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ABSTRACT

Bentonite is widely used as a water-proof material in engineering, and fibers are added to reduce the crack
development of bentonite after drying. Carbon fiber can reinforce bentonite in heat-sensitive projects because of
its high thermal conductivity and potential inhibition of bentonite cracking. Thus, it is important to determine
the thermal conductivity of carbon fiber-reinforced bentonite. This study evaluated the thermal conductivity of
carbon fiber-reinforced bentonite by analytical solution, experiment, and finite element method (FEM) simula-
tion and discussed the effects of carbon fiber content, fiber length, fiber distribution, and the porosity of
bentonite on the thermal conductivity of reinforced bentonite. The results show that the addition of carbon fiber
can effectively improve the thermal conductivity of bentonite, and the thermal conductivity of the mixture is
positively correlated with the content of fibers and the dry density of bentonite. When the content of carbon fiber
with a thermal conductivity of 1000 W/(m K) is 1.0 %, and the porosity of bentonite is 0.4, the thermal con-
ductivity of the composite can be increased by up to 390 %. At the same time, the distribution of fibers plays a
vital role in thermal conductivity, and the thermal conductivity in the case of parallel distribution is 1.48 and
2.91 times that of random distribution and serial distribution. In addition, longer fiber length will help improve
the thermal conductivity of the mixture. The thermal conductivity of the mixture for 1-inch fibers is 1.11 and
1.29 times that of 1/2-inch and 1/4-inch fibers. This study provides evidence of the possibility of improving the
thermal conductivity of carbon fiber-reinforced bentonite.

1. Introduction

Furthermore, bentonite is required to have proper thermal conduc-
tivity in several engineering practices, such as spent fuel repositories and

Bentonite is widely used as a barrier material in various engineering
applications because of its extremely low hydraulic conductivity in a
saturated state (Wersin et al., 2007; Katsumi et al., 2008; Eisenhour
et al., 2009; Scalia et al., 2014; Chen et al., 2018; Haynes et al.,2021;
Yoon et al., 2022). However, saturated bentonite can crack after drying,
significantly reducing its barrier effect. To reduce this cracking, fibers
are possibly used to reinforce bentonite. This treatment generates fric-
tional and tensile resistance in the micro-composite between clay par-
ticles and the fiber filaments that distribute external forces (Thyagaraj &
Soujanya, 2017; Brahmachary & Rokonuzzaman, 2018; Kodicherla &
Nandyala, 2019; Bojnourdi et al., 2020). The microfiber filament can
also act as a sustained bridge between the particles (Tay et al., 2001; Toé
et al.,2006; Zhang et al., 2017; Zhang et al., 2019; Vail et al., 2019;
Bekhiti et al., 2019; Liu et al., 2019; Wang et al., 2021, Feng et al., 2021;
Guzman & Payano, 2023).

* Corresponding author.

geothermal heating and cooling systems (Delaleux et al., 2012; Wang
et al., 2013; Di & Bertermann, 2018; Liu et al., 2019; Lee et al., 2023).
For instance, in spent fuel repositories, bentonite is often used as a buffer
material, which requires it to control desiccation cracks in high-
temperature environments; It also needs to have a high thermal con-
ductivity so that the heat generated by spent fuel can be quickly dissi-
pated into bedrock to prevent core temperatures from exceeding
requirements (Beswick et al., 2014; Wang & Hadgu, 2020; Kale et al.,
2021; Xu et al., 2022). Also, bentonite is commonly used to fill the space
around the pipes in geothermal heating and cooling systems. Using
bentonite in geothermal systems helps improve the heat transfer be-
tween the pipes and the surrounding soil or water by increasing the
contact area and reducing the thermal resistance. Thus, the thermal
conductivity of bentonite is very important to control the performance
of the applications. However, the thermal characteristics of bentonite
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are subject to its mass density and water content. In general, higher-
density materials tend to have higher thermal conductivities. The
presence of moisture can significantly affect thermal conductivity,
especially in materials with low thermal conductivities in the soils (Allan
& Kavanaugh, 1999; Lee et al., 2010; Kim et al., 2015).

Carbon fibers can be used to reinforce bentonite in heat-sensitive
engineering due to its high thermal conductivity and potential to
inhibit the cracking of bentonite. Carbon fiber-reinforced bentonite is a
multiphase mixture that includes air, fibers, water, and bentonite par-
ticles. Meanwhile, in the past decades, many studies have been con-
ducted on the equivalent thermal conductivity of multiphase mixed
materials (Hamilton & Crosser, 1962; Tong & Zimmerman, 2009; Tar-
nawski & Leong, 2012; Dong et al., 2015; Likos, W. J. 2015; Zhang &
Wang, 2017). These theories consider the effect of a mixture of
component content on the equivalent thermal conductivity. Still, most
do not consider the fiber’s unique geometry, such as the larger aspect
ratio of the fiber, which may affect the thermal conductivity of the
mixture. Moreover, the distribution of fibers may also affect the equiv-
alent thermal conductivity. For example, the fiber distribution angle is
the same as, perpendicular to, or randomly intersects with the heat
conduction direction, as shown in Fig. 1 (Shim et al.,2002; Fu & Mai,
2003; Behzad & Sain, 2007; Orakoglu et al., 2016; Liu et al., 2017).
However, there is very limited research on using carbon fiber-reinforced
bentonite’s thermal conductivity associated with various factors, such as
carbon fiber content, fiber length, and fiber distribution.

Therefore, this study evaluated the thermal conductivity of carbon
fiber-reinforced bentonite through the analytical solution, experiments,
and FEM simulations to provide reliable ranges of thermal conductivity
for the bentonite mixture. The analytical method was used to analyze
the effect of fiber spacing with different fiber content on the equivalent
thermal conductivity in the case of a single fiber, considering two cases
where the fiber is parallel and perpendicular to the heat conduction
direction. Furthermore, the impact of fiber distribution on the equiva-
lent thermal conductivity was discussed by comparing the experimental
results with those obtained from FEM simulations. Furthermore, the
effects of fiber content, fiber length, fiber distribution, and bentonite
porosity on thermal conductivity were evaluated by using the FEM
simulation.
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2. Thermal Conductivity of Composite Materials
2.1. Theoretical models

2.1.1. Wiener model

Wiener (1912) noted that the thermal conductivity of porous media
has upper and lower limits depending on the distribution of the various
components, including solids, gases, and liquids. The equivalent thermal
conductivity will reach the upper bound when all components are ar-
ranged in parallel, as shown in Fig. 2(a), and it can reach the lower
bound when all components are arranged in series, as shown in Fig. 2(b).
The equivalent thermal conductivities of mixtures arranged in parallel
and series connections can be expressed respectively as:

Ay = bora(parallel) (1a)
¢ —1
L = [Z /Tj (serial) (1b)

(a) (b)

Heat flow Heat flow
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Fig. 2. Schematic diagram of Wiener bounds of porous media, (a) Parallel
connection; (b) Serial connection.
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Fig. 1. Schematic diagram of heat transport through fiber-reinforced bentonite under different fiber orientation conditions. (a) serial, (b) parallel, (c) random.



Y. Feng et al.

where ¢, and 4, are the volume fraction and thermal conductivity (W/
(m-K)) of the a phase, respectively. These two bounding limits are the so-
called Wiener bounds, and the independent of pore structure. Egs. (1a)
and 1b) correspond to the upper and lower Wiener bounds and are
expressed by A%, and A%, (W/(m-K)), respectively.

2.1.2. Hashin-Shtrikman model

For isotropic mixtures, the equivalent thermal conductivity bounds
are independent of the pore structure, the thermal conductivities of (N
+ 1)-isotropic phases of the isotropic mixture can be denoted as and
their volume fractions as ¢g,¢1, ¢y € [0, 1], respectively (Phan-Thien
& Milton, 1982; Carson et al., 2005; Zimmerman 1989; Liu 2007). Here,
0<dp<A; <-+-<An-1<Ay. The lower and upper bounds of
Hashin-Shtrikman (H-S) model can then be expressed as,

no Y- ?’:14’,’/(1 + CIL)
bo + 2 Lidpict /(1 +cf)

My o =0+ (2a)

nan 30 Yo' i/ (1 + <)
by + 20 1 et /(14 cU)

A g =dn+ (2b)

where,ct = nio/(4 — o) and ¢! = nin/(4 — An), n is the number of di-
mensions, either 2 or 3.

2.2. Fiber soil composite

Most models to predict soil thermal conductivity do not consider the
influence of component geometry or treat fiber as spherical particles,
such as the above-mentioned Wiener model and H-S model (Pietrak and
Wisniewski, 2015; Zhang et al., 2017). However, the geometry of
components plays a significant role in determining the thermal con-
ductivity of fiber-reinforced soils, especially fibers with higher con-
ductivity, as fibers have a large aspect ratio (Wang et al., 2007, 2009).
The models treat fiber as spherical, underestimating the enhancement
effect (Pietrak and Wisniewski, 2015). Not only is it difficult to accu-
rately predict the thermal conductivity of fiber-reinforced soils due to
the geometry of the fibers, but the geometry will cause heat conduction
to occur in certain directions in the mixture. Some studies have proposed
models to predict the thermal conductivity of fiber composite, which
consider factors such as fiber aspect ratio, bending, and interface ther-
mal resistance (Deng et al., 2007; Liu et al., 2017; Burger et al., 2016;
Macias et al., 2019). However, these models still deviate from the
experimental results because of the randomness of fiber distribution.
Numerical simulation is a method to predict the thermal conductivity of
mixtures, which can include a description of the fiber distribution and
structural characteristics (Yang et al., 2015; Chen et al., 2016). For
example, a uniform random distribution of fibers or a specific distribu-
tion due to the manufacturing process of the fiber composite can be
reflected in the model. Many studies have used the random fiber dis-
tribution model generated by automatic algorithms to evaluate the
mechanical properties of fiber composite, considering fiber content,
aspect ratio, distribution, contact conditions, etc. (Lu et al., 2015; Sun
et al., 2019; Gao et al., 2021). Some researchers have also applied this
model to the thermal conductivity analysis of fiber composite (Zhai
et al., 2018).

3. Estimation of Thermal Conductivity for Fiber-Reinforced
Bentonite

3.1. Analytical solution of single fiber case

A single fiber case was considered to evaluate the effect of fiber ge-
ometry and distribution on the equivalent thermal conductivity. The
fiber had a dimension of 12.7 mm in length and 0.01 mm in diameter.
Parallel and series cases were discussed for different directions of heat
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conduction. Three different fiber contents were discussed, which were
0.5 %, 1.0 %, and 2.0 % by gravity. The thermal conductivity of carbon
fiber and saturated bentonite used in the single fiber case evaluation was
1000 W/(m-K) and 1.59 W/(m-K), respectively.

Fiber-reinforced bentonite comprises bentonite particles, fibers,
liquid water, and air. The air in the mixture is negligible at the fully
saturated condition. However, when not saturated, the voids are filled
with air, which causes the heat transfer phenomenon to behave differ-
ently. When heat flows through the interface between the composite
components, a temperature drop occurs at the interface. Sundberg
(1988) introduced a dimensionless heat transfer correction coefficient to
represent the reduction of heat flow due to imperfect contact between
grains. Tarnawski et al., (2002) indicated that the heat transfer correc-
tion coefficient is limited for saturated soil. The voids between the
bentonite particles and fibers are filled with water, and water bridges are
formed between soil particles and fibers (Ewing and Horton, 2007; Lu
et al., 2014). We assumed perfect thermal conduction at the interface
between the fibers and water or bentonite particles and water, i.e.,
having the same temperature.

To calculate the equivalent thermal conductivity of the fiber-
bentonite mixture in the single fiber case, the idealized geometry of
the mixture can be seen as series and parallel combinations of bentonite
and fibers, as shown in Fig. 3. The mixture was divided into five blocks:
parts 1 to 4 were saturated bentonite and part 5 was fiber. For the
parallel case, heat transport was from right to left. Firstly, the equivalent
thermal conductivity 4, , of blocks 1, 2, and 5 connected in parallel was
calculated, as shown in Eq. (3a). Then, the blocks connected in the first
step were connected with blocks 3 and 4 in series to get the overall
equivalent thermal conductivity A.q.y, which can be expressed as:

H-D

D
jﬂb_s + ﬁﬂf (33)

o =T

L
/‘Le wiv = 3779 1 71 nN/) 3b
B Y _p+(L—=1)]A_s (3b)

where D and [ are the diameter and length of carbon fiber (m), respec-
tively; L and H are the length and thickness of the fiber-bentonite

Fig. 3. Schematic diagram of heat transport through fiber-reinforced bentonite,
single fiber case. The ‘Distance’ is the length between the vertices of the nearest
two fibers, the ‘Spacing’ is the distance between two parallel fibers.
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mixture (m), respectively; Ar and 15 ; are the thermal conductivity of
carbon fiber and saturated bentonite (W/(m-K)), respectively.

For the serial case, heat transport from top to bottom. Firstly, we
calculate the equivalent thermal conductivity 4;_ of 1, 2, and 5 blocks
connected in series; and then connect the blocks connected in the first
step with 3 and 4 blocks in parallel to get the overall equivalent thermal
conductivity Aequiy, Which can be expressed as,

H
My=—r—"7—7— 4a
=D/l + (H D)k ()
l L—1
Aequiv = zﬂl,.\ + 2 Ab_s (4b)

3.2. Experimental

3.2.1. Material: carbon fiber and bentonite

The commercially available carbon fibers (produced by HYOSUNG
Advanced Materials, South Korea) with circular cross-sections are used
in this study, and the length of the chopped fiber is 12.7 mm (1/2 in.).
The diameter of the carbon fibers is 7.0 pm to 10.0 pm.

The sodium bentonite used in this study is a commercial one pro-
duced from natural bentonite in Wyoming, USA (Sturgis Materials,
Kansas City). The bentonite particles are granular, mostly ranging from
0.5 mm to 2.0 mm. The grain size distribution is shown in Fig. 4. It has a
plastic limit of 95 %, a liquid limit of 400 %, and a specific gravity of
2.69. Sodium bentonite contains more than 80 % montmorillonite and
other minerals such as quartz, plagioclases, carbonates, mica, and K-
feldspars (Montes-H & Geraud, 2004). Those properties are listed in
Table 1.

3.2.2. Sample preparation

The cylindrical samples with a diameter of 101.6 mm and a height of
42.5 mm were used for the experiment. For two samples, the porosity
was 0.4 or 0.6, and the dry density was 1.61 or 1.08 g/cm3 after satu-
ration. The fiber content is 1.0 % by weight. The samples were prepared
by mixing oven-dried bentonite with fibers and water and then com-
pacting them layer by layer until they were saturated. First, the dried
granular bentonite was gradually mixed with adding water using a
blender. Once the required moisture content was reached, the carbon
fibers were added and mixed until the distribution of the fibers did not
change. After mixing with the blender, there were still clusters of fibers,

Computers and Geotechnics 165 (2024) 105880

Table 1

Physical properties of bentonite used in this study.
Soil properties Values
Specific gravity 2,691
Bulk density 1.03 g/cm®
Swell index 32 mL/2g 2
Liquid limit 400 %
Plastic limit 95 %
Plasticity index 305

1 Ravi and Rao (2013)
2 Scalia et al (2018)

so the large fiber clusters were carefully broken into smaller ones by
hand. Then, the fiber-bentonite mixture was placed in a sealed bag for
24 h. Finally, the mixture was compacted layer by layer with a hammer
in the compaction mold and compressed with a hydraulic jack to ensure
that the mixture reached a saturated state. Fig. 5(b) shows the prepared
sample. Since the sample is compacted layer by layer, the distribution of
fibers tends to be randomly distributed in a plane parallel to the hori-
zontal plane, as shown in Fig. 5(c) and 5(d).

3.2.3. Measurement of thermal conductivity

A dual probe sensor (SH-3 sensor produced by METER GROUP) was
used in this study, which is widely used in the thermal conductivity
measurement of bentonite and other soil (Abu-Hamdeh, 2001; Zhang
et al., 2015; Nikoosokhan et al., 2016; Xu et al., 2019; Yoon et al., 2019).
The sensor has two steel needles with a length of 30 mm and a diameter
of 1.3 mm with a spacing of 6 mm, as shown in Fig. 5(a). The two needles
are the heat source and temperature sensor, respectively. The sensor can
obtain thermal conductivity and heat capacity, with a measurement
range of 0.02—2.0 W/(m-K) and 0.5—4.2 MJ/(m3-K), respectively.
The principle and process of the sensor measuring thermal conductivity
are as follows (Bristow et al., 1994): The heat source needle releases heat
for a certain period and then turns it off. The temperature sensor needle
measures the temperature change when the heat source needle releases
heat. The temperature sensor continues to measure the temperature
until the measured temperature reaches the maximum value and stops
the temperature measurement. The testing data in this study was
collected using the KEYSIGHT DAQ970A data acquisition system. Fig. 6
shows the temperature versus time curves while measuring the thermal
conductivity of sensor calibration standard and carbon fiber-reinforced

100 T T 4
| : !
90 ] I I}
| v
80 } 1 1 ]
1 1 1
70 + i i !
1
—_ 1 1 !
2 60 | : »
5 : V!
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: .—’—., :
10 g ® =~ [
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Fig. 4. The grain size distribution of the sodium bentonite used in this study.
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Fig. 5. Measurement of the thermal conductivity of the carbon fiber-reinforced bentonite. (a) Schematic of the dual needle sensor; (b) measurement photo, sample
with the size D: 101.6 mm; H: 42.5 mm; (c) sensor installation direction — horizontal; (d) sensor installation direction — vertical.

Temperature difference (°C)
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Bentonite with 1% Carbon fiber
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o
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Fig. 6. Comparison of the thermal conductivity test data of calibration standard, bentonite with 1.0% carbon fiber, and pure bentonite.

bentonite. The data was processed by following equations,

A=Dx*C,

Io)il

Pl —t) 1)
D‘Z{m[zm/(tm—to)] }

%

q

2

= 42DAT,,

{Ei [40( :

tw — 1o

2

|-l )

4Dt,,

(5a)

(5b)

(5¢)

where 4 is the thermal conductivity (W/mes); D is the thermal diffusivity
(m2/s); C, is the heat capacity J/m® -K); r is the needle spacing (m); t, is
the time reaches the maximum temperature (s); t, is the heating time (s);
q is the heat input at the heater needle (W/m); AT, is the maximum
temperature difference at thermistor needle (K); Ei is the exponential
integral.

To measure the anisotropy of thermal conductivity caused by fiber
distribution, the thermal conductivity of carbon fiber-reinforced
bentonite was measured from two directions. The sensor installation is
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shown in Fig. 4(c) and 4(d), parallel and perpendicular to the horizontal
plane, respectively.

3.3. Numerical Simulation

3.3.1. Thermal conduction

Thermal conduction (or diffusion) results from different mechanisms
in different media. Theoretically, in the air it occurs in the gas through
molecular collisions. In a continuum, Fourier’s law of heat conduction
states that the conduction heat flux, g, is proportional to the temperature
gradient,

g= —kVT ®)

where k is the thermal conductivity (W/(m-K)). The heat transfer in a
solid can be expressed as,

JaT

5 TVa=0 )

pCp
where p is the density of materials (kg/ms)

3.3.2. Numerical modeling

A series of two-dimensional (2D) thermal conduction cases were
conducted using a FEM to evaluate the thermal conductivity of carbon
fiber-reinforced bentonite. The commercial software COMSOL Multi-
physics was used to perform the simulation. To evaluate the effect of the
fiber distribution on the thermal conductivity of the fiber-bentonite
mixture, randomly distributed fibers were constructed in the computa-
tional model. The coordinates of two points controlled each fiber’s po-
sition, direction, and length. The fibers with different distribution
directions were generated by controlling the angle between the fiber and
the horizontal direction, as shown in Fig. 7(a). The coordinates of the

(X2,Y>)

X =X +L

2 1

cos6O

v =v +Lsinb

X ?ﬁ

Fig. 7. Schematic diagram of the randomly distributed fiber-reinforced
bentonite. (a) single fiber, (b) randomly distributed fiber model.
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two vertices of a single fiber with a length of L were (x1, y1) and (x2, y2),
respectively. The angle between the fiber and the horizontal direction
was 0. The coordinates of random fibers were generated by MATLAB.
Fig. 7(b) shows the bentonite mixture model of randomly distributed
fibers when the fiber length is 12.7 mm and the fiber content is 1.0 % by
gravity, where the inclination angle and position of each fiber in the area
are randomly distributed. The number of fibers in the model domain
varies according to fiber content, diameter, length, and model size. The
number of fibers in the domain can be calculated as,
_ P

Ne==a (€))

where Ny is the number of fibers; of is the volume fraction of fibers; A, is
the model domain area (rnz); d and is the diameter and length of fibers
(m), respectively.

3.3.3. Model parameterization

The thermal conductivity of carbon fiber-reinforced bentonite was
simulated when bentonite was saturated. The simulation considered a
variety of parameters, including fiber content, fiber length, porosity,
bentonite dry density, and fiber distribution orientation, as listed in
Table 2. The simulation considered bentonite porosities of 0.2, 0.4, and
0.6, and the corresponding dry densities were 2.15 g/cm3, 1.61 g/cm3,
and 1.08 g/cm®, respectively. The laboratory measurement was
compared with simulations of carbon fibers with a thermal conductivity
of 200 W/(m-K). In addition, carbon fibers with a thermal conductivity
of 1000 W/(m-K) were used to analyze the thermal conductivity of the
fiber-bentonite mixture due to various factors. The saturated bentonites
used in this simulation have thermal conductivity values of 1.89 W/
(m-K), 1.59 W/(m-K), and 1.31 W/(m-K) from measurement, corre-
sponding to porosities of 0.2, 0.4, and 0.6, respectively.

The size of the model in the simulation is 0.3 m x 0.2 m. Fig. 8 shows
the models for random (-90° < 6 < 90°), parallel (-5°< 0 < 5°), and
serial (85°< 6 < 90°, —90° < 0 < -85°) fiber distribution with a fiber
content of 1.0 % by gravity. The length of the fibers is 12.7 mm. In the
simulation, the temperatures on the left and right sides of the model are
20 °C and 50 °C respectively; the upper and lower boundaries are no
heat flow, and the heat diffuses from the right side to the left side of the
fiber-bentonite mixture. The thin layer element with a thickness of the
diameter of carbon fiber represents the fibers in the simulation. As a
perfect contact between saturated bentonite and carbon fiber is
assumed, the bentonite and fiber have the same temperature at the
contact interface. Overlapping fibers are considered as a unit. At the
same time, the mesh near the fibers is refined, as shown in Fig. 8(a). For
example, the model mesh corresponding to Fig. 8(a) has 696,643
triangular meshes and 77,565 edge meshes.

Meanwhile, the equivalent thermal conductivity in the case of the
single fiber case mentioned in Section 2.2 was also analyzed by simu-
lation. Similar to the mixture, the fiber in the simulation has a length of

Table 2
Simulation cases.
Fiber thermal Fiber Fiber Fiber Comments
conductivity (W/ distribution content length
m K) (%) (Inch)
200 Random/ 1.0 0.5 Compared
Parallel/ Serial with
experiment
1000 Parallel/ Serial 0.5/1.0/ 0.5 Single fiber
2.0 case
1000 Random 0.5/1.0/ 0.25/
2.0 0.5/1.0
Parallel 0.5/1.0/ 0.25/
2.0 0.5/1.0
Serial 0.5/1.0/ 0.25/
2.0 0.5/1.0
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Fig. 8. Simulation cases of heat transport through fiber-reinforced bentonite under different fiber orientations. (a) random (-90° <@ < 90°) fiber distribution model
and mesh of fiber filament, (b) parallel (-5° <@ < 5°) fiber distribution, (c) serial (85° <60 < 90°, —90° <0 < -85°) fiber distribution.

12.7 mm and a diameter of 0.01 mm. Both parallel cases and serial cases
are evaluated.

4. Results and Discussions
4.1. Single fiber case

When carbon fiber reinforced bentonite is used in engineering ap-
plications, it is necessary to consider the direction of heat conduction
due to the different temperature conduction with the boundaries or with
the direction of the fiber additives in the mixture. For example, when
used as a buffer material in spent fuel repositories, there is a higher
temperature near the canister and a lower temperature near the host
rock. Accordingly, the engineered barrier shows the overall heat transfer
from a higher temperature boundary to a lower temperature boundary.
Moreover, since the distribution direction of fibers can be controlled by
layer-by-layer compaction during material preparation, there are
different angles between the orientation of fibers and the direction of
heat conduction. Thus, the buffer material at different locations has
different heat conduction directions, such as around the canister or
under and above the canister (Finsterle et al., 2019; Levasseur et al.,
2022).

For the single fiber case, the volume of bentonite is fixed for a specific
fiber content. The distance between fibers becomes smaller when the
spacing increases, as shown in Fig. 3. The fibers would be connected
when the spacing increases to the maximum. Fig. 9 shows the analytical
solution and simulation results of equivalent thermal conductivity for
carbon fiber-reinforced bentonite in the case of a single fiber. The
analytical solution and simulation results are in good agreement. As for
the parallel case, the equivalent thermal conductivity of the fiber-
bentonite mixture increases as the increase of spacing between the fi-
bers, as shown in Fig. 9(a). The equivalent thermal conductivity in-
creases from 1.61 W/m K to 3.54 W/(m-K), 5.55 W/(m-K), and 9.48 W/
(m-K) with fiber spacing increase at the fiber content of 0.5 %, 1.0 %,
and 2.0 %, respectively. The distance decreases to 0 when the spacing
increases to the maximum, which means that the fibers are connected to
each other, and the thermal conductivity reaches the maximum value in
this case. The direction of heat conduction is the same as the extension

direction of the fiber, and the presence of fibers dramatically enhances
heat conduction.

On the other hand, the fibers are piled together when the spacing
decreases to 0, and the thermal conductivity decreases to a minimum.
For the serial case, the equivalent thermal conductivity increases by a
negligible value as the decreased spacing. This is because the fiber
extension direction is perpendicular to the heat conduction direction,
the fibers are isolated by bentonite, and the thermal conduction mainly
occurs in bentonite.

It follows from the above that the parallel distribution is significantly
beneficial for improving the thermal conductivity compared to the series
distribution due to the special shape characteristics of the fibers. The
aspect ratio of particles significantly affects the equivalent thermal
conductivity of anisotropic multi-phase materials. A smaller aspect ratio
of particles gives a higher thermal conductivity of the composite in the
major axes’ direction (Akbari et al., 2013). For the carbon fibers used in
this study, the aspect ratio of a 12.7 mm long fiber is 1270, which means
that the thermal conductivity of the fiber-bentonite mixture is signifi-
cantly higher in the direction of fiber orientation than in the direction
perpendicular to the fiber orientation. If the fiber length is longer, the
equivalent thermal conductivity in the direction of fiber orientation will
be greater.

4.2. Comparison of theoretical models, experimental, and FEM simulation

The above-mentioned single fiber case shows the difference in
equivalent thermal conductivity caused by the fiber distribution. In
contrast, many fibers mixed with bentonite will lead to a more complex
fiber distribution and different equivalent thermal conductivity than the
single fiber case. Fig. 10 shows the comparison of the equivalent thermal
conductivity obtained from theoretical bounds, experimental measure-
ment, and FEM simulation results in the case of the thermal conductivity
of carbon fiber equal to 200 W/(m-K) and the fiber with a length of 12.7
mm (1/2 in.). In the experiment, two samples with different dry den-
sities were prepared, and triplicate sets of thermal conductivity mea-
surements in two directions were carried out. There was no significant
difference in the thermal conductivity of each sample in the two di-
rections. Here, the average value of the measurement results of each



Y. Feng et al.

Computers and Geotechnics 165 (2024) 105880

(a) 10.0 ¢
. - = =FC:0.5%-Anal.
<o 9.0 £ | —cce-FC:1.0%-Anal,
£ 80 F —FC:2.0%-Anal.
s N A FC:0.5%-Sim.
< 70 F| © FC:1.0%Sim.
."? - O FC:2.0%-Sim.
2 6.0 ¢
S :
0o ; %
_§ 5.0 ' T §
o - == B
2 40 E g Xl><> A
o) N /
30 | Pl A
£ x A'A/AAA
220 ¢F il
=
10 ———
0.01 0.1 1 10
Fiber spacing (mm)
(b) 1.68
Heat flow - = =FC:0.5%-Anal.
& 1.66 ===--FC:1.0%-Anal.

-
(o]
N

-
[0))
N

Y
0
o

—_
(&)
)]

Thermal conductivity (W/m
o)
o

— FC:2.0%-Anal.
- A FC:0.5%-Sim.
¢ FC:1.0%-Sim.
O FC:2.0%-Sim.

1.54 o ——

0.01 0.1

1 10

Fiber spacing (mm)
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sample is shown in Fig. 10, the standard deviation of samples with dry
densities of 1.61 and 1.08 g/cm® are 0.04 and 0.09, respectively. Wiener
bounds have a wider range of estimates than H-S bounds for equivalent
thermal conductivity. For isotropic porous media, the equivalent ther-
mal conductivity should fall within the H-S bounds. For the case where
the fiber length is 0.5 in., the distribution of the position of fibers is
random. The fiber-reinforced bentonite can be regarded as approxi-
mately isotropic, so the equivalent thermal conductivity of the mixture
falls within the H-S bounds. However, due to the special geometry of
carbon fibers, the heat transfer in fiber-reinforced bentonite gives
different equivalent thermal conductivity according to different fiber
distributions.

For the simulation, the equivalent thermal conductivity for the
parallel cases and serial cases in terms of the fiber distribution is close to
the upper and lower bound of H-S bounds, respectively. The random
cases of the fiber distribution fall within the middle. This result agrees

with the evaluation in a single fiber case that parallel distribution would
have a higher equivalent thermal conductivity. In the parallel cases, the
orientation of the fibers with a small angle with heat flux direction, and
the carbon fiber with higher thermal conductivity and elongated ge-
ometry facilitate the heat transport. However, in the serial cases, the
fibers are isolated by the bentonite in the direction of the heat flux di-
rection and bentonite dominates the thermal conductivity. The equiva-
lent thermal conductivity is close to the value of bentonite. The
equivalent thermal conductivity changes with the angle change between
the direction of fiber orientation and the heat conduction direction
(Wang et al., 2007, 2009). When the fiber distribution is between a
random distribution and parallel distribution, that is, the angle between
the direction of fiber orientation and the heat conduction direction is
—45° < 0 < 45°, the equivalent thermal conductivity is also between the
two distribution situations.

The experimental results are close to the lower bound of the H-S
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random, parallel, and serial; fiber length is 0.5 in.; fiber content is 1 % by gravity; carbon fiber thermal conductivity is 200 W/(m K).

bound and the simulation results for the series case because the distri-
bution of fibers in the sample is closer to the series case. It is difficult to
ensure the uniform distribution of fibers in the process of preparing
samples. The compaction of the mixture, along with layer-by-layer,
brings the extension angle of fibers close to the horizontal direction.
Also, the fibers in the simulation model are straight, while the fibers in
the experiment are bent and distributed in clusters. Straight and evenly
distributed fibers are conducive to forming fiber networks to improve
the equivalent thermal conductivity, while the fiber distribution in the
experiment is not conducive to heat conduction (Liu et al., 2017). In
addition, the thermal contact resistance between fibers and bentonite is
also a possible reason for reducing the function of the carbon fiber, even
though the samples were compacted layer by layer. The compacted
mixture is almost completely saturated, but some voids may still be filled
with air at the fiber and bentonite interface. Air has an extremely low
thermal conductivity compared to water, greatly increasing interfacial
thermal resistance (Dong et al., 2015; Wen et al., 2022a). The air be-
tween the fibers and the bentonite particles may reduce the enhance-
ment effect of carbon fibers.

Moreover, the clusters and bending of fibers, as shown in Fig. 5(b) on
the surface of the sample, make it a challenge to play the role of fibers in
promoting the equivalent thermal conductivity. Clusters of fibers affect
the equivalent thermal conductivity, Wang et al. (2016a, 2016b) pro-
posed that the equivalent thermal conductivity is related to the degree of
clustering and the clustered arrangement of fibers. The clustered fiber
distribution may inhibit the heat flux, which requires us to propose a
mixing method to improve the uniform distribution of fibers in practical
applications (Javanbakht et al., 2019). The cluster distribution of fibers
is not conducive to increased thermal conductivity (Wang et al., 2016a,
2016b). When the fiber content is fixed, the number of fibers in a cluster
of fibers affects the number of fiber clusters. The number of fiber clusters
significantly affects the formation of fiber networks. If most of the fibers
are distributed as clusters, it is difficult to form a fiber network. The
formation of fiber clusters reduces the possibility of network formation

to connect the heat transfer channel through the bentonite, which is
more important for heat conduction. More fiber clusters will form a
weaker network, which is not conducive to the role of fibers. In the case
of serial, carbon fiber has little effect on improving the equivalent
thermal conductivity overall, and the effect of fiber clusters can be
ignored. In the case of parallel, the existence of fiber clusters may
significantly affect the overall thermal conductivity, and it is worth
considering ensuring the uniform distribution of fibers in the prepara-
tion of mixtures for practical engineering applications. Since the actual
morphology of microfibers in the mixture is difficult to obtain and
describe, there are few systematic studies on the effect of fiber bending
on the equivalent thermal conductivity of fiber mixtures. When the
carbon fiber distribution direction is consistent with the heat conduction
direction is most conducive to heat conduction, but the bending of fibers
may reduce the enhancement effect. The relationship between the de-
gree of bending and the efficiency of heat conduction deserves more
research, which can help to adopt a more effective mixing method in
practical applications.

Meanwhile, the equivalent thermal conductivity of carbon fiber-
reinforced bentonite increases with the increase of the dry density.
Carbon fiber-reinforced bentonite used in this study is a mixture of
water, bentonite, and carbon fiber in a saturated state. As the dry density
increases, the proportion of bentonite particles increases, and the vol-
ume content of fibers increases as well. More fibers lead to higher
equivalent thermal conductivity. Even in the case of serial cases, a
higher proportion of bentonite particles can lead to a higher equivalent
thermal conductivity due to its higher thermal conductivity than water.

4.3. Effect of fiber length, distribution, and content

Depending on the various thermal conductivity of carbon fiber, the
thermal conductivity of the fiber-bentonite mixture can vary signifi-
cantly. The thermal conductivity of carbon fiber manufactured based on
new technology can be higher than 1000 W/(m-K). For example, the
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carbon fiber produced by Nippon Graphite Fiber Corporation has a
thermal conductivity of 1200 W/(m-K). Some carbon fibers based on
carbon nanotube technology can have a thermal conductivity higher
than 3000 W/(m-K) (Fujii et al., 2005; Kumanek & Janas, 2019). When
the fiber thermal conductivity is higher, the composite thermal con-
ductivity increases significantly with the fiber length, fiber content, and
fiber distribution (Fu et al., 2003). Bentonite reinforced with those
carbon fibers may have better heat-conducting properties. Fig. 11 shows
the comparison of the equivalent thermal conductivity for theoretical
bounds, and the FEM simulation result in the case of the thermal con-
ductivity of carbon fiber is 1000 W/(m-K). Fig. 11(a) to (c) show the
comparison of the fiber distribution of random, parallel, and serial cases,
respectively. Similar to the cases of carbon fiber with a thermal
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conductivity of 200 W/(m-K), parallel cases have a higher equivalent
thermal conductivity than random cases, and random cases are higher
than serial cases. And the equivalent thermal conductivity increases
with the increase of dry density.

The simulation evaluated the equivalent thermal conductivity fiber
length in 6.35 mm (1/4 in.), 12.7 mm (1/2 in.), and 25.4 mm (1 in.). For
the fiber distribution of random and parallel cases, the longer fiber
length led to a higher equivalent thermal conductivity. For the evalua-
tion of a single fiber case, the fiber-bentonite mixture has a higher
equivalent thermal conductivity when the fibers are connected. Longer
fibers can be observed as joining together shorter fibers, such as the fiber
in the length of 1 in. can be seen as two 1/2-inch-long fibers joined
together, or four 1/4-inch-long fibers joined together. An equivalent
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Fig. 11. Comparison of the equivalent thermal conductivity for H-S bounds, Wiener bounds, and FEM simulation results with different fiber lengths: 1 in., 0.5 in.,
and 0.25 in.; fiber content is 1 % by gravity; carbon fiber thermal conductivity is 1000 W/(m K). (a) random distribution, (b) parallel distribution, (c) serial

distribution.
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Fig. 11. (continued).

thermal conductivity difference caused by the fiber length is more sig-
nificant in the case of the fiber distribution in parallel because the fiber
orientation is close to the heat flux direction, which can facilitate heat
transport. Similarly, the increase in dry density can also enhance the
difference in equivalent thermal conductivity caused by the difference in
fiber length. In the case of fiber distribution in serial, the change of the
fiber length did not bring about significant changes in the equivalent
thermal conductivity because the bentonite dominated it, which agreed
with the single fiber case analysis.

Fig. 12 shows the contour of heat flux in bentonite with a fiber dis-
tribution in random, parallel, and serial. For randomly distributed fi-
bers, the heat flux in the bentonite isolated by carbon fibers is relatively
small because the heat is conducted by the carbon fibers with a much
higher thermal conductivity than bentonite. The heat flux in the
bentonite between the carbon fiber ends is relatively large because the
bentonite mainly conducts the heat in this part of the area. As well for
parallel and serial cases, the heat flux in bentonite between carbon fibers
is relatively lower than near the end of the fibers. While in the case of
series distribution of fiber, the heat flux difference inside the bentonite is
slight, mainly concentrated in the range of 150 to 170 W/m?. This is
because although carbon fiber has a high thermal conductivity, it is
isolated by bentonite and cannot effectively enhance heat transfer.
Moreover, the average heat flux of bentonite for the three cases of
random, parallel, and serial is 162.25 W/mz, 175.23 W/In2, and 157.03
W/m?, respectively. The heat transport rate in bentonite is different
because of the different enhancement effects of the distribution of
different fibers, which agree with the equivalent thermal conductivity
differences.

In addition to the heat flux within the bentonite, Fig. 13 shows the
heat conduction flux in two intersecting fibers and the bentonite be-
tween them. The heat flux in the bentonite is tracked through the path,
as shown in Fig. 13(a). Obviously, the heat flux in carbon fibers is
significantly higher than that of bentonite near them, and there is a more
than 100 times difference. The heat flux at the ends of the fibers is
slightly lower than in the middle, while the opposite is true for
bentonite. Also, there is a jump of the heat flux at the intersecting point
because there is a heat exchange between the two fibers. It was assumed
that the intersecting fibers have perfect contact in the simulation, but
this differs from reality, which needs more discussion in future research
(Wen et al., 2022b). The average heat flux in fibers in the random,
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parallel, and serial distribution is 19348 W/m>, parallel, 65182 W/m>?,
and serial, 3099 W/m?, respectively. For the overall mixture, the more
fibers in the same direction as the heat conduction intersecting with
each other, the more conducive to heat conduction. Fibers that form a
network in the direction of heat conduction can act as efficient pathways
for heat conduction. This means the carbon fibers are more effective in
enhancing heat transport in the case of distribution of parallel. However,
in reality, the fibers may be in direct contact, or the contact points are
filled by bentonite, and the heat transfer efficiency may be reduced
when the contact between the fibers is poor, which can cause some
overestimated results in the simulation.

Fig. 14 shows the equivalent thermal conductivity changes with fiber
content in the case of the fiber distribution is random. The equivalent
thermal conductivity increases with the fiber content. On the other
hand, the fiber length in the higher fiber content gives a more substantial
influence. The higher fiber content means an increase in the volume
content of the fiber. From analyzing a single fiber, a high fiber content
brings a high equivalent thermal conductivity. According to previous
studies, the research on the thermal management of carbon nanotube
composites indicated that forming a fiber network helps improve the
equivalent thermal conductivity (Biercuk et al., 2002). The increase in
the number of fibers means that the probability of fibers contacting each
other increases to form a network.

In the above discussion, the numerical results of the thermal con-
ductivity of carbon fiber reinforced bentonite range between maximum
and minimum estimated from theoretical models, mainly because the
two models did not consider the large aspect ratio of fibers. When
constructing a theoretical model of a fiber mixture, more factors might
be considered besides the ratio of the components, such as fiber aspect
ratio, fiber and soil particles, the contact thermal resistance between
components, the distribution of fibers, the bending of fibers, etc.

4.4. Summary of simulation results

The simulation results of all the cases as shown in Fig. 15. Fiber
distribution in parallel, longer fiber length, higher fiber content, and
higher dry density of bentonite are conducive to the improvement of
equivalent thermal conductivity. In the serial cases, the enhancement
brought about by fiber length and fiber content is very weak. Only a
slight improvement is brought about by the increase in the dry density of
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bentonite. The enhancement brought about by higher fiber content and
longer fiber length is more pronounced at higher dry density and dis-
tribution in parallel.

As mentioned above, the higher thermal conductivity of carbon fiber
would effectively be pronounced by the improvement brought about by
increasing fiber content, distribution, and fiber length. The effectiveness
of carbon fiber with a higher thermal conductivity is worth investi-
gating. At the same time, the bending of fibers is also an obstacle to
forming fiber networks. Fibers with a large aspect ratio (longer fiber) are
easier to form a network if the fibers are straight, but a larger aspect
ratio is easier to bend in mixing. It is very meaningful to choose the fiber
with the optimal aspect ratio in the application (Agari et al., 1993;
Burger et al., 2016; Qureshi et al., 2018).

In addition, the contact conditions between fibers and between fibers
and bentonite are important for heat conduction. In this study, the
bentonite is in a saturated state, and fibers are in good contact with
bentonite, and the thermal resistance between fibers and bentonite is

13

neglected (Hasselman et al., 1993; Pal, R. 2005). However, for unsatu-
rated bentonite or dried bentonite, there may be air between the fiber
and bentonite, the thermal conductivity of air is significantly lower than
that of bentonite particles and fibers, and the contact thermal resistance
cannot be neglected. Likewise, the thermal contact resistance between
fibers is also of concern, especially when the voids between fibers in a
fiber cluster are filled with air.

As mentioned above, the bentonite in this study is in a saturated
state; however, the environment in which the bentonite is used will
cause changes in moisture content and affect thermal conductivity. On
the one hand, decreasing moisture content will replace the water in the
voids with the air of lower thermal conductivity, which reduces the
thermal conductivity of the material (Kim et al., 2015; Lee et al., 2016;
Xu et al., 2019). On the other hand, bentonite is the characteristic of
shrinking after dehydration, and drying cracks will aggravate the
decrease of thermal conductivity. Although adding fibers inhibits crack
development, some microcracks cannot be avoided (Kawaragi et al.,
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2009; Zhang et al., 2017; Taheri & El-Zein, 2023). Moreover, desiccation
would reduce the contact area between carbon fiber and bentonite
particles, increasing the contact thermal resistance, which would greatly
reduce the enhancement effect of carbon fiber on thermal conductivity.
In addition, the interaction between bentonite and carbon fiber may
affect the contact situation, which may also be a factor affecting crack
behavior, mechanical stability, and thermal conductivity (Wang et al.
2016; Liu et al., 2019; Ruan et al., 2022; Calaunan et al., 2023). Future
research will discuss the effect of different initial moisture content and
desiccation on the thermal conductivity of carbon fiber-reinforced
bentonite, which will help to find a suitable initial state of the mate-
rial for engineering applications.

5. Conclusions

A series of simulations and laboratory experiments were conducted
to determine the equivalent thermal conductivity of carbon fiber-
reinforced bentonite. The resulting multiphase mixture of carbon
fiber-reinforced bentonite, which consists of air, fibers, water, and
bentonite particles, was evaluated through FEM simulations to analyze
the effects of fiber content, distribution, length, and dry density on the
equivalent thermal conductivity. Additionally, an analytical solution
and simulation were conducted for a single fiber case to examine the
impact of fiber spacing on the equivalent thermal conductivity. Overall,
the research findings demonstrate the potential for using carbon fiber to
enhance the thermal conductivity and stability of bentonite in heat-
sensitive engineering applications. The main conclusions are:

1. When the fiber content is fixed, the equivalent thermal conductivity
increases with the increase of the spacing in the case of the fiber
distribution parallel to the heat flux direction, and the equivalent
thermal conductivity changes little with the increase of the spacing
when the fiber distribution is serial.

2. The equivalent thermal conductivity obtained from the simulation
falls within H-S bounds. Parallel case falls around the upper bound
and serial case falls near the lower bound, and random case in the
middle. The equivalent thermal conductivity may be greater than the
H-S upper bound for longer fibers and larger dry densities. When the
fiber content is 1.0 %, the length is greater than 12.7 mm (0.5 in.),
and the dry density is greater than 1.61 g/cm?, the equivalent
thermal conductivity is greater than the H-S upper bound but lower
than the Wiener upper bound.

3. The increase in dry density of bentonite and fiber content signifi-
cantly enhances equivalent thermal conductivity. When the content
of carbon fiber with a thermal conductivity of 1000 W/(m K) is 1.0
%, and the porosity of bentonite is 0.4, the thermal conductivity of
the composite can be increased by up to 390 % compared to pure
bentonite.

4. The increase in fiber length will give different enhancements under
different fiber content and dry density of bentonite. The thermal
conductivity of the mixture for 1-inch fibers is 1.11 and 1.29 times
that of 1/2-inch and 1/4-inch fibers. At the same time, the distri-
bution of fibers plays a vital role in thermal conductivity, and the
thermal conductivity in the case of parallel distribution is 1.48 and
2.91 times that of random distribution and serial distribution.

5. The heat flux in carbon fiber is higher than that of bentonite, which
can reach two orders of magnitude higher. It is more conducive to
heat conduction when the heat flux direction is consistent with the
fiber direction.

6. Following this study, it is worth investigating additional factors that
influence the thermal conductivities, such as fiber clusters, bending
and uneven distribution of fibers, bentonite saturation, and drying
shrinkage. Moreover, when considering the extreme environmental
conditions in the application, various factors need to be taken into
account, including water content variation, drying and wetting
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cycles, temperature fluctuations affecting the thermal conductivity
of bentonite-fiber mixtures, THM coupled properties, and so on.
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