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[T I N

Abstract: Sulfate attack is one of the non-negligible factors that induces deterioration in the perfor-
mance and life cycle of soil stabilizers. In this paper, the degradation mechanism of the durability of
slag—fly-ash-based geopolymer stabilized soft soil (hitherto referred to as SF-GSSS) under the sodium
sulfate (NapSO4) and magnesium sulfate (MgSOj,) attack environment is comparatively investigated,
and the slag/fly ash ratios are set to S10F0, S9F1, S8F2, and S7F3. The SF-GSSS was fully immersed
in a 2.5% NaSOy solution and 2.5% MgSQOy solution, respectively, to characterize the deterioration
rules via visual observations, an unconfined compressive strength (UCS) test, and by mass change.
The effect of sulfate on the microstructural characteristics of the SF-GSSS were determined by different
microanalytical means, such as by X-ray diffraction (XRD) and scanning electron microscopy (SEM).
The results showed that the SF-GSSS immersed in a MgSOy solution displayed significant physical
deterioration, but not when in a NaySOy solution. The mass growth of the SF-GSSS when immersed
in a NaySOy4 solution was significantly lower than when it was immersed in a MgSOy solution at the
same immersion age. The rate of strength loss was lowest for S9F1 and highest for S7F3 at the end of
immersion, regardless of its immersion in Na;SO4 or MgSOy solutions.

Keywords: geopolymer; slag—fly ash; soft soil stabilization; durability; sulfate attack

1. Introduction

Opver the years—in the construction of high-speed railways, highways, dams, airports,
and other infrastructures—various special foundations are often crossed, among which
soft-soil foundation is the most common. As a kind of special soil, soft soil is characterized
by a high natural moisture content, high compressibility, poor mechanical properties, and
high fluidity, which makes it easy for it to cause engineering problems, such as uneven
settlement and foundation instability, in the construction facilities located above it [1].
Therefore, soft-soil foundations often need to be pre-reinforced by certain foundation treat-
ment techniques. Due to the advantages of high construction efficiency, good reinforcement
effect, and low engineering cost, chemically stabilized soil technology has been widely
used in engineering. Chemically stabilized soil technology refers to the injection of soil
stabilizer into the soil to be treated, which improves the macroscopic mechanical prop-
erties and the different aspects of durability of the in situ soil through physicochemical
action [2,3]. Currently, the most commonly used soil stabilizer is cement. However, the
cement-stabilized soil generally suffers from the disadvantages of easy cracking, high dry
shrinkage, insufficient early strength, and poor durability [4]. In addition to the above-
mentioned problems, the excessive use of cement also tends to cause ecological troubles.
The process of cement preparation consumes excessive non-renewable resources, emits
plenty of CO,, and small amounts of dust, which inevitably increases the burden on the
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ecological environment, threatens the health of the surrounding residents, and is not in line
with the sustainable development of human society [5-7]. Therefore, it is economically and
ecologically important to develop a green, sustainable, low-carbon, and energy-saving soil
stabilization agent that can replace cement.

Geopolymer is a class of structurally stable inorganic gelling substance formed by
an amorphous aluminosilicate compound with potential gelation activity as a precursor
after depolycondesation and polycondensation reactions under the action of an alkali
activator [8]. Most of these precursors come from solid wastes generated from industrial
production processes, the most common of which are slag, fly ash, and metakaolin. Previ-
ous indoor experimental studies have confirmed that geopolymer has the advantages of
high early strength, fast setting and hardening, relatively good resistance to various types
of chemical ions, and a strong ability to sequester heavy metal ions when compared to
traditional cement-based cementitious materials [9-11]. In addition, since geopolymer is
produced and prepared without calcination, it has the characteristics of low production
energy consumption and low CO; emissions [12]. The CO, emissions and energy con-
sumption is 10-20% for geopolymer and 60% for cement, respectively, under the same
production technology conditions [13,14]. It can be seen that geopolymer is an ideal
substitute for cement.

At present, scholars have successfully demonstrated the implementability of applying
geopolymer to the field of various types of soil stabilization and have achieved fruitful
results. Sahoo et al. [15] comparatively analyzed their UCS and durability performance,
such as freeze-thaw cycle resistance and the water stability of expansive soil stabilized
with conventional soil stabilizers (cement, lime, etc.) and slag-based geopolymers. The con-
clusions indicated that the geopolymer stabilized soil had superior mechanical properties
when compared to conventional soil stabilizer, which was mainly attributed to the denser
internal structure of geopolymer stabilized soil. Ghadir et al. [16] also reported the same
findings and confirmed, from a life cycle assessment perspective, that geopolymer stabi-
lized soil released less CO, and had less of an environmental impact than cement stabilized
soil. Zhou et al. [17] investigated that the strength of low-calcium-type metakaolin-based
geopolymer stabilized soil decreased in the early maintenance period, and had a linear
increase in the later maintenance period, while the strength development pattern of high-
calcium-type slag-based geopolymer stabilized soil was opposite to it. Other studies [18-20]
have verified the feasibility and superiority of geopolymer stabilized soil from different
perspectives, such as its mechanical properties, microstructure, and reaction mechanisms,
and pointed out that geopolymer is fully capable of replacing traditional cement-based
cementitious material in the field of soil stabilization.

It is well known that durability is an irreplaceable aspect in evaluating the overall
performance of building structural components, which determine the life cycle of building
structures. Among them, the resistance to chemical ion attack is an indispensable index
in the evaluation of durability performance, where sulfate attack is more common in
underground structures. At present, the research, carried out by scholars at home and
abroad, on the resistance to sulfate attacks of soil stabilized by cementitious materials has
mainly focused on ordinary Portland cement stabilized soil; this research has achieved
some progressive results. It has been shown [21-23] that gypsum and ettringite with
expansion characteristics are generated inside the ordinary Portland cement stabilized soil
under sulfate attack conditions, and that the expansion stress generated in this way causes a
sharp decline in the performance of the ordinary Portland cement treated soil in all aspects
until it loses its load-bearing capacity completely, and it is accompanied by the occurrence
of deterioration phenomena such as swelling, cracking, and spalling. Han et al. [24] and
Bonen et al. [25] further found via an indoor simulated sulfate attack test that magnesium
sulfate degraded ordinary Portland cement stabilized soil more severely than the attack
effect of sodium sulfate. The research data showed that the stabilization mechanism of a
geopolymer with a unique three-dimensional network spatial structure system, formed by
the geopolymerization reaction, was significantly different from that of ordinary Portland
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cement in the soil to be treated. Up to now, scholars have conducted a great deal of
experimental studies on geopolymer stabilized soil in terms of macroscopic mechanical
properties and microstructural characteristics, but there are fewer reports on the resistance
of geopolymer stabilized soil to sulfate attack. In addition, the deterioration mechanism
of sulfate on the durability of geopolymer stabilized soil is not yet clear. In view of the
above deficiencies—for the sake of elucidating the influence of sulfate on the macroscopic
properties and microstructure of geopolymer stabilized soil, and on the deterioration
mechanism—relevant research work is urgently needed.

Therefore, the main thrust of this paper is to investigate the degradation mechanism of
the durability of SF-GSSS with different slag/fly ash ratios under different sulfate solution
attacks, where the slag/fly ash ratios are determined as S10F0, S9F1, S8F2, and S7F3 and the
sulfate solutions are of a 2.5% NaySOy solution and 2.5% MgSOy solution. The macroscopic
deterioration of SF-GSSS under sulfate attack was evaluated by visual observation, mass
variation, and changes in UCS. Moreover, the alteration process of the mineral composition
and microstructure of SF-GSSS were determined by different microanalytical means, such
as XRD and SEM.

2. Materials and Methods
2.1. Materials

The soil sample was selected from soft soil around the Dongting Lake area in Hunan
Province, China, with soil depths located at about 5 m below ground. The soft soil brought
back was dried, crushed, and passed through a 2.0 mm (80 mesh) geotechnical sieve. It was
then stored in geotechnical drums to ensure use for later experiments. The main physical
and mechanical property indices of the soft soil are shown in Table 1.

Table 1. Main physical and mechanical property indices of the soft soil.

Soil Sample

Natural Moisture
Content (%)

Compression Void Ration Wet Density

Specific Gravity ~ Liquid Limit (%)  Plastic Limit (%) Modulus (MPa) (g-cm3)

Soft soil

50.2

2.55 499 25.7 3.85 1.45 1.49

In this experiment, slag and fly ash were used as precursor materials for the prepara-
tion of the geopolymer. The slag was provided by Shijiazhuang Hongyao Mineral Process-
ing Co., Ltd., in Shijiazhuang, Hebei, China, and the fly ash was supplied by Zhengzhou
Hengyuan New Materials Co., Ltd., in Zhengzhou, Henan, China. The appearance and
microscopic images of the materials (soft soil, slag, and fly ash) used in the test are shown
in Figure 1. It is not difficult to see that the soft soil consists of yellow soil particles with
rough surfaces and more internal pores in the form of scale clusters, in which the content
of particles with a size less than 0.005 mm is 32.70%, the particles with a size between
0.005 and 0.075 mm is 65.90%, and the particles with a size between 0.075 and 2.000 mm is
1.40%; the slag with a particle size of 500 mesh is white powder, its angularity is obvious,
and it has an irregular polygon shape; and the fly ash with a particle size of 400 mesh is
gray-black powder-like, which is composed of spherical glass beads with a smooth surface
of varying diameters. The chemical mineral composition of the geopolymer precursor
materials (slag and fly ash) were characterized by X-ray fluorescence spectrometry (XRF),
the test results of which are shown in Table 2.

Table 2. Main chemical mineral composition of the geopolymer precursor materials (%).

CaO

A1203 SIOZ MgO F8203 SO3 Kzo TiOZ

Slag
Fly ash

35.25
2.34

16.75 34.55 5.06 1.55 1.26 - -
34.72 53.10 0.88 2.55 0.37 1.78 1.27
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Figure 1. The appearance and microscopic images of raw materials: (a) soft soil; (b) slag; and (c) fly ash.

Previous experimental studies [26,27] revealed that the use of composite alkali acti-
vators produced the best activation effect on geopolymer precursor materials, especially
the NaOH + Na,SiOs solution, as opposed to single alkali activators such as caustic soda,
alkali silicate, and alkali carbonate. In addition, the modulus of the alkali activator has an
important role in influencing various aspects of the geopolymer, such as its mechanical
and workability properties. Wang et al. [28] stated that the optimal control range for the
modulus of alkali activators was 1.0-1.5. Therefore, in order to make this study more
capable of being referenced, a NaOH + Na,SiOj3 solution was used as the alkali activator
and its modulus was set to 1.2. Both the NaOH and Na,SiOj solutions used in the test were
commercially available materials, as is shown in Figure 2. The NaOH was in the form of
white flakes of varying shapes and was analytically pure, while the NaySiO3 solution was
clear and viscous with a modulus of 3.31, and contained mainly NayO (8.42 wt%) and SiO,
(27.84 wt%) in the form of oxides. The alkali activator modulus was adjusted by adding
19.14 g of NaOH fragments per 100 g of Na;SiO3 solution.

Figure 2. Visual appearance of SF-GSSS immersed in NaySO; solution: (a) SI0F0; (b) S9F1; (c) S8F2;
and (d) S7F3.
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2.2. Specimen Preparation

The specific procedure of the experiment is shown in Table 3. With reference to the
results of the preliminary preparatory tests and other studies [29,30], taking into account
the conditions of mechanical properties and workability, the percentage of stabilization
agent was set to 25% (the ratio of geopolymer precursors to dry soft soil in terms of mass);
the percentage of alkali activator was set to 40% (the ratio of alkali activator solution to
geopolymer precursors in terms of mass); and the water to cement ratio was set to 0.4
(the ratio of water to geopolymer precursors in terms of mass). The detailed steps for the
sample preparations are shown below.

Table 3. Mixture design of the testing program.

. Precursors Slag Content Fly Ash Alkali Activator Water/ Curing Age
Slag: Fly Ash
Mix Codes Content (wt%) ag: Hly As (Wt%) Content (wt%) Modulus Content (Wt%) Precursors (Days)
S10F0 25 10:0 25 0 1.2 40 0.4 28
S9F1 25 9:1 22.5 2.5 1.2 40 0.4 28
S8F2 25 8:2 20 5 1.2 40 0.4 28
S7F3 25 7:3 17.5 7.5 1.2 40 0.4 28

(1) The dry soil in the geotechnical drums was poured into an appropriate amount of
tap water and mixed evenly to prepare the remodeled soil. It was then sealed for
24 h before use so that the water could diffuse evenly into the soil and come into
complete contact with the soil particles. The moisture content of the remodeled
soil was adjusted to 50.2% to match the in situ soil as closely as possible;

(2) The appropriate amount of NaOH fragments and Na,SiO3 solution were weighed
together and poured into a magnetic stirrer. They were then stirred uniformly for the
preparation of the composite alkali activator solution, which was left in the room for
24 h to come to room temperature in order to eliminate the effect of temperature on
the test results;

(38) The geopolymer precursor materials (slag and fly ash) were weighed and poured into
the net slurry mixer for 3 min at a slow speed. Next, the alkali activator solution and
distilled water were, in turn, poured into the mixer for 2 min at a slow speed, and
then 3 min at a fast speed to prepare the geopolymer slurry;

(4) The geopolymer slurry and the remodeled soil were added together into the mixing
drum and mixed well to form the SF-GSSS slurry, which was then poured into the
standard triplex mold (70.7 x 70.7 x 70.7 mm) three times. In addition, the surface
of the sample was scraped smooth with a scraper. The air bubbles in the slurry were
discharged by vibrating for more than 2 min during each pouring;

(5) The samples were completely wrapped with plastic film and put into a standard
curing box (temperature 20 &+ 2 °C, humidity greater than 95%) for 1 day and then
demolded, after which the samples were rewrapped and continuously cured until the
set age.

2.3. Test Methods

For the sulfate attack test, the samples were fully immersed in 2.5% NaySO, and
MgSO, solutions after 28 days of standard curing, as per the test method of Kamon et al. [31].
The immersion time was set to 3,7, 28, 60, and 90 days. To eliminate testing errors in the
samples, parallel samples were set to three for each immersion time. The sulfate solution
was changed every 7 days. When the corresponding immersion age was reached, the
samples were used for visual observation, UCS test, and mass change test.

The UCS test was carried out on a CMT5105 hydraulic servo universal testing ma-
chine, which was loaded by the displacement control method, and its loading rate was
regulated to 1.0 mm/min. The representative core fragments of the samples after the UCS
test were selected and put into an anhydrous ethanol of analytical purity level for 24 h to
terminate the hydration reaction. Then, the fragments were dried at a low temperature
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and analyzed for the phase composition (XRD test) and microstructural characteristics
(SEM test). The XRD test procedure was performed by placing selected fragments in an
agate bowl and manually grinding them through a 0.075 mm geotechnical sieve to make
a powdered sample, which was carried out on an Ultima IV X-ray diffractometer with
a step scan, a scan angle of 5°-90°, a scan speed of 8 °/min, and a step width of 0.02°.
The SEM test procedure was performed by manually breaking the selected fragments
into particles with a natural section and a size of about 5 mm, which were conducted
on a ZEISS Gemini 300 backscattered scanning electron microscope with an accelerating
voltage of 3 kV.

3. Results and Discussion
3.1. Visual Observation

The visual appearance of SF-GSSS immersed in a Na;SOy solution for various time
lengths is shown in Figure 2. It is shown that no significant physical deterioration of
the surface of the SF-GSSS occurred when under the attack of a Na,SO4 solution. White
precipitates appeared on the surface of S10F0 and interconnected microcracks appeared at
its surrounding angles after 90 days of exposure to a Na;SOy solution. A small amount
of soil particles were found to fall off on the surface of S8F2, while the surface of S7F3
became rougher and showed a few pits due to the dislodging of soil particles in different
ranges. It is noteworthy that the S9F1 surface was smooth and intact throughout the
immersion cycle without significant deterioration. In agreement with the results of other
studies in the literature [32,33], the SF-GSSS showed no significant surface deterioration
under a long-term sodium sulfate attack, and it exhibited excellent resistance to sodium
sulfate attack. Rashad et al. [34] indicated that a Na;SO4 solution with higher pH and
more Na* capacity characteristics is more favorable for the inter-pore medium solution
chemistry required for geopolymers to maintain performance stability. In addition to this,
Bernal et al. [35] suggested that the attack of a Na;SO; solution is committed to the further
structural evolution and densification of the physical phase composition of the hydration
products of geopolymers.

Figure 3 shows the visual appearance of SF-GSSS when immersed in a MgSOy so-
lution for various time lengths. It is obvious that the surface deterioration of SF-GSSS
presents different stage characteristics under a MgSO, attack condition. At the early
stage of immersion, different degrees of white precipitates appeared on the surface of
the samples, which can be attributed to the strong impermeability of the slag—fly-ash-
based geopolymer stabilized soil. This resulted in the inability of the MgSO, solution
to successfully immerse into the interior and to gather on the surface of the different
samples. In the middle of the immersion period, swelling, peeling, and cracking were
observed on the surface and around the corners of the different types of samples with
large differences. At the later stage of immersion, the apparent structural integrity of
the various samples was damaged to various degrees due to the continued development
of cracks to interconnections and the shedding of soil particles over a large area. After
90 days of immersion in the MgSQOy solution, the surface integrity of the samples were
S9F1, S10F0, S8F2, and S7F3 in descending order. In line with the results of another
study [36], the deterioration of geopolymer under the attack action of magnesium sulfate
was more severe when compared to sodium sulfate.
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Figure 3. Visual appearance of SF-GSSS immersed in a MgSO;, solution: (a) S10F0; (b) S9F1; (c) S8F2;
and (d) S7F3.

3.2. Unconfined Compressive Strength
3.2.1. The UCS before Sulfate Attack

The UCS of the SE-GSSS before immersion in a sulfate solution is given in Figure 4.
It is stated that the UCS of SF-GSSS exhibits a development trend that first starts with a
small increase and then a larger decrease with the increase in fly ash admixture in the
geopolymer precursor materials. The UCS of S10F0, S9F1, S8F2, and S7F3 were 7.405, 8.228,
5.760, and 4.525 MPa, respectively. With S10F0 as the control group, the strength growth
rate of S9F1 was 11.1%, while the strength decrease rates of S8F2 and S7F3 were 22.2% and
38.9%, respectively. The growth of the strength of the samples by the appropriate amount of
fly ash can be attributed to both the geopolymerization enhancement and lubrication effect.
The specific significance of geopolymerization enhancement is that fly ash that is rich in
silica-alumina mineral components can provide a large amount of reactive 5iO,, Al;O3, and
Ca?*. These compounds are provided by the slag undergoing a geopolymerization reaction
under the catalytic effect of the composite alkali activator to produce more representative
geopolymer gelling products, such as calcium silicate hydrate (C-S-H), the calcium silicate
aluminate hydrate (C-A-S-H) of calcium-based hydration products, and the sodium-based
hydration products consisting of sodium silicate aluminate hydrate (N-A-S-H). In addition,
these products effectively improve the strength of the samples [37].

10
I Unconfined compressive strength before sulfate attack]

Unconfined compressive strength (MPa)
(=] [38) BN
T T

Sample Codes
Figure 4. The UCS of SF-GSSS before sulfate attack.
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Unconfined compressive strength (MPa)

The lubrication effect means that with the incorporation of spherical fly ash particles,
the fluidity of the geopolymer slurry is greatly improved, which makes the slurry diffuse
more uniformly in the soil, thus contributing to a denser and more stable microspatial
structure of the sample. However, it is noteworthy that when the fly ash admixture
exceeds a certain range, the geopolymer gel product (N-A-S-H) corresponding to the
fly ash possesses the characteristics of a dense structure and strong chemical stability,
which makes it difficult for the hydration reaction of the slag-based geopolymer hydration
product to occur again. This results in a reduction in the hydration product and leads to
a decrease in the cohesion of the soil particles [37]. The fly ash that did not participate in
the geopolymerization reaction is only present in the specimen as a mineral admixture
in the form of physical filling, which increases the porosity and has a side effect on the
strength [30].

3.2.2. The UCS after Immersion in Nay;SOy4 Solution

Figure 5 shows the UCS of the SF-GSSS after immersion in a NapSO4 solution at
different times. The UCS of the SE-GSSS with different slag/fly ash ratios all exhibited a
gradual decreasing trend with the extension of the immersion period. At the early stage of
immersion (7 days of immersion), the strength of S10F0, S9F1, S8F2, and S7F3 were 7.000,
7.850, 5.382, and 4.186 MPa, with strength change rates of —5.47%, —4.59%, —6.56%, and
—7.49%, respectively. It can be seen that the SF-GSSS is more impermeable and structurally
stable at the early stage of immersion, which makes it impossible for the Na;SO4 solution
to easily invade into the internal structure of the specimen with less strength loss. When
the exposure to a Nap;SQOy solution was extended to 90 days, the strength of S10F0, S9F1,
S8F2, and S7F3 decreased to 6.035, 7.127, 4.806, and 3.591 MPa, with strength change rates
of —18.50%, —13.38%, —16.56%, and —20.64%, respectively. Bakharev et al. [36] stated that
the most important reason for the loss of mechanical properties of geopolymers immersed
in a NapSOy solution is the generation of microcracks inside the specimen. The microcracks
can be explained by the mutual exchange in Ca?* and Na* in a Na,SOjy solution, which
causes stress inside the specimen. The ion exchange rate is determined by the permeability
performance of the specimen, which mainly consists of the pore structure and pore size [38].
This matches with the experimental results, where it was observed that the resistance of
the SF-GSSS to attack by a NaySO4 solution showed a development trend of increasing and
then decreasing with the increase in fly ash admixture in the precursor materials, which is
mainly related to the pore structure characteristics of the specimen.

B s oFolll sor1 I s or0 I sor [ S8F2 [ ]S7E3
I ssF2 [ ]S7F3 0

-10

Change in unconfined compressive strength (%)

28 60 90 3 7 28 60 90
Immersion period (d) Immersion period (d)
(a) (b)

Figure 5. (a) The UCS of SF-GSSS immersed in Nay SOy solution at different times. (b) Change in UCS.
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3.2.3. The UCS after Immersion in MgSO, Solution

The UCS of SF-GSSS after immersion in a MgSOy solution at various times is given
in Figure 6. The UCS of the samples showed segmented regional characteristics with the
extension of the immersion period. The strength decreased relatively slowly until 28 days
of immersion, while the strength of the samples exhibited a significant decrease when
the age of immersion exceeded 28 days. When exposed to a MgSO, solution for 90 days,
the strengths of S10F0, S9F1, S8F2, and S7F3 decreased to 4.024, 5.550, 2.272, and 0.667 MPa,
with strength decreases of 45.66%, 32.55%, 60.55%, and 85.26%, respectively. The above
results state that the degradation effect of a MgSOj, solution on SF-GSSS is much greater
than that of a Na;SOy solution.

This result is consistent with other studies [39,40] which reported that the slag—fly-
ash-based geopolymer exhibited a severe deterioration of its apparent and mechanical
properties under the attack of a MgSO, solution, while the less damage was suffered in
a NapSOy solution. Ye et al. [41] and Bonen et al. [42] suggested that under the attack of
MgSQOy, the geopolymer gel products undergo degradation phenomena such as strong
decalcification and silicate polymerization, resulting in the transformation of C-A-5-H and
N-A-5-H with high cementation capacity to M-A-S-H with low mechanical properties and
poor cementation capacity. In addition, the expansion stresses caused by the chemical
reaction between Ca?* separate after the decalcification of aluminosilicate and SO4%~ in a
sulfate solution, which generate an expansion product such as gypsum, and which directly
or indirectly lead to deterioration, such as the cracking and peeling of the samples [43].
The above degradation phenomenon is in agreement with the apparent changes in samples
immersed in a MgSOj, solution, where the apparent integrity of different types of samples
suffered different degrees of damage due to the effects of swelling and cracking. Compared
to S10F0 and S9F1, the more serious strength loss of S8F2 and S7F3 may be due to the
greater porosity of the specimen, which makes it easier for the MgSO, solution to soak into
the interior of the specimen.

I s 1oroll SoF'! B s 0F0 M sor) I SsE2 [ ]S7R3)
Bl ssr2 [ |87 0

[
S

A
S

&
S

&

Change in unconfined compressive strength (%)

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1

>
3

28 60 90 3 7 28 60 90
Immersion period (d) Immersion period (d)
(a) (b)

Figure 6. (a) The UCS of SF-GSSS immersed in MgSO, solution at various times. (b) Change in UCS.

3.3. Mass Change

Figure 7 shows the trend of the mass change in SF-GSSS when immersed in a NaySOy
or MgSQy solution. It is obvious that the type of sulfate solution has a non-negligible effect
on the mass change in the samples. Whether immersed in a NapSO4 or MgSOy solution, the
mass of the samples showed a gradual increase with the growth of the immersion period,
but the increase in the mass of the SF-GSSS immersed in a MgSOy solution was much larger
than when it was immersed in a Na;SOy solution. When exposed to a Na;SO; solution for
90 days, the mass change rates of S10F0, S9F1, S8F2, and S7F3 were 1.38%, 1.18%, 1.30%,
and 1.46%, respectively. The variation in mass of the SF-GSSS was not significant. It is not
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difficult to infer that the mass of the SF-GSSS immersed in a Nay;SO4 solution is stable and
has good resistance to Nay;SO, attack without significant structural changes. The above
results can be explained by the fact that the change in mass of the samples immersed in a
NaySOy solution depends mainly on the pore structure characteristics.

o
T

Mass change (%)
o
T

Mass change (%)

1 1 1 2 1 1 1

L1
37

28 60 90 28 60 90

Immersion period (d) Immersion period (d)

(a) (b)

Figure 7. Mass change in SF-GSSS at different immersion periods: (a) NapSOy4 solution and
(b) MgSOy solution.

In the attack environment of a MgSOj, solution, with the immersion age of 28 days
as the cut-off point, the mass of the samples first increased slowly and then increased
substantially. The above mass change trend can be explained by the chemical reaction
between the decalcification and dealumination of C(N)-A-S-H and MgSOy to produce
expansive substances such as gypsum, resulting in the destruction of the sample pore
structure and an increase in porosity, thus leading to a further intrusion of the MgSO,
solution into the sample and the generation of more gypsum [43]. The mass change rates
of S10F0, S9F1, S8F2, and S7F3 were 16.55%, 12.43%, 13.68%, and 15.25% at 90 days of
immersion, respectively. The decrease in the mass growth rate of S8F2 and S7F3 when
compared to SI0F0 and S9F1 may be due to the fact that the expansion stress of the gypsum
was greater than the maximum load-bearing capacity of the specimen pore wall, resulting
in different degrees of surface shedding [40]. This is in agreement with the apparent change
in the samples.

3.4. XRD Analysis

The XRD patterns of the SF-GSSS before a sulfate solution attack are given in Figure 8.
The SF-GSSS with different slag/fly ash ratios are composed of a large number of crystalline
and amorphous phase products. The mineral components of SI0F0 consist mainly of
quartz, calcite, and calcium-based hydration products such as C-S-H and C-A-S-H. This
is in agreement with the findings reported in the literature [18,37], where C-S-H and C-
A-S-H allowed an effective development of the early strength of the samples. Quartz
may be derived from soft soil and precursors, which are not involved in the hydration of
geopolymer, while calcite formation may be due to the carbonation of the sample during
curing. The sodium-based hydration product (N-A-S5-H) was obtained in S9F1, which
explains the effective improvement of the strength of S9F1 when compared to S10F0.
The intensity of the diffraction peaks of C-5-H and C-A-S-H in S8F2 and S7F3 gradually
decreased with the increase in fly ash admixture in the precursor materials, which can be
explained by the difficulty of the chemical reaction between the N-A-S5-H with a dense
structure and strong chemical stability and the slag-based geopolymer gel products, which
inhibited the development of a slag hydration reaction [30,37].
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Figure 8. XRD analysis of SF-GSSS before sulfate attack.

Figure 9 shows the XRD patterns of the SF-GSSS exposed to NaySO4 or MgSOy
solutions for 60 days, respectively. Figure 9a demonstrates that the mineral phases of the
samples did not change significantly after the attack of the Na;SO4 solution. This is in
accordance with the study of Zhang et al. [43], where trace amounts of ettringite were found
in S10F0, which was mainly attributed to the slight decalcification and dealumination of
the calcium-rich silicate gel by NaySO; attack. The mineral phases of S9F1 and S8F2 were
identical to those before immersion, and no ettringite was generated, which can prove that
the blending of the appropriate amount of fly ash can improve the resistance of the samples
to NapSOy attack. The above phenomenon may be related to the structural stability of
N-A-S-H and the decrease in the Ca/Si ratio in C-A-S-H [44]. However, the presence of
ettringite in S7F3 suggests that the excessive fly ash admixture has a detrimental effect
on the resistance of the samples to NapSOy attack. It can be explained that the higher
porosity of S7F3 makes it easy for the Na;SO4 solution to penetrate into the sample, which
accelerates the decalcification and dealumination process of C-A-S-H.
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Figure 9. XRD analysis of SF-GSSS after 60 days immersion: (a) NaySOj4 solution and (b) MgSO, solution.
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Figure 9b shows an obvious change in the mineral phase of the SF-GSSS under the attack
of MgSQOy, which is mainly reflected by the disappearance of representative gelling substances
such as the C-S-H, C-A-S-H, and N-A-S-H diffraction peaks, and the appearance of gypsum
and brucite characteristic peaks. Certain studies in the literature [39,45] reported that the
deterioration mechanism of MgSO, on geopolymer materials, prepared from slag and fly ash,
is mainly to convert C-S-H, C-A-5-H, and N-A-5-H to poorly cemented M-S-H and M-A-S-H.
However, no M-5-H and M-A-S-H diffraction peaks were found in the samples, which is
in accordance with the reported results [43]. Compared with S10F0, the diffraction peak
intensity of gypsum in S9F1 and S8F2 gradually decreased, which can be attributed to the
increase in N-A-S-H production with high chemical stability; in addition, the decrease in Ca
content in the geopolymer stabilized soil system occurred as the amount of fly ash admixture
in the precursor material increased [46]. The high intensity of the gypsum characteristic
peak in S7F3 may be due to the high porosity that accelerates the efficiency of the MgSOy
solution to leach into the internal structure of the specimen [43]. The lower activity originating
from fly ash requires more OH™ to be activated, which attenuates the effective OH™ in the
geopolymer stabilized soil system [37]. Therefore, the intensity of the diffraction peak of
brucite gradually decreases with the progressive fly ash admixture. Moreover, the reason
for not generating ettringite after the attack of MgSOj is that the pH of MgSOj, solution is
obviously lower than that of the Na,;SO4 solution under the same conditions of immersion
age, as well as ettringite not being stable within the environment of lower pH [47].

3.5. SEM Analysis

Figure 10 shows the SEM images of the SF-GSSS before sulfate attack. The plate-like
gelling substances were found in S10F0, which completely encapsulated soil particles and
filled the excess pores of the internal structure of the soil to form stable soil agglomerates,
resulting in enhanced internal structural compactness. The rest of the gels were intercon-
nected after solidification and hardened to form a geopolymer stabilized soil space structure
system [48]. The two together effectively improved the mechanical properties of the soil. It is
important to note that there were a few microporous defects in S10F0, which were mainly due
to the geopolymer slurry setting and hardening too fast during the mixing process, and due
to its poor fluidity making it difficult to make full contact with the soil. With the incorporation
of fly ash, flocculent gelling substances were found in S9F1, and the structural denseness of
the specimen was further enhanced with an intact surface. Few fly ash particles and slag
particles were found around the gelling substances in S8F2 and S7F3, which are mainly fly
ash with lower activity and dense structures, resulting in them consuming more of the alkali
activator [49]. Moreover, the N-A-S-H structure makes it difficult to react again with the
hydration of the slag-based geopolymer gel products [37]. Fly ash and slag particles that did
not participate in the geopolymerization reaction were present in the soil in a physically filled
manner, increasing the porosity of the specimen. Compared with S8F2, the microstructure of
S7F3 was sparser and more porous, and the integrity was reduced.

Figure 10. Cont.
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Figure 10. SEM analysis of SF-GSSS before sulfate attack: (a) SI0F0; (b) S9F1; (c) S8F2; and (d) S7F3.

Figure 11 shows the SEM images of SF-GSSS after 60 days of immersion in a Na;SO4
solution. A few sporadically distributed micropores, microcracks, and needle-rod ettringite
were found in S10F0, where the ettringite mainly occurred via the decalcification and
dealumination of the calcium-rich cementation products caused by the attack of the Na;SOy4
solution [38]. It can be speculated that the generation of trace cracks on the surface of
S510F0 can be partly attributed to the expansion stress of ettringite. Microcracks were also
found in S9F1 and S8F2, which confirmed that the generation of microcracks was the main
reason for the damage of the SF-GSSS in a NapSO; attack environment. A large amount of
ettringite was found in S7F3, which led to a change in the internal structural configuration
of the specimen to be loose and porous. Although the surface of S7F3 was relatively well
integrated at the end of the attack, more microcracks may have been generated in its
internal structure, which explains the faster decrease in the strength of the sample at the
late immersion stage.

Figure 11. SEM analysis of SF-GSSS immersed in a Na;SOy4 solution for 60 days: (a) S10F0; (b) S9F1;
(c) S8F2; and (d) S7F3.
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The SEM images of SF-GSSS after 60 days of exposure to a MgSOy solution are given
in Figure 12. Obviously, gypsum was found in S10F0, S9F1, S8F2, and S7F3 with different
distribution ranges. It can be inferred that gypsum is the main substance produced after
the attack of SF-GSSS by a MgSOy solution. With the continuous accumulation of gypsum,
the generated expansion stress grew gradually until it was larger than the maximum
load-bearing capacity of the pore wall, which lead to different degrees of damage to the
microstructure of the samples. A relatively high number of hole defects were found in
S10F0. The gelling substances inside S9F1 and S8F2 were significantly reduced, and their
cementitious properties to soil particles became poor, making the overall structure loose
and porous with a sheet-like stack. In particular, more cracks were generated in S8F2.
The decrease in cementation property was mainly due to the conversion of C-5-H, C-A-S-H,
and N-A-S-H to M-S-H and M-A-S-H after the replacement of alkali metal cations by Mg?*,
which has poorer mechanical properties and weaker cementation [36]. A large amount
of disordered gypsum was found in S7F3, and the internal structure of the specimen had
completely lost its integrity and transformed into a hollow structure.
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Figure 12. SEM analysis of SF-GSSS immersed in MgSOj, solution for 60 days: (a) S10F0; (b) S9F1;
(c) S8F2; and (d) S7F3.

4. Mechanism Analysis of Sulfate Attack

The deterioration mechanism of the Nay;SO; solution on the performance of slag—
fly-ash-based geopolymer stabilized soft soil was mainly reflected in the formation of
microcracks and due to the expansion and cracking of ettringite. The generation of micro-
cracks originated from stresses generated by the exchange in the alkali metal cations of
aluminosilicate gel products with Na* in a NaySOy solution [36]. The ion exchange rate
depends on the pore structure characteristics of the sample, which is proportional to the
porosity [38]. It can be seen from the SEM images that microcracks with different distri-
bution ranges were found in S10F0, S9F1, S8F2, and S7F3, and the number of microcracks
showed a development trend of first decreasing and then increasing with the increase
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in fly ash content. The above results can be explained by the fact that the incorporation
of fly ash changed the pore structure of the samples. The additional hydration products
and lubricating effect provided by incorporating the appropriate amount of fly ash can
effectively improve the compactness of the samples [37]. However, excessive incorporation
of fly ash is counterproductive, mainly because the structurally stable N-A-S-H hinders
the development process of the hydration reaction of slag and reduces the generation of
hydration products, as well as because fly ash that is partially filled in a physical way
without participating in the hydration reaction increases the porosity of the samples [30].

On the other hand, the formation of ettringite is mainly due to the chemical reaction
between C-A-5-H, which undergoes decalcification and dealumination, and SO42 " ina
sulfate solution [43]. Traces of ettringite were found in S10F0 and S7F3, which suggested
that the production of ettringite may be related to the calcium content and porosity of the
samples. In contrast, no ettringite was found in S9F1 and S8F2, indicating that a moderate
amount of fly ash can inhibit the formation of ettringite, which can be attributed to the
structural stability of N-A-S5-H and due to the decrease in the Ca/Si ratio in C-A-S-H [44].
Although S10F0 and S7F3 showed a few microcracks and soil particles falling off at the
end of the immersion period, the surface was still relatively intact, which indicates that the
expansion of ettringite was not significant. In summary, it was shown that the attack effect
of the NaySO; solution on the samples was dominated by the formation of microcracks and
was supplemented by the expansion cracking of ettringite.

The deterioration mechanism of the MgSO, solution on the performance of the slag-
fly-ash-based geopolymer stabilized soft soil was mainly composed of a weak cementation
effect and the expansion and cracking of gypsum. The weak cementation effect refers
to the transformation of C-S-H, C-A-S-H, and N-A-S-H into M-S5-H and M-A-S-H with
poor mechanical properties and weak cementation ability under the replacement effect of
Mg?* [41,42]. The above results make the gel substance less adhesive to soil particles, caus-
ing the disintegration of soil particle agglomerates and leading to deterioration phenomena
such as soil particles falling off, as well as peeling on the surface of the samples. From the
apparent changes, it can be seen that S10F0, S8F2, and S7F3 showed different degrees of
soil particles shedding at the end of immersion, while S9F1 was relatively intact, which
was mainly due to the structurally stable, and with a high chemical stability, N-A-S-H [46].

In addition, the replaced Ca?* reacted chemically with SO42~ to produce gypsum with
expansion characteristics, which damaged the microstructure and lead to deterioration
characteristics such as the expansion and cracking of the samples [43]. Within a certain
range, the incorporation of fly ash can effectively inhibit the formation of gypsum because
of the high chemical stability of N-A-S5-H and due to the reduction in Ca content in the
geopolymer stabilized soil system [46]. However, mixing too much fly ash can be counter-
productive, which can be explained by the increase in the porosity of the samples, which
accelerated the attack efficiency of the MgSO, solution [30].

In summary;, it can be seen that the attack of sulfate is closely related to alkali metal
cations, of which Mg?* possesses a more prominent erosive property than Na*. Compared
to NaySO,, MgSOy is not only a type of SO42~ attack, Mg?* also has the effect of displacing
the cations of gelling products, thus weakening the adhesive effect of the gel [39,45]. On the
other hand, the variability in the erosivity of different sulfates may also be linked to the
ability to change the pH of the pore solution. Zhang et al. [43] found that the pH of the
solution after a MgSQOy attack was lower than that of Na;SOy at the same immersion age,
which was not conducive to the structural evolution and crystalline phase densification of
geopolymer hydration products [35].

5. Conclusions

The purpose of this study was to elucidate the effect of Na;SO4 and MgSO, solutions
on the durability of SF-GSSS with different slag/fly ash ratios, as well as to characterize the
deterioration mechanisms of the Na;SO4 and MgSO; solutions on the samples via visual
observations, UCS tests, mass changes, and through microscopic testing means such as
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SEM and XRD analysis. Considering the experimental results of the study, the conclusions
obtained are shown below:

(1) The surface of SF-GSSS attacked by a NaySO4 solution showed no obvious deterio-
ration, while the surface of SF-GSSS attacked by a MgSOj solution showed serious
physical deterioration, such as swelling, cracking, and the shedding of soil particles;

(2) The mass of SF-GSSS increased with the extension of the immersion period, whether
immersed in a NapSO4 or MgSOy solution. At the same immersion age, the degree of
mass growth of SF-GSSS immersed in a Na;SO4 solution was much lower than that of
SE-GSSS immersed in a MgSOy solution;

(38) The UCS of SF-GSSS immersed in a NaySO, solution gradually decreased during
the immersion period, while the UCS of SF-GSSS under the attack effect of a MgSO,
solution gradually decreased until 28 days of the immersion age, after which a signifi-
cant decrease in strength occurred. In addition, the strength loss rate, throughout the
immersion cycle, of SF-GSSS immersed in a MgSO, solution was greater than when it
was immersed in a Na;SOy solution;

(4) There is an important relationship between the slag/fly ash ratio and the resistance
of SF-GSSS to sulfate attack. When exposed to Na;SO4 and MgSO;, solutions for
90 days, the strength loss rate of S9F1 was the lowest, which were 13.38% and 20.64%,
and the strength loss rate of S7F3 was the highest, which were 20.64% and 85.26%,
respectively;

(5) The results of the XRD and SEM analysis indicated that the attack deterioration of the
NaySOy solution mainly included the formation of microcracks and the expansion
and cracking action of ettringite, while the MgSQOj, solution mainly consisted of a
weak cementation effect, as well as the swelling and cracking action of gypsum.
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