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Phosphogypsum has often been used as an effective and environmentally friendly binder for partial
replacement of cement, improving the engineering properties of slurries with high water content.
However, the influence of phosphogypsum on the physicomechnical properties of stabilized soil sub-
jected to wetting—drying cycles is not well understood to date. In this study, the effect of phospho-
gypsum on the durability of stabilized soil was studied by conducting a series of laboratory experiments,
illustrating the changes in mass loss, pH value and unconfined compressive strength (q,) with wetting-
drying cycles. The test results showed that the presence of phosphogypsum significantly restrained the
mass loss in the early stage (lower than the 4th cycle), which in turn led to a higher g of stabilized soil
than that without phosphogypsum. After the 4th cycle, a sudden increase in mass loss was observed for
stabilized soil with phosphogypsum, resulting in a significant drop in g, to a value lower than those
without phosphogypsum at the 6th cycle. In addition, the g, of stabilized soils correlated well with the
measured soil pH irrespective of phosphogypsum content for all wetting—drying tests. According to the
microstructure observation via scanning electron microscope (SEM) and X-ray diffraction (XRD) tests, the
mechanisms relating the sudden loss of gy for the stabilized soils with phosphogypsum after the 4th
wetting-drying cycle are summarized as follows: (i) the disappearance of ettringite weakening the
cementation bonding effect, (ii) the generation of a larger extent of microcrack, and (iii) a lower pH value,
in comparison with the stabilized soil without phosphogypsum.
© 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

China (Implementation Plan, 2022). The disposal of these large
amounts of solid wastes caused severe environmental problems

A massive amount of solid waste is generated each year during and social tensions for the long-term occupation of land. Hence, it is

industrial activities and urbanization in China. Bulk solid wastes in
China refer to as solid wastes with production of more than 100
million tons per year in a single category, including industrial
byproduct gypsum, coal gangue, fly ash, tailings, smelting slag,
construction waste, and crop straw. However, the reutilization rate
of these bulk solid wastes was approximately 55%, lower than that
of developed countries (Implementation Plan, 2022). As a result,
there is a stockpiling amount of 60 billion tons of solid waste in
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of great importance to reuse these solid wastes as raw materials.
On one hand, urban excavated soil has emerged as an important
proportion of urban construction waste due to underground space
development and dredging projects. It is recommended to improve
the mechanical properties of these local soils using chemical
treatment with additional binders such as lime and cement to reuse
excavated soil as construction materials, filling materials and other
products (Yi et al., 2015, 2018; Bian et al., 2016, 20214, b; Lang et al.,
2021; Lietal., 2022a; Li and Yi, 2022b). Usually, the chemical binder
lime or cement is widely implemented with the benefits of easy
accessibility and effectiveness in improving engineering properties.
However, it should be emphasized that the production process of
cement and lime may consume large amounts of natural raw
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materials and generate large quantities of carbon dioxide (Vi et al.,
2015; Du et al., 2016).

On the other hand, many studies have suggested that industrial
byproducts, such as carbide slag, fly ash, and phosphogypsum, can
be used as additional binders with cement or lime to enhance the
mechanical properties of cement-stabilized soil (Zhang and Tao,
2008; Choobbasti and Kutanaei, 2017; Yoobanpot et al., 2020;
Zhang et al., 2020; Zeng et al., 2015, 2017, 2020; Cai et al., 2021; Bian
et al,, 20224, 2022b; Wu et al.,, 2022). Thus, it is encouraged to use
industrial byproducts as partial replacements of cement or lime for
stabilization of the urban excavated soils. This will not only
consume the large storage of bulk industrial wastes but also cut
carbon dioxide emissions by reducing the usage of cement or lime.

Zeng et al. (2021) proposed a method to use phosphogypsum
combined with cement to improve the unconfined compressive
strength (qy) of soils with high water contents. From laboratory
experimental results, it was confirmed that phosphogypsum
showed good engineering performance by increasing the uncon-
fined compressive strength and stiffness of stabilized soils. This is
mainly attributable to further chemical reaction between phos-
phogypsum and calcium (aluminate) silicate hydrate (C(A)SH),
creating cementation material (ettringite) that would enhance the
cementation bonding effect. It should be noted that there is a
threshold value of phosphogypsum corresponding to the
maximum strength. Several studies have also implemented phos-
phogypsum with cement or other slags to produce filling materials,
showing good engineering properties (Chen et al., 2018; Calderén-
Morales et al., 2021; Liu et al., 2022). Nevertheless, to reuse stabi-
lized soil with phosphogypsum in real projects, the durability of
stabilized soil subjected to cyclic wetting-drying cycles is of great
concern (Walker, 1995; Kamei et al., 2013; Wang et al., 2013; Du
et al.,, 2016, 2020; Yi et al., 2018; Zhang et al., 2020; Sadeghian
et al,, 2022). However, research has been rarely conducted on the
effect of phosphogypsum on the durability performance of stabi-
lized soil subjected to wetting-drying due to seasonally wet-dry
cycle environments.

This study investigated the effect of phosphogypsum on the
durability of stabilized soils with high water content. The variations
in physiochemical behavior relating to mass loss, pH value, and
water content with phosphogypsum content were proposed. The
change in unconfined compressive strength with phosphogypsum
content under different wetting-drying stages was obtained.
Finally, the mechanism of phosphogypsum on the durability of
stabilized soil was discussed by understanding the role of phos-
phogypsum on the alteration of mineralogical and microstructure
at different wetting-drying cycles via X-ray diffraction (XRD) and
scanning electron microscope (SEM) tests.

2. Materials and methods
2.1. Materials

The dredged soil was obtained from a lake dredging project,
with a natural water content of 110%—170%. The particle size dis-
tribution of this soil consists of sand content (>0.074 mm) of 10.4%,
silt content (0.074-0.005 mm) of 68% and clay content
(<0.005 mm) of 21.6%. The liquid and plastic limits were measuring
109.8% and 42.7%, respectively, with a plastic index of 67.1 (ASTM
D4318-17, 2017). The specific density of the soil particles was
2.72. The loss of ignition (LOI) of sediment samples was used to
quantify the organic matter contents (ASTM D2974-20, 2020). The
LOI of the dredged soil is 15.88%, which can be classified as organic
soil.

Ordinary Portland cement (42.5R/N) was used in this study, with
a burn-off rate of 1.21%, which is in accordance with the national

regulation on the burn-off of ordinary Portland cement (<5%). The
phosphogypsum was obtained from a phosphogypsum landfill in
Luhe District, Nanjing, China, with a burn loss of 3.87%. Their
chemical compositions are shown in Table 1 (Zeng et al., 2021).

2.2. Sample preparation

The air-dried soils were first crushed and passed through a 2-
mm sieve. Then, the predetermined water was mixed with dry
soil to obtain the slurry with two initial water contents corre-
sponding to 1.25-1.5 times liquid limit. Afterwards, the slurry was
thoroughly mixed with the cement powder for 10 min using an
electronic mixer. Three cement contents (100 kg/m?, 125 kg/m? and
150 kg/m?) and three phosphogypsum contents (0 kg/m?, 40 kg/m?>
and 60 kg/m>) were implemented, where the cement content of
100 kg/m? represented 100 kg cement added into 1 m? slurry. The
obtained homogeneous cement-phosphogypsum paste was trans-
formed into a container 39.1 mm in diameter and 80 mm in height.
The air bubbles were carefully removed by vibrating the container.
The prepared sample inside the container was cured under stan-
dard conditions (temperature of (20 + 2) °C and relative humidity
of 95%) for 1 d. Afterwards, the sample was demolded and cured for
28 d to conduct wetting-drying tests. For each test, three specimens
were used, with the average value as the final data. The mass loss
(Mioss) is defined as the change in mass to the original mass of the
specimen at a given number of wetting-drying cycles:

Mpss = (Mg —m;) / mg (1)

where my is the initial mass of specimen, and m; is the mass of
specimen at the i th wetting-drying cycle. The cumulative mass loss
(CMpss) summarizes the mass loss at each cycle:

n

CMloss = ZMlossi (2)
0

where Mqssi is the mass loss after ith wetting-drying cycle.

2.3. Experimental method

The wetting—drying tests were performed as the drying stage
and the wetting stage (ASTM D4843-88, 2016). For the drying stage,
the specimens were oven-heated at 60 °C for 24 h. For the wetting
stage, the oven-heated specimens were first cooled at room tem-
perature for 1 h to obtain an equilibrium specimen temperature.
Afterwards, the specimen was soaked inside a water tank at a water
temperature of 20 °C for 23 h. Each sample was subjected to 12
wetting-drying cycles. Note that some specimens lacked integrity
after the 10th cycle. Hence, the confined compression strength was
measured until the 10th cycle, while the specimen was subjected to
the 12th cycle to measure the change in physical properties such as
water content and LOIL The specimen was weighed and photo-
graphed after each cycle.

The unconfined compression tests (UCTs) were conducted for
specimen after each cycle. The strain rate was set as 1 mm/min.
After the UCTs, the damaged specimen blocks were collected for

Table 1
Oxides composition of ordinary Portland cement and phosphogypsum (after Zeng
et al., 2021).

Oxide content (%) CaO SiO, Al,03 Fe,03 SO3; MgO F P,0s LOI

59.3 224 43 34 41 35 - - 1.8
278 64 062 03 417 05 08 07 205

Cement
phosphogypsum




L. Zeng et al. / Journal of Rock Mechanics and Geotechnical Engineering 16 (2024) 1049—1058 1051

water content and pH value tests. The water content of specimen at
each cycle was determined by oven at 105 °C for 24 h. The pH value
was determined with a procedure of 20 g of dry soil mixed at a ratio
of 1:5 (soil: distilled water by weight), stirred for 5 min with a
Magnetics JB-3 constant temperature timer, placed a Magnetics
PHS-25 pH meter into the pore solution and waited for the screen
to stabilize before taking a reading.

XRD analysis and SEM test were conducted on the sample after
the UCT to explore the mineralogy and microstructure of the
samples. Prior to testing, the 1 cm? specimen was first freeze-dried
using liquid nitrogen and a freeze dryer. A Rigaku D/Max-2500 X-
ray diffractometer and a NOVA NanoSEM 230 were used to perform
the XRD and SEM tests, respectively.

3. Results
3.1. Variation in mass loss

Fig. 1 depicts the effect of phosphogypsum content on the cu-
mulative mass loss after different numbers of wetting-drying cy-
cles. The variation in cumulative mass loss (CMjqss) for all
specimens increased slightly with increase in the number of
wetting-drying cycles up to 4 or 6 cycles, followed by a sharp rise
with further cycles. This sudden increase in CMjqss is due to the
breakage of cementation bonds formed by cementation materials,
such as calcium (aluminate) silicate hydrate (C(A)SH) and ettrin-
gite. The cementation material tended to exfoliate and dissolve
with progressive wetting-drying cycles, destroying the cementa-
tion bonding in the specimen. To a certain extent, the micro-
fractures around the specimen significantly developed, eventually
damaging the integrity of the specimen.

When the number of wetting-drying cycles was lower than the
6, phosphogypsum showed a significant role in the reduction of
CMss at the same number of wetting-drying cycles. For instance, at
the 4th cycle, CMjqss significantly decreased with increase in the
phosphogypsum content. This observation indicated that when the
specimen remains intact, the resistance to the wetting—drying
impact can be significantly improved by adding phosphogypsum
into stabilized soil. However, while the integrity of the specimen
showed a high level of destruction after the 4th cycle, the increase
rate of CMjoss showed a significant rise in the presence of
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Fig. 1. Effect of phosphogypsum content on the cumulative mass loss.

phosphogypsum. From the 6th to 10th cycle, the value of mass loss
increased by 34.9% at phosphogypsum content of 0 kg/m?, 44.8% at
40 kg/m> phosphogypsum content and 42.6% at phosphogypsum
content of 60 kg/m?>. This sudden increase in mass loss may result
from the higher degree of brittleness for the stabilized soil with
phosphogypsum.

Fig. 2 shows the effect of cement content and initial water
content on CMqss, Tespectively. wg and wy represents the initial
water content and liquid limit, respectively. It is clear that CM|qss at
a given number of wetting-drying cycles decreased with increasing
cement content. This is because a stronger cementation bond was
formed for specimens with higher cement content, resulting in a
higher resistance to wetting-drying cycles. In contrast, CMjgss
showed an increasing trend with initial water content, due to a
lower cementation bonding effect at higher initial water content.

3.2. Variation in water content

Fig. 3 presents the influence of phosphogypsum content on
water content at different wetting-drying cycles. For the stabilized
soil without phosphogypsum, a decrease in water content with
increase in the number of wetting-drying cycles was observed due
to the consumption of additional water from the pozzolanic reac-
tion with increasing curing time. This behavior is consistent with
previous findings (Bian et al., 2022a).

For the stabilized soils with phosphogypsum, the change in
water content with wetting-drying cycles showed a fluctuating
pattern, with a slight decrease in water content up to the 4th cycle,
followed by a significant rise to the 8th cycle, and then a slight
decrease with more cycles. The first decrease in water content
corresponded to the consumption of water with further pozzolanic
reaction (Kamei et al., 2013). A higher level of pozzolanic reaction
occurred in the presence of phosphogypsum at the same curing
times, resulting in a lower degree of pozzolanic reaction after the
wetting-drying cycle and thus a lower degree of water content
reduction compared to that without phosphogypsum. After the 4th
cycle, the increase in water content was mainly due to the large
extent of microfractures extending into the specimen, and some
part with unreacted phosphogypsum gradually absorbed water
during the wet process, leading to an increase in water content. This
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Fig. 2. Effect of cement content and initial water content on the cumulative mass loss.
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Fig. 3. Effect of phosphogypsum content on water content.

increasing trend vanished gradually when the unreacted phos-
phogypsum was consumed.

3.3. Variations in q,

Fig. 4 shows the variation in g, with wetting-drying cycles at
different phosphogypsum contents. Without wetting-drying cycle,
qu increased with increasing phosphogypsum content. This is
mainly due to the enhancement of bonding strength with an in-
crease in ettringite relating to the pozzolanic reaction between C(A)
SH and phosphogypsum. The adequate swelling potential and
bridge effect of ettringite resulted in an increase in qy, as proposed
by Zeng et al. (2021). However, it should also be mentioned that
when phosphogypsum content exceeded an optimal value, gy
showed a further decreasing tendency with increase in the phos-
phogypsum content. Hence, the phosphogypsum content of 40 kg/

800

I —O— phosphogypsum content=0 kg/m?>
700 A —— phosphogypsum content=40 kg/m?

il i —/— phosphogypsum content=60 kg/m’

500

L
400
300
200

C
100

Unconfined compressive strength g, (kPa)

0 2 4 6 8 10 12
Wetting-drying cycles (N)

Fig. 4. Variation in q, with wetting-drying cycles at different phosphogypsum
contents.

m? or 60 kg/m? in this study did not exceed the optimal content for
the used soil.

For the stabilized soil without phosphogypsum, an increase in qy
with the wetting-drying cycles up to the 4th cycle was observed,
followed by a further reduction in g,. After the 12th cycle, qy
decreased by 63%. The increase in g, with the number of wetting-
drying cycles at the early stage was also reported in Kamei et al.
(2013) and Bian et al. (2022b). As the number of wetting-drying
cycles increased, the debonding effect due to the suction change
of the specimen led to an increase in microfractures, resulting in a
further decrease in qy.

As phosphogypsum was introduced into the stabilized soils, it
was evident that g, decreased monotonously during the wetting-
drying test. This is mainly attributable to the chemical reaction
between C(A)SH and phosphogypsum that occurred in the first 28-
d curing, with less pozzolanic reaction at further curing times.
Hence, when wetting-drying started, the q, of stabilized soil with
phosphogypsum rapidly decreased due to the loss of bonding
structure. Within the first 6 cycles, q, showed an increasing order
with increasing phosphogypsum content at a given number of
wetting-drying cycle. This suggests that the durability of stabilized
soil was enhanced by phosphogypsum at this stage. In contrast, qy
showed a decreasing order with phosphogypsum content after the
6th cycle. At this stage, the decrease rate of q, for stabilized soil
with phosphogypsum was significantly higher than that without
phosphogypsum. Accordingly, the difference between g, among
different phosphogypsum contents gradually disappeared, reach-
ing a lower g, with a higher phosphogypsum content. This suggests
that the enhancement of durability in the presence of phospho-
gypsum vanishes gradually after the 6th cycle.

Fig. 5 depicts the effect of cement content and initial water
content on ¢qy. Similar to the variation in CMqgs, gy increased with
increase in the cement content and with decrease in the initial
water content. This is attributable to a stronger cementation
bonding with a higher cement content and a weaker cementation
bonding with a higher initial water content.

3.4. Variations in organic matter of leachate with wetting-drying
cycle

Fig. 6 shows the effect of phosphogypsum content on the value
of LOI with wetting-drying cycles. It can be observed that the value
of LOI decreased with the increase in wetting-drying cycles,
accompanied by the exfoliation and dissolution of cementation
materials.

Without wetting-drying cycle, the LOI of stabilized soil with
different phosphogypsum contents showed little difference. Once
wetting-drying started, the LOI increased with increasing phos-
phogypsum content at a given cycle. For example, the LOI increased
from 10.1% at phosphogypsum content of 0 kg/m> to 10.6% at
phosphogypsum content of 40 kg/m> and 11.6% at phosphogypsum
content of 60 kg/m> at the 8th cycle. This indicates that a lower
value of organic matter was leached from the stabilized soil with
phosphogypsum during the wetting-drying cycle in comparison
with those without phosphogypsum. This behavior emphasized
that the presence of phosphogypsum effectively stabilized the
organic matter in the slurry, showing good environmental perfor-
mance against the wetting-drying process.

3.5. Variations in pH value

Fig. 7 plots the effect of the phosphogypsum content on the pH
value after different numbers of wetting-drying cycles. Similar to
previous studies, the pH value for stabilized soils gradually
decreased with the increase in the number of wetting-drying cycles
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for two main reasons: (1) the dissolution of alkaline substances
from stabilized soils subjected to the wetting cycle, and (2) the
consumption of OH™ due to further pozzolanic reactions with
increasing curing times (Chrysochoou et al., 2010).

Prior to the wetting-drying tests, a lower pH value for the sta-
bilized soil with a higher phosphogypsum content was observed,
with a difference of approximately 0.4 between 0 kg/m> and 60 kg/
m?> of phosphogypsum content. This lower pH value is mainly due
to the chemical reaction between phosphogypsum and hydration
products consuming hydroxyl ions (OH™) (Zeng et al., 2021). After
the 4th cycle, the difference in pH value among the three phos-
phogypsum contents almost remained unchanged. Exceeding the
4th cycle, a large drop in pH value was observed for the stabilized
soil with phosphogypsum, with a larger difference of 1.4 between
0 kg/m> and 60 kg/m?> of phosphogypsum content at the 8th cycle.
This large drop in pH value after the 4th cycle is consistent with the

14
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—L1— phosphogypsum content=40 kg/m>
12 —/\— phosphogypsum content=60 kg/m>

pH (-)

6 1 1 1 1 1 1
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Fig. 7. Effect of phosphogypsm content on pH.
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Phosphogypsum content (kg/m®)

Fig. 8. Variation of strength increment factor with phosphogypsm content.

decrease in qy for stabilized soil with phosphogypsum, as shown in
Fig. 4.

4. Discussion

To illustrate the effect of phosphogypsum on the durability of
stabilized soil, the strength improvement factor (SIF) is adopted
(Bordoloi et al., 2018):

SIF = qu/‘lu(phosphogypsum content=0) (3)

where qu(phosphogypsum content= 0) iS the gy, for stabilized soil without
phosphogypsum.

Fig. 8 shows the variation in SIF with phosphogypsum content at
different numbers of wetting-drying cycles. There are two regimes
considering the variation of SIF value:
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(1) When the number of wetting-drying cycle was lower than 4,
the value of SIF increased with increase in the phospho-
gypsum content. At 0 cycles, the value of SIF is 4 at phos-
phogypsum content of 60 kg/m?, implying that g, was
approximately 4 times that of soil without phosphogypsum.
At the 4th cycle, the value of SIF decreased to 1.2—1.5, still
showing a higher g, than those without phosphogypsum.
Hence, a good resistance to wetting-drying occasions with
the presence of phosphogypsum was observed at this stage;
and

(2) When the number of wetting-drying cycle exceeding 4, the
value of SIF for stabilized soil with phosphogypsum is lower
than 1, corresponding to a strength lower than that without
phosphogypsum. At this stage, the rapid decrease in qy is
observed in stabilized soil with phosphogypsum, leading to a
reduction in the durability-enhancing effect of
phosphogypsum.

4.1. Disappearance of ettringite after the 4th cycle

Fig. 9 illustrates the XRD patterns of the stabilized soil with and
without phosphogypsum. As expected, the main hydration prod-
ucts for stabilized soil with phosphogypsum can be identified as
calcium (aluminate) silicate hydrate (CSH peaks at 3.04, 2.77,1.87 A,
CAH peaks at 7.65, 3.77, 2.86 A), and ettringite (peaks at 3.87, 2.56,
2.16 A), which is consistent with previous studies (Zeng et al., 2021;
Bian et al., 2022a). The relative intensity of hydration products at
the three main peaks is summarized in Table 2. Note that the value
of the intensity of cementitious materials can be calculated by
summarizing the intensity of the three main peaks mentioned
above for CSH, CAH and ettringite through the XRD results for
different stabilized soils. It should be emphasized that the semi-
quantitative analysis in this study only provides the relative
amount of main cementitious materials, rather than the absolute
quantities.

For the stabilized soil without phosphogypsum, C(A)SH was
identified as the main cementation material, which was primarily
contributed to the strength gain of stabilized soil. Table 2 shows
that the intensity of C(A)SH decreased with an increase in the
number of wetting-drying cycles, leading to a decrease in cemen-
tation bonding and thus a reduction in g, with an increase in the
number of wetting-drying cycles (see Fig. 4).

For the stabilized soil with phosphogypsum, the presence of
ettringite was observed in the XRD results, similar to previous
finding (Zeng et al., 2021). The formation of ettringite in stabilized
soil with a high water content showed both a bridge effect on the
soil-cement matrix and compaction of the pore space due to nat-
ural swelling (Calderén-Morales et al., 2021; Zeng et al., 2021).
Hence, the bridge effect of ettringite led to a higher strength in the
early curing stage for stabilized soil with phosphogypsum. As the
wetting-drying cycles continue, the intensity of C(A)SH and
ettringite decreases rapidly, as shown in Table 2. From the 4th to
8th cycle, the ettringite intensity almost vanished, especially for the
peak at 15.784°. In other words, the disappearance of ettringite
after the 4th cycle resulted in a larger extent of degradation of
cementation bonding around the soil matrix, leading to a sudden
drop in gy for the stabilized soil with phosphogypsum. As a result,
qu for stabilized soil with phosphogypsum is lower than those
without phosphogypsum after the 8th cycle, as shown in Fig. 4.

4.2. Larger extent of micro-crack generation after 4th cycle

Photos of specimen at the 1st, 4th and 8th cycles are shown in
Fig. 10. Cracks and flaking clearly developed due to the continuous
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Fig. 9. X-ray diffraction patterns of stabilized soil at different wetting-drying cycle: (a)
Without phosphogypsum; and (b) phosphogypsum content of 40 kg/m®.

Table 2
Relative intensity of hydration products.
Hydration phosphogypsum content (kg/ 0 cycle 4th 8th
products m?) cycle cycle
CSH 0 3296 3204 3064
40 3384 333.0 2973
CAH 0 3095 2956 2853
40 3029 3016 270.0
Ettringite 0 211.5 200.3 190.6
40 403.2 380.6 2701

wetting-drying process for the stabilized soils, irrespective of
phosphogypsum content. As a result, q, decreased with the
degradation of specimen integrity during the wetting-drying test.

Regarding the change in the evolution of cracks with phos-
phogypsum content, it appears that up to the 4th cycle, the extent
of cracks and flaking showed little difference with the change in
phosphogypsum content. After the 8th cycle, a larger fracture
penetrating through the specimen for stabilized soil at phospho-
gypsum content of 40 kg/m> was observed, compared with the
specimen without phosphogypsum. This behavior corresponded to
a rapid loss of integrity of the specimen for stabilized soil with
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0 phosphogypsum content | S |40 kg/m® phosphogypsum content

Fig. 10. Photos of stabilized soil at different wetting-drying cycles: (a) After 1st wetting-drying cycle; (b) after 4th wetting-drying cycle; and (c) after 8th wetting-drying cycle.
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phosphogypsum at this stage (Bian et al., 2022b). Once the cracks
extended into specimen to a certain level, small blocks started to
spall off from the surface of the specimen in the presence of
phosphogypsum. Therefore, a greater loss of q, is expected for
stabilized soil with phosphogypsum, as shown in Fig. 4. Moreover,
the SEM micrographs of stabilized soil at different wetting-drying
cycles are presented in Fig. 11. The hydration products C(A)SH and
ettringite can be clearly identified for stabilized soils with different
phosphogypsum contents. This is consistent with the XRD analysis,
as shown in Fig. 9.

When no wetting-drying cycle occurred, the C(A)SH fabric was
found to coat the clay cluster and fill the pore space of the stabilized
soil, which formed a cementation bond to provide strength. As
phosphogypsum was added into the stabilized soil, needle-like
ettringite crystals were clearly observed, which improved the soil
fabric by bridging the clay particles and C(A)SH, eventually leading
to a higher g, in comparison with the stabilized soil without
phosphogypsum.

Up to the 4th cycle, a greater amount of micropores in the sta-
bilized soil with phosphogypsum was observed, compared to those
without phosphogypsum. This is consistent with the reduction of
ettringite, as shown in Fig. 9. After the 8th cycle, the formation of
ettringite was almost invisible from SEM micrographs for stabilized
soil with phosphogypsum. Thus, the degradation of cementation
bonding with the wetting-drying cycle for the stabilized soil with
phosphogypsum is greater, especially up to the 8th cycle. In other
words, a greater amount of voids (microfractures) was induced by
the wetting-drying process especially after the 8th cycle for stabi-
lized soil with phosphogypsum, leading to extensive cracks
distributed on the specimen surface as shown in Fig. 12. As a result,
the loss of g, induced by the wetting-drying cycle was more notable
for the stabilized soil with phosphogypsum after the 4th cycle.
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Fig. 12. Relationship between soil pH and qy.

4.3. Lower pH value after 4th cycle

Fig. 12 depicts the variation in g, with the pH value of stabilized
soils at different wetting—drying cycles. It seems that a power
relation between pH value and g, can be obtained for all the sta-
bilized soil with or without phosphogypsum. In other words, qu
decreased with decreasing pH value.

When the pH is higher than 10, corresponding to a wetting—
drying cycle less than 4, it seems that the g, of stabilized soil
with phosphogypsum is higher than that without phosphogypsum

(b)

Fig. 11. SEM microscope of stabilized soil at different wetting-drying cycle: (a) Without phosphogypsum; and (b) phosphogypsum content of 40 kg/m>.
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for a given cycle. In contrast, while the pH decreased to below 10
after the 4th cycle, the qy of stabilized soil with phosphogypsum
was lower than that without phosphogypsum. This behavior is
mainly attributable to the destruction of C(A)SH gel and the
degradation of ettringite when the pH value is lower than 10.8
(Chrysochoou et al., 2010; Du et al., 2016). As shown in Fig. 7, the pH
value of stabilized soil with phosphogypsum rapidly decreases to a
value lower than 10 and is also lower than that of stabilized soil
without phosphogypsum. As a result, the main cementation
products (C(A)SH and ettringite) significantly decayed, leading to a
larger extent of destruction of the cementation bond, as shown by
XRD and SEM tests (see Figs. 9 and 11). Therefore, the greater level
of destruction of the cementation bond will result in a lower gy
after the 4th cycle when the pH value is lower than 10 for stabilized
soil with phosphogypsum, as shown in Fig. 4. It should be
emphasized that the effect of a low pH value on the reduction of qy
might not be significant for the case of a pH value for stabilized soil
higher than 10.

It should be emphasized that adequate phosphogypsum can
enhance the g, of stabilized soil with a high water content, as
proposed by Zeng et al. (2021). The role of phosphogypsum on
durability showed a complex manner, with a higher g, upon lower
than the 4th cycle, and a sudden drop in g, was noted when
exceeding the 4th cycle in comparison with that without phos-
phogypsum. Hence, further studies to improve the durability of
phosphogypsum-stabilized soil after longer wetting-drying occa-
sions are recommended.

5. Conclusions

The effect of phosphogypsum on the durability of stabilized soil
was studied by conducting a series of experimental tests on phys-
ical properties, pH value and unconfined compressive strength
exposed to wetting-drying cycles. Microstructure observations
were conducted using XRD and SEM tests to understand the role of
phosphogypsum on fabric alteration of stabilized soil under
wetting-drying cycles. The main conclusions can be drawn as
follows:

(1) Phosphogypsum significantly restrains the mass loss for
stabilized soil up to the 4th wetting-drying cycle. Afterwards,
a higher mass loss is observed for the stabilized soil with
phosphogypsum compared to those without phosphogyp-
sum. The mass loss decreases with increasing cement con-
tent and decreasing initial water content.

(2) With increase in the phosphogypsum, a decrease in organic
matter content leaching from the stabilized soil is observed
at a given number of wetting-drying cycles. This behavior
emphasizes that the presence of phosphogypsum effectively
stabilizes the organic matter in stabilized soil, showing good
environmental performance against the wetting-drying
process.

(3) When the number of wetting-drying cycle is lower than the
4, the presence of phosphogypsum enhances the unconfined
compressive strength of stabilized soil. At the 4th cycle, the
qu of stabilized soil with is 1.2—1.5 times those without
phosphogypsum, confirming a good improvement in the
durability with phosphogypsum.

(4) Once exceeding the 4th cycle, the stabilized soil with phos-
phogypsum displays a lower unconfined compressive
strength than that without phosphogypsum. This phenom-
enon is mainly attributable to the absence of ettringite, a
larger extent of microcracks generation, and a lower pH value
for stabilized soil in the presence of phosphogypsum.
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