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Thermal Conductivity Evolution of Saturated Clay
under Consolidation Process

H. M. Abuel-Naga'; D. T. Bergado?; and A. Bouazza®

Abstract: This paper presents the results of a study on the thermal conductivity of a soft saturated clay (Bangkok clay) carried out in
relation to an investigation into thermal ground improvement using prefabricated vertical drains. The thermal conductivity of clay
specimens was measured, at different porosities and temperature levels, using a simple nondestructive steady-state test method. In
addition, a theoretical mixture model to simulate the evolution of thermal conductivity of saturated fine-grained soils has been introduced.
It is formulated in terms of thermal conductivity and volume fraction of each soil phase (solid and water), and a morphological parameter
controlled by the soil fabric condition. The proposed model has been validated against thermal conductivity results reported in the
literature and results obtained from the present investigation. Reasonable agreement has been obtained between the predicted and

measured thermal conductivity values.
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Introduction

A clear understanding of heat transfer through geomaterials is of
great interest in many geoengineering projects involving thermal
effects, such as oil and gas pipelines (Slegel and Davis 1977),
buried high voltage electrical cables (Abdel-Hadi and Mitchell
1981), ground heat energy storage (Moritz 1995), heat exchanger
piles (Laloui et al. 2003), and clay barriers for nuclear waste
repositories (Gera et al. 1996). The validity and efficiency of an
innovative thermal technique capable of enhancing the perfor-
mance of prefabricated vertical drains in soft Bangkok clay has
been investigated recently (Abuel-Naga et al. 2006). For this pur-
pose, a clear understanding of the factors affecting the thermal
conductivity of saturated clay and its evolution under the consoli-
dation process is required.

Field or laboratory tests can be used to measure the thermal
conductivity of soils (Valente et al. 2006; Coté and Konrad,
2005b; Roth et al. 2004; Newson and Brunning 2004; Naidu and
Singh 2004; Abu-Hamdeh et al. 2001; Morin and Silva 1984).
However, field tests are expensive, time consuming, and have no
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freedom to control the boundary conditions. On the other hand,
laboratory tests are relatively inexpensive and simple to conduct.
However, great care should be given to soil disturbance and the
fitting of the governing equation to the boundary conditions of the
test apparatus.

Several researchers (Usowicz et al. 2006; Coté and Konrad
2005b; Ochsner et al. 2001; Abu-Hamdeh and Reeder 2000;
Brandon and Mitchell 1989; Morin and Silva 1984; Farouki 1981;
Sepaskhah and Boersma 1979) have shown that thermal conduc-
tivity is related to soil properties such as mineralogical composi-
tion, dry density (porosity), pore fluid, degree of saturation, water
content, and temperature. The effect of the geometrical arrange-
ment of the soil particles on the thermal conductivity value of the
saturated clays has also been discussed by Penner (1963), Mitch-
ell (1993), and Midtt@mme et al. (1998).

Numerous theoretical and empirical approaches have been de-
veloped to model the evolution of the thermal conductivity of
two-phase composite material as a function of the thermal con-
ductivity and the volumetric proportions of the different phases as
well as their texture (fabric) within the medium. These ap-
proaches can also be used to model the evolution of the thermal
conductivity of saturated soils. The use of theoretical based mod-
els is recommended as the validity of empirical equations is al-
ways limited to specific conditions. Appendixes I and II include
some of the theoretical mixture models that have been developed
to simulate the thermal conductivity of the two-phase system. The
models listed in Appendix I were derived without taking into
consideration the fabric configuration effects on the thermal con-
ductivity. Fig. 1 shows the feature of these models in the thermal
conductivity-porosity (A;—n) plane. The parallel and series heat
flow modes can be considered as the upper and lower bound of
the theoretical models as shown in Fig. 1.

On the other hand, the models listed in Appendix II are flex-
ible in terms of considering different fabric conditions since they
include fabric parameters. However, they also have some limita-
tions. According to Johansen (1975), the values of the shape fac-
tors used by De Vries (1963) were empirical since they can hardly
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Fig. 1. Feature of different theoretical thermal conductivity mixture
models in A-n plane

represent the geometrical shape of sand particles. Kumlutas et al.
(2003) show that the Lewis and Nielsen (1970) model underpre-
dicts the thermal conductivity. The model proposed by Hsu et al.
(1995) was entangled by linking its fabric parameters to the soil
porosity (Ma et al. 2003). Finally, the large number of parameters
in Yu and Cheng (2001) model hindered its applicability. Based
on the above discussion, it can be concluded that a simple thermal
conductivity model that can overcome the limitations of the avail-
able models is required.

The objective of this paper is to present a simple nondestruc-
tive method to measure the thermal conductivity of saturated soils
under steady-state conditions using a modified oedometer cell. In
addition, the thermal conductivity evolution of saturated fine-
grained soils under a consolidation process is modeled in terms of
thermal conductivity and volume fraction of each soil phase, and
a morphological parameter that determine the share of both ex-
treme heat flow models (series/parallel) controlled by the soil
fabric condition.

Equipment and Procedure

Mitchell and Kao (1978) reviewed most of the methods used to
evaluate the thermal conductivity of soils. These methods can be
classified into two main categories, namely: steady-state methods
and unsteady-state methods. The steady-state methods measure
the thermal conductivity when the temperature of a soil specimen,
subjected to a temperature gradient, is constant with time at any
point and the heat flux through the soil specimen reaches a con-
stant level. In contrast, the unsteady-state methods measure the
thermal conductivity during the transient state. The steady-state
method was adopted in this study.

The proposed thermal conductivity cell consists of a modified
oedometer that can control different temperature levels on both
sides of the soil specimen as shown in Fig. 2. The diameter and
the height of the tested specimen are 50.0 and 20.0 mm, respec-
tively. The specimen porosity can be decreased by increasing the
vertical pressure. The required temperature gradient through
the soil specimen was generated using a constant temperature
hot water chamber located on the top of the specimen while the
bottom of the specimen was in direct contact with a heat sink at
constant lower temperature. A calibrated Captec heat flux trans-
ducer (diameter=50.0 mm, sensitivity=10 wV/W/m?) was
placed between the bottom of the soil specimen and the heat sink
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Fig. 2. Schematic of thermal conductivity apparatus

to measure the axial heat flux through the soil specimen under the
imposed temperature gradient. To provide one-dimensional heat
flow condition through the soil specimen a guard furnace (thermal
conductivity=0.018 W/m °C, thickness=50.0 mm) was installed
around the test specimen to eliminate lateral heat transfer. The
proposed test apparatus offers the following advantages:

1. The thermal interface resistance is eliminated by using the
temperature controlled water at the upper surface of the soil
sample. Moreover, application of a confined stress reduces
the interface resistance at the lower surface of the sample;
and

2. The effect of water migration under a temperature gradient
on the measured thermal conductivity is eliminated due to
the presence of temperature controlled water at the upper
surface of the soil sample and an undrained surface at the
bottom of the soil sample.

The thermal conductivity value under one-dimensional heat
flow condition, A;(W/m °C), can be expressed using Fourier’s
law of heat conduction as follows

Np="r (1)

where g(W/m?)=heat flux through the soil specimen at steady
state condition; AT(°C)=imposed temperature difference; and
L(m)=soil specimen thickness. The heat flux at steady-state con-
dition can be determined from the heat flux (g) versus time (r)
plot as shown in Fig. 3. The general shape of the g—¢ plot in-
cludes two regions, namely: unsteady-state and steady-state
zones. The unsteady-state zone refers to the case where the heat
flux increases with time, whereas the steady-state zone starts
when the heat flux levels off to a constant value.
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Fig. 3. Typical experimental heat flux behavior

Soil Specimen and Experimental Program

Undisturbed specimens of soft Bangkok clay used in this study
were obtained from 3.0 to 4.0 m depth in the soft clay layer. The
physical properties of this soil are presented in Table 1. The min-
eralogical composition of this clay was investigated by Ohtsubo
et al. (2000). The results show that soft Bangkok clay consists of
smectites ranging from 54 to 71%, kaolinites (28-36%), and
micas.

The proposed experimental work was directed to study the
effect of porosity and temperature levels on the measured thermal
conductivity value under saturated conditions. The experimental
program involved measurements of thermal conductivity of three
sets of specimens (each set consisted of four specimens), where
the direction of mechanical loading and heat flow was parallel to
the depositional direction of the soil. Different temperature gradi-
ents (30-50, 30-70, and 30-90°C) were applied to the clay
specimens, consolidated under different vertical stress levels
(100, 200, 300, and 400 kPa, respectively). The thermal conduc-
tivity test was started at the end of the primary consolidation stage
(for each stress level) by inducing the required temperature gra-
dient. This latter was achieved by setting up a high temperature at
the top of the specimen and a low temperature at the bottom of
the specimen.

Table 1. Characteristic Value of Soft Bangkok Clay

Properties Value
Liquid limit (LL) (%) 103
Plastic limit (PL) (%) 43
Plasticity index (PI) (%) 60
Natural water content (%) 90
Sensitivity 7.4
Grain size distribution

Clay (%) 69
Silt (%) 28
Sand (%) 3
Specific gravity 2.68
Color Dark grey
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Fig. 4. Typical test results obtained on clay specimen under 100 kPa
vertical stress and 30—70°C temperature gradient

Results and Discussion

Effect of Porosity and Temperature on Thermal
Conductivity

Fig. 4 shows typical measurements made during thermal conduc-
tivity tests. Fig. 4(a) illustrates the variation of porosity versus
time due to vertical effective stress and temperature gradient that
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Fig. 5. Porosity and temperature effect on thermal conductivity of
soft Bangkok clay

was imposed during the thermal conductivity test. The imposed
temperature gradient and heat flux versus time are shown in Figs.
4(b and c), respectively. Figs. 4(b and c) indicate that the desig-
nated temperature gradient and heat flux reached a steady-state
condition in approximately 15 and 40 min, respectively. The
variation of thermal conductivity (A7) versus soil porosity (n), for
different temperature gradients, is shown in Fig. 5. The results
indicate that for a given temperature gradient, as the porosity
decreases the thermal conductivity increases. The observed trend
is consistent with previous work reported in the literature (Morin
and Silva 1984; Midtt@mme et al. 1998). The variation of the
thermal conductivity with porosity under saturated conditions can
be attributed to the difference in the thermal conductivity coeffi-
cient of the soil pore fluid and soil particles. The soil pore fluid,
which consists of water, has lower thermal conductivity than the
soil minerals (Horai 1971; Brigaud and Vasseur 1989; Mitchell
1993). Since decreasing porosity under saturated conditions leads
to water content reduction, the overall thermal conductivity of the
soil specimen will tend to increase. The same figure also indicates
that the thermal conductivity values increase as the average soil
temperatures increases. Similar results have been reported by Se-
paskhah and Boersma (1979) and Morin and Silva (1984). Morin
and Silva (1984) demonstrated experimentally that the thermal
evolution of thermal conductivity for different saturated soil types
can be mainly attributed to the change in the water thermal con-
ductivity with temperature. Therefore, the thermal conductivity of
the soil solid phase can be considered as temperature indepen-
dent.

Modeling Evolution of Thermal Conductivity
under Consolidation Process

The following assumptions were adopted to develop the proposed

thermal conductivity model:

1. The soil is fully saturated. Consequently, it can be expressed
as a two-phase system;

Heat flow
(@) 0  JJ3444388
L AL L )
1 ! 1T 1
d Solid P &
:D = < 2
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1-d Water
Heat transfer pathways 1" Lo ‘l',

Fig. 6. Conceptual model of heat flow through saturated porous
media

2. Only heat transfer by conduction is considered since the heat
transfer by convection and radiation can be neglected as the
clay hydraulic conductivity is very small and the soil is fully
saturated, respectively;

3. The parallel and series heat flow models can be considered as
the two extreme theoretical model equations of saturated soil
thermal conductivity, as shown in Fig. 1 (McGaw 1969;
Hadley et al. 1984);

4. The consolidation process only induces changes in soil po-
rosity, whereas the preferred soil particle orientation, size,
and shape are not affected (Meade 1966; McConnachie
1974; Martin and Ladd 1975; Anandarajah and Kuganenthira
1995); and

5. Thermal conductivity of the soil minerals are temperature
independent while the thermal conductivity of water is tem-
perature dependent.

Under the above assumption, the heat conduction through
saturated soils can be expressed through three paths, as shown in
Fig. 6(a), namely: (1) a series path through the solid particles that
are thought to be bridged by portions of the pore fluid; (2) a
continuous path through the portion of the pore fluid; and (3)
direct transfer from solid to solid connections between particles.
Therefore, under one-dimensional heat flow conditions, the unit
cell of saturated porous media [Fig. 6(a)] can be conceptualized,
as shown in Fig. 6(b). The thermal conductivity of the proposed
conceptual unit cell [Fig. 6(b)] can be expressed under the frame-
work of Ohm’s Law as follows

4
d 10-d
-+
Y

where d=contribution of the solid phase to the series flow. The
terms a, b, and c, respectively, indicate ratios of the three paths of
heat conduction through the saturated soils to the total heat con-
duction (a+b+c=1.0). The volume of solid (v,) and the volume
of water (v,,) can be expressed as follows

v,=1-n=ad+b (3)

v,=n=c+a(l-d) (4)

The difficulty in the determination of a, b, and d from experimen-
tal measurements restrict the applicability of Eq. (2). Therefore,
some reasonable assumptions are required in order to simplify the
general series-parallel model.

Eq. (2) shows that the thermal conductivity of saturated soils is
expressed by some combination of the parallel and series heat
flows. A simple approach called the weighted series-parallel heat
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Fig. 7. Proposed thermal conductivity model behavior at different
morphological soil parameter ()

flow model is proposed in this study to predict the thermal con-
ductivity of saturated soils. The proposed approach assumes that
the thermal conductivity of soils can be expressed with a
weighted combination of the two extreme heat flow conditions
(series/parallel) as follows

)\Tz Q)\l;arallel + (1 _ Q)}\ieries (5)

Parallel Seriesl
)\T )\T

where and =thermal conductivity using the parallel
and series model, respectively; and {)=morphological soil param-
eter that determines the share of both extreme heat flow models
(series/parallel) with 0.0= ) =<1.0. Therefore, the following rela-
tionship can be deduced

arallel arallel
il v
% v,

s

O=

(6)

where the terms V,, V, menel, and Vlf’a‘alld:total volume of solid
and water, and the volume of solid and water in the parallel heat
flow path, respectively. Consequently, the parameters of the gen-
eral series/parallel model [Eq. (2)] can also be expressed using the
weighted approach as follows

b=0(1-n) (7
c=Q0n (8)
a=1-0Q 9)
d=1-n (10)

Therefore, Eq. (6) can be presented in the following form using
the proposed weighted approach
1-Q

———+Q[(I =)\ +n\/] (11)
1—n+£ ’

NN

)\T=

The above equation can be reduced to the parallel and series
heat flow model if () is set to 1.0 and 0.0, respectively. However,
the values of ) between 0.0 and 1.0 represent the series-parallel
heat flow condition with different combination degrees of the two
extreme limits, as shown in Fig. 7. The space between the two
extreme limits (series/parallel heat flow) expresses the possible
zone of thermal conductivity value for the soil in the N-n plane.
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Fig. 8. Interpretation of soil fabric using morphological soil
parameter ()

Physical Meaning of

Since the proposed parameter () was used to describe the share of
both extreme heat flow models (series/parallel) which could be
controlled by the preferred soil particle orientation, the parameter
Q) can also be used as an indirect indication of soil fabric aniso-
tropy as follows (Fig. 8)

0=0.0

The preferred soil particle’s orientation is normal to the heat flow
direction (anisotropic thermal conductivity condition).

Q=05

Soil particles have random orientation (isotropic thermal conduc-
tivity condition).

0=10

The preferred soil particle’s orientation is parallel to the heat flow
direction (anisotropic thermal conductivity condition).

Determination of Model Parameters

Three model parameters are required to predict the thermal con-
ductivity of a saturated soil using the proposed model [Eq. (11)],
namely; mean thermal conductivity value of soil solid compo-
nents (\,), thermal conductivity value of fluid component (\),
and morphological soil parameter ). In fact, the soil solid phase
consists of various soil particles that have different mineral types.
The thermal conductivities of common minerals are listed in
Table 2 (Horai 1971; Brigaud and Vasseur 1989). Therefore, the
mean thermal conductivity of the solid soil phase, A,, can be
determined using one of the averaging methods. Kasubuchi
(1984) investigated three averaging methods and concluded that
the weighted geometric mean yields the best approximation for
the mean thermal conductivity of the solid soil phase. The
weighted geometric mean is expressed as follows

Ny = NGONG? (12)

where A, and N\, =thermal conductivity of the constituents a and
b, respectively. The terms, vy, and vy =volumetric ratio of con-
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Table 2. Thermal Conductivity of Common Minerals (Data from Horai
1971)

Thermal conductivity

Mineral (W/m °C)
Quartz 7.8
Calcite 34
Dolomite 5.1
Anhydrite 6.4
Pyrite 19.2
Siderite 3.0
Orthoclase 23
Albite 2.3
Halite 6.5
Mica 2.3
Chlorite 5.1
Kaolinite 2.8
Smectite 1.8
Illite 1.8
Air 0.03
Water 0.60

stituents a and b in the soil sample, respectively, and

Usa+vsb=1 (13)

The thermal conductivity of water increases with temperature
up to 130°C. Tarnawski et al. (2000) have proposed the following
equation to predict the thermal conductivity of water (A, in
W/m °C at different temperature levels where 7.=water tem-
perature in °C

A;=0.569 + (1.884 X 107)T, - (0.0772 X 107)(T,)* (14)

The morphological parameter ) can be determined using the
back-calculation approach [Eq. (11)] that required the test results
of one thermal conductivity test at known porosity. However, by
conducting two thermal conductivity tests at different porosities,
Eq. (11) can be also used to determine both A, and (). Taking into
consideration the expected variation in the range of the soil min-
eral composition and the validity of the weighted geometrical
mean approach [Eq. (12)], the back-calculation approach for pre-
dicting A\, is highly recommended.

Validation of Proposed Model

Soft Bangkok Clay

The model parameters for soft Bangkok clay obtained by back-
calculation are: \;=1.92 W/m°C and =0.4. The thermal con-
ductivity of water (\;) was estimated to be 0.66 W/m °C using
Eq. (14) where the average soil temperature due to the imposed
temperature gradient (30-70°C) is 50°C. Fig. 9 shows reason-
able agreement between the thermal conductivity test results and
the model predictions. The resulting value of () suggest that the
soft Bangkok clay has random particles orientation. Lambe
(1958) states that sedimentation in a high electrolytic concentra-
tion leads to flocculated structure (random soil particle orienta-
tion), it is expected that the Bangkok clay will have a flocculated
structure as it is of marine deposits origin. Moreover, the study
conducted by Collins and McGown (1974) on a variety of natural
soils shows that for very sensitive soils the book-house and floc-
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Fig. 9. Measured and model prediction thermal conductivity results
of undisturbed soft Bangkok clay

culated structure are observed. Therefore, the higher sensitivity
value of soft Bangkok clay (S=7.4, see Table 1) can be used as an
indicator to its flocculated structure.

lllitic Clay

Morin and Silva (1984) measured the thermal conductivity of
undisturbed Illitic clay specimens taken from large-diameter grav-
ity cores retrieved from the north-central Pacific. The model
parameters for Illitic clay obtained by back-calculation are:
\=2.5W/m °C, Q=0.45. The thermal conductivity of water
(\y) was estimated to be 0.60 W/m °C. The measured thermal
conductivity values and the proposed model predictions have
been plotted in Fig. 10. A close agreement can be observed be-
tween the measured and predicted thermal conductivity values.
The Q value indicates that the soil particles tend to have random
orientation. Since the Illitic clay is a marine deposit, the preferred
soil particles orientation deduced from the proposed model is con-
sistent with present opinion about the influence of sedimentation
environment on clay particle arrangement in clay deposits.
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Fig. 10. Measured and model prediction thermal conductivity results
of undisturbed Illitic clay (data from Morin and Silva 1984)
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Fig. 11. Measured and model prediction thermal conductivity results
of highly disturbed (fluidized) North Sea clay (data from Newson and
Brunning 2004)

North Sea Clay Sediment

Newson and Brunning (2004) measured the thermal conductivity
of highly disturbed (fluidized) deep water offshore North Sea clay
sediments. The soil used for these tests was grey silty clay with
liquid limit of 57%, plastic limit of 28%, and specific gravity of
the soil of 2.66. Fig. 11 compares the test results and the proposed
model predictions where the model parameters A, and () obtained
by back-calculation approach are 2.32 W/m °C and 0.35, respec-
tively, and using A;=0.60 W/m °C. Reasonable agreements can
be observed between the test results and the model predictions.

Conclusions

This study presents a simple nondestructive steady-state method
to measure the thermal conductivity of saturated clays. The ef-
fects of porosity and temperature levels on the thermal conduc-
tivity of soft Bangkok clay have been investigated using a modi-
fied oedometer. The salient conclusions that can be drawn from
this investigation are as follows:

1. The thermal conductivity increased as the soil porosity de-
creased. This is due to the difference in the thermal conduc-
tivity coefficient of the soil pore fluid and soil solid phase;
and

2. The thermal conductivity also increased as the soil tempera-
ture increased due to the increase in thermal conductivity of
water with temperature.

More importantly, a simple model has been introduced in this
study to simulate the evolution of thermal conductivity of satu-
rated clays under the consolidation process. It is expressed in
terms of the thermal conductivity and volume fractions of each
soil phase and a morphological parameter that determine the mix-
ing ratio of both extreme heat flow models (series/parallel) which
are controlled by the soil fabric condition. The proposed model
has been validated using the thermal conductivity test results ob-
tained with soft Bangkok clay and test results reported in the
literature. The predictions of the proposed model reasonably
agreed with the measured results.

Appendix |

The theoretical thermal conductivity mixture models (two-phase
system) that do not include soil particles fabric effect are as fol-
lows, where A7, A, and )\f=thermal conductivity of the soil, solid
soil particles, and soil pore water, respectively. The term n and
¢db=soil porosity and volumetric fraction of solid particles (p=1
—n), respectively.

Model No. 1: Parallel heat flow
Ar=nhp+ (1 =n)h
Model No. 2: Series heat flow (Reuss 1929)
(N =nN (1= )N
Model No. 3: Russell (1935)
N n??+ (NN )(1 = n??)
=5 P on+ N1 +n = n??)
Model No. 4: Maxwell (1954)
o [ A2 200, -0
700 N+ 28— (=)
Model No. 5: Hashin and Shtrikman (1962)

l-n

Ay =N+
1 n

n A=\

_n N
1 l-n T

+ +—

A=A, 3N, No=N o 3N

where Aj; and Nyp=lower and upper bound, respectively.
Model No. 6: Geometric mean method (McGaw 1969; Co6té
and Konrad 2005a)

)\T= )\gl—n)()\f)n
Model No. 7: Nimick and Leith (1992)

3n(1-A) ] A\

Np=Apy| 1= —————
= 2+A+n(l1-A)

Ry

Nz and gy are from the model of Hashin and Shtrikman (1962).
Model No. 8: Tarnawski et al. (2000) and Gori and Corasaniti
(2004)
1 p-1 B S|
— = + > B =
AN NB Af[B — 1]+, 1-n

Appendix Il

The theoretical thermal conductivity mixture models (two-phase
system) that include soil particles fabric effect are as follows:
Model No. 9: De Vries (1963)

N
nky+ E kibi(Ny);
i=1
N —
n+ E kid;
i=1

where N=number of individual types of soil solid components;
and K=soil particle shape factor.
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Model No. 10: Lewis and Nielsen (1970) and Kumlutas et al.
l+a-b-¢6  (\A)-1

(2003)
(L)
bbb 'O +a ""“( s ) ¢

where a and ¢,,=fabric parameters and maximum volumetric
fraction of solid particles, respectively.
Model No. 11: Hsu et al. (1995)

)\TZ

2.2

2y 2y e
)\T_)\f 1/()\_>
A

Yo YaYe 2(VoYe = YY)

+ +
)\s )\s
- Yot 'Ya/ )\_f 1- YaYet+ 'Ya'Yc/ )\_f

where n=(1- 3'yL)'ya+3y 'ya, and vy, and vy,=fabric parameters
related to the particle geometry and the particle contact, respec-
tively.

Model No. 12: Yu and Cheng (2001)

;\

Np= x, T 1=-V1-d)+ (((

)) =

2
+ (1 _ﬁ) % )\p.max<)\pmax> Df
A A\ L, 1+Dy— Dy

1

>’|>’

X
(1 - Vul)

) ([ 1))

where A,,/A, Ya1s Ye1s Npmax Lo>Dj» and Dy=fabric parameters
describe the particle contact and geometry, and the fractal media.
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