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Abstract
Sulfate-bearing soils is widely distributed around the world, and this type of soil is prone to rock and soil disasters such as 
dissolution, corrosion of foundations, and swell when exposed to water. Cement is a frequently used stabilizer to treat sulfate-
bearing soils. However, sulfate-bearing soils usually include various types of sulfates, such as, calcium sulfate  (CaSO4), 
sodium sulfate  (Na2SO4), potassium sulfate  (K2SO4), and magnesium sulfate  (MgSO4). So far, the effect of sulfate type on 
the strength and swelling properties of sulfate-bearing soil stabilized with cement has not been clarified. Therefore, in this 
study, the strength and swelling properties of four sulfate-bearing soils treated with cement were studied using unconfined 
compressive strength tests, and swelling tests. X-ray diffraction (XRD), scanning electron microscopy, and inductively cou-
pled plasma spectroscopy were employed to study mineralogical, micro-structural properties, and concentrations of calcium 
ion of stabilized soils, to explore stabilization mechanisms. The results showed that the formation of magnesium silicate 
hydrate and highest concentration of free  Ca2+ in the stabilized Mg-sulfate-soil caused its lowest strength. The reduction in 
free  Ca2+ concentration was greater in the stabilized Na-sulfate-soil and K-sulfate-soil compared to stabilized Mg-sulfate-soil 
and Ca-sulfate-soil, contributing to the formation of more calcium silicate hydrate and ettringite. Therefore, the stabilized 
Na-sulfate-soil and K-sulfate-soil had greater swelling and strength compared to other soils. As the cement content increases, 
there are abundant in the sulfated cement stabilized soil observed in XRD and SEM photos. Overall, sulfates with monovalent 
cations increased the strength of cement-stabilized soils more than those with divalent cations, while sulfates with divalent 
cations improved the resistance to swelling of cement-stabilized soils. Before treating sulfate-bearing soils with cement, it 
is necessary to first determine the cations type in the soil. If the soil contains  Mg2+, seek cement alternatives. If the other 
three cations are present, choose an appropriate cement content for stabilization. This study provides some references for 
the stabilization of sulfate-bearing soils with cement.
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Introduction

Problematic sulfate-bearing soils are widespread glob-
ally (Shivanshi et  al., 2022; Solis and Zhang 2008). 
Soil with insufficient geotechnical performance is clas-
sified as unacceptable and cannot be used in its natural 
state to support civil engineering structures (Wang et al. 
2021). Previous studies demonstrated that cement was an 
effective stabilizer that was frequently used for the treat-
ment of sulfate-bearing soils (Behnood 2018; Knopp 
and Moormann 2016; Puppala et al. 2004). Furthermore, 
other calcium-based stabilizers such as fly ash and lime 
were utilized to enhance the soil capacity to withstand 
the loads imposed by the constructed structures (Gadouri 
et al. 2019b; Hozatlıoğlu and Yılmaz 2021). Interactions 
between sulfate types and soil stabilization have been 
extensively explored in contemporary research. Zhu et al. 
(2022) examined soil water dynamics using stable iso-
topes, which provided essential insights into soil-water 
interactions critical for sulfate-bearing soils. He et al. 
(2024) introduced nanomaterials to enhance cement hydra-
tion, significantly improving strength and durability. Wei 
et al. (2023) focused on the seismic performance of com-
posite columns, offering valuable data on ensuring resil-
ience against dynamic loads. These studies collectively lay 
a foundation for understanding the multifaceted challenges 
posed by sulfate-bearing soils and the need for innovative 
solutions. Sun et al. (2023) studied sea sand coral concrete 
with FRP bars, addressing challenges in marine environ-
ments, which were particularly relevant to sulfate-bearing 
soils. Cui et al. (2024) and Huang et al. (2021) investigated 
fiber-reinforced concrete under impact loading, highlight-
ing the mechanical properties necessary for stabilized soils 
to endure sudden stresses. These findings complemented 
the previous research by providing practical strategies 
for enhancing the durability of soil stabilization meth-
ods in harsh environmental conditions.  Li et al. (2023b) 
explored the synergistic use of red mud, ultra-fine fly ash, 
and GGBS in cementless composites, presenting a sus-
tainable alternative to traditional cement.  Lu et al. 2017, 
2019a, b) developed fractional elastoplastic constitutive 
models for soils and concrete, providing advanced tools 
for predicting geomaterial behavior. These advancements 
contributed to developing comprehensive approaches for 
stabilizing sulfate-bearing soils, considering both mate-
rial sustainability and predictive modeling. Diao et al. 
(2024) enhanced the dynamic compressive performance of 
mortars modified with silicon carbide whiskers, showcas-
ing the potential of advanced materials in improving the 
mechanical properties of stabilized soils. Su et al. (2023) 
developed a deep learning model for underground utilities 
localization using GPR, which was essential for assessing 

subsurface conditions in sulfate-bearing soils before and 
after stabilization. These innovative methodologies facili-
tate the improvement of monitoring and optimizing soil 
stabilization efforts in sulfate-rich environments. However, 
sulfate-bearing soils stabilized with cement or other cal-
cium-based binders will swell when in contact with water 
due to the formation of an expansive mineral, ettringite 
(Cheshomi et al. 2017; Hunter 1988; Li et al. 2022; Little 
et al. 2009; Mitchell 1986; Puppala et al. 2004, 2005). 
Ettringite infiltrated between soil particles, thereby dis-
rupting and deteriorating the soil structure, increasing vol-
ume changes (Puppala et al. 2012; Wang et al. 2021). The 
ettringite-induced swelling may threaten the stability of 
pavements and foundations (Higgins 2005; Puppala et al. 
2018, 2019). Most of these studies focused on the stabili-
zation of soils that consist of only one type of sulfate, but 
infield sulfate-bearing soils probably contain more than 
one as multiple sulfates were identified in these soils, such 
as sodium sulfate  (Na2SO4), magnesium sulfate  (MgSO4), 
gypsum  (CaSO4), and potassium sulfate  (K2SO4) (Wild 
et al. 1999). Therefore, it is necessary to explore the effect 
of sulfate types on the properties of cement-stabilized sul-
fate-bearing soils.

Table  1 summarizes previous studies on lime- and 
cement-stabilized soils suffering from sulphate attack. It 
can be found that the effect of sulfate type on the compac-
tion, strength, and swelling characteristics of lime-stabilized 
soils has been investigated by Kinuthia et al. (1999) and 
Kinuthia and Wild (2001). In such studies, it was reported 
that sulfates with divalent cations (i.e.  Ca2+ and  Mg2+) 
were more beneficial for compaction characteristics of sta-
bilized soils than those with monovalent cations (i.e.  Na+ 
and  K+). Additionally, the sulfate type had a significant 
effect on the performance of lime-stabilized soils, and the 
effects of the sulfates containing sodium, magnesium and 
potassium were more deleterious than those containing cal-
cium (Kinuthia and Wild 2001). Aldaood et al. (2014) also 
pointed out that the presence of  CaSO4 was beneficial for 
the resistance to swelling development of lime-stabilized 
soils.  Gadouri et al. (2017a, b, 2018, 2019a, b) compared 
the effects of  Na2SO4 and  CaSO4 on the physical properties 
of lime-stabilized soil, and found that  Na2SO4 increased the 
pH value of stabilized soil more than  CaSO4. The addition 
of  Na2SO4 to lime-stabilized kaolinite-soil caused significant 
swelling due to the abundant formation of ettringite, which 
resulted from the pH increased of soil (Tsatsos and Der-
matas 1998). Shivanshi et al. (2022) reported that  Na2SO4 
concentrations influenced the strength of the lime-stabilized 
soils and the highest strength of stabilized soils occurred at 
16,000 ppm of  Na2SO4, after which the strength decreased 
with the increase of  Na2SO4 concentration. Gadouri (2023) 
compared two types of clay with the same lime content and 
sulfate content, and found that Na-sulfate-soil had a higher 
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swelling potential than Ca-sulfate-soil. Lime-stabilized 
soils were soaked in solutions containing sulfate concentra-
tions of 3000 ppm and 30,000 ppm for 28 days, after which 
UCS tests were conducted. The results showed that, at the 
same sulfate concentrations, lime-stabilized soils soaked in 
 Na2SO4 solutions had a greater adverse effect on the strength 
of the soil compared to those soaked in  CaSO4 solutions 
(Shivanshi et al., 2023).

The difference in performance of lime-stabilized soils 
containing different sulfate types is likely related to the 
solubilities of sulfates (e.g.  CaSO4,  Na2SO4,  MgSO4, and 
 K2SO4) (Hunter 1988; Kota et al. 1996; Mitchell 1986). 
Due to differences in solubility and cation configuration 
each sulfate behaved in soil, the interaction between soils 
and sulfates could affect cation exchange and pozzolanic 
reaction (Shivanshi et al., 2022). It has been proved that 
 SO4

2− was the main factor for ettringite formation. High-
solubility sulfates (such as  Na2 SO4 ,  MgSO4 ,  K2 SO4 ) were 
more likely to hydrolyze and produce  SO4

2− , which reacted 
with  Ca2+ in lime-stabilized soils to form ettringite, causing 
greater swelling damage of stabilized sulfate-bearing soil.

Consequently, the sulfate type probably has a significant 
impact on the swelling and strength properties of cement 
stabilized sulfate-bearing soils. Nevertheless, from the 
literature review, sulfate-bearing soils subjected to cement 
stabilization usually contained a single sulfate, preferably 
 Na2SO4 or  CaSO4, (as shown in Table 1). As well as this, 
these studies mainly focused on the ettringite-induced 
adverse effects of the cement-stabilized sulfate-bearing 
soils rather than the comparison in performance of such soils 
containing different sulfates. Hence, limited information 
about the effect of the sulfate type on the performance is 
available in the case of cement stabilized soils.

To understand the effect of the sulfate type on properties 
of cement stabilized soils, this study prepared four sulfate-
bearing soils, containing  CaSO4,  Na2SO4,  MgSO4, and 
 K2SO4, respectively. The strength and swelling properties 
of four sulfate-bearing soils treated with cement were stud-
ied using unconfined compressive strength (UCS) tests and 
swelling tests. X-ray diffraction (XRD), scanning electron 
microscopy and inductively coupled plasma spectroscopy 

(ICP) were employed to study mineralogical, micro-struc-
tural properties, and concentrations of calcium ion of stabi-
lized soils, to explore stabilization mechanisms.

Materials and methods

Materials

In this study, four sulfate-bearing soils were prepared using 
kaolin and sodium sulfate decahydrate  (Na2SO4·10H2O), 
magnesium sulfate heptahydrate  (MgSO4·7H2O), gypsum 
 (CaSO4·2H2O), and potassium sulfate  (K2SO4). These 
artificially prepared soils were named as Na-sulfate-
soil, Mg-sulfate-soil, Ca-sulfate-soil and K-sulfate-soil, 
respectively. The liquid limit of kaolin was 53.8% and 
the plastic limit was 34.6%, both tested according to BSI 
(1990). Kaolin was purchased from Chuangke New Material 
Technology Co., Ltd, Guangzhou. Regarding all sulfate-
bearing soils, the sulfate concentration was set as 20,000 
ppm, which was a comparatively high sulfate level, as seen 
in Table 1.

Na2SO4·10H2O was obtained from Shanghai Yien 
Chemical Technology Co., Ltd.  MgSO4·7H2O was supplied 
by Shanxi Nanfeng Group Chemical Co., Ltd.  CaSO4·2H2O 
was produced by Wuhan Xianglong Building Materials Co., 
Ltd.  K2SO4·2H2O was purchased from Shanghai Macklin 
Biochemical Technology Co., Ltd. Moreover, ordinary 
Portland cement, CEMI42.5 R, came from Dengfeng 
Zhonglian Dengdian Cement Co., Ltd. The chemical 
composition of the soil, sulfates and cement used in this 
study were analyzed by X-ray fluorescence spectroscopy, 
and the results are shown in Table 2.

Mixing and sample compaction

As shown in Table 1, the content of binders commonly 
used to treat roadbeds ranged from 5 to 10%, so the cement 
content was determined to be 5% and 10% by the weight 
of the dry soils (Li et al. 2019b; Puppala et al. 2005). 
The four prepared sulfate-bearing soils were mixed with 

Table 2  Chemical composition 
of materials

ND not detected

Composition CaO Na2O Si2O Al2O3 MgO Fe2O3 SO3 TiO2 K2O Others Loss on 
ignition

Kaolin ND ND 53.90 43.24 ND 0.89 0.08 1.36 0.19 0.34 0
Cement 59.39 ND 20.66 5.60 3.87 3.23 4.99 ND 0.10 2.16 0
CaSO4·2H2O 58.39 ND 8.32 2.61 5.21 0.72 23.70 ND 0.55 0.50 0
MgSO4·7H2O 1.21 ND 14.64 7.73 20.09 0.22 55.11 0.07 0.30 0.63 0
Na2SO4·10H2O 0.02 55.91 0.31 0.08 ND 0.03 43.53 ND ND 0.12 0
K2SO4 ND 1.02 0.14 0.08 ND ND 46.06 ND 52.25 0.45 0



Environmental Earth Sciences (2024) 83:516 Page 5 of 18 516

cement separately, and then the appropriate amount of 
water was added. Afterwards, the mixed materials were 
compacted into a mold with a size of Φ50 mm×100 mm. 
Each specimen was compacted in three layers, and each 
layer required 30 compactions. In this study, a compaction 
hammer with a weight of 0.51 kg was used for compaction, 
and the hammer was allowed to freely fall along a steel 
bar with a height of 270 mm. The unit compaction work 
was 606.73 kJ/m3, which was close to the standard Proc-
tor test of 605.60 kJ/m3 (ASTM 2012). After compaction, 
the specimen was demolded, sealed with plastic film, and 
then cured at room temperature (20 °C) until the specified 
curing period. The specimens used for strength and swell-
ing tests were all prepared at their respective optimum 
moisture content (OMC).

Experimental studies

Vertical Swelling tests

Similar to previous studies (Kinuthia and Wild 2001; 
Li et al. 2019b, 2020, 2023a), the swelling test used in 
this study was a three-dimensional swelling test, with 
only vertical swelling recorded. After the specimen was 
prepared, it was sealed and cured for 7 days. The swelling 
of the specimen during curing was recorded. After cured 
for 7 days, the specimen was subjected to the swelling 
test through being immersed in water. The specimen was 
placed in a flat-bottomed beaker. The specimen with a 
filter stone placed on top. A dial gauge was fixed, and 
its probe stood on the top surface of the filter stone to 
record the swelling deformation. Tap water was used for 
the swelling test and added to the beaker until the water 
level reached half the height of the filter stone. Readings 
were recorded at designed time. The recording intervals 
on the first day were 15, 30, 60, 75, 180, 360, 720 min, 
and then 1440 min (i.e. 24 h), until swelling stabilized for 
three consecutive days.

UCS

The specimens underwent UCS test after completing the 
swelling test. To emphasize the UCS variation due to swell-
ing, the specimens were also tested for UCS without soak-
ing. An electronic universal testing machine produced by 
Jinan Nair Testing Machine Co., Ltd was used to obtain the 
strength of soils. The maximum load of the device was 20 
kN and the loading rate was 1 mm/min determined accord-
ing to ASTM (2017). In the UCS test, two identical sam-
ples were used, peak stress values were obtained from the 

stress-strain curves, and the average value was calculated for 
the two test samples.

XRD

Soils samples were collected after the UCS test. They were 
vacuum dried using a YTLG-12 C freeze dryer produced 
by Shanghai Yetuo Technology Co., Ltd. The soils samples 
were weighed before drying, and during the drying process, 
the soil sample was weighed again until no further change 
in mass occurred, indicating that drying was completed. 
After dried, a portion of sample was ground, and then 
screened using a 0.075  mm sieve. The mineralogical 
property of the sieved samples was analyzed by XRD, which 
was an Empyrean X-ray diffractometer manufactured by 
PANalytical Instruments. The scanning angle in this test 
was 10–80° (2θ) and scanning rate was 5°/min.

SEM

A SU8010 high-resolution field emission scanning electron 
microscope manufactured by Hitachi, Japan was used for 
SEM testing. A small piece of dried soil sample was taken 
and crushed with a metal hammer. The flat soil sample 
was then adhered to the sample stage using conductive 
adhesive. After completion of the adhesion process, the soil 
sample surface was blown clean with an air dusting bulb 
to ensure tight and firm adhesion. Following the treatment, 
the samples on the sample stage were sprayed with gold for 
pre-treatment to reduce surface charging interference during 
scanning. The SEM images of samples were magnified 5000 
and 10,000 times.

Concentration of free calcium ions

The concentration of free calcium ions could reflect the 
change of calcium ions occurring in the process of the 
soil stabilization, which would contribute to analyzing 
the formation of calcium-bearing minerals (i.e. ettringite 
and calcium silicate hydrate (CSH). This could facilitate 
the understanding of the stabilization mechanism for 
different sulfate-bearing soils. The leaching test was used 
to extract free calcium ions contained in stabilized soil. Part 
of vacuum-dried samples were prepared for the leaching 
test, which was conducted according to BSI (2002). 90 g 
of dried sample was placed in a 2-liter bottle. 900 ml of 
deionized water was then slowly added to the bottle. The 
bottle was secured on a flip oscillator and shaken at a speed 
of 10 rpm/min for 1440 min (i.e. 24 h). After the shaking 
was completed, the bottle was removed and the pH of the 
soil-water mixture was assessed by a pH meter. Then the 
supernatant was carefully filtered through a 0.45 micron 
filter to obtain a leachate. A 10 mL portion of the filtrate was 
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transferred into a 100 mL volumetric flask using a pipette, 
and the volume was made up to capacity with concentrated 
nitric acid solution. Subsequently, dilutions were made to 
prepare filtrate standard solutions of different concentrations. 
Further analysis of the leachate was conducted using an ICP 
spectrometer produced by Leeman Labs Inc., USA, and the 
concentration of free calcium ions was determined based on 
the spectral characteristics of calcium elements.

Test results and discussion

Compaction characteristics

Figure  1 shows the compaction curves of four sulfate-
bearing soils treated with different contents of cement 
(i.e. 5% and 10%). The OMC and maximum dry density 
(MDD) were summarized in Fig. 2. In Fig. 2a, the OMCs of 
sulfate-bearing soils treated with cement was significantly 
higher than those of untreated soils. This was because the 
cement addition triggered a hydration reaction that used 
up more water, increasing the OMCs of the four types of 
cement-treated sulfate-bearing soil. As the cement content 
increased from 0 to 5%, the OMC for each soil increased, 
and then tended to stabilize for cement content of 5–10%. 
Figure 2b shows MDDs of four sulfate-bearing soils treated 
with different cement contents. It could be observed that 
the MDDs of cement-treated soils were lower than that of 
untreated soil. They all had a trend of first decreasing, and 
then increasing with the increase of cement content, which 
was consistent with the results reported by Hossain et al. 
(2007) and Rahman (1986).

K-sulfate-soil stabilized with 5% cement had the highest 
OMC among other stabilized soils. The crystalline water 
in  Na2SO4·10H2O,  MgSO4·7H2O and  CaSO4·2H2O were 
decomposed and released water during compaction.  K2SO4 
did not contain crystalline water, so more water had to 
be artificially provided, resulting in a higher OMC for 
K-sulfate-soil than other soils. The OMCs of stabilized 
Mg-sulfate-soil and Na-sulfate-soil were lower than that of 
stabilized Ca-sulfate-soil. The trends in MDDs and OMCs 
for 5% cement-stabilized soils were in agreement with the 
MDD and OMC results found in Kinuthia et al. (1999). 
The following order was observed for soils treated with 5% 
cement:

OMC: K-sulfate-soi l  (37%) > Ca-sulfate-soi l 
(36%) > Mg-sulfate-soil (32%) > Na-sulfate-soil (28%).

MDD: Na-sulfate-soil > Mg-sulfate-soil > Ca-sulfate-
soil > K-sulfate-soil.

When 10% cement was used,  Na2SO4,  CaSO4 and 
 K2SO4 had the same effect on the OMCs and MDDs of 
stabilized soils as 5% cement-stabilized soils. However, 
the MDD of cement-stabilized Mg-sulfate-soil was lower 
than that of other stabilized soils. This may be due to that 

Fig. 1  Compaction curves of four sulfate-bearing soils a untreated b 
treated with 5% cement c treated with 10% cement
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more magnesium silicate hydrate (MSH) and gypsum were 
formed in cement-stabilized Mg-sulfate-soil with increasing 
cement content (Hekal et al. 2002). The limited cementing 
properties of MSH caused a loose soils structure and a lower 
dry density of stabilized soils (Xing et al. 2009; Zhang et al. 
2014). For soils treated with 10% cement, the following 
order could be obtained:

OMC: K-sulfate-soi l  (37%) > Ca-sulfate-soi l 
(36%) > Mg-sulfate-soil (34%) > Na-sulfate-soil (29%).

MDD: Na-sulfate-soil > Ca-sulfate-soil > K-sulfate-
soil > Mg-sulfate-soil.

Vertical swelling

Figure 3a shows the vertical swelling percentage of four 
sulfate-bearing soils treated with 5% cement. During curing, 
four sulfate-bearing soils showed shrinkage (shrinkage 

percentage of 0.003–0.136%). Ettringite formation causes 
a slight volume decrease at the initial stages (Mehta 1973, 
1983). After these stabilized specimens were soaked in 
water, Ca-sulfate-soil swelled slowly and became stable 
within 7 days with a maximum swelling percentage of 
0.44%. However, Na-sulfate-soil, Mg-sulfate-soil, and 
K-sulfate-soil swelled more quickly, and reached the stable 
swelling level in a longer period (> 10 days). For Na-sulfate-
soil, the swelling percentage increased significantly to 
4.90%, and stabilized after 12 days. K-sulfate-soil had a 
similar swelling-stabilized time of 12 days, but its maximum 
swelling percentage reached 6.71%. The largest maximum 
swelling percentage of 13.36% occurred for a Mg-sulfate-
soil, which needed 45 days to achieve the status of stable 
swelling. The maximum swelling percentages for soils 
treated with 5% cement could be ranked as follows:

Fig. 2  OMCs and MDDs of four sulfate-bearing soils with different 
contents of cement Fig. 3  Vertical swelling percentages of four sulfate-bearing soils 

treated with a 5% cement b 10% cement
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M g - s u l fa t e - s o i l  ( 1 3 . 3 6 % )  >  K- s u l fa t e - s o i l 
(6.71%) > Na-sulfate-soil (4.90%) > Ca-sulfate-soil (0.44%).

The time required for achieving a stable swelling was as 
follows:

Mg-sulfate-soil (45 days) > K-sulfate-soil (12 
days) > Na-sulfate-soil (12 days) > Ca-sulfate-soil (7 days).

Vertical swelling of four sulfate-bearing soils treated 
with 10% cement is provided in Fig. 3b. During curing, 
similar to those with 5% cement, each specimen of 
stabilized sulfate-bearing soils also shrank, with a 
percentage of 0.17–0.73%, and then began to swell after 
immersed in water. During soaking, soils with 10% 
cement had higher maximum swelling percentage except 
for Mg-sulfate-soil, relative to soils with 5% cement. 
Additionally, with the increase of cement content (5–10%), 
longer time was required to achieve the stable swelling for 
stabilized soils. The lowest maximum swelling percentage 
for four sulfate-bearing soils with 10% cement was 1.25%, 
occurring at Ca-sulfate-soil, and took about 14 days for 
reaching a stable state. Na-sulfate-soil and K-sulfate-
soil had similar swelling-stabilized time and maximum 
swelling percentage. Additionally, about 45 days were 
needed for Mg-sulfate-soil to reach a stable swelling 
percentage, and the maximum swelling percentage was 
5.39%. It can be obtained that the maximum swelling 
percentages for soils treated with 10% cement were in the 
order:

K- s u l f a t e - s o i l  ( 8 . 8 6 % )  >  N a - s u l f a t e - s o i l 
(8.57%) > Mg-sulfate-soil (5.39%) > Ca-sulfate-soil (1.25%).

The swelling-stabilized time of such soils was as follows:
Mg-sulfate-soil (60 days) > Na-sulfate-soil (40 

days) > K-sulfate-soil (35 days) > Ca-sulfate-soil (15 days).
The above results illustrate that the sulfate type had 

a significant influence on the swelling. After cement 
stabilization, Ca-sulfate-soil was superior to other types 
of sulfate-bearing soils in resisting the soil swelling. The 
increase of the cement content improved the capability of 
stabilized Mg-sulfate-soil to resist the swelling. This could 
have been related to the competition between  Mg2+ and 
 Ca2+ in binding to hydrated silicates, with MSH being more 
likely to form than CSH (Dehwah 2007; Xing et al. 2009). 
Compared to the other three sulfate-bearing soils, when 
the soils treated with 5% cement, Mg-sulfate-soil produced 
relatively less CSH and more ettringite, resulting in higher 
swelling. As the cement content increased, the  Mg2+ and 
 SO4

2- in Mg-sulfate-soil were rapidly consumed. Therefore, 
a relatively larger amount of free  Ca2+ participated in 
the reaction to generate CSH, enhancing the stabilized 
Mg-sulfate-soil to resist swelling. The increase in cement 
content reduced the capability of the other three sulfate-
bearing soils to resist swelling. This could be attributed to 
that with the increase in cement content, free  Ca2+ promoted 
the occurrence of CSH and consequently led to more 

ettringite formation. For instance, the Texas Department 
of Transportation in the USA requires that the swelling 
percentage of treated gypseous soil should be less than 1.2% 
(Harris et al. 2006). At both cement contents, stabilized 
Na-sulfate-soil and K-sulfate-soil always had very high 
swelling percentages.

UCS results

Figure 4 shows the UCS of four sulfate-bearing soils treated 
with 5% and 10% cement at different curing period and after 
soaking. The UCS of untreated four sulfate-bearing soils 
specimens was provided for comparison purpose. “Cured 
for 7 or 28 days” and “before soaking” represent that the 
stabilized specimens were cured for 7 or 28 days without 
soaking. “After soaking” means that the swelling test for 
the stabilized specimens was completed. Some specimens 

Fig. 4  UCS of four sulfate-bearing soils treated with a 5% cement b 
10% cement
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during the swelling test collapsed and could not be tested 
for UCS, so their UCS after soaking was recorded as 0. The 
UCS of untreated K-sulfate-soil, Na-sulfate-soil, Ca-sulfate-
soil, and Mg-sulfate-soil were 0.27  MPa, 0.23  MPa, 
0.18 MPa and 0.13 MPa, respectively, represented by red 
lines in Fig. 4. It could be found that the 7-day and 28-day 
UCS of cement stabilized soils was significantly higher than 
that of untreated soils, indicating that cement addition would 
improve the soil strength.

Figure 4a shows that the UCS results of soils stabilized 
with 5% cement. From 7 to 28 days curing, the UCS of 
Mg-sulfate-soil increased from 0.68 MPa to 1.16 MPa with 
the highest UCS increment of 70.59%. This was followed 
by Na-sulfate-soil (increased from 1.12 MPa to 1.73 MPa) 
and Ca-sulfate-soil (increased from 1.35 MPa to 1.85 MPa), 
with UCS increment of 54.46% and 37.04%, respectively. 
The lowest UCS increment was observed on K-sulfate-soil, 
only 25.98%, although its 7-day UCS (1.27 MPa) and 28-day 
UCS (1.6 MPa) were not the lowest compared to other types 
of soils. The UCS of the soils treated with 5% cement had 
the following ranking:

Cued for 7 days: Ca-sulfate-soil (1.35 MPa) > K-sulfate-
soil (1.27 MPa) > Na-sulfate-soil (1.12 MPa) > Mg-sulfate-
soil (0.68 MPa).

Cued for 28 days: Ca-sulfate-soil (1.85 MPa) > Na-sulfate-
soil (1.73 MPa) > K-sulfate-soil (1.6 MPa) > Mg-sulfate-soil 
(1.16 MPa).

Figure 4(b) shows that when the cement content was 
increased to 10%, at curing periods of 7 days and 28 
days, Na-sulfate-soil has the largest UCS (2.41 MPa and 
3.81 MPa), respectively. And it had the largest increment 
in UCS according to curing period (59.34%). Although 
the UCS of Mg-sulfate-soil results were lower than those 
of other stabilized soils, it had a second highest increment 
in UCS according to curing period. Ca-sulfate-soil and 
K-sulfate-soil still maintained their lower increment in UCS 
when treated with 10% cement (increment were 41.99% and 
34.42%, respectively). The following ranking was observed 
for the UCS of the soils treated with 10% cement:

Cued for 7 days: Na-sulfate-soil (2.41 MPa) > K-sulfate-
soil (2.15 MPa) > Ca-sulfate-soil (1.81 MPa) > Mg-sulfate-
soil (0.85 MPa).

Cued for 28 days: Na-sulfate-soil (3.84 MPa) > K-sulfate-
soil (2.89 MPa) > Ca-sulfate-soil (2.57 MPa) > Mg-sulfate-
soil (1.31 MPa).

The UCS results indicate that the sulfate type significantly 
affected the UCS of cement-stabilized soils. The UCS of 
cement-stabilized Mg-sulfate-soil was the lowest among all 
soils. The development of strength is severely hindered by 
 MgSO4 (Kinuthia and Wild 2001). Except for Mg-sulfate-
soil, the UCS of stabilized soils with 5% cement did not 
vary significantly. With 10% cement, Na-sulfate-soil had the 
highest UCS and surpassed other stabilized soils. At low 

concentrations (less than 2%),  Na2SO4 served as a catalyst 
for the volcanic ash reaction, thereby enhancing the soils of 
strength without altering the stabilization process (Gadouri 
et al. 2019b). When cement content was 5%, Ca-sulfate-
soil had a largest UCS of 1.22 MPa after soaking, but with 
cement content increased to 10%, the UCS of Ca-sulfate-
soil after soaking was only 0.8 MPa, decreased by 34.43%. 
When Na-sulfate-soil was treated with 5% cement, the UCS 
after soaking was 0.05 MPa, and then slightly increased 
to 0.07 MPa with the cement content increasing to 10%. 
For K-sulfate-soil, its UCS after soaking appeared to be 
unaffected by the cement content. Mg-sulfate-soil lost 
bearing capacity after the swelling test when treated with 
5% cement, so its UCS after soaking recorded as 0, but this 
UCS increased to 0.22 MPa after being treated with 10% 
cement. The UCS after soaking of cement-stabilized soils 
was ranked as follows:

5% cement: Ca-sulfate-soil (1.22 MPa) > Na-sulfate-soil 
(0.05 MPa) > K-sulfate-soil (0.04 MPa) > Mg-sulfate-soil 
(0 MPa).

10% cement: Ca-sulfate-soil (0.8 MPa) > Mg-sulfate-soil 
(0.22 MPa) > Na-sulfate-soil (0.07 MPa) > K-sulfate-soil 
(0.05 MPa).

XRD and SEM

Figure 5a and b shows the XRD result of soils stabilized 
with 5% cement before and after soaking, respectively. 
Kaolinite, quartz, and muscovite found in the soils came 
from kaolin. CSH, detected at around 30°, was the main 
source of strength improvement in stabilized soils. The main 
product of cement hydration, Ca(OH)2, was not detected in 
any stabilized soils and should be consumed in the formation 
of ettringite in cement-stabilized soils (Li et al. 2019b). For 
Na-sulfate-soil, gypsum was detected at around 32° without 
soaking but not detected after soaking. This was due to 
the formation of gypsum in the early reaction of  Na2SO4 
with Ca(OH)2, which could further lead to the formation of 
ettringite in the presence of aluminates (Massazza 1993). 
Regarding Mg-sulfate-soil, gypsum was detected at around 
12° before and after soaking. This was consistent with 
Massazza (1993), who reported that  MgSO4 combined with 
cement hydrates to form gypsum, which at a later stage 
contributed to the formation of ettringite. It was found that 
 MgSO4 in Mg-sulfate-soil caused CSH to decalcify and form 
MSH (Hekal et al. 2002), and MSH had a peak around 22.5°. 
Additionally, no gypsum peak was observed in Ca-sulfate-
soil and K-sulfate-soil.

Figure 5c and d show the XRD patterns of sulfate-bear-
ing soils stabilized with 10% cement before and after soak-
ing. Most stabilized soils showed insignificant change in 
CSH with increasing cement content from 5 to 10%. Gyp-
sum was detected in the XRD pattern of Ca-sulfate-soil 
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after soaking, the CSH peak was significantly reduced. 
This might explain why the UCS of 10% cement-stabilized 
Ca-sulfate-soil after soaking was lower than that of 5% 
cement. A new peak of ettringite around 8° was detected 
in the XRD pattern of Na-sulfate-soil, compared with 5% 
cement, so the increased ettringite formation caused more 
swelling in Na-sulfate-soil with 10% cement than the soils 
with 5% cement. For K-sulfate-soil after soaking, a peak at 
8° signified the presence of ettringite. After soaking, the 
peaks of gypsum and MSH disappeared in 10% cement-
stabilized Mg-sulfate-soil, which might account for its 
greater UCS and less swelling than those of 5% cement-
stabilized Mg-sulfate-soil.

The samples used for XRD tests were used for SEM 
tests. The detection of ettringite was the focus of this SEM 
testing. Figure 6 shows the SEM photos of 5% cement-
stabilized soils. Unfortunately, only a small amount of 

ettringite was found in the SEM photos of stabilized 
Na-sulfate-soil and Ca-sulfate-soil after soaking, as 
shown in Fig. 6b and f. However, in Fig. 7, each sample 
of 10% cement-stabilized soils contained a large amount 
of needle-like ettringite. The formation of ettringite 
in stabilized soils increased significantly with cement 
content, consistent with the XRD results.

Leachate pH and concentration of free calcium ions

Figure  8 shows pH of soils treated with 5% and 10% 
cement. The filtrate sample at 0-day curing was obtained by 
immediately mixing sulfate-bearing soils, cement, and water. 
For soils stabilized with 5% cement, the pH ranged from 
10.73 to 11.51 at both 0 and 7 days of curing. After soaking, 
the pH of the stabilized soils (except stabilized Mg-sulfate-
soil) decreased to some extent, but remained above 10.76, 

Fig. 5  XRD patterns of stabilized four sulfate-bearing soils with 5% and 10% cement: a 5% cement, before soaking, b 5% cement, after soaking, 
c 10% cement, before soaking, d 10% cement, after soaking
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promoting the formation of ettringite and CSH. This was 
because ettringite was a stable mineral above pH value of 
10.7 while CSH was more easily produced above pH value 
of 9.5 (Myneni et al. 1998b; Song et al. 2000). The pH of 
5% cement stabilized Mg-sulfate-soil decreased significantly 
to 9.94 after soaking. For 10% cement-stabilized soils, the 
pH was between 11.58 and 12.08 after cured for 0 or 7 days. 
Soaking lowered the pH of the soils to a range of 9.69 to 
11.64, in contrast to its value after 7 days of curing. The pH 
of the soils stabilized with 10% cement was higher than that 
with 5% cement, for both 0-day and 7-day curing without 
soaking, indicating that the increase of cement content 
increased the pH of soils. This was consistent with the 
findings of Al-Mukhtar et al. (2010). However, there was 
a risk of dissolution of ettringite only at neutral or lower 
pH values (Myneni et al. 1998a). As the pH increased of 
soils, the migration water rich in released sulfate and  Ca2+ 
facilitated the recrystallization of ettringite (Kowalska et al. 
2023). This explains the reason for the increased swelling 
of the other three types of stabilized sulfate-bearing soils 
(except stabilized Mg-sulfate-soil) as the cement content 
increases.

Figure 9 shows the concentration of free  Ca2+ in the 
filtrate of stabilized soils with 5% and 10% cement at 
different curing (or soaking) period. In Fig. 9a, it can be 
seen that as the curing period increased from 0 to 7 days, 
the concentration of free  Ca2+ in all stabilized soils with 
5% cement decreased significantly, indicating that free 
 Ca2+ was consumed in cement hydration reaction. Free 
 Ca2+ in the soils formed water-insoluble CSH and ettringite 
during cement hydration, lowering its concentration. After 
immersed in water, Mg-sulfate-soil and Ca-sulfate-soil had 
a decreasing concentration of free  Ca2+ due to continuous 
cement hydration reaction. However, for Na-sulfate-soil and 
K-sulfate-soil, the concentration of free  Ca2+ after soaking 
slightly increased compared to that for 7-day curing. It 
was deduced that the pH of the stabilized Na-sulfate-
soil and K-sulfate-soil had dropped to about 10.7 after 
soaking, leading to a slight instability of ettringite, which 
released free  Ca2+ (Hobbs and Taylor 2000). Overall, the 
concentration of free  Ca2+ in each 5% cement-stabilized 
soils decreased from 0-day curing to after soaking, but 
the degree of decrease varied. Specifically, the degrees by 
which the concentrations of free  Ca2+ decreased were in the 
following order:

N a - s u l f a t e - s o i l  ( 7 1 . 1 8 % )  >  K- s u l f a t e - s o i l 
(61.83%) > Ca-sulfate-soil (53.51%) > Mg-sulfate-soil 
(32.17%).

The concentration of free  Ca2+ decreased to a higher 
degree in Na-sulfate-soil and K-sulfate-soil with 5% cement 
compared to the other two soils. The monovalent cations 
reacted with cement hydration products to produce NaOH 
and KOH, which increased the soils alkalinity more easily 

and enhanced the cement hydration reaction (Gadouri 
et al. 2019b; Shivanshi et al., 2022; Sridharan et al. 1995). 
Regarding the soils containing divalent cations, due to 
the introduction of  Mg2+, CSH would be decalcified to 
form gypsum and MSH was formed in Mg-sulfate-soil 
stabilized with cement (Li et al. 2023a; Massazza 1993), 
resulting in the release of free  Ca2+. However, most of 
free  Ca2+ in Ca-sulfate-soil participated in the formation 
of insoluble CSH and calcium aluminate hydrate (CAH) 
(Jha and Sivapullaiah 2018). Therefore, the concentration 
of free  Ca2+ decreased much more in Ca-sulfate-soil than 
in Mg-sulfate-soil.

Higher content of cement (i.e. 10%) increased the 
concentrations of free  Ca2+ in the soils at the beginning of 
curing (i.e. 0 day curing), as shown in Fig. 9b. Like 5% 
cement-stabilized soil, the concentration of free  Ca2+ in 
10% cement-stabilized Ca-sulfate-soil and Mg-sulfate-
soil decreased continuously from 0-day curing to after 
soaking. For stabilized K-sulfate-soil and Na-sulfate-soil, 
the concentration of free  Ca2+ showed a decrease from 0 
to 7 days curing, and then a slight increase. From 0-day 
curing to after soaking, 10% cement-stabilized K-sulfate-soil 
had the highest decrease of free  Ca2+ concentration. The 
stabilized Na-sulfate-soil had a lower decrease in free  Ca2+ 
concentration than the K-sulfate-soil. This might be due to 
that the pH value of stabilized Na-sulfate-soil after soaking 
was 9.69, which was not high enough to make ettringite 
stable. Additionally, the reduction in free  Ca2+ concentration 
was higher in stabilized Mg-sulfate-soil compared to 
Ca-sulfate-soil. The degrees by which the concentrations of 
free  Ca2+ decreased from 0-day curing to after soaking was 
ranked as follows:

K- s u l f a t e - s o i l  ( 8 9 . 6 0 % )  >  N a - s u l f a t e - s o i l 
(85.77%) > Mg-sulfate-soil (72.29%) > Ca-sulfate-soil 
(68.38%).

For both 5% and 10% cement addition, sulfate-bearing 
soils with divalent cations consistently had higher free  Ca2+ 
concentration than those with monovalent cations from 
0-day to after soaking. As per soils with divalent cations, 
the free  Ca2+ concentration of stabilized Mg-sulfate-soil 
was always higher than that of stabilized Ca-sulfate-soil. 
This is because  Mg2+ in stabilized Mg-sulfate-soil reacts 
preferentially with cement hydration products to form MSH 
(Hekal et al. 2002; Li et al. 2023a). After  Mg2+ depletion, 
 Ca2+ would bind silicate hydrate to forms CSH and 
ettringite. Regardless of cement content, for soils containing 
monovalent cations, the concentration of free  Ca2+ was quite 
closed between K-sulfate-soil and Na-sulfate-soil at each 
curing (and soaking) stage.
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Discussion of mechanism

Calcium-based stabilizers such as cement or those having 
pozzolanic properties involve five processes to improve the 
properties of clay soils(Al-Mukhtar et al. 2012; Lin et al. 
2007; Prusinski and Bhattacharja 1999; Sol-Sánchez et al. 
2016): (a) hydration, (b) cation exchange, (c) flocculation 
and agglomeration, (d) pozzolonaic reaction, and (e) poten-
tial carbonation. Cation exchange process due to the mix-
ing of stabilizers with soil causes flocculation and agglom-
eration of soil particles, which in turn produces a soil with 
coarser particle size distribution, higher permeability and 
lower plasticity. Cement, due to its rapid hydration reaction, 
provides better strength characteristics and requires a shorter 
curing time compared to lime and other soil stabilizers.

The testing results show that the sulfate type affected 
the properties of cement-stabilized soils. When cement 
reacts with water, the reaction yields CAH, CSH and 
other hydration products (Eq.  (1)) (Xing et  al. 2009). 
The development of soil strength was often attributed to 
the hydration of cement, which formed hydrates such as 
CSH and CAH. These hydrates crystallized over time and 
interlocked with the soil system (Behnood 2018).

For Ca-sulfate-soil, when  CaSO4 was introduced into 
soil-cement system, it would dissolve into  Ca2+ and  SO4

2- 
in water (Eq. (2)).

Ca2+ ions sourced from  CaSO4 would participate in 
the reaction (indicated by Eq. (1) to form CSH and CAH, 
while  SO4

2- promoted the formation of ettringite (as shown 
in Eq. (3). Previous studies had shown that the formation 
of ettringite could occur under two different conditions. 
Naturally occurring ettringite was typically formed by the 
reaction of sulfate and alumina in the presence of  Ca2+ at 
pH > 10 (Chen et al. 2020; Sun et al. 2020; Zhang et al. 
2021). The formation of ettringite and CSH can be confirmed 
by the XRD and SEM results of the Ca-sulfate-soil (Figs. 5, 
6 and 7). CSH, CAH, and ettringite, are all insoluble in 
water (Li et  al. 2019a; Rajasekaran 2005), leading to a 
considerable reduction on the concentration of free  Ca2+ 
(Fig. 9). Although ettringite formation could cause swelling 
of soils, the occurrence of cementitious compounds, such as 

(1)
Ca2+ + SiO2 + Al2O3 + H2O → CSH + CAH + Ca(OH)2

(2)CaSO4 → Ca2+ + SO2−
4

CSH and CAH, might limit the ettringite-induced swelling 
and improve soil strength to some extent (Aldaood et al. 
2014; Jha and Sivapullaiah 2018; Yilmaz and Civelekoglu 
2009b). Hence, the cement-treated Ca-sulfate-soil swelled 
less than any other soil.

When  MgSO4 was added into the soil-cement system, 
 MgSO4 caused the decalcification of CSH, producing 
gypsum and MSH, which resulted in the formation of 
more ettringite at a later stage (Hekal et al. 2002; Massazza 
1993).  SO4

2- contained four oxygen atoms with strong 
electronegativity. The distance between  Ca2+ and the silicate 
chain structure was relatively large. When SO42- and  Mg2+ 
simultaneously corroded CSH,  Ca2+ was decalcified due to 
the attraction of  SO4

2−(Cao et al. 2023). The reaction could 
be simplified as Eq. (4). MSH and gypsum formation in 
Mg-sulfate-soil was confirmed by XRD patterns (Fig. 5). 
This is why cement-stabilized Mg-sulfate-soil had the lower 
decrease of free  Ca2+ concentration. Compared to CSH, 
MSH had a significantly lower binding capacity, which 
caused greater swelling and less strength compared to other 
soils (Figs. 3 and 4).

As Hekal et al. (2002) and Yi et al. (2014) stated, MSH 
formation was the primary cause of strength reduction.

With the introduction of  Na2SO4 and  K2SO4 into the soil-
cement system, they would react with the cement hydration 
products as follows:

As shown in Eqs. (5) and (6), monovalent ions were more 
likely to increase soil alkalinity in the process of cement 
stabilization (Gadouri et al. 2018, 2019b; Shivanshi et al., 
2022; Wu et  al. 1990). XRD patterns also verified the 
formation of gypsum in Eqs. (5) and (6) (Fig. 5). As shown 
in Fig. 9, the concentration of free  Ca2+ was much lower 
in sulfate-bearing soils containing monovalent cations than 
in soils containing divalent cations. With the increase of 
soil alkalinity, more  Al2O3 and  SiO2 dissolved in stabilized 
soil (Mitchell 1986; Sridharan et al. 1995). This process 
promoted the reaction of free  Ca2+ with  Al2O3 and  SiO2 
to form CSH and CAH in stabilized Na-sulfate-soil and 
K-sulfate-soil (Eq. (1) (Wild et al. 1993), resulting in higher 
strength of Na-sulfate-soil and K-sulfate-soil (Fig. 4).

(3)
6Ca2+ + 3SO2−

4 + Al2O3 + 32H2O
→ 3CaO ⋅ Al2O3 ⋅ 3CaSO4 ⋅ 32H2O

(4)MgSO4 + CSH → MSH + CaSO4 ⋅ 2H2O

(5)
Na2SO4 + Ca(OH)2 + 2H2O → 2NaOH + CaSO4 ⋅ 2H2O

(6)K2SO4 + Ca(OH)2 + 2H2O → 2KOH + CaSO4 ⋅ 2H2O

Fig. 6  SEM photos of soils stabilized with 5% cement: a Na-sulfate-
soil, before soaking, b Na-sulfate-soil, after soaking, c Mg-sulfate-
soil, before soaking, d Mg-sulfate-soil, after soaking, e Ca-sulfate-
soil, before soaking, f Ca-sulfate-soil, after soaking, g K-sulfate-soil, 
before soaking, h K-sulfate-soil, after soaking

◂
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Summary and concluding remarks

• The OMC order of the four sulfate-bearing soils stabi-
lized with 5% cement was K-sulfate-soil > Ca-sulfate-
soil > Mg-sulfate-soil > Na-sulfate-soil. The MDD order 
of these soils was opposed to the OMCs order. For 
soils treated with 10% cement, the order of their OMCs 
remained unchanged as mentioned above. The MDD of 
10% cement-stabilized Mg-sulfate-soil was lower than 
that of other soils.

• The maximum swelling of 5% cement stabilized 
Mg-sulfate-soil was the highest, while the maximum 
swelling of Ca-sulfate-soil was the lowest. Their UCS 

trends were opposite at 7 and 28 days. The swelling 
of 10% cement stabilized monovalent cationic sulfate-
bearing soil was higher than that of divalent cationic 
sulfate-bearing soil, and the unconfined compressive 
strength of monovalent cationic sulfate-bearing soil at 
7 and 28 days was higher than that of divalent cationic 
sulfate-bearing soil.

• Nevertheless, the UCS after soaking of Ca-sulfate-soil 
was the highest among all stabilized soils. The XRD 
and SEM results revealed the presence of ettringite 
and CSH in all cement-stabilized soils. The formation 
of MSH and highest concentration of free  Ca2+ in 
stabilized Mg-sulfate-soil was the main cause of its 
lowest strength and greater swelling.

• From 0-day curing to after soaking, both types of 
divalent cation sulfate soils in cement-stabilized 
sulfate-bearing soils with two different dosages 

Fig. 7  SEM photos of soils stabilized with 5% cement: a Na-sulfate-
soil, before soaking, b Na-sulfate-soil, after soaking, c Mg-sulfate-
soil, before soaking, d Mg-sulfate-soil, after soaking, e Ca-sulfate-
soil, before soaking, f Ca-sulfate-soil, after soaking, g K-sulfate-soil, 
before soaking, h K-sulfate-soil, after soaking

◂

Fig. 8  The pH of soils with a 5% cement b 10% cement

Fig. 9  The concentration of free  Ca2+ in filtrate of soils with a  5% 
cement b 10% cement
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maintained a relatively high level of consumption of 
 Ca2+. Sulfates with monovalent cations demonstrated 
a higher ability to facilitate the consumption of free 
 Ca2+, leading to an increased production of ettringite 
and CSH compared to sulfates with divalent cations. 
Therefore, stabilized Na-sulfate-soil and K-sulfate-soil 
stabilization resulted in higher strength and swelling.

In summary, sulfates with monovalent cations had more 
positive effects on the strength of cement-stabilized soils, 
while sulfates with divalent cations had better capacity to 
resist the swelling of cement-stabilized soils.
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