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Abstract

Hydraulic conductivity is often used as a measure to evaluate the effectiveness of a
sealing layer material on top of mine waste. However, the most important soil parameter
minimizing the oxygen diffusion to the mine waste is the water retention capacity
(WRC) of the sealing layer, as a high saturation corresponds to a low oxygen diffusion
rate. This study shows that an amendment of Green Liquor Dregs (GLD), an industrial
residue, to a till increases its WRC and has therefore potential to be a more accurate
method to evaluate the effectiveness of a sealing layer than hydraulic conductivity.
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Introduction

Massive amounts of mine wastes are
generated all over the world. Sweden alone
generated 104-million-ton mine waste in
2018 (Avfall Sverige 2020). These wastes
need to be managed in an environmentally-,
technically- and economically sustainable
way. About 70% of the mine waste in Sweden
contain sulfide minerals (SGU and Swedish
EPA 2017) which if left in contact with
oxygen and humidity the sulfides oxidize
and may produce acid rock drainage (ARD;
Saria et al. 2006). One way to limit ARD
production is to prevent oxygen and moisture
to enter the waste (Collin and Rasmuson
1990; Bussiere et al. 2003; Dagenais et al.
2006). This can be done by applying a dry
cover. In Sweden this cover usually consists
of a sealing layer of a fine-grained material
compacted to a high density and a protection
layer on top. The availability of a clayey till
to construct a sealing layer nearby a mine
is often limited and the till can either be
improved or replaced to construct a sealing
layer. Bentonite amendments to till is one
solution to improve the sealing layer-qualities
of the local till. However, bentonite is costly
both economically and environmentally
due to time- and resource consuming

production. The use of an industrial residue
as an amendment to a local till is therefore
highly motivating. The European Union
produces 2.5 billion tons of waste each year
(Avfall Sverige 2020) and Sweden produced
139 million tons wastes year 2018, excluding
mine waste, of which about 2.9 million tons
is classified as a non-hazardous waste. Using
an industrial residue in a mine remediation
program would serve as a large benefit for the
environment, for the industry providing the
residue, and the mining industry.

In this study Green Liquor Dregs (GLD),
a fine-grained residue from pulp pro-
duction was used as an amendment to a
local till. Previous studies on mixing GLD
with till have shown promising results for
the mixtures to be used as a sealing layer,
with low hydraulic conductivity, high water
retention capacity (WRC), low oxygen
diffusion and increased compaction degree
(Hargelius 2008; Mékitalo et al. 2015a and b;
Virolainen et al 2020). Hydraulic conductivity
is often used as a measure to evaluate the
effectiveness of a sealing layer material.
However, the most important parameter
minimizing the oxygen diffusion to the mine
waste is the water retention capacity of the
material as a high saturation corresponds
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to a low oxygen diffusion rate. In general,
the oxygen flux rates become negigble when
the degree of saturation is greater than
85-90%, this since the air phase pathways
becomes discontinuous (Corey 1957) and
the oxygen is then transported through the
water phase (Aubertin and Mbonimpa 2001;
Aachib et al. 2004). One way to estimate
the water retention capacity is to use a soil-
water characteristic curve (SWCC), which
describes the water content (w) or the degree
of saturation (S, retained in the soil as a
function of the matric suction (y; Sillers et al.
2001). The matric suction required to begin
draining a fully saturated soil is called the air-
entry suction (,). The residual water content
(0,) is defined as the amount of water in the
soil that cannot be removed even at great
suction heads, due to adhesive forces between
the water molecules and the soil particles,
or to entrapment in disconnected pores.
Factors controlling the shape of the curve
are mainly the type of the soil (Fredlund and
Rahardjo 1993; Tinjum et al 1997; Sillers et
al. 2001), but also the molding water content
is an important factor (Vanapalli ef al. 1996;
Tinjum et al. 1997; Vanapalli et al. 1999).

In this study 5 to 20 wt.% of GLD from
Smurfit Kappa paper mill, Sweden was mixed
with three tills with different particle size
distributions. A maximum 20% of addition
of GLD was set as a limit in this study, as
a mixture with more GLD was shown by
Makitalo et al (2015b) to be difficult to
compact and handle, due to increased water
content above the optimum molding water
content and due to decreased shear strength.
The addition of GLD to tills was expected to
increase the WRC of the tills the more GLD
was added. The objectives of the study was to
find out (i) if GLD can improve the WRC of

till with the purpose of using the mixture in
a sealing layer on top of mine waste, and (ii)
if WRC can be used as a measure to evaluate
the effectiveness of that sealing layer.

Methods and materials

Three different tills were used in this study, a
sandy till (SaT) and two silty tills with different
clay contents (SiT1 and SiT2; Table 1). The
silty till with a lower clay content is named
SiT1 and the silty till with higher clay content
SiT2. SiT1 was collected at a till quarry at
the Brannkldppen facility in Boden, Sweden,
SiT2 from another till quarry outside Boden,
Sweden and the sandy till from Sunderbyn
outside Luled, Sweden. The GLD used in
the study derived from Smurfit Kappa paper
mill in Pited, Sweden and was collected in
sealed plastic containers to preserve the water
content of the material (TSC 43%; Table 1).

The tills were air dried and sieved through
a 20-mm sieve and particles above 20 mm
were removed, which is praxis in a material
that is to be used in a sealing layer. Particles
above 20 mm will affect negatively on the
effectiveness of materials used as a sealing
layer. The sieved tills were then mixed with
5, 10, 15 and 20 wt.% of GLD. The weight
percentage was calculated towards a dry till
and a naturally moist GLD. The GLD was kept
naturally moist (TSC 43%; Table 1) as it has
been shown by previous unpublished studies
to be difficult to rewet without affecting its
physical properties. The mixing was carried
out by hand with a small shovel until the
mixture was estimated as homogenized.

To obtain particle size distribution (PSD)
the tills were washed and dry sieved according
to SS-EN 933-1:2012. A mechanical sieve
tower (Retsch AS 200) with an amplitude of
2.2 mm/’g” and cut-off sizes 12.5, 10, 8, 5, 4,

Table 1 The total solid content (TSC), particle density, sand-, fines- and clay contents in the mixtures.

N= number of analyzed samples.

Material TSC Particle density Sand Fines Clays
(%) (9/cm?) (<2000 pum) (<63 pm) (<2 pm)
SaT 91.7+0.4 (N=9) 2.68 73% 14+1% (N=3) 0.7% (N=1)
SiT1 91.5+0.4 (N=9) 271 49% 34+5% (N=9) 2.6% (N=1)
SiT2 91.1+0.8 (N=6) 2.70 54% 35+1% (N=2) 4.3% (N=1)
GLD 43+4 (N=12) 2.63 24+29% (N=3) 76+29% (N=3) 5.4+4.1% (N=3)
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2,1,0.5,0.25,0.125 and 0.063 mm was used.
PSD for the fines (<0.063 mm) were done by
laser diftraction analysis on triplicate samples
of each material by a CILAS Granulometer
1064 (CILAS, Orléans, France). The PSD was
then calculated using the CILAS software
(Figure 1; Table 1). The total solid content
(TSC) was performed according to the SIS
standard SS-EN 14346:2007 and the particle
density of the materials was determined using
an AccuPyc II 1340 Pycnometer.

Water retention capacity was measured
with a pressure plate test using a 1500F1
Pressure Plate Extractor. The air-dried till used
in the mixtures to be tested was wetted to reach
a TSC of approximately 91%. Specimens were
compacted by hand with a metallic compactor
(2 kg) and with 25 blows in five layers of height
with the goal to reach an even compaction
between the samples and simulate standard
proctor compaction. When compaction was
done, the samples were levelled off with a
knife and weighed. The samples were placed
on saturated ceramic plates with 15 bar air
entry value, which base was connected to the
atmosphere. Gas pressure was applied in 12
increasing steps, up to a pressure of 145 mH,O
to the samples. One sample was taken out after
48 h for each pressure step and characterized
for its water content according to standard
SS-EN 14346:2007. Water retention curves
were described using van Genuchten model
(Van Genuchten 1980).

Clay silt sand

Results and discussion

The hypothesis was that the addition of
GLD would improve the WRC of those tills
that alone would not reach the requirement
of a sealing layer in Sweden (hydraulic
conductivity <10® m/s). This due to the high
initial WRC of the GLD (Maikitalo et al.
2014). The SWCC for the different till-GLD
mixtures shows that WRC does improve
with GLD addition (Figure 2; Table 2). At
85% S, the matric suction increased from
3.2 to 6 mH,0 with 15 wt.% GLD addition
to the silty till 1 (Figure 2:A-D; Table 2), 3.3
to 26 mH,0 in the sandy till (SaT) mixtures
(Figure 2:E-H; Table 2) and from 3.6 to 50
mH,0 in the silty till 2-mixtures (Figure 2:1-
L; Table 2). The more GLD that is added the
higher WRC is achieved in the mixtures. To
minimize oxygen diffusion to the mine waste
the sealing layer should be kept at a saturation
degree of at least 85% (Corey 1957, Aubertin
and Mbonimpa 2001; Aachib et al. 2004;
Virolainen et al. 2020) and with 15 wt.% GLD
addition to the tills a high saturation is kept
even at high suction (Figure 2).

This study indicates an increase in
WRC the more GLD is added to the tills
(i.e. increasing V,s; Table 2). However, due
to compaction difficulties as a result of a
water content above the optimum molding
water content, more than 20 wt.% is not
recommended if the GLD is not dried before
mixing it with till.
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Figure 1 Particle size distribution curves (PSD) of the three different tills (SaT, SiT1 and SiT2) and the GLD.

Pope, J.; Wolkersdorfer, C,; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

339



@ IMWA 2022 - "Reconnect"

uonIppe g19 Suiseasou|

N

1E+3

Finer till >
A) 5aT-0 E) SiT1-0 1) SiT2-0
120%
100% - TET= . 100% §----~ -® st
% ] 100% >
N
T
80% o 80% & 0% -
60% s 60% "u il
) . L} ~
A ' & .I‘E = & 60% 3pi ;\.
0% H 40% i 40% % . .
@ 1l
20% Poss g ----- 20% 20%
0% ; — 0% 0% -
1E-1 1E+0 1E+1 1E+2 1E+3 1E-1 1E+0 1E+1 1E+2 1E+3 1E-1 1E+0 1E+1 1E+2
¥ (mH20) § (mH:0) § (mH20)
B) 5aT-5 F) SiT1-5 1) SiT2-5
£ TIIM TTI TT T 00 YR REE 120%
100% B-—-s 100% - - p---L_
b M 100% o< m
80% 80% [ "
\ ‘m BO% a—
\ i‘ e
5 60% »; = 60% ‘\\ P sl .
A el
40% L ams 7 &
- cH® 40% ~E
ol ryl
T 20% J
it Yo g o 1170 20%
0% 0% 0% -
1E-1 1E+0 1E+1 1E+2 1E+3 1E1 1E+0 1E+1 1E+2 1E+3 1E-1 1E+0 1E+1 1E+2 1E+3
§ (mH20) § (mH:0) ¢ (mH20)
C) SaT-10 G) 5iT1-10 K) SiT2-10
=== 120%
i - ®
100% ~q 100% ’-\r I ST <
o e 100% T
80% T a® 80% ] s &
® ‘!\. u 0% 1 s
Iy i N
& 50% Lt g5 90 {, . & 60% - te
LI LA i
40% i 0% dagl a% o
e "~ L ~d
20% LR 20% == 20%
0% 0% 0%
1E-1 1E+0 1E+1 1E+2 1E+3 1E1 1E+0 1E+1 1E+2 1E+3 1E1 1E+0 1E+1 1E+2 1E+3
§ (mH20) ) (mH:0) § (mH20)
D) SaT-15 H) $iT1-15 L) SiT2-15
== L. 120%
i 01 O 1) N S o i 71114 $ - ——=
100% - 1
oo e b 100% To, ®o
80% TeVe e )}
® "y 80% 1] a 80% S
5 60% T oe0% T?E 5 60% e
N
40% 40% e 40% 7
20% 20% Lh S 20%
0% - 0% r 0%
1E-1 1E40 1E41 1E42 1E43 1E-1 1E+0 1E+1 1642 1E43 1E-1 1640 1E41  1E#2 1E+3
¥ (mH20) $ (mH20) ¥ (mH0)

Figure 2 WRC in the mixtures of GLD and sandy till (SaT; A-D), silty till 1 (SiT1; E-H), and silty till 2 (SiT2;
I-L). On the x-axis is the matric suction Y (mH,0) on the y-axis the water saturation. Each mixture has been
run 1-3 times and each run is marked with a different geometric figure in the graph. The red line is from the
van Genuchten equation, best fit, and the black line represent 85% water saturation. 0 m suction is in the
graphs 0.1 m suction due to the logarithmic scale

According to a study conducted by Jia et al.
(2019), GLD could be dried without affecting
physical properties
regarding hydraulic conductivity and WRC.
However, this needs further investigations
because it is difficult to achieve in field
and should be done before transportation
to the mine site. This is however worth
consideration as the residue becomes more
attractive to the mining industry both in

its

after

rewetting,

view of transportation costs, due to the high
water content of the GLD leading to a higher
weight than when the material is dried, but
also due to the increased effectiveness of the
sealing layer with higher amounts of GLD in
the mixtures. A previous study by Mékitalo
et al. (2016) has shown that GLD in its own
lacks long term stability in slopes due to its
low shear strength, indicating that the GLD
amendment should not be too high. The
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Table 2 Key parameters in the SWCC; Van Genuchten parameters (m; n; o), matric suction for 85% S, (y85),
air entry suction (y, ), residual suction (y,), residual water content (0,), and saturated water content (6,).

W5 W, v, 0, 0, n m a
SaT-0 34 2.8 6.3 0.06 0.35 6.5 0.85 0.25
SaT-5 1.7 1.2 14 0.06 0.338 1.9 0.80 0.3
SaT-10 4.1 1.5 0.02 0.36 14 0.29 0.3
SaT-15 25 0.9 0.005 0.37 1.1 0.09 0.5
SiT1-0 32 25 10 0.025 0.34 3.5 0.71 0.22
SiT1-5 4 2 45 0.03 0.36 1.9 0.47 0.2
SiT1-10 4.7 23 40 0.07 0.36 2 0.50 0.19
SiT1-15 53 25 50 0.06 0.37 1.8 0.44 0.19
SiT2-0 26 0.09 0.34 1.5 0.33 0.9
SiT2-5 8.4 0.01 0.34 1.28 0.22 0.1
SiT2-10 15.7 0.00001 0.34 1.37 0.27 0.04
SiT2-15 20 0.005 0.34 3 0.67 0.012

hysteretic effect is also a parameter that is
worth taking in consideration, as it might
impact the interpretation of the SWCC and
the actual WRC of the mixtures studied. The
hysteretic effect will cause greater matric
suction for drying than for wetting for the
same water content (Tinjum et al. 1997),
and the v, will thus be higher in field than
the laboratory experiments indicates, i.e.
the required 85% S, will be held for greater
suction giving a higher WRC.

Conclusion

An amendment of GLD to a till that alone
would not meet the commonly used
requirements for a sealing layer in Sweden,
i.e,, hydraulic conductivity <10® m/s, was
shown to increase the WRC of the material
and can keep a high saturation (>80%) even
with high matric suction (up to 25 mH,O;
SaT-20, Table 2). This suggest that GLD
can beneficially be used in a sealing layer in
mine site remediation. Even if the hydraulic
conductivity does not reach the requirements
for a sealing layer with GLD addition
(results from a previous study by Nigéus
et al. 2018), the water retention capacity
increases the more GLD is added to the till.
Usually hydraulic conductivity is used as a
parameter to determine the quality of the
sealing layer in Sweden, however this study
shows that the water retention capacity is an
important factor preventing oxygen diffusion

to the mine waste by keeping the sealing layer
saturated. It can therefore be said to have
potential to be a more accurate method to
evaluate the effectiveness of a sealing layer.
In future studies it would be of interest
to connect WRC with actual results from
oxygen diffusion, to predict oxygen diffusion
through a sealing layer and also to be able
to retrieve a regulation value for WRC, i.e.
Vg, in a sealing layer material, as there is for
hydraulic conductivity in Sweden. Recycling
of GLD in mine remediation is a procedure
to strive for as it is beneficial for not only the
mining company, but also the pulp and paper
industry as it minimizes the waste landfilled.
The use of an industrial waste as a product
is however challenging as there is a great
variability in its chemical compounds and
physical properties. GLD varies both between
industries, but also between batches, within
the same industry (Nigéus et al. 2018). This
creates a challenge when the waste is to be
used as a product, as it is difficult to predict
its chemical and physical properties which in
turn affects its effectiveness.
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