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The global surge in construction has intensified demand for natural silica sand (SS), causing shortages due to
unsustainable extraction. This study explores the potential of using desert sand (DS) as an alternative to SS in
producing ultra-high-performance alkali-activated concrete (UHPAAC), emphasizing the interactions between
aggregates and the binding matrix. DS demonstrated a smoother surface morphology, finer particles, and a
narrower gradation compared to SS. Substituting SS with DS at varying volume ratios improved the concen-
tration of several elements in the pore solution of fresh mixtures. Samples with 10 vol% DS achieved the highest
compressive strength, about 20 % higher than the SS reference mix. However, higher DS content reduced me-
chanical performance. Investigations of reaction products and microstructural characteristics revealed changes in
the binder phase, including a lower Ca/Si ratio and improved local elastic modulus when DS was incorporated.
Additionally, the smaller grain sizes of DS created numerous interfaces with the binding matrix, resulting in a
more porous microstructure and declined micromechanical properties in the interfacial transition zone (ITZ)
compared to SS. Nevertheless, the strategic incorporation of DS as a partial replacement for SS enhances both
compressive and flexural strength while simultaneously reducing the environmental impact of UHPAAC

production.

1. Introduction

Concrete is a widely used material in the construction industry, with
an estimated annual usage of 30 billion tons worldwide [1,2]. The de-
mand for concrete products has been steadily increasing due to extensive
building and infrastructure construction in emerging economies during
the past decades. This has driven up the need for raw materials such as
cementitious binder, sand, gravel, and additives. Approximately 46 % of
all materials extracted from the earth are used in global concrete and
mortar productions [3,4]. Natural silica sand (SS) is a common fine
aggregate applied in cementitious composites, while high-quality de-
posits are unevenly distributed, leading to regional shortages and
increased competition for resources. Countries with limited natural re-
sources, such as Singapore and the United Arab Emirates, have faced
persistent sand shortages, resulting in substantial expenditures on
importing sand for large-scale projects [5,6]. The scarcity of SS has led to
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rising prices, impacting the overall cost of construction projects and
potentially causing delays. In the meantime, over-exploitation of natural
resources, especially SS, can lead to severe ecological and environmental
issues, such as coastal erosion, sedimentation, riverbed degradation, and
water table sinkage [7]. Many countries have implemented stricter
environmental regulations and land-use policies, limiting the extraction
of natural SS. To mitigate these negative impacts, replacing SS with
other materials, such as desert sand (DS) substitution, is considered a
promising alternative [8].

Deserts have encroached upon vast areas of land globally, and
anthropogenic activities are accelerating desertification, further dis-
rupting the natural ecosystem [9]. Extensive studies have revealed that
DS is abundantly available on the earth up to 6 million km?® [10]. Similar
to SS, the dominant chemical component of DS is SiO5, accounting for
55.61-82.66 % by mass, as determined from samples collected across
various regions worldwide [11,12]. Though DS shares the same main
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components with SS, it is inappropriate for direct massive usage in the
construction sector. Above all, DS has a poor gradation with great uni-
formity compared to the natural SS, which is ascribed to the selective
sorting of long-term wind blowing [13]. Moreover, most DS samples are
characterized by a spherical particle coupled with relatively smooth and
flat surface morphology, due to the intensive pitting process [14]. From
the chemical perspective, DS is slightly basic, featuring an elevated pH
value compared to that of SS [15]. Recent scholars have shown that
when added in proportionate amounts, DS demonstrates great capability
to replace either natural aggregates or cementitious binders in concrete
mixes, offering potential benefits in workability, strength, and durability
compared to those prepared with SS [16-18].

While these advancements in DS utilization present partial solutions
for sustainable construction, they must be contextualized within the
broader environmental challenges confronting the industry. In specific,
rapid urbanization and industrialization have led to increased human
activities in the civil and construction sectors, exacerbating environ-
mental issues and accelerating global warming. Scrivener and Kirkpa-
trick emphasized that concrete and cement production has contributed
over 8 % of global CO; emissions [19], primarily originating from the
calcination of cement clinkers. With the advances of modern concrete
technology, ultra-high-performance concrete (UHPC) was developed in
the early 1990s to provide superior performances in particular in
strength, ductility, and durability over conventional concrete mixtures
[20,21]. UHPC has been widely applied in modern infrastructures, for
instance, bridges, skyscrapers, evacuation platforms, and long-span
structures [22]. However, UHPC has on the other hand elevated the
Portland cement (PC) content to a new level (around 800-1100 kg/m3)
from the mix design perspective, which further amplifies the environ-
mental impact of unit volume concrete [23,24]. To address this issue,
alkali-activated materials (AAMs) are thereby introduced as an alter-
native binder to save COy during concrete production [25]. A notable
example is ultra-high-performance alkali-activated concrete (UHPAAC)
[26], which might effectively mitigate the COy emissions from PC
binders while preserving equivalent performances [27-29]. While a few
studies have highlighted the positive impact of DS on the mechanical
properties of AAMs [30,31], the underlying mechanisms are yet to be
fully understood. This research gap offers promising opportunities to
investigate the interactions between DS and AAMs, opening pathways to
develop more sustainable construction materials utilizing both alterna-
tive binders and aggregates.

Inspired by the advances illustrated above, this study explores the
potential application of DS as a substitute fine aggregate to SS in pro-
ducing UHPAAC, with a specific focus on the interactions between ag-
gregates and the binding matrix. DS samples (collected from the desert
in Kansu, China) were first sieved into in different particle fractions for
characterization, and then blended into UHPAAC mixtures to substitute
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SS in various volume ratios. The early-stage pore solution chemistry,
reaction products, as well as mechanical and microstructural properties
of hardened mixtures were further investigated to reveal the interactions
between DS aggregate and AAM binders, which have seldom been re-
ported in the literature. Eventually, the effects of utilizing DS on the
material cost and environmental impact of UHPAACs were quantita-
tively assessed. The findings could pave the way for utilizing DS as a
supplementary construction material, particularly in AAMs, to further
enhance sustainability.

2. Experimental method
2.1. Raw materials

AAM binders used in the current work were prepared through the
alkali activation of commercial ground granulated blast furnace slag
(BFS), coal fly ash (FA), and silica fume (SF) as precursors. The density of
BFS, FA, and SF used in this study are 2.8, 2.32, and 2.2 g/cm3,
respectively. Fig. 1 shows the mineralogical composition of solid pre-
cursors, determined with X-ray diffraction (XRD). XRD analysis was
performed using a Bruker D8 Advance diffractometer, covering a 20
range from 10° to 70° with a step size of 0.02° 26/s. It was found that
BFS and SF are mainly amorphous, whereas FA is composed of various
crystalline phases including sillimanite, quartz, hematite, and manga-
nite (Table Al). The surface morphology of solid precursors was
observed with a scanning electron microscope (SEM, JEOL JSM-IT800),
and the SEM images are presented in Fig. 2(a), (b), and (c). For each test,
solid grains were evenly adhered to a conductive tape and coated with a
thin platinum layer to enhance conductivity prior to visualization. SEM
images were captured using the secondary electron (SE) mode at an
accelerating voltage of 10 kV. BFS grains exhibited an angular particle
morphology, while FA and SF were observed in spherical shapes.

Moreover, silica sand (SS) with a maximum particle size of 2.36 mm
was applied as fine aggregates in this work to prepare UHPAAC. Apart
from that, desert sand (DS) collected from Kansu, China was adopted to
partially replace silica sand in UHPAAC. DS received was first dried in a
ventilated oven at 105 °C for 24 h before further characterization. After
drying, DS was sieved into different particle fractions and weighed to
assess the mass distribution. DS in each fraction was then ground to pass
a 63 pm sieve for analyses with XRF and XRD. SS samples were analyzed
together without sieving, following identical approaches alongside DS in
various fractions. The density of SS and DS as fine aggregates are 2.65
and 2.72 g/cm®, respectively, as determined in accordance with EN
1097-7. The surface morphology of SS and DS aggregates were observed
with SEM, as shown in Fig. 2(d) and (e). DS particles were detected with
a smoother and flatter surface morphology in contrast to the angular-
shaped SS grains, accompanied by fewer convex or concave regions.

BFS
FA

Intensity (a. u.)

10 20 30

50 60 70

° 20, CuKa

Fig. 1. Mineralogical compositions of solid precursors used in this study by XRD (S-Sillimanite (Al5(SiO4)0); Q-Quartz (SiO»); H-Hematite (Fe,O3); M-Manganite

(MnO(OH)).
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Fig. 2. Surface morphology of solid raw materials (precursors and aggregates) used in this study by SEM (a) BFS; (b) FA; (c) SF; (d) SS;(e) DS.

Table 1
Chemical compositions of raw materials measured by XRF (by wt%).

Others

Precursor CaO Si04y Al,03 Na,O MgO SO3

TiO, K0 Fe,03 MnO ZnO Cl

45.97 27.62 12.91 0.42 7.92 1.65

BFS
0.40 0.76 0.63

FA 3.41 56.53 29.18
SF - 99.9 - 0.04 0.02 0.02
SS 0.22 90.58 4.8 0.21 0.12 0.21
DS 6.33 67.29 11.23 1.65 291 0.06

1.79 0.44 0.43 0.42 - 0.06 0.76

1.60 2.31 4.39 0.04 0.03 - 0.55
- - 0.01 0.01

0.31 291 0.42 -
0.71 3.0 6.32 - 0.01 0.02 0.47

Table 1 outlines the chemical composition of raw materials used in this
study, determined with X-ray fluorescence (XRF). Solid raw materials
were finely ground to pass through a 200-mesh sieve and analyzed via a
PANalytical Axios spectrometer for XRF measurements. Oxide compo-
sitions were quantified using dedicated analytical software. In addition,
the particle size distribution of BFS, FA, and SF measured with laser
diffraction, as well as the cumulative percentage passing curves for SS
and DS, determined through sieving analysis in accordance with the EN
933-1 method, are shown in Fig. 3.
Further, steel fibers (Fig. 4) with a length of 13 mm and diameter of
0.2 mm were used in this study to produce UHPAAC, and the physical
features of steel fibers are summarized in Table 2. Alkaline activators
were prepared with reagent-grade sodium hydroxide and sodium sili-
cate. Sodium hydroxide anhydrous pearls (> 99 %) and sodium silicate
solution (8 % NayO, 27 % SiO,, and 65 % water) were provided by

Aladdin Co., Ltd.

2.2. Mixture proportions

Details of UHPAAC mixture proportions are presented in Table 3. Ul
was designed as the reference mixture prepared with pure silica sand
(SS) to achieve the strength demand of UHPAAC as per ASTM C1856
through trial mixes. The binding phases, including solid precursors and
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Fig. 3. Particle size distribution of raw materials used in this study.

alkaline activators were kept consistent among all mixtures in this study.
The sodium concentration (NasO content by mass of solid precursors)
and silicate modulus (Ms, molar ratio between SiO, and Na0) in acti-
vators used in this study were set as 7% and 0.75, respectively.
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Fig. 4. Steel fibers used in this study.

Table 2
Physical properties of steel fibers used in this study.
Diameter (d  Length (I Aspect Density Tensile Elastic
in mm) in mm) ratio (I/ (kg/m>) strength modulus
d) (MPa) (GPa)
0.2 13 65 7800 2850 200

Meanwhile, the water to binder (w/b) ratio was fixed at 0.3, and the
steel fiber content kept constant at 2 vol% per unit cubic meter of
UHPAAC. Further, U2, U3, U4, and U5 were prepared with an increased
content of DS (10 %, 30 %, 50 %, and 100 % by volume fractions) to
partially replace SS and assess the interaction between AAM binders
with different types of aggregates.

Alkaline activators were prepared by dissolving sodium hydroxide
pearls and sodium silicate solution into tap water to reach the compo-
sition indicated in Table 3. Activator solutions obtained were cooled
down to room temperature 24 h before mixing and sealed in plastic
bottles to prevent moisture evaporation.

2.3. Testing program

2.3.1. Preparation of UHPAAC

Fresh UHPAAC mixtures were prepared with a Hobart planetary
mixer by following the identical approach outlined below. Solid pre-
cursors including BFS, FA, and SF were first dry-blended at low speed
(140 + 5 rpm) for 2 min, followed by the addition of aggregates and
intermixed at low speed for another 1 min to reach a homogeneous state.
Subsequently, activator solutions were gradually added in 30 s and the
mixture was blended at low speed for 3 min. To avoid the agglomera-
tion, steel fibers were slowly introduced by passing through a 6 mm steel
sieve in 5 min [32]. Eventually, the mixture was further mixed at high
speed (285 + 5 rpm) for 2 min to better disperse the steel fibers. The
sequence of intermixing raw materials took 10 min in total, starting
from the wetting of precursors.

Fresh UHPAAC mixtures were then cast into 40 x 40 x 160 mm?®
prisms in two layers, and each layer was compacted on a vibrating table
for 15s to remove the air bubbles. The samples were covered with
plastic sheets to prevent the moisture evaporation and placed in a

Table 3
Mixture proportions of UHPAACs used in this study.
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standard curing chamber (20 + 2 °C, 95 % relative humidity). Hardened
prisms of UHPAAC were demolded after 24 h and transferred into a
steam curing device and cured at 90 °C for another 24 h.

2.3.2. Workability

The workability of UHPAAC mixtures was assessed using the flow
table test in accordance with ASTM C1437. Freshly prepared mixtures
were immediately placed into a truncated cone mold (top inner diameter
70 mm, bottom inner diameter 100 mm, height 60 mm) and compacted
with a steel rod. Once compacted, the cone was removed, allowing the
mixture to spread across a flat plate, which was then dropped continu-
ously 25 times. The spread diameter was measured along two perpen-
dicular directions. Notably, all workability tests were performed
12 minutes after wetting the precursors, with the results representing
the average of two measurements.

2.3.3. Pore solution chemistry

Investigations on the pore solution chemistry were carried out to
illuminate the effect of DS inclusions on early-stage activation reactions.
After mixing, fresh UHPAAC mixtures were loaded into plastic tubes and
centrifugated at 10000 rpm for 5 min to separate the liquid and solid
phases while extracting the pore solution. The start of centrifugation was
kept constant 12 min after the wetting of precursors among all mixtures.
Pore solutions (supernates) obtained were collected with a syringe to
pass through a 0.45 pm polyethersulfone membrane filter, and diluted
using nitric acid (0.2 vol%) following the method described in [33]. The
concentrations of Ca, Al, Si, Na, Mg, and K elements in the pore solution
were then immediately analyzed using an inductively coupled plasma -
optical emission spectrometry (ICP-OES, Thermo Scientific iCAP 7400).

2.3.4. Compressive and flexural strength

The compressive and flexural strength of hardened UHPAAC speci-
mens with different dosages of DS were checked after demolding and
steam curing. Tests were conducted in accordance with EN 196-1 using
a universal testing machine (Instron 5969) fitted with a 50 kN capacity
load cell. The compressive and flexural strength presented are expressed
as the average results on three replicate specimens.

2.3.5. Reaction products

Fourier transform infrared (FTIR) spectroscopy and XRD analyses
were performed on UHPAAC samples after steam curing to evaluate the
impact of DS on the reaction products. The hardened specimens were
fragmented and immersed in isopropanol for three days to stop the
activation reaction [34]. The solid particles were vacuum-dried, then
ground with an agate mortar to pass through a series of sieves, during
which the relatively coarser grains of aggregate and steel fibers were
gently removed [17]. Subsequently, fine powders below 63 pm were
used for FTIR and XRD analyses. FTIR spectroscopy was carried out
using a Shimadzu IRAffinity-1 spectrometer, scanning from 400 to
4000 cm ! with a resolution of 1 cm ™. XRD tests were conducted using
a Bruker D8 Advance diffractometer with Cu-Ka radiation (A = 1.54 A),
over a range of 20 between 10° and 70°, with a resolution of 0.02° 26/s.

Precursors (kg/ms) Activators (kg/m3) w/b? Aggregates (kg/ m®) Steel fiber” (kg/m3 )
Mix BFS FA SF Sodium hydroxide Sodium silicate Water SS DS
Ul 720 160 40 67.44 186.67 189.95 0.3 800 0 156
U2 720 160 40 67.44 186.67 189.95 0.3 720 82 156
U3 720 160 40 67.44 186.67 189.95 0.3 560 246 156
U4 720 160 40 67.44 186.67 189.95 0.3 400 411 156
us 720 160 40 67.44 186.67 189.95 0.3 0 822 156

@ Water to binder ratio by mass, and binder is defined as the sum of precursors and solid activators.

b Steel fiber content is fixed at 2 vol% of UHPAAC.
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2.3.6. Microstructural properties

Hardened UHPAAC specimens after steam curing were split into
small pieces for the investigation on microstructural properties. Samples
in fragments were then soaked in isopropanol for three days to stop the
activation reaction [35], and then subjected to vacuum filtration. Solid
residue was dried in a ventilated oven at 40 °C for 24 h to eliminate the
remaining isopropanol [36].

The microstructures of UHPAAC were visualized using SEM under
the backscattered electron (BSE) mode associated with the energy
dispersive X-ray spectroscopy (EDS, Oxford Ultim Max 65) analyses.
Samples of UHPAAC fragments were epoxy impregnated and subjected
to surface smoothing (grinding and polishing) to achieve a surface
fineness of 0.25 pm [36]. A thin layer of platinum was coated on the
sample surface to improve the conductivity before SEM analyses. BSE
images were taken with an acceleration voltage of 10 kV at a working
distance of 10 mm.

In addition, the pore structures developed in UHPAAC samples were
detected using an AutoPore IV 9510 mercury intrusion porosimetry
(MIP). The surface tension of mercury is 0.48 N/m at 20 °C, whereas the
contact angle between the sample surface and mercury was set as 140°
[37]. MIP analyses were performed twice to check the repeatability.

Construction and Building Materials 476 (2025) 141240

2.3.7. Micromechanical properties

To further investigate the interfacial properties, Ul (100 % SS) and
U5 (100 % DS) after being exposed to steam curing were selected to
assess the bonding between different types of aggregates and the AAM
binding matrix. Nanoindentation was conducted to assess the local
micromechanical properties along the interfacial transition zone (ITZ)
using a Bruker Hysitron TI 950 TriboIndenter, which was fitted with a
Berkovich indenter tip (elastic modulus of 1140 GPa and Poisson’s ratio
of 0.07). The indentation process was conducted following the protocol
recommended in previous studies on AAMs [38,39], consisting of three
loading steps including (1) loading with a constant rate of 400 pN/s to
reach the maximum load of 2 mN, (2) retaining the maximum load for
5 s, and (3) unloading at 400 uN/s. Thereafter, the indentation modulus
(M) and hardness (H) can be calculated by following Egs. (1) and (2)
[40], and then the elastic modulus (E) of samples tested can be deter-
mined using Eq. (3) [41,42]. For each mix, ten indentations were per-
formed on random ITZ areas with a grid meshing of 8 x 6 points (the
spacing was set as 10 pm to prevent interference from adjacent indents
[43]) to determine the local indentation modulus and hardness [44].

€Y)

DS

[C—1<0.075mm
[ 0.075-0.15 mm
N 0.15-0.3 mm
I 0.3-0.6 mm
I 0.6-1.18 mm | |
I | .18-2.36 mm

SS

Fig. 5. Sieving analysis on DS and SS (a) Appearance of fine aggregates used in different particle fractions; (b) Mass distribution of DS and SS in different parti-

cle fractions.



M. Zhang et al.
P,
H= Xax (2)
C
1 1-12 1-13
— = 3
u- 5 T Far 3

where S is the contact stiffness; # = 1.03 is the shape factor of the Ber-
kovich indenter used in this study; A is the contact area; Ppqy is the
maximum load occurred during the indentation process; E is the elastic
modulus of the sample tested; v is the Poisson’s ratio of the sample
tested; E;, = 1140GPa and vy, = 0.07 represent the elastic modulus and
Poisson’s ratio of the indenter, respectively.

3. Results and discussion
3.1. Characterization of desert sand

A sieving analysis was performed on the received DS and SS. The
mass percentage in each fraction relative to that of SS is shown in Fig. 5.
The results indicate that the overall grain size of DS is much smaller than
that of SS, with a significant portion falling into particle fractions be-
tween 0.075 and 0.6 mm, revealing a relatively concentrated gradation
[8]. Moreover, DS was rarely detected in fractions above 1.18 mm.
Table 4 presents the chemical compositions of DS in different fractions.
Results have illustrated that the content of the primary compound SiO,
gradually decreases with the reduction in DS grain size. This is accom-
panied by slight increases in other elemental content in finer DS parti-
cles. In particular, the DS in various fractions were found to contain
higher levels of aluminum content (Al,03), along with a few alkali and
alkali-earth metal oxides (e.g., NayO, CaO, and MgO), indicating po-
tential suitability for synthesizing AAM binders [45].

The mineralogical compositions of DS and SS were analyzed using
XRD, as shown in Fig. 6. SS is mainly composed of quartz, with minor
albite, muscovite, and orthoclase phases present as well. Extensive dis-
tributions of quartz phases were also found in DS samples. In addition to
the phases detected in SS, kaolinite, calcite, portlandite, and tremolite
were also identified in DS, revealing a more complex composition.
Furthermore, minor humps between 20° and 30° were detected in DS
samples, in contrast to the relatively flat profile observed in this region
in SS. These humps suggested the presence of amorphous aluminosili-
cate phases in DS [46], which might potentially contribute to the sub-
sequent alkali activation reactions.

3.2. Workability

The workability of fresh UHPAAC mixtures was evaluated using flow
table tests. Results of the flow diameters are depicted in Fig. 7. When
10 % of DS was incorporated to replace SS, it was observed that the flow
diameter of U2 increased by 4.9 % compared to that of Ul. As shown in
Fig. 2(d) and (e), the smoother surface of DS, in contrast to the angular-
shaped SS particles, contributed to a fluidizing effect by reducing the
interparticle friction [47,35]. In addition, DS with finer particles may fill
in the interparticle voids and improve the packing in fresh mixtures
[12]. Thereby, U2 demonstrated superior workability compared to the
reference mixture Ul. However, an increased content of DS adversely
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affected the workability of fresh UHPAAC mixtures. The flow diameter
progressively decreased in U3, U4, and U5, as illustrated in Fig. 7. This
can be attributed to the higher water absorption rate of DS compared to
SS aggregates [47,48]. As a result, the further increase of DS content
reduced the free water content in the fresh mixtures, which is essential
for lubrication [34], thereby leading to a reduction in the flow diameter.

3.3. Pore solution chemistry in fresh mixtures

The chemical compositions of pore solutions extracted from U1, U2,
and U4 were analyzed using ICP-OES to investigate the impact of DS on
early reaction mechanisms. As shown in Table 5, the calcium content in
U2 increased by 15.9 % compared to Ul when 10 vol% of SS was
replaced with DS. Moreover, the calcium ion concentration in the pore
solution of U4 further improved with a higher DS content. A similar
trend was observed for the Al element, indicating the beneficial role of
DS during alkali activation to promote the formation of C(N)-A-S-H re-
action products [30,31]. By contrast, the ionic strength of Na and Si,
which were abundant in the activator solutions, generally decreased
with the incorporation of DS, indicating their consumption and the
formation of early reaction products. In essence, the dissolution of
various elemental species from DS grains effectively enhanced the ionic
concentration in the pore solution, thereby promoting early reaction
kinetics from a chemical perspective [49,35].

3.4. Compressive and flexural strength

After 1-day standard curing and an additional 1-day of steam curing,
the mechanical properties of hardened specimens were tested on hard-
ened prisms. The results of compressive and flexural strength are dis-
played in Fig. 8. It was observed that mixtures Ul, U2, U3, and U4 met
the minimum compressive strength of UHPC as specified in ASTM
C1856, while the strength of U5 was slightly below the threshold.
Among all mixtures, U2 exhibited the highest compressive and flexural
strength. By replacing 10 vol% SS with DS, the ultimate compressive
strength developed in U2 was enhanced by about 20 % compared to that
of Ul. Similar results have been reported in previous literature, attrib-
uted to the partial dissolution of DS, which facilitates the formation of C-
(A-)S-H reaction products [30,31]. However, the boosting effect became
less pronounced as the ultimate strength of U3, U4, and U5 progressively
declined with further increases in the DS replacement ratio. Similar
trends were observed in the flexural strength of hardened specimens.
Subsequent microstructural investigations will provide additional in-
sights into the variations in mechanical properties, by exploring the
interactions between different types of aggregates and AAM binders.

3.5. Microstructural properties

Fig. 9 illustrates representative BSE images of hardened UHPAAC
samples, where various phases can be distinguished. Coarser, dark grey
grains correspond to aggregates such as SS and DS, while finer, angular-
shaped grains with lighter grey tones indicate undissolved BFS particles.
Spherical grains with internal pores embedded within the binding ma-
trix are associated with FA, whereas microspheres with significantly
finer grain sizes represent SF as precursors. In addition, the black areas

Table 4

Chemical compositions of DS in different particle fractions and SS measured by XRF (by wt%).
Particle size (mm) CaO SiO, Al,03 Na,O MgO SO3 TiO, K,0 Fe,03 MnO ZnO Others
< 0.075 9.04 59.88 14.08 1.38 3.66 0.26 1.07 2.90 6.89 0.12 0.02 0.70
0.075-0.15 7.75 61.08 14.45 1.50 3.56 0.13 0.84 3.14 6.92 0.12 0.02 0.49
0.15-0.3 6.67 60.86 15.40 1.42 3.68 0.11 0.75 3.45 7.19 0.14 0.01 0.32
0.3-0.6 5.20 70.16 11.72 1.78 2.49 0.09 0.52 2.69 4.87 0.12 0.01 0.35
0.6-1.18 4.19 73.26 10.97 2.01 211 0.10 0.40 2.55 3.91 0.08 0.01 0.41
SS 0.22 90.58 4.8 0.21 0.12 0.21 0.31 291 0.42 - - 0.22
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Table 5
Element concentration in the pore solutions extracted in fresh UHPAAC (mol/L).
(mol/ Ca Si Al Mg Na K
L)
U1l 0.574 9.600 0.297 0.144 8.250 0.095
+ 0.034 + 0.340 + 0.015 + 0.008 + 0.106 + 0.003
U2 0.600 7.770 0.343 0.171 6.871 0.099
+ 0.029 +0.120 + 0.010 + 0.020 + 0.320 + 0.001
U4 0.649 7.900 0.448 0.209 7.290 0.099
+ 0.039 + 0.100 + 0.011 + 0.010 + 0.138 + 0.002

indicate the presence of local microcracks and pores, which were more
frequently detected in mixtures with a higher content of DS, leading to
declined mechanical properties compared to other mixtures (Fig. 8).
Furthermore, aggregates in U5 (100 % DS) displayed a distinct
morphology compared to those in Ul (100 % SS). In contrast to the
smooth boundary between the binding matrix and SS aggregates
observed in U1l (Fig. 9(a)), the aggregates in U5 were characterized by
an etching front located at the interfacial areas and extending towards
the inner core of the aggregate (indicated with the dashed rectangular in
Fig. 9(d) and (e)). The etching front featured a porous and rough texture
along the edges of DS grains, in contrast to the dense and smooth matrix
observed on SS particles. Moreover, the porous morphology implies the
local dissolution of DS upon contact with AAM binders, which is sup-
ported by the ICP results (Table 5). However, SS and DS are difficult to
distinguish in BSE images (Fig. 9) due to similarity in compositions and
geometric conditions for imaging. Further studies on U1 (100 % SS) and

U5 (100 % DS) were conducted to reveal the interfacial transition zone
(ITZ) properties using different types of aggregates, which will be
addressed in Section 3.7.

In addition, MIP tests were conducted to analyze the pore structures
in hardened samples with different DS contents [50], as shown in
Fig. 10. According to literature, pore structures in hardened cementi-
tious composites can be categorized based on pore size into (1) gel pores
(<10 nm), (2) transition pores (10-100 nm), (3) capillary pores
(100-1000 nm), and (4) macro-pores (>1000 nm) [51]. The majority of
pores, as depicted in Fig. 10, were found to have a diameter below
10 nm. Fig. 10 (b) illustrates the cumulative porosity of hardened
samples in different pore size fractions, revealing a progressive increase
in overall porosity with higher DS content. This increase is linked to a
significant rise in gel pores and a slight reduction in macro-pores. U5
was detected with the highest porosity of 8.5 %, while all UHPAAC
mixtures exhibited a relatively dense microstructures as revealed by the
cumulative porosity. Complete substitution of SS with DS led to a
109.64 % increase in gel pores in U5 compared to U1, possibly ascribed
to the etched areas observed on the DS outer surfaces (Fig. 9). On top of
that, DS with smaller grains compared to SS may result in the formation
of numerous interfaces between aggregate grains and the binding matrix
from a microstructural perspective. This could lead to higher local
porosity due to the ‘wall effect’ of packing solid binder grains against the
relatively flat aggregate surface [52,53], resulting in a decline in me-
chanical properties in hardened mixtures with higher DS substitution
levels (Fig. 8).

3.6. Reaction products

After steam curing, reaction products in UHPAAC samples were
analyzed using FTIR and XRD techniques. In Fig. 11 (a), the FTIR spectra
displayed several characteristic absorption bands. Peaks at around 970
and 475 cm™! correspond to the asymmetric stretching and bending
vibrations of Si-O bonds [54], respectively, which are indicative of alkali
activation reactions [55]. In addition, peaks at 3450 and 1640 cm™*
represent the bending vibration of O-H bonds, suggesting the presence of
chemically bound water along with the activation reaction [56].
Furthermore, a minor peak at about 1425 cm™! is attributed to the vi-
bration of O-C-O bonds, implying the formation of carbonated phases in
reaction products. It was observed that the absorption band at 475 em !
gradually shifted towards lower wave numbers with a higher substitu-
tion level of DS. Meanwhile, the band at 970 cm™! shifted to higher
wavenumber regions (leftwards, as shown in Fig. 11 (a)), indicating a
reduced incorporation of Al species into the aluminosilicate tetrahedra
within the reaction products, as reported by Zhang et al. [57]. Aside,
XRD patterns of hardened mixtures are shown in Fig. 11 (b), with quartz
phases being predominant among all mixtures. A significant diffuse
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Fig. 9. Characteristic BSE images of microstructures in hardened UHPAAC mixtures (500 x magnification) (a) Ul; (b) U2; (c) U3; (d) U4; (e) US.

hump between 29° and 33° indicates the formation of C-(A-)S-H phases
as the primary reaction products in high-calcium AAMs [58]. XRD an-
alyses only provided limited information on the reaction products due to
the presence of aggregate fractions (i.e., the predominance of quartz
phases), which can hardly be completely removed during the sample
preparation. Further investigations were conducted to understand the
effect of DS on the alkali activation reaction.

EDS analyses were conducted on the interparticle reaction products
to evaluate the impact of DS on the alkali activation reaction, as shown
in Fig. 12. The results of atomic ratios presented in Table 6 were
calculated as the average of 20 random spots on BSE images (Fig. 9). It’s
important to note that the spots for EDS analyses were chosen at least

5 pm away from the aggregates and undissolved precursor grains to
eliminate their effects on the reaction products [52,59]. It was found
that the reaction products in Ul exhibited the highest Ca/Si ratio of
0.629 among all mixes, which progressively declined with more DS
incorporated. By replacing 10 vol% SS with DS, the Ca/Si ratio of U2
decreased by 6.3 % compared to Ul, indicating an enhanced binding
capacity of C-(A-)S-H reaction products due to the decreased mean sil-
icate chain length of aluminosilicate tetrahedrons [60,61]. As a result,
the strength of U2 was significantly improved compared to Ul, as
illustrated in Fig. 8. However, further increases in the DS substitution
ratio inversely led to a reduction in mechanical properties in hardened
specimens, contrary to the observed trend. Similar results have been
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reported in previous works using DS as an substitute material to produce
cementitious composites [18,62,48], which will be further discussed by
subsequent investigations on the micromechanical properties. Mean-
while, the Al/Siratio in the reaction products also reduced with a higher
DS content, consistent with the modifications in aluminosilicate tetra-
hedron structures as confirmed by the FTIR results (Fig. 11 (a)). Even-
tually, no apparent variations were observed in the Na/Si and Mg/Al
ratios in reaction products.

3.7. ITZ properties

Investigations were conducted on Ul and U5 (with 100 % SS and DS,
respectively) to understand the interactions between different types of
aggregates and AAM binders, with a specific focus on the interfacial
transition zone (ITZ). EDS mapping and line scanning were performed
on Ul and U5 to explore the elemental distribution around the ITZ areas,
as depicted in Fig. 13. The analysis revealed that Si was the predominant
element in both SS and DS aggregates, consistent with the high quartz
content indicated in Fig. 6. Apart from that, DS aggregates showed a
higher distribution of Ca, Al, Mg, and Na elements compared to SS,
aligning with the results of XRF analyses (Table 4). By using either SS or

DS, as explored by the line scanning results (Fig. 13), the concentration
of Si element maintained stable at a relative high level in aggregate
regions, attributed to the abundant quartz content in both types of ag-
gregates. In contrast, the elements Ca, Al, Mg, and Na were detected at
low levels within the aggregate regions but showed a sharp increase at
the aggregate-binder interfaces, indicating the formation of reaction
products (C-A-S-H and N-A-S-H gels) [63]. Further, the matrix of SS
demonstrated a higher Si content compared to DS. In the meantime, Ca,
Al, and Si elements were observed to dissolve more significantly from DS
particles into the ITZ areas than those from SS, aligning with the ICP
results presented in Table 5. These observations further highlight the
beneficial role of DS in the alkali activation reaction by supplying cal-
cium and aluminosilicate species as a secondary source in addition to
precursors.

The nanoindentation test results are depicted in Fig. 14, displaying
contour maps that offer insights into the local micromechanical prop-
erties of Ul and U5 samples. On top of that, Fig. 15 illustrates the box
plot of micromechanical properties derived from the nanoindentation
tests, categorizing aggregate, ITZ, and binder areas based on elastic
modulus and hardness. Specifically, aggregates with a notably higher
elastic modulus are clearly discernible from the warm colors in Fig. 14.
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Fig. 12. Characteristic EDS spectra of hardened UHPAAC mixtures

Table 6
Average atomic ratios obtained by EDS analyses.
Ca/Si Al/si Na/Si Mg/Al

U1 0.629 + 0.061 0.261 + 0.032 0.339 + 0.046 0.442 + 0.178
U2 0.596 + 0.026 0.256 + 0.026 0.545 £ 0.143 0.371 £ 0.120
U3 0.582 + 0.022 0.236 + 0.022 0.437 + 0.078 0.383 + 0.098
U4 0.560 + 0.082 0.217 + 0.057 0.397 £0.119 0.437 +0.194
Us 0.555 + 0.022 0.191 + 0.070 0.577 £ 0.033 0.468 + 0.211

Moreover, data for ITZ areas was collected within the distance of 20 pm
to the edge of aggregate particles as recommended in [44], while the
remaining areas were classified as AAM binders.

SS grains exhibited superior micromechanical features compared to
DS grains, which can be attributed to the inherent material properties of
both aggregates. The presence of local defects on the surface of DS grains
(i.e., the etching front et observed in Fig. 9), due to the dissolution of
multiple ionic species (Table 5) may have contributed to the decrease in
mechanical properties. Thereby, the elastic modulus and hardness of
aggregate phases in Ul were detected approximately 9 % and 19 %
higher than those of U5, respectively. Similar trends were observed in
ITZ areas, indicating stronger bonding between AAMs and SS compared
to DS. This could be ascribed to the smoother surface of DS, as presented
in Fig. 2, attenuating the adhesion between aggregates and binder.
Further, the results of elastic modulus and hardness in AAM binders
were more scattered due to the complex phase assemblage (including
reaction products, undissolved precursors, pores, and voids). It was
found that U5 exhibited higher elastic modulus and hardness in areas
representing binder phases than U1, suggesting the positive contribution
of DS, as shown in Table 6. Results are in parallel with the lower Ca/Si
ratio detected in the reaction product of U5 compared to U1l (Table 6),
leading to the modification of reaction products with better micro-
mechanical properties [61].

10
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—10um

(1000 x magnification) (a) U1; (b) U2; (c) U3; (d) U4; (e) US.

Overall, the effect of DS on the mechanical properties of AAMs can be
explained through several aspects related to the modification of in-
teractions between aggregate and binder phases. On one hand, the
reactive alkali and alkali-earth metals, as well as aluminosilicate species
embedded in DS grains, could be released through interaction with AAM
binders (Table 5), contributing to the alkali activation reaction and
modifying the reaction products (Table 6). Nevertheless, the inclusion of
DS with a smaller grain size on the other hand created numerous in-
terfaces, serving as the weak link between aggregates and binder [64,
65]. This is associated with an increase in the microstructural porosity as
revealed in Fig. 10. Moreover, results of nanoindentation tests have
further demonstrated the poorer micromechanical features of ITZ
around DS compared to that of SS (Fig. 15), ascribed to the inherent flat
surface (Fig. 2) of DS as well as the porous etching front (Fig. 9) formed
through alkali activation reactions. Eventually, DS with a relatively
concentrated gradation compared to SS also adversely affected the
material packing, leading to a decline in the mechanical strength with a
higher DS replacement ratio. In summary, there exist competing
mechanisms as illuminated above, depending on the substitution level of
SS with DS. U2 with 10 % DS exhibited the highest strength among all
mixtures due to the positive chemical effects to contribute to the alkali
activation reaction. However, higher dosages of DS in turn created more
physical defects (etching fronts observed in Fig. 9) in ITZ areas, causing
a localized reduction in micromechanical properties and further
decreasing the strength in U3, U4, and U5.

3.8. Environmental impact analysis

A literature survey was conducted to quantitatively assess the envi-
ronmental benefits of incorporating DS into the mix design for produc-
ing UHPAACs. Material sustainability indicators (MSIs), specifically
embodied energy and CO, emissions, were calculated based on the raw
materials used in the mixture proportions. The data supporting these
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Fig. 14. Results of representative nanoindentation tests (a) Ul with 100 % SS; (b) U5 with 100 % DS.

calculations are detailed in Table 7. It is important to note that the MSIs in line with Wang et al.’s proposal [68], the CO, emissions per kilogram
in this study focus on the specific costs associated with raw material of desert sand were assumed to be zero due to its abundant availability,
acquisition and the commercial production phase, rather than a full life with only transportation emissions being considered. To enhance clarity
cycle assessment covering the entire service life [66,67]. Furthermore, and comparability, the results were normalized to the unit compressive
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Inventory of embodied energy and CO, emissions of raw materials to produce
UHPAAC from literature.

Embodied energy (MJ/ CO;, emission (kg/ Ref.
kg) kg)
BFS 1.59 0.02 [69]
FA 3.291 0.362 [70]
Metakaolin 2.5 0.43 [71]
SF 0.1 0.024 [72]
SS 0.15 0.005 [73]
Quartz 0.85 0.023 [74,
751
DS 0.1 0 [68]
Steel fiber 20.56 1.49 [69]
Sodium 9.5 0.75 [76]
hydroxide
Sodium silicate 9.4 0.671 [77]
Water 0.01 0 [69]
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Fig. 16. Material sustainability indicators of raw materials for producing unit
cubic meter of UHPAAC, in comparison with mixture proportions reported in
the literature [75,78-85] (CO, emission vs. embodied energy per unit
compressive strength in MPa).
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strength of the UHPAAC mixtures. Fig. 16 illustrates a clear linear
relationship between embodied energy and CO; emissions, emphasizing
a significant proportional correlation. Among the mixtures analyzed, U2
with 10 % DS exhibited the lowest CO5 emissions and embodied energy
per unit compressive strength. Furthermore, the mixtures in this study
generally showcased competitive MSI levels compared to those reported
in previous literature, underscoring the environmental advantages of
incorporating DS in UHPAAC mixtures. Notably, the substantial benefits
of DS may be more pronounced in regions where natural aggregate re-
sources are scarce and heavily reliant on imports [5,6], despite SS
having relatively lower embodied energy compared to other raw ma-
terials. In addition, Table 7 underlines that steel fiber accounts for the
most significant portion of both embodied energy and COy emission
among all raw materials. Future research is encouraged to explore the
use of recycled fibers to further mitigate the environmental impact of
UHPAAC [67].

4. Conclusions

This study investigates the potential use of desert sand (DS) as a
partial replacement for natural silica sand (SS) in ultra-high-
performance alkali-activated concrete (UHPAAC). The DS was initially
analyzed in different particle size fractions and then incorporated into
UHPAACs to substitute SS in varying volume ratios. Detailed charac-
terizations were carried out on the pore solution chemistry, mechanical
and microstructural properties, as well as the reaction products of the
UHPAAC samples, leading to the following conclusions based on the
obtained results:

e DS samples were characterized by a flat and smooth surface
morphology, in contrast to the angular-shaped SS grains. Moreover,
the DS samples exhibited finer grain sizes, and a more concentrated
gradation compared to the SS samples. In addition to the predomi-
nant quartz content, minor phases of kaolinite, calcite, and tremolite
were detected in the DS samples, accompanied by increases in
amorphous calcium and aluminosilicate species in comparison to the
SS samples.

e The flow diameter of the mixture containing 10 % DS increased by

4.9 % compared to the reference mix, attributed to its smoother

surface morphology compared to SS. However, further increases in

DS content reduced workability due to its higher water absorption

rate.

Replacing 10 vol% of SS with DS in the fresh UHPAAC mixture

improved the calcium content in the pore solution by 15.9 %, with a
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more pronounced effect at higher dosages. The substitution also led
to increases in the concentrations of Al, Si, Mg, and K elements. DS
has facilitated the early-stage alkali activation reaction, acting as an
additional source of various ionic species.

The highest compressive strength was detected in the mixture with
10 vol% DS, which was improved by about 20 % compared to the
reference made of pure SS, reaching 148.13 MPa after steam curing.
However, further increases in DS substitution levels have resulted in
an adverse effect to reduce the mechanical strength of hardened
specimens.

Characterization of reaction products has confirmed the positive
contribution of DS, leading to a lower Ca/Si ratio and less Al-uptake
in aluminosilicate tetrahedrons, which aligned with the increase in
mechanical strength in mixtures with 10 vol% DS. On the other
hand, DS with smaller grain sizes created numerous interfaces with
the binding matrix to improve the microstructural porosity in the
hardened samples, which is correlated to the reduction in strength
with higher DS substitution levels.

Nanoindentation tests on samples with pure SS and DS have explored
the distinctive micromechanical properties by using different types
of aggregates. The local elastic modulus of AAM binders around DS
was improved by about 25 % compared to that of SS. However,
samples with DS were featured with declined elastic modulus and
hardness in the aggregate and interfacial transition zone (ITZ) areas
due to the presence of more physical defects.

DS showed notable environmental advantages in UHPAACs. The
mixture containing 10 % DS achieved the lowest embodied energy
and CO; emissions per unit compressive strength among the
UHPAAGCs tested, while the mixtures studied generally exhibited

Appendix

Table Al
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lower environmental impacts compared to those documented in the
literature. However, steel fibers emerged as the primary contributor
to environmental impacts, highlighting a critical area for future
research aimed at minimizing the environmental footprint of
UHPAAC:s.
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The prominent peaks of mineral phases presented in this study

Mineral phase Chemical composition

Prominent peaks 20 (°)

Albite NaAlSizOg

Calcite CaCO3

Hematite Fey03

Kaolinite Al4(Si4010)(OH)g
Manganite MnO(OH)

Muscovite KAl5(AlSi3010)(OH)»
Orthoclase KAISi3Og

Portlandite Ca(OH),

Quartz SiOq

Sillimanite Aly(Si04)0
Tremolite CayMgs(SigO22)(OH)2

22.0, 27.8, 30.3, 34.9
23.1, 29.4

33.2,54.1

12.4

25.8

19.8

25.5

18.1

20.8, 26.6, 36.5, 39.4, 42.4, 50.1, 54.8, 60.0, 68.2
16.4, 26.5, 31.3, 35.4, 40.7
10.5
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