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The large quantity of steel slag deposit has caused great environmental 
pressure. This study aims to recycle steel slag powder (SSP) as a 
supplementary cementitious material in the production of eco-friendly ultra-
high performance concrete (UHPC) with varying SSP fineness (200–600 m2/kg) 
and dosage (20%–40%). The rheological properties, mechanical strength, 
autogenous/drying shrinkage, and microstructure of UHPC were systematically 
investigated using the Modified Andreasen and Andersen particle packing model. 
The results show that 20% SSP-400 optimally enhances compressive strength 
(133.5 MPa) by refining pore structure. SSP significantly mitigates autogenous 
shrinkage due to reduced self-desiccation, but increases drying shrinkage 
at high dosages/fineness (up to 21.5% at 40% SSP-600). Microstructural 
analysis confirms SSP-400 promotes complete hydration at 20%–30% dosage, 
while higher fineness accelerates early reactions but hinders later hydration. 
Ecological assessment validates SSP utilization reduces cement consumption 
and carbon footprint. Therefore, SSP-400 at 20% dosage enables sustainable 
UHPC with balanced performance.
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 1 Introduction

China, as the world’s largest steel producer, generated approximately 104–155 million 
tons of steel slag in 2024, with nearly 70% disposed of via landfilling or stockpiling 
(Li Z. et al., 2025). This massive accumulation not only consumes valuable land resources 
but also poses severe environmental risks due to heavy metal leaching and dust pollution 
(Liu J. et al., 2025). Concurrently, Ultra-High Performance Concrete (UHPC) has emerged 
as a revolutionary cementitious material, characterized by ultra-high strength, exceptional 
toughness, and superior durability (Chen D. et al., 2025; Abutahnat et al., 2025). However, 
its widespread adoption is hindered by high production costs, primarily attributable to 
substantial cement and steel fiberconsumption (Çağlar, 2025). Additionally, UHPC exhibits 
pronounced autogenous shrinkagedue to its extremely low water-to-binder ratio, leading to
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early-age cracking and compromised long-term durability 
(Chen M. et al., 2025). In order to enhance sustainability 
and reduce costs, there is an urgent need to explore new 
solutions utilizing industrial by-products such as steel slag 
powder (SSP) and fly ash (FA) as substitutes for additive 
material (Chen X. et al., 2025; Chen Z. et al., 2025). In 
particular, the mechanism by which steel slag affects the 
micro and macro properties of UHPC urgently needs to
be clarified.

Many scholars have conducted research on the influencing 
factors of ultra-high concrete, especially SSP. As known that SSPs 
reactivity potential; its high CaO and MgO content enables alkali-
activated geopolymer applications (Kim et al., 2025; Lan et al., 
2025; Li J. et al., 2025). When used as aggregate, steel slag 
enhances mechanical properties and durability (Liu X. et al., 
2025; Liu Z. et al., 2025), though its poor volume stability 
limits structural applications (Lou et al., 2025), often restricting 
its use to roadbeds or cement admixtures (Lü et al., 2025; 
Mohinderu et al., 2025). Micro-powder materials of SSP play 
a critical role in densifying concrete microstructure. By filling 
voids between aggregates, they improve particle gradation 
continuity (Onyelowe et al., 2025; Piao et al., 2025), increase 
density (Rahman et al., 2025; Smarzewski, 2025), and enhance 
strength, durability, and fire resistance (Smith et al., 2025; 
Song et al., 2025; Wang C. et al., 2025). However, regional 
shortages—such as limited FA availability in Panzhihua-necessitate 
composite admixtures combining FA with highly reactive 
alternatives like SSP (Wang T. et al., 2025; Wang Z. et al., 
2025; Wu et al., 2025; Yue et al., 2025). Critically, utilizing 
these waste-derived materials reduces both costs and carbon 
emissions, as their recycling bypasses traditional clinker 
production burdens (Zhang B. et al., 2025).

In UHPC systems, SSP shows promise for improving 
flowability and mitigating drying shrinkage (Zhang C. et al., 
2025; Zhao H. et al., 2025), yet systematic studies on its effects 
on rheology, mechanical properties, and autogenous shrinkage 
are scarce. The mechanisms governing SSP’s role in shrinkage 
compensation and microstructural development remain poorly 
understood, particularly regarding interactions between SSP 
fineness, dosage, and curing regimes. Chemical expansion 
agents effectively reduce shrinkage but impair strength at 
high dosages (Zhao M. et al., 2025).

Therefore, it focused on the preparation of eco-friendly UHPC 
utilizing SSP as a supplementary cementitious material in this 
paper. SSP of varying fineness levels (200, 400, 600 m2/kg) and 
dosages (20%–40%) was incorporated into the UHPC system. 
The rheological properties, mechanical strength development, 
and autogenous shrinkage behavior of SSP-enhanced UHPC 
were systematically investigated by DZS-1000 system, TT-LBY2 
mortar rheometer and. XRD (X-ray Diffraction) and TG-
DTG (Thermogravimetry-Derivative Thermogravimetry) were 
conducted to elucidate the underlying mechanisms of hydration, 
microstructure evolution, and shrinkage compensation. The study 
optimized SSP parameters to achieve eco-friendly UHPC with 
balanced performance. The results provide theoretical insights 
and technical pathways for enhancing the sustainability of UHPC 
through high-volume utilization of steel slag, offering significant 
economic and environmental benefits. 

FIGURE 1
XRD of the steel slag powder.

2 Materials and methods

2.1 Experimental materials

In this study, laboratory-formulated UHPC was used, which 
contains cementitious materials (P·O 42.5 silicate cement, 
silica fume, fly ash microspheres), aggregates (machine-made 
sand, fineness modulus 3.0), chemical admixtures (PCA® -
1 polycarboxylic acid superplasticizer at 2% binder mass), 
and supplementary admixtures (steel slag powder as cement 
replacement). Hooked-end steel fibers (13 mm length × 0.22 mm 
diameter) were incorporated at 2% by volume (156 kg/m3), 
which meet the performance requirements of ASTM A820 
for deformed steel fibers. The SSP was obtained by grinding 
industrial steel slag to three fineness grades, with Blaine fineness 
of 400 m2/kg, 500 m2/kg, and 600 m2/kg respectively. The SSP 
used in this study is a grayish-black powder, with particle size 
distribution shown in Figure 1.

2.2 Specimen preparation and curing 
procedure

The UHPC specimens were prepared with SSP at replacement 
levels of 0%, 20%, 30%, and 40% of cement weight, designated 
as S0, U1S2, U1S3, U1S4 (for SSP-400), and similarly for SSP-
500 (S2-series) and SSP-600 (S3-series). The mix design followed 
the Modified Andreasen and Andersen particle packing model, 
ensuring optimal density. The water-binder ratio was fixed at 0.18. 
Proportions are detailed in Table 1. After cleaning the mixer, dry 
constituents (cement, silica fume, SSP, and manufactured sand) 
were blended for 5 min. Steel fibers (2 vol%) were gradually added 
and mixed for 5 min to ensure uniform dispersion. Water and 
superplasticizer were then incorporated, followed by 5 min of wet 
mixing. The homogeneous mixture was cast into 50 mm × 100 mm 
molds, vibrated for 20 s to eliminate air bubbles, covered with plastic 
film, and cured at room temperature for 24 h. Specimens were 
demolded and transferred to standard conditions (20 ± 2 °C, RH 
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TABLE 1  Mixture proportion of UHPC mixed with SSP (kg/m3).

Number Cement Sand Water Fibers SSP-400 SSP-500 SSP-600 SF

U0 801 1,067 192 156 0 0 0 128

U1S2 641 1,067 192 156 160 0 0 128

U1S3 561 1,067 192 156 240 0 0 128

U1S4 481 1,067 192 156 320 0 0 128

U2S2 641 1,067 192 156 0 160 0 128

U2S3 561 1,067 192 156 0 240 0 128

U2S4 481 1,067 192 156 0 320 0 128

U3S2 641 1,067 192 156 0 0 160 128

U3S3 561 1,067 192 156 0 0 240 128

U3S4 481 1,067 192 156 0 0 320 128

>95%) for 28 days. For specific tests, steam curing (90 °C, 48 h) or 
natural curing (outdoor, 5–15 °C) was applied.

2.3 Test methods

This paper employs the DZS-1000 mechanical testing system 
to conduct mechanical tests, in order to determine the uniaxial 
compressive strength, strain and elastic modulus of ultra-high 
performance concrete. The rheological properties of mortar are 
tested using the TT-LBY2 mortar rheometer. Thermogravimetric 
analysis is performed with the German-made TG209F1LIbrahin. 
The mineralogical composition is analyzed using the Empyrean 
RAYON X-ray diffractometer. The main testing equipment and the 
testing procedure are shown in Figure 2.

2.3.1 Rheological performance testing
Rheological characterization was carried out on a TT-LBY2 

mortar rheometer. Each 3 L batch was pre-sheared at 30 rpm for 60 s, 
rested for 60 s, and then subjected to a stepped shear-rate cycle (2 → 
30 → 2 rpm) while torque and rotational speed were logged at 1 Hz. 
Down-curve data were fitted to obtain the Bingham parameters 
(yield stress τ0 and plastic viscosity μ). All tests were completed 
within 10 min of mixing at 20 °C ± 2 °C. This was followed by a 
60 s rest period to allow the material to stabilize. Subsequently, a 
stepped shear-rate cycle was applied, varying from 2 rpm to 30 rpm 
and back to 2 rpm. Torque and rotational speed were recorded at a 
frequency of 1 Hz throughout the test. All rheological measurements 
were conducted within 10 min after mixing under controlled 
temperature conditions of 20 °C ± 2 °C to minimize the influence
of hydration. 

2.3.2 Mechanical performance testing
The servo-controlled materials triaxial test system DSZ-1000 

(Multi-field coupled rock mechanics testing machine) used in 
this study in Guizhou University. The main equipment includes a 

pressure device, a strut bar and support structure. The technical 
specifications of the machine are as follows: the maximum loading is 
1,000 kN, and the force measuring range is 10–1,000 kN. Test force 
measurement accuracy is ≤ ± 0.5% FS. The maximum confining 
pressure is 60 MPa, and the confining pressure measurement 
accuracy is ≤ ± 0.25% FS. The axial strain gauge and radial 
strain gauge are fixed the anchor chain on the surface of the 
specimen and feed back to the measured strain information to the 
computer in time. In the test process, the specimen is subjected 
to axial deformation under the action of external loads, and the 
deformation of the sensor is converted into a signal through 
measurement, which is imported into the program of automatic 
strain calculation program. 

2.3.3 Shrinkage performance testing
The rheological properties of the mortar mixtures were evaluated 

using a TT-LBY2 mortar rheometer. To ensure consistent and 
reproducible results, each freshly mixed 3 L batch was subjected 
to a standardized testing procedure. The sample was first pre-
sheared at a constant rotational speed of 30 rpm for 60 s to disrupt 
any initial structural formation and ensure a homogeneous state. 
Autogenous shrinkage was assessed in accordance with ASTM 
C1698-09, using the corrugated tube method. Testing commenced 
at the initial setting time, which was identified based on mortar 
penetration resistance measurements. Data collection was performed 
automatically at hourly intervals for the first 72 h to capture early-age 
shrinkage kinetics. Ambient temperature and relative humidity were 
continuously monitored and recorded throughout both tests using 
HOBO MX2301A data loggers to ensure environmental consistency. 

2.3.4 Thermogravimetric analysis testing
Thermogravimetric analysis (TGA) was performed to evaluate 

the hydration products and thermal decomposition behavior of 
UHPC samples. The specimens were first ground into a fine powder 
and then immersed in acetone for 7 days to effectively terminate 
hydration. After removal from the solvent, the powder was dried in 
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FIGURE 2
Testing equipment and procedures.

a vacuum desiccator and sieved through a 75 μm mesh to ensure 
uniformity. Approximately 20 ± 2 mg of the processed sample 
was loaded into an alumina crucible and tested under a nitrogen 
atmosphere. The temperature was programmed to increase from 
30 °C to 1,000 °C at a constant heating rate of 10 °C/min. Continuous 
mass change recording allowed for the quantification of chemically 
bound water and identification of decomposition stages, particularly 
that of calcium hydroxide (CH), based on characteristic mass 
loss profiles. 

2.3.5 Hydration microstructure testing
X-ray diffraction (XRD) analysis was conducted to identify 

the crystalline phases and monitor hydration products within the 
UHPC matrix. Sample preparation involved grinding hardened 
UHPC into fine powder followed by immediate immersion in 
anhydrous ethanol for at least 72 h to arrest hydration. The powder 
was subsequently vacuum-dried at 40 °C for 24 h to remove residual 
ethanol without altering phase composition. XRD measurements 
were carried out using a Bruker D8 Advance diffractometer with Cu-
Kα radiation, operated at 40 kV and 40 mA. Scans were performed 
over a 2θ range from 10° to 80° with a step size of 0.02° and a counting 
time of 2 s per step. Phase identification was accomplished by 
comparing obtained diffraction patterns with reference databases. 

3 Macro performance

3.1 Compressive strength

Figure 3 illustrates the influence of SSP fineness and dosage on 
the compressive strength of UHPC. Figure 3a depicts the effect of 

SSP fineness. UHPC specimens incorporating SSP with a fineness 
of 200 m2/kg achieved the highest compressive strengths across 
different dosages: 133.50 MPa, 124.90 MPa, and 129.20 MPa at 20%, 
30%, and 40% replacement levels, respectively. At the 20% dosage 
level, SSP with finenesses of 200 m2/kg and 400 m2/kg yielded 
compressive strengths 3.35% and 0.55% higher, respectively, than the 
control group.

For 20% and 30% SSP dosages, the compressive strength 
exhibited an initial decrease followed by a slight increase as fineness 
increased, although the overall variation was minor. In contrast, 
at the 40% dosage, compressive strength gradually increased with 
higher fineness. This enhancement is attributed to the greater 
reactivity of finer SSP particles, which more effectively contribute 
to the micro-aggregate effect and pozzolanic reaction. This refines 
the pore structure, increases matrix density, and consequently boosts 
compressive strength.

For a given SSP fineness, increasing the dosage consistently led 
to a reduction in UHPC compressive strength. This occurs because 
higher SSP content reduces the cement fraction, diminishing the 
formation of hydration products essential for strength development. 
The most significant strength reduction occurred with SSP fineness 
of 200 m2/kg, owing to its coarser particles and lower reactivity, 
which exerted the greatest negative impact. Specimens with 
40% SSP (200 m2/kg) exhibited a compressive strength of only 
109.10 MPa, representing a 15.03% decrease compared to the
control group.

Figure 4 presents the fitting curves depicting the relationship 
between SSP dosage and the compressive strength of UHPC 
at various fineness levels. It can be observed that for 
each fineness level, the compressive strength of UHPC 
decreases linearly with increasing SSP dosage. The correlation 
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FIGURE 3
Effect of fineness and content of steel slag powder on compressive strength of UHPC. (a) Fineness of SSP. (b) Proportion of SSP.

coefficients (R2) of the fitted linear functions all exceed 
0.9, indicating strong linear correlations and excellent fitting
performance.

3.2 Elastic modulus and microcracking

Figure 5 systematically investigates the influence of SSP fineness 
(200–600 m2/kg) and dosage (20%–40%) on the axial compressive 
strength and elastic modulus of UHPC. The results reveal a 
pronounced threshold effect of SSP dosage on the mechanical 
properties of UHPC. At the 20% dosage level (S2 fineness 
group), specimen U3S2 exhibited axial compressive strength 
(125.7 MPa) and elastic modulus (43.9 GPa) marginally higher 
than those of the control group (U0: 124.2 MPa/ 43.8 GPa). 
This indicates that an appropriate dosage of high-fineness SSP 
optimizes matrix density through micro-aggregate filling and
activation effects.

However, when the dosage increased to 30%–40%, both strength 
and modulus systematically deteriorated across all groups. For 
instance, at the 40% dosage, specimen U3S4 achieved a strength 
of only 103.8 MPa and a modulus of 39.8 GPa, highlighting the 
dominance of cement clinker dilution in driving performance 
degradation.

Fineness enhancement yielded benefits only at the 20% dosage. 
For example, U3S2 demonstrated a 5.4% higher strength than 
U1S2. Conversely, at the 30% dosage, even the finest S3 powder 
(U3S3, 600 m2/kg) resulted in a strength (116.9 MPa) 6.0% lower 
and a modulus (42.1 GPa) 3.9% lower than the control group. This 
confirms that increased fineness only partially mitigates the adverse 
effects of high dosages.

Optimal performance requires the synergistic control of dosage 
(≤20%) and fineness (≥400 m2/kg). Beyond this threshold, fineness 
improvement cannot compensate for the loss of rigid phases and 
interfacial weakening induced by increasing SSP dosage. 

3.3 Drying shrinkage and mass stability

Figure 6 illustrates the influence of SSP fineness and dosage 
on the drying shrinkage of UHPC. The figure reveals that the 
development of UHPC drying shrinkage exhibits two distinct 
stages: An initial rapid phase (0–14 days) where shrinkage increases 
sharply, with the 14-day value accounting for over 75% of the 
total shrinkage at 60 days. This is followed by a decelerated phase 
(14–60 days) where the shrinkage rate significantly slows.

The experimental results demonstrate that only low-fineness 
SSP at the 20% dosage (specimens U1S2 and U2S2) exhibited 
a shrinkage-suppressing effect, reducing the 60-day shrinkage by 
1.80% and 1.05%, respectively, compared to the control group. All 
other dosage groups, particularly high-fineness U3S3, exacerbated 
shrinkage. Notably, specimen U3S4 (40% dosage) showed a 
substantial increase of 21.53% in shrinkage relative to the control.

A critical observation is that the minimum shrinkage 
consistently occurred at the 20% dosage level. Conversely, within 
the 30%–40% dosage range, shrinkage systematically increased 
with higher SSP content. For example, in the S2 fineness group, 
shrinkage increased by 10.54% as the dosage rose from 20% to 40%. 
This trend is closely associated with the reduced hydration products 
and increased porosity induced by high SSP dosages.

Fineness plays a key regulatory role in shrinkage behavior: For 
any fixed dosage, higher SSP fineness consistently resulted in the 
greatest shrinkage. At dosages of 20%, 30%, and 40%, shrinkage 
exceeded the control by 11.72%, 19.88%, and 21.53%, respectively. 
This is attributed to the refinement of the pore structure by the 
micro-aggregate effect, which increases the proportion of fine 
capillaries and consequently amplifies the capillary tension stress 
driving moisture loss-induced shrinkage.

Interestingly, low-fineness SSP (U1S3) yielded the lowest 
shrinkage at the 30% dosage, while medium-fineness SSP (U2S4) 
performed best at the 40% dosage. Analysis of the fineness-
dosage interaction reveals that the optimal shrinkage control 
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FIGURE 4
Relationship between SSP content and UHPC compressive strength. (a) 200 kg/m2. (b) 400 kg/m2. (c) 600 kg/m2.

for any SSP fineness consistently occurs at the 20% dosage. At 
this level, the maximized formation of hydration products and 
minimized porosity effectively suppress moisture evaporation-
driven shrinkage. Once the dosage exceeds 20%, shrinkage increases 
monotonically with SSP content, confirming that the cement 
dilution effect induced by high dosages dominates the degradation 
in shrinkage performance. 

3.4 Autogenous shrinkage mitigation

Autogenous shrinkage in UHPC originates from the chemical 
shrinkage occurring during cement hydration. Following initial 
setting, the gradual formation of the hardened paste structure 
restrains volume changes, leading to the development of fine 

capillaries within the matrix. During this process, water extraction 
from coarse capillaries by fine capillaries induces self-desiccation. 
The resulting capillary underpressure-which Hua et al. [133] noted 
is inversely proportional to the radius of fine capillaries-generates 
tensile stress within the paste, ultimately manifesting as autogenous 
shrinkage.

This study employed the corrugated tube method to measure 
72-h autogenous shrinkage. The initial setting time, determined 
by the mortar penetration test, served as the time-zero reference 
point, enabling precise differentiation between the contributions 
of chemical shrinkage (pre-initial setting) and self-desiccation-
induced shrinkage (post-initial setting).

As shown in Figure 7, the incorporation of SSP significantly 
reduced the 72-h autogenous shrinkage of UHPC, with all tested 
groups exhibiting lower shrinkage than the control. The underlying 
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FIGURE 5
Effect of fineness and content of SSP on axial compressive strength and elastic modulus of UHPC. (a) 20% SSP. (b) 30% SSP. (c) 40% SSP.

mechanisms are twofold that the lower reactivity of SSP compared to 
cement reduces the overall early-age hydration degree of the binder 
system. The lower water demand of SSP increases the free water 
content in the mixture.

Analysis of fineness regulation revealed that low-fineness SSP 
provided the most pronounced shrinkage reduction. At dosages of 
20%, 30%, and 40%, shrinkage was reduced by 22.05%, 30.78%, 
and 40.05%, respectively, compared to the control. This significant 
suppression is attributed to the coarser particle morphology (lowest 
fineness) of such SSP, which coarsens the paste microstructure and 
increases the proportion of coarse capillaries, thereby diminishing 
the capillary underpressure effect.

Regarding dosage regulation, autogenous shrinkage decreased 
monotonically with increasing SSP dosage for a given fineness. For 
instance, within the S1 fineness group, the 40% dosage exhibited 

an additional 18% reduction compared to the 20% dosage. This 
trend stems from the further dilution of cementitious reactivity 
and the increased free water content, both of which alleviate self-
desiccation stress. 

4 Microscopic properties

4.1 X-ray diffraction analysis

Figure 8 presents the XRD patterns, revealing that distinct 
characteristic diffraction peaks of 3CaO·SiO2 (C3S) and 2CaO·SiO2
(C2S) persist in SSP-incorporated UHPC. This confirms the 
incomplete hydration of a portion of cement particles, providing 
a theoretical basis for utilizing SSP as a cement replacement in 
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FIGURE 6
Effect of fineness and content of SSP on drying shrinkage of UHPC. (a) 20% SSP. (b) 30% SSP. (c) 40% SSP.

UHPC production. Notably, the inherent Ca(OH)2 content within 
SSP led to higher Ca(OH)2 peak intensities in some specimens (e.g., 
20%–30% dosage S1/S2 groups) compared to the control group. The 
presence of larger Ca(OH)2 crystals in these groups may potentially 
impair mechanical properties. Conversely, high-fineness SSP 600 
exhibited the lowest Ca(OH)2 and Mg(OH)2 peak intensitiesacross 
all dosages, indicating insufficient formation of hydration products. 
This observation establishes a mechanistic correlation with the 
highest drying shrinkage observed for S3 groups in Figure 6.

Low-fineness SSP 200 at 20%–30% dosage promoted more 
complete C3S/C2S reaction, evidenced by significantly reduced 
silicate mineral diffraction peaks (decrease of 40%–50%) and 
enhanced formation of hydration products. The increased formation 

of C–S–H gel contributed to a more refined pore structure, 
which is directly linked to the densification of the matrix and 
the enhancement in compressive strength. This aligns with the 
superior compressive strength observed for these groups in Figure 5. 
However, at the 40% dosage, the SSP200 group showed increased 
intensity of unreacted C3S/C2S peaks, resulting in significant 
strength deterioration.

High-fineness SSP 600, due to its excessive refinement, 
accelerated early-age reactions, consuming substantial Ca2+

ions. This subsequently inhibited the formation of later-stage 
hydration products such as Ca(OH)2 and ettringite (AFt), 
explaining its weakest shrinkage-suppressing capability observed
earlier.

Frontiers in Built Environment 08 frontiersin.org

https://doi.org/10.3389/fbuil.2025.1686072
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org


Qiao et al. 10.3389/fbuil.2025.1686072

FIGURE 7
Effect of fineness and content of SSP on autogenous shrinkage of UHPC. (a) 20% SSP. (b) 30% SSP. (c) 40% SSP.

Dosage effect analysis demonstrates that increasing SSP dosage 
systematically attenuated the characteristic peak intensities of 
Ca(OH)2, Mg(OH)2, and AFt. For instance, the Ca(OH)2 peak 
intensity in the S2 group decreased by approximately 35% when the 
dosage increased from 20% to 40%. This reduction corresponds to 
a decrease in cementitious phasesand an increase in porosity. This 
finding not only explains the progressive decline in compressive 
strength with higher SSP dosage observed in Figure 5 (strength 
reduction ≥15% at 40% dosage), but also corroborates the micro-
mechanism underlying the lowest drying shrinkage consistently 
observed for the 20% dosage groups in Figure 6 namely, sufficient 
hydration products effectively densifying the matrix.

The underlying mechanism can be attributed to the fact that 
coarser SSP particles (400 m2/kg) provided nucleation sites that 
accelerated the hydration process. In contrast, finer particles with 

a fineness greater than 400 m2/kg increased agglomeration, which 
hindered the hydration process. This finding is consistent with 
previous studies that have shown the influence of particle size on the 
hydration kinetics and microstructural development of cementitious 
materials. 

4.2 Thermogravimetric analysis

Figure 9 illustrates the influence of the fineness and dosage 
of SSP on the hydration heat evolution behavior of UHPC. As 
shown in the figure, the UHPC hydration heat evolution curve 
exhibits a typical five - stage kinetic process: the initial dissolution 
period (rapid reaction of C3A to form calcium sulfoaluminate), 
the induction period (slow dissolution of C3S leading to gradual 
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FIGURE 8
XRD pattern of UHPC mixed with SSP. (a) 20% SSP. (b) 30% SSP. (c) 40% SSP.

changes in Ca2+ concentration), the acceleration period (explosive 
hydration of C3S to generate C-S-H and Ca(OH)2), the deceleration 
period (exhaustion of gypsum triggering the transformation of 
AFt to AFm), and the stabilization period (densification of 
hydration products inhibiting the reaction rate). The addition of 
SSP significantly reduces the intensity of the second exothermic 
peak and the total heat evolution after 72 h (all experimental groups 
are lower than the control group), confirming that it delays the 
hydration process by diluting the cement content and adjusting the 
reaction pathways.

The fineness - regulated analysis (Figures 9a–c) indicates that 
high - fineness powders (SSP600) can significantly enhance the 

hydration kinetics - the second exothermic peak of SSP600 occurs 
20–30 min earlier than that of Group S1, and its peak intensity 
increases by 15%–20% (for example, at a dosage of 40%, the peak 
of SSP600 reaches 0.45 W/g, while that of S1 is only 0.37 W/g). 
This is attributed to the higher specific surface area, which 
enhances the reactivity of the particles. However, the total heat 
evolution of SSP600 after 72 h is only 3%–5% higher than that of 
SSP200, indicating that its accelerating effect is concentrated in the 
early stage.

More importantly, the delayed and reduced overall heat 
evolution in SSP-blended groups correlates well with the mitigation 
of autogenous shrinkage. The lower heat release indicates a 
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FIGURE 9
Effect of fineness and content of SSP on hydration heat release performance of UHPC. (a) 20% SSP. (b) 30% SSP. (c) 40% SSP.

slower hydration rate, which alleviates self-desiccation in the 
capillary pores—a primary cause of autogenous shrinkage in low-
water/binder systems like UHPC. This provides a fundamental 
explanation for the reduced autogenous shrinkage observed in SSP-
modified mixtures.

The dosage-regulated pattern reveals that, at the same fineness 
level, the intensity of the second exothermic peak and the total 
heat evolution systematically decrease with increasing dosage (for 
example, in Group SSP400, the peak intensity at a dosage of 40% is 
32% lower than that at 20%, and the total heat evolution is reduced 
by 28%). This phenomenon is directly related to the cement dilution 
effect. It is worth noting that the group with a dosage of 20% always 
maintains the highest total heat evolution (for example, Group 
SSP200 reaches 285 J/g), which corresponds to the generation of 
more abundant hydration products to fill the pores. This explains the 
synergistic mechanism of the optimal compressive strength shown 
in Figure 5 and the lowest drying shrinkage rate shown in Figure 6 at 
the microscopic level. s. This explains the synergistic mechanism of 

the optimal compressive strength shown in Figure 5 and the lowest 
drying shrinkage rate shown in Figure 6 at the microscopic level. 

5 Conclusion

In this study, the mechanical properties, shrinkage 
behavior, and microstructural evolution of UHPC incorporating 
SSP were systematically investigated. Key conclusions are 
summarized as follows: 

1. SSP fineness and dosage critically influence UHPC 
performance. A 20% cement replacement with SSP-400 
(400 m2/kg) achieves the optimal synergistic balance, yielding 
compressive strength (133.5 MPa) exceeding the control 
(129.2 MPa). This enhancement stems from SSP’s micro-
aggregate filling effect and latent hydraulicity, refining pore 
structure and increasing matrix density. Higher dosages
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(≥30%) significantly reduce strength due to cement dilution 
and insufficient hydration product formation.

2. SSP incorporation effectively reduces early-age autogenous 
shrinkage, a major challenge in UHPC. Low-fineness SSP 
(400 m2/kg) at 40% dosage achieves the maximum reduction 
(up to 40%). This is attributed to (i) reduced overall binder 
reactivity, lowering self-desiccation, and (ii) increased free 
water content. Higher dosages consistently reduce autogenous 
shrinkage for a given fineness.

3. While beneficial for autogenous shrinkage, SSP adversely 
affects long-term drying shrinkage, particularly at high 
dosages and fineness. Only low-fineness SSP (400 m2/kg) at 
20% dosage marginally reduced drying shrinkage (1.8%).

4. Coarser SSP (400 m2/kg) promotes more complete silicate 
hydration (C3S/C2S consumption) at 20%–30% dosage, 
correlating with higher strength. Higher SSP dosages 
systematically reduce Ca(OH)2, Mg(OH)2, and AFt formation, 
increasing porosity and explaining strength loss and elevated 
drying shrinkage.

5. Utilizing 20% SSP-400 as a cement substitute in UHPC 
significantly enhances sustainability by valorizing a major 
industrial waste (steel slag), reducing landfilling and associated 
environmental risks. This substitution directly lowers cement 
consumption, reducing both production costs and the carbon 
footprint associated with clinker production.
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