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Abstract

An innovative cutoff wall backfill consisting of reactive MgO, ground granulated blast furnace
slag (GGBS), bentonite and local clayey sand (MSB) was developed recently for land
remediation applications. This paper investigates the engineering characteristics (e.g. strength
and permeability) and reaction mechanisms of the MSB backfills with different MgO-activated
GGBS (i.e., the binder) and bentonite contents. A series of analytical techniques are employed
to identify the hydration products in this complex system. The engineering properties are tested
via the unconfined compressive strength (UCS) test and flexible-wall permeation test in a
triaxial cell. Results show that UCS and dry density decrease with the increasing bentonite
content, while the opposite trends are observed when increasing the binder content. The UCS
values increase with curing time and become plateaued after ~90 days. Meanwhile, the
hydraulic conductivity (k) decreases distinctly with the increase of the binder content and
bentonite content. All backfills reach UCS of >100 kPa UCS and k <10 m/s at 28 days while
curing for 90 days leads to increase of UCS by >1.5 times and reduction of k£ by nearly one
order of magnitude. The major hydration products of MSB backfills are identified as
hydrotalcite-like phases (Ht), calcium silicate hydrates (C-S-H), monosulfate (AFm) and
portlandite (CH). The hydration products, binding adjacent soil particles, filling pores, together
with the swelling of bentonite, contribute to the mechanical performance and impermeability

of the backfills.

Keywords: MgO-activated GGBS; cutoff wall; hydration products; engineering properties;

reaction mechanisms
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1. Introduction

Ground granulated blast furnace slag (GGBS), an industrial by-product of iron production, has
been extensively adopted as a replacement of ordinary Portland cement (OPC) (Wang, and
Scrivener, 1995). It is known that GGBS imparts significant improvement on the cement and
concrete properties including lower heat generation, higher ultimate strength, notably lower
hydraulic conductivity, reduced alkalinity, better durability with additional environmental and
economic benefits. This has led to the ever-increasing popularity of GGBS in various
geotechnical/geoenvironmental applications in recent years (Lam and Jefferis, 2017; Wu et al.
2018a and 2019a; Zheng, et al., 2019; Park et al., 2020). For cutoff walls, partial replacement
of OPC with GGBS is employed in several remediation projects (Opdyke and Evans, 2005;
Joshi et al., 2009; Li et al., 2020). Findings show that over 60 - 80% OPC could be replaced by
GGBS while providing increased strength, reduced bleed and hydraulic conductivity, and

higher resistance to sulfate attack to the backfills (Garvin and Hayles, 1999).

Research efforts have been made to understand the activation mechanism and hydration
products of GGBS in the presence of various alkalis (Ben Haha et al., 2011; Scholer et al, 2015).
The activation process of GGBS begins with the destruction of its chemical bonds (i.e., Si-O,
Al-O, and Si-O-Al), followed by the formation of the hydration products such as calcium
silicate hydrates (C-S-H) and hydrotalcite (MgsAl2(OH)16CO3-4H>0)-like phases (Ht) via
dynamic chemical equilibria and diffusion of reactive species (Krizan 2002; Bernal et al., 2011;
Yietal., 2013 and 2016). Various alkaline earth metal oxides (CaO and MgO) and hydroxides
(i.e., Ca(OH)2, Sr(OH)>, and Ba(OH)) have been found to facilitate the activation of slags

(Song, 2000). Particularly, reactive MgO is an emerged novel activator, offering many potential
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geomechanical and geoenvironmental benefits over conventional activators (Jin et al. 2015;
Du et al. 2016; Wang et al. 2016; Yi et al., 2016). Research reveals that the main hydration
products of MgO activated GGBS are C-S-H gel and Ht, resulting in a denser microstructure,
improved mechanical performance, as well as excellent pH-buffering and adsorptive capacities,
compared to OPC-based binders in heavy metals immobilization (Jin and Al-Tabbaa, 2014a, b
and c; Du et al. 2016; Li et al., 2020; Jin and Al-Tabbaa, 2020). Therefore, it is envisaged that
MgO-activated GGBS as a binder in cutoff wall applications could provide a significant
improvement on the engineering properties with improved long-term durability in land

remediation projects.

In previous studies (Wu et al., 2019a and b), laboratory investigations focused on the
engineering properties and wetting-drying durability of the novel backfill consisting of MgO-
activated GGBS (i.e., the binder), bentonite, and local clayey sand (MSB). Results show that
MSB with different mix compositions at 90 days could achieve unconfined compressive
strength (UCS) values of 230 - 520 kPa and hydraulic conductivity (k) in clean tap water of
1.1x1071°- 6.3x10'%m/s. It is noted that the k values of MSB backfill using sodium sulfate (30
mmol/L) and lead-zinc (Pb = 0.1 mg/L, Zn = 5 mg/L) solutions as permeant liquids are 1-2
orders of magnitudes lower than those of OPC-based backfills (Wu et al. 2019a). Regarding
durability, MSB is marginally more sensitive to a fluctuating groundwater condition (i.e., wet-
dry cycles) than OPC-based backfills (Wu et al. 2019b). The UCS values of the MSB backfills
decline from 240-560 kPa to 180-420 kPa after 10 wet-dry cycles, though it is still above the
commonly adopted design limit (> 100 kPa). Despite these promising results, the detailed

reaction mechanisms and microstructural characteristics of the MSB mixtures and hence their
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potential responses to the varying service conditions remain unaddressed. The reaction
mechanism of MgO and GGBS blends has been investigated recently (Jin et al., 2015; Park et
al., 2020), whereas the interactions between the MgO-activated GGBS, bentonite, and soil
remain unresolved. It was reported that the backfill pH and saline cations affected the chemical
stability of montmorillonite in bentonite (Jefferis 2012; Du et al. 2020). For example, a high
concentration of Ca?* could adversely impact the swelling properties of bentonite and then
reduce the hydraulic conductivity (Wu et al. 2019a). Therefore, further studies to reveal the
multiscale characteristics of MSB backfills and their interactions with the complex exposure

environment in land remediation projects are warranted.

This paper investigates the evolution of engineering properties, including UCS and hydraulic
conductivity, with curing time and different mix compositions of MSB backfills. The
geotechnical properties including dry density and void ratio are also reported. Reaction
mechanisms and microstructural characteristics of the MSB backfills are revealed via X-ray
diffraction (XRD), scanning electron microscopy (SEM), Fourier-transform infrared
spectroscopy (FTIR), and Mercury Intrusion Porosimetry (MIP). The hydration products of
MSB backfills that consist of a local clayey sand, various dosages of binder and sodium
activated calcium-bentonite are probed. The relationship between the engineering properties,

hydration products and microstructure of MSB backfills is then discussed.

2. Materials and testing program
2.1 Material

The raw materials used in this study include a local clayey sand, MgO, GGBS and sodium



114

115

116

117

118
119
120

121

122

123

124

125

126

127

128

129

activated calcium-bentonite. The local clayey sand is classified as per ASTM D2487 (2017a)
and was collected from the floodplain in Nanjing, China. The basic physicochemical properties
of the soil and the chemical compositions of the raw materials measured by X-ray fluorescence

can be found in Wu et al., (2019a).

(a) Montmorillonite

Montmorillonite Quartz

(b)

MgO

5 10 15 20 25 30 35 40 45 50 55 60 65
2 Theta (degree)

Fig. 1 X-ray diffractograms patterns for the sodium activated calcium-bentonite (a) and MgO (b)

The commercial powdered sodium activated calcium-bentonite was provided by MuFeng
mineral processing plant in Zhenjiang, China. Its specific surface area (SSA) is 378.5 m%/g, as
measured by the nitrogen adsorption method. The MgO (from Jiangsu-Onada Cement Corp.)
blended with GGBS (from Nanjing Iron and Steel Group) was used as the binder. The SSA and
chemical reactivity of the MgO is 28 m?/g and 102 s (using the acetic acid test according to
Shand (2006)), respectively. It can be categorized as the medium reactivity MgO (Jin and Al-
Tabbaa, 2015). The X-ray diffractograms for the sodium activated calcium-bentonite and MgO
is shown in Fig. 1, which shows the major crystalline phases are montmorillonite and

magnesium oxide, respectively. The XRD spectra were obtained using RigakuD/Max-2500
6
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spectrometer using a Cu-Ko source with a wavelength of 1.5405 A. The instrument was
operated at 40 kV and 20 mA. A step size of 20 = 0.02° and a scanning speed of 5 s/step were

used.

2.2 Specimens

The dosage of the binder and bentonite is 5% - 10% and 5% - 15% by weight of the soil,
respectively. The weight ratio of GGBS: MgO in the binder is fixed at 9:1 in this study, which
renders adequate strength and lowest hydraulic conductivity as indicated in previous studies
(Jin et al. 2015; Wu et al. 2018a and. 2019a). Table 1 shows the mix proportions of the studied
backfills, which are part of the mixes in (Wu et al., (2019a). The raw materials, including the
soil, bentonite and MgO-activated GGBS were weighted first according to the mix design. A
2-L stainless steel mixer was used to blend the dry raw materials at 30 rpm for 5 min. A
predetermined amount (to achieve the slump value of 150 = 5 mm for each mixture according
to a preliminary study) of tap water (pH = 6.8; EC = 3.3 uS/cm) was poured into the dry mixture
and mixed at 60 rpm for 10 min to achieve homogeneous slurries. The fresh slurries were then
cast into cylindrical plastic moulds (®50 x HI100 mm) to cure for 14-120 days at the

temperature of 20 =+ 2 °C and relative humidity of 95 + 1% in sealed plastic boxes until testing.

Table 1. Mix design of the backfills used in this study (wt%)
Slump? Water Density =~ Water Dry Void

Raw materials (g) (mm)  content®, w of soil to density®, ratiod,
Category ) .
(%) particle,  binder pd (e)
ID
) ) Binder Ps ratio  (g/em?)
Soil  Bentonite
(MgO+GGBS) (g/cm?)

MS5B5 1000 50 50 152 239 2.64 5.26 1.42 0.85
MS5B10 1000 100 50 154 33.6 2.65 7.73 1.36 0.93
MS5BI15 1000 150 50 152 34.7 2.66 8.33 1.36 0.95
MSI10B10 1000 100 100 153 354 2.65 4.25 1.37 0.94
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MS10B15 1000 150 100 155 36.5 2.66 4.56 1.36 0.94
2 The slump was measured as per ASTM D6103
b The moisture was measured as per ASTM D2216
¢ The dry density was measured as per ASTM D7263
4Void ratio (e) was determined by e = ps /pq -1, where ps is the soil particle density of backfills and calculated

from the raw materials, w is the water content, and pq is the dry density of backfills.

2.3 Testing procedure and instruments

UCS was measured in triplicate with a vertical load applied at a constant strain rate of
1%/min according to ASTM D4219 (ASTM 2008) after 14, 28, 60, 90 and 120 days of curing.
Dry density test was conducted in triplicate as per ASTM D7263 (ASTM 2018b) after each
UCS test. The hydraulic conductivity was measured with a flexible-wall permeameter at 22 +
2 °C as detailed in Wu et al., (2019a) for each mixture cured after 28 and 90 days. MS10B10
backfill specimens were prepared with freeze-drying methods (dried at -80 “C) for 24 hours for
micro-analysis after curing for 90 days. Prior to XRD and FTIR tests, the dry specimens were
ground and sieved to < 0.075 mm. FTIR was conducted with a mid-infrared thermo scientific
spectrometer (Nicolet 6700) at 4 cm™ scanning resolution. The surface morphology of the
MS10B10 backfill was observed by SEM ((LEO1530VP) using 5 kV accelerating voltage. The
MIP tests were conducted on freeze-drying samples of MS5B5, MS5B10, MS5B15, MS10B10,
MS10B15. As per ASTM D4404 (2010), dry samples were carefully cut from the core of cured

3

samples in approximately 1 cm” size and then tested with an Auto Pore IV 9510 mercury

intrusion porosimeter at a pressure range from subambient to 413 MPa to determine the pore

size distribution.

3. Macroscopic performance: strength and permeability

3.1 Unconfined compressive strength (UCS)
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Fig. 2 shows the development of UCS, dry density, void ratio and pH of the MSB specimens
cured from 14 to 120 days. For each mix composition, a clear trend that UCS increases with
increasing curing time is observed. UCS decreases with the increasing bentonite content
regardless of the binder content at the same slump value. This can be attributed to the higher
water content associated with higher bentonite content to achieve the equivalent workability

during the mixing process (Table 1).
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Fig. 2 Variation of unconfined compressive strength (a) and dry density, void ratio and pH (b) of
MSB specimens with curing time (partial data reported in Wu et al., (2019a))

At 5% binder content, increasing the bentonite content from 5% to 15% (i.e., comparing
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MS5B5 with MS5B10 and MS5B15, respectively) is associated with higher initial water
content, leading to a slight decrease in dry density and pH value and increase in void ratio,
which is consistent with the declined trend of UCS. The ultimate UCS values are approximately
doubled when the binder content increased from 5% to 10% at the same bentonite content (i.e.,
MS5B10 vs. MS10B10 & MS5B15 vs. MS10B15). The enhanced UCS is mainly due to more
binding phases formed when more binder is present, which is also manifested via the elevated
pH value as can be see from Fig. 2 (b). The higher pH value facilitates the activation of GGBS
and hence producing more hydration products (i.e., C-S-H and Ht) in MSB specimens, leading
to higher UCS. On the other hand, there are only marginal changes of the dry density and void
ratio since all particles have similar densities and the initial water contents are also close as

shown in Table 1.
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Fig. 3 Normalized unconfined compressive strength at 28-day value of MSB specimens

The UCS values are all normalized to the 28-day value for each mixture as shown in Fig. 3.

The UCS values of the MSB backfills keep increasing after 28 days and plateaue after ~90

10
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days. This finding is useful for designing and evaluating the site performance of novel backfill
materials as more reasonable curing ages should be adopted for assessment. Particularly, the
strength and impermeability development (see Section 4.2) should be modelled properly to

account for their long-term performance in order to achieve a more economical design.

3.2 Hydraulic conductivity

Fig. 4 displays the variations of hydraulic conductivity (k) with curing time. The & values of
MSB show a pronounced reduction by more than one order of magnitude as curing time
increases from 28 to 90 days. The values of & decrease by 52% when the binder content
increased from 5% to 10% at 90 days (2.3x107'° m/s for MS5B15 vs. 1.1x10'® m/s for
MS10B15). On the other hand, increasing bentonite dosage from 5% to 15% in MSB backfill
specimens at 90 days reduces k by ~63% (from 6.3x1071° m/s to 2.3x1071° m/s), which can be
attributed to the expanded bentonite particles filling pores. The swelling potential of the
bentonite particles are well preserved in the low-pH MgO-activated GGBS cement as indicated
in Wu et al., (2019a). It should be noted that the k& values of MSB are lower than 1.0 x 108 m/s
at 28 days as suggested by Evans (1993) and lower than 1.0 x 10~ m/s at 90 days as required

by ICE (1999).

11
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Fig. 4 Hydraulic conductivity measured in the flexible wall cells with tap water for each mixture
after curing for 28 days and 90 days (partial data reported in Wu et al., (20192))

4 Microstructural analysis

4.1 X-ray diffraction

The XRD results in Fig. 5 present the hydration products of the MS10B10 backfills cured for
90 days. The main hydration products are hydrotalcite-like phases (Ht), calcium silicate
hydrates (C-S-H), and monosulfate (AFm). The peaks for Ht (identified using
MgeAl,CO3(OH)16°4H>O, PDF#00-0220700) at 26 = 12.5° and 24.0° can be identified, and
their intensities increase with the augment in the binder dosage (i.e., MS5B10 vs. MS10B10
and MS5B15 vs. MS10B15) (Jin et al., 2015). The weak Bragg reflections of C-S-H can be
detected at 20 = 23.0°, 31.6° and 37.5°. The characteristic peak of quartz (SiOz) in the MSB
backfills is detected at 26 =~ 21.6° from the raw local clayey sand and bentonite (Wu et al.,
2019b). The similar magnitude of peaks corresponding to the monosulfate
(CasAl2(OH)12(S0.502(0OH2)6), PDF# 01-0831289) at 26 = 9.9° and 19.8° (Ramachandran et al.,
2002) can be observed in all mixes ascribed to the sulfate in the GGBS (Table 2). Additionally,

the characteristic peak of bentonite (PDF# 00-0030019) is detected at 20 ~ 7.48°, agreeing well

12
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with the previous findings (Yang et al., 2018). The peak of calcite (CaCOs, PDF# 00-0030569)
(26 = 29.8°), possibly from the raw materials or the carbonation of the hydration products,

overlaps with that of C-S-H.

Q 1. Ht : Hydrotalcite-like phases
2. CSH : Calcium silicate hydrate
3. CC: Calcite

4.Q: SiO,

5. AFm: Monosulfate

6. B: Bentonite

m~MS10B15

MS10B10

MS5B15

MS5B10

: : , : , MS5B5

10 20 30 40 50
Bragg's angle, 20: degrees

Fig. 5 X-ray diffractograms patterns for the 90-day curing of MS10B10 backfills

4.2 Scanning electron microscopy and energy dispersive X-ray spectroscopy

Fig. 6 shows the microstructure of MS10B10 backfills after 90 days’ curing, in which various
phases of different morphologies can be observed. It can be seen from Fig. 6 (a) that the thin
sheet of bentonite particles is characterized by a curly and smooth feature. The large flocculated
bentonite and hydration products of MS10B10 backfills fill the pore spaces of soil particles
(Fig. 6 (b)) and then induced a low hydraulic conductivity (Yang et al., 2018). As shown in
Fig. 6 (c¢), the well-dispersed bentonite particles within the matrix also wrap the soil particles.

The well-defined hexagonal platelets of monosulfate (AFm) can be observed in Fig. 6 (d).

13
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Fig. 6 SEM images for MS10B10 backfills after 90-day curing

The rough surface of slag particles is undergoing dissolution and then form the fibrous C-S-H

(Fig. 6 (e)). The dissolution of irregular slag particles also facilitates the formation of Ht as

shown in Fig. 6 (f), and the observed morphology is consistent with the previous research

(Kovanda et al., 2005). These hydration products, swelling bentonite and unreacted slag

14
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particles connect to form a dense microstructure, which leads to an increase in strength and

decrease in hydraulic conductivity of the MSB backfills.

4.3 Fourier-transform infrared spectroscopy

The FTIR spectra of various MSB backfills and the summary of transmittance bands for
hydration products of slag-based materials are presented in Fig. 7 and Table 2, respectively.
The characteristic peaks of H-O, C-0O, Si-O, Al-O and Si-O-X (Mg/Al) bonds can be detected
in this study. The characteristic bands of O-H bond and H>O molecules appear at around 3480
cm ! and 1628 cm™! (Ferndndez-Jiménez and Palomo, 2005), which indicate the presence of

water as shown in Fig. 7.
120
100

80

60

40 J —— MS5B5 1
MS5B10
[ —— MS5B15
20 1| |5 —— MSI10B15 7
i e MS10B10
0 SlI—O—Al/Mg . . . . . .
500 1000 1500 2000 2500 3000 3500 4000

Wave number (cm’)
Fig. 7 Fourier-transform infrared spectra conducted on the 90-day MS10B10 backfill
The band of -CO3?>~ at ~1440 cm ™! (Mozgawa and Deja, 2009) confirms the presence of calcite
as shown in Fig. 5. The slight characteristic -SO4>" stretching band at ~1057 cm™! (Della et al.

2013) indicates the formation of AFm.
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Table 3. Summary of transmittance bands for hydration products of slag-based materials

Characteristic Bond Sharp Infrared bands Reference
, 670 cm’! Mozgawa and Deja, 2009
Si—-O-Al/Mg
540 cm’! Zhang et al., 2007
Al-O 798 cm’! Zhang et al., 2007
—-S04* 1118 cm’! Fernandez-Jiménez and Palomo, 2005
1415 cm’! Mozgawa and Deja, 2009
-COs* 712 cm’! Mozgawa and Deja, 2009
1450 cm’! Allahverdi and Najafi Kani, 2009
Si.0 467 cm™! Zhang et al., 2007
450 cm™! Allahverdi and Najafi Kani, 2009
H>0 molecules 1645 cm’! Fernandez-Jiménez and Palomo, 2005
OH™ groups 3450 cm’! Ferndndez-Jiménez and Palomo, 2005

4.4 Mercury intrusion porosimetry

Fig. 8 shows the cumulative pore volumes (Fig. 8 (a)), incremental pore size distribution (Fig.
8 (b)) and proportions of different pore size ranges (Fig. 8 (¢)) for the MSB backfills at 90 days.
Fig. 8 (a) reveals that increasing bentonite or decreasing binder dosage increases cumulative
pore volumes. The cumulative pore volume increases up to 7.9% as the bentonite dosage
increases from 5% to 15% at 5% binder content in MSB backfills, i.e., MS5BS5 versus MS5B15.
It 1s also observed that the cumulative pore volume of MS10B10 is 12% lower than that of
MS5B10 in MSB backfills. It should be noted that increasing bentonite dosage leads to
increased initial water content and then increases the pore volume. With the binder content
increasing from 5% to 10%, the decreased cumulative pore volume is attributed to the more
hydration products (i.e., C-S-H and Ht) generated in the MSB backfills, which is consistent
with the UCS trend. Meanwhile, the peak of incremental pore size distribution at 0.2-0.4 um
significantly increases as the bentonite dosage increases from 5% to 15% at 5% binder content
(Fig. 8 (b)). The increased binder content from 5% to 10% (i.e., MS5B10 vs. MS10B10) shifts

the peak from 0.2-0.4 um to 0.04-0.05 pm.
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Fig. 8 Variation of cumulative pore volume (a), incremental pore size distribution and pore volume
percentage (c) of 90-days MSB backfills

The three different pore size ranges for the MSB backfills can be classified: >1 pm, 0.1 - 1 um
and < 0.1 um, respectively, as shown in Fig. 8 (¢). At 5% binder dosage, increasing bentonite
dosage (MS5BS5 vs. MS5B10 vs. MS5B15) results in larger volumes of pores with a diameter
of ~0.1 - 1 um, and smaller volumes of < 0.1 um pores. No significant changes are observed
at the pores volume > 1 um. Moreover, increasing the binder dosage at the same bentonite
content (MS5B10 vs. MS10B10 and MS5B15 and MS10B15) significantly decreases the

volume of pores with a diameter of 0.1 - 1 pm but increases the volumes of < 0.1 um pores.

5. Discussion

The reaction products and the microstructural features of the MSB backfills can be summarized
as follows. Firstly, MgO particles dissolve in contact with water. The dissolution process of

MgO provides an alkaline environment followed by the initial destruction of the covalent bonds
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(i.e., Si-O, Al-O and Si-O-Al) in GGBS particles (Jin et al., 2015). Meanwhile, bentonite
particles once encounter water, start to swell and fill the pore space between the individual soil
particles and results in a significant decrease of hydraulic conductivity. In addition, the Ca?"
ions leached out from the GGBS and Mg?* replace monovalent cations (i.e., Na*), which are
held on the exchangeable sites of bentonite particles and led to their flocculation. Additionally,

the hydroxyl ions could react with the montmorillonite from the bentonite.

Literature shows that bentonite is relatively stable under a pH value of 12.6 (Ramirez et al.,
2002; Sanchez et al., 2006; Omar et al., 2016; Du et al. 2020), which is much higher than the
MSB system at pH of 10.2 - 10.8 (Wu et al., 2019a). It is also noted that the swelling
performance of sodium-bentonite reaches its peak when bentonite was exposed to alum
solution of pH values at 9.8 - 10.6 (Omar et al., 2016). Therefore, excellent impermeability of
MSB backfills can be observed in this study due to the preserved swelling potential of bentonite
particles as compared to those in the OPC-based backfills. Meanwhile, free ions (Ca®" and
Mg?") released from GGBS and MgO could react with the broken Si-O or Al-O bonds of GGBS
to form C-S-H and Ht (Figs. 5-6) (with the possible inclusion of Al and sulfate in the structures).
The increased binder dosage leads to lower cumulative pore volumes according to MIP and
void ratio results (Figs. 2 and 8), which are correlated with the increased UCS. Further,
increasing bentonite dosage leads to increased initial water content and then increases the pore
volume (measured at the dry state by MIP). Here a distinction must be made regarding the pore
volume at wet and dry states. At the wet state, increasing bentonite dosage can increase
swelling volume and may reduce the pore volume and hydraulic conductivity. The monosulfate

phase (Figs. 5) is produced from the relatively small amount of sulfate content in GGBS (and
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possibly from the local soil), which also could contribute to filling the large-sized pores and
converting them to relatively small-sized pores (Fig. 8). In summary, the improved UCS and
impermeability of the MSB system can be attributed to the binding and pore filling effect of

the various hydration products as well as the swelling bentonite particles (Figs. 4 & 8).

Previous studies extensively investigated the reaction mechanisms of the MgO-GGBS binder,
showing its unique features of low-pH, high strength and low permeability in the long term (>
90 days) and superior durability. The present work focuses on the engineering properties and
reaction mechanisms of MgO-GGBS-bentonite-soil mixtures targeting cutoff wall applications.
The results apparently show that this novel backfill material satisfies both strength and
permeability requirements at 28 days and much enhanced performance is demonstrated at 90
days. The preserved bentonite observed at 90 days shows the advantages of using low-pH
MgO-GGBS in vertical cutoff walls and provides insights into developing more durable cutoff
wall backfills. Moreover, the use of site soil proves to be successful in this study which would
contribute to more economical cutoff wall backfills in the real applications. In order to promote
the design/adoption of more sustainable and durable cutoff wall materials, more work is desired
regarding contaminant transport modeling, contaminated site soil utilization and full-scale field
trials. Besides, more fundamental research is warranted such as determining the reaction
kinetics of the MgO-GGBS-bentonite system under different underground conditions and

modification of bentonite to enhance its stability and sorption capacity.

6. Conclusions

The multiscale engineering characteristics, hydration products and microstructural
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characteristics of MSB backfills with different dosages of MgO-activated GGBS (i.e., the
binder) and bentonite are evaluated in this study. The following conclusions can be drawn:

(1) The strength and hydraulic conductivity of MSB backfills can achieve ~520 kPa and
1.1x107'% m/s after curing 90 days, respectively. The strength and dry density increase with the
increase of the binder content and decrease of bentonite dosage. Meanwhile, the hydraulic
conductivity can be lowered by 52% and 63% as the binder increased from 5% to 10% and
bentonite dosage increased from 5% to 15%, respectively.

(2) The engineering properties of MSB backfills improved significantly from 28 to 90
days. For geotechnical practices especially the cutoff walls, it is important to evaluate the
performance of MSB backfills properly taking into account of the evolution of the strength and
impermeability over the long term to enable more efficient and economical design.

(3) The hydration products of MSB backfills include hydrotalcite-like phases, calcium
silicate hydrates, monosulfate, and portlandite. Furthermore, the increased binder dosage leads
to lower cumulative pore volume, which agrees well with the trends observed in strength and
hydraulic conductivity development.

(4) The bentonite particles are relatively stable in the MSB system. The hydration products,
binding the adjacent soil particles and filling the pores in between, together with the swelling
of bentonite, contribute to the enhancement of the mechanical performance and impermeability

of the MSB backfills.
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