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Abstract: Economical desert sand engineered cementitious composites (DS-ECCs) using a mixture of
cement, fly ash, local desert sand, water, low-cost PVA fibers, and chemical additives were developed,
aiming for a further enhancement in ductility and toughness. The mechanical behavior of DS-ECCs
for two sand samples (from Mu Us and Tengger deserts, China) was determined using uniaxial
tension/compression tests and three-/four-point bending tests. The results showed that desert sand-
based ECCs with the designed mix ratios had better mechanical properties than the river sand-based
ones. Compared with the river sand-based ECCs at 28 and 56 day, the DS-ECCs presented superior
ultimate tensile and comparable compression strengths. The excellent ductility was characterized
by ultimate tensile and compression strains of 3–7% and over 1%, respectively. Meanwhile, the DS-
ECCs showed improved flexural properties with outstanding fracture and bending strengths (4–9 kN
and 21–30 kN) and toughness. The findings of this study will further strengthen the mechanical
performance of DS-ECCs and broaden their engineering applicability.

Keywords: engineered cementitious composites (ECC); desert sand; mechanical properties;
ductility; toughness

1. Introduction

Engineered cementitious composite (ECC) is a type of ultra-high ductile fiber-reinforced
cementitious composite, which is designed by considering the interface properties between
fiber and other matrices and the fracture mechanics theory. ECC is mainly composed of
cement, high-volume fly ash, fine quartz sand, superplasticizer, and polymeric fiber, with a
volume fraction of no more than 2.5%. Meanwhile, micromechanics plays an important
role in tailoring and optimizing its constituent ingredients and material properties [1,2]. Ini-
tially, it was developed for the high-volume, low-cost building industry [3], characterized
by some excellent mechanical properties, such as ultra-high tensile (compression) ductil-
ity [4,5], fracture toughness [6], shearing resistance and energy dissipation performance.
The ultimate tensile and compression strains of ECC can reach 3% and 1%, respectively.
In recent years, ECC is no longer exclusive to academic research laboratories and has
undergone both material development as well as structural applications [3]. Strengthening
and toughening structures subjected to severe mechanical or harsh environmental loading
are the intended applications of ECC due to the above mentioned high performance. In-
vestigations on concrete and reinforced masonry structures retrofitted and enhanced by
ECC exhibited improved structural performance, especially in terms of flexural (shearing)
resistance and seismic resistance [7–9].

Usually, aggregates play an essential role in enhancing ECC properties. Sand as
an economical filler not only has a significant impact on strength and ductility but also
saves costs. Considering the exorbitant cost of fine quartz sand, there is an urgent need
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to find appropriate substitutes for fine aggregates for developing economical and high-
performance ECCs. Currently, huge quantities of desert sands have drawn our attention
and are considered the most potential and important source of fine aggregates in preparing
ECCs due to their fine particle size distribution and abundant reserves [10,11]. The use
of desert sand is also beneficial for protecting the environment and alleviating river sand
scarcity. Too much attention has been paid to research on desert sand mortar (DSM) or
desert sand concrete (DSC), which is mainly made by replacing part of fine aggregates
with desert sands [11–16]. Liu et al. [11] found that DSC that was made using a desert
sand replacement ratio of 20% had the optimal workability and compression strengths,
while excessive desert sand could absorb more water and then reduce the matrix fluidity.
Luo et al. [13] revealed that desert sand with a fine particle size under 175 µm could modify
the mechanical properties of DSC through propelling the heterogeneous nucleation effect
and improving the hydration process of the cementitious matrix. Liu et al. [14,15] indicated
that DSC that was characterized by a desert sand replacement ratio of 40% possessed
excellent compression strengths and dynamic mechanical behaviors despite suffering
from a high temperature environment. In addition, Kaufmann et al. [16] prepared DSC
with acceptable performance using a combination of desert sand and other well-graded
aggregates. Notably, the low-level utilization rate of desert sand in DSM and DSC is still
observed because of the inappropriate particle size distribution of desert sand.

Producing desert sand engineered cementitious composites (DS-ECCs) is an effective
measure to increase the utilization rate of desert sand, which has the same particle size
distribution as fine silica sand in ordinary ECCs. For example, Khan [17] and Meng [18]
produced DS-ECCs with tensile strains of about 2–4% using desert sand from Arabian
or Australia (average particle size about 200–300 µm). Che et al. [19–22] also prepared
DS-ECCs with desert sand from Ningxia, which exhibited good workability, ductility,
and durability. Meanwhile, the tension and compression strains were about 3% and
1%, respectively. However, only limited works referred to the tensile and compression
performance of DS-ECCs, and humble ductility and toughness were still observed in
previous studies. It is necessary to enhance the ductility and toughness of DS-ECCs
further and synthetically evaluate their fracture and bending behaviors. Like conventional
ECCs [23], low-cost domestic PVA fibers could be introduced to produce economical
DS-ECCs with no apparent sacrifice of material performances.

Another concern is the effect of desert sand on the hydration process of cementitious
materials. As mentioned above, existing studies only revealed the influence of desert sand
on the macroscopic mechanical behavior of DSCs or DSECCs, while their micromechanics
was under limited consideration. Related research has concluded that the time-dependent
dissolution of cement grains can substantially affect the hydration process and the viscoelas-
ticity (viscoplasticity) mechanism of cement paste [24]. Meanwhile, microsilica additives
also have an active impact on the hardening process and microstructure evolution of cemen-
titious materials [25]. Desert sand behaves differently from ordinary river sand because of
its unique apparent morphology and particle size distribution. It has similar properties
to cementitious materials or microsilica, which possibly affects the hydration process of
DS-ECC and leads to unpredictable mechanical behavior. All the above concerns require
further validation due to limited available study, which will provide a valuable reference
for the future design and application of DS-ECCs.

This work aimed to prepare economical DS-ECCs with excellent ductility and tough-
ness based on desert sand (from Mu Us or Tengger desert of Ningxia, China) and low-cost
PVA fibers. Two types of DS-ECCs were investigated to reveal the validity of the research
results. To further evaluate the mechanical properties of DS-ECCs at 28 and 56 days, a series
of experimental tests were carried out, including uniaxial tensile (compression tests) and
three (four)-point bending tests. Furthermore, a comparison of the mechanical properties of
the designed DS-ECCs, river sand ECC, and cementitious matrix with the desert sand, was
conducted to demonstrate the improved mechanical performance of the designed DS-ECCs
in this study. The flow chart for this research is plotted in Figure 1.
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2. Experimental Program
2.1. Materials

The primary materials used in this study included ordinary Portland cement (P.O
42.5 R), fly ash (F.A., Class I), washed and sieved river sand (R.S.), Mu Us desert sand (Mu
Us), Tengger desert sand (Tengger), polyvinyl alcohol (PVA) fiber, superplasticizer (S.P.),
and water (W). The source of cementitious materials and fine aggregates was Ningxia.
The chemical compositions and particle size distribution of the raw materials are shown
in Table 1 and Figure 2, respectively. The physical properties of PVA fibers from Fujian
province are listed in Table 2.

Table 1. Chemical properties of the raw materials.

Component Al2O3 Na2O CaO SiO2 P2O5 SO3 Fe2O3 K2O TiO2 Cl MgO

Cement 5.05 0.73 60.24 21.22 / 2.67 3.26 0.50 / / 0.97
Fly ash 23.6 13.2 6.12 38.5 1.06 2.13 7.49 1.84 / 0.26 3.66

River sand 11.8 16.0 6.87 45.2 1.01 0.58 6.33 4.65 0.86 0.33 /
Mu Us desert sand 12.3 / 4.83 74.2 0.80 0.50 3.69 2.62 0.49 0.41 /

Tengger desert sand 13.10 / 3.57 70.80 1.72 1.03 4.62 3.63 0.62 / /

Table 2. Performance parameters of PVA fiber.

Fiber Length (mm) Diameter (µm) Density (kg/m3)
Ultimate Tensile
Strength (MPa) Elastic Modulus (GPa)

PVA 12 39 1300 1600 40
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Figure 2. Particle size distribution of the raw materials.

River sand has the characteristics of dust-color appearance, an apparent density of
2700 kg/m3, a bulk density of 1640 kg/m3, and a maximum particle size of 1180 µm. Mu
Us desert sand has a reddish-brown appearance, an apparent density of 2646 kg/m3, a bulk
density of 1580 kg/m3, a fineness modulus of 0.72, and a maximum particle size of 546 µm.
Tengger desert sand has a tawny appearance, with an apparent density of 2646 kg/m3, a
bulk density of 1580 kg/m3, a fineness modulus of 0.30, and a maximum particle size of
376 µm. The particle size distribution of different sands is illustrated in Figure 2.

2.2. Mixing and Curing Procedure

The mix ratio of the DS-ECCs was determined and optimized according to the method
proposed by Yu et al. [26]. The key parameters were changed to obtain different perfor-
mance goals. The mixture proportions for all specimens are presented in Table 3, including
the primary groups (M1, M2, and M3 for Mu Us DS-ECC and T4 for Tengger DS-ECC) and
control groups (M5 for ordinary matrix and R6 for river sand ECC). Two curing ages (28 d
and 56 d) were selected.

Table 3. Mixture proportions of different specimens at 28 d and 56 d.

Mix. NO W/B S/B
W/(C + FA) S/(C + FA) FA Ratio SP Ratio PVA Ratio Flow Diameter

by Weight by Volume mm

Basic groups

M1 0.29

0.46

0.29

DS 0.46

50%

0.1%

2% 61
M2 0.35 0.35 50% 2% 65
M3 0.35 0.35 70% 2% 67
T4 0.35 0.35 50% 2% 65

Control groups M5 0.35 0.35 50% 0 72
R6 0.35 0.35 RS 50% 2% 65

Note: the binders are composed of cement and fly ash; C is cement, FA is fly ash, S is desert sand (DS) or river
sand (RS), W is water, PVA is polyvinyl alcohol fiber, and SP is superplasticizer; W/B is the water-to-binder ratio,
which is equal to W/(C + FA); S/B is the sand-to-binder ratio, which is equal to S/(C + FA); FA ratio refers to
FA/(C + FA); SP ratio refers to SP/(C + FA); and PVA ratio is the volume ratio of PVA to total mixture.

The casting processes of the specimens were as follows: Firstly, a Hobart HL30 mixer
was used to mix the cementitious materials and fine sands (2–3 min). Next, half of the
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S.P. was added into the mixture to improve fluidity (3–5 min). Eventually, pre-dispersed
fibers were added to the mixture, followed by residual S.P. A complete mixing process
was achieved when evenly dispersed fibers were observed. The specimens were cast in
prefabricated steel molds and formed at room temperature (after 24 h). All specimens were
cured for up to 7, 28, and 56 days in a fog room at a temperature of 20 ± 2 ◦C and a relative
humidity of 95%.

2.3. Specimens and Test Procedures
2.3.1. Uniaxial Tensile/Compression Test

The uniaxial tensile test of the designed DS-ECCs was determined according to
JSCE [27], with a dumbbell specimen size of 330 mm × 60 mm × 13 mm (cross section:
30 mm × 13 mm). The uniaxial compression test of the DS-ECCs was performed in accor-
dance with ASTM C39 [28], with a cylindrical specimen size of Φ75 mm × 150 mm. Six
uniaxial tensile specimens and three uniaxial compression specimens were investigated per
mix ratio at each curing age. The test results were averaged from the designed specimens,
among which the discrete and error data were excluded.

A 30 kN servo-hydraulic SHT4106 testing system was used for the uniaxial tensile
and compression tests of the DS-ECCs. Regarding the uniaxial tensile tests, dumbbell
specimens were fixed in wedge-shaped splints with geometric alignment. A constant rate
of 0.5 mm/min was applied for two tests. The tensile loads were obtained from SHT4106’s
load sensors. The tensile strains were measured using two external electronic extensometers
attached to the middle part of the specimens over a gauge length of 80 mm.

Regarding the uniaxial compression tests, cylinder specimens were placed on the
compression plates with geometric alignment. The load collection system was similar to
that of uniaxial tensile tests. Two linear variable displacement transducers (LVDT) were
attached to the symmetrical side of the specimens, while a static strain collecting system,
DH3820, was used to measure the compression strains. The set-up and schematic diagrams
of the uniaxial tensile and compression tests are shown in Figure 3.
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2.3.2. Three-/Four-Point Bending Tests

Three (four)-point bending tests were carried out using a 10 kN servo-hydraulic
SHT4106 testing machine. Prisms with the size of 100 mm × 100 mm × 400 mm and a
span of 300 mm are suitable for three-/four-point bending tests. The specimens for the
four-point bending tests were unbroken, but the three-point bending tests were notched
with notch width and depth of 3–4 mm and 40 mm, respectively. It should be noted that
pre-placed plastic pieces made the notch. At each curing age (28 d and 56 d), three complete
and three notched prisms were used per mix ratio. The results were averaged from the
investigated prisms, similar to the uniaxial tests.

The loading rate of the three (four)-point bending tests was similar to that of the
uniaxial tests, with a displacement-controlled rate of 0.5 mm/min. In this work, the testing
procedure was divided into two stages, which included pre-loading and formal loading.
Firstly, pre-loading was conducted twice, up to 0.2 kN, to ensure complete contact between
the loading rollers and specimens. Then, standard loading was performed, in which the
loading rate was 0.2 mm/min until the load was 50% of the post-peak ultimate bending
load. The tests were completed when a constant load of 1 kN with an increasing deflection
was recorded.

The bending loads for the three (four)-point bending tests were recorded using
SHT4106’s load sensors. The crack mouth opening displacement (CMOD) was measured
using an external electronic extensometer attached to the notch bottom with a gauge length
of 2 mm. The deflection of the prismatic specimens was recorded using an LVDT attached
to the mid-span. Strain gauges and DH3820 were used to record the initial cracking load.
The schematic diagrams of the three-/four-point bending tests are shown in Figure 4.
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2.3.3. Workability Test

The fluidity tests assessed the workability of the DS-ECCs according to GB/T50080.
The average flow diameter in the vertical directions was the primary evaluation index.

3. Results and Discussion
3.1. Workability

This work considers a flow diameter from 50 mm to 70 mm as ideal liquidity. The test
results are listed in Table 3. The results show that desert sand has a strong adsorption effect
on water due to a large surface area, which results in less fluidity. Thus, all DS-ECCs have
a significant demand for S.P. However, the DS-ECCs present good workability caused by
the rational slurry coating thickness of desert sand and fibers.

3.2. Mechanical Properties of DS-ECCs

The mechanical properties of the DS-ECCs, river sand ECC, and ordinary matrix at
different curing ages were compared. The details are presented below.
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3.2.1. Uniaxial Tensile Properties

The uniaxial tensile stress–strain curves of different specimens at the age of 28 d and
56 d are shown in Figure 5, referring to the Mu Us DS-ECCs (Figure 5a–c), Tengger DS-ECC
(Figure 5d), river sand ECC (Figure 5f), ordinary matrix (Figure 5e), and comparison results
(Figure 5g) in the literature [17,18]. All DS-ECCs at 28 d and 56 d exhibit superior tensile
properties with apparent strain hardening, outperforming the river sand ECC (degraded
tensile ductility) and ordinary matrix (brittleness). The test results about the ultimate
tensile strength (strain) and the tensile fracture energy are presented in Table 4. The
tensile fracture energy was calculated based on the recommendation by Deng et al. [29],
while the parameters were adjusted considering the characteristics of the actual tensile
stress–strain curves.
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Figure 5. Tensile stress–strain curves of different specimens: (a) Mu Us DS-ECC, W/B = 0.29; (b) Mu
Us DS-ECC, basic mix ratio; (c) Mu Us DS-ECC, FA = 70%; (d) Tengger DS-ECC, basic mix ratio;
(e) Cementitious matrix with the desert sand; (f) river sand ECC; and (g) W/B = 0.29, W/B = 0.35:
Khan, et al., 2017 [17], W/B = 0.30: Meng, et al., 2017 [18].
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Table 4. Test results of different specimens under uniaxial tests.

Mix. No.
σut

(MPa)
εut
(%)

Gf
(N/mm)

σuc
(MPa)

εuc
(%)

fe−u/(MPa) Wu

u = 0.85 u = 0.5 u = 0.85 u = 0.5

M1
28 d 10.18 3.23 16.76 51.34 0.92 27.52 28.90 0.026 0.029
56 d 9.71 3.19 16.00 57.66 0.88 32.34 32.15 0.030 0.034

M2
28 d 14.84 4.06 24.60 34.31 0.97 18.93 19.2 0.021 0.022
56 d 10.67 4.82 29.09 52.98 0.84 29.93 30.74 0.028 0.033

M3
28 d 12.17 5.38 15.48 23.85 1.19 12.74 13.26 0.017 0.031
56 d 11.07 6.68 17.10 25.77 1.67 13.44 14.48 0.03 0.048

T4
28 d 10.03 3.76 22.74 36.50 1.74 21.75 21.75 0.043 0.046
56 d 9.55 2.74 24.84 46.27 1.68 28.37 28.76 0.054 0.090

M5
28 d 1.27 0.10 0.0042 28.01 0.73 0.003 0.004 0.001 0.001
56 d 1.21 0.09 0.0064 31.08 0.51 0.004 0.004 0.002 0.002

R6
28 d 12.27 2.64 12.66 41.32 1.01 21.92 22.43 0.023 0.028
56 d 11.44 4.58 20.91 51.94 1.63 31.51 0.032 0.061 0.096

[17]
W/B (0.29) 1.18 2.59 -
W/B (0.35) 2.72 2.59 -

[18] W/B (0.30) 0.56 0.58 -

Note: σut is the ultimate tensile strength, εut is the ultimate tensile strain, Gf is the tensile fracture energy, σuc is the
ultimate compression strength, εuc is the ultimate compression strain, fe−u is the equivalent compression strength,
and Wu is the equivalent compression toughness index.

As illustrated in Table 4, the DS-ECCs have comparable tensile strengths to river
sand ECC but superior tensile ductility. At the age of 28 d, the ultimate tensile strengths,
strains, and tensile fracture energy of the Mu Us (Tengger) DS-ECCs are about 10–14 MPa,
3–4%, and 22–24 N/mm, respectively, while those of the river sand ECC are approximately
12.27 MPa, 2.64%, and 12.66 N/mm, respectively. With increasing curing ages (56 d), all
DS-ECCs experience a negligible change in ultimate tensile strengths but still have excellent
ductility, leading to enhanced tensile fracture energy. In particular, the Mu Us DS-ECCs
have an ultimate tensile strain of over 4.82%, which exceeds that of the river sand ECC. A
possible enhancing mechanism is the volcanic ash effect of desert sand in the hydration
process. Ultra-fine desert sand with active SiO2 will increasingly react with Ca(OH)2 and
accelerate the hydration process with increased curing ages [30–32]. Furthermore, the
improved tensile fracture energy of the river sand ECC at 56 d is observed due to enhanced
tensile strengths. Due to fibers’ strengthening and toughening effect, all DS-ECCs show
extraordinary tensile properties far from the ordinary matrix. High-strength and high-
ductility DS-ECCs could also be obtained by changing W/B or the volume of F.A. When
W/B is reduced to 0.29, the ultimate tensile strength, strain, and tensile fracture energy of
the DS-ECCs are about 10.18 MPa, 3.23%, and 16.76 N/mm, respectively. When the volume
of F.A. changes from 50% to 70%, the DS-ECCs exhibit ultra-high tensile ductility while
maintaining satisfied tensile strengths (12.17 MPa). This can be explained by the reduced
fracture toughness of DS-ECC’s matrix caused by the unique appearance (cenospheres)
and filling effect of fine F.A. [33].

It should be noted that, under similar mix ratios, all DS-ECCs investigated in this
study exhibit superior uniaxial tensile strength and ductility, outperforming the ones in
previous research [17,18]. As shown in Figure 5g, the ultimate tensile strength and strain
of the control groups are approximately 0.5–2.7 MPa and 0.5–2.5%, and increasing the
W/B ratio has a limited impact on further enhancing their tensile properties. In particular,
some DS-ECCs in the literature [18] perform significantly worse than the ordinary ECC,
with the ultimate tensile strength and strain of 0.56 MPa and 0.58%, indicating that the
fiber-bridging effect is not thoroughly utilized. This observation could be related to the
various qualities of desert sands from different regions and the unsuitable mix ratios of
DS-ECCs. Based on the above findings, this study achieves the goal of further enhancing
the ductility and toughness of DS-ECCs at a low cost.
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The unique particle gradation and appearance of desert sand play an important role
in improving the tensile properties of DS-ECCs. Usually, aggregates with a smaller particle
size distribution easily match the cementitious matrix and build the fiber-bridging effect,
leading to DS-ECCs’ enhanced ductility and toughness. Increasing the particle size of
aggregates will result in fiber agglomeration, weaken the fiber-bridging effect, and decrease
the fracture toughness of DS-ECCs [21,34]. Desert sand with a high volume of ultra-fine
particles has great potential to improve the compactness of the cementitious matrix and the
interface transition zone (ITZ) between fibers and the cementitious matrix, thus facilitating
the fiber distribution, slippage, and bridging effect [21]. Besides, desert sand, as aeolian
sand, has more smooth and larger surface, which could provide more nucleation spots
to accelerate the hydration process [13]. All the above reasons lead to the improved
fiber-bridging ability of the matrix and enhance the tensile strain-hardening properties
of DS-ECCs.

3.2.2. Uniaxial Compression Properties

The compression toughness of the DS-ECCs was evaluated according to Deng et al. [35].
The equivalent compression strength and equivalent compression toughness index were
calculated, and the size effect of cylinders was considered. The equations are shown in
Equations (1) and (2):

fe−u =
F
A

=
Ωu

δu A
(1)

Wu = fe ×
δu

h′
=

Ωu

Ah′
(2)

In the above equations, Ωu denotes the integral area corresponding to the post-peak
of 0.85 fu, 0.5 fu (note: fu is the ultimate compression) according to the compression load–
deformation curves, respectively. F, A, h′ denote the ultimate compression strength, the
cross-sectional area, and the height of cylinders, respectively. fe−u denotes the equivalent
compression strength corresponding to 0.85 fu, 0.5 fu. δu/h indicates the deformation rate,
referring to the effect of deformation on the compression toughness of the DS-ECCs. Wu
means an equal compression toughness index.

The uniaxial compression stress–strain curves of the different specimens are shown
in Figure 6. The test results on ultimate compression strengths, strains, and compression
toughness indexes ( fe−u and Wu) are outlined in Table 4. Only fe−0.5 and Wu=0.5 were taken
to assess the compression deformation properties of the different specimens, considering
the similar change trend of other toughness indexes.
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Figure 6. Stress–strain curves of different specimens under the uniaxial compression test: (a) the
effect of W/B and F.A.; (b) performance comparison at 28 d; and (c)performance comparison at 56 d.

As clearly shown, the Mu Us and Tengger DS-ECCs at 28 d have comparable ultimate
compression strains (about 1%) to the river sand ECC but decreased ultimate compression
strengths (34.31 MPa). The Tengger DS-ECC at 28 d exhibits the optimal compression ductil-
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ity, with a maximum compression strain of 1.74% and an equivalent compression toughness
index Wu=0.5 of 0.046, followed by the Mu Us DS-ECCs (Wu=0.5 of 0.022) and the river
sand ECC (Wu=0.5 of 0.028). A nearly negligible compression performance (Wu=0.5 of 0.001)
for the ordinary matrix is revealed due to the apparent failure form of the brittle split.
Increasing curing ages leads to enhanced compression strengths while slightly reduces
compression ductility for all DS-ECCs. Meanwhile, the Tengger DS-ECC still has ultra-high
compression ductility with an ultimate compression strain of 1.68%. The DS-ECCs with
W/B of 0.29 show high strength and high ductility, and those equipped with F.A. of 70%
present ultra-high compression ductility Wu=0.5 of 0.031.

The reason for the slightly degenerated compression strength of the DS-ECCs is that
both Mu Us and Tengger desert sands have a lower CaO/SiO2 ratio than river sand. This
has also been verified in previous research [33]. However, the refining effect of desert sand
significantly improves the compactness of the DS-ECCs, which is beneficial to build the
fiber-bridging effect and compensate for the negative influence of CaO/SiO2. Thus, an
exemplary compression behavior of all DS-ECCs is still observed.

3.2.3. Fracture Properties under the Three-Point Bending Test

The load–CMOD curves of different specimens under the three-point bending test
are presented in Figure 7. The ultimate fracture strength, the ultimate CMOD, and the
two fracture parameters, Kini

IC and Kun
IC , were still used to evaluate the fracture properties of

the DS-ECCs because the main crack caused the final fracture besides the notch. The unsta-
ble critical fracture toughness Kun

IC was calculated according to the stress intensity factor
for a post-peak ultimate fracture load of 95%, considering the apparent strain-hardening
platform of the load–CMOD curves of DS-ECCs [36]. The equations for calculating Kini

IC and
Kun

IC are shown in Equations (3)–(6):

Kini / un
IC =

1.5× (Fini/0.95Fcri) +
mg
2 × 10−2)× 10−3S√aini / cri

th2 f1/2(α) (3)

aini / cri =
π

2
(h + h0)arctan

√
Et·CMODini / cri

32.6Fini / max
− 0.1135− h0 (4)

f1/2(α) =
1.99− α× (1− α)× (2.15− 3.99α + 2.7α2)

(1 + 2α)× (1− α)
3
2

, α =
aini / cri + h0

h + h0
(5)

E =
k0

t
[3.70 + 32.60 tan2(

π

2
a0 + h0

h + h0
)] (6)
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In the above equations, k0 denotes the rising slope of the load–CMOD curves. t, h de-
note the width and the height of the notched prismatic specimens, respectively. h0 denotes
the knife-edged width of the extensometer, with h0 = 0.002 m. a0 denotes the notch depth,
with a0 = 0.04 m. aini, acri (m) denote the initial cracking length and the critical cracking
length, respectively. CMODini, CMODcri (m) denote the crack mouth opening displace-
ment (CMOD, m) corresponding to the initial cracking load and the post-peak 0.95Fmax
(note: Fmax is the ultimate fracture load). S is the span between two supports, with S = 0.3 m.
α(m) denotes the relatively effective elastic crack length, where α = (a + h0)/(h + h0). f(α)
denotes the geometric impact factor. E (GPa) denotes the elastic modulus. Fini, Fcri (kN)
denote the cracking load and the unstable critical load, respectively. Kini

IC , Kun
IC (MPa·m(1/2))

denote the initial fracture toughness and the unstable fracture toughness, respectively.
The fracture properties of the different specimens under the three-point bending test

are presented in Table 5. The results show that all DS-ECCs at 28 d exhibit superior fracture
properties, outperforming the river sand ECC and ordinary matrix (brittle fracture). The
ultimate fracture loads of the Mu Us DS-ECCs (5.57 kN) are higher than that of the Tengger
DS-ECC (4.37 kN), while the latter has an ultra-high fracture ductility with an ultimate
fracture deflection of 3.03 mm, a CMODini of 0.22 mm, and a CMODmax 3.95 mm. The
fracture ductility of the Tengger DS-ECC is about two times higher than that of the Mu Us
DS-ECCs and exceeds that of the river sand ECC even further. However, the DS-ECCs have
a slightly lower ultimate fracture load than the river sand ECC.

Table 5. Test results of different specimens under three-/four-point bending tests.

Mix. No. Fini/kN Fu/kN Kini
IC /MPa•m

1/
2 Kun

IC /MPa•m
1/

2 Pu/kN δu/mm

M1
28 d 6.13 8.25 0.22 4.22 23.88 0.86
56 d 6.63 9.03 0.16 4.77 30.72 2.58

M2
28 d 3.64 5.57 0.63 3.87 21.10 1.47
56 d 6.78 8.70 0.20 5.52 24.40 0.93

M3
28 d 2.71 4.35 0.33 4.14 15.45 2.07
56 d 2.35 4.75 0.5 3.28 19.18 2.75

T4
28 d 2.56 4.37 0.74 3.8 23.03 3.03
56 d 3.66 6.05 0.32 3.02 27.63 1.57

M5
28 d 1.42 1.42 0.12 0.39 1.61 0.08
56 d 1.94 1.94 0.17 0.17 2.67 0.08

R6
28 d 3.08 5.34 0.54 1.04 15.53 1.45
56 d 4.21 7.45 0.37 3.34 20.84 1.02

Note: Fini is the initial cracking fracture load, Fu is the ultimate fracture load, Kini
IC is the initial cracking frac-

ture toughness, Kun
IC is the unstable fracture toughness, Pu is the maximum bending load, and δu is the top

bending deflection.

Moreover, the Kini
IC and Kun

IC for the Mu Us DS-ECCs are about 0.63 and 3.87, respectively,
and the values for the Tengger DS-ECC are about 0.74 and 3.8, respectively. Possible
mechanisms involved in the improved fracture toughness of the DS-ECCs are related to
the round appearance of wind-erosion desert sand and its fine particle distribution [21,22].
Usually, the fracture risk of a matrix increases with a larger aggregate size. In this study,
the maximum particle size of river sand is 1180 µm, which is approximately 2–3 higher
than that of desert sand (315 µm), thus resulting in the slightly degraded fracture ductility
and toughness of the river sand ECC.

Enhanced ultimate fracture load but decreased fracture ductility for different speci-
mens at 56 d (except for the Mu Us DS-ECCs) are observed, which leads to reduced fracture
toughness indexes. When the W/B changes from 0.35 to 0.29, a minor change in Kun

IC is
observed. When F.A. varies from 50% to 70%, modest fracture strengths but dramatically
improved fracture ductility of the DS-ECCs are observed.
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3.2.4. Bending Properties under the Four-Point Bending Test

The bending load–deflection curves of the different specimens under the four-point
bending tests are plotted in Figure 8. Both Mu Us DS-ECCs and Tengger DS-ECC exhibit a
better bending ductility and toughness with a prominent displacement-hardening platform
in the load–deflection curves, which values are superior to the river sand ECC (degraded
bending ductility) and the ordinary matrix (brittleness). The ultimate bending strengths, the
mid-span deflection, and the bending toughness indexes evaluated based on the ASTM [37]
serve as the leading indicators to assess the bending properties of the composites. The
results are summarized in Table 6. Regarding the ASTM C1018, the bending toughness
index In and the residual strength R are considered. The calculation methods are shown in
Equations (7) and (8):

In /(n=5, 9, 19, 29, 39, ) =
Anδ0(n = 3, 5, 10, 15, 20)

Aδ0

, I2u−1 =
Aδu

Aδ0

(7)

Rm,n =
100

m− n
(Im − In) (8)
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Table 6. Bending toughness indexes based on the ASTM C1018.

Mix Ratio I5 I9 I19 I29 I39 I2u−1 R9,5 R19,9 R29,19 R39,29 R2u−1,39

M1
28 d 5.80 — — — — 6.11 — — — — —
56 d 8.1 16.2 — — — 35.1 203.8 — — — 236.3

M2
28 d 5.9 12.0 — — — 15.8 153.3 — — — 190
56 d 8.3 17.3 — — — 19.7 224.8 — — — 120

M3
28 d 7.3 15 39.3 66.8 96.1 100.3 193.3 242.7 275 293.5 209
56 d 6.3 12.6 30.9 — — 36.4 159.5 182.4 — — 137.5

T4
28 d 7.6 15.2 37.0 61.9 89.4 90.5 190.3 217.9 248.5 275.6 /
56 d 5.3 9.8 22.8 — — 24.2 112.8 130.2 — — 68.5

M5
28 d — — — — — 1 — — — — —
56 d — — — — — 1 — — — — —

R6
28 d 9.9 21.2 53.9 — — 75.4 280 327.6 — — 358.0
56 d 7.5 15.5 — — — 19.5 200.3 — — — 199.5

Note: when Ix > x, the DS-ECCs are ultra-high-toughness cementitious composites.

In the above equations, Anδ0(n = 1, 3, 5, 10, 15, 20) and Aδu denote the critical areas
corresponding to the deflection of nδ0(n = 1, 3, 5, 10, 15, 20) and δu in the load–deflection
curves. In, Rm,n denote the bending toughness index and the residual strength index (note:
R = 100 refers to ideal elastoplastic materials), respectively.
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The Mu Us DS-ECCs show ultra-high bending toughness indexes I5, I9, and I2u−1 of
5.87, 12.0, and 15.8, respectively. It is noted that all above Ix are over x (Ix > x), which
meets the requirement of ultra-high ductility. Similarly, the Tengger DS-ECC possesses
desirable bending toughness with excellent toughness indexes Ix, outperforming the Mu
Us DS-ECCs and others. The river sand ECC has improved bending strengths but slightly
poor ductility, leading to four-level bending toughness indexes I2u−1 of 9.96, 21.16, 53.92,
and 75.36, respectively. The different levels of Rm,n of all the DS-ECCs are over 100, thus
meeting the definition of high toughness. Degenerated Ix and Rm,n with different degrees
are observed for all composites as the curing age increases, which agrees with the changing
trend of bending strength and ductility. Reducing W/B weakens the Ix of DS-ECC, while
enhancing the volume of FA Strengthens its Ix with an ultra-high ductility.

3.2.5. Failure Forms of DS-ECCs

The DS-ECCs exhibit the characteristic of ductile failures, such as fine multi-cracks
under the uniaxial tensile test (see Figure 9a) and the four-point bending test (see Figure 9c,
in the pure-bending part) and olive-shaped multi-cracks under the three-point bending
test (see Figure 9b, near the notch). The destruction of the DS-ECCs differs from that of
the river sand ECC, which shows only the main crack. For some DS-ECCs, the multi-
crack distribution within the gauge is inconsistent (less saturated and parallel fine cracks),
demonstrating an inadequate bridging effect of fibers.
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4. Conclusions

This study investigated the potential use of local desert sand (Mu Us or Tengger)
as acceptable aggregate substitutes for producing DS-ECCs with enhanced ductility and
toughness. Experiments at the curing ages of 28 d and 56 d, referring to using uniaxial tests
and bending tests, were conducted to reveal the mechanical properties of the designed DS-
ECCs and to further evaluate their ductility and toughness. Furthermore, the performance
differences and the applicability of the DS-ECCs were illustrated based on a comparison
with river sand ECC and cementitious matrix with the desert sand. Based on the obtained
results, the following conclusions can be drawn:

(1) Desert sands, as the favorable aggregate substitutes, satisfy the ingredient selection
for ECCs due to their ultra-fine particle distribution, which can refine the microstruc-
tures of cement matrices containing different desert sands, affect the fiber-bridging
capability for enhancing the matrices, and then tailor the mechanical behaviors of
DS-ECCs. Both Mu Us DS-ECCs and Tengger DS-ECC possess excellent strength,
ductility, and toughness using a reasonable mix ratio.

(2) At the curing ages of 28 d and 56 d, all designed DS-ECCs exhibit superior mechanical
properties compared to river sand-based ECC and DS-ECC with an ordinary matrix.
The ultimate tensile strengths and strains of the DS-ECCs are about 10–14 MPa
and 3–7%, respectively. The DS-ECCs have an ultimate compression strength of
30–50 MPa, which is comparable to that of the river sand-based ECC, while the
former has excellent compression ductility of over 1%. Moreover, the DS-ECCs have
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desirable ultimate bending (fracture) strengths (4–9 kN and 21–30 kN) and toughness,
outperforming the river sand-based ECC.

(3) The DS-ECCs show apparent ductile damage, followed by fine multi-cracks under
uniaxial tensile and pure-bending loads and olive-shaped multi-cracks under fracture
loads. They behave differently from the river sand-based ECC, which shows only a
main crack under the ultimate loads.
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Nomenclature

W/B water-to-binder ratio h′ height of cylinder
S/B sand-to-binder ratio h height of notched prismatic specimen
aini initial cracking length h0 knife-edged width of extensometer
acri critical cracking length In bending toughness index
a0 notch depth k0 rising slope of load–CMOD curves
A cross-sectional area of cylinder Kini

IC
initial fracture toughness

Anδ
critical areas corresponding to
load–deflection curves

Kcri
IC

unstable fracture toughness

CMODini initial crack mouth displacement Pu maximum bending load

CMODcri
crack mouth displacement
for 0.95Fmax

Rm,n residual strength indexes

E elastic modulus of DS-ECC S
span of two supports of
prismatic specimen

fe−u equivalent compression strength t notch-width of prismatic specimen

fu ultimate compression strength Wu
equivalent compression
toughness index

F ultimate compression strength α relatively effective elastic crack length
f(α) geometric impact factor σut ultimate tensile strength
Fmax peak fracture load σuc ultimate compression strength
Fu ultimate fracture load εut ultimate tensile strain
Fini cracking load of prismatic specimen εuc ultimate compression strain

Fcri
unstable critical load of
prismatic specimen

Ωu integral area corresponding to n f u

Gf tensile fracture energy δu compression deformation
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