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This paper presents the effect of temperature on thermal and mechanical properties of self-consolidating
concrete (SCC) and fiber reinforced SCC (FRSCC). For thermal properties specific heat, thermal conductivity,
and thermal expansion were measured, whereas for mechanical properties compressive strength, tensile
strength and elastic modulus were measured in the temperature range of 20–800 °C. Four SCC mixes, plain
SCC, steel, polypropylene, and hybrid fiber reinforced SCC were considered in the test program. Data from
mechanical property tests show that the presence of steel fibers enhances high temperature splitting tensile
strength and elastic modulus of SCC. Also the thermal expansion of FRSCC is slightly higher than that of SCC in
20–1000 °C range. Data generated from these tests was utilized to develop simplified relations for expressing
thermal and mechanical properties of SCC and FRSCC as a function of temperature.
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1. Introduction

In the last three decades, there has been significant improvement
in concrete technology and this has lead to development of high
performing concretes such as, high performance concrete (HPC), self
consolidating concrete (SCC), and fly ash concrete (FAC). SCC is a
highly workable, non-segregating concrete that can easily reach into
remote corners, fill congested formworks and reinforcement without
any vibration efforts [1]. SCC application was mainly in bridges,
underwater and heavily reinforced concrete structures in the last two
decades. In recent years, the use of SCC has been extended to buildings
construction. When used in building applications, structural members
made of SCC have to satisfy fire resistance requirements specified in
building codes, since fire represents one of the most severe
environmental conditions to which structures may be subjected.

SCC was specifically developed by altering conventional mix
design to obtain high fluidity and cohesiveness [1] so as to flow
under its own weight without segregation. The changes in mix design
include low water cement ratio and large dosage of chemical
admixtures which produce higher compressive strength in SCC with
dense microstructure [1]. The characterization of SCC with finer pore
distribution and poor pore connectivity resembles that of high
strength concrete (HSC) [1]. Recent fire resistance studies have
clearly indicated that HSC has lower fire performance (due to strength
loss and explosive spalling) as compared to conventional normal
strength concrete (NSC) [2,3]. Therefore, it is envisaged in the
literature that SCC due to similar strength and compactness as that
of HSC has lower fire resistance properties as that of HSC.

Evaluating fire resistance of a structural system requires knowl-
edge of high temperature properties of constituent materials. The
properties of SCC that are needed for fire resistance analysis are
thermal, mechanical, deformation properties, and material specific
phenomenon such as fire induced spalling in concrete. Thermal
properties include thermal conductivity, specific heat, thermal
diffusivity, thermal expansion and mass loss. Deformation properties
such as creep and mechanical properties such as strength, deforma-
tion, and elastic modulus significantly influence the fire response of a
structural system. In addition, fire induced spalling which occurs in
HSC under certain conditions can alter the response of a reinforced
concrete structural system [1,4,5]. In HSC structural members, fibers
are often added to overcome the adverse effects of fire induced
spalling. Since high strength SCC has similar characteristics as that of
HSC, it is also prone to fire induced spalling, therefore use of different
fibers, such as steel and polypropylene fibers, is also proposed in SCC
[1]. Although limited information is available on high temperature
mechanical properties of SCC [6,7], very limited data is available on
high temperature thermal properties of fiber reinforced SCC (FRSCC).

The aim of this study is to evaluate high temperature thermal and
mechanical properties of high performing SCC and FRSCC. Thermal
properties consisting of specific heat, thermal conductivity, and
thermal expansion and mechanical properties consisting of compres-
sive strength, tensile strength, and elastic modulus were measured.
All properties except for thermal expansion were measured in the
temperature range of 20–800 °C, while thermal expansion measure-
ments were carried out in the temperature range of 20–1000 °C. Data
generated from tests was utilized to develop simplified relations for
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expressing thermal and mechanical properties of SCC and FRSCC as a
function of temperature.
2. High temperature properties of SCC

2.1. General

For predicting fire response of SCC structures, both temperature
profiles in the cross section and strength degradation resulting from
higher temperatures, are needed as function of temperature. For
evaluating such temperature profiles and strength degradation with
temperature, high temperature properties of SCC are needed.
2.2. Thermal properties

Concrete contains moisture in different forms and at high
temperature this moisture evaporates at different rates. This leads
to physical and chemical changes in microstructure phenomenon and
thus influences the variation of thermal conductivity with tempera-
ture. Thermal conductivity is usually measured by means of ‘steady
state’ or ‘transient’ test methods. Transient methods are preferred to
measure thermal conductivity of moist concrete over steady-state
methods [8,9], as physiochemical changes of concrete at higher
temperatures cause unsteady heat flow. The thermal conductivity of
conventional NSC and HSC, at room temperature, ranges between 2.3
and 2.8 W/m-°C [10]. But there is limited information on thermal
conductivity of SCC and FRSCC in literature.

Specific heat of concrete is highly influenced by moisture content,
aggregate type, and density of concrete [11–13]. Generally for HSC the
specific heat remains constant up to 400 °C however it increases
beyond 400 °C as more heat is required to release the chemically
bound moisture in concrete [14]. The variation in specific heat at
elevated temperatures is mainly attributed to moisture content, type
of aggregate, test conditions and measurement techniques used in
experiments [8,9]. No previous studies have been reported on specific
heat of SCC and FRSCC.

Linear thermal expansion is the thermal strain resulting from
increased temperature. Thermal expansion of concrete is generally
influenced by cement type, water content, aggregate type, temper-
ature and age [8]. Fig. 1 illustrates the variation of thermal expansion
in SCC as a function of temperature as reported by Uygunoğlu [15]. It
can be observed that there is significant variation in thermal
expansion of SCC with different water cement ratios. This variation
of thermal expansion is a function of concrete mix ingredients,
moisture content, and aggregate type. Thermal expansion is an
important property to predict the thermal stresses introduced to
structural member under fire conditions.
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Fig. 1. Variation in thermal expansion of SCC as a function of temperature.
2.3. Mechanical properties

Compressive strength of concrete depends upon water–cement
ratio, aggregate–paste interface transition zone, curing conditions,
aggregate type and size, admixture types and type of stress [16].
Unlike high temperature thermal properties, some investigations are
available on high temperature compressive strength of SCC. Fig. 2
illustrates ratio of compressive strength at specified temperature to
that at room temperature (f′c, T/f′c) as a function of temperature for
SCC compiled from different references [1,5,7,17]. The reported data is
based on residual compressive strength tests except that from Persson
[7] that was done under unstressed state. There is difference between
residual and unstressed test as these represent different scenarios to
which concrete can be subjected. While unstressed method simulates
the behavior of concrete in a structure under fire, residual test
simulates the scenario of a concrete element cooled after exposure to
fire. The strength gain between 100 and 300 °C is observed by Fares
[17] which is attributed to rehydration of the desiccated matrix at
early temperatures. This observation has also been reported by Dias
[18] for HSC. The reduction in compressive strength with temperature
observed by Persson is gradual without any spikes. It can be observed
that the strength trends of SCC are not consistent and there are
significant variations in strength loss, as reported by various authors.

The tensile strength of concrete is often neglected in strength
calculations at room and elevated temperature. However it is an
important property, because cracking in concrete is generally due to
tensile stresses and the structural damage of the member in tension is
often generated by progression in microcracks [19]. Tensile strength
of concrete is dependent on almost same factors as compressive
strength of concrete. Addition of fibers such as steel fibers does
enhance the tensile strength of concrete [20]. Under fire conditions
tensile strength of concrete can be even more crucial in cases where
fire induced spalling occurs in a concrete structural member. The fire
induced spalling is dependent on a number of factors including,
permeability of concrete, type of fire exposure, and tensile strength of
concrete [4,21]. Higher tensile strength can help in minimizing
spalling [22]. Thus information on temperature dependent tensile
strength of concrete is crucial for predicting fire induced spalling in
concrete members.

Fig. 3 illustrates ratio of splitting tensile strength at specified
temperature to that at room temperature (f′t, T/f′t) of SCC as a function
of temperature as reported in two previous studies [5,23]. It can be
seen that only limited measurements (up to 600 °C in one study and
up to 330 °C in the second study) were made. The loss in tensile
strength is steeper in comparison to gradual loss in compressive
strength as reported by Sideris [5]. The rapid loss of tensile strength in
HSC's is attributed to the development of microcracks as a result of
thermal incompatibility within concrete and this has also been
reported by Chan [19] and Khoury [24]. However, like compressive
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Fig. 2. Variation in relative compressive strength of SCC as function of temperature.
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Fig. 3. Variation in relative splitting tensile strength of SCC as function of temperature.
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strength, there is much variation observed in tensile strength of SCC.
As there is very limited data available on high temperature splitting
tensile strength of SCC and FRSCC this variation cannot be explained.
The effect of temperature on tensile strength of SCC becomes more
pronounced at higher temperatures as development of pore pressure
in dense micro-structured high performing SCC causes rapid loss of
tensile strength.

Another property that influences fire response of concrete
structures is the elastic modulus of concrete which decreases with
temperature. At high temperatures, disintegration of hydrated
cement products and breakage of bonds in microstructure of cement
paste reduces elastic modulus and the extent of reduction depends on
moisture loss, high temperature creep and type of aggregate. Fig. 4
illustrates the ratio of elastic modulus at target temperature Ec, Tto
elastic modulus at room temperature Ec as a function of temperature
for SCC as reported in two studies [23,25]. It can be observed that
there is excessive loss of elastic modulus of SCC with temperature.
This lower modulus can be attributed to the excessive thermal
stresses and physical and chemical changes in concrete microstruc-
ture. No data is available on elastic modulus of FRSCC in literature.

2.4. Fire induced spalling

Spalling is one of the major concerns with dense micro-structured
concretes that occur when exposed to rapidly rising temperatures
encountered in fire. Since high strength SCC has similar microstruc-
ture as that of HSC, SCC is also susceptible to risk of spalling. Low
permeability associated with dense microstructure of concrete pre-
vents dissipation of water vapors produced because of heat and leads
to buildup of high pore pressure.When this fire induced pore pressure
exceeds the tensile strength of concrete, which decreases with
temperature, spalling occurs. Thus tensile strength plays an important
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Fig. 4. Variation in elastic modulus of SCC with temperature.
role in minimizing or delaying spalling at elevated temperatures.
Previous studies have shown that spalling in HSC is affected by
concrete strength, permeability, concrete density, moisture content,
fire intensity, presence of fibers and specimen dimensions [22,26].

To mitigate fire induced spalling in HSC, researchers have recom-
mended addition of polypropylene fibers in concrete [21]. Polypropyl-
ene fibers melt at relatively low temperatures (about 167–170 °C) and
create randomly oriented micro and macro channels inside concrete
[27]. These channels facilitate dispersion of high vapor pressure.
Another approach to overcome the spalling is through enhancing
tensile strength of HSC by addition of steel fibers [28]. To optimize the
solutions for spallingmitigation, the use of hybrid fibers in HSC has also
been recommended, where both steel and polypropylene fibers are
added in concrete mix [4,29]. For applying numerical models for
predicting spalling in SCC or FRSCC reinforced concrete member, high
temperature thermal and mechanical properties are needed.

The above review on high temperature properties of SCC indicates
that only limited information is available on compressive strength;
however, no reliable data is available on thermal properties, splitting
tensile strength and elastic modulus of SCC and FRSCC. Moreover, data
on reported high temperature properties of SCC shows large variations
that can be attributed to investigation factors such as different test
methods, mix proportions, test techniques, test conditions and heating
regimes adopted by different researchers [5,30].

3. Test program

To develop high temperature thermal and mechanical properties
for SCC, a comprehensive test program was undertaken on four types
of SCC namely, SCC, SCC reinforced with steel (SCC-S), polypropylene
(SCC-P), and hybrid fibers (SCC-H). Data generated from tests was
utilized to characterize the high temperature properties of SCC to that
of FRSCC.

3.1. Mix proportions and test specimens

A total of four batches of concrete involving SCC, SCC-S, SCC-P, and
SCC-H were prepared for fabricating test specimens. These mixes had
ordinary Portland cement (Type I), limestone (carbonate) based
coarse aggregate of maximum size 10 mm, and natural source sand
fine aggregate. To achieve desired strength and workability proper-
ties, optimum amount of mineral admixtures, such as slag and fly ash
(Class C), was added to batch mix.

For fiber reinforced SCC mixes, commercially available fibers,
NOVOCON XR type steel fibers and MONOFILAMENT (multi-plus) type
polypropylenefiberswere added. Steelfibers in FRSCCmixwere 38 mm
in length and 1.14 mm equivalent diameter and had a specified tensile
strength of 966 MPa. Polypropylene fibers in FRSCC were nonabsorbent
type with 20 mm length, 0.91 specific gravity and 162 °Cmelting point.
Steel fibers in SCC-S were 42 kg/m3 of concrete representing 1.75% by
mass. Polypropylene fibers in SCC-P were 1 kg/m3 representing 0.05%
bymass. In the case of SCC-H the proportion of steel and polypropylene
fibers were 42 kg/m3 steel, and 1 kg/m3 polypropylene, representing
1.75% and 0.05% by mass respectively.

A total of twelve, 100×200 mm and thirty-six, 75×150 mm
cylinders were fabricated for undertaking compressive and splitting
tensile strength tests on each type of concrete (see Table 1). For thermal
properties, two, 100×100×300 mm prism specimens were fabricated
for each concrete. The specimens were demolded one day after casting
and cured under controlled conditions of 95% humidity and 20 °C
temperature. 25% of 75×150 mm cylinders were instrumented with
type K thermocouples, one placed at center and another placed on
surface. The instrumented cylinders were used as control specimens to
determine the time required to attain a target temperatureunder steady
state conditions. Compression tests were conducted using
100×200 mm cylinders at 7, 28 and 90 days after casting of the



Table 1
Details of specimens for different batches of concrete.

S
No

Type of
concrete

Room temperature compressive strength Thermal properties High temperature compressive strength High temperature tensile strength

Specimen sizes

100×200 mm cylinders 100×100×300 mm prisms 75×150 mm cylinders 75×150 mm cylinders

1 SCC 12 2 18 18
2 SCC-P 12 2 18 18
3 SCC-S 12 2 18 18
4 SCC-H 12 2 18 18
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specimens. Concrete prisms were used to prepare test specimens for
determining thermal properties at elevated temperatures. Details ofmix
proportions, laboratory conditions for casting, and compressive strength
results of SCC, SCC-S, SCC-P, and SCC-H are given in Table 2.

3.2. Test apparatus

3.2.1. Thermal properties
The thermal propertiesweremeasuredusing commercially available

instruments. The specificheat, and thermal conductivityweremeasured
using “Hot Disk TPS 2500S” thermal constant analyzer apparatus as per
ISO/DIS 22007 standard [31]. This equipment was connected to a
furnace in which a specimen was exposed to desired high temperature.
This state-of-the-art equipment utilizes transient plane source (TPS)
technique to measure thermal properties of materials from room
temperature to 800 °C. A flat source sensor placed between two halves
of the specimens acts like a heater (constant effect generator) and as
detector (resistance thermometer) at the same time [32]. When a
constant heat source is applied, the temperature in sensor rises and heat
flow starts in the specimen being tested.

The test specimen must have uniform temperature distribution
throughout the specimen at the time ofmeasurement. Fig. 5 illustrates
mica sensor that was placed between two specimens of concrete in
the holder assembly during test. This holder assembly was further
placed inside the furnace for exposure to high temperature.

For thermal expansion measurements, thermo-mechanical analy-
sis (TMA) apparatus was used as per ASTM E 831-06 [33]. TMA utilizes
a movable-core linear variable differential transducer (LVDT), which
generates an output signal directly proportional to specimen
Table 2
Mix proportions and compressive strength for different SCC mixes.

Components SCC SCC-S SCC-P SCC-H

Cement type-I ASTM C-150, kg/m3 327 327 327 327
Fine aggregate ASTM C-33, kg/m3 735 735 735 735
Course aggregate ASTM C-33
(maximum size 10 mm), kg/m3

904 904 904 904

Fly ash (Class C) ASTM C-618, kg/m3 101 101 101 101
Slag St Lawrence ASTM C-989, (Grade 120), kg/m3 76 76 76 76
Water, kg/m3 143 143 143 143
Water cement ratio (w/c) 0.44 0.44 0.44 0.44
Water to cementitious ratio (w/cm) 0.28 0.28 0.28 0.28
Air entraining admixture., ASTM C-260, kg/m3 3 3 3 3
High range water reducer and plasticizer,
ASTM C-494 (Type F), kg/m3

81 81 81 81

Slump flow/spread, mm 440 410 420 410
VSI index 0.5 0.5 0.5 0.5
Humidity at casting, % 45 45 45 45
Ambient temperature at casting, °C 23 23 23 23
Concrete mix temperature at casting, °C 20 20 20 20
Steel fibers, kg/m3 – 42 – 42
Polypropylene fibers, kg/m3 – – 1 1
Compressive strength, MPa
7 days 46 48 45 46
28 days 61 57 56 57
90 days 72 70 68 72
dimension change. TMA can be used for measuring dimensional
changes in concrete specimens from room temperature to 1000 °C. A
flat-tipped standard expansion probe is placed on the concrete
specimen with a small static force applied to it so that the probe
stays steadily on the specimen. The specimen is subjected to
temperature increase as per user defined ramp; the probe movement
records the sample expansion or contraction.

3.2.2. Mechanical properties
For measuring mechanical properties, the test setup consisted of

an electric furnace to heat the concrete specimens and Forney test
machine to carry out strength tests (see Fig. 6). A thermal jacket was
used to transfer (carry) the heated specimen to undertake compres-
sive strength tests and an insulated steel bracket frame (see Fig. 7)
was used to transfer the heated specimen to undertake splitting
tensile strength tests. Forney strength test machine utilized to
undertake compressive and splitting tensile strength tests is an
1800 kN load controlled compressive test machinewhich is capable of
loading specimens up to 318 metric tons. The electric furnace used to
expose specimens to high temperature was specially designed for
simulating high temperature conditions and could producemaximum
temperatures up to 927 °C. It is equipped with internal heating
electric elements, with ramp and hold temperature controller, capable
of generating different heating rates. The heating chamber of
150×200 mm internal dimensions is lined with steel jacket to
withstand any possible spalling in concrete specimens.

Both thermal jacket and steel bracket frame were insulted by
thermal wool that allowed transfer of heated cylinders from furnace
to the strength testing machine.

3.3. Test procedure

3.3.1. Thermal properties
For undertaking thermal conductivity and specific heat measure-

ments, test specimens of 60×60×25 mm size were prepared by slicing
concrete prisms. For thermal expansion measurements, specimens of
10×10×18 mm size were sliced from concrete prisms. Thermal
conductivity and specific heat of SCC and FRSCC were measured at
thirteen temperature points namely 20, 100, 200, 300, 400, 450, 500,
550, 600, 650, 700, 750, and 800 °C. The smaller increments towards
higher temperatureswere to capture effect of phase changes in concrete
on thermal properties. The age of concrete at the time of thermal
property measurement tests was 6 months or older.

The SCC and FRSCC specimens were exposed to high temperature
in a furnace connected to Hot Disk apparatus. Specimen and furnace
temperatures were controlled by Hot Disk software. The target
temperature, sensor resistance and time of measurement were
controlled by programmed test set up. In each test the furnace
temperature was raised to the target exposure temperature and
maintained at that level till the entire test specimen reached
equilibrium conditions (target temperature). At this stage the thermal
conductivity and specific heat were recorded by the data acquisition
system. Then the temperature in the furnace was increased to
following target temperature and this procedure was continued till
800 °C.



(a) Hot disk sensor being placed
        between two concrete specimens

(b) Concrete specimens ready
      for thermal property tests
      with sensor placed inside

Fig. 5. Hot Disk (TPS) mica sensor being used between two specimens of concrete.

(c) Specimen ready for
       compressive strength
       test  

(a) Electric furnace (b) Heating of cylinder
  inside furnace 

(d) Specimen ready for
        splitting tensile
        strength test

Fig. 6. Test set-up for high temperature compressive and tensile strength tests.
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For thermal expansionmeasurements, concrete specimensprepared
asperASTME831-06wereplacedonapedestal in themoveable furnace
of the TMA and the expansion probe was set on the specimen. The
temperature increase for thermal expansion depends on the temper-
ature ramp (heating rate) set by the user for that particular test. Once
specimen was placed in position, inside TMA furnace, the test was run
and controlled by software that records dimensional change with
increasing temperature. For concrete specimens, the selected rampwas
5 °C per minute as per ASTM E 831-06 [33].

In order to verify reliability of measurements, thermal property
tests were repeated on additional specimens from the same batch of
concrete. For this, three SCC samples were selected and Hot Disk tests
were repeated in the entire temperature range. The variability in the
thermal conductivity and specific heat was within ±5% indicating
((a) Thermal jacket 

Fig. 7. Arrangements to transfer hot specimen
good reliability of the measurements. To maintain the homogeneity
for thermal expansion, the test specimens were carefully prepared
from concrete prisms such that they contained aggregate and cement
matrix in equal representative amounts. Thermal expansion test was
carried out on three specimens of each SCC and FRSCC mixes for
repeatability and reliability.
3.3.2. Mechanical properties
There are three steady-state test methods (conditions) to deter-

mine the high temperature strength properties of concrete, namely,
residual, unstressed, or stressed test methods. Thesemethods are well
discussed by Phan [13] and Fu et al. [34], and are applicable tomeasure
both compressive and tensile strength of concrete.
b) Insulated steel bracket frame 

s from furnace to strength test machine.
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In this study, compressive and splitting tensile strength tests were
carried out at various temperatures using unstressed test method.
During heating, three Type K thermocouples (TC) were used to record
temperature in the furnace, at the surface andmid-depthof the cylinder.
The test specimens were exposed to target temperatures of 100, 200,
400, 600, and 800 °C in an electric furnace at a heating rate of 2 °C per
minute as proposed by RILEM [35] test procedure. When the target
temperature was attained in the furnace, the cylinder continued to be
maintained at this temperature (in the furnace) for 2 h till desired
steady state condition was reached throughout the specimen.

Fig. 8 illustrates the temperature development in the furnace, on the
surface and at the center of 75×150 mm SCC cylinder for the case of
600 °C target temperature. As expected, the rise in temperature at the
center of the specimen was much slower than the surface and furnace
temperature and this is due to low thermal conductivity of concrete. It
was observed that a hold time of 2 h was required to reach the steady
state (uniform temperature distribution) in specimen at all target
temperatures.

After achieving steady state condition in cylinders inside the
furnace, the hot cylinders were taken out from the furnace, were
covered by thermal jacket for compressive strength and in steel
bracket frame for splitting tensile strength testing apparatus. As no
specific test procedure for high temperature compressive and tensile
tests is available, ASTM C 39 and ASTM C 496 procedures specified for
room temperature compressive and tensile strength test, were used
for high temperature strength tests. Once the thermally insulated
specimen was transferred for compressive or tensile strength test, an
average drop of 10 °Cwas observed in the specimens from start to end
of the strength test, well within the RILEM [35] recommendations. The
specimen in each test was loaded in prescribed increments till failure
of cylinder and failure load was recorded. For both compressive and
splitting tensile strength tests, one specimen was tested at each target
temperature. Additional tests were done for repeatability to reconfirm
the doubtful results.

4. Results and discussion

4.1. Thermal properties

4.1.1. Thermal conductivity
The measured thermal conductivity of SCC and FRSCC are plotted

in Fig. 9 as a function of temperature. Thermal conductivity of four
types of SCC ranges between 2.8 and 3.6 W/m-°C at room tempera-
ture. This higher thermal conductivity of SCC as compared to HSC at
room temperature is attributed to high ratio of paste content and
admixtures in SCC [36]. For all concretes, thermal conductivity
initially decreases with temperature up to 400 °C, and then it
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increases marginally between 400 and 500 °C, and finally decreases
again up to 800 °C. This trend in thermal conductivity can be
attributed to variation of moisture content with increase in temper-
ature [10]. The initial steep slope of thermal conductivity up to 400 °C
can be attributed to moisture loss at a faster pace resulting from the
evaporation of free and pore water in concrete with rise in
temperature. The minor variation in thermal conductivity between
400 °C and 500 °C is probably due to breakdown of Ca(OH)2 into CaO
and H2O, which increases moisture resulting in small increase in
thermal conductivity. Beyond 500 °C, there is slow decrease in
thermal conductivity due to liberation of small amount of strongly
held moisture left within calcium silicate hydrate (C-S-H) layers.
Thermal conductivity of all SCC concretes follows quite similar trend
and lie closer to 0.6 W/m-°C band difference and therefore it is
deduced that there is not much significant variation in thermal
conductivity of SCC and FRSCC throughout the temperature (20–
800 °C) range. Loss of thermal conductivity observed for SCC is similar
in trends to HSC as reported by Kodur and Khaliq [14]. However, SCC
has higher conductivity as compared to HSC, and this might be
attributed to the fact that SCC is produced by excessive use of
chemical admixtures, and thus it has increased amount dissolved
chemical ions in mixed water.

4.1.2. Specific heat
The variation of specific heat for SCC and FRSCC with temperature

is illustrated in Fig. 10. The specific heat for SCC is almost constant
between 20 and 400 °C and increases up to 700 °C, finally becoming
constant again between 700 and 800 °C. Specific heat of FRSCC also
remains almost constant up to 400 °C, then increases up to about
650 °C and finally scatters out in 650–800 °C range as a result of
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presence of different fibers. SCC-S and SCC-H exhibit slightly higher
values of specific heat in 650–800 °C temperature range that may be
attributed to presence of steel fibers. Use of polypropylene fibers
reduces the specific heat between 650 and 800 °C. This can be
attributed to less heat required to raise the temperature of pervious
SCC-P resulting from burning of polypropylene fibers. Moreover, the
deterioration of concrete between 650 and 800 °C temperatures,
resulting in micro and macro crack development will also add to
porosity of SCC-P. SCC-S has the highest specific heat between 650 and
800 °C temperatures; however SCC-H has lower specific heat, which
again can be attributed to presence of propylene fibers. This is further
proved by the fact that SCC-P has the lowest specific heat between 650
and 800 °C temperature range. This can be attributed to the lower
permeability and dense microstructure of SCC that requires extra heat
to convert moisture into vapors. SCC displayed higher specific heat
values as compared to specific heat of HSC as reported in literature
[14].

4.1.3. Thermal expansion
The variation of thermal expansion of SCC and FRSCC is plotted as a

function of temperature in Fig. 11. Thermal expansion of SCC increases
between 20 and 600 °C becomes constant between 600 and 800 °C,
then again increases up to 1000 °C. Thermal expansion generally
increases with temperature for FRSCC, this increase is substantial in
20–600 °C temperature range, and is mainly due to high thermal
expansion resulting from constituent aggregates and cement paste in
concrete. The expansion rate for all concretes reduces between 600
and 800 °C, but increases again above 800 °C. The decrease in thermal
expansion in 600–800 °C range can be attributed to dissociation of
calcium carbonate [37] and the increase in expansion above 800 °C is
attributed to decomposition of concrete due to complete dehydration
and excessive micro and macro crack development [38].
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Fig. 11. Measured thermal expansion of SCC and FRSCC as a function of temperature.
Thermal expansion of FRSCC in 600–1000 °C range is higher than
SCC; and is the highest in SCC-S and SCC-H mixes; this can be
attributed to presence of steel fibers since steel fibers arrest
progression of cracks. Overall, there is not a wide difference between
thermal expansions of different FRSCC types.

4.2. Mechanical properties

4.2.1. Compressive strength
The recorded applied load at which the heated cylinder failed in

compression was used to compute compressive strength at each
temperature and these values are plotted as a function of temperature
for SCC and FRSCC in Fig. 12(a). In all four concretes, physical and
chemical changes that occur at higher temperatures lead to significant
reduction in compressive strength. For SCC, there is reduction in
compressive strength at 100 °C initially and then strength regain at
200 °C. The strength loss till 100 °C can be attributed to initial
moisture loss in SCC. The increase in strength in 100–200 °C
temperature range can be attributed to rehydration and moisture
migration [17,18]. SCC displayed higher compressive strength as
compared to FRSCC. Liu et al. [6] have reported that gas permeability
of polypropylene fiber reinforced SCC increases at elevated temper-
atures due to increase in pore size and their connectivity. The higher
compressive strength of SCC is therefore attributed to dense
microstructure of SCC as compared to FRSCC. In the case of FRSCC
the loss of compressive strength with temperature is about same
throughout temperature range. This can be deduced that the addition
of fibers does not have much effect on the variation of compressive
strength of SCC with temperature.

It has been established that moisture in concrete has significant
effect on high temperature compressive strength of concrete [39]. For
initial moisture loss up to 100 °C, due to evaporation of free water, the
strength drops sharply; however, with loss of free water, compressive
strength stabilizes at temperatures between 100 and 400 °C. Beyond
400 °C the strength loss becomes gradual with increase in tempera-
ture for SCC and FRSCC. This gradual degradation of strength (without
substantial drop) can be attributed to slow loss of chemically bound
water due to dehydration and disintegration of C-S-H in concrete [37].

The ratio of recorded compressive strength at target temperature
(f′c, T) to compressive strength at room temperature (f′c) for SCC and
FRSCC is shown in Fig. 12(b). The relative strength loss in all concretes
follows similar trend to its absolute strength. There is noticeable
strength retention in all SCC and FRSCC even at 800 °C and this ranges
from 30 to 44%. This level of strength retention is much higher than
conventional HSC, which has less than 20% relative compressive
strength at 800 °C [40,41]. This observation confirms that high
strength SCC has superior microstructure and therefore displays
better compressive strength even at higher temperatures.

4.2.2. Splitting tensile strength
The recorded applied load at which the heated cylinder split in

tension was used to compute splitting tensile strength at each
temperature and this is plotted for SCC and FRSCC as a function of
temperature in Fig. 13(a). All four concretes experienced loss in splitting
tensile strength with temperature. In the case of SCC which has a lower
tensile strength of 4 MPa at room temperature, the reduction in tensile
strength is gradual and almost linearup to 400 °Cand then there is sharp
reduction in tensile strength to 800 °C. This sharp reduction in splitting
tensile strength beyond 400 °C can be attributed to the development of
excessive micro and macro cracks resulting from thermal stresses and
thermal incompatibility within SCC. This conforms to the sharp loss to
splitting tensile strength reported by Sideris [5], Chan [19] and Khoury
[24].The slower degradation of strength (without substantial changes)
at early stages in all SCC's can be attributed to its higher stiffness as
compared to FRSCC. Both SCC-S and SCC-H display higher ratio of
splitting tensile strength in 300–800 °C temperatures range which can
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be attributed to presence of steel fibers. SCC-P has the lowest splitting
tensile strength beyond 250 °C which indicates that after melting of
polypropylene fibers at about 180 °C there is significant degradation in
its microstructure resulting from increased porosity.

Fig. 13(b) illustrates the ratio of recorded splitting tensile strength
at target temperature (f′t, T) to splitting tensile strength at room
temperature (f′t) for SCC and FRSCC. The ratio plotted in these figures
indicates that addition of polypropylene fibers to SCC reduced its
splitting tensile strength as both SCC-P and SCC-H display reduction in
tensile strength ratio. This reduced splitting tensile strength could be
attributed to the increased porosity in SCC due to melting of
polypropylene fibers inside FRSCC which results in weak microstruc-
ture. Test data indicates that SCC and FRSCC, have about 40–50% f′t, T/f′t
at 600 °C that is quite significant.

The improved tensile strength in FRSCC is similar to thefire behavior
of fiber reinforce HSC reported by Khaliq and Kodur [42]. Tensile
strength of steel fiber reinforced HSC was significantly higher, which
was attributed to effectiveness of steel fibers in bridging the cracks
under tensile loading. It canbe seen in case of SCCaswell that steelfibers
are effective to enhance the tensile strength especially up to 400 °C and
this enhanced f′t is beneficial in mitigating the fire induced spalling.

4.2.3. Elastic modulus
Data generated from compressive stress–strain curves was used to

obtain elastic modulus of SCC and FRSCC at various temperatures.
Fig. 14 illustrates the relative elastic modulus (Ec, T/Ec) and FRSCC as a
function of temperature. The trends show that modulus for all four
concretes decrease in 20–800 °C temperature range. SCC displays
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Fig. 13. Splitting tensile strength of SCC
lower elastic modulus of all concretes which can be attributed to stiff
and dense microstructure of SCC as compared to FRSCC resulting in
excessive deterioration due to thermal stresses. This reduction in
elastic modulus for SCC is the same as reported by Persson [7] and
Bamonte and Gambarova [23]. However, the ratio of reduction for
elastic modulus of FRSCC is much less compared to SCC. This proves
the fact that addition of different fibers to SCC enhances its elastic
modulus at higher temperatures.

Modulus for SCC-S and SCC-H initially remains constant up to
100 °C and then sharply reduces up to 200 °C before gradual decay in
the temperature range of 200–800 °C. The highermodulus observed in
SCC-S and SCC-H can be attributed to increased ductility due to the
presence of steel fibers which act as crack arresters as these provide
necessary bond against development of cracks. The observedmodulus
of SCC and SCC-P is lower in comparison to SCC-S and SCC-H
throughout 20–800 °C temperature range. The addition of polypro-
pylene fibers shows improved modulus in 20–800 °C temperature
range, in comparison to SCC. This improvement inmodulus ismarginal
in 20–200 °C, but further enhances above 200 °C, after melting of
polypropylene fibers (around 170 °C) that increases porosity. This can
be attributed to less deterioration in SCC-P in comparison SCC that
undergoes higher thermal deterioration due to dense microstructure.

It should be noted that the above presented strength and modulus
trends are applicable for material characterization of SCC under test
conditions used in this program. Factors such as heating and specimen
size can have some influence on the exact values at a given
temperature, but the general trends are likely to follow similar trends
as in this study.
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5. High temperature property relationships

Data generated from the thermal and mechanical property
measurements was utilized to develop thermal and mechanical
property relationships for SCC and FRSCC. These properties are
expressed in the form of empirical relationships over temperature
range of 20–800 °C for thermal conductivity and specific heat and 20–
1000 °C for thermal expansion. Relations for mechanical properties of
SCC and FRSCC include compressive strength, tensile strength and
elastic modulus in 20–800 °C temperature range. These empirical
relationships were arrived at based on linear regression analysis. For
the regression analysis, measured thermal and mechanical properties
were used as response parameter with temperature as their predictor
parameter. Commercially available statistical software (Minitab) was
used to find a linear fit through regression analysis. The accuracy of
the statistical model is represented by coefficient of determination
‘R2’, that represents proportion of the sum of squares of deviations of
the response values about their predictor [43]. The value of R2 varies
between 0 and 1, where 1 is the perfect fit of the equation to
underlying data. The R2 value obtained for the proposed equations lies
between 0.82 and 0.99 for thermal properties and 0.9 and 0.96 for
mechanical properties, which represents a reasonably high confi-
dence level in light of high variability in concrete properties.
Table 3
High temperature property relationships for thermal and mechanical properties of SCC and

Property Concrete type

Thermal conductivity (W/m-°C) SCC, SCC-P, SCC-S and SCC-H

Specific heat (MJ/m3-°C) SCC, SCC-S and SCC-H

Specific heat (MJ/m3-°C) SCC-P

Thermal expansion (%) SCC, SCC-P, SCC-S and SCC-H

Compressive strength SCC, SCC-P, SCC-S and SCC-H

Splitting tensile strength SCC and SCC-P

Splitting tensile strength SCC-S and SCC-H

Elastic modulus SCC and SCC-P

Elastic modulus SCC-S and SCC-H
5.1. Thermal properties

As shown by test data, it is evident that thermal properties are
primarily a function of temperature. To reflect this trend separate
expressions are developed for thermal conductivity (kt), specific heat
(cP) and thermal expansion (εth) of SCC and FRSCC.When the property
trends are similar, one representative relationship is given for both
SCC and FRSCC types. For SCC types having significant variation in the
property, a separate relationship is presented. These relations are
valid for SCC and FRSCC in 20 to 800 °C temperature range for all
thermal (thermal conductivity and specific heat) and mechanical
properties (compressive, splitting tensile strength and elastic mod-
ulus). For thermal expansion the relations are valid in 20 to 1000 °C
temperature range. These thermal property relations are presented in
different temperature ranges in Table 3.

5.2. Mechanical properties

The variation of compressive strength (f′c, T), tensile strength (f′t, T)
and elastic modulus Ec, T with temperature can be related through a
coefficient βT representing ratio of respective strength at target
temperature to that at room temperature (f′c , f′t and Ec) given in
Table 3. Due to least difference in variation in high temperature
compressive strength of SCC and FRSCC, single representative relation
is presented for f′c, T. However, because of significant difference in
variation of high temperature splitting tensile strength and elastic
modulus, separate relationships are presented for SCC and FRSCC.

βT ;compressive =
f ′c; T
f ′c

ð1Þ

βT ;tensile =
f ′t ; T
f ′t

ð2Þ

βT ;modulus =
Ec;T
Ec

ð3Þ

The value of βT for respective mechanical property at different
temperatures can be obtained from equations in Table 3 for SCC and
FRSCC. In lieu of equations, reduction factor βT , at different temper-
FRSCC.

Relation

kt =
3:12−0:0045T 20∘C≤T≤400∘C
3−0:0025T 400∘C≤T≤800∘C

� �

cp = 2:4 + 0:001T 20∘C≤T≤400∘C
0:6−0:006T 400∘C≤T≤800∘C

� �

cp =
2:4 + 0:001T 20∘C≤T≤400∘C
0:6−0:006T 400∘C≤Tb650∘C
10:6−0:01T 650∘C≤T≤800∘C

8<
:

9=
;

εth = 0 20∘C
−0:1 + 0:0015T 20∘CbT≤800∘C

� �

βT ; compression =
1:0 20∘C
0:99−0:002T 100∘C≤Tb200∘C
0:73−0:0005T 200∘C≤T≤800∘C

8<
:

9=
;

βT ; tensile = 1:0 20∘C
0:99−0:001T 100∘C≤T≤800∘C

� �

βT ; tensile = 1:0 20∘C
1:1−0:001T 100∘C≤Tb800∘C

� �

βT ; modulus = 1:0 20∘C
0:84−0:001T 100∘C≤T≤800∘C

� �

βT ; modulus =
1:0 20∘C
1:1−0:002T 100∘C≤Tb200∘C
0:88−0:008T 200∘C≤Tb800∘C

8<
:

9=
;



Table 4
Compressive strength, tensile strength and elastic modulus reduction factor βT at
different temperatures for SCC and FRSCC.

Temperature —

°C
Reduction factor (βT)

Compressive
strength

Tensile strength Elastic modulus

SCC and FRSCC SCC-
P

SCC, SCC-S,
SCC-H

SCC and
SCC-P

SCC-S and
SCC-H

20 1 1 1 1 1
100 0.79 0.89 0.95 0.74 0.9
200 0.59 0.79 0.9 0.64 0.72
300 0.56 0.69 0.8 0.54 0.64
400 0.53 0.59 0.7 0.44 0.56
600 0.43 0.39 0.5 0.34 0.4
800 0.33 0.19 0.3 0.04 0.24
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atures can be used for evaluating compressive and tensile strength
and elastic modulus for SCC and FRSCC as given in Table 4.

6. Conclusions

Based on the studies presented in this paper, the following
conclusions are drawn:

• Temperature has significant influence on thermal conductivity,
specific heat and thermal expansion of SCC and FRSCC. The thermal
conductivity generally decreases with temperature, while the
thermal expansion increases with temperature up to 800 °C.
However, specific heat remains almost constant up to about
400 °C, and then increases with presence of steel fibers.

• Addition of steel, polypropylene, and hybrid fibers to SCC does not
significantly alter the thermal conductivity throughout 20–800 °C
temperature range.

• SCC and FRSCC experience significant expansion with temperature;
SCC has the lowest thermal expansion whereas SCC with hybrid
fibers has the highest thermal expansion.

• Addition of steel, polypropylene, and hybrid fibers does not have
much effect on high temperature compressive strength of SCC.

• Steel fibers improve tensile strength of SCC-S up to 400 °Cwhich can
be beneficial to minimize fire induced spalling. Addition of
polypropylene fibers reduces the tensile strength of SCC-P and
SCC-H at higher temperature.

• Addition of fibers improves the modulus of SCC; steel fibers
significantly enhance the elastic modulus of FRSCC.

• The proposed relationships for high temperature thermal and
mechanical properties can be used as input data in computer
programs for evaluating the fire response of SCC and FRSCC
structures exposed to fire.
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