax =

{
0.64kp bp

√
Eptp fut lb ≥ le

0.64kp bp
√

Eptp fut α lb < le

α =
(

lb
le

) (
2− lb

le

)
le =

√
Eptp
2 fut

kp =

√
1.125 2−bp/bm

1+bp/400

[42]

Willis

Pmax = 1.45ϕ0.263
f f 0.6

ut
√

lperEptplb
ϕ f = 1/(2 + bp) for EB case
Lper = 2 + bp

[43]

Kashyap
Pmax = 13.69ϕ0.84

f f 0.9
ut
√

lperEptplb
ϕ f = 1/(2 + bp) for EB case
Lper = 2 + bp

[44]

Maeda
Pmax = 110.2× 10−6 Ep tple bp

le = e6.134−0.58×ln(Ep tp) (unit of Ep is GPa)
[40]
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Table 1. Cont.

Model Equation (Units: N, mm) References

Khalifa
Pmax = 110.2× 10−6 × ( f ′cm/42)2/3Ep tple bp

le = e6.134−0.58×ln(Ep tp) (unit of Ep is GPa)
[45]

De Lorenzis
Pmax = bp

√
2Ep tpGc

Gc = 1.43 Nmm/mm2 [46]

Van Gemert Pmax = 0.5lb bp fut [42]

Dai
Pmax = (bp + 7.4)

√
2Ep tpGc

Gc = 0.514 f ′0.236
cm

[47]

Accardi Pmax = bp

√
12Eptp

√
f ′cm [22]

3. Overview of Genetic Programming

Genetic programming is an expansion of John Holland’s genetic algorithm [48], in which the
population consists of computer programs of different sizes and shapes [26]. It supplies a solution in the
form of a tree structure or in the form of a compressed equation using the certain dataset. More details
may be found in Koza [26]. Gene expression programming (GEP), which is an expansion of GP [26],
is a search method that requires computer programs (e.g., mathematical expressions, decision trees,
polynomial constructs, and logical expressions). GEP computer programs are all encoded in linear
chromosomes, which are then represented or translated into expression trees [49].

The advantages of GEP can be emphasized as follows: the chromosomes are simple entities:
linear, compact, comparatively small, and easy to manage genetically. The expression trees are,
individually, the expression of their respective chromosomes; they are the existence upon which choice
acts and, according to fitness, they are selected to repeat, with correction. During reproduction it is the
chromosomes of the individuals, not the expression trees, which are reproduced with correction and
transmitted to the next generation [50]. More details about GEP can be found in [26].

4. Results and Discussion

The performance of GEP in training and testing sets is evaluated in terms of two usual statistical
measures: correlation coefficient (R) and root mean square error (RMSE), which are given as follows:

RMSE =

√√√√ 1
N

N

∑
i=1

(ti − oi)
2 (2)

R =

√√√√√√√√1−

N
∑

i=1
(ti − oi)

2

N
∑

i=1
(oi − oi)

2
(3)

in which ti denotes the target values of the maximum debonding force; while oi and oi denote the
observed and averaged observed values of the maximum debonding force, respectively; and N is the
number of samples.

A new formulation of debonding strength for masonry elements retrofitted with FRP was derived
using an experimental database from Kashyap et al. [44]. Table 2 lists 134 data points that were
considered in this study. In the GEP model, bp, tp, Ep, fut, bm, and lb were considered as inputs and the
maximum debonding force (Pmax) as the independent output. Data were randomly grouped into two
subsets: a training set of 100 data points and a testing set of 34 data points—approximately 75% and
25% of the 134 data points, respectively.
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Table 2. Database for FRP-reinforced masonry members (from Kashyap et al. [44]).

References No. tp (mm) Ep (GPa) bp (mm) lb (mm) bm (mm) fut (MPa) Pmax (kN)

[51] 1 6.35 40.8 6.35 254 230 1.93 19.17
2 6.35 40.8 6.35 381 230 1.93 18.55

[52] 3 1 22.3 25 50 400 2.05 4.88
4 1 22.3 25 50 400 2.05 5.63
5 1 22.3 25 50 400 2.05 4.25
6 1 22.3 25 50 400 2.05 3.75
7 1 22.3 25 50 400 2.05 5.13
8 1 22.3 25 75 400 2.05 5.81
9 1 22.3 25 75 400 2.05 5.44
10 1 22.3 25 75 400 2.05 6.38
11 1 22.3 25 75 400 2.05 3.94
12 1 22.3 25 75 400 2.05 7.13
13 1 22.3 25 100 400 2.05 4.75
14 1 22.3 25 100 400 2.05 5
15 1 22.3 25 100 400 2.05 6.5
16 1 22.3 25 100 400 2.05 7.25
17 1 22.3 25 100 400 2.05 7.25
18 1 22.3 25 100 400 2.05 8.5
19 1 22.3 25 50 200 2.73 9.25
20 1 22.3 25 50 200 2.73 7.38
21 1 22.3 25 50 200 2.73 8.63
22 1 22.3 25 50 200 2.73 6.88
23 1 22.3 25 75 200 2.73 10.69
24 1 22.3 25 75 200 2.73 8.44
25 1 22.3 25 75 200 2.73 9.38
26 1 22.3 25 75 200 2.73 9.56
27 1 22.3 25 75 200 2.73 8.25
28 1 22.3 25 100 200 2.73 8.5
29 1 22.3 25 100 200 2.73 10
30 1 22.3 25 100 200 2.73 10
31 1 22.3 25 100 200 2.73 9
32 1 22.3 25 100 200 2.73 10
33 1 22.3 25 100 400 2.05 5.58
34 1 22.3 25 100 200 2.73 9.4

[53] 35 1 61 25 125 280 1.3 4.06
36 1 61 50 100 280 1.3 5.9
37 1 61 50 125 280 1.3 5.14

[54] 38 1.2 165 50 210 230 2.75 25.25
39 1.2 165 50 280 230 2.75 28.4

[55] 40 2.8 207 15 355 230 3.57 61.6
41 2.8 207 15 355 230 3.57 65.24
42 2.8 207 15 355 230 3.57 63.53
43 2.8 207 15 355 230 3.57 66.52

[56] 44 0.17 230 50 200 250 3.35 15.94
45 0.17 230 50 200 250 3.35 17.12
46 0.17 230 50 200 250 3.35 17.66
47 0.17 230 50 200 250 3.35 19.61
48 0.17 230 50 200 250 3.35 20.15
49 0.23 65 50 200 250 3.35 11.69
50 0.23 65 50 200 250 3.35 13.97
51 0.23 65 50 200 250 3.35 13.65
52 0.23 65 50 200 250 3.35 13.2
53 0.23 65 50 200 250 3.35 14.18

[57] 54 2.8 207 15 336 230 3.57 83.45
55 2.8 207 15 336 230 3.57 71.09
56 2.8 207 15 336 230 3.57 81.48
57 2.8 207 15 336 230 3.57 70.36
58 2.8 207 15 336 230 3.57 59.41
59 2.8 207 15 336 230 3.57 63.88
60 2.8 207 15 336 230 3.57 69.41
61 2.8 207 15 336 230 3.57 84.5
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Table 2. Cont.

References No. tp (mm) Ep (GPa) bp (mm) lb (mm) bm (mm) fut (MPa) Pmax (kN)

[43] 62 1.2 162 15 241 230 3.55 46.8
63 1.2 162 15 328 230 3.55 44
64 1.2 162 15 328 230 3.55 38.3
65 1.2 162 15 334 230 3.55 46.7
66 1.2 162 20 328 230 3.55 50
67 1.2 162 20 328 230 3.55 51.2
68 2 65 50 420 230 3.55 22.1
69 2 65 50 395 230 3.55 21.5
70 2 65 50 419 230 3.55 21.9
71 2 65 50 396 230 3.55 18.1
72 2 65 50 394 230 3.55 24.7
73 2 65 50 393 230 3.55 24.3
74 0.62 73 50 386 230 3.55 19.9
75 0.62 73 50 386 230 3.55 18.6
76 1.2 162 50 140 230 3.55 26.8
77 1.2 162 50 210 230 3.55 24.9
78 1.2 162 50 280 230 3.55 28.4
79 0.15 80.2 25 150 235 1.57 3.48
80 0.15 80.2 25 150 235 1.57 4.81

[58] 81 0.15 80.2 25 150 235 1.57 4.69
82 0.15 80.2 25 150 235 1.57 4.64
83 0.15 80.2 25 100 235 1.57 3.66
84 0.15 80.2 25 100 235 1.57 3.17
85 0.15 80.2 25 100 235 1.57 2.85
86 0.15 80.2 25 100 235 1.57 3.68
87 0.15 80.2 25 100 235 1.57 3.79
88 0.15 80.2 25 200 235 1.57 4.48
89 0.15 80.2 25 200 235 1.57 5.06
90 0.15 80.2 25 150 235 1.57 5.27
91 0.15 80.2 25 150 235 1.57 4.2
92 0.15 80.2 25 150 235 1.57 4.89
93 0.15 80.2 25 150 235 1.57 5.6
94 0.15 80.2 25 150 235 1.57 4.34
95 0.15 80.2 25 150 235 1.57 5.49
96 0.15 80.2 25 150 235 1.57 3.52
97 0.15 80.2 25 150 235 1.57 4.83
98 0.15 80.2 25 150 235 1.57 4.53
99 0.15 80.2 25 150 235 1.57 5.46

100 0.15 80.2 25 150 235 1.57 4.55
101 0.15 80.2 25 150 235 1.57 3.73
102 0.15 80.2 25 150 235 1.57 3.82
103 0.15 80.2 25 150 235 1.57 4.54
104 0.15 80.2 25 150 235 1.57 4.06
105 0.12 216 25 150 235 1.57 4.78
106 0.12 216 25 150 235 1.57 4.29
107 0.12 216 25 150 235 1.57 4.02
108 0.12 216 25 150 235 1.57 4.33
109 0.12 216 25 150 235 1.57 4.26

[59] 110 0.13 230 50 150 740 1.0236 5.04
111 0.13 230 50 150 740 0.80901 3.92
112 0.13 230 50 150 740 0.780739 4.66
113 0.13 230 50 150 740 0.897877 4.28
114 0.13 230 50 150 740 1.077087 4.73
115 0.13 230 50 150 740 1.107941 4.83
116 0.13 230 50 150 740 0.991539 3.89
117 0.13 230 50 150 740 0.99578 4.01
118 0.13 230 50 150 740 0.905664 4.2
119 0.13 230 50 100 740 1.091337 4.93
120 0.13 230 50 100 740 0.901 4.25
121 0.13 230 50 100 740 0.981574 4.43
122 0.13 230 50 100 740 1.03723 4.61
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Table 2. Cont.

References No. tp (mm) Ep (GPa) bp (mm) lb (mm) bm (mm) fut (MPa) Pmax (kN)

123 0.13 230 50 100 740 0.943638 4.07
124 0.13 230 50 100 740 1.002807 3.28
125 0.13 230 50 100 740 1.012564 4.65
126 0.13 230 50 100 740 0.96425 3.35
127 0.13 230 50 50 740 0.921042 2.28
128 0.13 230 50 50 740 1.048007 2.31
129 0.13 230 50 50 740 1.353317 4.73
130 0.13 230 50 50 740 0.914922 2.22
131 0.13 230 50 50 740 0.954 2.33
132 0.13 230 50 50 740 0.970059 2.2
133 0.13 230 50 50 740 1.079692 2.13
134 0.13 230 50 50 740 0.890021 3.51

The statistical analyses of the data are summarized in Table 3. As can be observed in Table 3,
the statistics for both the training and testing sets are in good agreement, meaning that both of them
represent almost similar populations.

Table 4 shows the functional set and operational parameters used in GEP modeling.
The GEP-based explicit formulation of maximum load is given in the following equation:

Pmax = [ f 1.5
ut Lb − Lbtpc1] + [ f 3

utbm − b2
ptp] + [L1.5

b + c2 +
tp

c0
(Lb + Ep)] (4)

in which c1 = 9.941346, c2 = 9.58728, and c0 = 9.351684.
The variation of observed and estimated values by GEP model are illustrated in Figure 2 for

the training and test periods. It is clear from the figure that the GEP estimates closely follow the
corresponding observed experimental data in the both periods. The scatterplots of the observed and
estimated debonding forces are shown in Figure 3. From the fit line and R2 values, it is evident that the
estimates of the GEP model are very close to the ideal line.

Table 5 shows the values of two performance indicators (R2 and RMSE) for some existing models
and the proposed model in this study, regarding both training and testing phases. According to a
logical hypothesis [60], if a model gives R > 0.8, and the error value (e.g., RMSE) is at the minimum,
there is a strong correlation between the computed and observed values. The model can, hence, be
judged very well. As shown in Table 4, the proposed model predicted the debonding strength for
both training and testing set with lower errors of RMSE (4013.1 and 3801.7), and higher accuracy
(R2 = 0.9647 and 0.9492), respectively. The RMSE values of the GEP and existing models are compared
in Figures 4 and 5 for the training and test data. It is clear from the figures that the training and test
results are parallel to the each other and the GEP model has the lowest RMSE in both training and test
periods. Among the existing methods, Kashyap performs better than the other models.

It can be observed from Table 5 and Figure 3 that the GEP model with high R and low RMSE
values accurately predicts the observed values. Meanwhile, it is significant that the error values are not
only low but also as similar as feasible for the training and testing sets, which infers that the suggested
model has both predictive ability and generalization efficiency [60].
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Figure 3. Observed and predicted debonding forces by GEP for (a) training and (b) testing data.

Table 4. General parameters of the applied GEP (gene expression programming) models.

Number of chromosomes 30 One point recombination rate 0.3
Head size 8 Two point recombination rate 0.3

Number of genes 3 Gene recombination rate 0.1
Linking function addition Gene transposition rate 0.1

Fitness function error type RRSE Insertion sequence transposition rate 0.1
Mutation rate 0.044 Root insertion sequence transposition 0.1
Inversion rate 0.1 - -
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Figure 4. Comparison of the GEP model with existing methods in the prediction of the debonding
force for the training data.
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Figure 5. Comparison of GEP model with existing methods in the prediction of the debonding force
for the testing data.

Table 5. Training and testing results of existing models and GEP.

Model
Training Data Test Data

R2 RMSE (root mean square errors) R2 RMSE

Tanaka model 0.1722 23,485.3 0.1088 16,711.0
Sato model 0.8445 70,656.6 0.6723 54,877.9
Iso model 0.0783 28,333.3 0.1179 28,139.8

Yang model 0.4974 20,474.6 0.2124 14,444.9
Neubauer model 0.4014 18,200.2 0.3190 13,263.4

Willis model 0.6045 17,555.1 0.4898 12,535.5
Kashyap model 0.9189 8309.8 0.8841 6471.9
Maeda model 0.2132 20,622.8 0.1624 14,723.3
Khalifa model 0.3209 19,669.1 0.2833 13,847.4

De Lorenzis model 0.2988 19,160.5 0.2168 14,304.8
Van Gemert model 0.0827 21,723.1 0.1204 15,851.3

Dai model 0.5013 16,790.5 0.3837 12,609.5
Present model 0.9647 4013.1 0.9492 3801.7

5. Conclusions

In this study, GEP was applied to model the complex behavior of debonding strength of FRP
strengthened masonry (SM) elements. The major focus of this research is to propose a novel formula for
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determining the debonding resistance of FRP SM members as a function of various influencing factors.
A reliable database including formerly published debonding strength of FRP SM members test results
was used for developing the applied model. The suggested model used various important parameters
(bp, tp, Ep, fut, bm, lb) representing the behavior of the debonding strength as inputs. The GEP results
revealed good agreement with the gathered experimental results. The performance of the GEP was
compared to the twelve existing empirical models obtained in previous studies. GEP was found to be
the best model in prediction of the debonding strength of retrofitted masonry members. Among the
empirical models, Kashyap provided the best results. The optimal GEP model reduced the root mean
square errors by 51.7% and 41.3% with respect to the best empirical model (Kashyap) in the training
and test periods, respectively. The proposed GEP model can be applied in practical pre-planning
and design purposes because it was obtained from experimental tests on beams with a wide range of
geometrical and mechanical properties.
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