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As governments are increasingly attaching more importance to environmental protection, many policies and regulations are
being promulgated to restrict or prohibit river sand extraction. Thus, there is a growing tendency for concrete production to
use desert sand-doped artificial sand as the fine aggregate. This paper investigated the microstructure, mechanical properties,
durability, and volume stability of concrete with desert sand and artificial sand. In the study, the strength grades of concrete
ranged from C30 to C100, while the substitution ratios of the desert sand for the artificial sand ranged from 0 % to 100 %.
The results showed that a high substitution ratio of desert sand increased the concrete porosity and extended the interface
zone width. The concrete strength generally decreased as the desert sand substitution ratio increased, however, for the C50
and C60 strength grades, concrete with 20 % desert sand had minor positive effects. Basically, as the desert sand substitution
ratio increased, the CI- penetration resistance and frost resistance tended to be weaker, although there were a few exceptions.
High substitution ratios of desert sand were also not good for the sulfate attack resistance of concrete. In most cases, concrete
with 20 % desert sand shrank more slowly than concrete without desert sand. These conclusions provide the experimental

support for the promotion of desert sand applications in the concrete industry.

INTRODUCTION

In developing countries, there is a huge amount of
infrastructure engineering projects either in process or
in the planning stage, thus building materials including
sand, as a concrete fine aggregate, are in great demand
[1]. However, the adverse impact of river sand extraction
on the ecological environment has been recognised [2].
In order to protect the ecological environment of natural
rivers, governments have promulgated a series of policies
and regulations to restrict or even prohibit sand extrac-
tion in natural rivers [3]. Consequently, construction
enterprises are scrambling to find alternatives to river
sand. Sea sand had always been an alternative, but later
people found that sea sand from different sources had
huge differences in its physical and mechanical properties
[4]. Desert sand is another alternative, which is abundant
in desert regions [5]. Zhang verified that desert sand
can be used as a fine aggregate in common mortar and
concrete [6]. However, as the size of desert sand is very
small, it was better to blend with other sand, otherwise,
it was hard to produce high-performance concrete [7].
Wang successfully used desert sand-doped quartz sand
as the fine aggregates to produce ultra-high-performance
concrete (UHPC) with high tensile strength having very

good resistance to freeze-thaw cycling [8]. Similarly,
Jiang also successfully used desert sand-doped river
sand to produce UHPC with high compressive strength
[9].

Recently, researchers and engineers have begun
to use desert sand as a substitution for artificial sand to
produce concrete, as desert sand has the potential to fill
the gap between artificial sand particles, the distribution
of which is always discontinuous due to the lack of fine
particles [10, 11]. Many strength prediction models have
been built based on experimental statistics or various
theories, for example, heterogeneous nucleation [12],
harmful capillaries [13], and compressible accumulation
[14]. Most research about desert sand applications in
concrete technology took the desert sand substitution
ratio as being univariate, while the sand ratio and other
indices of the mix proportion were controlled to be
constant. Consequently, the workability and moulding
quality of concrete were negatively affected as the sub-
stitution ratio increased, making concrete infeasible
for engineering applications [15-18]. In this study, the
concrete properties using desert sand-doped artificial
sand were investigated with the premise that the mix
proportions were adjusted to acquire the expected
strength grades and fluidities, which are two of the most
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important indices in engineering activities. Both the
desert sand substitution ratios and the strength grades
covered wide ranges, respectively, from C30 to C100
and from 0 % to 100 %. The research outcomes provide
the experimental support for the promotion of desert
sand applications in the concrete industry.

EXPERIMENTAL

Raw materials

The binders in this study included P-O 42.5 Portland
cement, secondary fly ash (FA), and silica fume (SF).
FA is widely used in concrete engineering, while SF
is also commonly used in high strength concrete pro-
duction. In this study, the SiO, content of the SF in the
study was 91.5 %, and the specific area of the SF was
19 300 m*kg™.

c) Albite particle

Figure 1. Magnified photos of the desert sand particles.

The fine aggregates in this study include artificial
sand (AS) and desert sand (DS). The AS was made of
limestone, while the DS was from the Mu Us Desert,
located in northwest China. Magnified photos of the
desert sand particles showed that they had smooth sur-
faces with few open pores, see Figure 1. The particle-
size distribution of the DS is shown in Table 1. The dia-
meters of most of the DS particles were in the range of
100 ~ 250 um. The technical parameters of the AS and
DS are shown in Table 1. Both the AS and the DS were
confirmed to have no risk of an alkaline-silica reaction,
see Appendix A.

The coarse aggregate in this study was continuous
grading crushed stone. The particle-size ranges were
different for the different strength grade concrete. For
the C30 concrete, the particle size ranged from 5 mm to
31.5 mm. For the C50 and higher strength grade concrete,
the particle size ranged from 5 mm to 20 mm.

b) Quartz particle

d) Potassium feldspar particle
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Table 1. Technical parameters of the AS and DS.

Water absorption rate

Sand Fineness Stone pov&gder Clay 0content at a saturated surface
modulus content (%) (%) dry state (%)

AS 3.0 6.139 - 1.27

DS 0.71 - 0.574 0.44

A polycarboxylate superplasticiser was applied as
the chemical admixture of the concrete in this study.

Mix proportion

The main difference between this study and other
studies in the methodology was the principle of the mix
proportion design of the concrete with desert sand.
It should be pointed out that this research is not a strict-
ly univariate investigation about the desert sand substi-
tution. All the mix proportions of the concrete investigated
should meet the requirements of actual engineering
practice, at least the requirements of the strength grade
and fluidity. Firstly, as the desert sand substitution ratio
increased, more cement paste was needed to wrap the
fine aggregate, otherwise, the sand ratio should decrease
[19]. Secondly, it is known that the concrete workability
is adversely affected by the desert sand substitution,
however, modern engineering projects have faced the
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high demand for concrete workability [20]. Thus, the
sand ratio should decrease to keep the concrete fluidity
if the desert sand substitution ratio increases. Thirdly, as
the demand for the strength grade increases, the binder
composition and content, binder/cement ratio, and the
sand ratios must be regulated [21].

The different strength concrete grades had different
binder compositions, binder contents, and binder/cement
ratios. The mix proportions of the cement paste for the
concrete using desert sand-doped artificial sand as the
fine aggregate (DAS concrete) in this study are listed
in Table 2, while the binder compositions are shown in
Figure 2a.

Besides the cement paste, the residual space in the
concrete was occupied by the aggregate, including the
fine aggregate (sand) and coarse aggregate (crushed
stone). The sand ratios of the concrete with the different
strength grades and different desert sand substitution
ratios are shown in Figure 2b.
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Strength grade Substitution ratio (%)
a) binders b) aggregate

Figure 2. Mix compositions of the binders and aggregate of the DAS concrete.
Table 2. Mix proportion of the cement paste for the DAS concrete.

Binder Water Superplasticizer w/b Superplasticizer

(kg'm™) (kg'm™) (kg'm™) ratio content
C30 377 168 3.77 0.45 1%
C50 476 146 4.76 0.31 1%
C60 493 138 4.93 0.28 1%
C80 580 135 5.80 0.23 1%
C100 610 132 6.10 0.22 1%
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Figure 3. Fresh DAS concrete properties.

Fluidity and air content of
the freshly designed concrete

The control index for the fluidity in this study was
the slump value. The slump values for all the concrete in
the study were controlled at a range between 190 mm and
210 mm, see Figure 3a. The slump values proved that the
concrete designed had good workability. In addition, the
air content of the concrete varied with the mix proportion
variation. The air content of designed concrete is shown
in Figure 3b. It can be seen that the air content increased
as the strength grade increased, while for the high
strength concrete (> C60), the air content also increased
as the desert sand substitution ratio increased.

Test methods
Microstructure tests

The microstructure tests included a pore structure
analysis and an interface zone (ITZ) microhardness test.

The pore structure analysis of the concrete used
mortar specimens, which had the same mix proportion
of the corresponding concrete, except that there was no
coarse aggregate. The specimen diameter was controlled
at about 5 mm. The analysis was conducted by mercury
intrusion porosimetry (MIP) using an AutoPore IV 9500
automatic mercury porosimeter.

ITZ microhardness test was conducted by an HXS-
-1000AC microhardness tester. Test points were distri-
buted from the coarse aggregate edge to the cement stone
matrix at intervals of 10 pm.

Strength test

The compressive strength test of the concrete was
conducted in accordance with GB/50081-2019: Standard
for test methods of concrete physical and mechanical
properties. The specimens were 150 x 150 x 150 mm con-
crete cubes, while the loading rate was 2.4 kN's™.
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Durability and shrinkage tests

The durability and shrinkage tests were conducted
in accordance with GB/T 50082-2009: Standard for test
methods of long-term performance and durability of
ordinary concrete.

The durability tests in this study included a CI™ pe-
netration test, a frost resistance test, and a sulfate attack
resistance test. (i) The CI” penetration test was conducted
by the electric flux method instead of the CI™ diffusion
coefficient method. The test lasted for 6 hours under 60 V
DC Voltage. (ii) The frost resistance test was conducted
by a quick method. Each freeze-thaw cycle lasted for 2 to
4 hours. In a freeze-thaw cycle, the central temperature
of the concrete prism was in the range of —18 °C to 5 °C.
(ii1) The sulfate attack resistance test was coupled with
the wet-dry cycles. The concentration of the Na,SO,
solution was 5 %.

The shrinkage test was conducted by the contact
method. The shrinkage of the concrete prism was mea-
sured by a dial gauge and recorded from the age of
1 dto360d.

RESULTS AND DISCUSSION

Microstructure of the AS, DAS and DS concrete
MIP of the AS, DAS and DS concrete

The Mercury intrusion porosimetry results of the
mortar from AS, DAS* (50 % DS + 50 % AS), and DS
concrete are shown in Figure 4 and Figure 5. Figure 4
shows the log differential intrusion curves, while Figure
5 shows the cumulative intrusion curves.

In Figure 4, the log differential intrusion curves
of the AS, DAS*, and DS concrete followed similar
directions. At the pore diameter range between 100 nm
to 200 um, the log differential intrusion increased as the
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desert sand substitution ratio increased. Namely, high
substitution ratios, such as 50 % and 100 %, of desert
sand for the artificial aggregate slightly increased the

concrete porosity. This finding was verified by Figure 5,
the cumulative intrusion curves of the AS, DAS*, and
DS concrete.
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Figure 4. Log differential intrusion of the AS, DAS and DS

concret

c.

Figure 5. Cumulative intrusion of the AS, DAS and DS con-
crete.
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Figure 5 also shows that concrete with the desert sand
had more pores with diameters less than 100 nm. It might
be mistakenly considered as the higher hydration level of
cement paste. Actually, it should be due to the reduction
in the sand ratio with the desert sand substitution ratio
increase (see Figure 3b). As the sand ratio decreased, the
mortar specimens had more hardened cement paste and
less sand, thus the porosity increased.

ITZ microhardness of DS concrete

The ITZ microhardness of the AS and DS concrete
at various strength grades is shown in Figure 6. The ITZ
widths are presented in Table 3.
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Figure 6. ITZ microhardness of the AS and DS concrete.

Table 3. ITZ widths of the AS and DS concrete (um).

Concrete C30 C50 C60 C80
RAS concrete 110 100 95 80
DS concrete 110 105 100 90

Obviously, the ITZ width decreased as the strength
grade increased. Moreover, the microhardness of the
cement paste matrix increased as the strength grade
increased. Compared with the ITZ widths of the concrete
with the artificial sand (Figure 6a) or natural river sand
given in the published literature [22], the ITZ widths
of the concrete using the desert sand in this study were
larger [22]. It could be due to the soft and smooth surface
(Figure 1) of the desert sand, which adversely affected
the ITZ properties [9, 23].

Compressive strength of the DAS concrete

The compressive strength of the DAS concrete is
shown in Figure 7. Figure 7a shows that desert sand
substitution rarely affected the compressive strength
of the C30 concrete. Each data point in the figure is
the average of six data points, which came from three
specimens, respectively.
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Figure 7. Compressive strength of the DAS concrete. (Continue
on next page)
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Figure 7. Compressive strength of the DAS concrete.

As the concrete strength grade increased, the effect
of the desert sand substitution was seen and gradually be-
came more obvious. In general, the compressive strength
decreased as the desert sand substitution ratio increased,

however, for the C50 and C60 strength grades, the con-
crete with 20 % desert sand had a slightly higher strength
compared with those without the desert sand substitution.
Compared with the concrete with the 100 % desert sand
and the concrete without the desert sand, the reduction
ratios of the C50 and C60 concrete were 15.0 % and
8.6 % at the age of 90 days, respectively, while the reduc-
tion ratios of the C80 and C100 concrete were 17.4 %
and 32.9 %, respectively. Figure 7d and e indicate that
the desert sand should be cautiously used in the C80 and
C100 concrete because the concrete strength might drop
below the expected grades when the substitution ratios
are high.

Generally, the desert sand substitution was not
good for the concrete strength. However, it did present
a slightly positive effect for the C60 or lower strength
grade concrete if the substitution ratio was 20 %, as used
in this study. For the consideration of the workability
and economy, the concrete with the lower strength grade
had a higher sand ratio (see Figure 2b). Namely, the
artificial sand occupied a larger space in the concrete.
As it is known, the particle-size distribution of artificial
sand is always defective, mainly reflected by the lack
of fine particles [24-26]. In this case, the application of
desert sand doped artificial sand as the fine aggregate
could bring a positive effect on the concrete strength as it
improved the compactness of the concrete aggregate and
delivered a denser structure. However, if the substitution
ratio was too high or all the artificial sand was replaced
by desert sand, the strength decreased due to the desert
sand being too fine to form a reasonable aggregate
gradation with the coarse aggregate [27].

Durability of the DAS concrete
CI penetration resistance of the DAS concrete

The CI penetrability of the DAS concrete was
assessed by electric flux. The electric fluxes of the DAS
concrete are shown in Figure 8. Each data point in the
figure is an average of three data points, which were
acquired from three specimens, respectively.

Figure 8 clearly shows that there was a negative
correlation between the electric flux and the concrete
strength grade. As the curing time increased, the electric
fluxes of the DAS concrete decreased further. The
electric fluxes of the high strength concrete (> C60) after
56 days of curing were less than 700 C, which indicated
good impenetrability. For the C30 DAS concrete, elec-
tric fluxes of the concrete with various desert sand sub-
stitution ratios fluctuated and no clear tendency was
delivered. The DAS concrete with 20 % desert sand
showed less electric flux than the concrete without the
desert sand, however, as the desert sand substitution ratio
increased, the electric flux increased with the fluctuations
except for the C30 concrete. The effect of the desert sand
substitution ratio on the concrete impenetrability was
found to be similar to the concrete compressive strength.
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Frost resistance of the DAS concrete 6
The mass loss variations of the DAS concrete expe-
rienced by the freeze-thaw cycles are shown in Figure 9, 5

while the simultaneous relative dynamic moduli varia-
tions are shown in Figure 10. Each data point in the figure
is an average of three data points, which were obtained
from three specimens, respectively.

In Figure 9, the mass loss increased as the freeze-
thaw cycles increased. Also, the increased rate of mass
loss was negatively correlated to the concrete strength
grade. Except for the C30 DAS concrete, the mass losses
of the DAS concrete in the other strength grades were 0

Mass loss (%)

50 100 150 200 250 300 350 400 450
less than 5 % after 475 freeze-dry cycles, indicating Freeze-thaw cycle

that they were still serviceable. The substitution of de-
sert sand adversely affected the frost resistance of the
concrete. Basically, as the desert sand substitution ratio  Figure 9. Mass loss of the DAS concrete during the freeze-
increased, the frost resistance of the concrete became  thaw cycling. (Continue on next page)
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Figure 9. Mass loss of the DAS concrete during the freeze-
thaw cycling.

slightly worse. It should be noted that the substitution
ratio of the desert sand increased the air content of
the concrete, see Figure 3b, which generally indicated
the superior frost resistance [28]. Therefore, the frost
resistance improvement theory based on air entrainment
was not suitable for the DAS concrete.

In Figure 10, the relative dynamic elastic decreased
as the freeze-thaw cycles increased with fluctuations.
Also, the rate of the decrease of the relative dynamic
elastic modulus was negatively correlated to the concre-
te strength grade. The relative dynamic elastic moduli
of the C30 DAS concrete were below 60 % after 200
freeze-thaw cycles, although the mass losses did not
exceed 5 % at that time (Figure 9a). Except for the C30
DAS concrete, the DAS concrete in the other strength
grades were still serviceable after 475 freeze-thaw
cycles as their relative dynamic elastic moduli were still
more than 60 %. In general, similar to the mass losses,
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Figure 10. Relative dynamic elastic modulus loss of the DAS
concrete during the freeze-thaw cycling.

the relative dynamic elastic moduli reduced faster with
the increase in the desert sand substitution ratio, also
indicating that the desert sand substitution was not good
for the frost resistance of the concrete. However, the
concrete without the desert sand and the DAS concrete
with the 20 % desert sand resembled each other in both
the mass losses and the relative dynamic elastic modulus
reductions. Hence, a low substitution ratio of desert sand
to artificial sand would not significantly affect the frost
resistance of the concrete.

Sulfate resistance of the DAS concrete

The strength variations of the DAS concrete expe-
riencing a sulfate attack coupled with the wet-dry cycles
are shown in Figure 11. Each data point in the figure is
an average of three data points, which were obtained
from three specimens, respectively. After 150 cycles,
the residual strength ratios ranged from 82 % to 94 %.
As the concrete strength grade increased, the resistance

to the sulfate attack improved, although the error bars in
the figure show that the errors of the residual strength
ratios are very large.
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Figure 11. Residual strength of the DAS concrete experiencing
a sulfate attack. (Continue on next page)
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Figure 11. Residual strength of the DAS concrete experiencing
a sulfate attack.

In Figure 11, it can be found that the 100 % sub-
stitution of desert sand for the fine aggregate led to
the weaker resistance to a sulfate attack in most cases.
However, beyond that, there was no obvious regularity
of the effect of the desert sand substitution ratio on the
residual strength ratio of the concrete experiencing a
sulfate attack. Errors in the investigation of the resistance
to a sulfate attack might be due to the inharmonious
deformation of the interface between the mortar and the
coarse aggregate during the temperature cycles, which
was coupled with the wet-dry cycles [29]. However, the
effects of the desert sand on thermo-physical properties
of the concrete were not covered in this study.

Drying shrinkage of the DAS concrete

The drying shrinkages of the DAS concrete are
shown in Figure 12. Each data point in the figure is
an average of three data points, which were obtained
from three specimens, respectively. The mechanism

of the drying shrinkage of the concrete is the capillary
force of the pore system, thus, the factors affecting the
concrete pore structure also affect the drying shrinkage
of the concrete. For example, the drying shrinkage is
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Figure 12. Drying shrinkage of the DAS concrete. (Continue
on next page)
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Figure 12. Drying shrinkage of the DAS concrete.

positively correlated to the water/binder ratio [30], sand
ratio [31], and the aggregate porosity [32, 33]. As the
water absorption rate by the saturated surface dry state
of the desert sand was obviously lower than that of
artificial sand in this study (Table 1), the substitution of
desert sand would not increase the total porosity of the
aggregate. Some mineral additions, such as silica fume,
would also accelerate the concrete shrinkage [34, 35].
In Figure 12a, b, c, the drying shrinkage of the concrete
decreased as the concrete strength grade increased.
It was due to reductions in the water/binder ratio and
sand ratio, even though the binder mass also increased.
However, in Figure 12c, d, e, the drying shrinkage of
the concrete increased as the concrete strength grade
increased slightly, which might be due to the addition of
the silica fume.

Since the number of fine particles in the artificial
sand was never enough, the substitution of fine desert
sand might optimise the particle size distribution of
the fine aggregate [9]. For the concrete having strength
grades below C60, the appropriate substitution ratios

of desert sand in the fine aggregate were good for the
volume stability of the concrete. Generally, the DAS
concrete with 20 % desert sand shrank more slowly than
the concrete without the desert sand, although it was
hard to determine that 20 % was the optimal substitution
ratio. For the C30, C50, and C60 concrete with 20 %
desert sand, the drying shrinkages at the age of 360 days
were, respectively, reduced by 6.5 %, 7.5 %, and 4.1 %.
The reduction effect of the 20 % desert sand on the
drying shrinkage could be due to the denser structure,
which corresponded to the improvement effect of the
20 % desert sand on the compressive strength of the
C30, C50, and C60 concrete. The drying shrinkages of
the C80 and C100 concrete at the age of 360 days were
approximately 400 x 10°. There were neither obvious
positive nor negative effects of the desert sand on drying
shrinkage in the C80 and C100 concrete. Therefore,
it could be concluded that the drying shrinkage of the
common strength concrete (< C60) was more sensitive
to the desert sand substitution than the high strength
concrete (> C60).

CONCLUSIONS

The study conducted experiments on concrete using
desert sand-doped artificial sand as the fine aggregate.
The concrete strength grades included C30, C50, C60,
C80, and C100, while the desert sand substitution ratios
included 0 %, 20 %, 40 %, 60 %, 80 %, and 100 %.
The slump values of all the investigated concrete were
between 190 mm and 210 mm. The conclusions drawn
from the study include the following:

e  The high substitution ratios of desert sand, such as
50 % and 100 %, slightly increased the capillary porosity
of the concrete and extended the ITZ width between the
coarse aggregate and the cement mortar matrix.

e In general, the compressive strength decreased as
the desert sand substitution ratio increased, however, for
the C50 and C60 strength grades, the concrete with 20 %
desert sand had slightly higher strength compared with
those without the desert sand substitution.

e  The concrete with the 20 % desert sand showed less
electric flux than the concrete without the desert sand,
however, as the desert sand substitution ratio increased,
the electric flux increased with the fluctuations except
for the C30 concrete. The substitution of desert sand
adversely affected the frost resistance of the concrete,
but the effect of the low substitution ratio of the desert
sand was negligible. A 100 % substitution of the desert
sand for the fine aggregate led to the weaker resistance to
sulfate attacks in most cases.

e  Generally, concrete with 20 % desert sand shrank
more slowly than the concrete without the desert sand,
although it was hard to determine that 20 % was the
optimal substitution ratio. The drying shrinkage of the
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common strength concrete (< C60) was more sensitive
to the desert sand substitution than the high strength
concrete (> C60).

e For the DAS concrete with strength grades from
C30 to C60, the 20 % substitution ratio of desert sand
brought slightly positive effects, while higher substitution
ratios up to 60 % could still be acceptable. When further
increasing the substitution ratio, the concrete properties
might be negatively affected. In the case of the C80
DAS concrete, the substitution of desert sand generally
brought negative effects and it was also suggested not to
exceed the substitution ratio 60 %. Lastly, desert sand is
not recommended in the C100 concrete.

Appendix A

Risk assessment of an alkali-silica reaction

As desert sand might contain active SiO,, the risk
assessment of an alkali-silica reaction is very important.
The test was conducted in accordance with section
7.16.2 (rapid alkali-silica reaction) of GB/T 14684-
2011: Sand for construction. However, the particle-size
distribution of the desert sand was non-standard because
the percentage of particles with a diameter larger than
600 nm in the studied desert sand was less than 1 %.
There were four kinds of particle-size distributions in

the assessment, see Table Al. The risk assessment of
the alkali-silica reaction was delivered based on the 14
d expansivity of mortar prisms with different categories
of sand and different particle-size distributions, see Table
A2.

Additionally, many literature sources have pointed
out that a certain pessimum exists for which the pressure
or expansivity of a mortar with an alkali-silica reaction is
the maximum [36,37]. If the majority of the desert sand
particles is smaller than the pessimum, the harmful effect
of an alkali-silica reaction on the concrete durability
would be less significant, even if there are some active
Si0,.
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