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� The novel epoxy resin bonding agent
was proposed.

� The bonding agent improves the
bonding strength of epoxy resin
coatings.

� The bonding agent was modified with
the addition of coconut fibers.

� The addition of 0.5% of coconut fibers
to the bonding agent was beneficial.

� The interface between the coating
and substrate was analyzed.
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The current paper aims to propose a novel epoxy resin bonding agent for improving the bonding strength
of epoxy resin coating systems. These kinds of systems are mainly employed during the repair and main-
tenance of existing cement-based structures, especially concrete floors. The paper presents the results of
a series of tests of epoxy resin coatings, in which the matrix of the bonding agent made of epoxy resin is
modified with the addition of coconut fibers. Pull-off strength tests were performed on the cement paste
and cement mortar substrates. The results presented that the addition of 0.5%-1.0% of coconut fibers to
the bonding agent matrix resulted in increased pull-off strength of the coating. In turn, it was observed
that in the case of using a higher volume fraction of fibers the occurrence for the delamination failure
between the epoxy resin and substrate was more pronounced. This is manifested by the reduction of
the pull-off strength of the epoxy resin coating and is probably caused by the increased presence of fiber
clusters in the epoxy resin matrix. Finally, to confirm the obtained macroscopic results, the specimens
were analyzed using the scanning electron microscopy method by examining the interface between
the coating and substrate. Numerical simulations were successfully predicting the behavior of pull-off
strength using simplified concrete damage plasticity. The linear behavior was defined for presenting
the softening behavior of the substrate during loading.
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1. Introduction

Cement-based materials are commonly used to build reinforced
concrete structures on land and water [1]. In aggressive environ-
mental conditions where the structures are exposed to degrada-
tions, providing some protection layers can effectively increase
the service life of the structures [2].

The protection methods that are commonly used include: (i) the
use of protective coatings on cement-based surface protective
coating, (ii) rebars coating and (iii) corrosion inhibitors [3–9]. Some
of these methods are suitable for new concrete structures, whereas
others may also be adopted for existing structures (e.g., in repairs
[10–15]).

There are existing various types of coating protectives ranging
from simple to complex formulations and materialized by inor-
ganic and/or organic constituents. These coating protectives are
efficient for enhancing cementitious materials durability perfor-
mances. Moreover, studies to date have shown encouraging results
on their performance [16–19].

The bonding strength between the coating and the absorptive
substrates is an important indicator for measuring the service per-
formance of a coating system [20–23]. Therefore, the bonding
mechanism within the interface between the coating and the sub-
strate has been a fundamental and important subject of research in
the field of surface engineering [24–27].

Considering a coating system that consists of an epoxy resin
coating placed on a cementitious substrate. Before the application
of the coating, this substrate is covered and strengthened with an
epoxy resin bonding agent. Such a coating type is widely used in
existing concrete elements, such as floors, to strengthen the
near-surface zone of existing cementitious substrates and to avoid
their demolition and rebuilding. More precisely, the concrete floor
is first ground and cleaned, then the bonding agent is applied, and
the final finishing epoxy resin is placed.

To increase the pull-off strength of the aforementioned system
[28], three strategies can be adopted as: (a) the coating’s composi-
tion, (b) the cement substrate’s composition, and (c) the bonding
agent’s composition.

In the context of point (a), regarding the modification of a
coating’s composition, recent investigations have shown that the
addition of both glass powder [29,30] and glass fibers [31]
improves the selected adhesive properties of epoxy resin coatings.
Afshar et al., [32] studied the possibility of decreasing the corro-
sion rate in reinforced concrete and consequently increasing the
durability of concrete structures. Different concrete additives
and coatings on rebars were proposed. It was demonstrated that
the polyurethane coating had the highest strength and the lowest
corrosion compared to the other proposed coatings in that
research.. De la Varga et al., [33] obtained a high pull-off strength
by modifying the coatings with nanosilica. In turn, Morshed et al.,
[34] used nanosilica together with carbon nanotubes as additives
to epoxy resin and observed a favourable effect on the bonding
between the polymer composites and substrate. Pourhashema
et al., [35] investigated the effect of hybrid SiO2-graphene oxide
added to the resin and found that the corrosion resistance of
the coating, the adhesion, and water contact angle of the epoxy
coating were significantly increased. It is worth noting that one
method to enhance the pull-off strength, which does not require
surface treatment, is the use of monomers, polymers, and nano-
materials [36–38].

In the context of point (b), the modification of a substrate’s
composition aims to increase the surface morphology of the sub-
strate. This was recently proved by Van Der Putten et al., [39],
who modified the composition of the substrate’s near surface zone
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by adding both a comb (equipped with 34 small needles placed
next to each other) and sand.

In the context of point (c), regarding the modification of a bond-
ing agent’s composition, Kim et al., [40] proposed an aminosilane-
modified resin-based bonding agent. Other modification attempts
were made by adding polypropylene fibers [41]. It was observed
that the addition of fibers in the cementitious substrate in an
amount between 0.5 wt% and 1 wt% increased the pull-off strength
with respect to specimens without fibers.

Vegetable fibers are relatively rarely used in building applica-
tions. Their use is confined to improve the physical and mechanical
properties of cementitious substrates, rather than to enhance the
bonding strength of coating systems [42–49]. As pointed out by
Wei et al., [28], eco-friendly methods for improving the bond
strength of epoxy-based industrial composite coatings are worth
taking into consideration. As pointed out by Czarnecki and Van
Gemert [50] environmentally-friendly innovations should be pro-
vided to solve the problem of the negative impact of the construc-
tion industry on the environment. According to Li et al., [51],
vegetable fibers provide several advantages to composites when
compared to synthetic fibers, such as biodegradability, low weight,
low price, and satisfactory mechanical properties [52–54].

The novelty of the present paper is the proposal of a new epoxy
resin bonding agent to improve the bonding strength of an epoxy
resin coating system. The proposal involves the inclusion of coco-
nut fibers in the bonding agent matrix.

Different cementitious substrates were examined: a cement
paste and cement mortar. The coating was made of a commercial
epoxy resin manufactured by Si-Tech (Jakubow, Poland). The bond-
ing agent matrix, made of a commercial epoxy resin manufactured
by Si-Tech (Jakubow, Poland), was modified with the addition of a
different percent of coconut fibers (0.5%, 1.0%, 1.5% and 2.0% of the
resin’s weight). To the best of the authors’ knowledge, it is worth
noting that there are no attempts described in the literature to
include vegetable fibers, and more precisely coconut fibers, in
epoxy resin coating systems for improving their bonding strength.

The adhesive properties of such a novel coating system were
experimentally investigated by carrying out pull-off tests. The
microstructure of each used bonding agent was analysed with
the use of scanning electron microscopy. In addition to that, finite
element simulations were employed for further understanding
regarding the bond strength and substrate failure. For this aim,
ABAQUS software was utilized and the bond between substrate
and coating was defined using cohesive elements and substrate
failure model using Concrete Damage Plasticity (CDP). The reason
for choosing the CDP model was due to high convergence, fewer
analyses time, and less parameters essential for defining material
behaviour.
2. Materials and preparation

2.1. Cementitious substrates

Two types of cementitious substrates were examined: cement
paste and a cement mortar. The cement paste was composed of
cement and water in a water-to-cement ratio equal to 0.4, whereas
the cement mortar was made of cement, sand, and water in pro-
portions of 1: 3: 0.5. The compressive strength of the cement paste
was equal to 45.12 ± 0.90 MPa, whereas the flexural strength was
equal to 4.65 ± 0.11 MPa. The compressive strength of the cement
mortar was equal to 53.35 ± 1.08 MPa, whereas the flexural
strength was equal to 5.12 ± 0.12 MPa.

Moulds with dimensions of 150 � 150 � 40 mm were used to
prepare each of the above substrates. All dry ingredients were then
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measured out and mixed in a mixer. After the dry ingredients were
mixed, the water was added and mixed with a mixer arm for 90 s,
followed by hand mixing for a further 90 s. The prepared mix was
placed in the moulds, their surface was levelled, and they were
then left for 24 h covered with plastic foil. After this time, the spec-
imens were removed from the moulds and dried in air at 20–23 �C
and 60–65% humidity for 28 days. After complete curing, the sur-
face of the specimens was smoothed to an even surface.
2.2. The coating and the bonding agent

Commercial epoxy resins, which were obtained from bisphenol
A and epichlorohydrin (number average molecular weight � 700),
were used for both the coating and the bonding agent matrix. For
the coating, the commercial epoxy resin Meteor Stone, manufac-
tured by Si-Tech (Jakubow, Poland) was used. The resin had a den-
sity of 1.15–1.25 g/cm3, a viscosity of 750–1000 MPa�s, a shelf life
(at 20 �C) of 20–25 min, and achieved full hardening after 24 h. For
the bonding agent matrix, the commercial epoxy resin Meteor Pri-
mer, manufactured by Si-Tech (Jakubow, Poland) was used. It had a
density of 1.0–1.2 g/cm3 and a low viscosity of 400–600 MPa�s.
2.3. Coconut fibers

The view of the source of fibers, macrophotography of the coco-
nut fibers is presented in Fig. 1(a, b). The fibers’ diameter distribu-
tion was determined by randomly selecting 100 coconut fibers and
employing both SEM images and ImageJ software (version 1.51w,
National Institutes of Health, Bethesda, MA, USA [61]). Fig. 1c
shows the obtained diameter distribution. The average diameter
is equal to 258.9 ± 119.4 mm, whereas the median value is equal
to 248.9 ± 55.0 mm. The fibers’ length ranges from 8 to 10 mm. Such
geometrical sizes are summarised in Table 1.

Moreover, the fibres’ surface was characterized by expanded
surface topography, as can be observed in Fig. 2(a, b). They are
characterized by a neutral pH, and their chemical composition,
determined by the energy-dispersive X-ray spectroscopy method
(EDS, EDX), is shown in Fig. 2(c). The dominance of carbon and
the low fraction of oxygen can be observed in Fig. 2(c). Moreover,
from the observations of the fibers performed in the BSE (material
contrast) mode (Fig. 2(c)), it was found that silicon dominated in
the brighter regions.
Fig. 1. Coconut fibers: (a) view of the source of fibers,

3

2.4. Specimens of the coating system

The specimens for testing were derived from the specimens of
the coating system. The specimens were prepared from the afore-
mentioned cementitious substrates (see Section 2.1).

The epoxy resin, which was employed for the bonding agent
(see Section 2.2), was mixed with the phenalkamine-based hard-
ener in a ratio of 100 to 33. The coconut fibers (see Section 2.3)
were added in a percentage of 0.5%, 1.0%, 1.5%, and 2.0% of the total
weight of the resin. The mixture was then poured over the pre-
pared substrates. A layer thickness of about 2 mm was obtained.
The resin employed for the coating (see Section 2.2) was mixed
with the phenalkamine-based hardener in a ratio of 100 to 50.
The coating was then poured over the above layer, and a layer
thickness of about 2 mm was obtained. It should be noted that
there were protruding individual fibers and air bubbles observed
on the top layer of some specimens. Therefore, to smooth the
entire surface, the specimens were sanded using a grinder with a
concrete grinding disc.

Moreover, to compare the results obtained with the use of the
novel bonding agent, reference specimens were also prepared in
which no fibers were added to the bonding agent. Fig. 3 shows
the prepared specimens.
3. Experimental testing

3.1. Pull-off tests

The sample was divided into four regions, and therefore four
tests could be performed on each specimen (Fig. 3(a) and (b)).
The centre of each hole, according to the ASTM D4541-17 (Stan-
dard Test Method for Pull-Off Strength of Coatings Using Portable
Adhesion Testers) standard for pull-off test [55], was located at
about 37 mm from the edge of the specimens. The holes were
made using a diamond drill bit in concrete with an internal diam-
eter of 5 cm and a rectangular shape of the teeth (Fig. 6). Drilling
was performed at low speed - at the beginning of drilling, a device
holding the drill was employed. The drill was cooled every few sec-
onds during the drilling, but there was still a high temperature in
the area of the drilled hole. After all boreholes were drilled, the
top layer of each test specimen was cleaned of dust and washed
with acetone to thoroughly clean and degrease. The pull-off tests
were carried out according to the ASTM D4541-17 standard [55]
(b) macrophotography, (c) diameter distribution.



Table 1
Characteristic sizes of the coconut fibers: mean value ðxÞ, standard deviation (SD), first quartile (Q1), third quartile (Q3), interquartile range (IQR).

x[lm] SD [lm] Median [lm] Q1 [lm] Q3 [lm] 1
2IQR [lm]

258.9 119.4 248.9 179.9 290.0 55.0

Fig. 2. Coconut fibers: (a, b) fiber surface image (SEM, BSE) used for chemical analysis, and (b) X-ray diffraction spectrum.

Fig. 3. Specimens: (a) specimen type, (b) cross-section of a specimen, (c) sample specimen for SEM test.
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using a pull-off tester made by Proceq (Schwerzenbach, Switzer-
land). The tester automatically determined the pull-off strength
by plotting the time-dependent load increment (Fig. 4(a)).

To connect the arm of the pull-off tester and the top layer of the
specimen, a steel disc was used (Fig. 4(b)). The steel discs were
glued to the specimens by using the epoxy resin Epididan 5,
together with the hardener Z1 from Ciech Sarzyna (Nowa Sarzyna)
in a proportion of 100 to 12. The epoxy resin was applied and care-
fully spread within the interface between the steel discs and the
surface of the bonding agent. After that, any excess resin had to
be removed. Once the adhesive was fully cured, the pull-off tests
were performed. The maximum time required to obtain failure
4

was 100 s (with a peel rate of 0.05 MPa/s). At least three tests were
performed for each sample type (see Fig. 3(a)).
3.2. Ultrasonic testing

Ultrasonic pulse velocity measurements were carried out to
investigate the degree of resin penetration into the substrate with
regard to depth. The tested specimens for the pull-off tests were
employed for performing ultrasonic tests. With this aim, each spec-
imen was cut into two parts (see Fig. 3) and the two surfaces were
ground so that they were parallel to each other. The ultrasonic



Fig. 4. The pull-off tester made by Proceq (Schwerzenbach, Switzerland):(a) view of the test device, (b) scheme of the testing system.
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device made by Proceq (Schwerzenbach, Switzerland) shown in
Fig. 5 (a) was used.

Measurements of ultrasonic pulse velocity were first performed
close to the coating’s surface, and then at a depth equal to 2 mm,
i.e., at the interface between the bonding agent and the coating.
At a depth equal to 4 mm, pores on the resin and cementitious sub-
strates were detected. In the cementitious substrates, the ultra-
sonic pulse velocity measurements were carried out every 4 mm
up to a depth of 20 mm, with a total of 6 measurements being con-
ducted for each tested specimen (Fig. 5(b)).

3.3. Microstructural and chemical analysis

A scanning electron microscope JSM-6610A made by JEOL
(Tokyo, Japan) with tungsten filament was used to investigate
the microstructure of the interphase between the bonding agent
and the cementitious substrate. Such analysis was carried out
using the BSE mode (material contrast of the backscattered elec-
trons detector). A current of 40nA, an accelerating voltage of
20 kV, and a distance from the sample of 10 mm were applied.

The specimens used for the SEM observations (Fig. 3(c)) were
embedded in epoxy resin (non-conductive) and ground using sand-
papers in the 120–1200-grit range. Finally, their surface was pol-
ished using a diamond paste medium (diamond size 6 lm and
1 lm). To obtain the electric conductivity of the specimen, and
to avoid electric charging of its cross-section, a conductive track
made of copper tape was applied. For this purpose, the whole spec-
imen was covered with a 35 nm thick layer of conductive carbon
coating, which was applied in a high vacuum (2 � 10�5 Pa) using
the thermal spraying method and graphite electrodes.
Fig. 5. (a) The ultrasonic device made by Proceq (Schwerzenbach, Sw
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The X-ray dispersed energy spectrometer (EDX, EDS) (Tokyo,
Japan) with a count rate of about 4000 cps was used to determine
the chemical composition of the specimens. The dead time of the
detector did not exceed 15%. Quantitative analyses were per-
formed by using both the JEOL software (JEOL JED-2300 Analysis
Station) and the integrated ZAF method.

Chemical element mapping, which provides information con-
cerning the elements that characterize the interphase between
the bonding agent and the cementitious substrate, had a resolution
of 512 � 384 points with a field size of 135 � 100 lm.
3.4. Numerical modelling

Nonlinear three-dimensional finite-element simulations were
carried out to capture the adhesive performance of epoxy resin
coatings with a novel bonding agent. The finite element method
(FEM) simulations were performed using the commercial software
ABAQUS version 2017. A nonlinear analysis enabling geometric
nonlinearities based on the direct full Newton-Raphson technique
was used to run the simulations. To obtain the ultimate pull-off
strength preliminary, the ultimate tensile strength of the substrate
was studied using inverse analysis to understand the softening
behaviour of the substrate during tensile stresses. A Concrete Dam-
age Plasticity (CDP) model was utilized for this purpose. The inter-
action between different pull-off test components was considered
using a predefined cohesive function in ABAQUS. The output
results of the FE simulation presented the capability of the pro-
posed model for capturing the ultimate tensile strength during
pull-off tests.
itzerland), and (b) the ultrasonic pulse velocity measurement.
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Fig. 7. Finite element (FE) model description: (a) meshing, (b) boundary and
loading conditions.
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Fig. 6. Geometry and constituents for finite element method (FEM) (all dimensions
in mm).

Fig. 8. Response of concrete to a tensile loading condition.
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The schematic description of the model geometry and con-
stituents is depicted in Fig. 6. For the FEM analysis, the pull-off test
constituents were comprised of steel cylinder for loading purpose,
coating, bonding agent, and cementitious substrate. It should be
mentioned that, in this stage of research, for some simplification
and avoiding the influence of different parameters, the coating
and bonding agent were considered as one layer. The cylinder,
dimensioned by 50 mm (diameter) and 50 mm (height) and for
avoiding the influence of deformation during the analysis, a rigid
body was selected with a reference point 5 mm outside in the cen-
terline direction.

Pull-off response in the FE analysis depends mainly on the con-
stituents responses andmore specifically due to substrate degrada-
tion and interface traction between different layers. Employing a
coarse mesh in the area of stress concentration may result in a stif-
fer response than reality. On the other hand, the extra fine mesh
may increase the time of simulation and softer response. After
some preliminary analysis, it was found that elements with an
approximate 5 mm per side were optimal for the simulation (see
Fig. 7a). All components were modeled using 3D hexahedral
deformable solid elements with eight nodes and three degrees of
freedom per node (C3D8).

Since in the experimental part the cementitious substrate was
not allowed to move and rotate in any direction and angles, in
the numerical simulations all degree freedoms for the displace-
ment (Ux, Uy, and Uz) and all degree freedoms for rotation (Rotx,
Roty and Rotz) were considered fixed. Regarding the loading, a ref-
erence point (RP) was allocated to the cylinder specimen and the
same approach as for the supporting was used except the degree
of the displacement in ‘‘y” direction was not fixed. The tensile load
was applied in the unfixed degree of displacement (Uy) in the RP as
a displacement with a maximum 1 mm displacement. The sche-
matic for loading and boundary conditions is depicted in Fig. 7.
6

ABAQUS/STATIC GENERAL was used for the calculation with a total
time 1 s, the maximum number of increments of 10,000, increment
size 0.001 for initial and 0.01 for the maximum.

The epoxy resin was defined as an isotropic material with
linear- elastic properties. The performed inverse analysis, Young’s
modulus of 4 GPa, was chosen for this material. Regarding the sub-
strate, the simplified CDP model was used. This model assumes
that the cracking starts to initiate at the point where the maximum
principal strain is positive and the plastic strain is greater than
zero. By using some trial and error, the plasticity parameters for
CDP model were selected and tabulated in Table 1.



Table 2
Plasticity parameters for concrete damage plasticity (CDP) model.

Dilation angle (u) Eccentricity (e) rco
rbo

Kc Viscosity (l)

31 0.10 0.667 1.16 5 � 10-16

Table 3
Substrate properties defined during finite element (FE) simulation.

Elastic behaviour

Density (kg/mm3) 2.5e-9

Young’s Modulus 36 GPa

Poission’s ratio 0.19

Plastic behaviour

Compressive behaviour Tensile behaviour

Yeild Stress
(MPa)

Inelastic strain
(%)

Yeild Stress
(MPa)

Inelastic strain
(%)

54 0 3.2 0
2 0. 2
1.2 0.04
0.5 0.09
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In the simplified CDP, the values of the hardening and softening
variables were used for the determination of the cracking and
crushing trends, respectively. The damage states in compression
and tension were characterized independently by two hardening

variables indicated by epl;hc and epl;ht , which referred to the equiva-
lent plastic strains in compression and tension, respectively [56].
In this study, since the substrate was assumed that the effect of
compressive is negligible, the uniaxial compressive behavior was
defined as maximum yield stress of 55 MPa and inelastic strain
equal to zero. Regarding the tensile behavior, the hardening and
softening behavior were defined in Fig. 8, based on the models pre-
sented in [57].

In CDP model, the plastic hardening strain in tension (epl;ht ) was
derived in Fig. 8 as the following equations:

rt ¼ ð1� dtÞ � E0 � ðet � epl;ht Þ ð1Þ

eck;ht ¼ et � rt

E0
ð2Þ

epl;ht ¼ et � rt

E0

1
1� dt

� �
ð3Þ
Se

Fail

Damage evol

Damage initiation 

1 2, ( , )n s s

1

0 0 0
2, ( , )

sn st t t

1

0 0 0
2, ( , )

sn s

Tr
ac

tio
n (a) 

Fig. 9. Cohesive behaviour simulated: (a) traction
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epl;ht ¼ eck;ht � dt

ð1� dtÞ �
rt

E0
ð4Þ

Fig. 8 shows that with a further increase in the hardening crack-

ing strain (eck;ht ), the tension damage will continue to increase and
can be presented by Eq. (5):

dt ¼ 1� rt

rt0
ð5Þ

The selected parameters for representing the tensile behaviour
of the substrate are tabulated in Table 2.

Two types of interaction were defined in this research. The first
one was related to the interaction between cylinder loading and
epoxy resin. To avoid the influence of different parameters on
the simulation results, it was assumed preliminary using the per-
fect bond for interaction. Using this strategy, all debonding was
assumed to be occurred due to degradation of the bond between
epoxy layer and substrate. See (Table 3.).

The second interaction is related to the bond between expoxy
resin and cementitious substrate. This interaction was modelled
as cohesive. The generalized cohesive behaviour predefined in
ABAQUS was used. This is a surface-bed cohesive behaviour
defined by a traction separation law as was demonstrated in
Fig. 9, based on the model presented in [58].

The model considers linear elastic behavior of stiffness k until
reaching a certain value of interface traction strength (t0) and sur-
face separation (d0). Afterward, the initiation and evolution of
damage occur up to the ultimate separation. The elastic behavior
of the model is simulated by an elastic constitutive matrix that
relates the normal and shear stresses (referred to as tractiont) to
the normal and shear separation across the interface (d). Thus,
the surface separation (d) is computed by

t½ � ¼ k½ � d½ � ð6Þ

where t½ � ¼ tn ts1 ts2½ �Tand d½ � ¼ dn ds1 ds2½ �Tare the stress and
displacement components. In the simulation, an uncoupled behav-
ior was assumed between the traction and separation. This means
that the stress in the normal direction did not result in a separation
in the shearing direction, and the shear stress did not lead to any
separation in the normal direction.

Degradation of the bond between two adherent surfaces was
simulated with a damage model. Initiation of damage was defined
by a stress-based traction separation law, and it was assumed that
the failure mode corresponded to an opening according to [59]. No
mixed mode was considered for simplicity. Consequently, the
paration 

ure 

ution 

Bonding agent 

Coating 

Cementitious  
substrate

t 
(b) 

-separation response, (b) cohesive element.



Fig. 10. Average stress with regard to time for the specimens : (a) cement paste substrate, and (b) cement mortar substrate.

Fig. 11. The pull-off strength between the bonding agent modified with coconut
fibers and the cement paste substrate with regard to the content of fibers.

Fig. 12. The pull-off strength between the bonding agent modified with coconut
fibers and the cement mortar substrate with regard to the content of fibers.
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damage is initiated in the model when the maximum contact
stress ratio reaches one of the maximum values [60].

max
htni
t0n

;
tS1
t0S1

;
tS2
t0S2

" #
¼ 1 ð7Þ

where tnis the normal stress, ts1and ts2are the shear stresses in the
planes s1and, s2respectively, and t0n,t

0
s1and t0s2are the peaks of the
8

normal stress and shear stresses respectively (in the planes s1and
s2).

Finally, the inclination of the softening phase in Fig. 9a was
defined. For the evolution of the initiated damage, an energy-
based approach with a linear softening law was used. Fracture
energy of 0.01 J was adopted for the simulations.
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4. Results

4.1. Pull-off test

It was observed that the specimens were usually damaged as a
result of cohesive failure in the substrate. However, a complete
detachment of the top layer, due to adhesive failure, was observed
in the case of three specimens. In turn, in the case of two speci-
mens, the coating and the bonding agent were only partially rup-
tured due to cohesive (or adhesive) failure.

The stress-time responses of specimens during the pull-off tests
based on the average of the three performed tests are presented in
Fig. 10(a) and Fig. 10(b) for the cement-based substrate and
cement mortar substrate respectively. Inspection of this figure
revealed that the trend in all tested specimens were linear until
the maximum ultimate load. After this point, due to the degrada-
tion of bond strength between substrate and steel cylinder, the
specimens can not sustain higher loads and the stiffness was
decreased by increasing time. The degradation of stiffness was
observed in a smooth trend and in all tested specimens sudden
rupture did not observe. In the case of cement paste substrates,
the maximum pull-off strength was related to the reinforcement
of bonding agents with 1% volume friction of fiber addition. Mean-
while, in the case of cement mortar substrate, the maximum pull-
off strength was noticed when the bonding agent was reinforced
with the addition of 0.5% and 1% of volume friction of fibers.

Fig. 11 shows the pull-off strength between the bonding agent
modified with coconut fibers and the cement paste substrate with
regard to the content of fibers. A significant increase in this
strength (by 103%) can be observed in the case of the specimen
Fig. 13. Selected photos of the surfaces of the fractures of the specimens with the cemen
(b) the specimen with a 0.5% content of fibers (cohesive failure), (c) the specimen with 1%
(adhesive failure).
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with a 1% content of fibers when compared to the reference value
obtained for the specimens without the addition of fibers. It can be
noted that the pull-off strength for the reference specimen, equal
to 1.4 ± 0.33 MPa, does not satisfy the requirements from the stan-
dard EN 1504–2 [63] (usually not less than 1.5 MPa and single
results not less than 1.0 MPa). With an increase in the content of
the fibers, this value decreases but still remains at a higher level
than the reference value.

Fig. 12 shows the pull-off strength between the bonding agent
modified with coconut fibers and the cement mortar substrate
with regard to the content of fibers. It was observed that when
the content of fibers was equal to 0.5% and 1%, the pull-off strength
was almost at the same level, equal to 3.47 ± 0.43 MPa and 3.48 ± 0.
58 MPa, respectively. In the case when the content of fibers was
equal to 1.5%, the pull-off strength turned out to be the lowest
(2.67 ± 0.62 MPa). In turn, when the content of fibers was equal
to 2%, an increase in the pull-off strength was registered (2.95 ± 0.
70 MPa).

It can be summarised that the pull-off strength values obtained
in the case of the specimens with the cement mortar substrate,
which were modified with vegetable fibers, were greater by about
20% than those obtained in the case of the specimens with the
cement paste substrate. It can also be observed that the pull-off
strength values for the reference specimens with the mortar sub-
strate are greater by about 50% than those obtained in the case
of the specimens with the cement paste substrate. This is an
expected and satisfactory result due to the fact that the floors are
mainly made of cement mortar, and not cement paste.

The failure pattern of pull-off test of the cement paste substrate
is depicted in Fig. 13. The failures can be categorized into two
t paste substrate after the pull-off test: (a) the reference specimen (cohesive failure),
content of fibers (cohesive failure), and (d) the specimen with a 2% content of fibers



Fig. 14. Selected photos of the surfaces of the fractures of the specimens with the cement mortar substrate after the pull-off test: (a) reference specimens (cohesive failure),
(b) specimens with 1.5% content of fibers (cohesive failure), (c) specimens with 0.5% content of fibers (adhesive/cohesive failure), (d) the specimens with a 1% content of fibers
(adhesive/cohesive failure).

Fig. 15. Ultrasonic pulse velocity vs depth for the specimens with a cement mortar
substrate for the reference specimen and specimen containing 0.5% of coconut fiber.
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groups : (a) cohesive failure and (b) premature failure. The cohe-
sive failures are depicted in Fig. 13(a) and Fig. 13(b). It was noticed
that in this type of failure, due to the perfect bond between bond-
ing agents, the applied pull-off loads effectively transferred to the
substrate. The failure of the substrate occurred when the applied
tensile strength was exceeding the ultimate tensile strength of
the substrate. From Fig. 13(a), it can be seen that a large amount
of cement paste, which was broken off inside the specimen and a
complete fracture of the specimen occurred during the pulling
out of the disc is presented in Fig. 13(b). Two kinds of premature
failure were noticed. The first one belonged to a partial failure of
the resin coating, which was observed in the case of only one spec-
imen (Fig. 13(c)). This is probably due to the fact that not enough
glue was applied, causing the layers to not bond properly. The sec-
ond premature failure was related to the detachment of the steel
disk from the coating surface, which is depicted in Fig. 13(d).

The similar way in the case of cement paste substrate, Fig. 14
shows the selected images of the surfaces of the fractures of the
specimens with the cement mortar substrate. Different types of
fractures were observed, and they included the rupturing of the
substrate (Fig. 14(a) and (b)); and partial rupturing of both the
coating and the bonding agent. The latter type of rupturing could
have been caused by the fact that there was not enough adhesive
layer applied (Fig. 14(c) and (d)).
4.2. Ultrasonic testing

Due to that the fact the best adhesion performance is obtained
for mortar substrates, ultrasonic tests were performed by analys-
ing the epoxy resin coatings on such substrates. The investigations



Fig. 16. The microstructure of the interphase between the bonding agent and cement mortar substrate: (a)-(b) the reference specimen and (c)-(d) the specimen containing
0.5% of coconut fiber.

Fig. 17. EDX mapping of the chemical elements (Si, Ca, and O incidence) in the top layer of the mortar substrate for: (a)-(c) the reference specimen, and (d)-(f) the specimen
reinforced with fibers.
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were carried out on the reference specimen and on the specimen
with a 0.5% addition of coconut fibers. The average pull-off
strength obtained for the specimens reinforced with 0.5% of coco-
nut fiber is at a similar level compared to those reinforced with 1%
of fiber. However, the standard deviation was smaller (0.43 for the
specimens reinforced with 0.5% of coconut fiber and 0.58 MPa for
the specimens reinforced with 1.0% of coconut fiber).
11
Fig. 15 shows the ultrasonic pulse velocity with regard to depth.
The ultrasonic pulse velocity values in the coating are marked in
yellow, the ultrasonic pulse velocity values in the bonding agent
are marked in blue, and the ultrasonic pulse velocity values in
the cement substrate are marked in green. The measurements
were performed at a depth of 20 mm to cover properly the region
between the bonding agent and the substrate. This location is the
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Fig. 18. Representative images of the longitudinal cross-sections of the top layer of the subsurface region of the mortar substrate at x450 magnification, and the cumulative
grayscale histograms for: (a), (b) the reference specimen, and (c), (d) the specimen reinforced with 0.5% of coconut fibers.

Fig. 19. Images of pores in the form of black pixels obtained at x450 magnification for: (a) the unmodified sample and (b) the sample modified with 0.5% of coconut fiber.
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most interesting regarding the aim of the paper, which involves the
investigation of the adhesive performance of the novel bonding
agent.

For the reference specimen, it can be observed that the ultra-
sonic pulse velocity in the bonding agent is greater than in the
mortar substrate. It is equal to about 3530 ± 36 m/s in the bonding
agent and 3400 ± 34 m/s in the substrate. It can also be noted that
the ultrasonic pulse velocity at the interface region is similar to
that in the bonding agent.

For the reinforced specimen, it can be observed that the ultra-
sonic pulse velocity in the bonding agent and in the mortar sub-
strate is similar to that for the reference specimen. It can also be
noted that the ultrasonic pulse velocity at the interface region is
greater than that in the bonding agent. It is equal to about
3630 ± 41 m/s at the interface region, and to 3530 ± 39 m/s in
the bonding agent.

4.3. SEM chemical and microstructural analysis

For the same reason as in the case of ultrasonic testing. The SEM
tests were performed by analyzing the epoxy resin coatings on
12
mortar substrates on the reference specimen and on the specimen
with a 0.5% addition of coconut fiber.

Fig. 16 shows the microstructure of the interphase between the
bonding agent and the cement mortar substrate at different mag-
nifications. It can be observed that at a low value of magnification
(Fig. 16(a) and (c)), the bonding agent completely covers the sub-
strate surface on each specimen. However, at a greater value of
magnification (Fig. 16(b) and (d)), it is worth noting that local
delamination of the bonding agent (see the red arrows) occurred
in the reinforced specimen. The delamination is due to the
presence of fiber clusters. When the fibers are separated (see the
green arrows), such delamination did not occur.

Therefore, it can be concluded that the addition of coconut
fibers (up to a certain amount) to an epoxy resin matrix is benefi-
cial with regard to adhesion. In the case when the content of fibers
is bigger, the delamination reduces the pull-off strength of the
epoxy resin coating. This is due to the increased presence of fiber
clusters.

The EDS chemical element distribution was employed to con-
duct the chemical element mapping of such an interphase.
Fig. 17 shows the content of silicon, calcium, and oxygen in the



Fig. 20. Graphs of the fractional share of pores along the specimen’s depth
computed from representative images at x450 magnification.
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top layer of the substrate in the cases of the reference specimen
(Fig. 17(a) – (c)) and the specimen with the addition of coconut
fibers (Fig. 17(d) – (f)).

The regions of the surfaces that are characterised by a high
content of chemical elements were marked with brighter colours.
These elements include Si and Ca, which are the main compo-
nents of the aggregate; and O, which is one of the main compo-
nents of the cement binder. The regions of the surfaces with a
low content of Ca and Si correspond to the occurrence of pores
and irregularities, which should be filled with epoxy resin to
obtain an adequate pull-off strength of the coating. However, it
should be noted that the coconut fibers are too large to be able
to penetrate inside the pore structure of the cementitious sub-
strate. The epoxy resin examined in this research mainly con-
sisted of carbon, hydrogen, and oxygen. Carbon and hydrogen
quantification cannot be performed because lighter chemical ele-
ments than carbon (carbon included) cannot be identified with
the use of the EDS method.

Based on the obtained results, a lower oxygen content in the
reference specimens (Fig. 17(c)) when compared to the specimens
reinforced with fibers (Fig. 17(f)) can be observed.
Fig. 21. Numerical modelling of: (a) the unmodified sample,
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Fig. 18 shows the longitudinal cross-sections (in grayscale) of
the subsurface region of the mortar substrate (the region just
below the interphase between the bonding agent and the sub-
strate) at different degrees of magnification after the manual
removal of the aggregates and bonding agent from each image.
The cumulative histogram for each such grayscale image was
also presented. The grayscale values ranged from 0 (black) to
255 (white) in these figures. The cumulative grayscale his-
tograms were obtained using the ImageJ program. For the ana-
lyzed curves, the tangent that corresponded to the inclination
of the curve was also determined. The intersection point
between the above tangents allowed the so-called ‘‘threshold”
value to be designated.

All pixels that have a greyscale value between zero and the
‘‘threshold” value on the grayscale image are considered as pores.
For this evaluation, the ImageJ program was used (Fig. 19). The
complete procedure that was used for this purpose is described
in Ref. [62].

From the above image, the porosity distribution in the subsur-
face region of the substrate was computed using the Wolfram
Mathematica program (Fig. 20). The depth equal to zero corre-
sponds to the interface between the bonding agent and the sub-
strate. By increasing the depth value, the number of black pixels
was summed up and the porosity in percentage was computed.
The average porosity of the subsurface region was then calculated
and marked with dashed lines in Fig. 20.

From Fig. 20, it can be observed that the porosity values were
very similar for all examined specimens, 4.5% and 4.3% for the ref-
erence and reinforced specimens, respectively. It can be concluded
that the addition of 0.5% of coconut fibers did not hinder the pen-
etration of the epoxy resin into the substrate. These results are in
agreement with those reported in Ref. [41], in which the effect of
polypropylene fibers was similar.
4.4. Numerical modeling

The defined parameters were implemented in the ABAQUS FEM
software and the results are described in the following. The maxi-
mum pull-off strength was defined as the maximum stress in the
normal Y direction (Sy). However, this stress in the local direction
is corresponded to the S22 sector and is presented in Fig. 21. To
understand the distribution of the stress during the test, only half
the substrate was depicted in this figure. The figures are tilted by
0% and 0.50%. Those values presented the amount of coconut fiber
which was added to the epoxy resin. Moreover, the minimum
value of the stress was modified to be equal to zero in all extracted
simulations and the maximum one was chosen to be the default.
and (b) the sample modified with 0.5% of coconut fiber.



Fig. 22. Experimental and numerical comparison of: (a) the unmodified sample, and (b) the sample modified with 0.5% of coconut fiber.
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Using this method, the distribution of the stress is more visible for
comparison purposes.

For the unmodified epoxy, the Young’s Modulus of 4 GPa was
obtained through the inverse analysis. However, in the case of
modified epoxy, since adding the fiber is resulted in increasing
the stiffness of the material, Young’s modulus for 0.5% was
obtained by the value of 5.1 GPa.
Fig. 23. Pull-off strength versus time for the specimen modified with 0.5% of
coconut fiber.

14
The experimental and predicted numerical pull-off strength are
compared in Fig. 22. Inspection of this figure shows the accuracy of
the proposed numerical simulation in predicting pull-off strength.

The CDP model was used to present the failure mode during the
analysis. It was observed that in all simulated models, the failure
happed in the substrate due to the low tensile strength of the
substrate. Moreover, the time-dependent failure mode is presented
in Fig. 23.

Six stages were observed during the analysis. During stage one,
the loading was increased and at the level around 1 MPa of pull-off
strength, the substrate started to fail at the exterior part of the
cylinder loading (stage 2). By increasing the load, the cracks prop-
agate to the center of the cylinder until during stage 4. After this
stage, an inspection of substrate tensile cracks in this stage showed
that the specimen can not sustain more loading and the cracks
propagate through the thickness of the substrate under the circle
of cylinder loading and stage 5 will initiate. In stage 6, the cylinder
will be detached from the substrate and that is the end of the
experimental loading.

5. Conclusions

In the present paper, a novel epoxy resin bonding agent for
improving the bond strength of epoxy resin coating systems was
proposed. The matrix of the bonding agent, which was made of
epoxy resin, was modified with coconut fibers. Two different types
of cementitious substrates were investigated. The following con-
clusions can be drawn:

In terms of pull-off strength, the optimal content of coconut
fibers is 0.5% � 1% of the resin’s weight. It was shown that in the
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case of the substrate made of cement paste, the optimal value of
the content of fibers was 1% of the total weight. Increased content
of fibers caused a significant decrease in strength. In the case of the
cement mortar substrate, the optimal value of fibers was 1% of the
total weight. However, it should be noted that the pull-off strength
in the case of the specimens with the addition of 0.5% of coconut
fibers was only 0.01 MPa lower than in the case of specimens with
the addition of 1% of fiber. In turn, increased content of fibers
caused a significant decrease in the pull-off strength of such a
modified bonding agent;

The results obtained from the ultrasound tests confirmed that
the resin tightly filled the pores located on the surface of the spec-
imens. The high velocity of ultrasound in the upper part of the
specimen proved that all surface irregularities were filled with
resin. This provided an appropriate balance between the amount
of fiber and the viscosity of the resin;

The microstructural SEM analysis showed that epoxy resin with
a small addition of fibers is an appropriate compromise between
the strength and viscosity of the resin. In such a case, the surface
irregularities are tightly filled and the fibers do not form clusters,
and therefore the flow of resin on the cement substrate is not
affected.

Numerical simulations successfully predicted the pull-off
strength using simplified concrete damage plasticity. In all,
adherents detachment did not observe and failure was noticed in
the substrate due to the low tensile strength of that. The simula-
tions presented that the crack started to initiate at the exterior part
of the cylinder loading and propagate to the center of loading.
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