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Abstract: Dredged sediments with high water content is difficult to be treated and beneficially
reused because of their poor engineering characteristics. To treat those slurry, this paper
introduces a novel mechanical-chemical combined method, i.e., vacuum-solidification (VS)
combined method, and investigates its performance in dewatering and strength improvement.
Corresponding model tests using vacuum-only preloading method and binder-only solidification
method, respectively, were conducted. Ground granulated blast-furnace slag, an industrial by-
product, activated by hydrated lime, magnesium oxide or carbide slag was used as the binder in
the proposed method. The mass of discharged water due to vacuum consolidation was measured
during the model test. Soil samples were taken after vacuum preloading for unconfined
compression test, permeability test, X-ray diffraction, scanning electron microscopy and mercury
intrusion porosimetry to analyze the strength development, hydraulic and microstructural
properties of the treated soil. The results indicate that, in comparison to traditional treatment
methods, the VS combined method exhibits a remarkable enhancement in both volume reduction
efficiency and the strength improvement effectiveness. The type and content of activators have
an obvious influence on the performance of the combined method. This study preliminarily
revealed the mechanism and effect of using the VS combined method with alkali-activated GGBS

as binder to treat high water content dredged mud.

Keywords: dredged sediments; mechanical properties; microstructure; alkali-activated GGBS;

vacuum preloading; model test
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1 Introduction
In coastal areas, the seabed is often covered with thick layers of sediment. As an example, the
geological cross-section of the Hong Kong International Airport site in Fig. 1 presents a typical
distribution of marine sediment layer with an average thickness of 10-15 m. The thickness of the
sediment layers increases gradually with time. The particles of these sediment layers are mainly
originated from soils and rocks and are transported by rivers from the land to the sea. In order to
maintain the marine ecological environment and offshore engineering construction, dredging is
frequently carried out to remove part of the sediments. A considerable quantity of dredged mud
with high water content is produced during the dredging process (Tang et al., 2020). Additionally,
the maintenance of navigation channels including rivers, lakes, reservoirs, ponds and ports also
generates large amounts of dredged mud (Snellings et al., 2016; Chen et al., 2019). In China,
billions of cubic meters of mud slurry are produced from various dredging projects and coastal
areas each year (Huang et al., 2011; Tang et al., 2020), which poses a massive disposal problem.
The poor engineering properties of dredged mud slurries, e.g. high compressibility, low
permeability and negligible bearing capacity (Umehara and Zen, 1982; Yan and Ma, 2010; Xu et
al., 2015; Ngo et al., 2020), exacerbate the difficulties in transporting, storing and treating these
mud slurries.

The most typical way to dispose of dredged mud is to stack it in a massive storage yard
(Staniszewska and Boniecja, 2017), which usually requires a long turnover period, thereby
wasting land resources and potentially causing secondary environmental pollution (Svensson et

al., 2022). It is vital to find a solution to quickly and efficiently deal with vast quantities of mud
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slurry at high water content. Besides, the construction of infrastructure in civil engineering
requires a large amount of competent fill materials, such as sand and crushed rock, while both the
sustainable development strategy and shortage of natural resources impose restrictions on the
exploitation of natural resources (Correia et al., 2016). Therefore, extensive studies (Siham et al.,
2008; Chai et al., 2017; Feng et al., 2017; Rakshith and Singh, 2017; Wang et al., 2017; Mymrin
et al., 2021) have been conducted on turning dredged mud slurry into competent fill materials in
civil engineering to realize the add-value recycling of dredged materials and solve the shortage
of construction fill materials at the same time, thus achieving a win-win situation in a way of high
economic and social benefits.

Vacuum preloading method is a widely used mechanical dewatering and ground
improvement technique for treating soft soils because of its ease of construction, low cost and
good performance in strength improvement (Chai et al., 2006; Sun et al., 2018; Wang et al., 2019;
Liet al., 2021; de Lillis et al., 2022). The prefabricated vertical drain (PVD) is currently used as
the drainage channel in traditional vacuum preloading methods. However, using PVD to treat
mud slurry with high water content has the following drawbacks: firstly, since the mud slurry
with high water content has almost zero bearing capacity, it is difficult for PVD installation
equipment and personnel to enter the site directly. Therefore, time-consuming and expensive pre-
treatment, such as natural drying or solidification, etc., need to be carried out before the
installation of PVD (Chu et al., 2012); secondly, the large settlement of the highly compressible
mud slurry during the consolidation frequently leads to the significant bending of PVD, which

greatly compromises the ability of the PVD to transmit vacuum pressure (Cai et al., 2017); thirdly,
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the vacuum pressure in PVD significantly decreases with increasing depth, which is detrimental
to improve deep soil layers (Chen et al., 2019). To treat the high-water-content dredged mud slurry,
Chiba et al. (1992) suggested using a prefabricated horizontal drain (PHD) -based vacuum
preloading approach. Meanwhile, the feasibility of PHD-based vacuum preloading method has
been verified by a practical project in Japan. Using PHD as the drainage channel, compared with
PVD, can avoid the aforementioned disadvantages of PVD, while improving the treatment
efficacy of vacuum preloading (Shinsha and Kumagai, 2014; Song et al. 2023).

Another common method for the improvement of dredged materials is the chemical
modification method using binder materials such as lime or cement (Sato and Kato, 2002; Zhu et
al., 2007; Wang et al., 2018; Wu et al., 2019; Ho et al., 2020; Lei et al., 2020; Yoobanpot et al.,
2020; Ho et al., 2021). The strength of dredged mud slurry can be quickly improved by the
solidification method, but the strength improvement efficacy of this method is particularly
sensitive to the initial water content of the mud slurry, with a significant drop in strength as the
water content of mud slurry increases (Miura et al., 2001; Zhang et al., 2013; Sun et al., 2023).
As reported by Zhang et al. (2020), with a cement amount of 30% (the weight ratio of cement to
dry soil), the undrained shear strength of the stabilized mud with an initial water content of 160%
was approximately 85 kPa after 28 days curing. However, when the initial water content of the
mud slurry increased to 320% and 450%, respectively, the corresponding shear strength decreased
substantially to 18 kPa and 5 kPa. In other words, increasing the water content of the mud slurry
by 2 and 2.8 times reduced the strength of the stabilized mud slurry by up to 79% and 94%,

respectively. Furthermore, cement is frequently used as a binder in current stabilization projects,
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and cement production is an energy-intensive and polluting process (Chen et al., 2010). According
to the reports, one tone of cement clinker requires approximately 1.5 tons of nonrenewable
resources such as clay and lime, consumes 5000 MJ of energy, and produces approximately 0.9
tons of CO2 (Anand et al., 2006; Wu et al., 2022). The cement industry is reported to be
responsible for 8% of the total global CO; emissions from human activities worldwide (Proafio
etal., 2020). Excessive usage of cement is incompatible with the sustainable development strategy.
To lessen the environmental impact of the cement industry, alkali-activated slag using industrial
by-products/wastes has been investigated as an alternative binder in soft soil stabilization, thanks
to its comparable stabilization performance and negligible carbon footprint (Pacheco-Torgal et
al.,2008; Haha et al., 2011; Yi et al., 2014; Gonzalez et al., 2021). The alkali-activated slag binder
is composed of slag and alkaline activator (auxiliary component). As reported by Yi et al. (2014;
2015), hydrated lime, MgO and carbide slag (CS, a type of industrial by-product) can be served
as an effective activator for ground granulated blast-furnace (GGBS). At the moment, alkali-
activated slag is generally used for the stabilization of soft soil with low water content, while little
research has been done to verify the strength improvement performance of mud slurry with high
water content.

As for the vacuum preloading method, the maximum vacuum pressure of the preloading
technique is capped at the atmospheric pressure in theory, and the vacuum pressure recorded in
sites is typically lower than 90 kPa (Shinsha and Kumagai, 2014), which means there is a clear
upper limit for the final stabilization performance of the vacuum preloading method. Furthermore,

the high content of fines in mud slurry easily leads to clogging of band drains (i.e., PVD or PHD)
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and hence reduces the efficiency of vacuum dewatering and strength improvement (Deng et al.,
2019). On the other hand, if only the solidification method is used to strengthen the mud slurry, a
large amount of binder must be added (Horpibulsuk et al., 2005), which is often prohibitively
expensive and environmentally unfriendly. In response to the aforementioned limitations of two
individual methods, mechanical-chemical combined method for treating mud at high water
content was introduced (Wang et al., 2017; Lei et al., 2019; Zhang et al., 2022). The fundamental
mechanism of the combined method is to modify the mud slurry by the synergistic of chemical
agents and mechanical dewatering to improve the strength development. The feasibility and
effectiveness of combined methods were also well evidenced by model tests (Wang et al., 2017;
Leietal., 2019; Zhang et al., 2022). However, most of the previous studies adopt PVD as drainage
channel and use cement as chemical agent. Considering the disadvantages of using PVD and/or
cement in treating high-water-content mud slurry, a combined technique of vacuum preloading
and solidification based on PHD and alkali-activated slag, i.e., vacuum-solidification (VS)
combined method, is presented in detail in this study.

Fig. 2 illustrates the implementation process of the VS combined method. First, install a
layer of PHD at the bottom of the site, blow the well-mixed mud slurry and binder into the site,
and then apply vacuum via the PHD layer for dewatering. Then, place a new layer of PHD on top
of the first layer of mud slurry-binder mixture, followed by the blow-filling of the next layer of
mixture and vacuum dewatering. Blow-filling and placing new PHD layer are performed
alternatively. This method adopts PHD instead of PVD to overcome several major problems,

including inaccessibility of the equipment and personnel for installation of PVD, bending of the
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PVD during the consolidation process and the reduction of vacuum pressure along with soil depth.
Blow-filling and vacuum dewatering are carried out simultaneously, resulting in an early
involvement of vacuum dewatering and higher treatment efficiency. The binder plays a further
reinforcing role in the mud treated by vacuum dewatering, reducing the amount of binder used,
while enhancing the treatment effect. And the use of industrial by-product-based alkali-activated
slag instead of cement as binder is more in line with sustainable development.

The main objective of this paper is to investigate the feasibility and effectiveness of the VS
combined method using alkali-activated GGBS as binder to treat mud slurry with high water
content and to compare the improvement performance with vacuum-only preloading (VP) method
and binder-only solidification (BS) method. Three different activators, including hydrated lime,
MgO and carbide slag (CS), were used for the binder of alkali-activated GGBS. The influence of
the type and dosage of activator on the improvement effectiveness of VS combined method was
also analyzed. The vacuum dewatering efficiency was monitored during the vacuum preloading,
after which the stabilized soil samples were taken for a range of characterization tests, including
unconfined compression (UC) test, permeability test, X-ray diffraction (XRD), scanning electron
microscopy (SEM) and mercury intrusion porosimetry (MIP) to reveal the strength development,

hydraulic and microstructure properties of stabilized soils.
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2 Materials and testing scheme

2.1 Materials

The mud used in this study was taken from a storage yard in a coastal city in south China, with a
natural water content of about 180%. The mud in the storage yard was originally generated from
dredging construction by a cutter suction dredger. The relative density of soil particles (Gs) was
determined as 2.66, and the liquid limit, plastic limit, and plasticity index were 61.26%, 26.34%,
and 34.92, respectively, indicating a high-plasticity clay. In practice, various dredging techniques
produce mud slurry with varying water content. The water content of dredged mud slurry is
frequently 2~10 times the liquid limit. The initial water content of the mud slurry used in this
study was artificially increased up to 300%, which is approximately 5 times the liquid limit and
within the range of water content of dredged mud slurry obtained by typical dredging methods,
like cutter suction dredging, bucket dredging and grab dredging.

GGBS used 1n this study is purchased from Wuxin New Building Materials Co., Ltd and the
raw material to produce GGBS is blast furnace slag released from the pig iron smelting. The main
chemical properties of raw materials, including mud slurry, cement, GGBS, hydrated lime,
magnesium oxide (MgO) and carbide slag (CS), determined by X-ray fluorescence (XRF), are
listed in Table 1. The main components of GGBS are CaO, SiO, and Al,O3, accounting for
41.42%, 32.60% and 14.04%, respectively, which are similar to the main components of cement.
The main component of CS, i.e., calcium hydroxide, is the same as hydrated lime, with a relatively

lower content.
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2.2 Testing program
Three distinct treatment methods were included in the model test: VP method (mechanical only),
BS method (chemical only) and VS combined method (mechanical-chemical combined). The
testing program is shown in Table 2. Note that cement was used as the binder in the BS method
case, abbreviated as BS-C. Cases VP and BS-C were designed as the control groups to compare
the performance of the individual conventional method and the VS combined method. A vacuum
pressure of -80 kPa was applied via PHD if vacuum preloading is involved.

Four types of binders, GGBS-lime, GGBS-MgO, GGBS-CS and cement, were used for the
VS combined method test groups to investigate the effect of binder type on the performance of
this method. For the solidification treatment of soft soils with high water content, the commonly
used binder content ranges from 10% to 30% (Horpibulsuk, et al., 2005; Zhang et al., 2013) in
practice, and in the present study, a relatively low binder amount of 10% was adopted.
Additionally, different activator contents were used for the cases using GGBS-Lime, GGBS-MgO
or GGBS-CS as binder, referring to the study by Yi et al. (2016), see Table 2 for the details. The
mass ratio of cement or GGBS to dry soil is referred to as cement content or GGBS content, while
the mass ratio of activator to GGBS is defined as activator content. The activator content is also
included in the case No. for ease of understanding, for instance, in case VS-GL-10, VS is an
acronym for vacuum-solidification method, GL refers to GGBS-Lime as the binder, and 10 refers

to the mass of hydrated lime that is 10% of that of GGBS.

10
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2.3 Testing procedure

The model test was conducted in a transparent plexiglass box with a wall thickness of 10 mm,
and a length, width and height of 60 cm, 11 cm and 50 cm, respectively. To measure the volume
change of the mud slurry during the vacuum consolidation process, three rulers are placed at equal
spacings on the observation side of the model box. The control valve, water-air separator, and
vacuum pump were connected to the model box in sequence through the drainage pipe, as shown
in Fig. 3. The top of the model box was sealed with a flexible film before the vacuum preloading
started. The model test used an integrated anti-clogging band drain produced by Jiangsu Xintai
Geotechnical Technology Co., Ltd, with width and thickness of 100 mm and 4 mm, longitudinal
water flow of 50 cm?/s, dry state tensile strength of 6 MPa, and permeable rate of 0.33 s,
respectively. The band drain is placed at the bottom of the model tank in full, i.e., the model test
simulates a one-dimensional vacuum consolidation.

Following are the specific test procedures:

First, the initial water content of the mud slurry was increased to 300% by adding tap water
and mixing thoroughly.

Second, the binder was added to the mud slurry according to the test program, mixed
thoroughly for ten minutes, and then poured into the model box and sealed the top with a flexible
film, as shown in Fig. 3. For the cases utilizing alkali-activated GGBS as binder, the dry powder
of activator and GGBS were well mixed before being added to the mud slurry.

Third, the vacuum preloading apparatus was connected as illustrated in Fig. 3, and then
vacuum was applied in four sequent gradients of -10 kPa, -20 kPa, -40 kPa, and -80 kPa, with a

11
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duration of half an hour for each level until the maximum vacuum pressure of -80 kPa was reached.
Settlement of mud slurry and mass of discharged water were monitored during the 5-day vacuum
preloading model test.

Forth, after the model test, a self-designed sampler was used to obtain the stabilized soil
samples of 100 mm in height and 50 mm in diameter, as shown in Fig. 4. To reduce the disturbance
to the soil during the sampling process, a sharp cutting edge was made at the end of the sampler,
and Vaseline was applied evenly on the inner wall of the sampler.

Fifth, the obtained soil samples were sealed with plastic wrap and placed in a climatic
chamber for curing. The temperature in the climatic chamber was kept at 20 + 3°C, and the relative
humidity was 95 + 3%. The UC test was then performed on specimens after curing ages of 7, 14,
28, 60 and 90 days, and three parallel tests were conducted at each curing age, and the average
value was taken as the test result. The UC test was performed with an axial strain rate of 1 mm/min,
1.e., 1% of the initial height of the specimen per minute, in accordance with ASTM D 2166-00
(2002). For the control group, VP, the strength of treated soil decreased significantly with
increasing distance from PHD band, resulting in the unavailability to take qualified samples for
UC test. Therefore, three vane shear tests (H-60 hand-held vane shear tester, GEONOR, Inc.,
Norway) were conducted at 5 cm from the PHD band in VP. Twice the average shear strength was

taken as the UCS of this case (Kang et al., 2015).
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3 Results and discussions

3.1 Vacuum preloading dewatering

The vacuum dewatering efficiency for different cases was analyzed by comparing the mass of
discharged water by vacuum maw, as shown in Fig. 5. Cases VP and VS-C are taken as references
for comparison with cases using alkali-activated GGBS. The mass of discharged water for VP
and VS-C after 4-day vacuum preloading is 9.1 kg and 10.7 kg, respectively. And Figs. 5(a), 4(b)
and 4(c) indicate that the water mass of VS-GL-10, VS-GM-10 and VS-GC-10 is 14.9 kg, 15.1
kg and 16.1 kg, respectively, corresponding to 67 %, 67% and 78% higher than that of VP, and
36%, 36% and 45% higher than that of VS-C, respectively. Moreover, the mass of discharged
water using VP method is the lowest during the 5-day vacuum preloading. The results well prove
that the VS combined method is significantly better than the VP method in terms of vacuum
dewatering efficiency, with a better performance using alkali-activated GGBS as binder than
using cement.

The mass of discharged water in case VP kept increasing during the period of 5-day vacuum
preloading with a lowering rate. however, it tends to be steady after 2.6 to 4.7 days of vacuum
preloading for the cases using the VS combined method. In other words, the vacuum-
solidification combined method has a restricted vacuum dewatering period, i.e., effective time of
vacuum dewatering, f., beyond which there will be no visibly extra water discharged from mud
slurry. Fig. 5 also demonstrates that the type of binder has an obvious effect on the effective time
of vacuum dewatering. The vacuum-solidification combined method with cement as binder has a

shorter #. (2.5 days) than that with alkali-activated GGBS as binder.
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Fig. 5 also demonstrates that 7. for cases using alkali-activated GGBS varies with the type
and content of activators, ranging from 2.6 ~ 4.7 days. The detailed effective time of vacuum
dewatering and the mass of discharged water after 5 days of vacuum preloading, may., for cases
with different types and contents of activator are summarized in Table 3. The ma, of the cases
using hydrated lime or MgO as activator is relatively close, ranging from 14.0 to 15.4 kg, and the
t. reduces with increasing content of hydrated lime or MgO. Cases with CS as activator exhibit
the highest ma, and f. of around 16 kg and 4.7 days, respectively. The ma, ratio and 7. ratio in
Table 3 are the ratios of mq, and f. for the cases with various activator types or amounts versus
VS-C. Compared with VS-C, it can be seen that, in general, a relatively large ma. and a relatively
long f. can be achieved at the same time when the amount of activators is around 10%.

After the completion of vacuum preloading, the water content of the upper, middle, and
lower of the soil layer in the model box was measured, and the water content reduction ratio was
calculated based on the average water content, as shown in Table 4. The water content results
correspond to the discharged water mass and settlement results. For the cases that used the VS
combined method, excluding case VS-C, the average water content was lower than that of the
vacuum preloading method (case VP). It should be noted that the vacuum consolidation of the
soil in the cases with binder has already ended, while based on the dewatering and settlement
results, the vacuum consolidation of case VP has not yet ended. Therefore, the water content of
case VP is not the final water content after the completion of vacuum consolidation.

The variation of vacuum dewatering rate with vacuum preloading time, as shown in Fig. 6,
provides a more intuitive indication of the effect of binder types on the vacuum dewatering

14
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efficiency. The vacuum dewatering rate is defined as the ratio of the mass of discharged water at
two consecutive recording time points to the corresponding time difference. For all cases, the
vacuum dewatering rate decreased rapidly within one day after the start of vacuum preloading,
because the hydraulic conductivity of mud slurry falls obviously due to the decreases in void ratio
induced by vacuum consolidation. The sudden changes in the vacuum dewatering rate may be
caused by (a) the non-homogeneity of the soil, which results in a non-smooth consolidation
process, and the solidification reactions may exacerbate the non-smooth. The influence of the
binder with hydrated lime as the activator on the consolidation process was greater than that with
MgO. (b) Another possible reason could be the non-uniform interval of data collection and the
error in collecting the data of mass of discharged water.

After one day of vacuum preloading, the vacuum dewatering rate for case VP dropped from
1.33 kg/hour to 0.06 kg/hour, corresponding to a reduction of 95%, and this reduction is
noticeably greater than that for the cases using the VS combined method. It can be observed that
the addition of binder slows the decreasing rate of the hydraulic conductivity of mud slurry during
vacuum consolidation process. This is because, firstly, a significant amount of ions, such as Ca>"
and/or Mg?", etc., are produced during the hydration reaction of the binder, and the high-valent
ions would replace the Na" and K™ ions on the surface of the soil particles. As the surface potential
of soil particles decreases, a thinner adsorption layer is formed so that soil particles aggregate into
clusters, which is termed as flocculation (Prusinski and Bhattacharja, 1999; Jha et al., 2015).
Secondly, the pozzolanic reaction produces stabilized compounds such as C-S-H and C-A-H,
which bond the particles together to form a soil matrix with connecting pore channels (i.e.,

15
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formation of soil skeleton) (Prusinski and Bhattacharja, 1999; Zhu et al., 2007), which enhances
to the permeability properties of the mud slurry (Quang and Chai, 2015).

However, the reduction of vacuum dewatering rate in cases using VS combined method
becomes faster after a period of vacuum preloading, with a lower vacuum dewatering rate than
case VS in two to five days of vacuum preloading, as shown in Fig. 6. This is because the
permeability improvement generated by flocculation and soil skeleton-building for cases with
binders is gradually diminishing. The reasons for the reduction of permeability improvement
effects are as follows: (7) the pozzolanic reaction procedure will continue to consume high-valent
ions, resulting in weakened flocculation; (i/) C-A-H/C-S-H and other solidification products
generated by the pozzolanic reaction make the structure of mud slurry denser, reducing the
permeability of mud slurry and leading to a decrease in vacuum dewatering rate. In addition, the
reduction rate of permeability improvement is closely related to the type of binder, with alkali-
activated GGBS exhibiting a slower reduction rate than cement. And a slower reduction rate
corresponds to a longer effective time of vacuum dewatering. This is attributed to the slower
reaction rate of alkali-activated GGBS solidification compared to that of cement (Yi et al., 2014).

Ca’" has a higher cation exchange capacity than Mg®" (Yi et al., 2016), therefore, the
flocculation effect produced by hydrated lime is higher than that of MgO, which is more helpful
for increasing the vacuum dewatering rate. This is the main reason for the slightly higher vacuum
dewatering rate in cases with hydrated lime as activator (Fig. 6a) than that of cases with MgO
(Fig. 6b) for a period of time after the start of vacuum preloading. The results also show that the
vacuum dewatering rate of cases with MgO as activator decreases faster than that of cases with

16
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hydrated lime, as shown in the enlarged figures in Figs. 6(a) and 6(b). This is attributed to the
higher efficiency of MgO in accelerating the hydration procedure of GGBS compared to hydrated
lime (Yi et al., 2014). MgO is consumed faster to participate in the hydration procedure of GGBS
than hydrated lime, resulting in a faster weakening of flocculation and a consequent reduction in
the improvement of permeability induced by flocculation. Furthermore, the hydration products
during the solidification procedure fill in the connecting pore channels, which also reduces the
hydraulic conductivity of mud to some extent. Therefore, a faster rate of hydration reaction
corresponds to a faster reduction rate of permeability. Compared with cases using hydrated lime
as activator, cases with CS as activator has a lower vacuum dewatering rate, as shown in Fig. 6(c),
with a slower reduction of vacuum dewatering rate. This is attributed to: (7) the main component
of CS, calcium hydroxide, is the same as that in hydrated lime, but with a lower content, as shown
in Table 1. The XRF results may overestimate the calcium hydroxide content of CS, because some
amount of calcium carbonate may be present in CS (Cardoso et al., 2009). Both low calcium
hydroxide content and the presence of less dissoluble calcium carbonate result in relatively
weaker flocculation; (i7) the performance of CS as activator is weaker than that of hydrated lime,
thereby slowing down the solidification process of CS-activated GGBS (Yi et al., 2014) and
weakening the effects of flocculation and skeleton building.

The vacuum consolidation and binder are the main factors driving the variation in
permeability of mud slurry for the VS combined method. It has been widely established that
during vacuum consolidation, the void ratio decreases due to the drainage of pore water from the
mud, resulting in a decrease in permeability. To investigate the influence of binder on the
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permeability of mud slurry and to verify the above statement, the variable head permeability test
using rigid wall permeameter was conducted using mud slurry with an initial water content of
93%. Song et al. (2000) and Yi et al. (2014) reported that the main hydration product of alkali-
activated GGBS is C-S-H, similar to that of cement, regardless of the activator used. In addition,
the permeability tests were mainly conducted to reveal the mechanism of the VS combined
method. Therefore, cement was chosen as a representative of binders for the permeability test. To
maintain the mud slurry in the device with the application of water head, the initial water content
of mud slurry used in the permeability test is lower than that of model test. Fig. 7 shows the
variation of the coefficient of permeability of mud slurry with different binder contents, 4,.. The
coefficient of permeability of mud slurry without binder decreases gradually with time due to the
consolidation. The coefficient of permeability of the sample with 4,, = 10% is 2.7 times higher
than that of the sample without binder at day 0.5 and decreases rapidly over time. After 2.5 days,
the coefficient is lower than that of the sample with 4,, = 0%. This evidences that the addition of
binder contributes to improving the permeability of mud slurry only within a period of time at the
beginning of solidification reactions.

The settlement curves during vacuum preloading are shown in Fig. 8. Based on the
settlement results, the variation of mud volume was obtained, and the dimensionless volume
reduction results, i.c., the ratio of the reduced volume amount to the initial volume of mud, are
illustrated in Fig. 9. The trend of mud volume reduction with vacuum preloading time corresponds
to that of settlement of the mud layer. In the case of VP, the settlement of mud increased
continuously throughout the entire 5-day vacuum preloading period, with a total settlement of

18



382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

approximately 16.4 cm at the end, corresponding to a volume reduction of 41%. Even though the
mass of discharged water of VS-C is more than that of VP (Fig. 5), the settlement (volume
reduction) of case VS-C is less than that of VP. This is because the hydration products of the
stabilization procedures of binder bind the soil particles and fill the pores between soil particles,
resulting an increase in the strength of soil matrix to resist the settlement induced by soil
consolidation (Ouhadi et al., 2014). However, in the cases using alkali-activated GGBS as binder,
the settlement and volume reduction is much greater than that of VP and V-SC-10, which is
consistent with the results of vacuum dewatering efficiency (Fig. 5) because the vacuum
dewatering rate is faster and effective dewatering time is longer when alkali-activated GGBS is
used as binder. The volume reduction in cases VS-GL-10 (Fig. 9a), VS-GM-10 (Fig. 9b) and VS-
GC-10 (Fig. 9c¢) after 3-days vacuum preloading are 48%, 45% and 44%, respectively, which are
60%, 50% and 47% higher than that of VS-C, and 45%, 36% and 33% higher than that of VP.
The greater settlement and volume reduction was observed when lime is used as activator, while
the settlement and volume reduction is comparable when MgO and CS are used as activator.
Although the addition of binder reduces the settlement caused by vacuum consolidation, the
volume reduction of the VS combined method using alkali-activated GGBS is still larger than
that of the VP method during the 5 days of vacuum preloading, which is mainly attributed to the
substantial increase in vacuum dewatering efficiency by the alkali-activated GGBS. Therefore,
the settlement and volume reduction are considerably influenced by the permeability
improvement effect and reaction rate of binder, with a larger volume reduction for larger
permeability improvement and slower hydration rate.
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3.2 Unconfined compressive strength

Fig. 10 shows the unconfined compressive strength (UCS) at 7, 14, 28, 60 and 90 days for the
stabilized soil of cases using VS combined method with alkali-activated GGBS as binder. Cases
VP, BS-C and VS-C are taken as references for the comparison of strength improvement of VS
combined method with alkali-activated GGBS as binder. It can be easily observed that the UCS
of the soil samples treated by the VS combined method are much higher than their counterparts
treated by the BS method and VP method. For instance, the 90-day UCS for cases VS-GL-10 (Fig.
10a), VS-GM-10 (Fig. 10b) and VS-GC-10 (Fig. 10c) are 859 kPa, 340 kPa and 310 kPa,
respectively, which are 51, 20 and 18 times higher than that of BS stabilized soil using cement as
binder, and 78, 31 and 28 times higher than that of case VP, respectively. It is evident that the
performance of VS combined method in terms of strength development is significantly better than
that of the VP and BS methods. It should be noted that, unlike cases with binder addition, the
vacuum consolidation of case VP has not yet been completed. If the duration of vacuum
preloading is extended, the soil strength of case VP will continue to increase. The UCS of the soil
in case VP theoretically and empirically can reach 40~50 kPa after the completion of vacuum
consolidation. The VP method and BS method are two commonly used techniques for
strengthening soft soils, each with its own advantages. The VP method is relatively cost-
effectively compared to other soil improvement techniques and has minimal environmental
impact. On the other hand, the BS method can provide an immediate increase in soil strength and
stiffness, making it a suitable option for areas where time constraints are critical. The VS method
combines the advantages of both VP and BS methods. Compared to the VP method, the VS
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combined method can increase soil strength more rapidly and compared to the BS method, it
reduces the amount of binder used.

For the VS combined method, the 90-day UCS of the stabilized soil using alkali-activated
GGBS is increased by 3.3 ~ 11.2 times compared to that with cement as binder. It can be
concluded that in the VS combined method, alkali-activated GGBS outperforms cement in
improving strength. This is attributed to (i) in regards to the binder itself, the solidification
performance of alkali-activated GGBS is significantly better than that of cement, given the same
initial conditions of the soil (e.g., water content and density) (Yi et al., 2014); (ii) the alkali-
activated GGBS exhibited better performance in terms of vacuum dewatering (Table 3) and
volume reduction (Fig. 9) compared to cement, resulting in a relatively lower water content and
denser soil matrix after vacuum preloading, which further enhances the solidification capacities
of alkali-activated GGBS.

The UCS of stabilized soil generally increases with curing time. In the cases of cement-
stabilized soils (VS-C and BS-C), their strength reaches a peak at 28 days and stabilizes at 60
days. For alkali-activated GGBS stabilized soils, the strength development varies slightly
depending on the activator/GGBS ratio. However, by 60 days of curing, the strength of the
stabilized soils is close to its peak or stabilizes. Based on the specific initial water content and
binder amount used in this study, a curing time of 60 days appears to be the ideal choice. In
practical engineering, the optimal curing time needs to be determined based on the type and

amount of binder, the initial water content of soil, the intended use of the treated soil, etc.
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Furthermore, a systematic investigation is needed to better understand the influence of these
factors on the performance of the VS combined method.

The UCS of the stabilized soil increases nonlinearly with increasing lime content, as shown
in Fig. 10(a). The 90-day UCS of VS-GL-10 and VS-GL-20, are 657 kPa and 431 kPa,
respectively. It is well established that relatively low water content and a dense soil matrix
contribute to the strength development of stabilized soil. When the lime content is 10%, compared
to the case with 20% lime, the mass of discharged water (Table 3) and volume reduction (Fig. 9a)
is larger, corresponding to lower water content and a denser soil matrix after vacuum preloading.
And this is the reason for the larger UCS of VS-GL-10 than VS-GL-20. The UCS of soil stabilized
with GGBS-MgO (Fig. 10b) and GGBS-CS (Fig. 10c), especially at early curing ages, increased
significantly as the increases of activator content because a higher activator content results in a
faster reaction and higher volume of hydrates. Yi et al. (2014) reported that reactive MgO
activates GGBS at a higher rate than hydrated lime and achieves a higher strength of stabilized
soil. This conclusion, however, contradicts the findings of the present study. The strength of soil
stabilized with GGBS-MgO is slightly lower than that of soil stabilized with GGBS-lime. This is
attributed to the lower water content and denser matrix of mud with GGBS-lime after vacuum
dewatering (see Table 3, Figs. 8a and 8b), which is more favorable to the improvement of strength.
Compared to the strength of GGBS-lime and GGBS-MgO stabilized soil, GGBS-CS stabilized
soil has the lowest UCS at the same age. This is because MgO could activate GGBS more

efficiently than CS to achieve higher strength (Yi et al., 2015). And hydrated lime has a higher
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calcium hydroxide content than that of CS, as indicated in Table 1, and thus has a higher activation
efficiency for hydration reaction of GGBS.

The pH of discharged water during the vacuum preloading was measured and presented in
Table 5. For hydrated lime, MgO and CS, pH values increase from 11.53, 9.45 and 9.17 to 12.16,
11.59 and 11.92, respectively when the activator content is increased from 10% to 20%. The
results indicate that, for each activator, the pH value increases with increasing activator content.
The pH of cases with GGBS-lime as binder is higher than that of cases using GGBS-MgO at the
same activator content, due to the difference between alkalinities of hydrated lime and MgO (Jin
and Al-Tabbaa, 2014). Although the main chemical composition of CS is similar to that of lime,
the pH of cases using GGBS-CS as binder is lower than that of cases using GGBS-lime because
lime has a larger calcium hydroxide content (Table 1). Song et al. (2000) summarized that higher
pH of solution leads to a higher activation reaction rate and degree of hydration of GGBS, and
Chrysochoou et al. (2010) reported that the UCS of stabilized soil is relatively small at a pH below
10.8. Combining the pH results of discharged water in Table 5 and the UCS results of stabilized
soil in Fig. 10, it can be observed that, in general, the increase of activator content increases the
pH of pore water and stabilized soil strength, especially for the early strength. Besides, a pH
adjustment is needed for the disposal of water because the pH of the pore water exceeds the
effluent limitation. In the initial stage of solidification reaction, the pH of the stabilized soil is
close to that of the pore water. However, as the solidification reactions process, the OH™ produced

by the binder is consumed to generate more solidification products. While the strength of
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stabilized soil increases with curing age, the pH of the stabilized soil also decreases obviously
(Cai et al., 2019; Feng et al., 2021).

3.3 Microstructure of stabilized soils

The 90-day crystalline phases, determined by X-ray diffraction (XRD) analysis, are illustrated in
Fig. 11 for the stabilized soil using VS combined method and BS method with cement as binder.
Calcite (C), illite (I), kaolinite (K) and quartz (Q) are detected as the principal minerals in all of
the stabilized soil, representing the nature of the clay. C-S-H was detected in the cement-stabilized
soil and also in the alkali-activated GGBS-stabilized soil regardless of the type of activator, which
is consistent with the statements from previous studies (Song et al., 2000; Yi et al., 2014). Fig.
11(a) shows that the main hydration products of 90-day GGBS-lime stabilized soil include
calcium aluminate hydrates (C-A-H), ettringite (E) and C-S-H, which are almost the same as
those of cement stabilized soil. Calcium hydroxide is absent in the GGBS-lime stabilized soil at
90 days even with a lime/GGBS ratio as high as 40% due to the consumption of Ca** and OH-
during the activation of GGBS. C-S-H is the only detected hydration product in the GGBS-MgO
stabilized soil, as shown in Fig. 11(b). Both of MgO and brucite (Mg(OH).) are not detected in
90-day GGBS-MgO stabilized soil because Mg** and OH" are produced by MgO-water reaction
directly without precipitation of brucite, and are consumed to activate GGBS (Yi et al., 2014).
The hydration products of GGBS-CS stabilized soil (Fig. 11(c)), including C-A-H, C-S-H and
ettringite, are similar to those of GGBS-lime stabilized soil because the main composition of
carbide slag is also Ca(OH), as indicated by the XRF results in Table 3. Similar to the GGBS-
lime stabilized soil, Ca(OH); is absent in the 90-day GGBS-CS stabilized soil. This is because
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the consumption of Ca** and OH" is not only involved in the activation of GGBS, but also in the
reactions of lime-soil. In other words, the role of hydrated lime is both an activator and a binder.

Typical SEM micrographs of stabilized soil in cases BS-C, VS-GL-10, VS-GM-10, VS-GC-
10 and VS-C at 90 days, as well as the treated soil in case VP, are shown in Fig. 12. The soil
sample treated by VP method, loose soil matrix without stabilization products, can be clearly seen
in Fig. 12(a). For the soil treated with the BS method, Fig. 12(b) displays a sparse surface
morphology with large pores among soil particles, despite the fact that the soil particles are
bonded with each other to some extent and some pores are filled by the hydration products of
cement (mainly C-S-H/C-A-H gel and needle-like ettringite), but not enough to develop a
relatively high strength because of the high porosity. The soil treated by the VS combined method
with GGBS-lime as binder (Fig. 12(c)) exhibits a dense surface morphology with soil particles
well bonded with each other and pores well filled by the hydration products of GGBS-lime, which
contributes to the development of high strength. A similar packing morphology of the stabilized
soil using GGBS-MgO as binder can be observed in Fig. 12(d). However, the needle-like
ettringite is absent in this case, which corresponds to findings by Yi et al. (2016), who reported
that the main hydration product of GGBS-MgO is C-S-H. Compared to the packing morphology
of stabilized soil for case VS-GL-10, a similar hydration product is found in the stabilized soil
with GGBS-CS as shown in Fig. 12(e), but the particles are relatively loosely packed. Importantly,
VS combined method produces a denser structure (refer to Figs. 11b and 11f) for the stabilized

soil compared to those using BS method, when cement is utilized as binder for both cases.
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Fig. 13(a) presents the mercury intrusion curves for the soil samples at 90 days in cases BS-
C, VS-C, VS-GL-10, VS-GM-10 and VS-GC-10. The increase of the cumulative pore volume of
VS-C, VS-GL-10, VS-GM-10 and VS-GC-10 stabilized soil samples is mainly concentrated in
the range of radius < 2000 um, and the VS-C stabilized soil sample has the largest total intrusion
volume, because of the low vacuum dewatering efficiency and relatively limited solidification
effect of cement. The total porosities of the stabilized soil in case VS-GM-10 and case VS-GC-
10 are comparable, and slightly greater than that of VS-GL-10, which corresponds to the UCS
results shown in Fig. 10. It should be noted that the stabilized soil sample using BS method has a
significantly different mercury intrusion curve from the other cases. Despite the total intrusion
volume of BS-C stabilized soil is the smallest, its accumulated pore volume in relatively large-
size entrance pore radius ranging from 2000 pm to 4x10* um is significantly greater than that of
VS-C, VS-GL-10, VS-GM-10 and VS-GC-10, which indicates that the volume of large-size pore
of BS-C stabilized soil is the largest, corresponding to the lowest UCS (Fig. 10).

Fig. 13(b) shows the differential pore size distribution of the stabilized soil. The amount of
relatively large-size pore (10° ~ 3x10° pm) of the stabilized soil in case BS-C are significantly
greater than those in cases VS-C, VS-GL-10, VS-GM-10 and VS-GC-10 at the same age, which
is attributed to the absence of vacuum consolidation in BS-C. Compared with the VS-C, the VS-
GL-10, VS-GM-10 and VS-GC-10 stabilized soil samples have a small amount of pores with a
radius larger than 300 um, but a larger amount of pores with a radius ranging from 10 ~ 200 pm.
This is mainly attributed to the higher improvement in vacuum dewatering and strength
development produced by alkali-activated GGBS. In particular, the VS-GL-10 stabilized soil has
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the highest amount of small-size pores with a radius ranging from 10 ~ 60 um, and the lowest
amount of large-size pores with a radius larger than 100 um, which corresponds to the highest
UCS. In addition, in the cases of VS-GM-10 and VS-GC-10, stabilized soil samples have
relatively similar differential pore size distribution, however, the case VS-GM-10 contains more
pores with a radius of 10 ~ 80 um and fewer pores with a radius of 80 ~ 300 um, explaining the
higher UCS in VS-GM-10.

Fig. 14 illustrates the mercury intrusion and differential pore size distribution, respectively,
for the cases VS-GL-10, VS-GM-10 and VS-GC-10 at 28 and 90 days. Fig. 14(a) shows that the
porosity of stabilized soil in case VS-GL-10 decreases significantly from 28 to 90 days because
of the continuous hydration reactions produced by GGBS, corresponding to an obvious increase
in UCS. Although the total porosity of the VS-GM-10 and VS-GC-10 stabilized soil does not
change considerably from 28 to 90 days, the mercury intrusion curves shift downward between
radius ranging from 20 ~ 800 um, indicating a decrease in cumulative volume of pores at the
corresponding radius. A decrease of large-size pores (100 ~ 500 pum) and an increase of small-
size pores (10 ~ 80 um), as presented in Fig. 14(b), are observed for the stabilized soil from 28 to
90 days, which can be attributed to the production of ettringite or C-S-H-like compounds
produced by GGBS hydration reaction.

The main objective of this study is to investigate the feasibility and treatment effects of the
VS combined method with alkali-activated GGBS as binder and analyze its mechanism. However,
it should be noted that the model test has its limitations and there are many factors that affect the
treatment effect of this method, such as the thickness of slurry layer, initial water content, dosage
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of binders, start time of vacuum dewatering, etc., which are not yet clear and will be the focus of
the further research. One the other hand, despite the efficient and effective treatment of the VS
combined method, the use of binders usually increases the pH of soil after treatment, which may
have harmful effects on the environment, such as threatening the quality of groundwater or
limiting the growth of vegetation, as well as the high carbon footprint of binder production (Latifi
etal.,2017; Behnood, 2018; Jalal et al., 2020). Therefore, in the process of using the VS combined
method, it is meaningful to use a low pH and low carbon footprint binder, such as MgO-GGBS,
while meeting the engineering treatment requirements. Hence, the development of
environmentally friendly binders for the VS combined method is also a subject for further
research.

4 Conclusions

In this paper, the performance of the vacuum-solidification (VS) combined method using alkali-

activated GGBS for treating mud slurry with high water content was investigated by model tests,

and compared with the vacuum preloading (VP) method and binder solidification (BS) method.

The following primary conclusions are drawn:

(1) VP method stands out for its cost-effectiveness and minimal environmental impact compared
to other soil improvement approaches. On the other hand, the BS method provides rapid
improvement of soil strength, making it particularly suitable for time-sensitive projects.
Vacuum-solidification (VS) method combines the advantages of both VP and BS methods.

During the limited duration of vacuum preloading testing (5 days), the VS combined method
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2)

€)

(4)

demonstrates superior dewatering efficiency (not the final dewatering capacity upon
completion of vacuum consolidation) compared to the VP method.

The initial hydration products of the binder play a crucial role in enhancing the permeability
of slurry, thereby facilitating vacuum dewatering, and densifying the soil structure. This
initial densification sets the stage for subsequent solidification reactions within the
compacted soil matrix, resulting in a significant improvement in soil strength.

The treatment effect of the VS combined method is significantly influenced by the type of
binder, with the best performance achieved by lime-activated GGBS. When GGBS-lime is
used as binder, the volume reduction is more than 40% greater than that when cement is used,
and the UCS of treated soil is increased by more than 2.8 times. Therefore, the adoption of
alkali-activated GGBS as binder instead of cement results in better treatment performance
and is more in line with the requirements of sustainable development. The industrial by-
product CS also can be used to replace hydrated lime as activator, but due to its low calcium
hydroxide content, it is necessary to appropriately increase the activator content to achieve
the expected improvement.

The stabilized soil samples using GGBS-lime, GGBS-CS or cement have similar hydration
products, including C-S-H, C-A-H and ettringite. The microstructure of soil treated by VS
combined method is denser than that of soil treated with the VP and BS methods. Compared
to the soil stabilized using cement, soil treated by VS combined method with alkali-activated
GGBS has more small-size pores, fewer large-size pores and lower total porosity, which
contributed to a significantly higher UCS.
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Table 1 Main chemical components of raw materials used in this study

Material Soil Cement GGBS Lime Magnesium Carbide slag

(w%) (wi%) (wi%) (W) oxide (w%) (w%)

Na,O 3.54 - - - - -
MgO 2.45 3.15 8.14 0.93 96.97 1.14
ALOs3 18.45 7.45 14.04 0.71 - 1.90
Si02 58.14 20.13 32.60 0.21 0.53 2343

P>0s 0.76 - - - - -
SO; 0.45 5.55 2.39 0.30 1.42 0.69
K20 3.16 1.32 0.46 - - 0.30
CaO 3.78 63.71 41.42 97.67 1.08 72.31
TiO, 1.14 0.54 0.65 - - 0.09

MnO 0.17 - - - - -
Fe O3 7.96 3.14 0.30 0.18 - 0.14

Note: w/% refers to the weight percentage.



4

Table 2 Testing programme

Binder Vacuum
Treatment Case Cement GGBS Activator  Activator  pressure
methods No. Content content content (kPa)
(%) (%) (%)
vacuum-only
preloading VP ) ) ) ) -80
binder-onl
solidification BS-C 10 ) - - -
VS-GL-5 - 10 Lime 5 -80
VS-GL-10 - 10 Lime 10 -80
VS-GL-20 - 10 Lime 20 -80
vacuum- VS-GL-40 - 10 Lime 40 -80
solidification VS-GM-5 - 10 MgO 5 -80
combined VS-GM-10 - 10 MgO 10 -80
VS-GM-20 - 10 MgO 20 -80
VS-GM-40 - 10 MgO 40 -80
VS-GC-10 - 10 CS 10 -80
VS-GC-20 - 10 CS 20 -80
VS-C 10 - - - -80

Note: Cement content refers to the mass ratio of cement to dry soil; GGBS content refers to the

mass ratio of GGBS to dry soil, and activator content is the mass ratio of activator to GGBD.
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Table 3 Comparison of vacuum dewatering performance for cases with alkali-activated GGBS

No. Activator Activator Maw te M. te

Type content (%) (kg) (day) ratio ratio
VS-GL-5 Lime 5 15.3 4.2 1.43 1.68
VS-GL-10 Lime 10 15.4 4.2 1.44 1.68
VS-GL-20 Lime 20 13.2 3.2 1.23 1.28
VS-GL-40 Lime 40 14.3 3.0 1.34 1.20
VS-GM-5 MgO 5 14.8 3.7 1.38 1.48
VS-GM-10 MgO 10 15.2 3.7 1.42 1.48
VS-GM-20 MgO 20 14.5 2.7 1.36 1.08
VS-GM-40 MgO 40 14.0 2.6 1.31 1.04
VS-GC-10 CS 10 16.4 4.7 1.53 1.88
VS-GC-20 CS 20 16.1 4.7 1.50 1.88

Note: mav» = the mass of discharged water after vacuum preloading; . = the effective time of vacuum dewatering.
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Table 4 pH of discharged water by vacuum

Case No. VS-GL-5 VS-GL-10 VS-GL-20 VS-GL-40
pH 9.36 11.53 12.16 12.57
Case No. VS-GM-5 VS-GM-10 VS-GM-20 VS-GM-40
pH 9.23 9.45 11.59 12.10
Case No. VS-GC-10 VS-GC-20 VS-C VP

pH 9.17 11.92 12.32 7.52
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