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This paper investigates the effect of high temperatures on the compressive strength, flexural strength, and splitting tensile
strength of ultra-high-performance concrete (UHPC), and ultra-high-performance, fiber-reinforced concrete (UHPFRC). The
experimental variables in this study were fiber type, fiber content, and high-temperature exposure levels. Three different types
of fibers were evaluated, including steel fibers, polypropylene (PP), and polyvinyl alcohol (PVA) fibers. Six concrete mixes
were prepared with and without different combinations of fibers. One mix was made with no fibers. Others were made with
either steel fibers alone; a hybrid of steel fibers and PVA; and a hybrid system of steel, PP, and PVA fibers. These mixes were
tested under a range of temperatures and compared for strength. The UHPC and UHPFRC were exposed to high temperatures
at 100◦C, 300◦C, 400◦C, and 500◦C for 3 hours. The results showed that UHPFRC did not exhibit any significant degradation
when exposed to 100◦C. However, reductions of approximately 18% to 25%, 12% to 22%, and 14% to 25% in the compressive
strength, splitting tensile strength, and flexural strength were observed when the UHPFRC was exposed to 400◦C. UHPFRC
made of steel fibers showed higher mechanical properties after exposure to 400◦C compared to UHPFRC made of PP and PVA
fibers. The results also demonstrate the use of PVA and/or PP fibers, along with steel fiber, to withstand the effects of highly
elevated temperature and prevent spalling of UHPC after exposure to elevated temperature. The observed spalling was a direct
result of the melting and evaporation of PVA and/or PP fibers when exposed to high temperature, an effect that was confirmed
using scanning electron microscopy.
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1. Introduction
In the current state of construction and build-

ing materials, ultra-high-performance concrete
(UHPC) has gotten a great deal of attention because
of its excellent compressive strength of higher than
120 MPa and various strength, physical, and dura-
bility properties [1, 2]. UHPC’s uniformity and
packed microstructure provide high-strength char-
acteristics [3], which are improved by removing
the coarse crushed stone aggregates and employ-
ing finer sized materials such as silica fume, quartz
sand, and ordinary Portland cement (OPC), etc., [4]
and a very low water-to-cement ratio (w/c), which
minimizes internal flaws of UHPC such as micro-
cracks and voids [5–7]. The ductility of UHPC
is improved by introducing steel, polypropylene,

∗ E-mail: aabadel@ksu.edu.sa

or polyvinyl alcohol fibers [8–10]. The addition
of nanomaterials has been noted to strengthen the
dynamic, strength, and static properties of UHPC
[11, 12]. Adding to its superior strength charac-
teristics, ultra-high-performance concrete also has
outstanding endurance against the infiltration of
harmful elements, which minimizes the danger of
steel corrosion [13, 14]. Even though the amount
of OPC is very high, it has good endurance against
shrinking because of its low water-to-binder per-
centage [15]. The excellent shrinkage resistance
of UHPC is because of the UHPC’s higher ten-
sile strength, offered by packed microstructure and
steel or polypropylene fibers [16, 17]. Furthermore,
UHPC also has good resistance against abrasion,
which is particularly significant in industrial floor-
ings and bridge decks [18, 19].

Concrete typically has good resistance to highly
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elevated temperature exposure in comparison to
other building materials such as steel [20–22]. Con-
crete can suffer degradation, however, when sub-
jected to highly elevated temperatures due to ther-
mal spalling [23–26]. Thermal spalling is caused
mainly by three mechanisms: The first mechanism
is the decomposition of the cement matrix, caus-
ing a reduction in the compressive strength [27].
The second mechanism is the development of sig-
nificant stresses between the surface and the core
of the concrete due to the formation of a thermal
gradient. The third mechanism is the increase in
the vapor pressure caused by the evaporation of
free and chemically bonded water and the decom-
position of other hydrated phases in the paste por-
tion of the concrete. These three mechanisms de-
pend mainly on concrete tensile strength, thermal
conductivity, thermal expansion coefficient, perme-
ability and thermal diffusivity [28–30]. Recently,
Mróz and Hager [31] developed a new method for
assessing the form and intensity of the nature of dif-
ferent types of spalling (surface spalling, explosive
spalling, aggregate spalling) through signal ampli-
tude analysis. Abadel et al. [32] studied the residual
compressive strength and spalling of normal and
high-strength concrete with and without fiber after
exposure to various heating and cooling regimes.
Their findings showed that hybrid fiber can prevent
the spalling of concrete structures. Zhang et al. [33]
found that the addition of natural fibers to UHPC
can also improve its thermal spalling resistance.

Reports in the literature have evaluated the
impact of temperatures exposure on compressive
strength, and elastic modulus of concrete structures
fairly well. However, the outcome shows a varia-
tion in the results. Some studies showed no signif-
icant impact on the concrete compressive strength
and elastic modulus when exposed to elevated tem-
peratures of up to 400◦C, while others showed sig-
nificant losses. On the other hand, research stud-
ies showed that porosity and permeability of the
concrete increased with exposure to high tempera-
tures [34, 35]. This can be attributed to the develop-
ment of microcracks caused by the vapor pressure,
thermal expansion, and decomposition of hydration
products.

UHPC and ultra-high-performance fiber re-

inforced concrete (UHPFRC) have much lower
porosity and permeability than traditional concrete,
increasing the risk of thermal spalling and dam-
age [36–38]. This is due to the smaller available
space in UHPC and UHPFRC that can accommo-
date the released vapors due to the lower porosity
and the slower release of the internal vapor pres-
sure due to the low concrete permeability. This
causes the degradation of UHPC and UHPFRC
to occur at lower temperatures compared to tradi-
tional concrete. Research studies have shown that
the degradation of UHPC and UHPFRC can be
initiated at high temperatures between 200◦C and
300◦C. Other studies have shown that strength loss
in UHPC and UHPFRC under stress can start at
temperatures as low as 100◦C. However, this loss
is insignificant compared to the loss that can oc-
cur when exposed to high temperatures greater than
500◦C [39, 40]. Spalling caused by high tempera-
tures can reduce the cross-sectional area of the con-
crete element and expose the reinforced steel re-
bars, causing further implications.

The type of fibers used in UHPFRC can im-
pact fire resistance. Research studies have shown
that steel and polypropylene (PP) fibers can reduce
the risk of thermal spalling and damage [41–43].
The polyvinyl alcohol (PVA) and PP fibers melt
and evaporate when the concrete is exposed to high
temperatures, creating pressure relief passages for
the internal vapor pressure. Studies have shown
that the use of 0.6% PP fibers effectively improves
the fire resistance of UHPFRC [44]. A combination
of fibers such as steel and synthetic PP fibers can
provide an optimal solution due to the increased
ductility and thermal resistance [18, 19, 24]. Al-
though research work on the effect of high temper-
ature on UHPC made with PP fibers has been con-
ducted, more research in this area is required [46].

Given the critical applications for which UHPC
and UHPFRC are used, as well as the fact that these
are relatively modern products, it is quite important
to comprehend the impact of high temperatures on
the mechanical characterization and durability of
UHPC and UHPFRC. In addition, further research
is required due to the existence of contradictory
findings observed in the literature regarding the im-
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Table 1. Cement and silica fume properties

Type 1
Cement

Silica
Fume

Chemical composition (%) CaO 64.1 2.15
SiO2 21.8 89.5

AL2O3 5.25 0.43
Fe2O3 4.10 3.25
MgO 0.71 1.30
TiO2 0.3 0.0
SO3 2.4 0.74

Physical properties L.O.I 2.18 2.47
Mean particle size (µm) 40.1 0.32

Specific gravity 3.15 2.2

Table 2. UHPC mixture proportions for 1 m3

Material Weight (kg/m3)
Cement 900.0

Fine quartz sand 1000.0
Silica Fume 222.0

Water 164.0
Super-plasticizer 30

(A) (B)

(C)

Fig. 1. Fibers: (A) hooked-steel fibers; (B) polyvinyl al-
cohol fibers (C) polypropylene fibers

pact of highly elevated temperature on UHPC and
UHPFRC. A limited number of studies have inves-
tigated the behavior of UHPC with different types

(hybrid) of fiber after temperature exposure. This
paper aims to evaluate the impact of high temper-
ature on the mechanical properties of UHPC and
UHPFRC. Furthermore, the effect of using differ-
ent types of fibers on the behavior of UHPC when
exposed to high temperatures is also evaluated.

2. Experimental program

2.1. Material properties and mixture

The chemical composition based on X-ray flu-
orescence (XRF) analysis and physical properties
of Portland ASTM International Type-I cement and
silica fume used in this study are shown in Table 1.
The sand used was dense quart sand with a max-
imum particle size of 2 mm. The mixture propor-
tions are presented in Table 2. All concrete mix de-
signs had a cement content of 900 kg/m3 and 222
kg/m3 of micro silica. The sand content was 1000
kg/m3 in all mixes. All mixes had a w/b (cement
and silica fume) ratio of 0.146. The workability of
concrete was maintained using a superplasticizer at
a dosage of 30 kg/m3. This work evaluated three
types of fiber: steel, PVA, and PP fibers, as shown
in Figure 1. Table 3 summarizes the properties of
all fibers. The steel fibers used were hook-ended
with a length of 30 mm and 0.5 mm in diameter.
The tensile strength of the steel fibers was 1225
MPa, and the modulus of elasticity was 200 GPa.
The PVA fibers were 30-mm straight fibers with a
tensile strength of 900 MPa, and elasticity modu-
lus of 23 GPa. The PP fibers were 12-mm straight
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Table 3. Properties of fibers

Fiber type Fiber properties
Shape Length

(mm)
Section

dimension
(mm)

Specific
gravity

Modulus of
elasticity

(GPa)

Tensile
strength
(MPa)

Steel fibers Hooked
ends

35 ϕ 0.55
(Circular)

7.85 210 1225

Polyvinyl alcohol
(PVA)

straight 30 ϕ 0.66
(Circular)

1.3 23 900

Polypropylene
(PP)

straight 12 ϕ 0.022
(Circular)

0.90 4 550

Table 4. Percentage of fibers in concrete mixes

Concrete mix Fiber by volume (%)
Polyvinyl alcohol

(PVA)
Polypropylene

(PP)
Steel fibers

(SF)
M0-NF 0.0 0.0 0.0
M1-S1 0.0 0.0 1.0
M2-S0.7-PVA0.3 0.3 0.0 0.7
M3-S0.7-PVA0.2-PP0.1 0.2 0.1 0.7
M4-S0.7-PVA0.2 0.2 0.0 0.7
M5-S0.5-PVA0.5 0.5 0.0 0.5

Table 5. Details of test matrix

Mix Compression and split Test Flexure Test
Room temp. 100◦C 300◦C 400◦C Room temp. 100◦C 300◦C 400◦C

M0-NF 6 6 6 6 3 3 3 3
M1-S1 6 6 6 6 3 3 3 3
M2-S0.7-PVA0.3 6 6 6 6 3 3 3 3
M3-S0.7-PVA0.2-PP0.1 6 6 6 6 3 3 3 3
M4-S0.7-PVA0.2 6 6 6 6 3 3 3 3
M5-S0.5-PVA0.5 6 6 6 6 3 3 3 3

fibers with a tensile strength of 550 MPa and mod-
ulus of elasticity of 4 GPa. Table 4 shows the per-
centage by volume of fibers used in each mix de-
sign.

2.2. Test matrix and specimen preparation

Different concrete mixtures were evaluated in
this study, as shown in Table 4. To examine the im-
pact of incorporating various types of fibers, the hy-
brid UHPC mixes were classified into five groups.
It was ensured that the overall volume fraction of
fibers remained constant at 1% by volume across
all mixes. Out of six mix designs, the first mix
was a UHPC control mix with no fibers (M0-NF),

and the remaining five mixes included fibers (i.e.,
UHPFRC). The second mix (M1-S1) is UHPFRC
made with 1% by volume of steel fibers. The third
mix (M2-S0.7-PVA0.3) is UHPFRC made with a
hybrid fiber system of 0.7% by volume of steel
fibers and 0.3% by volume of PVA fibers. The
fourth mix (M3-S0.7-PVA0.2-PP0.1) was made of
a hybrid system consisting of 0.7% by volume of
steel fibers, 0.2% by volume of PVA fibers and
0.1% by volume of PP fibers. A hybrid fiber made
of 0.7% by volume of steel fibers and 0.2% by vol-
ume of PVA fibers was used in the fifth mix and
0.5% by volume of steel fibers and 0.5% by vol-
ume of PVA fibers were used in the sixth mix. For
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each of the six mixes, twenty-four 100 mm × 200
mm cylinders and eight 150 mm × 150 mm × 600
mm prisms were cast, as shown in Table 5. The
cylinders were used for compressive and split ten-
sile strength testing, while the concrete prisms were
used for flexural testing. For each mix design, six
cylinders and three prisms were tested for each ex-
posure temperature considered in this study (i.e.,
room temperature at 26◦C, 100◦C, 300◦C, 400◦C,
and 500◦C).

For all concrete cylinder samples, plastic molds
were used, and the concrete was filled in a sin-
gle layer. Concrete prisms were created by pouring
concrete into steel molds. The concrete surface was
finished with a steel trowel after casting. After 24
hours of humid curing at ambient temperature, the
concrete prisms and cylinders were removed from
the molds and then cured in water for 28 days.

2.3. Heating of specimens
At the end of the 28-day water curing, the spec-

imens of concrete were air dried at ambient tem-
perature for 28 days to ensure the concrete was
dry before exposure to highly elevated tempera-
tures. This was to allow the drying shrinkage to oc-
cur before the sudden increase in temperature. An
electric oven with clear dimensions of 1000 mm ×
1000 mm × 1000 mm was used. The concrete sam-
ples were exposed to the heated regime at a rate of
8◦C/min. Heating curves for each heating regime
(i.e., 100◦C, 300◦C, 400◦C, and 500◦C) are shown
in Figure 2. This figure also includes the curve of
heating as per ISO 834 [47]. The temperature of

Fig. 2. Individual time-temperature plots

the oven was controlled using a Type-K thermocou-
ple. Once the oven temperature reached the maxi-
mum temperature (i.e., 100◦C, 300◦C, 400◦C, and
500◦C), the temperature was sustained for three
hours. After being heated, all types of concrete
samples were cooled down to ambient temperature
before testing.

2.4. Testing procedures

The fresh concrete properties were measured
using slump flow according to ASTM C143 [48],
and the concrete unit weight was evaluated ac-
cording to ASTM C138 [49]. The concrete hard-
ened properties were evaluated using compressive
and splitting tensile strength as well as flexural
strength. The concrete compressive strength was

Fig. 3. Specimen under testing

(A) Before testing

(B) After testing

Fig. 4. Prism specimen in flexure test
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evaluated as per ASTM C39 [50]. Before test-
ing, the concrete cylindrical samples were capped
with sulfur capping to ensure a leveled testing
surface. During the compressive strength testing,
axial strain was measured using a compressome-
ter made of two linear variable differential trans-
formers (LVDTs), as shown in Figure 3. The elas-
tic modulus was evaluated as per ASTM C469
[51]. The splitting tensile strength was evaluated
in accordance with ASTM C496 [52]. The flexure
strength was measured using a three-point bending
test based on ASTM C78 [53]. The flexural test-
ing was deflection controlled with a 0.25 mm/min
displacement rate until failure. The mid-span de-
flection was measured using (LVDTs), as shown in
Figure 4. The load and deflection were recorded
using a data acquisition system. The mass loss of
the samples was determined based on the weight
of specimens before and after exposure to elevated
temperature using a precise weighing scale. Fur-
thermore, microstructural analysis was also per-
formed through SEM micrographs to evaluate the
microstructure of the UHPGC specimens using the
instrument (JOEL JSM-7600F Scanning Electron
Microscope) available at King Saud University.

3. Experimental results and dis-
cussion
3.1. Fresh concrete properties

The fresh concrete properties, including the
slump flow and unit weight, are presented in Ta-
ble 6. All mixes showed good workability with no
bleeding or fiber segregation. The slump flow of the
control mix without fibers (i.e., M0-NF) was 280

Table 6. Fresh UHPC properties

Mix No. Unit Weight
(kg/m3)

Slump
(mm)

M0-NF 2318 280.0
M1-S1 2363 257.0
M2-S0.7-PVA0.3 2325 256.0
M3-S0.7-PVA0.2-PP0.1 2294 250.0
M4-S0.7-PVA0.2 2310 255.0
M5-S0.5-PVA0.5 2285 251.0

mm, which was greater than the slump of the UH-
PFRC mixes that ranged from 250 mm to 257 mm.
The lower slump in the UHPFRC mixes is due to
the existence of fibers. The unit weight of all mixes
ranged from 2285 kg/m3 to 2363 kg/m3.

3.2. Effect of temperature exposure

Figures 5 and 6 present the concrete specimens
after exposure to high temperatures. Concrete sam-
ples heated to 300◦C, 400◦C, and 500◦C showed
discoloration, whereas no discoloration was ob-
served in specimens heated to 100◦C. For concrete
samples heated to 100◦C, no spalling or cracking
was observed. Concrete specimens made without
fibers (i.e., M0-NF) and heated to 300◦C showed
thermal cracking at the surface, which aligns with
the findings of other research in the literature
[54, 55]. On the other hand, UHPFRC specimens
showed no thermal cracking due to fibers that con-
tributed to the bridging effect of cracks. At 400◦C,
concrete specimens made without steel fibers (i.e.,
M0-NF) and concrete specimens made with steel
fibers alone (i.e., M1-S1) showed spalling at the
end and the corner surfaces of the specimens. This
spalling can be due to the dense microstructure
of the concrete, which makes it difficult for the
water vapor to escape, causing significant internal
pressure at these locations. Previous research has
indicated that concrete spalling can be attributed
to the accumulation of internal pressure, thermal
stresses, and thermal cracking [56]. The absence of
PP and PVA fibers could also contribute as these
synthetic fibers melt and evaporate at about 270◦C
and 170◦C, respectively, leaving venting tunnels to
minimize the existing internal vapor pressure [4].
The concrete samples made with PP and PVA fibers
showed significantly lower spalling and cracking
compared to concrete specimens made without
PVA and PP fibers. At 500◦C, all concrete speci-
mens showed significant spalling, as demonstrated
in Figure 6. Therefore, no testing could be con-
ducted on concrete after exposure to 500◦C. It was
observed from the protruding steel fibers from the
failing specimens that the steel fibers were well dis-
tributed.
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(A) 100◦C (B) 300◦C

(C) 400◦C (D) 500◦C

Fig. 5. All samples after heating-cooling cycle

Fig. 6. Destroyed concrete specimen from 500◦C exposure

3.3. Compressive strength

The results of the residual compressive strength
are given in Table 7. Figure 7 presents the con-
crete specimens after the compressive strength test-
ing. Every single value in this table shows the av-
erage of three consecutive samples. This table also
shows the percentage loss of compressive strength
to the initial compressive strength before expo-
sure to high temperatures. As mentioned previ-
ously, concrete samples exposed to high tempera-
ture at 500◦C could not be tested due to the sig-
nificant degradation during heating. Concrete spec-
imens exposed to high temperatures had minimal
residual compressive strength compared with sam-
ples that had not been subjected to high temper-

atures. It was noted that the residual compressive
strength of the concrete mixes dropped as the tem-
perature rose, regardless of fiber content or type.

For concrete samples exposed to ambient tem-
perature, steel fibers increased the compressive
strength by 16% in comparison with bare mix (i.e.,
mix M0-NF). As demonstrated in Table 6, concrete
samples produced with a hybrid matrix comprising
steel, PP, and PVA fibers increased their compres-
sive strength by about 10%. In comparison to the
control mix, the compressive strength improved by
7% to 12% when a combination of PVA and steel
fibers was utilized (i.e., mix M0-NF).

For concrete samples exposed to high tempera-
tures between 100◦C and 400◦C, the use of a com-
bination of fiber systems effectively increased the
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Table 7. Summary of test results of different concrete mixes

Mix Compressive strength (MPa) Flexure strength (MPa) Splitting strength (MPa)
Room
temp.

100◦C 300◦C 400◦C Room
temp.

100◦C 300◦C 400◦C Room
temp.

100◦C 300◦C 400◦C

M0-NF 120.3 124.1
(+3%)

105.6
(−12.5%)

88.32
(−26.6%)

10.27 10.47 8.77
(−15.1%)

7.50
(−27.0%)

6.6 6.8
(+3%)

5.7
(−13.6%)

4.80
(−27.3%)

M1-S1 139.8
(16.2%)

143.8
(+2.9%)

132.0
(−5.5%)

104.68
(−25.12%)

19.50
(89.9%)

19.75 17.83
(−9.0%)

16.20
(−17.0%)

11.7
(77.3%)

11.9
(+3%)

10.8
(−7.7%)

10.20
(−12.8%)

M2-S0.7-PVA0.3 134.6
(11.8%)

139.4
(+3.6%)

123.4
(−8.5%)

110.19
(−18.2%)

19.00
(85%)

19.53 17.24
(−9.0%)

15.10
(−20.5%)

12.3
(86.4%)

12.7
(+3%)

11.9
(−3.3%)

10.70
(−13%)

M3-S0.7-PVA0.2-PP0.1 131.7
(9.5%)

133.7
(+1%)

129.7
(−1.0%)

102.62
(−21.5%)

17.03
(65.8%)

17.64 16.00
(−6.0%)

15.20
(−10.7%)

12.1
(83.3%)

12.4
(+3%)

11.4
(−5.8%)

10.40
(−14%)

M4-S0.7-PVA0.2 128.2
(6.8%)

130.3
(+1%)

124.0
(−3.3%)

99.70
(−22.3%)

17.77
(73%)

17.85 17.01
(−4.0%)

14.20
(−20.0%)

11.7
(77.3%)

11.8
(+3%)

10.9
(−6.8%)

9.50
(−18.8%)

M5-S0.5-PVA0.5 127.8
(6.5%)

131.8
(+3.2%)

119.6
(−6.4%)

97.4
(−23.7%)

16.90
(64.5%)

17.0 15.85
(−6.0%)

12.90
(−25.0%)

11.3
(74.2%)

11.8
(+3%)

10.8
(−6.1%)

8.90
(−22.6%)

* The percentage decrease with respect to the ambient temperature is represented by the value enclosed in parentheses.
** The percentage increase in the samples made without fiber is represented by the value within in parentheses.

(A)

(B)

(C)

Fig. 7. Representative samples after compression test-
ing: (A) 100◦C; (B) 300◦C (C) 400◦C

residual compressive strength after being subjected
to high temperatures with respect to concrete sam-
ples containing no fibers. This is due to fibers’
capacity to regulate thermal cracking and internal
vapor pressure venting caused by the melting and
evaporation of PVA and PP fibers at high tempera-
tures [57, 58].

It was observed that concrete specimens ex-

posed to 100◦C temperatures showed a 1% to 4%
increase in compressive capacity, which was identi-
cal to the same concrete specimens exposed to am-
bient temperature. This can be attributed to the ad-
ditional hydration reactions as a result of heating to
100◦C. The exposure to 100◦C increases the ionic
movement of ions and water vapor, which causes
a portion of the unhydrated cement particles to re-
act, causing increased hydration products and thus
increased strength. In a study by Hager et al. [59],
similar observations were reported; they stated that
the reduction in strength may be caused by the
cracking of the cement paste around quartz aggre-
gates, which expand at higher temperature such
as 400–500◦C due to the transformation from β

quartz to α quartz. Similar findings and explana-
tions were observed in earlier studies [59], where
this occurrence was attributed to the phenomenon
of internal autoclaving. Moisture is transformed
into water vapor as a result of heating. Under these
conditions, chemical and physical changes may
take place. The process of simultaneously expos-
ing the material to high pressure and temperature
is a well-known technology in the prefabrication of
concrete. This procedure may activate changes in
the microstructure of hydrates and often increases
concrete strength. Another study by Peng at al. [60]
showed that the degree of C-S-H decomposition
depends on the heating temperature and duration.
At higher temperatures, the C-S-H gel decomposed
into crystalline phases such as calcium oxide (CaO)
and silica (SiO2), leading to a loss of strength in
the material. As the temperature continued to in-
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crease, these crystalline phases underwent further
reactions leading to the formation of calcium alu-
minosilicate and wollastonite. After exposure to
high temperature at 300◦C, however, the control
mix (i.e., M0-NF) without fibers showed approxi-
mately 13% reduction in strength under compres-
sion, which was the greatest reduction observed
compared to other concrete mixes made with fibers.
Concrete specimens exposed to high temperature
at 300◦C showed a decrease of approximately 6%
when steel fibers were used (i.e., M1-S1) compared
to the same mix exposed to room temperature. Con-
crete samples made with a combination of steel and
synthetic PVA fibers reveal a reduction in the com-
pressive strength ranging from 3% to 9%. Com-
pared to the same mix exposed to room temper-
ature, no significant reduction in the compressive
strength was found in concrete samples prepared
using a combination of steel, PVA, and PP fibers
when exposed to 300◦C compared to the same mix
exposed to room temperature.

At 400◦C, the control mix without fibers
showed an approximately 27% reduction in com-
pressive strength. A similar reduction in the com-
pressive strength was reported in concrete sam-
ples containing steel fibers only. The residual com-
pressive strength was enhanced by using a hybrid
fiber system instead of steel fibers. The compres-
sive strength of concrete samples made with a com-
bination of PVA, and steel fibers was reduced by
18% to 24%. The compressive strength of concrete
samples composed of hybrid fibers (i.e., steel, PVA,
and PP) was reduced by about 22%.

The compressive strength of all mixes showed
that the exposure to high temperature at 400◦C
caused significant strength loss compared to ex-
posure to a temperature of 300◦C. Compared to
concrete with no fibers, the use of fibers caused
a significant increase in the residual compressive
strength after exposure to 300◦C compared to con-
crete without fibers. However, at 400◦C the use of
fibers was less effective in increasing the residual
strength compared to what was observed at 300◦C.
In general, using a combination of steel, PVA, and
PP fibers was more effective in increasing the con-
crete residual compressive strength after exposure
to high temperatures at 300◦C and 400◦C. Schein-

herrová et al. [61] performed another study and
found that reactive powder concrete with 2% Cu-
Zn-coated steel fibers had the highest residual com-
pressive strength after being exposed to high tem-
peratures up to 800◦C. This was compared to sam-
ples without fibers and samples with uncoated steel
fibers. The Cu-Zn layer on the steel fibers pre-
vented the fibers from rusting and made it easier for
the fibers to stick to the matrix. This made the mate-
rial better at resisting loss of compressive strength
at high temperatures.

3.3.1. Stress-strain relationships
It’s crucial to assess the stress-strain response

of concrete, especially when it’s subjected to high
temperatures. The stress-strain plots of concrete
samples exposed to 26◦C, 300◦C, and 400◦C, re-
spectively, are shown in Figures 8, 9, and 10. From
the above-mentioned figures, it can be noted that
concrete specimens exposed to ambient tempera-
ture showed greater elastic modulus compared to
similar concrete mixes exposed to high tempera-
tures at 300◦C and 400◦C. Concrete mixtures ex-
posed to 400◦C showed the lowest modulus of
elasticity. On the other hand, concrete mixes ex-
posed to 300◦C and 400◦C showed higher ductil-
ity and energy dissipation compared to similar con-
crete mixes exposed to room temperature. Further-
more, it was observed that for UHPFRC samples
exposed to high temperature at 400◦C, the stiff-
ness reduction was more pronounced than the re-
duction in the compressive strength. This could be
attributed to the degradation of the concrete matrix
and the development of thermal cracks [62]. UH-
PFRC made with steel fibers showed considerable
energy absorption and better elastic modulus (i.e.,
area under the plots of stress-strain) compared to
concrete samples made with no fibers or UHPFRC
made with a hybrid system. This is expected, be-
cause steel fibers exhibit greater modulus of elas-
ticity and tensile strength compared to PVA and
PP fibers. In addition, steel fibers have better high-
temperature resistance compared to PVA and PP
fibers. On the basis of previous studies [63, 64],
UHPC and UHPFRC have different stress-strain
behaviors due to the presence of different types of
reinforcements. UHPC has a high elastic modulus
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and exhibits strain-softening behavior after peak
stress, while UHPFRC has a similar elastic mod-
ulus, but shows a plateau or gradual reduction in
stress after peak stress due to the fiber bridging ef-
fect. The addition of fibers to UHPFRC also results
in improved ductility and crack resistance, making
it more suitable for structural applications that re-
quire high-performance concrete.

Fig. 8. Stress-strain relations for UHPFRC cylinders at
ambient temperature

Fig. 9. Stress-strain relations for UHPFRC cylinders at
300◦C

Fig. 10. Stress-strain relations for UHPFRC cylinders
at 400◦C

3.3.2. Mode of failure

The failure modes of the concrete compressive
strength samples exposed to high temperatures of
100◦C, 300◦C, and 400◦C are shown in Figure 7.
Concrete specimens made without or with fibers
and subjected to ambient temperature failed in a
sudden and explosive manner compared to simi-
lar mixes exposed to temperatures of 300◦C and
400◦C. It is noted that the mode of failure was
quite ductile in concrete samples with fibers sub-
jected to 300◦C and 400◦C compared to that in
concrete specimens without fibers. Compared to all
other concrete mixes, specimens made with a hy-
brid PVA and PP fiber system demonstrated the
greatest ductile behavior. This can be because the
melting and evaporation of these fibers at severe
temperatures will generate venting channels that
minimize the inner vapor pressure. Several stud-
ies have investigated the failure modes of UHPC
when exposed to high temperatures. One common
failure mode observed in UHPC without fibers is
sudden and explosive failure, known as spalling,
which occurs as the result of the buildup of internal
pressure resulting from the release of water vapor
from the hydrated cement paste at high tempera-
tures [65, 66]. Spalling can cause significant dam-
age to concrete structures and compromise their
structural integrity. The addition of fibers to UHPC
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can help to mitigate spalling and improve the duc-
tility of the material under high temperatures. The
fibers act as crack arresters and help to distribute
the stresses more evenly, resulting in a more duc-
tile failure mode [67]. In addition, the fibers can
help to increase the porosity of the concrete when
they melt or evaporate, which can further reduce
the risk of spalling and improve the material’s duc-
tility [68]. The failure modes observed in UHPC
with hybrid fibers when exposed to high tempera-
tures appear to be more ductile compared to those
of UHPC without fibers or with only steel fibers.
The study by Thahwia et al. [68] found that UHPC
with a hybrid PVA and PP fiber system demon-
strated the greatest ductility, likely due to the melt-
ing and evaporation of the fibers, which increased
the porosity of the concrete. This finding is consis-
tent with the results reported by Gong et al. [69],
who found that the addition of hybrid fibers to
UHPC improved its ductility and energy absorption
capacity.

3.4. Flexural strength

Figures 11 through 13 present the load ver-
sus mid-span deflection curves for concrete spec-
imens exposed to ambient temperature, 300◦C, and
400◦C. Figure 14 shows the failure modes of the
flexural specimens. All concrete mixes showed a
linear load-displacement response before reaching
the peak load. As expected, concrete specimens
made without fibers (i.e., UHPC) showed a brittle
failure, while concrete mixes made with fibers (i.e.,
UHPFRC) showed a ductile behavior and a greater
load-carrying capacity and toughness. This can be
attributed to the capability of fibers to bridge the
micro and macro cracks.

Table 7 shows the flexural strength of all con-
crete mixes exposed to room temperature, 100◦C,
300◦C and 400◦C. At room temperature, con-
crete specimens made without fibers (i.e., UHPC)
showed a flexural strength of 10.3 MPa. In compar-
ison, concrete specimens made with fibers showed
a flexural strength that ranged from 16.9 MPa to
19.8 MPa, as shown in Table 7, which corresponds
to an approximately 65% to 90% increase in the
flexural strength. This can be attributed to the pres-

ence of fibers that increased the cracking resistance
of the concrete. Concrete made with steel fibers
showed the greatest increase in flexural strength

Fig. 11. Load-deflection relations for UHPC and UH-
PFRC beams (room temp. 26◦C)

Fig. 12. Load-deflection relations for UHPC and UH-
PFRC beams (300◦C)

Fig. 13. Load-deflection relations for UHPC and UH-
PFRC beams (400◦C)
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(A) M1-Room (B) M1-400◦C

(C) M3-Room (D) M3-400◦C

Fig. 14. Mode of failure of some representative concrete prisms

(i.e., 90%) compared to the control mix without
fibers. The concrete mix made of 0.7% steel fibers
and 0.3% PVA fibers showed an approximately
85% increase in flexural strength compared to the
control mix without fibers. The remaining three
concrete mixes made of a combination of either
steel, PVA, and PP fibers or steel and PVA fibers
showed approximately the same flexural strength
at room temperature.

When the concrete was subjected to 100◦C, the
flexural strength was slightly increased by approx-
imately 1% to 4% in all mixes. This can be due to
the increased compressive strength that was previ-
ously reported when the concrete was exposed to
temperatures of 100◦C. After exposure to higher
temperatures at 300◦C and 400◦C, concrete spec-
imens made without fibers showed approximately
15% and 27% reduction in flexural strength, re-
spectively, compared to the same concrete exposed
to room temperature. The decrease in the flexural
strength in concrete mixes made with fibers was ap-
proximately 4% to 9% after the exposure to 300◦C
and 11% to 25% when exposed to 400◦C. Con-
crete mix made with a combination of steel, PP, and
PVA fibers showed the lowest reduction in flexu-
ral strength when exposed to high temperature at

300◦C and 400◦C.

Concrete specimens made with fibers (i.e., UH-
PFRC) showed significantly greater ductility at
failure and greater load-carrying capacity com-
pared to concrete specimens without fibers (i.e.,
UHPC). The failure mode in concrete specimens
without fibers was brittle, while a ductile failure
with fewer and more distributed cracks was ob-
served in concrete specimens made with fibers, as
shown in Figure 14. Concrete specimens made with
steel and PVA fibers showed extended softening be-
havior compared to concrete specimens made with
steel fibers only. This indicates that using a hy-
brid system made with steel and PVA fibers was
more efficient in increasing the cracking resistance
of concrete compared to using steel fibers alone. In
addition, the hybrid system made of steel and PVA
fibers was more effective in controlling the crack-
ing propagation compared to a hybrid system made
with steel, PVA, and PP fibers. The results of this
study are consistent with previous research on the
effect of fibers on the flexural strength of concrete.
For example, a study by Wu et al. [67] found that
adding steel fibers to UHPC increased the flexural
strength by up to 83%. Another study by Jiao et
al. [70] found that the flexural strength of UHPC
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decreased by up to 27% after exposure to 400◦C.
Overall, the study’s findings suggest that adding
fibers to UHPC can significantly increase its flex-
ural strength and ductility, and using a hybrid sys-
tem made with a combination of fibers can provide
better cracking resistance and control of cracking
propagation.

3.5. Splitting tensile strength

The results of the splitting tensile strength study
are provided in Table 7. Concrete specimens ex-
posed to room temperature showed a splitting ten-
sile strength between 6.6 MPa and 12.3 MPa. Con-
crete specimens without fibers showed the low-
est splitting tensile strength of 6.6 MPA. Concrete
specimens made with fibers showed significantly
greater splitting tensile strength between 11.3 MPa
and 12.3 MPa, representing a 74% to 86% improve-
ment. This is expected as the presence of fibers im-
proved the cracking resistance of the concrete re-
sulting in a higher splitting tensile strength. Con-
crete specimens without fibers revealed a brittle
failure, while concrete made with fibers showed a
ductile failure.

As observed previously with the compressive
and flexural strength testing results, the exposure
to an elevated temperature at 100◦C caused an ap-
proximately 3% increase in the splitting tensile
strength. This was attributed to the increase in
the compressive strength due to the additional hy-
dration reactions that occurred, causing increased
strength. Furthermore, the elevated temperature ex-
posure may also influence the pore structure and
microstructure of the concrete. The heat can lead
to the expansion of moisture within the concrete,
creating internal pressure that further contributes
to the densification of the material. This densifica-
tion reduces the occurrence of voids and pore con-
nectivity, which positively affects the strength of
the concrete [59, 71]. When the concrete was ex-
posed to high temperatures of 300◦C and 400◦C,
the control mix made without fibers showed ap-
proximately 14% and 27% decrease in the split-
ting tensile strength compared to the same concrete
mix exposed to room temperature. Alternatively,
concrete mixes made with fibers showed lower re-

ductions in the splitting tensile strength when sub-
jected to temperatures at 300◦C and 400◦C. Af-
ter exposure to 300◦C, the reduction in the split-
ting tensile strength was 8% in the concrete mix
made with steel fibers and 3% to 7% in concrete
mixes made with steel and PVA fibers compared to
those exposed only to room temperature. Concrete
mix made with hybrid fibers consisting of steel,
PVA, and PP fibers showed a 6% reduction when
the concrete was exposed to 300◦C. After expo-
sure to 400◦C, the reduction in the splitting tensile
strength was 13% in the concrete mix made with
steel fibers only, 13% to 22% in concrete mixes
made of a combination of steel and PVA fibers,
and 14% in concrete made with a hybrid of steel,
PVA, and PP fibers compared to concrete exposed
to room temperature. The experimental results of
these findings match previous studies exploring the
effects of fiber reinforcement and high tempera-
tures on concrete properties. Doo et al. [72] and
Doo and Shin [73] found that fibers enhance split-
ting tensile strength and crack resistance, consis-
tent with current findings. Similarly, Chen et al.
[45] showed that high temperatures decrease split-
ting tensile strength more in concrete without fiber
reinforcement, in line with the experimental re-
sults.

3.6. Effect of fiber type

To evaluate the effect of fiber content and type
on the mechanical characteristics of UHPC, the
compressive, flexural, and splitting tensile strength
results were normalized (i.e., the results at high
temperature were divided by the results obtained
at room temperature). The impact of high temper-
atures exposure on the normalized compressive,
flexure, and splitting tensile strengths are presented
in Figures 15 to 17, respectively.

In Figure 15, it can be observed that the addition
of fibers caused a significant enhancement in the
residual compressive strength after the exposure to
high temperatures of 300◦C and 400◦C. It can also
be observed from this figure that steel fibers were
the most efficient in maintaining the compressive
strength after the exposure to 300◦C compared to
the other hybrid fiber system. At 400◦C, however,
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Fig. 15. Temperature effects on UHPC and UHPFRC
normalized compressive strength

Fig. 16. Temperature effects on the normalized flexural
strength of UHPC and UHPFRC

the hybrid fiber system, which included steel, PP,
and PVA fibers, proved to be the most effective
in maintaining the compressive strength compared
to concrete specimens with steel fibers alone or a
combination of steel and PVA fibers.

In Figure 16, it can be observed that hybrid sys-
tems consisting of steel and PVA fibers and steel,
PVA and PP fibers were more effective in main-
taining flexural strength after exposure to 300◦C.
Hybrid fiber consisting of steel, PP, and PVA fibers
(i.e., mix M3-S0.7–PVA0.2–PP0.1) and mix M4-
S0.7–PVA0.2 were the most efficient in maintain-
ing the flexural strength after exposure to 400◦C
followed by steel fibers alone (M1-S1).

Fig. 17. Temperature effects on the normalized splitting
tensile strength of UHPC and UHPFRC

Fig. 18. Effect of temperature on weight loss for UHPC
and UHFRC specimens

For the splitting tensile strength study, a com-
bination of 0.7% steel fibers and 0.3% PVA fibers
was the most effective in maintaining the splitting
tensile strength after exposure to 300◦C. All the
fiber systems evaluated in this study showed ap-
proximately similar effectiveness in retaining the
splitting tensile strength after exposure to 400◦C.

In Figures 18 to 20, it can be observed that using
steel fibers alone was the most effective in main-
taining the mechanical characterization of UHPC
exposed to high temperatures at 300◦C and 400◦C.
Hybrid fibers made of steel, PP, and PVA fibers
were the second most effective system, followed
by a combination made of steel and PVA. Because
of the melting and evaporation of PP fibers at high
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Fig. 19. Secondary electron SEM images of concrete exposed to room temperature (a) mix M0-NF, (b) M1-S1,
and (c) M3-S0.5+PVA0.5

Fig. 20. Secondary electron SEM images of concrete containing steel fibers (i.e., M1-S1) after exposure to 400◦C
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temperatures, the inclusion of PP fibers improves
the mechanical characteristics of UHPC by provid-
ing venting channels for lowering the vapor pres-
sure inside the samples. The test results of UHPC
made with hybrid fibers under elevated tempera-
tures in this study are consistent with findings in the
literature. The addition of fibers, particularly steel
fibers, significantly enhanced the residual compres-
sive strength after exposure to high temperatures of
300◦C and 400◦C, which is in line with the results
reported in previous studies [74–76].

3.7. Mass loss

A mass reduction is expected when concrete is
subjected to elevated temperatures due to free and
chemical water loss. The initial mass was measured
before placing the test specimen in the furnace. The
final mass of the samples was considered to be the
mass after reaching target temperature. To calcu-
late the percentage of mass loss of the UHPC and
UHPFRC specimens due to elevated temperatures,
the weights of the specimens were recorded before
and after exposure to the elevated temperature. Be-
cause of rapid drying, the weight loss from UHPC
increases as the severe temperature increases. The
variation in mass loss and temperature is depicted
in Figure 18. All samples were heated to the tar-
get temperature with an exposure duration of 3
hours. The findings indicated that the mass loss
increases with increasing temperature and the ex-
treme increase at 400◦C occurs within a 3-hour
exposure time. It can be noted that the concrete
specimens containing a higher content of steel fiber
show less mass loss at higher temperature exposure
than specimens with a higher content of synthetic
fibers, as a result of the melting of polypropylene
and polyvinyl alcohol fiber. Several studies have in-
vestigated the mass loss of UHPC made with differ-
ent types of fibers when exposed to elevated tem-
peratures. A study by Li et al. [74] investigated the
effect of different types of fibers, including steel
fibers, polypropylene fibers, and hybrid fibers, on
the mass loss of UHPC exposed to high tempera-
tures of up to 1000◦C. The study found that UHPC
with steel fibers exhibited the highest mass loss,
followed by UHPC with polypropylene fibers and

hybrid fibers. The addition of hybrid fibers reduced
the mass loss of UHPC compared to UHPC with
only steel or polypropylene fibers. The study also
found that the addition of hybrid fibers improved
the residual compressive strength and ductility of
UHPC after exposure to high temperatures. A study
by Chen et al. [45] investigated the effect of hy-
brid fiber on the mass loss of UHPC exposed to
high temperatures up to 1200◦C. The study found
that UHPC with hybrid fibers exhibited lower mass
loss than UHPC without fibers or with only steel
fibers. The study also found that the addition of hy-
brid fibers improved the thermal stability of UHPC
and reduced the rate of strength loss at elevated
temperatures. Another finding by Yang et al. [76]
investigated the effect of hybrid fiber on the mass
loss of UHPC exposed to high temperatures up to
1000◦C. The study found that UHPC with hybrid
fibers exhibited lower mass loss than UHPC with-
out fibers or with only steel fibers. The study also
found that the addition of hybrid fibers improved
the spalling resistance of UHPC and reduced the
severity of spalling.

3.8. Microstructural analysis using SEM

In addition to the mechanical properties eval-
uated in this study, microstructure analysis using
scanning electron microscopy on fracture surfaces
was used to evaluate the microstructure of each mix
before and after exposure to high temperature at
400◦C. One sample was extracted from each of the
six mixes before and after exposure to 400◦C. Once
the sample was removed from the cylinder, it was
stored in a sealed container containing soda-lime
and silica gel to prevent any carbonation or further
hydration. At the testing time, a fresh-fracture sur-
face was exposed from each sample before SEM
testing. Figure 19 presents secondary electron im-
ages of concrete mixes before exposure to high
temperature. Figures 20 and 21 present secondary
electron images of concrete mixes after exposure to
high temperature at 400◦C.

In Figure 19, it can be observed that the mi-
crostructure is dense as a result of the lower water-
to-cement ratio and the use of micro silica, caus-
ing additional hydration products that densify the
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Fig. 21. Secondary electron SEM images of concrete containing PVA fibers (i.e., M3-S0.7-PVA0.2-PP0.1) after
exposure to 400◦C

microstructure. The microstructural analysis also
showed well distributed fine aggregates with no
entrapped air voids. The exposure to high tem-
perature at 400◦C caused degradation at the inter-
face between the hydrated cement matrix and the
steel fibers. The decomposition of the cement ma-
trix caused this degradation at the interface and
the yielding of steel fibers. The decomposition
of the cement matrix includes the complete de-
composition of ettringite and the loss of chemi-
cally bonded water. Figure 20b shows a gap be-
tween the hydrated cement matrix and the steel
fibers caused by this degradation. Concrete made
with PVA fibers showed empty spaces occupied by
the PVA fibers before melting and evaporating, as
shown in Figure 21. The shape confirmed this and
the size of the empty voids, because the PVA fibers
had a circular cross-section of 0.06 mm. The net-
work of voids that were previously occupied by
PVA fibers aided in releasing the vapor pressure
build-up due to the exposure to 400◦C tempera-
tures [77]. Studies by Zhang et al. [78] and Li et
al. [74] revealed that thermal decomposition of et-
tringite and C-S-H gel breakdown cause signifi-
cant microstructural changes in UHPC. UHPC with
PVA or polypropylene fibers showed more damage,
while UHPC with steel fibers caused fiber/matrix
interface debonding and cracking. The fiber type
and exposure temperature determine fiber effects.

4. Conclusions
On the basis of the findings of this research, the

following outcomes can be drawn:

1. The use of steel fibers or a hybrid of steel,
PP and PVA fibers increases the compres-
sive strength of concrete by approximately
6% to 17% when the concrete is exposed to
room temperature at 27◦C.

2. The mechanical properties including
compressive, flexure, and splitting tensile
strengths of concrete, were slightly im-
proved by approximately 1% to 4% when
the concrete was exposed to 100◦C. This
improvement was attributed to the addi-
tional hydration reactions that improved the
microstructure of the concrete.

3. UHPFRC made of steel fibers can maintain
a significant portion of its mechanical prop-
erties after exposure to high temperature at
300◦C. No spalling was observed at 300◦C.
After exposure to 400◦C, however, spalling
occurred in the concrete and at 500◦C, the
concrete was completely damaged.

4. UHPFRC made with steel fibers alone or
made with hybrid fibers showed a ductile be-
havior when tested for compression, flexure,
or splitting tensile strength. This ductility
behavior of concrete was not impacted when
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the concrete was exposed to high temper-
atures. On the other hand, UHPFRC made
with a combination of steel, PP, and PVA
fibers showed ductile behavior at ambient
temperature and a brittle response when sub-
jected to high temperatures at 300◦C and
400◦C.

5. The compressive, flexural, and splitting
strength decreased with the increase in the
exposure temperature. This decrease was
less pronounced in concrete mixes made
with higher fiber content. This indicates that
increasing fiber content can improve the
concrete resistance to high temperatures.

6. Steel fibers alone were the most effective
fiber system to maintain the mechanical
properties of UHPFRC exposed to high tem-
peratures at 300◦C and 400◦C followed by a
hybrid fiber system made of steel, PP, and
PVA fibers and a hybrid system made of
steel and PVA fibers.

7. The use of PP fibers and PVA improved the
mechanical properties of concrete due to the
melting and evaporation of these fibers at se-
vere temperatures, generating venting can-
nels that minimize the inner vapor pressure,
which was confirmed using scanning elec-
tron microscopy.

8. The microstructure analyzed showed that
the UHPC without fibers produced enor-
mous cracks, while the UHPC with hybrid
fibers did not develop cracks; instead, these
pores, which were created by the fusing of
the fibers, allowed substantial amounts of
heat to escape. The UHPC without fibers
as a result showed more damage than the
UHPC with fibers.
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