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Abstract

This work aimed to propose a semi-empirical model that predicts the permeability of saturated clay using the data of mercury
intrusion porosimetry (MIP). First, the pore size distribution (PSD) curve obtained from an MIP test was regarded as a discrete
probability function of pore diameters; thus, its shape could be characterized by probability parameters (e.g., the expected value and
the standard deviation). Subsequently, these probability parameters, combined with the microporosity calculated from the volume of
intruded mercury, were correlated with the permeability of clay based on Hagen-Poiseuille's equation. Next, the performance of the
proposed permeability model was verified using data reported in the literature. Thereafter, the model was applied to estimate the
permeability of normally consolidated (NC) and overconsolidated (OC) kaolin subjected to various triaxial loading. The results
highlighted that the proposed model is capable of characterizing the sensitive variation of kaolin permeability under different

overconsolidation ratios (OCRs), stress paths, and stress levels.
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1. Introduction

As one of the oldest building materials on Earth, clay usually
serves as the base or even an essential part of buildings and
structures. Moreover, since clay is relatively impermeable, it is
also used as a natural barrier, such as in the cores of dams, in
landfills and in nuclear waste storages, to prevent the seepage of
water or toxic liquids (Delage et al., 2010). Therefore, it is
important not only to determine the mechanical behavior of clay,
but also to have a good knowledge of the clay permeability under
various loading conditions.

Permeability describes how easily water can move through a
porous medium. The laboratory methods used for measuring the
permeability of clay include the falling-head permeability test,
the indirect consolidation test, and the triaxial permeability test
(Tavenas et al., 1983; Al-Tabbaa and Wood, 1987; Bello, 2013;
Dong et al., 2017). However, the measured data often contain
considerable measurement errors because of the extremely small
order of magnitude of the data, leading to a large discrepancy
between different testing methods. For this reason, many scholars
have attempted to obtain the clay permeability from the theoretical

point of view. The earlier theoretical and semi-empirical
permeability model for porous media were usually developed
based directly or indirectly on Hagen-Poiseuille's equation. These
models commonly assume that porous media are a collection of
straight, parallel, circular, and equal-sized capillaries and that the
flow of water in them satisfies the laminar fluid flow. In practice,
the above permeability models, especially the Kozeny-Carman
model (Carman, 1956), are roughly valid for sands but not for
clayey materials (Chapuis, 2012). To estimate the permeability
of clay, some empirical permeability-porosity (or void ratio)
relations have been proposed, such as the Igk — e relations proposed
by Taylor (1948) and Nagaraj et al. (1993), the Igk — Ige relation
suggested by Mesri and Olson (1971) and the k—e/(1 +e)
relation proposed by Samarasinghe et al. (1982). However, Tavenas
et al. (1983) indicated that the permeability-porosity equations
fail to consider the variation of pore sizes and none of them are
generally valid for clays.

As technology advanced, many new techniques, such as mercury
intrusion porosimetry (MIP), scanning electron microscopy (SEM)
and X-ray computerized tomography (CT), for the quantification
of soil micropores (< 10 pm) were introduced (Ninjgarav ef al.,
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2007; Zuo et al., 2016; Gao et al., 2018; Zeng et al., 2019).
Microscopic experiments based on these high-tech approaches
revealed that the microfabric and the micropore structure
essentially control the permeability of soils (Li ef al.,, 2013; Yuan
et al.,2018; Gao et al., 2019). This result prompted many researchers
to focus on the correlation between soil permeability and various
microstructural parameters (Garcia-Bengochea et al., 1979;
Juang and Holtz, 1986; Lapierre et al., 1990; Schaap and Lebron,
2001; Gao and Hu, 2013; Ranaivomanana ef al., 2016). Among
these, the relation between permeability and the pore size
distribution (PSD) has become an issue of great concern. Garcia-
Bengochea ef al. (1979) defined a pore size parameter (PSP)
based on the MIP results and proposed a power law between the
PSP and the permeability of fine-grained soils. However, as
Lapierre et al. (1990) commented, the model of Garcia-Bengochea
et al. (1979) usually overestimates the permeability of clay and
cannot give a unique function. Juang and Holtz (1986) developed a
probability-based model to link the permeability of soil with the
pore size density function. The pore size density function was
deduced from the PSD data using the finite difference approximation
and curve-fitting technique. Their model is able to predict the
permeability of compacted soils well, whereas a function of pore
size should be properly predetermined.

The objective of this work was to develop a general model for
clay permeability considering the microporosity and the PSD.
The PSD curve was considered as a discrete probability function
of pore diameters; thus, its shape was characterized by the
probability parameters (e.g., the expected value and the standard
deviation). These probability parameters, combined with the
microporosity, were correlated with the permeability of clay
based on Hagen-Poiseuille's equation. The performance of the
proposed model was verified using the data reported in the
literature. Afterward, the model was used to estimate the
permeability of remolded clay that triaxially sheared under
different overconsolidation ratios (OCRs), stress paths, and stress
levels. Therefore, the model’s capability of determining the
permeability of clay subjected to different triaxial loading conditions
were evaluated.

2. Brief Description of the MIP Technique

The MIP technique is a widely used method for quantifying
the pore structure of materials. It is based on the fact that a non-
wetting liquid cannot intrude the pore space of a material until a
sufficient pressure is applied. The relationship between the intrusion
pressure and the pore size can be described by Washburn’s
equation:

_4ycosd
P

D=

M

where D is the pore diameter; y is the surface tension of the

mercury; 6 is the contact angle between the mercury and the pore

wall; and P is the applied intrusion pressure of the mercury.
Therefore, by applying pressure incrementally to the mercury,
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one can obtain a sequence of pore diameters according to Eq. (1).
Note that the MIP technique is based on the assumptions that the
pores are cylindrical, the contact angle is constant, and the pore
structure remains undamaged during the mercury intrusion. In
addition, this technique is useful only for the measurement of
pores open to the outside of a sample. This means that the
microporosity yielded by MIP can be regarded as the effective
porosity for fluid flow. Despite these limitations, many researchers
have successfully characterized the PSD of clayey soils using
this technique (Lapierre ef al., 1990; Delage et al., 2010).

The results of the MIP tests are usually represented by the
cumulative and differential curves of intruded volume per unit
mass of the sample. If the pore diameters (D, i=1, 2,3, ..., N)
are successively numbered and the intervals of the logarithmic
pore diameter (Alg D)) are fixed, then the cumulative and differential
volumes of the intruded mercury can be calculated by:

N
Ve = DAV, )
i=1
AV,
Vi = L
diff,i A lg D,- (3)

where V}y, is the cumulative volume of the intruded mercury per
unit sample mass; D; is the median diameter of pore class i; AV; is
the volume increment of the intruded mercury per unit sample
mass; and Vg 1s the differential volume of the intruded mercury
per unit sample mass.

The cumulative and differential pore volume curves offer a
wide range of information, including the total volume of the
pores, the shape of the PSD, and the dominant pore diameter
(Dy). By means of MIP, many experimental works indicated that
the PSD curve of clays has either a bimodal form or a unimodal
form (Delage and Lefebvre, 1984; Penumadu and Dean, 2000).
To correlate the PSD with the permeability, it is necessary to
characterize the shapes of the PSD curves. As presented previously,
the pore diameters are calculated from a sequence of discrete
mercury pressures; thus, the pore diameter can be considered as a
discrete random variable. Therefore, the discrete probability
function can be readily determined based on the PSD curve by
(Juang and Holtz, 1986):

AV Vl'ﬁ'
T FN Y)Y 4
= AlgD, “4)

Hg Hg

fgh)=

;f(lgD,-):l ®)

where f (Ig D;) is the discrete probability function of pore
diameters in a semi-logarithmic plane.

Figure 1 illustrates an example for the derivation of the
discrete probability function using a unimodal PSD curve. For a
good approximation of the discrete probability function, the
interval of pore size classes, AlgD,, has to be an appropriate
constant. For the case given in Fig. 1, AlgD;= 0.1 was used; thus,
there were 60 equal-width classes (N = 60) in total, ranging from
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Fig. 1. Derivation of the Discrete Probability Function Using a Uni-
modal PSD Curve: (a) Differential Pore Volume, (b) Proba-
bility Function

1 nm up to 1 mm. Therefore, one can characterize the PSD curve
using the expected value and the standard deviation, which are
expressed by:

=y f(gD) lgD, ©

o= \/fzago,. — 1) f(gD,) %)

where i and o are the expected value and the standard deviation
of the logarithmic pore diameter, respectively.

3. Microscopic Permeability Modelling of Clay

3.1 New Permeability Model using MIP Data

The new permeability model is primarily based on Hagen-
Poiseuille's equation. For a porous medium assembled from a
series of parallel, circular, and identical capillaries, its permeability
can be calculated using the following equation (Leonards, 1962):

YW 2
k=2"p
32n, ®)
where k is the coefficient of permeability; 7, is the specific
weight of water; # is the porosity; D is the diameter of the capillary;
and 7, is the dynamic viscosity of water.
Since the isolated pores do not contribute to the permeability of

—-5004 -

clay, while the pore size distribution has a significant influence on
the permeability, Eq. (8) was modified as follows:

Y e
k=2"p
327, ©)
where n” is the effective microporosity; and D" is the effective
pore diameter.
n"and D" are expressed by:

(10)
(In

where eyp is the void ratio calculated using the MIP data; ¢ is a
non-dimensional correction factor related to the PSD; and D, is
the expected pore diameter.

evp and D, can be further calculated by:

n'= ey / (14 eyp)

D'=c-D,

evip= Vi " Py (12)
D=10" (13)
where p; is the mass density of a soil solid.
Substituting Eq. (10) and Eq. (11) into Eq. (9) yields:
027/ Epmip 2
—Z/lw "M p
3277w 1+eyp ’ (14)

Note that the larger the value of y, the larger the expected pore
diameter, then the greater the soil permeability. Thus, there is a
positive correlation between x4 and k. On the other hand, the
larger the value of o, then the smaller the number of medium
pores and the greater the number of small and large pores
considering constant microporosity and expected pore diameter.
Although the small increase in large pores is conducive to the
permeability, the great reduction in medium pores must lead to a
notable decrease in soil permeability. Thus, a negative correlation
between o and £k is assumed. Based on the above analysis, the
following expression that links the non-dimensional factor (c) to
1 and o is proposed for clay:

o |HF3
o

where m 1s a model constant.
If Eq. (15) is substituted for ¢ in Eq. (14), the permeability
model becomes:

(15)

MYy e AN (16)
32n, l+ey, ©

Equation (16) can be rewritten as:

k—C G HE3 5o

B R T a7
m*y
C, = 2L
"= 3o, (18)

where C,, is a model constant related to the fluid property and
pore shape.
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3.2 Parametric Interpretation and Analysis

The proposed permeability model has two variables, i.e., ¢ and
D,, which are dependent on two probability parameters (i.e., u
and o) of the PSD curve. As is known, x controls the skewness of
the probability function curve, while ¢ determines the kurtosis of
the probability function curve (Fig. 1(b)). Accordingly, the variation
of the PSD curve is characterized by ¢ and D.. D. is a function of
L; thus, it controls the skewness of the PSD curve. By contrast, ¢
is a function of 1 and a; thus, it plays two major roles. On the one
hand, the numerator of ¢ considers the sensitivity of the
permeability to pore diameters. On the other hand, the denominator
of ¢ governs the kurtosis of the PSD curve.

Figure 2 shows the relationship between the variation of the
probability function curve (or the PSD curve) and the model
parameters. In the first case (Fig. 2(a)), the three clay samples
have identical PSD shapes but different expected pore diameters.
This difference leads to the distinct permeability of the material:
A sample whose expected pore diameter is larger has a greater
permeability. In the second case (Fig. 2(b)), the three clay samples
have the same expected pore diameter; however, the PSD shapes
are different (more precisely, the kurtosises are different).
According to the permeability model, the higher the kurtosis, the
greater the value of ¢ and thus the larger the permeability.

A parametric study was conducted to quantitatively examine
the behavior of the proposed model. The results are presented in
Fig. 3. One can note that as u increases from -2.0 to 1.2 (i.e., D,

(@) |
! ? 3 M=M=
M [ T 1]
a nol esos o |
g '-. ...-
=
3 3
lg D
(b) I\
1
T
a o> C:.> C3
o 2 Da= Da=Da
A
i} : | -
3 3

lg D

Fig. 2. Relationship between the Shape of the PSD and the Model
Parameters: (a) Change in Skewness, (b) Change in Kur-
tosis
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varies from 10 nm to 15.8 pum), the permeability increases by 7
orders of magnitude. On the other hand, the permeability decreases
greatly as ¢ increases from zero to 0.3, but the reduction trend
slows down as ¢ further increases. In addition, the parameter m
also affects the permeability, but its influence decreases as its
value increases, especially when m becomes larger than 0.20.

3.3 Verification of the Permeability Model

In this section, the proposed permeability model was verified
using the MIP data and permeability reported in the literature.
The test data were obtained for a mixture of natural silt and
commercial kaolin (Garcia-Bengochea, 1978), intact and remolded
Louiseville clay (Lapierre et al., 1990), and three types of clay
from China (Kong, 2007; Zhou, 2013), as listed in Table 1. Since
the PSD curves given in the above literature had different pore
diameter intervals (AlgD;) and some curves were even presented
without symbols, all of them were converted into the same
system with AlgD,; = 0.1. An example of the operation is presented
in Fig. 4. Fig. 4(a) presents the original data reported by Garcia-
Bengochea (1978); each original PSD curve had 22 data points.
As shown in Fig. 4(b), 38 extra points were added to each curve
to convert the data into a system of 60 equal-width classes. Note
that the shape of the PSD curve and the total pore volume (V},)
were unchanged before and after the conversion. In this case, the
discrete probability function of every sample can be obtained
using the method illustrated in Fig. 1.

(a) 10"
10°
10"
w
g
=10
1 m'—gég
10 =020
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4 m=0.05
IO l T I T I T I T '| T ] T ]
1.6 0.8 00 -0.8 -16 -24 -32
7
(b 10°
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107 H."“‘Hn_._._h. m=10.20
——_
™~ ~a St —e—e =010
-10 —.—
10 TR E—a =005
1" +———"—"7——"T—"—"T—"—T17—"
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Fig. 3. Parametric Analysis of the Proposed Permeability Model
(emp = 0.8): (a) Influence of y, (b) Influence of o
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Table 1. Dataset Used for the Verification of the Proposed Permeability Model

Data source (1) Garcia-Bengochea (1978) (2) Lapierre et al. (1990) (3) Zhou (2013) (4) Kong (2007)
Data number 5 9 6 6 5 5 5 5
Material 50% silt + 70% silt + 90% silt + Intact Remolded Guangzhou |Shenzhen (SZ)| Shanghai (SH)
50% kaolin | 30% kaolin | 10% kaolin |Louiseville clay | Louiseville clay | (GZ) clay clay clay
Specific gravity 2.69 2.71 2.72 - - 2.60 2.60 2.65
Liquid limit 37% 25% - 68% 64% 43% 45% 52%
Plastic limit 27% 18% - 30% 28% 23% 20% 26%
Range of eyyp 0.56-0.72 0.41-0.64 0.44-0.59 0.98-1.93 0.93-1.79 1.19-1.82 0.99-1.44 0.42-0.80
&a‘f%eg‘g/ks")‘ 0.6-740.0 | 0.4-160.0 | 5.0-390.0 0.1-0.9 0.05-0.8 2.8-11.0° 2.0-45" 1.13-15.6
*The mean value of the measured permeabilities (k) in the horizontal and vertical directions.
a) 0.06 . @ -5
@) | —*—Ss5LO @ 10 ¢ lgk=522e, -10.97
-4 S5LD - v
0.05 L e new model (m =0.2)
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e \;y
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-5 10 >
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2
£ 10°
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o
] 107" e,
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10 10 10 Dl([:lm) 10 10 10 107 10° 10° 107 10° 10°
Experimental data k_(m/s)
(b) 0.03 —o—S5L0 ®) 10° =
1 © Igk=112¢,,11.05
J‘é’ ] new model (m = 0.19) /
- 7] e
@ ‘:a ]0_9 3 /v < /
£ 2 /
s s ] YL
= -8 -10 /,-L\'».o
2 10 E v’ :
2 ]
U - b o
10" L L) B N AL B R AL
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Experimental data k_(m/s)
Fig. 4. Conversion of Original Curve to Curve with 60 Equal-Width "
Classes: (a) Original Data, (b) Converted Data (¢) 1075 © new model (m=0.2)-GZ clay
. 3 2 new model (m = 0.28)-SZ clay e
0 ] new model (m = 0.16)-SH cla : \E-f N
E {0 1gk=094e,,9.71
Figure 5 compares the measured permeability (k) and the =" 10°%
g . 7] =
calculated permeability (k.) using the proposed model. The g ]
permeability calculated using the gk — e relation was also presented g ]
for comparison purposes. The order of the permeability of the bt 107 4
. . . . = E
examined fine-grained soils varies from 5 x 107! m/s up to 7 x E 3
10”7 m/s. One can note that the model proposed in this paper 3 ] .
appropriately predicts the permeability of Louiseville clay, 107 A vl —
Guangzhou clay, Shenzhen clay and Shanghai clay, with minor 107 107 10° 107

errors. However, the predicted results of the silt-kaolin mixture
using the proposed model do not agree very well with the measured
data, especially for the mixtures with a high percentage of silt. In
addition, when the permeability is greater than 107 m/s, the
consistency is rather bad; however, in this case, the performance

Experimental data k_(m/s)

Fig. 5. Verification of the Proposed Permeability Model: (a) Silt-
kaolin Mixtures, (b) Louiseville Clay, (c) Guangzhou Clay,
Shenzhen Clay and Shanghai Clay
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of the proposed model is still better than that of the Igk—e
relation. Therefore, it may be concluded that the proposed model
is only suitable for clays, whose permeability is less than 10~ m/
s; for other types of soil, different forms of Eq. (15) must be
developed. Compared to the Igk — e relation, the obvious advantage
of the new model is that its form does not change between clays,
and the variation range of the constant m is limited. In the cases
shown in Fig. 5, the value of m changes from 0.16 to 0.28; thus,
it can be approximately taken as 0.2.

4. Application of the Permeability Model to Kaolin
under Triaxial Loading

In this section, the proposed permeability model was adopted
to calculate the permeability of a commercial kaolin subjected to
various triaxial loading using the MIP data. The liquid limit and
plastic limit of the material are 42% and 21%, respectively, and
the specific gravity of the soil solids is 2.63.

4.1 Mechanical Behavior of Kaolin

The consolidated drained (CD) triaxial compression tests were
carried out on both normally consolidated (NC) and overconsolidated
(OC) remolded kaolin specimens considering two different stress
paths: the conventional constant ¢'; stress path (S) and the
constant p' stress path (P). Triaxial shearing was terminated when
the stress level reached the predesigned point P2 (p', = 300 kPa,
g> = 150 kPa) or P3 (p's = 300 kPa, g; = 257 kPa) in the (p', q)
plane. The specifications of the triaxial tests are summarized in
Table 2, where p'; is the isotropic conslidation stress, ey is the
initial void ratio, ¢, is the void ratio after isotropic consolidation,
and e;is the void ratio at the end of triaxial shearing. Noted that
the measured void ratios (e;) were slightly scattered around the
compression line (C,= 0.29) or the swelling line (C,= 0.05) due
to the variation of the initial void ratios (ey) when using the
consolidation method to form specimens. Therefore, a translation
was performed to restrict the measured void ratios from evolving
from the compression line for the NC specimens and from the
swelling line for the OC specimens during triaxial shearing. After
the translation, the following relation was obtained: e'= e + Ae (€' is
the translated void ratio; e is the measured void ratio; and Ae is
the deviation of e, from the compression line or the swelling
line).

The results of triaxial tests are illustrated in Fig. 6. Fig. 6(a)
shows that the stress-strain relationships were slightly affected
by stress paths but significantly affected by OCRs and stress

@ 5004 . ocRr33 P300 P2
1 —e—NC_P300 P2
400 - OCR4.0_S250 P2
| ——NC 8250 P2
_ —«—OCR3.3_P300_P3
F 3009 ——NC P300_P3
- = ——————
= 1 00 4 M= 0.85,_—
bl 200 - _ 200 ’_'_,_.--" P3
1 :;nm /T P2
100 - /
] —f——t —
200 250 ‘l]:: 350 400
0 I T T ’ T | T l|’I‘ 2 |
0.0 4.0 8.0 12.0 16.0 20.0
& (%)
(b)y 0.9~ —=— OCR3.3 P300 P2
—e—NC P300 P2
OCR4.0 S250 P2
——NC S250 P2
084 cs ——OCR3.3_P300_P3
- \ —»—NC_P300_P3
v
074 —
Cs=0.05
06 T T T T T T 11
100 200 400 1000
p' (kPa)

Fig. 6. Triaxial Test Results of Remolded Kaolin Specimens: (a)
& —q Curves, (b) Igp'-€' Curves

levels. The Ig p' — €' curves in Fig. 6(b) shows that during triaxial
shearing, the void ratios of the OCR3.3 P300 P2 and OCR3.3
P300_P2 specimens on the constant p' stress path slightly increased
exhibiting dilative behavior. By contrast, the void ratios of the
remaining specimens including the OCR4.0 S250 P2 specimen
decreased showing contractive behavior.

4.2 PSD and Microporosity Via MIP

After the mechanical testing, the MIP tests were conducted on
the small cubic samples that extracted from cylindrical specimens.

Figure 7 presents the differential pore volumes versus pore
diameters of different clay specimens. One can note that the
shape of the PSD curves, particularly the height of the peak
points, was affected by stress paths, stress levels and OCRs. It
shows that the pore diameters of all specimens had a wide range,
from 6 nm up to 100 pm. It is noted that more than 80% of the
total pore volume measured via the MIP tests fell within the pore

Table 2. Triaxial Tests on Remolded Kaolin Specimens

Specimen OCR Stress path | Stresslevel | p', (kPa) ey € er Ae
NC_P300_P2 1.0 P P2 300 0.893 0.758 0.738 0.022
NC_S250 P2 1.0 S P2 250 0.921 0.790 0.766 0.010
NC_P300_P3 1.0 P P3 300 0.930 0.776 0.735 0.004

OCR3.3_P300_P2 33 P P2 300 0.966 0.727 0.741 -0.050

OCR4.0_S250_P2 4.0 S P2 250 0.809 0.608 0.604 0.074

OCR3.3_P300_P3 33 P P3 300 0.965 0.723 0.753 -0.046
Vol. 23, No. 12 / December 2019 -5007 -
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Fig. 7. Differential Pore Volume versus Pore Diameter: (a) Influ-
ence of Stress Paths, (b) Influence of Stress Levels

size range of 0.03 um to 0.35 um. Furthermore, the dominant
pore diameters (D,) of these specimens were all approximately
0.15 pm.

In addition, comparing the microvoid ratio measured via MIP
(emip see Fig. 7) with the macrovoid ratio obtained from the
conventional tests (e, see Table 2), one can note that the
microvoid ratio was significantly smaller than the macrovoid
ratio. The major reason must be that the MIP technique does not
take into account the isolated pore volumes in specimens.

As stated previously, a translation of the macrovoid ratios was
performed to eliminate the initial errors (Fig. 6(b)). Similarly, the
microvoid ratios also need to be corrected to generalize the results.
Herein, the following relation between the deviations (Aeyyp and
Ae) of the microvoid ratio and the macrovoid ratio was assumed:
Aeypplenip = Aefer. Thus, the corrected microvoid ratio is expressed
by e'vip = emip + Aenip = evip (1 + Ae/ey). The corrected microvoid
ratio and macrovoid ratio are presented in Fig. 8.

1.0 —
4 TRTe TTre 7oy, T e,
0.9 —
‘ NC_S250_P2 :
NC_S250_F OCR3.3_P300_P3
e 08—+ ~ g _ OCR3.3_P300_P2 _
& 1 e T D2
2071 T
=] Y - S i 1,
S SRR
S .
0.6 — - L “‘I-OJ’ - 20,
NC_P300_P2 NC_P300_P3 ' Ly p Ve
0.5 —
OCR4.0_S250 P2
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Fig. 8. Corrected Microvoid Ratios and Macrovoid Ratios

4.3 Predicted Coefficients of Permeability

4.3.1 Characteristic Parameters of PSD Curves

The probability parameters (e.g., # and o) and other model
parameters related to the PSD were calculated and are listed in
Table 3.

It appears that at the P2 stress level the values of y of the
NC _ S250 P2 and OCR4.0_S250 P2 specimens were larger than
those of the NC P300 P2 and OCR3.3 P300 P2 specimens,
respectively. This means that when a specimen is sheared on the
constant ¢'; stress path, the tail of the PSD curve on the large-
diameter side is longer or fatter than that of a specimen on the
constant p' stress path. Furthermore, the values of o of the
NC S250 P2 and OCR4.0 S250 P2 specimens were also
greater than those of the NC_P300 P2 and OCR3.3 P300 P2
specimens, indicating that the PSD curves of the specimens on
the constant ¢'; stress path had lower kurtoses than those of the
specimens on the constant p' stress path.

A considerable influence of OCRs on the PSD shape is observed.
At the P2 stress level, the values of i of the NC specimens (e.g.,
NC _P300 P2 and NC_S250 P2) were larger than those of the
OC specimens (e.g., OCR3.3 P300_P2 and OCR4.0_S250 P2).
Whereas, the value of x4 of the NC P300 P3 specimen was
slightly smaller than that of the OCR3.3 P300 P3 specimen.
The value of g of the NC_S250 P2 specimen was visibly greater
than that of the OCR4.0_S250 P2 specimen. By contrast, the
values of ¢ of the NC P300 P2 and NC P300 P3 specimens
were less than those of the OCR3.3 P300 P2 and OCR3.3
P300_P3 specimens, respectively.

Table 3. Characteristic Parameters of the PSD Curves

Specimen OCR Stress path | Stress level | D, (um) n c D, (um) c D" (um)
NC_P300_P2 1.0 P P2 0.150 -0.860 0.453 0.138 0.435 0.060
NC_S250 P2 1.0 S P2 0.150 -0.807 0.557 0.156 0.397 0.062
NC_P300_P3 1.0 P P3 0.150 -0.862 0.460 0.137 0.431 0.059

OCR3.3_P300_P2 33 P P2 0.150 -0.888 0.454 0.129 0.431 0.056
OCR4.0_S250_P2 4.0 S P2 0.150 -0.854 0.476 0.140 0.424 0.059
OCR3.3_P300_P3 33 P P3 0.150 -0.854 0.479 0.140 0.423 0.059
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One can note that, on a given stress path, the values of u of the
NC_P300_P2 and NC P300 P3 specimens were approximated,
while the value of u of the OCR3.3 P300 P2 specimen was
significantly smaller than that of the OCR3.3 P300 P3 specimen.
The values of ¢ of the specimens at the P2 stress level were
visibly smaller than those of the corresponding specimens at the
P3 stress level, indicating that the PSD was wider when a
specimen was subjected to a higher stress level.

It is also observed that the values of D” of the NC_P300 P2
and NC_S250 P2 specimens were greater than those of the
OCR3.3 P300 P2 and OCR4.0_S250 P2 specimens, respectively.
This is reasonable because the pores of the OC specimens were
more compressed than those of the NC specimens. However, the
value of D" of the OCR3.3_P300_P3 specimen was equal to that
of the NC _P300 P3 specimen, which was probably due to the
volumetric dilation that developed in the OC specimen.

4.3.2 Predicted Coefficients of Permeability

Table 4 gives the predicted coefficients of permeability of six
specimens using the proposed permeability model with m = 0.2.
In Table 4, n" is the microporosity calculated based on the
measured microvoid ratio (eyp). 7" is the microporosity calculated
based on the corrected microvoid ratio (e'yyp) (see Fig. 8). k and
k' are the coefficients of permeability calculated using »* and »",
respectively. To further verify the reliability of the proposed
permeability model, the coefficients of permeability (k) of two
kaolin specimens (i.e., Oed 200 and Oed 1000) indirectly evaluated
by oedometer tests at vertical effective stresses of 200 kPa and
1,000 kPa and those (k) calculated from the MIP data of the
specimens by the proposed model are also presented. The results
show that the predicted coefficients of permeability of the two
oedometer specimens are acceptably consistent with the
measured data, suggesting that the proposed permeability model
is indeed applicable to kaolin.

One can note that the correction operation is meaningful, as it
makes the results more reasonable. After the correction, the
kaolin specimens under the tested loading conditions had small
permeabilities varying from 3.4 x 10™°m/s to 4.7 x 107" m/s
(Fig. 9). It is observed that the permeability of the NC_P300 P2
specimen was greater than that of the OCR3.3_P300 P2 specimen.
Similar trends were also found among the other four specimens.
These results reflect an accepted fact that the OC clay is more
impermeable than the NC clay.

OCR33 P300 P2~ | | —+—

7.07* NC_P300_P2 :
OCR4.0_S250_ P2~
* NC_S250_P2 |
6.097« OCR3.3_P300_P3
> NC_P300_P3
REU
2
% 40
3 -
3.07
s

Fig. 9. Predicted Coefficients of Permeability of Remolded Kaolin
Specimens

On the other hand, the permeabilities of the specimens on the
constant p' stress path were smaller than those of the specimens
on the constant a;' stress path, although all the specimens had the
same stress level. For instance, the permeability of the NC_P300 P2
specimen was 4.363 x 107° m/s, which was significantly less
than that of the NC_S250 P2 specimen. This is likely because
the specimens on the constant p' stress path encountered larger
confining pressure at the beginning of triaxial shearing compared
to those on the constant o' stress path.

In addition, one can note that a higher stress level led to a
smaller permeability for the NC specimens (e.g., NC _P300 P2
and NC P300_P3). This result agrees well with the findings of
Lei et al. (2016). By contrast, a higher stress level usually
resulted in a greater permeability for the OC specimens because
of the increasing dilatancy phenomenon.

Therefore, it may be concluded that the permeability of clays
was sensitive to the triaxial loading conditions, including the
stress history (OCR), the stress path, and the stress level. The
model proposed in this paper was capable of characterizing these
complex features of clay permeability.

5. Conclusions

In this work, a semi-empirical model for the permeability of
remolded clay was proposed using the PSD and the microporosity

Table 4. Predicted Coefficients of Permeability of Six Kaolin Specimens

Specimen OCR | Stress path | Stresslevel | n" (%) | #n" (%) | D" (um) | k(<10 “m/s) | k' (x 107°m/s) | k, (x 10 °m/s)
NC_P300 P2 1.0 P P2 38.8 39.5 0.060 4.285 4.363 —
NC_S250 P2 1.0 S P2 39.8 40.1 0.062 4.660 4.697 —

NC P300 P3 1.0 P P3 38.2 38.4 0.059 4.094 4.108 —
OCR3.3_P300 P2 33 P P2 38.1 36.4 0.056 3.622 3.467 —
OCR4.0_S250 P2 4.0 S P2 34.8 37.5 0.059 3.750 4.037 —
OCR3.3 P300 P3 33 P P3 38.4 36.9 0.059 4.117 3.958 —

Oed 200 — — — 40.9 — 0.084 8.893 — 15.749

Oed 1000 — — — 33.5 — 0.031 0.991 — 1.206
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obtained via the MIP technique. The PSD curve was considered
as a discrete probability function of pore diameters; thus, its
shape was characterized by the probability parameters (e.g., the
expected value and the standard deviation). These probability
parameters were then used to quantify the effective pore diameter.
Based on Hagen-Poiseuille's equation, the effective pore diameter
and the microporosity were correlated to the permeability of
clays. The proposed permeability model may be expressed in the
following form:

Emip ./1"'3.
I+eyp o©

k=C,- D] (19)

This model was verified using the measured data of the silt-
kaolin mixture, the intact and remolded Louiseville clay, and
three types of clay from China, all of which were reported in the
literature. The verification results demonstrated that the proposed
model could appropriately predict clay permeabilities ranging
from 107" m/s to 107 m/s. Then, the permeability model was
applied to estimate the permeability of remolded kaolin subjected to
various triaxial loading. The following conclusions may be
drawn based on the analyses of the results:

1. The influence of different triaxial loading conditions on the
microvoid ratio is significant. However, their influence on
the shape of the PSD curve is usually not very obvious. In
this case, the probability parameters were helpful in quanti-
fying the small changes in the PSD shape.

2. The proposed model was capable of evaluating the average
coefficients of permeability of kaolin under various triaxial
loading conditions. However, the model cannot consider the
anisotropy of clay permeability because the MIP technique
fails to quantify the anisotropy of pore structures.
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