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Abstract

Through physical and chemical reactions in the presence of phosphogypsum, steel slag
and fly ash modify the load-bearing skeleton and fill the pores of the wasted soil, result-
ing in high-strength performance. Extensive experiments that compared Portland cement
with phosphogypsum-fly ash-steel slag-based cement (PFS cement) revealed that the
later-stage unconfined compressive strength (UCS) of PFS cement exceeded that of
Portland cement by approximately 33.18%. In terms of the stress-strain curve, the max-
imum stress and yield strength of PFS cement-stabilized waste soil were 40% to 50%
higher than those of Portland cement. In the dry-wet cycle resistance experiment, PFS
cement-stabilized waste soil showed a compressive strength increase of 15.17% over
Portland cement. Furthermore, during the freeze-thaw cycle test, PFS cement-stabilized
waste soil demonstrated a 29.95% higher performance compared to Portland cement.
When used as a solidifying agent, PFS cement exhibits significant advantages over
Portland cement in backfilling for underground engineering, trenches, roadbeds, bridge
abutments, and road base layers.

1. Introduction

Engineering waste soil is classified as construction waste, posing numerous hazards to the
environment and society. It poses a significant obstacle to urban development. Harmful sub-
stances, such as heavy metals and chemical pollutants, are typically present in large amounts
in engineering waste soil [1]. Soil and groundwater can be severely contaminated by these
substances through infiltration and diffusion [2]. During storage, waste soil generates dust and
harmful gases, which threaten human health [3,4], especially by increasing the risk of respira-
tory diseases. Additionally, direct backfilling or storing of engineering waste soil in the natural
environment damages soil structure [5]. Direct backfilling or storing of engineering waste soil
affects vegetation growth and reduces crop yield. Large-scale storage of waste soil alters sur-
face and subsurface hydrological cycles [6]. It also obstructs surface runoff and increases flood
risks [7]. Proper treatment of engineering waste soil is urgently needed.

The optimal approach to managing engineering waste soil involves resource reuse,
effectively stabilizing waste soil to facilitate its reuse. Methods for soil stabilization are
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continuously evolving. A cementing solution with an ion concentration of 0.75 M and a urea
concentration of 1.0 M, combined with a bacterial suspension, effectively stabilizes loess par-
ticles and enhances the collapse resistance of loess [8]. Using fibers with a content of 0.3% and
a length of 19 mm, combined with hard alloy slag for clay stabilization, significantly enhances
the compressive and indirect tensile strengths of stabilized soil [9]. Marine soft clay stabilized
with carbide slag and plant ash shows improved compressive strength [10]. The use of lignin
and sodium silicate as additives increases the strength and cohesion of composite stabilized
soil by 1.5 times and doubles its impermeability [11]. Among various treatment methods,
physical stabilization proves to be insignificant, while biological treatment remains prohib-
itively expensive. Cement binders emerge as the most economical and effective solution for
stabilizing soil intended for use as fluidized backfill material.

Incorporating Portland cement into soil triggers physical, chemical, and physico-chemical
reactions. These reactions produce new solid-phase crystalline substances, which form a
strong and stable spatial network structure within the soil. Structural strength significantly
improves, achieving the goal of stabilizing waste soil. Combined with mechanical action, these
reactions yield the best results. Wu used cement to stabilize marine soft soil and validated,
through physical performance tests, compaction tests, and unconfined compressive strength
tests, that Portland cement significantly improves the physical and mechanical properties of
the soil [12]. Deng used cement-metakaolin composite materials to stabilize marine soft clay,
experimentally verifying that metakaolin inhibits freeze-thaw cracking of stabilized soil [13].
Liang used cement and sand composite materials to stabilize South China coastal soft clay.
The increase in sand content and reduction in sand particle size, as validated through uncon-
fined compressive strength tests and dry-wet cycle tests, significantly improve the strength
and durability of stabilized soil [14]. Cement-stabilized soil remains one of the core technolo-
gies for stabilizing waste soil.

The production of Portland cement requires significant resource consumption and energy
demand, making it challenging to meet modern sustainable development requirements.

Solid waste-based cement has notable advantages in reducing carbon emissions. This type of
cement demonstrates excellent performance in soil stabilization, significantly improving soil
stability, bearing capacity, mechanical properties, and durability. Desulfurized gypsum and
slag composite gel materials show trends in unconfined compressive strength similar to those
of cement-stabilized soil, meeting stabilization requirements [15]. Wei used sodium silicate
and gypsum as a 12.64% composite additive to stabilize silt soil. Experimental results showed
that the SG composite stabilizer outperformed cement-stabilized soil in impermeability,
freeze-thaw resistance, and dry-wet resistance [16]. Wu used carbide slag, blast furnace slag,
and fly ash to form a CGF all-solid waste alkali-activated binder to stabilize waste soil. The
unit strength cost of stabilized soil is found to be 3.53-5.88 times that of the soil itself [17].
Solid waste-based cement becomes an important breakthrough in soil stabilization technology
due to its environmental benefits and superior soil improvement performance.

In this research, industrial waste soil from Yantai City, Shandong Province, was
selected as the research object to explore the effectiveness of using Portland cement and
Phosphogypsum-fly ash-steel slag cement (PFS cement) as soil stabilizers for fluidized
backfill material. The research focused on evaluating mechanical properties and durability.
The research objectives include: (1) determining the optimal water-to-solid ratio for PFS
cement stabilized soil used as fluidized backfill material through experiments; (2) to compare
the mechanical properties of waste soil stabilized with PFS cement and Portland cement,
and to evaluate the performance advantages of PFS cement; (3) evaluating and verifying the
durability of PES cement stabilized soil, exploring its improvements compared to Portland
cement stabilized soil. The expected outcomes of this research will provide new solutions for
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stabilizing waste soil, help reduce carbon emissions, increase waste resource utilization, and
achieve significant economic and social benefits.

2. Materials

2.1 Construction waste soil

The soil samples utilized in this study were sourced from construction waste soil generated
during the building development process in Yantai, Shandong Province. Approximately 300
cubic meters of waste soil had been stockpiled outdoors within the construction area, subject to
prolonged exposure to the natural environment. This resulted in severe dust pollution, which
adversely impacted the urban aesthetics and ecological environment, and led to the contami-
nation of water bodies and air. Atterberg limits tests were performed using ASTM D4318 test
method [18-20]. Based on the results, the liquid and plastic limits of soil were equal to 26.5%
and 18.6%, respectively. According to the Unified classification as standardized in ASTM
D2487 [21], this soil was classified as MH. Compaction test was performed using the modified
proctor method according to ASTM D1557 [22]. Based on the obtained results the optimum
moisture content and the maximum dry density of studied soil were equal to 16.4% and 1.74 g/
cm3, respectively. The chemical composition of clay was determined using X-ray fluorescence
spectroscopy (XRF) [23,24] method according to ASTM E1621 [25]. Table 1 presents the results
of XRF test. Given this table, the main chemical compositions of studied clay consisted of SiO,,
AL O,, Fe O, and CaO. Further examination using scanning electron microscopy (SEM) [26,27]
revealed that the Waste Soil exhibited a typical amorphous structure (Fig 1).

Table 1. XRF analysis results of waste soil.
CaO SO, ALO, Si0, TiO, Fe,0, MgO K,0 PO, Na,0 MnO Others

20.6 1.16 11.64 49.71 0.77 7.31 4.65 2.16 0.21 1.39 0.17 0.24
https://doi.org/10.1371/journal.pone.0318862.t001

RESOLUTION RESOLUTION 10.00 kx

Fig 1. SEM analysis results of waste soil.
https://doi.org/10.1371/journal.pone.0318862.9001
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2.2 Phosphogypsum-fly ash-steel slag cement

The study conducted a mix design for bulk solid waste materials such as coal gangue, lime,

and wood ash. Comprehensive experimental results indicated that a combination of phospho-
gypsum, fly ash, and steel slag could effectively serve as a soil stabilizer, meeting high stability
requirements. PES cement is a low-carbon, ultra-slow-setting polymer material containing steel
slag micropowder. It utilizes low-carbon preparation technology, combining gypsum slag-based
binders and steel slag binders to produce PFS cement. Phosphogypsum, an industrial solid
waste, serves as a conditioner to improve physical and chemical properties of soil. It slows soil
degradation, immobilizes heavy metals, and substitutes natural gypsum for resource utilization.
Fly ash, a major admixture for producing fluidized recycled backfill material, enhances flow
properties. It also improves anti-segregation and anti-bleeding properties of recycled backfill
material. Furthermore, it increases water stability and bandwidth. Activated steel slag increases
compressive strength, acts as a water reducer, and minimizes expansion. It compensates for con-
crete shrinkage. The low-carbon preparation technology eliminates high-temperature sintering
of cement clinker. This process significantly reduces carbon emissions during production.

2.3 Portland cement

This research used Portland cement, one of the most widely used types of cement. Portland
cement is available as a fine gray or white powder. It is primarily composed of calcium sili-
cates, aluminates, and oxides of iron and aluminum. Based on composition and application,
Portland cement is classified into four types: calcareous, siliceous, aluminous, and ferrous
[28]. When mixed with water, Portland cement undergoes a series of complex chemical
reactions that produce an extremely strong substance. Hydration, the process at the core of
cement applications in construction and engineering, makes this possible. To evaluate the
performance of Portland cement in soil stabilization and compare it with PFS cement, this
research conducted X-ray fluorescence (XRF) analysis on Portland cement.

3. Experiment
3.1 Flow performance experiment

3.1.1 Mixing method of samples. The stabilized soil was mixed using a planetary cement
mortar mixer, with the mixing volume being approximately one-third of the total volume of the
mixing container. First, the engineering waste soil was dried to a constant weight. The actual
amounts of engineering waste soil, PFS cement, and water were calculated based on the total
volume of the mixing container and placed into the bowl. The bowl was then placed on the
fixed rack and raised to the fixed position. The machine was started immediately, and the dry
soil was mixed for 60 seconds, followed by the addition of distilled water and further mixing
for 280 seconds. The resulting stabilized waste soil was then subjected to performance testing.
After obtaining the stabilized waste soil, experiments were conducted according to the specific
requirements of each test (Fig 2). In the experiment, a cement dosage of 15% was selected. The
dosage determination experiment included gradient levels of 9%, 12%, 15%, and 18%. Dosages
above 18% were not chosen because the high engineering costs led to a lack of practical value.
Experimental results indicated that stabilizers with dosages of 9% and 12% were unable to
solidify the soil, whereas both 15% and 18% exhibited good fluidity and early solidification
performance. Therefore, the lower-cost dosage of 15% was adopted as the experimental scheme.

3.1.2 Fluidity experiment. Fluidity is a key indicator for evaluating the workability of
flowable backfill materials made from construction waste. Due to the lack of unified standards
and regulations for fluidity testing of backfill materials in China, this study adopted the
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Fig 2. Performance testing experiment.

https://doi.org/10.1371/journal.pone.0318862.9002

truncated cone method from T0507—2005 “Test Method for Determination of Fluidity of
Cement Mortar”. In this study, PFS cement was used to determine the most suitable water-
to-solid ratio for stabilizing engineering waste soil. After determining the dosage of the soil
stabilizer, an experiment was conducted using PFS cement to determine the optimal liquid-to-
solid ratio. Five mixture ratios were set: 0.35, 0.39, 0.43, 0.47, and 0.51, allowing for repeatable
experiments.

After mixing the stabilized soil according to the specified ratios, it was poured into the
measuring tool without compaction. After smoothing the surface, the mold was lifted verti-
cally. Once the expansion of the stabilized soil reached a stable state, the maximum spread
diameter and its perpendicular diameter were measured. The average of these two measure-
ments was taken as the flow value of the stabilized soil.

3.2 Mechanical performance experiment

3.2.1 Compressive strength experiment. The compressive strength test referred to the T
0553-2005 standard in the “Test Methods of Cement and Concrete for Highway Engineering”
(JTG E30-2005). The sample preparation method was the same as in the fluidity experiment.
After mixing, the stabilized soil was placed into molds and cured in a constant temperature
chamber until the specified age. Before conducting the compressive strength test, the surface
of the specimen was cleaned, and its dimensions were measured to an accuracy of 1 mm. If
the difference between the measured dimensions and the nominal dimensions was within
1 mm, the nominal dimensions were used for calculations. The specimen was placed on the
lower platen or base plate of the testing machine, ensuring that the load-bearing surface was
perpendicular to the top surface formed during molding and that the center of the specimen
aligned with the center of the lower platen or base plate. The testing machine was started.
When the upper platen approached the specimen or upper base plate, the ball seat was
adjusted to ensure even pressure on the contact surface. The compressive test was performed
continuously and uniformly at a loading rate of 1 mm/min until the specimen failed, and
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the failure load was recorded. Laboratory mix design strength tests were conducted for
PES cement and Portland cement. Two groups of tests were designed, each containing 18
specimens. Raw materials included waste soil, PFS cement, and Portland cement. Experiment
factors involved a lime-soil ratio of 0.15 and a liquid-solid ratio of 0.43. Specimens were
formed and cured, and unconfined compressive strength was measured at six curing ages: 7
days, 28 days, 60 days, 75 days, 90 days, and 120 days. Three specimens were tested at each
age, and the average value was calculated. Non-representative specimens were supplemented
with additional tests. The experimental scheme is shown in Table 2.

3.2.2 Stress-strain experiment. The stress-strain test was used to evaluate the stiffness
characteristics of stabilized soil. Based on improvements to the compressive strength test,
a testing method for stress-strain behavior of recycled backfill materials was developed
to determine the stress-strain relationship of these materials. The stress-strain test was
conducted using an LD133 pavement material strength tester, which includes a DHDAS
dynamic signal acquisition [29] and analysis system for real-time measurement of axial load
and axial deformation [30,31]. Alternatively, the test could also be performed using a UTM
universal testing machine [32]. To carry out the test, various instruments and gauges were set
up, with two micrometers placed at different positions to measure specimen deformation. The
average deformation value from both micrometers was used for calculations. The platform
was gradually raised, and just before the specimen made contact with the pressure plate,
the micrometers were zeroed. The platform was then loaded at a speed of 1-1.25 mm/min,
and all deformation and pressure data were automatically collected by the instrument. The
stress-strain calculation formula was given as follows (Eq. 1, Eq. 2). The deformation of the
specimen (Y), strain (6) , applied pressure (F), stress (o).

e=Y/100 (1

o =4F(7*50%50) )

3.3 Durability performance experiment

Stabilized waste soil is mainly used for backfilling in underground engineering, trenches, road-
beds, abutments, and road bases. It is subjected to harsh environments such as dry-wet cycles
and freeze-thaw cycles. Therefore, this comparative experiment included dry-wet cycle resistance
and freeze-thaw cycle resistance tests. Two groups of tests were conducted for mixture designs
involving PFS cement and Portland cement, as shown in Table 3. In the wet-dry cycle test, each
specimen underwent 12 cycles, with unconfined compressive strength testing conducted after
each cycle. In the freeze-thaw cycle test, each specimen also underwent 12 cycles, but testing was

conducted only after the 4™, 8", and 12 cycles. Unconfined compressive strength was measured
for three specimens at each interval, and the average value was calculated for the result. The
compressive strength test for specimens after curing used the method outlined in Section 3.2.1.
During durability tests, no specimen experienced cracking throughout the cycles.

Table 2. Unconfined compressive strength test plan.

Category Age (days)
7d 28d 60d 75d 90d 120d
Number of Tests
PFS cement 3 3 3 3 3 3
Portland cement 3 3 3 3 3 3

https://doi.org/10.1371/journal.pone.0318862.t1002
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Table 3. Durability test plan.

Category admixture-Soil Ratio Liquid-Solid Ratio Number of Specimens

Wet-Dry Cycle Freeze-Thaw Cycle
PES cement 0.15 0.43 36 9
Portland cement 0.15 0.43 36 9

https://doi.org/10.1371/journal.pone.0318862.t003

3.3.1 Dry-wet cycle resistance experiment. Based on ASTM D559-03, “Standard Test
Methods for Wetting and Drying Compacted Soil-Cement Mixtures,” a wet-dry cycle test was
designed specifically for stabilizing waste soil. After preparing the ds. The specimens were
then cured for 28 days in a standard incubator before starting the cycles. stabilized material
according to the mixture design, specimens were poured into mol Wet-dry cycles involved
two parts: soaking and drying. Specimens were soaked at room temperature in distilled water
at 32°C for 5 hours, then removed and dried in an oven at 71°C for 43 hours. This completed
one cycle. The process was repeated for a total of 12 cycles. If a specimen failed during the
cycles, the test ended early. After each cycle, unconfined compressive strength tests were
performed on the specimens.

3.3.2 Freeze-thaw cycle resistance experiment. Following ASTM D560-03, “Standard
Test Methods for Freezing and Thawing Compacted Soil-Cement Mixtures,” a freeze-thaw
cycle test was designed to evaluate the performance of waste soil stabilized with cement.

The stabilized material was prepared following the mixture design and then poured into
molds. Specimens were cured for 27 days in a standard incubator. After curing, specimens
were soaked at room temperature in distilled water at 32°C for 24 hours. The water level was
kept at least 2 cm above the top surface of the specimens. After soaking, freeze-thaw cycles
began, involving freezing and thawing phases. The soaked specimens were placed in trays
with 2-3 cm sponge pads at the bottom. Water was then added until the base of the specimens
just touched the water, ensuring the sponge pads were saturated. The tray, containing the
specimens, was placed in a freezer to initiate the freezing phase. Specimen spacing was at
least 5cm horizontally and 25 cm vertically. Specimens were frozen at -10+5°C for 12 hours
(time required to reach this temperature was not included). After freezing, specimens and
trays were placed in a controlled temperature and humidity room for thawing for 12 hours.
After completing the above operations, one freeze-thaw cycle was finished. The process was
repeated for a total of 12 cycles. If a specimen failed during the cycles, the test ended early.
Compressive strength tests were performed on the specimens after every 4th cycle.

3.4 Analysis of soil stabilizing admixtures components

3.4.1 XRF experiment. The experiment used a PANalytical AXIOS X-ray fluorescence
(XRF) spectrometer for quantitative multi-element analysis. The instrument was equipped
with an advanced SST-mAX tube, combined with ZETA technology to eliminate drift and
ensure stable performance throughout the tube’s lifespan. A CHI-BLUE coating reduced
corrosion, improving tube performance. The experiment was conducted in a controlled
environment with temperatures ranging from 10-35°C, maintaining stability at <+0.50°C.
The power requirement was 220V +10%, allowing a fluctuation range of £15% to -10%. A
low-noise high-voltage generator with a digital KV/mA display ensured output fluctuation at
<40.005%, even with external power variations of = 10%. Analysis was performed using the
downward irradiation method, requiring minimal or no sample preparation, allowing efficient
automated analysis. Additionally, a split-type circulating cooling water system provided a
maximum cooling capacity of 8 kW, maximum water pressure of 5kg/cm?, and a flow rate of
20 L/min, ensuring stable operation of the equipment.
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Table 4. Fluidity test results.

4. Results
4.1 Fluidity test results

According to the 229r-99 standard for controlled low-strength materials, fluidized backfill
materials were classified into three categories based on soil stability and fluidity levels [20].
Low fluidity materials, with a flow range of 160-180 mm, are suitable for backfilling larger
spaces such as pipe trenches and roadbeds. General fluidity materials, with a flow range of
180-220 mm, are suitable for general backfilling projects. High fluidity materials, with a flow
range greater than 220 mm, are suitable for backfilling narrow operation spaces or areas with
dead angles. The experiment set up three repeat tests. According to the test results (refer to
the table 4), when the water-to-solid ratio was 0.43, the fluidity of PFS cement stabilized soil
was around 205 mm, showing the best fluidity. Therefore, the water-to-solid ratio used in the
performance tests was 0.43.

4.2 Results of mechanical performance

4.2.1 Unconfined compressive strength. The strength of stabilized waste soil increased
with curing age, reached a critical value, and then stabilized. To investigate the long-term
strength growth pattern of stabilized waste soil, a compressive strength test was designed. The
test used a water-to-solid ratio of 0.43 and a soil-cement ratio of 0.15. Compressive strength
measurements for PFS cement stabilized soil and Portland cement stabilized soil were taken
at 7, 28, 60, 75, 90, and 120 days (Fig 3). Generally, strength increased significantly before 28
days. Between 28 and 90 days, strength continued to grow. After 90 days of curing, growth
slowed down and became stable. Strength growth was considered mostly complete by 90 days.
Evaluating the strength of stabilized waste soil by using the 90-day compressive strength as
the design standard was more scientific. However, due to the long 90-day testing period, early
strength measurements were often taken to predict the 90-day compressive strength based
on the strength development pattern. This study developed a strength prediction model for
stabilized soil materials and determined the relevant parameter values, as shown in Eq. (4)
[33]. The unconfined compressive strength (f) of standard-cured cubic specimens was related
to the age-dependent empirical coefficient (a). The values for a are 0.4 at 7 days, 1 at 28 days,
1.5 at 90 days, and 1.95 for the final strength. Other parameters include the sand-to-clay ratio
(x) and the water-to-cement ratio (y).

1.35

X
f:a*yws

(correlation coefficient R = 0.987) (4)

The compressive strength test results indicated that Portland cement stabilized soil had higher
initial strength compared to PFS cement stabilized soil. In the mid-term curing period, the
compressive strength of PFS cement stabilized soil exceeded that of Portland cement stabilized
soil. In the late curing period, Portland cement stabilized soil experienced very little increase

Experimental Group Flow Value/mm

0.35 0.39 0.43 0.47 0.51
G1 174 186 206 219 232
G2 180 191 202 221 229
G3 173 193 208 216 229
Average Value 175.67 190.00 205.33 218.67 230.00
https://doi.org/10.1371/journal.pone.0318862.t004
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Fig 3. Unconfined compressive strength.

https://doi.org/10.1371/journal.pone.0318862.9g003

in compressive strength, remaining nearly unchanged. In contrast, PFS cement stabilized
soil continued to gain strength. Analysis of the data showed that the average strength of PFS
cement stabilized soil was approximately 33.18% higher than that of Portland cement sta-
bilized soil. PFS cement stabilized soil demonstrated better long-term compressive strength
performance.

4.2.2 Stress-strain relationship. The stress-strain experiment aimed to compare
the mechanical properties of PFS cement and Portland cement in stabilizing waste soil.
Conducted was the analysis of the elastic phase, where both PFS cement-stabilized soil and
Portland cement-stabilized soil showed a linear stress-strain relationship. Higher elastic
modulus was found in PFS cement-stabilized soil, reflecting greater stiffness and stronger
resistance to deformation. Shown in Table 5 and Fig 4, PFS cement-stabilized soil had greater
load-bearing capacity during the yield phase. For ultimate strength, PFS cement-stabilized
soil withstood a larger load before failure. Ductility and toughness were evaluated by strain
and the area under the stress-strain curve. Under high-strain conditions, PFS cement-
stabilized soil showed greater ductility and toughness. At 60 days, strain reached a higher
value while maintaining a high stress level, indicating excellent plastic deformation capability.

Table 5. Stress-strain results comparison.

Type Yield Strength

28d 60 d
PFS cement 1.491 MPa 1.684 MPa
Portland cement 1.0 MPa 1.154 MPa
Type Ultimate Strength

28d 60 d
PFS cement 1.499 MPa 1.742 MPa
Portland cement 1.082 MPa 1.171 MPa

https://doi.org/10.1371/journal.pone.0318862.1005
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https://doi.org/10.1371/journal.pone.0318862.9004

Failure mode analysis revealed significant strengthening effects in PFS cement-stabilized

soil during the hardening phase. At 28 and 60 days, peak stresses were much higher than
those in Portland cement-stabilized soil. Stress gradually decreased during the softening
phase but remained high, showing better resistance to failure and greater ductility. Portland
cement-stabilized soil, in contrast, softened and failed rapidly after reaching maximum stress,
demonstrating poor resistance to failure.

Comprehensive analysis of the stress-strain performance of PFS cement-stabilized soil
and Portland cement-stabilized soil at different curing times revealed significant differ-
ences. The yield strength of PFS cement-stabilized soil was 49.1% higher than that of
Portland cement-stabilized soil at 28 days and 45.9% higher at 60 days. In terms of ultimate
strength, PFS cement-stabilized soil exceeded Portland cement-stabilized soil by 38.5% at 28
days and 48.8% at 60 days. Under a strain condition of 0.03, PFS cement-stabilized soil also
showed better ductility. The stress values were 82.5% higher at 28 days and 50.3% higher
at 60 days compared to Portland cement-stabilized soil. These data indicated that PES
cement-stabilized soil outperformed Portland cement-stabilized soil in all aspects, particu-
larly in load-bearing capacity, hardening effect, and ductility, showcasing more pronounced
advantages.

4.2.3 The relationship of elastic modulus with compressive strength. The elastic
modulus of stabilized soil was determined by the slope of the stress-strain curve under loading
[34,35]. The static elastic modulus was obtained from the slope of the line that connected
the origin to the point at which o/ o, equaled 0.4 (40% of the peak stress) [36]. For backfill
materials, the elastic modulus was determined by the slope of the line between the origin
O and point A on the stress-strain curve. A relationship between the compressive strength
and elastic modulus of stabilized soil had been established through various regression
models [37,38]. A strong correlation was found using a power-law model, with a correlation
coefficient (R?) of 0.8637. Based on this, an equation had been developed for the relationship
between the 28-day unconfined compressive strength and elastic modulus of the backfill
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material (Eq. 3). This equation involved the initial tangent modulus (EO) and the 28-day
unconfined compressive strength (f, ).

E, =283.86f"%(R* =0.8637) (3)

4.3 Durability performance test results

4.3.1 Resistance to dry-wet cycles. Comparing the strength variations of PFS cement-
stabilized soil and Portland cement-stabilized soil during dry-wet cycles revealed distinct
trends. Both stabilized soils exhibited strength improvements after the cycles. Experimental
results showed a significant strength increase in PFS cement-stabilized soil after the first
dry-wet cycle. This increase resulted from considerable potential for strength enhancement
after 28 days of curing. Alternating immersion in water and exposure to high temperatures
in the test environment promoted rapid strength growth. After the second cycle, strength
initially decreased and then stabilized. In contrast, Portland cement-stabilized soil experienced
a gradual decline in strength after undergoing the cycles. Neither stabilized soil, however,
experienced structural damage due to the intense dry-wet cycles. Data showed that the
strength variation rate of Portland cement-stabilized soil was 5% after 12 cycles, whereas
PES cement-stabilized soil exhibited an 8% variation (Fig 5). Both stabilized soils exhibited
a slight increase in strength compared to the 28-day mark, with PES cement-stabilized soil
demonstrating slightly better resistance to dry-wet cycles and durability. The strength range
for PFS cement-stabilized soil was between 1.486 MPa and 2.091 MPa. For Portland cement-
stabilized soil, the range was between 1.275MPa and 1.891 MPa. Although both stabilized soils
showed fluctuations in strength, the overall fluctuation for PFS cement-stabilized soil was
larger. Its later strength values were generally higher than earlier ones, indicating potential for
further improvement under specific conditions. In contrast, Portland cement-stabilized soil
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Fig 5. Compressive strength variation under dry-wet cycles.

https://doi.org/10.1371/journal.pone.0318862.9005
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remained relatively stable but consistently lower than PFS cement-stabilized soil. Overall, the
compressive strength of PFS cement-stabilized soil in the dry-wet cycle test was 15.17% higher
than that of Portland cement-stabilized soil, demonstrating clear advantages in enhancing
material strength and durability. To investigate the strength degradation behavior of the
material under wet-dry cycles, regression analysis was used to establish a predictive formula
for the strength degradation of recycled backfill material [39]. This formula is based on key
parameters such as the sand-to-clay ratio (C/Sa), the water-to-cement ratio (W/So), and the
number of cycles (n). The regression coefficients were found to be: b = -19.91, k1 = -4.40, k2
= -10.99, and k3 = -0.19.

C
f(n)zb—i—k1 ln[§]+k2 In

w
§] +k,In(n), R* =0.83 (5)

Under conditions of wet-dry cycling, strength changes in stabilized soil resulted mainly
from significant improvements in internal structure during the initial cycles. These improve-
ments depended on the ongoing hydration reaction of cement. Hydration products, such
as calcium silicate hydrate, filled internal pores continuously, increasing material density
and tensile strength. During early wet-dry cycles, alternating water infiltration and evapora-
tion promoted strength enhancement. In wet conditions, materials maintained a favorable
hydration environment, which enhanced structural stability. However, as wet-dry cycling
progressed, wet-dry stress accumulated. Especially during drying, internal stress exceeded the
tensile strength of the material, leading to crack formation and propagation. Repeated wet-dry
stress deteriorated the pore structure, gradually increased porosity, and ultimately reduced
material strength. Compared to ordinary Portland cement, PFS cement showed superior
performance under wet-dry cycling. Fly ash and slag in PFS cement participated in secondary
hydration reactions. These reactions produced denser calcium silicate hydrate and calcium
aluminate hydrate, further reducing internal porosity and enhancing crack resistance and
durability. Therefore, under long-term wet-dry cycling, PFS cement demonstrated excellent
resistance to degradation, significantly outperforming Portland cement.

4.3.2 Resistance to freeze-thaw cycles. During the initial freeze-thaw cycles, the strength
of both stabilized waste soils gradually increased. The primary reason was the expansion stress
generated by water within the stabilized soil when freezing. As the strength of the stabilized
soil increased, the tensile strength of the material also improved. The enhanced tensile strength
allowed the material to resist stress exerted by expansion pressure on pore walls, preventing
irreversible structural damage such as microcracks and improving frost resistance. However, with
continued freeze-thaw cycling, the cohesion between soil particles gradually became less than the
frost heave force, leading to a significant reduction in strength. Strength changes during freeze-
thaw cycles were mainly influenced by frost heave stress. When the material was in a saturated
state and subjected to low temperatures, internal water froze, expanded in volume, and exerted
expansion pressure on the pore walls. As the number of cycles increased, the destructive effects
of expansion pressure on pore structures accumulated. When expansion pressure exceeded
the tensile strength of the material, microcracks began to form within the material. Cracks
further expanded and connected during subsequent freeze-thaw cycles, gradually weakening the
material’s strength. Additionally, during thawing, water entered the cracks, increasing the water
content in the pores. Upon the next freezing cycle, the water volume expanded again, further
exacerbating the structural damage. With the repeated occurrence of this process, material
strength gradually diminished, ultimately leading to irreversible structural failure.

The analysis indicated that as the number of freeze-thaw cycles increased, the strength of
PES cement-stabilized soil gradually improved. After the sixth cycle, the strength stabilized
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around 2.4 MPa (Fig 6). In comparison, Portland cement-stabilized soil also showed an
increase in strength during the initial cycles. However, it peaked at 1.7-1.8 MPa after the
eighth freeze-thaw cycle and then began to decline gradually. Both types of stabilized soils met
the required performance in freeze-thaw cycle tests. Portland cement-stabilized soil, however,
deteriorated with repeated cycles. PFS cement-stabilized soil maintained a strength approxi-
mately 29.95% higher than Portland cement-stabilized soil, demonstrating superior durability
and stability. Hydration products produced by PFS cement not only made the material denser
but also improved crack resistance. Improved crack resistance enhanced the material’s ability
to resist expansion stress caused by freezing water during freeze-thaw cycles. As water froze
and expanded within the material, the strength and dense structure of PFS cement effectively
dispersed and resisted expansion stresses, reducing the formation of internal microcracks.

In contrast, Portland cement had a looser pore structure and fewer hydration products,
which led to easier microcrack propagation under frost heave pressure during freeze-thaw
cycles, accelerating the decline in strength. The density and crack resistance of PES cement
contributed to its superior performance in freeze-thaw cycles, delaying material degradation
and enhancing resistance to freeze-thaw damage. To explore the strength degradation under
freeze-thaw cycles, regression analysis was also used to establish a predictive formula for the
freeze-thaw cycle strength loss [40]. The formula uses the same key parameters: sand-to-clay
ratio (C/Sa), water-to-cement ratio (W/So), and number of cycles (n). The regression coeffi-
cients for this model are: b = 6.68, k1 = 27.67, k2 = -23.64, and k3 = 0.02.

C
f(n)zb—l—k1 ln[S_a]+k2 In

w
§]+k3 In(n), R* =0.93 (6)

In freeze-thaw cycle experiments, the compressive strength alterations of materials under
varying numbers of cycles were noted. For frozen saturated soil, temperature and strain
rate notably affected its compressive strength. Experimental outcomes demonstrated that
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Fig 6. Compressive strength variation under freeze-thaw cycles.

https://doi.org/10.1371/journal.pone.0318862.g006
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as freeze-thaw cycles rose, the strength of PES cement-stabilized soil grew incrementally,
with more prominent freeze-thaw performance at low temps. During freezing, the expan-
sion stress from water expansion at low temps was resisted by PFS cement’s dense structure
and high strength, enhancing its frost resistance. Regarding the UCS of frozen saturated

clay, temperature changes and strain rate effects were conspicuous. Compared to Portland
cement-stabilized soil, PFS cement-stabilized soil had better frost resistance, higher compres-
sive strength, and less strength fluctuation after freeze-thaw cycles[41]. In contrast, Portland
cement-stabilized soil had significant strength changes during freezing and declined after
freeze-thaw cycles. This signified that temperature and freeze-thaw strain rate had substan-
tial impacts on soil UCS, and PFS cement’s frost and crack resistance made it superior [42].
Further analysis showed that freezing temperature changes had a major influence on material
compressive strength. As freeze-thaw cycles advanced, lower freezing temps led to greater
UCS value fluctuations, and as temp rose, material strength weakened [43]. At low strain
rates, the negative effect of freeze-thaw cycles on strength was reduced, while high strain rates
worsened strength decline. In general, PFS cement’s excellent performance was closely tied

to its dense pore structure and low water permeability, which mitigated the adverse effects of
temperature and strain rate on freeze-thaw resistance.

4.4 Comparative analysis of components

Table 6 compared the main chemical components of PES cement and Portland cement.
Results showed significant differences in the composition of the two types. Lower was the
CaO content in PFS cement, while SiOz2, Al20s, and SOs contents were significantly higher
than those in Portland cement. High SiOz and Al2Os contents contributed to the formation of
more C-S-H gel and ettringite, enhancing the durability and heavy metal stabilization of PFS
cement. Although CaO content was lower in PES cement, possibly affecting strength, high
Al203 and SiO2 contents provided significant advantages in chemical stability and erosion
resistance. These differences indicated that PFS cement had unique advantages in heavy metal
stabilization and chemical resistance applications.

5. Discussion

Stabilization of construction waste soil with Portland cement involved multiple reactions.
Ton exchange, flocculation, hardening, carbonation, and crystallization occurred during
the process. Water acted both as a reactant and a medium for these reactions. Not all water
participated fully. Some remained in the stabilized soil, creating residual pores over time
and weakening the overall strength. Therefore, the development of new PFS cement aimed
to enhance mechanical and durability performance of stabilized soil. Steel slag, fly ash, and
phosphogypsum in PFS cement contributed through hydration, ion exchange, pozzolanic
reaction (cementation), flocculation, precipitation, polymerization, oxidation, and car-
bonation. Expansion crystals and cementitious particles were produced. These reactions
modified the load-bearing framework and filled voids. The reactions also altered physical
and mechanical properties, transforming loose and weak soil into a cohesive, high-strength
stabilized material.

Table 6. Major chemical components of PFS cement and Portland cement.

Components CaO Sio, ALO, SO, MgO Fe,O, Na,O TiO, others
PFS Cement 35.19 28.23 14.67 8.55 5.84 3.05 0.93 0.78 2.70
Portland cement 59.60 18.28 5.76 5.26 6.12 2.70 0.19 0.35 1.70

https://doi.org/10.1371/journal.pone.0318862.1006
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5.1 Physicochemical reactions of steel slag in PFS cement enhance the
strength of stabilized soil

Steel slag, as a weak hydraulic material, exhibited two main phases in cement-stabilized
soil. In the early stage, steel slag primarily existed as granules, providing friction and
cohesion between particles [44]. In the later stage, various reactions enhanced the perfor-
mance of stabilized soil. CsS and CzS in steel slag generated a large amount of Ca(OH):
during hydration. Additionally, f-CaO in steel slag reacted with oxygen and free water,
forming Ca(OH)z [45]. Newly formed Ca(OH)z reacted with SiOz, Fe20s, and Al20s in
steel slag, producing C-H-S, C-H-F, and C-H-A compounds [46]. Hydration of steel slag
also involved carbonation reactions with COz2, where CaO and MgO formed CaCOs and
MgCOs [47]. These new compounds embedded into C-S-H structures, further enhancing
the microstructure and mechanical strength. Besides oxidation, f-CaO also reacted with
active SiOz in fly ash, producing more stable C-S-H gel [48]. SiOz lowered the Ca/Si ratio
in the C-S-H structure, which resulted in a denser stabilized soil [49]. Phosphogypsum in
PFS cement accelerated the hydration reaction and reacted chemically with steel slag. In
the sulfate-rich environment provided by phosphogypsum, the small amount of CsA in
steel slag reacted with Ca(OH)z to produce CaAH;s. C4AH;s then underwent secondary
hydration with gypsum, forming calcium aluminate sulfate hydrate (C-A-S-H) [50]. These
products, in the presence of a large amount of gypsum, formed ettringite. The rod-like
ettringite crystals interlocked between different particles, enhancing the contact between
solid phases and greatly promoting material strength [51]. C-S-H gel and ettringite crystals
acted as binders, holding these particles together, making the structure more compact

and further improving mechanical strength. This reaction process not only improved the
chemical stability of the material but also enhanced its physical properties. The gels and
crystals produced by the hydration reaction of steel slag formed a cohesive system through
cementation. This system filled and connected the gaps between aggregates, compacting
both the interparticle and intraparticle voids. Such a system provided anti-swelling cemen-
tation strength to the stabilized soil, significantly improving the strength, stability, and
crack resistance of the waste-stabilized material. The results demonstrated the advantage
of steel slag in stabilizing waste soil.(Fig 7)

Portland cement

%’8’0‘?

Soil particles

Ca(OH),+C0,—CaCO+H,0

Si0,+-Ca0+H,0—C-S-H
Mg (OH), + CO, »MgCO,+ H,0

2(3Ca0-Si0:)+6H:0—3Ca(OH):
+3Ca0-Si0:3H:0

3Ca(OH):+ALOs+3CaS04: 2H,0+26
H:0—3Ca0-ALOs3CaS0s-32H:0

Fig 7. Hydration mechanism of steel slag.

https://doi.org/10.1371/journal.pone.0318862.9007
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5.2 Fly ash in PFS cement enhanced durability of stabilized soil

Fly ash consisted of fine particles, generally spherical and hollow, with an amorphous glassy
nature. SiOz, Al2Os, Fe203, and unburned carbon composed the primary elements [52]. In
soil stabilization, fly ash played an essential role due to unique physical and chemical proper-
ties [53]. Main mechanisms included physical filling, ion exchange, and pozzolanic reaction.
Significant improvements were observed in mechanical properties and chemical stability of
stabilized soil. Fine particles and glassy silicate in fly ash contributed to filling and reactivity,
which enhanced soil density and load-bearing capacity [54]. Workability also improved, with
increased slurry fluidity. Slurry filled the voids between soil particles, coating and lubricating
soil grains [55]. As a result, cohesion and plasticity of the stabilized soil mixture were enhanced.
The use of fly ash in stabilized soil not only enhanced physical and mechanical properties
but also improved chemical stability. Aluminosilicate components in fly ash underwent ion
exchange reactions with soil cations [56]. These reactions immobilized heavy metal ions,
reducing their mobility and toxicity, which improved soil environmental stability [49]. The
alkaline nature of fly ash neutralized acidic substances in the soil [57]. This neutralization
helped regulate soil pH and improve the chemical environment. Hydroxyl groups on the
surface of fly ash [58] provided good permeability to stabilized soil when in a loose state. The
pozzolanic effect of fly ash [57] contributed to the late-stage strength growth of stabilized
waste material. An NaOH alkali activator caused reactive glassy silica and alumina in fly ash to
react with cement paste. The reaction formed calcium hydroxide and magnesium hydroxide.
These hydroxides then reacted with silicates and aluminates in soil, producing calcium silicate
hydrate (C-S-H) and calcium aluminate hydrate (C-A-H) [59]. The resulting products formed
gel-like cementitious substances between soil particles, filling the hydrolysis layer. This
formation enhanced cohesion, impermeability, and abrasion resistance of the soil, leading to
improved structural integrity. Stabilized soil initially exhibited low early strength. Strength
significantly increased at later stages due to ongoing pozzolanic activity. Adding fly ash
reduced the heat of hydration, minimized cracking, and improved soil density and imperme-
ability. Secondary hydration reactions [60] played a crucial role in enhancing the strength of
stabilized waste material, especially under harsh conditions. The enhanced structure improved
the material’s resistance to damage. The composite effect of fly ash enhanced the basic physical
and mechanical properties of the soil. The addition of fly ash also improved environmental
adaptability and long-term stability through various chemical reactions. The improvements
demonstrated the irreplaceable role of fly ash in enhancing the durability of stabilized waste
material. In the later stages of the reaction, PFS cement showed significant strength gains.
Consequently, stabilized soil maintained consistently high strength levels (Fig 8).

6. Conclusions

A novel PFS cement was proposed in this paper, and its application in trench backfilling proj-
ects in Yantai, Shandong Province, China, was investigated through field testing. The formu-
lation of PFS cement from solid waste materials was innovative, and significant breakthroughs
were achieved in the enhancement of soil strength. The main conclusions are as follows:

(1) Compressive strength test results indicated that PFS cement had a compressive strength
about 33.18% higher than Portland cement at 90 days. Yield strength at 28 and 60 days for
PES cement was 49.1% and 45.9% higher, respectively. Maximum stress was 38.5% and
48.8% higher than Portland cement at the same intervals.

(2) Wet-dry cycle tests showed that, after 12 cycles, compressive strength of PFS cement-
stabilized soil was 15.17% higher compared to Portland cement. Freeze-thaw cycle tests
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Fig 8. Hydration mechanism of fly ash.
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indicated that PFS cement-stabilized soil maintained a high compressive strength level,
29.95% higher than Portland cement after multiple cycles.

(3) CsSand C2S in steel slag formed large quantities of Ca(OH)z during hydration, which
reacted with SiOz, Fe203, and Al2Os to form C-H-S, C-H-F, and C-H-A structures,
enhancing the microstructure of stabilized soil. CaO and MgO reacted with COz to
produce CaCOs and MgCOs, further embedding into C-S-H structures, thus increasing
strength. Fly ash reacted with Ca(OH)2 through pozzolanic effects, producing calcium
silicate hydrate and calcium aluminate hydrate, forming a cementitious material that
filled interparticle pores, increased soil cohesion and density, and reduced the Ca/Si ratio,
resulting in a more compact stabilized soil structure.

The results demonstrate that PFS cement can completely replace Portland cement,
meeting and exceeding the strength requirements for stabilizing waste soil, while offering
superior durability and environmental adaptability. When used as a stabilizing agent,

the treated soil can be applied in various construction scenarios, including underground
engineering backfilling, trench backfilling, roadbed backfilling, and bridge abutment
backfilling. Moreover, PES cement, made primarily from solid waste materials, signifi-
cantly reduces carbon emissions, providing a more environmentally friendly solution

for soil stabilization. Future research can further explore the application potential of

PES cement in stabilizing special waste soils and complex soil conditions, as well as its
expanded use in other construction fields.

Supporting information
S1 Fig. Result of unconfined compressive strength.
(PDF)

S2 Fig. Result of stress-strain curve.
(PDF)

S3 Fig. Result of compressive strength variation under dry-wet cycles.
(PDF)

S4 Fig. Result of compressive strength variation under freeze-thaw cycles.
(PDF)

PLOS One | https://doi.org/10.1371/journal.pone.0318862 June 3, 2025 17/21



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0318862.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0318862.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0318862.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0318862.s004
https://doi.org/10.1371/journal.pone.0318862.g008

PLOS ONE Application of phosphogypsum-fly ash-steel slag cement in stabilizing construction waste soil

Acknowledgments

We are grateful to yongjie Ding and haoming Wang for useful feedback and discussions.

Author contributions

Conceptualization: Jianmin Guo, Xizhong Xu, Xiaohui Song, Wencheng Shi, Yu Xia.
Data curation: Jianmin Guo, Xizhong Xu, Xiaohui Song, Jincheng Wei, Wencheng Shi.
Formal analysis: Jianmin Guo, Xizhong Xu, Jincheng Wei, Wencheng Shi.

Funding acquisition: Jianmin Guo, Xizhong Xu, Wencheng Shi, Yu Xia.
Investigation: Jianmin Guo, Xizhong Xu, Xiaohui Song, Jincheng Wei, Yu Xia.
Methodology: Xizhong Xu, Xiaohui Song, Wencheng Shi.

Project administration: Xizhong Xu, Jincheng Wei, Yu Xia.

Resources: Jianmin Guo, Xizhong Xu, Jincheng Wei, Wencheng Shi.

Supervision: Xizhong Xu.

Validation: Jianmin Guo, Xizhong Xu, Xiaohui Song.

Visualization: Jianmin Guo, Xizhong Xu, Xiaohui Song, Wencheng Shi.

Writing - original draft: Jianmin Guo, Xizhong Xu, Xiaohui Song, Jincheng Wei, Wencheng
Shi, Yu Xia.

Writing - review & editing: Jianmin Guo, Xizhong Xu, Jincheng Wei, Yu Xia.

References

1. Wu G, Wang L, Yang R, Hou W, Zhang S, Guo X, et al. Pollution characteristics and risk assessment
of heavy metals in the soil of a construction waste landfill site. Ecol Inform. 2022;70:101700. https://
doi.org/10.1016/j.ecoinf.2022.101700

2. Huang, Chen J, Tian A, Wu H, Zhang Y, Tang Q. Mechanical properties of fiber and cement rein-
forced heavy metal-contaminated soils as roadbed filling. J Cent South Univ. 2020;27(7):2003-16.
https://doi.org/10.1007/s11771-020-4426-7

3. Chen Q, Cheng Q, Wang J, Du M, Zhou L, Liu Y. Identification and evaluation of urban construction
waste with VHR remote sensing using multi-feature analysis and a hierarchical segmentation method.
Remote Sens. 2021;13(1):158. https://doi.org/10.3390/rs13010158

4. Rowat SC. Incinerator toxic emissions: a brief summary of human health effects with a note on reg-
ulatory control. Med Hypotheses. 1999;52(5):389-96. https://doi.org/10.1054/mehy.1994.0675 PMID:
10416945

5. Islam MdS, Ahmed MdK, Al-Mamun MdH, Eaton DW. Human and ecological risks of metals in soils
under different land-use types in an urban environment of Bangladesh. Pedosphere. 2020;30(2):201
13. https://doi.org/10.1016/s1002-0160(17)60395-3

6. Olajire AA, Oluyemi EA, Ayodele ET, Fawole OO. Characterization of trace metal leachability from
highway construction solid waste using the toxicity characteristic leaching procedure. Int J Environ
Health Res. 2005;15(2):151-8. https://doi.org/10.1080/09603120500061997 PMID: 16026027

7. Koda E, Sieczka A, Osinski P. Ammonium concentration and migration in groundwater in the vicinity
of waste management site located in the neighborhood of protected areas of Warsaw, Poland. Sus-
tainability. 2016;8(12):1253. https://doi.org/10.3390/su8121253

8. Sun X, Miao L, Chen R. The application of bio-cementation for improvement in collapsibility of loess.
Int J Environ Sci Technol. 2020;18(9):2607-18. https://doi.org/10.1007/s13762-020-02974-9

9. Hongzhou Z, Limei T, Shuang W, Yanhong Q. Experimental study on engineering properties of
fiber-stabilized carbide-slag-solidified soil. PLoS One. 2022;17(4):€0266732. https://doi.org/10.1371/
journal.pone.0266732 PMID: 35421139

10. Du C, Yang Q. Freeze-thaw behavior of calcium carbide residue-plant ash stabilized marine soft clay.
Cold Reg Sci Technol. 2022;193:103432. https://doi.org/10.1016/j.coldregions.2021.103432

PLOS One | hitps:/doi.org/10.1371/journal.pone.0318862  June 3, 2025 18/ 21



https://doi.org/10.1016/j.ecoinf.2022.101700
https://doi.org/10.1016/j.ecoinf.2022.101700
https://doi.org/10.1007/s11771-020-4426-7
https://doi.org/10.3390/rs13010158
https://doi.org/10.1054/mehy.1994.0675
http://www.ncbi.nlm.nih.gov/pubmed/10416945
https://doi.org/10.1016/s1002-0160(17)60395-3
https://doi.org/10.1080/09603120500061997
http://www.ncbi.nlm.nih.gov/pubmed/16026027
https://doi.org/10.3390/su8121253
https://doi.org/10.1007/s13762-020-02974-9
https://doi.org/10.1371/journal.pone.0266732
https://doi.org/10.1371/journal.pone.0266732
http://www.ncbi.nlm.nih.gov/pubmed/35421139
https://doi.org/10.1016/j.coldregions.2021.103432

PLOS ONE

Application of phosphogypsum-fly ash-steel slag cement in stabilizing construction waste soil

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Yu X, Lu H, Peng J, Ren J, Wang Y, Chen J. Modified lignin-based cement solidifying material for
improving engineering residual soil. Materials (Basel). 2023;16(22):7100. https://doi.org/10.3390/
ma16227100 PMID: 38005030

Wu'Y, Liu X, Yang J, Liu Q. Influence of the wide range cement content on the properties of
cement—treated marine soft soil and bound method of semi—solidified soil. Case Stud Constr Mater.
2024;20:e03180. https://doi.org/10.1016/j.cscm.2024.e03180

Deng T, DengY, Yue X, Cui Y. Deterioration of marine soft clay at east China solidified by cement—
metakaolin composite. Environ Geotech. 2023;10(1):57—-65. https://doi.org/10.1680/jenge.18.00202

Liang S, Wang Y, Feng D. Experimental study on strength and dry—wet cycle characteristics of south
china coastal soft soil solidified by cement collaborating sand particles. Appl Sci. 2023;13(15):8844.
https://doi.org/10.3390/app13158844

Shen J, XuY, Chen J, Wang Y. Study on the stabilization of a new type of waste solidifying agent for
soft soil. Materials (Basel). 2019;12(5):826. https://doi.org/10.3390/ma12050826 PMID: 30862095

Wei M, Yang Y, Xiong L, Wu W, Feng T, Zhong K. Cement-SG curing agent for solidification of mucky
soils. Bull Eng Geol Environ. 2023;82(6):19 https://doi.org/10.1007/s10064-023-03241-0

Wu'Y, Yang J, Chang R. The design of ternary all-solid-waste binder for solidified soil and the
mechanical properties, mechanism and environmental benefits of CGF solidified soil. J Clean Prod.
2023;429:139439. hitps://doi.org/10.1016/j.jclepro.2023.139439

ASTM, D. Standard test methods for liquid limit, plastic limit, and plasticity index of soils. D4318-10;
2010. https://doi.org/10.1520/D4318-17E01

Modarres A, Nosoudy YM. Clay stabilization using coal waste and lime — technical and environmen-
tal impacts. Appl Clay Sci. 2015;116—117:281-8. https://doi.org/10.1016/j.clay.2015.03.026

XuY, Zhang X, Wang G, Liu X, Yang A. Role of diatom microstructure in determining the atterberg lim-
its of fine-grained diatomaceous soil. Appl Sci. 2023;13(4):2287. https://doi.org/10.3390/app 13042287

ASTM, D. Standard practice for classification of soils for engineering purposes (Unified soil classifica-
tion system). D1807-10; 2011. https://doi.org/10.1520/D2487-17

ASTM, D. Standard test methods for laboratory compaction characteristics of soil using standard
effort (12 400 ft-Ibf/ft3 (600 kN-m/m3)). D698-12; 2012. hitps://doi.org/10.1520/D0698-12R21

Hiraoka Y. A possible approach to soil discrimination using X-ray fluorescence analysis. J Forensic
Sci. 1994;39(6):1381-92. https://doi.org/10.1520/jfs 13727]

Weindorf DC, Chakraborty S. Portable X-ray fluorescence spectrometry analysis of soils. Soil Science
Soc of Amer J. 2020;84(5):1384-92. hitps://doi.org/10.1002/saj2.20151

ASTM E1621-13. Standard guide for elemental analysis by wavelength dispersive X-ray fluorescence
spectrometry. D0120-9; 2010. https://doi.org/10.1520/E1621-22

Mog K, Anbazhagan P. An inexpensive foldscopic approach for quantitative evaluation of the shape of
sand particles. Curr Sci. 2023;124(4):457. https://doi.org/10.18520/cs/v124/i4/457-466

Sullivan L. Microtrenches and microridges on the accretive structural surfaces of some clayey soils.
Soil Res. 1995;33(4):565. https://doi.org/10.1071/sr9950565

Bediako M, Amankwah EO. Analysis of chemical composition of Portland cement in Ghana:
a key to understand the behavior of cement. Adv Mater Sci Eng. 2015;2015:1-5. hitps://doi.
org/10.1155/2015/349401

Zhou X, Zhang W, Gao 'Y, Zhang G, Wen M. An experimental study of the feasibility of identifying
the impact damages of reinforced concrete piers using a modal frequency method. Adv Civil Eng.
2020;2020(1). https://doi.org/10.1155/2020/6365354

General Administration of Quality Supervision, Inspection and Quarantine of the People’s Republic
of China, Standardization Administration of the People’s Republic of China. Standard for test method
of mechanical properties on ordinary concrete (GB/T 50081-2002) [S]. Beijing: China Architecture &
Building Press; 2003.

Peng J-L, Du T, Zhao T-S, Song X, Tang J-J. Stress—strain relationship model of recycled concrete
based on strength and replacement rate of recycled coarse aggregate. J Mater Civ Eng. 2019;31(9):9
https://doi.org/10.1061/(asce)mt.1943-5533.0002847

Kweon H, Choi S, KimY, Nam K. Development of a new UTM (Universal Testing Machine) system
for the nano/micro in-process measurement. Int J Mod Phys B. 2006;20(25n27):4432-8. https://doi.
0rg/10.1142/s0217979206041471

Thapa I, Ghani S. Enhancing unconfined compressive strength prediction in nano-silica stabilized

soil: a comparative analysis of ensemble and deep learning models. Model Earth Syst Environ.
2024;10(4):5079-102. https://doi.org/10.1007/s40808-024-02052-w

PLOS One | https://doi.org/10.1371/journal.pone.0318862 June 3, 2025 19/21



https://doi.org/10.3390/ma16227100
https://doi.org/10.3390/ma16227100
http://www.ncbi.nlm.nih.gov/pubmed/38005030
https://doi.org/10.1016/j.cscm.2024.e03180
https://doi.org/10.1680/jenge.18.00202
https://doi.org/10.3390/app13158844
https://doi.org/10.3390/ma12050826
http://www.ncbi.nlm.nih.gov/pubmed/30862095
https://doi.org/10.1007/s10064-023-03241-0
https://doi.org/10.1016/j.jclepro.2023.139439
https://doi.org/10.1520/D4318-17E01
https://doi.org/10.1016/j.clay.2015.03.026
https://doi.org/10.3390/app13042287
https://doi.org/10.1520/D2487-17
https://doi.org/10.1520/D0698-12R21
https://doi.org/10.1520/jfs13727j
https://doi.org/10.1002/saj2.20151
https://doi.org/10.1520/E1621-22
https://doi.org/10.18520/cs/v124/i4/457-466
https://doi.org/10.1071/sr9950565
https://doi.org/10.1155/2015/349401
https://doi.org/10.1155/2015/349401
https://doi.org/10.1155/2020/6365354
https://doi.org/10.1061/(asce)mt.1943-5533.0002847
https://doi.org/10.1142/s0217979206041471
https://doi.org/10.1142/s0217979206041471
https://doi.org/10.1007/s40808-024-02052-w

PLOS ONE

Application of phosphogypsum-fly ash-steel slag cement in stabilizing construction waste soil

34.

35.

36.

37

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Oluokun FA, Burdette EG, Deatherage JH. Elastic-modulus, poisson ratio, and compressive strength
relationships at early ages. ACI Mater J. 1991;88(1):3—10. https://doi.org/10.14359/2303

ZhouY, Gao J, Sun Z, Qu W. A fundamental study on compressive strength, static and dynamic
elastic moduli of young concrete. Constr Build Mater. 2015;98:137—45. https://doi.org/10.1016/.
conbuildmat.2015.08.110

Han S-H, Kim J-K. Effect of temperature and age on the relationship between dynamic and
static elastic modulus of concrete. Cem Concr Res. 2004;34(7):1219-27. https://doi.org/10.1016/j.
cemconres.2003.12.011

Ghanizadeh AR, Heidarabadizadeh N, Bayat M, Khalifeh V. Modeling of unconfined compressive
strength and Young’s modulus of lime and cement stabilized clayey subgrade soil using Evolution-
ary Polynomial Regression (EPR). Int J Min Geo-Eng. 2022;56(3):257—69. https://doi.org/10.22059/
ijmge.2022.306688.594858

Sharma LK, Singh TN. Regression-based models for the prediction of unconfined compressive
strength of artificially structured soil. Eng Comput. 2017;34(1):175-86. https://doi.org/10.1007/
s00366-017-0528-8

Yi Q, Pu H, PreuBBe A, Bian Z, Wu J. Effect of dry-wet cycles on dynamic mechanic and microstruc-
ture of cemented broken mudstone. Constr Build Mater. 2022;357:129347. hitps://doi.org/10.1016/j.
conbuildmat.2022.129347

Liu Q, Huang S, Kang Y, Liu X. A prediction model for uniaxial compressive strength of deterio-
rated rocks due to freeze—thaw. Cold Reg Sci Technol. 2015;120:96—107. https://doi.org/10.1016/j.
coldregions.2015.09.013

Zhu'Y, Carbee DL. Uniaxial compressive strength of frozen silt under constant deformation rates. Cold
Reg Sci Technol. 1984;9(1):3—15. https://doi.org/10.1016/0165-232x(84)90043-0

Girgis N, Li B, Akhtar S, Courcelles B. Experimental study of rate-dependent uniaxial compressive
behaviors of two artificial frozen sandy clay soils. Cold Reg Sci Technol. 2020;180:103166. https://doi.
org/10.1016/j.coldregions.2020.103166

Li H, Zhu Y, Zhang J, Lin C. Effects of temperature, strain rate and dry density on compressive
strength of saturated frozen clay. Cold Reg Sci Technol. 2004;39(1):39-45. https://doi.org/10.1016/j.
coldregions.2004.01.001

Li M, Wang Q, Yang J, Guo X, Zhou W. Strength and mechanism of carbonated solidified clay
with steel slag curing agent. KSCE J Civil Eng. 2021;25(3):805-21. https://doi.org/10.1007/
§12205-020-0817-4

Qiu K, Zeng G, Shu B, Luo D. Study on the performance and solidification mechanism of multi-source
solid-waste-based soft soil solidification materials. Materials (Basel). 2023;16(13):4517. hitps://doi.
0rg/10.3390/ma16134517 PMID: 37444830

Shen W, Zhou M, Ma W, Hu J, Cai Z. Investigation on the application of steel slag-fly ash-
phosphogypsum solidified material as road base material. J Hazard Mater. 2009;164(1):99-104.
https://doi.org/10.1016/j.jhazmat.2008.07.125 PMID: 18801617

LiY, Mehdizadeh H, Mo KH, Ling T-C. Co-utilization of aqueous carbonated basic oxygen furnace
slag (BOFS) and carbonated filtrate in cement pastes considering reaction duration effect. Cem Concr
Compos. 2023;138:104988. hitps://doi.org/10.1016/j.cemconcomp.2023.104988

Liu C, TianY, XiaoY, LiY, Li, Li G, et al. Numerical investigation of basic oxygen furnace slag modi-
fication with gas bottom-blowing and SiO2 modifier. J Iron Steel Res Int. 2023;30(7):1451-60. https://
doi.org/10.1007/s42243-023-01009-0

Wang H, DingY, Ren'Y, Zhou Y, ShiY. Comparison of Phosphogypsum-Steel Slag-Based cement
and Portland cement for stabilization of heavy metals in oil-based drillings cuttings. Sci Total Environ.
2024;946:174082. hitps://doi.org/10.1016/j.scitotenv.2024.174082 PMID: 38906305

Weise K, Endell LM, Ukrainczyk N, Koenders E. Pozzolanic metakaolin reactivity: time-dependent
influence of calcium hydroxide, alkali hydroxides, and sulfates. Constr Build Mater. 2024;431:136534.
https://doi.org/10.1016/j.conbuildmat.2024.136534

Souza MT, Onghero L, Sakata RD, Neto FC, de Campos CEM, de Castro Pessba JR, et al. Insights
into the acting mechanism of ettringite in expansive Portland cement. Mater Lett. 2023;345:134496.
https://doi.org/10.1016/j.matlet.2023.134496

Gao F, Hu EJ. Effects of five ashes on the stability of petroleum coke water slurry. Pet Sci Technol.
2017;35(21):2030-5. https://doi.org/10.1080/10916466.2017.1377236

Huang Y, Zhang J, Zhang Q, Nie S. Backfilling technology of substituting waste and fly ash for

coal underground in china coal mining area. Environ Eng Manag J. 2011;10(6):769-75. https://doi.
org/10.30638/eem|.2011.104

PLOS One | hitps:/doi.org/10.1371/journal.pone.0318862  June 3, 2025 20/21



https://doi.org/10.14359/2303
https://doi.org/10.1016/j.conbuildmat.2015.08.110
https://doi.org/10.1016/j.conbuildmat.2015.08.110
https://doi.org/10.1016/j.cemconres.2003.12.011
https://doi.org/10.1016/j.cemconres.2003.12.011
https://doi.org/10.22059/ijmge.2022.306688.594858
https://doi.org/10.22059/ijmge.2022.306688.594858
https://doi.org/10.1007/s00366-017-0528-8
https://doi.org/10.1007/s00366-017-0528-8
https://doi.org/10.1016/j.conbuildmat.2022.129347
https://doi.org/10.1016/j.conbuildmat.2022.129347
https://doi.org/10.1016/j.coldregions.2015.09.013
https://doi.org/10.1016/j.coldregions.2015.09.013
https://doi.org/10.1016/0165-232x(84)90043-0
https://doi.org/10.1016/j.coldregions.2020.103166
https://doi.org/10.1016/j.coldregions.2020.103166
https://doi.org/10.1016/j.coldregions.2004.01.001
https://doi.org/10.1016/j.coldregions.2004.01.001
https://doi.org/10.1007/s12205-020-0817-4
https://doi.org/10.1007/s12205-020-0817-4
https://doi.org/10.3390/ma16134517
https://doi.org/10.3390/ma16134517
http://www.ncbi.nlm.nih.gov/pubmed/37444830
https://doi.org/10.1016/j.jhazmat.2008.07.125
http://www.ncbi.nlm.nih.gov/pubmed/18801617
https://doi.org/10.1016/j.cemconcomp.2023.104988
https://doi.org/10.1007/s42243-023-01009-0
https://doi.org/10.1007/s42243-023-01009-0
https://doi.org/10.1016/j.scitotenv.2024.174082
http://www.ncbi.nlm.nih.gov/pubmed/38906305
https://doi.org/10.1016/j.conbuildmat.2024.136534
https://doi.org/10.1016/j.matlet.2023.134496
https://doi.org/10.1080/10916466.2017.1377236
https://doi.org/10.30638/eemj.2011.104
https://doi.org/10.30638/eemj.2011.104

PLOS ONE

Application of phosphogypsum-fly ash-steel slag cement in stabilizing construction waste soil

54.

55.

56.

57.

58.

59.

60.

Mucsi G, Szenczi A, Molnar Z, Lakatos J. Structural formation and leaching behavior of mechanically
activated lignite fly ash based geopolymer. J Environ Eng Landsc Manag. 2016;24(1):48-59. https:/
doi.org/10.3846/16486897.2015.1106406

Turan C, Javadi AA, Vinai R, Beig Zali R. Geotechnical characteristics of fine-grained soils stabilized
with fly ash, a review. Sustainability. 2022;14(24):16710. https://doi.org/10.3390/su142416710

Liu P, Wu Q, Yan K, Wang L, Xiao F-S. Solvent-free synthesis of FAU zeolite from coal fly ash. Dalton
Trans. 2022;52(1):24-8. https://doi.org/10.1039/d2dt03196e PMID: 36477190

Song D, Huang T, Fang Q, Liu A, Gu Y-F, Liu Y-Q, et al. Feasibility exploration on the geopolymer-
ization activation of volcanic tuff, parametrical optimization, and reaction mechanisms. J Mater Res
Technol. 2021;11:618-32. https://doi.org/10.1016/j.jmrt.2021.01.029

Xue C, Nan H, Lu Y, Chen H, Zhao C, Xu S. Effects of inorganic-organic surface modification on the
mechanical and thermal properties of poly(vinyl chloride) composites reinforced with fly-ash. Polym
Compos. 2021;42(4):1867—77. https://doi.org/10.1002/pc.25942

Yoon J, Jafari K, Tokpatayeva R, Peethamparan S, Olek J, Rajabipour F. Characterization and quan-
tification of the pozzolanic reactivity of natural and non-conventional pozzolans. Cem Concr Compos.
2022;133:104708. https://doi.org/10.1016/j.cemconcomp.2022.104708

Wang X-Y, Lee H-S. Modeling the hydration of concrete incorporating fly ash or slag. Cem Concr Res.
2010;40(7):984-96. https://doi.org/10.1016/j.cemconres.2010.03.001

PLOS One | https://doi.org/10.1371/journal.pone.0318862 June 3, 2025 21 /21



https://doi.org/10.3846/16486897.2015.1106406
https://doi.org/10.3846/16486897.2015.1106406
https://doi.org/10.3390/su142416710
https://doi.org/10.1039/d2dt03196e
http://www.ncbi.nlm.nih.gov/pubmed/36477190
https://doi.org/10.1016/j.jmrt.2021.01.029
https://doi.org/10.1002/pc.25942
https://doi.org/10.1016/j.cemconcomp.2022.104708
https://doi.org/10.1016/j.cemconres.2010.03.001

