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This study investigates the stress-strain relation of RPC in quasi-static loading after an elevated tempera-
ture. The cylinder specimens of RPC with ¢ 50 mm x 100 mm are examined at the room temperature and
after 200-800 °C. Experimental results indicate that the residual compressive strength of RPC after heat-
ing from 200-300 °C increases more than that at room temperature, but, significantly decreases when the

temperature exceeds 300 °C. The residual peak strains of RPC also initially increase up to 400-500 °C, then
decrease gradually beyond 500 °C. Meanwhile, Young's modulus diminishes with an increasing temper-
ature. Based on the regression analysis results, this study also develops regression formulae to estimate
the mechanical properties of RPC after an elevated temperature, thus providing a valuable reference for
industrial applications and design.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

When the concrete structure is subject to high temperatures,
the most important effects on concrete are: dehydration of cement
paste, porosity increase, thermal expansion, thermal creep and
thermal spalling due to excessive pore pressure (Bazant and Kaplan,
1996; Noumowé et al., 2009). Additionally, inconsistent heat defor-
mation between the mortar and coarse aggregate decreases the
strength. The mechanical properties of fiber reinforced concrete
(FRC) after high temperatures have received considerable atten-
tion in recent years (Reis et al., 2001; Chen and Liu, 2004; Li et al.,
2004; Poon etal.,2004; Georgali and Tsakiridis, 2005; Husem, 2006;
Arioz, 2007; Sideris et al., 2009; El-Dieb, 2009). Based on the results,
they concluded that FRC has various excellent properties as a com-
posite material; for instance, flexural, tensile and shear strength,
toughness, impact resistance, crack resistance and resistance to
frost damage can be improved by the use of steel fiber. SFRC has
been commonly used in industry for tunnel lining and road paving.
However, the main contribution of a small percentage of fibers is
to increase the toughness of concrete. Throughout a concrete mix
with steel fibers distributed in all directions, micro cracks which
appear due to shrinkage or applied loading, intersect with steel
fibers which block their growth and provide higher tensile capac-
ity. Although steel fiber may not offer any obvious advantage from
a fire-endurance point of view, previous work (Hannant, 1978; Lau
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and Anson, 2006) has shown that steel fibers can affect the spread of
cracking, and hence potentially improve the performance of con-
crete, after exposure to high temperatures. To combat explosive
spalling, several investigations by researchers have been carried
out, which revealed that the application of polypropylene (PP)
fibers in concrete may considerably reduce the amount of spalling
for HPC at elevated temperatures. Both experimental and theoret-
ical studies have shown (Hammer, 1992; Nishida and Yamazaki,
1995; Chan et al., 1999; Atkinson, 2004) that at high temperatures,
PP fibers melt and create channels through which the water vapour
pressure built-up within HPC as temperatures rise is released. This
release of the vapour pressure significantly reduces the spalling
tendency of HPC under fire conditions (Kalifa et al., 2001).
Significant advances in high-performance concrete (HPC) are
largely attributed to technological applications, especially high-
range water reducers. HPC is superior to conventional concrete in
terms of density and micro-structure via a refined mixing scheme,
subsequently yielding a higher strength, workability and durability.
Based on a composite material developed by Richard and Cheyrezy
(1994, 1995), reactive powder concrete (RPC) is characterized by its
material’s uniformity that is increased by eliminating coarse aggre-
gate and using silica sand with a maximum particle size of 400 pm.
Additionally, concrete density is increased by selecting optimum
particle size components. Doing so significantly reduces the poros-
ity and markedly increases compressive strength and durability,
giving it both a high strength and high performance (Richard and
Cheyrezy, 1994, 1995; Cheyrezy et al., 1995; Zanni et al., 1996).
Cheyrezy et al. (1995) observed the working mechanism of RPC’s
high strength and durability while studying its microstructure.
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Table 1

Properties of cement and silica fume.
Material Cement Silica fume
Chemical composition (%)
SiO, 22.60 90
Al 05 3.75 1
Fe,03 4.55 1
Cao 63.15 0.4
MgO 2.17 1
SO3 1.88
C 2
Loss on ignition, L.O.1. 0.62 3

Based on use of nuclear magnetic resonance technology, Zanni et al.
(1996) investigated the hydration and pozzolanic reaction inside
a specimen that received 20°C and 250°C heat curing. Accord-
ing to their results, the amount of silica fume that participated in
hydration was directly proportional to the heat curing temperature.
Bayard and Plé (2003) found that the distribution of steel fibers in
RPC significantly affects its mechanical behavior. Additionally, the
distribution could be adjusted via a modified casting procedure to
enhance its mechanical performance. Chan and Chu (2004) eluci-
dated how silica fume content affects the cohesion between the RPC
base material and steel fibers, indicating that cohesive results are
optimum when the silica fume contents ranged from 20-30%. Pre-
vious studies (Zhang et al., 2008; Wang et al., 2008; Tai, 2009a,b) on
the mechanical behavior of RPC under dynamic and impact loads
found that RPC had enhanced impact resistance and energy absorp-
tion capabilities with respect to conventional concrete and high
strength concrete.

RPC is a more appropriate construction material for military
facilities and important structures than conventional concrete
owing to its enhanced workability and mechanical properties.
However, an exhaustive literature review indicated that the
mechanical behavior of RPC under high temperatures has seldom
been studied. Therefore, this study elucidates the mechanical prop-
erties of RPC with various fiber contents after withstanding high
temperatures. Results of this study provide a valuable reference for
future construction applications and design.

2. Experimental methods
2.1. Materials

Cement used in this study was ordinary Portland cement that
conforms to ASTM Type II. This medium sulfate-resisting cement
has a low content of calcium aluminates C3A. Used in this study
as a mineral addition, dry non-compacted silica fume has a silicon
dioxide content of 90%, specific gravity of 2.2, and a specific sur-
face of 18-20 m2/g. Table 1 lists the chemical compositions of the
cement and SF. Quartz sand with a maximum particle size of 0.6 mm
was also used in this study. Crushed crystalline quartz powder is a
critical component in heat-treated RPC concretes. Reactivity dur-
ing heat treatment reaches maximum for an average particle size
ranging from 5 to 25 pm. An average particle size of 10 wm was
used. Additionally, an attempt was made to improve slurry at low
water—-cement ratios by using a high performing water-reducing
agent. The chemical ingredient in the agent, i.e. acrylic graft poly-
mer anionic high molecular surfactant, complies with ASTM C 494

Types G. The admixture has a light-brownish color, with a specific
gravity of 1.07-1.13. Corrugated steel fibers were made from cold
drawn low-carbon steel. The fiber length was 12 mm and the diam-
eter was 0.175 mm; therefore, the aspect ratio of the fibers (1/d) was
69. Table 2 lists the details of the mix proportions.

2.2. Experimental procedure

This study examined the residual strength and deformation per-
formance of RPC after withstanding high temperatures on 120
@50 mm x 100 mm concrete cylinder specimens. Table 2 lists the
mixture components of various specimens. In this table, differ-
ent groups of specimens vary in steel fiber content by volume of
concrete; in addition, specimen with 1%, 2% and 3% steel fiber are
labeled RPCF1, RPCF2 and RPCF3, respectively. After casting, spec-
imens were covered with a plastic membrane to prevent moisture
evaporation, followed by storage at 25 °C for 48 h. The specimens
were then de-molded and placed in a thermostat-controlled water
tankat 90 °Cfor 7 days of curing; thereafter, they were placed under
high temperatures. Eight temperatures used in this study to exam-
ine the initial and residual mechanical behavior of specimens for
comparison are 200 °C, 300 °C, 400°C, 500°C, 600°C, 700°C, 800°C
and 25 °C (nonheated) as the control group. Each group contained
five specimens that underwent an uniaxial compression test. A K-
type thermometer was buried in each specimen during production
to monitor the specimen’s internal temperature and ensure that it
reaches a specific temperature. RPC has an extremely high density
and holds large amounts of water after undergoing high tempera-
ture water curing. Therefore, to prevent the specimen spalled when
heated (i.e. excessive pore pressure caused by water vapouriza-
tion), the specimens were dried under 110°C for at least 7 days
before undergoing heat treatment to minimize the water contents.
After the specimens reached the target temperature, heating was
stopped and the specimens were left in the furnace to cool down
naturally. Finally, specimens were taken out the following day and
installed with extensometers on both ends for qusi-static mechan-
ical testing.

2.3. Heating regime

The heating equipment used in this study is a high tem-
perature electric furnace with internal space dimensions of
300W x 300H x 300D (mm), maximum temperature of 1204 °Cand
a maximum heating speed of 30°C/min. The ASTM E119 standard
heating curve was adopted for the fire test to simulate actual condi-
tions. However, during heat treatment, all specimens spalled after
heated within a range of 400-500°C (Fig. 1). We speculate that
this phenomenon is attributed to free water inside the specimens
that could not be eliminated during the early pre-heating stage,
coupled with the higher density of RPC than that of conventional
concrete. Next, an attempt was made to clarify the mechanical
properties of RPC after high temperatures from a fire, while pre-
venting specimens spalling due to temperature stress caused by the
high heating speed. The heating speed was decelerated to 2 °C/min,
a constant temperature was maintained for 30 min after every
increase of 200°C to ensure consistent heating conditions, and,
finally, a constant temperature was maintained for 30 min after
the target temperature (200 °C,300°C,400°C,500°C,600°C,700°C
and 800°C) was reached.

Table 2

Concrete mix proportions (kg/m?3).
Specimen no. w/(c+sf) Water Cement Silica fume Quartz powder Quartz sand Superplasticizer Steel fiber
RPCF1 0.19 180 714 216 252 918 36 80
RPCF2 0.19 180 714 216 252 891 36 160
RPCF3 0.19 180 714 216 252 865 36 240
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Fig. 1. RPC specimens spalled during ASTM standard fire test.

2.4. Mechanical testing method

The uniaxial compression test was performed using a 1000 kKN
MTS universal material testing machine, in which the complete
stress—strain curve of RPC after high temperatures was determined
by using displacement control and a loading speed of 0.03 mm/min.
Fig. 2 illustrates the mechanical testing equipment and data pro-
cessing procedures.

As concrete is a brittle material, when loaded to failure strength,
various failure modes often make it difficult to determine axial
deformation. Therefore, by incorporating the method developed
by Mansur et al. (1995), this study compares the effects of
adjustments to the flexibility of the testing equipment and the
end-zone effect with actual deformation, as measured by an
extensometer to obtain the stress—strain curve of specimen after
failure.

3. Results and discussion

Results of a series of tests are discussed below with respect to
appearance and color change, failure mode, and stress-strain curve
characteristics of RPC after high temperatures.
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Fig. 2. Schematic of MTS quasi-static mechanical test system.

3.1. Appearance and color change

The specimens appeared to change in color after a high tem-
perature due to chemical reactions. Cracks also appeared between
the cement paste and steel fibers due to their various thermal
expansion coefficients. Additionally, steel fibers at the surface of
specimen underwent oxidation after exposed to high temperatures,
subsequently producing black carbon particles that were absorbed
by the concrete. Concrete with steel fibers thus had a relatively
darkish color.

Fig. 3 summarizes the results of high temperature tests on
RPC. At 200°C, the appearance and color of RPC specimens were
the same as those at room temperature. At 300 °C, the RPC spec-
imens turned to a grayish yellow color. At 400°C, small cracks
began to appear and the specimens turned to a grayish brown
color. When the temperature reached 500°C, chemical reactions
occurred and the bound water separated, in addition, the num-
ber of cracks increased. At 600 °C, cracks at the specimen surface
expanded and the specimen turned a darkish gray color. When

Concrete color Temperature Characteristic
Buff . = 800°C 800°C Softening
. — | 700C Powdered, light colored, dehydrated
Black - paste deep cracking
Through < -
Gray to Buff . — | s00C Pop?uts over chert or quartz aggregate
—_ particles
. = 500°C — | s00C Surface followed by breaking off of thin
= shells at corner and edges
Pink to Red . < j 400C Spalling and decrepitation
. = 300C | 300C Surface cracking
. < — | 200
- None
Normal . _—
L | 25C

Fig. 3. Appearance characteristics and color change of RPC after a high temperature tests.
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Fig. 4. Stress-strain curves of RPCF1 specimen.
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Fig. 5. Stress-strain curves of RPCF2 specimen.

temperatures reached 700-800°C, the specimen surface became
brittle and contained more pores and large cracks. Notably, speci-
mens with different steel fiber content did not significantly differ in
appearance after withstanding the same high temperature. How-
ever, specimens with a higher steel fiber content were closer to a
darkish brown color after withstanding temperatures of 700 °C and
above.

3.2. Stress-strain relationship

Figs. 4-6 show the stress-strain curves of RPC specimen after
high temperatures, while Table 3 summarizes all high temperature

Table 3
Summarizes mechanical property test results.

250

RPCF3
+—+—+25C

Stress (MPa)

0 0.004 0.008 0.012 0.016 0.02
Strain (mm/mm)

Fig. 6. Stress-strain curves of RPCF3 specimen.

mechanical property test results. Although behaving similar to con-
ventional concrete, RPC specimens with various steel fiber contents
heated to 200-300°C have a somewhat increased compressive
strength. Notably, further heating the specimens diminishes their
compressive strength, increases the peak strain, and significantly
decreases the modulus of elasticity. As the temperature increases,
the difference between initial tangent modulus and secant modulus
at peak stress decreases. For RPCF1 and RPCF2, when temperatures
exceeded 500°C, initial tangent modulus less than secant mod-
ulus and the stress-strain curve concaved upwards for the rise
section before failure. This finding resembles conventional con-
crete, in which a large number of cracks appeared after exposed
to high temperatures. When the load is first added to such speci-
mens, their cracks would initially close up, showing a similar curve
with a rapidly increasing strain and gradually increasing the stiff-
ness (Chang et al., 2006). Owing to its relatively higher steel fiber
content, RPCF3 maintained a relatively higher modulus of elastic-
ity after a high temperature, explaining why the rise section of its
stress—strain curve did not significantly concave upwards.

3.3. Compressive strength

Table 3 and Fig. 7 show the changes in the compressive strength
of RPC specimen after high temperatures. For easier comparison,
the value within brackets in the table is the remaining compres-
sive strength of specimens after a high temperature, divided by
their compressive strength at room temperature. According to this
figure, despite increasing during early periods of heating, the com-
pressive strength of specimens significantly decreased as heating

Compressive strength (MPa)

Elastic modulus (GPa)

Peak strain

RPCF1 RPCF2 RPCF3 RPCF1 RPCF2 RPCF3 RPCF1 RPCF2 RPCF3
25°C 150.4 168.5 156.5 431 456 46.1 0.0039 0.004 0.0039
(1.0 (1.0) (1.0) (1.0) (1.0) (1.0) (1.0) (1.0) (1.0)
200°C 185.9 175.0 167.0 422 436 453 0.0045 0.0043 0.0041
(1.24) (1.04) (1.07) (0.98) (0.96) (0.98) (1.15) (1.08) (1.05)
300°C 183.0 174.7 183.2 32.0 329 30.7 0.0054 0.005 0.0057
(1.22) (1.04) 1.17) (0.74) (0.72) (0.66) (1.38) (1.25) (1.46)
400°C 174.8 137.2 1404 25.1 20.2 18.1 0.0063 0.0069 0.0072
(1.16) (0.81) (0.9) (0.58) (0.44) (0.39) (1.62) (1.73) (1.85)
500°C 107.9 1215 1285 12.8 134 14.9 0.0077 0.0089 0.0079
(0.72) (0.72) (0.82) (0.3) (0.29) (0.32) (1.97) (2.22) (2.03)
600°C 95.4 101.2 95.9 10.7 10.1 9.5 0.0081 0.0091 0.0095
(0.63) (0.6) (0.61) (0.25) (0.22) (0.21) (2.08) (2.28) (2.44)
700°C 87.3 69.3 76.8 76 6.2 6.9 0.0096 0.011 0.011
(0.58) (0.41) (0.49) (0.18) (0.14) (0.15) (2.46) (2.75) (2.82)
800°C 27.7 38.0 36.8 3.6 47 6.2 0.0086 0.0085 0.0093
(0.18) (0.22) (0.23) (0.08) (0.10) (0.14) (2.21) (2.13) (2.38)

2 The values in brackets indicate the relative increase or decrease in residual strength as compared to the control group (25°C).
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Fig. 7. Comparisons of the residual compressive strength of RPC.

proceeded. After RPCF1, RPCF2 and RPCF3 specimens were heated
to 200°C, their compressive strengths increased about 24%, 4%
and 7%, respectively. When heated to 300°C, their compressive
strengths increased about 22%, 4% and 17%, respectively. These
increases are attributed to the fact that high temperatures acceler-
ate the pozzolanicreaction, increase the hydration products, reduce

0.946 +2.855 x 1073T — 8.375 x 107°T2 + 4.648 x 107773,
=< 1.059 +1.053 x 1073T — 4.223 x 107%T2 + 2.066 x 107°T3,
0.984 +9.782 x 1073T — 3.923 x 107572 + 1.919 x 107773,

’

cT _
!
c

the pore size. According to Cheyrezy et al. (1995), the pozzolanic
reaction of RPC specimens that underwent heat curing of 250°C
could reach 100%; the compressive strength increased as well. In
contrast with RPCF1 and RPCF2, RPCF3 had a significantly higher
compressive strength at 300°C than at 200°C. At high temper-
atures, although different heat capacities caused cracks to form
between cement paste and steel fibers, steel fibers prevented cracks
from expanding and helped to strengthen the specimens to a cer-
tain extent. Following heating of RPCF1, RPCF2 and RPCF3 to 500 °C,
their compressive strength decreased about 28%and 18%, respec-
tively. This occurrence is attributed to inconsistent expansion and
shrinkage between the coarse aggregate and cement paste, sub-
sequently incurring more cracks and reducing the compressive
strength. At roughly 600 °C, crystal phase transformation cause vol-
ume expansion of the specimens to lead to dissolution of C-S-H
and C-H, in which specimens decreased an average of 38% in com-
pressive strength. At 700°C, the compressive strength of RPCF1,
RPCF2 and RPCF3 decreased by 42%, 59% and 51%, dropping to half
of its original strength. Thermal expansion caused even more cracks
to appear on the surface of specimens. At 800 °C, the compressive
strength of RPCF1, RPCF2 and RPCF3 dropped about 82%, 78% and
77%, retaining only roughly 20% of its original strength. Notably,
high temperatures (600°C and above) severely damage the con-
crete structure, resulting in a serious loss of compressive strength.

Fig. 8 shows the trend in compressive strength based on
steel fiber content. RPC specimens with 1% steel fiber contents
have a higher compressive strength under temperatures ranging
from 200-400 °C than at room temperature; compressive strength
begins to decline after specimens reach 500°C. Additionally, the
compressive strength of RPC specimens with 2% and 3% steel fiber
content increased significantly when heating from 200°C to 300°C,
but began to reduce after temperatures exceeded 400 °C. We spec-

200
J B==so - 4 300°C
L W<z _
_ | Sl _o--F=JTTTm-e 200°C
g 160 +")\\ T+ 25°C
= - S —mm- m400°C
£ | ee-----T" ® ’
S 0 e 500 °C
2 o-~"
> 1 a---——""" A - 600°C
z -~
Z 80 el - v 700°C
2 A
= 4
g
o 40 ___- P -+ 800°C
oo
0 T T T T T T
1 2 3 4

Volume fraction of steel fiber (%)

Fig. 8. Compressive strength of RPC specimens versus steel fiber content after the
different temperatures.

ulate that this phenomenon is attributed to inconsistent expansion
and shrinkage of cement paste due to relatively higher steel fiber
contents.

For RPC specimens with various steel fiber contents after high
temperatures, the regression expression of the strength test results
is as follows:

Vi =0.01
V;=0.02, 25°C<T <800°C (1)
Vi =0.03

where f{ and f/. represent the compressive strengths of RPC spec-
imens under room temperature and after high temperatures, T
denotes the specimen’s temperature (°C), and Vy refers to steel fiber
content of the specimens. The correlation coefficient R? for differ-
ent Vyvalues of Eq. (1) is 0.93, 0.94 and 0.94, indicating a successful
simulation. Moreover, the fire resistance properties of RPC spec-
imens were compared with those of conventional concrete with
reference to the test results of Chang et al. (2006), as shown in Fig. 7.
According to this figure, in comparison with the residual strength
of conventional concrete, the residual compressive strength reduc-
tion is more slowly in RPC after heating from 200 to 500 °C. But the
reduction on strength after 600 °C of heating has the same trend
with conventional concrete.

3.4. Peak strain

The peak strain of RPC after withstanding high temperatures and
at room temperature is as shown in Fig. 9. According to Table 3 and
Fig. 9, the peak strain of RPCF1, RPCF2 and RPCF3 increased 15%,
8% and 5% following heat treatment to 200 °C and increased about
38%, 25% and 46% after heated to 300 °C. Although nearly the same
for temperatures under 200°C, the peak strains of the specimens
began to increase along with temperatures after 200 °C. After with-
standing heat treatment at 500 °C, the peak strains of RPCF1, RPCF2
and RPCF3 increased 97%, 122% and 103%, respectively, doubling
compared with room temperature. Between 400°C and 500°C,
high temperatures induced more cracking, subsequently diminish-
ing the compressive strength and increasing the number of peak
strains rapidly. At 700°C, the peak strains of RPCF1, RPCF2 and
RPCF3 increased about 146%, 175% and 182%, reaching nearly three
times that of room temperature. In the range of 600-700 °C, cracks
continued to expand, subsequently causing the peak strains to rise
continuously. After withstanding heat at 800 °C, the peak strains of



Y.-S. Tai et al. / Nuclear Engineering and Design 241 (2011) 2416-2424

¢ ¢ ¢ RPCFI
o o o RPCF2
Ao a a RPCF3
*—#%—& Chang (2000)
Equation (2)

Peak strain ratio, E ;/E,

0 200 400 600 800
Temperature (°C)

Fig. 9. Comparisons of the peak strain of RPC.

RPCF1, RPCF2 and RPCF3 increased by 121%, 113% and 138% over
that of room temperature, but was lower than when withstand-
ing heat 700 °C. At 700 °C and beyond, many cracks combined with
each other, causing the peak strains to become gentler and then
gradually subside.

Fig. 10 reveals that steel fiber content did not significantly affect
the peak strains from room temperature to 200 °C. However, when
temperatures exceeded 200 °C, higher steel fiber content generally
indicated a higher peak strain. At 800°C, the overall peak strain
subsided substantially. Following regression analysis, peak strain
of specimens with different steel fiber content is shown as follows:

1.043 — 1.483 x 1073T + 1.142 x 107°T? — 9.544 x 107°T3
EcT

0

where ¢, and .7 refer to peak strains corresponding to the com-
pressive strength of RPC at room temperature and after high
temperatures. For different steel fiber contents, the correlation
coefficient R? in Eq. (2) was 0.92, 0.92 and 0.90, respectively.
Fig. 10 reveals that the analysis model closely corresponded to the
test results. In contrast with the peak strain test for conventional

0.012
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Fig. 10. Peak strain of RPC specimens versus steel fiber content after the different
temperatures.
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Fig. 11. Comparisons of the modulus of elasticity of RPC.

concrete after high temperatures by Chang et al. (2006), the peak
strain of RPC exceeded that of conventional concrete before heat
treatment to 500 °C, but decreased to lower than that of conven-
tional concrete after temperatures exceeded 500°C. This finding
suggests that adding steel fibers in concrete helped to prevent
cracks from appearing and expanding.

3.5. Modulus of elasticity

The modulus of elasticity of RPC after high temperatures was
found using the ASTM C469 standard test method. According to

Vf =0.01
Vp=0.02, 25°C<T <800°C 2)
V; =0.03

Table 3 and Fig. 11, a rising temperature decreases the modulus of
elasticity rapidly; in addition the rate of decrease decelerates after
temperatures exceed 600°C. The modulus of elasticity of RPCF1,
RPCF2 and RPCF3 decreased by 2%, 4% and 2% at 200°C; at 300°C;
it decreased about 26%, 28% and 34%, i.e. an average decrease of
30%. In the range of 200-300°C, high temperatures decrease the
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Fig. 12. Modulus of elasticity of RPC specimens versus steel fiber content after the
different temperatures.
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(d)800°C

Fig. 13. SEM observations on microstructure of RPC after different high temperatures.

compressive strength of the specimens, increases the peak strain
and decreases the modulus of elasticity. At 400°C, the modulus of
elasticity of RPCF1, RPCF2 and RPCF3 decreased to 42%,56% and 61%,
respectively. At 500°C, the modulus of elasticity of all specimens

1.011 +7.21 x 1074T — 6.797 x 107872 + 5.626 x 107273,
=q 1.026 +4.181 x 107*T - 6.564 x 107°T? +5.832 x 107°T3, V; =0.02,
1.043 — 2.258 x 107°T — 5.487 x 10772 + 5.2 x 107273,

Eer _
Ec

decreased about 70% over that of room temperature., The modu-
lus of elasticity of RPC specimens declined at a higher rate between
400 and 500°C owing to the relatively larger decrease in compres-
sive strength and higher deformation. At 600°C, the modulus of
elasticity of RPCF1, RPCF2 and RPCF3 decreased to 75%, 78% and
79%, thus retaining roughly 22% of its original value. At 700°C,
the modulus of elasticity of RPCF1, RPCF2 and RPCF3 decreased
about 82%, 86% and 85%, respectively; only roughly 15% of its
original value remained. Between 600 and 700 °C, modulus of elas-
ticity decreased by over 80% because high temperatures altered
the properties of concrete and softened the steel fibers. At 800°C,
the modulus of elasticity of RPCF1, RPCF2 and RPCF3 decreased
by 92%, 90% and 86%; only roughly 10% of their original value
remained.

Fig. 12 shows the effect of steel fiber content on modulus
of elasticity. In addition to 300°C and 400°C, the modulus of

elasticity of RPC increased along with steel fiber content for all
other temperatures. Following regression analysis, RPC with var-
ious steel fiber contents can be expressed using the following
equation:

V; =0.01
25°C < T < 800°C 3)
V; =0.03

where E.r and E. represent the modulus of elasticity of RPC at room
temperature and after a high temperature. The correlation coef-
ficient R? for different Vy values in Eq. (3) is 0.97, 0.97 and 0.96.
According to Fig. 12, comparing our results with the modulus of
elasticity experiment for conventional concrete after high tempera-
tures by Chang et al.(2006) reveals that RPC after high temperatures
had arelatively higher modulus of elasticity, making it tougher than
conventional concrete.

3.6. Microstructure of RPC

This study analyzes the microstructure of RPC specimen after
different high temperatures based on use of a scanning electron
microscope (SEM), in which its damaged mechanism was observed
while further elucidating the fluctuating patterns of the mechanical
properties from a macro perspective. Fig. 13 is the micrograph of
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RPC specimen at low and high magnification power showing very
dense microstructure. The center portions of the photographed pic-
tures were labeled with A and B for easier observation; the selected
magnification power were 1000x, 3000x and 5000 x.

Fig. 13(a) displays the microstructure of RPC after heat treat-
ment under 200 °C. At this temperature, silica fume can react with
cement hydrates to produce C-S-H; quartz powder serves as a cata-
lyst and accelerates hydration reaction. According to this figure, the
C-S-H structure is complete and closely knit, in which only a small
portion of the silica fume has not hydrated and is scattered as small
grains; the surface is covered by hydration products. At this tem-
perature, hydration products become cemented into a continuous
phase; in addition, the overall structure is more even and closely
knit, subsequently increasing the compressive strength signifi-
cantly. Fig. 13(b) illustrates the microstructure of RPC after heating
under 400 °C. At this temperature, absorbed water and pore water
is gradually lost and C-S-H and calcium silicate hydrates are dehy-
drated. Additionally, an increasing number of pores is observed and
the spiked sphere appearance changes to resemble a coral reef.
Moreover, hydration products are no longer closely knit, and the
originally cemented continuous phase gradually transforms into a
dispersed phase. However, micro structural changes are generally
insignificant, making the reduction in overall mechanical proper-
ties only marginal. Fig. 13(c) illustrates the microstructure of RPC
after withstanding heat treatment under 600 °C, at which temper-
ature, crystal water and cement hydrates begin to dissolve. Cement
hydrates generally begin to dissolve at roughly 550 °C, explaining
why the specimen strength decreases the most in this temperature
range; it is largely attributed to C-H dehydration. Fig. 13(c) reveals
that the RPC microstructure loosens, large amounts of irregular
rose bush-like structures similar to monosulfate aluminate appear,
continuous hydration products decrease in number, the number
of cracks increases, and the overall mechanical properties dimin-
ish significantly. Fig. 13(d) shows the microstructure of RPC after
exposed to heat under 800 °C. The effect of H on the C-H portion
caused the layered plate to have many pores and a rough, grainy
surface; the number of cracks increased as well. Furthermore, some
changes were also observed in the C-S-H. A portion of it was a coral
reef structure while some portions melted into a rough surface,
leaving the specimen with little residual compressive strength.

4. Conclusions

This study presents a series of experiments to investigate the
mechanical properties of RPCs after exposure to high temperatures.
The following conclusions are drawn:

(1) The slope of the rising section of the stress-strain curve
decreases with increasing temperatures. The front section
of RPCF1 and RPCF2 stress-strain curves concaves upwards;
the declining section gradually becomes gentler. Addition-
ally, increasing temperatures significantly decreased the peak
stress, but increased the peak strain.

(2) The compressive strength of RPC gradually increases when
specimens are heated to 200-300 °C, but starts to decrease as
temperatures increase continuously. Specimens with 1% steel
fiber content have a higher compressive strength between
200 and 400°C than at room temperature; their compressive
strength begins to subside when temperatures exceed 500 °C.
Specimens with 2% and 3% steel fiber content significantly
increase in compressive strength from 200 to 300 °C; their com-
pressive strength gradually decreases as temperatures reach
400°C and beyond.

(3) The number of peak strains gradually increases along with
temperatures at 200°C; the number of strains increases the

fastest between 400 and 500 °C then gradually decelerates. The
increase of peak strains along with steel fiber content does
not significantly differ from room temperature to 200 °C. When
temperatures exceed 200 °C, a higher steel fiber content gener-
ally implies a higher peak strain. At 800 °C, the overall number
of peak strains declines substantially.

(4) The modulus of elasticity of RPC rapidly decreases with an
increasing temperature, subsequently decelerating after tem-
peratures exceed 600°C. In addition to 300°C and 400°C, a
higher steel fiber content implies a higher modulus of elasticity
for all other temperatures.
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