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Abstract

Leaching through natural soil deposits manifests in form of modifications in mechanical parameters of the host soil.
One of the outcomes of strength reduction in soils due to leaching is slope instability which is exhibited in the form of
sliding. In this study, a series of chemical, physical and mechanical tests have been carried out to investigate the effect
of leaching on the stability of a clay slope in north of Iran. Results show that leaching removes the soluble salts from
the soil, leaving porous and unstable structure. Leaching causes reduction of the mechanical properties of the host soil
including deformation and shear strength parameters in drained and undrained conditions. Results of the laboratory
tests revealed that leaching has given rise to more than 30% reduction in the plasticity index, 10% decrease in the dry
unit weight and 45% decline of the unconfined compressive strength of the host soil. The leaching-induced diminution
of the mechanical performance of the host soil is geared to have some slope instability implications by exhibiting a

maximum of 50% reduction in the slop stability safety factor.
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1 Introduction

So far, a few researches have been devoted to the effect
of salts on the physical and geotechnical behavior of soils
[1, 2]. Leaching, ion exchange, post-depositional change in
pore fluid chemistry and removal of fine particles from the
soil skeleton can result from the percolation of different
fluids through a deposit. This may cause marked changes
in the forces between colloidal particles [3]. In other words,
leaching causes salt reduction or removal from the soil
structure which in effect reduces the electrical conductiv-
ity (EC) of the saturated soil [4, 5].

Ismael [5] carried out laboratory and field leaching
tests on a gypsiferous sandy silt soil. He studied on
the Persian Gulf coastal saline soil, considered to be
ML according to the unified classification system and

containing salts such as gypsum and anidride in its
structure. Results indicate that leaching has resulted in
increased permeability, void ratio, and compressibility,
and a reduction in the pre-consolidation pressure. The
triaxial test results showed a decrease in the drained
strength parameters due to the leaching. Field leaching
resulted in reduction in the dynamic cone penetration
resistance [5]. Guarniery et al. [2] conducted leaching
tests on two different Italian soils and showed that the
salination action greatly increased liquid limit and shear
resistance [2]. Sridharan et al. [6] showed that the influ-
ence of fluoride on montmorillonites by the aluminum
ion extraction from the clay lattice structure results in
reduction of the liquid limit and specific gravity and
increase of the void ratio for bentonite and montmoril-
lonite clays. Lebron et al. [7] evaluated the calcareous
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saline-sodic soils and indicated that the liquid limit
decreased by 25% in average when the EC decreased
from 40 to 2 mmohs/cm. Anson et al. [8] carried out
leaching with calcium chloride solution on the sodium
kaolinite and montmorillonite clays and showed that
increasing the Ca%* concentration and replacing Na*
ions enhances the liquid limit. Also, a reduction in the
residual shear strength was resulted due to the cation
exchange. The effect of leaching on the properties of
cemented sand deposits was examined by Ismael et al.
[9]. Samples taken from two sites in Kuwait with differ-
ent cementation levels were investigated. Their results
indicated increased compressibility and a reduction of
c and ¢ due to the leaching process. The leaching was
examined in Strait of Canso’s sediments in Canada, indi-
cating a reduction in strength parameters, Skempton’s
parameter and elasticity modulus [10]. A comparative
study has been made on Indian fly ash by Das [11] show-
ing that a reduction in Ca%* ion results in the reduction
of the unconfined compressive strength and modulus
of elasticity. A virgin Sabkha deposit placed in eastern
Saudi Arabia was investigated by Sabtan [12]. He found
that the increase in the moisture content and removal
of salts from the Sabkha soil reduces the SPT (N) values.
Deng and Tikalsky [13] investigated the effect of
leaching on the waste foundry sand and showed that
leaching and removal of the heavy metals results in a
modification of some geotechnical parameters such as
unconfined compressive strength and permeability.
Tran et al. [14] investigated the effect of minerals dis-
solution on the mechanical strength properties of sandy
soils. They showed that dissolution of salts as the soluble
particles fraction gives rise to a reduction in the coordi-
nation number and increasing the local voids within the
mixture. These will in turn, bring about the peak shear

Fig. 1 Picture of the case study
location in north Iran
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strength to decrease, and the compressibility character-
istics during direct shear loading changing from dilative
to contractive state.

Asghari et al. [15] studied the geotechnical and
physical properties of gypseous soils in the Southern
Mashhad Metropolitan Area, Iran. Changes in the men-
tioned parameters were investigated through a 5-day
leaching process. The results indicated that extensive
dissolution and removal of gypsum bonding from soil
skeleton, change soil chemical composition and there-
fore decrease the soil stiffness and strength parameters,
accompanied by EC reduction.

Abduljauwad et al. [16] studied the leaching pro-
cess on the saline soils in Persian Gulf with distilled and
brackish water. They discovered that leaching with dis-
tilled water gives rise to an increase in permeability in
order of 120% and 9% in constant head and falling head
tests, respectively [16].

Lately, Tran et al. [14], by studying on sandy soils
containing soluble mineral particles, revealed that
the particle dissolution has substantial influence on
the shear strength, deformation, and fabric change.
However, reviewing the literature, it can be obviously
understood that little attention was paid to clays while
many researchers have studied sandy soils behavior.
Very recently, Daraei et al. [17] elaborated on the effec-
tiveness of different cementitious materials including
cement, quicklime, gypsum, and NaCl in improving the
geotechnical properties of problematic soils. In this
paper, a series of laboratory tests were carried out to
investigate the leaching-induced shear strength param-
eters change. For this reason, a case study was chosen
to elaborate on the effect of the leaching process on
the stability of a prone-to-failure existing earth slope,
located adjacent to a water conveyance canal.
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2 Statement of the problem

In the current study, a backfill overlooking the right Sang-
ar's canal located in city of Rasht in north Iran was selected
as a case study (Fig. 1). The right Sangar’s canal plays a vital
role in supplying water for both drinking and irrigation
purposes. Part of its side bank slopes has undergone slid-
ing failure which as such has led to the collapse of some
concrete toe slabs as shown in Fig. 2.

3 Experimental studies

The clay considered in this study, was obtained from the
right Sangar’s canal site located in north of Iran. Physical
characteristics of the soil have been presented in Table 1.
Figure 3 illustrates the gradation curve for the local soil
under study.

Chemical, physical and mechanical tests have been car-
ried out to substantiate different behavioral parameters of
the parent material. Table 2 illustrates a list of the experi-
ments carried out along with the respective standards. The
results of the chemical composition tests are provided in
Table 3. It is noted that high concentration of Na* and
ClI™ is somehow reflecting the salinity of the original local
soil before applied by the leaching process. Furthermore,
chemical tests have been performed to determine the
electrical conductivity (EC) of the host clay soil. It repre-
sents the total salts or salinity contents of the host soil.

3.1 Electrical conductivity

In order to determine EC according to Paye et al.[18], 500 g
of the soil with particles finer than the sieve No. 10 was

Fig.2 The slope instability in the right Sangar’s canal bank

Table 1 Index characteristics of the clay

Consistency limits D5, (mm) G Type of soil
LL (%) PL (%) P1 (%)
38 26 12 0.03 2.64 CL

saturated with distilled water. The soil was then soaked
for 24 h to allow solubility of the total salt. Water was
extracted afterward using a funnel, a filter paper, and a
suction flask. Inserting electrodes in the substance in 25 °C
rendered the EC values. EC values recorded in nonstandard
temperatures can be corrected from Eq. 1.

EC,s = EC; — 0/02(T — 25)EC, 1)

where EC;indicates the electrical conductivity in tempera-
ture T.

Obviously, the higher the saturation level of the soil, the
higher EC values are expected due to the higher solubility
potential.

For the considered soil, EC was calculated 17.94 mmohs/
cm. Then, the soil underwent the leaching process, accom-
panied by the salt reduction/removal from the soil struc-
ture, exhibiting noticeable EC reduction.

3.2 Sample preparation

The value of EC of the original soil was measured
17.94 mmohs/cm. Then, to apply leaching, the soil was
placed in a special container. The leaching process resulted
in salt removal and EC reduction in the soil. The soil on the
leaching process was categorized into 8 samples (A, B, C,
D, E, F, G, H) which possess different EC values. Sample A is
the natural soil and sample H is the one undergone a com-
pleted leaching operation. Soil samples as listed in Table 4
are prepared in standard proctor mold to investigate their
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Fig. 3 Gradation curve of the soil under study
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Table 2 Physical and mechanical tests conducted

Type of test Gg Void ratio and dry

density

Atterberg limits  Hydraulic conductivity Unconfined compres-

Direct shear test
sive strength

Standard ASTM D854-87 ASTM D1556-82

ASTM D4318-87 ASTM D2434-87

ASTM D2166-87 ASTM D3080-90

Table 3 Chemical composition of the soil under study

Na+ (meq/100 g Ca®" (meq/100 g Mg?* (meq/100 g So3 (meq/100 g soil) CI™ (meq/100 g soil) PH EC(mmhos/cm) SAR
soil) soil) soil)
1.6 0.006 0.006 0.7 85 17.94 20.42
Table 4 Test scheme adopted Samples A B c D E E G H
in the current study

Leaching time (day) 0 5 10 15 20 25 30 35

EC (mmohs/cm) 17.94

9.12 742 6.45 244 1.78 0.85 0.72

Fig.4 UC samples prepared in
different moisture contents; a
dry; and b wet

(a)

compaction characteristics. Unconfined compression test
samples were then prepared in optimum moisture con-
tents. The prepared UC samples were tested under two
different wet and dry conditions, but both in optimum
compaction state (Fig. 4). Furthermore, standard direct
shear tests were carried out on the same samples under
drained and undrained conditions.

4 Results and discussion

As confirmed from Table 4, the leaching process gives rise
to the reduction of the electrical conductivity. Having cal-
culated parameters of the soil for each sample, changes of
the parameters had been investigated and profiled due to
the salt removal from the host soil. Indeed, the salt elimi-
nation through the leaching process is reflected in form of
the changes in different physical and chemical parameters
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(b)

of the soil. Table 5 provides the effects of the salinity reduc-
tion on the physical parameters of the host soil.

Results of the unconfined compression tests on the
samples undergone with the leaching process in two
different dry and wet conditions are shown in Fig. 5. In
general, it is observed that the unconfined compressive
strength is highly correlated with the electrical conduc-
tivity of the soil samples which in turn is direct reflection
of the salt content. It is further noted from Fig. 5 that the
unconfined compressive strength of the samples com-
pacted at optimum compaction state bears higher values
in dry state than compacted in optimum moisture con-
tent. It is worth mentioning that the water infiltration has
proven to contribute both directly and indirectly to the
shear strength diminution of the host soil containing solu-
ble minerals.

Elastic deformation modulus in unconfined condi-
tion was calculated from the unconfined compres-
sion test results and reflected in Fig. 6 for two different
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Table 5 Physical parameters

variation through leaching Samples A B < - £ F ¢ H
process LL (%) 38.7 344 325 30.2 29.2 28.8 283 28
PL (%) 26.4 23.1 221 211 20.5 20.2 19.8 19.4
Pl (%) 12.3 11.3 10.4 9.1 8.7 8.6 8.5 8.5
G, 2.64 2.62 2.62 2.62 2.61 2.61 2.61 2.61
e 0.60 0.65 0.70 0.72 0.75 0.78 0.8 0.81
Y4 (@/cm?) 1.65 1.59 1.54 1.52 1.49 1.47 1.45 1.44
K (cm/s)x 1077 2.15 2.28 2.34 2.98 3.42 3.91 4.09 4.23
1.6 Table 6 Results of direct shear tests on the samples underwent the
leaching process
- e Samples  C., (kg/cm?) @cu () Cop (kg/em?) @cp () dcy ()
g 12 A 037 9.1 0.110 235 9.1
% B 0.31 6.5 0.070 200 65
C 0.28 6.1 0.057 17.0 6.1
> 0.8 D 0.26 55 0.050 165 55
- .0 E 0.22 4.6 0.041 14.5 4.6
3 0.6 F 0.19 4.6 0.037 14.2 4.6
E o G 0.18 45 0.034 138 45
g 04 ®Dry . H 0.17 45 0.030 133 45
E O Wet O™
0.2 O'®
0 soil substantially declines through the infiltration of the
20.0 15.0 10.0 5.0 0.0

Electric:

Conductivity (mmhos/cm)

Fig. 5 Unconfined compressive strength changes due to the leach-
ing in extreme soaking states

00.(
xxxx

Elastisity modulus (kg/cm?)

Electrical conductivity (mmhos/cm)

Fig.6 Elasticity modulus changes due to the leaching process in
wet and dry conditions

conditions of dry and optimum moisture content. Similar
to the findings on unconfined compressive strength, it is
observed that the deformation characteristics of the host

water, resonated by dissolution of the contained salts and
minerals.

Furthermore, direct shear test was opted to elaborate
on the shear strength properties changes due to the leach-
ing process. For this reason, two different drainage condi-
tions were adopted during the shearing process. For both
sets of tests, the samples were consolidated during the
overburden pressure application. Table 6 provides infor-
mation on the shear strength parameters in two different
drainage conditions. Drained and undrained cohesion and
internal friction angle are listed in Table 6 for samples with
different leaching period. It is obvious that both the shear
strength parameters undergo changes with the leaching
process, and indeed they decrease with the leaching time.

4.1 Physical test results

As presented in Table 5, leaching-induced EC reduction has
led to 28.8% decrease in the liquid limit (LL) of the host soil,
consistent with findings of Ismael [5], who reported 34%
reduction of LL as a result of the leaching process on an ML
soil containing salts such as gypsum and anidride. Similar
findings were reported by Guarnieri et al. [2], Sridharan et al.
[71,and Anson et al. [8] as discussed earlier. Moreover, Table 5
indicates 30.7% reduction in the plasticity index (PI) of the
host soil due to the leaching process and a corresponding
93% decrease in the EC values. Furthermore, the leaching
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process in the current study led to 26% increase in the void
ratio which as such resulted in 13% drop in the dry density
y4 of the host soil. This phenomenon, while endorsed from
Isamel [5] and Moore et al. [10], could have happened due
to the fine particles being washed out from the soil skeleton
and the salt crystals being solved.

Finally, the results presented in Table 5 denote an increas-
ing hydraulic conductivity (k) due to the leaching process.
This behavior which was similarly reported by Al-Sanad et al.
[1], and Abduljauwad et al. [16], can admittedly be attributed
to the void ratio increase,

4.2 Strength and stiffness test results

Figure 5 shows that the leaching process brings about 46%
reduction in the unconfined compressive strength of the
host soil in dry optimum compaction condition. Abduljau-
wad et al. [16] reported similar findings on the saline silty
soils in Persian Gulf due to the leaching process. Further-
more, it is obvious from Fig. 6 that the leaching-induced EC
changes are accompanied by proportional variation in the
modulus of elasticity. This implies that the salt removal due
to the leaching process has yielded a reduction in the elastic
deformation parameters.

Another observation from the strength and stiffness
tests results is that pre-wetting the soil samples in optimum
compaction state renders prolonged exposure time which
as such gives rise to more solubility and salt removal accord-
ingly. This implies that the reduction in strength and stiffness
parameters will become more highlighted if the medium is
initially sprinkled with water.

Das [11] reported that the calcium ion removal from a soil
in India would result a dramatic reduction in the unconfined
compressive strength and modulus of elasticity.

Table 6 further illustrates that the cohesion and internal
friction angle of the host soil in both drained and undrained
conditions declines with the leaching process. For this rea-
son, the direct shear test results under consolidated drained
(CD) and consolidated undrained (CU) conditions have been
measured and reported in Table 6. Such behavior might be
attributed to the dry unit weight reduction and also the
removal of the fine content due to the leaching phenom-
enon. Conversely, Guarnieri et al. [2] stated that increasing
the EC values of the host soil will yield increased strength
parameters which is compatible with the findings of the cur-
rent study.

SN Applied Sciences

A SPRINGER NATURE journal

5 Slope stability analyses

Variations of the mechanical parameters of the backfill soil
due to leaching process have been implemented to the
stability models and slope stability analyses have been
carried out.

SLOPE/W, a sub-category of GEO-SLOPE was utilized
to conduct slope stability analyses. The software is based
on the limit equilibrium method (LEM) which can suggest
the critical slope surface and the minimum safety factor
against the sliding failure.

In this study, slope stability analyses were carried out
by solely considering Janbu, Ordinary and Bishop’s algo-
rithms as adopted by Lebron et al. [7]. Table 7 shows the
underlying strength and stiffness properties of the soil lay-
ers constituting the slope under study.

Figure 7 illustrates the layering scheme of the slope
under study. It is observed that two medium clay layers
overlie a sand deposit. As expected, in undisturbed con-
ditions, the sloping ground seems stable; however, the
leaching process as discussed earlier will be shown to alter
the stability state of the natural slope due to the imposed
changes in the shear strength and stiffness parameters.
Indeed, the diminution of the shear strength parameters
are finally translated into faltering stability condition
slopes which are more prone to sliding failure.

An initial slope stability analysis through LEM formula-
tions of SLOPE/W yielded safety factor of 1.125 as noted
from Fig. 8. As apparent from this figure, vertical slice
method has been adopted and grid of the potential slid-
ing circle’s centers has been patterned to seek for the opti-
mum stability condition in LEM formulations.

Evaluation of the short-term stability condition of the
slope under study can be achieved by indirectly making
estimation of the undrained shear strength properties
from the EC values of the in situ soil. For this reason, the
linear correlations delineated in Fig. 5 yields g, value by
assuming 17.94 (mmohs/cm) for the initial EC value as
listed in Table 3. Implementing the correlated undrained
shear strength to the slope stability analysis package sug-
gests FS value of 1.198 as shown in Fig. 9. It is observed
that the slope under study bears slightly higher safety fac-
tor in undrained condition. This means that its long-term
stability condition is more critical.

Table 7 Drained mechanical parameters of the clay layers

Depth (m) Type of soil C(kg/cm?) ¢ (°) y(kg/cm?) E(kg/cm?)

0-13 CL 0.400 17 194 1800
13-24 CL 0.395 19 1.90 1500
24-28 SP 0.395 19 188 1200
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The influence of the leaching process on the slope
stability safety is elaborated by conducting slope sta-
bility analyses in different electrical conductivity per-
formances. Indeed, the EC parameter diminishes from
its initial value of 17.94 mmohs/cm to the extreme
condition of 0.722 mmohs/cm due to the leaching phe-
nomenon. This is accompanied by the shear strength
reduction as addressed earlier in the form of correlation
between the unconfined compressive strength and the
electrical conductivity values at different leaching states.

Figure 10 shows the FS value for the slope under study
at extreme leaching condition as denoted in Table 4 by
the "H" designation.

Figure 11 illustrates the safety factor variation against
the EC variation. It is observed that almost 100% leaching-
induced reduction in the electrical conductivity would
lead to about 25% decline in the safety factor against slid-
ing. In secondary axis, the corresponding values of the
unconfined compressive strength are drawn for further
comparisons. The linear variation of FS with the electrical
conductivity of the soil undergoing the leaching process
signifies that the sliding safety factor is linearly propor-
tional with the soil undrained shear strength which is obvi-
ous according to Jamshidi Chenari et al. [19].

As noted from Table 6, results of the direct shear tests
have been translated into the shear strength parameters
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Fig. 9 Undrained slope stabil-
ity analysis in natural state
based on the unconfined
compression test results

13m

CL

water level

Fig. 10 Undrained slope
stability analysis after leaching
phenomenon

13m

Water level

i
11m

in two different drainage conditions. Figure 12 illustrates
variations of the sliding safety factor against the leaching-
induced EC reduction for drained and undrained conditions.
It is observed that in both the drainage conditions, leach-
ing process leads to almost 50% safety reduction at limit.
Another observation from the results shown in Fig. 12 is
that the leaching-induced strength reduction becomes less
highlighted in undrained loading scheme when compared
to the drained condition. This can presumably lend support
to the contention that the leaching phenomenon reduces
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the coordination number in host soil as pointed out by Tran
et al. [14]. Reduction of the drained internal friction angle
is therefore resulted as notable from Table 6, which in turn
translates into more diminished slope safety.
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Fig. 12 Variation of the sliding safety factor due to leaching-
induced EC reduction using the direct shear tests results

6 Stabilization scheme

Jamshidi Chenari et al. [20] proved efficiency of the Veti-
ver planting in soil improvement plans, especially when
dynamic and cyclic loading is concerned. Figure 13 dem-
onstrates the original planting scheme which was aimed
to stabilize the side slopes along with a photograph of its
current developed status. Planting indeed plays a dual
role by both the rooting effect which introduces local
reinforcement to the underlying soil, rendering erosion
resistance to the host soil, and infiltration impediment
by the shielding effect of the canopy of dense leaves

(a)

)

Fig. 13 Stabilization of the instable slope by Vetiver plantation; a
initial planting; and b current status

of the Vetiver plant. This brilliant stabilization scheme
was accompanied by some toe stabilization provisions
like concrete slabs and gabion as appears from Fig. 13.
This synergy would render additional effectiveness to
the local soil improvement plan.

7 Conclusion

A leaching process was applied to a pure CL clay to inves-
tigate its effect on the physical and mechanical proper-
ties of the soil undergoing dissolution phenomenon. Due
to the chemical composition relevant to the soil under
study, the leaching was conceived to wash out the high
salt content leading to the diminution of the soil strength
parameters in both short- and long-term conditions. The
leaching-induced strength parameters reduction was
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elaborated through interpretations of unconfined com-
pression and direct shear experiments. The implication
of this reduced-form strength parameters on the stability
analysis of a case study slope was studied by carrying out
some LEM slope stability analyses. Following results and
conclusions were made through comparison of the experi-
mental and numerical analyses results.

e Leaching of salts in CL clay leads to the chemical mate-
rials dissolution and bonds removal from the soil fabric
and increasing the void spaces.

e Increasing the void ratio owing to the leaching process
causes porosity formation which is in effect translated
into the augmented volume-compressibility and per-
meability characteristics.

e The unconfined compressive strength and the elastic-
ity modulus was shown to diminish with the leaching
process.

e Leaching process was observed to decreases the cohe-
sion and internal friction angle in both drained and
undrained conditions.

e Shear strength parameters reduction due to the leach-
ing process results in undermining the safety of slopes
against sliding, substantiated in form of reduced safety
factors.

e Leaching process in pre-wet condition was proven to
be more influential due to the extended exposure time
which is important for fine-grained soils due to their
water affinity.
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