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Abstract: The strength and hydraulic conductivity of vertical cutoff walls consisting of reactive magnesia-activated ground
granulated blast furnace slag (GGBS), bentonite, and soil (MSB) have been investigated in previous studies. However, there has
been little comprehensive study of the influence of wet-dry cycles on the mechanical and microstructural properties of MSB
backfills. In this paper, the durability of MSB backfills when exposed to wet-dry cycles is investigated. The variations in mass
change, dry density, pH value, pore size distribution, and mineralogy are discussed. The results show that the mass change of
ordinary Portland cement (OPC)-based and MSB backfills increases with respect to wet-dry cycles. The MSB backfills exhibit up
to 8.2% higher mass change than OPC-based ones after 10 wet-dry cycles. The dry density, pH value, and unconfined compressive
strength of MSB backfill decrease with the increasing number of wet-dry cycles. Increasing the GGBS-MgO content from 5% to
10% in MSB backfills results in 2.1-2.3 times higher strength, corresponding to a reduction of 2%-12% in cumulative pore
volume; while increasing the bentonite content slightly reduces the strength of MSB mixtures, corresponding to an increase of
cumulative pore volume by 4.6%—7.9%. The hydrotalcite-like phases and calcium silicate hydrate (C-S-H) are the primary hy-
dration products in MSB backfills. Moreover, the continuous wet-dry cycles result in the precipitation of calcite and nesquehonite.
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1 Introduction and Evans, 2005; Ruffing and Evans, 2014). Such
walls have been mainly used to interrupt the pollution
pathway and to isolate the contaminant sourced from
a vulnerable receptor (Joshi et al., 2008; Soga et al.,
2013; Duetal., 2015; Wu et al., 2016; Liet al., 2018;

Yang et al., 2018a, 2018b, 2019; Zhang et al., 2019).

The soil-cement-bentonite (SCB) cutoff wall has
been widely used worldwide in remediation projects
for contaminated sites (Ryan and Day, 2002; Opdyke
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As compared to soil-bentonite (SB) and cement-
bentonite (CB) cutoff walls, SCB walls possess
adequate strength to carry foundation loads. They
have the additional economic merit of the reuse of
site-excavated soils (Ryan and Day, 2002; Opdyke
and Evans, 2005). In CB and SCB walls, ordinary
Portland cement (OPC) is the primary cementitious
material used, and is associated with intensive CO,
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emissions (0.95t/t OPC) and consumption of raw
materials (Benhelal et al., 2013). In recent years, many
industrial by-products such as ground granulated blast
furnace slag (GGBS) and fly ash have become pop-
ular as partial substitutions for OPC in geotechnical
applications (Jefferis, 2012; Arulrajah et al., 2017a,
2017b; Lam and Jefferis, 2017; Wu et al., 2019). For
example, replacing OPC with GGBS in the cutoff
wall backfill has been applied extensively in the UK
(Jefferis, 2012). It has significant environmental and
economic benefits, marginally affects the strength
(sometimes with enhancement), slightly decreases
pore water pH, and notably decreases hydraulic
conductivity in the long term (Wu et al., 2019).

Compared to OPC, using reactive MgO as the
activator for GGBS has many potential technical
benefits, in particular for soil remediation applica-
tions. The main hydration products in reactive
MgO-activated GGBS are calcium silicate hydrate
(C-S-H), hydrotalcite, and brucite (Mg(OH),, if MgO
is excessive) (Jin and Al-Tabbaa, 2014a; Yi et al.,
2014; Jin et al., 2015; Du et al., 2016 ; Wang et al.,
2016). Due to the absence of highly soluble port-
landite with a high equilibrium pH value (~12.5) and
the formation of the above-mentioned products with
excellent adsorptive capacities, MgO-GGBS blends
have shown superiority over OPC for contaminant
immobilization in a number of laboratory studies and
field trials (Jin and Al-Tabbaa, 2014a; Jin et al., 2014,
2015; Wang et al., 2016; Du et al., 2019).

Recently, this novel cement has been applied to
form an innovative cutoff wall backfill material,
together with bentonite and site sandy soil (Wu et al.,
2019). The unconfined compressive strength (g.)
and hydraulic conductivity (k) of the proposed
backfill permeated with tap water are in the ranges of
230-520 kPa and 1.1x10"'°-6.3x10""" m/s at 90-d
curing, respectively, complying well with the
commonly adopted design limits (¢,>100 kPa and
ky<1.0x10"° m/s) (ICE, 1999; Ryan and Day, 2002).
More importantly, this backfill showed excellent
durability under exposure to sodium sulfate (Na,SO4)
or lead-zinc (Pb-Zn) solutions (Wu et al., 2019).
Environmental and cost assessments demonstrated
that this innovative magnesia-activated slag-bentonite
(MSB) backfill material reduced CO, emissions by
85% with 15.3%—-16.9% lower cost when compared
with OPC-based SCB backfills.

In a scenario of cutoff wall installations, the
groundwater levels at each side of the barrier may
fluctuate over time (Evans, 1991; Ross and Beljin,
1998). The potential changes in the g, and 4, of the
cutoff wall exposed to cyclic wet-dry actions have
been recognized as a medium- to long-term perfor-
mance concern (National Research Council, 2007;
Malusis et al., 2011; Soga et al., 2013). For CB and
SCB walls, noticeable cracks were observed due to
shrinkage in the drying phase (Soga et al., 2013),
which would lead to the increase of &, by 2—3 orders
(Joshi et al., 2010). Previous studies also illustrated
that the g, of MgO-GGBS stabilized kaolin clay
reduced dramatically with increasing wet-dry cycles
(Du et al., 2016). Thus, it is necessary to evaluate the
durability of the innovative MSB backfill under
wet-dry cycles.

This paper aims to investigate the effect of
wet-dry cycles on the durability of innovative MSB
backfill. A series of laboratory tests, including mass
change, dry density, pH value, unconfined compres-
sion tests, mercury intrusion porosimetry (MIP), and
X-ray diffraction (XRD) are performed in order to
reveal the effects of wet-dry cycles on the properties
of MSB backfills.

2 Materials and specimen preparation
2.1 Solid materials

The backfill materials were prepared using
Nanjing local soil, powdered sodium activated
calcium-bentonite, MgO, and GGBS. The Nanjing
local soil is classified as clayey sand based on the
unified soil classification system (ASTM, 2017). The
commercial powdered sodium activated calcium-
bentonite was provided by the Mufeng Mineral Pro-
cessing Plant in Zhenjiang, China. GGBS and MgO
used in this study were obtained from Nanjing and
Jinan, China, respectively. The physicochemical
properties for the site soil and bentonite are shown in
Table 1. The moisture, liquid and plastic limit, and
specific gravity were measured according to ASTM
D2216 (ASTM, 2010a), ASTM D854 (ASTM, 2014),
and ASTM D4318 (ASTM, 2010b), respectively. The
pH was measured by ASTM D4972 (ASTM, 2018a)
using a pH meter HORIBAD-54. The cation ex-
change capacity was measured as in ASTM D7503
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(ASTM, 2010d). The specific surface area was
measured by nitrogen adsorption using a physisorp-
tion analyzer ASAP2020 according to Cerato and
Lutenegger (2002). The medium reactivity MgO
(reactivity is 102 s, determined by the acetic acid test
according to Shand (2006)) was selected due to its
appropriate reactivity and cost (Jin and Al-Tabbaa,
2014b; Wu et al., 2018a, 2018b). The chemical
compositions of the soil, GGBS, and MgO used for
this study are shown in Table 2 (Wu et al., 2019), as

Table 1 Physicochemical properties of materials

Value
Index Clayey p o ntonite GGBS MgO
sand
Moisture (%) 4.81 11.20 - -
pH 7.32 8.60 10.96 10.53
Specific gravity, G 2.62 2.66 - -
Plastic limit, wp (%) - 55 - -
Liquid limit, wy (%) - 103 - -
Grain size distribution (%)
Clay (<0.002 mm)* 5.62  99.00 - -

Silt (0.002-0.075 mm)* 14.18 1.00 - -

Sand (0.075-2 mm)®  80.20 - - -
Specific surface area, - 378.50 0.29 28.02

SSA (m%/g)
Exchangeable cation (cmol/kg)

Ca? 22.74

Mg** 1.41

Na* 53.39

K 0.53

Sum 78.07

*Measured using a laser particle analyzer Mastersizer 2000 (Mal-
vern Instruments Ltd., UK); ® Measured with standard #10—#200
sieves

Table 2 Chemical compositions of the materials used in
this study determined by XRF (Wu et al., 2019)

Chemical composition (in weight) (%)

Oxide

oPC GGBS MgO
CaO 49.75 34.00 0.23
AlO; 10.87 17.90 0.28
MgO 2.26 6.02 92.95
K,O 0.75 0.64 0.01
SiO, 22.60 34.30 0.28
Fe,0; 3.50 1.02 -
SO; 3.84 1.64 0.45
MnO 0.24 0.28 0.01

Loss of ignition (%) 6.19 4.20 5.79

measured by X-ray fluorescence (XRF) (ARL™
SMS-2000).

2.2 Backfill mix design and specimen preparation

Table 3 shows the mix proportions of the studied
backfills. The MgO to GGBS ratio was 1:9 to achieve
good strength and the lowest hydraulic conductivity
based on preliminary studies (Jin et al., 2015; Wu et
al., 2018a, 2019). The binder (OPC or GGBS-MgO)
dosages (by weight of dry soil) ranged from 2.5% to
12.5% based on a review of previous studies (Fig. 1)
as reported by Wu et al. (2019), which included both
field and lab test results of SCB cutoff walls. Fur-
thermore, since natural high-quality Na-bentonite in
China is scarce, in practice engineers usually prefer to
choose a higher dosage (>5%) of sodium activated
calcium-bentonite. The raw solid materials, including
the clayey sand, powdered sodium activated calcium-
bentonite, OPC or MgO, and GGBS were weighed
and mixed in a 2-L. Hobart stainless steel mixer at
30 r/min for 5 min. It should be noted that the backfill
specimens were prepared by mixing the non-
prehydrated bentonite with sandy soil-OPC or sandy
s0il-GGBS-MgO mixture. Then, the predetermined
amount of tap water (pH=6.8, electronic conductivity
(EC)=3.3 pS/cm) was added and mixed at 60 r/min
for 10 min to achieve homogeneity with the same
slump value ((150+5) mm) (Wu et al., 2019). In the
OPC-based backfill, the content of the GGBS used in
this study was 80% replacement of OPC, which was
reported to exhibit the lowest &, and the highest g,
(Opdyke and Evans, 2005). The mixtures were

Table 3 Mix design for the backfills used in this study
(Wu et al., 2019)

Proportion (in weight according to

Backfill clayey sand) (%)
code Bentonite  OPC GGBS _ MgO
C5 - 5 - -
C5B5 5 5 - -
C10B10 10 10 - -
CS5B5 5 1 4.0 -
CS10B10 10 2 8.0 -
MS5B5 5 - 45 05
MS5B10 10 - 45 05
MS5B15 15 - 45 05
MS10B10 10 - 9.0 1.0
MS10B15 15 - 9.0 1.0
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Fig. 1 Summary of bentonite/soil and binder/soil ratios in
SCB cutoff wall backfill mix designs reported in (Wu et
al., 2019)

poured into cylindrical moulds with sizes of 50 mm
(diameter)x 100 mm (height) and cured for 90 d under
standard curing conditions (7=(20+2) °C, relative
humidity (RH)=95%).

3 Materials and specimen preparation

The 90-d cured specimens were subjected to
wet-dry cycles according to Kamon et al. (1993). For
each drying cycle, the specimens were stored in an
oven (30 °C) for 48 h, followed by soaking in the
distilled water with a temperature of 20 °C for 24 h.
The drying temperature was set as 30 °C to represent
the typical average temperature of hot seasons in the
southeast regions of China and to minimize the effect
of accelerated slag hydration due to temperature rise
(Du etal., 2016). The duration of such a wet-dry cycle
was 3 d and it was repeated for 10 cycles.

After the ith wet or dry cycle, the mass change
(MC) of the specimen is calculated by

MC=(my—m;)/my, (1)

where my is the initial mass of the specimen measured
prior to the wet-dry cycles, and m; is the mass of the
sample measured immediately after the ith drying
cycle.

The densities of the specimens were measured in
triplicate as in ASTM D7263 (ASTM, 2018b), and
average values were reported. The specimens were

subjected to unconfined compressive test as in ASTM
D4219 (ASTM, 2008) with a strain rate of 1%/min.
Fragments from the core of the broken unconfined
compressive test specimens were air-dried, crushed,
and passed through a 2-mm sieve. Ten grams of the
sieved soil and 10 mL of distilled water (water to
solid ratio is 1:1) were poured into a glass container to
determine the pore water pH. The pH values of the
supernatant were measured by a HORIBA D-54 pH
meter and the average value was reported.

After the 10th wet-dry cycle, dry specimens
were prepared to conduct MIP and XRD tests.
Briefly, ~1 cm’
specimen’s core by a stainless steel knife and frozen
in liquid nitrogen. The frozen sample was dried in a
vacuum chamber at —80 °C. The MIP tests were
conducted according to ASTM D4404 (ASTM,
2010c) using an Auto Pore IV 9510 mercury intrusion
porosimeter to determine the pore size distribution.
Prior to XRD analysis, the dry specimens were
ground and sieved to <0.075 mm. The XRD spectra
were obtained using a RigakuD/Max-2500 spec-
trometer using a Cu-Ka source with a wavelength of
0.15405 nm. The instrument was operated at 40 kV
and 20 mA. A step size of 26=0.02° and a scanning
speed of 5 s/step were used over a range from 10° to
50° in the step scan mode.

sample was collected from the

4 Results and discussion

4.1 Mass change and visual inspection of physical
integrity

Figs. 2a and 2b present the variations in mass
change with the wet-dry cycles for the OPC-based
and MSB backfills. It can be seen that the mass
changes of the two types of backfill increase with
respect to the wet-dry cycles. Increasing the binder
content (GGBS-MgO) in the MSB backfills reduces
mass change (by ~9.0%-11.0%) (i.e. comparing
MS10B10 and MSI10B15 with MS5B10 and
MS5BI15, respectively). Fig. 2b also indicates that
increasing the bentonite content from 5% to 15%
leads to a higher mass change for the MSB backfills.
This is attributed to the fact that higher bentonite
content (i.e. MS5B15) is more sensitive to the loss of
water as compared to MS5B5 and MS5B10, which
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would develop matrix suction and increase the
shrinkage in the backfills in the drying stages
(Nahlawi and Kodikara, 2006; Rowe et al., 2011;
Tang et al., 2011). However, the binder and bentonite
contents show no significant impact on the OPC-
based backfills as shown in Fig. 2a.
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Fig. 2 Variations in mass change with wet-dry cycles for
OPC-based backfills (a) and MSB backfills (b)

After the last wet-dry cycle, the mass changes in
MSB backfills reach approximately 12%—19%, and
are slightly higher than those for the OPC-based
backfills. Meanwhile, the mass change is much higher
in MSB than OPC at the wetting stage; the difference
is much smaller at the drying stage. This may imply
that the water absorption potential of the bentonite in
MSB mixtures is better preserved than that in
OPC-based mixtures. It was also found that spalling
and macro-cracks started to develop at the 4th—6th
cycles and were exacerbated with each wet-dry cycle,
as shown in Fig. 3.

\Wet-dry cycles

Fig. 3 Photos showing the physical integrity of MSB
backfills during wet-dry cycling

4.2 Dry density

Fig. 4 shows the variations of average values and
standard deviations (STDs) of dry densities with
wet-dry cycles for OPC-based and MSB backfills.
The dry densities of OPC-based and MSB backfills
are 1.34-1.39 g/em’ and 1.31-1.35 g/em’ after the
10th wet-dry cycles, respectively. For all backfills,
the dry density decreases slightly with the wet-dry
cycles, which is consistent with the mass change
evolution as shown in Fig. 2. For the identical binder
and bentonite content, it is found that the dry density
of MSB backfills (i.e. M5B5) is higher than that of
OPC-based backfills (i.e. C5B5 and CS5BS) after
being exposed to 10 wet-dry cycles. This may be
attributed to the fact that the C-S-H gels formed in
GGBS-MgO have a lower Ca/Si ratio compared to
those formed in OPC, leading to higher shrinkage
during the drying process (Jin et al., 2014; Du et al.,
2016). At the same bentonite content in MSB back-
fills, the increase of GGBS-MgO content has only a
slight impact on the dry density (i.e. comparing
MS10B10 and MSI10B15 with MS5B10 and
MS5BI1S5, respectively) whereas the dry density sig-
nificantly decreases as the bentonite content increases
from 5% to 15% at the identical GGBS-MgO content
(i.e. comparing MS5B5 with MS5B10 and MS5B15)
after 10 wet-dry cycles.

4.3 pH value

Fig. 5 depicts the variations in the soil pH values
with the wet-dry cycles for OPC-based and MSB
backfills. It can be observed that the pH for all back-
fills gradually decreases with increasing wet-dry cy-
cles. This is attributed to the leaching of alkaline
substances (i.e. Ca’") from the backfills when ex-
posed to wetting. After 10 wet-dry cycles, the pH of
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OPC-based and MSB backfills are 10.9-12.3 and
9.8-10.8, respectively. At the same binder and ben-
tonite contents, the pH values of MSB backfills are
much lower than those of OPC-based backfills either
before or after the wet-dry cycles. For instance, the
pH values for 5% GGBS-MgO in MSB backfills (i.e.
MSS5BS5 and CS5BS5) are approximately 0.5-1.2 lower
than those for 5% OPC-based backfills (i.e. C5B5 and
CS5BS5) after 10 wet-dry cycles. Increasing the ben-
tonite content in MSB backfills reduces the pH values
by 0.4 and 0.2 unit at 5% and 10% binder contents
(i.e. comparing MS5B10 and MS10B10 with
MS5B15 and MS10B15, respectively) after 10 wet-
dry cycles. Increasing the GGBS-MgO content results
in higher pH, while increasing the bentonite content
decreases the pH value in the MSB mixtures.
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4.4 Unconfined compressive strength

Fig. 6 shows the evolution of ¢, for the
OPC-based and MSB specimens. It is found that ¢,
values of the two types of backfill decrease with in-
creasing wet-dry cycles. After 10 wet-dry cycles, the
qu values of the OPC-based and MSB backfills are
400-540 kPa and 180—420 kPa, respectively. The
decreased g, is attributed to the gradually dissolved
Ca®" from the OPC-based and MSB matrices exposed
to wetting conditions (Shen et al., 2008; Du et al.,
2016). As the pH decreases to below 10.8 (Fig. 5), the
partial destruction of C-S-H gels in the MSB backfill
matrix also leads to lower ¢, when compared to
OPC-based backfills (Fig. 6). For the MSB backfills,
the ¢, of 10% GGBS-MgO in MSB backfills (i.e.
MS10B10 and MS10B15) is 2.1-2.3 times higher

Fig. 4 Dry density values for backfills after wet-dry cycles
(a) OPC-based backfills; (b) MSB backfills
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than that of 5% GGBS-MgO (i.e. MS5B10 and
MS5B15). It is also observed that increasing the
bentonite content at the same binder content slightly
reduces the strength of MSB mixtures, and that is
consistent with the higher mass change and lower dry
density shown in Fig. 2 and Fig. 4, respectively.

The strength loss (SL) and cumulative strength
loss (CSL) is computed by

SLi=(quo=qui)/quos (2)
CSLi:SLO+SL1+. . +SL,‘, (3)

where g, is the initial unconfined compressive
strength of the specimen measured prior to the wet-
dry cycles, and g,; is the mass unconfined compres-
sive strength of the sample measured immediately
after the ith wet-dry cycle.

It can be observed that the CSL for 5% GGBS-
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MgO backfills (i.e. MS5B10 and MS5B15) is 35%-—
47% higher than that of 10% GGBS-MgO (i.e.
MS10B10 and MS10B15) as shown in Fig. 7. Fur-
thermore, CSL decreases by 2.7% and 6.4% for 5%
and 10% GGBS-MgO in MSB backfills, respectively,
as the bentonite increases from 10% to 15%. Thus, the
impact of wet-dry cycles on MSB backfills is greater
than that on OPC-based backfills. This phenomenon
might be attributed to: (1) a lower Ca/Si ratio of C-S-H
in MSB backfills as compared to that formed in the
OPC-based backfills, which is more prone to shrinkage
under the drying process, resulting in micro-cracking
of the matrix (Jin et al., 2014) and (2) a larger amount
of uncombined water remaining in the MSB backfills
due to the better preserved bentonite swelling/
shrinkage behavior (Wu et al., 2019), which is prone to
evaporation and leads to substantial shrinkage cracking
upon drying, resulting in greater strength loss.
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Fig. 7 Effect of wet-dry cycles on cumulative strength loss for OPC-based backfills (a) and MSB backfills (b)
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4.5 Pore size distribution

To investigate the evolution in pore profiles of
MSB backfills with respect to wet-dry cycles, MIP
tests are conducted. Fig. 8a shows the cumulative
pore volumes of the MSB backfills after 10 wet-dry
cycles. At the same bentonite content, the cumulative
pore volumes of MS5B10 and MS5B15 are found to
decrease by 12% and 2% as compared with MS10B10
and MS10BI5. At 5% GGBS-MgO content, in-
creasing the bentonite content from 5% to 10% and
15% increases the cumulative pore volume by 4.6%
and 7.9%, respectively. The results for the pore pro-
files are consistent with the observed trends for ¢, and
mass change as shown in Fig. 6b and Fig. 2b,
respectively.
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Fig. 8 Cumulative pore volume (a) and pore volume

percentage (b) of MSB backfills after 90 d standard cur-
ing and subjected to 10 wet-dry cycles

Fig. 8b shows the volumes of the pores in dif-
ferent size ranges: <0.01 pm (intra-aggregate),
0.01-10 pm (inter-aggregate), and >10 um (air pores)
respectively. This classification of pore sizes is sug-
gested by Horpibulsuk et al. (2010) and Xia et al.
(2019a, 2019b) for the OPC stabilized silty clay.
Regardless of the binder content, the proportions of
air pores and inter-aggregate pores decrease but intra-
aggregate pores increase as the bentonite content
increases from 5% to 15%. At the same bentonite
content, increasing the binder content decreases the
proportions of pores in each category (i.e. comparing
MS5B10 and MSI10B10 with MS5B15 and
MS10B15). As reported in previous studies (Collins
and Sanjayan, 2000; Du et al., 2014, 2016), a larger
volume of inter-aggregate pores can lead to higher
drying-initiated capillary tension forces and greater
shrinkage potential in the matrix. Thus, the MS10B10
mixture shows the highest g, and the least mass
change among all the MSB backfills as shown in
Fig. 6 and Fig. 2, respectively.

4.6 X-ray diffraction

XRD tests were conducted on the MSB speci-
mens before and after 10 wet-dry cycles to investigate
the evolution of the phase assemblage in the mixtures
as presented in Figs. 9a and 9b.

The characteristic peaks of hydrotalcite
(MgsAl(OH),6CO5-4H,0)-like phases (Ht) were
found at 26~12.5° and 24.0°, agreeing well with pre-
vious findings (Jin and Al-Tabbaa, 2014a). In addi-
tion, two broad peaks ascribed to C-S-H were de-
tected at 26~23.0°, 30.0°, 31.6°, and 37.5°, and were
the results of the reaction between released silicate
species and Ca from GGBS (Jin and Al-Tabbaa,
2014a; Jin et al., 2014; Wu et al., 2019). The C-S-H
gels and hydrotalcite can improve the strength and
hydraulic performance in MSB cutoff wall applica-
tions. Further, hydrotalcite has contaminants (e.g.
lead and zinc) with a high capacity for adsorption and
which therefore can enhance the chemical compati-
bility of the backfills exposed to contaminated un-
derground conditions. The higher intensity of Ht and
C-S-H are observed in 10% GGBS-MgO (i.e.
MS10B10 and MS10B15) as compared with 5%
GGBS-MgO (i.e. MS5BS, MS5B10, and MS10B15),
and result in higher ¢, (Fig. 6) and lower mass change
(Fig. 2). The characteristic peak of quartz (SiO,) has
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been detected at 20=~21.6° in the local clayey sand.
The characteristic peaks of calcium hydroxide
(Ca(OH),) have been detected at 26~19.0°, 34.5°, and
46.5°, from the leaching of Ca®" from GGBS and
C-S-H. The leaching of Ca®" will lead to the decrease
of pH value as illustrated in Fig. 5. Nesquehonite
(MgCO3-3H,0) is found in the backfills after 10
wet-dry cycles, as the peaks at 260~14.2° and 41.0°
agree with those reported by Wu et al. (2018b) and
Ruan et al. (2019). It is formed by the dissolved Mg**
from the MSB backfills and dissolved CO, from the
atmosphere. Similarly the leached Ca®" from the
GGBS and C-S-H may react with dissolved atmos-
pheric CO; to form calcite. Nevertheless, the strong-
est calcite peak (26~30.0°) overlaps with that of
C-S-H, which prevents its identification via XRD in
this study.

Si Ht: hydrotalcite-like phases
CSH: C-S-H

P: calcium hydroxide

CC: calcite

Si: quartz
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Fig. 9 X-ray diffractograms of the 90-d cured MSB
backfills before (a) and after (b) wet-dry cycles

5 Limitations of current study

This study reveals that the MSB mixture is more
sensitive to a fluctuating groundwater condition than
OPC-based backfills. This might be attributed to the
hydration products (C-S-H with a lower Ca/Si ratio)
and microstructure (refined pores) formed in alkali-
activated GGBS paste as compared to OPC-based
backfills (Du et al., 2015). Nevertheless, the uncon-
fined compressive strength values of MSB mixtures
are still above the commonly adopted design limits
(=100 kPa) after 10 wet-dry cycles. The much
lower pH values of pore water in MSB mixtures have
much weaker impact on the chemical stability of
montmorillonite in bentonite as compared to OPC-
based backfills (Wu et al., 2019). In addition, the use
of a large amount of industrial waste gives the MSB
mixture better sustainability than the OPC-based
backfills.

Admittedly, for a full understanding of the
long-term durability of the MSB backfills after
wet-dry cycles, the wet-dry aging could be correlated
with real-time for a quantitative simulation (Shen et
al., 2018, 2019). Further investigations are warranted
to elucidate the change of hydraulic conductivity,
hydration products, and microstructures of the back-
fills under the various extreme environmental stresses
that might be encountered in the field.

6 Conclusions

A comprehensive laboratory testing program
was conducted to reveal the effects of wet-dry cycles
on the properties of MSB backfills and the following
conclusions can be drawn:

1. The mass change of OPC-based and MSB
backfills increased with respect to the wet-dry cycles.
The MSB backfills exhibited 1.1%—2.1% higher mass
change than OPC-based ones after 10 wet-dry cycles.
Increasing the GGBS-MgO content reduced 9.0%—
11% mass change but increasing the bentonite content
increased mass change in MSB backfills. The
threshold cycle numbers for spalling and macro-
cracks occurring in MSB backfills were found to be in
the 4th—6th cycles.
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2. The dry density and pH of OPC-based and
MSB backfills gradually decreased with increasing
wet-dry cycles. For the identical binder (OPC and
GGBS-MgO) and bentonite contents, the mass
change of MSB backfills was higher than that in
OPC-based backfills, while the pH was much lower.

3. The unconfined compressive strength of
OPC-based and MSB backfills decreased with in-
creasing wet-dry cycles. The strength values of the
MSB backfills with 10% GGBS-MgO were 2.1-2.3
times higher than those with 5% GGBS-MgO, while
increasing the bentonite content slightly reduced the
strength. The cumulative strength loss of MSB
backfills was more notable than that for OPC-based
backfills.

4. Increasing the GGBS-MgO content from 5%
to 10% reduces the cumulative pore volume by
2%—12%, while increasing the bentonite content from
5% to 15% increases the cumulative pore volume by
4.6%—7.9%.

5. The hydrotalcite-like phases and C-S-H were
found to be the primary hydration products in the
MSB backfills both before and after the wet-dry cy-
cles. The wet-dry cycles accelerated the leaching of
earth alkali ions, which react with the dissolved CO,
from the atmosphere to form calcite (CaCOj;) and
nesquehonite (MgCO;-3H,0) in MSB mixtures.
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