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Abstract: This article, for the first time, investigates the potential of Sludge Gasification
Slag (SGS), a byproduct of urban sewage sludge gasification, as a lightweight aggregate in
ultra-high-performance concrete (UHPC), proposing a novel sustainable solution for the
utilization of SGS. The UHPC mix design followed the modified Andreasen and Andersen
model, incorporating pretreated SGS, cement, silica fume (SF), river sand, and a high-
efficiency water-reducing agent. A total of eight experimental groups were developed,
including five pre-wetted groups (I1-15) and three dry groups (N1-N3), to evaluate the
rheological and mechanical properties of UHPC. For the first time, this study combines
scanning electron microscopy (SEM) and nitrogen adsorption techniques to investigate
the interfacial transition zone (ITZ) and porosity of SGS-UHPC, providing insights into
the influence of SGS on the matrix. The results show that SGS, due to its irregular particle
shape and high water absorption capacity, negatively impacts the flowability of the fresh
mix. However, when the SGS content reached 7.5%, the plastic viscosity of the UHPC mix
peaked. Notably, after 28 days of curing, the compressive strength of the 5% pre-wetted
SGS group exceeded that of the control group by 5%, indicating a time-dependent strength
improvement. This enhancement is primarily attributed to the water release effect of SGS,
which optimizes the ITZ and strengthens the overall matrix. The findings suggest that SGS,
when used at dosages below 7.5%, can be effectively incorporated into UHPC, offering a
promising, environmentally friendly alternative for sustainable construction applications.

Keywords: ultra-high-performance concrete; sludge gasification slag; rheological properties;
mechanical properties; microstructure; thresholding

1. Introduction

Sludge, as a solid waste generated by urban sewage treatment plants, urgently requires
treatment to address issues related to accumulation and environmental pollution. With the
growing social awareness of environmental protection, attention to and exploration of sus-
tainable development have progressively deepened. Traditional methods for urban sludge
treatment face significant challenges, particularly due to their occupation of farmland and
the potential for secondary pollution. This promotes the creation of a new thermal pyrol-
ysis gasification technology for high-moisture sludge [1]. Through a process of thermal
pyrolysis gasification, the sludge in a sludge pyrolysis gasifier is continuously heated in the
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absence of air or in an inert atmosphere, leading to a series of physical changes at different
temperatures, along with chemical reactions and the formation of products such as gases,
liquids, and solids. The solids, known as sludge gasification slags (SGSs), are characterized
by their lightweight, porous structure, high water absorption, and specific strength. Current
research has investigated the application of SGSs in cement mortar [2,3], which demon-
strates that lightweight building mortar with a dry density of less than 400 kg/m3 can be
produced with good workability, consistency, water retention, layering degree, and setting
time, as well as a compressive strength no less than 3.0 MPa and a tensile adhesive strength
of 0.18 MPa, with thermal conductivity in the range of 0.30-0.32 W/(m-K). This highlights
the potential of using SGSs for producing ultra-high-performance concrete (UHPC), which
not only helps alleviate the severe accumulation of sludge but also transforms solid waste
into building materials, providing a new direction for the sustainable development of SGSs
as a viable construction material.

Lightweight aggregates are widely used in construction materials, particularly for
applications in thermal insulation, soundproofing, and landscaping. Their primary func-
tion is to reduce the self-weight of concrete while enhancing its durability and mechanical
properties. Research has demonstrated that incorporating lightweight aggregates in ap-
propriate proportions can significantly improve the compressive and flexural strengths of
concrete [4,5]. Variations in particle morphology, pore volume, and distribution (which
stem from differences in sources and production methods) can notably influence the perfor-
mance of concrete [6]. Although lightweight aggregates typically exhibit lower strength
compared to natural river sand, they facilitate more complete hydration of the surround-
ing paste, especially in the interfacial transition zone (ITZ) [7,8], thereby improving the
weaker regions of the concrete matrix and enhancing overall performance [9,10]. Pre-
wetted lightweight aggregates are an effective method to mitigate their lower strength
by promoting more efficient moisture release during the hydration process, which fosters
hydration reactions in the ITZ, optimizes the pore structure, and increases concrete density.
Currently, lightweight aggregates are classified into natural and artificial types based on
their production sources, with artificial aggregates derived from solid waste materials
gaining increasing attention in recent years.

With the increasing use of lightweight and high-strength materials in construction
projects, UHPC has garnered significant attention due to its exceptional mechanical prop-
erties and durability [11,12]. The strength of UHPC is influenced by various factors,
including fiber content, aggregate size and grading, water-to-binder ratio, sand ratio, and
superplasticizer type and dosage. To achieve optimal strength and durability, it is generally
recommended to maintain a water-to-binder ratio between 0.15 and 0.25 [13]. Additionally,
considering the high raw material costs associated with UHPC production and national
carbon reduction strategies, incorporating solid waste as partial substitutes in UHPC can
effectively reduce energy consumption while promoting the sustainable application of
solid waste [14]. Researchers, including Dong et al. [15], Qing [16], and Zhang [17], have
investigated the use of phosphogypsum, high-titanium slag, and iron tailings as substitutes
for river sand in UHPC preparation. By employing particle packing design, various waste
particles can optimize the pore structure or enhance the durability of UHPC while pre-
serving its mechanical properties. Furthermore, Yang [18] used recycled fine aggregates to
replace natural aggregates in the preparation of HPC, examining the influence of aggregate
particle shape and angularity on workability. Liu [19] incorporated porous pumice into
UHPC, demonstrating that the water release effect of internal curing materials in porous
aggregates during the later stages of curing can compensate for early-stage development
deficiencies, thereby improving later-stage strength.
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The types of lightweight aggregates are diverse; however, research on the use of SGS as
a lightweight aggregate in UHPC is limited. Despite the well-established use of lightweight
aggregates in conventional concrete [20,21], their impact on UHPC differs significantly,
and research in this area is still in its early stages [22]. Moreover, with the increasing
scarcity of natural river sand, finding a low-cost and sustainable alternative to river sand
has become particularly important. Therefore, investigating the performance enhancement
of SGS in UHPC and the sustainable utilization of sludge is of significant importance.
After crushing and sieving the SGS, particles within the size ranges of 0-0.6 mm and
0.6-1.18 mm are selected to replace river sand [23]. Based on the analysis of particle size
distribution, shape, and water absorption rate, the modified Andreasen and Andersen
(M-A&A) model is employed to design the mix proportions. Different pre-wetting methods
are applied based on the water absorption rate of the particles, and UHPC is prepared.
The study investigates the effect of particle shape and water absorption characteristics on
the rheological and mechanical properties of UHPC. Furthermore, the research combines
microscopic morphology, porosity, and pore distribution analyses to explore the mechanism
and feasibility of utilizing SGS in UHPC preparation.

2. Experimental Work

2.1. Character of SGS
2.1.1. Chemical Composition and Morphology

The SGS used in this experiment was obtained from the residue of pyrolysis gasifi-
cation at the Zhengzhou Municipal Sewage Treatment Plant. Crushing was performed
using a laboratory-scale jaw crusher, and particles with sizes ranging from 0 to 0.6 mm and
0.6 to 1.18 mm were sieved, yielding apparent densities of 2160 kg/m? and 2020 kg/m?,
respectively. The chemical compositions of the SGS, cement, and silica fume (SF) used in
this study are presented in Table 1. Figure 1 shows the X-ray diffraction pattern and SEM
microstructure of SGS, revealing quartz and feldspar as the primary mineral phases. The
image in Figure 2 illustrates the porous structure of SGS, with pore sizes highlighted using
yellow markers. The pore diameters are predominantly distributed between 5 and 105 um.

Table 1. Chemical composition of raw materials (wt.%).

Chemical Composition SiO, Al,O3 Fe, O3 MgO CaO Na,O K,O MnO LOI
SGS 47.27 15.23 4.66 3.65 7.31 1.48 2.14 0.1 5.76
SF 97.51 0.16 - 0.88 0.38 0.33 0.29 - 0.20
Cement 20.86 5.90 3.61 3.50 56.77 - - - 1.16
A A-Quartz
B-Feldspar
C-Hematite
E
S
2
=

10 20 30 40 50 60 70 80
26 (%)
Figure 1. X-ray diffraction pattern of SGS.
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Figure 2. SEM microstructure of SGS.

2.1.2. Particle Size and Shape Analysis

The particle size distribution and shape of SGS aggregates were analyzed using the
Occhio Scan 700 particle size and shape analyzer (Xinlong Building, Jiancaiceng West Road,
Beijing, China). The distribution curves for different particle size ranges are shown in
Figure 3. The particle shapes of the 0-1.18 mm fractions were compared with those of ordi-
nary river sand, with the scanning images and shape analysis presented in Figures 4 and 5.
According to the particle size distribution curve, particles in the 0-0.6 mm range are pri-
marily concentrated below 0.2 mm, while the distribution of particles in the 0.6-1.18 mm
range is more uniform. In terms of particle shape, SGS aggregates exhibit a rougher surface
with more pronounced angularity compared to river sand, and internal porosity within
the particles was also observed. Based on the scanning images, the bluntness parameter
was calculated for quantitative analysis of particle morphology (Figure 5). The equivalent
volume peak ratio for SGS corresponds to a bluntness of 40%, whereas the equivalent
volume peak ratio for river sand corresponds to a bluntness of 65%. This indicates that SGS
aggregates have a lower overall bluntness compared to river sand, suggesting that river
sand has a smoother surface and a shape closer to a sphere, while SGS aggregates consist
of more angular particles with relatively sharp boundaries.
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Figure 3. SGS distribution curve: (a) SGS distribution curve for 0-0.6 mm, (b) SGS distribution curve
for 0.6-1.18 mm.
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Figure 4. Scanning electron microscopy image of 0-1.18 mm river sand and SGS particles: (a) river
sand, (b) SGS.
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Figure 5. Equivalent volume distribution curve with bluntness of 0-1.18 mm river sand and SGS:
(a) dividing curve, (b) cumulative curve.
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2.1.3. Water Absorption Rate

The water absorption rate test was conducted in accordance with the provisions of the
Chinese standard GB/T 14684-2022 [24]. After drying the river sand (Sandl and Sand2)
and SGS aggregates (5GS1 and SGS2) to a constant weight, the samples were pre-wetted by
immersion in water and then air-dried to a saturated surface-dry state using an air blower.
The water absorption rates were measured at 1 h and 24 h (Table 2). SGS2 exhibited water

absorption rates of 16.45% at 1 h and 21.31% at 24 h, which were significantly higher than
those of ordinary river sand.

Table 2. Water absorption rate (WAR) of river sand and SGS.

Materials Sand1 Sand2 SGS1 SGS2
1 h WAR (%) 1.09 1.05 2.03 16.45
24 h WAR (%) 1.12 1.08 2.16 21.31

2.2. Properties of Other Raw Materials

P-O 52.5 cement with a specific surface area of 381 m2/ kg and a density of 2230 kg/ m3,
along with SE, were used as the cementitious materials in this study. A powdered
polycarboxylate-based superplasticizer was employed as the water-reducing agent. River
sand sourced from the Yutang River in Henan Province was selected and sieved into two
particle size ranges, 0-0.6 mm and 0.6-1.18 mm, with apparent densities of 2580 kg/m3
and 2590 kg/m?3, respectively.
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2.3. Mix Proportion Design of UHPC

The mix design was based on a modified Andreasen and Andersen (M-A&A)
model [25,26] (Figure 6). Using the particle size distributions of cement, SF, river sand,
and SGS (with particle sizes of 0-0.6 mm and 0.6-1.18 mm), the mix proportions were
determined through particle packing design. A control group was included for comparison,
as detailed in Table 3. The control group is denoted as M0, while groups I1-I5 represent
the pre-wetted groups, where SGS replaces river sand at replacement rates of 5%, 7.5%,
10%, 12.5%, and 15%, respectively. Groups N1-N3 represent the dry groups, where SGS
replaces river sand at replacement rates of 5%, 7.5%, and 10%, respectively. PW indicates
pre-wetted water. The mix design ensured a consistent water-to-cement ratio, with the
moisture content of the pre-wetted portion incorporated into the total water-to-cement
ratio. The SGS images for the 0-0.6 mm and 0.6-1.18 mm particle size ranges are shown in
Figure 7.

100

(o]
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(o))
(=]
T

N
(e}
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(=)
T

107! 10° 10! 10? 10° 10*
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Figure 6. Particle size distribution of raw materials and target curve.

(a) | (b)

Figure 7. The SGS images of the 0-0.6 mm and 0.6-1.18 mm particle size ranges: (a) 0.6-1.18 mm,
(b) 0-0.6 mm.

Table 3. Mix proportion design for UHPC (kg/m3).

Sample Cement SF Sand1 Sand2 SGS1 SGS2 Water PW Watzvlt{f/d)ucer
. /0
MO 1244 112 1162.0 259.0 - - 224.0 - 3%
n 1244 112 1103.9 246.0 58.1 13.0 2219 21 3%
12 1244 112 1074.8 239.6 87.2 194 220.8 3.2 3%
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Table 3. Cont.
Sample Cement SF Sand1 Sand2 SGS1 SGS2 Water PW Watf:vfoe/d)ucer
. /0
I3 1244 112 1045.8 233.1 116.2 259 219.7 43 3%
14 1244 112 1016.7 226.6 145.3 324 218.7 53 3%
15 1244 112 987.7 220.1 174.3 38.9 217.6 6.4 3%
N1 1244 112 1103.9 246.0 58.1 13.0 224.0 - 3%
N2 1244 112 1074.8 239.6 87.2 194 224.0 - 3%
N3 1244 112 1045.8 233.1 116.2 259 224.0 - 3%

2.4. Test Methods

The flowability of the freshly mixed UHPC was evaluated using a flowability test
conducted in accordance with Chinese standard GB/T 2419-2005 [27]. The rheological
properties of the freshly mixed UHPC were examined with an American BROOKFIELD
RST-SST rheometer, as shown in Figure 8. The prepared UHPC was placed in a 250 mL
beaker, and the slurry was poured into the beaker until it reached a volume of 200 mL. A
VT-40-20 rotor was employed to conduct the test at a temperature of (20 £ 0.5) °C. The
rheological properties were analyzed using the descent curve method [28,29]. The testing
procedure is illustrated in Figure 9. The maximum shear rate was set to 25 s~! [22], and the
test duration was 195 s, divided into pre-shearing and formal shear stages. Pre-shearing
was performed at a constant shear rate of 25 s~ for 60 s, followed by a 15 s pause before
the formal shear commenced. The shear rate increased from 0 s~! to 25 s~! within 60 s and
then decreased back to zero over another 60 s.

Figure 8. RST-SST rheometer.

In the evaluation of the hardened UHPC performance, compressive and flexural
strength tests were conducted after curing under standard conditions for 3 and 28 days.
The testing methods adhered to the requirements outlined in Chinese standard GB/T 17671-
2021 [30]. The mechanical property testing equipment is shown in Figure 10. Additionally,
the microstructure of UHPC samples with different proportions, cured for 28 days, was
observed using the Zeiss Gemini Sigma 300 scanning electron microscope (Carl Zeiss AG,
Oberkochen, Germany) (Figure 11). Their pore characteristics were analyzed using the PS-
1547 porosimeter (nitrogen adsorption method) from Beijing Betters Instrument Technology
Co., Ltd., Beijing, China (Figure 12).
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Figure 12. Accelerated surface area and porosimetry system.

3. Results and Analyses
3.1. Rheological Properties of Fresh UHPC

The flowability test results for freshly mixed UHPC with varying proportions are
presented in Figure 13. The slump flow of the mixture without the SGS additive was
190 mm, whereas the inclusion of SGS led to a decrease in mortar flowability. As the
SGS content increased from 5% (I1) to 15% (I5), a significant reduction of approximately
31.6% in flowability was observed. Compared to the dry group, the pre-wetted group
exhibited a less pronounced decrease in flowability. This suggests that, under identical
total water-to-binder ratio conditions (excluding the water used for pre-wetted), the mortar
in the dry group contained more free water than in the pre-wetted group. However, during
hydration, some of the excess water in the dry group infiltrated into the interior of SGS
particles, consuming a portion of the free water, which resulted in a decrease in flowability
compared to the control group but still higher than that in the pre-wetted groups.

190

—

(0]

(e
T

._.

)

()
T

Flowability (mm)
s 3

—_—

N

=
T

130

MOI1 I2 I3 14 IS MONIN2N3

Figure 13. Fluidity of fresh UHPC.

Figure 14 shows the comparison of rheological curves for freshly mixed UHPC with
different proportions. The data were fitted using the Modified Bingham Model. The fitting
equation for the Modified Bingham Model is expressed as follows:
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T=T+uy+cy T > T 1)

The t represents the shear stress (Pa), 19 denotes the yield stress (Pa), u stands for
the plastic viscosity (Pa-s), y represents the shear rate (s 1), and c is the coefficient (Pa-s2).
Figure 15 displays the results of the fitted plastic viscosity (i) and yield stress (o).

1400 | 1200 F

1200 f 1000 |
£ 1000} 5
[y o
= S 800}
8 800t g
@ V2 % 600}
§ 600 | J, §
2 400 »vn 400F

2001 200

0 1 ' 1 1 1 ' 1 0 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Shear rate (s™) Shear rate(s ™)
(a) (b)

Figure 14. Rheological curve of UHPC: (a) groups MO0 and I1~15, (b) groups M0 and N1~N3.

From Figure 15, it is evident that the yield stress exhibits an increasing trend with the
augmentation of SGS content. In comparison, the dry group demonstrates relatively lower
yield stress and plastic viscosity than the pre-wetted group. By comparing plastic viscosity
values at different contents, it can be observed that when the content of pre-wetted SGS
reaches 7.5%, there is a peak in plastic viscosity, indicating a 22.5% increase compared
to the control group. As the content further increases, plastic viscosity starts to decline
and reaches a minimum value of 105.87 Pa-s, which is 14.4% lower than that of the blank
group. This suggests that the incorporation of SGS leads to a continuous enhancement
in UHPC’s yield stress while exhibiting an initial increment followed by a decrement in
plastic viscosity.

T R T T ™ 160
1 Yield stress
-=-Plastic viscosity

1150

\_ 1140

\ 1130

N\ PA |-

L/

1100

Yield stress/Pa
Plastic viscosity/Pa-s

MO I1 12 I3 14 IS NI N2 N3
Samples

Figure 15. Yield stress and plastic viscosity of fresh UHPC.

Figure 16 presents an idealized diagram illustrating the rheological mechanism of SGS-
modified UHPC, where the rheological performance of fresh UHPC is directly influenced
by the particle morphology and water absorption characteristics of the added SGS. The
angular shape of SGS particles, with a bluntness of approximately 60% that of river sand,
results in higher frictional forces between particles and increased resistance during slurry
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flow compared to the smoother river sand. Additionally, the porous nature of SGS leads to
a larger specific surface area than the river sand, creating a thinner average water film on
particle surfaces, which subsequently reduces the flowability of UHPC [31]. Furthermore,
pre-wetted SGS particles exhibit lower moisture content in the cement slurry compared to
the dry group under identical total water-to-binder ratio conditions, leading to relatively
poorer rheological performance. In contrast, untreated SGS particles absorb some moisture
from the cement slurry, reducing free water content and consequently decreasing flowability.
At 10% SGS content and a shear rate of 10 s~1, the mortar yield stress exceeds that of the
non-replaced samples, while plastic viscosity significantly decreases, indicating the opening
of the structure among nested SGS particles at higher shear rates, thereby reducing flow
resistance and enhancing flowability. Figure 17 depicts a linear relationship between yield
stress and flowability for freshly mixed UHPC at different proportions, showing a well-
defined correlation with a gradual decrease in yield stress as flowability increases. As the
SGS content gradually increases, both yield stress and flowability decrease, with this trend
becoming more pronounced at higher contents.

Effect 1: Larger Friction
. @,
Friction
: &
Ly \\’ / /

Rolli
@ 5O e 4
@ N
Q wetted

o0
@ ©® O—
O Effect 2: Water absorption

Figure 16. Rheological mechanism schematic of SGS-UHPC.
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400
350 — :
y=—5.58x+1316.01
300 F R?=0.99289
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Slump/mm

Figure 17. Relationship between flowability and yield stress of the pre-wetted group and dry group.

3.2. Mechanical Properties of UHPC

The compressive and flexural strength test results of UHPC with varying proportions
after curing for 3 days and 28 days are shown in Figure 18. Compared to the M0 sample
without SGS addition, the I1 sample containing 5% pre-wetted SGS exhibited a slight
reduction in early strength but demonstrated an approximate 5% increase in compressive
strength at 28 days. In contrast, the addition of the same amount of untreated SGS showed
no significant enhancement in later-stage strength, indicating that pre-wetted SGS positively
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contributes to the hydration process of cementitious materials in UHPC and facilitates
strength development. However, as the SGS content increased further, the improvement
trend diminished and began to decline, suggesting that the intrinsic strength of SGS is lower
than that of river sand. Excessive incorporation of SGS leads to aggregate self-destruction,
which becomes a dominant factor, resulting in reduced compressive and flexural strengths.
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Figure 18. The mechanical performance testing of UHPC: (a) compressive strength, (b) flexural strength.

(=]

(=]

The study introduced the compressive strength enhancement rate to assess the strength
development of UHPC from 3 days to 28 days (Figure 19), with the M0 group designated
as the control group, red represents the intensity of growth relative to M0, while blue
represents the intensity of decline relative to M0. The compressive strength enhancement
rate for each group was determined by calculating the difference in strength growth
between each group and the MO group. It is evident that, during the period from 3 days
to 28 days, the pre-wetted groups with less than 10% content exhibit significantly higher
strength growth compared to the dry group. Moreover, when reaching a content of 10%,
only a relatively minor decline in strength growth was observed in the pre-wetted groups,
thus confirming the water release effect of pre-wetted SGS in UHPC.

10

Relative compressive strength (MPa)

Samples
Figure 19. The compressive strength enhancement rate of UHPC.
3.3. Microstructures of UHPC
3.3.1. Microstructural Observation

After 28 days of curing, scanning electron microscopy was employed to conduct
microstructural analysis on the pre-wetted groups 11 and I3, as well as the dry groups N1
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and N3, as illustrated in Figure 20. A comparative evaluation revealed that the ITZ of
specimens I1 and I3, which incorporated pre-wetted SGS, exhibited favorable contact with
the matrix. In contrast, noticeable cracks and voids were observed in the interface transition
zones surrounding dry groups N1 and N3. This suggests that during the later stages
of hydration in UHPC, the moisture provided by saturated pre-wetted SGS adequately
facilitated thorough hydration of the interface transition zones within the pre-wetted group.
Consequently, this improved density of hydration products within these regions promoted
strength development in UHPC during subsequent stages. Examination of hydration
products within the interface transition zone indicated a significant presence of amorphous
C-S-H gel, AFt, along with a small amount of Ca(OH); crystals in the pre-wetted group.
The water released by SGS facilitated secondary hydration reactions involving SF particles
adjacent to it while consuming CH crystals present in ITZ. Moreover, a substantial quantity
of amorphous C-S-H gel filled both pores within the interface area and those inside SGS
particles. Conversely, unhydrated particles were still evident in specimens from dry groups,
indicating comparatively lower levels of hydration compared to their counterparts from
pre-wetted groups, resulting in relatively poor density.
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WD = 9.8 mm Mag= 500KX Time: 14:54:24

(b) I1 (5000x)
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(0) 13 (500%)
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Figure 20. Different mix of UHPC after 28 days of curing micromorphology.

3.3.2. Analysis of Porosity Characteristics in UHPC

The pore structure of UHPC specimens cured for 28 days with different proportions
was analyzed using the nitrogen adsorption method, and the resulting pore distribution
curves are presented in Figure 21. All UHPC groups exhibited hysteresis loops in their
adsorption isotherms, indicating capillary condensation of internal pores during desorption.
According to the classification by the International Union of Pure and Applied Chemistry
(IUPAC) [32,33], these isotherms can be classified as type H3, which signifies unsaturated
adsorption at high pressure and suggests the presence of slit-shaped mesopores and macro-
pores [34]. Most of the pores in different specimens were found to be distributed within
the micropore range, predominantly below 8nm, with some additional pores observed in
the range of 20~50 nm. Based on Wu's classification of pores [35], it can be concluded that
each UHPC group primarily consists of innocuous pores (<20 nm) and slightly harmful
pores (20~50 nm). The percentage distribution of pores in each UHPC group is shown
in Figure 22. For pre-wetted and dry groups, those with a higher SGS content (I3 and
N3) exhibited higher porosity across all pore size ranges. Furthermore, pre-wetted signif-
icantly improved the level of harmful pores in pre-wetted specimens by reducing them
by 52.76% (at 5% content) and 8.2% (at 10% content), indicating that pre-wetted can refine
pore size and prevent detrimental pore development. It is evident that pre-wetted SGS has
the potential to optimize pore characteristics in SGS-added UHPC, thereby enhancing its
mechanical properties.

0.0018 -
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Figure 21. Pore size distribution curve of UHPC (nitrogen adsorption).



Sustainability 2025, 17, 938

15 of 17

10
9 [ ] Sum porosity [_] <20nm
[J20nm~50nm [ > 50nm
8 -
7+ .89 5 6.67
~ 6.36 6.56 o0
N
e~
>
= 51
E L
S 4
- S| s 3.34 3.13 3.19
- 2.64
| 2.43 2.16 2.26
2 -
- 1.12 1.27 1.22
1 0.76
0
11 I3 NI N3

Figure 22. Pore classification proportion of UHPC.

4. Conclusions

The rheological properties, mechanical performance, and microstructure of UHPC
prepared by partially replacing river sand with SGS were analyzed. The main findings are
as follows:

(1) The flowability of fresh UHPC decreases with the addition of SGS, particularly in the
dry mix with consistent total water content. For pre-wetted SGS, the plastic viscosity
of UHPC peaks at a 7.5% dosage, while the yield stress continues to increase as the
SGS content increases.

(2) Incorporating 5% pre-wetted SGS enhances the 28-day compressive strength of UHPC
by approximately 5%. However, further increases in SGS dosage lead to predominant
damage to the aggregates themselves, causing a decrease in both compressive and
flexural strengths. This can be attributed to the lower intrinsic strength of SGS, which
reduces the overall strength of the UHPC. Notably, UHPC containing pre-wetted SGS
exhibits significantly superior mechanical performance compared to those without.

(8) The incorporation of pre-wetted SGS during cement hydration optimizes the interfa-
cial structure of UHPC due to its water release effect. Compared to the non-replaced
specimens, the addition of 5% pre-wetted SGS reduces the harmful pore volume in
UHPC by 52.76%.

(4) The experimental results show that pre-wetted SGS, with a dosage of up to 7.5%, can
be effectively incorporated into UHPC, especially at a 5% dosage. The mechanism
involves the release of water from the pre-wetted SGS during the hardening process
of UHPC (from 7 to 28 days), which promotes secondary hydration of the unhydrated
cement, SE, and Ca(OH); in the ITZ between the mortar and SGS. This secondary
hydration generates significant amounts of C-S-H gel, which fills internal pores and
densifies the weakest regions of the UHPC, ultimately enhancing its overall strength.
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