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Abstract: Clay soil is a common building foundation material, and its permeability is very important
for the safety of foundation pits and the later settlement of buildings. However, the traditional
Kozeny-Carman (K-C) equation shows serious discrepancies when predicting the permeability of
clay in building foundation treatment. Therefore, solving the application of K-C equation in clay is
a problem faced by the engineers and scholars. In this paper, the influence of clay mineralogy on
pore structure and permeability is analyzed, and then the effective e (eeff) and effective SSA (Seff) are
proposed. Based on the eeff and Seff, the permeability prediction model modified on Kozeny-Carman
is built. Then, seepage experiments are conducted on two types of clay samples to test this prediction
model; at the same time, the MIP combining freeze-drying methods are used to obtain the Seff and
eeff. Through the discussion of the test results, three main conclusions are obtained: (1) there are
invalid pores in clay due to the influence of clay mineral, this is the reason for which K-C equation
is unsuitable for clay; (2) the eeff and Seff can reflect the structural state of clay during seepage;
(3) the results of the permeability prediction model in this paper agree well with the test results,
which indicates that this prediction model is applicable to clay. The research results of this paper are
significant to solve the academic problem that K-C equation is not applicable to clay and significant
to ensure the safety of building foundation pits in clay areas.

Keywords: building foundation; permeability of clay; clay mineral; K-C equation; pore connectivity;
specific surface area

1. Introduction

Soil is the most basic foundation material for buildings. The engineering properties of
the soil are directly related to the safety of the buildings. For example, the mechanics and
permeability properties of the soil are directly related to the groundwater treatment and
the supports arrangement of the building foundation pit [1–3]. The later settlement of the
foundation caused by the secondary consolidation of the soil directly affects the safe use of
the buildings [4–6], for example, the leaning Bisha Tower is a typical representative. The
solutions to the above problems are all directly linked to hydraulic conductivity of the soil,
which is an important parameter to the permeability of soil. Unfortunately, the hydraulic
conductivity is a difficult parameter to determine because it is closely related to soil
structures, porosity, bulk density, saturation and fluid type [7,8]. Therefore, scholars have
proposed many permeability calculation methods and prediction models [7,9–23].However,
the most widely used are still Darcy’s law and the K-C equation.

The K-C equation is very popular in the geotechnical engineering due to its fewer
parameters. The K-C equation accounts well for the dependency of permeability on void
ratio (e) in uniformly graded sands and some silts, however, serious discrepancies are often
found when it is applied to clays [7].

In theory, hydraulic conductivity mainly depends on the pore size and the pores
distribution [8]. Therefore, pore structure, e, SSA, tortuosity, and shape of the flow channels,
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are always the hot points to explore the applicability of the K-C equation in clay. Except the
pore tortuousness and pore shape [24–32], scholars have paid more attention to the e and
the SSA of clay, and proposed various correction methods.

(1) void ratio (e)
The e is the standard of the amount of the flow channels, which is the decisive factor

of the soil permeability. Therefore, the use of e in the K-C equation firstly aroused the
attention. In fact, some pores are unconnected in clay and the water inside is not free
to move. So, Taylor [20] suggested that the equation should be corrected by effective e,
which was the ratio of free water volume to the particles. Later, more and more scholars
expressed the similar views [33–35]. However, the test results reported by Mesri and
Olson [19] showed that the hydraulic conductivity was higher for montmorillonite in
nonpolar fluids than in water. At the same time, Horton et al. [36] found that the soil with
different chemical solutions had different hydraulic conductivity. For the above phenomena,
Meegoda et al. [37] proposed that except for the unconnected pores, the water held onto
the particles by the electrolytic system forces also should be considered, because this part
of water showed an elastic behavior and a solid-like structure rather than fluid [38]. In this
case, Ren et al. [7] thought the void containing immobile water had no contribution to flow.
At the same time, Dolinar and Trcek [39] thought that the water adsorbed onto surfaces of
the clay mineral was immobile.

Therefore, the effective void should be the volume of total void minus the volume of
unconnected pores and immobile water. But how to determine the volume of unconnected
pores, immobile water and total void accurately is a tricky problem. In1984, one EPA
determined the eeff using the mercury intrusion porosimeter (MIP), this method could
determine the invalid pores [36]. Meegoda et al. [37] proposed a method by chemical tracer
tests to measure the effective void. Koponen et al. [40] used the lattice-gas method and
simulated the effective e as a function of e. Meanwhile, Singh and Wallender [41] gave the
effective e considering the thickness of the adsorbed water layer and the SSA of the clay.
Urumović [42] presented the effective e in the function of referential grain size based on
literature data. After reviewing the definitions and calculation methods by many scholars,
Dolinar and Trcek [39] emphasized that effective e depended mostly on the external SSA
of the soils. Wang et al. [10] considered the influence of bound water, and established a
relationship between the effective e and the total e.

(2) SSA
For sandy soil, particle size is big and the geometric shape is regular, so the SSA

proposed in the early days was mostly based on the geometric shape and size distribu-
tion curve of the particles [16,43–46]. For clay, the particle size is small and the shape
parameter is difficult to determine, therefore, the method for sand soil is not suitable for
clay. Of course, there are many ways to determine the SSA of clay, such as Methylene blue
(MB) [47,48], Ethylene glycol monomethyl ether (EGME) [49,50] and Brunauer, Emmett and
Teller method (BET) [47,51], several of them requiring high-tech equipment, so they are not
commonly used. Therefore, some parameters of clay, such as Atterberg limits, liquid limit
(LL) and soil water characteristic curve (SWCC), are used to establish empirical formulas
with the SSA [52,53]. For example, Jacques Locat [54] proposed a correlation between At-
terberg limits and SSA. Cerato [55] listed 12 correlations between the LL and SSA and then
built a relationship between LL and SSA. Macek et al. [56] used 90 samples to estimate the
relationship between the SWCC with the SSA. Kobayashi et al. [57] used X-ray diffraction
to measure the SSA of compacted bentonite under constant volume conditions. In addition,
Ismeik [58] presented artificial neural network models to estimate the SSA. Sharma [59]
proposed a multivariate probabilistic approach for estimation of cation exchange capacity
and SSA. Meegoda [60] proposed a method based on the electrical properties of soils in
situ SSA. However, Dolinar [61,62] repeated that when using the LL to calculate the SSA
of clay, the internal SSA should be considered, especially bentonite. Yukselen-Aksoy and
Kaya [63] used the BET, EGME, MB test methods to determine the SSA of 32 soils with
different mineralogies, but results showed a big difference by different methods. After
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investigating 267 groups of samples, Deng et al. [64] also found that only when the SSA
was about 80 m2/g would there be a good relationship between the consistency limit and
SSA. Hong et al. [11] found that even though the relationship was fitted by a large number
of LL and SSA data, the predicted hydraulic conductivity still ranged between 1/3 and
three times to the laboratory test value. Additionally, after checking more than 500 datasets
from the literature, Spagnoli and Shimobe [65] found that even the relations of SSA with
LL were robust, but the estimated SSA values slightly overestimated the measured SSA up
to 100 m2/g.

Above all, many definitions and methods have been given to determine the effective e
and SSA of the soil, but there are significant differences between each method, especially
for clay. At present, the effective e in undisturbed soil is more of a conceptual existence
and there is still no clear and effective method to determine it. This is because most of
the effective e is based on the e, but the current methods for determining e mainly include
weighing after drying, compression tests, or by controlling the volume of solid during
sample preparing in the laboratory. These methods either destroy the original structure
of the clay samples or contain unconnected pores. Similarly, in the current methods of
calculating the SSA of clay, the samples are mostly ground and dried into particles. So, the
SSA measured by these methods are the SSA of soil particles. For clay, due to the influence
of the adsorbed water and the double electric layer (DEL), water cannot flow over the
surface of each particle, so there are many unconnected pores and small pores tend to have
no contribution to seepage. Therefore, the e and SSA obtained by the current test methods
cannot reflect the real characteristics of pore structure during clay seepage. These may be
the reasons for which there is a large deviation of the original K-C equation in predicting
the permeability of clay.

So, in this paper, the influence of mineralogy on pore micro-structure and permeability
of clay and sandy soil are analyzed. Then, the conception of effective e (eeff) and effective
SSA (Seff) are proposed by considering the influence of adsorbed water and unconnected
pores under seepage state. Based on this, the permeability prediction model modified on
K-C equation by eeff and Seff is proposed. In order to test the rationality of eeff, Seff and the
applicability of this model to clay, S type of artificial clay samples with different porosity
and Y type of natural clay samples with different natural clay content are designed for
permeability tests. At the same time, the freeze-drying method and MIP test are used to
obtain the eeff and Seff. Then the SSA, e and hydraulic conductivity by different method
are compared, and the result showed that the prediction model proposed in this paper
had an outstanding performance in predicting the hydraulic conductivity of clay. The
research results of this paper have certain significance to solve the academic problem that
K-C equation cannot be used in clay, and also are significant to ensure the safety of building
foundation pits in clay areas.

2. Effective Pores and the Permeability Prediction Model Modified on K-C Equation
2.1. Effective Pores of Clay Seepage

Clay is mainly composed of clay minerals, such as montmorillonite, kaolinite and illite.
These mineral crystals are mostly made up of silicon sheets, brucite sheets and gibbsite
sheets. However, the bonds holding the unit layers together may be sufficiently weak and
easily influenced by the environment, so isomorphous substitution in all the clay minerals
gives clay particles a net negative charge [66]. The net negative charges adsorb cations and
polar water molecules to form DEL (Figure 1). Some scholars referred to several layers of
water molecules adsorbed on the surface of the particles as strongly adsorbed water and
believe that strongly adsorbed water could not flow [41]. Affected by the crystal structure
of clay minerals, the clay particles are mostly small flakes. During deposition, the flakes are
stacked in various forms by the interaction between electric field forces, gravity and van
der Waals forces. This random stack creates many types of pores inside the clay (Figure 2).
Among them, some pores are self-locking and the water in the pores cannot flow, these are
called isolated pores and blind pores. However, for some small pores such as the gaps of
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the flakes, even though they are interconnected but the liquid still cannot flow through
them due to the DEL and the adsorbed water [67]. Therefore, these small pores, the above
isolated pores and blind pores are all invalid pores for clay seepage.
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Figure 2. Pore structure of clay in microscope.

In fact, for sandy and silt soil, the particle size is large, and particles behave as
independent units. This kind of independent particle mostly contacts by point-point, so the
pores are mostly interconnected. Therefore, the fluid can be considered to flow through all
the surface of particles. In this case, it is acceptable to use the surface area of the particles
to represent the tube surface area in the K-C equation and obtain a closer result to the
experiment. For clay, due to the combined effects of mineral crystal structure, clay particle
shape, surface charge and adsorbed water, some pores are blind, isolated and unconnected,
so the fluid in the clay shows an obvious difference from that in sandy and silt soil, as
shown in Figure 3. When seepage occurs in clay, the fluid cannot flow over the surface of all
particles but only flow over the surfaces of particles along the effective pores. In this case,
there is a large gap between the flow area of the effective pores and the surface area of clay
particles, so it is no longer reasonable to use the SSA of clay particles in the K-C equation.
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2.2. The Permeability Prediction Model Modified on K-C Equation

For a capillary, by Poiseuille’s law, the average flow velocity vave is shown as:

vave =
γpR2

8µ
ih (1)

where µ is the viscosity, R is the radius of the tube (Figure 4), γp is the specific gravity, and
ih is the hydraulic gradient. For a full-flow circular tube, the hydraulic radius is:

RH =
πR2

2πR
=

R
2

(2)
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At this point, according to Poiseuille’s formula, the fluid volume of the tube can be
obtained as follows:

qcir =
γpR2

H iha
2µ

(3)

where a is the cross-sectional area of the tube. For differently shaped pores, the shape factor
Cs is introduced, then the former formula becomes as follows:

qcir = Cs
γpR2

H iha
µ

(4)

For soils with a total cross-sectional area A, in the saturated state, the area of flow
passages is Af.

A f = nA (5)

where n is the porosity of the soil, and the hydraulic radius RH can also be expressed as:

RH =
A f

P
=

A f L
PL

=
Vw

VsρsSp
(6)

where P is the total circumference of the flow tubes, L is the length of the flow tube, Vw
is the volume of the water and Vs is the volume of the solid, ρs is the density of soil
particles. According to the introduction above, for clay, the fluid can only flow through
interconnected pores, so Sp in this formula is the SSA of the pores, that is, the SSA of
particles along the interconnected pores through which liquid can effectively flow. At this
point, Equation (5) can be written as follows:

q = Cs
γp

µ

(
Vw

VsρsSp

)2
ih A f (7)

In this paper, except the unconnected pores, the absorbed water and the small pores
that are influenced by absorbed water with no contribution to seepage are all treated as
invalid, these parts are omitted when calculating the effective e [7,41]. The volume of
adsorbed water is calculated according to the following formula:

Vab = δ · S (8)
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where δ is the thickness of the adsorbed water and S is the SSA. If there are two or three
layers of water molecules adsorbed on the particle surface, since the diameter of a single
water molecule is 0.3 nm [41], then the effective radius of the tube becomes R − 0.6 nm
or R − 0.9 nm. At the same time, according to the theory of Gouy-Chapman, the ion
concentration of the soil in nature is between 0.83× 10−2 mol/L and 0.83× 10−4 mol/L [66].
The thicknesses of DEL are 3.33 nm and 33.3 nm (Figure 5), but not all liquids in the DEL
cannot flow.
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Considering the above factors, in this paper, when the pore diameter is less than 3 nm,
these pores are treated as invalid pores because they are influenced by absorbed water
with no contribution to seepage. At this time, the volume of pores in the clay that have a
positive contribution to the seepage can be expressed as:

Vv
′ = Vv −Vab −Vunc −Vnoc (9)

where Vv
′ is the effective pore volume, Vnoc is the volume of pores influenced by absorbed

water and with no contribution to seepage, Vunc is the volume of pores which are uncon-
nected such as blind pores and isolated pores, these pores can be measured by MIP test.
Then the effective e of the interconnected pores and shown as:

eeff =
V ′v
V ′s

=
Vv −Vab −Vunc −Vnoc

Vs + Vab
(10)

where, Vs is the volume of soil particles, and Vs
′

is the volume of soil particles plus the
volume of adsorbed water. At this point, there is:

Vw = eeffV
′
s = eeff(Vs + Vab) (11)

After subtracting the pores which have diameters less than 3 nm, the SSA of particles
along the interconnected pores can be written as effective SSA (Seff). Under stable laminar
flow, substituting Equations (5), (10) and (11) into Equation (8), and changing the Vs to Vs

′,
the hydraulic conductivity is obtained according to Darcy’s law:

k = Cs
γp

µ

(
eeff(Vs + Vab)

(Vs + Vab)ρsSeff

)2 eeff
1 + eeff

= Cs
γp

µρ2
s S2

eff

e3
eff

(1 + eeff)
(12)

In the formula, Cs is a coefficient describing the tortuosity of pores, and it is difficult
to obtain the exact value. At present, this coefficient is mostly selected by experience.
According to the works of Mitchell and Soga [66], in this model Cs is taken as 5. When Seff
and eeff in the formula are taken as the specific surface area S and total pore e, the formula
becomes the classic K-C equation.

3. Experimental Scheme and Result
3.1. Experimental Method and Scheme

(1) Experimental materials
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The prediction model proposed in this paper is aimed at clay soil, so the experimental
samples are all clay samples. Artificial soil mineral powder is often used to prepare soil
samples in the laboratory because of its clear mineral composition and high purity. So,
in this experiment, the artificial mineral powder of kaolinite and bentonite were used
to prepare the S type samples. However, considering that the mineral composition of
clay in nature is much more complex than that of artificial soil in the laboratory, and the
permeability prediction model in this paper is eventually applied to the natural clay layer
of the building foundation pit. So, the natural clay also was used to prepare the Y type
soil samples in this experiment. The natural clay was selected from Nansha of Guangzhou,
China, because there are thick soft clay layers distributed in this area. In order to ensure
the samples selected from Nansha were clay soil, ten samples in the sampling area were
sent for X-ray diffractometer test(Germany BRUKER D8 ADVANCE, Cu(monochrome))
and the test results are shown in Table 1.

Table 1. The mineral information for natural soil (Nansha, Guangzhou, China).

Sample No. Quartz Feldspar Illite Chlorite Kaolinite Others

N1 19.9 25.7 23.8 30.6
N2 24.0 7.2 24.3 24.3 22.1
N3 25.8 27.8 23.8 22.6
N4 24.8 23.4 26.3 23.3 2.2
N5 21.4 16.9 30.0 31.8
N6 22.5 26.3 24.4 26.9
N7 24.0 24.9 19.9 29.3 1.9
N8 22.2 27.4 25.9 24.5
N9 19.7 19.0 30.0 31.3

N10 23.2 26.5 25.3 23.2 1.9

The results show that the clay mineral content of the natural soil in this area is very
high, which can well meet the requirement.

(2) Experimental scheme
Void ratio and SSA are the key parameters to the K-C equation, which are also the

starting points of the permeability prediction model proposed in this paper. Therefore, this
test designed S type soil samples and Y type soil samples to test the applicability of this
model to clay. For S type samples, by controlling the volume of solid particles, five groups
of soil samples with different void ratios were designed. For Y type samples, the SSA of
samples was controlled by adding a small amount of bentonite in natural soil. Therefore,
six groups of soil samples with different bentonite content have been designed in Y type
samples. The information of samples is shown in Table 2:

Table 2. The mixture table for the two types of soil samples.

No.
Component

Porosity Test Items No.
Component

Porosity Test Items
(mbent:mkao) (mnatural:mbent)

S1
bentonite

+ kaolinite
(0.134:1)

0.45
PL;
Ip;
e;

SSA
k

Y1 0.9:0.1

0.48

PL;
Ip;
e;

SSA
k

S2 0.5 Y2 0.85:0.15
S3 0.55 Y3 0.8:0.2
S4 0.6 Y4 0.75:0.25
S5 0.65 Y5 0.7:0.3

Y6 0.65:0.35

Among them, the proportion of bentonite and kaolin in S type samples and the poros-
ity of Y type samples were determined according to relevant experience and literature [67].
After sample preparation, the liquid limit (LL) test, plastic limit (PL) test, hydraulic conduc-
tivity(k) test, SSA test by EGM, BET method and MIP test were conducted for each group
of samples.

(3) Experimental method
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The plasticity index and SSA (By EGME, BET method) test of the mixed clay sample.
The powders of bentonite, kaolin and natural clay were dried and mixed evenly according
to the proportion in Table 2 Then the SSA of the mixed powder were tested by EGME and
BET methods. The testing process was strictly in accordance with the standard [68,69]. At
the same time, after the mixed powder wetted overnight, the LL and PL of each sample
were measured and then the plasticity index of each sample were calculated.

The seepage experimental test of the two type samples. The matrix materials were
wetted and packaged overnight, and then moulded in samples with a diameter of 6.18 cm
and a height of 4 cm according to the design requirements. Specimens were tested by a
permeability test after being saturated by vacuum evacuation. Because the sample contains
bentonite, it needs a long time to be saturated. In this test, the soil samples were soaked in
water for 3 days after 3 h of vacuum evacuation. To ensure the soil sample was saturated
during the experiment, the sample was loaded into the test equipment and saturated
again by penetration saturation with the hydraulic gradient between 40 and 47.5. The
experimental data were considered valid when all of the outlets had a significant amount
of water flowing out through the samples and when penetration saturation proceeded to
the 5th day [67,70]. As shown in Figure 6, the permeability experiment was the variable
hydraulic gradient test, and the initial hydraulic gradient was 46.5. The hydraulic gradient
was recorded again after two hours, and then repeated several times to calculate the
hydraulic conductivity.
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Figure 6. Permeability instruments: (1) Overall drawing of test equipment; (2) Permeameter; (3) Seal-
ing method of specimen.

The MIP test for the void ratio and SSA of interconnected pores. After the hydraulic
conductivity tests, the soil samples of each experimental point (such as S1) were cut out as
5 small samples with a volume of 1 cm× 1 cm× 1 cm. Then the small samples were quickly
put into liquid nitrogen for freezing. After being frozen, these small samples were quickly
placed in a freeze dryer and dried at −40 ◦C under vacuum [71,72]. The MIP test was
carried out after the small samples were successfully prepared by freeze-drying method.
The MIP test was carried out by the State Key Laboratory of Subtropical Architectural
Science, China. The test instrument was AUTOPORE 9510 manufactured by Micromeritics
company [73]. The relationship between pressure and the amount of Hg input was the MIP
test, as shown in Figure 7.
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The SSA of interconnected pores was obtained by the pressure and the volume of
mercury injected:

Sp =
1

σ · cos θ

∫ Vmax

0
p · dV (13)

where θ is the contact angle, p is the pressure value, σ is the surface tension of mercury, dV
is the change in the volume of mercury injected, Vmax is the maximum amount of mercury
injected and Sp is the surface area of interconnected pores. In the MIP experiment, each
sample was repeated three times to ensure the precision.

3.2. Experimental Results

(1) The SSA by different method
According to the experimental scheme and method, the SSA of two type samples

measured by EGME, BET and the Seff by MIP method are all shown in Table 3. At the same
time, the SSA obtained by some classical estimated methods are also shown in the Table 3.
The estimated methods are mainly proposed by scholars [7,63,74,75].

Table 3. SSA for two type soil by different method (m2/g).

No. n Mass
Ratio EGME BET

Smith
et al.

(1985) [74]

Churchman
and

Burke
(1991) [75]

Yeliz
Yukselen-

Aksoy
(2010) [63]

Ren
(2016)

[7]
Seff

S1 0.45 0.143:1 79.8 19.8 411.1 45.7 135.9 106.0 13.0
S2 0.5 0.143:1 79. 8 19.8 411.1 45.7 135.9 106.0 12.5
S3 0.55 0.143:1 79. 8 19.8 411.1 45.7 135.9 106.0 12.4
S4 0.6 0.143:1 79. 8 19.8 411.1 45.7 135.9 106.0 12.2
S5 0.65 0.143:1 79. 8 19.8 411.1 45.7 135.9 106.0 12.2
Y1 0.48 0.1:1 108.2 26.1 388.2 41.7 124.1 100.2 21.5
Y2 0.48 0.15:1 124.1 27.1 431.0 49.1 132.9 111.0 21.8
Y3 0.48 0.2:1 138.7 21.4 470.3 55.9 140.9 121.0 22.0
Y4 0.48 0.25:1 152.1 28.0 506.4 62.1 148.4 130.2 22.9
Y5 0.48 0.3:1 164.5 29.5 539.8 67.8 155.2 138.6 23.6
Y6 0.48 0.35:1 175.9 30.2 570.7 73.1 161.6 146.5 24.4

The results in Table 3 show that among the results of the test methods, the SSA by the
EGME method yielded the largest, the BET method was the second, and the MIP method
was the smallest. For S type samples, the SSA by MIP test changes with the e, while the
other methods are constant. For the Y type samples, the SSA of the samples changed
obviously with the bentonite content by all methods. For the estimated methods, the SSA
by Smith et al., Yeliz Yukselen-Aksoy, Ren and Churchman and Burke decrease by in order.

(2) The eeff by different methods
When substituting the SSA (in Table 3) and the thickness of the adsorbed water layer

into Equations (8)–(10), the eeff is obtained and as shown in Figure 8.
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Figure 8. The e of two types soil samples: (a) S type soil samples; (b) Y type soil samples [7,63,74,75].

In Figure 8, for S type soil, the eeff decreases with the decrease of the design porosity of
the sample by all test methods. The e obtained by all test methods and estimated methods
are smaller than the design e. Except the MIP method, the eeff curves by other methods are
almost parallel. For the Y type samples, the eeff decreases with the increase of the bentonite
content. Similarly, except the MIP method, the eeff curves by other methods are almost
parallel and linear.

(3) Hydraulic conductivity by different methods
When submitting the SSA and the corresponding eeff obtained by various methods

into Equation (12), the hydraulic conductivities can be obtained. In Figure 9, the hydraulic
conductivities obtained by all methods increased with the increasing of e, and decreased
with the increasing of bentonite content.
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samples [7,63,74,75].

In Figure 9a, the results of the permeability prediction model modified K-C equation
using Seff and eeff by MIP method achieves better agreement with the experimental values.
The largest difference between them occurred when n = 0.5. At this point, the values of
these two methods were 6.14 × 10−10 m/s (the modified model value) and 1.1 × 10−9 m/s
(experimental values). The ratio of these two values was only 1.79, while the ratios for
the other points were less than 1.6. For the BET and Churchman (1991) methods, the
average ratios of the experimental values to the calculated values of the two methods
were 3.1 and 19.85, while the other methods are 100 times larger, such as the method of
Smith et al. (1985), and the ratio is astonishing at about 10,000 times. Similarly, for the Y
type samples in Figure 9b, it could be seen that this modified equation still has advantages
for natural remoulded soil. The results of this modified K-C equation by MIP method
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and the experimental values at other points are coincident, except at the point when the
bentonite ratio was 0.1. The average values of the experimental values to the calculated
values of BET and Churchman are 1.73 and 8.5 respectively, and for the other methods, this
value is much larger. At the same time, the hydraulic conductivity curves of the EGME,
BET, Churchman, Yukselen-Aksoy and Ren clearly show almost linear changes, while the
calculated values of MIP method are not linearly changed.

4. Discussion
4.1. The SSA and eeff by Different Methods

There are two main reasons for the above phenomenon of SSA in Table 3. The first one
is the special micro-structure induced by clay mineral property during seepage. Due to
the influence of clay mineral properties, clay particles are mostly flake particles. There are
negative charges on most clay mineral surfaces, and the negative charges always create
electric forces between particles. Therefore, under the action of electric field forces, gravity
and van der Waals forces, clay flakes more easily accumulate with each other to form a
cluster structure. In cluster structure, there are many unconnected pores and tiny small
pores. At the same time, the charges on the surface of clay particles also adsorb cations
and polar water molecules to form DEL and adsorbed water. The DEL and adsorbed water
often have a certain viscosity, and the adsorbed water is even considered to be immobile.
So, the adsorbed water will occupy the effective pore of the clay. Except this, when the
pores’ size is very small, these pores are also considered as invalid pores because of the DEL
and adsorbed water. Therefore, when the mineral composition or density of the sample
changes, the internal micro-structure of the samples changes, so the eeff and the Seff change.

The second reason is that the SSA obtained by these test methods are different due to
different test principles. Among these test methods, the EGME and BET method are aimed
at particles; at the same time, the SSA by EGME is the total SSA of the particles, and the SSA
by BET are the external SSA of the particles. So, in Table 3, the SSA for two types of samples
by EGME method is larger than BET, because the total SSA is obviously bigger than external
SSA. While for the estimated methods they are the empirical relationship between SSA
and PL, Ip or SWCC, these methods are based on the EGME and BET tests. So, in Table 3
the SSA by Smith et al., Yeliz Yukselen-Aksoy and Ren methods are close to the values
of EGME method, and the SSA by Churchman and Burke is close to the method of BET.
However, for the MIP test, the test samples were prepared by the freeze-drying method, so
the SSA by MIP test is the SSA of the interconnected pores of the seepage samples. That is
to say, the MIP test aims at the clay with seepage structure while the EGME and BET test
aim at the particle, which are essentially different. As mentioned above, clay particles are
more easily to formed into a cluster structure. In this structure, particles that stack with
each other will occupy the particle surface and the unconnected pores also reduce the SSA
of the interconnected pores. So, the Seff determined by MIP test is the smallest one.

In Table 3 the SSA of S type samples by EGME and BET method are constant, while the
Seff by MIP test increases with the designed porosity. This is because change of designed
porosity cannot change the property of the particles, but can change the pore structure in
the clay. Similarly, for Y type samples, even though the porosity is constant, the increase
of bentonite content changes the surface properties of particles and the pore structure
of the clay, so the SSA obtained by these methods all change with the bentonite content.
Through the above discussion, it can be found that the Seff obtained by MIP test method
can simultaneously reflect the change of clay pore structure caused by the change of soil
porosity, mineral composition and other factors.

These two reasons can also explain the phenomenon shown in Figure 9, since the eeff
is calculated by the SSA as show in Equation (11). The eeff can reflect the influence of the
adsorbed water, the disconnected pores and small pores on the effective pores for seepage.
First, because there are invalid pores and the adsorbed water in clay, so the eeff calculated
by all methods are smaller than the designed e. Similarly, whether the mineral composition
or the porosity of the sample changes, the amount of disconnected pores and small pores
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all change, thus the eeff is changed. At the same time, this can also explain why the soil eeff
curves in Figure 9, as except for the MIP method, the curves obtained by other methods are
almost parallel and linear.

4.2. The Hydraulic Conductivity

The content in Figure 9can also be discussed from the test methods and the micro-
structure of the clay during seepage. As mentioned above, the total SSA by EGME and the
external SSA by BET method are both aimed at the particles. However, the MIP method
aims at the effective pores, so from Equations (11) and (12), the hydraulic conductivity
calculated by Seff is bigger than the SSA by EGME and BET methods. The estimated
methods for SSA, such as Smith et al. (1985), Churchman (1991), Yukselen-Aksoy (2010)
and Ren (2016) are all based on EGME and BET test. Since they are all empirical equations,
the value of SSA calculated by some of them is too large; Therefore, the volume of adsorbed
water calculated is amazingly big. So, the hydraulic conductivity calculated is too small
and unreasonable.

Second, when the soil experiences seepage, the internal pore state is the decisive factor.
For S type samples, within a certain range, when the density increases, the increase in the
SSA of the pores indicates the increase in small pores. Under the influence of the adsorbed
water and the DEL, the seepage efficiency of the small pores is very low, so the hydraulic
conductivity decreases with the increase in the density (Figure 9a). For Y type samples, the
expansion of bentonite makes it easier to form small pores, so the hydraulic conductivity
of the soil decreases with the increase of the bentonite content. That is to say, the sample
density and component are coupled to affect the connectivity of the pores, the Seff, the eeff
and the hydraulic conductivity.

Unfortunately, the SSA used in the traditional calculation equations was mostly ob-
tained by the EGME and BET test methods, while these two methods tested only the
adsorption characteristics of minerals and could reflect only the basic properties of clay
minerals. These two methods and the extended estimated methods could not reflect the
pore connectivity of clay in a complex environment, so they could not reflect the real seep-
age situation of clay. The prediction model proposed in this paper by Seff and eeff considered
the actual flow of the fluid in clay and used only the effective pore volume. Therefore, this
prediction model had outstanding performance over the classic K-C equation. Additionally,
it could achieve a high degree of concordance with the experimental values.

5. Conclusions

In the process of building pit construction, in order to solve the problem that the
hydraulic conductivity of clay layer predicted by K-C equation always had a large deviation.
In this paper, as showed in Figure A1, the properties of clay minerals and pore connectivity
in clay were analyzed, then the permeability prediction model modified on K-C equation
was proposed for clay by the Seff and eeff. In order to test the rationality of eeff, Seff and
the applicability of this model to clay, seepage tests were conducted on two type of clay
samples. At the same time, the freeze-drying method with MIP test were used to obtain
the eeff and Seff. Then, the SSA, e and hydraulic conductivity by different methods were
compared and discussed. Through the discussion, three main conclusions were obtained:

(1) The mineralogy of particles affects the internal pore structure of the clay and the
behavior of liquids flowing over the particle surface. This is the fundamental reason why
the seepage of clay is different from that of sandy soil. There are many pores invalid
for seepage in clay, and the immobile adsorbed water also occupies the pore volume.
Obviously, the SSA and e actually involved in seepage are overestimated in the classic K-C
equation. It is the reason why the original K-C equation is biased in the seepage of clay.

(2) The eeff and Seff by the MIP method can better reflect the real pore structure of soil
during the seepage process. The SSA obtained by EGME, BET and the estimated methods
are the SSA of the particles. But the eeff and Seff are determined by the freeze-drying method



Buildings 2022, 12, 1798 13 of 16

and MIP method, so the eeff and Seff aim at the effective pores in the clay during seepage.
Therefore, eeff and Seff are influenced both by the clay density and composition.

(3) The permeability prediction model modified on K-C equation proposed in this
paper is applicable to clay. This prediction model by the eeff and Seff show a good agreement
with the experimental values. For S type, the largest difference between the prediction
value and the experimental one is by the ratio of 1.79, while other points are less than 1.6.
For Y type, except the point bentonite ratio which was 0.1, the results of the modified K-C
equation and the experimental values at other points are almost coincident. In addition,
through comparison, it is found that no matter what method is used to obtain e and S in the
original K-C equation, the results of the seepage prediction model proposed in this paper
are obviously outstanding. The research results of this paper have certain significance to
solve the academic problem that the K-C equation cannot be used in clay and also are
significant to ensure the safety of building foundation pits in clay areas.
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