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Abstract This study focused on the permeability and
structural evolution of impeded soil layers in landfill. A
series of laboratory tests including a permeability test,
X-ray diffraction, nuclear magnetic resonance, scanning
electron microscopy, and laser particle size tests were
conducted to analyze the permeability and microstruc-
ture characteristics of undisturbed silty clay polluted by
landfill leachate. The hydraulic conductivities increased
with time in the first 108 h. After 108 h, the hydraulic
conductivities of undisturbed silty clay polluted by land-
fill leachate decreased. After 205 h, the changes in the
hydraulic conductivity stabilized, and the hydraulic con-
ductivity decreased with the increase of the concentra-
tion of leachate. The volume fractions of inter-particle
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and intra-aggregate pores were much higher than those
of other pores. The optimal radius decreased as the
concentration of leachate increased. The blockage of
the pore channel and weakened permeability was caused
by solid matter interception by the porous medium. As
the height of the specimen increased, the volume frac-
tion of coarse grain changed rapidly and sharply, and the
volume fraction of fine grain changed slowly. The aver-
age particle size increased with increased specimen
height and decreased as the leachate concentration in-
creased. A comprehensive structural parameter (¢) of
undisturbed silty clay polluted by landfill leachate was
obtained based on the test results. The equation of
comprehensive structural parameter ¢ of undisturbed
silty clay polluted by leachate was established. These
results can provide fundamental data for evaluating the
stability of the underlying stratum of landfill sites.

Keywords Undisturbed silty clay - Landfill leachate -
Permeability - Pore - Particle size - Structural parameter

1 Introduction

Xue et al. (2013) and Li et al. (2016) have shown that
completely impermeable landfill liner systems are rare
in China, and thus garbage in landfill is always directly
positioned onto the underlying stratum. Landfill leach-
ate contains considerable levels of heavy metal ions and
organic pollutants, and the occurrence of leakage causes
many engineering problems, such as uneven settlement
and instability in landfill. Additionally, contaminant
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migration to landfill leachate is a complex process.
Thus, determination of the permeability laws of the
underlying stratum and the corresponding microstruc-
ture behaviors under the landfill leachate is a key to
predicting destruction of the landfill foundation.

A series of studies focused on the permeability and
microstructure characteristics of contaminated soil have
been carried out. Francisca and Glatstein (2010) and Li
et al. (2013a) found that pore clogging decreased both
effective porosity and hydraulic conductivity. Li et al.
(2013b) discovered that the changes of particle fabrics
affect the hydraulic conductivity of kaolin by clogging
the pore spaces with bio-slurry. Nayak et al. (2007) found
that the clay contaminated by landfill leachate positively
affected the porosity and the hydraulic conductivity of clay,
and the maximum dry density of clay decreased.
VanGulck and Rowe (2004) found that the drainage po-
rosity began to decrease from 0.38 to 0.1 after the removal
of steady chemical oxygen demand, causing a decrease of
the hydraulic conductivity by five orders of magnitude.
Guyonnet et al. (2005) indicated that there were connec-
tions among the hydraulic conductivity, the proportions of
gel phase, and clay inter-layer occupation of sodium. Hou
et al. (2017) found that the corrosion behavior of landfill
leachate upgraded the gel structure of stabilized clay, with
the small pores becoming larger, and the original “face—
face” connection was converted into “face—edge” or
“edge—edge” connection. Previous studies on contaminat-
ed soil have mainly focused on the remolded soil. Some
other scholars (Chen et al. 2011; Xie et al. 2009a, b, 2015,
2018; Zhan et al. 2014) measured and calculated the
contents of organic pollutants, chlorides, Na, COD, and
heavy metals at the bottom of the geosynthetic clay liner
for different regions, and based on the hydraulic model,
considered the effects of water content and migration of
organic pollutants on landfill sites. However, to our knowl-
edge, there are a few studies on comprehensive structural
parameters for hydraulic conductivity and pore change test
results of undisturbed silty clay polluted by landfill leach-
ate. Furthermore, it is difficult to obtain detailed informa-
tion about soil microstructure parameters; therefore, it is
necessary to find a comprehensive structural parameter that
can reflect the evolution of structural characteristics in soil
polluted by leachate.

In this study, the evolution laws of the permeability,
pore, size distribution, and microstructure characteristics of
undisturbed silty clay polluted by landfill leachate were
systematically examined using methods such as perme-
ability, nuclear magnetic resonance (NMR), X-ray
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diffraction (XRD), scanning electron microscopy (SEM),
and laser particle size (LPS) tests. This study aimed to
reveal the laws of permeation characteristics and the struc-
tural evolution for undisturbed silty clay and comprehen-
sive structural parameters, providing fundamental data for
assessing the underlying stratum of landfill.

2 Materials and Methods
2.1 Materials

Undisturbed silty clay was taken from a simple landfill site
in Huangpi District, Wuhan, China based on the “Techni-
cal standard for sampling of undisturbed soils” (JGJ 89-
1992, 1993) and “Specification of soil test” (SL 237-1999,
1999) methods. The soil sampling instrument is SD soil
sampling drill (Beijing Tethys Technology Co., Ltd., Chi-
na), and soil sample is sealed and transported to the labo-
ratory. The natural density, moisture content, specific grav-
ity, plastic limit, and liquid limit are 2.10 g/cm3, 15.6%,
2.68, 18.8%, and 34.4%. The mineral composition of
undisturbed silty clay is shown in Fig. 1, mainly including
illite, albite, montmorillonite, muscovite, kaolinite, and
quartz. The landfill leachate, aged 3 years, was collected
from Chenjiachong landfills, Wuhan, China. Table 1
shows chemical parameters of landfill leachate used as
permeating liquid. Three solutions with different concen-
trations were used in the test by dilution with distilled
water: 16.7% (volume ratio of distilled water and leachate
of 5:1), 50% (volume ratio of distilled water and leachate
of 1:1), and 100% (leachate only).

2.2 Methods

The undisturbed silty clay specimens (diameter =
50 mm and height = 100 mm) were pre-saturated
in a vacuum saturating cylinder. According to the
US test standard ASTM D5084-03, hydraulic con-
ductivity was measured by an environmental geo-
technical flexible wall permeameter PN3230M
(GEOEQUIP, America). The penetrant liquids were
leachate with concentrations of 16.7%, 50%, and
100%. The confining pressure and back pressure
were 350 and 100 kPa. The hydraulic conductivity
was calculated by the following equation:

_ OH-pg

— 1
10°-A-¢-P (1)
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Fig. 1 Mineral composition of undisturbed silty clay

where K is the hydraulic conductivity (cm/s), QO is
the collected leachate at time 7 (m®), H is the
height of the specimen (mm), p is the leachate
density (kg/m?), g is the ratio of gravity and
quality (m/s%), A is the cross-sectional area of the
specimen (cmz), t is the permeation time (s), and
P is the applied water head (kPa).

2.2.1 XRD Tests

After the permeability tests, each specimen was divided
into five layers on average from bottom to top, each layer
being about 2 cm. The specimens (about approximately
200 g) used in the XRD tests were taken from the bottom-
most 0—2 cm of specimens after the permeability test was
finished. The specimens were air dried, crushed, and
passed through a 0.075 mm sieve. The mineral composi-
tions of specimens were obtained with an EMPYREAN
diffractometer (PANalytical B.V., the Netherlands).

2.2.2 NMR Tests

The pore radius was measured based on the soil-water
characteristic curve in the NMR test (Tian et al. 2013).
The specimens (2 mm X 2 mm X 2 mm) used in NMR
tests were taken from the 0-2, 4-6, and 8-10 cm layers
of the specimens after permeability test was finished.

2.2.3 SEM Tests

The specimens (I mm x 1 mm X 1 mm) used in the SEM
tests were taken from the bottommost 0—2 cm of spec-
imens and immediately air dried after the permeability
test was finished. The magnification of the SEM images
was 2000 times. The tests were repeated at least three
times to produce representative data.

2.2.4 LPS Tests

The specimens used in the LPS tests were taken from the
0-2, 4-6, and 8-10 cm layers of specimens after the
permeability test was finished. The soil specimens
(300 g) were air dried, crushed, and passed through a
0.075 mm sieve. Particle size characteristics were tested
with a Malvern Mastersizer 3000 laser particle size
analyzer, and the LPS test was conducted for three
groups of parallel tests at the same concentration.

3 Results and Discussion

3.1 Penetration Properties and Mineral Composition

Figure 2 shows the changes in the hydraulic conductiv-
ity of the undisturbed silty clay over time. The hydraulic

Table 1 Chemical parameters of landfill leachate used as permeating liquid

Parameters Range Determination method Parameters Range Determination method
pH 6.0-6.3 GB/T 6920-86 COD 642-4317 HJ/T 399-2007

DO 13-71 GB/T 7489-87 TOC 108-795 HJ 501-2009

N-NO; 15-52 HJ/T 346-2007 SO* 17-64 GB/T 13196-91
N-NO, 643 HJ/T 197-2005 Cl 544-2360 GB/T 11896-89
N-NH** 802-4163 HJ 666-2013 Na* 595-2172 GB/T 11903-89
P-PO4 2691 HJ 669-2013 Zn 73-348 GB 7472-1987

TP 12-27 HJ 6712013 Cu 209-926 HJ 485-2009

BOD;s 403-1744 HJ 505-2009 Ni 104473 GB 11912-1989

All parameters are expressed in mg L™, except pH
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Fig. 2 Change in hydraulic conductivity of undisturbed silty clay
with time

conductivities increased in the first 108 h. After 108 h,
the hydraulic conductivity decreased until it eventually
stabilized at 205 h (Fig. 2). Moreover, when the pene-
trant liquids were leachate with concentrations of
16.7%, 50%, and 100%, the hydraulic conductivities
were 2.034 x 107°, 8.088 x 107', and 4.872 x
107" cmy/s, respectively.

The above phenomena may have occurred be-
cause the leachate damaged the structure of the soil
and simultaneously reorganized the soil particles,
some of which became suspended. In addition, land-
fill leachate had a negative influence on the thick-
ness of the adsorbed layer (Amadi and Eberemu
2011), and the porosity of undisturbed silty clay
increased. In the initial stages of the permeability
test, the total porosity in the undisturbed silty clay
and the hydraulic conductivity increased over time.
In the final stage, negatively charged soil particles
became bigger because leachate contains a large
amount of heavy metal ions. A large number of
insoluble solid particles and organic substances in
leachate adhere to the surface, blocking the connect-
ed pores, resulting in a decrease in porosity
(Ozcoban et al. 2013). Organic pollutants in leachate
are degraded by microorganisms, and insoluble sed-
iments start to block pores, resulting in the decrease
of the hydraulic conductivity over time. However,
although the specimen prepared at high concentra-
tion leachate had higher porosity than the specimen
at low concentration, the permeability value was
lower (Oztoprak and Pisirici 2011). Therefore, the
hydraulic conductivity decreased when the concen-
tration of landfill leachate increased.
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Figure 3 presents the mineral contents of undisturbed
silty clay polluted by leachate at different concentra-
tions. The contents of quartz and muscovite changed
only minimally, whereas the contents of illite and mont-
morillonite decreased by 23.34% and 23.14%, respec-
tively. This indicates that some of the clay minerals in
soil granules were dissolved during leachate infiltration
and the arrangement and size of soil particles had
changed. Therefore, the hydraulic conductivity also de-
creased with the increase of the leachate concentration.

3.2 Pore Characteristics

The transverse relaxation time (7,) provided by the
Carr—Purcell-Meiboom—Gill sequence was obtained
from the NMR tests. The T, distribution curves for
undisturbed silty clay in contact with leachate with
concentrations of 16.7%, 50%, and 100% are shown in
Figs. 4, 5, 6, respectively. The first area between the 7>
distribution curve and lateral axis was defined as the first
peak area and represented the water content from leach-
ate. The second peak area represented organic matter
content from landfill leachate (Gao et al. 2009). Accord-
ing to Figs. 4, 5, 6, the first peak area increased with the
increase of the concentration of landfill leachate and
specimen height. The leachate introduced various heavy
metal ions and organic pollutants into the undisturbed
silty clay, which affected the cementation and floccula-
tion structure of the undisturbed silty clay surface be-
tween the soil particles or between the layers of clay
minerals, causing this substantial change in soil
structure.
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Fig. 3 The mineral content for undisturbed silty clay polluted by
landfill leachate
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Fig.4 T, distribution curves for undisturbed silty clay polluted by
landfill leachate (16.7%)

The pore size distribution curves for undisturbed
silty clay in contact with different concentrations of
landfill leachate are shown in Figs. 7, 8, 9. The
optimal radius was the value of the radius at the
maximum NMR signal. The volume fraction of
inter-particle and intra-aggregate pores was much
higher than that of other pores. The optimal radius
decreased with the increase of the concentration of
landfill leachate. When the leachate concentration
was 100%, the optimal radius of the pores was
0.19 um. At the same concentration, the optimal
radius of different heights was roughly the same.
In general, the volume fraction of pores increased
with the increase of leachate concentration.
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Fig.5 T distribution curves for undisturbed silty clay polluted by
landfill leachate (50%)
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Fig. 6 T distribution curves for undisturbed silty clay polluted by
landfill leachate (100%)

The above results suggest that landfill leachate contained
many organic pollutants and heavy metal ions, which can
corrode undisturbed silty clay by various biological, physi-
cal, and chemical means, resulting in an increase in hydrau-
lic conductivity (De Soto et al. 2018; Liu and Hu 2014).
These large particles were reduced in size by corrosion,
resulting in a larger specific surface area and an increased
adsorption capacity. The blockages in the pore channels and
the weakened permeability occurred because the generated
tiny solid matter was intercepted by the porous medium.
The organic contaminants were effectively retarded in the
soil layer that first made contact with the leachate; thus, the
content of organic contaminants in the next soil layer de-
creased substantially (Lu et al. 2015).
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Fig. 7 Pore size distribution curves of undisturbed silty clay
polluted by landfill leachate (16.7%)
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Fig. 8 Pore size distribution curves of undisturbed silty clay
polluted by landfill leachate (50%)

3.3 Qualitative and Quantitative Analysis
of Microstructures

The SEM images of soil specimens are shown in
Fig. 10. Figure 10A reveals that there are many small
pores in the specimen and the surface of soil specimen
was rough and had a large amount of flaky substances
attached to it. In Fig. 10B, the soil structure appeared to
be mostly unstable honeycomb, and a large number of
micro-pores were apparent from the surface. In
Fig. 10C, there are few pores on surface of the sample,
and the soil structure is granular and flaky, which indi-
cates that high leachate concentration easily caused pore
blockage; at the same time, the number of micro-pores
reduced substantially according to the penetration test.
Therefore, the hydraulic conductivity decreased at a
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Fig. 9 Pore size distribution curves of undisturbed silty clay
polluted by landfill leachate (100%). A 16.7%. B 50%. C 100%
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Fig. 10 SEM images of undisturbed silty clay polluted by 100%
landfill leachate after permeability test. A 16.7%. B 50%. C 100%

macroscopic level as the leachate concentrations in-
creased. The SEM images of soil sample conform to
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the variation rule of hydraulic conductivity obtained
from permeability test.

Figure 11 shows the particle size curves of soil
specimens. When the height of the specimen in-
creased, the particle size distribution curve of un-
disturbed silty clay showed “thin and high” style.
The volume fraction of coarse grain changed rap-
idly and quickly. Moreover, the volume fraction of
fine grain changed slowly. This could be because
the structural links of soil particles polluted by
landfill leachate became weakened, resulting in
the destruction of the aggregate structure in the
soil (Qiang et al. 2014). The soil aggregates were
dispersed into small soil particles, which were
easily taken away by leachate (De Soto et al.
2012). The effect of this phenomenon on coarse
particles was more apparent. Therefore, the coarse
particles reduced rapidly, resulting in an increase
of fine particles at different scales.

Figure 12 reveals the average particle size and spe-
cific surface area of the soil specimens. The average
particle size increased when the height of the specimen
increased and decreased when the leachate concentra-
tions increased. In the 8—10 cm layer of the specimen,
the average particle size of the specimen polluted by
16.7% and 50% landfill leachate decreased by 43.71%
and 45.99%, respectively. However, the average particle
size of specimen polluted by 100% landfill leachate
decreased by only 22.91%, indicating that high leachate
concentrations had less influence on the soil particle
decomposition than low concentrations. In the 8—
10 cm layer of the specimen, different concentrations
of landfill leachate had less influence on the damage
degree of soil particle size. Additionally, the specific
surface area decreased and increased when the height
of the specimen and leachate concentrations increased,
respectively. The changes in the macroscopic mechani-
cal behavior of undisturbed silty clay in landfill leachate
were related to the reduction of porosity and inter-
particle volume (Qiang et al. 2014).

According to the LPS test results, the particle size
and D, (50) of undisturbed silty clay with a volume
distribution of 50% are known. Figure 13 shows the
D,(50) and span of the soil specimens. The change
of D,(50) was the same as the change in the average
particle size. However, the span decreased when the
height of the specimen, and the leachate concentra-
tions increased. The change of span in the 0-6 cm
layer of the specimen was greater than that in the 6—
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Fig. 11 Particle size curve of undisturbed silty clay polluted by
landfill leachate
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Fig. 12 Average particle size and specific surface area of undis-
turbed silty clay polluted by landfill leachate

10 cm layer of the specimen. This was because the
organic pollutants in leachate reacted with minerals
in the soil, decreasing the soil particle size, and thus,
the particle distribution width in undisturbed silty
clay decreased because of the uniformity in particle.
As the leachate concentration increased, the specific
surface area of the undisturbed silty clay increased,
and thus, the adsorption also increased, leading to an
increase in organic matter of soil with an increase in
leachate concentrations. The organic pollutants at
high concentrations of leachate had a strong inhibi-
tion effect on the microstructure.

3.4 Comprehensive Structural Parameters

The previous analysis revealed that the leachate pollu-
tion resulted in many changes including the size, shape,
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Fig. 13 D,(50) and span of undisturbed silty clay polluted by
landfill leachate
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and arrangement of soil particles, the pore size, and the
hydraulic conductivity. Therefore, the average particle
size, maximum pore size, D,(50), and span were select-
ed for comprehensive quantitative evaluation.

In this paper, the microstructure parameters of
undisturbed silty clay contaminated by leachate
were evaluated based on principal component anal-
ysis (PCA). The microscopic parameters obtained
from the above experiments are shown in Table 2.
The data in Table 2 were used to generate the Z-
score with the following equation:

Xi—X
Xy =

(2)

a

where x; is the new standardized data, x; is the
raw data, ¥ is the average value of specimen data,
and o is standard deviation of specimen data. The
generated Z-scores are shown in Table 3.

The specimen correlation matrix R was obtained as
follows:

1 -0.701 0.907 —0.481
R— -0.701 1 —0.700  0.027 (3)
| 0.907 —0.700 1 —0.566
—0.481 0.027 —0.566 1
|IR-M4| = 0 (4)

Table 2 The microscopic parameters of undisturbed silty clay
polluted by leachate

Specimens Average Maximum D,(50) Span
particle pore/pm /um X4
size/pm x> X3
X1

1 218 72.76 186 9.813

2 291 63.28 272 2.835

3 517 55.04 400 2.157

4 183 103.14 163 7.6

5 249 89.70 211 2.57

6 461 78.01 272 1.89

7 140.1 179.42 111 6.1

8 175 156.05 186 23

9 227 135.73 240 1.78
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Table 3 The Z-score micro-parameters

Table S Loadings of the variables for each component

Component X1 X X3 X4
Serial number

1 —0.42488 —0.70674 —0.49038 1.92440
2 0.13442 —0.92333 0.54383 —0.43276
3 1.86594 —1.11170 2.08313 —0.66179
4 —0.69304 —0.01255 —0.76698 1.17685
5 —0.18737 —0.31956 —0.18974 —0.52227
6 1.43689 —0.58657 0.54383 —0.75198
7 - 1.02172 1.73107 —1.39232 0.67016
8 —0.75433 1.19696 —0.49038 —0.61348
9 —0.35592 0.73242 0.15901 —0.78914

Four nonnegative eigenvalues could be obtained from
the eigenvalue Eq. (4) of matrix R: \; =2.779, A, =0.977,
A;=0.165, and \,=0.079. The total variance explained of
matrix R is shown in Table 4. The variance contribution
rate of a; was 69.479%, which was much larger than the
variance contribution rate of a;, a3, and . Therefore,
more comprehensive micro-information was calculated by
selecting the comprehensive structural parameters that re-
flect the eigenvalues and eigenvectors of ;.

The structural parameter (¢) of undisturbed silty
clay under leachate infiltration was obtained by
principal component analysis (PCA) in Statistic
Package for Social Science (SPSS) multivariate
statistics. The loadings of the variables for each
component in the calculation process are shown in
Table 5, and the equation is as follows:

¢ = 0.572x,-0.460x; + 0.583x3-0.347x, (5)

where ( is the structural parameter, x; is the aver-
age particle size, x, is the maximum pore size, x;
is D,(50), and x, is the span.

Table 4 Total variance explained of matrix R

Loadings Comp 1 Comp 2 Comp 3 Comp 4
X 0.572 0 0.637 0.515
X2 —0.460 —0.593 0.626 -0.211
X3 0.583 0 0.127 —0.802
X4 —0.347 0.803 0.432 -0.217

The ¢ of undisturbed silty clay was positively
correlated with D,(50) and the average particle size;
however, it also had a negative correlation with the
maximum pore and span. The absolute coefficients
of the average particle size and D,(50) were larger
than those of the maximum pore and span.

According to hydraulic conductivities obtained
through experiments and the calculated results of struc-
tural parameters, when the penetrant liquids are leachate
with concentrations of 16.7%, 50%, and 100%, the
hydraulic conductivities (K) are 2.034 x 107, 8.088 x
107" 0, and 4.872 x 107'° cm/s, and the calculated results
of structural parameters ¢ are 198.801, 151.713, and
80.574, respectively. When the hydraulic conductivity
decreases, the value of the comprehensive structural
parameter ¢ also decreases, which indicates that there
is a strong correlation between microstructure parame-
ters and hydraulic conductivities. The comprehensive
structural parameters obtained through average particle
size, maximum pore size, D,(50), and span can be used
as a reference for evaluating the permeability character-
istics of undisturbed silty clay corroded by landfill
leachate.

4 Conclusions

A series of microstructure laboratory tests (XRD, NMR,
SEM, and LPS tests) and permeability tests were performed

Component Initial eigenvalue Extraction sums of squared loadings
Total % of Variance Cumulative % Total % of Variance Cumulative %
X 2.779 69.479 69.479 2.779 69.479 69.479
X2 0.977 24419 93.898
X3 0.165 4.115 98.013
X4 0.079 1.987 100.000

@ Springer
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to evaluate the mineral composition, pore characteristics,
surface morphology, particle size distribution, and the per-
meability of undisturbed silty clay polluted by different
concentrations of landfill leachate. Based upon the test
results and analyses, the following conclusions were drawn:

1. The hydraulic conductivities (K) of undisturbed silty
clay increased with time in the first 108 h, and then the
hydraulic conductivity decreased and tended to stabi-
lize at 2.034 x 107°, 8.088 x 107'°, and 4.872 x
107'° cms at 16.7%, 50%, and 100% of the leachate
concentration, respectively. The hydraulic conductivi-
ty can meet the engineering requirements of 1 x
1077 env/s for the landfill impervious layer.

2. When the leachate concentration increased from
16.7 to 100%, the contents of quartz and muscovite
showed little change, whereas the content of illite
and montmorillonite decreased by 23.34% and
23.14%, respectively. The optimal pore radius of
undisturbed silty clay decreased as the landfill
leachate concentration increased, and the volume
fraction of pores showed a trend opposite to that
of the optimal pore radius.

3. The volume fraction of coarse grain increased
sharply, whereas the volume fraction of fine grain
decreased with an increase of the height of the soil
specimen. The average particle size increased when
the height of the specimen increased and decreased
when the leachate concentrations increased. How-
ever, the span decreased when the height of the
specimen and the leachate concentrations increased.

4. The comprehensive structural parameters () of un-
disturbed silty clay were obtained by PCA on the
basis of the value of the average particle size, max-
imum pore size, Dv(50), and span. The equation of
comprehensive structural parameter ¢ of undisturbed
silty clay polluted by leachate was established.
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