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The permeability of unsaturated silt-sand soil is important in many geotechnical and geoenvironmental challenges. Therefore, an
appropriate method to evaluate silt-sand soil permeability is important, particularly in Iran where it received little consideration.
In this in vitro research, diﬀerent amounts of ﬁne silt were evaluated on behavior of an unsaturated silt-sand soil with diﬀerent
grain size distribution using a new modiﬁed triaxial apparatus. Permeability was measured against matric suction and volumetric
water content, and the results are compared against experimental models. The results indicated that the behavior of unsaturated
sandy soil permeability could be determined as a function of matric suction, soil void size, and percentage of ﬁne aggregate.
Furthermore, the results appeared to imply that an increase of ﬁne contents reduced the permeability, speciﬁcally at higher values
of suction. This trend for the reduction of soil permeability was related to the increase in the amount of ﬁne contents.

1. Introduction
Many geotechnical and geoenvironmental problems include
consideration of water ﬂow through unsaturated soil. This
requires an understanding on the coeﬃcient of permeability
within the soil, but features of unsaturated soil are subject to
constant change. Changing features of unsaturated soil include slope, road and railway embankments, dams, and
transport of pollutants. A wide range of changes in permeability of unsaturated soil is a major obstacle in analysis.
There are numerous leaks that give rise to issues that might
direct engineers to an assumption that it would be impossible to ﬁnd a solution. However, experience shows that
many questions relating to evaluation of leakage in unsaturated soil have already been answered.
The coeﬃcient of permeability within the soil is a measure of the resistance of the soil against the ﬂow of water [1].
In saturated soils, the soil permeability is a function of void
spaces. However, in unsaturated soils, both water and air
phases aﬀect the ﬂow of water within the soil, and the
hydraulic conductivity of the soil is related to the amount of

water content and soil void spaces [2]. Studies have shown
that water only ﬂows through soil gaps that have been
continuously ﬁlled with water. So, permeability of unsaturated soil is related to two variables, special vertical stress
and matric suction, that control the water content in unsaturated soil [3]. The matric suction has a signiﬁcant inﬂuence on soil water content. The decreasing water content
because of increased matric suction causes a considerable
decrease in permeability of unsaturated soil. The soil permeability coeﬃcient of unsaturated soil changes more than
10 times as the matric suction changes. Evaluations show
that permeability of unsaturated soil has a close relation with
the soil-water characteristic curve (SWCC) in drying and
wetting processes [4, 5]. In other words, unsaturated soil
permeability has hysteresis behavior, as does the soil-water
characteristic curve, which as the restructuring of the soil
becomes minimal or reversible causes decreased hysteresis
[2, 6, 7]. So, it seems necessary to indicate the permeability
function in front of the matric suction.
Fredlund et al. [4] reported that the permeability of
unsaturated soil is ﬁrstly deﬁned from soil void size
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distribution, and indirectly the permeability coeﬃcient of
soil is deﬁned by the soil-water characteristic curve. By
assessing these aforementioned characteristics, it is not
necessary to have an evaluation of the remaining water
content in order to determine permeability of the unsaturated soil. The suggested permeability function is calculated from the integral relation between suction and water
content. The suggested relations show good agreement with
data obtained from the laboratory. Finally, the permeability
coeﬃcient function is gained against the matric suction by
normalizing the permeability coeﬃcient. Leong and
Rahardjo [8–10] assessed 3 sets of permeability functions in
unsaturated soil samples: experimental, microscopic, and
statistical models. The theoretical history and operation of
each set was evaluated against diﬀerent laboratory data.
They concluded that the statistical and experimental
models had good compatibility with the laboratory results.
Fredlund et al. [4] designed a ﬂexible wall permeameter.
Direct measurement was made on the unsaturated silty sand
permeability coeﬃcient using the combination of matric
suction and special vertical stress. They concluded that the
permeability coeﬃcient in matric suctions lower than that in
air-entry value suction is unchangeable. Also, the permeability coeﬃcient in matric suctions above the air-entry
value suction reduces with a high rate. Agus et al. [1] reported that Singapore has widespread distribution of unsaturated soil, so there is a need for permeability coeﬃcients
of soils, and due to diﬃculties in terms of cost and time,
some functions have been presented to provide estimations
of permeability of unsaturated soil. Results for estimations of
soil permeability have shown good compatibility with results
from laboratory tests.
Gallage et al. [7] used a newly developed parameter to
measure unsaturated soil hydraulic conductivity by applying
the steady ﬂow method and direct measurement of matric
suction. The device was prepared by two tensiometers that
measured suction directly. For evaluating the new hydraulic
conductivity method, two types of sand were measured in
the drying and wetting procedures that demonstrated signiﬁcant hysteresis behavior against the matric suction. But,
hysteresis was not apparent when hydraulic conductivity
was drawn against water. The results showed good coordination with functions of the estimated hydraulic conductivity. In their opinion, the new suggested relation just
needed one extra parameter, and this was easily calibrated
with the SWCC. To evaluate their studies, results of previous
experiments were used and indicated good compatibility
between the relation and the experiment results. In another
study, a modiﬁed triaxial device was built to measure the
permeability coeﬃcient and the CD shear strength of 3 types
of unsaturated soil in drying and wetting cycles on a sample
[12]. The results showed good compatibility with the results
reported in the literature. There have been many reports on
permeability of unsaturated soil in the literature. Results
have been determined by a variety of diﬀerent methods and
on diﬀerent sets of samples. However, little is known about
the eﬀect of silty ﬁne-grained soil on the permeability coeﬃcient. The objectives of this study were to measure and
compare the eﬀects of diﬀerent amounts of silt on the sand
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permeability coeﬃcient. This was tested using a modiﬁed
triaxial device.

2. Approaches to Determine the Permeability of
Unsaturated Soils
In previous studies, the permeability of saturated soil (Ks)
was only evaluated in relation to the void ratio, while for
unsaturated soils the permeability coeﬃcient (kw) was related to both the void ratio (e) and the water content (w). As
the void ratio (e), degree of saturation (s), and the water
content (ω) are related to each other, kw can be presented as
the following, which is a function of two of them:
kw � f(e, w);

kw � f(s, e);

kw � f(s, w).

(1)

If soil structure becomes incompressible, then the two
parameters in (1) can be separated. This means that the
saturated permeability coeﬃcient (Ks) determines the void
ratio eﬀect, and another function determines the water
content in soil. Direct and indirect methods can be used to
determine permeability in unsaturated soil [10].
Measuring permeability can be done either in a laboratory or in situ; however, local measurements are more easily
available. Laboratory measurements are preferable because
of accuracy and lower cost [13]. In other words, the indirect
method of determining permeability of unsaturated soil is
related to special characteristics such as SWCC. Direct
measurement of permeability of unsaturated soil in a laboratory can be conducted using stable and unstable methods.
The stable method (the ﬁxed head or the ﬁxed ﬂow) used
a ﬁxed hydraulic head gradient aﬂoat in the sample [2]. By
creating water ﬂow through the sample, matric suction and
water content were ﬁxed. However, according to Benson and
Gribb [13], the stable method was more time consuming
than the unstable method, but it had more accurate results
using the Darcy law. Unstable methods such as variable
head, penetration techniques, and immediate techniques are
applicable in the laboratory and on location, but the methods
have some diﬀerences. The main diﬀerence is in the ﬂow
procedure, hydraulic head measuring, and ﬂow rate [2, 14].
The ﬂow procedure can be a wetting procedure in which
the water ﬂows into a soil sample or it can be a drying
procedure in which water ﬂows out of a sample. When the
variable head method is used to measure permeability, it is
often diﬃcult to maintain a stress state during tests [15]. Two
permeameter have often been used to measure permeability of
unsaturated soil; these include a rigid wall permeameter and
a ﬂexible wall permeameter [7, 16–19]. These have been used
to measure permeability of unsaturated soil [15, 20–22].
The shape of the permeability function is near SWCC [4,
17]. Diﬀerent research studies such as Richards [23], Brooks
and Corey [24], Mualem [25], Kunze et al. [26], van Genuchten [27], and Leong and Rahardjo [10] have produced
diﬀerent functions for estimating permeability of unsaturated soil samples. Most functions have been based on
the relation between SWCC and permeability, void size, and
their distribution in soil. Permeability functions are able to
estimate soil permeability very fast. However, some of these
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Table 1: Empirical permeability functions and soil-water characteristic and permeability coeﬃcient curve equations.
Type

Permeability functions
kw � aθwb

Gardner [29]
Campbell [30]
Ahuja [31, 32]
Gillham [33]
Zachmann et al. [34]
Hillel [35]
Davidson [36]
Davidson [36]
Dane and Klute [37]
Weeks and Richards [38]
Wind [39]
Weeks and Richards [38]
Gardner [29]

b

Δlogφ
kw � ks θθw  b � Δlogω

k � f(θw )

s

kw � ks exp[b(θw − θs )]
kw � a + bφ
kw � aφ−b
η

Kw � Ks (ua − uw )b , η � 2 + 3λ
( ua − uw )
k � f(ψ)

K w � Ks

Brooks and Corey [24]

for ua − uw ≤ (ua − uw )b
kw �

Arbhabhirama and Kridakorn [40]

ks
φ b
ρω g


kw � a exp(bφ)
kw � k, for φ ≤ φb
kw � ks exp[b(φ − φb )] for φ > φb
1+a

Christensen [41]
Rijtema [42]
Phillip [43]

Note. a and b are constants; k is coeﬃcient of permeability where subscripts w and s denote unsaturated and saturated, respectively; S is the eﬀective degree of
saturation; ψ is the matric suction; θw is the volumetric water content.

functions ignore permeability in some types of unsaturated
soil [4, 27, 28]. Hence, it is always recommended that although the permeability procedure is time consuming, it
should be done completely for unsaturated soil [2].
There are three approaches to determine the permeability of unsaturated soil: (1) experimental equations, (2)
microscopic models, and (3) statistical models. These three
models are presented below.

3. Experimental Equations
The experimental equations of unsaturated soil permeability
are gained based on laboratory data. The relation between
permeability, matric suction (ψ), and water content (θw ) is as
follows:
kw � f(ψ);

kw � f θw ,

(2)

where ψ is the matric suction and θw is the water content.
According to Leong and Rahardjo [8–10], the SWCC is
similar to the suction-permeability curve (water content
permeability). Some experimental permeability equations
suggested from diﬀerent researchers are shown in Table 1.
According to Table 1, for the kw � f(ψ) equation, different relations are suggested such as the linear function of
Richards [23], the single power function from Weeks and
Richards [28], and an exponential function from Philip [43].
And also for kw � f(θw ) power functions from Gardner
[29], Campbell [30], and Gillham et al. [33], exponential
functions from Davidson et al. [36] and Dane and Klute [37]
were suggested. Comparison of this research on suggested
functions for unsaturated soil permeability suggests the
following relation:

Kr � Θp ,

(3)

where Kr is the relative permeability coeﬃcient or the Kw to
Ks ratio, Θ is the normalized volumetric water content
or(θw − θr )/(θs − θr ) in which s and r suﬃxes show saturated
and remaining, respectively, and P is constant.
The power p in (3) covers an expanded domain of drying
and wetting curves, and the ﬁt curve in all states except for
low volumetric waters seems to be fair. Leong and Rahardjo
[8–10] in a critical review has assumed the Kr � Θp relation as
a function of ψ and has modiﬁed [44] the relation and
presented it as the following:
1
Kr �
,
cd
(4)
ψ b
lne +  a  
where a, b, c, and d are ﬁxed amounts and a has a similar unit
as ψ (matric suction).
The mentioned relation shows good ﬁtness with drying
and wetting lab procedures. The writers of (4) concluded that
Kw can be determined directly from the soil-water characteristic curve. This method signiﬁcantly decreases the errors
of Kw measuring, and ﬁnally the following equation is
presented [8–10]:
1
Kr �
,
C
(5)
ψ B
lne + A 
where A, B, and C are ﬁxed amounts.
3.1. Microscope Models. Firstly, microscopic models are
presented based on a mechanistic view representing the
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ﬂuid-ﬁlled pores as bundles of various sized capillary tubes
[8–10, 24]. The goal was to conclude a permeability function
analysis. In a microscopic scale, the liquid ﬂow is considered
as a slow ﬂow showing the general ﬂow in the soil. When
unsaturated soils are considered as a set of simple capillary
tubes, the ﬂow can be deﬁned by using ﬂow medium rate,
hydraulic gradient, hydraulic radius, and permeability. The
hydraulic radius measures eﬃciency of the ﬂow channel. The
ﬂow rate along the channel depends on the cross-section
area more than any other factor. The magnitude of the
hydraulic radius shows high eﬃciency and results in higher
ﬂow volume [8–10].
According to assumptions in the mentioned paragraph,
Brooks and Corey [24] recommended a microscopic model
for the relative permeability ratio, which is deﬁned as the
unsaturated soil permeability coeﬃcient to the saturated
permeability coeﬃcient.
S

 res s−2 dSr
S − Sres
r  0
Kr � r res
,
1 − Sr  1 s−2 dS
r
0

(6)

res
where (Sr − Sres
r )/(1 − Sr ) is the curvature factor due to the
diﬀerence between the natural rate and the real rate of voids
with the pressure real and natural gradient. Sr and Sres
r are
the degree of saturation and the remaining degree of
saturation, respectively. Also (Sr − Sres
− Sres ) is named
r )/(1
Sres −2 r
1
the eﬀective degree of saturation (Se). 0 s dSr / 0 s−2 dSr
is the hydraulic radius which is gained from the integral of
the SWCC. The eﬀective permeability coeﬃcient, like the
suction powered function, could be presented as the
following:

Kr �

Sδe ,

(7)

where δ is a constant number and can change due to the
assumptions. Diﬀerent researchers have recommended
diﬀerent numbers such as 3.5 by Averjanov [45], 2 by Yuster
[46], 3 by Irmay [47], and 4 by Corey [48].
The main criticism of the microscopic models is that they
ignore the eﬀect of void size distribution [24, 49]. Brooks and
Corey [24] showed that δ for a soil with a uniform void
distribution is equal to 3 and generally recommended the
following relation: δ � 2 + 3λ/λ, where λ is the distribution
index of void shape and is a positive number.
The experimental and microscopic models seem to be
the same, but they each have a diﬀerent theoretical base and
excavation procedure. The experimental models are gained
from the curve ﬁtting on experimental data due to regression, but microscopic models are determined from
liquid ﬂow in a porous environment, which is based on ﬂuid
mechanics. Also, many microscopic models are related to
soil–water retention behavior [8–10].

4. Statistical Models
Statistical models have been built based on statistical cooperation of void size changes on the permeability coeﬃcient. The statistical perspective of void size distribution
and the probability of the connections of pores are discussed
in this part. Statistical models are known to be very accurate

for calculating permeability of unsaturated soil [8–10]. In
this model, the permeability coeﬃcient function is gained
using the SWCC. Three assumptions are required to extract
the statistical model [8–10]:
(1) It is assumed that the soil is a system composed
of interconnected collection and pore distribution is random, and the pore characteristics are
gained by r and f(r) which is the same throughout
the soil.
(2) The Hagen–Poiseuille equation is valid which is used
to calculate the permeability of a unique pore
channel, and general permeability is calculated
according to integration of water-ﬁlled pores.
(3) Due to the Calvin capillary model, the SWCC used to
gain the permeability equation is the representative
of the soil pore distribution function.
According to technical literature, the statistical models
can be presented as follows:
θ

0w dθw /Sy ⎤⎥⎥
⎥⎥⎥
⎢
Kr θw  � Φ ⎢⎣ θ
⎥⎦
0s dθw /Sy 
⎢⎢⎢
x⎡
⎢

z

(8)

Z

θw
y
⎪
⎪
⎧
⎫
⎪
⎨ 0 dθw − ξ /S dξ  ⎪
⎬
Kr θ w  � Φ ⎪ θ
⎪ ,
⎪
s
⎩  d θ − ξ /Sy dξ ⎪
⎭
x

0

(9)

w

where Φ is the curvature factor and it is representative of the
void size eﬀect of pores on the permeability function, and it
is shown that it improves the permeability coeﬃcient
function’s estimation factor (Kr) without a correction
factor. The curvature facture is gained from normalizing
(Φ � (θw − θr )/(θs − θr )) the water content, in which θs and
θr are the water content in the saturated state and
remaining state, respectively. In (8), ξ is the integration
artiﬁcial variable, and x, y, and z are the constants of the
model. For example, in the recommended model of
Burdine [50], x � 2, y � 2, and z � 1 for (7), while x �
0.5, y � 1, and z � 2 for Mualem [25]. For the Childs and
Collis-George [49] model (CCG model), x � 0, y � 2, and
z � 1 in (8) were recommended, while for the modiﬁed
CCG model, the numbers were x � 0, y � 0, and z � 2 by
using Agus et al. [15].

5. Material Properties and Testing Methods
A series of hydraulic conductivity tests were performed to
examine the inﬂuence of silt ﬁne content on the hydraulic
conductivity of clean sand taken from the Firouzkouh area
in the north of Iran [51].
A new modiﬁed suction-controlled double-walled triaxial apparatus was used for this purpose with the details
illustrated in Figure 1. As shown, pore air and pore water
pressures were applied throughout separate lines from both
top and bottom of the specimens. Two one bar ceramic
disks were installed at both top and bottom pedestals to
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Load cell

Diﬀerential transformer

Loading ram
Top port

Cell top
Lucite cylinder
Top cap
O-Rings
Soil
spacemen
ϕ 70 mm
H 70 mm

1-Bar high air entry
Rubber membrane
Water compartment
Porous metal
Cell base

Pore water pressure line
Pore water pressure line (top cap)

Pore air pressure line
Pore air pressure transducer

Flushing line (top cap)
Flushing line
Pore_water pressure transducer

Cell pressure line
Cell pressure transducer

Figure 1: Schematic diagram of modiﬁed triaxial apparatus for permeability measurement.

control or measure the pore water pressure independently.
The rate of inﬂow and outﬂow of the water was measured by
means of two automatic pressure/volume change controllers. The Firouzkouh sand was mixed with the range of
silt contents that were 0, 10, 20, 30, and 40% (i.e., FK0,
FK10, FK20, FK30, and FK40, resp.). The basic properties of
the ﬁve types of sand-silt mixtures considered in this study
are summarized in Table 2. Accordingly, the variation
maximum and minimum void ratio for the range of soil
mixtures are illustrated in Figure 2. Also, Figure 3 represents the soil aggregation curve for the sand-silt mixtures
considered.
Cylindrical triaxial samples with the same height and
diameter (7 cm) and a relative density (Dr), based on the
ASTM D4254-16 code [52], were prepared in a speciﬁed
dried special weight. The dry weight of each sample was
calculated, and the samples were poured into a mold in some
layers with the same weight. Table 3 shows the density
properties of preparing the samples.

5.1. Determination of Water Permeability Coeﬃcient. The
permeability of an unsaturated soil can be calculated from
the Darcy law [2, 49]:
h
qt � VA � Kw iA � Kw A,
L

(10)

where qt is the water ﬂow rate in the cross section, v is the
ﬂow speed, A is the area, Kw is the Darcy permeability
coeﬃcient (water permeability coeﬃcient), i is the hydraulic
gradient which is equal to h/L, h is the missed head, and L is
the height of soil sample.
The high air-entry ceramic plate permeability is considered in analyzing the results gained from the permeability test with the modiﬁed triaxial device. The soil
permeability (or the water permeability) was determined in
three layers: plate, soil, and plate [15]. The ﬂow speed (v)
was the same in all three layers, while the general missed
head (ht) is equal to the summary of the missed head in
each layer (the upper plate, the soil sample, and the lower
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Table 2: Basic properties of the studied soil samples.
FK30
70
30
2.671
1.799
1.402

FK40
60
40
2.652
1.67
1.356

8.41e−2

3.26e−2

9.42e−3

3.63e−3

3.13e−4

NP
0.883
0.633
0.151
0.194
0.25
0.285
1.887
0.875
SP

NP
0.839
0.517
0.069
0.174
0.233
0.269
3.899
1.631
SP-SM

NP
0.844
0.459
0.019
0.156
0.214
0.253
13.316
5.063
SM

NP
0.871
0.481
0.012
0.077
0.191
0.229
19.083
2.158
SM

NP
0.924
0.531
0.0069
0.032
0.164
0.203
29.42
0.731
SM

1.10

100.0

1.00

90.0

0.90

80.0

Percent by weight finer (%)

Void ratio (emax,emin,e)

1.20

0.80
0.70
0.60
0.50
0.40

N 16

Sample
FK20
80
20
2.684
1.797
1.424

N 50
N 40
N 30

FK10
90
10
2.663
1.719
1.423

N 100

Sand content (by dry weight) (%)
Silt content (by dry weight) (%)
Speciﬁc gravity, Gs (gr/cm3)
Maximum dry density, cd,max (gr/cm3)
Minimum dry density, cd,min (gr/cm3)
Saturated permeability coeﬃcient Ks (m/s),
cd,max (gr/cm3) � constant � 1.4
Plasticity index, PI
Maximum void ratio, emax
Minimum void ratio, emin
D10 (mm)
D30 (mm)
D50 (mm)
D60 (mm)
Cu (D60/D10)
Cc ((D30)2/(D60∗D10))
Soil classiﬁcation (USCS)

FK0
100
0
2.658
1.594
1.385

N 200

Speciﬁcation

70.0
60.0
50.0
40.0
30.0
20.0
10.0

0.30
0.0

10.0

20.0
30.0
Fine content (%)

40.0

50.0

emax

0.0
0.001

0.01

0.1
Grain size (mm)

1

emin

Sand(100%)-Silt(0.0%)

Sand(70%)-Silt(30%)

e (Dr = 55)

Sand(90%)-Silt(10%)

Sand(60%)-Silt(40%)

10

Sand(80%)-Silt(20%)

Figure 2: Void ratio curve for the prepared samples.

Figure 3: Grain size distribution of soil samples used in this study.

plate). The ﬂow speed and the missed head have relations as
follows:
v � vt � vs � vb ,

(11)

hT � ht + hs + hb ,

(12)

where vt is the ﬂow speed passing the upper ceramic plate, vs
is the ﬂow speed passing the soil sample, vb is the ﬂow speed
passing the lower ceramic plate, ht is the missed head along
the upper ceramic plate, hs is the missed head along the soil

sample, and hb is the missed head along the lower ceramic
plate.
By substituting relation (10) in relation (12), the following relation is gained:
vT lT vt lt vs ls vb lb
�
+
+
,
(13)
kT
kt kw
kb
where Kw is the water permeability coeﬃcient of the soil
sample, kT is the permeability coeﬃcient of the plate-soil-plate

Advances in Civil Engineering

7

Table 3: Density properties of samples.
FK0
Speciﬁc gravity, Gs (gr/cm3) 2.658
Maximum void ratio, emax 0.883
0.633
Minimum void ratio, emin
Dr (%)
55
e (Dr � 55)
0.77
1.473
cd (gr/cm3)

FK10
2.663
0.839
0.517
55
0.694
1.543

Sample
FK20
2.684
0.844
0.459
55
0.671
1.576

FK30
2.671
0.871
0.481
55
0.696
1.545

FK40
2.652
0.924
0.531
55
0.747
1.489

Table 4: Porous ceramic plate properties (porous ceramic plate,
4 mm thickness, 1 bar high ﬂow).
Ceramic info
High ﬂow

Thickness (mm)
4

K
6.93e−7

Hydranlic conductivity (log m/s)

Speciﬁcation

Zone 1

Zone 2

Ks1

solid
Zone 3

Ks2

water
Air

Capacity (bar)
1
Matric suction (log kPa)

ls
Kw �
.
lT /kT  − lt /kt  + lb /kb 

(14)

So, the soil permeability coeﬃcient can be calculated
from (14). The permeability coeﬃcient of the plate-soil-plate
system (KT) can be calculated through permeability tests
from the following equation:
kT �

Qw
,
iAt

(15)

where Qw is the volume of water passing through the soil
sample and t is the time.
The properties of the porous plate used in this study are
presented in Table 4.
In this study, the hydraulic conductivity tests were
performed after drying and wetting of samples to a range of
matric suctions between 1 and 60 kPa. A pore air pressure of
100 kPa was applied to the specimens, and the pore water
pressure was varied to reach the target matric suctions along
drying and wetting paths. The hydraulic conductivity of
samples was consequently measured within a steady state
ﬂow of water in the ﬂow head of 30 kPa. Using a similar
approach to Pavlakis [20] and Mirzaii & Yasrobi [3], the
average matric suction of specimens remained unchanged
during the inﬁltration of water. This was experimentally
achieved by 15 kPa increment of sample bottom pore water
pressure and 15 kPa decrement of sample top pore water
pressure, while the average pore water pressure was unchanged. The rates of inﬂow and outﬂow of water were
reached to analogous constant values in a steady state
condition within 30 to 50 hours.

Figure 4: The general scheme of the matric hydraulic conductivitymatric suction curve for diﬀerent types of soil.
1.0E + 00
Relative coeﬀ of permeability kr

system, kt is the water permeability coeﬃcient of the upper
plate, kb is the water permeability coeﬃcient of the lower
plate, ls is the soil sample length, lt is the upper ceramic plate
thickness, lb is the lower ceramic plate thickness, and lT is the
thickness of the plate-soil-plate system, that is, lT � ls + lt + lb .
When v is the same in all layers, (13) can be rewritten as
the following:

1.0E − 01
1.0E − 02
1.0E − 03
1.0E − 04

Equation 4
a = 3.21
b = 4.38
c = 1.21
d = 5.94

Equation 5
A = 3.46
B = 4.79
C = 7.35

1.0E − 05
1.0E − 06
1.0E − 07
1.0E − 08
1.0E − 09

Specimen FK0
σ0 = 15 kPa
Dr = 55%

1.0E − 10
0.1

1
10
Matric suction ψ (Kpa)

100

Expt
Equation 4
Equation 5

Figure 5: Permeability coeﬃcient changes against matric suction
for soil FK0.

6. Results and Discussion
In this part, the test results of this study are discussed based
on experiments and the presented models [44]. The unsaturated soil permeability coeﬃcient is presented according
to (4) and (5). The results are presented in two parts: (1)
permeability coeﬃcient changes against the matric suction
and (2) permeability coeﬃcient changes against the volumetric water content.
6.1. Permeability Coeﬃcient Changes against Matric Suction.
The general scheme of the matric suction-permeability
coeﬃcient curve for diﬀerent types of soil is shown in
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Equation 4
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Figure 8: Permeability coeﬃcient changes against matric suction
for soil FK30.
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Equation 4
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b = 5.28
c = 0.75
d = 5.10

Equation 5
A = 6.37
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Figure 6: Permeability coeﬃcient changes against matric suction
for soil FK10.
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Equation 4
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Equation 5
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Figure 7: Permeability coeﬃcient changes against matric suction
for soil FK20.

Figure 9: Permeability coeﬃcient changes against matric suction
for soil FK40.

Figure 4. This ﬁgure demonstrates that the general scheme
was the same in diﬀerent soil types, but the matric suction
period and permeability coeﬃcient evaluations were different according to soil type. According to continuity of the
water and air phases in soil pores, the curve had 3 zones, and
each zone had diﬀerent soil behaviors. In the ﬁrst zone, the
voids were ﬁlled completely with water or distributed in the
soil voids as discontinuous bubbles, and the soil behavior
was just a function of water in the pores and demonstrated
the same behavior as saturated soil. In the second zone, the
soil pore was ﬁlled continuously with air and water, and the
soil behavior was a function of the air and water inside pores.
The third zone of the curve was similar to dry or nearly dry
situations of the soil in which water was located in the thin

layers between the soils. In this condition, most spaces in the
voids were ﬁlled with air, and the capillary water distribution
between layers is discontinuous.
In this study, the matric suction was applied between 0.1
and 60 kPa depending on the soil type. Figures 5–9 show the
soil permeability behavior of FK0, FK10, FK20, FK30, and
FK40 against the matric suction, respectively.
The curves have been drawn from the data gained from
permeability coeﬃcients using relations and parameters of
Leong and Rahardjo [8–10]. The amounts related to these
parameters (a, b, c, d and A, B, C) are presented on the curves
and shown separately in Tables 5 and 6.
In low suction amounts between 0.1 and 5 kPa,
depending on the soil type, the soil permeability behavior is

Advances in Civil Engineering

9

Table 5: Parameters a, b, c, and d for permeability function of soil
specimens for (4).
a (kPa)
3.21
3.96
5.79
7.44
7.98

b
4.38
4.72
5.28
5.69
6.71

c
1.211
1.025
0.754
0.696
0.494

d
5.94
5.57
5.10
4.79
4.35

Relative coeff of permeability, kr

Specimen
FK0
FK10
FK20
FK30
FK40

1.00E + 00

Table 6: Parameters A, B, and C for permeability function of soil
specimens for (5).
Specimen
FK0
FK10
FK20
FK30
FK40

A (kPa)
3.46
4.21
6.37
6.53
7.64

B
4.79
4.77
4.98
5.77
4.47

C
7.35
5.84
4.22
3.24
2.58

1.00E − 01
1.00E − 02
1.00E − 03
Specimen FK0
σ0 = 15 kPa
Dr = 55%
p = 5.47

1.00E − 04
1.00E − 05

0

0.05

0.1
0.15
0.2
0.25
Volumetric water content θw

0.3

Expt
Equation 3

Figure 11: Permeability changes against volumetric water content
for FK0 soils.
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FK0 − Equation 5
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FK10 − Equation 5
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FK20 − Equation 5

FK20 − Expt

FK30 − Equation 5

FK30 − Expt

FK40 − Equation 5

FK40 − Expt

100.00

Figure 10: A comparison graph for permeability changes against
matric suction for diﬀerent soils.

diﬀerent. Considerable changes happened by increasing the
suction. As shown in Figures 5–9, by increasing the amount
of silt, permeability was reduced in higher amounts of
suction. The intensity of these changes for amounts of 20%,
30%, and 40% is shown in Figure 10 as a comparison.
Generally, the soil behavior in two relations 5 and 6 is the
same. So, the previous graph is presented for (6). The results
show that the permeability coeﬃcient was the same for all
soils at low level suction (lower than 1.5 kPa). But, the
permeability coeﬃcient showed diﬀerence as the matric
suction increased. And as the suction increased and time
passed, this diﬀerence became bigger and bigger. According
to Figure 10, it can be seen that, at the same amount of
suction more than 6 kPa, FK40 had the highest permeability
coeﬃcient, and FK0 had the lowest. It can be said that

Specimen FK10
σ0 = 15 kPa
Dr = 55%
p = 7.44

1.00E − 04

0

0.05

0.1
0.15
0.2
0.25
Volumetric water content θw

0.3

Expt
Equation 3

Figure 12: Permeability changes against volumetric water content
for FK10 soils.

increasing the amount of silt caused a reduction in soil pore
size and produced a denser and stable network for water to
exit, which caused a reduction in general permeability of the
soil. So, water needed more time to get out of the soil. Hence,
the disconnection of waterways happened later, so the diagram was stretched higher. This behavior was seen in
amounts of silt more than 10%. In the second zone, the curve
slope increased as the silt amount decreased. So, the FK40
had the least slope, and FK0 has the steepest slope. This
behavior showed that, in samples with higher amounts of
silt, water exited for a longer time.
6.2. Permeability Coeﬃcient Changes against the Volumetric
Water Amount. In this part, the permeability behavior was
evaluated in diﬀerent soil samples in this test against the
volumetric water content. The behavior of these changes in
diﬀerent soils is shown in Figures 11–15.
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Equation 3
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Figure 15: Permeability changes against volumetric water content
for FK40 soils.
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Figure 13: Permeability changes against volumetric water content
for FK20 soils.
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Figure 14: Permeability changes against volumetric water content
for FK30 soils.

According to Figure 16, it is clear that, by increasing the
volumetric water content through the sample, the permeability coeﬃcient increased in all soils. The point is that the
intensity of these changes increased as the silt amount increased. So, samples with 40% silt had a lower permeability
coeﬃcient, and with a decreasing amount of silt, the permeability coeﬃcient increased. The pure sand sample FK0
had the highest permeability coeﬃcient. This behavior was
because of aggregation change in soil and the eﬀect of pore
size changes due to silt changes. As the soil pore size decreased, soil permeability also decreased.

7. Conclusion
This study considered in vitro evaluations and permeability
behavior comparisons of unsaturated silty sand samples with
diﬀerent aggregations with relative density against matric

1.0E − 10
0.00

0.05

0.10 0.15 0.20 0.25 0.30
Volumetric water content θw

FK0 − Equation 3

FK0 − Exp

FK10 − Equation 3

FK10 − Expt

FK20 − Equation 3

FK20 − Expt

FK30 − Equation 3

FK30 − Expt

FK40 − Equation 3

FK40 − Expt

0.35

0.40

Figure 16: Comparison of ﬁgures of permeability changes against
volumetric water content.

suction and volumetric water content using a modiﬁed
triaxial device. The results were compared with diﬀerent
experimental models such as Leong and Rahardjo [8–10].
The results of this study are presented as follows:
(i) By increasing the amount of ﬁne-grained aggregate,
the permeability started to reduce at higher suction.
This amount increased faster in soil samples with
more silt.
(ii) An increase in ﬁne grain caused a reduction of soil
pore size and built a more stable and dense network
for the water to exit. So, the water needed more time
to exit the soil, and permeability decrease happened
at a higher level of suction.

Advances in Civil Engineering
(iii) The permeability against suction decreased as the
ﬁne grain increased. This shows that, at higher
suction, the water exited the soil later, and this
indicated that, in ﬁne-grained soil, the permeability
reduction rate was slower.
(iv) The permeability coeﬃcient increased with diﬀerent
ﬁne-grained percentages as the volumetric water
increased, and the permeability coeﬃcient decreased as the ﬁne grains increased in a ﬁxed
amount of water. This behavior caused changes in
aggregate percentage and pore size.
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