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ABSTRACT: This study presents the results of several oedometer tests to investigate the compression index (Cc) and k of clayey soilbentonite backfills exposed to lead (Pb), which is frequently encountered in contaminated groundwater and subsurface soils. Cc and
k are two important parameters in the design practice of soil-bentonite slurry-trench cutoff walls. The results demonstrate that Pb
contamination has resulted in significant decrease in Cc while increase in k of clayey soil/Ca-bentonite backfills for slurry-trench
cutoff walls. The extent of changes in these two properties is crucially affected by Pb concentration. A systematic analysis of the test
results from this study and previous studies is made to develop generalized methodology for predicting the Cc and k of metalcontaminated soils. The results are very useful in exploring long-term contaminant containment performance of clayey soil/Cabentonite slurry-trench walls.
RÉSUMÉ: Cette étude présente les résultats de plusieurs essais oedométriques pour enquêter sur l’indice de compression (Cc) et k de
sol-bentonite argileux remblais exposés au plomb (Pb), qui se rencontre fréquemment dans les sols sous la surface et des eaux
souterraines contaminées. Cc et k sont deux paramètres importants dans la pratique de la conception des murs coupure de solbentonite-tranchée à boue lourde. Les résultats démontrent que contamination Pb a entraîné une diminution significative dans Cc
tandis qu’augmentation k d’argileux remblais de sol/Ca-bentonite pour murs coupure de lisier-tranchée. L’étendue des changements
dans ces deux propriétés est fondamentalement affectée par concentration de Pb. Une analyse systématique des résultats de cette
étude et les études antérieures faite d’élaborer une méthode généralisée pour prédire la Cc et k des sols contaminés aux métaux. Les
résultats sont très utiles dans l’exploration de rendement à long terme du confinement contaminant des murs argileux sol/Cabentonite-tranchée à boue lourde.

1

INTRODUCTION. FIRST LEVEL HEADING

Heavy metal contaminated groundwater and subsurface soil are
critical problems in developing countries like China and India.
Soil-bentonite slurry-trench cutoff wall is considered as both
interim and permanent remedial action for contaminated
groundwater and subsurface soil containment. The soilbentonite backfill typically consists of excavated in-situ sandy
soil and bentonite, and it is mixed with bentonite-water slurry to
achieve required workability and low hydraulic conductivity
(e.g., k < 10-9 m/s). High quality sodium bentonite (Nabentonite) is usually used to make the backfill because of its
low k. However, such high quality Na-bentonite is scarce while
calcium bentonite (Ca-bentonite) is abundant in some regions
including China, India, and Turkey (Fan et al. 2014). Thus,
clayey soil/Ca-bentonite mixture is considered as an alternative
backfill. Previous studies indicate that the k of clayey soil/Cabentonite backfill is generally less than 10-9 m/s (Du et al. 2015;
Fan et al. 2014).
The chemical compatibility is an important consideration for
all engineered barriers including compacted clay liners,
geosynthetic clay liners (GCLs), and soil-bentonite backfills in
geoenvironmental applications. The chemical compatibility is
defined as the degree of change in engineering properties due to
contaminant exposure. The compression index (Cc) and k are
mainly considered in design as they determine the deformation
and containment performance. The Cc and k are dependent on

both engineered barrier material and chemical solution
properties. In sum, it can be concluded that salt solutions (e.g.,
CaCl2 and Cu(NO3)2) with medium to high metal
concentrations (e.g., 100 mmol/L) results in a considerable
decrease in compressibility and increase in hydraulic
conductivity (e.g., 4 to 100-folds) for a given bentonite, GCL,
and sand/Na-bentonite backfill (Yong et al. 2009; Malusis and
McKeehan 2013; Shackelford et al. 2014). However, to date,
studies on the impact of salt solution, especially for heavy metal
contaminant exposure, on the compressibility and hydraulic
conductivity of clayey soil/Ca-bentonite backfills are non-exist.
The objective of this study is to investigate the impact of
heavy metal contamination on the compressibility and hydraulic
conductivity of clayey soil/Ca-bentonite backfills via a series of
oedometer tests. A systematic analysis of the test results from
this study and previous studies is made to develop generalized
methodology for predicting the Cc and k of metal-contaminated
soils using property indexes.
2 MATERIALS AND METHODS
Lead nitrate (Pb(NO3)2) is selected since lead (Pb) is a
representative heavy metal contaminant commonly found in
contaminated groundwater and subsurface soil. The Pb
concentrations are set as 60, 120, and 600 mmol/L, which are
consistent with the range of metal concentration used in

- 3299 -

Proceedings of the 19th International Conference on Soil Mechanics and Geotechnical Engineering, Seoul 2017

Table 1. Properties of kaolin and Ca-bentonite
Properties
Kaolin
Bentonite
Specific gravity, Gs
2.66
2.73
Liquid limit, wL (%)
29.1
331.4
Plastic limit, wP (%)
19.5
88.2
Classification
CL
CH
Specific surface area, Ss (m2/g)a
45.7
378.5
a
Measured via the EGME method (Cerato and Luteneggerl 2002)

The bentonite content (BC) of the base (i.e., sand-bentonite)
mixtures are 5, 10 and 15% (dry weight basis). The BC value is
defined in accordance with previous studies (Malusis et al. 2009;
Fan et al. 2014). The range of BC encompasses the typical
range of Ca-bentonite content for use in practice (Fan et al.
2014). The Pb-contaminated base mixtures are prepared by
mixing Pb(NO3)2 solution with clean base mixture at a soil-toliquid ratio of approximately 1:1.5. The mixtures are then left
for 20-days curing. After curing, the pore liquid of the base
mixtures is collected by solid-liquid separation through
centrifugation, and then used for preparing backfills subjected
to liquid limit (wL) and oedometer tests.
The Pb-contaminated backfills for a given BC value and Pb
concentration are prepared with two different initial water
contents (w0) for the oedometer tests, which are denominated as
Model A and Model B backfill. The w0 for the Model A backfill
is set at wL of the corresponding Pb-contaminated backfill. The
Model B backfill are prepared with w0 being equal to the wL of
the corresponding clean (uncontaminated) backfill, whose w0
meets the recommended slump value (100 to 150 mm). The
backfill is designated as BiPbjA or BiPbjB to denote a Model A
or Model B backfill with the bentonite content of i% and mixed
with j mmol/L Pb(NO3)2 solution. The w0, wL, specific surface
area (Ss), and compression index (Cc) of all samples tested in
this study are presented in Table 2.
The oedometer tests are conducted in accordance with
ASTM D 2435 (ASTM 2011). Oedometer cell is made of
polyvinyl chloride (PVC) with Teflon smeared at the inner side
of the cell. The backfill samples are immersed in their
corresponding pore liquid collected in the solid-phase
separation stage during the test. The k of backfills is evaluated
using the measured oedometer data according to the Terzaghi’s
one-dimensional consolidation theory.
3

RESULTS AND DISSCUSSION

The resulting Cc values for all backfills are presented in Table 2.
The results demonstrate that the compression index (Cc) of the
Pb-contaminated backfills is governed by Pb concentration, BC,
and w0. The Cc decreases with increasing Pb concentration, and
such change in Cc is more noticeable for the backfill with a
relatively higher BC and w0 (i.e., Model B backfill). To better
understand the overall impact of metal concentration on the
compressibility, Figure 1 shows the relationship between metal
concentration and compression index ratio (CR) in this study
and previous studies (Mishra et al. 2005; Yong et al. 2009;
Shariatmadari et al. 2011). The CR is defined as the ratio of the
Cc of the contaminated soil to that of the corresponding clean
one. It is found that CR decreases with increasing Pb
concentration, and the change tends to be insignificant when Pb
concentration is higher than 100 mmol/L. In addition, CR tends
to decrease with increasing BC at a given metal concentration.
The CR of B10 and B15 backfills decrease by 13% to 22% and

37% to 51%, respectively, as compared with B5 backfills for a
given Pb concentration.
Table 2. Measured initial water content (w0), liquid limit (wL), and
compression index (Cc) and estimated specific surface area (Ss) of all
backfill samples tested in this study
Backfill ID
w0 (%)
wL (%)
Ss (m2/g)
Cc
B5Pb0
41.8
43.9
85.6
0.290
B5Pb60A
37.2
37.2
69.3
0.223
B5Pb120A
35.7
36.9
61.2
0.218
B5Pb600A
33.2
34.9
53
0.189
B5Pb60B
44
37.2
69.3
0.256
B5Pb120B
43.9
36.9
61.2
0.246
B5Pb600B
41.7
34.9
53
0.248
B10Pb0
51.1
53.3
122.3
0.406
B10Pb60A
40.3
40.8
95.6
0.277
B10Pb120A
39
39.8
81.6
0.255
B10Pb600A
54
38.4
72.5
0.255
B10Pb60B
52.1
40.8
95.6
0.312
B10Pb120B
50.3
39.8
81.6
0.303
B10Pb600B
52.8
38.4
72.5
0.285
B15Pb0
62.7
61.7
175
0.613
B15Pb60A
48.6
46.9
134.6
0.344
B15Pb120A
43
43.1
105.9
0.306
B15Pb600A
40.4
41.7
93.8
0.289
B15Pb60B
60.3
46.9
134.6
0.400
B15Pb120B
60.7
43.1
105.9
0.375
B15Pb600B
63.3
41.7
93.8
0.361
1.0

Compression index ratio, CR

previous studies (Lee et al. 2005; Yong et al. 2009; Malusis and
McKeehan 2013).
The clayey soil/Ca-bentonite backfills tested in this study
consist of kaolin and Ca-bentonite. The properties of the kaolin
and Ca-bentonite tested as per ASTM standards are presented in
Table 1.

0.8
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Yong et al. 2009
Monovalent transition metal
Shariatmadari et al. 2011
Mishra et al. 2005
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Shariatmadari et al. 2011
Mishra et al. 2005

0.6

0.4

0.2

1

10

100

1000

Metal concentration, C (mmol/L)

Figure 1. Relationship between metal concentration and CR of the
backfill tested in this study, and soil-bentonite mixture and clays
reported in previous studies

Fan et al. (2014) indicate that the influences of BC and w0
on the Cc values of various types of clean soil-bentonite
backfills can be described using the void ratio at σ′ = 1 kPa (e1)
(see Figure 2). Figure 2 presents the relationship between e1 and
Cc on a logarithmic scale for the backfills tested in this study
and metal-contaminated clays reported in previous studies
(Chen et al. 2000; Mishra et al. 2005; Yukselen-Aksoy et al.
2008; Yong et al. 2009; Horpibulsuk et al. 2011). The Cc - e1
relationship for all metal-contaminated soils determined using a
Least-Square-Root method displays a unique linear shape,
which can be expressed by Eq. (1) with a coefficient of
determination (R2) of 0.988. Eq. (1) is similar to that of clean
soil-bentonite backfills reported by Fan et al. (2014). Moreover,
a linear regression analysis indicates that the e1 can be well
predicted using measured initial void ratio (e0) and void ratio at
liquid limit (eL), which is well represented by Eq. (2) with R2
value of 0.979. The predicted e1 values (e1, p) fall in the range of
0.7 to 1.4 times the e1 value obtained from the oedometer test as
shown in Fig. 3.
Cc  0.339e1  0.23
(1)

e1  0.85eL  0.8e0  0.67
(2)
Figure 4 shows the relationship between metal concentration
and k of the backfills tested in this study and metalcontaminated soil-bentonite mixtures with w0 of wL and
sand/Na-bentonite backfills in previous studies (Mishra et al.
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2005; Malusis and McKeehan 2013). The corresponding void
ratio (e) of k is set at 0.8 to 1.0 for a reasonable comparison. It
is found that the k values of the backfills with Pb concentration
of 60 mmol/L are less than the commonly recommended value
of 10-9 m/s, whereas the k values of the backfill with Pb
concentration higher than 60 mmol/L exceed this limit value
when void ratio ranges from 0.8 to 1.0. In addition, the backfills
with BC of 10% and 15% shows approximately the same k
value with those of typical sand/Na-bentonite backfill reported
by Malusis and McKeehan (2013) for a given range of metal
concentration, indicating that the clayey soil/Ca-bentonite
backfill with an appropriate BC can possess comparable k in
metal solutions. From the resulting k - metal concentration
relationship it is noticed that there exists a threshold
concentration of 50 to 120 mmol/L, beyond which change in k
of the samples tested in this study and previous studies (Mishra
et al. 2005; Malusis and McKeehan 2013) with metal
concentration is found to be insignificant. In contrast, when the
metal concentration is lower than 50 mmol/L, the k value
increases considerably with increasing metal concentration.

Compreesion index, Cc

10

Cc = 0.339e1 - 0.23
2

R = 0.988
1

2

Cc = 0.13e1 + 0.056e1
Fan et al. (2014)

0.1
0.5

1

This study
Horpibulsuk et al. 2011
Yong et al., 2009
Yukselen-Aksoy et al. 2008
Mishra et al. 2005
Chen et al. 2000

10

0.9, whereas HCR decreases considerably with increasing LLR
when LLR is < 0.9. In addition, the HCR tends to increase with
increasing e for a given LLR, which is more noticeable for a
relatively higher e. This indicates that a relatively higher e tends
to deteriorate the chemical compatibility in terms of k. With the
consideration of influence of e on the HCR - LLR relationship,
the HCR - LLR relationship determined using non-linear
regression analysis is expressed by Eq. (3) with R2 value of
0.628. The predicted HCR value (HCRp) is generally in the
range of 0.33 to 3 times the evaluated HCR value, as presented
in Fig. 7. It is noted that Eq. (3) is developed based on the data
with LLR in a range of 0.65 to 1.0. Further study is suggested to
explore the HCR - LLR relationship when the LLR value is
lower than 0.65.
(3)
HCR  1.5  LLR28.5e
Several methods for predicting k of clean soils have been
developed based on Kozeny-Carman (KC) equation (Chapuis
2012). In this study, a simplified form of the KC equation is
applied to predict k of the backfills tested in this study and
metal-contaminated soils reported in previous studies (Mishra et
al. 2005, 2006; Horpibulsuk et al. 2011):


e3
(4)
log  k   Alog  2 2
 +B
 Gs Ss 1  e  
where A and B are proposed coefficients for the equation; e is
the void ratio; Gs is the specific gravity; Ss is the specific
surface area, and a proposed empirical equation of 1/Ss =
1.3513/wL - 0.0089 is used when Ss values are not available
(Chapuis and Aubertin, 2003).
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Figure 2. Relationship between e1 and Cc of the backfill tested in this
study, and soil-bentonite mixture and clays reported in previous studies
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Figure 4. Relationship between metal concentration and k of the
backfill tested in this study, sand/Na-bentonite backfill and soilbentonite mixture reported in previous studies
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Figure 3. Predicted e1 values versus evaluated values

Figure 5 presents the relationship between wL and k
corresponding to e of 0.9 to 1.0 for the backfills tested in this
study and Na, Ca, and Mg-contaminated soil-bentonite mixtures
in Mishra et al. (2005, 2006) and Shariatmadari et al. (2011) as
well as Ca/Na-contaminated natural clay in Horpibulsuk et al.
(2011). The results clearly indicate that k increases with
decreasing wL of Pb-contaminated backfills. Similar wL - k
relationship is also found in the previous studies for other
metal-contaminated soil-bentonite mixtures and clays reported
by Mishra et al. (2005, 2006), Horpibulsuk et al. (2011), and
Shariatmadari et al. (2011). Unique wL-k relationship for
various metal-contaminated soils is however not found.
Liquid limit ratio (LLR), defined as the ratio of wL of the
contaminated soil to that of the corresponding clean one, is used
to assess the change in k of bentonite in salt solutions (Lee et al.
2005). In this study, attempt is made to derive the relationship
between LLR and hydraulic conductivity ratio (HCR) of the
backfills tested in this study and metal-contaminated clays in
previous studies (Mishra et al. 2005, 2006; Shariatmadari et al.
2011) for a given range of e, as shown in Fig. 6. HCR is defined
as the ratio of the k of the metal-contaminated soil to that of the
corresponding clean one. It is found that change in HCR is
insignificant with respect to LLR which exceeds approximately
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Figure 5. Relationship between wL and k of the backfill tested in this
study, and soil-bentonite mixtures and clays reported in previous

Figure 8 presents the relationship between e3/[Gs2Ss2(1+e)]
and k. The result indicates that the preconceived linear logk loge3/[Gs2Ss2(1+e)] relationship is tenable, and it is expressed
by Eq. (5) with R2 value of 0.721 using a Least-Square-Root
method. Figure 9 shows that the predicted hydraulic
conductivity (kp) values generally fall in the range of 1/3 to 3
times the evaluated k values, indicating the proposed method is
promising in predicting k of metal-contaminated soils.


e3
(5)
log  k   1.46log  2 2
  1.75
 Gs Ss 1  e  
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property indices. The proposed equations are very useful for
preliminary evaluation of compressibility and hydraulic
conductivity of metal-contaminated clays and engineered soils
including soil-bentonite mixtures and sand/Na-bentonite
backfills.
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Figure 6. Relationship between LLR and HCR of the backfill tested in
this study and soil-bentonite mixtures reported in previous studies
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