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Abstract: To improve the flexural behavior of thin bonded cement-based overlays, this study was car-
ried out on the use of repair material incorporating amorphous metallic fibers (AMFs) in combination
with the rubber aggregates obtained from grinding of worn-out tires. For this study, sixteen mortar
mix compositions were prepared to contain AMFs and/or rubber aggregates to be used as overlay
material while the substrate used was plain cement mortar. Rubber aggregates were incorporated
at three different replacement ratios (i.e., 10%, 20% and 30%) by an equivalent volume of sand, and
AMFs were added in three different dosages (i.e., 10 kg/m3, 20 kg/m3 and 30 kg/m3). In this study,
composite beams (500 × 100 × 140 mm) comprising substrate (500 × 100 × 100 mm) and repair layer
(500 × 100 × 40 mm) were prepared and investigated under flexural loading. Experimental results
showed that the increase in rubber content resulted in a decrease compressive strength, flexural
strength and modulus of elasticity. Rubberized fiber-reinforced cementitious composites (30R30F)
exhibited higher flexural toughness and the flexural toughness improved up to 400%. Toughness and
maximum deflection of composite beams enhanced significantly due to synergetic effect of AMF and
rubber aggregates. It was observed that before peak load, rubber plays its role by delaying the micro-
crack propagation. Results also revealed that the steel fibers reinforcement plays an important role in
restraining the crack openings under flexure loading. In the post-peak region, steel fibers control the
cracks from propagating further by bridging action and provide higher post-peak residual strength.

Keywords: fiber-reinforcement; rubber aggregates; thin bonded overlay; crack opening; deflection;
flexural toughness

1. Introduction

Construction industry has been utilizing concrete material since long time. After years
in service, it is common for concrete structures to deteriorate over time. For concrete or
reinforced concrete structures, time affects their state in many ways depending upon their
geometries, exposure and applied loading. It is also a well-known fact about concrete
that ultimate load capacity of existing concrete structures degrades with the passage of
time. This is mainly caused due to applied loading, corrosion, weathering, chemical attack,
shrinkage, etc. [1]. To solve this problem, rehabilitation and repairing of structures are
required which enhance the serviceability limit of concrete structure.

Rehabilitation of concrete can be carried out using different methodologies. A cement-
based thin bonded overlay is one of the techniques which is used for the rehabilitation
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of concrete structures. Among different rehabilitation techniques, this technique is one
the most efficient and economical rehabilitation technique for structures with greater
surface areas [2]. This repair technique is used for slab on grade, pavements, bridge decks
and walls as well. The durability of a thin bonded overlay is compromised when cracks
are developed in the new repair layer. This cracking, regardless of its origin, is among
primary reason for jeopardizing the durability of repaired structures since these cracks
propagate to the interface of the new repair layer and substrate which initiates debonding
of the new layer [3–5]. Debonding mechanism is initiated as a result of two main causes
(i.e., applied mechanical loading and restrained shrinkage deformation between overlay
and substrate) [2,4].

According to previous research, chances of cracking can be reduced if a repair material
with high tensile strength is used [6,7]. Moreover, the strain capacity of repair material is
also increased with a repair material having a low modulus of elasticity. This helps in de-
laying cracking which results from restrained shrinkage between substrate and overlay [7].
Unfortunately, such material with low modulus and high tensile strength does not exist
ideally. Research shows that if metallic fibers are incorporated in overlays, it improves the
ductility of mortar by delaying initiation and propagation of debonding of overlay from
the substrate [8–10]. Further, the use of rubber aggregates improves deformation capacity
prior to macro-cracking localization, and it is further enhanced by metallic fiber [5]. The
mechanical performance of concrete was also evaluated using rubber aggregates only and
rubber aggregates along with hooked end steel fibers [11]. Hook ended steel fibers were
added with ratio of 0.5% by volume fraction while rubber aggregates was used in different
percentages as a replacement of sand. In both rubberized and/or fiber-reinforced concrete,
there was a considerable reduction in density, compressive strength and elastic modulus
of concrete. This reduction was observed with the increment of rubber content. Similarly,
a decrease in split tensile and flexural strength was also observed with the increase in
percentage content of rubber aggregates in rubberized and steel fiber-reinforced rubberized
concrete. Simultaneously, strain capacity enhanced with the increased dosage of rubber
aggregates in both rubberized and steel fiber-reinforced rubberized concrete [11].

To enhance the toughness and flexural strength of concrete, amorphous metallic fibers
(AMF) were used in concrete and combined with hooked-ended steel fibers (SF) which
showed that the flexural strength of concrete is significantly increased with the addition
of AMF and the synergetic effect between AMF and SF also enhanced the performance of
concrete. Due to the synergetic effect of hybrid mixes, the flexural toughness was much
better than that of a single type of fibers. Moreover, amorphous metallic fibers have high
corrosion resistance [12].

A detailed investigation was conducted on rubberized lightweight aggregate concrete
by Miller et al. in 2017 [13] and the results suggested that the ductility and toughness of
concrete are enhanced [13]. Experimental field validation was also carried out to imple-
ment laboratory findings (i.e., the use of rubber aggregates reduces cracking) [14]. It was
concluded that a large area of concrete can be constructed without providing joints with
the usage of rubber obtained from end-of-life tires since the joints are the main source of
damage initiation in pavements which leads to costly maintenance and rehabilitation works.
Furthermore, recycling waste products is one of the most effective methods for reducing
environmental pollution. Also, disposing of used tyres in landfills directly can result in a va-
riety of environmental and economic problems [15,16]. Many researchers suggested using
crumb rubber aggregates obtained from end-of-life tyres to make sustainable concrete as a
way to dispose of the waste tyres which in turn promotes the circular economy also [17–19].
Aside from the environmental benefits, using scrap rubber as a crumb rubber in concrete
mixes is thought to improve toughness [20], impact resistance [21], fatigue [22,23], thermal
insulation [24], and other concrete properties. Also, utilizing energy efficient materials in
walls has been reported for heat transport and heat flow [24–27].

Fracture characteristics of plain concrete and steel fiber reinforced concrete were
studied by Noaman et al. [28] who showed that with the increment of rubber content,
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compressive strength, tensile strength, and flexural strength reduced. Moreover, the flex-
ural behavior of large-scale beams was also investigated by adding crumb rubber with
and without steel fibers. Twelve beams were cast and tested with a cross-sectional area of
250 × 250 mm and a length of 2440 mm. It helped to increase the ductility, toughness and
flexural capacity of the beam and further reduced the self-weight of the beam [29]. The
strain capacity of concrete is enhanced even though the modulus of elasticity and material
strength is reduced by a positive synergetic effect between steel fiber reinforcement and
rubber aggregates. The high strain capacity of rubber aggregates and residual post-peak
strength of fiber reinforcement can be used to control cracking [5]. Gillani et al. [30] investi-
gated the mechanical properties as well as the fracture energy of rubberized fiber-reinforced
mortars. Although, mechanical properties showed reduction by the incorporation of rubber
aggregates in mortar mixes. However, fracture energy increased significantly in rubberized
fiber-reinforced mortar mixtures especially in case of 30% rubber and 30 kg/m3 of fiber
reinforcement. Centonze et al. [31] performed tests on beams and slabs by incorporating
waste tires steel fibers under flexural loading to evaluate cracking in the post-peak region.
Brittle behavior was reduced which means more energy is absorbed and toughness is
increased. Khan et al. [32] studied the effectiveness of hybrid steel-basalt fiber reinforced
concrete under compression and mechanical characteristics and microcosmic mechanism of
basalt fiber modified rubber composites were investigated by Bu et al. [33]. Experimental
investigations have been conducted by Noaman et al. [20] on compression toughness,
Noaman et al. [34] on impact energy and Bakar et al. [35] on flexural toughness of rubber-
ized steel fiber concrete. Results showed that the brittle behavior of concrete changes to
ductile behavior by incorporating rubber and steel fibers in concrete. Compression and
flexural toughness also increased by an increase in crumb content. Impact energy is also
improved by the combination of steel fibers and rubber aggregates both at the initial crack
and ultimate failure.

For using bonded overlay technique for the rehabilitation of large surface areas, surface
preparation plays a vital role in interfacial bond strength development of a new repair layer
of concrete with the substrate which in return affects the durability of concrete [36–40].
Rubber aggregates and fiber reinforcement were incorporated in thin bonded cement-
based overlays and their effect was studied on durability [9,10,41,42]. Results showed
improvement in strain capacity of overlays with increment in rubber content, but tensile
strength was reduced. Residual post-peak strength also improved significantly with the
addition of metallic fibers. Further, it was concluded that crack opening and debonding
can be controlled by using rubber aggregates and steel fibers as it enhances strain capacity
and residual post-peak strength [22]. Tran et al. [7] and Toumi et al. [43] focused on key
parameters influencing the propagation of debonding along the interface of the substrate
and overlay under static and fatigue loading. It was observed that steel fibers had the
capacity to control debonding by restraining the opening of cracks. Debonding initiation
and its propagation along overlay- substrate interface of thin bonded cement-based material
under bending loading were studied by Gillani et al. [44]. They found that strain capacity
improved for the composite beams repaired with the material incorporating both rubber
aggregates and metallic fibers. Digital image correlation technique was used to monitor the
cracking propagation and to measure the debonding length along the interface. Numerical
Modelling of repaired beam was also carried out to study its structural behavior and
compared with the experimental results which were found to be in coherence. Moreover,
the interface debonding is more obvious in repair beams without fibers, and it was well-
controlled in repairs using both rubber aggregates and fibers. It also demonstrates the
synergetic effect of using rubber particles and fibers together.

In the light of previous research, it can be argued that characteristics of repair material
and bond between overlay and substrate are the controlling parameters for the durability
of repair system. The durability is jeopardized if cracking of the repair layer occurs. Hence,
the combined use of steel fibers and rubber aggregates for the production of repair material
can be a viable option to improve the durability characteristics of overlays leading to
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development of a sustainable repair material. Moreover, the use of recycled material in
concrete is still on the lower side due to a lack of awareness and research on the properties
of recycled materials. The new emerging technique used for the rehabilitation of concrete
is a thin bonded cement-based overlay, and this research will be helpful to introduce this
novel and innovative technique. In addition, the use of waste rubber obtained from used
tires in repair material will open a new field of research. It will also be helpful in protecting
the environment and in the friendly disposal of solid waste.

2. Materials

For the substrate layer, mortar constituted of ordinary Portland cement, fine aggregates,
and superplasticizer and for the repair layer, mortar constituted of rubber and steel fibers,
in addition to ordinary Portland cement and fine aggregates. The fine aggregates used in
mortar were obtained from Lawrencepur quarry, Pakistan (Figure 1). The grain size of
sand was in the range of 0–4 mm. For gradation of the sand, standard sieve shaker was
used in which stack of sieves were placed and shaking was carried out for 10 to 15 min.
After shaking, the mass retained on each sieve was measured to calculate the fineness
modulus of sand. Specific gravity of sand was measured by using pycnometer of capacity
50 mL. The specific gravity and fineness modulus of Lawrencepur sand were 2.73 and
2.82, respectively. The grading curve of Lawrencepur sand is provided in Figure 2. A
third-generation superplasticizer (i.e., Sika ViscoCrete 3110 was used in the mortar for the
required workability and for avoiding the segregation of rubber aggregates). The addition
of fibers in the cement mix induces a reduction in its workability whereas lighter aggregates
(i.e., rubber aggregates cause segregation in the cement mix). Since, the specific gravity
of rubber aggregates used in this study is 1.2 which is lesser than that of sand (i.e., 2.73).
To tackle these problems, a third-generation superplasticizer (i.e., Sika ViscoCrete 3110
was used in the mortar for the required workability and to avoiding the segregation of
rubber aggregates). This superplasticizer also includes properties of viscosity modifying
agent. The slump was maintained by adjusting the dosage of superplasticizer in all mix
compositions, including the control mortar, to consider the effect of admixture on the
behavior of materials.
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Amorphous metallic fibers were used in the mortar for repair overlays. Research had
shown that material having high tensile strength reduced the risk of cracking and delays
the crack initiation and propagation [7,22]. Amorphous metallic fibers are very flexible,
straight, and easy to handle. In addition to that, these fibers are corrosion-resistant [12].
The image of metallic fibers used is shown in Figure 3. The amorphous metallic fibers used
are FF30L6 FibraFlex provided by Saint Gobain Seva. The characteristics of Amorphous
metallic fibers and other types of fibers used by previous researchers are presented in
Table 1. Rubber aggregates were made by grinding end-of-life tires. The sand was partially
replaced by rubber aggregates by equivalent volume in different percentages. Literature
on rubber aggregates has also shown that the use of rubber aggregates improved strain
capacity before macro-cracking [5]. The specific gravity of rubber aggregates used is 1.2
whereas the specific gravity of sand is 2.73. The rubber aggregates used in this study are
shown in Figure 1. The maximum size of rubber aggregates used does not exceed 4 mm
which is comparable to the size of sand particles. The particle size distribution curve of
rubber aggregates was obtained by sieve analysis performed in accordance with ASTM
C33 and presented in Figure 2. To enhance the durability of thin bonded overlays, the work
approach adopted in this research is presented in a flow chart shown in Figure 4.
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Table 1. Characteristics of amorphous metallic fibers (Saint Gobain Seva).

Fiber Properties Amorphous Metallic Fibers Propylene Fibers [45] Steel Fibers [46]

Reference FF30L6 Monofilament microfiber Hooked ended

Length 30 mm 6 mm,12 mm,19 mm 40 mm

Width 1.6 mm - -

Thickness 29 µm - 0.62 mm

Density 7200 kg/m3 0.9 kg/m3 7850 kg/m3

Elastic Modulus 140 GPa ≥4500 MPa -

Tensile Strength >1400 MPa ≥500 MPa >1100 MPa

Raw Material Amorphous Metal (Fe,Cr)80, (P,C,Si)20 100% Virgin Polypropylene Low carbon drawn wire

Sustainability 2022, 14, x FOR PEER REVIEW 6 of 23 
 

 

Table 1. Characteristics of amorphous metallic fibers (Saint Gobain Seva). 

Fiber Properties Amorphous Metallic Fibers Propylene Fibers [45] Steel Fibers [46] 

Reference FF30L6 Monofilament microfiber Hooked ended 

Length 30 mm 6 mm,12 mm,19 mm 40 mm 

Width 1.6 mm - - 

Thickness 29 µm - 0.62 mm 

Density 7200 kg/m3 0.9 kg/m3 7850 kg/m3 

Elastic Modulus 140 GPa ≥4500 MPa - 

Tensile Strength >1400 MPa ≥500 MPa >1100 MPa 

Raw Material 
Amorphous Metal (Fe,Cr)80, 

(P,C,Si)20 
100% Virgin Polypropylene Low carbon drawn wire 

 

Figure 4. Flow chart showing the work approach adopted to enhance the durability of cement-based 

repairs. 

3. Mixture Compositions 

Keeping in view the previous study [5], the maximum dosage of rubber aggregates 

and steel fibers was kept limited. Three different dosages of rubber aggregates were used 

(i.e., 10%, 20%, and 30% as partial replacement of natural aggregates by volume). Simi-

larly, three different dosages of steel fibers were used in this research (i.e., 10 kg/m3, 20 

kg/m3, and 30 kg/m3). A total of sixteen mortar mixtures were prepared and tested for 

three dosages of rubber aggregates in combination with three contents of steel fibers and 

one control mortar. Slump value was maintained between the range of 1 inch to 1.5 inches 

for all mixture compositions. The mix design composition of all mortar mixes is shown in 

Table 2. 

A simple nomenclature was adopted to designate mixture compositions. The letters 

R (Rubber) and F (Fibers) are preceded by numbers that represent the proportions of rub-

ber aggregates and steel fibers, respectively. For example, 10R20F designates the mortar 

containing 10% of the rubber aggregates and reinforced with 20 kg/m3 of fibers. 

  

Figure 4. Flow chart showing the work approach adopted to enhance the durability of cement-
based repairs.

3. Mixture Compositions

Keeping in view the previous study [5], the maximum dosage of rubber aggregates
and steel fibers was kept limited. Three different dosages of rubber aggregates were used
(i.e., 10%, 20%, and 30% as partial replacement of natural aggregates by volume). Similarly,
three different dosages of steel fibers were used in this research (i.e., 10 kg/m3, 20 kg/m3,
and 30 kg/m3). A total of sixteen mortar mixtures were prepared and tested for three
dosages of rubber aggregates in combination with three contents of steel fibers and one
control mortar. Slump value was maintained between the range of 1 inch to 1.5 inches for
all mixture compositions. The mix design composition of all mortar mixes is shown in
Table 2.

A simple nomenclature was adopted to designate mixture compositions. The letters
R (Rubber) and F (Fibers) are preceded by numbers that represent the proportions of
rubber aggregates and steel fibers, respectively. For example, 10R20F designates the mortar
containing 10% of the rubber aggregates and reinforced with 20 kg/m3 of fibers.
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Table 2. Mixture design composition (kg/m3).

Sr. No. Mix
Designation Cement Sand Water Rubber Fibers Super

Plasticizer

1 0R0F 500 1600 235 0 0 1

2 0R10F 500 1600 235 0 10 4

3 0R20F 500 1600 235 0 20 4

4 0R30F 500 1600 235 0 30 4

5 10R0F 500 1440 235 70 0 3

6 10R10F 500 1440 235 70 10 4

7 10R20F 500 1440 235 70 20 4

8 10R30F 500 1440 235 70 30 4

9 20R0F 500 1280 235 140 0 3

10 20R10F 500 1280 235 140 10 4

11 20R20F 500 1280 235 140 20 4

12 20R30F 500 1280 235 140 30 4

13 30R0F 500 1120 235 215 0 3

14 30R10F 500 1120 235 215 10 4

15 30R20F 500 1120 235 215 20 4

16 30R30F 500 1120 235 215 30 4

4. Testing Methods
4.1. Mechanical Tests

Compressive strength tests were conducted after 28 days on cylindrical. specimens
having dimensions of 100 mm diameter. and 200 mm height. The compression tests were
performed.in accordance with ASTM C39. For each mix, three samples were tested. The
test setup for the compression test is shown in Figure 5. Modulus of Elasticity (MOE) tests.
were. conducted after 28 days on cylindrical. specimens having dimensions of 100 mm
diameter. and 200 mm height. The tests were conducted. according. to ASTM C469. The
test setup for the MOE test is shown in Figure 5. Two LVDTs were attached to the specimen
to measure deformations which were used to calculate strain.

Sustainability 2022, 14, x FOR PEER REVIEW 7 of 23 
 

 

Table 2. Mixture design composition (kg/m3). 

Sr. No. 
Mix  

Designation 
Cement Sand Water Rubber Fibers 

Super  

Plasticizer 

1 0R0F 500 1600 235 0 0 1 

2 0R10F 500 1600 235 0 10 4 

3 0R20F 500 1600 235 0 20 4 

4 0R30F 500 1600 235 0 30 4 

5 10R0F 500 1440 235 70 0 3 

6 10R10F 500 1440 235 70 10 4 

7 10R20F 500 1440 235 70 20 4 

8 10R30F 500 1440 235 70 30 4 

9 20R0F 500 1280 235 140 0 3 

10 20R10F 500 1280 235 140 10 4 

11 20R20F 500 1280 235 140 20 4 

12 20R30F 500 1280 235 140 30 4 

13 30R0F 500 1120 235 215 0 3 

14 30R10F 500 1120 235 215 10 4 

15 30R20F 500 1120 235 215 20 4 

16 30R30F 500 1120 235 215 30 4 

4. Testing Methods 

4.1. Mechanical Tests 

Compressive strength tests were conducted after 28 days on cylindrical. specimens 

having dimensions of 100 mm diameter. and 200 mm height. The compression tests were 

performed.in accordance with ASTM C39. For each mix, three samples were tested. The 

test setup for the compression test is shown in Figure 5. Modulus of Elasticity (MOE) tests. 

were. conducted after 28 days on cylindrical. specimens having dimensions of 100 mm 

diameter. and 200 mm height. The tests were conducted. according. to ASTM C469. The 

test setup for the MOE test is shown in Figure 5. Two LVDTs were attached to the speci-

men to measure deformations which were used to calculate strain. 

 

Figure 5. Actual test setup and its schematic representation for compression and MOE test. 

  

Figure 5. Actual test setup and its schematic representation for compression and MOE test.



Sustainability 2022, 14, 8226 8 of 22

4.2. Three-Point Static Bending Test on Composite Beams

The composite specimens consisted of a thin repair layer on top of the substrate
simulating repaired beam. Cementitious substrates without rubber aggregates and fiber-
reinforcement 0R0F were prepared to have the real application. Prism beams were cast in
two phases. In the first phase, the substrate layer was cast which simulated the structure to
be repaired. The size of the substrate layer was 100 × 100 × 500 mm. After the substrate
layer had been water cured for 28 days, the top surface of the prism was prepared for the
casting of the repair overlay. Surface preparation must provide good anchorage to the
new layer. Different techniques are available for the preparation of mortar surface to give
better bonding. The technique used to prepare and level the surface of the substrate was
sawing the top 5 mm layer. In the second phase, a cement-based overlay was cast over the
substrate after the preparation of the surface. Mold was modified and arranged to cast
a 40 mm repair layer over a 100 mm substrate with a 10mm notch at the center. Sixteen
different repair layers were cast over the substrate according to the design mix presented in
Table 2. Cast composite prisms were then water cured for 28 days at controlled temperature
of 20 ◦C and relative humidity of 98%. Then the cleaned surface was white washed for
clear visibility of cracks during testing.

Three-point static bending test was carried out on Shimadzu Universal Testing Ma-
chine having a loading capacity of 1000 KN to study the behavior of the overlay–substrate
under flexure. A schematic diagram of the repaired composite prism under three-point
static bending test and the complete actual testing setup are shown in Figure 6. This test
was conducted according to the RILEM TC 162-TDF [47]. These tests were conducted at a
loading rate of 0.5 mm/min. Two LVDTs were attached with the composite prism to mea-
sure the mid-span deflection and the crack mouth opening (CMOD). CMOD was measured
by the LVDT attached at the notch location in the mid span and the vertical deflection of
the composite specimens was monitor by other LVDT sensor at the support location.
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Under flexural loading, the crack was initiated from the tip of the notch in the over-
lay, which eventually travels towards the interface. The values of force, deflection, and
crack mouth opening displacement (CMOD) were automatically recorded. by the data.
acquisition. system. of Shimadzu Universal Testing Machine.

5. Results and Discussions

For material characterization, a minimum of three specimens were tested, and the
results presented for each composition are the average of these tests.

5.1. Compressive Strength

Compressive strength results of all mortar mixtures are presented in Figure 7. The
average of three specimens is shown in Figure 7. Results showed that with the addition of
rubber aggregates in the mixtures, the compressive strength of the specimen was decreased.
It can be observed that 30% partial replacement of natural aggregate with rubberized
aggregate showed around an 80% decrease in compressive strength. It may be attributed
to the fact that rubber aggregates are weak as compared to the natural aggregates leading
to a decrease in compressive strength [8]. Also, the low stiffness of rubber aggregates,
as well as poor bonding between cement matrix and rubber particles, result in a loss in
compressive strength.
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Figure 7. Compressive strength of mortar mixes.

Figure 8 presents the compressive behavior of mortar with different percentage re-
placements of rubberized aggregate. Test results show slight reduction in the compressive
strength with addition of metallic fibers (i.e., about 8%, which is not so significant). This
reduction may be attributed due to the fact that the packing of the matrix is disturbed
and compressive strength of the fiber-reinforced mortar is primarily dependent upon
fiber-matrix bond. Also, the fibers used in current research is hydrophobic in nature and
contribute lesser towards compressive strength enhancement. Results obtained for com-
pressive strength of repair mortars incorporating steel fibers and rubber aggregates are in
good agreement with previous research studies [5,8,20].
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Figure 8. Compressive strength with different percentages of rubber aggregates.

5.2. Modulus of Elasticity

Modulus of elasticity results of different mortar mixtures are shown in Figure 9. For
each mix, three samples were tested. The test results of MOE in compression for all mortar
mixtures with different replacements of rubber aggregates are presented in Figure 10.
Results revealed that with the addition of steel fibers in the mortar mixture, there was a
negligible reduction in modulus of elasticity. Further, the modulus of elasticity decreased
with the increased content of rubber aggregates. It can be observed that with a 30%
partial replacement of natural aggregate with rubber aggregate, the modulus of elasticity is
reduced by around 60%. This reduction in MOE may be attributed to the lesser stiffness
of rubber aggregates. Similar findings are reported by previous researchers [30]. This
reduction may be attributed to poor bonding between cement paste and rubber aggregate
and low modulus of elasticity of rubber aggregate according to the rule of mixture law [8].
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Figure 9. Modulus of elasticity of mortar mixtures.
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Figure 10. Modulus of elasticity with different percentages of rubber aggregates.

5.3. Compression Toughness

Compression toughness was calculated by obtaining the area under. the stress-strain.
curve up to 60% of peak load. Compression toughness results of all mortar mixes are
presented in Figure 11. Test results of compressive toughness for all mortar mixtures with
different fiber contents are presented in Figure 12. Compression toughness of mortar mixes
with a combination of steel fibers and rubber aggregates showed significant reduction with
an increment of rubber content and there was a minor increment with the addition of steel
fibers. The reduction in compression toughness due to the addition of rubber aggregates
was mainly due to low. stiffness. of rubber and the bond. defects. at rubber-cement. paste.
interface. These experimental results are in good agreement with the study carried out on
compressive toughness of rubberized steel fiber reinforced concrete [20].
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Figure 11. Compression toughness of mortar mixes.
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5.4. Relationship between Force and Deflection

The relationship between force and deflection of composite prisms having different
types of repair materials are presented in Figures 13–17. The curve of each repair mix
composition represents the average of three prism specimens.
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Figure 13. Load versus deflection curve for composite beams with 0R0F, 10R0F, 20R0F, and 30R0F
repair mix composition.
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repair mix composition.
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repair mix composition.
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repair mix composition.

Sustainability 2022, 14, x FOR PEER REVIEW 15 of 23 
 

 

 

Figure 17. Load versus deflection curve for composite beams with 0R30F, 10R30F, 20R30F, and 

30R30F repair mixture composition. 

The curves show that peak load as well as the corresponding deflection increased as 

compared to the control mortar with fiber reinforcement of repair material. The deflection 

capacity of material at ultimate load was increased with addition of rubber aggregate and 

steel fibers. The synergetic effect of rubber aggregates and metallic fibers was ensured 

through decreased cracking and improved ductility of repaired material. With the in-

crease of fiber content in repaired beams, the post-peak residual strength also increased. 

The increase in the deflection of the composite prisms was due to the bridging action pro-

vided by the steel fibers against the crack opening. Similarly, an increase in peak load and 

corresponding deflection was observed in recent study conducted on rubberized fiber-

reinforced overlays [44]. 

5.5. Flexural Strength 

Flexural strength results of all composite prisms studied in this research program are 

presented in Figure 18. Flexural strength slightly decreased with the increment of rubber 

content and slightly increased with the increase in fiber content. These results showed the 

same trend as shown by the compressive strength, but the reduction rate is lesser than 

that of compressive strength results. 

0

2

4

6

8

10

12

14

16

0.0 0.5 1.0 1.5 2.0 2.5 3.0

F
o

rc
e 

(k
N

)

Deflection (mm)

30F 10R30F 20R30F 30R30F

Figure 17. Load versus deflection curve for composite beams with 0R30F, 10R30F, 20R30F, and 30R30F
repair mixture composition.

The curves show that peak load as well as the corresponding deflection increased as
compared to the control mortar with fiber reinforcement of repair material. The deflection
capacity of material at ultimate load was increased with addition of rubber aggregate and
steel fibers. The synergetic effect of rubber aggregates and metallic fibers was ensured
through decreased cracking and improved ductility of repaired material. With the increase
of fiber content in repaired beams, the post-peak residual strength also increased. The
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increase in the deflection of the composite prisms was due to the bridging action provided
by the steel fibers against the crack opening. Similarly, an increase in peak load and
corresponding deflection was observed in recent study conducted on rubberized fiber-
reinforced overlays [44].

5.5. Flexural Strength

Flexural strength results of all composite prisms studied in this research program are
presented in Figure 18. Flexural strength slightly decreased with the increment of rubber
content and slightly increased with the increase in fiber content. These results showed the
same trend as shown by the compressive strength, but the reduction rate is lesser than that
of compressive strength results.
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Figure 18. Flexural strength of different mortar mixes.

5.6. Flexural Toughness

Flexural toughness was calculated by obtaining the area. under. the stress-strain.
curve. up to 60% of. peak. load. Flexural toughness results of all of the mortar mixes
studied in this research program are shown in Figure 19. The average flexural strength
of the control prism came out to be 2.84 MPa. The flexural toughness of mortar mix
incorporating 10 kg/m3, 20 kg/m3 and 30 kg/m3 of amorphous metallic fibers came out to
be 4 MPa, 5.3 MPa and 5.8 MPa with the increment of 42%, 89%, and 107%, respectively.
With the 10%, 20% and 30% replacement ratios of rubber content, the flexural toughness
improved to 3.2 MPa, 4.4 MPa, and 4.6 MPa, respectively, with increments of 14%, 57%, and
64%, respectively, as compared to the control prism. Results indicated that with the increase
in rubber aggregates, there is an increase in the flexural toughness of composite prisms.

Results showed. that fiber. reinforcement. of mortar. showed an increment in flexural
toughness. For composite prism with repair mix composition of 10R10F, 20R10F and
30R10F, the average flexural toughness was 4.6 MPa, 4.8 MPa and 5 MPa. The increment
rate was 64%, 71%, and 78%, respectively, as compared to that of the flexural toughness
of composite prism with a repair mix composition of 0R0F. Similarly, for composite prism
with repair mix composition of 10R20F, 20R20F and 30R20F, the average flexural toughness
was 5.5 MPa, 6 MPa, and 8.3 MPa with increases of 96%, 114%, and 196%, respectively.

For composite prisms with repair mix composition of 0R30F, 20R30F, and 30R30F, the
average flexural strength of composite prisms was 9 MPa, 10.5 MPa, and 14 MPa with the
increment rate of 221%, 275%, and 400%, respectively.
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Figure 19. Flexural toughness of composite prisms.

Flexural toughness is enhanced considerably in the presence of rubber content. De-
formability of mortar is improved by incorporating rubber as it reduced the local stresses
which occur around micro-cracks. It was noticed that the rubberized fiber-reinforced com-
posites especially 30R30F exhibited more toughness as compared to the other mixtures,
demonstrating the synergetic effect produced by the combined use of fibers and rubber
aggregates in repair material. This enhancement in flexural toughness can also be validated
from the previous research carried out on the flexural toughness of concrete incorporating
both crumb rubber and steel fibers [35].

5.7. Relationship between Force and Crack Mouth Opening Displacement (CMOD)

The relationship. between. force. and CMOD of composite. prisms having. different
types of repair materials. are presented in Figures 20–24. The curve of each repair mix
composition represents the average of three prism specimens.
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Figure 20. Load versus CMOD curve for composite beams with 0R0F, 10R, 20R, and 30R repair
mix composition.
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Figure 21. Load versus CMOD curve for composite beams with 0R0F, 10F, 20F, and 30F repair
mix composition.
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Figure 22. Load versus CMOD curve for composite beams with 0R0F, 10R10F, 20R10F, and 30R10F
repair mix composition.

It was observed from the load versus CMOD curves that at any notch opening value,
the corresponding value of force was higher as compared to the control mortar, especially,
for the composite beams with the repair mixtures incorporating higher steel fiber content.
For example, at a notch opening of 0.3 mm the corresponding force is 6 kN, 9.8 kN,
10.2 kN and 12 kN for 0R0F, 0R10F, 0R20F and 0R30F, respectively, as shown in Figure 21.
These results also revealed that the steel fibers reinforcement played an important role in
controlling notch opening and retraining the cracks under flexure loading. In the post-
peak region, steel fibers control the cracks from further propagating by bridging action
and provide higher post-peak residual strength. The values of CMOD at peak load are
presented in Figure 25. The results revealed that rubber incorporation controls the notch
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opening up to the peak load by delaying micro-crack propagation to become macro cracks.
For instance, at peak load the highest notch opening is observed for 0R0F (i.e., about 74 µm)
and minimum for 30R0F (i.e., 44 µm).
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Figure 23. Load versus CMOD curve for composite beams with 0R0F, 10R20F, 20R20F, and 30R20F
repair mix composition.
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Figure 24. Load versus CMOD curve for composite beams with 0R0F, 10R30F, 20R30F and 30R30F
repair mix composition.

The CMOD values at post-peak load (i.e., 50% of peak load) are presented in Figure 26.
In the post-peak region, steel fiber actively plays its role in controlling the notch opening by
providing bridging action, but the rubber does not show a significant impact in controlling
the notch opening in the post-peak region.
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Figure 25. CMOD values at peak load for different repair mix compositions.
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6. Conclusions

This research work was conducted to investigate the structural performance of fiber-
reinforced and rubberized thin bonded cement-based overlays. The following conclusions
can be drawn from the experimental results.

1. Compressive strength, modulus of elasticity, flexural strength and compression tough-
ness reduced with the increase of rubber content while there was no significant
change with the increase of steel fibers. For 10R10F repair composite, there was a
decrease of 60%, 32%, 2.5%, and 60% in compressive strength, MOE, flexural strength
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and compression toughness, respectively. It shows reduction in flexural strength is
almost negligible.

2. Fiber-reinforced rubberized cement-based composites exhibited higher flexural tough-
ness. Among the different compositions studied, the flexural toughness for 30R30F
improved up to 400%. Also, the synergetic effect has been observed by the combined
use of fibers and rubber aggregates.

3. At any notch opening value (CMOD), the corresponding force was higher for the
composites beams repaired with mixtures incorporating higher steel fiber content as
compared to the control mortar.

4. Before peak load, rubber aggregates play their role by delaying the micro-crack
propagation. In the post-peak region, steel fibers enhance the post-peak residual
strength due to bridging action.

5. The maximum crack restriction was shown by the repair material including fibers
with or without the inclusion of rubber aggregates.

6. Combine use of rubber aggregates and metallic fibers in a repair material of bonded
cement-based overlays could be a suitable way to delay crack propagation
and debonding.

7. This research will facilitate the environment related issue for the utilization of rubber
in construction industry with additional benefit of improving the structural and
durability performance leading to more sustainable infrastructures.
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