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Abstract

The paper presents a methodology for damage evaluation of fiber-reinforced concrete (FRC) exposed to elevated temperatures
of 400 °C to 800 °C. The residual compressive strength fraction of cylindrical FRC specimens with a water—cement ratio of
0.47 and total fiber volume fraction of 1.2% was evaluated for mixtures with various proportions of steel and polypropylene
fibers. The residual compressive strength fraction increased with the increase in the proportion of steel fiber at 400 °C. The
residual strength fractions of mixtures with various fiber proportions changed less with increased exposure temperature. The
effectiveness of visual inspection and ultrasonic nondestructive tests in assessing the effects of temperature exposure and the
residual compressive strength fraction was evaluated. The experimental results indicate a potential application of the
nondestructive tests on damage assessment of FRC with various mixture proportions. An equation for estimating the residual

compressive strength fraction based on ultrasonic pulse velocity was developed.
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1. Introduction

Concrete is generally recognized as good fire-resistant
construction material. However, at elevated temperatures it
is subjected to chemical and physical degradation [1-2].
This breakdown results in spalling, cracking, and loss of
strength and stiffness of concrete members. At temperatures
of 100 °C to 250 °C, water contained in micropores
evaporates and ettringite in hydrated cement dehydrates [3].
The dehydration of calcium hydroxide occurs at
temperatures between 450 °C and 550 °C. Dehydration of
calcium-silicate hydrates occurs at about 700 °C. These
dehydrations result in decomposition and weight loss of
concrete. Thermal dilation and vaporization of unbound and
bound water causes concrete-cover spalling. Damage
severity increases with heating rate and concrete strength.

Short fibers are widely used in the reinforcement of
concrete to improve its mechanical properties and durability.
The short discrete fibers added during concrete mixing are
uniformly distributed and randomly oriented in fiber-
reinforced concrete (FRC). Due to the crack bridging effect
provided by fibers [4], post-cracking strength and toughness
of concrete can be significantly increased. The
improvements in strength and fracture toughness of steel
fiber-reinforced concrete (SFRC) are extensively reported in
the literature [5-6]. Polypropylene (PP) fiber has been
reported to reduce shrinkage and increase durability of
concrete [7]. A combination of steel and PP fibers is used in
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hybrid FRC to obtain optimal performance of concrete
material [8]. For concrete exposed to elevated temperatures,
previous studies [9-10] have shown that use of
polypropylene (PP) and steel fibers reduces cracking and
spalling of FRC. The PP fiber melts and vaporizes at
approximately 170 °C and 340 °C, respectively [11]. An
increase in the permeability of concrete reduces the built-up
pore pressure and reduces the probability of spalling. A
negative effect of PP fiber on the compressive strength of
concrete has been reported [12]. Steel fiber reduces pore
pressure in concrete, but to a lesser extent. The reduction in
pore pressure in steel fiber-reinforced concrete is associated
with discrete bubbles developed during mixing [13]. In a
previous study [14], steel fiber was shown to be useful in
minimizing damage and enhancing the residual compressive
strength of heated concrete. Steel fiber also improves the
tensile strength, ductility, and toughness of concrete at
ambient temperatures.

Nondestructive techniques for post-fire damage
assessment are essential for estimating the residual strength
of concrete members. Previous studies [15-16] show a strong
relationship between the residual strength fraction and the
residual ultrasonic pulse velocity (UPV) fraction of
conventional concrete exposed to elevated temperatures. The
water-to-cement ratio is reported to insignificantly affect the
residual strength fraction and residual UPV fraction for
mixtures exposed to elevated temperatures. The UPV has
been shown to be a promising damage indicator of
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Table 1 Property of Fibers

Property Hooked-end Steel Fiber (SF) PP Fiber
Length (mm) 35 12
Diameter (mm) 0.55 32x10°
Specific Gravity 7.8 0.91
Tensile Strength (MPa) 1,350 400
Modulus of Elasticity (MPa) 210,000 3500

Table 2 Specimen Details

Fiber Volume Fraction (%)

Specimen Hooked-end Steel Fiber (SF) PP Fiber Number of Specimens
M1 1.2 0 12
M2 0.9 0.3 12
M3 0.6 0.6 12
M4 0.3 0.9 12
M5 0 1.2 12
M6 0 0 12

FRC exposed to temperatures of up to 400 °C [17].

The two primary objectives of this study are (i) to
evaluate the effects of elevated temperatures on the residual
compressive strength fraction of FRC with various mixture
proportions of hooked-end steel and PP fibers, and (ii) to
evaluate the effectiveness of visual inspection and ultrasonic
nondestructive tests on damage assessment. Mixtures with
relatively high strength were exposed to elevated
temperatures of up to 800 °C. The mechanical properties of
the specimens after such exposure were evaluated and related
to the results obtained from nondestructive testing.

2. Materials and methods

The experimental program consisted of compressive
strength and nondestructive tests of cylindrical FRC
specimens. Nondestructive tests were conducted on the
specimens before and after exposure to elevated
temperatures.

2.1 Specimen preparation

Cylindrical specimens that were 100 mm in diameter and
200 mm in height were prepared from Portland cement Type
1, river sand, and crushed stone with a maximum nominal
size of 19 mm. A water-to-cement ratio of 0.47 was used in
all specimens, with various proportions of hooked-end steel
and PP fibers. Superplasticizer was used to keep the slump at
12 mm. The steel fiber had a nominal length of 35 mm and a
diameter of 0.55 mm, whereas the PP fiber had a nominal
length of 12 mm and a diameter of 32 x 10° mm, as
presented in Table 1.

The specimens were prepared using various mixture
proportions of steel and PP fibers, as presented in Table 2.
Specimens M1 and M5 had a 1.2% volume of steel and PP
fibers, respectively. Specimens M2 to M4 were hybrid fiber-
reinforced concrete (HFRC) with a mixture of steel and PP
fibers. Specimen M6 was a reference concrete sample with
no fibers. During the concrete mixing, the fibers were
gradually added to the mixing machine to achieve uniform
fiber distribution in the mixtures. After casting, the
specimens were wet cured for 28 days and subsequently
dried in ambient air before exposure to elevated temperatures

of 400 °C, 600 °C, and 800 °C. Twelve specimens were
prepared from each concrete mixture. Three of the specimens
were kept at room temperature (25 °C), while the other
specimens were subjected to the elevated temperatures in an
electrically heated furnace. During heating, the temperature
was increased at a rate of 5 °C per hour until the target
temperature was reached, and maintained constant at the
target temperature for 1 h. The specimens were subsequently
cooled to room temperature in the furnace for 24 h before
subjected to nondestructive and compressive strength tests.

2.2 Compressive strength and nondestructive tests

The specimens were subjected to a compressive strength
test using a universal testing machine. Axial force was
applied at a displacement-controlled rate of 0.25 mm/min.
The applied load and longitudinal deformation were
recorded during the test.

Two nondestructive tests were employed in the study,
visual inspection and an ultrasonic testing method. The
dimensions, crack width, and images of all sides of the
specimens were recorded during the visual inspection. A
Vernier caliper with a precision of 0.01 mm was used to
measure the specimen diameters at three locations and
heights at four locations, as presented in Figure la. The
measurement locations were marked using heat-resistant
marker pens to obtain the same reading locations both before
and after the exposure. The maximum crack widths in the
specimens after being cooled in ambient air for 24 h were
measured using a crack gauge with a sensitivity of 0.5 mm.

An ultrasonic testing method was conducted using a
Pundit Lab ultrasonic measurement instrument with a pair of
54-kHz nominal frequency transducers. The UPV was
computed from the travel time of the ultrasonic wave to
propagate through concrete between the transmitting and
receiving transducers, and the measured distance between
the transducers [18]. Direct transmission mode, in which the
transducers were located directly opposite each other, was
along the longitudinal axis of the cylinder specimens, as
presented in Figure 1b. Measurements were made three times
on each specimen, both before and after the exposure, to
obtain reliable results.
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Table 3 Experimental Results of Testing Concrete Cylinder Specimens

Compressive

Mix Fltl):er Vt(_)lume Temperature Strength uPv
(Srli‘fF:g’; C) Ave. Std. Ave. cov
) (MPa) (MPa) (m/s) (%)
25 38.0 45 4755 1.4
400 329 0.3 3722 3.4
M1 1.2:0.0 600 20.7 15 2032 3.2
800 10.0 1.8 1470 15.0
25 43.0 4.0 4391 2.6
400 34.4 45 3727 1.3
M2 0.9:03 600 18.2 5.3 1819 12.0
800 12.0 0.3 1196 3.0
25 38.0 4.2 4445 21
400 26.4 3.4 3377 35
M3 0.6:0.6 600 165 2.1 1330 9.6
800 9.4 0.8 924 226
25 30.3 8.0 4269 0.2
400 20.9 3.2 3224 4.1
M4 0.3:09 600 14.2 2.1 1355 7.8
800 7.5 0.3 597 2.1
25 30.3 6.5 4405 44
400 17.4 15 3092 11
MS 0.0:1.2 600 13.2 17 1105 17.0
800 6.8 0.3 622 12.3
25 40.6 9.4 4751 2.8
400 26.1 6.3 3726 0.6
M6 0.0:0.0 600 155 3.1 1399 3.6
800 9.1 0.7 846 19.9
T 4 observed in the mixture with steel fibers (specimen M1).
50 mm Meanwhile, a decrease in the compressive strength was
1+ — & obtained from the specimens with a high proportion of PP
50 mm 7 ? fibers. Specimen M5 with the highest volume fraction of PP
Pl - ¥ fiber (1.2%) showed an average compressive strength of
50 mm 6 30.3 MPa, corresponding to a 25.4% reduction in this value.
3 - ¥ 100 mm This could be attributed to the formation of multifilament
50 mm ———> structures and the increase in the void volume of the mixtures
v with PP fibers [9].

a) Locations for transverse (1, 2, 3) and longitudinal
dimension measurement

Transmitter
probe

@

Receiver
probe

b) Ultrasonic test (4, 5, 6, 7) dimension measurement
Figure 1 Measurement locations for nondestructive tests
3. Results

The results obtained from the compressive strength tests
are presented in Table 3. The average compressive strength

of specimen M6 before heat exposure was 40.6 MPa. No
significant increase in the compressive strength was

Typical stress—strain curves of the concrete mixtures
exposed to elevated temperatures are presented in Figure 2.
Axial strains were determined from the total shortening of
the concrete specimens monitored while using the universal
testing machine. The stress—strain curves in the figure exhibit
a linear relationship at low stress levels. The initial slope and
descending slope after the peak were influenced by the fiber
mixture proportions and temperatures. With an increase in
the exposed temperatures, the descending paths were less
steep. At 400 °C, a significant reduction in the initial slope
was observed in specimen M5 with PP fibers. This was
caused by voids from fiber vaporization at 340 °C and
micro-cracks that developed in the specimens. A significant
reduction in the initial slope was observed in specimen M1,
containing steel fibers and exposed to heat at 600 °C. The
effect of the fibers on the specimens’ stiffness was
insignificant at 800 °C owing to the degradation of concrete
at this temperature. With increased exposure temperature,
the strain at the peak stress increased corresponding to a
lower value of the initial slope.

The effect of temperature exposure on the average
compressive strength of various mixtures is presented in
Figure 3a. The average compressive strengths decreased
linearly with increased e exposure temperature from 400 °C
to 800 °C. The variation in the average compressive strength
of the specimens with various mixtures also decreased with
the increased exposure temperature.
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Figure 2 Stress—strain curves of specimens exposed to elevated temperatures
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Figure 3 Effects of temperature on compressive strength and compressive strength fraction

The relationship between the residual compressive strength
fraction and temperature is presented in Figure 3b. The
residual compressive strength fraction is the ratio between
the average compressive strength after heat exposure and that
of the unheated specimen. At 400 °C, specimen M1 exhibited
the highest compressive strength fraction of 0.87. With a
decreased level of steel fiber, the fractions decreased to the
values of 0.80 and 0.69 in specimens M2 and M3,
respectively. This indicates that the steel fiber retarded the
reduction in compressive strength at 400 °C. The
compressive strength fraction, 0.58, in specimen M5 was
slightly lower than the value obtained from specimen M6,
0.64. No compressive strength enhancement by the PP fiber
on the specimens subjected to the heat exposure was
observed. The variation in the residual compressive strength
fraction decreased with increased exposure temperature. At
800 °C, the residual compressive strength fractions of the
various mixtures were between 0.22 and 0.26.

4. Discussion
4.1 Visual inspection

The effect of exposure temperature on the percentage
change in the diameter and volume of the specimens is
presented in Figure 4. At 400 °C, specimen M6 showed a
reduction in the diameter and volume owing to the loss of
bound and unbound water. The expansion at elevated
temperatures of 600 °C and 800 °C remained after cooling,
thus resulting in residual expansion at these temperatures.
Specimen M1 showed an increase in the diameter and

volume at 400 °C. This indicated that the effect of steel fiber
in preventing dimension recovery was more dominant than
the contraction due to the loss of water in the specimen. At
800 °C, specimen M1 showed a lower percentage of
dimensional change than did specimen M6. The PP fiber
melted at a temperature greater than 160 °C, providing voids
for concrete expansion at elevated temperatures.
Consequently, specimen M5, with the highest percentage of
PP fiber, tended to show the least percentage of dimensional
change at almost all elevated temperatures.

The average maximum crack widths of the specimens are
presented in Figure 5. No cracks were observed in the
specimens exposed to 400 °C. At 600 °C, the average
maximum crack widths of the specimens with various fiber
proportions were in the same range, between 0.1 mm and
0.15 mm. The maximum crack width of the mixture with no
fibers (M6) was in the same range as the other specimens.
This is attributable to the low heating rate used in the study.
At 800 °C, a significant increase in the average maximum
crack width, 0.28 mm, was obtained from specimen M5. The
M2 to M5 specimens with PP fibers exhibited a greater
maximum crack width than specimen M6. This indicates an
adverse effect of PP fibers on the crack width at the elevated
temperatures.

A comparison of the color of specimen M1 after it was
exposed to various temperatures is presented in Figure 6. The
grey color of the control specimen changed to a
reddish-brown after exposure to 400 °C and 600 °C, and
white grey at 800 °C. The reddish-brown color was
associated with the presence of iron compounds in the
aggregates [19]. Siliceous aggregates have a wide variety of
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Figure 5 Effect of temperature on average maximum crack width

Figure 6 Effect of temperature on the color of specimen M1

colors at ambient temperature. They generally start to turn
pink around 250-300 °C due to the oxidation of iron ions,
while calcareous aggregates are black at ambient
temperature start to turn white due to decarbonation around
700 °C [20]. No significant difference in discoloration of
specimens with various mixtures of fibers was observed after
exposure to heat.

4.2 Ultrasonic testing

The results of ultrasonic testing are presented in Table 3
and Figure 7. The average UPV of the unheated specimen
M6 was 4750 m/s. This value was relatively close to the
value of 4775 m/s of specimen M1. No significant increase
in the UPV of unheated specimens with 1.2% volume of steel
fiber was obtained. The wave speed, however, decreased
slightly to a value of 4405 m/s in specimen M5,
corresponding to the lower compressive strength of the

specimen. The UPVs of the specimens with various mixtures
decreased to the values between 3092 m/s and 3726 m/s at
400 °C, and 622 m/s to 1470 m/s at 800 °C.

The effect of temperature on the residual UPV fraction is
presented in Figure 7b. The residual UPV fraction is the ratio
of the UPV after the exposure and that of the unheated
specimen. Specimens M1 and M2 showed a relatively
similar range of residual UPV fractions, and were greater
than those of the other specimens at all elevated
temperatures. Meanwhile, specimen M5 exhibited the lowest
residual UPV fraction.

The relationship between the residual compressive
strength fraction and the residual UPV fraction is presented
in Figure 8. The residual compressive strength fraction
exhibited a linear relationship, showing a very strong
correlation with the residual UPV fraction for various
concrete mixtures. This indicates the potential application
of the UPV in damage assessment of fiber-reinforced
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Figure 8 Relationship between residual compressive strength and residual UPV fraction

concrete. For all residual UPV fractions, the maximum
difference between the actual and computed strength
fractions provided by the equation in the figure is 0.13.

5. Conclusions

Experiments were performed to evaluate the effects of
mixture proportions of steel and PP fibers on the compressive
strength of the concrete specimens exposed to elevated
temperatures between 400 °C and 800 °C. The compressive
strengths of the specimens with various fiber proportions
were determined both before and after heat exposure. Visual
inspection and ultrasonic nondestructive tests were
performed for damage and residual strength fraction
assessments. Based on the experimental results, the
following conclusions were obtained:

1. No significant increase in the compressive strength
was obtained in the specimens with 1.2% volume of steel
fiber. An increased level of PP fiber, however, reduced the
compressive strength of the unheated and heated specimens.

2. Steel fibers effectively retarded the reduction in the
compressive strength of the specimens exposed to elevated
temperatures, particularly at 400 °C. The difference in the
compressive strengths of the specimens with various fiber
proportions decreased with increased exposure temperature.

3. The average maximum crack widths of all concrete
mixtures were in the same range at 600 °C. However, at
800 °C, the concrete mixture with a high fraction of PP fiber
exhibited the highest average crack width.

4. No significant effect of the fiber proportion and type
on the specimen discoloration was observed. This indicated
possible application of a discoloration parameter in

estimating the exposure temperature of mixtures with
various fiber types and proportions.

5. A linear relationship with strong correlation between
the residual compressive strength fraction and the residual
UPV fraction was obtained. Potentially, the UPV could be
used for estimating the residual compressive strength
fraction of FRC.
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