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Abstract: The dynamic behaviour of high-volume fly ash concrete with nano-silica (HVFANS) and
polypropylene fibres at curing ages of 7 to 90 days was determined by using a split Hopkinson
pressure bar (SHPB) machine. At each curing age, the concrete samples were laboratory tested at
different temperatures conditions under strain rates reached up to 101.42 s−1. At room temperature,
the results indicated that the dynamic compressive strength of plain concrete (PC) was slightly higher
than HVFANS concrete at early curing ages of 7 and 28 days, however, a considerable improvement
in the strength of HVFANS concrete was noted at a curing age of 90 days and recorded greater values
than PC owing to the increase of fly ash reactivity. At elevated temperatures, the HVFANS concrete
revealed a superior behaviour than PC even at early ages in terms of dynamic compressive strength,
critical strain, damage and toughness due to increase of nano-silica (NS) activity during the heating
process. Furthermore, equations were suggested to estimate the dynamic increase factor (DIF) of both
concretes under the investigated factors.
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1. Introduction

Nowadays, the production process of one ton Portland cement could release about one ton of
greenhouses gases to the air which mainly consisted of carbon dioxide CO2 [1]. The scientific community
reported that CO2 contributes about 65% of global warming which means that the temperature of the
planet will be raised between 1.4 and 5.8 ◦C during the next century so that several natural disasters
might occur [2]. Therefore, scholars suggested several alternative binders as instant (fly ash (FA), silica
fume, nano-silica (NS), slag, metakaolin, etc.) to reduce the reliance on Portland cement in construction.

Huge amounts of FA are produced annually worldwide about one billion tonnes as reported
by Bakharev [3]. However, only a few amounts are used approximately 20% to 30% and the rest
is landfilled with potential risks of environmental pollution [4]. Fly ash is gathered from thermal
power plants during the pulverised coal combustion. Most of the FA particles are solid spheres with
sizes between 1 to 100 µm, and a specific gravity of 1.9 to 2.8 with a surface area of 300 to 500 m2/kg.
The classification of FA depends on its chemical composition and typically classified as Class F or Class
C based on the percentages of iron, silica and aluminium oxide, which have to be a minimum of 70%
or 50%, respectively. Recently, numerous studies have been conducted to investigate the ability to
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use a high quantity of fly ash in concrete as a cement replacement because of its beneficial effects on
concrete behaviour and low cost [5].

The main disadvantage of using high-volume fly ash (HVFA) was the sharp reduction in the
strength of concrete particularly at primary ages owing to the slow reactivity of fly ash which contained
a high amount of oxide calcium (CaO) [6]. Montgomery et al. [7] revealed that CaO apparently had not
reacted at early ages during the normal curing circumstances. The differences in strength between the
plain concrete (PC) and HVFA concrete are diminished with the increase of curing age. At late ages,
the strength of HVFA concrete might equalise or exceed the plain concrete (PC) strength according
to the quantity, fineness and reactivity of FA, water to cementations material ratio (w/(c + p)) and
curing conditions such as humidity and temperature.

Several scholars aimed to develop the static strength of HVFA concrete and mortar at early
curing ages by adding nano-silica (NS) material due to its high pozzolanic reactivity and pore-filling
effect. Li [8] revealed that using 4% of NS in concrete consisted of 50% of FA could increase the static
compressive strength by 68.57%, 39.34%, 18.72% and 7.58% at curing ages of 7, 28, 56, and 112 days,
respectively. In the same context, Zhang and Islam [9] stated that the strength of mortar samples
consisted of 50% FA and 1% NS improved by 62.16%, 24.31%, 17.1%, 6.86% and 4.35% during curing
ages of 1, 3, 7, 28 and 91 days, respectively. Furthermore, the fire resistance of HVFA concrete inclusion
with NS was studied. Ibrahim [10,11] reported that high-volume fly ash nano-silica (HVFANS) concrete
could maintain about 94.54% of its strength under a temperature of 700 ◦C at a curing age of 28 days
via substituting the cement with 2.5% and 52.5% of nano-silica and fly ash, respectively.

Several structures as instant tunnels may be subject to accidental or man-made explosions during
the service time [12–19]. It leads to the fact that the concrete material is in danger of fire exposure and
dynamic loads simultaneously. The previous studies mainly focused on determining the response of
normal strength concrete (NSC) under the combined effect of temperature and strain rate at a curing
age of 28 days using the SHPB machine [20–25]. These studies concluded that the concrete strength
reduced with temperature particularly above 400 ◦C and the dynamic increase factor (DIF) showed a
linear relationship with strain rate. Chen et al. [26] investigated the behaviour of NSC containing 15%
to 20% of FA under high temperatures reaching up to 950 ◦C and strain rate range between 10 and
205 s−1. The results showed a remarkable relation between the dynamic properties of concrete and
strain rates at elevated temperature. Whereas, the failure of concrete samples under high strain rates
were considerably different than those at room temperature. On the other hand, limited research
was performed to investigate the dynamic response of high strength concrete (HSC) contained a
high-volume of FA and nano-silica materials under the combined effect of temperatures and strain
rate. Most of these studies were conducted at a curing age of 28 days. Li et al. [27] tested the HSC
concrete consisting from 4.5% to 23% of silica fume and fly ash at a strain rate range between 33.70 and
194.12 s−1 and elevated temperatures reached up to 800 ◦C. The results revealed a linear increase of
dynamic strength with the strain rate which obviously reduced after 400 ◦C. The tested concrete was
able to maintain 51.85% and 24.3% of its original strength at 600 and 800 ◦C, respectively.

In the same context, Su et al. [28] studied the behaviour of HSC concrete consisting of 20% and 5%
of FA and silica fume, respectively, under temperatures reached up to 800 ◦C within strain rate range
between 27.5 to 121.6 s−1. The results indicated that the concrete strength was increased by 14% at
400 ◦C as compared to the ambient temperature. However, its strength was significantly decreased by
16% and 48% at temperatures of 600 and 800 ◦C, respectively. Furthermore, the concrete toughness
showed a notable increase at temperatures of 200 and 400 ◦C by 31 and 95, respectively, as compared to
ambient temperature but its toughness considerably declined at 800 ◦C. According to the previous
studies, the curing age had a clear effect on the static properties of fly ash concrete with nano-silica
materials. Nevertheless, the dynamic behaviour of this concrete type is still not further investigated at
early or late curing age while most of the prior researchers determined its properties at 28 days only.
Therefore, understanding the behaviour of HVFANS concrete under various curing ages will increase
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the dependability on this concrete in construction. The proportions of HVFANS concrete proposed by
Ibrahim [10,11] were adopted in this study due to its high-fire resistance.

2. Materials and Equipment

2.1. Components of Concrete Mixture

The proportions of concrete samples with a target strength of 60MPa are selected based on (ACI
211.4R-93) with water to binder materials ratio of 0.29 as described in Table 1 [29]. The percentages of
FA and NS as cement replacement were 52.5% and 2.5%, respectively. These percentages were chosen
owing to the fire properties of its produced concrete at temperatures reached up to 700 ◦C [10,11].

Table 1. Proportions of concrete samples.

Samples Cement Sand Gravel Water Fly Ash Nano-Silica PPF %

PC 531.30 780.06 942.64 170.16 - - 1
HVFANS 225.80 682.01 942.64 154.85 278.93 26.56 1

The Portland cement (Type I) manufactured by Tasek Cement Company according to Malaysian
standard (MS 522) was used [30]. The Fly ash class F was collected from a local power plant with
44.16% of silicon dioxide (SiO2), 24.6% of aluminium oxide (Al2O3) and 12.5% of ferric oxide (Fe2O3)
was adopted as a cement replacement [31]. Colloidal nano-silica (Cembinder W8) was manufactured
via AkzoNobel Company was used to improve the early compressive strength of concrete, thereby
shortening the setting time of the cement slurry [10,11]. The surface area of NS particles was equal
to 80 m2/g with an average size of 35 nm and a silica concentration of 50% with a bulk density of
1050 kg/m3 and pH of 10. Natural river sand was used as a fine aggregate passed via a sieve size of
4.75 mm with fineness modulus of 2.98 [32,33]. The bulk specific gravity of the sand was 2.53 with
a compacted and loose bulk density of 1721.83 and 1510.18 kg/m3 [34]. Coarse aggregate with a
maximum size of 10 mm with a specific gravity of 2.07 was used in the mix design.

Fibrillated Polypropylene fibres (PPF) with a 1% dosage were added to the concrete samples
exposed to the high temperature to increase the ductility of concrete and eliminate the surface spalling
by providing new pores after melting which work as channels to relieve the internal energy of water
vapour pressure [35–40]. These fibres manufactured by Timuran Company with the length of 12 mm
and a specific gravity of 0.9 have a white colour with a melting point ranging between 160 and 170 ◦C
and tensile strength of 0.36 kN/mm2. Furthermore, superplasticiser with a dosage of 1% was added to
provide the required workability and improve the compressive strength of concrete via decreasing the
amount of water in the mixture.

2.2. Samples Preparation and Curing Conditions

The feeding sequence of concrete materials into a horizontal pan mixer was carried out according
to American Society for Testing and Materials (ASTM) C192 [41]. However, cement balls were formed
mainly in the case of HVFANS concrete samples as shown in Figure 1. Therefore, a part of coarse
aggregate with fine aggregate was firstly mixed with fly ash and cement to avoid the above problem.
Afterwards, the water and colloidal NS were added to the mixture. Lastly, the other parts of the
aggregate and fibres were added to destroy any noodles of a mixture [42]. The concrete mixture
was cast into three layers inside cubic and cylindrical steel moulds with dimensions of 150 × 150 ×
150 mm and 50× 50∅ mm, respectively, and then each layer was compacted by a vibration table for ten
seconds. Before the curing process, the casted samples were covered by a plastic membrane to reduce
the moisture evaporation. The PC samples remained in moulds for 24 h, while the HVFANS concrete
samples were de-moulded after 48 h. Afterwards, all the casted cubes and cylinders are cured into a
water tank for 7, 28 and 90 days within room temperature. Water with a pH of 8 was used for making
the mixes and curing the specimens. The water was free of chloride and deleterious salts according to
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the American Society for Testing and Materials (ASTM) specifications for mixing water used in the
production of hydraulic cement concrete [43].
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Figure 1. Formation of cement balls during the mixing process.

2.3. Laboratory Tests

2.3.1. Equipment

An electric kiln with a maximum temperature of 1000 ◦C and capacity of three concrete cubes was used
to carry out the heating process according to ISO 834 fire curve [44]. After two hours, the heating process
was stopped and the specimens were left to gradually cool down within the room temperature. The average
static compressive strength of three cubic samples for both concrete was recorded at curing ages of 7, 28 and
90 days within room temperatures of 400 and 700 ◦C according to British standards by using a compression
machine with a maximum load capacity of 5000 kN [45]. The SHPB machine was used to perform the
dynamic test at strain rates between 30.09 and 102.48 s−1 as shown in Figure 2 [46,47]. The machine bars
were manufactured from a stainless steel material with a diameter of 50 mm which was selected to reduce
the wave dispersion and increase the accuracy of the recorded signals [46]. A hand grinder was used to
decrease and achieve good contact between the bars and concrete samples. Moreover, an alignment by a
laser with a precision reached up to 0.01 mm was used to accomplish a good coaxial and fulfil the force
equilibrium condition [46]. The average dynamic strength of five cylindrical samples (350 samples) for
both concrete was recorded at each exposing temperature and curing age.
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2.3.2. Recorded Signals of Dynamic Test

In the current study, cylinder specimens with a ratio of length to the diameter of 1 were used
during the dynamic test. Davies and Hunter [48] indicated that there is no clear influence for the
size of a concrete cylinder sample if its length to diameter ratio kept within 0.31 to 1.55 [46,47].
Besides, Lindholm [49] reported that the length of concrete specimens should be short enough to
achieve a uniform state of stress throughout the test. During the test, the incident bar was a strike and
a uniaxial incident pulse within amplitude primarily depends on the velocity of the striker bar that
is calculated by Newton’s law [50,51]. A part of the incident pulse was reflected as a reflected pulse
along the incident bar because of the impedance mismatch between the concrete sample and incident
bar while the rest of the pulse was moved to the transmitter bar and recorded as a transmitted pulse as
shown in Figure 3.
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Figure 3. Displacement time-history records of the incident, reflected and transmitted pulses during
the test.

Quarterly connected strain gauges (SGD-3/350-LY11) were utilised to record the elongation of
incident and transmitter bars during the test. These gauges were connected to bridge sensors model
(OM2-163) to amplify the voltage change. The voltage signals were converted into digital data that can
be saved into a computer and analysed via MATLAB software by using a data logger (OMB-DAQ-3000).
All the recorded pulses were used to calculate the stress σ(t), strain rate

.
ε(t), and strain ε(t), respectively,

according to the following equations [47,52–54]:

σ(t) =
AE
2As

[εi(t) + εr(t) + εt(t)] (1)
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.
ε(t) =

C0

Ls
[εi(t) − εr(t) − εt(t)] (2)

ε(t) =
C0

Ls

∫ t

0
[εi(t) − εr(t) − εt(t)] dt (3)

where εi(t) is the incident pulse, εr(t) reflected pulse and εt(t) is the transmitted pulse, A is the area of
the bar cross-section, E is the bar modulus of elasticity equals to 210 GPa, C0 is the bar wave velocity
equalling 5190 m/s and ls, As are the sample length and area.

3. Results of Laboratory Tests

3.1. Static Test

Table 2 revealed that the static compressive strength of HVFANS concrete was slightly lesser than
PC at early curing ages of 7 and 28 days within room temperature by 6.87% and 4.21%, respectively.
This behaviour attributed to the presence of fly ash (class F) within high quantities in the mixture
which has a low amount of cement-like properties (CaO), besides, the slow pozzolanic reactivity of
FA at an early age [55]. Montgomery et al. [7] observed that CaO was not significantly able to react
at an early age under normal curing conditions. However, the differences between both concrete at
room temperature were diminished at late curing age of 90 days and the strength of HVFANS concrete
exceeded the PC by 2.24% due to the increase of FA reactivity that expressively enhanced the calcium
silicate hydrate (C–S–H) structure [56].

Table 2. Curing age effect on the response of plain concrete (PC) and high-volume fly ash concrete with
nano-silica (HVFANS) concrete at 25 ◦C.

Sample No.

Time (days)

7 28 90

PC HVFANS PC HVFANS PC HVFANS

1 50.81 49.12 61.82 57.95 61.48 67.82
2 49.62 45.34 62.66 61.55 66.86 66.54
3 51.74 47.91 59.08 56.68 65.72 64.06

Average (MPa) 50.72 47.46 61.19 58.72 64.69 66.14
Maximum relative error (%) 2.17 4.47 3.45 4.82 4.96 3.14

The HVFANS concrete showed an excellent performance than PC at all the investigated curing
ages within elevated temperatures of 400 and 700 ◦C as shown in Tables 3 and 4. This performance,
owing to the filler effect of nano-silica on the concrete mixture, caused a great increase in the C–S–H
content [55]. Whereas the maximum differences between HVFANS concrete and PC were observed at
70 ◦C. by 34.07%, 26.01% and 39.37% at curing ages of 7, 28 and 90 days, respectively. As can be noted
that the compressive strength of both concrete was considerably reduced in most curing age cases
under elevated temperatures particularly at 700 ◦C. due to the massive growth of vapour pressure into
the samples which resulted in numerous cracks beside that the cement paste binder products could
significantly dehydrate at this temperature [10,11]. The relative error was less than 7.78% and fairly
reflected the reliability of the laboratory records.
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Table 3. Curing age effect on the response of PC and HVFANS concrete at 400 ◦C.

Sample No.

Time (days)

7 28 90

PC HVFANS PC HVFANS PC HVFANS

1 42.31 44.37 58.61 67.79 59.67 64.81
2 40.48 41.81 56.48 61.01 62.31 67.12
3 43.13 43.50 59.48 64.86 61.15 65.60

Average (MPa) 41.97 43.23 58.19 64.55 61.04 65.84
Maximum relative error (%) 3.55 3.28 2.94 5.48 2.24 1.94

Table 4. Curing age effect on the response of PC and HVFANS concrete at 700 ◦C.

Sample No.

Time (days)

7 28 90

PC HVFANS PC HVFANS PC HVFANS

1 28.91 40.14 38.87 51.6 39.81 53.12
2 30.68 38.50 33.54 52.13 37.11 50.44
3 27.22 37.77 36.71 46.26 35.81 49.91

Average (MPa) 28.94 38.80 36.37 49.99 37.58 51.16
Maximum relative error (%) 5.94 3.45 7.78 7.46 5.93 3.83

British standards (BS 1881-101) [57] defined the satisfactory failure modes of cubic concrete
samples under compression load as shown in Figure 4a. The results appeared a good agreement with
the British standard for both concrete samples that mainly failed by cracking the four faces of concrete
cube equally within slight damage in its connected face with plates as shown in Figure 4b.
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3.2. Dynamic Test

3.2.1. Dynamic Compressive Strength ( fcd)

The peak value of the stress–strain diagrams is considered as the ultimate dynamic strength
( fcd) of both concrete samples. The downward part of the diagrams signified the strain relaxing
and fragmentation of concrete specimens after the ultimate stress [58]. The average of five strain
rates is recorded at each curing age tested within different temperatures and strain rates as shown in
Figures 5–7. The diagrams indicated that the dynamic strength of both concrete linearly increased
with the strain rate at all the investigated curing age as shown in Table 5. The dependency of dynamic
strength with strain rate was noted by several scholars on concrete and other materials such as steel [59],
ceramics [60], composites [61] and rocks [62,63]. Grady [64] attributed this behaviour to the growing
of tensile micro-cracks on the rocks. While Ross et al. [65] revealed that the moisture of concrete could
add inertia forces and increase the fracture strength of wet concrete compared with dry.
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Figure 5. Stress–strain diagrams at 25 ◦C: (a) PC and (b) HVFANS concrete.
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Figure 6. Stress–strain diagrams at 400 ◦C: (a) PC and (b) HVFANS concrete.
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Figure 7. Stress–strain diagrams at 700 ◦C: (a) PC and (b) HVFANS concrete.

The results indicated that the curing age has a significant effect on the dynamic behaviour of both
concrete, particularly on HVFANS concrete samples. At room temperature, the dynamic strength of
HVFANS concrete was smaller than PC at curing ages of 7 and 28 days under all the investigated
strain rates and the maximum difference is observed at strain rates above 100 s−1 by 11.78% and 4.55%,
respectively, due to the slow reactivity of FA at these ages. However, the strength of HVFANS concrete
is significantly increased at a curing age of 90 days under room temperature and recorded higher
values than PC at all the investigated strain rates owing to the improvement of FA reactivity at the late
ages. At elevated temperatures, the dynamic compressive strength of both concrete was declined at
all the investigated curing ages as compared to room temperature due to the gradual dehydration
of the binder products and also massive induced vapour pressure into the concrete samples [10,11].
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Nevertheless, the HVFANS concrete showed a superior behaviour than PC at all the studied curing
ages and strain rates owing to the filler effect of nano-silica material [55]. The highest differences
between both concretes were noted at exposing temperature of 700 ◦C under strain rates above 100 s−1.
Whereas the strength of HVFANS concrete was higher than PC by 59.59%, 36.68% and 43.59% at
curing ages of 7, 28 and 90, respectively. These results proved that HVFANS concrete has superior fire
and explosion resistance than PC even at early curing ages and reflected the possibility of using this
concrete in the structure that might be exposed to these kinds of threats during service life.

Table 5. Effect of curing age on dynamic compressive strength of PC and HVFANS concrete at different
temperatures and strain rates.

Concrete
Temperature

( ◦C)
Curing

Age (days)
Average Strain Rate (s−1) Dynamic Compressive Strength (MPa)

C1 C2 C3 C4 C5 C1 C2 C3 C4 C5

PC 25

7 31.64 51.55 70.78 86.12 100.44 65.77 71.32 76.9 82.42 89.56

28 30.12 50.72 71.32 85.24 101.42 73.39 81.25 88.66 98.61 113.77

90 30.88 51.56 71.77 85.66 100.17 79.88 87.61 96.23 105.33 123.6

HVFANS 25

7 30.82 51.18 70.92 85.11 101.15 59.89 64.11 67.77 74.16 80.12

28 30.49 50.38 71.22 85.89 100.91 70.68 79.2 86.63 94.18 108.82

90 30.71 50.11 70.65 85.28 100.83 83.11 91.23 100.65 111.24 127.87

PC 400

7 31.45 51.22 71.44 85.77 101.24 48.43 55.12 60.12 67.88 73.15

28 31.02 50.35 70.61 86.17 100.26 68.69 77.86 85.14 93.39 97.46

90 30.19 50.8 71.23 85.59 101.61 73.11 80.88 87.95 98.11 113.2

HVFANS 400

7 31.33 51.64 70.47 86.18 100.12 52.13 58.2 64.87 71.23 76.79

28 30.84 50.91 70.83 85.3 100.67 77.73 85.8 93.38 102.82 119.43

90 30.37 50.13 70.76 86.81 100.61 81.76 90.16 99.31 110.98 127.11

PC 700

7 30.44 51.25 70.1 86.34 102.48 31.2 33.52 36.66 41.12 43.78

28 30.64 50.83 70.17 85.68 100.81 42.86 47.18 52.39 57.72 61.77

90 31.02 50.43 71.24 85.12 100.57 44.13 48.58 54.43 60.15 64.86

HVFANS 700

7 30.09 50.16 70.66 85.91 101.45 44.12 52.78 57.9 64.76 69.83

28 30.78 50.69 70.42 85.17 100.54 64.88 70.3 73.28 80.31 84.43

90 30.17 51.76 70.21 85.61 101.26 68.31 76.45 81.22 87.4 93.13

3.2.2. Critical Strain (εcr)

The values of critical strain (εcr) described in Figures 5–7 clarify the ductility of both concrete at
curing ages of 7, 28 and 90 days within exposing temperatures of 25, 400 and 700 ◦C under different
ranges of strain rate. The results showed that the strain increased linearly with the strain rate at all the
investigated cases owing to the lateral confinement that could form high quantities of micro-cracks
and prevent the formation of macro cracks [66,67]. Moreover, the outcomes revealed the important
role of PP fibres under dynamic loads due to its ability to improve the concrete ductility as well as
produce channels to release vapour pressure at high temperatures which clearly reduced the critical
strain values particularly at temperatures of 25 and 400 ◦C [68–70]. The highest values of critical
strain for both concretes are recorded at a curing age of seven days and exposing temperature 700 ◦C,
however, HVFANS concrete showed smaller values as compared to PC within a maximum difference
of 43.56% at a strain rate above 100 s–1 owing to improve nano-silica at elevated temperatures [68,69].
On the other hand, the critical strain showed a positive relationship with the increase of curing age
and recorded the smallest values at 90 days at the same exposing temperature due to the increase of fly
ash reactivity and hydration process which enhance the concrete structure.
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3.2.3. Toughness

The toughness of both concretes was represented in term of energy absorption (SEA) calculated as
the following [27,71,72]:

SEA =
AEc
Asls

∫ T

0
[ε2

i (t) − ε
2
r (t) − ε

2
t (t)]dt (4)

where c is the bar’s wave speed and T is the failure moment of the concrete sample. The results
proved that the toughness of both concretes improved linearly with strain rate as shown in Figure 8.
This behaviour was noted by other scholars who tested the concrete via SHPB machine under room or
high temperatures [72,73].
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Figure 8. Effect of curing age on the toughness of concrete specimens at different temperatures and
strain rates.

The results indicated that HVFANS concrete has lower toughness than PC at early ages of 7 and
28 days within room temperature condition. However, the toughness of HVFANS concrete significantly
increased than PC at the late age of 90 days and recorded a difference of 11.68% at strain rates above 100 s−1.
At elevated temperatures, the toughness of HVFANS concrete considerably increased even at an early age
and recorded values higher than PC that attribute to the high pozzolanic reactivity of NS as well as its
filler ability. The lowest toughness values of both concrete are recorded at exposing temperature of 700 ◦C,
nevertheless, the HVFANS concrete showed strong resistance to dynamic loads at all the investigated
curing ages and strain rates as compared to PC as can be clearly noted at average strain rate above 100 s−1

at curing ages of 7, 28 and 90 by differences of 59.57%, 36.74% and 43.66%, respectively.
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3.2.4. Critical Damage

The critical damage of both concretes is determined by using mechanics theory of continuous
damage based on the variances of stress–strain diagrams with strain rate. A variable (Dcr) is used to
define the critical damage as following [74–76]:

Dcr =

{
0 For ε = 0
1−

σp
Eoεcr

For ε > 0
(5)

where σp is the peak stress, and Eo is the initial Young’s modulus. The above formula represented the
damage of concrete samples in terms of a kinematic variable according to the voids density as well
as the cracks in a certain area that could cause a gradual demolition in the concrete sample [77,78].
Moreover, the state of Dcr = 1 signifies that the concrete sample is not capable of sustaining the applied
dynamic loads. The experimental results indicated that the damage of both concretes improved linearly
with strain rate as shown in Figure 9. At room temperature, the damage of HVFANS concrete at
early ages of 7 and 28 days was higher than PC; however, the increase of NS reactivity at a late age of
90 days reduced the damage of HVFANS concrete and recorded lower values as compared to PC at
all investigated strain rates. At elevated temperatures, the failure of HVFANS concrete was lesser as
compared to PC even at early ages owing to the increase of NS reactivity and hydration process [55].

Crystals 2020, 10, x FOR PEER REVIEW 12 of 23 

 

3.2.4. Critical Damage  

The critical damage of both concretes is determined by using mechanics theory of continuous 

damage based on the variances of stress–strain diagrams with strain rate. A variable (𝐷𝑐𝑟) is used to 

define the critical damage as following [74–76]: 

𝐷𝑐𝑟 = {
0                     𝐹𝑜𝑟 𝜀 = 0

1 −
𝜎𝑝

𝐸𝑜𝜀𝑐𝑟
       𝐹𝑜𝑟 𝜀 > 0 (5) 

where 𝜎𝑝 is the peak stress, and 𝐸𝑜 is the initial Young’s modulus. The above formula represented 

the damage of concrete samples in terms of a kinematic variable according to the voids density as 

well as the cracks in a certain area that could cause a gradual demolition in the concrete sample 

[77,78]. Moreover, the state of 𝐷𝑐𝑟 = 1 signifies that the concrete sample is not capable of sustaining 

the applied dynamic loads. The experimental results indicated that the damage of both concretes 

improved linearly with strain rate as shown in Figure 9. At room temperature, the damage of 

HVFANS concrete at early ages of 7 and 28 days was higher than PC; however, the increase of NS 

reactivity at a late age of 90 days reduced the damage of HVFANS concrete and recorded lower values 

as compared to PC at all investigated strain rates. At elevated temperatures, the failure of HVFANS 

concrete was lesser as compared to PC even at early ages owing to the increase of NS reactivity and 

hydration process [55]. 

  

 

Figure 9. Effect of curing age on the critical damage of concrete specimens at different temperatures 

and strain rates. 

Figure 10 showed that the failure of both concretes was violent whereas the cylindrical 

specimens were destroyed into pieces at high strain rates. Three crack patterns were observed for 

both concrete with the increase of curing age. The cracks were clearly straight and passed through a 

0.6

0.7

0.8

0.9

0 50 100 150

C
ri

ti
ca

l 
d

am
ag

e

Strain rate (s−1)

PC7

PC28

PC90

HVFANS7

HVFANS28

HVFANS90

T25 ℃

0.6

0.7

0.8

0.9

0 50 100 150

C
ri

ti
ca

l 
d

am
ag

e

Strain rate (s−1)

PC7

PC28

PC90

HVFANS7

HVFANS28

HVFANS90

T400 ℃

0.6

0.7

0.8

0.9

1

0 50 100 150

C
ri

ti
ca

l 
d

am
ag

e

Strain rate (s−1)

PC7

PC28

PC90

HVFANS7

HVFANS28

HVFANS90

T700 ℃

Figure 9. Effect of curing age on the critical damage of concrete specimens at different temperatures
and strain rates.

Figure 10 showed that the failure of both concretes was violent whereas the cylindrical specimens
were destroyed into pieces at high strain rates. Three crack patterns were observed for both concrete
with the increase of curing age. The cracks were clearly straight and passed through a large area that
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has more broken aggregate that occurred at a curing age of seven days with a strain rate of 30 s−1 as
well as at 28 and 90 days within strain rates above 70 s−1. The number of cracks in concrete samples
was considerably increased and resulted in serious destruction into small pieces to release the internal
energy that occurred at a curing age of seven days with strain rate above 50 s−1 as well as at curing
ages of 28 and 90 days within strain rates above 85 s−1. While the crack path was passed through the
concrete mortar only at curing ages of 28 and 90 days within strain rates between 30 and 70 s−1.
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3.2.5. Dynamic Increase Factor (DIF)

The effect of strain rate on the dynamic behaviour of both concrete is described in terms of dynamic
increase factor (DIF) which represents the ratio of the dynamic to static strength. The DIF curves
showed linear increases with strain rate values at all the investigated curing ages and temperatures as
shown in Figure 11. Design-Expert Software was used to statistically analyse the experimental data
and derive a formula gather between curing age (CA), temperature (T) and strain rate (

.
εd) by using

response surface methodology (RSM) [79]. The 2FI model with inverse transformation was found to be
the most appropriate to fit the DIF data of both concrete as follows:

1
DIF = 0.905844 + 0.000385CA + 0.000156T − 0.003549

.
εd

−1.19369 ∗ 10−6CA ∗ T − 3.94641 ∗ 10−6CA ∗
.
εd

−3.1153 ∗ 10−7T ∗
.
εd

For PC (6)

1
DIF = 0.952904− 0.000460CA− 0.000033T − 0.003811

.
εd

−2.40444 ∗ 10−7CA ∗ T + 1.56509 ∗ 10−6CA ∗
.
εd

+3.94112 ∗ 10−7 T ∗
.
εd

For HVFANS concrete (7)

where CA is the curing age between 7 and 90 days, T is the exposing temperature range between 25 and
700 ◦C, and

.
εd is the strain rate between 30.09 to 102.48 s−1.
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temperatures and strain rates.

The outcomes of ANOVA variance analysis indicated an excellent accuracy for the adopted model
to estimate the DIF of both concretes within correlation coefficient (R2) values close to one as indicated
in Table 6 [80,81]. Furthermore, the differences between Predicted and Adjusted R2” was less than
0.2 within Adequate Precision (AP) of more than four that measured the noise-to-signal ratio [82].
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Table 6. ANOVA analysis results.

Concrete Type Transformation Model R2 Adjusted R2 Predicted R2 AP

PC inverse 2FI 0.9534 0.9460 0.9341 36.9194
HVFANS Inverse 2FI 0.9557 0.9487 0.9283 35.9574

The normal probability and predicted vs. actual values plots of both concrete types were
determined to confirm the accuracy of the selected model to provide an adequate approximation of
the real system. The results clearly indicated that the data were normally distributed since almost all
the points followed the straight line as described in Figure 12. Therefore, the predicted values can be
considered in good agreement with actual values.
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3.2.6. Comparison of DIF with Previous Recommended Expressions

Prior scholars widely utilised the DIF curves to calculate the effects of strain rate on the compression
strength of concrete [66,83]. Therefore, several equations were recommended to estimate the DIF diagrams:
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(a) In 1993, CEB [84] proposed a formula to estimate the DIF of concrete in compression within a
strain rate range reached up to 300 s−1:

DIFCEB =

 (
.
εd/

.
εs)

1.026αs For
.
εd ≤ 30 s−1

γs(
.
εd/

.
εs)

1/3 For
.
εd > 30 s−1 (8)

where
.
εs is static strain rate that equals to 30× 10−6s−1, αs = 1/(5 + 9 fcs/10), logγs = 6.156α− 2,

and fcs is static compressive strength in MPa.
(b) In 1997, Tedesco et al. [85] reported that the transition from low strain rate to higher values

occurred at 63.1 s–1 as follows:

DIFTedesco =

{
0.000965 log

.
εd + 1.058 For

.
εd ≤ 63.1 s−1

0.758 log
.
εd − 0.289 For

.
εd > 63.1 s−1 (9)

(c) In 2008, Zhou and Hao [86] determined an empirical formula to predict the DIF diagrams for the
concrete-like materials as follows:

DIFZhouandHao =

 0.0225 log
.
εd + 1.12 For

.
εd ≤ 10 s−1

0.2713(log
.
εd)

2
− 0.3563 log

.
εd + 1.2275 For

.
εd > 10 s−1 (10)

The DIF diagrams of both concrete compared with the outcomes of the above equations at different
curing ages and exposing temperatures within strain rate range reached up to 102.48 s−1 as shown in
Figure 13. At room temperature, the CEB expression was more accurate to estimate the DIF of both concrete
within differences range between 0.092% and 25.30% particularly observed at higher strain rate above
30 s−1 within curing ages of 7 and 28 days. At 400 ◦C, the results of the proposed expression by Zhou and
Hao [86] were more close to the determined DIF especially at early ages of 7 and 28 days. However, some
variances were noted at an age of 90 days in the case of HVFANS concrete and the comparison proved
that the CEB model is more appropriate to predict the performance of this concrete type at 400 ◦C that
may attribute to the increase of the FA and NS reactivity at late age during the heating process. At 700 ◦C,
Tedesco’s expression was more appropriate to estimate the behaviour of PC at the early age of seven days.
Zhou and Hao’s expression revealed good ability to predict the performance of PC with the increase of
curing age to 28 and 90 days as well as in the case of HVFANS concrete at seven days. On the other hand,
the CEB model showed the good capability to estimate the DIF of HVFANS concrete at curing ages of
28 and 90 days as compared to other expressions due to the low degradation in strength at 700 ◦C.
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4. Conclusions

The results of the current study can be concluded as follows:

1. At room temperature, the PC concrete showed better static and dynamic behaviour than HVFANS
concrete at curing ages of 7 and 28 days. However, the behaviour of HVFANS concrete was
significantly improved at a curing age of 90 days and recorded superior performance than PC
during the static and dynamic tests.

2. At elevated temperatures, the dynamic strength of HVFANS concrete exceeded the PC at all the
studied curing ages. The maximum differences between both concretes were noted at 700 ◦C by
59.59%, 36.68% and 43.59% at curing ages of 7, 28 and 90, respectively. Accordingly, the HVFANS
concrete recorded lower strain values than PC within a maximum difference of 43.56% at a strain
rate above 100 s−1.

3. The formulas were suggested to estimate the dynamic increase factors of PC and HVFANS
concrete at a curing age between 7 and 90 days under temperatures range of 25 to 700 ◦C subjected
to strain rates reached up to 102.48 s−1.

4. The CEB expression was more accurate to estimate the DIF of HVFANS concrete at different
curing age within room temperature as well as at elevated temperatures of 400 and 700 ◦C at
curing ages of 28 and 90 days, respectively. While the proposed expression by Zhou and Hao
was more appropriate to determine the DIF of HVFANS concrete at a curing age of seven under
400 and 700 ◦C.

The above results indicated that the dynamic resistance of the HVFANS concrete significantly
improved with the increase of curing age under room and elevated temperatures as compared with PC.
This behaviour revealed a good possibility to utilize this concrete to protect the engineering structures
exposed to a massive fire and dynamic loads.
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