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Abstract

The soil-cement-bentonite (SCB) vertical cutoff walls are commonly used to control
flow of contaminated groundwater in polluted sites. However, conventional backfill
consisting of Ordinary Portland cement (OPC) is associated with relatively high CO-
footprint. Potential chemical interactions between OPC and bentonite could also
undermine the long-term durability of SCB materials. In this paper, we propose an
innovative backfill material for cutoff walls, which is composed of MgO-activated
ground granulated blast furnace slag (GGBS), bentonite and soil. The OPC-soil,
OPC-bentonite-soil, and OPC-GGBS—bentonite-soil backfill materials are also tested
for comparison purpose. Workability of the fresh backfills and unconfined
compressive strength of aged backfills are investigated. The hydraulic conductivities
of aged backfills permeated with tap water, Na2SO4 and Pb-Zn solutions are assessed.
The unconfined compressive strength and hydraulic conductivity of the proposed
backfill permeated with tap water for the backfills are in the range of 230 - 520 kPa
and 1.1x10%° - 6.3x10"° m/s at 90-day-curing, respectively, depending on the mix
composition. The hydraulic conductivity of the proposed MgO-GGBS-bentonite-soil
backfill permeated with sodium sulfate (Na2SO4) or lead-zinc (Pb-Zn) solution is well
below the commonly used limit, while the OPC-bentonite-soil backfill shows a
significant loss in its impermeability. Environmental and economic analyses indicate
that, compared with the conventional backfill made from the OPC-bentonite-soil
mixture, the proposed backfill reduces approximately 84.7% - 85.1% in CO:

emissions and 15.3% - 16.9% cost. The environmental and economic advantages will
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promote the utilization of MgO-activated GGBS-bentonite mixtures in the cutoff

walls and further advocate its application in land remediation projects.

Keywords: Cutoff wall; reactive MgO-activated GGBS; unconfined compressive

strength; hydraulic conductivity
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Introduction

The low-permeability and cost-effective cutoff walls have been widely used in
the remediation projects for various contaminated sites in the world (Ryan and Day
2002; Shen et al. 2013; Shen et al. 2017; Yang et al. 2018). They have been mainly
used to interrupt the pollution pathway and isolate the contaminant source from a
vulnerable receptor (Joshi et al. 2008; Soga and Joshi 2015). Depending on the
backfill materials, cutoff walls can be classified as soil-bentonite (SB),
cement-bentonite (CB) and soil-cement-bentonite (SCB) (Du et al. 2015; Opdyke and
Evans 2005). SCB walls have gained more popularity in some regions since the
strength of SB walls may be inadequate to carry foundation loads (Opdyke and Evans
2005). In addition, compared with CB walls, the reuse of site excavated soils in SCB
walls provide additional economic merits, as the discarded soil would create
additional transportation and disposal expenditure (Ryan and Day 2002). Currently,
Ordinary Portland cement (OPC) is the dominant cement used in SCB and CB walls.
However due to its negative engineering and environmental impacts (e.g., large CO>
emissions and consumption of raw materials (Jin and Al-Tabbaa 2014a; Wu et al.
2018a; Xu et al. 2019), several industrial by-products including but not limited to
ground granulated blast furnace slag (GGBS) have been widely used in land
remediation and ground improvement practice (Arulrajah et al. 2016; Arulrajah et al.
2018; Kua et al. 2016; Maghool et al. 2016; Liu et al. 2019; Du et al. 2019). For
example, GGBS has been successfully used to partially substitute cement in the low

permeability cutoff walls (Jefferis 2012). The recently developed geopolymer also can
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be potentially applied to cutoff walls as an innovative construction material (Arulrajah
et al. 2017a; Arulrajah et al. 2017b; Lam and Jefferis 2017).

The most important engineering properties of SCB walls are unconfined
compressive strength (usually in the range of 100 - 700 kPa) and hydraulic
conductivity (within 5.0x10°- 1.0x10® m/s at 28-day-curing) (Ryan and Day 2002).
When OPC is added to the bentonite suspension, hydration occurs, forming primary
cementitious products, namely calcium silicate hydrate (C-S-H), ettringite, and
portlandite (Ca(OH)2, CH) (Carreto et al. 2015; Ryan and Day 2002). The released
calcium (Ca?*) ions from the hydrated products replace the monovalent cation, e.qg.,
sodium (Na*), which are held on the exchangeable sites of bentonite particles, leading
to the flocculation of bentonite (Cuisinier et al. 2008; Gaucher and Blanc 2006).
Furthermore, the high pH environment facilitates the dissolution of the inherent
silicate and aluminate sheets in the bentonite structure, leading to the formation of
secondary cementitious materials, i.e., C-S-H and calcium aluminate hydrate (C-A-H)
in the matrix of mixtures. On one hand, these secondary cementitious materials
enhance the bonding between solid particles to provide higher strength and better
filling of pore space (Carreto et al. 2015). On the other hand, the stability and swelling
properties of bentonite could be significantly undermined. The instability of bentonite
soils under high pH conditions created by PC has been extensively studied in the
radioactive waste encapsulation projects, which leads to the use of low-pH materials
to achieve a better compatibility with bentonite and thus higher long-term durability

(Cuisinier et al. 2008; Gaucher and Blanc 2006; Sanchez et al. 2006).
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Reactive MgO-activated GGBS is a recently developed binder which produces
C-S-H, hydrotalcite and brucite (Mg(OH)., if MgO is excessive) upon hydration (Du
et al. 2016; Jin et al. 2015; Jin and Al-Tabbaa 2014a; Wang et al. 2016). Due to the
lack of highly soluble portlandite, this material can be potentially used as a low pH
and durable binder, which offers a range of geomechanical and geoenvironmental
advantages over OPC in land remediation projects (Jin et al. 2015; Jin et al. 2016; Jin
and Al-Tabbaa 2014a; Wang et al. 2019). The contaminant binding capability, sulfate
resistance and wetting-drying durability of MgO-activated GGBS have been studied
in recent years (Du et al. 2016; Jin and Al-Tabbaa 2014a; Wu et al. 2018a). However,
its application in cutoff walls has not been explored yet while it is anticipated that it
will have better compatibility with bentonite than OPC as shown above.

This paper aims to describe the performance of a more cost-effective and
sustainable cutoff wall backfill ~material by utilizing MgO-activated
GGBS-bentonite-soil mixtures. A systematic mix design procedure is implemented to
investigate the engineering properties including workability, unconfined compressive
strength and hydraulic conductivity permeated with tap water, Na,SO4 and Pb-Zn
solutions respectively. Environmental and cost analyses are also performed and

compared with the conventional OPC-based backfill mixtures.

Materials and Testing Methods

Constituent materials

The materials used for preparation of the backfill in this study consisted of

6
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Nanjing local clayey sand, powdered bentonite and cementitious materials (i.e., OPC,
MgO and GGBS). The physicochemical properties of Nanjing local clayey sand and
commercial powdered sodium activated calcium-bentonite used in this study are
shown in Table 1. Due to the low availability of high-quality Na-bentonite in China,
sodium activated calcium-bentonite is used in this study, which was proved to be a
good alternative in vertical cutoff walls (Jefferis 2012; Yang et al. 2018). The
powdered bentonite was provided by MuFeng mineral processing plant in Zhenjiang
City, China.

The constituent materials, including Ordinary Portland cement (OPC) class 42.5,
GGBS and MgO, were both obtained from Nanjing, China. The reactivity of MgO
was ~ 102 s, determined by the acetic acid test according to Shand (2006). Based on
the characteristic by Jin and Al-Tabbaa (2014a), the reactive MgO was categorized as
a medium reactivity MgO, which was selected due to its appropriate reactivity and
cost (Jin et al. 2015; Jin and Al-Tabbaa 2014a; Wu et al. 2018a). Table 2 shows the
chemical compositions of Nanjing local clayey sand, OPC, GGBS and MgO used for

this study.

Mix design guideline

The investigation methodology for the backfills consisted of three main steps, as
illustrated in Fig. 1. Step 1 was used to evaluate the workability of backfill materials
for the cutoff wall. Step 2 was composed of four sub-steps to select binder and binder

content based on relative demand for hydraulic conductivity, unconfined compressive
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strength, chemical compatibility and sustainability performance. Therefore, the final
binder proportion was obtained from the system. The mix proportions are based on
review of previous studies including both field and lab test results of SCB cutoff walls
(Fig. S1). For SCB backfill, the hydraulic conductivity commonly used in
contaminant containment systems is suggested to be no higher than 1x10® m/s (Ryan
and Day 2002). A target of 100 kPa was set as the minimum unconfined compressive
strength for SCB cutoff wall in recent projects as suggested by previous researchers

(BRE 1999; Ryan and Day 2002).

Specimens preparation and testing methods

Four categories of binders, namely OPC (Ref), OPC-bentonite (CB),
OPC-GGBS-bentonite (CSB) and MgO-GGBS-bentonite (MSB), were mixed with
clayey sand at room temperature (20 = 2°C) in a 2-L Hobart stainless steel mixer to
form backfills. The content of the GGBS used in the OPC-GGBS-bentonite system
was 80% replacement of OPC, which was reported to exhibit the lowest hydraulic
conductivity and highest strength (Opdyke and Evans 2005). The MgO to GGBS ratio
in the MgO-GGBS-bentonite system was 1:9 to achieve good strength based on
preliminary studies (Jin et al. 2015; Jin et al. 2016). The mixing procedure consists of
three steps: 1) solid ingredients, including clayey sand, OPC, bentonite, GGBS and
MgO, were weighted according to mix proportions presented in Table 3; 2) solid
ingredients were homogeneously mixed at 30 rpm for 5 min; and 3) a predetermined

amount of tap water (pH = 6.8; EC = 3.3 uS/cm) was added and then mixed at 60 rpm
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for 10 min to achieve homogeneous mixtures.

With the selected binder combinations, slump test was conducted to evaluate the
workability of backfills. The fresh backfills immediately subjected to the slump test
should have a slump value ranging between 100 mm and 200 mm in order to achieve
the optimum workability (Ryan and Day 2002). In this study a target slump value of
150 + 5 mm was selected to prepare backfills. A mini-slump was conducted together
with the standard slump test as described by Malusis et al. (2008).

The fresh backfill with the target slump values was prepared to conduct the
unconfined compressive strength and hydraulic conductivity tests. The unconfined
compressive strength was performed in triplicate according to ASTM D4219 (ASTM
2008) at a constant loading rate of strain of 1%/min after curing for 14, 28, 60, 90 and
120 days. The crushed specimens after curing 28 and 90 days were ground and mixed
with distilled water (water to solid ratio = 1: 1) to determine the pore water pH
according to Jin et al. (2015). The pH value was measured in triplicate using a pH
meter HORIBA D-54 and the average value was reported. The hydraulic conductivity
permeated with tap water (kw) was conducted on specimens after 28 and 90 days of
curing using the flexible-wall permeameters. These specimens were fully saturated for
23 £ 0.5 hours by applying a vacuum pressure of 80 kPa before being assembled into
the permeameters. During the permeation, the tap water was applied from lower base
to the upper side of the specimen under the seepage pressure in order to avoid air
entrapment. The cell pressure and a constant flow pressure were respectively set as

200 kPa and 150 kPa, which were lower than the yield stress of the specimens. It is
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noted that volume change was found to be negligible during the tests, because the
yield stress (oy’) of the specimens was estimated to be in the range of 201 - 1428 kPa
based on the relationship of oy’ = 1.4 - 2.2 qu for OPC stabilized soil proposed by
Horpibulsuk et al. (2004). During the permeating, the ambient temperature was
strictly controlled at 22 + 2 °C. Based on ASTM D5084 (ASTM 2016), the
termination criteria of kw were achieved when: 1) the ratio of outflow to inflow was
within 0.75 — 1.25; 2) the hydraulic conductivity is steady, namely, the hydraulic
conductivity versus time showed no significant upward or downward trend. The
hydraulic conductivity shall be considered steady if four or more consecutive
hydraulic conductivity determinations fall within +25 % or better of the mean value
for k > 1x1071°m/s or within +50 % or better for k <1x107°m/s (ASTM 2016).

The hydraulic conductivity permeated with Na,SO4 or Pb-Zn solution was also
assessed immediately after permeating with tap water for the specimens cured for 90
days. The test was continued by replacing the tap water with Na;SOa or Pb-Zn
solution as the permeant liquid, and the hydraulic conductivity (kc) was determined as
per ASTM D7100 (ASTM 2011). Sulfates significantly affect the integrity and
hydraulic conductivity of cutoff walls by attacking the cement in CB and SCB cutoff
walls (Garvin and Hayles 1999). Garvin and Hayles (1999) chose the Na2SOa4 (30
mmol/L, pH = 7.82) solution as a representative sulfate source to observe the
deterioration of cutoff walls upon sulfate attack. The target Na>SOs solution (30
mmol/L) was prepared by dissolving predetermined weight of Na2SO4:10H>0 powder
(chemical analytical reagent) in distilled water. The Pb-Zn solution (pH = 6.51,

10



211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

concentration of Pb = 0.1 mg/L and Zn = 5 mg/L) was prepared with distilled water,
lead nitrate (Pb(NOs3).) and zinc nitrate solution (Zn(NO3)2:10H20) power (chemical
analytical reagent). Pb and Zn were selected as simulation contamination sources as
they are commonly encountered in groundwater in abandoned battery and mining
fields (Cao et al. 2009; Du et al. 2015; Rodriguez et al. 2009; Xia et al. 2019a and
2019b; Yang et al. 2019). The Pb and Zn concentrations set in this study are the
maximum values of groundwater quality Grade IV prescribed by the Ministry of
Ecology and Environment of the People’s Republic of China. Hong et al. (2017) also
used Zn (5 mg/L) in their research exploring the transport of Zn across backfill
specimens. The hydraulic conductivity permeated with Na2SOa4 or Pb-Zn solution was
assessed by ASTM D7100 (ASTM 2011). The termination criteria for the chemical
equilibrium is reached when 1) ratio of outflow volume to inflow volume are within
0.75 -1.25; 2) the solute concentration, pH, electrical conductivity (EC) and/or
dielectric constant of outflow are within £ 10% of those of inflow, and 3) there is
insignificant variation of these abovementioned parameters. The sulfate ion
concentration was measured using a Thermos Scientific™ Dionex lon
Chromatography. The value of EC and concentrations of Pb and Zn were measured
using an Orion 4-Star Plus pH/Conductivity Benchtop Multiparameter Meter and

inductively coupled plasma optical emission spectrometry (ICP-OES), respectively.

Results and Analysis
Workability

Fig. 2 (a) presents the variation of standard slump value (Ss) with mini-slump
11
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value (Sm) for all the mixtures listed in Table 3. It is observed that there is a positive
correlation between the two values for all backfills. The empirical relationship can be
adequately represented by a single linear expression and well agree with Malusis et al.
(2008) as shown in Eq. 1. It indicates that the mini-slump test can be used to predict
the standard slump value for the backfills satisfactorily.

Ss = 2Sm + 49, R> = 0.96 (1)

A plot of Ss versus water content for each mixture is illustrated in Fig. 2 (b). It is
evident that Ss increases approximately linearly with water content as increasing water
content in the backfills induces lower density and yield stress (Cheng et al. 2018). The
linear fitting equations of Ss versus water content are summarized in Table 4. The
measured values of density and water content for all fresh backfill materials at the

target slump values are also shown in Table 4.

Unconfined compressive strength and failure strain

Fig. 3 (a) shows the evolution of unconfined compressive strength (qu) for the
four categories of backfill specimens. The strength gain of the OPC-based specimens
is mainly attributed to cement hydration, which is fast and becomes plateaued after
~28 days. Herein the gy for Ref, CB and CSB backfill specimens achieve 520 - 650
kPa and 530 - 680 kPa at 28-day and 90-day curing, respectively. In contrast, the
strength development of the MSB system is relatively slow and only after 90 days the
strength appeared to stabilize at ~230 - 520 kPa. For the identical MgO-activated
GGBS content, it is found that increasing bentonite content slightly reduced the
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strength of MSB mixtures which is probably due to the higher water content and
lower dry density as achieved the approximately same workability (see Table 4).
Although the qu of MSB backfill specimens is lower than that of the OPC-based ones,
it is clear that all the mixtures satisfied the qu requirement after curing for 28-day ( >
100 kPa (BRE 1999; Ryan and Day 2002)). Fig. 3 (b) shows the failure strain (&) for
the four categories of backfill specimens. As compared to OPC-based specimens, the
failure strains of MSB backfill specimens are 33.0 - 47.6% and 16.6 - 31.2 % higher
at 28-day and 90-day curing, respectively. A regression analysis is conducted for
identifying the correlation between failure strain and strength. It can be seen that the

failure strain tends to decrease as the strength increases.

pH value and dry density

Fig. 4 illustrates the variation of pH values with curing time for the backfill
specimens except for MS5B5 whose pH value at 90-day-curing is only slightly lower
than that at 28-day-curing. For all the specimens, pH gradually increased slightly with
curing time, indicating the continuation of the hydration reactions. It can be seen that
the pH values of the OPC-based backfill are ~ 11.7 - 12.4 after 90 days of curing,
which is much than those of MSB backfills (10.1 - 10.8).

The dry density and void ratio of backfill specimens after curing 28 days and 90
days are summarized in Table 5. The increase of the dry density is more noticeable in
MSB backfill specimens as compared to Ref, CB and CSB, which is consistent with
the qu evolution as shown in Fig. 3.

13



278

279  Hydraulic conductivity permeated with tap water

280 The evolution of kw with curing time is displayed in Fig. 5. The slightly
281  decreased kw from 28 days to 90 days is observed in CB and CSB. Conversely, the kw
282  values of MSB show a pronounced decrease by 0.4 - 0.8 orders of magnitude as
283  curing time increases from 28 days to 90 days. The kw is higher than commonly
284  accepted limit (1.0x10® m/s) suggested by Ryan and Day (2002) for the OPC-soil
285  (Ref) and C5B5 cured at 28 days, while those of the CSB and MSB are much lower
286  than the commonly accepted limit, regardless of the curing time. Increasing the binder
287  dosage slightly reduces the kw for all the mixtures. For example, kw is decreased by 52%
288  when MgO-activated GGBS is increased from 5% to 10% at 90 days (2.3x107%° m/s
289  for MS5B15 vs. 1.1x107% m/s for MS10B15). On the other hand, increasing bentonite
290  dosage from 5% to 10% in MSB backfill specimens at 90 days reduces kw by ~63%
291 (6.3x10° m/s vs. 2.3x107% m/s).

292

293  Chemical equilibrium

294 Fig. 6 shows the variation of volumetric flow ratio, pH and EC ratio, and
295  consternation ratio with pore volumes of flow (PVF) as permeated with Na;SO4 and
296  Pb-Zn solution. As presented in Fig. 6 (a) and (b), the maximum, average and
297  minimum value of volumetric flow ratio (Qout/Qin) for the test are within 0.75 - 1.25
298  before and after permeated with Na;SO4 or Pb-Zn solution. It indicates that the
299  hydraulic equilibrium was established by the end of trial. Fig. 6 (c) shows the pH and

14
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EC equilibrium status of the outflow and inflow for all backfill materials permeated
with Na;SO4. The pH and EC in the effluents slightly and gradually decrease with the
increasing PVF. The values of pHou/pHin and ECou/ECin are both within the target
range of 0.9 and 1.1, and therefore pH and EC equilibrium have been reached at the
end of test as permeated with Na>SOs. When permeated with Pb-Zn solution, the
results of pH and EC equilibrium status for all backfill materials show consistent
trends as permeated with Na,SO4 (Fig. 6 (d)). Some values of pHout/pHin are out of
the target range of 0.9 and 1.1, but the values of ECout/ECin fall within. As shown in
Fig. 6 (e) — (f), the concentration ratio of SO4>, Pb and Zn concentration increases
steadily after approximately 2.2 -2.4 PVF. Based on the results shown in Fig. 6 (b) —

(F), the chemical equilibrium was reached at the end of trail termination.

Hydraulic conductivity permeated with Na2SO4 and Pb-Zn solution

Fig. 7 illustrates the hydraulic conductivity of specimens permeated with tap
water (kw), Na2SO4 and Pb-Zn (k) as well as the ratio between the two values (kc/kw).
It is apparent that the MSB backfill specimens show lower hydraulic conductivity
than Ref, CB and CSB backfill specimens, regardless of the permeation liquid. For the
MSB, k. decreases by 13% - 57% when permeated with Na,SO4 solution as compared
to kw permeated with tap water. In contrast, Na,SO4 solution significantly increases
the hydraulic conductivities by one to two magnitudes for the Ref and CB and 1 - 2

times for the CSB. When permeated with the Pb-Zn solution, the k¢ of all the backfill

15
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materials increases, with those OPC-based ones (Ref, CB and CSB) even by 1 - 2
magnitudes while MSB only by 2 - 5 times. When the bentonite dosage increases
from 5% to 15% in the MSB systems, the kc/kw decreases by 28.7% and 40.9% for the
Na>SO4 and Pb-Zn cases, respectively. On the other hand, kc/kw decreases by 55.7%
and 27.0% as the MgO-activated GGBS dosage increases from 5% to 10% for the

Na>S04 and Pb-Zn cases, respectively.

Environmental impact and cost analyses

To quantify the environmental and economic impact of the proposed cutoff wall
backfill materials, two major indicators, CO2 emissions and economic cost are chosen
(Wu et al. 2018b), which are collected for each component as shown in Table 6. The
cost of each component is summarized in the average price provided by multiple
suppliers in Nanjing city (China) market in 2018. The calculation for CO2 emission
and cost for cutoff wall backfills can be expressed as:

n My
Tco,j = Pa Li=1(- X Fco,i) (2)
]
n My
Tcost,j = Pa i=1(; X Fcost,i) (3)
]
where: Tgo, jand T, ; refer to the total CO, emissions and cost of code j
(indicating the backfill type), (GJ/m®), respectively; pj is the dry density of code j
obtained from Table 4, (tm®); mi and m; are the mass of component i and total mass
in code j obtained from Table 3, (), respectively; Fco,; and Fgos; are the CO:

emissions and cost of component i obtained from Table 6, (GJ/ m®), respectively.
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Table 7 shows the net CO. emissions and materials’ cost for the backfill
materials. It can be seen that the substituting OPC with GGBS significantly improves
the sustainability performance (comparing C5B5 and CS5B5). Compared to CB
backfill, the CSB and MSB backfill materials have 78.7% - 79.3% and 84.7% - 85.1%
less CO2 emissions, and 9.3% -12.5% and 15.3% - 16.9% less cost, respectively.
When the bentonite dosage increases for the same type of binder (5% in MS5B5 vs.
15% in MS5B15), cost increases by 50.8% but CO> emission decreases by 24.3% due
to the higher water content of MSB system associated to achieve the same workability
(see Table 4). On the other hand, increasing the MgO-activated GGBS dosage (5% in
MS5B10 vs. 10% in MS10B10) increases the CO> emissions and cost by 90.4% and
27.2%, respectively. In practice, however, the cost and environmental impacts not
only depend on the materials used but also are significantly associated with the
contamination source and construction methods (Ryan and Day 2002). In this study,
MSB mixtures show superior environmental benefits while possessing desirable

technical properties as alternative cutoff wall backfill materials.

Discussion

The mechanisms controlling the variations of unconfined compressive strength
and hydraulic conductivity in each category of the backfill materials are summarized
as follows:

1) OPC hydration is fast, gaining most of the strength within 28 days of curing.
Although high strength and low cost can be achieved with OPC alone as the backfill
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binder, the hydraulic conductivity does not satisfy the commonly accepted limit
(1x10® m/s) and the carbon footprint is higher when using the material and methods
described earlier. Adding bentonite to the OPC-soil mixture slightly decreases the qu,
significantly increases the cost, but meanwhile reduces the hydraulic conductivity
(Ref vs. C5B5). In addition, it is noted that at 28 days of curing, increasing the OPC
and bentonite dosage from 5% to 10% decreases kw of CB backfill specimens by 2
times (1.2x10® m/s vs. 5.8x10° m/s); however, at 90 days of curing, only marginal
improvement on hydraulic performance (8.7x10° m/s vs. 4.7x10° m/s) is observed.
As the OPC-GGBS and bentonite dosages increase from 5% to 10%, the hydraulic
performance of CSB exhibits negligible improvement at 28 days of curing (5.9x107°
m/s vs. 4.8x10° m/s), whereas it decreases by 2 - 4 times after 90 days of curing (~1.3
x10°m/s - 3.1 x10° m/s). Overall, OPC and C5B5 system are not recommended for
cutoff wall backfill considering their inadequate technical (i.e., ke higher than 1x10®
m/s for Ref and C5B5 backfill specimens) and environmental performance (i.e.,
higher net CO2 emission and costs for CB system). Replacing OPC with GGBS as the
binder in the cutoff wall backfill has been applied extensively in the UK (Shand 2006;
Jefferis 2012). It imparts significant environmental and economic benefits, marginally
affects the qu (sometimes with enhancement), slightly decreases pH and notably
decreases hydraulic conductivity in the long term (Fig. 5). GGBS reacts with
portlandite in hydrated OPC to produce C-S-H, which lowers the pH and improves the
strength and hydraulic performance. Nevertheless, the pH in CSB system is still high
(~11.3 - 11.9 at 28 - 90 days curing) (Fig. 4)) to react with bentonite, leading to the
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breakage of aluminate and silicate sheets to some extent (Cuisinier et al. 2008;
Sénchez et al. 2006). In addition, Ca and Al ions released from OPC and GGBS
hydration products and/or bentonite in the pore water of CSB backfills, which would
further react with sulfate ions when the backfill specimens is exposed to sodium
sulfate solution to produce expansive ettringite and gypsum, generating inner pressure
and damage CSB backfill matrix (Jefferis 2012; Millauer et al. 2013), which was
manifested with higher ke permeated with Na2SO4 solution than kw permeated with tap
water for CSB backfill specimens (Fig. 7).

2) pH has a significant impact on the chemical stability of montmorillonite in
bentonite (Cuisinier et al. 2008; Jefferis 2012; Sanchez et al. 2006). In order to fully
utilize the binding properties of the binders to enhance the strength and the swelling
properties of the bentonite to achieve commonly accepted hydraulic conductivity of
the cutoff wall, the pore fluid pH of MSB backfill systems should be explored. MSB
backfill specimens develop qu much slower due to its lower pH relative to CSB
backfill specimens. Nevertheless, q, of MSB backfill specimens continues to develop
over time (Fig. 3) due to the formation of C-S-H and Ht, leading to denser
microstructure (Carreto et al. 2015; Ryan and Day 2002; Ma et al. 2019) and
consequently lower hydraulic conductivity in the long term compared to the CSB
backfill specimens. In addition, there is a lack of free portlandite in the MSB backfill
specimens, which leads to a much lower pore fluid pH (10.0 to 10.7 at 28-day-curing
and 10.1 to 10.8 at 90 days of curing (Fig. 4) as compared to CSB backfill specimens
(11.3 to 11.6 at 28 days of curing and 11.7 to 11.9 at 90 days of curing (Fig. 4). The
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higher pH in CSB system could accelerate the attack of aluminate and silicate sheets
of bentonite by the OH" (Savage et al. 2007). Meanwhile, the released Ca from OPC
and GGBS would replace Na* at the exchangeable sites of bentonite particles due to
higher replaceability of Ca?' than that of Na*, resulting increased hydraulic
conductivity of bentonite. The aforementioned attack of aluminate and silicate sheets
of bentonite and ion exchange reaction tend to reduce the swelling potential of
bentonite and increase the kw of the CSB backfill (Dauzeres et al. 2010). On the other
hand, MSB mixtures showed much lower pore fluid pH as shown in Fig. 4, which
imparts smaller adverse impacts on the swelling potential of bentonite, resulting in
marginal change in kw (Fig. 5).

3) Less calcium ions in the MSB system also means the formation of expansive
gypsum and ettringite can be effectively limited, which has been proved in (Yi et al.
2014) where only C-S-H, Ht and a small amount of ettringite were observed in
MgO-GGBS paste exposed to NaSO4solution. Excessive formation of ettringite can
produce high expansive force to crack the matrix leading to spalling and higher
hydraulic conductivity (Cai et al. 2014; Neville 2004). On the other hand, a small
amount of ettringite helps to densify the matrix instead of causing cracks, which is
demonstrated by the lower k. of MSB backfill specimens as compared to the k¢ of
CSB backfill specimens permeated with Na:SO4 solution (Fig. 7). In addition, the
presence of sulfate would accelerate hydration of GGBS, forming more C-S-H
products in the MSB backfill specimens (Provis 2014) , which contributes to the fact
that kc/kw is lower than 1.0 (Fig. 7). Whereas, the pozzolanic reaction of OPC could
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be significantly retarded by the presence of Pb and Zn, imposing adverse effects on
the microstructure, leaving relatively a large amount of macro-pores in the matrix (Du
et al. 2014; Zhou et al. 2016), which would also contribute to the higher k. of the CB
and CSB backfill materials. However, compared to CB and CSB backfill, the
influence of Pb-Zn solution on the ke is much smaller for MSB backfill due to the
high adsorption capacity of Pb and Zn by Ht (Jin and Al-Tabbaa 2014b), one of the
main hydration products formed in the MgO-GGBS mixture matrix, and thus
mitigates the adverse effect of Pb and Zn on the swelling potential and hydraulic
conductivity of bentonite.

Admittedly that for a full understanding of the mineralogical and microstructural
evolution of the MSB backfills before and after permeating with Na,SO4 and Pb-Zn
solutions, microstructural analyses are warranted. Further, future work should also be
conducted on the sulfate-soaking tests and integrity analyses in order to address how
and how much different sulfate sources (e.g., MgSOa4) would attack OPC-based and
MSB backfill specimens differently. Furthermore, the cone penetration test with pore
pressure readings (CPTu) is warranted to measure unconfined compressive strength
and hydraulic conductivity of in-site vertical cutoff walls (Manassero 1994; Li et al.

2019).

Limitations of current study
Generally, the SCB backfills in various lab-scale tests can be prepared by the
following two methods: (1) mixing prehydrated bentonite slurry (bentonite-water)
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with in-site soil-OPC mixture (Opdyke and Evans 2005; Ryan and Day 2002).
Additional dry bentonite can be added to the soil-cement-bentonite mixture to reach
the target slump height (Ryan and Day 2002), and (2) mixing OPC- water grout
(weight ratio = 1: 1) with in-site soil and prehydrated bentonite slurry (Ruffing and
Evans 2014). Nevertheless, neither method can prevent the attack of high pH of OPC
to the bentonite or cation exchange reactions between free cations (e.g., Ca®") in the
hydrated OPC and readily exchangeable cations in the bentonite (e.g., Na¥). It is
reported that when partially GGBS-replaced OPC was added to bentonite, less
flocculation of bentonite was observed, and lower hydraulic conductivity of the
cement-bentonite cutoff wall backfills could be achieved (Jefferis 2012). In this study,
the backfill specimens subjected to various hydraulic conductivity tests were prepared
by mixing the non-prehydrated bentonite with sandy soil-OPC mixture. This could
explain the higher hydraulic conductivity of the C5B5 mixture (Fig. 5) than the
commonly accepted limit. Moreover, the non-prehydrated bentonite that deviates from
the field practice may result in different hydraulic conductivities between the
laboratory and field results. It is reported that prehydration of bentonite can reduce
hydraulic conductivity of GCLs permeated with tap water by two or three times
(Shackelford and Sample-Lord 2014; Young Jo et al. 2004). Nonetheless, we
demonstrate that the proposed backfill with the non-prehydrated bentonite lab-scale
tests could possess lower hydraulic conductivity (ke and kw) than the commonly

accepted limit.
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The superior performance of this novel cutoff wall backfill material could be
attributed to the much lower pH value of its pore water compared to OPC-bentonite or
OPC-GGBS-bentonite mixture (Fig. 4). Further studies are suggested to investigate
the effects of pore water chemistry of MgO-GGBS on the flocculation and swelling
potential of bentonite. Furthermore, it is recognized that the hydraulic conductivity
measured after 2 - 4 PVF may not be able to assess the long-term performance of SCB
walls (Shackelford and Jefferis 2000), hence long term equilibrium should be
established in further studies. It is warranted to prepare the backfill specimens using
sufficiently pre-hydrated bentonite and investigate their hydraulic performance in the

lab-scale and field-scale tests.

Conclusions

This study demonstrates that the innovative MgO-GGBS-bentonite system can
serve as an alternative backfill for cutoff walls, providing satisfactory workability and
unconfined compressive strength, superior hydraulic conductivity performance and
remarkable environmental benefits. Based on the experimental results, the following
conclusions can be drawn:

(1) The mini-slump test could be used to predict the standard slump value for the
MgO-GGBS-bentonite-soil and OPC-based backfill materials satisfactorily due to the
good positive correlation between the two test values.

(2) The MgO-GGBS-bentonite-soil backfill materials showed pH range from

10.0 - 10.7 at 28-day-curing and 10.1 -10.8 at 90-day-curing, which were lower than
23
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the OPC-based backfill ranging from 11.3 - 11.8 and 11.7 - 12.4 at 28 and
90-day-curing, respectively.

(3) The unconfined compressive strength for the MgO-GGBS-bentonite-soil
backfill reached 140 - 280 kPa and 230 - 520 kPa at the corresponding curing age.
The unconfined compressive strength of OPC-based backfill developed 2.0% - 10.3%
but the MgO-GGBS-bentonite-soil backfill continued to develop 70.2% - 86.1% after
28-day-curing.

(4) The hydraulic conductivity permeated with tap water for the OPC-based
backfill was 1 - 2 magnitudes higher than MgO-GGBS-bentonite-soil backfill at
28-day-curing and 90-day-curing. In addition, the MgO-GGBS-bentonite-soil backfill
binder could achieve 8.5 x10° - 4.2x10° m/s and 1.1 x10%° - 6.3x10°%° m/s at
28-day-curing and 90-day-curing, respectively.

(5) The proposed MgO-GGBS-bentonite-soil backfill exhibited hydraulic
conductivity of 4.7 x10 - 55x10° m/s and 2.3 x10%° — 2.9x10° m/s when
permeated with Na>SO4and Pb-Zn solutions, respectively. In contrast, the hydraulic
conductivity of OPC-based backfill permeated with Na,SOsand Pb-Zn solutions was
one to two magnitudes higher than that of the MgO-GGBS-bentonite-soil backfill.

(6) Environmental and economic benefits could be achieved by utilizing the
proposed MgO-GGBS-bentonite-soil backfill, resulting in 84.7% - 85.1% less CO>
emissions and 15.3% - 16.9% less cost as compared to the OPC-bentonite-soil

backfill.
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Table

1 Table 1. Physicochemical properties of the sandy-clay and bentonite
Index Values Testing method
clayey sand  bentonite
Moisture, (%) 4.81 11.2 (ASTM 2010a)
pH 7.32 8.6
Specific gravity, Gs 2.62 2.66 (ASTM 2014)
Plastic limit, wp (%) - 55 (ASTM 2010Db)
Liquid limit, wy (%) - 103 (ASTM 2010b)
Grain size distribution (%) (ASTM 2010c)
Clay (<0.002 mm)? 5.62 99
Silt (0.002-0.075 mm) @ 14.18 1
Sand (0.075-2 mm) 80.20 -
Total surface area, SSA (m?/g) - 378.5
Exchangeable cation (cmol/kg) (ASTM 2010c)
Ca? 22.74
Mg** 1.41
Na* 53.39
K* 0.53
Sum 78.07

2 ®Measured using a laser particle analyzer Mastersizer 2000 (Malvern Instruments Ltd., UK)
3 PMeasured with standard #10 - #200 sieves

4  °Measured using the EGME methods according to (Cerato and Lutenegger 2002).



6  Table 2. Chemical compositions of clayed sand, OPC, GGBS and MgO by X-ray
fluorescence

Oxide Chemistry Clayey sand (%) OPC (%) GGBS (%)  MgO (%)
Cao 0.41 49.75 34.00 0.23
Al203 35.76 10.87 17.90 0.28
MgO 0.06 2.26 6.02 92.95
K20 0.15 0.75 0.64 0.01
SiO; 48.73 22.6 34.3 0.28
Fe203 6.13 3.50 1.02 -
SOz 0.07 3.84 1.64 0.45
MnO 0.11 0.24 0.28 0.01
Loss of ignition (%) 8.58 6.19 4.20 5.79




10 Table 3. Codification of investigated mix proportions (by unit weight of clayey

11 sand, %)
Category ID  Code Clayey sand Bentonite OPC  GGBS MgO
Ref Ref 100 - 5 - -
CB C5B5 100 5 5 - -
C10B10 100 10 10 - -
CS5B5 100 5 1 4 -
CSB
CS10B10 100 10 8 -
MS5B5 100 5 - 4.5 0.5
MS5B10 100 10 - 4.5 0.5
MSB MS5B15 100 15 - 4.5 0.5
MS10B10 100 10 - 9
MS10B15 100 15 - 9

12



13 Table 4. Summarization of fitting equations, moisture and density for fresh

14 backfills
Ss = aw-b Measured Measured
standard I\{Ie.asured water Dry density®, p  \oid ratio®,

Code mini-slump

a b R? slump (mm) content?, (g/cm?®) e
(mm) w (%)

Ref 31.6 410 0.99 146 48.3 17.5 1.42 0.84
C5B5 144 188 0.99 146 48.6 23.2 1.40 0.88
Cc10B10 11.7 251 0.97 149 50.0 34.0 1.38 0.89
CS5B5 13.1 154 0.95 146 48.5 23.1 1.43 0.84
CS10B10 24.0 554 0.99 150 50.5 29.3 1.42 0.87
MS5B5 27.9 516 0.96 152 51.5 23.9 1.42 0.85
MS5B10 27.3 765 0.98 154 52.3 33.6 1.36 0.93
MS5B15 26.0 975 0.97 152 51.3 34.7 1.36 0.95
MS10B10 29.2 882 0.98 153 52.4 35.4 1.37 0.94
MS10B15 26.3 807 0.96 155 52.6 36.5 1.36 0.94

15 2ASTM D2216 (ASTM 2010a)
16  *ASTM D7263(ASTM 2018b)
17 °Void ratio (e) determined by water content with the expression e = GsXpw/pq -1, where Gs is the
18  specific gravity of backfills, w is the water content, pw and pq are the density of water and dry

19  density of backfills, respectively.

20



21 Table 5. Summation of dry density (g/cm?) and void ratio for aged backfills

Code Dy density (g/cm?) void ratio (e)

Curing time 0 day 28 days 90 days 0 day 28 days 90 days
Ref 1.43 1.44 1.44 0.84 0.82 0.82
C5B5 1.40 141 1.42 0.88 0.87 0.85
C10B10 1.37 1.38 1.39 0.89 0.89 0.89
CS5B5 1.42 1.43 1.43 0.84 0.84 0.83
CS10B10 141 1.42 1.43 0.87 0.87 0.85
MS5B5 1.40 141 1.43 0.89 0.87 0.85
MS5B10 1.36 1.39 141 0.93 0.90 0.87
MS5B15 1.35 1.38 141 0.95 0.92 0.88
MS10B10 1.36 1.38 1.40 0.94 0.92 0.89
MS10B15 1.36 1.38 1.40 0.94 0.92 0.89

22



23
24

25

26

27

28

29

30

Table 6. Breakdown of embodied CO2 emission and materials cost for cutoff wall

Component
Component CO2emission (kg/t) Cost (USD/t)
OPC 870-940? 78f
GGBS 0.143° 54f
MgO 1400¢ 90f
Bentonite 0.05¢ 55f
Water <0.001 1f

@Data from Pacheco-Torgal et al., 2017
® Data from Heidrich et al. 2005

¢ Data from Mo et al. 2017

d Data from USEPA (1994)

f Average market price in Nanjing city (China) (2018)



31
32

33

Table 7. Comparison of CO2 emission and materials cost for the cutoff wall

backfills
Code Net COz emission (kg/md) Costs (USD/m?3)
Ref 54.3 4.7
C5B5 48.4 7.2
C10B10 80.7 11.8
CS5B5 10.0 6.3
CS10B10 17.2 10.7
MS5B5 7.4 6.1
MS5B10 6.3 1.7
MS5B15 5.6 9.2
MS10B10 12.0 9.8
MS10B15 115 115
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