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.e effects of high-temperature thermal cycling (temperatures up to 500°C) and steel fiber contents on themechanical and thermal
properties of ultrahigh-performance concrete (UHPC) containing polypropylene (PP) fibers were investigated in this study. .e
different maximum temperatures for thermal cycling included 300, 400, and 500°C. .e mechanical properties, including the
compressive strength and tensile strength, and thermal properties, including the unit weight and thermal conductivity, of the
UHPC specimens were measured. .e experimental results indicated that the compressive strength, tensile strength, unit weight,
and thermal conductivity decreased as the temperature increased to 500°C. Test results showed that for each maximum tem-
perature, the reduction of the thermal conductivities from one to six thermal cycles was not significant. .e thermal conductivity
of the UHPC decreased as the unit weight of the UHPC decreased, and the thermal conductivity also decreased as the compressive
strength of the UHPC decreased. Scanning electron microscopy (SEM) analysis showed that the microstructures of the UHPC
specimens exposed to high temperatures contained voids due to the PP fiber melting. .e porosity of the UHPC specimens
increased as the maximum temperature of the thermal cycles increased, which decreased the unit weights and thermal con-
ductivities of the UHPC specimens. Moreover, the porosity at a temperature of 500°C increased by 60.0, 74.5, and 123.4% for steel
fiber contents of 1.0, 1.5, and 2.0%, respectively. It might be due to incompatible thermal expansion between the concrete matrix
and steel fiber.

1. Introduction

Burning fossil fuels in power plants could have adverse
effects on the environment and therefore bring attention to
increasing the use of new and renewable energy sources,
such as solar, wind, and geothermal energy. Among these
new and renewable energy sources, solar thermal energy is a
particularly useful energy source [1–3].

For an economical and efficient supply of solar thermal
energy, a thermal energy storage system is indispensable
because it is important to maintain constant solar energy
during the night and in adverse weather conditions, such as
cloudy weather. .e energy stored in the energy storage
system can be used during times of adverse weather con-
ditions and at night to supply constant electricity [4, 5]. In
conventional storage methods where the temperature ex-
ceeds 100°C, pressure vessels have been used to pressurize

steam. However, this method is not economical because of
the high cost required to design and build pressure vessels.
Laing et al. [5] and John et al. [6] suggested an alternative
method that uses solid media for sensible heat storage. In
sensible heat storage, thermal energy is stored in a solid or
liquid medium by elevating the temperature of the medium.
Previous study results [7, 8] show that in terms of low energy
production cost and wide material applications, concrete is a
more promising solid medium for thermal energy storage
than other candidate solid media, such as cast irons, alu-
minum alloys, and graphite.

.e German Aerospace Center integrated a concrete
thermal energy storage system into a parabolic trough test
loop in a concentrating solar power plant in Spain in 2003
[9, 10]. To develop an efficient concrete solid media for
thermal energy storage, extensive investigations on the
mechanical and thermal properties of concrete are required.
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Yuan et al. [11] studied the influences of various amounts of
nano-ZrO2 on the performance, such as compressive
strength, thermal conductivity, and thermal expansion co-
efficient, of cementitious composites. In addition, Yuan et al.
[12] investigated the compressive strength and thermal
conductivity of high-temperature aluminate cementitious
materials, including nano-MgO, for thermal energy storage.
.eir test results showed that the addition of MgO in ce-
mentitious materials enhanced the thermal conductivity of
concrete.

Ultrahigh-performance concrete (UHPC) is an advanced
composite material reinforced with steel fibers that exhibits
higher compressive strength and tensile strength than
conventional concrete [13–17]. Moreover, the high tensile
strength of UHPC provides a high resistance to thermal
cracking. However, studies on the mechanical and thermal
properties of UHPC specimens exposed to high-temperature
thermal cycles are still limited, whereas some investigations
on the deterioration of UHPC and reactive powder concrete
(RPC) specimens under a single thermal exposure to fire
have been performed [18–20]. .erefore, to apply UHPC as
a solid media for thermal energy storage, studies must be
performed on the mechanical and thermal properties of
UHPC specimens under high-temperature thermal cycles.

In this study, the mechanical and thermal properties of
UHPC specimens containing steel fiber contents of 1.0, 1.5,
and 2.0% were exposed to high-temperature thermal cycles
ranging from 300 to 500°C. .e compressive strengths,
tensile strengths, unit weights, and thermal conductivities
were measured before and after the UHPC specimens were
exposed to thermal cycling. .e relationships between the
thermal conductivity and unit weight and between the
thermal conductivity and compressive strength of the UHPC
were also examined. In addition, scanning electron mi-
croscopy (SEM) and mercury intrusion porosimetry (MIP)
analyses were performed to characterize the microstructures
and pore distributions of the UHPC specimens.

2. Mixing Proportions of UHPC

.eUHPCmixtures used in this study included straight steel
fibers at volume fractions of 1.0, 1.5, and 2.0%. Ordinary
Portland cement (OPC) was used as the cementitious ma-
terial, and fine aggregates with diameters of 0.5mm or less
were used. Fine aggregate used in this study was the quartz
sand. .e SiO2 content in quartz was more than 95%. .e
water-binder ratio (w/b) was 0.22, and a polycarboxylic acid-
based high-performance water-reducing agent with a den-
sity of 1.01 was used to ensure the workability of these
mixtures at this low water-binder ratio. In addition, filler,
zirconium, and blast furnace slag were also used in the
UHPC mixtures.

.ree UHPC mixtures, UHPC-F10, UHPC-F15, and
UHPC-F20, were fabricated, where the number in each
mixture label represents the steel fiber content in the con-
crete. A type of straight steel fiber with a length of 19.5mm
was used in the mixtures, as shown in Figure 1(a). .e
straight steel fibers each had a diameter of 0.2mm, a unit
weight of 7500 kg/m3, and a tensile strength of 2500MPa.

.e detailed mixing proportions of each mixture are shown
in Table 1.

A review of the literature [21–25] showed that concrete
creates a high internal vapor pressure when exposed to
elevated temperatures, which may result in explosive spal-
ling of concrete. At room temperature, polypropylene (PP)
fibers enhance the tension resistance of concrete and prevent
cracks. PP fibers also prevent spalling caused mainly by the
accumulation of the internal pore pressures and thermal
stresses in concrete. Accordingly, all mixtures of UHPC used
in this study contained PP fibers with a unit weight of 2 kg/
m3 to avoid concrete spalling. A type of monofilament PP
fiber with a specific weight of 0.91 and a melting point of
160°C was used, as shown in Figure 1(b). .e PP fibers were
straight fibers that each had a diameter of 21 μm and a length
of 12mm.

3. Experimental Program

3.1. Specimen Preparation and Test Methods. Cylindrical
specimens with diameters of 100mm and heights of 200mm
were fabricated from each mixture. .e specimens were
covered with plastic wrap and moist-cured for the first day
after casting. .en, the specimens were demolded and
steam-cured at 90± 5°C for 72 hours. After the specimens
were steam-cured, the specimens were moist-cured until 28
days after specimen fabrication. Finally, the specimens were
cured at 24°C for a minimum of 24 hours before testing.

.e experiments for compressive strength, tensile
strength, unit weight, ultrasonic velocity, and thermal
conductivity were performed. Each experiment was per-
formed before and after the specimens were exposed to
elevated temperatures in 6 thermal cycles.

3.2.,ermalCyclingProcedure. For thermal storage with the
concept of sensible heat of solid media, the thermal storage
contains a pipe heat exchanger to transfer the thermal energy
to or from the heat transfer fluid [1]. In typical parabolic
trough power plants, thermal fluid from the thermal col-
lectors enters the storage with temperatures ranging from
300 to 390°C [1, 9]. .erefore, concrete specimens in this
study were heated under the heating scenarios with three
different maximum temperatures of 300, 400, and 500°C, as
shown in Figure 2.

.e specimen heating began at ambient temperature,
and the specimens were heated to the maximum tempera-
ture, 300, 400, or 500°C, for two hours in the furnace, shown
in Figure 3. .e temperature remained at the maximum
temperature for two hours and then returned to the ambient
temperature. .is thermal cycle was repeated 6 times. For
each mixture, a thermocouple was installed at the core of the
specimen for temperature measurements. Typical mea-
surements of the actual temperatures at the core of a con-
crete specimen and furnace are shown in Figure 4, where the
solid and dotted lines represent the furnace temperature
profile and the concrete core temperature, respectively.

After cooling the specimens in each cycle, the specimens
were removed from the furnace, and the unit weight,
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ultrasonic velocity, and thermal conductivity of each spec-
imen were measured. .en, the specimens were returned to
the furnace. However, the compressive and tensile strengths
of the concrete specimens were measured only after the final
cycle because there was not enough space in the furnace to
hold the specimens to measure the compressive and tensile
strengths after every thermal cycle.

4. Test Results and Discussion

4.1. Compressive Strength. .e compressive strength of
UHPC was measured with the cylindrical specimens using
hydraulic machinery with a maximum capacity of 2000 kN.
.e compressive strength test was performed before and
after the specimens were exposed to the six high-tempera-
ture thermal cycles.

Figure 5(a) shows the effects of different maximum
temperatures on the residual compressive strengths of the

UHPC specimens before and after the concrete specimens
were exposed to six thermal cycles with different maximum
temperatures. At the initial state with an ambient temper-
ature of 25°C, the compressive strengths of the F10, F15, and
F20 series mixtures were 122.8, 138.7, and 145.3MPa, re-
spectively. When the specimens were exposed to thermal
cycling at a maximum temperature of 300°C, the com-
pressive strengths of the F10, F15, and F20 series mixtures
slightly decreased by 4.8, 3.6, and 4.2%, respectively. Sim-
ilarly, after thermal cycling at a maximum temperature of
400°C, the compressive strengths of the F10, F15, and F20
series mixtures decreased by 9.6, 8.8, and 8.2%, respectively.
However, when the specimens were exposed to thermal
cycling at a maximum temperature of 500°C, the com-
pressive strengths of the F10, F15, and F20 series mixtures
decreased more substantially by 25.4, 16.4, and 19.0%, re-
spectively. .e test results showed that compared with the
maximum temperatures of 300 and 400°C, the decrease in

(a) (b)

Figure 1: (a) Steel fibers and (b) polypropylene fibers used for the UHPC.

Table 1: Mixing proportion of the UHPC.

Mixture W/B W (kg/m3)

Binders
(kg/m3) S

(kg/m3)
F

(kg/m3)

Fibers

OPC Zr BFS Steel fiber content by volume of
concrete (%)

PP fiber content by mass
(kg/m3)

UHPC-F10 0.22 209 770 58 135 847 231 1.0 2.0
UHPC-F15 0.22 209 770 58 135 847 231 1.5 2.0
UHPC-F20 0.22 209 770 58 135 847 231 2.0 2.0
W: water, OPC: ordinary Portland cement, Zr: zirconium, BFS: blast furnace slag, S: sand, and F: filler.
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Figure 2: .ermal cycling process.
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the residual compressive strength at a maximum tempera-
ture of 500°C was remarkable. A considerable decrease in the
compressive strength at 500°C occurs because most of bound
water in the cement paste is lost when the concrete is
subjected to high temperatures between 400 and 500°C, and
calcium hydroxide in the cement paste begins to dehydrate
between approximately 500°C and 600°C [23].

.e compressive strengths of the concrete specimens
with different steel fiber contents are shown in Figure 5(b).
.e compressive strengths of the concrete specimens
gradually increased as the steel fiber content increased from
1.0% to 2.0% at the initial state with an ambient temperature
of 25°C. For the specimens exposed to maximum temper-
atures of 300 and 400°C, the compressive strengths of the
concrete specimens gradually increased as the steel fiber
content increased from 1.0% to 2.0%. However, for the

specimens exposed to a maximum temperature of 500°C, the
compressive strength increase was not substantial as the steel
fiber content increased from 1.5% to 2.0%.

4.2. Splitting Tensile Strength. To measure the tensile
strength of UHPC, splitting tensile strength tests were
performed using cylindrical specimens. .e tensile strength
tests were performed before and after the specimens were
exposed to the six high-temperature thermal cycles.

.e tensile strengths of the UHPC specimens before and
after exposure to the six thermal cycles with different
maximum temperatures are shown in Figure 6(a). .e trend
of the tensile test results was similar to that of the com-
pressive test results. .e tensile strength gradually decreased
as the maximum temperature increased to 400°C. However,
compared with the maximum temperatures of 300 and
400°C, the tensile strength decreased more substantially
when the concrete was exposed to a maximum temperature
of 500°C. .e decrease in tensile strength at a maximum
temperature of 500°C conformed to that of compressive
strength at a maximum temperature of 500°C.

.e tensile strengths of the concrete specimens with
different steel fiber contents are also shown in Figure 6(b).
.e test results show that the steel fiber content substantially
contributed to the tensile strength of the UHPC. When the
steel fiber content increased from 1.0% to 1.5%, the tensile
strengths of the concrete specimens at the initial state of 25°C
and the maximum temperatures of 300, 400, and 500°C
increased by 19.4, 20.9, 20.4, and 33.8%, respectively. Ad-
ditionally, when the steel fiber content increased from 1.0%
to 2.0%, the tensile strengths of the concrete specimens at the
initial state of 25°C and the maximum temperatures of 300,
400, and 500°C increased by 26.5, 27.3, 28.5, and 37.4%,
respectively.

4.3. Unit Weight

4.3.1. Effects of ,ermal Cycling on the Unit Weight. .e
amount of energy stored in an energy storage medium
depends on the unit weight of the medium. .erefore, the
unit weight of the concrete is an important factor in storing
energy in a given volume of concrete. In addition, to ac-
curately simulate the thermodynamics of thermal energy
storage, information regarding the unit weight of concrete is
required. In this study, the unit weight of each mixture was
measured before and after every thermal cycle.

.e unit weights of the specimens before and after the
thermal cycles with different maximum temperatures are
shown in Figure 7. .e unit weight decreased immediately
after the first thermal cycle, but there was little change in the
unit weight of the concrete after the second cycle. .is
implies that the concrete almost reached physical stability
after the second thermal cycle.

4.3.2. Effects of the Maximum Temperature and Steel Fiber
Content on the Unit Weight. A comparison of the unit
weights of the mixtures before and after six thermal cycles is

Figure 3: Test setup of the UHPC specimens in the furnace.
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shown in Figure 8. .e unit weight decreased substantially
after exposure to a maximum temperature of 300°C, and the
unit weight gradually decreased as the maximum temper-
ature increased.

When the UHPC contained a steel fiber content of 1.0%,
the reduction in the unit weight after six thermal cycles was
7.0, 7.2, and 7.7% for the maximum temperatures of 300,
400, and 500°C, respectively. Additionally, the unit weights
of the specimens with steel fiber contents of 2.0% decreased
by 6.6, 7.3, and 8.0% after six thermal cycles at maximum
temperatures of 300, 400, and 500°C, respectively..e loss in
the unit weight in the case of the maximum temperature of
500°C was greater than that at maximum temperatures of

300 and 400°C. .is phenomenon may be attributed to the
dehydration of the UHPC, which was greater after thermal
cycling at a maximum temperature of 500°C than after
thermal cycling at maximum temperatures of 300 and 400°C.

Figure 8 also shows that the unit weight at the same
temperature condition increased as the steel fiber content
increased. .e steel fibers are added to improve the tensile
strength and toughness of the UHPC [13]. In addition to
improving these characteristics, the addition of steel fibers in
the UHPC increases the unit weight, which is advantageous
for storing high amounts of thermal energy. However, the
unit weight difference of two different mixtures at each
elevated temperature was not substantial, which meant that
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Figure 5: Compressive strength test results. (a) Relationship between the compressive strength and the maximum temperature. (b)
Relationship between the compressive strength and the steel fiber content.
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Figure 6: Splitting tensile strength test results. (a) Relationship between the tensile strength and the maximum temperature. (b) Re-
lationship between tensile strength and steel fiber content.
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steel fiber contents hardly affected the reduction in the unit
weight of the UHPC at various high temperatures.

A comparison of the unit weights of the mixtures after
one and six thermal cycles is shown in Figure 9..e slope of
the unit weights from ambient temperature up to 300°C was
steep, which resulted from the evaporation of free water
and bound water [20]. When the UHPC contained a steel
fiber content of 1.0%, the reduction in the unit weight from
one up to six thermal cycles was 0.6, 0.6, and 0.1% for the
maximum temperatures of 300, 400, and 500°C, re-
spectively. In addition, the unit weights of the specimens
with steel fiber contents of 1.5% decreased by 0.8, 0.3, and
0.3% from one to six thermal cycles at maximum tem-
peratures of 300, 400, and 500°C, respectively. Test results
showed that reduction of the unit weight of the mixtures at
each maximum temperature was not significant. It means
that most of free water and bound water were evaporated
during the first thermal cycle, and so there was little dif-
ference between the unit weights after one and six thermal
cycles.

4.4. ,ermal Conductivity

4.4.1. Effects of,ermal Cycling on the,ermal Conductivity.
.e thermal conductivity of each specimen was measured
before and after every thermal cycle. A transient plane
source (TPS) measurement system was used to evaluate the
thermal conductivity. .e TPS measurement method was
described in detail by Log and Gustafsson [26], and the
extensive applications of the TPSmeasurement method were
summarized by Bentz et al. [27]. .e detector was inserted
horizontally between the cast sides of the two concrete
specimens. After a thermal equilibrium time of at least
90min in laboratory temperature conditions, measurements
were made with a power of 0.3W applied for a measurement
time of approximately 90 sec. .e thermal conductivity was
measured at the intervening time separating two continuous
thermal cycles.

.e thermal conductivities of the mixtures before and
after exposure to thermal cycles with different maximum
temperatures are shown in Figure 10. .e thermal con-
ductivity decreased sharply after the first cycle, but there
was little change in the thermal conductivity of the concrete
after the second cycle. .e variation in the thermal con-
ductivity during thermal cycling is similar to that of the
unit weight. .is similarity implies that the thermal con-
ductivity characteristics are related to the unit weight
characteristics.

4.4.2. Effects of the Maximum Temperature and Steel Fiber
Content on the ,ermal Conductivity. .e thermal con-
ductivities of the mixtures before and after exposure to
thermal cycles with different maximum temperatures are
shown in Figure 11. When the UHPC specimens were ex-
posed to six thermal cycles at a maximum temperature of
300°C, the thermal conductivities of the F10, F15, and F20
mixtures decreased by 24.0, 23.0, and 22.8%, respectively. In
addition, after six thermal cycles at a maximum temperature
of 400°C, the thermal conductivities of the F10, F15, and F20
mixtures decreased by 29.2, 26.2, and 28.2%, respectively.
Moreover, after six thermal cycles at a maximum temperature
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Figure 7: Variations in unit weight during thermal cycling at different maximum temperatures. (a) Steel fiber content� 1.0%. (b) Steel fiber
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of 500°C, the thermal conductivities of the F10, F15, and F20
mixtures decreased by 32.3, 28.7, and 33.6%, respectively.

.e decreasing rate of the thermal conductivity was most
substantial when the maximum temperature of the thermal
cycle was 300°C, and the rate was slightly reduced when the
maximum temperature of the thermal cycle was 400 and

500°C. Free water and bound water in the cement paste begin
to evaporate when the temperature reaches 200°C, andmost of
bound water evaporates when the temperature approaches
500°C. In addition, the decomposition of CH and C-S-H
hydrates begins when the temperature ranges from 400 to
500°C [20]. .e decomposition of CH and C-S-H hydrates
makes the cement matrix more porous..erefore, the thermal
conductivity of the UHPC in this study gradually decreased
when the temperature ranges from 300 to 500°C.

Test result also indicates that for thermal cycling at a
maximum temperature of 500°C, the decrease in thermal
conductivity was greater than that of the other thermal cycles
at different maximum temperatures. .e porosity volume of
the concrete increases as the temperature increases, and the
connectivity among the solid phases of the matrix in the
concrete is lost, which means that a greater number of
defects are created in the matrix; this phenomenon decreases
the thermal conductivity of the concrete [21, 25].

.e decrease rate of 32.3, 28.7, and 33.6% in thermal
conductivities at different steel fiber contents was not
consistent. Especially, the decrease rate of the mixture with
1.5% steel fiber content (F15 series) was the smallest among
the three series. .is phenomenon might be due to in-
compatible thermal expansion between the concrete matrix
and steel fiber, which could make the interface zone between
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Figure 9: Comparison of unit weights after one and six thermal cycles. (a) Steel fiber content� 1.0%. (b) Steel fiber content� 1.5%. (c) Steel
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thematrix and steel fiber weak andmore porous. Additionally,
the uneven dispersion of steel fibers in concrete might cause
inconsistent decrease rate in the thermal conductivities.

.e effects of the steel fiber content on the thermal
conductivity can also be found in Figure 11. As the steel
fiber content increased from 1.0% to 1.5%, the thermal
conductivity increased by 1.1% at the ambient temperature
and by 2.4, 5.4, and 6.3% after the specimens were exposed
to thermal cycling at maximum temperatures of 300, 400,
and 500°C, respectively. In addition, as the steel fiber
content increased from 1.0% to 2.0%, the thermal con-
ductivity increased by 2.7% at ambient temperature and by
4.4, 4.2, and 0.8% after thermal cycling at maximum
temperatures of 300, 400, and 500°C, respectively. .e
thermal conductivity of the concrete reinforced by steel
fibers increases as the steel fiber content increases because
the thermal conductivity of the steel fiber is greater than
that of the matrix in the concrete. However, the test results
in this study showed that the steel fiber content did not
substantially affect the thermal conductivity. .is small
change in thermal conductivity was because a small
amount of steel fiber content less than 2.0% by volume of
concrete was used in this study.

A comparison of the thermal conductivities of the
mixtures after one and six thermal cycles is shown in
Figure 12. .e slope of the thermal conductivities from
ambient temperature up to 300°C was steep. .e reduction
in thermal conductivities was also due to the evaporation of
free water and bound water, as was the reduction in unit
weights. When the UHPC contained a steel fiber content of
1.0%, the reduction in the thermal conductivity from one to
six thermal cycles was 4.4, 9.2, and 1.7% for the maximum
temperatures of 300, 400, and 500°C, respectively. In ad-
dition, the thermal conductivities of the specimens with
steel fiber contents of 1.5% decreased by 4.5, 4.3, and 4.2%
from one to six thermal cycles at maximum temperatures of
300, 400, and 500°C, respectively. It represented that for
each maximum temperature, the reduction of the thermal
conductivities from one to six thermal cycles was not
significant.

4.4.3. Relationship between the ,ermal Conductivity and
Unit Weight. .e relationship between the thermal con-
ductivity and unit weight of the UHPC under different
maximum temperatures is shown in Figure 13..ere are two
remarkable measurement groups in the figure. For the first
group, the measurements of the thermal conductivity and
unit weight of the UHPC were made at the ambient tem-
perature condition. For the second group, the measurements
of the thermal conductivity and unit weight of the UHPC
were made after the thermal cycling was completed under
the different maximum temperatures of 300, 400, and 500°C.
.e unit weight of the UHPC ranged from 2387 to 2461 kg/
m3 and the thermal conductivity ranged from 1.98 to
2.10W/mK at ambient temperature, while the unit weight of
the UHPC ranged from 2201 to 2310 kg/m3 and the thermal
conductivity ranged from 1.32 to 1.75W/mK after the high-
temperature thermal cycling.

Figure 13 also shows that the overall thermal conduc-
tivity of the UHPC decreased as the unit weight of the UHPC
decreased. In addition, the thermal conductivity of the
UHPC is almost linearly proportional to the unit weight, as
shown in Figure 13. .is phenomenon occurs because the
bound water content in the cement paste begins to decrease
when the temperature reaches 200°C, and most of bound
water in the cement paste is eliminated when the temper-
ature reaches 500°C. Accordingly, the unit weight and
thermal conductivity of the UHPC are reduced substantially.

4.4.4. Relation between the ,ermal Conductivity and
Compressive Strength. .e decrease in the compressive
strength and thermal conductivity of the UHPC subjected to
high-temperature thermal cycling resulted from the decrease
in the unit weight of the UHPC. .erefore, the relationship
between the thermal conductivity and compressive strength
of the UHPC under different thermal cycling conditions is
investigated and shown in Figure 14. As expected, the overall
thermal conductivity of the UHPC decreased as the com-
pressive strength of the UHPC decreased. Typically, when
the UHPC was exposed to thermal cycling at a maximum
temperature of 500°C, the thermal conductivity of the UHPC
decreased by 32.1, 30.0, and 34.1% for steel fiber contents of
1.0, 1.5, and 2.0%, respectively, while the compressive
strength of the UHPC decreased by 25.4, 16.4, and 19.0% for
steel fiber contents of 1.0, 1.5, and 2.0%, respectively.

4.5. Investigation of the Specimen Microstructures. To in-
vestigate the microstructure of the UHPC before and after
thermal cycling, SEM image analysis was performed. .e
microstructure of UHPC at an ambient temperature of
approximately 25°C is shown in Figure 15(a). As shown in
the figure, the existence of the PP fibers was observed in the
UHPCmatrix. In addition, the microstructures of the UHPC
exposed to maximum temperatures of 300, 400, and 500°C
under thermal cycling are shown in Figures 15(b)–15(d),
respectively. .ese figures show voids from the PP fiber
melting.

.e PP fibers play an important role in enhancing the
mechanical properties of the UHPC. .e presence of the PP
fibers connects the particles of the cement paste. PP fibers are
melted at a temperature of approximately 160°C and create
some voids in the concrete matrix. .is phenomenon results
in the reduction in the compressive strength, splitting tensile
strength, unit weight, and thermal conductivity of the
UHPC, as discussed in the previous sections.

By combining the SEM and MIP experimental results, a
more complete understanding of the pore structure of the
UHPC is possible. .e MIP method has been extensively
applied to characterize the porosity structure of cementi-
tious materials for many years. In this study, the MIP
method can present views of how different thermal cycles
affect the porosity properties of the UHPC specimens.

A comparison of the porosity percentage of UHPC
before and after exposure to thermal cycling at different high
temperatures is shown in Figure 16. .e porosity volume
increased as the thermal cycling temperature increased. For
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the specimens with steel fiber contents of 1.0%, compared
with the porosity at the initial state at ambient temperature,
the porosity volume increased by 11.9, 60.0, and 60.0% after
exposure to thermal cycling at maximum temperatures of
300, 400, and 500°C, respectively. In addition, for the
specimens with steel fiber contents of 1.5%, compared with

the porosity at the initial state at ambient temperature, the
porosity volume increased by 22.9, 67.9, and 74.5% after
exposure to thermal cycling at maximum temperatures of
300, 400, and 500°C, respectively.

Compared with the porosity at the ambient temperature,
the porosity at a temperature of 500°C increased by 60.0,
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Figure 12: Comparison of thermal conductivities after one and six thermal cycles. (a) Steel fiber content� 1.0%. (b) Steel fiber con-
tent� 1.5%. (c) Steel fiber content� 2.0%.
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74.5, and 123.4% for steel fiber contents of 1.0, 1.5, and 2.0%,
respectively. It resulted from incompatible thermal expan-
sion between the concrete matrix and steel fiber. .e in-
compatible thermal expansion weakened the interface zone
between the matrix and steel fiber and so increased the
porosity as steel fiber content increased.

.e differential and cumulative pore size distributions of
the UHPC specimens with the steel fiber content of 1.0%
before and after exposure to high-temperature thermal
cycling are shown in Figure 17. .e mercury intrusion
curves correspond to the porosity volume. .e cumulative
pore volume increased as the thermal cycling temperature

increased. .e differential and cumulative pore size distri-
butions between approximately 0.01 and 0.1 μm are re-
markable compared with those for other pore sizes, which
means that the pore size ranging from 0.01 to 0.1 μm was
most affected by thermal cycling at temperatures greater
than 300°C.

Abid et al. [20] investigated mechanical behavior and the
microstructure of RPC at high temperatures of 120, 300, 500,
700, and 900°C. .eir test results showed that for the
temperatures of less than 700°C, the pore size distribution of
RPC increased in the range of 0.01∼0.1 μm and greater than
1 μm. For the range of 0.01∼0.1 μm, the increase of pore size
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Figure 15: SEM analysis of the UHPC before and after thermal cycling at different temperatures. (a) SEM image before thermal cycling. (b)
SEM image at 300°C. (c) SEM image at 400°C. (d) SEM image at 500°C.
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Figure 16: Porosity of the UHPC before and after exposure to high-temperature thermal cycling.
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distribution of UHPC in this study was overall consistent
with that of RPC in the study by Abid et al., whereas for the
range of greater than 1 μm, the pore size distribution of the
UHPC was different from that of RPC.

5. Conclusions

.is paper investigated the thermal, mechanical, and mi-
crostructural properties of UHPC with compressive
strengths greater than 120MPa. .e following conclusions
are drawn from the extensive experimental results:

(1) .e compressive strengths of the specimens decreased
as the temperature increased. When the specimens
were exposed to thermal cycling at a maximum
temperature of 300°C, the decrease of the compressive
strengths of the F10, F15, and F20 series mixtures
ranged from 3.6 to 4.8%. However, when the speci-
mens were exposed to thermal cycling at a maximum
temperature of 500°C, the decrease of the compressive
strengths of the F10, F15, and F20 series mixtures
ranged more substantially from 16.4 to 25.4%.

(2) .e decreasing trend of the tensile strength of the
UHPC was similar to that of the compressive
strength. .e tensile strength gradually decreased as
the maximum temperature increased. In addition,
the steel fiber content substantially contributed to the
tensile strength of the UHPC.

(3) .e unit weight decreased immediately after the first
thermal cycle, but there was little change in the unit
weight of the concrete after the second cycle. .is
finding implied that the concrete almost reached
physical stability after the second thermal cycle.
Moreover, the decrease in the unit weight at a maxi-
mum temperature of 500°C was greater than that of the
unit weight at maximum temperatures of 300 and
400°C.

(4) .e decreasing trend of the thermal conductivity
during the thermal cycling was similar to that of the

unit weight. Moreover, test results showed that for
each maximum temperature, the reduction of the
thermal conductivities from one to six thermal cycles
was not significant.

(5) .e thermal conductivity of the UHPC decreased as
the compressive strength of the UHPC decreased.
When the UHPC was exposed to thermal cycling at a
maximum temperature of 500°C, the thermal con-
ductivity of the UHPC decreased by 32.1, 30.0, and
34.1%, while the compressive strength of the UHPC
decreased by 25.4, 16.4, and 19.0% for steel fiber
contents of 1.0, 1.5, and 2.0%, respectively.

(6) SEM image analysis showed the voids from melted
PP fibers when they were exposed to high-tem-
perature thermal cycling. Moreover, the porosity
volume increased as the thermal cycling temper-
ature increased. As an example, for the specimens
with steel fiber contents of 1.0%, the porosity
volume increased by 11.9, 60.0, and 60.0% after the
UHPC was exposed to thermal cycling at maxi-
mum temperatures of 300, 400, and 500°C,
respectively.
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