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This study presents a review of residual strength properties of normal and high strength concrete
exposed elevated temperatures: the implication of natural and recycled aggregates, the addition of min-
eral admixtures, and fibre. The influence of supplementary cementing materials such as fly ash, blast fur-
nace slag, silica fume, metakaolin, and commonly used fibers: steel and polypropylene on concrete
residual compressive and tensile strength, modulus of elasticity, and stress–strain behaviour after expo-
sure to elevated temperature were considered. The data obtained from previous laboratory test results
are compiled to understand the role played by room temperature compressive strength and varying con-
crete mix material composition on residual mechanical properties of concrete. A statistical analysis of
normalized residual mechanical strength (the ratio of the original strength at room temperature to that
obtained after the exposure to temperature) was carried out to rank and determine the significance each
factor on the residual mechanical properties of concrete. The study showed that properties of concrete
such as compressive strength, tensile strength, and stress–strain behavior with three testing methods:
preloaded and tested hot, unloaded and tested hot, and unloaded and tested at room temperature (un-
stressed residual) have been explored by researchers. This study reported the unstressed residual testing
method so as to allow uniformity and a common baseline for comparison. This review has shown lacking
areas where there is need for extensive research regarding the residual strength properties of concrete
subjected to elevated temperatures, especially concrete containing admixtures and fibers. The outcome
of this review will be beneficial to researchers, engineers and constructors in the field of civil engineering
and construction domain.

� 2021 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well known that concrete is the most used manmade mate-
rials in the world, and the second most consumed substance in the
world after water. Concrete, being the most used manmade mate-
rials in the world and the second most consumed substances in the
world behind water is of high demand for different construction
purposes and will continue to be in demand far into the future
[1,2]. A world without concrete is hard to imagine [3]. Concrete
is a composite material, made up of different constituents which
include binder materials such as cement and supplementary
cementitious materials, aggregates, and water [4].

The retained properties of concrete after cooling down from
exposed high temperatures are generally referred to as its residual
properties. These properties change substantially within elevated
temperature range associated with exposed fire and can be influ-
enced by factors such as time of exposure, characteristics and
material composition of concrete [5], type of fire load [6], aggre-
gates type and size, type of cement/binder paste, and water/ce-
ment ratio [7]. It is common practice to vary the material
composition of concrete in order to produce its different forms
and improve on certain properties both at ambient temperature
and after exposed elevated temperature [8]. The various forms of
concrete range from normal and lightweight concrete, natural
and recycled aggregate concrete, normal strength (20 to 50 MPa),
high strength (50 to 120 MPa) and ultra-high strength (exceeding
120 MPa) concrete, plain and fiber-reinforced concrete, and con-
ventional and high-performance concrete [9–14].

Fire represents one of the most severe environmental condi-
tions that affect concrete [11]. The heat generated from fire gener-
ally causes a high-temperature gradient in concrete. The
temperature gradient induced on concrete causes chemical and
physical reaction such as dehydration of cement paste, decomposi-
tion of aggregates, mass loss, deformation and strength loss [16,17]
which in turn negatively affects the mechanical and thermal prop-
erties of concrete [15]. Concrete mechanical properties are
adversely affected when exposed to elevated temperature, it
begins to experience initial degradation at a temperature range
200 �C � 300 �C, this deterioration has been observed to continue
with further increase in temperature, hence reducing the strength
and stiffness of structure [19,20].
2

The further possible usage of heated concrete due to fire would
depend on its residual performance. Hence, it is of great impor-
tance to know the behavior of concrete after exposure to high tem-
peratures. The residual mechanical properties of concrete have
been studied in literature and several researchers have carried
out experimental works to study their influencing factors at high
temperatures. This report bases its conclusions from the review
of previous experimental obtained results for normal and high
strength concrete made from natural and recycled aggregates. Rel-
evant professional committee reports and standard codes such as
ACI 216R-90 [17], CEN Eurocodes [18], ASCE [19] and ASTM [20]
on variations of concrete properties at elevated temperature was
set as benchmarks. Influencing factors including the addition of
different types of supplementary cementitious materials (SCMs),
fibers, and aggregates types used in the concrete mix are the main
focus in this report. The elevated temperature range adopted by
most authors is between average room temperature of 23 �C to
800 �C, however, few authors tested concrete strength up to
1000 �C and 1200 �C.

1.1. Mechanical properties of concrete at elevated temperature

Structures made from concrete material are exposed to elevated
temperatures during a fire scenario. The relative properties of con-
crete after such exposure are very important in terms of its service-
ability and failure criteria [21]. The main mechanical properties of
concrete that are of interest after exposure to elevated tempera-
tures include compressive strength, tensile strength, modulus of
elasticity, and stress–strain response [5]. These properties are com-
monly used to measure the extent of strength loss and deteriora-
tion of concrete at elevated temperatures. Many researchers have
used three different main approaches to carry out laboratory inves-
tigations on the mechanical properties of concrete exposed to high
temperatures. The unloaded and tested hot, preloaded and tested
hot where specimens are crushed at targeted high temperature
(hot temperature test), and the residual unstressed tests where
specimens are allowed to cool down to room temperature before
being loaded to failure (unstressed residual test) [25,26]. From lit-
erature, common specimen sizes used varies from 70 � 70 mm,
100 � 100 mm, and 150 � 150 mm cubes for compressive strength
test [27–31]. Some researchers also used cubes size of 100 � 100
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and 150 � 150 for tensile strength test [32,30,33]. Cylindrical spec-
imens size ranges from Ø50 � 100 mm, Ø100 � 200 mm, and
Ø150 � 300 mm are commonly used for both compressive and
splitting tensile strength test [34–37].

Concrete mechanical properties generally decrease with
increasing temperature, concrete loss approximately 25% of its
original compressive strength when heated to 300 �C and about
75% when exposed to temperature above 600 �C [38,11,8,39,36].
A similar trend has been observed by different authors for tensile
strength loss in concrete after elevated temperature [30,35,40–
42]. For modulus of elasticity, it is generally considered to be the
most affected mechanical properties of concrete after exposure to
elevated temperature. The degradation of modulus of elasticity is
much faster than that of compressive and tensile strength
[37,16]. However, axial strain in concrete generally increases with
increasing temperature, indicating severe deformability and duc-
tility of concrete at higher temperature range [38,39]. The sum-
marised data of concrete mechanical strength properties after
exposure to elevated temperature considered in this report is pre-
sented in Table 1. The concrete type distribution considered in this
Table 1
Summary of the researches carried out on the residual mechanical properties of concrete.

Refs Year Concrete
Type

Sample size
(mm)

Aggregate
Type

Aggregate
Replacement
(% by Vol)

w/b

[43] 2008 HSC Ø102 � 204 NA NA: 100 0.30, 0.3

[44] 2010 HSC Ø102 � 204 NA NA: 100 0.30, 0.4

[45] 2015 NSC Ø100 � 200 NA NA: 100 0.35

[46] 2019 NSC Ø100 � 200 NA RA: 0, 30,
60, 100

0.5

[36] 2020 NSC 100 � 100 � 100 NA NA 0.5

[47] 2020 NSC 100 � 100 � 100 NA NA: 100 0.5

[8] 2020 NSC 100 � 100 � 100 NA NA: 100 0.5

NSC- Normal strength concrete, HSC- High strength concrete, NA- Natural aggregate, RA
slag, SF- Silica fume, GP – Glass power, MP- Marble powder, RHA- Rice Hush Ash, StF- Ste
strength, f t- Spilt tensile strength, E- Modulus of elasticity, e- Strain, fshear - Shear stre

NSC (RCA)
HSC (RCA)

NSC (NA)
HSC (NA)

29%

35%

31%

RESEARCH  DISTRIBUTIONS OF
CONCRETE  (AGGREGATE TYPE)

5%

(a) (b

Fig. 1. Concrete type distributions (a) base on
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report is presented in Fig. 1. Residual mechanical properties
including compressive strength, split tensile strength, modulus of
elasticity, and stress–strain behaviour of concrete after elevated
temperatures are discussed in this section Table 2.

1.2. Residual compressive strength of concrete

Compressive strength of concrete at room temperature depends
on water-cement ratio, curing conditions, aggregate type and size,
admixture types, and type of stress among others [48]. Besides, fac-
tors such as concrete strength at room temperature, rate of heat-
ing, duration of exposure to fire, and fire load equally influenced
the residual compressive strength of concrete at elevated temper-
atures [5]. The residual compressive strength of concrete is of par-
ticular interest in the fire safety design of structures. Hence, several
previous researchers have investigated concrete compressive
strength behavior at high temperatures. The main findings from
the experimental results of previous researchers on the relation-
ship of residual compressive strength of normal strength concrete
after exposure to elevated temperatures and comparison with
SCMs (% mass
content in
cement)

Fiber (% Conc
Vol), mass
content, kg/m3

Test Temp. Mechanical
Properties
tested

5, 0.40 Silica Fume:
0, 6, 10

Nil 20, 100, 200, 300,
600

fcu,

0 Silica Fume:
0, 6, 10

Nil 20, 100, 200, 300,
600

fcu, f t

FA: 40, 50, 60 Nil 20, 100, 200, 300,
400, 500, 600, 700,
800, 900

fcu, f t

GP: 20 StF: 0.5 25, 200, 400, 600 fcu, f t

nS: 0, 3, 6, 8 BF: 0, 1, 2,
3 kg/m3

20, 200, 400, 600 fcu, f t

Nil StF: 0, 0.25 20, 100, 200, 300,
400, 600, 700, 800

fcu, f t, fshear

Nil StF: 0, 0.25 20, 100, 200, 300,
400, 600, 700, 800

fcu, f t, fshear

- Recycled concrete aggregate, FA- Fly ash, GGBS- Ground granulated blast furnace
el fiber, PPF- Polypropylene fiber, MK- Metakaolin, nS- Nano silica, f cu- Compressive
ngth.

13%
NSC (Fiber Reinforced) 

HSC (Fiber Reinforced)

NSC (Plain)

HSC (Plain)

47%
29%

RESEARCH DISTRIBUTIONS OF
CONCRETE (PLAIN & FIBER 

REINFORCED)

11%

) 

aggregate type (b) base on fiber addition.
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relevant standards are presented in Fig. 2. This report analyzed the
normalized residual compressive strength values, which is the
ratio of compressive strength at elevated temperature to the initial
compressive strength at room temperature in other to quantify the
behavior of concrete after thermal exposure. The unstressed resid-
ual state test results were considered to eliminate the possible
effect of different test modalities on results [49–59]. The compres-
sive strength of concrete decreases with a rise in temperature as
observed in Fig. 1, however, varying response of concrete to ele-
vated temperature is attributed mainly to different compressive
strength value at room temperature, aggregate type, and water-
cement ratio used for concrete mix. Generally, strength reduction
is due to changes in the physical and chemical compositions of
concrete upon heating, which leads to micro cracking and internal
stress from the thermal expansion of aggregates [60–64]. Further-
more, changes in hydrothermal conditions through the loss of free
and adsorbed water as temperature rises, loosen mortar matrix,
and deterioration of ITZ at elevated temperatures up to 300 �C con-
tributed to initial strength loss [65,41,66,63]. Above 400 �C, attrib-
uted causes of strength reduction include dehydration and
disintegration of hydration products of calcium hydroxide (CH)
[55] and loss of stiffness due to the decomposition of calcium sili-
cate hydrate (CSH) gel at temperature around 600 �C [39]. Within
the temperature range of 600–800 �C, thermal mismatch between
cement matrix and aggregates, coarsening of pore structures, and
instability of aggregates due to decomposition of calcium carbon-
ate leads to further strength reduction [59,67–68].

However, some researchers observed increased residual com-
pressive strength at initial elevated temperature range of 100 –
300 �C, followed by a sharp decrease in strength. Increased com-
pressive strength was observed at 100 �C [31], 200 �C [48,30],
250 �C [40] and at the temperature range of 200 – 300 �C [62].
Dry hardening of cement paste caused by further hydration of
cement and internal steam curing due to hot vapor through inter-
nal autoclave condition at this temperature range was highlighted
as possible reasons for the increased strength at initial elevated
temperature range [46,43,58,39,69,70].

Overall, the residual compressive strength can be categorized
within three main temperature range: (1) Room temperature �
350 �C characterized with initial stabilizing and regaining stage,
(2) 350 �C – 800 �C characterized with strength loss stage. (3) Over
800 �C is characterized by total strength loss of concrete strength
[5].

1.3. Residual tensile strength of concrete

Concrete is weak in tension; hence, cracks can easily propagate
under tensile load [64]. Tensile strength retained in concrete after
elevated temperature caused by fire is an important property of
concrete structural members, especially where fire-induced spal-
ling may occur [40,41].

From available literature, tensile strength of concrete decreases
with increase elevated temperature [71,32,36,30]. As the tempera-
ture rises, similar to compressive strength experience, physical and
chemical changes that take place due to hydrothermal processes
lead to a reduction of the tensile strength [35]. The internal mois-
ture evaporation and crystal decomposition of concrete become
more serious as reduction in chemically bonded water continues
due to dehydration and partial decomposition of C-A-S-H gel, the
compactness of the mortar loosen, thus, splitting tensile strength
decreases [72,42]. Fig. 3 shows a high positive correlation between
normalized residual compressive and split tensile strength of con-
crete after exposed temperatures. The addition of fibers and sup-
plementary cementitious materials in concrete mix has been
observed to significantly reduce residual tensile strength loss
thereby improving its residual tensile strength after exposed



Fig. 3. Normalised residual tensile strength vs normalized residual compressive
strength of concrete after exposed temperatures.

Fig. 4. Residual stress–strain relationship of concrete after exposed temperatures
[69].
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Fig. 2. Relationship of normalized residual compressive strength of normal strength concrete (NSC) after exposed temperature.
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elevated temperature [34,39,71,73–74]. Generally, concrete expe-
rience greater degradation in terms of splitting tensile strength
compare to compressive strength after heating cycle (see Fig. 6).
This has been attributed to the fact that splitting tensile strength
is more sensitive to thermal and micro-cracks than the compres-
sive strength [54,33]. Hence, concrete with high residual tensile
strength performs better and possess higher resistance to crack
propagation and explosive spalling at elevated temperatures [33].
Table 3 gives the summary of the normalized residual tensile
strength of concrete with and without addition of supplementary
cementitious materials and fibers.
5

1.4. Residual Stress-Strain behavior of concrete

The relationship between induced stress and deformation
(strain) in concrete behaves differently depending on the level of
exposed temperature (see Fig. 4). The effect of temperature
changes on the compressive strength of concrete also affects the
stress–strain behavior of concrete. Smoother stress–strain curve
is produced as temperature increases [45,75]. This indicated that,
under the same amount of induced compressive stress on concrete,
there is increased corresponding strain as exposed temperature
increases. Xie et al 2018 [39] studied the response of axial com-
pressive stress–strain relationship at elevated temperature range



Fig. 5. Relationship between normalized peak strain and modulus of elasticity of
concrete.
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25 �C – 800 �C. Similar to common observation by previous
researchers [76,43], peak strain, which is the strain corresponding
to ultimate stress applied, increases as the temperature increases
from 25 �C to 800 �C. Fig. 4 shows the stress–strain response of
40 MPa concrete after exposure to different elevated temperatures
[69]. Increased peak strain indicates higher ductility of concrete
under elevated temperature. Data from previous researches is used
to investigate the relationship between normalized residual peak
strain (deformation) and modulus of elasticity (stiffness) of con-
crete after exposed temperatures. A quadratic relation of signifi-
cant correlation is obtained as presented in Fig. 5.

1.5. Residual modulus of elasticity

The modulus of elasticity of concrete, similar, to other mechan-
ical strength properties is affected by the level of exposed temper-
ature. Modulus of elasticity is generally considered to be the most
affected mechanical properties of concrete during exposure to ele-
vated temperatures. The degradation of modulus of elasticity is
much faster than that of compressive strength and tensile strength
[43,20]. This has been attributed to the loss of free water and effect
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of crack development on concrete specimens exposed to high tem-
perature [75,9,52,61,30]. Concrete exposed to high temperatures
exhibits severe loss of modulus of elasticity compared to those
kept at room temperature. This severe loss is experienced rapidly
with an initial rise in temperature as opposed to what is observed
for residual compressive and split tensile loss. The normalized
modulus of elasticity of concrete after exposed temperature is pre-
sented in Table 4. Chen et al. [37] observed a considerable initial
decrease in modulus of elasticity as temperature rise to 400 �C
and further decrease with increasing temperature, but with slower
degradation rate at temperature above 600 �C. Concrete can lose
most of their elastic modulus until 400 �C heating–cooling cycle
[9,52,43,61,37]. While at higher temperature range, Xie et al [39]
concluded that the elastic modulus of concrete has little difference
between 600 �C and 800 �C due to the collapse of the resistance to
the compressive deformation at 600 �C resulting in little further
drop in elastic modulus of concrete at 800 �C. The high rate of
degradation of concrete modulus of elasticity after exposure to ele-
vated temperature infers that high temperature has a considerably
damaging effect on its microstructure [37]. The summary of statis-
tical details of mechanical strength properties of concrete at room
and elevated temperature are presented in Table 5 while the
response of residual mechanical strength properties of concrete
with rise in temperature is shown in Fig. 6.
1.6. Factors influencing residual mechanical strength properties of
concrete

The major factors affecting concrete mechanical strength prop-
erties are similar to those that affect its residual strength proper-
ties when exposed to elevated temperature, however, their
behavior differs from that observed at ambient temperature. This
report focuses on the influence of concrete compressive strength
at room temperature with consideration of normal and high
strength concrete only, addition of supplementary cementitious
materials (fly ash, GGBS, metakaolin, silica fume, and nano-
silica), aggregate types (natural and recycled coarse aggregate) as
well as the addition of commonly used fibers (steel and polypropy-
lene) in concrete exposed to high temperature. Residual compres-
sive strength of concrete behaves in a similar way to residual split
tensile strength after elevated temperature [69,76–77]. However,
the splitting tensile strength of concrete is more sensitive to high
ature (oC)
900 1000800 700 600 00 

y = -0.0009x + 1.013

  y = -0.0009x + 1.0722

y = 0.003x + 0.6924

ical properties after exposed temperatures.



Table 3
Summary of Research for Residual Tensile strength of concrete after exposure to high temperature.

Refs CA Aggregate
Type/Replacement (%)

Concrete
type

w/b SCMs
Type: %
mass
content in
cement

Fiber Tpye: %
Conc. Vol./(mass
content, kg/m3)

Room
Temp
Split.
Tens.
Str

NORMALIZED Residual Splitting Tensile Strength after Test Temperatures (�C)

23 100 200 300 400 500 600 700 800 900 1000

[32] CL NA:100 NSC 0.45 - - 2.70 1.00 1.22 1.09 0.95 0.85
[34] CL NA NSC 0.55 - - 2.52 1.00 0.88 0.77 0.65 0.54 0.42 0.25

Q NA NSC 0.55 - - 3.22 1.00 0.89 0.79 0.68 0.58 0.47 0.31
GR NA NSC 0.55 - - 4.05 1.00 0.91 0.82 0.73 0.64 0.56 0.42

[28] RA RA:100 0.45 2.60 1.00 0.92 0.73 0.35 0.15
RA:100 0.45 3.00 1.00 0.77 0.63 0.40 0.20
RA:100 0.45 2.70 1.00 0.93 0.63 0.30 0.26

CONCRETE WITH FIBER
[44] CL NA HSC 0.33 SF + FA - 8.10 1.00 1.00 0.43 0.21 0.10

NA HSC 0.33 SF + FA StF: 0.6%
NA HSC 0.33 SF + FA PP fiber: 0.6% 8.10 1.00 1.00 0.44 0.43 0.28
NA HSC 0.33 SF + FA PP: 0.3% + StF: 0.3% 9.90 1.00 0.99 0.83 0.59 0.38

[56] CL NA NSC 0.60 - PP: 1.5kg/m3 2.10 1.00 0.71 0.33 0.14
NA HSC 0.35 SL:10 PP: 2.5kg/m3 3.90 1.00 0.67 0.26 0.20

[58] CA NA NSC 0.5 - - 3.03 1.00 0.69 0.30 0.59 0.83 0.50 0.25 0.23
NA NSC 0.5 - StF: 0.25% 3.88 1.00 0.72 0.71 0.64 0.70 0.59 0.34 0.24

* = Only Normalised split tensile strength (at room and elevated temperature) CA- Coarse aggregate, C- Crushed stone, RA- Recycled aggregate, CL- Crushed limestone, SG- Siliceous gravel, NCA- Natural coarse aggregate, NSA-
Natural siliceous aggregate, Q- Quartzite, GR- Granite, RBA- Recycled brick aggregate, CaA- Calcareous aggregate. NSC- Normal strength concrete, HSC- High strength concrete, FA- Fly ash, PFA- paper sludge ash, MK- Metakaolin,
GGBS- Ground granulated blast slag, SL- Silica fume, nS- Nano silica, StF- Steel fiber, PPF- Polypropylene fiber.

Table 4
Summary of Normalized Residual Modulus of Elasticity concrete after exposed temperature.

Source CA Aggregate Type/RCA
Replacement (%)

Concrete typ
(NSC/ HSC)

w/b Admixture dosage
(%) mass content
in cemen

Fiber (% conc
vol.) mass
content, kg/m3

Room Temp Mod.
of Elast. (GPa)

NORMALIZED Residual Modulus of Elasticity (Gpa) after Test Temperatures (�C)

23 100 200 300 400 500 600 700 800 900 1000

[47] CL NA:100 HSC 0.43 – – 43.70 1.00 0.30 0.25 0.12
CL,RA RA:20 HSC 0.44 – – 36.70 1.00 0.33 0.27 0.11
CL,RA RA:50 HSC 0.46 – – 40.40 1.00 0.31 0.25 0.11
CL,RA RA:100 HSC 0.49 – – 33.20 1.00 0.34 0.26 0.11

[52] CL NA:100 NSC N/A – – 22.30 1.00 0.45
CL,RA RA:30 NSC N/A – – 21.85 1.00 0.33
RA RA:100 NSC N/A – – 21.85 1.00 0.24

CONCRETE WITH FIBER
[30] CL NA HSC 0.30 – – 46.40 1.00 0.89 0.61 0.43 0.23
[58] CA NA NSC 0.5 – –

NA NSC 0.5 – Steel fiber: 0.25%,
len 30 mm, dia 0.8 mm

[56] CL NA NSC 0.60 – PP: 1.5 kg/m3, len 12 mm,
dia 31-35um

35.70 1.00 0.51 0.11 0.07
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Table 5
Statistical data on mechanical strength properties of concrete at room temperature and after exposed temperature.

N Range Minimum Maximum Mean Std. Deviation Variance

Concrete Type (NSC) 1111
Concrete Type (HSC) 748
Room Temp. Comp. Strength (MPa) 1793 125.65 10.35 136.00 56.8789 27.78054 771.758
Normalized Residual Comp Strength 828 2.27 0.08 2.35 0.7238 0.34093 0.116
Room Temp. Tensile Strength (MPa) 715 8.42 1.48 9.90 3.7237 2.02976 4.120
Normalized Residual Tensile Strength 343 1.32 0.10 1.42 0.6682 0.30439 0.093
Room Temp. Modulus of Elasticity (GPa) 627 61.11 20.89 82.00 33.1100 11.45282 131.167
Normalized Residual Modulus of Elasticity 259 0.99 0.01 1.00 0.5264 0.35471 0.126
Room Temp. Peak Strain 253 0.65 0.15 0.80 0.3778 0.12750 0.016
Normalized Residual Peak Strain 104 4.75 0.59 5.33 1.7734 1.19295 1.423
Temperature (�C) 12 977 23 1000 502.09 313.058
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temperatures than compressive strength [72]. The residual
mechanical strength properties of concrete changes substantially
at different elevated temperature levels and can be further influ-
enced by heating rate and time of exposure to fire [5,6]. The capac-
ity of concrete to retain its mechanical strength properties after
exposure to elevated temperatures is very crucial in evaluating
the fire resistance of concrete structures [73].
2. Influence of concrete room temperature compressive
strength

2.1. Residual compressive strength

The room temperature compressive strength of concrete plays a
key role in its residual mechanical properties when subjected to
elevated temperature. The residual compressive strength behavior
of high strength concrete (HSC) vary differently when exposed to
high temperature compared to that of normal strength concrete
(NSC). HSC strength loss and degradation after elevated tempera-
ture as reported by different authors is not consistent [5]. However,
some researchers observed that the effect of elevated temperature
is more pronounced on high strength concrete, with higher rate of
degradation and loss of compressive strength over entire tempera-
ture range [80,81]. Normal strength concrete typically loses about
10–20% and 60 – 75% of its original compressive strength when
heated to temperature of 300 �C and 600 �C respectively, while
high strength concrete has higher rates of original strength loss
as much as 40% at temperatures up to 450 �C [76]. NSC exhibits
good performance at high temperatures, it shows increased resid-
ual strength at initial temperature range 150 – 300 �C due to the
effect of dry hardening and formation of heating steam with inter-
nal autoclave causing further hydration in concrete [38,5]. Gener-
ally, dehydration reactions of hydration products cause different
response of concrete at elevated temperature. From ambient tem-
perature – less than 300 �C, NSC experiences fluctuation in
strength, thereafter is a gradual drop when the temperature
exceeds 300 �C. Between 400 �C and 600 �C, the residual compres-
sive strength starts to decrease drastically. Main compressive
strength loss is concentrated within this temperature range. With
further rise in exposed temperature, compressive strength drops
to about 20% of its ambient temperature strength at 800 �C
[55,42]. The compact microstructure of HSC does not easily allow
for easy moisture evaporation under high temperature, this lead
to build up of pore pressure, rapid developments of micro cracks
and faster deterioration of strength in HSC at subjected high tem-
perature compared to NSC [5,59,42]. Unlike normal strength con-
crete, HSC is characterized by explosive spalling. Spalling occurs
in HSC even at a very low-temperature range 350–400 �C in HSC
[77]. HSC also suffers both chemical decomposition and pore struc-
ture coarsening of the hardened cement paste when C-S-H starts to
decompose at elevated temperature. It was concluded that high
8

strength concretes suffer greater compressive strength loss than
normal strength concrete at maximum exposure temperatures of
600 �C [22]. On the contrary, Poon et al [41] observed that HSC
maintained a higher percentage value of residual compressive
strength than NSC due to coarsening of the pore structure and
increase in pore diameter, which was found to be more in NSC at
elevated temperatures than in the HSC. Hence, NSC showed a grad-
ual decrease in strength. This also agrees with Phan et al [78]
results at maximum concrete core temperature of 450 �C, concrete
with higher original strength (93 MPa), lower w/cm ratio retained
higher residual compressive strength after exposure to elevated
temperature than those with lower original strength (51 MPa)
and higher w/cm ratio. The addition of SCM and Fibers improves
the residual compressive strength of both NSC and HSC at elevated
temperatures. (detail in section 3.2 and 3.3). The line of best fit
from a regression analysis of experimental results on residual com-
pressive strength as obtained by previous researchers considering
normal and high strength concrete without addition of fiber is pre-
sented in Fig. 7. To quantify strength, decrease with elevated tem-
perature, normalized residual compressive strength of NSC and
HSC without fiber addition are considered and compared with rel-
evant standards and models. Similarly, Fig. 8 shows a generalized
trend of concrete normalized compressive strength response at dif-
ferent exposed temperatures with increasing room temperature
compressive strength based on obtained experimental data from
previous researches Fig. 9 Fig. 10..
2.2. Residual tensile strength

Tensile strength of NSC, similarly to compressive strength
decreases with an increase in exposed temperature due to its weak
microstructure allowing for initiation of microcracks. Normal
strength concrete loses approximately 20% of its initial tensile
strength at 300 �C and due to rapid thermal damage above
300 �C, tensile strength reduces to about 20% of its initial strength
at 600 �C [5]. On the other hand, tensile strength degradation in
HSC is not consistent as there are significant variations as reported
by various authors. Chan et al [81] observed that mechanical
strength loss (compressive and tensile strength) in high strength
concrete is similar to that of normal strength concrete during
exposed temperature up to 1200 �C. HSC splitting tensile strength
shows an initial higher loss at 100 �C, thereafter, strength loss
becomes gradual until 800 �C with an average retention of 12 –
16% of room temperature strength at 800 �C [53]. However,
Laneyrie et al [82] observed an opposing trend that high strength
concrete with w/c ratio 0.3 shows lower decrease of relative tensile
strength with increased temperature compared to normal strength
concretes with w/c 0.6 because of the better bonding at interfaces
when the water content decreased. The addition of steel and
hybrid fibers slows the loss of tensile strength of concrete with
increased temperature [73] (details are in section 3.3).
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Fig. 8. Relationship between normalized residual compressive strength and compressive strength at room temperature.
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Fig. 7. 0 Normalized Residual Compressive Strength for NSC and HSC after exposed temperatures. NSC: [43,47,52,55,27,9,85,86]; HSC: [28,42,59,47,81].
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2.3. Stress-Strain behavior and modulus of elasticity

Stress–strain response of concrete is often obtained alongside
concrete compression strength tests. Generally, increased exposed
temperature resulted to decrease in concrete ultimate peak stress
and a corresponding increase in its peak strain. Previous research
works revealed that the value of compressive strength of concrete
at room temperature contributed significantly to the varying
responses of concrete stress–strain behavior after exposure to ele-
vated temperature. Normal strength concrete is observed to pos-
sess the highest level of ductility behavior when compared to
high strength concrete at elevated temperature. This ductility indi-
cates a smoother stress–strain curve with an overall increased
peak strain as temperature rises [38]. HSC has been observed to
show different stress–strain behavior from NSC during exposure
to elevated temperature. HSC produced a very steep stress–strain
9

slope at room and initial elevated temperatures, indicating brittle
properties [83]. It is more difficult to achieve ductile behavior for
HSC compared to normal-strength concrete at room temperature.
However, for exposed elevated temperatures, Cheng et al [84]
found out that high strength concrete exhibit brittle properties to
an elevated temperature below 600 �C and start to show ductility
behavior above 600 �C.

As earlier mentioned, Modulus of elasticity of concrete is
severely affected by rise in exposed temperature. Different room
temperature concrete compressive strength value affects the level
of loss in its elasticity modulus at elevated temperature. Lau and
Anson [23] compared the residual modulus of concrete with com-
pressive strength range from normal, (39 MPa) medium (53 MPa)
and high strength (99 MPa) concrete at different elevated temper-
ature. They found out that normal strength concrete mix lost
approximately 7% to 73% of its room temperature modulus of



Fig. 9. Relationship of Stress–strain behavior of high strength concrete (without
steel fiber) [84].
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elasticity between 105 �C and 1100 �C respectively, while high
strength concrete mix lost about 24% to 93% at the same tempera-
ture range. This showed that the variation in concrete modulus of
elasticity losses for normal and high strength concrete is large at
initial elevated temperatures. However, the impact of room tem-
perature strength became less and the level of elasticity modulus
loss becomes quite similar for NSC and HSC after exposure to
higher elevated temperatures.
3. Influence of addition of supplementary cementitious
materials (SCM)

3.1. Residual compressive strength

Blend of supplementary cementitious material (SCM) such as fly
ash FA, silica fume (SF) grounded granulated blast furnace slag
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Fig. 10. Normalized residual compressive strength of conc
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(GGBS) with cement improve the properties of concrete at both
room and elevated temperatures. The summary of residual com-
pressive strength of concrete and the influence of addition of
SCM at room and elevated temperatures are presented in Table 3.
Pozzolanic concretes containing fly ash (30%) and blast furnace
(40%) slag gave higher retained residual strength in HSC and NSC
respectively particularly at temperatures below 600 �C compared
to pure cement concretes [41]. Similarly, improvement of residual
compressive strength was observed in concrete with the addition
of pulverized fly ash (PFA) compared to non-PFA concrete at expo-
sure temperature range of 450 �C and 650 �C [40]. The compressive
strength of high-volume fly ash concrete increased initially as the
temperature increases up to 300 �C in the range of 112–136% for
60% � 40% fly ash content replacement respectively, then followed
by a declining strength as temperature increases. However, greater
strength loss is observed in high volume fly ash concrete [85]. For
recycled aggregate concrete, addition of SCM has also proved to be
beneficial on its residual compressive strength. The addition of FA
causes a significant reduction in RAC strength loss at temperature
up to 400 �C as a result of further hydration reaction of reactive
powders in FA which is accelerated under high temperature. How-
ever, this is followed by a remarkable strength reduction at tem-
peratures above 400 �C [24]. This strength reduction was
attributed to the development of internal stresses and microcracks
in both the two interfacial transition zones caused by different
thermal expansion coefficients of old and new materials [86].

Besides, Kien et al [54] studied the influence of different mineral
admixtures (fly ash (FA), waste paper sludge ash (PSA), silica fume
(SF), metakaolin (MK) on the residual compressive strength of con-
crete after exposure to elevated temperature 500 �C. Residual com-
pressive strength of RAC concrete increased by 38.45% and 35.23%
with addition of 5% and 10% FA respectively. Fly ash improves the
residual compressive strength of heated RAC the most followed by
MK, PSA, cement, and SF. On the other hand, silica fume and nano-
silica perform poorly in terms of residual compressive strength of
concrete after exposure to elevated temperatures. Bastami et al
[28] compared silica fume and nano silica addition in HSC, they
observed that nano silica addition increase the critical temperature
level for major compressive strength loss in HSC from range 400–
800 �C as observed for normal HSC to 600 – 800 �C in HSC with
nano silica additions indicating that nS addition is more effective
than SF at elevated temperatures. Yongui et al [36] observed at
erature (oC)

900 1000 800 700 600 00 
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MK
SF + nS
Linear (No SCM) 
Linear (FA) 
Linear (GGBS) 
Linear (SF) 
Linear (nS) 
Linear (MK) 
Linear (SF + nS)

rete with different SCMs after exposed temperature.
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400℃, as the content of nS increases, the content of the CH crystals
decreases and the content of C-S-H gel increases, while the C-S-H
began to decompose at 600 �C, further increase in nS content
causes the pore content to increase, mortar compactness decreases
and the structure gradually becomes looser. These changes in the
microstructure with the content of nS at different temperatures
shows the tendency for relative residual compressive strength to
decrease as the content of nS increases [36]. This agrees with the
conclusions of Behnood et al [44] on the effect of silica fume (SF)
on the residual compressive strength of HSC which showed higher
strength loss in silica fume concrete compared to only OPC con-
cretes at temperatures up to 600 �C, but were approximately the
same above 600 �C. This effect was attributed to denser transition
zone between aggregates and paste due to ultra-fine particles in SF
concretes which hinders easy escape of moisture. At elevated tem-
perature, expansion of aggregates and contraction of paste devel-
oped higher stress concentrations in the transition zone that
caused more sensitivity of the bonding between aggregate and
paste containing SF than that of only OPC concrete leading to
greater strength loss of SF concretes. The addition of mineral
admixtures produces a superior and dense microstructure with
less amount of calcium hydroxide that ensures a beneficial effect
on compressive strength at room temperature [87]. Nevertheless,
this compact microstructure leads to detrimental effects of con-
crete compressive strength at elevated temperature due to lower
permeability that do not allow easy escape of moisture, thereby
resulting in build-up of pore pressure and development of cracks
[49,79]. Fig. 11 shows the relative percentage change in residual
compressive strength of concrete with addition of different SCMs
based on experimental data obtained by previous authors.

3.2. Residual tensile strength

There is limited literature on the trend of the residual tensile
strength of concrete with addition of SCMs at exposed elevated
temperatures. The use of nS was observed to be more efficient than
silica fume in increasing residual tensile strength of heated con-
crete at higher temperatures, however, their blend in concrete
improves further the residual tensile strength concrete at all ele-
vated temperatures [28]. Although, silica fume concrete possesses
200 400 600

SF G G B SFA N o S C M

% RELATIVE COMPRESSIVE STRENGTH AF

87
%

69
%

51
%

33
%

15
%

11
4%

96
%

78
%

60
%

42
%

97
%

77
%

57
%

37
%

17
%

84
%

64
%

44
%

Fig. 11. Percentage relative compressive strength of conc

11
good mechanical properties at room temperature, nevertheless,
concrete with silica fume undergo severe tensile strength loss after
exposure to 600 �C [72].

Furthermore, the influence of addition of fly ash in concrete sig-
nificantly mitigates deterioration of mechanical properties and
improves its resistance to spalling occurrence and cracks formation
caused predominantly by the development of tensile stress under
elevated temperature [88]. Khan and Abbass [50] studied the vari-
ation in tensile strength of concrete with and without fly ash at ele-
vated temperature, they observed an increase tensile strength of
range 33 – 43 % for concrete with fly ash 40 – 60% content respec-
tively as initial temperature rises to 300 �C before declining at
higher temperature level. Gao et al [89] and Shen et al [90]
observed similar positive influence with addition of GGBS in con-
crete. The splitting tensile strength of concrete increases remark-
ably with the inclusion of GGBS for normal and fiber reinforced
concrete respectively. Nevertheless, excessive GGBS reduces the
mechanical performance of concrete [89]. This also agrees with
Kou et al [91] results which showed that GGBS concrete has higher
residual tensile strength compared to fly ash concrete at all
exposed temperature considered. However, GGBS concrete mix-
tures suffered strength reduction in the range of 48 – 53 % while
the strength loss for fly ash concrete range from 61 to 71% of their
initial strength after exposure temperature of 500 �C. Limited
research work is observed on the residual performance of GGBS
concrete at elevated temperature from available literature despite
its wide acknowledgment as a suitable admixture for improving
strength properties of concrete at room temperature. The regres-
sion line of best fits obtained for different SCMs based on experi-
mental results is presented for residual tensile strength in Fig. 12.

3.3. Stress-Strain behavior and modulus of elasticity

Supplementary cementitious materials addition in concrete mix
has been shown to influence the behavior of stress–strain relation-
ships in concrete exposed to elevated temperature. Kien et al [54]
studied and compared the effect of different SCMs by addition and
replacement methods on the stress–strain response of recycled
aggregate concrete. They found out distinctly differing responses
of each method. While addition method resulted in the greater
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slope of ascending branch of the stress–strain curve of concrete at
elevated temperature, the stress–strain curves of RAC in the
replacement method exhibited smoother and flatter stress–strain
curves indicating reduced peak stress and stiffness of heated RAC
with replacement method compared to that with addition method.
They concluded that Fly ash enhances the stress–strain curves of
heated RAC better than paper sludge ash (PSA), metakaolin, and sil-
ica fume. Furthermore, the deformability of concrete which is
mostly evaluated by the value of its peak strain, with addition of
mineral admixtures after elevated temperature varies with the
type of concrete. Peak strain of normal concrete seems to be inde-
pendent on mineral admixtures at elevated temperature [93],
whereas, Kien et al [54] found out that strain in heated RAC was
considerably increased with incorporation of 5 – 15% mineral
admixtures due to higher residual compressive strength of RAC
incorporating mineral admixtures at observed 500 �C exposure
temperature. Silica fume and metakaolin increased the critical
strain of heated RAC higher than that of PSA and FA.

The effect of addition of SCMs on concrete’s modulus of elastic-
ity seems to vary based on aggregate type used in the concrete mix.
For normal concrete, metakaolin and silica fume do not have a sig-
nificant effect on the stiffness of the concrete before and after
exposure to the elevated temperatures [93]. SCMs influence on
RAC residual elastic modulus depends on the type used. Kien
et al [54] found out that with the addition of 5% FA in RAC, the
residual elastic modulus of RAC increased by 34.61% after 500 �C
exposed temperature while the replacement of 10% and 15%
cement by silica fume dropped the residual elastic modulus of
RAC by 6.95% and 27.3% respectively after same exposed tempera-
ture. Fly ash, Paper sludge ash, and metakaolin were observed to
perform better than SF in terms of residual elasticity modulus of
RAC. Overall, the modulus of elasticity of RAC decreases with an
increasing proportion of mineral admixtures after 500 �C elevated
temperature. Xie et al [39] further studied the effect of varying sil-
ica fume at low content between 0, 4, 8, and 12% on RAC modulus
of elasticity. They found out that addition of silica fume in concrete
mix presents a marginal variation after exposed temperature up till
200 �C and the highest modulus of elasticity is with 4% silica fume
at 400 �C exposed temperature. They concluded that low content of
silica fume can be beneficial to improve the compressive stiffness
of RAC.
12
4. Influence of addition of fibers

4.1. Residual compressive strength

Researchers have investigated the effect of adding different
fiber types on the compressive strength properties of concrete at
elevated temperatures. This report focuses on the influence of
steel, polypropylene, and hybrid (combination of steel and
polypropylene) fibers. Eidan et al [29] considered temperature of
400 �C as the critical heating level for residual mechanical strength
properties of fiber-reinforced concrete and found out that above
heating level of 400 �C, the residual factors for fiber-reinforced con-
crete are generally higher than that of plain concrete. Steel fiber
reinforced concrete (SFRC) with 1% addition performs better than
non-SFRC for maximum exposure temperatures below 1000 �C;
compressive strength loss is significantly slow down at higher tem-
peratures [23]. A comparison between the effect of steel fiber and
glass fiber on concrete strength at elevated temperature was inves-
tigated by Moghadam et al [57]. They observed that the compres-
sive strength of normal, steel and glass fiber concrete drops as
temperature rise to 100 �C because no chemical changes have
occurred at this temperature range, however, above 100 �C, Steel
fibers and Glass fiber concrete shows increased residual compres-
sive strength in a range of 9 – 27 % and 1 – 18% respectively with
0.25% volume fraction each for steel and glass fiber at tested tem-
peratures up to 800 �C. The improved residual compressive
strength was attributed to the bonding properties of fibers with
cement gel and the aggregates. On average, the normalized com-
pressive strength of steel fiber reinforced concrete is higher than
that of glass fiber by 12.95% at tested temperatures [57]. In general,
the negative impact of increased temperature on the compressive
performance of concrete is significantly counteracted by adding
steel fiber, especially in high strength concrete containing silica
fume [39].

The inclusion of Polypropylene (PP) fiber in concrete mix has
also been observed to improve slightly the residual mechanical
properties of concrete. The relative compressive strength of con-
cretes containing PP fibers was higher than those of concretes
without PP fibers while the addition of PP fibers was more effective
for compressive strength compared to splitting tensile strength of
concrete above 200 �C [44]. Eidan et al [29] also agree that



O.E. Babalola, P.O. Awoyera, D.-H. Le et al. Construction and Building Materials 296 (2021) 123448
Polypropylene fiber-reinforced concrete exhibits higher residual
mechanical strength compared to plain concrete. Their results
showed that PP fibers neutralize the effect of physiochemical
degradation of cement when the heating level is above 400 �C.
The residual compressive strength of PP fiber-reinforced concrete
with PP 12 mm length and 0.2% concrete volume dosage retained
higher residual compressive strength of 25% of its initial strength
while PP fiber-reinforced concrete with 6 mm length and plain
concrete retained 21% and 12% respectively during exposure tem-
perature range from 400 to 600 �C. They further noted that residual
compressive strength of all fiber-reinforced mixes is lower than
that of plain concrete mix below 300 �C, attributing this to the fact
that the matrix was not affected by fiber until 300 �C temperature
and pore pressure has not reached its critical level, whereas PP
fibers have already melted and left microscopic channels within
the matrix of fiber-reinforced concrete which eventually results
in reduction in compressive strength. Both steel fiber and
polypropylene fiber were both effective in minimizing the damag-
ing effect of high temperatures on the compressive strength of con-
crete [94]. Similarly, addition of PP fiber at 0.45–1.8 kg/m3 dosage
shows little or no influence on the residual compressive strength of
concrete subjected to high temperatures with retained residual
compressive strength over 25% of room temperature value [95].
However, Poon et al [93] contradicted this claim and suggested
that such differences might be derived from different test condi-
tions or environments. This also agrees with Suhaendi & Horiguchi
[77] observation. Although they acknowledged the significant mit-
igation mechanism with PP addition in terms of spalling occur-
rence especially in HSC due to melting of polypropylene fibers at
160–170 �C temperature, which provides passages for water vapor
to escape thus reducing the pore pressure under heat exposition.
Nevertheless, they concluded that residual properties of HSC rein-
forced by polypropylene fibers decreases due to intentionally gen-
erated additional pores in concrete.

The properties of concrete exposed to elevated temperature
have been significantly improved by the addition of two separate
fibers (Hybrid fibers) in concrete [94]. Especially, the addition of
PP with other types of fibers such as steel and carbon fibers. Blend
of steel and PP fiber performed better at elevated temperatures
because the melting of PP fiber during the rapid temperature-
increasing process creates microchannels that facilitate the release
of the high vapor pressure due to inner moisture of concrete [43].
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The residual strengths of hybrid fiber reinforced concretes were
around 36% of their original strength at an elevated temperature
of 800 �C. The understanding of the good synergy of steel and
polypropylene fiber in concrete mix is further supported by results
of [96,101] and [55]. Varona et al [55], observed that the NSC with
hybrid fiber (PP and steel) gave better residual strength up to
650 �C than the NSC with only steel fibers. While plain NSC on
the other hand shows lower residual compressive strength when
compared to

Eurocode 2 and the Aslani & Bastami curve for calcareous NSC
with no fiber content. They further observed that hybrid fiber (PP
and Steel) concrete show higher residual compressive strength
when compared Eurocode 2 standard, 0.3% volume fraction PP fiber
concrete [96], and 0.5% volume fraction steel fiber HSC [38]. Never-
theless, the use of calcareous aggregates, which perform better
than siliceous aggregates under high temperature is attributed as
a possible reason for this improvement [55].

Overall, review of literature shows that steel fiber and hybrid
fiber (PP & steel) significantly improve the residual compressive
strength of concrete at high temperatures. They show slightly
higher residual compressive strength than Eurocode 2 predictions
for both calcareous and siliceous aggregate concrete. However, PP
fiber slightly improves the residual compressive strength of con-
crete. Although the level of improvement falls below the Eurocode
2 values [18], they both show higher residual compressive strength
compare to Aslani & Bastami curve for HSC predictions [79]. The
statistical analysis of experimental data of residual compressive
strength of HSC are performed and the regression lines obtained
for each fiber types are presented in Fig. 13.

4.2. Residual tensile strength

It is well known that addition of fibers enhances the tensile
strength of concrete and the increase can be up to 50% higher at
room temperature [73,100]. Similarly, researchers have observed
positive influence of fiber addition on concrete tensile strength at
higher temperatures. Khaliq & Kodur [73] results showed that
the addition of steel and hybrid fibers slows down the loss of ten-
sile strength the most as temperature increase from 20 to 800 �C
among the different types of high strength concrete considered
(i.e fiber- reinforced concrete, self-consolidating concrete, and
fly-ash concrete). The high melting temperature of steel fiber
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allows it to retain its ductility and effectively resist failure under
tension at high temperatures [43]. Khaliq & Waheed [35] noticed
a positive high-temperature effect on splitting tensile strength of
concrete up to 300 ℃, with an increase of 8% and 20% of room tem-
perature strength at 120 ℃ and 300℃ respectively due to dry hard-
ening, this is however followed by a sharp decrease at higher
temperature levels. Generally, steel fibers are very effective to pre-
vent cracking, hence, improve residual tensile strength. However,
this influence was insignificant above 700 ℃ [35]. Furthermore,
Moghadam et al [57] observed normal concrete tensile strength
(30.3 MPa) at room temperature improved by 28.14% and 19.22%
with addition of 0.25% volume fraction of steel and glass fiber
respectively at room temperature. While during exposure to ele-
vated temperature range 28 – 800 �C, steel fiber improves the ten-
sile strength in a range of 8 – 198 %, and glass fiber improves
tensile strength in the range of 19–213 %. Although, tensile
strength loss occur as temperature rises due to incompatible
expansion of aggregate and cement layers, and the formation of
additional stresses inside the concrete. However, the rate of tensile
strength reduction was significantly reduce in both steel and glass
fiber concrete at elevated temperatures. This agrees with the find-
ings of Gao et al [89] that the higher thermal conductivity of steel
fiber compared to that of cement matrix and aggregates allows
heat caused by thermal gradient to transmit more uniformly in
steel fiber reinforced concrete, thus leading to lesser cracks and
enhanced splitting tensile strength of concrete. 1.0% steel fiber
content was indicated as the optimum amount in concrete in terms
of relative splitting strength [89].

In the same way, a study on the influence of polypropylene fiber
on concrete indicates its addition enhanced the residual splitting
tensile strength of concrete. Eidan et al [29] observed polypropy-
lene fiber reinforced concrete with 12 mm fiber length at dosage
0.2% volume fraction produced higher residual splitting tensile
strength of approximately 27% of its initial strength after exposure
to heating–cooling cycles. 400 �C was detected as the critical tem-
perature level for residual mechanical strength (compressive, ten-
sile, and modulus of elasticity) for PP fiber-reinforced concrete
above which its residual factors are higher than that of plain con-
crete. Fibers’ length of 12 mm produced better performance than
6 mm in high temperature [29]. On the contrary, [72] observed
6
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improved tensile strength of concrete at room temperature due
to the presence of polypropylene fibers introduces additional clos-
ing pressure during crack growth that requires greater stresses in
the matrix before critical crack propagation occurs. Nevertheless,
no significant differences were observed in the relative splitting
tensile strengths of concretes with and without PP fiber at high
temperatures. In general, although, some standards such as Euro-
code 2 consider residual tensile strength above 600 �C to be negli-
gible, the addition of different type of fibers have shown significant
retained tensile strength at and above this temperature level. Var-
ona et al [55] results show a retained residual tensile strength
around 15% at temperature above 800 �C with hybrid fiber rein-
forced concretes. The behavior of the residual tensile strength of
concrete with fiber additions after elevated temperature as
obtained from previous researches is show in Fig. 14 Fig. 15.
5. Stress-Strain behavior and modulus of elasticity

The addition of steel fiber in concrete influence its stress–strain
response after exposure to elevated temperature generally based
on compressive strength of concrete at room temperature and
aggregate type used in the concrete mix. In the experimental work
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by Chen et al [37], they varied steel fiber content of recycled aggre-
gate concrete from 0.5%, 1.0%, and 1.5% volume content while com-
paring to control normal and recycled aggregate concrete
specimens without fiber. They observed general reduction in the
initial slope of the stress–strain curve as temperature increases
resulting to increase in peak strain as temperature rises. The addi-
tion of large content of steel fiber in RAC resulted in higher strain;
this is more obvious at higher exposure temperatures range from
400 �C and 600 �C. Similarly, Antonius et al [38] studied the effect
of addition of 0.5% steel fiber on the residual properties of normal,
medium, and high strength steel fiber concrete. There is degrada-
tion in the ductility of fiber along with an increase in temperature
and compressive strength of concrete. For normal strength steel
fiber concrete (NSFC), peak strain remains relatively unchanged
with increased temperature, a gentler stress–strain curve was
observed indicating the positive effect of steel fiber in improving
the ductility of concrete at elevated temperatures. Whereas, the
post-peak response in medium strength fiber concrete (MSFC)
and high strength fiber concrete (HSFC) shows a significant
decrease in ductility and peak strain after exposure to elevated
temperature range 600 �C to 900 �C. The efficiency of steel fiber
in maintaining concrete ductility at temperature range 600 �C to
900 �C is greatly reduced, hence both MSFC and HSFC behave like
normal concrete without fiber (plain NSC) at this temperature
range. They concluded that the proficiency level of ductility behav-
ior of normal concrete has the highest quality and relatively
increased despite the increased temperature. Similarly, Cheng
et al [84] observed that increased strain in HSC with steel fiber,
especially, at temperature range 600 – 800 �C indicating that HSC
with steel fibers exhibits ductility better than HSC without fiber
addition.

Most normal and high strength concrete mixes lost their elastic
modulus up to 25% of that at room temperature until 400 �C heat-
ing cycle [27,37]. However, concrete with steel fiber addition has
shown higher residual values of modulus of elasticity after exposed
elevated temperatures [27,43]. Similarly, Xie et al [39] noticed that
addition of steel fiber improves the temperature-dependent elastic
modulus of recycled concrete, particularly, with a clearer margin
after elevated temperature of 600 �C. Improved thermal conductiv-
ity of RAC resulting from more uniformly distributed internal ther-
mal stress and less formation of crack after heating achieved
through the addition of steel fiber was stated as the main reason
for increase in elasticity modulus of RAC at elevated temperatures.
This also agrees with the observation of Reddy and Pawade [97].

Previous researchers have studied the effect of polypropylene
fiber on the modulus of elasticity of concrete. Pylia et al [98]
reported nearly the same residual modulus of elasticity for con-
crete with and without PP fiber after elevated temperature of
600 �C. Similarly, Rudnik and Drzymała [99] focused on the PP
fibers reinforced concrete behavior at elevated temperatures. They
found out with addition of 1.8 kg/m3 and 1.3 kg/m3 of Monofila-
ment 12-mm fibers and fibrillated 19-mm polypropylene fibers
respectively, the influence on modulus of elasticity was not signif-
icantly pronounced for all observed elevated temperature range of
100 – 600 �C. Furthermore, the experimental work of Eiden et al
[29] revealed that the addition of Polypropylene fiber does not con-
tribute meaningfully to improving elastic modulus of concrete, and
its effects completely vanish after concrete exposure to 600 �C ele-
vated temperature.

5.1. Influence of aggregate type

5.1.1. Residual compressive strength
The impact of natural aggregate on concrete residual mechani-

cal properties varies with their mineral composition. However,
natural aggregates generally underperformed in terms of residual
15
compressive strength when compared to recycled concrete aggre-
gates, especially at higher elevated temperatures. From review,
Tufail et al [33] noted that natural granitic aggregate concrete
retained highest residual compressive strength at all test elevated
temperatures up to 800 �C compared to natural limestone and
quartzite. Likewise, Arioz [21] compared residual compressive
strength of concrete made from natural crushed limestone and
river gravel coarse aggregate during exposure temperature range
200 – 1200 �C. He observed a significant difference between the
relative compressive strength in concrete with limestone (90%)
and river gravel (50%) of unheated concrete strength after exposed
temperature to 600 �C. while at 1200 �C, crushed limestone and
river gravel aggregate strength decreases to 6% and 0% of their
unheated strength. The lower relative strength in river gravel
aggregate was attributed to its composition of siliceous mineral
that expands the most at elevated temperature [100]. A different
range of natural aggregates such as crushed granite, limestone,
quartzite, and siliceous river gravel, in which crushed granite are
reported to yield higher residual strength followed by quartzite,
limestone, and river gravel, respectively.

On the other hand, other experimental data showed that recy-
cled aggregates concrete present lower damage levels from heat
and higher relative residual compressive strength properties when
compared to natural aggregates generally during exposure to high
temperatures [53]. This has been attributed to the fact that recy-
cled aggregate-cement phase is composed of mortal, hence, similar
level of coefficient of thermal expansion between recycled aggre-
gates and new cement mortal paste leads to fewer cracks forma-
tion at elevated temperatures, which leads to improved residual
compressive strength [14,48]. Sarhat & Sherwood [48] found out
that increasing the replacement level of RCA resulted in improved
residual compressive strength. The improvement is more signifi-
cant at elevated temperatures above 500 �C and was attributed
to a better match of thermal expansion properties between recy-
cled aggregate and cement paste. They concluded that recycled
aggregate concrete has higher residual compressive strength com-
pared to natural river gravel and crushed limestone concrete at
observed elevated temperature and that 75% replacement ratio
gave the highest ratio of residual to initial compressive strength,
which makes it the optimal replacement level. Similarly, Xiao
et al [49] noted that while residual compressive strength of normal
concrete decreases drastically at temperature greater than 300 �C,
that of RAC shows a rise when elevated temperature is above
300 �C. Furthermore, replacement percentage of 50% and above
present higher residual compressive strength compared to normal
concrete and 30% replacement level. Salahuddin et al [56] observed
a reduced residual compressive strength for 100% RCA at initial
temperature of 200 �C, but ultimately, after elevated temperature
of 600 �C, experience slight improvement in the compressive
strength compared to the control mix of natural aggregates. This
improvement is attributed to the increased amount of recycled
mortar adhered with the recycled aggregates, subsequently
enhancing the thermal expansion properties among the aggregates
and cement paste. The same positive influence of RCA was
observed in high strength concrete by Khaliq [53]. The rate of drop
in compressive strength was lower for RA-HSC compared to that of
NA-HSC due to its porous microstructure that allowed easy mois-
ture or vapour movement, resulting in less physical deterioration
(thermal cracking) and damage under high- temperature exposure.

Few researchers observed opposing views. The results of Gale
et al [51] indicated that residual strength of natural limestone con-
crete replaced with coarse RCA at 0%, 30%, and 100% presents a pro-
portional decrease in retained compressive strength value as RCA
content increases when tested after exposure to 500 �C tempera-
ture. The mechanical performance of RAC diminished at elevated
temperature much more than conventional concrete. This was
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attributed to weak interface between the old cement on RCA and
the new cement-inter- facial transition zone (ITZ), weaker strength
of RCA at high temperature, micro-cracking possibly induced dur-
ing sourcing, fabrication and previous stress history during its ser-
vice life. However, He noted that the reduction in 100% RCA
concrete still meets the characteristic strength reduction guidance
of Eurocode 2 [18] with less than 25% strength reduction for cal-
careous and 40% for siliceous. This also agrees with the observation
of Chen et al [37] that the residual compressive strength of 100%
RCA concrete during 20 – 600 �C exposure suffers faster decrease
in compressive strength than NA concrete. Viera et al. [46] how-
ever concluded that residual compressive strength of 100% RCA
Fig. 16. Behaviour of natural and recycled aggregate concrete residual compressive st
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concrete compared to NA concrete is approximately the same at
each thermal exposure temperature level up to 800 �C. Fig. 16 com-
pares the response of NA and RCA normalized residual compressive
strength after exposure to elevated temperature Fig. 17.

Coarse recycled concrete aggregates in concrete mix have been
studied extensively in literature. However, limited studies are
available for fine recycled concrete aggregates in terms of its influ-
ence on the residual mechanical properties of concrete at elevated
temperatures. Results obtained by Wang et al [27] showed that
fine RCA content had significant influence on the concrete
compressive strength when subjected to high temperature.
Concrete with 50% fine recycled aggregate showed higher residual
rength after elevated temperature (data from: [9,21,23,27,33,36,37,31,51,54,55,49,
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compressive strength compared to natural river sand aggregate
and 100% fine recycled aggregate. However, In terms of normalized
residual strength, 100% fine RCA content present higher value than
those with 0% and 50% up to 800 �C. The positive influence of fine
RCA on the normalized residual compressive strength was attribu-
ted to similar thermal expansion properties of fine RCA and new
concrete cement mortar.

5.1.2. Residual tensile strength
Similar to compressive strength, the type of mineral composi-

tion of natural aggregates influences the residual tensile properties
at ambient and elevated temperatures. The residual tensile
strength of natural granitic concrete is 195% and 186% higher than
that of limestone and quartzite concrete respectively at elevated
temperature of 650 �C [33]. Comparing natural aggregate to recy-
cled concrete aggregates, studies [82,100,101] observed recycled
aggregate concrete suffers greater tensile strength loss due to pres-
ence of non-cementitious impurities that burns and melted at high
temperature thereby creating voids and imperfections in concrete,
and also as a result of higher number of interfaces in recycled con-
cretes which enhances the development of cracks. Likewise, a ther-
mal insulation concrete produce from recycled aggregate by Liu
et al [102] showed a significant decrease in residual tensile
strength after exposed temperature up to 800 �C, the residual ten-
sile strength deterioration increases with increase RCA percentage
and more, when compared to that observed in compression. On the
contrary, Sarhat and Sherwood [48] investigated the residual ten-
sile strength of recycled aggregate. They found out that increasing
the replacement of RCA level resulted in improved residual tensile
strength. Salahuddin et al [56] also found out that concrete mix-
tures with 30% replacement of recycled aggregates exhibited
almost 35% higher splitting tensile strength as compared to the
natural aggregates control mix at room temperature. However,
they did not investigate their performance at elevated tempera-
tures. RCA aggregates can be seen to perform weaker in terms of
residual split tensile strength at initial temperature, however,
improvement in its tensile strength properties becomes noticeable
at temperature range 400 – 600 �C.

Recycled fine aggregate has been observed to influence the
residual tensile strength properties of concrete Liang Jiong-Feng
[103], and Rafi and Aziz[104] results showed that the residual
mechanical strength properties of concrete specimens containing
recycled fine aggregate including compressive strength, splitting
tensile strength, elastic modulus is lower than that of natural
aggregates. Whereas, Wang et al [27]’s study on the influence of
fine recycled aggregate at elevated temperature, concluded that
fine recycled concrete aggregates content had no regular influence
on the normalized residual splitting tensile strength after exposure
to high temperature, considering the level of fluctuation between
recycled fine aggregate content and corresponding concrete nor-
malized residual splitting tensile strength and relatively low value
of tensile strength at elevated temperatures.

5.1.3. Stress–strain behavior and modulus of elasticity
The stress–strain relationship of normal concrete produced

with three different natural aggregates was investigated by Tufail
et al [33]. They observed that the ultimate compressive strain of
natural aggregate (normal) concrete varies from one another,
depending on the aggregate type and exposed temperature level.
Among the three groups of natural aggregates tested, quartzite
concrete had the highest compressive strain above 200 �C followed
by limestone and granite. The peak strain of concrete generally
increases with rise in temperature, indicating increased ductility
of normal concrete at elevated temperature [51]. For recycled
aggregate concrete, Kien et al [54] observed that the slope of
ascending branch of stress–strain curve of RAC was much lower
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than that of normal concrete after exposed 500 �C temperature,
indicating larger deformability (strain) in the ascending branch of
the curve. Also, the critical strain of RAC subjected to the elevated
temperature was 8.44% higher than that of NAC. Higher porosity
and lower density due to presence of attached mortal were high-
lighted as the main reasons for higher critical strain in recycled
aggregate concrete. Xie et al [39] observed an overall decrease in
peak stress with total replacement of natural aggregate with recy-
cled aggregate, recycled aggregate has higher water absorption
rate, hence, loss of free water at elevated temperature created lar-
ger void in recycled concrete after heating and cooling cycle. The
larger void ratio in recycled concrete is attributed as the main rea-
son for decreased peak stress in RAC. Furthermore, the stress–
strain response of HSC from natural and recycled aggregate was
the focus of Khaliq [53] laboratory experimental work. Studies
have reported that both concrete types experience decrease in ulti-
mate peak stress and an increase in the corresponding peak strain
as temperature rises. The large increase in the strains particularly
above 400 �C temperatures is attributed to factors including the
following: physical and chemical changes in concrete, microstruc-
tural deterioration, initiation and propagation of microcracks, cal-
cination of carbonates, and disintegration of calcium silicate
hydrates (C-S-H) [102,105–110]. The peak residual strain in RA-
HSC is consistently higher than that of NA-HSC and the margin
becomes more obvious with increase in temperature indicating
that relative performance of RA-HSC is better than that of NA-
HSC at temperatures above 400 �C.

The characteristics of aggregate type in concrete mix signifi-
cantly affect the modulus of elasticity of concrete. Many research-
ers have observed that the contribution of compressive strength of
concrete to variation in modulus of elasticity is less significant
compare to the influence of different aggregate type in concrete
mix, especially at ambient temperature [37,39]. Zega & Maio [9]
found out that at the same w/c ratio, the static modulus of elastic-
ity obtained in recycled aggregate concrete is lower by 13% com-
pared to that of normal concrete at room temperature due to
attached mortar that induced significant changes in RAC deforma-
bility properties. However, after exposure to 500 �C temperature,
they found out that the rate of decrease in modulus of elasticity
in RAC is less that of normal concrete due to similar coefficient
of thermal expansion between recycled aggregate mortar and fresh
mortar at the interface zone leading to less effect of high temper-
ature and better behavior of RAC interface zone. Some researchers
have however observed differently. Gales and Cree [51] observed
considerable variability between measured modulus of elasticity
for concrete mix of natural and recycled aggregates after exposed
temperatures compared to their values at ambient temperature.
Unlike at ambient temperature, where changes in modulus of elas-
ticity become more obvious with increase in RCA content, no clear
trends or obvious differences were noticed for modulus of elastic-
ity at high temperatures with increase in RCA content. Further-
more, Khaliq [53] observed that the trends in the loss of elastic
modulus with increasing temperature are similar in normal and
recycled aggregate high strength concrete. Although NA-HSC has
a slightly higher room temperature elastic modulus compared to
that of RA-HSC. These results are in general agreement with
[46,48,54] where a consistently lower residual modulus of elastic-
ity of recycled aggregate concrete compared to that of natural
aggregate concrete at all elevated temperatures were observed
but with similar rate of reduction of elastic modulus. This reduc-
tion has been mainly attributed to the presence of old attached
mortar in RCA, which produce a RAC with higher deformability
compared to NAC [105]. Tufail et al [33] investigation focused on
the modulus of elasticity of normal concrete produced from three
different natural aggregate types (granite, quartzite, and lime-
stone) at room temperature. Granite has the highest elastic
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modulus at 38.2 GPa compared to that of quartzite (31.2 GPa) and
limestone (23.0 GPa). The same trend was maintained after ele-
vated temperatures with granite concrete still maintaining highest
modulus of elasticity.
6. Research needs

� There is general acceptability of GGBS improvement on con-
crete mechanical properties at room temperature. However,
limited research work studied its influence on residual proper-
ties of concrete at elevated temperatures. There is need for
more experimental research work to better understand GGBS’
influence on concrete exposed to high temperature.

� There should be the inclusion of ternary mixtures of supple-
mentary cementitious materials to fully comprehend the syner-
gistic effects of different SCMs when combined in the mix of
concrete exposed to high temperature.

� Fibers or its hybrid have been reported to improve residual
properties of concrete. Carbon and glass fiber shows good pro-
spect in terms of positively enhancing residual compressive
and tensile strength properties, however, limited works are
observed in this area, hence the need for more experimental
research work in other to understand better the behavior of
concrete mix with these fibers separately or its hybrid with well
understand fiber like steel fiber.

� Most reported work has adopted standard concrete mix design
approach in the estimation of concrete mix constituent materi-
als irrespective of aggregate type (natural or recycled). There is
need to investigate the possible influence of different mix
design approaches on concrete residual properties to develop
a novel concrete mix design that will significantly contribute
to enhancing concrete residual properties.

7. Conclusion

This study covered a review of residual strength properties of
normal and high strength concrete exposed elevated tempera-
tures: the implication of natural and recycled aggregates, the addi-
tion of mineral admixtures, and fibre. The following conclusions
were drawn from the study:

-The heat generated from fire causes high-temperature gradient
in concrete that initiates chemical and physical reactions such as
dehydration of cement paste, decomposition of aggregates, mass
loss, deformation, and mechanical strength loss.

- Normal strength concrete may experience an increase in com-
pressive strength at initial elevated temperature due to dry
hardening and formation of heating steam with internal auto-
clave condition causing further hydration of cement paste in
concrete. Concrete generally starts to experience reduction in
residual compressive strength at elevated temperature due to
changes in hydrothermal conditions from loss of free and
absorbed water, development of microcracks and internal stress
from thermal expansion of aggregates above 300 �C.

- The splitting tensile strength of concrete is more sensitive to
high temperatures than compressive strength. It decreases with
increasing temperature because of the decomposition of C-A-S-
H gel, reduction of chemically bonded water, and loosening of
compactness of mortal.

- HSC is affected at elevated temperatures more than NSC, with a
higher rate of degradation and strength. The addition of SCM
and Fibers improves the residual compressive strength of both
NSC and HSC at elevated temperatures.

- Recycled concrete aggregates concrete retained higher residual
mechanical strength properties in terms of compressive and
18
tensile strength at higher elevated temperatures, but losses its
modulus of elasticity faster at elevated temperature. RCA con-
crete has less deterioration at elevated temperature due to its
porous nature that allows easy moisture or vapour movement
and a better match of the coefficient of thermal expansion
between attached mortal on recycled aggregates and new
cement paste.

- FA and GGBS significantly mitigate deterioration and reduced
concrete compressive and tensile strength loss in concrete at
elevated temperature because of further hydration reaction of
the reactive powders of FA and GGBS that is accelerated under
high temperature. FA and GGBS show higher improved residual
compressive strength compare to silica fume and Nano silica.
However, excessive FA and GGBFS content reduces the residual
mechanical strength properties of concrete

- Silica fume performs poorly in terms of compressive strength
and shows higher strength loss compare to plain concrete at
elevated temperatures. The ultra-fine particles of SF cause den-
ser transition zone between aggregates and paste which hin-
ders easy escape of moisture causing internal pore pressure
and cracks development.

- The blend of nano-silica (nS) with Silica fume performed better
in residual mechanical properties than when each mineral
admixture is used separately. The changes in the microstructure
of concrete with nano-silica shows the tendency for relative
residual compressive strength to decrease with its increasing
content.

- Steel fiber significantly slows down compressive and tensile
strength loss at higher temperatures. The high melting temper-
ature of steel fiber provides the capacity to retain its ductility
and effectively resist failure under tension at elevated
temperatures.
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