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Abstract: Sulfate-bearing soils, which causes many engineering problems, e.g., cracking, collapse,
and pavement layer settlement, are often encountered in the construction of pavements. Ground
granulated blast furnace slag (GGBS)-magnesia (MgO) has been regarded as an effective curing
agent in the treatment of sulfate-bearing soil containing gypsum. However, field sulfate-bearing soils
usually include other forms of sulfates, such as sodium sulfate (Na;SO4) and magnesium sulfate
(MgSOy). Currently, few studies have investigated the effect of the type of sulfate on the properties
of sulfate-bearing soil stabilized with GGBS-MgO. In this study, GGBS-MgO was used to treat Ca-
sulfate-soil and Mg-sulfate-soil. Swelling, unconfined compressive strength (UCS), X-ray diffraction
(XRD), and scanning electron microscopy (SEM) tests were employed to investigate the properties
of the stabilized soils. The results showed that when suitable GGBS:MgO ratios were achieved, the
swelling of the two types of sulfate-bearing soils could be well suppressed. However, the trend that
the swelling varied with the decrease in the GGBS:MgO ratios was opposite between the two soils.
The UCS of Mg-sulfate-soils was much lower than that of the Ca-sulfate-soils after the stabilization of
GGBS-MgO irrespective of the curing or soaking stage. CSH significantly occurred in Ca-sulfated
soils treated by GGBS-MgO. Ettringite was not observed in the soil with GGBS-MgO = 9:1 but was
observed in 6:4. Compared to Ca-sulfate-soils, MSH and less CSH were formed in Mg-sulfate-soils
stabilized with GGBS-MgO, which caused the lower strength of the stabilized Mg-sulfate-soils. No
ettringite was formed in such soils. Hence, the sulfate type contained in the soils had a significant
effect on the swelling and strength properties of sulfate-bearing soils with GGBS-MgO, and so the
sulfate needs to be identified before the soil’s stabilization.
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1. Introduction

As a problematic soil, sulfate-bearing soil is widely distributed over the world, cover-
ing an area of more than 1 billion hectares [1]. Enormous sulfate-bearing soils exist in China,
the United Kingdom, and the United States [2-5]. Sulfate is usually present in this soil in
the form of gypsum (CaSO4-2H;0), sodium sulfate (NaySOj), potassium sulfate (K;SOy),
and magnesium sulfate (MgSO,). Sulfate-bearing soils, which cause many engineering
problems, such as cracking, collapse, and pavement layer settlement, are often encountered
in the construction of pavements [6-8]. A 3.5 km (2.2 mi) section of a road in Georgia had
unexpected transverse bumps within 6 months after its construction, which was caused by
the ettringite formed from cement soil eroded by sulfate. This was also a potential problem
in pavement engineering containing sulfate [9]. Therefore, such soils need to be stabilized
before they are used in civil engineering. &5 (1>

Calcium-based curing agents, such as cement and lime, have been widely used to
treat sulfate-bearing soils. Studies by [4,10-14] showed that the sulfate contained in the soil
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reacted with the calcium from the calcium-based curing agent and alumina (from soil and
agent) to form ettringite, which will cause an expansion. This ettringite-induced expansion
has a negative impact on the subgrade of the road and the soil’s foundation [15]. For
calcium-based curing agents curing sulfate-bearing soil, Adeleke et al.’s [8] research results
showed that the sulfate concentration had a significant impact on the soil’s properties after
curing. When the sulfate concentration was 10%, the sample expansion rate was at the
maximum. Ehwailat et al. [16] made further research on a 10% sulfate concentration, and
the research results were mutually verified with predecessors. When the lime content was
20% for curing sulfate-bearing soil, the maximum swelling rate of the sample reached
22.22%. Hence, ground granulated blast furnace slag (GGBS), a by-product of the iron
and steel industry, has emerged as a binder of sulfate-bearing soils [17-22] to address the
above-mentioned problems. Gokul et al. [23] used GGBS and sodium hydroxide to improve
the stability of clay. When the content of the GGBS was 24%, the maximum strength was
4.062 MPa at 28 days under the appropriate ratio. When GGBS was used to partially replace
cement, the swelling of the cement was effectively restrained compared with that of cement
alone [24]. However, the production of cement will consume an enormous amount of
energy and emit lots of CO,, resulting in the loss of energy and serious environmental
problems [19]. The GGBS needs to be activated by alkali to provide the binding force for
soils [25]. As an alkali activator, lime has been used for many years to activate GGBS.
This is because lime accelerates the hydration of GGBS to form calcium silicate hydrate
(CSH) gel, which effectively improves the strength and swelling properties of soils [3,26-29].
When lime-GGBS was used to solidify sulfate-bearing soil, the extension of the drying and
curing time can effectively reduce the vertical swelling and crack of the sample. Long time
curing will produce more cementitious products, so it can improve the swelling resistance
of the sample [29]. However, like cement, lime will damage the environment during the
calcination and production. For example, the production of one ton of lime emits about
0.95 tons of CO, and consumes about 3200 M] of energy [30]. Moreover, lime-GGBS can
also induce the formation of ettringite and result in the expansion of soils when it was
used to treat sulfate-bearing soils due to the introduction of calcium ion sourced from
lime [19,31,32].

Recently, it has been proved that magnesia (MgO) had the ability to activate GGBS,
and the strength of the soil was greatly improved by MgO-activated GGBS [18,19,33-35].
Li et al. [18] showed that when GGBS was excited by highly active magnesium oxide, the
7 days strength of solidified Ca-sulfate-soil reached its height at 1.9 MPa. This result was
consistent with the study conducted by Yi et al. [33]. Seco et al. [36] used magnesium
oxide-rich substances and GGBS to stabilize the natural sulfate-bearing soil. The highest
strength generally occurred in 14 days and reached 13.4 MPa. Furthermore, Li et al. [18]
and Seco et al. [36] showed that MgO-activated GGBS (GGBS-MgO) could better suppress
the swelling of gypseous soil (denoted as Ca-sulfate-soil) than cement, and no significant
ettringite was formed in the stabilized soil. When GGBS-MgO-stabilized clay was soaked
in NapSOy solution, its durability was stronger than that of cement stabilized clay [31].
Wau et al. [37] showed that when the dry wet cycle exceeds four times, the clay stabilized by
GGBS-MgO showed lower Ej5j than that stabilized by cement. As for permeability, when
the content of curing agent was 10%, the optimal ratio of GGBS to MgO was 9:1 [38].

The above results indicate that GGBS-MgO is a promising curing agent for stabilizing
sulfate-bearing soils. It is worth noting that most of previous studies were on the stabi-
lization of soils containing gypsum (denoted as Ca-sulfate-soils) [3,16,18,39,40], and few
scholars paid attention to the impact of the type of sulfate-bearing soils (e.g., soils con-
taining MgSO, or NaySO,) on the properties of stabilized soils. Studies by [31] found that
GGBS-MgO-stabilized soils did not present ettringite, but exhibited different engineering
performance when being attacked by external Na;SO4 and MgSOy solutions. For exam-
ple, the stabilized soil specimen flaked off after eroded by the external MgSOy solution,
whereas did not show this change eroded by Na,;SO, the solution. This result indicated
that GGBS-MgO-stabilized soils may have different engineering properties when subjected
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to an internal CaSO4, MgSOy, or NaySOy attack. The internal sulfate attack means the
sulfate is a part of soils, i.e., sulfate-bearing soil. Hence, to clarify this issue, this study
investigated the strength and swelling properties of Ca-sulfate-soil and Mg-sulfate-soil (i.e.,
soil containing MgSQOj,) stabilized with GGBS-MgO by using the unconfined compression
strength (UCS) test and swelling test. X-ray diffraction (XRD) and a scanning electron
microscope (SEM) were used to study the mineralogical and micro-structural properties of
the stabilized soils associated with exploring the stabilization mechanism.

2. Materials and Methods
2.1. Test Material

The white powder kaolin used in this study was purchased from Guangzhou Chuangke
New Material Technology Co., Ltd. The plastic limit, liquid limit, and plasticity index of
kaolin were 34.95%, 54.08%, and 19.13%, respectively. The maximum dry density of kaolin
was 1.36 g/cm?3, and the optimal moisture content was 32%. The sulfate-bearing soils used
in this study were divided into two types. One type was made of kaolin and gypsum
(CaS04-2H,0), called Ca-sulfate-soil, and the other one was made of kaolin with magne-
sium sulfate heptahydrate (MgSO,-7H,0), called Mg-sulfate-soil. In both sulfate-bearing
soils, the sulfate concentration was set as 20,000 ppm, which belongs to the high sulfate
content in civil engineering [3,4,17,39,41].

CaS0Oy-2H,0 and MgSO4-7H,0 were purchased from Wuhan Xianglong building
materials Co., Ltd. and Shanxi Nanfeng Group Chemical Co., Ltd., respectively. GGBS
was obtained from Henan Yuanheng Environmental Protection Engineering Co., Ltd.
MgO was provided by the Hebei Zhuyan alloy material Co., Ltd. Ordinary Portland
cement, type 42.5, was obtained from Dengfeng Zhonglian dengdian Cement Co., Ltd. The
chemical composition of the soil and curing agents used in the tests were analyzed by X-ray
fluorescence spectroscopy and the results are shown in Table 1.

Table 1. Oxide composition and percentage content of main materials.

Composition CaO Si, O Al,O3 MgO Fe, O3 SO; TiO, K,O Others
Kaolin ND 53.90 43.24 ND 0.89 0.08 1.36 0.19 0.34
MgO 5.62 10.23 6.34 76.72 ND 0.55 ND ND 0.54
GGBS 42.22 31.33 14.82 6.83 ND 2.31 0.79 ND 1.70
Cement 59.39 20.66 5.60 3.87 3.23 4.99 ND 0.10 2.16
Gypsum 58.39 8.32 2.61 5.21 0.72 23.70 ND 0.55 0.50
M 1.21 14.64 7.73 20.09 0.22 55.11 0.07 0.30 0.63

Note: ND—not detected; M—MgSO,4-7H, 0.

2.2. Test Methods
2.2.1. Mixing and Sample Compaction

Following a previous experimental design [17,18], the content of the curing agent was
determined as 10% by the weight of dry soil, and the ratio of GGBS:MgO was 9:1, 8:2, 7:3,
and 6:4. The dry material was uniformly blended for 8 min, and then the required amount
of water was added and further blended for another 20 min. A splitting mold with a size of
50 mm x 100 mm was utilized to accommodate the compacted specimen. Each specimen
was compacted in three layers, and each layer was compacted for 30 blows. The surface
of the first and second layers was scraped to avoid layering before the next layer was
compacted. The compaction was conducted by using a hammer of 0.51 kg that fell freely
along a steel rod at a height of 270 mm. After compaction, the specimen was demolded
by ajack. The demolded specimen was sealed with a plastic film and then cured at room
temperature for the required curing ages. The unit compaction work was 606.73 kJ /m?,
which was close to 605.60 k] /m? of the standard Proctor test [42].

Figures 1 and 2 show the compaction curves of Ca (and Mg)-sulfate-soils with and
without curing agents, which reflect the relationship between the water content and dry
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density for each soil. In Figure 1, the optimal moisture content of the Ca-sulfate-soil with
GGBS-MgO was significantly higher than that of the untreated soil (i.e., 31%). Its optimal
moisture content raised and then stabilized with the increased MgO content. The optimal
moisture content was 32% for the soil with GGBS:MgO = 9:1, 34% for GGBS:MgO = 8:2,
7:3 and 6:4, and 36% for the cement-treated soil. Figure 2 shows that the optimal moisture
content of Mg-sulfate-soil also increased and then remained stable with the increase in the
MgO content. The GGBS-MgO-treated soil required a higher moisture content (28-30%)
than the untreated soil (26%) to reach the maximum dry density, while the cement-treated
soil had a higher optimal moisture content of 34%. The specimens for the swelling and
UCS tests were prepared at their respective optimal moisture content.
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Figure 1. Compaction curves of Ca-sulfate-soil with and without curing agents.
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Figure 2. Compaction curves of Mg-sulfate-soil with and without curing agents.
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2.2.2. Experimental Studies

Similar to previous studies [17,18,43], the swelling test used in this study was a 3-
dimentional swelling test, and only vertical swelling was recorded. After the specimen was
made, it was sealed and cured for 7 days, and the swelling of the specimen was recorded
during the curing process. After 7 days of curing, the specimen was immersed in water
for the swelling test. The recording interval on the first day was 15, 30, 60, 75, 180, 360,
and 720 min, and then 1440 min until the swelling was stable for three consecutive days.
However, if the swelling finished less than 28 days after the specimen was soaked in water,
the test would end on the 28th day. The schematic for the device of the swelling test was
shown in Figure 3. The specimen was placed in a beaker with a flat bottom, and a porous
stone was placed on the top of the specimen. The tap water was used for the swelling test,
which was added into the beaker until the water level reached half of the height of the
porous stone.

Dial gauge

~ // Beaker

| —Porous stone

|| Sample | -—— Water

Magnetic
frame

Figure 3. Schematic for the swelling test.

After the swelling test, the UCS test was carried out on the soaked specimen. For the
specimens not used in the swelling test, they were subjected to the UCS test after being
cured to the required curing ages (i.e., 7 and 28 days of curing). A universal testing machine
was used for the UCS test. The maximum load was 20KN and the loading rate of the device
was 1 mm/min, determined according to [44]. The UCS test was conducted in replicate,
and the variation between the two replicates was between 4% and 20%, which was regarded
as an effective result. The crushed specimens after the UCS test were collected and put into
the YTLG-12C vacuum freeze dryer, produced by Shanghai Yetuo Technology Co., Ltd., for
drying. The dried samples were further processed for mineralogical and micro-structural
tests. Parts of the dry samples were used for the SEM test and some were ground to pass
through a 0.075 mm sieve for the XRD test. The XRD test was performed by using a Dutch
Empyrean X-ray diffractometer, running at 45 Kv, 40 mA. The SEM test was conducted by
using the Hitachi SU8010 high-resolution field emission scanning electron microscope, to
investigate the surface morphology of the samples.

3. Results and Discussion
3.1. Vertical Swelling

Figure 4 shows the swelling of the Ca-sulfate-soil with curing agents. The treated soils
shrank during the curing period. When in contact with water, the soils treated with cement
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and GGBS:MgO = 9:1, 8:2, and 7:3 swelled immediately and their swelling percentages
tended to be stable in the first week. However, the swelling of the soil treated with 6:4
increased significantly and became stable after 8 weeks. The soil with cement presented a
swelling percentage of 1.30%, which was between the percentages of the soils with GGBS-
MgO. For the soils treated with GGBS-MgO, the swelling percentage increased with the
decrease in the ratio of GGBS-MgO from 9:1 to 6:4. The swelling percentage of the soil
reached a maximum value of 14.30% with GGBS:MgO = 6:4. The ratio of the soils with
9:1 and 8:2 had a swelling percentage of ~0.15%, less than 1.30% of cement-treated soil.
Therefore, with suitable GGBS:MgO ratios (e.g., 9:1 and 8:2), the binder of GGBS-MgO
could better suppress the swelling than cement for the Ca-sulfate-soil. These results were
in agreement with the study of [18], who found that the swelling percentage increased with
the decreased GGBS-MgO ratio when highly reactive MgO was used.
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Figure 4. Vertical swelling percentages of Ca-sulfate-soil treated with cement and GGBS-MgO.

Figure 5 gives the swelling of Mg-sulfate-soil with GGBS-MgO and cement. During
curing, each treated soil also shrank. In the soaking stage, it generally took a longer time
for the treated soils to reach a stable swelling compared to those treated Ca-sulfate-soils.
The swelling percentages of the soils with GGBS:MgO = 9:1, 7:3, and 6:4 tended to be
stable in 4 weeks, while those of the soils with GGBS:MgO = 8:2 and cement stabilized
in 8 weeks. In terms of the final swelling percentage, the cement-treated Mg-sulfate-soils
had a value of 5.39%, much higher than that of the Ca-sulfate-soils with cement (1.30%).
With the stabilization of GGBS-MgO, the Mg-sulfate-soil had a different trend with the
Ca-sulfate-soil. The swelling percentage increased with the increased GGBS-MgO ratio and
produced a maximum value of 5.13% at GGBS:MgO = 9:1, while a minimum value of 0.02%
at GGBS:MgO = 6:4.

Similar to Ca-sulfate-soil, Mg-sulfate-soil treated with cement showed a higher swelling
percentage than the soil treated with GGBS-MgO, which indicated that GGBS-MgO had
a better capability to resist swelling than cement for the Mg-sulfate-soil at a proper
GGBS:MgO ratio.

A comparison between stabilized Ca-sulfate-soils and Mg-sulfate-soils illustrated that
as long as suitable GGBS:MgO ratios were achieved, the swelling of the two types of sulfate-
bearing soils could be suppressed to the largest extent, e.g., 9:1 for Ca-sulfate-soils and
6:4 for Mg-sulfate-soils. However, the trend that the swelling varied with the GGBS:MgO
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ratios was the opposite; that is, the lowest swelling occurred at GGBS:MgO = 9:1 for Ca-
sulfate-soils while it occurred at 6:4 for Mg-sulfate-soils. These two types of soils showed
significantly different swelling percentages in the presence of cement. A lower swelling of
1.30% was observed for Ca-sulfate-soil, while 5.39% occurred for Mg-sulfate-soils.
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Figure 5. Vertical swelling percentages of Mg-sulfate-soil treated with cement and GGBS-MgO.

3.2. UCS Results

Figure 6 shows the UCS of the treated Ca-sulfate-soils at different curing and soaking
stages. The curing stage referred to the 7 and 28 days curing without soaking and after
soaking referred to the end of the swelling test. Some specimens collapsed after the swelling
test and could not be used for the UCS test, so the UCS after soaking was recorded as 0.

10 9
[ Cured for 7 days without soaking
i Cured for 28 days without soaking
After soaking

8 -
o 61
[
& |
% 7

4 — -
o 1

//
2 —
o LemiZZ _‘

Sulphate soil ~ GGBS:MgOQ GGBS:MgO GGBS:MgO  GGBS:MgO Cement
=9:1 =g =73 =6:4

Figure 6. UCS of treated Ca-sulfate-soil at different curing and soaking stages.
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The strength of the untreated Ca-sulfate-soil was only 0.18 MPa; when the curing
age increased, the strength increased to 0.33 MPa. This may be because the calcium ion
in gypsum will consume some water with the increase in time, which will make the
sample harder and thus improve the strength. Additionally, the strength was significantly
improved after the addition of the curing agents. As for the specimen without soaking, the 7
and 28 days UCS reached the highest of 4.91 and 7.06 MPa, respectively, at GGBS:MgO = 9:1,
and then reduced with the decrease in the GGBS-MgO ratio. This was in line with the result
mentioned by [33] that over a high MgO content had a negative impact on the strength
performance of soils with GGBS-MgO. Both GGBS-MgO and cement-treated soils showed
a significant increase in UCS at 28 days curing compared to 7 days of curing. However, the
soils treated with GGBS:MgO = 9:1, 8:2, and 7:3 always had a higher UCS than those treated
with cement at different curing and soaking stages (7, 28 days curing, or after soaking).

After soaking, the Ca-sulfate-soils with GGBS:MgO = 9:1, 8:2, and 7:3 all had higher UCS
than the cement-treated soil (0.8 MPa). The highest UCS was achieved at GGBS:MgO = 9:1
which reached 4.92 MPa, while the GGBS:MgO = 6:4 treatment lost its load-bearing capacity,
and thus was recorded as 0. Therefore, this result illustrated that the binder of GGBS-MgO,
with proper GGBS:MgO ratios (e.g., 9:1 to 7:3), could more effectively improve the strength
than cement for the Ca-sulfate-soil.

Figure 7 provides the UCS of the treated Mg-sulfate-soils at different curing and
soaking stages. Without soaking, both 7 and 28 days UCS decreased from the ratio of
GGBS:MgO = 9:1 to 8:2 and then increased with the decreased ratio of GGBS-MgO. Such
UCS (with a range of 0.24-0.85 MPa) were lower than those (0.85 and 1.21 MPa) of the
cement-treated soils at the corresponding curing age. After soaking, the UCS of all of the
treated Mg-sulfate-soils significantly decreased, to a range of 0-0.22 MPa, and cement-
treated soil still had the highest UCS among all of the treated soils. This illustrated that for
Mg-sulfate-soil, GGBS-MgO was less effective than cement in improving the strength.

1.6 7
[ Cured for 7 days without soaking
/7] Cured for 28 days without soaking
] Afler soaking
1.2 7

UCS (MPa)
o=
o
!

: é I
Sulphate soil ~ GGBS:MgO GGBS:MgO GGBS:MgO GGBS:MgO Cement
=9:1 =8:2 =73 =6:4

Figure 7. UCS of treated Mg-sulfate-soil at different curing and soaking stages.
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In general, the UCS of Mg-sulfate-soils was much lower than that of the Ca-sulfate-
soils after the stabilization of GGBS-MgO and cement. With the treatment of GGBS-MgO,
the strength of the Ca-sulfate-soil ranged from 1.11 to 7.06 MPa after 7 and 28 days of curing,
while the strength of Mg-sulfate-soil only ranged from 0.24 to 0.85 MPa. For GGBS-MgO-
treated sulfate-bearing soil, the highest after-soaking strength of the Ca-sulfate-soil could
reach 4.92 MPa, which was much higher than that of the Mg-sulfate-soil (only 0.13 MPa).
The cement-treated Ca-sulfate-soils had a UCS of 1.51, 2.58, and 0.80 MPa at 7 and 28 days
of curing, and after soaking, respectively, while the lower UCS of 0.85, 1.21, and 0.22 MPa
occurred for cement-treated Mg-sulfate-soils at the corresponding stages. This result shows
that the type of sulfate-bearing soil had a significant effect on the strength of the soils
stabilized with GGBS-MgO or cement. It seemed that the introduction of Ca?* contained in
the soils facilitated the strength enhancement of the stabilized sulfate-bearing soils.

3.3. XRD and SEM

Figure 8 shows the XRD results of pure kaolin, as well as Ca-sulfate-soils treated
with GGBS:MgO = 9:1, 6:4, and cement after soaking. The XRD pattern of pure kaolin
was provided for a comparison. The kaolinite and quartz that occurred in all soils were
from kaolin. CSH, detected at ~30 degrees in all treated soils, was mainly responsible
for the development of strength [17,18,34]. Ettringite was not confidently detected in the
soil treated with GGBS:MgO = 9:1, but it was presented in the soil with 6:4, shown as a
weak peak at 9.2° and 23°. The presence of ettringite in the cement-treated soil could not
have been surely identified as the peaks for CSH, and ettringite might overlap at 23°. It is
notable that magnesium silicate hydrate (MSH) was formed in the soil stabilized with the
GGBS:MgO = 6:4 due to the fact that there was sufficient Mg involved in the production of
MSH in this soil [31,45,46].

K-Kaolinite; Q-Quartz; M-Muscovite; C-Calcite
E-Ettringite; CSIH-Calcium silicate hydrate; MSI-Magnesium silicate hydrate

K
ﬂ QK
)
| |
| g o kK Kk K T
Ei—— g_'_b____jm Mw,w‘ww%
! K Kaolin
- | &
+~— ‘
= \\_Jj resH | CCSH
= ‘ W CSII
8 h! \‘Lw,___.JL * S i =
el Cement
2 \'I K
1) N
5 I wl
= JCSH
= E } MsH @MSN | csu
‘"‘W M JW\J/\"\_W__,__M

GGBS:MgO=6:4

C/CSH
\“JL_&?J S/SH PP

GGBS:MgO=9:1

10 20 30 40 50
2Theta (degree)

Figure 8. XRD patterns of kaolin and Ca-sulfate-soils treated with cement, GGBS:MgO = 6:4, and 9:1
after soaking.
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Figure 9 presents the XRD results of the Mg-sulfate-soils treated with GGBS:MgO =91,
6:4, and cement after soaking. All treated soils had a peak of CSH at ~30 degrees, which was
a source of strength. Ettringite was found in the cement-treated soil, but not in the GGBS-
MgO-treated soil. MSH was produced in the soils with GGBS:MgO = 9:1 and 6:4. This
was probably attributed to that excessive Mg?* hydrolyzed from MgSOy4 and MgO, which
reacted with some OH" to form Mg(OH),, which further reached with amorphous SiO,
to form MSH, which was a gel with limited cementation properties [46,47]. Additionally,
lower CSH peaks, indicating less CSH, appeared at 30° and 32° for Mg-sulfate-soils after
GGBS-MgO and a cement treatment, compared to the Ca-sulfate-soils. Less CSH and the
formation of MSH caused the lower strength of the stabilized Mg-sulfate-soils than that of
the stabilized Ca-sulfate-soils.

K-Kaolinite; Q-Quartz; M-Muscovite; E-Ettringite;
CSH-Calcium silicate hydrate; MSH-Magnesium silicate hydrate
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Figure 9. XRD patterns of kaolin and Mg-sulfate-soils treated with cement, GGBS:MgO = 6:4, and 9:1
after soaking.

The SEM test was conducted on the same samples used in the XRD test. Each sample
was examined thoroughly by the SEM machine to seek ettringite, and the representative
images were presented as shown in Figure 10. Figure 10a—f shows the SEM photos of the
Ca-sulfate-soils and Mg-sulfate-soils, respectively. No significant ettringite was observed
in the Ca-sulfate-soil with GGBS:MgO = 9:1 (Figure 10a), while significant ettringite was
found in the soil treated with GGBS:MgO = 6:4 and cement (Figure 10b,c). Regarding the
Mg-sulfate-soils, no ettringite was found after the stabilization of GGBS-MgO (Figure 10d,e).
Nevertheless, ettringite was formed in the cement-treated soil, as seen in Figure 10f. These
observations confirmed the results observed by XRD.
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Figure 10. SEM photos of treated soils after soaking: Ca-sulfate-soil treated by (a) GGBS:MgO = 9:1;
(b) GGBS:MgO = 6:4, (c) cement; Mg-sulfate-soil treated by (d) GGBS:MgO = 9:1; (e) GGBS:MgO = 6:4;
(f) cement.

4. Discussion of Mechanism

The above results indicated that the type of sulfate-bearing soils had a significant
effect on the swelling, strength, mineralogical, and micro-structural properties of the soils
stabilized with GGBS-MgO. If suitable GGBS:MgO ratios were achieved, the swelling
of both sulfate-bearing soils could be decreased to a low level. However, the trend that
the swelling varied with the decrease in the GGBS:MgO ratios was opposite; that is, the
least swelling occurred at GGBS:MgO = 9:1 for Ca-sulfate-soils, while it occurred at 6:4
for Mg-sulfate-soils. The UCS of the Mg-sulfate-soils was much lower than that of the
Ca-sulfate-soils after the stabilization of GGBS-MgQO, irrespective of the curing or soaking
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stage. It was inferred that the cations (e.g., Ca?* and Mg?") sourced from sulfate-bearing
soils caused the difference in the properties of the stabilized soils.

Ca?* hydrolyzed from Ca-sulfate-soils facilitated the occurrence of CSH and led to
the formation of ettringite, particularly when excessive MgO was used for the GGBS
activation, as shown in Figures 8 and 10. CSH was formed significantly and no ettringite
was detectable in the soil with 9:1. This result indicated that most Ca?* contributed to the
synthesis of CSH, causing the enhancement in the strength of the Ca-sulfate-soils treated
with GGBS:MgO = 9:1. CSH was detected in all stabilized soils, and it had been confirmed
that CSH was the main binding product of GGBS-MgO [34,48]. With the decrease in the
GGBS:MgO ratio (meaning the increase in the MgO content), MSH and a small amount of
ettringite occurred, as shown in Figure 11a,b. This might be attributed to the competition
between Mg?* and Ca®* in binding silicate hydrate. MgO was firstly supplied for the GGBS
activation to form silicate hydrate [30], which would combine Mg?* or Ca?* to synthesize
MSH or CSH, respectively. As Ca** was more readily replaced by Mg?*, MSH would be
more likely to be produced at low GGBS:MgO ratios (e.g., 6:4) [47,49], and hence free CaZ*
was left in the Ca-sulfate-soils with 6:4. Some Ca?* would participate in the formation of
CSH after Mg?* was completely consumed, and other Ca?* would go to the synthesis of
ettringite. Hence, when the GGBS:MgO ratio decreased to 6:4, MSH, CSH, and ettringite
were all identified in its XRD result (Figure 8). The binding capacity of MSH was weaker
than that of CSH [50,51], and a small amount of MSH was distributed between CSH [47],
which weakened the anti-swelling property of the stable soil. The trace of ettringite can
be clearly seen from Figure 10, which was the cause of the cement soil swelling. When
lime-GGBS was used, ettringite will also be produced in stabilized soil [3,17,31,52].

MgO
+ Ca-Sulfate CSH (a)
MgO ..
+ Ca-Sulfate + | Ettringite | + (b)
MgO
Water + Mg-Sulfate MSH | + | CSH (c)

Figure 11. Schematic of mechanism for (a) and (b) GGBS-MgO-treated Ca-sulfate-soils, (c) GGBS-
MgO-treated Mg-sulfate-soils.

As for Mg-sulfate-soils, Mg?* occurred in a large amount because the hydrolysis of
MgSO, contained in the soils. With the addition of GGBS-MgO, MgO would also be used
for the GGBS activation to form silicate hydrate. Likewise, due to the competition of Mg?*
and Ca?*, silicate hydrate would more easily bind Mg?* in comparison to Ca2*, resulting
in most silicate hydrate being consumed for the formation of MSH instead of CSH and
ettringite, as shown in Figure 11c. Hence, MSH and less CSH, formed in the soils stabilized
with GGBS-MgO, caused a lower strength of the stabilized Mg-sulfate-soils than that of the
stabilized Ca-sulfate-soils (Figures 6 and 7). As MSH existed in stabilized Mg-sulfate-soils
in a dominant role, which had a dominant effect on the strength and swelling of the soil,
more MSH formed in the stabilized soils with a higher MgO content (e.g., 6:4) would have
a higher strength in comparison to those with a lower MgO content (e.g., 9:1 to 7:3), despite
the limited cementation capability that MSH had. Considering that insignificant ettringite
was formed in such soils, the swelling should be induced by the water absorption of the
soil particles. Therefore, a higher soil strength meant a higher capability of resisting water
absorption-induced swelling, which was the reason why the Mg-sulfate-soil with 6:4 had
the lowest swelling.

5. Conclusions

As long as suitable GGBS:MgO ratios were achieved, the swelling of the two types
of sulfate-bearing soils could be suppressed to the largest extent, e.g., 9:1 for Ca-sulfate-
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soils and 6:4 for Mg-sulfate-soils. However, the trend that the swelling varied with the
decrease in the GGBS:MgO ratios was opposite; that is, the lowest swelling occurred at
GGBS:MgO = 9:1 for Ca-sulfate-soils, while it occurred at 6:4 for Mg-sulfate-soils. In
contrast, these two types of soils showed significantly different swelling percentages in
the presence of cement. A lower swelling of 1.30% was observed for Ca-sulfate-soil, while
5.39% occurred for Mg-sulfate-soils. The UCS of the Mg-sulfate-soils was much lower than
that of the Ca-sulfate-soils after the stabilization of GGBS-MgO, irrespective of the curing
or soaking stage.

CSH significantly occurred in the Ca-sulfate-soils treated by GGBS-MgO. Ettringite
was not observed in the soil with GGBS-MgO = 9:1, but it was observed when excessive
MgO was used, i.e., at 6:4. Therefore, the ettringite-induced swelling developed for the
ratio from 8:2 to 6:4 and caused the reduction in the strength. Compared to the stabilized
Ca-sulfate-soils, MSH and less CSH were formed in the Mg-sulfate-soils stabilized with
GGBS-MgO, which caused the reduction in the strength of the stabilized Mg-sulfate-soils.
No ettringite was formed in such soils, so the swelling should be induced by the water
absorption of the soil particles. Mg-sulfate-soils with a higher strength (e.g., 6:4) had a
higher capability to resist water absorption-induced swelling.

It was deduced that the cations (e.g., Ca?* and Mg?*) sourced from sulfate-bearing
soils, competing to bind silicate hydrate, caused the difference in the swelling and strength
properties of the stabilized soils with GGBS-MgO.
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