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This article aims to investigate themechanical properties and substrate adhesion
of the pull-off method in polymer mortars modified with styrene-butadiene
resin polymer (SBR) containing glass powder and composite fiber-reinforced
slag. Different mix designs were investigated with and without SBR, taking
into account different amounts of glass powder and slag separately and in
combination, alongwith the effect of glass, polypropylene, and steel fibers alone
and in combination. The flexural performance and energy absorption of beams
retrieved with these layers were also assessed. The results revealed significant
differences and increases in the substrate adhesion of the restored modified
polymer layers containing SBR compared to the polymer-free repair overlays.
Furthermore, an improvement was observed in the adhesion performance of
the repair overlay using a combination of slag and glass powder and the
glass and polypropylene fiber composite. The highest adhesion was related
to the modified polymer mortar design containing composite fibers of glass,
polypropylene, and steel with 25% replacement of SBR polymer for 10% glass
powder, 10% slag, and 5% slagwith 5% glass powder. The adhesionwas increased
by about 3.74, 3.72, and 3.78 times compared to the repair overlay of the control
design. Modified polymer mortars had a higher TD

150 toughness. Moreover, the
energy absorption was significantly improved by the presence of SBR polymer.
The highest toughness values were found in the beams restored with modified
polymer mortars containing polypropylene, glass, and steel composite fibers
with an increase of 48.51%–66.42% compared to the samples without polymer
as a result of the pozzolans used in this mix.
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1 Introduction

Polymer-reinforced concrete has been present since the 1950s.
These concretes include Portland cement containing a polymer
modifier such as styrene-butadiene (SBR), acrylic, polyvinyl acetate,
and ethylene-vinyl acetate. SBR is widely used to make modified
polymer mortars for the repair and coating of floors and bridges
(Barluenga and Herna’ndez, 2004; Diab et al., 2014).The advantages
of SBR-modified polymer mortar are good concrete adhesion
strength, high flexural strength, and low permeability (Manson,
1976; Beushausen and Gillmer, 2014; Beushausen et al., 2014).
Since modified acrylic polymer concrete has a constant color, it is
an attractive material in architecture. A construction technology
similar to that of conventional cement mortars and concretes is the
desirable feature of the modified polymer mortars and concretes.
Normally, the amount of polymer used in this mix is almost
10%–20% of the cement. The use of fibers in modified polymer
concrete was evaluated and it was found that some cracks were
created in their structure due to the use of fibers. (Fowler, 1999).

It has been reported that the addition of polymer can
result in reduced uniaxial compressive strength (UCS), although
it significantly increases the tensile and flexural strengths
(Mahdi et al., 2013; Lewis and Lewis, n.d.). Using SBR in modified
polymer concretes containing crushed waste concrete materials
reported a significant reduction in permeability and increased
flexural strength along with a slight reduction in UCS (Hwang
and Ko, 2008). It has been demonstrated that the modified polymer
concretes have much better durability performance against acid
attacks and corrosive environments than conventional concretes
(Shaker et al., 1997; Rossignolo and Agnesini, 2002; n.d.) studied
the effect of SBR on the durability of polymer aggregate lightweight
concretes against sulfuric acid, hydrochloric acid, and acetic acid,
which represented a reduction in the rate of concrete weight loss in
corrosive environments.

Using the substrate concrete as a repair overlay in the
modified polymer mortars yielded better bonding strength than
conventional cement mortars (Thamboo et al., 2013). The test
used to determine the bonding strength significantly affects the
bonding of two layers. This bonding is based on factors such as
surface adhesion profile, friction angle, aggregate engagement, and
variable profile over time. The bonding based on adhesive factors,
material compaction, surface cleanliness, repair overlay moisture,
sample age, and surface roughness was studied (Julio et al., 2004;
Espeche andLeón, 2011;Thamboo et al., 2013; Courard et al., 2014).
Momayez et al. (Momayez et al., 2005) compared SBR-modified
polymer concretes, and K100 polymer adhesive bonding strength
with conventional concretes and concretes containing silica fume.
The studies showed that the modified polymer concretes had much
higher bonding strength values. The bonding strength of polymer
concretes modified with SBR and acrylic polymers containing
microsilica to the substrate concrete was evaluated (Sadrmomtazi
and Kohani Khoshkbijari, n.d.). Increasing the replacement of water
with soluble polymers by 50% increased the bonding strength in SBR
polymer-modified concrete by about 30%. It also increased by about
28% in the polymer concrete modified with a polymer comprising
acrylic compared to the control design. Moreover, Sadr Mumtazi
andKohani (Sadrmomtazi andKohani Khoshkbijari, 2017) revealed
that the repair overlays of modified polymer concrete containing

SBR havemuch higher durability against the freeze-thaw cycles than
the normal cement layers.

In addition, other studies show that the addition of fibers and
different types of structures can improve the mechanical properties
of concrete. For example, basalt fibers have a great influence
on the bending, tensile and compressive strength of concrete,
respectively. In this regard (Vatin et al., 2024) studied the effect
of adding basalt fibers to different types of concrete and found
that reinforced concrete with a certain amount of basalt fibers
can improve the mechanical properties of concrete. The particular
volume of basalt fiber improves the mechanical properties. Some
studies prove that if different materials are added to concrete,
then mechanical properties are improving. In another example
(Chiadighikaobi et al., 2024b), add Trichoderma Reesei Fungus to
concrete to heal the cracks. O concrete to heal cracks. They found
that the addition of Trichoderma Reesei Fungus to concrete can
not only heal concrete cracks but also improve the compressive
strength of concrete. Another similar example (Hematibahar et al.,
2023a), added the gelatin powder to concrete. They found that
adding adding gelatin powder can improve compressive strength
of concrete more than 22% rather than conventional concrete.
Some studies attempt to add 3D reinforced structure to concrete
due to find the effect of mechanical properties of concrete
beam. For example (Chiadighikaobi et al., 2024a), reinforced High-
Performance Concrete (HPC) with different types of 3D printing
trusses. They Found that HPC reinforced with a Warren truss
performed better than other types of reinforced concrete. Another
example (Hematibahar et al., 2023b), evaluated reinforced Ultra-
High-Performance Concrete (UHPC) with 3D printed hyperboloid
shell structure. The reinforced hyperboloid shell structures can
improve the energy absorbent of concrete while the mechanical
properties of concrete decrease. Finally (Hematibahar et al., 2024),
compared the mechanical properties of concrete reinforced with
3D printed trusses and hyperboloid shell structures. They found
that the 3D printing geometry is an important factor in changing
the mechanical properties and energy absorption of concrete.
In general, there are different types of reinforced concrete and
different materials for adding materials to concrete. In this way, the
mechanical properties of concrete can be improved.

(Azadmanesh et al., 2021) investigated the mechanical
properties of concrete modified with SBR and ethylene-vinyl acetate
containing polyvinyl alcohol (PVA) fibers. The presence of polymer
in combination with fibers highly enhanced the performance
of fibers in the composite structure. Besides, the tensile strain
and deformability of the sample were also increased, as were the
compressive and flexural strengths. SBR also performed better than
other polymers.

Furthermore (Shi et al., 2020), indicated that in modified
polymer mortars for repairs, the use of 8% SBR polymer increased
the flexural strength and the toughness of the mortar by 62% and
62%, respectively. Idrees et al. (Idrees et al., 2021) reported using
pozzolans such as nano-silica and nano-titanium could enhance the
performance and mechanical properties of SBR-modified polymer
mortars. In the present study, SBR-modified polymer mortars
containing glass powder and slag reinforced with composite fibers
are investigated. Different mix designs containing SBR were studied
by considering different amounts of glass powder and slag separately
and in the composite. Also, the effect of the separate and combined
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FIGURE 1
Sieve analyze results.

presence of glass, polypropylene, and steel fibers was considered.
Different mix designs containing SBR and various amounts of
glass powder and slag alone and in combination were considered.
Furthermore, the effect of the presence of glass, polypropylene,
and steel fibers alone and in combination was also regarded. In all
designs, mechanical properties, energy absorption, and adhesion to
substrate concrete were investigated.

2 Materials and methods

2.1 Materials

In this study, ordinary Portland cement (OPC), tap water, sand,
Styrene-Butadiene Resin polymer (SBR), glass fiber, Polypropylene
fibers (PP), and steel fiber were used. The OPC was Portland type
425-1 (Hegmatan cement factory), with the initial and final setting
times at 90 and 240 min, respectively. Also, the blaine surface area of
cement was 340 m2/kg. The materials used in this study were round
river sands. The apparent specific gravity of sand is 2.6 g/cm3 with
a water absorption of 2.5%. Soil grain distribution was performed
based on ASTM C33 (ASTM C33/C33M-16: Standard Specification
for ASTM C33/C33M-16, 2016) (Figure 1). The polymer used
PAYA-L-310 resin. This type of polymer is a single-component
SBR, which the Payajik company produces. Table 1 shows the
PAYA-L-310 resin component and features. Table 2 illustrates the
chemical properties of slag and glass powder, and Table 3 presents
the properties of steel, PP, and glass fibers.

2.2 Methods

The mixture designs were in two categories, with and without
polymer. In this way, 0, 5%, and 10% of slag and glass powder
were used as cement substitutes. ACI548.3R-09 instruction
(ACI committee 548, 2009) was used to make the modified polymer
mortars. The requirements of ASTM C192 (ASTM, 2002) were also
followed due to using different types of pozzolans such as slag and.
In SBR-containing designs, the amount of polymer was equal to 25%

TABLE 1 The features of PAYAL-30 resin.

Appearance Creamy liquid

Specific weight 1.01 (gr/cm3)

Implementing temperature 10°C–40°C

Operating temperature 10- up to 70°C

PH 1 ± 8

TABLE 2 The specifications of slag and glass powder.

Chemical composition (%) Slag Glass powder

SiO2 37.4 69.01

Al2O3 7.4 0.89

Fe2O3 27.6 1.8

Cao 20.5 8.05

MgO 2.8 1.65

K2O 0.8 0.28

Na2O 0.5 18.18

Physical features

Specific area (m2/kg) 345 506

Specific mass 2.64 2.55

of water substitute (Sadrmomtazi and Kohani Khoshkbijari, n.d.).
The ratio of total water of the mixture to the cementitious materials
was constant at 0.35. Glass and PP fibers with 0.1 and 0.2 vol% were
considered alone and in combination. The amount of steel fibers
used was also fixed at 0.25 vol%. Table 4 shows the mixture design.
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TABLE 3 The features of fiber.

Type Diameter (mm) Length (mm) Tensile strength (MPa) Modulus of elasticity (GPa) Density ( g

cm3
)

Steel 0.2 16 3,000 200 7.8

Polypropylene 0.02 12 400 5.6 0.91

Glass 0.017 12 3,400 72.0 2.6

TABLE 4 The mixture designs of different samples.

Samples Cement Glass
powder

Slag PP
fiber

Glass
fiber

Steel
fibers

SBR Water
in the
polymer

Water Total
water

Sand

kg/m³ (C)% (C)% (V)% (V)% (V)% (W)% kg/m³ kg/m³ kg/m³ kg/m³

Ctrl 700 0 0 0 0 0 0 0 0 245

1,396

G10P 630 10 0 0.2 0 0.25 0 0 0 245

S10P 630 0 10 0.2 0 0.25 0 0 0 245

G5S5P 630 5 5 0.2 0 0.25 0 0 0 245

G10PR 630 10 0 0.2 0 0.25 25 61.25 36.75 208.25

S10PR 630 0 10 0.2 0 0.25 25 61.25 36.75 208.25

G5S5PR 630 0 5 0.2 0 0.25 25 61.25 36.75 208.25

G10G 630 10 0 0 0.2 0.25 0 0 0 245

S10G 630 0 10 0 0.2 0.25 0 0 0 245

G5S5G 630 5 5 0 0.2 0.25 0 0 0 245

G10GR 630 10 0 0 0.2 0.25 25 61.25 36.75 208.25

S10GR 630 0 10 0 0.2 0.25 25 61.25 36.75 208.25

G5S5GR 630 5 5 0 0.2 0.25 25 61.25 36.75 208.25

G10PG 630 10 0 0.1 0.1 0.25 0 0 0 245

S10PG 630 0 10 0.1 0.1 0.25 0 0 0 245

G5S5PG 630 5 5 0.1 0.1 0.25 0 0 0 245

G10PGR 630 10 0 0.1 0.1 0.25 25 61.25 36.75 208.25

S10PGR 630 0 10 0.1 0.1 0.25 25 61.25 36.75 208.25

G5S5PGR 630 5 5 0.1 0.1 0.25 25 61.25 36.75 208.25

According to Table 4, 18mix designs and all samples were examined
for flexural and compressive strengths.

The control sample was placed in water for 28 days, while
modified polymer concrete samples were kept in the water for
5 days and cured for 23 days in the laboratory (ACI committee
548. 3R-09: Report on Polymer-Modified Concrete, 2009).
Half-cores with a depth of 3 cm were created on the samples such
that 0.5 cm of the substrate was placed in the half-core. For all

designs, compressive strength tests were performed followingASTM
C109 (ASTM C109/C109M-05, 2005) on 5-cm cube samples for
mortar cured for 7 and 28 days, water absorption according toASTM
C642 (ASTM C642-13, 2013), and tensile strength through the
Brazilian method (cylinder halving) based on ASTMC496 standard
(ASTM C496/C496M-17, n.d.). Pull-off strength determination test
was performed on half-cores using a metal cap with a diameter and
height of 5 and 2.5 cm, respectively, according to ASTM D7234
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FIGURE 2
(A) The preparation of half core in the repair overlay; (B) The placement and Pull-Off test; (C) the sample removed from the repair overlay after testing;
(D) Pull-Off device.

(ASTM D7234 - 12, 2012). In this test, a metal cylinder is first
glued to the surface of the repair overlay. Then, the device pulls
the cylinder until the connection breaks.This test can determine the
bond strength of the two layers by occurring failure at the boundary
between the repair overlay and the substrate. It is worth noting
that the test results for failure outside the border were eliminated.
Figure 2 presents the pull-off device and preparation and testing of
the samples. In this study, substrate concretes with a compressive
strength higher than 50 MPa were used to prevent errors caused by
substrate concrete rupture during the pull-off bond strength test.
After constructing the substrate concretes and curing them for 28
days, the samples were cut into three similar parts with dimensions
of 15 × 15 × 15 cm3 by a stone cutting machine. The samples’
surfaces were perfectly smoothed to minimize the error caused
by the roughness in the bond strength test. Then, the substrate
samples were placed in a normal medium for about 6 months to
complete their shrinkage while not affecting the bonding strength
results. The energy absorption test was conducted based on the
ASTM-C1609 standard (ASTM C1609, 2019) on the beams with
dimensions of 50 × 10 × 10 cm3 restored (Figure 3). During the
loading, the displacement of the middle of the beam was measured
and calculated by the load-displacement diagram of the toughness
index of each sample. The toughness index represents the energy
absorption capacity of fiber-reinforced composites. This capacity is
defined as the total area under the load-displacement curve in the
middle of the beam to a displacement of 150/L.The toughness index
is represented by TD

150 with the unit of kw/mL.

3 Results

3.1 Compressive strength

The compressive strength results of the prepared specimens
cured for 7, 28, and 90 days are presented in Figure 4. As can be seen,

FIGURE 3
The restored beam samples for the energy absorption test.

by adding slag, glass powder, pozzolans, and a polymer to the mix
design, the 7-day compressive strength of all designs was decreased
compared to the control design. The highest decrease was found in
designs containing 10% glass powder and SBR. In this respect, the
compressive strength reduction was 34.5%, 41.4%, and 43.3% for
the designs containing polypropylene, glass, and composite fibers,
respectively. The decrease in compressive strength was generally
more severe in SBR-containing designs. It occurs possibly due to
the lower compressive strength of hardened parts of the polymer
inside themortar structure compared to other hydration products in
the microstructure. At the age of 28 days, the compressive strength
of designs containing single polypropylene and glass fibers without
SBR was close to the strength of the control design. The designs
also showed higher strength after being cured for 90 days. It is
noteworthy that a part of this decrease in strength at younger ages
is also due to using pozzolans. In specimen G5S5P, consisting of
5% glass powder and 5% slag with polypropylene and steel fibers,
the compressive strength was 47.01 MPa, which increased by 5.9%
compared to the control specimen. In the G5S5G, which contained
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FIGURE 4
The compressive strength of the designs at the ages of 7, 28, and 90 days.

5% glass powder and 5% slag along with glass and steel fibers, UCS
was 48.06 MPa, which increased by 8.3% compared to the control
specimen cured for 90 days. In the G5S5PR and G5S5GR, which
were similar to the mentioned specimens but contained 25% SBR
polymer, the compressive strength values were 36.37 and 36.06 MPa,
respectively.

Furthermore, in the designs containing composite fibers of glass,
polypropylene, and steel, the compressive strength was reduced
compared to the control design. This reduction is due to the higher
density of fibers and the formation of unavoidable voids in the
mortar structure. Since fibers are mainly used to increase the energy
absorption profile and reduce shrinkage (Azadmanesh et al., 2021),
this reduction in compressive strength should be considered related
to the other specifications of the test.

3.2 Tensile strength

The results of the 28-day tensile strength by cylindrical fission
method in fabricated specimens are presented in Figure 5. As
can be seen, TS increased in all fibers-containing designs. The
results also show a significant positive effect of polymer use.
Sadrmomtazie also reported this increase in tensile strength via
polymers and Kohani (Sadrmomtazi and Kohani Khoshkbijari,
2017) in polymer concretes modified with SBR and acrylic
polymers. In addition, it was found that using composite fibers
of polypropylene and glass along with steel fibers yielded higher
results than using each of these fibers alone in the tensile strength
of the designs. The simultaneous use of slag and glass powder
enhanced the tensile strength of single pozzolans, which was similar
to compressive strength. The tensile strength was 4.8 MPa in the
G5S5PGR design, comprising 5% glass powder and 5% slag with
glass, polypropylene, and steel fibers, along with 25% SBR polymer.
This result indicates a 76.46% increase compared to the control

design.Meanwhile, this increasewas 73.5%and 74.26%, respectively,
for G5S5GR (containing glass and steel fibers) and G5S5PR
(containing polypropylene and steel fibers) designs, compared to the
control design.

3.3 Bonding strength to substrate concrete

Figure 6 represents the bonding strength results of repair
overlays made to substrate concrete by the pull-off method. The
results of this experiment play a critical role in the performance
and selection of a repair overlay. According to Figure 6, there
is a very significant difference in the bonding of the modified
polymer repair overlays containing SBRwith the polymer-free repair
overlays.This increment is significant regardless of the type of fibers
and pozzolans used, which was also reported in previous studies
(Fowler, 1999; Sadrmomtazi and Kohani Khoshkbijari, 2017). In
addition, control sample bonding strength is 1.24 MPa, when 10%
of glass powder and 10% of slag added to control sample bonding
strength changed to 1.5 and 1.4 MPa respectively. According to
results, when 25% SBR with 10% of glass powder, 10% slag and
10% of glass powder, 10% slag added to control the bonding
strength improved to more than 4.5, 4.34 and 4.53 MPa respectively.
According to Figure 6, when SBR was added to the control sample
at a percentage of more than 25%, the bonding strength increased
significantly.

3.4 Flexural performance and energy
absorption of the repair overlay

The results of the energy absorption test on the restored beams
are presented in Figures 7-9. The flexural strength results of beams
restored with mortars are presented in Figure 7. As can be seen,
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FIGURE 5
The 28-day tensile strength results.

FIGURE 6
The bonding strength of repair overlays to the substrate concrete by the pull-off method.

due to the 33% partial repair of the cross-section, the beam’s
final flexural strength was not further increased by the restoration.
However, an increase was found in the final flexural strength in
all restored beams, which can be justified by the presence of fibers
in all restoration projects. This increase was dominant in samples
restored with modified polymer mortars, probably due to the
higher TS in these designs (Sadrmomtazi and Kohani Khoshkbijari,
2017; Idrees et al., 2021). According to Figure 7, the control sample
flexural sample is more than 3.27 MPa, adding 0.2% PP fiber, 0.2%
glass fiber and 0.1% glass and 0.1% PP fiber tighter increase the
flexural strength more than 25%, 17% and 16% recpectivly. The
maximum effect of fibers and other types of material are adding
25% of SBR and 0.1% of PP and 0.1% of glass fibers and 10%
of glass powder with more than 4.48 MPa flexural strength, 0.1%
of PP and 0.1% of glass fibers and 10% of slag with flexural

strength more than 4 MPa and 0.1% of PP and 0.1% of glass fibers
and 5% glass powder and 5% of slag with flexural strength more
than 4.5 MPa.

Figure 8 compares the load-displacement diagrams in non-
restored samples and three restored samples G5S5PR, G5S5GR,
and G5S5PGR, representing the highest final flexural strengths
using any fibers. Such load-displacement diagrams were obtained
for all designs. As mentioned earlier, the area in the charts
represents the amount of energy absorbed in each sample. The
toughness index is an indicator to determine this parameter.
The toughness parameter TD

150 is the amount of energy absorbed
in the sample before rupture. Note that this value is not a
function of the final flexural strength (Aminul Haque et al., 2020;
Bertelsen et al., 2020). The TD

150 toughness results obtained from
load-displacement diagrams for all beams restored with fabricated
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FIGURE 7
The flexural strength of the restored beams.

FIGURE 8
The comparison of load-displacement curves in control beams and restored beams containing pozzolans and composite fibers.

mortars are presented in Figure 9. According to ASTM-C1609
(ASTM C1609, 2019), this relationship can be used with fibrous
cementitious materials. Thus, it was not calculated for the fiber-
free control sample. As observed in Figure 9, the modified polymer
mortars had higherTD

150 toughness values.Moreover, the presence of
SBR polymer improved energy absorption significantly. In designs
comprising 5% slag and 5% glass powder, energy absorption was
higher, which was observed in other experiments. Therefore, it
can be concluded that this combination of pozzolans yielded
the best mechanical properties. In the samples repaired with
modified polymer mortar containing polypropylene and steel fibers
of G10PR, S10PR, and G5S5PR, the toughness values were 3.24,
2.91, and 3.54 kN/mm, respectively, which were incremented by
14.98, 6.63, and 19.55 compared to the polymer-free samples. This
increment was 21.87, 39.99, and 38.65% in G10GR, S10GR, and

G5S5GR designs containing glass and steel fibers, respectively,
compared to the polymer-free samples. The highest toughness
values were found in beams restored with modified polymer
mortars containing composite fibers of polypropylene, glass, and
steel. The G10PGR, S10PGR, and G5S5PGR designs displayed
49.16, 66.42, and 48.51% increases, respectively, compared to the
polymer-free samples.

4 Conclusion

This article investigates polymermortars modified with styrene-
butadiene resin (SBR) containing glass powder and composite
fiber-reinforced slag. Different mix designs with and without SBR
were considered using different amounts of glass powder and
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FIGURE 9
The toughness index (TD

150) in beams restored with the prepared designs.

slag alone and in combination. Moreover, the effect of glass,
polypropylene, and steel fibers alone and in combination was
considered.Themechanical properties and adhesion to the substrate
concrete were assessed in all designs. Furthermore, the flexural
performance and energy absorption of the beams restoredwith these
repair overlays were investigated. Beefily, the following results were
obtained in the present work.

• Generally, the UCS was reduced in SBR-containing designs.
At the curing age of 28 days, the UCS of designs containing
single polypropylene and glass fibers without SBR was close
to the strength of the control design, which was also higher
after 90 days.

• In all fibers-containing designs, the TS was increased due to the
presence of SBR. The use of composite fibers of polypropylene
and glass and steel fibers yielded higher results than the separate
state of each of these fibers in the TS of designs. In addition,
using slag and glass powder simultaneously, the TS of single
pozzolans was improved like UCS.

• There was a significant difference and increase in the bonding
strength of the modified polymer repair overlays containing
SBR compared to the polymer-free repair overlays. This
increase was significant regardless of the type of fibers
and pozzolans used. An improvement was also identified
in bonding to the repair overlay by using a combination
of slag and glass powder and a combination of glass and
polypropylene fibers.

• The highest bonding results were related to the modified
polymer mortar designs containing composite fibers of glass,
polypropylene, and steel with 25% replacement of SBR polymer
for 10% glass powder, 10% slag, and 5% slag with 5% glass
powder compared to the control layer with an increase of about
3.74, 3.72 and 3.78 times.

• The modified polymer mortars had higher TD
150 toughness

values and the presence of SBR polymer improved energy

absorption significantly. The highest toughness values
were found in beams restored with modified polymer
mortars containing composite polypropylene, glass, and
steel fibers, representing an increase of 48.51%–66.42%
compared to polymer-free samples as a result of the
pozzolans used.
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