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Abstract: Engineered cementitious composite (ECC) is a new generation of fiber-reinforced con-
crete with high ductility and exceptional crack control capabilities. However, ECC can suffer a
substantial reduction in ductility when exposed to elevated temperatures resulting in a loss of
crack-bridging ability. In this study, the effect of adding basalt fiber (BF), which is an inorganic fiber
with high-temperature resistance for the production of ECC, was studied. Moreover, the change
in the mechanical properties of ECC, including compressive, tensile, and flexural strength, was
experimentally investigated under elevated temperatures up to 400 ◦C. The results showed that the
addition of BF to reinforced ECC improved the tensile and flexural strength of concrete effectively,
but compressive strength marginally decreased. A significant decrease was observed in the range
from 300 to 400 ◦C, while it increased smoothly when heated up to 300 ◦C. The compressive and
flexural strength diminished after a slight strain gained when heated up to 100 ◦C. This work paves
the way for future investigations focusing on the development of high-temperature resistance ECC.

Keywords: engineered cementitious composites; basalt fiber; temperature; compressive strength;
tensile strength; flexural strength

1. Introduction

Structures made of cementitious composites are widely constructed all around the
world [1–3]. Achieving enhanced properties for cementitious composites in the fresh and
hardened states could improve the performance of structures and reduce maintenance
costs due to the fact of damages [4,5]. Engineered cementitious composite (ECC) is a new
generation of high-performance fiber-reinforced cementitious composites characterized
by high ductility, enhanced durability, and unique multiple fine cracking behaviors [6–8].
Engineered cementitious composite is generally composed of fine aggregates, admixtures,
cement, additives, fibers, and water. Normally, ECC consists of well-graded, fine aggregate;
therefore, no coarse aggregates are added to the matrix composition. Intrinsically, ordinary
ECC is costly and has high energy and carbon footprints. A straightforward approach to
this problem is partial or total replacement of cement and/or fine aggregates with other
low-cost alternatives such as fly ash [9–11], ground granulated blast-furnace slag [12–14],
and coarse sands [15–17].

Engineered cementitious composite was developed by Li et al. [18–20] based on frac-
ture mechanic principles to serve multiple cracking properties and pseudo strain-hardening.
Theoretically, strain-hardening in ECC is measured by two performance indices: the energy
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performance index and the stress performance index [21,22]. The stress performance index
first involves cracking strength and is defined as the ratio of the tensile strength of the
composite to the initial cracking strength. Both the energy and stress performance indices
must be larger than the unity to ensure multiple cracking behavior [23]. Fibers have a
very important role in the crack bridging action of ECC composites, and fiber rupture
depends on fiber strength and their chemical bonding within the concrete matrix [24]. To
study the chemical bonding of the fibers within the composite medium, microstructural
and micromechanical properties of ECC are generally evaluated using SEM and AFM [25],
X-ray micro-computed tomography (µCT) [26], and the single-fiber pullout test [25,27].

Traditional ECC materials contain polyvinyl-alcohol (PVA) fibers known as PVA-ECC,
while other fibers with inorganic (e.g., carbon, steel, glass, and basalt fibers), polymeric
(e.g., polypropylene (PP), polyester, polyethylene (PE), and nylon) nature and natural
fibers (e.g., silk, wool, asbestos, wollastonites, coir, cotton, and sisal) have recently been
used widely [28–30]. Polyvinyl-alcohol fibers exhibited better and more consistent ductility
improvement compared to other types of fibers. Polypropylene fiber is softer, cheaper,
and it disperses faster compared to PVA or PE fibers, which results in better workability
of the fresh composite [31]. Moreover, PP fiber has better durability when exposed to
an alkaline environment due to the fact of its hydrophobic and non-polar nature [32].
Despite the advantages offered by adding fibers in ECC compositions, some drawbacks,
such as a reduction in compressive strength, and an increase in shrinkage and porosity
were reported for excess use of fibers [33]. Virgin PE fiber has low mechanical bonds, and
they are vulnerable to degradation in the alkaline concrete environment [34–36]. Hence,
some interface modifications and surface treatment are required to improve fiber/matrix
bonding and stability [36]. Natural fibers, particularly those with plant origin, show good
promise in improving flexural performance and reducing shrinkage. However, natural
fibers are generally of very restricted durability which limits their utilization. Man-made
fibers, such as steel and carbon fibers, are found more commonly in conventional ECC.
Among all, basalt fiber (BF) attracts significant attention due to the abundance of basalt
resources and low cost and low carbon and energy footprints during manufacturing [36].

Engineered cementitious composite can be classified as a high-performance fiber-
reinforced cementitious composite with a ductility that ranges from 3% to 5% of strain
having 1.5–2% fiber content by volume [18–20]. The incorporation of fibers in ECC com-
posites increases ductility and delays the growth of small cracks so as to improving the
post-crack behavior [37,38]. Engineered cementitious composite is characterized by mod-
erate tensile strength ranging from 4 to 6 MPa. However, ECC shows a strain-hardening
behavior after the initial matrix cracking, leading to the development of high tensile ductil-
ity in the range of 3–7% [39]. Though the compressive strength of ECC is almost equivalent
to that of normal Portland concrete, the elastic modulus of ECC is smaller due to the
absence of coarse aggregate. The induced tensile load on ECC composite elements allows
for the formation of multiple cracks, with a small opening of an individual crack having
widths below 50 µm [40]. The formation of small cracks improves resistance to water
permeability and chloride diffusivity [41,42]. Hence, ECC materials have great potential
for application in concrete structures exposed to a corrosive environment [43–45].

The ECC can considerably improve the structural performance of reinforced concrete
elements. Li et al. [46] studied the flexural capacities of pre-cast ECC panels in permanent
formworks. The results of the bending test showed significant improvement in the load
capacity and toughness of a concrete member and effective dispersing of a single crack into
multiple ones in ECC. Zhang et al. [47] investigated the shear behavior of ECC permanent
formwork. It was shown that using ECC permanent formwork could significantly enhance
the deformation and shear carrying capacity of reinforced concrete (RC) slender beams
without stirrups. Pan et al. [48] investigated the failure pattern and seismic behavior of
the ECC column using quasi-static tests. The result of experimental research indicated the
better seismic performance of reinforced ECC composite columns compared to normal
RC columns. Significant enhancement in seismic performance in terms of energy dissipa-
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tion capacity, ductility, and damage tolerance was reported. Qiao et al. [49] presented a
nonlinear analysis to study the flexural behavior of an ECC beam and the bilateral interac-
tion of flexural behavior and the applied interface treatments on enhancing the element’s
durability.

The demand for ECC composites for different technical and operational conditions led
to the development of different matrices with special fresh and hardened attributes. Self-
compacting (SC) [50], high-early-strength (HES) [51], self-healing (SH) [52], green (G) [53],
and lightweight (LW) [54] engineered cementitious composites are the most widely studied
ECC composites in the literature. Lightweight ECC is defined as cementitious composites
made with a variety of low-density ingredients including entrained air, shale, hollow glass
bubbles, and polymeric beads [55]. However, the ECC achieved by low-density ingredients
often results in brittleness and reduction in tensile and compressive strengths [55]. HES-
ECC is developed to address the need for concrete repair applications in which minimum
operations disruption is desired [56]. The compressive strength of 17.2 MPa at 4 h is
the minimum targeted early strength of ECC based on the requirements of the Federal
Highway Administration (FHWA) and Department of Transportation (DOT) that is set for
after placement reopening of transportation to traffic [55].

Maalej and Li [57], in one of the first studies on ECC, researched strain-hardening
behavior and crack propagation. It was concluded that the crack control in ECC was
better than in fiber concrete. Lee et al. [58] used PE fibers in ECC composites and showed
that these fibers could significantly increase the tensile and flexural strength of ECC.
Kanda and Lee [21] used PVA fibers to produce ECC that was more environmentally
friendly. Singh et al. [59] investigated the effects of hybrid addition of steel–PE fibers
on the compressive and flexural strength and stiffness of fiber hybrid-reinforced concrete.
It was observed that the best performance was achieved with the ratio 75% steel fibers and
25% polypropylene fibers. Fischer [60] conducted an experimental study to compare the de-
formation behavior of reinforced ECC flexural members under cyclic load. No cracks were
observed in the columns containing ECC under the applied load. Said and Razak [61] re-
ported that the addition of polyethylene fibers reduced the compressive strength due to the
uneven fiber distribution, while the strain and tensibility of the composite were improved.

Singh and Munjal [62] conducted a comparative study on the mechanical properties
of PVA and polyester fibers in ECC composites. It was concluded that ECC containing PVA
fibers had a higher tensile, compressive, and flexural strength compared to ECC containing
polyester fibers. Kang [62] carried out an experimental investigation on the shear strength
of ECC and showed that the shear strength was higher due to the presence of these
fibers in ECC containing fly ash and ground granulated blast-furnace slag. Sui et al. [63]
investigated the bond behavior in FRP–ECC–concrete interfaces. It was concluded that
the addition of an ECC layer could significantly enhance the maximum strain of FRP and
delay the debonding failure. The other interface characteristics of the contact surface, such
as bearing capacity, the ultimate slip, and the interface energy consumption capacity, were
also improved. Ammasi et al. [64] carried out an experimental study to explore the effect
of partial (i.e., 40%, 60%, 80%) and total replacement of cement content in ECC with fly
ash on mechanical properties such as compressive strength, flexural strength, splitting
tensile strength, and modulus of elasticity. In the partial replacement of fly ash, from 40%
to 60%, an improvement was observed in the mechanical properties. Similarly, the chloride
ion penetration was significantly decreased by the increase in fly ash content from 40%
to 100%.

Temperature has a significant effect on the mechanical properties of the hardened
cementitious composites [65]. Yu et al. [66] studied the performance of ECC containing
a very high volume of fly ash, and PVA fibers were exposed to 20 ◦C, 50 ◦C, 100 ◦C, and
200 ◦C. Nonetheless, the melting temperature of PVA fibers was approximately 230 ◦C,
and the mechanical properties were enhanced from 50 to 100 ◦C. The tensile properties
diminished after exposure to 200 ◦C.
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Bhat et al. [67] discussed the effect of elevated temperature levels up to 600 ◦C on
the strain-hardening of ECC. The ECC demonstrated high spalling resistance after 6 h
of exposure to 600 ◦C. Du et al. [68] evaluated the effects of high temperature on com-
pressive strength, modulus of elasticity, compressive strain capacity, and flexural strength
of PVA-ECC subjected to 20 ◦C, 100 ◦C, 200 ◦C, 300 ◦C, and 400 ◦C for 6 h. Tempera-
ture increase diminished the compressive strength, modulus of elasticity, and flexural
strength. The compressive strain capacity was significantly enhanced under elevated tem-
peratures. Xu et al. [69] investigated the strain-hardening and multiple cracking behavior
of BF-reinforced ECC (BF-ECC) considering the bridging action of BFs.

There exists a large body of literature to study the BF-ECC under ambient or extreme
environmental conditions. Xu et al. [69] studied the mechanical properties of BF-ECC
under ambient temperature. Wu et al. [70] investigated the effect of salt freeze–thaw cycles
on BE-ECC and its interface with concrete. Singh et al. [71] analyzed the effect of the
composition of ECC on its performance under ambient temperature. Despite this, relatively
little is known about the performance of BF-ECC exposed to elevated temperatures. This
research aimed to study the effect of adding BF for the production of ECC under elevated
temperatures up to 400 ◦C. Moreover, the change in the mechanical properties of ECC,
including compressive, tensile, and flexural strength, was experimentally investigated.
In the first step, the control mix was designed. In the next phase, several matrices with
different amounts of BF and matrix ingredients were designed. Compressive, tensile, and
flexural tests were carried out to characterize the macro-scale mechanical behaviors. The
focus of the present research was on the development of BF-ECC. The performance of
BF-ECC at elevated temperatures, however, may remain an interesting matter for future
investigations.

2. Materials and Methods
2.1. Materials

The materials used in this experimental study for the production of ECC mixtures
were Type I ordinary Portland cement (Sepahan Co.) complying with the requirements of
the ASTM C150 standard, fine silica sand, class F normal fly ash complying with ASTM
C618 requirements, BFs with a 10 mm average length and 20–13 µm in diameter, water, and
superplasticizer to improve workability, which were all purchased or provided from local
suppliers. Fine silica sand is the standard aggregate in ECC to achieve even dispersion
of fibers and plane cracking pattern, while limited studies have used coarser sand [72,73].
Around three-quarters of the composite’s volume were occupied by aggregates. Hence,
their quality and composition may adversely affect the durability and structural behavior
of the hardened composite. The physical and chemical properties of the used fine aggregate
are shown in Table 1. Fine silica sand with a maximum grain size of 180 µm and an average
grain size of 100 µm was used as filler and aggregate.

Table 1. Chemical properties of fine silica sand used in this study.

pH Solubility Moisture Fluoride (PPM) Calcium Phosphorous

4–7 Minimum 85% Maximum 3% Maximum s1800 Minimum 21% Minimum 17%

Adding BFs into ECC enhances the mechanical properties and reduces its brittleness.
Unlike other fibers, such as steel or polypropylene, BFs are formed in the manufacturing
industry in bundles and cut into required lengths. However, the chopped BFs do not
have a uniform length and diameter as shown in Figure 1. It is normal to consider the
average diameter and length of BFs that are introduced by the provided datasheet from the
manufacturer [5,74,75]. The mechanical properties of the BFs supplied by the manufacturer
are shown in Table 2.
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Table 2. Mechanical characteristics of basalt fiber (BF).

Length of Fiber
(mm)

Equivalent
Diameter (µm)

Water
Absorption(%)

Tensile Strength
(N/mm2)

Melting Point
(C·)

Elastic Modulus
(GPa)

Ultimate
Elongation (%)

10 13–20 <0.5 4100–4800 1050 93–110 1.3–3.2
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2.2. Mix Designs and Preparation of Specimens

The geometrical characteristics and volume fraction of the chopped fibers and matrix
rheology are among the most important parameters in the mix design that may strongly
affect the fiber distribution in the ECC matrix [76]. The parameter for fiber volume fraction
has been widely examined in the studies presented in the literature review. The amount
of BF content in ECC mixes in the previous studies generally ranged from 1% to 5%
of the total ECC volume. However, the findings in these studies suggest using a fiber
volume fraction of 2.5%. Based on the literature, fibers with shorter lengths have shown
better distribution, while the longer length of chopped BFs provides a more efficient crack-
bridging ability. Hence, an average length of 10 mm was selected for the utilized BFs, which
is consistent with the literature. To determine the proportions of cementitious composite,
in the experimental study, a base mix was designed to achieve a target 28 day cylinder
compressive strength of 40 MPa. For the control mix, the proportioning of the ingredients
is as per Table 3.
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Table 3. The mix design and the proportions of the constituent materials in the ECC.

Concrete Type Cement
(kg/m3)

Silica Sand
(kg/m3)

Fly Ash
(kg/m3) Water (kg/m3)

Superplasticizer
(kg/m3) BFs (%)

Reference mix
(R-ECC) 820 656 205 379 -

BF-ECC 820 656 205 379 8.74 2.5

The mix proportion of the BF-ECC in this experiment was the same as the mix design
as the reference mix, while the BF and superplasticizer contained 2.5% of the volume
fraction and 7.84 (kg/m3) of the ECC content, respectively. Water-reducing admixture was
added to the ECC to obtain the same flow compared to the reference mixture. The utilized
water-reducing admixture was a polycarboxylate-based superplasticizer with a specific
gravity of 1.05 (g/m3) and pH of 7. The ratios of the sand, fly ash, and water to cement
in the reference and fiber-included mixes were 0.8, 0.25, and 0.37, respectively. Uniform
fiber distribution is a crucial factor for enhanced mechanical properties, especially tensile
strength and ductility in ECC [76]. Applying a correct mixing sequence of the material can
enhance the mechanical properties and improve fiber distribution [77]. In the first step, the
ingredients were weighed and prepared separately.

The equipment used for mixing ingredients was a rotary 60-L pan-type concrete
mixture supplied with 220 V AC power and a frequency of 50 Hz. The mixing rotational
speed of the mixture was around 35 rpm in compliance with EN 12390-2. In the first
stage, the solid ingredients, including silica sand, cement, and fly ash were premixed in
a mixing vessel with a nominal speed for a couple of minutes before liquid loading. At
the same time, the superplasticizer was added to water and stirred for 2–3 min. Then, the
liquid mixture was poured into the dry mixture and mixed for another 3 min in accordance
with the procedure explained by Yang et al. [78]. The fibers were split into strands for a
more even dispersion in the cementitious matrix and to prevent agglomeration. Then the
well-separated fibers were uniformly sprinkled into the cementitious composite while the
stirring mill was working at normal speed for 3 min. Typically, an even fiber distribution
and proper consistency of the cementitious mortar can be achieved after 3 min of mixing
time advised by Li et al. [79] and Fischer et al. [80]. The mix of composition continued for
7 min at normal speed to ensure an even distribution of the chopped fibers in the mixture.

The fresh ECC was poured into molds and compacted according to the ASTM stan-
dards. For each temperature exposure scenario (25 ◦C, 100 ◦C, 200 ◦C, 300 ◦C, and 400 ◦C),
three cubic, cylindrical, and prismatical specimens were tested. The mixture was cast
into metal cubic molds with the dimension of 50 mm × 50 mm × 50 mm for compressive
strength test according to ASTMC109/C109M-08, metal cylindrical molds with the dimen-
sion of 200 mm × 100 mm for the split tensile test according to ASTM C496, and prismatic
molds with the dimension of 40 mm × 40 mm × 160 mm for the three-point bending
test according to ASTMC348-08. At the age of 28 days, the ECC specimens were placed
and kept in an oven for temperature exposure scenarios. Triplicate specimens for each
temperature range and strength test was tested. The molded specimens for compressive,
split tensile, and flexural tests are shown in Figure 2.



Appl. Sci. 2021, 11, 6848 7 of 15
Appl. Sci. 2021, 11, x FOR PEER REVIEW 7 of 15 
 

 

Figure 2. Molds after casting for tensile, flexural, and compressive strength tests from top down-

ward, respectively. 

2.3. Mechanical Properties 

Compressive, flexural, and tensile strength tests were carried out on specimens ac-

cording to ASTM standards. Triplicate specimens for each batch and temperature range 

were prepared and tested. The average values of the triplicate specimens were taken as 

the representative results. The compressive strength tests were performed on 50 mm cube 

ECC specimens conforming to ASTM C109-08. A compression machine with 2000 kN ca-

pacity was used to determine the ultimate load-carrying capacity of the ECC specimens 

under pure compression. An axial compressive load was applied with a rate of 0.4 kN/s 

according to the ASTM C31 test method. The pressure was continued until the specimen 

was crushed. The failure point corresponded to the ultimate load- and stress-bearing ca-

pacity of specimens in kN and MPa, respectively. The splitting tensile test was carried out 

to assess the tensile bond strength of the ECC specimens. The same universal testing ma-

chine with a rate of 0.4 kN/s was used for splitting tensile tests according to ASTM C496. 

Prisms specimens with the dimension of 40 mm × 40 mm × 160 mm and curing age of 28 

days were used for the flexural strength test. The test continued within a three-point load-

ing arrangement until an audible and visible crack was observed. The hardened speci-

mens were heated to three different temperatures of 100 °C, 200 °C, 300 °C, and 400 °C for 

a duration of 10 min after 28 days of curing. In order to prevent cooling shock, samples 

were left at room temperature to cool down gradually before applying compressive load 

in the testing machine. Figure 3 shows the testing machines used for flexural and com-

pressive strength.  

Figure 2. Molds after casting for tensile, flexural, and compressive strength tests from top downward,
respectively.

2.3. Mechanical Properties

Compressive, flexural, and tensile strength tests were carried out on specimens ac-
cording to ASTM standards. Triplicate specimens for each batch and temperature range
were prepared and tested. The average values of the triplicate specimens were taken as the
representative results. The compressive strength tests were performed on 50 mm cube ECC
specimens conforming to ASTM C109-08. A compression machine with 2000 kN capacity
was used to determine the ultimate load-carrying capacity of the ECC specimens under
pure compression. An axial compressive load was applied with a rate of 0.4 kN/s accord-
ing to the ASTM C31 test method. The pressure was continued until the specimen was
crushed. The failure point corresponded to the ultimate load- and stress-bearing capacity
of specimens in kN and MPa, respectively. The splitting tensile test was carried out to
assess the tensile bond strength of the ECC specimens. The same universal testing machine
with a rate of 0.4 kN/s was used for splitting tensile tests according to ASTM C496. Prisms
specimens with the dimension of 40 mm × 40 mm × 160 mm and curing age of 28 days
were used for the flexural strength test. The test continued within a three-point loading
arrangement until an audible and visible crack was observed. The hardened specimens
were heated to three different temperatures of 100 ◦C, 200 ◦C, 300 ◦C, and 400 ◦C for a
duration of 10 min after 28 days of curing. In order to prevent cooling shock, samples were
left at room temperature to cool down gradually before applying compressive load in the
testing machine. Figure 3 shows the testing machines used for flexural and compressive
strength.
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3. Result and Discussions

In this chapter, the results of experiments performed on the mechanical properties of
fiber-free and fiber-reinforced ECC along with diagrams are presented and a comparison is
made between them.

3.1. Results of the Compressive Strength Test

Compressive strength is the most important mechanical characteristic of construction
materials due to the fact of its significant role as the compliance criteria in standards and
specifications. The compressive strength of the cubic samples of 50 mm in dimension made
according to the ASTM C109/C109 M-08 standard was first tested after 28 days of curing
at room temperature without exposure to high temperatures. The compressive strength
of the samples in fiber-reinforced and fiber-free specimens was 41.7 MPa and 43.3 MP,
respectively. The results of the compressive strength tests are illustrated in Figure 4 for
reference mixes and fiber-reinforced ECC. The results in each point were obtained from the
average of triplicate specimens.
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Figure 4. The result of the change in compressive strength of fiber-reinforced and fiber-free fibrous
specimens exposed to elevated temperatures up to 400 ◦C.

It was observed that the temperature increase in BF-reinforced ECC up to 100 ◦C
increased the compressive strength, while exposure to a higher temperature range (i.e.,
100–400 ◦C) resulted in approximately 44% of its decrease. The maximum growth in
the compressive strength of BF-ECC was achieved at 100 ◦C. With the passage of time,
cement hydration increased. The encapsulated micro- or macro-size water droplets within
the concrete composition were gradually released by temperature increases from room
temperature to 100 ◦C. The evaporation of the encapsulated water improved the curing
efficiency by facilitating the hydration of the cementitious system and positively influenced
the strength growth rate of the concrete. The pattern of change in compressive strength
of the BF-ECC was similar to the one for the reference state except in the range of 100–
200 ◦C where there existed small increases in compressive strength in the reference ECC,
while there was a decrement in the BF-ECC. However, the range of variation in the R-
ECC was much smoother compared to the BF-ECC due to the fact of exposure to an
elevated temperature. Reduction in the compressive strength of the ECC under an elevated
temperature up to 400 ◦C may be due to the fact that this concrete completely lost its water
up to 400 ◦C. Up to 100 ◦C, the hydration of waterless cement aggregates improved due to
the fact of its internal autoclave conditions. This is especially the case with high-strength
concrete. The above is true because its low permeability had a great effect on moisture
transfer. In the temperatures above 350 ◦C, calcium hydroxide decomposed into either lime
and water, or C–S–H due to the pozzolanic reaction accelerated at high temperatures, where
the decomposition of hydroxide calcium had a minor effect on the reduction in resistance.

The reduction in the compressive strength by the addition of BF is in agreement with
the experimental result observations reported by other authors [81–83]. This decrease
was mainly caused by compactness reduction due to the introduction of voids into the
ECC matrix during the incorporation of the BFs into the composite. However, the ob-
servation during compressive tests of BF-ECC indicated a more ductile failure absorbing
a larger amount of plastic energy under compressive loads compared to the fiber-free
control mixture.

3.2. Results of the Indirect Tensile Strength Test

A tensile test was performed to verify the crack opening performance under the
complex stress state. The splitting tensile strength of the fiber-reinforced and control
cylinder specimens was made according to the ASTM C496 standard. The specimens were
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tested after exposure to five temperature conditions: room temperature, 100 ◦C, 200 ◦C,
300 ◦C, and 400 ◦C. The tensile strength of the BF-reinforced and control samples were
4.25 MPa and 3.1 MP, respectively. The results of the tensile strength tests, for the control
and fiber-reinforced ECC mixes, are illustrated in Figure 5. The results in each point were
obtained from the average of triplicate specimens.
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Figure 5. The result of the change in tensile strength of control and fiber-reinforced specimens
exposed to elevated temperatures up to 400 ◦C.

Figure 5 shows that BF-reinforced ECC had a higher tensile strength than the control
samples. Higher tensile strength was achieved due to the addition of fiber resulting in
advantages such as an increased ductility, better crack resistance, and energy absorption
capacity. With the increasing temperature up to 300 ◦C, the tensile strength increased, while
a significant reduction in the strength capacity was recorded when the temperature was
raised from 300 to 400 ◦C. Quite a similar pattern was observed for the tensile strength
of control and BF-reinforced ECC. From the obtained results in Figures 4 and 5, it can be
observed that the rate of increase in compressive strength and tensile strength due to the
elevated temperature did not follow the same trend despite their correlation [84].

The results show that the tensile strength of samples containing BFs was higher than
samples without fibers at all temperatures tested. In addition, the largest difference in
tensile strength between the control and BF-reinforced samples was at 300 ◦C. The increase
in the tensile strength of fiber-containing samples, compared to control ones, could be due
to the phenomenon of fiber bridging and the combination and friction of fiber combinations.
With increasing temperature up to 300 ◦C, hydration of waterless cement grains improved
due to the internal autoclave conditions. No microcracks were observed in the interfacial
transition zone (ITZ) of the ECC samples up to 200 ◦C. As the temperature rose to 400 ◦C,
the width and length of microcracks were found to greatly increase in intensity. The reason
for the formation of microcracks was that the cement composition shrunk with water loss,
while the aggregates expanded due to increasing temperature resulting in crack generation
in the ITZ.

3.3. Results of the Flexural Strength Test

Flexural strength is the bending property in a concrete beam under flexural loading.
The flexural strength test at 28 days of ECC prism specimens was performed with a three-
point loading configuration conforming to ASTM C348-08. The reinforcing effect of the
BF on the flexural behavior of the ECC mix was specifically manifested by an increase in
flexural strength. The test results showed that the compressive strength of the samples in
BF-reinforced and controlled specimens was 10.4 MPa and 8.6 MP, respectively. The results
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of the flexural strength tests are illustrated in Figure 6 for the control and BF-reinforced ECC
mixes. The results in each point were calculated from the average of triplicate specimens.
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Figure 6. Comparing the splitting tensile strength test of the control and BF-containing samples
under elevated temperatures.

It was observed that the increase in temperature in the BF-reinforced ECC up to
100 ◦C increased the tensile strength, while exposure to a higher temperature range (i.e.,
100–400 ◦C) resulted in its decrease. The flexural strengths of the R-ECC and BF-ECC at
400 ◦C were 16% and 7% lower than those at room temperature. The maximum growth
in the compressive strength of BF-ECC was achieved at 100 ◦C. The pattern of change in
compressive strength of the BF-ECC was similar to the one for the reference state. However,
the range of variation in R-ECC was much higher compared to BF-ECC due to the exposure
to an elevated temperature. The rate of flexural strength development under elevated
temperature in BF-ECC up to 100 ◦C temperature was 3% higher, while the strength loss
from 100 to 400 ◦C was 9% lower compared to control specimens. Reduction in the tensile
strength of the ECC under elevated temperature up to 400 ◦C may be due to the fact that
this concrete completely lost its water up to 400 ◦C. Up to 100 ◦C, the hydration of cement
was improved due to the internal autoclave conditions.

4. Conclusions

In this study, the compressive, tensile, and flexural strength of control and BF-ECC
specimens were evaluated under elevated temperatures. Based on the research results
stated earlier, adding BFs to the ECC did not have a significant effect on the compres-
sive strength; however, there was a slight decrease in compressive strength of BF-ECC
when exposed to the elevated temperature from 100 to 300 ◦C. The highest increment in
compressive strength of the BF-ECC was achieved when the temperature was raised to
100 ◦C. The increment in this compressive strength might be due to the evaporation of the
encapsulated water resulting in improving the curing efficiency strength growth rate of
the concrete. Adding BFs to the ECC could significantly increase the tensile strength of the
concrete in all tested temperatures. The highest tensile strength of these composites is at
300 ◦C. Abrupt loss of tensile strength is reported in the range of 300–400 ◦C. Adding BFs
to the ECC increased the flexural strength before heating and after heating. In addition, the
highest flexural strength of engineered cement composite was at a temperature of 300 ◦C.
The addition of BFs to ECC could significantly increase the tensile and flexural strength of
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ECC with and without heat exposure. This work paves the way for future investigations
focusing on the development of high-temperature resistance ECC.
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1. Shokravi, H.; Shokravi, H.; Bakhary, N.; Koloor, S.S.R.; Petrů, M. Health monitoring of civil infrastructures by Subspace system

identification method: An overview. Appl. Sci. 2020, 10, 2786. [CrossRef]
2. Shokravi, H.; Shokravi, H.; Bakhary, N.; Heidarrezaei, M.; Rahimian Koloor, S.S.; Petrů, M. Application of the subspace-based

methods in health monitoring of civil structures: A systematic review and meta-analysis. Appl. Sci. 2020, 10, 3607. [CrossRef]
3. Shokravi, H.; Shokravi, H.; Bakhary, N.; Koloor, S.S.R.; Petrů, M. A comparative study of the data-driven stochastic subspace

methods for health monitoring of structures: A bridge case study. Appl. Sci. 2020, 10, 3132. [CrossRef]
4. Shokravi, H.; Shokravi, H.; Bakhary, N.; Heidarrezaei, M.; Koloor, S.S.R.; Petru, M. Vehicle-assisted techniques for health

monitoring of bridges. Sensors 2020, 20, 3460. [CrossRef]
5. Mohammadyan-Yasouj, S.E.; Ahangar, H.A.; Oskoei, N.A.; Shokravi, H.; Koloor, S.S.R.; Petrů, M. Thermal performance of
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