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Abstract: The mechanical characteristics of steel fiber-reinforced lightweight concrete (SFLWC) under
high temperatures are studied in this paper. Different concrete matrices, including all-lightweight
concrete (ALWC) and semi-lightweight concrete (SLWC), and different steel fibers with hooked ends
and crimped shapes are considered as objects. In addition, normal-weight limestone aggregates
concrete (NWC), no-fiber ALWC, and SLWC were tested after high-temperature treatment as a
control group. The temperature effects on the splitting tensile strength, ultrasonic pulse velocity,
compressive stress—strain curve, elastic module, peak strain, and axial compressive strength of the
SFLWC were investigated. The results showed that, with increasing exposure temperature, both the
axial compressive strength and the elastic modulus decreased, while the axial peak strain has a
certain increase, and hence the stress—strain curves were gradually flattened. The toughness of
all the concretes increased first and then reduced with increasing temperature, while the specific
toughness of all the concretes increased with the increase in temperature. Compared with NWC and
SLWC, ALWC had a better capacity to resist high temperatures, especially temperatures > 400 °C.
Adding steel fibers can improve the capacity of energy absorption, specific toughness, and residual
splitting tensile strength of lightweight concrete (LWC) before and after it is exposed to high tem-
peratures. Based on a regression analysis, a segmented constitutive equation for LWC and SFLWC
under uniaxial compression was derived from fitting the experimental findings, and the fitting curve
agrees well with the test results.

Keywords: steel fiber-reinforced lightweight concrete; mechanical properties; high temperature;
constitutive model

1. Introduction

Lightweight concretes (LWC) enjoys the advantages of low density, good sonic and
thermal insulation performance, and perfect fire resistance, and have been extensively
used as structural and non-structural building materials [1,2]. LWCs can be classified into
two types: all-lightweight concretes (ALWCs) and semi-lightweight concretes (SLWCs).
For SLWCs, merely coarse lightweight aggregates (LWAs, these can be characterized by
porosity, weakness, and brittleness) are employed, while in ALWCs, fine and coarse LWAs
are both applied to reduce the self-weight of the LWC structure. Therefore, LWCs have a
greater brittleness than normal-weight limestone aggregates concrete (NWC) for similar
mix proportions and compressive strength classes [3]. It has been proved that the steel
fibers can be added to LWCs to reduce the brittleness of LWC [4,5]. With regard to the
influence of steel fibers on the compressive strength of concrete, Dvorkin et al. [6] reported
that adding steel fiber with a volume content of 1-1.5% can increase the compressive
strength of concrete by 10-25%. Gao et al. [7] showed that adding steel fiber to LWCs
increased the compressive strength by 20%. The experimental study by Nicolas et al. [8]
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showed that the incorporation of steel fiber increased the compressive strength of the LWC
by 60%. However, some studies showed that steel fiber had no significant influence on
the compressive strength of LWC [9,10]. Balendran et al. [11] studied the influence of
steel fiber with a volume content of 1% on the compressive strength of NWC and high-
strength LWC, and the test results showed that steel fiber has little influence on the concrete
compressive strength. The negative impact of steel fiber on the compressive strength of
LWC has been reported in some references [5,12]. Therefore, it is necessary to enrich the
test database with more test results about the influence of steel fiber on the compressive
strength of concrete so as to understand the compressive behavior of steel fiber-reinforced
lightweight concrete (SFLWC) better. On the other hand, researchers agreed that the
incorporation of steel fiber significantly improved the tensile strength, flexural strength,
and flexural toughness of LWC [6,7]. According to the existing literature, steel fiber can
significantly improve the energy absorption capacity (toughness) of LWC under axial
compression [8,13], which is due to the bridging mechanism of steel fiber between cracks
in LWC. Studies on the influence of the steel fiber content on the performance of LWC
have been quite sufficient. It is worth noting that the addition of steel fiber will reduce the
workability of fresh concrete [14], and the slump of fresh LWC will significantly decrease
with the increase in the steel fiber volume [15,16]. When the volume admixture is 1.25%,
the slump of steel fiber-reinforced high strength self-compacted LWC is lower than the
minimum requirement of 600 mm, as reported by Iqgbal et al. [17]. For SFLWC with a high
content of steel fiber, Li et al. [18] pointed out that when the content of steel fiber was more
than 2%, the compactness of SFLWC would be affected. Therefore, a high content of steel
fiber will have a negative impact on the workability of fresh SFLWC and the compactness of
hardened SFLWC. The high content of steel fiber also increases the unit weight of concrete,
which goes against the intention of using light aggregate to reduce the dead load of the
structure. On the contrary, steel fibers with too low a dosage may not be useful.

Pajak et al. [19] studied the self-compacting concrete with different types of steel
fibers, and the result showed that the improvement of the concrete flexural behavior
(toughness and flexural strength) by hooked end steel fiber (HF) was better than that
of straight steel fiber. Specimens with HF had a deflection hardening response after the
peak point, while the load-deflection curves of specimens with straight fibers were close
to those of a plain concrete specimen. Biao et al. [20] studied the influence of different
steel fiber types on the flexural behavior of NWC, and the test results showed that HF
performed better than crimped shape steel fiber and straight steel fiber. On the other hand,
according to Ren et al. [21], the improvement of straight steel fiber on the tensile behavior
of ultra-high performance concrete was greater than that of HF, and the improvement of
micro straight steel fiber was also greater than that of HE. The above researches indicate
that the influence of different types of steel fibers on the mechanical properties of concrete
is related to the type of concrete matrix used.

It is well known that the mechanical and physical properties of concrete will degrade to
some extent under fire or high temperatures. In extreme cases, post-fire concrete structures
without maintenance and retrofitting are no longer suitable to bear any service loading.
Existing references show that the type, porosity, and mineral composition of LWA have
essential influences on the residual properties of LWC after exposure to high temperatures,
and the mineral composition of LWA determines the difference in thermal expansion
between cement mortar and aggregate and the development of cracks in the interfacial
transition zone [22-26]. As for the influence of steel fiber on concrete after exposure to high
temperatures, Khaliq et al. [27] studied the influence of temperature on the mechanical
properties of plain NWC and fiber-reinforced NWC. The results showed that the presence of
steel fiber improved the residual splitting tensile strength and the elastic modulus of NWC
after exposure to high temperatures. According to Zheng et al. [28], the addition of steel
fiber significantly improved the residual compressive strength and tensile strength of RPC
after exposure to high temperatures. However, there is a lack of research on the residual
mechanical performance of LWC and SFLWC exposed to fire and the performance of LWC
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containing various steel fiber types under fire. The current work aims to evaluate the
effect of steel fiber on the residual mechanical behavior of LWC subjected to fire. Two steel
fiber types were applied in this work, including crimped shape steel fiber (CF) and HE.
An ALWC matrix with industrial sintered expanded shales as fine and coarse aggregates
and a SLWC matrix with sintered fly ash round particles as coarse aggregates were prepared
and compared with the NWC. The elastic modulus (stiffness), splitting tensile strength,
post-fire compressive strength, compressive toughness, and compressive stress—strain
relationship as well as the ultrasonic pulse velocity (UPV) of different mixes were evaluated.
Based on the test data, the residual mechanical properties of plain LWC (including ALWC
and SLWC) and SFLWC at different temperature levels were expressed as functions of
temperature. These series of prediction equations will promote the usage of steel fiber and
LWC in fire-resistant applications in the construction industry.

2. Experimental Study
2.1. Raw Materials

Portland cement (P.O. 42.5), according to the Chinese standard (GB175-99) [29],
was used for all mixtures. Commercial fly ash and silica fume were applied as an ad-
mixture for the LWC and SFLWC. The main physical properties and chemical compositions
are presented in Table 1. Crushed limestone (4-20 mm diameter) was used as coarse
aggregates of NWC. Crushed shale ceramsite and continuous graded shale ceramsite sand
were employed as ALWC coarse and fine aggregates, respectively. Spherical sintered fly
ash ceramsite was employed as a SLWC coarse aggregate.

Table 1. Properties of the pozzolanic materials.

Chemical Composition (%) Blaine Fineness Density LOI

Sample : (cm?/g) (gfem® (%)
SiO, Al,O3 CaO Fe,O3 MgO cmt/g g/cm °

Cement 21.66 5.42 63.15 2.62 2.89 3110 3.14 1.63

Fly ash 49.10 36.70 4.96 3.67 0.37 3871 2.21 2.08

Silica fume 95.28 0.28 0.35 0.14 0.13 200,000 2.20 1.40

Continuous graded natural river sand was applied as NWC and SLWC fine aggregate.
The properties of the aggregates used for the LWCs are presented in Table 2. Two different
steel fiber types were used—i.e., hooked end and crimped shape steel fibers. The character-
istics of the steel fibers are presented in Table 3. The LWAs and the steel fibers used in the
LWC and SFLWC are shown in Figure 1.

Table 2. Properties of the aggregates used for lightweight concretes (LWCs).

. . . Apparent Water Absorption in
Aggregate Fineness Modulus Particle Size/(mm) Density/(Kg/m®) 24 h/(%)
Crushed shale ceramsite - 5-20 1390 7.4
Shale ceramsite sand 3.2 <5 1460 20.8
Sintered ﬂy ash ) 416 1420 13
ceramsite
River sand 2.7 <5 2670 1.2
Table 3. Characteristics of the steel fibers.
Equivalent . Tensile . 3
Shape Length/(mm) Diameter/(mm) Aspect Ratio Strength/(MPa) Density/(kg/m?)
Hooked end 35 0.50 70 1200 7800
Crimped 30 0.55 56 800 7800
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Figure 1. Lightweight aggregates (LWAs) and steel fibers used in the experiment: (a) shale ceramsite sand; (b) crushed shale
ceramsite; (c) sintered fly ash ceramsite; (d) crimped shape steel fiber; (e) hooked end steel fiber.

2.2. Mix Proportioning and Preparation of Test Specimens

Considering the high porosity of LWAs, a large amount of water will be absorbed in the
mixing process. Therefore, the crushed shale ceramsite, sintered fly ash ceramsite, and shale
ceramsite sand were presoaked for 1 h to achieve a saturated dry surface state for all the
LWAs. The total amount of water absorbed by LWAs was calculated, and the effective water
binder ratios of SLWC and ALWC were kept at 0.36 and 0.28, respectively. The mixture
proportions are listed in Table 4. On this basis, the remaining mixing water, silica fume,
fly ash, and cement were mixed for 2 min. Then, the steel fiber was gradually dispersed
in the mixture, and the volume fractions of each steel fiber of the concrete mixes in this
research were set as 1%. Finally, according to ASTM C143 [30], a superplasticizer (water-
reducing admixture) was used for the LWC and SFLWC mixes to achieve workability with
slump values of 5-12 cm. After the final mixing for another 5 min to achieve uniformity,
steel molds were filled with fresh concrete and vibrated for 60 s. Two kinds of samples were
prepared: 100 x 100 x 300 mm prism specimens were employed for axial compressive
strength tests and stress—strain curves and 100 x 100 x 100 mm cubic specimens were
employed for the UPV and splitting tensile tests. A total of fifteen prisms and fifteen
cubes were cast for each mixture proportion, in which three prisms and three cubes were
prepared at each temperature. After curing for 24 h, concrete specimens were demolded
and stored in the standard curing room for another 28 days at a temperature of 20 + 2 °C
and a relative humidity of 95%.

Table 4. Mixing proportions of the different mixtures (kg/m?3).

- F1 Coarse Fine Super Steel
Concrete Type Water Cement Silica Fume Asi"l Aggregate Aggregate Plastipcizer Fiber
NWC 187 390 - - 1154 663 - -
ALWC 154 450 20 80 489 476 8.0 -
CF-AL 154 450 20 80 489 476 8.4 78
HF-AL 154 450 20 80 489 476 8.7 78
SLWC 167 390 14 60 439 821 5.4 -
CF-SL 167 390 14 60 439 821 5.8 78
HF-SL 167 390 14 60 439 821 6.1 78
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2.3. Heat Treatment

The test specimens were heated to 200, 400, 600, and 800 °C in an industrial electrical
heating furnace type RX-3-45-9. The chamber size of the furnace was 1200 x 600 x 400 mm
with a rated power 45kW, rated voltage 380 V, and maximum operating temperature
1000 °C. The heating device is shown in Figure 2a. The heating rate of the furnace was
6 °C/min. Starting from 200 °C, the test samples were heated step by step. The temperature
was kept constant for 5 min for each 50 °C. When the target temperature was reached,
the temperature was kept constant for 1 h to ensure that both the inside and outside of
the samples reached the same target temperature. Then, the furnace was shut down to
allow the test samples to cool down naturally to room temperature. After cooling, all the
test samples were stored in the laboratory for an additional 7 days before the mechanical
properties tests. According to the temperature acquisition system of the resistance furnace,
the heating curves of the samples are presented in Figure 2b.
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Figure 2. Heat treatment: (a) samples in the furnace; (b) heating curves of the samples.

2.4. Physical and Mechanical Test

Before the high-temperature test, all the samples were put into the drying oven and
dried at 105 °C to reach a constant weight. This serves two purposes: (1) to measure the
dry density of all mixtures according to TS EN 12390 [31] and (2) to fully eliminate the
influence of free water in the samples during the high-temperature heating process.

Before the mechanical test, the nondestructive test was first conducted on cubic
specimens at the ages mentioned above to determine the UPV according to ASTM C597 [32].
After being exposed to each temperature level, the residual UPVs of different mixtures were
also measured. Mechanical performance was investigated through splitting tension tests
and axial compression tests using the electro-hydraulic servo universal testing machine.
A loading rate of 0.8 KN /s was adopted during the splitting tension tests based on the
Chinese standard GB/T 50081-2002 [33]. In an axial compression test, two sets of high-
precision LVDTs were arranged to record the longitudinal and transverse deformation.
Besides this, four concrete strain gauges were glued on the surface of the middle part of the
specimen and the longitudinal and transverse strain at the stress—strain curve’s ascending
section was recorded. The loading process was displacement-controlled. A loading rate of
0.2 mm/min was adopted until the peak load, and the post-peak loading rate was adjusted
to 0.08 mm/min until the specimen was destroyed. The above experimental setups are
exhibited in Figure 3. The basic physical and mechanical properties of all the concretes
(28 d) are listed in Table 5.
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Figure 3. Physical and mechanical tests: (a) Ultrasonic pulse velocity (UPV) test; (b) splitting tension test; (c) axial compression test.

Table 5. Physical and mechanical characteristics of various mixtures at 28 days.

Concrete Type D?:seiltly]/)(lljge/‘:n3) f./MPa fo/MPa UPV/(m/s)  E./GPa

NWC 2361 39.36 3.72 4496 28.19
ALWC 1752 48.73 3.33 4016 18.28
CEF-AL 1859 49.71 4.17 4090 17.51
HF-AL 1862 51.38 4.73 4098 18.68
SLWC 1888 43.24 3.83 4253 20.25
CF-SL 2007 45.87 411 4268 20.27
HF-SL 1954 48.58 4.96 4270 20.43

3. Test Results and Discussions
3.1. Visual and Ultrasonic Inspection of Heated Specimens

The color changes of all kinds of concrete were basically the same after experienc-
ing different heating history: the concrete color was light grey at ambient temperature,
while the surface concrete color became dark grey at 200 °C, pink grey or yellow grey at
400 °C, brownish grey at 600 °C and whitish-grey at 800 °C, as presented in Figure 4a.
At 200 and 400 °C, there are no significant cracks on the surfaces. However, at 600 °C
and 800 °C, there were many irregular cracks on the surface of plain concrete specimens,
especially for NWC and SLWC specimens. This may be explained by the different thermal
expansion of cement mortar and coarse aggregate. There were a steep temperature gradient
and a high internal steam pressure in the specimen at high temperatures. It should be
noted that the specimen color does not change significantly, but the number and width
of the crack obviously decrease when steel fibers were added. For steel fiber-reinforced
ALWC and SLWC specimens, tiny cracks could be observed with naked eyes only after
800 °C. The comparative investigation of the addition of steel fiber is presented in Figure
4b,c. These improvements were due to the fact that steel fibers bridging among cracks can
inhibit the developments of cracks [28,34]. Furthermore, the thermal conductivity of steel
fiber was higher than plain concrete, making heat transfer more uniform. This helped to
reduce the water vapor pressure [35] and the propagation of cracks in the concrete.

Figure 5 presents the relative and absolute values of the residual UPVs of the studied
concrete at different elevated temperatures. All the absolute values presented in this study
are the average values of the three specimens in each series. The relative value was defined
as the ratio between the absolute values obtained after being exposed to high temperatures
and room temperature. The same definition of absolute value and relative value are
adopted in the following figures. The coefficient of variation of the UPV tests were between
0.2% and 4.2%. It can be observed from Figure 5a that no obvious changes can be observed
for ultrasonic pulse velocity when 1% hooked end or crimped steel fiber dosage is added
into the concrete. Figure 5b presents the relative residual UPVs of the studied concrete after
different elevated temperatures. For all the concrete specimens, the UPV results showed a
sudden drop in velocity at 400 °C, which means that the matrix of the concrete experiences
considerable damage after exposure to 400 °C. For the NWC and SLWC specimens, the rate
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of reduction in UPV values at 400-800 °C was much higher than that at 200 °C. Furthermore,
ALWC and steel fiber-reinforced ALWC exhibited the best performance of all the studied
concretes. This may be attributed to the similar mineral composition of coarse LWAs and
the mortar phase of ALWC, which further led to a more uniform heat transfer and less
thermal expansion difference at the aggregate—-mortar interface.

Figure 4. Visual inspection of specimens after exposure to high temperatures: (a) the color change
of concrete surface after exposure to high temperatures; (b) surface cracks of the non-fiber concrete
specimen after exposure to 800 °C; (c) surface cracks of the added-fiber concrete specimen after
exposure to 800 °C.

5000
4000 E

3000

—a—NWC
—0—ALWC

2000

Ultrasonic pulse velocity (m/s)
Relative ultrasonic pulse velocity

1000 |

0 L L L 0 L L L f
25 200 400 600 800 25 200 400 600 800

Temperatures (°C) Temperatures (°C)
(a) (b)

Figure 5. Ultrasonic pulse velocities of the studied concrete after the fire: (a) absolute UPV;
(b) relative UPV.
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3.2. Splitting Tensile and Axial Compressive Strength

The relative and absolute values of residual axial compressive strength for all the
concrete compositions under elevated temperature were plotted in Figure 6. The coefficient
of variation of the compression tests were between 0.3% and 12.3%. As shown in Figure 6a,
the axial compressive strengths of steel fiber-reinforced LWCs were relatively higher
than those of LWC without steel fibers at room temperature. As expected, the decrease
in the residual axial compressive strength of all the concrete mixtures was relatively
small at 200 and 400 °C, while the strength reduction at temperatures of 600-800 °C was
much stronger, as shown in Figure 6b. The strength reduction in the SLWC specimen is
similar to that of the NWC test samples under 600 or 800 °C, while the relative residual
compressive strength of ALWC was obviously greater than that of SLWC and NWC at about
600-800 °C. This may be because the thermal expansion coefficient of limestone aggregate
was greater than LWAs, and limestone dissociates in the temperature range of 600-800 °C
due to CaCO3 de-carbonation [36]. Much greater strength loss were observed for SLWC
than ALWC. This may be because the bond between the sintered fly ash lightweight
aggregates (spherical particle) used in SLWC and the mortar was weakened mainly at
high temperatures. The average percentage loss in compressive strength of steel fiber-
reinforced ALWC and SLWC were lower than those of LWC without steel fibers after
heating at different temperatures. The above research findings agreed with Xie et al. [37],
which suggested that steel fiber enhances the compressive and residual strengths at room
temperature and elevated temperature, respectively. However, the influence of steel
fibers on the relative residual compressive strength of LWC was not as significant as the

aggregate types.

60 12
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Figure 6. Temperature effect on compressive strength: (a) absolute compressive strength; (b) relative
compressive strength.

The absolute and relative values of the residual splitting tensile strength of all concrete
compositions at elevated temperatures are plotted in Figure 7. The coefficient of variation
of the splitting tension tests was between 0.7% and 9.1%. Figure 7a shows that the tensile
strengths of steel fiber-reinforced LWC are significantly higher than those of LWC without
steel fibers at room temperature, which proves the effectiveness of steel fiber in bridging
cracks under splitting tensile loading. The enhancement of tensile strengths was more
effective for HF types. From Figure 7b, the variation of the residual splitting tensile strength
of no fiber concrete specimens was similar to that of the compressive strength. Moreover,
it should be mentioned that the tensile strength decay pattern of three concrete batches
without steel fiber was almost linear during the temperature range from 200 to 800 °C. It is
exciting to find that the splitting tensile strength of LWC with HF suffers less loss than
that of LWC with CF in the range of 600-800 °C. It is believed that the bonding strength
between LWC matrix and CF reduces sharply at 600 °C, while the reinforcing action of HF
drops sharply until 800 °C.
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Figure 7. Temperature effect on splitting tensile strength: (a) absolute splitting tensile strength;
(b) relative splitting tensile strength.

3.3. Failure Modes after Axial Compression and Compressive Stress—Strain Curves

The failure modes of different concrete mixes after axial compression tests are studied
and shown in Figure 8. The transverse deformation of ALWC was larger than that of SLWC
and NWC during compression at room temperature. Both the steel fiber types employed
in this work significantly helped to improve the toughness of LWC, and more fine cracks
appeared on the surface of LWC specimens reinforced with steel fiber during compression.
Under similar heat treatments, failure modes and processes of plain LWC specimens
with no steel fibers (specimens ALWC and SLWC) were characterized by inclined and
tortuous failure planes, while adding steel fiber prevented the overall disintegration of
concrete prisms when treated at high temperatures. On the failure surface of heated
samples, lightweight aggregates were crushed and many CFs were pulled out. For samples
exposed to 600 and 800 °C, HF-reinforced samples had more multiple thinner cracks
after compression than CF reinforced samples. Such a phenomenon was attributed to the
higher bonding capacity between HF and concrete matrix, which is in accordance with
the conclusions that HFs can more effectively reduce the degradation of strength and
toughness of concrete under elevated temperatures.

SL,6005C CFAE25°C  CFALL600°C

HEAL 25°C HFAL,600°C (‘FSI.‘25°’(‘ CFSL,600°C

(d) (e) )

Figure 8. Failure mode of mixes after compression: (a) All-lightweight concrete (ALWC); (b) Semi-
lightweight concrete (SLWC); (c) All-lightweight concrete with crimped shape steel fiber (CFAL);
(d) All-lightweight concrete with Hooked end steel fiber (HFAL); (e) Semi-lightweight concrete with
crimped shape steel fiber (CFSL); (f) Semi-lightweight concrete with hooked end steel fiber (HFSL).
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Figure 9 presents the typical compressive stress—strain curves for different concrete
mixtures under different high temperatures. Each set of curves included the axial stress-
axial strain and corresponding axial stress—transverse strain curves. Figure 9 shows that the
axial peak strain and transverse deformation of LWC are significantly higher than those of
NWC at room temperature. Han et al. [38] found that higher volume contents of lightweight
aggregate in LWC resulted in longer linear ascending branches of the stress—axial strain
curve and a steeper descending section, which means that the brittleness would increase
with a decreasing concrete mixture density. Test results prove that LWC was more brittle
than NWC of the same strength grade. Compared with SWLC, the stress—strain curve
of ALWC was smoother in the ascending section, while it was steeper in the descending
section, with relatively larger axial and transverse peak strain. This denoted that ALWC
was more brittle than SLWC. The shapes of stress—strain diagrams up to 200 °C were similar
to those obtained at room temperature. From 400 to 800 °C, the peak strain increased with
increasing temperature, but the peak stress showed a decreasing trend, with a gradually
decreasing slope. As a result, the stress—strain curves of all concrete gradually leveled off.
Above 400 °C, the loss of strength and stiffness for NWC samples became much greater
than those of SLWC and ALWC, and the area under the descending part of the stress—strain
curves also decreased more sharply than that of SLWC and ALWC. By adding steel fiber,
the peak stress and strain of the ascending curve increased slightly, and the area under
the stress—strain curves also increased in the 25-800 °C temperature range. The above
results showed that both steel fiber types could enhance the compressive energy absorption
capacity of the LWC before and after being exposed to high temperatures. Obviously,
the HFs could improve the energy absorption capacity of LWC more effectively.
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Figure 9. Stress—axial strain curves of all mixes exposed to elevated temperatures: (a) 25 °C; (b) 200 °C;
(c) 400 °C; (d) 600 °C; (e) 800 °C.
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3.4. Elastic Modulus and Compressive Peak Strains

The absolute and relative values of residual elastic modulus of all mixtures under
elevated temperatures are plotted in Figure 10. According to [39,40], the elasticity modulus
of each mixture is determined to be the secant modulus at one third of peak stress on the
rising section of the corresponding uniaxial compressive stress—strain curve. The coefficient
of variation of the elastic modulus tests was between 5.1% and 22.3%. However, the coeffi-
cient of variation of the tests were mostly less than 15%. From Figure 10a, before 400 °C,
the elastic modulus of LWC was obviously smaller than that of NWC, and the elastic
modulus of ALWC was smaller than that of SLWC. Additionally, the influence of steel
fiber on the LWC elastic modulus was relatively small. It assumed that under only 1/3
of the peak load the micro-cracks were not well-developed, and the steel fiber stress was
relatively small. Therefore, the characteristics of high elastic modulus and high tensile
strength of steel fiber had not been fully developed.

30 T T 1.2

| —a—NWC i —=—NWC
: o— ALWC ! —O0— ALWC

- i ——CFAL i —¢CFAL
B ; —¥—HFAL 1or : —K—HFAL

—$—sLwe e
CFSL -V IiI‘lSL
—w—HFSL

Elastic modulus (GPa)
vy

Relative elastic modulus
o
4
T

I
4

0 1 I I 0 1 I
25 200 400 600 800 25 200 400 600 800

Temperatures (°C) Temperatures (°C)

(a) (b)

Figure 10. Temperature effect on the elastic modulus: (a) absolute elastic modulus; (b) relative
elastic modulus.

Figure 10b shows that: (1) with increasing temperature, the decrease in the elastic
modulus of all mixtures was higher than that of compressive strength. This was because
cracks propagate on the interface between cement mortar and coarse aggregate, resulting in
loose internal structure, large deformation at high temperature, and a sharp decrease in
stiffness at 400, 600 and 800 °C; (2) in the temperature range 200-800 °C, the stiffness
loss of NWC was greater than that of LWC, including ALWC and SLWC. In the range of
400-800 °C, the stiffness loss of SLWC is greater than that of ALWC. The above phenomena
can be explained by the bond between the aggregate and the mortar, the mineral composi-
tion of coarse aggregate, and cement mortar composition of different concrete mixtures.
LWAs were prepared by high-temperature calcination and due to the hard enamel “shell”
and high internal porosity of the particles, the thermal conductivity and thermal expansion
coefficient were low. Therefore, these results led to better fire resistance, and less post-fire
stiffness loss than that of NWC [28]. As for the ALWC, due to the same mineral composition
of coarse and fine aggregate, the thermal compatibility of the coarse aggregate phase and
cement mortar phase was better than that of NWC and SLWC. In addition, compared to
the crushed shale ceramist’s irregular appearance, the sintered fly ash ceramsite used in
SLWC was spherical, which led to the weaker adhesion between coarse aggregate and
cement mortar in SLWC. For the above reasons, the stiffness loss of ALWC after the high
temperature was less than that of NWC and SLWC.

The absolute and relative values of compressive peak strains of all mixtures under ele-
vated temperatures are plotted in Figure 11. The coefficient of variation of the compressive
peak strain tests were between 1.5% and 8.0%. In Figure 11a, the average peak strain of
the ALWC measured at room temperature was 2720 pe. Compared to that without fibers,
when adding CF the corresponding strain of peak stress increased by 12.5%, and when
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adding HF the corresponding strain of peak stress increased by 14.7%. The average peak
strain of SLWC was 2140 pe. Compared to that without fibers, the corresponding strain of
peak stress increased by 28.5% with CF, while the corresponding strain of the peak stress
increased by 32.7% with HE. For the same LWC matrix, HF had a significant influence on
the peak compressive strain. In Figure 11b, the peak strain of the concretes with or without
fibers increases gradually with the rise in temperature. Adding steel fiber did not influence
the peak strain trend with temperature. The peak strain increment of all mixes was small
at 200 °C, but it increased significantly at 400, 600, and 800 °C. The increase in peak strain
was due to the inconsistency of thermal expansion between the aggregate and the cement
mortar at high temperatures. Due to the lower thermal conductivity and thermal expansion
coefficient of LWAs in LWC, the increasing amplitude of the peak compressive strain of
ALWC and SLWC with the elevated temperature was smaller than that of NWC.

12 5
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—0—ALWC

—0—ALWC
| —¢— CFAL
—¥—HFAL
—e—SLWC

>
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Compressive peak strains (10‘3)
N
T
w
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25 200 400 600 800 25 200 400 600 800
Temperatures (°C) Temperatures (°C)
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Figure 11. Temperature effect on compressive peak strains: (a) absolute compressive peak strains;
(b) relative compressive peak strains.

3.5. Energy Absorption Capacity (Toughness)

In the current work, the stress—strain curves for concrete were recorded until the
load was decreased to one third of the peak load (i.e., 0.33f of the descending branch,
known as “0.33f o point”), and the concrete energy absorption capacity (toughness) under
uniaxial compression was determined based on the area under stress—strain curve before
the 0.33f point. Figure 12 shows the toughness test results under different temperatures.
The coefficient of variation of the tests was generally less than 15%. and for some cases the
coefficient was slightly higher than 15%. However, for all cases the coefficient of variation
was less than 20.6%. Figure 12 demonstrating the energy absorption capacity of NWC was
higher than LWC at room temperature. After adding steel fiber, the energy absorption
capacity of the LWC is enhanced, and the toughness improvement of LWC by adding HF
was the most significant. With the temperature increase, the energy absorption capacity
of all the concrete increased first and then decreased. All the concrete samples reached
the correspondingly most massive energy absorption capacity at a temperature of 400 °C,
except for HFAL. By comparing the data given in Figure 12, it can also be found that,
after exposure temperature at 800 °C, the energy absorption capacity of the SLWC and
NWC, respectively, decreased to 45.5% and 67.7% compared to that at room temperature.
In contrast, the energy absorption capacity of ALWC was 40% higher than that at room
temperature. The corresponding percentages for the SLWC reinforced by CF and HF
were 71.4% and 83.3%, respectively, while those for the ALWC reinforced by CF and HF
were 135.7% and 126.3%, respectively. The above phenomenon shows that the concrete
residual energy absorption capacity under high temperatures was primarily related to the
aggregate type.

Specific toughness is defined as the ratio of toughness to the compressive strength of
the same specimen. Comparing the data given in Figure 13, the coefficient of variation of
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the tests was between 0.8% and 20.7%. However, the coefficient of variation of the tests was
mostly less than 15%. It can be found that the presence of steel fibers increased the specific
toughness in the range of 25 to 800 °C. Furthermore, the specific toughness was enhanced
as the temperature increased. It must be noted that the increase in the specific toughness of
LWCs was greater than that of NWC. For example, the specific toughness of ALWC was
3.17 and 3.96 times at 600 and 800 °C of that at room temperature, SLWC was 3.08 and
3.34 times, and NWC was 2.42 and 3.06 times, respectively. This was mainly because the
concrete strength degradation rate was greater than the toughness degradation rate in the
evaluated temperature range.

0.4

—a—NWC
—o0—ALWC

Toughness(MPa)

25 200 400 600 800

Temperatures (°C)

Figure 12. Effect of temperatures on the toughness of different concretes.
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Figure 13. Effect of temperature on the specific toughness of different concretes.

4. Numerical Models
4.1. High-Temperature Property Relationships

Based on the test data of the NWC, LWC, and SFLWC residual mechanical properties
in the temperature range of 25-800 °C, the empirical relationships between the mechanical
characteristics, including the elasticity modulus, tensile strength, compressive strength,
peak strain, and exposed temperature grade, are established. The coefficient j is defined as
the ratio of the residual mechanical property index after being exposed to high temperatures
to the mechanical property index at room temperature.

- fc,T ,B . fsp,T

— P =
feos’ fsp2s
P

The expressions of the compressive strength reduction factor (8.), splitting tensile
strength reduction factor (B;), elastic modulus reduction factor (j.), and peak compressive
strain amplification factor (B,) of the NWC, LWC, and SFLWC are derived and given in
Table 6. It is noted that when similar 8 values are inferred from different concrete types,
the unified expressions are given.

EC,T Ep,T
Pe= Ec,25'ﬁp Cgpos

Be M
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Table 6. High-temperature property relationships of different mixes.

Property Relation Concrete Type
NWC
10 25°C SL
ﬁc - T o o CFSL
—0.959(m) ~0293( g ) +1.020  200°C < T < 800°C HESL
(R = 0.96)
Compressive strength AL
1.0 25°C CFAL
Be = T HFAL
—1.248( 55 ) +0219 +0997  200°C < T < 800°C
(i °> (1) (R? = 0.98)
NWC
10 25°C AL
:Bf = T o o SL
—0.113(&5)” = 1.007 +1.042  200°C < T < 800°C
(1000) (1000) (R? = 0.99)
o _ 10 25°C g;‘g]]:
Splitting tensile strength ~ p: = { 1. oos(io) —0.156 (g ) + 1018 200°C < T < 800°C (R? = 0.96)
10 25°C HFAL
b= . HFSL
~1. 318<W) +0.252( 1 ) + 0980 200°C < T < 800°C (R = 0.99)
1.0 25°C NWC
Pe = { 1.075(%)2 ~2.177( 1y ) +1.069  200°C < T < 800 °C (R* =0.99)
AL
1.0 25°C CFAL
i = 2
Elastic modulus Pe { 0.021 (1 )" = 1179 (g ) + 1055 200°C < T < 800°C HFAL
(R2 = 0.98)
SL
1.0 25°C CFSL
Be = T \? T HFSL
0353 (15 ) —1.566( 1y ) +1.071  200°C < T < 800 °C
(1000) ( 1000 ) (R% = 0.98)
1.0 25°C NWC
Pr=1 4 694(%) +0332(1dhy ) +0946  200°C < T < 800°C (R?=0.99)
AL
Compressive peak strains SL
10 25°C CFAL
By = CFSL
P 2 873(%) +0491( g ) +0971 200°C < T < 800°C HFAL
HFSL

(R% =0.98)
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Figure 14. Evolution of the residual mechanical characteristics under high temperatures: (a) com-
pressive strength; (b) splitting tensile strength; (c) elastic modulus; (d) compressive peak strains.

Figure 14b also presents the relative residual splitting tensile strength curves of
high-strength concrete (HSC), steel fiber-reinforced reactive powder concrete (RPC) [28],
MLWC [40], plain and steel fiber-reinforced self-consolidating concretes (SCC and SCC-S),
the NWC, and the normalized residual splitting tensile strength given in Euro code 2
(2003) [41]. As presented in Figure 14b, the relative values of splitting tensile strength of
concretes without steel fiber (including NWC, SLWC, and ALWC), at each corresponding
temperature were close to those of NWC [39], RPC with straight steel fiber [28], and plain
SCC [27]. The normalized residual splitting tensile strength after the high temperature
was related to the type of steel fiber, and the hook ended steel fiber was more effective
in enhancing the relative residual splitting tensile strength of LWC exposed to high tem-
perature. Figure 14c shows the test results of relative residual elastic moduli of NWC,
steel fiber-reinforced RPC, SCC, and SCC-S. It is observed that the residual elastic modulus
change rule was mainly related to the aggregate type. Adding steel fiber had no obvious
influence on the relative residual elastic modulus. Figure 14d presents the relative residual
compressive peak strain curves of the NWC, steel fiber-reinforced RPC [42], and the nor-
malized residual compressive peak strains of NWC and LWC given in EN code (2003) [41].
Figure 14d shows that the normalized residual peak compressive strain of NWC exposed
to high temperature in this study is basically the same as that of NWC in the literature [39].

4.2. Equation of the Compressive Stress—Strain Curve

At present, there are many mathematical models used to describe the whole stress—
strain curves of fiber-reinforced concrete and LWC at room temperature; however, there are
few mathematical models to describe the uniaxial constitutive relationships of SFLWC at
room temperature. There is no compressive constitutive model of LWC and SFLWC under
high temperatures. The stress—strain curves of different concretes before and after high
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temperatures are different; hence, different mathematical models are needed to simulate
the constitutive behavior of different concretes. Equation (2) is used to simulate the stress—
strain curve model of NWC after being exposed to high temperatures.

g e 0<x <1 )
fc,T p x>1

Compared with that of NWC, the rise section of ALWC and SLWC was composed
of longer linear sections, and the descending section was steeper. Adding steel fiber,
there was no change in the ascending part of the stress—strain curve; however, the slope
at the descending part became slower. With the increase in the exposed temperature,
the stress—strain curve of plain LWC and SFLWC becomes flatter, and its highest point
moves down and right obviously, which was similar to NWC. The suggested equation for
plain LWC and SFLWC after the elevated temperature is given as Equation (3).

- x
(x—1)24x"

ax + (5 — 4a)x* + (3a — 4)x°, 0<x<1;
W, x > 1; for plain LWC ;25°C < T < 600 °C
x x> 1; for plain LWC;600 °C < T < 800 °C ’ ®)

x >1; for SFLWC;25°C < T <800 °C

where x = ¢/ €T, and ¢ and ¢ are the compressive strain and stress of concrete, respec-
tively; f. 1 and ¢, T are the peak stress and peak strain of concrete considering the effect
of temperature, respectively; n = E. e, 1/(EcrépT — fe,7) and a = E.7/E, 1; 11 (or a) and ¢
(or ) are the shape parameters controlling the rising section and the descending section.
E.r and E, 7 are initial elastic and peak secant modulus, respectively. However, & > 1 can
be inferred from E, v > E. 1 >0. Through the regression analysis of the measured curve,
Table 7 shows the values of the equation parameters.

Table 7. Regression parameters 1, §, a, and ¢.

Mix Parameters 25°C 200 °C 400 °C 600 °C 800 °C
n 3.702 8.378 9.106 7.392 5.457
NwcC ¢ 2.342 2.945 5.328 4393 3.867
p 1.000 1.045 1.000 1.205 1.243
AL 5 5.155 7.701 3.820 - -
¢ - - - 4981 10.040
p 1.000 1.000 1.000 1.156 1.104
SL 5 4.299 4.794 1.846 - ;
¢ - ; - 3.282 5.289
p 1.065 1.186 1.026 1.270 1.364
CFAL ¢ 8.657 8.548 3.423 4.731 6.809
p 1.262 1247 1219 1.363 1.286
CFSL ¢ 5.402 3.513 2.107 3.398 4.451
« 1.112 1.130 1.041 1.449 1333
HFAL ¢ 4127 2.067 3.504 4762 5.877
p 1237 1.288 1300 1375 1.208
HFSL ¢ 2.853 3.014 2.508 3.323 3.514

To verify the reliability of the model, a comparison between the theoretical and test
curve is shown in Figure 15. The results showed that the theoretical curve coincides nicely
with the data obtained from the test.
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Figure 15. Comparison of the developed stress—strain relationships and experimental results:
(a) NWC; (b) ALWC; (c) CFAL; (d) HFAL; (e) SLWC; (f) CFSL; (g) HFSL.

5. Conclusions

In this work, an experimental investigation of the residual mechanical behavior of steel
fiber-reinforced LWC (SFLWC) under high temperatures has been presented. The UPVs,
indirect tensile and axial compressive strengths, elastic modulus, and peak strain of these
LWC specimens were evaluated. Significantly, the influences of different steel fiber types on
the residual mechanical behaviors, including energy absorption capacity, elastic modulus,
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and strength, have been comprehensively analyzed. The following conclusions can be
drawn from the test results and analyses:

1.  The evolution of the residual compressive properties of concretes after thermal treat-
ment is mainly related to the aggregate type. It should also be noted that, in the
present study, the amount of fly ash and silica fume in the concrete mixes is very
small. However, further research is required to clarify the effects of mineral additives
and amount of aggregate on the post-fire behavior of concrete.

2. The presence of steel fibers improved the tensile strength of both pre- and post-
fire exposure. SFELWC with hooked end steel fiber lost a lesser amount of strength,
which is attributed to the stronger reinforcing action to bridge the cracks. The steel
fiber-reinforced ALWC had higher residual compressive and tensile strengths after
heating and increased ductile performance due to the homogenous characteristics of
the concrete matrix.

3.  Steel fibres improve the compression absorbed energy of LWC at room temperature
as well as at high temperatures. The energy absorption capacity of most concrete
mixes increases for temperatures below 400 °C, but decreases above 400 °C. However,
the influence of fibers on the residual elasticity modulus is minimal.

4. Simple models have been proposed to characterize the material properties as a func-
tion of temperature. The regression coefficient were all above 0.96, which indicates
that the models were in good agreement with the experimental results. A numerical
model is also established to predict the compressive stress—strain relationships of the
heated and unheated SFLWC. The theoretical fitting curve complies well with the
test results.
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Abbreviations
ALWC  All-lightweight concrete
CF Crimped shape steel fiber

CFAL  All-lightweight concrete with crimped shape steel fiber
CFSL Semi-lightweight concrete with crimped shape steel fiber
HF Hooked end steel fiber

HFAL  All-lightweight concrete with Hooked end steel fiber
HFSL  Semi-lightweight concrete with Hooked end steel fiber
HSC High strength concrete

LVDT  Linear Variable Differential Transformer

LWA Lightweight aggregate

LWC Lightweight concrete

MLWC  Multi-walled carbon nanotubes reinforced LWC

NWC  Normal-weight concrete

RPC Reactive powder concrete

SCC Self-consolidating concrete

SCC-S  Steel fiber-reinforced self-consolidating concrete
SFLWC  Steel fiber-reinforced lightweight concrete

SLWC  Semi-lightweight concrete

UPrv Ultrasonic pulse velocity
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