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Featured Application: This paper applies to solve the shortage of building sand on the basis of
principle of sustainable development. Meanwhile, this paper also provides guidance for desert
sand concrete (DSC) subjected to elevated temperature and dynamic loading.

Abstract: In the building domain, the non-renewable resource of sand is widely used to produce
concrete and mortar. The sand production has been estimated to be more than 10 billion tons with a
total of 1.2 billion tons used in concrete in the last decade, which causes the gradual reduction of
available building materials and impacts the environment. Since there are abundant desert sand
resources in northwestern China, it would be viable to utilize desert sand as an alternative material
for concrete production. In this study, an investigation of dynamic mechanical behaviors of desert
sand concrete (DSC) was conducted. Various desert sand replacement ratios (0–100%) were used
to replace the equivalent hill sand as fine aggregate. Experimental results showed that strain rate
had a strong effect on the dynamic mechanical behaviors of DSC. The compressive strength (at
room temperature) and flexural strength (after elevated temperature) increased with desert sand
replacement ratio (DSRR) with the optimum replacement ratio of 40%, which was because the increase
of DSRR improved the compaction of DSC. However, the effect of the low strength of desert sand was
higher than that of the compaction when the DSSR exceeded 40%, so both strength values generally
decreased with the increase of DSRR. Moreover, the dynamic constitutive model of DSC at room
temperature was established on the basis of a nonlinear visco–elastic constitutive model (ZWT model),
which can predict the stress–strain curves of DSC.

Keywords: desert sand concrete (DSC); dynamic compressive strength; dynamic flexural strength;
deflection; strain rate; temperature

1. Introduction

Sand, defined as natural gravel deposit or crushed rock, is a non-renewable resource [1]. Sand is
often used in concrete or mortar as fine aggregate and plays a significant role in building construction.
However, high demand from the development of construction has required excessive sand over the
years. The exploitable yield of river sand has exceeded 10 billion tons for the last decade [2], which
causes threats to the environment. Therefore, it is crucial to identify alternative materials to reduce
the dependency of non-renewable sand. Thus, locally available desert sand was used in this study.
Chinese National Standard BJG19-65 [3] classifies fineness modulus of sand below 1.5 as superfine.
The fineness modulus of desert sand, which ranges between 0.194 and 1.009 [4–7], was not frequently
considered in concrete production due to its low workability.
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Previous studies indicated the possible application of desert sand in concrete [1,4–6]. The workability
of desert sand concrete (DSC) increased with the enhancement of desert sand replacement ratio (DSRR)
up to 50% since the spheres shape of desert sand moved easier compared to angular or awkward
shapes of particles [1,5]. The sand/cement ratio also had a significant effect on the workability of DSC.
The desert sand filled the internal gap of concrete as the sand/cement ratio was below 1.14, which did
not decrease the workability of DSC [4,6]. However, the workability reduced when the sand/cement
ratio was over 1.14, because of the excess layer of water absorbed on the surface of desert sand. Thus,
desert sand had a great workability under proper or suitable conditions.

Besides that, many studies have been carried out to investigate mechanical behaviors of DSC and
mortar containing desert sand [1,6–15]. Conclusions differed with each other since region of desert
sand or experimental conditions were different. The compressive strength and tensile strength of
drying shrinkage cracking of concrete increased firstly, and then decreased with the enhancement of
desert sand [7]. The increases of both strength values were because the compaction increased with the
enhancement of DSRR. At the same time, the decreases of both strength values were because the round
particles of desert sand decreased the cohesive force between coarse aggregate and grouts. Besides,
both strength values had a maximum value when the DSRR was 20%. Meanwhile, the mechanical
behaviors of concrete containing Mu Us desert sand (China) after elevated temperature (tensile splitting
strength, axial compressive strength and elastic modulus) had the same trend with the enhancement of
DSRR and reached the optimal value with DSRR of 40% [8,9]. However, the compressive strength,
tensile strength, and static modulus of DSC gradually decreased with the increase of desert sand
(Oman) [1]. This was because the increase on the surface of fine aggregate required more mortar
to coat and the mortar of coating coarse aggregate decreased. Meanwhile, the maximum value of
decrease of strength values was less than 15%. The 20% desert sand (Algeria) and 20% crushed sand,
60% desert sand (Tunisia), and 40% crushed sand could provide a great compressive strength for
self-compacting concrete and concrete for pavement applications [10,11], respectively. The highest
compressive strength of concrete containing Mu Us desert sand decreased by only 3% compared to
that of plain concrete [12]. Besides, the optimal value of the water/cement ratio was 0.4. According
to these above studies, it was feasible that desert sand was employed in concrete as fine aggregate.
The improvement of feasibility may be due to different experimental conditions.

The current research mainly focused on the static mechanical behavior of DSC and mortar
containing desert sand exposed to different temperatures. However, buildings may also subject to
crash or impact loading during the period of service. The dynamic and static mechanical behaviors
of concrete were different [16–24]. It was very limited for the research on the dynamic mechanical
behavior of DSC. The effect of DSRR and impact velocity (5–30 m/s) on the mechanical behavior of DSC
was tested and simulated. Meanwhile, the dynamic failure features of DSC were shown [25]. However,
those just applied to high strain rate at room temperature. In fact, the range of strain rate is very wide,
and DSC may be subjected to different temperatures, so many works require research to investigate
these aspects.

In this paper, an electro–hydraulic servo universal testing machine was employed to investigate
the dynamic compressive strength (at room temperature) and dynamic flexural strength (after elevated
temperature) of DSC. The influence of DSRR and strain rate on the compressive strength of DSC at
room temperature was investigated and the dynamic constitutive model was established to predict
stress–strain curves of DSC. The relation between temperature, strain rate, DSRR, and flexural strength
of DSC was also analyzed, which provided valuable information and guidance for the application of
DSC in the building domain.
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2. Experimental Program

2.1. Materials

Fine aggregate was composed of local hill sand and desert sand from Mu Us sandy land,
respectively. Tables 1 and 2 list the physical behavior and chemical components of fine aggregate,
respectively. As shown in Table 2, there were no toxic components and heavy metals in desert sand.
Meanwhile, hill sand and desert sand had highly similar chemical components and physical behaviors.
Using JGJ52-2006 criteria [26], the particle distribution of hill sand and desert sand are shown in
Figure 1. It can be seen from Figure 1 that there was an obvious difference in particles for hill sand
and desert sand. The vast majority of particles for desert sand were less than 0.15 mm. The fineness
modulus of desert sand was 0.292 in this paper, which was only one eighth of hill sand. The particles
of desert sand were much less than those of hill sand, which indicated that desert sand can greatly fill
the internal gaps of concrete specimens produced with hill sand and desert sand. The current Chinese
National Standards do not illustrate the utilization of desert sand in concrete. The 70% of crushed big
stone (diameter of 10–20 mm) and 30% of small crushed stone (diameter of 5–10 mm) mixed together
were utilized as coarse aggregate. These stones were purchased from a local stone material factory.
Table 1 and Figure 1 also display physical behaviors and particle distribution of coarse aggregate
(mixture of 10–20 mm and 5–10 mm stone), respectively.

Table 1. Physical behaviors of coarse and fine aggregate.

Aggregate Properties
Fine Aggregate Coarse Aggregate

Hill Sand Desert Sand Stone

apparent density (kg/m3) 2636 2624 2698
bulk density (kg/m3) 1567 1400 1430

void fraction (%) 41.6 40.95 47
mud content (%) 0.7 0.14 0.78

fineness modulus (%) 2.38 0.292 -
maximum particle (mm) - - 25

crush index (%) - - 8.6
content of needle-like

particles (%) - - 9.5

Table 2. Chemical component of fine aggregate.

Chemical Component Hill Sand (%) Desert Sand (%)

SiO2 86.55 82.66
FeO 0.98 1.85

Al2O3 9.74 8.72
CaO 0.96 2.00
MgO 1.09 1.51
K2O - 0.12

Na2O - 0.07
Loss on ignition - 0.9

Ordinary Portland cement type 42.5 R from a local Saima cement factory was used. According
to GB/T1346-2011 [27], the fineness and water consumption of standard consistency of cement were
4.7% (amount of residual 45 µm sieve) and 28%, respectively. The compressive strength at the age of
3 d and 28 d reached 33.5 MPa and 54.7 MPa, respectively. At the same time, the flexural strength
at the age of 3 d and 28 d reached 6.7 MPa and 8.8 MPa, respectively. The initial time and final
setting time were approximately 2 h 15 min and 2 h 54 min, respectively. Fly ash of Class I used in
concrete as a cementitious material was produced by a local electric power plant, which conformed to
GB/T1596-2017 [28]. The fineness, water content, SO3 content, water requirement ratio, and loss on
ignition of fly ash were 9.2%, 0.2%, 0.2%, 94%, and 2.8%, respectively.
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Desert sand was characterized by small particles and large specific surface area, which easily
caused DSC and mortar produced with desert sand to have high water demand and viscosity.
The performance of DSC with admixture was better than that of DSC with no admixture [4]. Based on
the above situation, a highly effective powder polycarboxylate superplasticizer supplied by Beijing
Muhu Admixtures Co., Ltd. was used, which complied with JC/T223-2007 [29]. Tap water was utilized
for concrete mixing and curing throughout the whole investigation.

2.2. Mix Proportions

In order to study the relation between DSRR and mechanical behaviors of concrete, various DSRR
(0%, 20%, 40%, 60%, 80%, and 100%) used in specimens replaced the equivalent hill sand as fine
aggregate. The water/cement ratio was 0.4. Previous research [30–32] indicated that the water/cement
ratio of 0.39–0.4 was optimal in comparison with various water/cement ratios when the orthogonal test
was performed to study the mechanical behaviors of concrete containing Mu Us desert sand. DSC
specimens of Grade C50 were designed in this paper. Mixing proportion designed for the dynamic
compressive test and four-point flexural test are described in Tables 3 and 4, respectively.

Table 3. Mixing proportion designed for dynamic compressive test. DSRR is desert sand replacement ratio.

Group DSRR (%)

Quality of Materials (kg/m3)

Water Cement
Fine Aggregate Coarse Aggregate

Hill Sand Desert Sand 5–10 mm 10–20 mm

M1 0 195 488 530 0 371 866
M2 20 195 488 424 106 371 866
M3 40 195 488 318 212 371 866
M4 60 195 488 212 318 371 866
M5 80 195 488 106 424 371 866
M6 100 195 488 0 530 371 866

Table 4. Mixing proportion designed for dynamic four-point flexural test.

Group
Fly Ash

Replacement
Ratio (%)

DSRR
(%)

Quality of Materials (kg/m3)

Water Cement Fly Ash
Fine Aggregate Coarse Aggregate

Hill Sand Desert Sand 5–10 mm 10–20 mm

F1 0 0 195 488 0 549 0 350 818

F2 10 0 195 439 54 549 0 350 818

F3

20

0 195 390 107 549 0 350 818
F4 20 195 390 107 439 110 350 818
F5 40 195 390 107 329 220 350 818
F6 60 195 390 107 220 329 350 818
F7 80 195 390 107 110 439 350 818
F8 100 195 390 107 0 549 350 818
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2.3. Specimen Preparation

Based on Tables 3 and 4, all raw experimental materials were strictly weighed by using an electric
scale with the precision of 0.005 kg. In the mixing process, coarse and fine aggregate were placed into a
forced mixer for 30 s mixing, and then cementitious materials were placed for 30 s mixing. Finally, in
order to ensure the workability, superplasticizer, which was in powder form, was dissolved into water
before and added into the mixer for 60 s of mixing. The dosage of required superplasticizer had to
increase relatively to DSRR. This was due to the absorption feature of desert sand [1]. The absorption
feature of DSC increased with the enhancement of DSRR. After the mixing process, compound concrete
was put into plastic molds that were oiled in order to allow specimens to be demolded conveniently.
Then, molds were vibrated on a vibration table for 2 min in order to decrease the internal gap and
production of cracks. After casting in molds for 24 h, all specimens were demolded and then maintained
for 28 d in the curing room at 18–22 ◦C and high relative humidity (above 95%).

Cubic specimens (100 mm × 100 mm × 100 mm) were produced to carry out the dynamic
compressive test at room temperature, and prismatic specimens (100 mm × 100 mm × 100 mm) were
used for the dynamic four-point flexural test after elevated temperature.

2.4. Experimental Methods

2.4.1. Dynamic Compressive Test at Room Temperature

Based on GB/T50081-2002 [33], all types of specimens were tested by a 1000 KN capacity
electro–hydraulic servo universal testing machine (MTS) in different stress rates [34,35]. After 28 d, all
specimens were taken out of the curing room and then placed in a laboratory (20 ± 2 ◦C) for 24 h to dry.
According to the setting parameters of the instrument’s software, all cubic specimens were tested at
room temperature for the compressive strength in 0.05 MPa/s, 0.5 MPa/s, and 5 MPa/s, respectively.
The elastic modulus was 34,500 N/mm2 for concrete of grade C50 conforming to the GB50010-2010 [36],
so stress rates of 0.05 MPa/s, 0.5 MPa/s, and 5 MPa/s were equal to the strain rates of 1.45 × 10−6 s−1,
1.45 × 10−5 s−1, and 1.45 × 10−4 s−1, respectively. The higher the stress rate, the higher the strain rate.
The experimental curves recorded by software were converted to stress–strain curves.

2.4.2. Dynamic Four-Point Flexural Test after Elevated Temperature

Before the heating process, all DSC prismatic specimens were dried in an oven at 85 ◦C for 24 h,
which was to prevent specimens from spalling. Spalling is generally caused by high vapor pressure in
the heating process [37]. DSC specimens were dried in an oven in order to reduce water content so that
the vapor pressure was lower in the heating process than those without drying in the oven.

In the heating process, all prismatic specimens were heated to 300 ◦C, 500 ◦C, and 700 ◦C,
respectively. The heating process was conducted with a heating furnace, which had an ultimate
temperature of 1600 ◦C. The furnace system heated the DSC specimen to a predetermined temperature
with a rate of 5 ◦C/min. Similar heating rate was also set by other researchers in previous studies [38–40].
Specimens maintained for 4 h after the DSC specimen reached the predetermined temperature in
order to attain a thermal stable state, as described by previous studies [40,41]. The heating process
of DSC specimen is shown in Figure 2. When the elevated temperature test was completed, DSC
specimens were immediately removed out of oven to air cool and placed for 7 d in the laboratory
(20 ± 2 ◦C). After that, the dynamic flexural strength of DSC was performed in a wide range of strain
rates. The strain rate was defined as loading time divided by the ratio of dynamic flexural strength to
the elastic modulus for concrete of grade C50 [36]. The stress rates applied at 0.01 MPa/s, 0.05 MPa/s,
and 0.25 MPa/s corresponded to the strain rates of 3.57× 10−7 s−1, 2.16× 10−6 s−1, and 1.25× 10−5 s−1,
respectively. Besides, the dial gauge was placed below the mid-span prismatic specimen. A camera
was used to record the value of the dial gauge in the process of the experiment. According to the
combination of video and experimental time–load curves of specimens, the value of the dial gauge in
the moment of specimen failure could be obtained and then the value of deflection was known.
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3. Mechanical Behaviors

3.1. Dynamic Compressive Strength and Dynamic Increase Factor (DIF) at Room Temperature

The strain rate of 1.45× 10−6 s−1 was used as the quasi-static compressive test, while 1.45 × 10−5 s−1

and 1.45 × 10−4 s−1 were used as the dynamic compressive test. Six cubic specimens were produced
in every case to ensure good reproducibility of experimental data, the average value of which was
regarded as the experimental result. The quasi-static and dynamic compressive strength of results of
DSC at room temperature are shown in Table 5. The dynamic compressive strength was the peak stress
on the stress–strain curves of DSC.

Table 5. Quasi-static and dynamic compressive strength results of DSC at room temperature.

Strain Rate (s−1)
Compressive Strength Results of DSC at Room Temperature (MPa)

M1 M2 M3 M4 M5 M6

1.45 × 10−6
53.3 57.1 54.1 48.6 54.7 49.5
54.5 51.8 56.9 55.0 51.8 53.1
54.0 57.5 57.2 56.8 52.0 50.4

average value 53.9 55.5 56.1 53.5 52.8 51.0

1.45 × 10−5
55.1 59.1 59.3 56.3 55.1 54.1
58.4 57.6 61.3 56.6 55.0 55.1
53.7 58.2 57.4 56.4 57.5 56.7

average value 55.7 58.3 59.3 56.4 55.9 55.3

1.45 × 10−4
63.0 64.1 63.1 63.9 59.9 59.0
57.4 58.2 66.6 55.5 60.2 57.9
58.9 65.0 63.8 64.6 60.2 57.5

average value 59.8 62.4 64.5 61.3 60.1 58.1

3.1.1. Influence of Strain Rate

The relation between strain rate and dynamic compressive strength of DSC at room temperature
is presented in Figure 3. It can be clearly characterized in Table 5 and Figure 3 that strain rate had
a strong effect on the dynamic compressive strength of DSC at room temperature. The dynamic
compressive strength increased with the enhancement of strain rate at room temperature, which was in
line with previous studies [34]. This phenomenon can be analyzed as follow: As a result of generation
of new cracks and propagation of cracks, concrete specimens gradually appeared damage in the
compressive process. The generation and propagation of cracks required consuming energy and the
energy consumed for generation of cracks was far more than the propagation. The quantity of cracks
increased with the enhancement of strain rate in the compressive process, which indicated that the
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damage of specimens required lots of energy at a high strain rate. The compressive process spent an
extremely short time at a high strain rate, but the compressive process with a short time could not
accumulate enough energy to generate a great number of cracks. The only way to provide enough
energy for arriving damage of specimen, is through improving the dynamic compressive strength of
the concrete specimen [18,42,43].
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For the sake of showing the effect degree of strain rate on the compressive strength of DSC at room
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with strain rate, which indicated DSC had a strain rate effect.

Table 6. Dynamic increase factor (DIF) of DSC at room temperature with different DSRR.

Strain Rate (s−1)
DIF

M1 M2 M3 M4 M5 M6

1.45 × 10−5 1.033 1.050 1.057 1.054 1.059 1.084
1.45 × 10−4 1.109 1.124 1.150 1.146 1.138 1.139

Appl. Sci. 2019, 9, x 7 of 20 

generation of new cracks and propagation of cracks, concrete specimens gradually appeared damage 
in the compressive process. The generation and propagation of cracks required consuming energy 
and the energy consumed for generation of cracks was far more than the propagation. The quantity 
of cracks increased with the enhancement of strain rate in the compressive process, which indicated 
that the damage of specimens required lots of energy at a high strain rate. The compressive process 
spent an extremely short time at a high strain rate, but the compressive process with a short time 
could not accumulate enough energy to generate a great number of cracks. The only way to provide 
enough energy for arriving damage of specimen , is through improving the dynamic compressive 
strength of the concrete specimen [18,42,43]. 

 
Figure 3. Relation between strain rate and dynamic compressive strength of DSC at room temperature. 

For the sake of showing the effect degree of strain rate on the compressive strength of DSC at 
room temperature directly, dynamic increase factor (DIF) was defined as the ratio of dynamic 
compressive strength in different strain rates to the quasi-static compressive strength, which was 
widely used in dynamic analysis of concrete [18,25,42,44]. The DIF of DSC at room temperature with 
different DSRR is presented in Table 6 and described in Figure 4. As shown in Table 6 and Figure 4, 
the DIF increased with strain rate, which indicated DSC had a strain rate effect. 

 
Figure 4. Relation between DIF and DSRR. 

Table 6. Dynamic increase factor (DIF) of DSC at room temperature with different DSRR. 

Strain Rate (s−1) 
DIF 

M1 M2 M3 M4 M5 M6 
1.45 × 10−5 1.033 1.050 1.057 1.054 1.059 1.084 
1.45 × 10−4 1.109 1.124 1.150 1.146 1.138 1.139 

After the dynamic compressive test, the typical failure features of DSC M1 andM6 at different 
strain rates are shown in Figure 5. As displayed in Figure 5, DSC specimens created a failure shape 

Figure 4. Relation between DIF and DSRR.



Appl. Sci. 2019, 9, 4151 8 of 19

After the dynamic compressive test, the typical failure features of DSC M1 andM6 at different
strain rates are shown in Figure 5. As displayed in Figure 5, DSC specimens created a failure shape with
an hourglass-like profile in the dynamic compressive test with different strain rates. The production
of an hourglass-like profile was due to the friction of the specimen up and down with steel plates
in the compressive test. The DSC specimen gradually expanded with the increase of loading in the
compressive test. However, the friction between specimens and steel plates up and down constrained
the process of expansion. The effect of expansion decreased with the distance away from steel plates.
Thus, the middle position of the DSC specimen, which was the minimum effect of friction, had severe
damage [17]. The size of the hourglass-like profile became generally decreased with the strain rate,
which indicated that the effect of expansion gradually increased with the strain rate. Moreover, it also
can be found from Figure 5 that the size of the hourglass-like profile was gradually decreased with the
increase of DSRR. This phenomenon was because the desert sand was characterized by small particles
and less-angular appearance [45]. The less-angular appearance of desert sand indicated that desert
sand easily rolled down after the compressive process. The rolling of desert sand produced fragments.
As the enhancement of DSRR, the rolling amount of desert sand and fragments increased.
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On the other hand, the damage of DSC specimen was more severe with the increase of strain rate
as shown in Figure 5. This phenomenon can be analyzed as follows: When the dynamic compressive
strength of DSC specimen was tested at low strain rate, a small quantity of micro-cracks appeared
and had adequate time to stretch until the failure of the specimen. Meanwhile, the interaction of
micro-cracks was weak towards each other. Therefore, the damage of the DSC specimen was light, and
the volume of fragments was large. At high strain rate, lots of micro-cracks performed propagations
almost simultaneously since stress had a big increase rate in the compressive process, which caused
micro-cracks to interact with each other strongly. Therefore, the damage of DSC specimens was severe,
and the volume of fragments was small.

3.1.2. Influence of DSRR

The relation between DSRR and dynamic compressive strength of DSC at room temperature is
presented in Figure 6. As displayed in Figure 6, the presence of desert sand significantly affected the
change of compressive strength at room temperature. The compressive strength of DSC increased with
the DSRR to an optimum value at 40%, and then dynamic compressive strength generally decreased
with the DSRR when the DSRR was over 40%. This phenomenon can be analyzed as follow: The desert
sand (superfine sand) and hill sand were employed in DSC. Desert sand was formed by the weathering
of loose parent rocky and the strength of desert sand was lower than that of hill sand. Moreover, desert
sand can fill internal gaps of DSC specimens due to its characteristic of tiny particles. In the first stage,
the compaction of specimens continually increased with the enhancement of DSRR (0–40%), which
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caused the increase of compressive strength. In the second stage, when the DSRR was over 40%, the
low strength of desert sand had a higher effect on the compressive strength of DSC in comparison with
the compaction. Therefore, the compressive strength of DSC decreased with the DSRR. The decrease
of compressive strength of DSC at room temperature can be also explained by other mechanisms.
The smooth surface and round shape of desert sand decreased the cohesive force of aggregate and
grouts, which was responsible for the decrease of compressive strength [6,46]. The surface area of fine
aggregate increased with the enhancement of DSRR due to the special characteristic of small particle.
Therefore, more grouts were required to attach around fine aggregate, which caused the decrease of
compressive strength of DSC at room temperature [1]. The highest compressive strength of DSC of
grade C50 in 1.45 × 10−6 s−1, 1.45 × 10−5 s−1, and 1.45 × 10−4 s−1 were 2.2 MPa, 3.6 MPa, and 4.7 MPa,
respectively, higher than those of DSC M1 (plain concrete). The lowest compressive strength decreased
by 5.4% in comparison with those of DSC M1 at all strain rates, which indicated the compressive
strength of DSC was similar to that of plain concrete.
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According to DIF, the effect degree of desert sand on the dynamic compressive strength of DSC can
be also investigated. It is displayed in Figure 4 that the lowest DIF was reached when the DSRR was
0%. This phenomenon can be due to the effect of desert sand on the compaction of DSC. The addition
of desert sand filled the internal gaps of DSC and increased the compaction. Therefore, the failure of
DSC at room temperature required more energy than that of DSC with a DSRR of 0%.

3.1.3. Constitutive Model of DSC at Room Temperature

For the sake of describing stress–strain curves of DSC at room temperature, the constitutive model
of DSC was developed on the basis of the ZWT model [47]. The ZWT model is a nonlinear visco–elastic
constitutive model, which was widely applied to a great number of polymers or complex materials based
on polymer, such as ethylene propylene diene monomer (EPDM) and polymer polymethylmethacrylate
(PMMA) [48,49]. The rate-dependent damage constitutive model of steel–fiber concrete based on the
ZWT model was investigated [50], which showed that the ZWT model was suitable to describe the
constitutive behavior of steel–fiber concrete. Since then, this model has been universally utilized to
describe the dynamic behaviors of concrete [42,44].

The ZWT model was formed by three parts in parallel: two Maxwell models presenting low strain
rate and high strain rate, respectively, and a nonlinear elastic spring. The equation of the ZWT model
is presented as follows:

σ = E0ε+ αε2 + βε3 + E1

∫ τ

0

.
εe(−

t−τ
θ1

)dτ+ E2

∫ τ

0

.
εe(−

t−τ
θ2

)dτ (1)
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where σ is stress; ε is strain;
.
ε is strain rate; E0 is Young’s elastic modulus; and α and β represent material

elastic constants, respectively. E1 and θ1 represent elastic modulus and relaxation time of visco–elastic
response at low strain rate, respectively; E2 and θ2 represent elastic modulus and relaxation time of
visco–elastic response at high strain rate, respectively; t represents experimental time; τ represents the
time variable.

The value of θ2 ranged from 10−4 to 10−6 s, and the experimental time of dynamic compression
was far higher than θ2. Visco–elastic response at high strain rate reached the slack status rapidly once
the compressive experiment was conducted. Meanwhile, the value of

.
ε was very small (10−6–10−4 s−1).

Therefore, the visco–elastic response at high strain rate could be ignored. Moreover, the dynamic
compressive test performed in a constant strain rate. Equation (1) can be simplified in the following form:

σ = E0ε+ αε2 + βε3 + E1
.
εθ1

[
1− e

(− ε.
εθ1

)
]
. (2)

The compressive experiment of DSC with the strain rate of 1.45 × 10−6
·s−1 was regarded as

the quasi-static compressive experiment. According to the least square method, the parameters of
the constitutive model were fitted. The process of fitting can be divided into two parts. Firstly, the
experimental curves at 1.45 × 10−5 s−1 were subtracted from those of 1.45 × 10−4 s−1 with the same
DSRR. The pure elastic response of E0ε+ αε2 + βε3 in Equation (2) was removed and then Equation (3)
was obtained. Then, the unknown parameters of E1 and θ1 were fitted according to the least square
method. Secondly, the values of E1 and θ1 were put into Equation (2) and the unknown values of E0, α,
and β were fitted according to curves of the static compressive experiment.

σ2 − σ1 = E1
.
ε2θ1

[
1− e

(− ε.
ε2θ1

)
]
− E1

.
ε1θ1

[
1− e

(− ε.
ε1θ1

)
]

(3)

where σ2 and
.
ε2 are stress and strain rate at 1.45 × 10−4 s−1, respectively; σ1 and

.
ε1 are stress and strain

rate at 1.45 × 10−5 s−1, respectively.
Through fitting with the ZWT model, parameters of the constitutive model of DSC with different

DSRR at room temperature are presented in Table 7. The dynamic constitutive model of DSC was
established when these parameters were put into Equation (2). Experimental curves and predicted
curves of DSC at room temperature in different strain rates are shown in Figure 7. It is observed from
Figure 7 that the experimental curves and predicted curves had high similarity, which indicates the
ZWT model can greatly describe the stress−strain curve of DSC at room temperature.

Table 7. Parameters of the constitutive model of DSC with different DSRR at room temperature.

DSRR (%) E0 (MPa) α β E1 (MPa) θ1 (s)

0 4527 20,3861 −1.8 × 107 1660 121
20 4473 446,888 −3.4 × 107 1217 36
40 3050 441,877 −2.8 × 107 1339 790
60 4372 396,368 −3.2 × 107 960 1115
80 4778 252,518 −2.3 × 107 972 48
100 4011 395,576 −2.9 × 107 1711 46
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3.2. Dynamic Flexural Strength and Deflection after Elevated Temperature

3.2.1. Influence of Strain Rate

Prismatic specimens (100 mm × 100 mm × 400 mm) were used to test the flexural strength,
which was frequently used as a significant index to evaluate the bending resistance of concrete beams.
The dynamic flexural strength represented the behavior of concrete beam subjected to impact loading
suddenly. Dynamic flexural strength results of DSC after elevated temperature are shown in Table 8.
The relation between strain rate, flexural strength, and DSRR for DSC (F3–F8) is plotted in Figure 8.
Six prismatic specimens were produced in every case and the value of Table 8 was the average value of
experimental data. As displayed in Table 8 and Figure 8, the dynamic flexural strength increased with
the enhancement of strain rate when DSC specimens were exposed to the same elevated temperature.
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Table 8. Dynamic flexural strength results of DSC after elevated temperature

Group
Fly Ash

Replacement
Ratio (%)

DSRR
(%)

Dynamic Flexural Strength Results of DSC after Elevated Temperature (MPa)

3.57 × 10−7 s−1 2.16 × 10−6 s−1 1.25 × 10−5 s−1

300 ◦C 500 ◦C 700 ◦C 300 ◦C 500 ◦C 700 ◦C 300 ◦C 500 ◦C 700 ◦C

F1 0 0 2.44 1.11 0.44 2.75 1.34 0.64 3.01 1.36 0.72

F2 10 0 2.53 1.23 0.57 3.01 1.01 0.71 3.15 1.31 0.75

F3

20

0 2.49 1.17 0.54 2.92 1.27 0.60 3.10 1.33 0.69
F4 20 2.88 1.26 0.65 3.04 1.29 0.68 3.20 1.37 0.74
F5 40 3.16 1.32 0.68 3.34 1.64 0.98 3.42 1.70 1.05
F6 60 3.12 1.27 0.58 3.15 1.49 0.92 3.30 1.63 0.97
F7 80 2.90 1.24 0.50 3.12 1.40 0.86 3.24 1.53 0.88
F8 100 2.64 1.15 0.47 3.14 1.39 0.69 3.20 1.47 0.74
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The vertical displacement of mid−span DSC was defined as the deflection measured by a dial
gauge with the precision of 0.01 mm. The vertical deflection was used to evaluate the flexural toughness
of DSC after elevated temperature, which represented the ability of vertical deformation of the DSC
beam under loading. Dynamic deflection results of DSC after elevated temperature are shown in
Table 9. It can be clearly found from Table 9 that the deflection of the DSC specimen after elevated
temperature with the strain rate of 1.25 × 10−5 s−1 was much more than that of the specimen in
3.57× 10−7 s−1. For instance, deflections of DSC (F3−F8) with DSRR of 0%, 20%, 40%, 60%, 80%, and
100% after 300 ◦C in 1.25× 10−5 s−1 increased by approximately 30%, 16.8%, 35%, 8.7%, 15.2%, and
14.3%, respectively, compared to those of specimens with the strain rate of 3.57 × 10−7 s−1, which
indicated that the deflection had a clear dependence of strain rate and increased with the enhancement
of strain rate. This phenomenon may be analyzed as follow: The self−weight and flexural strength of
DSC were responsible for the production of deflection. The self−weight and stiffness of DSC with the



Appl. Sci. 2019, 9, 4151 13 of 19

same DSRR were almost alike after exposure to the same temperature, so the value of deflection was
mainly determined by the flexural strength. It is observed from Figure 8 the flexural strength of DSC
exposed to elevated temperature increased with strain rate. Therefore, the deflection increased with
strain rate. Further, the flexural toughness increased as the strain rate rose.

Table 9. Deflection results of DSC after elevated temperature.

Group
Fly Ash

Replacement
Ratio (%)

DSRR
(%)

Deflection Results of DSC after Elevated Temperature (mm)

3.57 × 10−7 s−1 1.25 × 10−5 s−1

300 ◦C 500 ◦C 700 ◦C 300 ◦C 500 ◦C 700 ◦C

F1 0 0 0.20 0.26 0.46 0.22 0.38 0.62

F2 10 0 0.23 0.29 0.43 0.27 0.33 0.52

F3

20

0 0.19 0.23 0.46 0.25 0.41 0.54
F4 20 0.22 0.26 0.30 0.26 0.32 0.37
F5 40 0.20 0.34 0.65 0.27 0.40 0.69
F6 60 0.23 0.29 0.57 0.25 0.35 0.71
F7 80 0.22 0.34 0.60 0.25 0.37 0.43
F8 100 0.21 0.32 0.55 0.24 0.34 0.61

3.2.2. Influence of DSRR

As shown in Table 8 (F3−F8) and Figure 8, there was a close relation between DSRR and the
flexural strength of DSC after elevated temperature. As the DSRR increased, the dynamic flexural
strength of DSC after elevated temperature produced a similar tendency to the compressive strength of
DSC at room temperature (Figure 6). The flexural strength of DSC with the strain rate of 3.57× 10−7 s−1

was taken as quasi−static flexural strength to analyze the tendency. Compared to the flexural strength
of DSC with DSRR of 0%, the flexural strength of DSC with DSRR of 20%, 40%, 60%, 80%, and 100%
after 300 ◦C increased about 15.7%, 26.9%, 25.3%, 16.3%, and 6.0%, respectively, while those of DSC
after 500 ◦C increased about 7.7%, 12.8%, 8.5%, 6.0%, and 1.7%, respectively, and increased about
20.4%, 26.0%, 7.4%, −7.4%, and −13%, respectively, for those of DSC after 700 ◦C. These showed the
flexural strength of DSC after elevated temperature increased firstly and then decreased with the DSRR.
The highest flexural strength of DSC after elevated temperature was reached when the DSRR was 40%.
It also can be seen from Table 8 (F3−F8) and Figure 8 that the overall flexural strength of DSC after
elevated temperature was higher and the highest increase ratio reached 60%, compared to DSC with
DSRR of 0%. This may be because the behavior of thermal expansion for hill sand was higher than that
for desert sand. The volume of the concrete specimen appeared to have expanded after the heating
process. The internal stress of the specimen increased with the enhancement of thermal expansion of
sand. As the internal stress of the specimen increased, the flexural strength decreased.

3.2.3. Influence of Temperature

Flexural Strength and Deflection

The relation between temperature and flexural strength of DSC (F3–F8) with different strain rates
is shown in Figure 9. As seen from Figure 9 and Table 8, the flexural strength of DSC F5, compared
with those exposed to 300 ◦C, showed an obvious reduction of 58.2% and 78.5%, 51.5% and 70.7%, and
50% and 69.3% when DSC F5 were exposed to 500 ◦C and 700 ◦C with the strain rates of 3.57× 10−7 s−1,
2.16× 10−6 s−1, and 1.25× 10−5 s−1, respectively. These analyses showed the flexural strength of DSC
decreased with temperature. This phenomenon was because the calcium silicate hydrates (C−H−S)
and calcium hydroxides (Ca(OH)2) were decomposed with the temperature [51,52].

The relation between the temperature and deflection of DSC (F3–F8) is presented in Figure 10.
It can be illustrated from Figure 10 that the deflection of DSC gradually increased with the temperature.
As shown in Figure 10, the deflections of DSC F8 at 500 ◦C and 700 ◦C were greater than those of
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300 ◦C: 52.4% and 41.7% for 500 ◦C, and 162% and 167% for 700 ◦C with the strain rate of 3.57× 10−7 s−1

and 1.25× 10−5 s−1, respectively. This can be explained as follow: as the temperature increased, the
evaporation and decomposition of grouts were gradually performed, which caused the decrease of
compaction and increase of damage. The DSC of low compaction generated smaller deformation
under a low impact loading in the four-point flexural test, compared to DSC with a high compaction.
Moreover, the increase of damage decreased the stiffness of the DSC specimen. The increase of
deflection also indicated that the failure gradually changed from brittle failure to plastic failure with
the enhancement of temperature.

Figure 9. Relation between temperature and flexural strength of DSC (F3–F8) at different strain rate.

Figure 10. Relation between the temperature and deflection of DSC (F3–F8) at different strain rate.
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Apparent Appearance

Apparent appearance is a significant visual indicator for buildings exposed to elevated
temperatures, which can preliminarily evaluate the degree of damage. Apparent appearance includes
appearance of color, crack, and damage. The apparent appearances of DSC F5 after elevated temperature
are shown in Figure 11.
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Figure 11. Apparent appearances of DSC F5 after elevated temperature.

As shown in Figure 11a, the color of DSC specimen was dark grey and there were occurrences of
some tiny cracks on the surface after 300 ◦C. Moreover, the impact sound was clunking. At 500 ◦C, the
DSC specimen, with a slightly clear impact sound, turned into a light grey color and cracks became
evident on the surface of the specimen. When the temperature went up to 700 ◦C, the color changed
to light white and the width of cracks was larger. Besides, the impact sound turned to clear for DSC
specimens. The change of color may be due to the effect of siliceous gravel. The siliceous gravel had
many colors and the specimen showed different colors with different temperatures [53]. The different
impact sounds were due to the change of compaction. The compaction of the DSC specimen decreased
with the increase of temperature. Moreover, it is displayed in Figure 11b that the depth of cracks
gradually increased on the surface of DSC specimens with temperature.

In a four-point flexural test, DSC specimens after 300 ◦C broke with a sudden loud sound of fracture
while DSC specimens after 500 ◦C and 700 ◦C broke with a dull sound of fracture. This phenomenon
may be because the compaction of the DSC specimen decreased with the enhancement of temperature.
The elasticity gradually converted to elastic−plasticity for the DSC specimen.

Slight peeling appeared on the surface of DSC specimens after 700 ◦C, as shown in Figure 11c.
This phenomenon can be explained as follow: the process of evaporation and decomposition of
C−S−H occurred in DSC exposed to 700 ◦C [54,55], which weakened the relation between aggregate
and grouts. Moreover, lime exposed to elevated temperature occurred with volume expansion [56].
The vaporization of the absorbed water led to the expansion of gaps; meanwhile, the structure of
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grouts after elevated temperature became loose [57]. Therefore, the phenomenon of peeling appeared
on the surface of the DSC specimen.

Weight Loss Rate

Every specimen was measured by electronic scale before and after the heating process.
The electronic scale had an accuracy of 0.005 kg. To analyze the change of weight of DSC specimens
exposed to elevated temperature, the weight loss rate was defined as:

Weight loss rate (%) =
m2 −m1

m1
× 100 (4)

where m1 and m2 are the weight of the DSC specimen exposed to elevated temperature before and
after the heating process, respectively.

The weight loss rate of DSC exposed to elevated temperature is presented in Table 10. The weight
loss rate of DSC continually went up with the increase of temperature as characterized from Table 10.
For instance, the weight loss rates of DSC F5 after 300 ◦C, 500 ◦C, and 700 ◦C were 3.89%, 4.85%, and
6.77%, respectively. The reason for weight loss was the released water for DSC exposed to 300 ◦C [51,58].
Weight losses of DSC exposed to 500 ◦C and 700 ◦C were attributed to cement transformations such as
its thermal decomposition [42,59]. Ordinary Portland cement (OPC) concrete above 450 ◦C experienced
dehydration of C–H–S and the decomposition of Ca(OH)2 [52].

Table 10. Weight loss rate of DSC after elevated temperature.

Group
Fly Ash

Replacement
Ratio (%)

DSRR (%)
Weight Loss Rate of DSC after Elevated Temperature (%)

300 ◦C 500 ◦C 700 ◦C

F1 0 0 2.67 3.56 4.96

F2 10 0 3.59 4.51 5.96

F3

20

0 4.27 5.51 6.73
F4 20 4.26 5.03 6.60
F5 40 3.89 4.85 6.77
F6 60 4.28 5.37 6.85
F7 80 4.14 5.27 6.69
F8 100 3.97 5.14 6.45

It also can be found from Table 10 that the weight loss rate increased with the enhancement of
fly ash replacement ratio. The weight loss rate of DSC reached the maximum value when the fly ash
replacement ratio amounted to 20%. This phenomenon may be caused by the decomposition of fly ash
in elevated temperature.

4. Conclusions

This study investigated dynamic mechanical behaviors of DSC with different DSRR under the
circumstance of room temperature and elevated temperature. According to the analysis of experimental
results, the following conclusions were derived:

(1) The dynamic compressive strength at room temperature and flexural strength after elevated
temperature increased with the DSRR to be optimum at 40% and both dynamic strength values
generally decreased with the increase of DSRR after the DSRR was over 40%. The lowest
compressive strength of DSC decreased by 5.4% in comparison with plain concrete in all
strain rates.

(2) The dynamic flexural strength and deflection increased for DSC after elevated temperature with
the enhancement of strain rate. The DIF and dynamic compressive strength obviously increased
for DSC at room temperature with the enhancement of strain rate. The DIF of DSC was higher
than that of plain concrete in every strain rate.
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(3) The flexural strength decreased and deflection increased for DSC after elevated temperature with
the enhancement of temperature.

(4) The dynamic constitutive model of DSC at room temperature was established on the basis of
the nonlinear visco−elastic constitutive model (ZWT model), which can excellently predict the
stress−strain curve for the dynamic compressive test.
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