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Abstract

High-performance concrete (HPC) is a new advanced building material for highway bridges, building construction,
and repair/strengthen concrete structures with fire risk owing to its high fire resistance. The concrete composites
should have interfacial bond strength (IBS) that is sufficient to transfer load between concrete components. When
those composite structures are exposed to fire, horizontal cracks have been observed, and in some cases, the con-
crete layers have separated depending on the fire intensity. Therefore, the assessment of the IBS between the two
concrete layers after exposure to fire is important for examining the entire fire behavior. Thus, the purpose of this work
is to create an artificial neural network (ANN) model between statistically important factors and the IBS after expo-
sure to elevated temperatures for using in the structural fire design of composite concrete layers. A total of 467

data points, including 252 data points from the slant shear test, 87 data points from the push-off test, and 128 data
points from the tensile test, have been collected from literature reviews. Firstly, the independent parameters such

as interfacial surface roughness, temperature exposure, part of the specimen exposed to temperature, type of con-
crete overlay, and fiber content introduced in the concrete overlay were carefully analyzed to identify the statistically
important parameters and their impact on the IBS. Secondly, a designed ANN model has been developed to predict
the IBS based on the type of test technique, interfacial surface roughness, temperature exposure, type of concrete
overlay, and fiber content. Moreover, a mathematical model has been proposed to predict the IBS between concrete
substrate and HPC after exposure to elevated temperature. Finally, the predicted IBS from the design ANN model
and the mathematical IBS were compared with the available empirical models from literature. The outcome results
demonstrated that the design ANN model was able to predict the IBS between two concrete layers after exposure
to elevated temperatures with a coefficient of determination R? of 0.97, while the mathematical IBS gave a good
accuracy for predicting the IBS in the case of the interface under combined stress with R? equal to 0.90. This study
effectively bridges the gaps in both theoretical and experimental findings by integrating ANN models with advanced
computational techniques and robust statistical analyses. This multifaceted approach not only enriches our under-
standing of the topic, but also provides more precise insights and predictive capabilities.

Keywords Prediction, Interface bond strength, An artificial neural network, Elevated temperatures

Journal information: ISSN 1976-0485 / elSSN 2234-1315. 1 Introduction

*Correspondence: Fire exposure is considered one of the worst risks that
Nagatt M‘»hzafgaf oo reinforced concrete (RC) structures could face during
nagat.zalhaf@eng.kfs.edu.eg . . . . .

! Department of Civil Engineering, Faculty of Engineering, Kafrelsheikh their service life. The load'bearmg capacity of the RC

University, Kafr EI-Shaikh 33511, Egypt

. ©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0001-9703-1388
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40069-024-00751-3&domain=pdf

Zalhaf Int J Concr Struct Mater (2025) 19:31

structure exposed to fire was reduced due to the deteri-
oration of mechanical properties for concrete and rein-
forcing steel (Gao et al.,, 2018). These RC structures need
to be repaired and strengthened to improve their capac-
ity. Rehabilitation by adding a new concrete layer to the
concrete substrate is one of the most common repair
methods (Santos & Julio, 2007). High-performance con-
crete has achieved advances as a repair or strengthen-
ing material for concrete structures due to its improved
mechanical properties, which include high strength,
durability, ductility, and higher fire resistance (Ghazy
et al,, 2023).

The interfacial surface between the new and old con-
crete is considered the weakest part of the composite
concrete structure (Chen et al., 2023). To evaluate con-
crete—concrete interfacial bond strength (IBS), a number
of test techniques have been developed depending on the
type of applied load to the interface (Daneshvar et al,
2022). There are three main categories of test methods,
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such as tensile, shear, and mixed-mode tests, as pre-
sented in Fig. 1. Momayez et al. (2005) concluded that the
IBS can be varied by a factor of 8 depending on the type
of test technique. Furthermore, the failure modes of the
composite concretes depend on the type of applying load
and concrete overlay types used (Gao et al., 2018).

The interfacial bond strength (IBS) between two con-
crete layers displayed more deterioration at elevated
temperature than the deterioration in the concrete
mechanical properties (Chen et al., 2023). This is due to
many reasons including evaporation of the free water
and water in hydration gel matrix at temperature of
100 °C (Babalola et al., 2021), resulting in more voids in
the concrete which weaken concrete structure and con-
sequently loss in the IBS. The decomposition of calcium
silicate hydrate gel at temperature higher than 400 °C, the
disintegration of aggregate at temperature above 600 °C,
all of these led to more degradation in the chemical bond
and mechanical bit forces (Cao et al., 2023). In addition,

v

Tensile .’
Pull-off Indirect splitting Indirect splitting
(prism) (cylinder)
—
G
Mono surface shear f 1
Sh ear Bi-surface shear Push-off (double L-shaped) Z-type shear
«
m
D"”(‘;'s‘é‘;s"_t;‘;:)hm FIP standard shear Twist-off
Y _
—r
—
Mixed-mode ‘
Wedge splitting test
Slant shear (compressive) Slant shear (Tensile) Shear-compression

| Three-point bending \

Four-point bending

! oo

Fig. 1 lllustration of the several test techniques used to measure the strength of the concrete-to-concrete connection (Daneshvar et al., 2022)
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the thermal incompatibility between cement matrix and
aggregate in one hand and between the different concrete
types in the other hand, which create micro-crack at the
interface between the two concrete layers and, conse-
quently the reduction in the IBS (Ma et al.,, 2015; Zalhaf
et al,, 2024).

Many studies have been conducted to improve the IBS
after exposure to elevated temperatures and concluded
that the interfacial bond is mainly affected by many fac-
tors, including interfacial surface roughness (Abo Sabah
et al,, 2019; Behforouz et al., 2023; Chen et al., 2023;
Haido et al., 2021), concrete overlay strength (Zal-
haf et al., 2024), bonding agent (Gao et al., 2019; Shang
et al.,, 2021), inclusion of fiber (Abo Sabah et al., 2019;
Gao et al,, 2019; Haido et al,, 2021; Zalhaf et al., 2024),
as shown in Fig. 2, and interfacial moisture condition
(Shang et al., 2021). Furthermore, in direct shear and
tensile tests, the degradation in IBS was more obvious
in the case of smooth surfaces than in the case of rough
surfaces, as depicted in Fig. 3, while the slant shear test
recorded the least degradation in the interfacial bond
strength (Chen et al., 2023).
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Several researchers developed a mathematical model
to predict the IBS between two concrete layers at room
temperature (Gohnert, 2003; Randl, 1997; Santos &
Julio, 2010). In addition, the standards codes gave design
expression for the IBS between the old concrete and the
strengthened materials, where the main parameters are the
interface roughness and reinforcement across the interface
(ACI 318, 2008; CEB-FIP, 1990; Eurocode 2, 2004).

At elevated temperatures, very limited models have been
proposed to predict the IBS between two concrete layers
after exposure to elevated temperatures. Guo et al. (2004)
developed an empirical equation to predict the interfacial
strength between an old concrete and a new concrete layer
after exposure to high temperatures. The results showed
that the IBS was influenced by elevated temperature, inter-
facial surface roughness, and the compressive strength of a
weak concrete layer, as depicted in Eqs. 1-3:

IS = AF,, (1)

5 =0.0488 — a1 T? + (y — o T)w, ()

14
E Slant shear test -Fiber
;“---:Slant shear test-no fiber
1.2 I Push-off test-Fiber

0.8

0.6 -

Normalized reduction factor

™™™ push-off test-No fiber

0.4 - '
]
!
. ~_i1 i
\ o i
\ ' - 1
02 - . ' N o
\, ! ‘"s~
| g
\ 1
\
0 — M —
0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 2 Effect of fiber on the IBS for different tests, dataset obtained from Zalhaf et al. (2024), Abo Sabah et al. (2019), Haido et al. (2021), Gao et al.
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Fig. 3 Effect of interfacial surface roughness on the IBS, dataset obtained from Chen et al. (2023), Behforouz et al. (2023), Gao et al. (2019)
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where ar = 1.9248 x 1078,
oy = 2.2825 x 107,y = 0.0279, B is a factor dependent
on interface agent and equals 1, 1.15, 1.05 for no interface
agent, cement slurry was used, cement swelling slurry,
respectively, and f; is the compressive strength of con-
crete substrate.

Chen et al. (2023) concluded that the IBS depended on
the interfacial surface roughness and elevated tempera-
ture and proposed a mathematical model to quantify the
effect of the two parameters in the IBS as presented in
Eqgs. 4-5:

IBST = nIBSy for smooth surface, (4)

n = e 47720 for rough surface, (5)

where 7 is the coefficient of degradation in the interfacial
bond strength, IBSt is the interfacial strength at elevated
temperature, IBSyg is the interfacial strength at room

temperature, A is the coefficient of degradation factor of
the interface roughness and taken as 0.001 and 0.003 for
upper and lower limit, respectively.

Shang et al. (2021) used the coefficient of cohesion
to develop a mathematical model for predicting IBS
between normal-strength concrete NSC substrate and
engineering cementitious composite. They found that the
coeflicient of cohesion is influenced by the surface rough-
ness and temperature exposure as depicted in Egs. 6-8:

IBS(T,R) = crcgfe, (6)

cr = 1.783 x 10747 + 0.1814 for 400 < T < 700C

7)

¢g = 0.381R + 0.0134 for 1.5 mm < R < 3.5 mm

¢g = —1.151R + 5.547 for 3.5 mm < R < 4.5 mm

8)

where T is the temperature exposure, R is the surface

roughness, ¢r and cp are the coefficient of adhesion cor-
responding T and R, respectively.

{ cr = 1.478 x 10747 + 0.04819 for0 < T < 400C
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Soft computing programs, such as gene expression pro-
gramming and artificial intelligence (AI) have caught the
attention of civil engineering researchers in the last few
years (Abbas et al., 2019; Al Hamd et al., 2022; Albostami
et al., 2023; Farhangi et al., 2024; Yehia et al., 2024). The
artificial neural network is a type of Al that is based on
the identification of the relationship between independ-
ent input and dependent output parameters through the
use of training methods (Elsanadedy et al., 2012, 2014,
2016). In cases of elevated temperatures, several ANN
models have been developed, such as predicting the
mechanical properties of concrete materials after expo-
sure to elevated temperatures (Abbas et al., 2019; Chen
et al,, 2021; Farhangi et al., 2024; Shafighfard et al., 2022),
predicting the temperature distribution in RC slabs
(Ghazy et al.,, 2021), and predicting the fire resistance of
RC beams strengthened with fiber-reinforced polymers
(Naser et al., 2012).

1.1 Significance of the Research

As discussed above, the IBS after exposure to elevated
temperatures is not only affected by the temperature
exposure, but there are many parameters that signifi-
cantly affect it. The existing code standards anticipated
that the IBS would only be based on cohesion and fric-
tion coefficients, which did not account for temperature
effects or other influencing factors. Moreover, these
codes are based on the bond strength between NSC and
NSC data and neglect the effect of concrete overlay type
and fiber, which may give inaccurate results for NSC—
HPC interfacial bond strength. In addition, a few stud-
ies have empirical equations for predicting the IBS after
exposure to elevated temperatures. However, the major-
ity of these current models either focus on the com-
pressive strength of the concrete substrate, temperature
exposure, or interface surface properties. For application
in structural fire design, this work attempts to estab-
lish predictive correlations between the most influential
parameters and the ensuing loss in the IBS between the
two concrete layers. Therefore, the significance of this
research is to demonstrate the usefulness of the ANN
model in solving challenging issues like fire-induced deg-
radation of the IBS between two concrete layers. Moreo-
ver, an extensive study has been conducted to assess the
effect of different parameters on the interfacial bond
strength, including interfacial roughness, temperature
exposure, part of the specimen exposed to temperature,
type of concrete overlay, and fiber content introduced in
the concrete overlay. Finally, a mathematical model was
developed to predict the IBS at different temperatures,
including the significant parameters obtained from the
ANN model. This advancement could improve the pre-
dictive ability of structural engineering processes by
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lowering the need for costly experimental testing during
construction.

2 DataBase

An artificial neural network model was used to study the
correlation between independent (input) and dependent
(output) variables. To create the data base, an extensive
review was carried out. A total of 467 data points were
collected from previous studies (Abo Sabah et al., 2019;
Albidah et al., 2020; Behforouz et al., 2023; Chen et al.,,
2023; Gao et al., 2019; Haido et al., 2021; Ouyang et al.,
2023; Shang et al., 2021; Sun et al.,, 2022; Zalhaf et al,,
2024). Three data sets were used in this study include
the slant shear test (252 data points), the push-off test
(87 data points), and the tensile test (128 data points).
From the comprehensive review of previous studies listed
in Table 1, it can be concluded that the IBS at elevated
temperatures is more sensitive to many parameters, such
as concrete substrate surface preparation technique,
elevated temperature, type of concrete overlay, inclu-
sion of fiber in the concrete overlay, part of the specimen
exposed to temperature, and shear angle in the case of a
slant shear test.

This database was used to construct three ANN mod-
els based on the technique used in conducting the test.
Model I consists of a data set from a slant shear test,
where the model studied the correlation between the
independent variables, which include; temperature
degree, fiber content, the part of the specimen exposed
to temperature (HP), type of concrete overlay (CO), con-
crete substrate surface preparation technique (surface
roughness type, SR), and shear angle (a). According to
the part of the specimen exposed to elevated tempera-
tures, there are two categories. The first is that the con-
crete substrate is strengthened with a concrete overlay
and then exposed to an elevated temperature (compos-
ite specimen). The second is that the concrete substrate
is exposed to elevated temperatures, then repaired with
a concrete overlay (concrete substrate). Two types of
concrete overlay are used (NSC and HPC). Concrete
substrate surface treatment plays an important role in
the interfacial bond strength. Thus, the surface of the
concrete substrate perpetration method is classified into
six (6) categories such as smooth surfaces (S), sandblast
surfaces (SB), wire brushes (WB), holes (H), grooves
(G), and combined interface roughness (C). The output-
dependent variable was the interfacial bond strength
(IBS).

In ANN models II and III, the input independent vari-
ables are the same as those included in model I except for
the shear angle, while the output parameter is the inter-
facial bond strengths obtained from the tensile test and
push-off test for ANN II and ANN III, respectively. The
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Table 1 The main finding in previous studies on the IBS between concrete substrate and concrete overlay at elevated temperature

References Parameters

Outcome

Abo Sabah et al. (2019) Type of surface roughness, temperature

Haido et al. (2021)

Behforouz et al. (2023)  Temperature, type of surface roughness

Gaoetal. (2019)
overlay

Sun et al. (2022) Temperature, shear angle

Chen et al. (2023)
ness

Zalhaf et al. (2024)

Shang et al. (2021)
ness

Gao et al. (2019)

Ouyang et al. (2023) Temperature

Fiber content, temperature, type of surface roughness

Temperature, part exposed to temperature, type of concrete

Type of concrete overlay, temperature, type of surface rough-

Temperature, type of concrete overlay, fiber content

Type of surface roughness, concrete overlay, temperature

Temperature had an adverse effect on IBS

The type of surface roughness had a significant effect

on the IBS, where the best enhancement was obtained with SB
at elevated temperature

Increased fiber content of concrete overlay led to improved IBS
SB method achieved the highest IBS

The IBS between NSC and HPC overlay substantially depends
on temperature exposure, surface roughness type, and type
of concrete overlay. Increased fly ash concrete achieved

an improvement in the IBS by 71%

Concrete overlay affected significantly on the IBS, where using
HPC can enhance the IBS, especially in the case of the compos-
ite specimen exposed to fire

Using NSC as a strengthening material showed serious burst
at elevated temperature

Temperature affect adversely on the IBS, where the cracks

are obviously appear at the interface at temperature higher
than 300 °C

Shear angle of 30 38 45 displayed IBS of 146, 137 and 110%

at temperature of 200 °C as compared to 100 °C, while at 700 °C
increase shear angle showed an increase in IBS

However, using high-strength concrete as repair material
notably enhances the IBS; it showed a progressive deterioration
after exposure to elevated temperatures

Surface roughness and elevated temperature are the main
parameters affected in the IBS

Concrete overlay plays an important role in the IBS after expo-
sure to elevated temperatures. At temperature of 800 °C,

the specimen showed explosive spalling. Using fiber can
improve the IBS at elevated temperatures.

Temperature, type of concrete overlay, type of surface rough- Temperature blow 400 °C, the IBS increased with increasing

temperature, while above this temperature the IBS displayed
decreased rapidly. Increased degree of surface roughness
above 3.5 mm led to a decrease the IBS

The IBS increases with increasing degree of surface rough-
ness and compressive strength of the concrete overlay,
while decreasing with temperature increase

Temperature exposure increased the porosity at the interface
and caused a decrease in the IBS

data bases for the deferent three models are summarized
in Appendix part.

Table 2 presents the statistical analysis of the input
and output numerical parameters, while the categori-
cal parameters are represented as a pie chart as shown
in Fig. 4. The marginal plots and normal distribution for
parameters in binary combinations for push-off, slant
shear, and tensile testing are displayed in Fig. 5. The sta-
tistical calculations include mean, standard deviation,
variance, skewness, kurtosis, quartiles, and normal-
ity test. Skewness and kurtosis are used for describing
the shape of the probability distribution, where kurtosis
refers to the flatness of the distribution and skewness is
used to indicate the symmetry of data around the mean.
The value of kurtosis near zero means the shape is close
to normal, while the zero value of skewness indicates

the distribution is symmetric. When the skewness value
is greater than 1, it shows that the data are significantly
skewed. A positive skew implies that the data have a
lengthy tail in the positive direction (Abbas et al., 2019).
The conclusions drawn from the marginal plots and sta-
tistical analysis are:

1. According normality test, the P-value (at 0.05 sig-
nificance level) is less than 0.005 for all parameters
which mean that reject normality and the distribu-
tion is not normal. The higher value of A-squared
verifies that the distribution of the data is not normal.

2. The surface roughness type had a significant effect
on the IBS for different types of tests (slant shear,
push-off, and tensile tests), as shown in Fig. 5a. It can
be established from the figure that the IBS notably
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Fig. 4 Pie chart for categorical parameters

improved with surface preparation roughness, where
the sandblasting (SB) displayed the highest IBS.
This is attributed to raising the surface roughness,
which can increase the real bonding area and greatly
enhance the aggregate interlock action Chen et al.
(2023). Thus, SB represents 60% and 44% of tested
data in direct shear and tensile test, respectively,
as shown in Fig. 4a. The results agree with the test
results obtained by Haido et al. (2021) and Farouk
and Jinsong (2022). On the other hand, excessive
roughening resulted in a decrease in the interfacial
bond strength, as shown in Fig. 5a. The same conclu-
sion was obtained by Wang et al. (2018). Moreover,
for the push-off test, there is missing data on hole
and groove surface roughness as shown in Fig. 4a.

. Although the experimental data cover a wide range
of temperatures (20 up to 800 °C), there is a lack of
data for temperatures higher than 600 °C, as shown
in Fig. 5b, which can occur in fire tunnels (Farhangi
et al, 2024). Only 23 specimens from 467 (4.9%)
were tested after exposure to temperature higher
than 600 °C. The low data points at temperature
higher than 600 °C are due to the fact that interfacial
strength is more sensitive to temperature, and higher
temperatures (800 °C) cause specimen rapture, as
observed by Zalhaf et al. (2024).

. Although the fiber played an important role in
improving the IBS at room temperature and after
exposure to elevated temperatures as depicted in
Fig. 5¢, there is research gab on using fiber at tem-
perature higher than 400 °C, as illustrated in Fig. 5d.

Tensile test
b) Part of specimen exposed to heat

Unheated (20%)

Unheated (20%)
Substrate (9%)
Substrate (21%)
Composite (71%)

Slant shear

According to the positive skewness values for fibers
presented in Table 2, the normal distribution had a
long tail in a positive direction, as shown in Fig. 5c.
Moreover, few researches have concentrated on
the IBS of concrete overlays containing fiber with a
higher volume fraction (higher than 2%). The sharp
beak in normal distribution for fiber in case of slant
shear (Kurtosis=9.87) demonstrated that most
of data points (195 of 252) varied between 0 and
1%. This gap may be attributed to the fact that the
increase in fiber content led to a decrease in con-
crete workability, as mentioned by (Farhangi et al.,
2024; Mansour & Fayed, 2021a, b). The tensile test
has approximately 48% of data points that containing
fiber with volume fraction higher than 1%. Also, the
percentage of specimens containing fiber with vol-
ume fracture less than 1% is about 10.5%.

. Strengthened concrete substrate with HPC pos-

sessed a noteworthy effect on enhancing the IBS as
compared to use NSC. It is seen from Fig. 5e that
the most of data points presented concrete substrate
strengthened with high-performance concrete (77%).

. According to part of specimen exposed to elevated

temperature, most of experimental results were
obtained for composite specimen exposed to fire (269
data points) as presented in Figs. 4b and 5f, while in
nature most structure members were repaired after
being exposed to fire in order to meet their structural
needs (Gao et al., 2018; Haddad et al., 2011). Only a
few numbers of researches (Gao et al., 2018; Ouyang
et al., 2023; Shang et al., 2021) have examined con-
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f) Part of specimen exposed to heat vs temperature

Fig. 5 Marginal plot and normal distribution for different parameters after exposure to elevated temperature

3 Training the ANN Model

In this research, the machine learning using feed-forward
back propagation FFBP algorithm model has been con-
structed to study the effect of different input parameters
on the interfacial bond strength (IBS) between a concrete

substrate and concrete overlay after exposure to

elevated
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temperatures (Hagan & Menhaj, 1994). The ANN con-
sists of three layers (an input layer, a hidden layer, and
an output layer). The input layer can introduce the inde-
pendent parameters as the number of neurons equals
the input parameters, where each neuron has weight
and bias. The summation function was used for calcu-
lating the weights (and bias) of each input parameter by
using Eq. 9. Then this information is transmitted to the
hidden layer, where there are three activation functions
to determine the output: logsig, tansig, and purelin, as
shown in Eq. 10. The accuracy of the model depends on
the number of hidden layers, the number of neurons in
each layer, and the activation function used (Abbas et al.,
2019; Farhangi et al., 2024; Ghazy et al., 2021). Finally, the
output layer presents the results:

zj = zl: WijXi + b‘, (9)

yi=fi(z) = A +e9)? for logsig
yj :fzgzjg =21+ e %)~ —1 for tansig
yi=f(z) =7 for pure line

(10)
The ANN model consists of three steps training, vali-
dation and test steps. The data base from literature was
divided to 70% for training the ANN model, while the
other 30% of data set was divided to 15% for validation
step and 15% for testing the ANN. In the training step,
the weights and bias values have been initiated with a
random value, followed by changing the number of hid-
den layers and neurons to get the best performance for
the ANN model. To choose the activation function, the
set of input and output parameters are fixed, and the
model was subjected to trials. The best performance was
achieved using tansig as the activation function in both
the hidden and output layers, yielding an MSE of 0.0034.
It should be noted that the different scales for input

Table 3 Metrics equation and description
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features can cause some features to dominate the learning
process. Thus, the input parameters are spilt to numerical
and categorical features. The numerical feature includes
temperature, fiber content, and shear angle, while cate-
gorical feature contains; the part of the specimen exposed
to temperature (HP), type of concrete overlay (CO), con-
crete substrate surface preparation technique (SR). Nor-
malization ensures all features contribute equally, leading
to potentially better network performance, so min—max
scaling has been used for normalizing the numerical fea-
ture and output IBS (Farhangi et al., 2024). Categorical
parameters were converted into dummy variables using
one-hot encoding. The second step is the validation of
the ANN using the validation data set and check perfor-
mance metrics. Finally, testing the ANN by comparing
the predicted data with the experimental one. The per-
formance of ANN can be defined by the mean absolute
percent error (MAPE), the mean absolute error (MPE),
the root mean square error (RMSE), and the coefficient
of determination (R? between the predicted and target
values (Abbas et al., 2019; Farhangi et al., 2024). The sta-
tistical measure equations and their optimal values are
plotted in Table 3. The best performance was achieved
when MAPE, MPE, and RMSE were equal to zero or R?
reached 1. The ANN model is based on finding the con-
nection between input parameters and output param-
eters with the minimum error. These networks’ training
was terminated when the number of iterations exceeded
a predetermined maximum or when the smallest mean
square error between the network yield and true output
across all training patterns was reached (Farhangi et al.,
2024). Fig. 6 presents the flowchart for ANN models.

4 Analysis

4.1 Statistical Analysis

Table 4 presents the linear correlation between the input
variables and the output interfacial bond strength after

Metrics  Equation Description

Critical value

MAE L¥Llpi— il

Mean absolute error knows as the calculated average of errors that separates a model’s forecasts 0

from the actual values of the quantity being forecasted. The lower the MPE, the more accurate
the model to estimate the experimental results

MAPE (%) %27:1 ‘p/;y,‘ % 100

the degree of prediction

MAPE quantifies the degree to which the errors in the model’s predictions are representa- 0
tive of the measured values by expressing their percentage. The lower the MAPE, the higher

RMSE 1 2 The root mean square error (RMSE) represents the discrepancy between the observed 0
D SRCE! 4
n L= and anticipated data. An RMSE value near O results in better prediction
R? S =7 (0i—P) The coefficient of determination indicated the accuracy of the statistical model to predict 1
VY 0 Y, 5P the outcome. The R? value varies between 0 and 1. The value closer to 1 refers to superior
performance

n is the number of experimental data, y; and p; are the experimental and predicted results, respectively, ¥ and p are the mean of experimental and predicted data,

respectively
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Table 4 Relationship between various variables and interfacial shear strength according to Pearson and Spearman rho correlations

Variables Pearson correlation Spearman rho
Pearson P-value Remark Spearmanrho  P-value Remark
correlation
For slant shear test
Temperature  —0.393 <0.001 Significant correlation —0.406 <0.001 Significant correlation
and negative weak and negative weak
Concrete 0.488 <0.001 Significant correlation 0.500 <0.001 Significant correlation
overlay and positive strong and positive strong
Angle —-0.291 <0.001 Significant correlation -0.304 <0.001 Significant correlation
and negative weak and negative weak
Heat —0.254 <0.001 Significant correlation —-0.257 <0.001 Significant correlation
and negative weak and negative weak
Fiber 0.16 0011 Significant correlation 0.247 <0.001 Significant correlation
and positive weak and positive weak
Surface 0.738 <0.001 Significant correlation 0.734 <0.001 Significant correlation
roughness and positive strong and positive strong
For tension test
Temperature  —0.528 <0.001 Significant correlation —-0.549 <0.001 Significant correlation
and negative strong and negative strong
Concrete 0.256 0.007 Significant correlation 0.306 0.002 Significant correlation
overlay and positive weak and positive weak
Heat -0.03 0.726 No correlation 0.181 0.132 No correlation
Fiber 0.308 0.001 Significant correlation 0.280 0.004 Significant correlation
and positive weak and positive weak
Surface 0216 0.028 Significant correlation 0.571 0.05 Significant correlation
roughness and positive weak and positive weak
For direct shear test
Temperature  —0.356 <0.001 Significant correlation -0.373 <0.001 Significant correlation
and negative weak and negative weak
Concrete 0.184 0.044 Significant correlation 0.157 0.146 No correlation
overlay and positive weak
Heat —0.096 0.189 No correlation 0.118 0.278 No correlation
Fiber 0.176 0.05 Less significant correlation 0.195 0.07 No correlation
and positive weak
Surface 0.628 <0.001 Significant correlation 0.527 <0.001 Significant correlation
roughness and positive strong and positive strong

exposure to elevated temperature for the three models
through Pearson and Spearman rho correlations. For the
two correlations, the value varied between —1 and 1. The
correlation value varied between 0.5 and 1 or —0.5 and
—1 refer to positive and negative strong, while 0 values
indicated no correlation. Positive value means that an
increase the input variable lead to improve the output-
dependent variable. On the other hand, negative value
indicates that an increment in the input variable had
negative effect on the output variable (Kowalski, 1972). In
addition, the P-value refers to the significant of the input
variable, P<0.05 mean a significant correlation. From the
table, it can be concluded that the surface roughness is

greatest significance input variable in all test technique
models and has strong positive effect on the interfacial
strength with Spearman rho value of 0.734, 0.571, and
0.527 for slant shear, tension and direct shear, respec-
tively. Chen et al. (2023) concluded the same observation.
Whereas an increase in temperature exposure resulted
in a decrease in the interfacial bond strength, heating
composite specimens showed more deterioration in the
interfacial bond strength than heating concrete substrate
alone. This is due to the fact that increasing temperature
leads to increase the porosity at the interface between the
two concrete layers, in addition to generating a variation
in shrinkage at the bond contact (Gao et al.,, 2019), and
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Table 5 Sensitivity investigation of various ANNs model using
feed-forward back propagation for several sets of variables

Variable MAE MAPE RMSE R?
Direct shear test model, n=10, epoch=116
All Eq. (13) 0.365 17.24 0.08 0.916
No temperature 048 37.69 0.12 0.80
No heat 0318 23.68 0.07 0.901
No fiber 0.36 27.34 0.11 0.831
No concrete type 0.30 25.96 0113 0.87
No surface roughness 0.66 854 0.17 0.58
Tension test, n=10, epoch=154
AllEg. (12) 0.23 214 0.03 0.973
No temperature 044 51.8 0.07 0.860
No heat 0314 3248 0.05 0.954
No fiber 049 310 0.01 0.761
No concrete type 0.168 244 0.04 0.950
No surface roughness 0.23 2297 0.04 0.942
Slant shear, n=10, epoch =1000
AllEg. (11) 1.07 11.23 0.08 0.962
No temperature 2.54 29.0 0.12 0914
No heat 123 16.65 0.09 0.958
No fiber 1.93 21.67 0.10 0.937
No concrete type 1.839 337 0.09 0.942
No surface roughness 4.39 44.29 0.17 0.792
No angle 117 14.62 0.07 0.972

consequently decreasing the interfacial bond strength
(Ouyang et al., 2023). On the other hand, the type of con-
crete overlay and fiber can improve the sensitivity of the
model. The Pearson correlation gives a value close to that
obtained from the Spearman rho correlation, except in
the case of the direct shear test, where the type of con-
crete overlay and fiber showed no correlation according
the Spearman rho correlation.

4.2 ANN Analysis

Three ANN models are used to study the sensitivity of
different parameters to the interfacial bond strength
(IBS) after exposure to high temperatures. Equations (11

- — = —7» =
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to 13) present the different input parameter and only out-
put parameter in three models, which is the IBS:

T,CO,a,HP, F,SR — IBS slant shear (ANNI),

(11)
T,CO,HP, F,SR — IBS tensile test(ANNII),

(12)
T,CO,HP, F,SR — IBS push - off test(ANNIII),

(13)

where T is temperature, CO is type of concrete overlay,
is the shear angle, HP is the part of specimen exposed to
temperature, F is fiber content, SR is the type of surface
roughness.

In the ANN model, the sensitivity of the models were
determined by calculating the effect of eliminating each
input parameter in the output IBS throw MAE, MAPE,
RMSE, and coefficient of determination R? correlations,
as discussed by Abbas et al. (2019).

Fig. 7 presents the architecture of the ANN model used
in the three cases, considering 10 neurons in the hidden
layer by using feed-forward back propagation ANN. The
results are plotted in Table 5. It can be concluded from
the table that surface roughness is the most important
factor in slant shear and push-off tests, while fiber con-
tent is considered the most important factor for the ten-
sion test. The elimination of these factors has an adverse
effect on R?% which was reduced from 0.966 to 0.792,
0.916 to 0.58, and 0.959 to 0.671, respectively, for slant
shear, push-off, and tensile tests. The second important
parameters in all tests were found to be temperature with
RMSE of 0.012, 0.07, and 0.012 for direct shear tension
and slant shear tests, respectively. Although the statistical
model displays a significant correlation for shear angle
with a P-value less than 0.05 from Pearson and Spear-
man rho correlations, neglecting the effect of shear angle
in slant shear does not affect the IBS, where R stays at
0.972. So, the shear angle can be neglected in the model.
Despite the fact that the type of concrete overlay is the
second sensitive variable in the push-off test according
statistical analysis, it is considered the fourth significant
variable in all type of tests. HP is the least important
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factor in the ANNI and ANNII, whereas statistical
analysis showed no correlation according to the P-value
(0.189-0.726), as shown in Table 4, so it can be elimi-
RS, T,F,CO — IBS Push - off test ANNIII.
nated from the three models.
After neglecting the shear angle and HP, the arrange-

ment of parameters according to sensitivity in order of 43 Designed ANN Model
descent in the three models is

F,T,RS,CO — IBS tensile test ANNII

As mentioned in the previous section, the interfacial

RS, T, F,CO — IBS slant shear test ANNI bond strength significantly depends on the type of test
procedure (Daneshvar et al., 2022; Momayez et al., 2005);
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a design ANN model is conducted to study the effect of
including the type of test in the input parameters on the
interfacial bond strength (IBS). The input parameters
include the significant parameters obtained from the

Table 6 Error estimation of the design model
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three ANN models, in addition to the type of test tech-
nique. The input parameters were selected based on the
sensitivity analysis obtained from the three ANN mod-
els, in addition to statistical methods. These parameters
are type of test (TT), type of surface roughness (RS),
temperature (7), fiber content (F), and concrete overlay
(CO). The output parameter is interfacial bond strength
(IBS). To optimize the number of neurons in the hid-
den layer, the ANN model was trained with a number
of neurons varied between 1 and 100. The database was
split to 70% and 30% for the training and validation steps,
respectively. The best behavior of ANN is that it gives the
least mean square error for validation which found at a
number of neurons equal to 15 as shown in Fig. 8. The
structure of the ANN model is shown in Fig. 9, with one
hidden layer having 15 neurons.

4.4 Performance and Validation of the Design ANN Model

The remaining data set (30% of the data) that was not
introduced in training the ANN was used to validate and
test the model. The accuracy of model performance dur-
ing training, validation, and test results as a function of
the coefficient of determination (R?) is plotted in Fig. 10.

MAE MAPE RMSE (de R? Percent data for
error less than
10%
Training 1486 9.363 0.0424 0.983 0.972 95
Validation 1.147 65.273 0.0468 0.969 0.938 92.8
Test 1.001 34.06 0.0430 0.989 0.978 93.6
0.1 0 0.1 0.1¢
T T
160 : ¢ | [l Training
[ validation
140 I Test H
Zero Error
120 -

Instances

Errors = Targets - Outputs

Fig. 12 The histogram of error for the design model
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The performance and histogram of error are shown in
Figs. 11 and 12, respectively. The output results indicated
that the models work well in estimating the IBS at high
temperatures, where the R* value is close to unity. The
best performance for design ANN is plotted in Fig. 11
and Table 6. Moreover, the percentage of data with an
error less than 10% equaled 95%, 92.8%, and 93.6% for
training, validation, and test data, respectively (Fig. 12).

For further validation of the model in predicting the
effect of input parameters on the output IBS, Fig. 13
presents a comparison between the predicted IBS and
experimental results from previous studies that were not
introduced in the training of the model. It can be revealed
from the figures that the ANN model results agree with
the experimental results, where most of the data points
are limited between +15%. The lack of data, especially in
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Fig. 14 The contribution of the input parameters on the output interfacial bond strength

the case of direct shear and tensile tests, resulted in some
errors in predicting the IBS, as represented in Fig. 13.

4.5 Sensitivity of ANN Model

The contribution of each input parameter on output
strength can be obtained by using the weight between the
input and hidden layers and the weight between the hid-
den and output layers (Moradi et al., 2021; Nazemi et al.,
2016) by using the Garson factor (Garson, 1991) Eq. 14:

L il
o — 9w
i (i)
N L [ '
A c — 7w
Xi=1 (Z/_l (Z‘L |Wr/|| ’k‘))

Qix is the contribution of input parameters i on the out-
put k, w;; is between the input parameter i and the hid-
den layer neuron ;5N | |wyj| is the sum of the absolute
weights between the inputs parameter and the hidden
layer neuron, wjk‘ the absolute weight between the hid-
den layer neuron j and the output parameter k. The con-
nection weight and bias for the design ANN model are
plotted in Table 7. The contribution of each input param-
eter to the output interface bond strength is plotted in

Qi = (14)

Fig. 14. The results showed that the IBS is more sensitive
to the type of test, surface roughness, temperature, con-
crete overlay and fiber.

4.6 Predicting the Unknown Data Using the Design Model

It is necessary to assess the model’s accuracy in produc-
ing new findings based on novel input features, or gen-
eralizations, in line with established facts. Therefore,
after training and validation of the design ANN model,
the model was used for predicting the unknown data
that were not in the data set. To improve the outcomes’
applicability in terms of the balling impact of fiber con-
tent, the higher fiber content—more than 2%—were not
included in the prediction analysis (Farhangi et al., 2024).
To restrict the overall number of variables, the predic-
tion was conducted to estimate the IS for NSC substrate
strengthen with HPC overlay after exposure to different
temperature exposure. Moreover, to predict the effect of
fiber content on the IBS, one surface roughness was used
for different test techniques. The results of the prediction
data are presented in Figs. 15 and 16 for different type
of test techniques. The contour lines discuss the effect
of temperature exposure, surface roughness, and fiber
content on the interfacial strength. The observations
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Fig. 15 Variation of interfacial strength for different surface type and temperature

show that the interfacial strength is influenced by the
fiber content, interface roughness, and temperature
exposure. Figs. 15 and 16 indicate that the IBS notably
decrease with increasing temperature exposure for differ-
ent test technique, where tensile test display more dete-
rioration in IBS. On the other hand, slant shear recorded
the least decrease in IBS, where the blue area refers to
the least IBS and this region is small in slant shear. The
results agree with results obtained by Chen et al. (2023).
Moreover, surface roughness type significantly affected
the IBS for different test techniques, where sand blasting
recorded the highest IBS at different temperatures up to
800 °C. This is due to the fact that rough surface increase
the mechanical interlocking and allows the concrete

overlay to make shear connectors which provide signifi-
cant interfacial shear strength, as discussed by Mansour
and Fayd (20214, b).

An increase in fiber content resulted in an increase the
IBS at different temperatures exposure. The same trend
was observed by Varona et al. (2018) who investigated
that the addition of fiber can enhance the bond between
reinforcement and surrounding concrete at high tem-
perature. This is attributed to the fiber bridge the crack
and delay crack propagation (Ghazy et al, 2022). Fur-
thermore, the fibers reduced the cracks result from dry
shrinkage of concrete overlay and enhance the mechani-
cal interlock force (Jie, 2007). Additionally, the effect of
fiber is more obvious in push-off test and tensile test than
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Fig. 16 Variation of interfacial strength for different fiber content and temperature

slant shear test, where increase fiber content up to 1.5%
resulted in an improvement in IBS. For slant shear, the
effect of fiber is noticeable at least lower fiber content.
The blue area represents the least IBS, these portions are
smaller in specimens with rough surface and higher fiber
content.

4.7 Mathematical Model

As discussed in previous section, the IS was significantly
influenced by concrete substrate surface roughness, tem-
perature exposure, concrete overlay, and fiber content.
Thus, in this investigation the coefficient of adhesion pro-
posed by Shang et al. (2021) was modified to introduce

those parameters. Data from previous studies (Chen
et al,, 2023; Shang et al., 2021; Zalhaf et al., 2024) were
used for built the proposed IS model for direct shear
test, while data obtained from (Behforouz et al., 2023;
Gao et al, 2019; Haido et al., 2021) were used for built
the proposed IS model for slant shear test. The IS can be
anticipated by using Egs. 15-17, considering NSC sub-
strate strengthened with HPC overlay exposed to tem-
perature up to 600 °C, fiber content varied from 0 to 2%,
no shear connectors across the interface:

IS = crer pfes (15)
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Table 8 Value of constants in the design equation

Type of test Symbol

Slant shear a=35x107b=0.03910 < T < 200C
a=—7x 1072 b=0.0679200 < T < 600C
c=1.795,d=04,e=2850 <SR < 3.5mm
c=-004,d=04,e=699735 <SR <10
mm

a=3x10"°b=00610<T < 200C
a=—6x 1072, b=0067200 < T < 600C
c=031,d=0.1,6=0350 < SR < 3.5mm
c=—004,d=0.1,e=125735 <SR < 10
mm

Direct shear

cr =ax T+ b, (16)

cpF = cSR+dF +e, 17)

where ¢r and cgr are the coefficient of adhesion cor-
respond to temperature, roughness, and fiber content,
respectively, SR is the thick of surface roughness (mm),
F is the fiber content (%), f; is the compressive strength
of concrete overlay at room temperature, a, b, ¢, d, e are
constant depend on test type and depicted in Table 8. It
can be observed from the table that, in the direct shear
test, the IS was significantly influenced by surface rough-
ness and fiber. The results agree with the results obtained
from Zalhaf et al. (2024). On the other hand, temperature
exposure played a significant role in the IS degradation in
the case of the slant shear test.

45

40
+20%

Predict IS (MPa)
. .
RS

® Proposed IS
5 # Santos and Jalio (2014)

A Chen et al. (2023)

0 5 10 15 20 25 30 35 40 45
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a) Slant shear test

Fig. 17 Comparison between different models and design IS
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To verify the accuracy of the proposed IS model, the
proposed IS was compared with experimental data from
previous studies and available empirical equations from
previous studies (Chen et al, 2023; Guo et al., 2004;
Santos and Julio, 2014; Shang et al., 2021), as shown in
Fig. 17. It should be noted that no empirical equation
developed for IS from slant shear test in previous stud-
ies that takes into account the effect of elevated tempera-
ture and fiber content. Thus, the Santos and Jdlio (2014)
equation was used to predict the IS at elevated tempera-
ture by introducing the tensile strength of concrete at
elevated temperature. Furthermore, the Guo et al. (2004)
and Shang et al. (2021) models were applied in a range of
data compatible with their authors’ considerations. The
ratio between the predicted and experimental IBS results
has been calculated to assess the accuracy of the different
regressions. For further evaluation of the accuracy of the
models, the statistical parameters, including the mean,
SD, and coefficient of variation (CV), coefficient of cor-
relation (CC), and coefficient of determination (R%) were
calculated and depicted in Table 9. The results revealed
that the proposed IS was able to predict the IS with coef-
ficient of correlation (CC) values of 0.95 and 0.82 for
slant shear and direct shear tests, respectively. Moreover,
it can be observed from the figure that the majority of the
data are within + 20% ranges. The Santos and Julio (2014)
and Chen et al. (2023) equation values were found to be
lower than experimental results in the case of slant shear.
On the other hand, the Gou et al. (2004) model gave the

6 .
+20%
5
E
é 4 L '200/0
4
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Table 9 Statistical parameters for the assessment of models
Statistical parameters for IISS"ET:

Mean SD Variance cv Min. value Max. value CcC R?
Proposed IBS for slant shear 0.995 0.114 0.013 0.116 0.81 1.261 0.95 0.90
Proposed IBS for direct shear test 0.954 0.115 0.013 0.120 0.756 1.19 0.82 0.66
Santos and Julio (2014) 0.85 0.052 0.002 0.61 0.76 097 0.84 0.72
Chen et al. (2023) for direct shear 0.97 0.13 0.018 0.13 0.78 1.18 0.92 0.84
Chen et al. (2023) for slant shear 0.99 0.074 0.02 0.127 0.87 127 0.957 091
Shang et al. (2021) 1.07 0.103 0.010 0.096 0.905 117 0.96 0.92
Guo et al. (2004) 0.98 0.159 0.025 0.162 0.953 139 0.76 0577

SD is the standard deviation, CV is the coefficient of variance, CC coefficient of correlation, R? is the coefficient of determination

Table 10 Experimental to predicted IS for different models after
exposure to elevated temperature

Experimental ANN Proposed BSann 1BSproposedismodel

Caoetal. model ISmodel '8 1BSexp
(2023)
20 17.5 18.33 15.2 1.05 087
200 15 16.21 155 1.08 1.01
400 12.5 12.78 13.24 1.02  1.06
600 6.5 7.80 7.34 12 1.12
800 25 2.68 143 107 057
Mean 1.08 0.926
Standard deviation 0.071 0.219
Co-efficient of variation 0.065 0.236

lowest accuracy, with a CC equal to 0.76 in the direct
shear test.

For validating the ANN model and design IBS models,
the experimental IBS obtained from Cao et al., (2023) for
slant shear test has been used for assessing the predicted
IBS from the ANN model and the proposed IS model for
slant shear. The ratio of predicted IBS to experimental
IBS for different models is plotted in Table 10. From the
result it is clear that the ANN model gave a good accu-
racy at different temperature exposures with the least
coefficient of variance of 0.057. The prediction based on
the proposed IS model gave suitable results up to 600 °C,
where the equation was designed to predict IBS up to
temperature of 600 °C, after that the predicted IS is lower
than that of experimental results.

5 Conclusions

The interfacial bond strength (IBS) after exposure to
elevated temperature can be obtained using different
test bond techniques including tensile test, direct shear
test, and slant shear test. Thus, the data obtained from

previous studies are divided into three groups according
to test technique. Firstly, the data obtained from previ-
ous studies have been analyzed using statistical analysis
to assess the effect of various independent parameters
on the IBS for different tests. Also, three artificial neural
network (ANN) models have been conducted to study
the effect of different independent parameters on the
IBS after exposure to elevated temperature. After that,
a design ANN model has been proposed to predict the
interfacial bond strength with input parameters includ-
ing type of test, surface roughness, temperature, type of
concrete overlay, and fiber content. The input parameters
were selected based on the sensitivity analysis obtained
from the three ANN models, in addition to statistical
methods. Finally, a mathematical IBS equation has been
developed to predict the IBS between NSC substrate
and HPC overlay after exposure to high temperature.
The design ANN model and mathematical IBS equation
were compared with available regressions obtained from
the literature. The summary of conclusions is depicted as
follows:

1. The ANN model was able to assess the effect of
each independent input parameter on the IBS after
exposure to a temperature.

2. The feed-forward backpropagation ANN with
one hidden layer containing 15 neurons produced
the best results, achieving RMSE and R?* values of
(0.0424, 0.972), (0.0468, 0.938), and (0.0430, 0.978)
for training, validation, and testing, respectively.

3. Based on the ANN design analysis, the test tech-
nique was identified as the most influential param-
eter affecting the IBS after exposure to elevated
temperatures, followed by surface roughness. In
contrast, fiber content was found to have the least
impact.
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The ANN model demonstrated high accuracy in
predicting the interfacial bond strength between
normal-strength concrete and high-performance
concrete overlays after exposure to elevated tem-
peratures, achieving an R* value of 0.979. This level
of accuracy is particularly noteworthy, as the data
were collected from multiple research studies using
various testing techniques, underscoring the ANN
model’s capability to effectively predict interfacial
bond strength under diverse conditions.
Generalization analysis indicated that the inter-
face surface roughness significantly enhances the
IBS. Besides, inclusion of fiber can improve the IBS
after exposure to high temperature.

Temperature exposure had an adverse effect on the
IBS, where the tensile test results were the most
sensitive to elevated temperature based on the Per-
son correlation value of —0.528.

The proposed IBS model demonstrated a high
accuracy in predicting the IBS between NSC and
HPC overlay after exposure to elevated tempera-
ture in case of under combined stress with coeffi-
cient of determination R? of 0.90.

The regression obtained by Chen et al. (2023) can
be used for predicting the IBS between NSC and
HPC after exposure to temperature up to 400 °C
with an R* equal to 0.84.

The designed ANN and proposed IBS models dem-
onstrated a solid understanding of how elevated
temperatures affect interfacial bond strength, as
well as how surface roughness types and fiber con-
tent can enhance this bond. This information is
valuable for designers modeling the shear behavior

10.

11.

12.

13.

14.

Page 24 of 34

of reinforced concrete members strengthened with
concrete overlays.

This research effectively bridges the gaps in both
theoretical and experimental findings by inte-
grating ANN models with advanced computa-
tional techniques and robust statistical analyses.
This multifaceted approach not only enriches our
understanding of the topic, but also provides more
precise insights and predictive capabilities.
Assessing the interfacial bond strength between
the two concrete layers after fire exposure is crucial
for evaluating the overall fire performance, which is
essential for the structural fire design of composite
concrete layers.

Based on the data collected from previous studies,
further experimental investigations are necessary
to understand the impact of different test tech-
niques on interfacial bond strength after exposure
to high temperatures, particularly in direct shear
and tensile tests.

There is a noticeable lack of data regarding the use
of fibers with varying content, especially at temper-
atures exceeding 400 °C. To enhance the accuracy
of the proposed IBS models, more experimental
data are required.

Additional studies are needed to fully comprehend
the behavior of concrete substrates subjected to
high temperatures and subsequently repaired with
high-performance concrete.
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Refs. Typeoftest T SR [ HP co F IBS

Abo Sabah et al. (2019) ~ Slant shear 25 Groove 30 Non N-HPC 6 259
100 Groove 30 Composite N-HPC 6 20
200 Groove 30 Composite N-HPC 6 18
300 Groove 30 Composite N-HPC 6 16
400 Groove 30 Composite N-HPC 6 11
500 Groove 30 Composite N-HPC 6 9
25 SB 30 Non N-HPC 6 36.13
100 SB 30 Composite N-HPC 6 33
200 SB 30 Composite N-HPC 6 315
300 SB 30 Composite N-HPC 6 25
400 SB 30 Composite N-HPC 6 19.5
500 SB 30 Composite N-HPC 6 16

Haido et al. (2021) Slant shear 25 S 30 Unheated N-HPC 0 15.1
200 S 30 Composite N-HPC 0 14
300 S 30 Composite N-HPC 0 12.7
400 S 30 Composite N-HPC 0 11.8
500 S 30 Composite N-HPC 0 10.1
25 S 30 Composite N-HPC 0.25 16.7
200 S 30 Composite N-HPC 0.25 15
300 S 30 Composite N-HPC 0.25 133
400 S 30 Composite N-HPC 0.25 9
500 S 30 Composite N-HPC 0.25 7.9
25 S 30 Unheated N-HPC 0.5 13.8
200 S 30 Composite N-HPC 0.5 12
300 S 30 Composite N-HPC 0.5 10.8
400 S 30 Composite N-HPC 0.5 9.5
500 S 30 Composite N-HPC 0.5 7.3
25 S 30 Unheated N-HPC 1 12.8
200 S 30 Composite N-HPC 1 10.3
300 S 30 Composite N-HPC 1 10
400 S 30 Composite N-HPC 1 8
500 S 30 Composite N-HPC 1 79
25 SB 30 Unheated N-HPC 0 30.5
200 SB 30 Composite N-HPC 0 29
300 SB 30 Composite N-HPC 0 289
400 SB 30 Composite N-HPC 0 28.7
500 SB 30 Composite N-HPC 0 263
25 SB 30 Unheated N-HPC 0.25 34
200 SB 30 Composite N-HPC 0.25 329
300 SB 30 Composite N-HPC 0.25 29
400 SB 30 Composite N-HPC 0.25 27.8
500 SB 30 Composite N-HPC 0.25 255
25 SB 30 Unheated N-HPC 0.5 328
200 SB 30 Composite N-HPC 0.5 30.8
300 SB 30 Composite N-HPC 0.5 29.8
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Refs. Typeoftest T SR [ HP co F IBS
400 SB 30 Composite N-HPC 0.5 28
500 SB 30 Composite N-HPC 0.5 27
25 SB 30 Unheated N-HPC 1 332
200 SB 30 Composite N-HPC 1 322
300 SB 30 Composite N-HPC 1 309
400 SB 30 Composite N-HPC 1 305
500 SB 30 Composite N-HPC 1 29
25 G 30 Unheated N-HPC 0 30
200 G 30 Composite N-HPC 0 282
300 G 30 Composite N-HPC 0 26
400 G 30 Composite N-HPC 0 235
500 G 30 Composite N-HPC 0 204
25 G 30 Unheated N-HPC 0.25 29
200 G 30 Composite N-HPC 0.25 27
300 G 30 Composite N-HPC 0.25 26.8
400 G 30 Composite N-HPC 0.25 26
500 G 30 Composite N-HPC 0.25 235
25 G 30 Unheated N-HPC 0.5 328
200 G 30 Composite N-HPC 0.5 315
300 G 30 Composite N-HPC 0.5 30.1
400 G 30 Composite N-HPC 0.5 292
500 G 30 Composite N-HPC 0.5 282
25 G 30 Unheated N-HPC 1 345
200 G 30 Composite N-HPC 1 325
300 G 30 Composite N-HPC 1 30.5
400 G 30 Composite N-HPC 1 284
500 G 30 Composite N-HPC 1 264
25 H 30 Unheated N-HPC 0 203
200 H 30 Composite N-HPC 0 199
300 H 30 Composite N-HPC 0 19
400 H 30 Composite N-HPC 0 184
500 H 30 Composite N-HPC 0 179
25 H 30 Unheated N-HPC 0.25 208
200 H 30 Composite N-HPC 0.25 20.2
300 H 30 Composite N-HPC 0.25 19.5
400 H 30 Composite N-HPC 0.25 194
500 H 30 Composite N-HPC 0.25 189
25 H 30 Unheated N-HPC 0.5 217
200 H 30 Composite N-HPC 0.5 20.1
300 H 30 Composite N-HPC 0.5 20
400 H 30 Composite N-HPC 0.5 19.8
500 H 30 Composite N-HPC 0.5 186
25 H 30 Unheated N-HPC 1 222
200 H 30 Composite N-HPC 1 22
300 H 30 Composite N-HPC 1 21.8
400 H 30 Composite N-HPC 1 20.7
500 H 30 Composite N-HPC 1 19

Behforouz et al. (2023)  Slant shear 20 S 30 Unheated N-HPC 0 10
200 S 30 Composite N-HPC 0 53
400 S 30 Composite N-HPC 0 0
600 S 30 Composite N-HPC 0 0
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Refs. Typeoftest T SR [ HP co F IBS
20 S 30 Unheated N-HPC 0 10.5
200 S 30 Composite N-HPC 0 6.6
400 S 30 Composite N-HPC 0 0
600 S 30 Composite N-HPC 0 0
20 S 30 Unheated N-HPC 0 104
200 S 30 Composite N-HPC 0 6.5
400 S 30 Composite N-HPC 0 0
600 S 30 Composite N-HPC 0 0
20 S 30 Unheated N-HPC 0 109
200 S 30 Composite N-HPC 0 6.8
400 S 30 Composite N-HPC 0 0
600 S 30 Composite N-HPC 0 0
20 S 30 Unheated N-HPC 0 11.1
200 S 30 Composite N-HPC 0 7.3
400 S 30 Composite N-HPC 0 0
600 S 30 Composite N-HPC 0 0
20 WB 30 Unheated N-HPC 0 153
200 WB 30 Composite N-HPC 0 10.1
400 WB 30 Composite N-HPC 0 0
600 WB 30 Composite N-HPC 0 0
20 WB 30 Unheated N-HPC 0 159
200 WB 30 Composite N-HPC 0 14.5
400 WB 30 Composite N-HPC 0 22
600 WB 30 Composite N-HPC 0 0
20 WB 30 Unheated N-HPC 0 15.8
200 WB 30 Composite N-HPC 0 15.1
400 WB 30 Composite N-HPC 0 2.8
600 WB 30 Composite N-HPC 0 0
20 WB 30 Unheated N-HPC 0 17.2
200 WB 30 Composite N-HPC 0 16.9
400 WB 30 Composite N-HPC 0 24
600 WB 30 Composite N-HPC 0 0
20 WB 30 Unheated N-HPC 0 186
200 WB 30 Composite N-HPC 0 173
400 WB 30 Composite N-HPC 0 32
600 WB 30 Composite N-HPC 0 0
20 @ 30 Unheated N-HPC 0 208
200 C 30 Composite N-HPC 0 188
400 C 30 Composite N-HPC 0 178
600 C 30 Composite N-HPC 0 7.9
20 @ 30 Unheated N-HPC 0 21.1
200 C 30 Composite N-HPC 0 20.5
400 C 30 Composite N-HPC 0 19.2
600 C 30 Composite N-HPC 0 83
20 @ 30 Unheated N-HPC 0 21.5
200 C 30 Composite N-HPC 0 21.7
400 C 30 Composite N-HPC 0 194
600 C 30 Composite N-HPC 0 9.2
20 C 30 Unheated N-HPC 0 225
200 C 30 Composite N-HPC 0 24
400 C 30 Composite N-HPC 0 20.7
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Refs. Typeoftest T SR [ HP co F IBS
600 C 30 Composite N-HPC 0 93
20 @ 30 Unheated N-HPC 0 246
200 C 30 Composite N-HPC 0 27.1
400 C 30 Composite N-HPC 0 20.6
600 C 30 Composite N-HPC 0 96
20 G 30 Unheated N-HPC 0 185
200 G 30 Composite N-HPC 0 154
400 G 30 Composite N-HPC 0 143
600 G 30 Composite N-HPC 0 6.8
20 G 30 Unheated N-HPC 0 19.1
200 G 30 Composite N-HPC 0 174
400 G 30 Composite N-HPC 0 15.8
600 G 30 Composite N-HPC 0 7.1
20 G 30 Unheated N-HPC 0 194
200 G 30 Composite N-HPC 0 19.6
400 G 30 Composite N-HPC 0 16.6
600 G 30 Composite N-HPC 0 7.3
20 G 30 Unheated N-HPC 0 19.5
200 G 30 Composite N-HPC 0 20.1
400 G 30 Composite N-HPC 0 17.2
600 G 30 Composite N-HPC 0 76
20 G 30 Unheated N-HPC 0 20.1
200 G 30 Composite N-HPC 0 222
400 G 30 Composite N-HPC 0 189
600 G 30 Composite N-HPC 0 84

Gao et al. (2019) Slant shear 22 WB 30 Unheated N-N 0 55
22 WB 30 Unheated N-N 0 82
22 WB 30 Unheated N-N 0 5.1
200 WB 30 Composite N-N 0 52
200 WB 30 Composite N-N 0 49
200 WB 30 Composite N-N 0 6.8
400 WB 30 Composite N-N 0 5.5
400 WB 30 Composite N-N 0 4.7
400 WB 30 Composite N-N 0 4.7
600 WB 30 Composite N-N 0 36
800 WB 30 Composite N-N 0 0
22 WB 30 Unheated N-HPC 1.7 55
22 WB 30 Unheated N-HPC 1.7 55
22 WB 30 Unheated N-HPC 1.7 4
200 WB 30 Composite N-HPC 17 7.6
200 WB 30 Composite N-HPC 17 59
200 WB 30 Composite N-HPC 1.7 7.1
400 WB 30 Composite N-HPC 17 4.2
400 WB 30 Composite N-HPC 17 4.6
400 WB 30 Composite N-HPC 17 6.2
600 WB 30 Composite N-HPC 17 29
600 WB 30 Composite N-HPC 1.7 48
600 WB 30 Composite N-HPC 17 29
800 WB 30 Composite N-HPC 17 29
800 WB 30 Composite N-HPC 17 0.6
800 WB 30 Composite N-HPC 17 0.6
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Refs. Typeoftest T SR [ HP co F IBS
800 WB 30 Composite N-HPC 17 1
22 WB 30 Unheated N-N 0 54
22 WB 30 Unheated N-N 0 5.7
22 WB 30 Unheated N-N 0 54
200 WB 30 Substrate N-N 0 5
200 WB 30 Substrate N-N 0 58
200 WB 30 Substrate N-N 0 6.3
400 WB 30 Substrate N-N 0 43
400 WB 30 Substrate N-N 0 3
400 WB 30 Substrate N-N 0 42
600 WB 30 Substrate N-N 0 43
600 WB 30 Substrate N-N 0 39
600 WB 30 Substrate N-N 0 39
800 WB 30 Substrate N-N 0 0.7
800 WB 30 Substrate N-N 0 0
22 WB 30 Unheated N-HPC 1.7 44
22 WB 30 Unheated N-HPC 1.7 39
22 WB 30 Unheated N-HPC 1.7 39
200 WB 30 Substrate N-HPC 1.7 8.7
200 WB 30 Substrate N-HPC 1.7 8.6
200 WB 30 Substrate N-HPC 1.7 11.6
400 WB 30 Substrate N-HPC 1.7 9.9
400 WB 30 Substrate N-HPC 1.7 6.1
400 WB 30 Substrate N-HPC 1.7 6.8
600 WB 30 Substrate N-HPC 17 44
600 WB 30 Substrate N-HPC 1.7 5.1
600 WB 30 Substrate N-HPC 1.7 4.5
800 WB 30 Substrate N-HPC 1.7 0
800 WB 30 Substrate N-HPC 1.7 33
800 WB 30 Substrate N-HPC 17 0

Sun et al. (2022) Slant shear 25 S 30 Unheated N-N 0 0.9
100 S 30 Composite N-N 0 038
200 S 30 Composite N-N 0 117
300 S 30 Composite N-N 0 0.67
400 S 30 Composite N-N 0 0.55
500 S 30 Composite N-N 0 0.48
600 S 30 Composite N-N 0 037
700 S 30 Composite N-N 0 03
25 S 38 Unheated N-N 0 1.133333
100 S 38 Composite N-N 0 1.02
200 S 38 Composite N-N 0 14
300 S 38 Composite N-N 0 0.96
400 S 38 Composite N-N 0 0.89
500 S 38 Composite N-N 0 0.9
600 S 38 Composite N-N 0 0.58
700 S 38 Composite N-N 0 0.51
25 S 38 Unheated N-N 0 1.455556
100 S 38 Composite N-N 0 131
200 S 38 Composite N-N 0 144
300 S 38 Composite N-N 0 127
400 S 38 Composite N-N 0 1.02
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Refs. Typeoftest T SR [ HP co F IBS
500 S 38 Composite N-N 0 0.96
600 S 38 Composite N-N 0 0381
700 S 30 Composite N-N 0 0.78

Chen et al. (2023) Push-off test 20 SB - Unheated N-N 0 3.06
200 SB - Composite N-N 0 2.28
400 SB - Composite N-N 0 22
600 SB - Composite N-N 0 037
20 SB - Unheated N-HPC 0 3
200 SB - Composite N-HPC 0 2.7
400 SB - Composite N-HPC 0 1.8
600 SB - Composite N-HPC 0 1.21
25 SB - Unheated N-HPC 0 553
200 SB - Composite N-HPC 0 3.58
400 SB - Composite N-HPC 0 1.64
600 SB - Composite N-HPC 0 0381
25 SB - Unheated N-HPC 0 429
200 SB - Composite N-HPC 0 3
400 SB - Composite N-HPC 0 1.83
600 SB - Composite N-HPC 0 0381
25 S - Unheated N-N 0 0.93
200 S - Composite N-N 0 0.21
400 S - Composite N-N 0 0.14
600 S - Composite N-N 0 017
25 S - Unheated N-HPC 0 0.9
200 S - Composite N-HPC 0 023
400 S - Composite N-HPC 0 0.12
600 S - Composite N-HPC 0 0.07
25 S - Unheated N-HPC 0 1.19
200 S - Composite N-HPC 0 04
400 S - Composite N-HPC 0 0.13
600 S - Composite N-HPC 0 0.03
25 S - Unheated N-N 0 1.36
200 S - Composite N-N 0 048
400 S - Composite N-N 0 0.17
600 S - Composite N-N 0 0.17

Zalhaf et al. (2024) Push-off test 25 C - Unheated N-N 0 241
200 C - Composite N-N 0 2.28
400 C - Composite N-N 0 14
600 C - Composite N-N 0 1.14
25 @ - Unheated N-HPC 1 3
200 C - Composite N-HPC 1 29
400 C - Composite N-HPC 1 2.62
600 C - Composite N-HPC 1 244
25 C - Unheated N-HPC 0 277
600 C - Composite N-HPC 0 1.36
25 C - Unheated N-HPC 0 2.88
600 C - Composite N-HPC 0 1.83
25 @ - Unheated N-HPC 0.5 2.68
600 C - Composite N-HPC 0.5 2.06
25 C - Composite N-HPC 0.5 29
600 C - Composite N-HPC 0.5 1.03
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Refs. Typeoftest T SR HP co F IBS
Shang et al. (2021) Push-off test 20 SB Unheated N-HPC 2 1.87
20 SB Unheated N-HPC 2 268
20 SB Unheated N-HPC 2 161
200 SB Substrate N-HPC 2 26
200 SB Substrate N-HPC 2 2.26
200 SB Substrate N-HPC 2 233
400 SB Substrate N-HPC 2 2.66
400 SB Substrate N-HPC 2 357
400 SB Substrate N-HPC 2 352
600 SB Substrate N-HPC 2 1.93
600 SB Substrate N-HPC 2 253
600 SB Substrate N-HPC 2 253
600 WB Substrate N-HPC 2 1.59
600 WB Substrate N-HPC 2 1.61
600 WB Substrate N-HPC 2 1.68
600 SB Substrate N-HPC 2 28
600 SB Substrate N-HPC 2 34
600 SB Substrate N-HPC 2 217
600 SB Substrate N-HPC 2 254
600 SB Substrate N-HPC 2 2.18
600 SB Substrate N-HPC 2 2.16
600 SB Substrate N-HPC 2 1.9
600 SB Substrate N-HPC 2 1.73
600 SB Substrate N-HPC 2 2.65
600 SB Substrate N-HPC 2 1.32
Abo Sabah etal. (2019) Tensile test 25 G Unheated N-HPC 6 6.95
100 G Composite N-HPC 6 438
200 G Composite N-HPC 6 33
300 G Composite N-HPC 6 2.8
400 G Composite N-HPC 6 2.1
500 G Composite N-HPC 6 19
25 SB Unheated N-HPC 6 8.53
100 SB Composite N-HPC 6 6.2
200 SB Composite N-HPC 6 5.8
300 SB Composite N-HPC 6 43
400 SB Composite N-HPC 6 3.6
500 SB Composite N-HPC 6 2.1
Gao et al. (2019) Tensile test 22 WB Unheated N-N 0 1.16
22 WB Unheated N-N 0 0.93
22 WB Unheated N-N 0 0.93
200 WB Composite N-N 0 13
200 WB Composite N-N 0 1.35
200 WB Composite N-N 0 1.38
400 WB Composite N-N 0 127
400 WB Composite N-N 0 121
400 WB Composite N-N 0 1
600 WB Composite N-N 0 0
800 WB Composite N-N 0 0
22 WB Unheated N-HPC 1.7 235
22 WB Unheated N-HPC 1.7 2.73
22 WB Unheated N-HPC 1.7 212
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Refs. Typeoftest T SR HP co F IBS
200 WB Composite N-HPC 17 2.26
200 WB Composite N-HPC 1.7 245
200 WB Composite N-HPC 17 2.29
400 WB Composite N-HPC 17 1.66
400 WB Composite N-HPC 17 172
400 WB Composite N-HPC 17 1.71
600 WB Composite N-HPC 1.7 1.5
600 WB Composite N-HPC 17 1.36
600 WB Composite N-HPC 17 143
800 WB Composite N-HPC 17 048
800 WB Composite N-HPC 17 0
800 WB Composite N-HPC 17 0.38
22 WB Unheated N-N 0 212
22 WB Unheated N-N 0 2.01
22 WB Unheated N-N 0 204
200 WB Substrate N-N 0 1.85
200 WB Substrate N-N 0 242
200 WB Substrate N-N 0 2.75
400 WB Substrate N-N 0 1.76
400 WB Substrate N-N 0 2.01
400 WB Substrate N-N 0 1.98
600 WB Substrate N-N 0 148
600 WB Substrate N-N 0 1.7
600 WB Substrate N-N 0 1.53
22 WB Unheated N-HPC 1.7 194
22 WB Unheated N-HPC 1.7 1.72
22 WB Unheated N-HPC 1.7 2.22
200 WB Substrate N-HPC 1.7 2.55
200 WB Substrate N-HPC 1.7 284
200 WB Substrate N-HPC 17 2.25
400 WB Substrate N-HPC 1.7 2.05
400 WB Substrate N-HPC 1.7 239
400 WB Substrate N-HPC 1.7 246
600 WB Substrate N-HPC 1.7 1.79
600 WB Substrate N-HPC 17 2.01
600 WB Substrate N-HPC 1.7 1.76

Ouyang et al. (2023) Tensile test 20 SB Unheated N-HPC 16 1.99
20 SB Unheated N-HPC 1.6 252
300 SB Substrate N-HPC 1.6 1.59
300 SB Substrate N-HPC 1.6 197
500 SB Substrate N-HPC 1.6 1.82
500 SB Substrate N-HPC 16 1.84
300 SB Substrate N-HPC 1.6 2.15
300 SB Substrate N-HPC 1.6 2.21
500 SB Substrate N-HPC 1.6 1.77
500 SB Substrate N-HPC 1.6 1.58
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