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ABSTRACT

Utilizing industrial solid waste as supplementary cementitious materials (SCMs) in the production of pre-stressed
high-strength concrete (PHC) pipe piles can reduce the consumption of cement, thereby promoting the sus-
tainable development of the pipe pile industry. This study focused on optimizing the use of composite SCMs
including ground quartz sand (GQS) and steel slag powder (SSP) to enhance the mechanical properties and
durability of PHC pipe pile concrete. The effects of GQS and SSP on the reaction products, microstructure, pore
structure, mechanical properties and durability of PHC pipe pile concrete were investigated. Experimental results
showed that due to the filling effect and pozzolanic effect of GQS and SSP, composite SCMs not only improves the
microstructure of the interfacial transition zone between paste and aggregates in PHC pipe pile concrete, but also
reduces the porosity of concrete and improves its pore structure, thereby enhancing the compressive strength and
durability of concrete. When the GQS content is 20 % and the SSP content is 10 %, compared to the control group
with 100 % cement, the concrete’s porosity decreased by 19.3 %, the chloride ion diffusion coefficient decreased
by 47.1 %, and the compressive strength increased by 3.4 %. The findings of this study provide a scientific basis
for the resource utilization of steel slag and offer theoretical support for the low-carbon and sustainable
development of PHC pipe pile industry.

1. Introduction

problems such as high carbon emissions and cost [6,7]. The cement
industry is the third-largest source of carbon emissions worldwide [8,9].

Pre-stressed high-strength concrete (PHC) pipe piles, known for their
excellent load-bearing capacity and suitability for various complex
geological conditions, have emerged as a key structural material of
foundation engineering in China [1-3]. as shown in Fig. 1, a large
number of PHC pipe piles are produced annually in China to meet the
growing demand in foundation engineering. The manufacturing process
of PHC pipe piles typically involves steps such as concrete casting,
pre-stressed tension, centrifugal molding, steam curing, and autoclave
curing [4,5]. High-performance cementitious materials are the key to
ensuring their mechanical properties and durability, but there are also
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In recent years, China’s increasing focus on sustainable development has
driven innovation in the construction industry to reduce carbon emis-
sions [10-13]. In this context, the production of PHC pipe piles urgently
requires low-carbon and high-performance cement alternatives to
mitigate carbon emissions and costs during the production process.
Supplementary cementitious materials (SCMs) are widely used as
partial substitutes for cement to improve concrete’s properties, such as
workability, strength, and durability [14-16]. SCMs typically consist of
industrial by-products and solid waste, because they are expected to
promote the sustainable development of the construction industry while

** Corresponding author at: School of Civil Engineering and Architecture, Wuhan University of Technology, Luoshi Road 122, Wuhan 430070, China.

E-mail addresses: wusp@whut.edu.cn (S. Wu), xushi@whut.edu.cn (S. Xu).

https://doi.org/10.1016/j.conbuildmat.2025.141451

Received 18 February 2025; Received in revised form 29 March 2025; Accepted 21 April 2025

Available online 23 April 2025

0950-0618/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0002-2491-6836
https://orcid.org/0000-0002-2491-6836
https://orcid.org/0000-0001-6270-9398
https://orcid.org/0000-0001-6270-9398
mailto:wusp@whut.edu.cn
mailto:xushi@whut.edu.cn
www.sciencedirect.com/science/journal/09500618
https://www.elsevier.com/locate/conbuildmat
https://doi.org/10.1016/j.conbuildmat.2025.141451
https://doi.org/10.1016/j.conbuildmat.2025.141451
http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2025.141451&domain=pdf

X. Yang et al.

improving the performance of concrete [17-23]. Liu et al. [24] used fly
ash (FA) as SCMs and investigated the effects of FA on the drying
shrinkage and creep strain of concrete. The results indicated that when
the FA content was 10 %, the drying shrinkage of concrete was mini-
mized, whereas the lowest creep strain of concrete occurred at the FA
content of 20 %. Shen et al. [25] employed granulated blast furnace slag
(GBFS) as SCMs and studied its effect on the early-age cracking resis-
tance of concrete. They found that GBFS inhibited the early-age
shrinkage cracking of concrete. When 20 % of the cement was
replaced with GBFS, the concrete’s shrinkage strain at 28d was reduced
by 11.1 %.

In addition to using a single type of solid waste as SCMs, recent
studies have also explored the use of different types of solid waste as
composite SCMs [15,26]. Composite SCMs typically involves the mixing
of two or more solid waste to form composite materials with synergistic
effects [27]. Bheel et al. [28] used coconut shell ash, metakaolin and
calcined clay as composite SCMs to produce concrete. The results
showed that when 10 % of the cement was replaced with composite
SCMs, the tensile, flexural, and compressive strengths of the concrete
increased by 9.62 %, 8.27 %, and 10.71 %, respectively. Liu et al. [29]
used kaolin and limestone as composite SCMs and studied their effects
on the mechanical and durability properties of concrete. The results
indicated that the composite SCMs reduced the early-age compressive
strength of concrete but significantly enhanced its resistance to chloride
ion penetration and inhibited its volume expansion.

At present, ground quartz sand (GQS) has been widely used as SCMs
to produce PHC pipe piles due to its stable supply in the market and
relatively low price [30-32]. Yang et al. [33] used GQS as SCMs to
produce PHC pipe pile concrete and investigated its mechanical prop-
erties. They found that with 30 % GQS content, the concrete’s 28d
compressive strength exceeded 90 MPa. Zhang et al. [5] replaced 30 %
of cement with GQS to prepare PHC pipe pile concrete and investigated
its mechanical properties and microstructure. They found that SiOy
within GQS interacted with Ca(OH),, resulting in the formation of
tobermorite, thereby increasing the concrete’s compactness and me-
chanical strength. However, as a natural mineral resource, the use of
GQS to produce PHC pipe piles does not fully meet the goal of
low-carbon production and sustainable development. Therefore, further
exploring other low-carbon and sustainable solid waste-based SCMs is
crucial for pipe pile industry.

Therefore, in recent years, utilizing industrial solid wastes as SCMs in
the manufacturing of PHC pipe piles has become the focus of research
[32,34]. This approach helps reduce the production costs and carbon
emissions of PHC pipe piles while promoting the resource recovery of
industrial solid waste, thereby alleviating environmental burdens. Zhou
et al. [6] used anhydrite and ground granular blast furnace slag (GGBFS)
to produce PHC pipe pile concrete and analyzed its hydration process
and microstructure. They found that the addition of GGBFS provided
more amorphous reactive phases for the cementitious system, and the
SO% in anhydrite will promote the early hydration reaction, thereby
enhancing the compressive strength of concrete. Hu et al. [35] used fly
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ash (FA) as SCMs to prepare PHC mortar and examined the impact of FA
on its porosity and durability. They found that incorporating FA reduced
the porosity of PHC mortar, increased the content of gel pores, and thus
enhanced its sulfate resistance.

Steel slag is a byproduct produced by the steel manufacturing sector
[36-38]. In 2023, China’s steel slag production was approximately 150
million tons, but its utilization rate was under 40 % [39,40]. Unused
steel slag is often stored in open piles, leading to the waste of valuable
land resources and posing a risk of heavy metal contamination [41,42].
The exposed steel slag can leach harmful substances into the sur-
rounding environment, threatening soil and water quality and poten-
tially impacting local ecosystems and human health [43,44]. Therefore,
the utilization of steel slag is crucial to minimizing these environmental
risks.

Steel slag has a mineral composition similar to cement, which gives it
potential cementitious activity [45-47]. However, steel slag contains
f-CaO and MgO, which pose a risk of volumetric expansion when it is
used as cementitious material, but after aging treatment, the f-CaO in
steel slag reacts and stabilizes, reducing its potential for expansion [48,
49]. As a result, when the content of these two substances is within the
acceptable limits, steel slag powder (SSP) can be safely used as SCMs to
produce concrete. Zhuang et al. [50] used SSP and ultrafine blast
furnace slag as composite SCMs to produce concrete, and studied the
effects of SSP on concrete’s strength, workability and autogenous
shrinkage. The results show that SSP can reduce the heat release and the
value of the temperature rise during the hydration process, thereby
reducing the autogenous shrinkage of concrete and increasing its
compressive strength. Luo et al. [51] used SSP as SCMs in mass concrete
and found that the filling effect and delayed hydration of SSP could
reduce the porosity of the concrete, as well as improve its setting time,
fluidity and mechanical strength. Li et al. [52] replaced 30 % of cement
with SSP to prepare paste and investigated the hydration products and
microstructure of the composite binder under high-temperature steam
conditions. The results indicated that high-temperature steam curing
could shorten the hydration induction period of SSP and enhance paste’s
early strength. Moreover, its secondary hydration could further fill and
refine the pores of paste, improving its long-term strength and dura-
bility. Considering that PHC pipe piles will also undergo
high-temperature steam curing during production, the use of SSP as SCM
is expected to improve the early strength and durability of PHC pipe
piles.

However, due to the complex composition and relatively low reac-
tivity of SSP, the study on its application in PHC pipe piles remains
limited. In particular, compared to other commonly used SCMs, the
reactive activity, reaction rate, and reaction products of SSP under
autoclave curing conditions are uncertain, which poses challenges to the
performance stability of PHC pipe piles produced by using SSP as SCMs.
Therefore, how to enhance the applicability of SSP as SCMs in the pro-
duction of PHC pipe piles through appropriate material mixing design
remains one of the key challenges that requiring resolution.

This study aims to explore the feasibility of using SSP and GQS as

Fig. 1. PHC pipe piles piled up in the factory.
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composite SCMs to produce PHC pipe pile concrete. The mechanical
properties and durability of PHC pipe pile concrete were investigated
through compressive strength test and rapid chloride ion migration
(RCM) test. The phase assemblage, chemical functional groups and re-
action products of PHC pipe pile concrete were evaluated using X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and
thermogravimetric analysis (TGA). The microstructure and pore struc-
ture of PHC pipe pile concrete were investigated by scanning electron
microscopy (SEM) and low field nuclear magnetic resonance (LF NMR).
The research results can not only reveal the strength formation mech-
anism of PHC pipe piles produced by using GQS and SSP as SCMs, but
also provide scientific basis for further realizing the resource utilization
of SS, and provide theoretical support for the low-carbon and sustain-
able production of PHC pipe piles.

2. Materials and methods
2.1. Raw materials and mix proportions

In this study, SSP was sourced from Baowu Iron and Steel Group Co.,
Ltd., Wuhan, China, while GQS and P.O 42.5 Ordinary Portland Cement
(OPC) were obtained from Hongyun Cement Co., Ltd., Guangdong,
China. Table 1 displays the physical properties of OPC. The oxide
compositions of SSP and GQS are summarized in Table 2, and the par-
ticle size and mineral composition of SSP and GQS are displayed in
Fig. 2. It can be observed that SSP mainly consists of FepO3, CaO and
SiO9, while GQS mainly consists of SiOy and Al,O3. The XRD results
indicate that the main mineral phase of GQS is quartz, while the main
mineral phase of SSP includes mullite, quartz, CaO, C3A, C3S, C,S, FeO
and RO phase. The RO phase denotes the solidified metallic oxide so-
lution resulting from slag’s cooling in steel manufacture, its main
components are FeO, MnO and MgO. Fig. 2(b) reveals that the average
particle size of SSP and GQS are 48.31 pm and 17.01 pm, respectively.
River sand, particle size < 1 mm, was chosen as the fine aggregate; its
fineness modulus was 2.81 and the apparent density was 1549 kg/m®.
Graded gravel, particle size 5-25 mm, comprised the coarse aggregate.
The polycarboxylate superplasticizer used in this study can reduce water
dosage by 25 %.

Due to the presence of f-CaO and MgO in steel slag, these compounds
can undergo hydration over time, leading to the formation of expansive
products that may affect the volume stability of the concrete. Therefore,
according to the Chinese standard GB/T 20491-2017 (Steel slag powder
used for cement and concrete) [53], the stability of SSP used in this
paper was evaluated by measuring the content of f-CaO and MgO in SSP.
Specifically, the content of f-CaO was measured following the Chinese
standard YB/T 4328-2012 (Method for the determination of free cal-
cium oxide in steel slag) [54], while the MgO content was determined
from the XRF results of the SSP. The results are presented in Table 3. It
can be seen that the f-CaO and MgO contents of the SSP used in this study
meet the standard requirements, indicating that its use as supplementary
cementitious materials in concrete will not adversely affect the volume
stability of the concrete.

Table 4 shows the detailed mixing proportion of concrete and paste
specimens. For concrete specimens, the content of binder was fixed at
420 kg/m°. According to the Chinese standard GB/T 51003-2014 [55],

Table 1
Physical properties of OPC.

Physical properties Measured values

Specific surface area (kg/m>) 374
Normal consistency (%) 28
Setting time (min) Initial set 198
Final set 287
28d compressive strength (MPa) 42.7
28d flexural strength (MPa) 6.9
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when using SSP as supplementary cementitious materials to produce
concrete, its maximum content should not exceed 30 % of cement. At the
same time, considering that an excessive amount of SCMs may reduce
the concrete’s mechanical properties, in this study, the SCMs content
was fixed at 30 % of the total weight of binder. Furthermore, the pro-
portions of GQS and SSP within the SCMs were adjusted to 3:0, 2:1, 1:2,
and 0:3, respectively. To eliminate the influence of aggregate, paste
specimens were prepared for microscopic test, in which the weight ra-
tios of OPC, GQS, SSP, water and polycarboxylate superplasticizer are
the same as those of concrete specimens. In addition, preparing mortar
specimens to assess the cementitious activity of each group of SCMs, and
the mix proportion is displayed in Table 5, where the weight ratios of
OPC, GQS and SSP are the same as those in Table 4. The experimental
research program of this study was shown in Fig. 3. The raw material
preparation, mixing, curing and testing procedure in this study were
shown in Fig. 4.

2.2. Preparation and curing regimes of specimens

For concrete specimens, OPC, GQS and SSP were initially dry-mixed
for 1 min, followed by the addition of polycarboxylate superplasticizer
and water, then wet-mixed for 2 min. Finally, fine aggregate and coarse
aggregate were added to the mixer and mixed for an additional 3 min,
and then cast into molds with a size of 100 mm x 100 mm x 100 mm.
The concrete specimens’ curing regimes are displayed in Fig. 5. The
concrete with the mold was placed in a steam curing pool. The tem-
perature was raised to 85 °C within 1.5 h, and the constant temperature
was maintained for 4 h, and subsequently allowed to cool to room
temperature for 1.5 h. After steam curing, the concrete specimens were
taken out from the mold and placed in an autoclave. The pressure and
temperature were increased to 1 MPa and 175 °Cin 1.5 h and then kept
for 6 h. The concrete specimens were taken out after cooling for 1.5 h.
For paste specimens, OPC, GQS, SSP, water and polycarboxylate
superplasticizer were mixed evenly in a mixer and then cast into 40 mm
x 40 mm x 40 mm molds. and its curing regimes are the same as that of
the concrete specimens. For mortar specimens, OPC, GQS, SSP, standard
sand and water were mixed evenly in a mixer and then cast into 40 mm
x 40 mm x 160 mm molds. The mold was covered with plastic film and
situated in the curing room (20 + 2°C, 50 + 5 % RH) for 24 h. Then, the
specimens were removed from the mold and continued standard curing
(20 £2°C, 95 £ 2 % RH) to 3d and 28d.

2.3. Testing methods

2.3.1. Microscopic test

XRD, FTIR and TGA were employed to analyze the phase composi-
tion, chemical functional groups and reaction products of PHC pipe pile
concrete. Before testing, paste specimens were crushed and the central
part were submerged in anhydrous ethanol for 7 days to inhibit hydra-
tion. Samples were then vacuum-dried at 60 °C for 24 h, followed by
pulverization to a particle size < 0.075 mm. The X-ray diffractometer
(Bruker D8 Advance) was set with the scanning range of 10 ° to 70 ° and
the scan speed of 1 °/min. The infrared spectrometer (Delite DH108,
China) was set to a detection range of 400-4000 em™!. For TGA, the
thermogravimetric analyzer (Netzsch TMA402F3, Germany) was set to a
heating rate of 10 °C/min, from 30 °C to 1000 °C. SEM analysis (Zeiss
Gemini 300, Germany) was conducted to examine the PHC pipe pile
concrete’s microstructure. To enhance the conductivity of samples, the
platinum coating was applied to the surface of samples.

2.3.2. Pore structure

The pore characteristic of concrete significantly influences its per-
formance. Therefore, concrete’s pore structure was investigated by LF
NMR. Its fundamental concept is to deduce the concrete’s pore size
distribution based on the relaxation time (T5) of the hydrogen nuclei in
water molecules within saturated concrete. The instrument used is the
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Table 2
The oxide composition of SSP, GQS and OPC.
Raw materials SiO, Al,03 CaO Fe,03 MgO Na,0 K,0 P,0s5 MnO LOI
SSP 14.53 5.59 31.86 34.41 4.40 0.12 0.13 0.40 4.70 3.86
GQS 84.87 6.05 1.35 2.20 0.49 0.12 0.89 0.17 0.20 3.64
10
M-Mullite, Q-Quartz, C-Ca0, A-C34, T-C3S, F-FeO, D-C5S, R-RO Phase 100
o Average particle size
\ SSP: 48.31 >
[ s :48.31 pm
Q Q -~ / Lso
= GQS: 17.01 pm / S
< / Y
~ =
3 Q Q % %1 Leo =
< Q § S
4 [ ¢ 9 3 <
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Fig. 2. (a) mineral phase composition and (b) particle size distribution of SSP and GQS.
Table 3
The test results of f-CaO and MgO contents in SSP.
Content Measured values (%) Standard requirement (%, Table 5
GB/T 20491-2017) Mix proportion of mortar specimens (unit: g).
f-Ca0 2.7 <4 Blended Group code OPC GQS SSP Standard sand Water
MgO 4.4 <5
Mortar M-GOSO 450 0 0 1350 225
M-G30S0 315 135 0
MesoMR12-060H-1 spectrometer (Suzhou Niumag Electronic & Tech- M-G20510 315 20 45
nology Co., Ltd., China). Before the test, the concrete specimens were M-G10520 315 5 %0
gy Lo., Ltd., : > P w M-GOS30 315 0 135

diced into 50 mm cubes and subjected to 48 h vacuum water saturation.
Then, the saturated sample was put into the instrument coil for relaxa-
tion test.

2.3.3. Compressive strength test
For mortar specimens, the compressive strength after standard
curing for 28d was tested, and the activity index of each group of SCMs

Mortar
specimens

Mechanical strength

Optimization index

Activity index

i
i
E
i
was calculated by formula (1). For concrete specimens, the compressive Concrete | Durability
. i
strength was evaluated after both steam curing and autoclave curing. specimens B ”
. . - I Microstructure
Each group of mortar and concrete specimens tested 6 times, with results !
presented as averages and standard deviations. Aggregate e | . Legz s B
S Standard sand specimens i
AI=2 % 100 %# o) p Reaction product
So
Fig. 3. The experimental research program of this study.
Table 4
Mix proportion of paste (unit: g) and concrete specimens (unit: kg/m>).
Blended Group code OPC GQS SSP Fine Coarse Water Polycarboxylate superplasticizer
aggregate aggregate
Concrete C-GOSO 420 0 0 760 1250 118 11
C-G30S0 294 126 0
C-G20S10 294 84 42
C-G10S20 294 42 84
C-G0S30 294 0 126
Paste P-G0OSO 420 0 0 118 11
P-G30S0 294 126 0
P-G20S10 294 84 42
P-G10S20 294 42 84
P-G0S30 294 0 126
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Preparation of specimens

Compressive
strength

Chloride penetration
resistance

FTIR

atoclave
curing

-

Fig. 4. The raw material preparation, mixing, curing and testing procedure in this study.

Where Al is the activity index, SI is the 28d compressive strength of
mortar specimens prepared by using SCMs to replace 30 % OPC, and SO
is the 28d compressive strength of mortar specimens prepared by using
100 % OPC.

2.3.4. Chloride penetration resistance

The Rapid Chloride Migration (RCM) test was employed to assess the
resistance to chloride ion permeability of PHC pipe pile concrete. Before
the test, 100 mm x 50 mm cylindrical specimens were prepared and
followed the same curing regimes as Section 2.2. Each group of concrete
specimens underwent three tests, with the mean value used as the final
result.

3. Results and discussion
3.1. XRD analysis
The XRD patterns for various groups of paste specimens are shown in

Fig. 6. The main mineral phases in P-G0SO include quartz, ettringite
(AFt), portlandite, calcium silicate hydrate (C-S-H) and calcite. Among

them, AFt and C-S-H are produced by the hydration of C3A, C2S and C3S
in OPC; calcite is generated due to the carbonation of the paste during
curing. After adding 30 % GQS, the intensity of the quartz diffraction
peak in P-G30S0’s pattern significantly increased compared to P-G0SO.
This is because the main mineral phase of GQS is quartz, which has
relatively low reactivity, so the addition of GQS increases the content of
quartz in P-G30S0. Moreover, compared to P-GOSO0, the intensity of the
portlandite diffraction peak in P-G30S0’s pattern decreased, and the
tobermorite diffraction peak appeared. This is because the pozzolanic
reaction of GQS with Ca(OH), during autoclave curing [56], resulting in
the formation of C-S-H gels. Furthermore, according to the study by A
et al.[33], under autoclave curing, the quartz in GQS will react with Ca
(OH), to generate tobermorite. With the addition of SSP, because of the
high content of hematite in SSP, the diffraction peak of hematite
appeared in the patterns. It can be observed that portlandite diffraction
peak’s intensity increases as the SSP content increases. This is because,
due to the higher CaO content (31.86 %) in SSP compared to GQS
(1.35 %), incorporating SSP enhances the production of Ca(OH); in
paste. On the other hand, since GQS has a stronger pozzolanic effect than
SSP, as the GQS content decreases, the Ca(OH); consumed by the
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Fig. 5. Curing regimes of concrete and paste specimens.
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Fig. 6. XRD curves of each group of paste specimens.

pozzolanic reaction in paste also decreases. Moreover, the reduction in
GQS content decreases the amount of quartz in the paste, leading to a
decrease in the formation of tobermorite. Therefore, the diffraction
peaks of quartz and tobermorite are weakened as the SSP content
increases.

3.2. FTIR analysis

Fig. 7 displays the FTIR spectra for various groups of paste speci-
mens. The absorption peaks at 473 cm’l, 505 cm’l, and 759 cm ™! are
associated with the bending vibrations of Si-O bonds [57]. These char-
acteristic peaks are associated with silicate minerals existing in the
paste. The absorption peaks at 676 cm™*, 945 cm ™!, and 984 cm ™! are
attributed to the bending vibration, asymmetric stretching vibration and
stretching vibration of Si-O-Si bonds [58-60]. These peaks confirm the
formation of C-S-H gels. The absorption peak at 711 cm ™! is associated
with the vibration of Al-O bonds [58], which is related to the presence of

AFt in the paste. AFt is usually formed in the early stage of hydration,
especially in cementitious systems containing high aluminum content.
The absorption peaks at 1637 em!, 3538 cm™!, and 3644 cm™! are
attributed to the bending vibration and stretching vibration of O-H
bonds [58,60], which typically indicate the presence of bound water in
the hydration products, and further confirming the formation of gel
products. The absorption peaks at 864 cm ™!, 1282 cm ™! and 1426 cm ™
are associated with the bending vibration, stretching vibration and
stretching vibration of C-O bonds [57,60]. These peaks are related to the
vibrational modes of calcite. This is because during the curing process,
the carbon dioxide from the environment reacts with hydration products
like portlandite, converting them into calcite.

3.3. TGA

Fig. 8 shows the TG and DTG curves for various groups of paste
specimens. The TG curve’s weight loss across various temperature
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Fig. 7. FTIR spectra of each group of paste specimens.

ranges corresponds to the thermal decomposition of different reaction
products. Among them, the peak in the 30-200 °C range is attributed to
the dehydration process of C-S-H gels; the peak in the 400-500 °C range
is associated with the decomposition of portlandite; the peak observed
between 600 and 800 °C range is linked to the decomposition of calcite;
the peak observed between 870 and 900 °C range is linked to tober-
morite, which would convert into anhydrous wollastonite (CaSiO3) at
above 800 °C [61]. Notably, the TG curve of P-GOSO exhibits a distinct
broad peak in the 300-400°C range. According to the study of A et al.,,
this is primarily caused by the dehydration of calcium aluminate hydrate
(CAH) [60]. However, since the content of C3A in GQS and SSP is
significantly lower than in OPC, with the addition of SCMs, the CAH
produced by CsA hydration also diminishes, leading to a significant
weakening in its endothermic peak.

As shown in Fig. 9, the relative content of reaction products can be
identified based on weight loss observed across the specific temperature
ranges. From Fig. 9(a), (b), and (d), it is evident that the content of C-S-H
gels and tobermorite increase with the addition of GQS, while the con-
tent of portlandite decreases. This is because, as described in Section 3.1,
under autoclave curing, GQS will react with Ca(OH); to form C-S-H gels

and tobermorite. However, with the addition of SSP, the Ca(OH),
consumed by GQS reduces, and SSP will generate more Ca(OH), in
paste. Consequently, the contents of C-S-H gels and tobermorite
decrease with the increase of SSP, while the content of portlandite in-
creases. As shown in Fig. 9(c), the content of calcite significantly de-
creases with the addition of GQS. This is because GQS not only reduces
the content of CaO in the paste but also reacts to consume more Ca
(OH),, thus inhibiting the carbonation reaction. As SSP content rises, the
content of CaO and Ca(OH); also increase, resulting in more calcite
formed by carbonization.

3.4. Microstructure

The SEM images of concrete specimens are shown in Fig. 10. It can be
observed that a large number of flocculent C-S-H gels, needle-like AFt
crystals and layered Ca(OH) crystals were produced in concrete under
autoclaved curing. These hydration products can form a skeleton
structure and fill the pore structure within the concrete, providing a
foundation for its high strength. However, in C-G0SO0, significant cracks
and pores can still be observed. These cracks and pores may be related to
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Fig. 8. TG and DTG curves of each group of pastes.



X. Yang et al. Construction and Building Materials 478 (2025) 141451

45
(a) C-S-H gels (30-200°C) (b) Portlandite (400-500 °C)
40+
5
3.5
~4 4 ~3.0 4
2 225
£ :
E,, E" 2.0 4
@ @
Z, 2154
1.0 -
14
0.5 -
0 0.0
P-GOSO  P-G30S0  P-G20S10 P-G10S20  P-GOS30 P.GOSO  P-G30S0  P-G20S10 P.G10S20  P-GOS30
Samples Samples
30 025
(C) calcite (600-800 °C) (d) Tobermorite (870-900 °C)
251
020
2201 2
s <015+
2 2
=154 =
= e
2 20.10 4
Z 104 =
0.05 4
05 -
0.0 0.00 4
P-GOSO  P-G30S0  P-G20S10 P-G10S20  P-GOS30 PGOSO  P-G30S0  P-G20S10 P-G10S20  P-GOS30
Samples Samples

Fig. 9. Mass-normalized weight loss of each group of pastes throughout a range of temperatures: (a) 30-200 °C, (b) 400-500 °C, (c) 600-800 °C, (d) 870-900 °C.

o T N
Cracke———4% >
: s
/ :
t'Lioose are
i ;
e
\ &
Pore =58k w

Fig. 10. SEM images of concrete specimens: (a) C-GOSO magnified 2000 times, (b) C-G0OSO magnified 10000 times, (c) C-G20S10 magnified 2000 times, (d) C-G20S10
magnified 10000 times.



X. Yang et al.

thermal stress or incomplete hydration in concrete during the curing
process [3]. As shown in Fig. 10(c) and (d), with the addition of GQS and
SSP, C-G20S10 exhibited a more uniform and smooth gel structure, and
its microstructure showed higher compactness. This is because the
addition of GQS and SSP will produce both the filling effect and the
pozzolanic effect, thereby reducing the pores and improving the
compactness of concrete, which will be further supported in Section 3.5.

Fig. 11 presents the interfacial transition zone (ITZ) in different
group of concrete specimens. As observed in Fig. 11(a), the boundary
between the aggregate and paste in C-GOSO is relatively weak, with
noticeable microcracks. This may be due to the significant difference in
thermal deformation properties between the paste and aggregates,
which results in inconsistent strain during the heating process. In
addition, during autoclave curing, fluctuations in temperature and hu-
midity can also produce stress differences in the concrete, further pro-
moting the formation of strain cracks, especially in ITZ. However, as
shown in Fig. 11(b) and (c), after the addition of GQS and SSP, the C-S-H
gels, needle-like AFt crystal and layered Ca(OH); crystal generated by
hydration and pozzolanic reaction significantly enhanced the
compactness of ITZ, thereby enhancing the adhesion between the paste
and the aggregate and hindering the generation of microcracks in the
ITZ. When the SSP content increases to 30 %, as shown in Fig. 11(d),
microcracks appear again in C-G0S30’s ITZ. This could be linked to the
reduced hydration products in C-G0S30. As described in TGA results.
The reduction in hydration products leads to insufficient bonding
strength between the paste and aggregates, resulting in cracks devel-
oping in the ITZ, subsequently affecting the overall strength of the
concrete.

3.5. Pore structure

The pore structure of different groups of concrete specimens is shown
in Fig. 12. According to previous studies [62-64], the pores in concrete
can be classified based on their pore size. Gel pore (1-10 nm) is formed
by hydration products (especially C-S-H gels); transition pore
(10-100 nm) is primarily formed by gases released during the hydration
reaction; capillary pore (100-1000 nm) primarily results from the

(¢) C1G20S 1

u

~
"
R\
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unreacted free water in the concrete; macropore (>1000 nm) is typically
large pores formed by underfilled aggregate-paste interface defects,
cracks, or external factors such as air bubbles. As illustrated in Fig. 12
(a), the concrete’s total porosity gradually decreases with the addition of
SCMs. The total porosity for C-G0S0, C-G30S0, C-G20S10, C-G10S20,
and C-G0S30 are 6.83 %, 6.71 %, 5.51 %, 5.47 %, and 5.07 %, respec-
tively. The decrease in total porosity results from the filling and
pozzolanic effect of SCMs, showing that incorporating GQS and SSP can
optimize concrete’s pore structure. Notably, the content of gel pore in
concrete reaches the highest with the addition of 30 % GQS, and then
decreases with the increase of SSP in SCMs. This trend aligns with the
variation of C-S-H gel content illustrated in Fig. 9(a), further proving
that the pozzolanic effect of GQS under autoclave curing is greater than
that of SSP. As illustrated in Fig. 12(b), the concrete’s pore distribution
curve shows three primary peaks. The first peak relates to pore sizes
between 1 and 100 nm, representing gel pore and transition pore; the
second peak corresponds to pore sizes of 100-1000 nm, representing
capillary pore; and the third peak is associated with pore sizes greater
than 1000 nm, representing macropore. It can be observed that the area
of the first peak in each group of concrete specimens is greater than
70 %, indicating that gel pore and transition pore account for the vast
majority of concrete’s pores. Moreover, after the addition of SCMs, it can
be observed that, compared to C-G0SO, the first peak in the curves for
the other four groups shifts towards smaller pore sizes, demonstrating
that incorporating GQS and SSP refines the concrete’s pore structure.

3.6. RCM results

The results of RCM test for each group of concrete specimens are
displayed in Fig. 13. It can be seen that the chloride ion diffusion coef-
ficient of concrete was significantly influenced by the incorporation of
SCMs. The control group C-GOSO exhibited a diffusion coefficient of
5.31 x 10712 m?%/s, whereas the incorporation of 30 % GQS in C-G30S0
reduced this value to 2.38 x 10™12 m?/s (a 44.8 % decrease). This is
attributed to the dual mechanism of GQS’s filling effect and pozzolanic
reaction, which synergistically refines the pore structure and inhibits
chloride ion penetration. When progressively replacing GQS with SSP,

1(b) C-G36S0

[ cGos3a

o>

Fig. 11. The ITZ between paste and aggregates in concrete specimens: (a) C-G0SO, (b) C-G30S0, (c) C-G20S10, (d) C-G0S30.
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the chloride ion diffusion coefficients of C-G20S10, C-G10S20, and C-
GO0S30 were 2.81 x 10712 m?/s, 3.12 x 1072 m?/s, and 3.01 x 10712
m?/s, respectively, indicating a parabolic trend: initially increasing by
18.1 % and 31.1 % with SSP substitution, then decreasing by 3.5 % at
full SSP replacement. Notably, the chloride ion diffusion coefficient of
all concrete specimens prepared using SCMs was significantly lower
than that of the control group C-G0SO, suggesting that the incorporation
of both GQS and SSP can enhance the resistance of concrete to chloride
ion penetration. According to the research of Li et al. [56], the concrete’s
pores can be divided into harmless pores (<50 nm) and harmful pores
(>50 nm). Compared with harmless pores with smaller pore size,
harmful pores, with larger pore sizes, negatively impact the concrete’s
permeability and strength. Therefore, the porosity of harmful and
harmless pores in different groups of concrete specimens was calculated
based on the LF NMR results presented in Section 3.5, as shown in
Fig. 14.

As shown in Fig. 13 and Fig. 14, the variation trend of harmful pore’s
porosity in concrete is generally consistent with the trend of their
chloride ion diffusion coefficients. Specifically, after adding 30 % GQS,
although the total porosity of C-G30S0 is only slightly lower than that of
C-GO0S0, the porosity of harmful pore in C-G30S0 (1.24 %) decreased by
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Fig. 13. Chloride diffusion coefficient of different groups of con-

crete specimens.
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55.6 % compared to C-GOSO (2.23 %). This suggests that incorporating
GQS effectively improved the pore structure by reducing large pores,
thereby significantly decreasing the diffusion path for chloride ions. As
SSP content in SCMs rises, although the total porosity of C-G20S10 and
C-G10S20 decreased, their porosity of harmful pore was significantly
higher than C-G308S0, resulting in increased chloride ion diffusion co-
efficient. As described in Section 3.4, the increase in harmful pores may
be attributed to the reduction in gel products, which leads to strain
cracks in the ITZ of the concrete under steam curing. However, the
chloride ion diffusion coefficients of C-G20S10 and C-G10S20 were still
significantly lower than C-GO0SO, indicating the incorporating of GQS
and SSP can effectively enhance the concrete’s resistance to chloride ion
permeability. When the SSP content reached 30 %, C-G0S30 exhibited
diminished total porosity and harmful pore’s porosity, resulting in the
decrease of its chloride ion diffusion coefficient again.

3.7. Compressive strength

Fig. 15 displays the compressive strength and activity index of
various group of mortar specimens. Compared with the control group M-
GOS0, the incorporation of GQS notably reduced the mortar’s
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Fig. 14. The porosity of harmful pores and harmless pores in different groups
of concrete specimens.
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compressive strength, with the activity index of M-G30SO being only
64.9 %, which further proves that the cementitious activity of GQS is
low. As the increase of SSP, the mortar’s compressive strength gradually
improved, and the activity index of M-G0S30 reached 80.8 %, but it was
still lower than M-G0SO. The main mineral phase in GQS is quartz,
which has low hydration activity under standard curing conditions, and
hard to directly participate in hydration reactions to generate gel
products. With the addition of SSP, because it contains a certain amount
of active mineral phases such as CS and C3S, which can hydrate to form
gel products, so it can enhance the mortar’s strength. However, SSP still
contains a significant amount of low-activity crystalline phases. There-
fore, despite the rise in SSP content, the enhancement in mortar’s
strength remains limited.

Fig. 16 illustrates the compressive strength of various group of
concrete specimens after steam and autoclave curing. In industrial
production, before autoclave curing, PHC pipe piles must first undergo
steam curing in molds to ensure sufficient demolding strength. Due to
the large volume of PHC pipe piles, if the strength is insufficient during
demolding, it is prone to cracking and deformation. Therefore, PHC pipe
pile concrete should typically achieve a minimum compressive strength
of 45 MPa after steam curing. It can be observed from Fig. 16(a) that
after steam curing, the compressive strength of concrete specimens
follows a similar trend as shown in Fig. 15(a), with all exceeding
45 MPa, which meets the requirements of demolding. Notably, the
compressive strengths of C-G30S0, C-G20S10, C-G10S20, and C-G0S30
(45.3 MPa, 46.4 MPa, 47.5 MPa, and 48.7 MPa, respectively) reached
87.9 %, 90.1 %, 92.2 %, and 94.6 % of the control group C-GOSO
(51.5 MPa), which is greatly higher than the activity index, showing that
the cementitious activity of GQS and SSP under steam curing is notably
improved. As shown in Fig. 16(b), the compressive strength of concrete
specimens after autoclaved curing increases first and then decreases,
and all exceed 80 MPa. Among them, the compressive strength of C-
G30S0 and C-G20S10 (96.1 MPa and 97.5 MPa) is even higher than that
of the control group C-GOSO (94.3 MPa). This is because as mentioned
earlier, under autoclave curing conditions, the filling effect and pozzo-
lanic effect of GQS and SSP reduced the concrete’s porosity and opti-
mized the concrete’s pore structure, thus improving its compressive
strength. However, with SSP content rising to 20 % or higher, the
reduction in hydration products and the rise in harmful pore content led
to a lower compressive strength of the concrete. Considering both the
demolding strength and the compressive strength after autoclave curing
of PHC pipe pile concrete, the optimal mix ratio of composite SCMs is
20 % GQS and 10 % SSP.

Construction and Building Materials 478 (2025) 141451

4. Conclusions

In this study, GQS and SSP were used as composite SCMs to replace
30 % of OPC to prepare PHC pipe pile concrete, and the effects of GQS
and SSP on the reaction products, microstructure, pore structure, me-
chanical properties and durability of PHC pipe pile concrete were
studied. The main findings of this study are as follows:

(1) Under autoclave curing, GQS not only undergoes pozzolanic re-
actions to generate C-S-H gels but also reacts with Ca(OH); to
form tobermorite. However, when the SSP content in SCMs in-
creases, due to its weaker pozzolanic effect compared to GQS and
higher CaO content, the content of C-S-H gels in paste decreases,
and the content of Ca(OH), increases.

(2) The use of GQS and SSP as composite SCMs not only improves the
microstructure of the ITZ between paste and aggregates in PHC
pipe pile concrete, but also reduces the porosity of concrete and
improves its pore structure, thereby increasing the compactness
of concrete and enhancing its resistance to chloride ion
permeability.
The cementitious activity of SSP is significantly higher than that
of GQS, so the compressive strength of PHC pipe pile concrete
under steam curing increases with the increase of SSP, which is
beneficial to avoid cracking of concrete due to insufficient
strength during demolding. Under autoclaved curing, due to the
enhanced pozzolanic effect and improved pore structure, the
compressive strength of PHC pipe pile concrete prepared by
composite SCMs reached a maximum of 97.5 MPa after autoclave
curing.

(4) When the GQS content is 20 % and the SSP content is 10 %, the
composite SCMs achieve the greatest overall improvement in the
pore structure, durability and mechanical strength of PHC pipe
pile concrete. Specifically, compared to the control group with
100 % OPC, the concrete’s porosity decreased by 19.3 %, the
chloride ion diffusion coefficient decreased by 47.1 % and the
compressive strength increased by 3.4 %. This indicate that the
use of GQS and SSP as composite SCMs for the production of PHC
pipe pile concrete has broad application prospects.

3

5. Recommendations

The findings of this study provide valuable insights into the potential
of using SSP and GQS as composite SCMs for the preparation of PHC pipe
piles. However, additional large-scale trials and field tests are required
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to confirm the practical feasibility and long-term performance of PHC
pipe piles made with this novel composite SCMs. In addition, the effects
of GQS and SSP need to be compared with other commonly used SCMs
(such as fly ash or slag powder) to obtain a more comprehensive un-
derstanding of the comparative advantages and performance of different
SCMs in PHC pipe pile applications.

Another critical aspect that warrants further attention is the leaching
behavior of heavy metals from SSP when used in concrete applications,
especially when applied for foundation reinforcement. Given the rela-
tively high content of heavy metals in steel slag, it is essential to assess
the potential environmental risks associated with the leaching of toxic
ions such as lead, cadmium, and chromium, which may occur over time
under certain conditions.

In summary, future research will focus on validating the effect of
composite SCMs on the performance of PHC pipe piles in engineering
application, and compare it with other commonly used SCMs. In addi-
tion, the leaching behavior of heavy metal ions from PHC pipe piles will
be also evaluated to ensure environmental safety during long-term use.
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