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Abstract

How to reveal the physical mechanism affecting the contact and friction behavior of geomaterials is still a challenging problem

in predicting geological disasters, such as landslides and earthquakes. We develop a multiscale friction model that describes

the microscopic creep behavior of asperities and the macroscopic sliding friction behavior of geomaterial. The theoretical

asperities contact creep model can characterize the random contact process of the interface friction through porosity which

can successfully capture the transition from the mechanical properties of microscopic asperities to the macroscopic interface

friction-slip behavior. The theoretical model also verifies that the friction behavior of the geomaterials is closely related to their

temperature, activation energy, and saturation. Thus, the developed mode offers a theoretical basis for better understanding

the mechanical mechanism affecting the contact and friction behavior of the geomaterials. Meanwhile, it would considerably

help to predict future geological disasters quantitatively.

1. Introduction

A description of the interfacial friction behaviors of the geomaterials would be of considerable help in pre-
dicting catastrophic failure progress, typically landslides and earthquakes. However, the geomaterials possess
porous randomness and multiphase heterogeneity. Consequently, there still is challenging to characterize the
interfacial contact process and reveal the friction mechanism of the geomaterials. Now, the predictions of
geological disasters mainly focus on empirical or semi-empirical methods deriving from the various real-time
monitoring data on displacement and physical parameters of the geomaterials. However, the prediction of
geological failure progresses based on physical mechanisms is still an urgent problem to be overcome.

Existing experimental studies focus on the relationship between the friction behavior and sliding velocity of
the fault geomaterials (Dieterich, 1978; Marone, 1998; Tsutsumi and Shimamoto, 1997; Scholz and Engelder,
1976; Kilgore et al. , 1993), and widely consider the effects of temperature and saturation (Scholz, 2019;
Blanpied et al. , 1995; Blanpiedet al. , 1998; Kubo and Katayama, 2015; Morrow et al. , 2000). Scholz
and Engelder (1976) reported a logarithmic velocity dependence of friction coefficient in sliding experiments
of granite. Then, Dieterich (1978) and Michael L. Blanpied et al. (1998) observed similar phenomena
on Wsterly granite. They pointed out that granite had inherent velocity-dependent frictional weakening
and temperature-dependent frictional strengthening at all velocities. Also, the velocity-dependent frictional
weakening is very prevalent in rock avalanches (Hu et al., 2018; Wang et al., 2018; Hu et al., 2022) and
glacier avalanches (Iversonet al. , 2017; Thøgersen et al. , 2019; Gräff and Walter, 2021), even some flow
slides (Wanget al. , 2014; Pei et al. , 2017). In addition, velocity-dependent frictional strengthening has been
observed in the clayed sliding zone of landslides (Wang et al. , 2010; Schulz and Wang, 2014; Miao and
Wang, 2021). The velocity-dependent friction behavior controls the dynamics of faults and landslides on
earth and other planets. These researches have provided new insights into the macro- or micro-mechanisms
of the failure progress and velocity-dependent behaviors of geomaterials. Nevertheless, we know little about

1



P
os

te
d

on
20

J
an

20
23

—
C

C
-B

Y
-N

C
4

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

10
02

/e
ss

oa
r.

10
51

27
12

.1
—

T
h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

the underlying physics controlling the velocity-dependent friction behaviors of the geomaterials. Thus, it is
urgent to establish a theoretical friction model based on the physical nature of the geomaterials.

Most experimental data-driven theoretical models are semi-empirical formulas lacking physical universality
(Dieterich, 1979; Ruina, 1983; Scholz, 1998). Bowden and Tabor (B&T) considered the frictional strength
of an interface as the product of an average velocity-dependent contact strength and the ratio of the actual
contact area to the total contact area (Bowden and Tabor,1964; Berthoud et al. , 1999). The largely empirical
rate-and-state (R/S) friction equations and Aging formulation (Dieterich, 1979; Dieterich, 1972) have been
widely used to model time-varying friction phenomenology in rock (Marone, 1998; Dieterich, 1979; Beeler
et al. , 1994) and a diverse set of industrial materials (Berthoud et al. , 1999; Prakash, 1998; Ronsin and
Coeyrehourcq, 2001; Shroff et al. , 2014; Heslot et al. , 1994; Carlson and Batista, 1996). Einat Aharonov et
al. (2018) developed a microphysics-based creep model, calculating the velocity and temperature dependence
of contact stresses during sliding. Their model also focused on the thermal effects of shear heating. Recently,
Casper Pranger et al. (2022) proposed transient viscous rheology that produces shear bands that closely
mimic the rate- and state- dependent sliding behavior of equivalent fault interfaces.

The above theories successfully explain the effect of sliding on friction, especially in a high-velocity sliding
state. Most models come from further developments of B&T theory or R/S theory. However, these models
are not deep enough to reveal the physical nature of contact and friction behavior of geomaterials. Thus,
some parameters of these models remain empirically fitted. The above models do not consider how the
deformation of single contact asperities transitions to the entire contact surface because they ignore the
stochastic processes of contact and friction. The shear and normal stress are the averages of a contact
interface in the models. Moreover, some key influences, such as porosity and permeability, on the friction
behavior of geomaterials are still not considered in these models. So, these empirically fitted models are
challenging to predict interfacial friction behaviors for geomaterials accurately.

Thus, there has an urgent need to establish a physics-based interfacial friction model coupling micro-contact
to macro-friction, which further discloses the effect mechanism of multi-physical factors on the friction
behavior of geomaterials. Hence, we develop a multiscale friction model that can describe microscopic contact
creep and macroscopic velocity-dependent friction. And we use the new model to examine the effects of
slip velocity, temperature, porosity, and permeability on the frictional behavior of geomaterials. Finally, we
discuss the physical mechanisms of these influences. Our model can elucidate the physics of interfacial friction
for geomaterials and has the potential to predict geological disaster progresses.

Figure 1. Illustration of the profile of shearing contact rough surface and single contacted asperities. The
blue region depicts a highly compressed area that experience internal creep driven by normal stress, with
the maximum compressed region is represented by purple. The gray area contains localized shear-activated
creep.

2. Theoretical model

The fiction behavior of geomaterials is considered to be the random and continuous contact of microscopic
asperities, resulting in the accumulation of contact deformation and friction, which eventually develops into
the sliding of the rough contact surface. Therefore, the theoretical part includes the characterization of the

2
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random contact process of the contact surface, the deformation mode of the contacting asperities, and the
friction-slip behavior of the rough contact surface.

2.1. Characterization of Random Contact Processes

Due to the porous nature of geomaterials, the porosity is used to describe the random contact process on
rough surfaces, as shown in Fig. 1. Therefore, the contact between two rough surfaces is considered as a
process in which the pore volume is continuously reduced and the real contact area is continuously increased
until the porosity is zero. The increase in the real contact area is caused by the continuous increase of the
contacting asperities, so a parameter is introduced to represent the true contact ratio, which can be expressed
as , where n is the number of asperities in contact, is the number of contact asperities after full contact.
The porosity in initial contact is , and the is considered to be zero at this time. As contact occurs, gradually
decreases to 0, and gradually increases to 1. Therefore, the relationship between and can be described by
an exponential function

where, A is a fitting parameter that can be determined experimentally. The complex random contact process
is now characterized by a piecewise exponential function.

2.2 Deformation and friction-slip behavior of the rough contact surface

Sliding of geomaterials is a process of slow accumulation of internal contact and friction, which is consistent
with creep characteristics. Therefore, we still describe the deformation of single contacting asperities based
on the velocity creep theory proposed by E. Aharonov and C H. Scholz (2018), as follows

,

,

,

where, and are normal and tangential stresses on the contact asperities interface. All parameters included
in the equation are shown in Table 1. Equations (2)-(4) illustrate that the deformation of contact asperities
is a creep process that is related to temperature, creep activation energy, and creep velocity. Further, the
frictional force between individual contacting asperities can be expressed as , where is the real contact area
between individual contacting asperities.

The pressure on single contacting asperities is certain, which satisfies , where is the nominal contact area
of a single asperity and is the normal stress acting on this nominal contact area. In addition, the sum of
the nominal contact areas () of all contacting asperities is equal to the nominal contact area () of the entire
contact surface at the time of full contact, i.e., . Then, can be further expressed as

.

The frictional force at the rough contact surface can be considered to be equal to the sum of the shear forces
of each asperity (), as follows

.

The friction coefficient of the rough contact surface can be defined as the friction force divided by the positive
pressureP i.e. , where positive pressure equals to . Therefore, the can be expressed as

.

Equation (7) includes porosity , which is an inherent structural property of the geomaterials. Their pores are
closely related to the seepage coefficient and fluid viscosity, which are important factors affecting the friction-
slip behavior. Based on the hydraulic diffusivity () (Wibberley, 2002) and the specific storage capacity m ()
(Renner and Steeb, 2014), we can obtain the expression for the porosity as follows

,

3
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where, k is the permeability, η is the fluid viscosity,m is the specific storage capacity, cf is the compressibility
of the pore fluid, and cpp is the compressibility of the pore space. Substituting equation (8) into equation
(7), the friction coefficient can be expressed as

.

Further, based on the relationship between permeability coefficient and saturation( K : hydraulic conduc-
tivity; WS : degree of saturation; L , U : fitting parameters ) (Li , 2021), the friction coefficientμς can be
expressed as

Equation (10) describes the friction coefficient of the macroscopic rough contact surface, which is based on
the creep accumulation of microscopic asperities and includes random contact processes. Previous models
considered the normal stress (or shear stress) to be the same across the entire contact surface, which was an
average treatment. However, equation (10) only considers that the deformation mode of each micro-contact
asperity is the same, but the number of contact asperities is random (in accordance with the exponential
relationship), which is closer to the real situation.

3. Experimental verification

To validate the proposed model, we compare with the results from high velocity-dependent ring shear tests
of a loess landslide at different saturation (Pei et al. , 2017), as well as high velocity rotary shear frictional
tests of familiar fault geomaterials concerning in quartz sandstone (Dieterich, 1978), granite (Dieterich, 1978;
Di Toroet al. , 2004) , novaculite (Di Toro et al. , 2004; Di Toroet al. , 2011).

Figure 2 compares the predicted velocity effect results with the experimental results of loess at different
saturation and fault geomaterials at different lithologies in a wide velocity range. The model well captures
the velocity weakening effect at close saturation and saturation of loess materials. The experiment shows
that for wet loess with saturation higher than 0.8 (0.83, 0.941 and 0.995), its velocity effect is obvious, which
is well revealed by the proposed theoretical model (figure 2a). The dry loess, i.e., its saturation is zero,
there is no observed velocity-dependent friction effects, and the proposed model can only predict its almost
friction-constant behaviors at slide velocity lower 10-2 m/s (Figure 2a). The proposed model can also well
predict the friction behavior of all compared fault geomaterials involving granite, quartz sandstone, and
dense quartzite (Figure 2b). Generally, granite is denser with less porous than quartz and novaculite, which
brings about different velocity effects for other fault geomaterials.

We also compare the results from Aharonov and Schol’s model (Aharonov and Scholz, 2018), which employs
the averaging stress at the contact surface. This means that the porosity of the geomaterial is zero, which
does not exist in nature. However, the new model considers the influence of temperature and velocity for
geomaterials with different porosity (Figure 2c). It also precisely emerges the three modes and its zones,
i.e., no thermal effects, thermal effects, and melting, of contact temperature with increasing slide velocity
(Figure 2d). These have entirely consistent with Aharonov and Schol’s model (Aharonov and Scholz, 2018).

Therefore, the above results show the validity and correctness of the proposed model. It also makes us
understand that the contact temperature gradually increases until it accumulates to a very high value during
the slow sliding process. The high temperature further causes the phase transition of the geomaterials, in turn
which results in a sharp decrease in the friction coefficient (Figure 2d). The coefficient of friction decreases
with increasing saturation in loess, as the water in the pores is subject to pore pressure, which results in a
lower friction due to the reduction of the normal force between the contacting asperities. In addition, the
liquid also has a lubricating effect. Fault geomaterials with smaller pores have greater internal friction, which
means that the actual contact area of the contact surface is bigger thus increasing the tangential force of the
contact surface. Therefore, the coefficient of friction decreases with increasing porosity (Figure 2c).
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Figure 2. The comparison of the prediction results of the proposed model with the experimental results of
loess (a) and fault geomaterials (b). (c) Coefficient of friction as a function of porosity. (d) The relationship
between the contact temperature of the contact surface of the geomaterial and the sliding velocity.

4. Results

4.1 Effect of temperature

The interface temperature of the geomaterial varies with the accumulation of the creep process and the
sliding velocity variation. This further affects the frictional behavior of the geomaterial via changing its
state. Figures 3 (a) and (b) show the friction coefficient as a function of contact temperature. The friction
coefficient gradually decreases with the increase in contact temperature; meanwhile, it drops sharply when
the geomaterial reaches phase transition temperature. This is because temperature affects the normal and
tangential creep processes, and has a more significant impact on the tangential direction once a tangential
slip occurs. Particularly, the tangential stress decreases with a faster speed than the normal stress as contact
temperature increases, causing a decrease in the coefficient of friction. In addition, the geomaterials exhibit
obvious flow characteristics before the phase transition temperature.

Figures 3 (c) and (d) show the relationship between the ambient temperature and friction coefficient of
the loess and fault geomaterials under different sliding velocities. The influence of ambient temperature on
the friction coefficient is smaller than that of the contact temperature because the maximum temperature
difference between winter and summer is only tens of degrees Fahrenheit. The ambient temperature change
still affects the creep stress in the normal and tangential directions of these geomaterials, thus, the friction
coefficient gradually decreases with the increase in temperature.
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Figure 3. (a) The relationship between the contact temperature of the contact surface and friction coefficient
of the loess. (b) The relationship between the contact temperature of the contact surface and friction coeffi-
cient of the fault geomaterial. (c) The relationship between the ambient temperature and friction coefficient
of the loess under different sliding velocities. (d) The relationship between the ambient temperature and
friction coefficient of the fault geomaterial under different sliding velocities.

4.2 Strengthening and weakening effects of friction

Before the contact temperature reaches the phase transition temperature, the friction coefficient will show
different trends with the increase of sliding velocity, i.e., gradually decreasing (weakening effect), basically
unchanged, and progressively increasing (strengthening effect). This is since the difference between the creep
activation energy in the normal and tangential directions of the geomaterial.

This difference indicates the relative ease with which creep occurs in the normal and tangential directions.
When the difference between the activation energy of tangential and normal creep is small, the friction
coefficient is a very slight change with the slow increase of the sliding velocity. This means that the tangential
and normal creep processes are similar in difficulty, resulting in almost constant friction coefficient, as shown
in Figure 4.

6
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Figure 4. (a) Effect of creep activation energy difference on friction coefficient of loess. (b) Effect of creep
activation energy difference on friction coefficient of fault geomaterial.

When the creep activation energy in the normal direction of the asperities is smaller than that in the
tangential direction, the friction coefficient decreases gradually with the slow increase of the sliding velocity
(Figure 4). This is because normal creep is more likely to occur, and the normal stress reduction is smaller
than the tangential stress reduction. As a result, the friction coefficient decreases. Similarly, when the creep
activation energy in the normal direction of the asperities is greater than that in the tangential direction,
the friction coefficient gradually increases with the slow increase of the sliding velocity (Figure 4). This
is because tangential creep is more likely to occur and the tangential stress reduction is smaller than the
normal stress reduction, causing an increase in the coefficient of friction.

The creep activation energy of geomaterials is closely related to the properties, composition, and other
factors of these geomaterials. Therefore, different materials will show shear strengthening or weakening,
even constant shear strength with increasing slide velocity.

4.3. The effect of permeability and viscosity

The permeability coefficient and liquid viscosity can significantly affect the frictional behavior of geomaterials
as they determine water distribution and flow characteristics in geological disasters.

Figure 5 shows the effect of permeability coefficient and fluid viscosity on friction coefficient at different
velocities. The coefficient of friction decreases as the permeability coefficient increases. This is because the
larger permeability makes the water flow more easily and widely in granular materials, such as loess, which
enhances the lubrication effect and reduces the force between asperities. Similarly, fluid viscosity can hinder
its flow and widespread distribution in granular materials. Therefore, the coefficient of friction increases
with the coefficient of fluid viscosity.

7
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Figure 5. (a) Effect of permeability on friction coefficient of loess. (b) Effect of fluid viscosity on friction
coefficient of loess.

The above results elucidate that the macroscopic contact and friction behavior of the geomaterials depend
on the creep accumulation process of microscopic asperities in the normal and tangential directions. This is
closely related to temperature and creep activation energy. However, temperature-induced changes in normal
and tangential stresses and phase transitions significantly affect the changes in its frictional force. The relative
creep difference in the normal and tangential directions of the asperities can cause velocity strengthening
or weakening effects. It is due to the different amounts of stress reduction in the tangential and normal
directions corresponding to different activation energies. In addition, the water content also significantly
affects its friction coefficient, which can attribute to the lubrication effect and the role of sharing part of
the pore pressure. Thus, the permeability and fluid viscosity coefficients, which affect the water flow and
distribution characteristics, affect the coefficient of friction.

5. Conclusion

We develop a physics-driven model of interfacial friction for geomaterials. Our theoretical model characterizes
the random contact process of the interface through porosity, which successfully captures the transition of
mechanical behavior from microscopic asperities to the macroscopic friction interface. Our model reveals the
velocity-dependent sliding friction behavior of these verified geomaterials and shows that the interparticle
contact temperature has a more dominant role in velocity-dependent friction than the ambient temperature.
The velocity-dependent friction behavior can attribute to the adjustment of stress state and property during
high-velocity shearing. Meanwhile, the difference in directional and tangential activation energy can cause
velocity-dependent strengthening or weakening effects for geomaterials. The saturation of geomaterials
not only exhibits the lubrication effect but also shares part of the pore pressure, which contribute to the
decrease in the friction coefficient. Thus, the permeability and fluid viscosity coefficients, which affect the
water flow and distribution characteristics, also affect the coefficient of friction. These findings provide a
further understanding of the physical mechanism how shear velocity affect the contact and sliding friction
of geomaterials. It has important implications for geological hazard prediction, not only in landslides and
earthquakes but also in glacial avalanches on earth, even sliding failure progresses on other planets.
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Gräff, D., Walter, F. (2021). Changing friction at the base of an Alpine glacier. Scientific Reports 11 , 10872.
https://doi.org/10.1038/s41598-021-90176-9

Heslot, F., Baumberger, T., Perrin, B., Caroli, B., & Caroli, C. (1994). Creep, stick-slip, and dry
friction dynamics: Experiments and a heuristic model. Physical Review E ,49 (6), 4973–4988. htt-
ps://doi.org/10.1103/PhysRevE.49.4973

Hu, W., Huang, R., McSaveney, M., Zhang, X. H., Yao, L., & Shimamoto, T. (2018). Mineral chan-
ges quantify frictional heating during a large low-friction landslide.Geology , 46 (3), 223-226. htt-
ps://doi.org/10.1130/G39662.1

Hu, W., Xu, Q., McSaveney, M., Huang, R., Wang, Y., Chang, C. S., . . . & Zheng, Y. (2022). The
intrinsic mobility of very dense grain flows. Earth and Planetary Science Letters , 580 , 117389. htt-
ps://doi.org/10.1016/j.epsl.2022.117389

Iverson, N. R., Hooyer, T. S., & Baker, R. W. (1998). Ring-shear studies of till deformation: Coulomb-
plastic behavior and distributed strain in glacier beds.Journal of Glaciology , 44 (148), 634-642. htt-
ps://doi.org/10.3189/s0022143000002136

Kilgore, B. D., Blanpied, M. L., & Dieterich, J. H. (1993). Velocity dependent friction of granite over a wide
range of conditions. Geophysical Research Letters ,20 (10), 903–906. https://doi.org/10.1029/93GL00368

Kubo, T., & Katayama, I. (2015). Effect of temperature on the frictional behavior of smectite and illi-
te.Journal of Mineralogical and Petrological Sciences ,110 (6), 293-299. https://doi.org/10.2465/jmps.150421

Li, Y., (2021). Study on Unsaturated Soil Model Based on Soil Water Characteristic Curve. North China
University of Water Resources and Electric Power.

Marone, C. (1998). Laboratory-derived Friction Laws and Their Application to Seismic Faulting. Annual
Review of Earth and Planetary Sciences , 26 (1), 643–696. https://doi.org/10.1146/annurev.earth.26.1.643

Miao, H., & Wang, G. (2021). Effects of clay content on the shear behaviors of sliding zone soil origina-
ting from muddy interlayers in the Three Gorges Reservoir, China.Engineering Geology , 294 , 106380.
https://doi.org/10.1016/j.enggeo.2021.106380

9



P
os

te
d

on
20

J
an

20
23

—
C

C
-B

Y
-N

C
4

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

10
02

/e
ss

oa
r.

10
51

27
12

.1
—

T
h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

Morrow, C. A., Moore, D. E., & Lockner, D. A. (2000). The effect of mineral bond strength and
adsorbed water on fault gouge frictional strength. Geophysical Research Letters ,27 (6), 815-818. htt-
ps://doi.org/10.1029/1999gl008401

Pei, X., Zhang, X., Guo, B., Wang, G., & Zhang, F. (2017). Experimental case study of
seismically induced loess liquefaction and landslide. Engineering Geology , 223 , 23-30. htt-
ps://doi.org/10.1016/j.enggeo.2017.03.016

Prakash, V. (1998). Frictional response of sliding interfaces subjected to time varying normal pressu-
res.Journal of Tribology , 120 (1), 97– 102. https://doi.org/10.1115/1.2834197

Pranger, C., Sanan, P., May, D. A., Le Pourhiet, L., & Gabriel, A.-A. (2022). Rate and state friction as
a spatially regularized transient viscous flow law. Journal of Geophysical Research: Solid Earth , 127 (6),
e2021JB023511. https://doi.org/10.1029/2021JB023511

Renner, J., & Steeb, H. (2015). Modeling of fluid transport in geothermal research. Handbook of Geomathe-
matics , 1443-1500. http://doi.org/10.1007/978-3-642-27793-1 81-2

Ronsin, O., & Coeyrehourcq, K. L. (2001). State, rate and temperature–dependent sliding friction of elasto-
mers. Proceedings of the Royal Society of London. Series A: Mathematical, Physical and Engineering Sciences
, 457 (2010), 1277-1294. https://doi.org/10.1098/rspa.2000.0718

Ruina, A. (1983). Slip instability and state variable friction laws. Journal of Geophysical Research: Solid
Earth , 88 (B12), 10359-10370. https://doi.org/10.1029/JB088iB12p10359

Scholz, C. H. (1998). Earthquakes and friction laws. Nature , 391 (6662), 37-42. htt-
ps://doi.org/10.1038/34097

Scholz, C. H. (2019). The mechanics of earthquakes and faulting . Cambridge university press.

Scholz, C. H., & Engelder, T. (1976). Role of asperity indentation and ploughing in rock friction.International
Journal of Rock Mechanics and Mining Sciences ,13 (5), 149–154. https://doi.org/10.1016/0148-
9062(76)90819-6

Schulz, W. H., & Wang, G. (2014). Residual shear strength variability as a primary control on movement of
landslides reactivated by earthquake-induced ground motion: Implications for coastal Oregon, US. Journal
of Geophysical Research: Earth Surface , 119 (7), 1617-1635. https://doi.org/10.1002/2014jf003088

Shroff, S. S., Ansari, N., Robert Ashurst, W., & de Boer, M. P. (2014). Rate-state friction in microelec-
tromechanical systems interfaces: experiment and theory.Journal of Applied Physics , 116 (24), 244902.
https://doi.org/10.1063/1.4904060

Thogersen, K., Gilbert, A., Schuler, T. V., & Malthe-Sorenssen, A. (2019). Rate-and-state friction explains
glacier surge propagation. Nature Communications ,10 (1), 2823. https://doi.org/10.1038/s41467-019-
10506-4

Tsutsumi, A., & Shimamoto, T. (1997). High-velocity frictional properties of gabbro. Geophysical Research
Letters , 24 (6), 699-702. https://doi.org/10.1029/97gl00503

Wang, G., Suemine, A., & Schulz, W. H. (2010). Shear-rate-dependent strength control on the dynamics of
rainfall-triggered landslides, Tokushima Prefecture, Japan. Earth Surface Processes and Landforms, 35(4),
407-416. https://doi.org/10.1002/esp.1937

Wang, G., Suemine, A., Zhang, F., Hata, Y., Fukuoka, H., & Kamai, T. (2014). Some fluidized
landslides triggered by the 2011 Tohoku earthquake (Mw 9.0), Japan. Geomorphology, 208, 11- 21.
https://doi.org/10.1016/j.geomorph.2013.11.009

Wang, Y. F., Dong, J. J., & Cheng, Q. G. (2018). Normal stress-dependent frictional weakening of large rock
avalanche basal facies: Implications for the rock avalanche volume effect. Journal of Geophysical Research:

10



P
os

te
d

on
20

J
an

20
23

—
C

C
-B

Y
-N

C
4

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

10
02

/e
ss

oa
r.

10
51

27
12

.1
—

T
h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

Solid Earth, 123(4), 3270-3282. https://doi.org/10.1002/2018jb015602

Wibberley, C. A. J. (2002). Hydraulic diffusivity of fault gouge zones and implications for thermal pressuriza-
tion during seismic slip. Earth, Planets and Space, 54(11), 1153-1171. https://doi.org/10.1186/BF03353317

Table 1. Table of Parameters, Definitions, and Values

Parameters Value (Fault materials) Value (Loess)
σν
0 NA is the Avogadro number NA is the Avogadro number

τς
* NA is the Avogadro number NA is the Avogadro number

a’ R is the Gas constant R is the Gas constant
b’ R is the Gas constant R is the Gas constant
QS (KJ/mol) Surface activation
energy

210 660

QV (KJ/mol) Volume activation
energy

240 400

ΩΣ (10-29m3) Surface activation
volume

6.00 3.10

Ω῞ (10-29m3) Volume activation
volume

6.80 1.40

B Prefactor 0.8 0.9
r0 (mm) Contact radius 5 5
tc (s) Cutoff time
tcr (s) Reference cutoff time 2 2
Tcr (K) Reference temperature 300 300
Etc (KJ/mol) Activation energy
for tc
Vsmax (m/s) Maximum shear rate 1875 200
T0 (K) Ambient temperature 300 300
C (J/kg/K) Specific Heat
Capacity

730*(170-200/Tc) 3000-(300000/Tc)

β (m2/s) Thermal diffusivity β0×10-4/Tc-0.5×10-7 λ/(ρ · C )
β 0(m2/s) Thermal diffusivity 2.5 -
ρ (kg/m3) Density 2650 1400
λ (W/m/K) Heat transfer rate - 1.2
Dth Thermal equilibration
distance

here assume k = 5, q = -1. here assume k = 5, q = -1.

σν (MPa) Applied normal stress 5 0.2
Tm (K) (Pre) melting
temperature

1670 1850

A 0.005 0.005, 0.0005, 0.03, 0.4
Dhyd (m2/s) Hydraulic diffusivity - 0.0008
cf (kPa-1) Compressibility of the
pore space

- -

cpp (kPa-1) Compressibility of the
pore fluid

- -

cpp + cf (kPa-1) 3×10-7

η (Pa·s) Fluid viscosity - 3×10-4 ˜ 1.8×10-3

k (m2) Permeability - 1×10-14 ˜ 1×10-10

K (m/s) Hydraulic conductivity - E = 2.172×10-8 , F = 10.55
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Abstract

How to reveal the physical mechanism affecting the contact and friction be-
havior of geomaterials is still a challenging problem in predicting geological
disasters, such as landslides and earthquakes. We develop a multiscale fric-
tion model that describes the microscopic creep behavior of asperities and the
macroscopic sliding friction behavior of geomaterial. The theoretical asperities
contact creep model can characterize the random contact process of the inter-
face friction through porosity which can successfully capture the transition from
the mechanical properties of microscopic asperities to the macroscopic interface
friction-slip behavior. The theoretical model also verifies that the friction behav-
ior of the geomaterials is closely related to their temperature, activation energy,
and saturation. Thus, the developed mode offers a theoretical basis for better
understanding the mechanical mechanism affecting the contact and friction be-
havior of the geomaterials. Meanwhile, it would considerably help to predict
future geological disasters quantitatively.

Keywords: multiscale interfacial friction model, mechanical-thermo-hydro pro-
cess, creep cumulation, catastrophic failure, geomaterials

1. Introduction

A description of the interfacial friction behaviors of the geomaterials would be
of considerable help in predicting catastrophic failure progress, typically land-
slides and earthquakes. However, the geomaterials possess porous randomness
and multiphase heterogeneity. Consequently, there still is challenging to char-
acterize the interfacial contact process and reveal the friction mechanism of the
geomaterials. Now, the predictions of geological disasters mainly focus on empir-
ical or semi-empirical methods deriving from the various real-time monitoring
data on displacement and physical parameters of the geomaterials. However,
the prediction of geological failure progresses based on physical mechanisms is
still an urgent problem to be overcome.

Existing experimental studies focus on the relationship between the friction be-
havior and sliding velocity of the fault geomaterials (Dieterich, 1978; Marone,
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1998; Tsutsumi and Shimamoto, 1997; Scholz and Engelder, 1976; Kilgore et al.,
1993), and widely consider the effects of temperature and saturation (Scholz,
2019; Blanpied et al., 1995; Blanpied et al., 1998; Kubo and Katayama, 2015;
Morrow et al., 2000). Scholz and Engelder (1976) reported a logarithmic ve-
locity dependence of friction coefficient in sliding experiments of granite. Then,
Dieterich (1978) and Michael L. Blanpied et al. (1998) observed similar phenom-
ena on Wsterly granite. They pointed out that granite had inherent velocity-
dependent frictional weakening and temperature-dependent frictional strength-
ening at all velocities. Also, the velocity-dependent frictional weakening is very
prevalent in rock avalanches (Hu et al., 2018; Wang et al., 2018; Hu et al., 2022)
and glacier avalanches (Iverson et al., 2017; Thøgersen et al., 2019; Gräff and
Walter, 2021), even some flow slides (Wang et al., 2014; Pei et al., 2017). In
addition, velocity-dependent frictional strengthening has been observed in the
clayed sliding zone of landslides (Wang et al., 2010; Schulz and Wang, 2014;
Miao and Wang, 2021). The velocity-dependent friction behavior controls the
dynamics of faults and landslides on earth and other planets. These researches
have provided new insights into the macro- or micro-mechanisms of the failure
progress and velocity-dependent behaviors of geomaterials. Nevertheless, we
know little about the underlying physics controlling the velocity-dependent fric-
tion behaviors of the geomaterials. Thus, it is urgent to establish a theoretical
friction model based on the physical nature of the geomaterials.

Most experimental data-driven theoretical models are semi-empirical formulas
lacking physical universality (Dieterich, 1979; Ruina, 1983; Scholz, 1998). Bow-
den and Tabor (B&T) considered the frictional strength of an interface as the
product of an average velocity-dependent contact strength and the ratio of the
actual contact area to the total contact area (Bowden and Tabor,1964; Berthoud
et al., 1999). The largely empirical rate-and-state (R/S) friction equations and
Aging formulation (Dieterich, 1979; Dieterich, 1972) have been widely used to
model time-varying friction phenomenology in rock (Marone, 1998; Dieterich,
1979; Beeler et al., 1994) and a diverse set of industrial materials (Berthoud et
al., 1999; Prakash, 1998; Ronsin and Coeyrehourcq, 2001; Shroff et al., 2014;
Heslot et al., 1994; Carlson and Batista, 1996). Einat Aharonov et al. (2018) de-
veloped a microphysics-based creep model, calculating the velocity and temper-
ature dependence of contact stresses during sliding. Their model also focused on
the thermal effects of shear heating. Recently, Casper Pranger et al. (2022) pro-
posed transient viscous rheology that produces shear bands that closely mimic
the rate- and state- dependent sliding behavior of equivalent fault interfaces.

The above theories successfully explain the effect of sliding on friction, especially
in a high-velocity sliding state. Most models come from further developments
of B&T theory or R/S theory. However, these models are not deep enough to
reveal the physical nature of contact and friction behavior of geomaterials. Thus,
some parameters of these models remain empirically fitted. The above models
do not consider how the deformation of single contact asperities transitions to
the entire contact surface because they ignore the stochastic processes of contact
and friction. The shear and normal stress are the averages of a contact interface
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in the models. Moreover, some key influences, such as porosity and permeability,
on the friction behavior of geomaterials are still not considered in these models.
So, these empirically fitted models are challenging to predict interfacial friction
behaviors for geomaterials accurately.

Thus, there has an urgent need to establish a physics-based interfacial friction
model coupling micro-contact to macro-friction, which further discloses the ef-
fect mechanism of multi-physical factors on the friction behavior of geomateri-
als. Hence, we develop a multiscale friction model that can describe microscopic
contact creep and macroscopic velocity-dependent friction. And we use the new
model to examine the effects of slip velocity, temperature, porosity, and per-
meability on the frictional behavior of geomaterials. Finally, we discuss the
physical mechanisms of these influences. Our model can elucidate the physics
of interfacial friction for geomaterials and has the potential to predict geological
disaster progresses.

Figure 1. Illustration of the profile of shearing contact rough surface and single
contacted asperities. The blue region depicts a highly compressed area that ex-
perience internal creep driven by normal stress, with the maximum compressed
region is represented by purple. The gray area contains localized shear-activated
creep.

2. Theoretical model

The fiction behavior of geomaterials is considered to be the random and contin-
uous contact of microscopic asperities, resulting in the accumulation of contact
deformation and friction, which eventually develops into the sliding of the rough
contact surface. Therefore, the theoretical part includes the characterization of
the random contact process of the contact surface, the deformation mode of the
contacting asperities, and the friction-slip behavior of the rough contact surface.

2.1. Characterization of Random Contact Processes

Due to the porous nature of geomaterials, the porosity is used to describe the
random contact process on rough surfaces, as shown in Fig. 1. Therefore, the
contact between two rough surfaces is considered as a process in which the
pore volume is continuously reduced and the real contact area is continuously
increased until the porosity is zero. The increase in the real contact area is
caused by the continuous increase of the contacting asperities, so a parameter is

3



introduced to represent the true contact ratio, which can be expressed as , where
n is the number of asperities in contact, is the number of contact asperities after
full contact. The porosity in initial contact is , and the is considered to be
zero at this time. As contact occurs, gradually decreases to 0, and gradually
increases to 1. Therefore, the relationship between and can be described by an
exponential function

where, A is a fitting parameter that can be determined experimentally. The
complex random contact process is now characterized by a piecewise exponential
function.

2.2 Deformation and friction-slip behavior of the rough contact sur-
face

Sliding of geomaterials is a process of slow accumulation of internal contact
and friction, which is consistent with creep characteristics. Therefore, we still
describe the deformation of single contacting asperities based on the velocity
creep theory proposed by E. Aharonov and C H. Scholz (2018), as follows

,

,

,

where, and are normal and tangential stresses on the contact asperities interface.
All parameters included in the equation are shown in Table 1. Equations (2)-
(4) illustrate that the deformation of contact asperities is a creep process that
is related to temperature, creep activation energy, and creep velocity. Further,
the frictional force between individual contacting asperities can be expressed as
, where is the real contact area between individual contacting asperities.

The pressure on single contacting asperities is certain, which satisfies , where is
the nominal contact area of a single asperity and is the normal stress acting on
this nominal contact area. In addition, the sum of the nominal contact areas ()
of all contacting asperities is equal to the nominal contact area () of the entire
contact surface at the time of full contact, i.e., . Then, can be further expressed
as

.

The frictional force at the rough contact surface can be considered to be equal
to the sum of the shear forces of each asperity (), as follows

.

The friction coefficient of the rough contact surface can be defined as the friction
force divided by the positive pressure P i.e. , where positive pressure equals to
. Therefore, the can be expressed as

.
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Equation (7) includes porosity , which is an inherent structural property of
the geomaterials. Their pores are closely related to the seepage coefficient and
fluid viscosity, which are important factors affecting the friction-slip behavior.
Based on the hydraulic diffusivity () (Wibberley, 2002) and the specific storage
capacity m () (Renner and Steeb, 2014), we can obtain the expression for the
porosity as follows

,

where, k is the permeability, � is the fluid viscosity, m is the specific storage
capacity, cf is the compressibility of the pore fluid, and cpp is the compressibility
of the pore space. Substituting equation (8) into equation (7), the friction
coefficient can be expressed as

.

Further, based on the relationship between permeability coefficient and sat-
uration( K : hydraulic conductivity; WS: degree of saturation; L, U : fitting
parameters ) (Li , 2021), the friction coefficient �s can be expressed as

Equation (10) describes the friction coefficient of the macroscopic rough con-
tact surface, which is based on the creep accumulation of microscopic asperities
and includes random contact processes. Previous models considered the normal
stress (or shear stress) to be the same across the entire contact surface, which
was an average treatment. However, equation (10) only considers that the de-
formation mode of each micro-contact asperity is the same, but the number of
contact asperities is random (in accordance with the exponential relationship),
which is closer to the real situation.

3. Experimental verification

To validate the proposed model, we compare with the results from high velocity-
dependent ring shear tests of a loess landslide at different saturation (Pei et al.,
2017), as well as high velocity rotary shear frictional tests of familiar fault ge-
omaterials concerning in quartz sandstone (Dieterich, 1978), granite (Dieterich,
1978; Di Toro et al., 2004) , novaculite (Di Toro et al., 2004; Di Toro et al.,
2011).

Figure 2 compares the predicted velocity effect results with the experimental
results of loess at different saturation and fault geomaterials at different litholo-
gies in a wide velocity range. The model well captures the velocity weakening
effect at close saturation and saturation of loess materials. The experiment
shows that for wet loess with saturation higher than 0.8 (0.83, 0.941 and 0.995),
its velocity effect is obvious, which is well revealed by the proposed theoretical
model (figure 2a). The dry loess, i.e., its saturation is zero, there is no observed
velocity-dependent friction effects, and the proposed model can only predict its
almost friction-constant behaviors at slide velocity lower 10-2 m/s (Figure 2a).
The proposed model can also well predict the friction behavior of all compared
fault geomaterials involving granite, quartz sandstone, and dense quartzite (Fig-
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ure 2b). Generally, granite is denser with less porous than quartz and novaculite,
which brings about different velocity effects for other fault geomaterials.

We also compare the results from Aharonov and Schol’s model (Aharonov and
Scholz, 2018), which employs the averaging stress at the contact surface. This
means that the porosity of the geomaterial is zero, which does not exist in
nature. However, the new model considers the influence of temperature and
velocity for geomaterials with different porosity (Figure 2c). It also precisely
emerges the three modes and its zones, i.e., no thermal effects, thermal effects,
and melting, of contact temperature with increasing slide velocity (Figure 2d).
These have entirely consistent with Aharonov and Schol’s model (Aharonov and
Scholz, 2018).

Therefore, the above results show the validity and correctness of the proposed
model. It also makes us understand that the contact temperature gradually
increases until it accumulates to a very high value during the slow sliding process.
The high temperature further causes the phase transition of the geomaterials,
in turn which results in a sharp decrease in the friction coefficient (Figure 2d).
The coefficient of friction decreases with increasing saturation in loess, as the
water in the pores is subject to pore pressure, which results in a lower friction
due to the reduction of the normal force between the contacting asperities. In
addition, the liquid also has a lubricating effect. Fault geomaterials with smaller
pores have greater internal friction, which means that the actual contact area of
the contact surface is bigger thus increasing the tangential force of the contact
surface. Therefore, the coefficient of friction decreases with increasing porosity
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(Figure 2c).

Figure 2. The comparison of the prediction results of the proposed model with
the experimental results of loess (a) and fault geomaterials (b). (c) Coefficient
of friction as a function of porosity. (d) The relationship between the contact
temperature of the contact surface of the geomaterial and the sliding velocity.

4. Results

4.1 Effect of temperature

The interface temperature of the geomaterial varies with the accumulation of
the creep process and the sliding velocity variation. This further affects the
frictional behavior of the geomaterial via changing its state. Figures 3 (a) and
(b) show the friction coefficient as a function of contact temperature. The fric-
tion coefficient gradually decreases with the increase in contact temperature;
meanwhile, it drops sharply when the geomaterial reaches phase transition tem-
perature. This is because temperature affects the normal and tangential creep
processes, and has a more significant impact on the tangential direction once
a tangential slip occurs. Particularly, the tangential stress decreases with a
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faster speed than the normal stress as contact temperature increases, causing
a decrease in the coefficient of friction. In addition, the geomaterials exhibit
obvious flow characteristics before the phase transition temperature.

Figures 3 (c) and (d) show the relationship between the ambient temperature
and friction coefficient of the loess and fault geomaterials under different sliding
velocities. The influence of ambient temperature on the friction coefficient is
smaller than that of the contact temperature because the maximum temperature
difference between winter and summer is only tens of degrees Fahrenheit. The
ambient temperature change still affects the creep stress in the normal and
tangential directions of these geomaterials, thus, the friction coefficient gradually
decreases with the increase in temperature.

Figure 3. (a) The relationship between the contact temperature of the contact
surface and friction coefficient of the loess. (b) The relationship between the
contact temperature of the contact surface and friction coefficient of the fault
geomaterial. (c) The relationship between the ambient temperature and friction
coefficient of the loess under different sliding velocities. (d) The relationship
between the ambient temperature and friction coefficient of the fault geomaterial
under different sliding velocities.
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4.2 Strengthening and weakening effects of friction

Before the contact temperature reaches the phase transition temperature, the
friction coefficient will show different trends with the increase of sliding velocity,
i.e., gradually decreasing (weakening effect), basically unchanged, and progres-
sively increasing (strengthening effect). This is since the difference between the
creep activation energy in the normal and tangential directions of the geomate-
rial.

This difference indicates the relative ease with which creep occurs in the normal
and tangential directions. When the difference between the activation energy
of tangential and normal creep is small, the friction coefficient is a very slight
change with the slow increase of the sliding velocity. This means that the
tangential and normal creep processes are similar in difficulty, resulting in almost
constant friction coefficient, as shown in Figure 4.

Figure 4. (a) Effect of creep activation energy difference on friction coefficient
of loess. (b) Effect of creep activation energy difference on friction coefficient of
fault geomaterial.

When the creep activation energy in the normal direction of the asperities is
smaller than that in the tangential direction, the friction coefficient decreases
gradually with the slow increase of the sliding velocity (Figure 4). This is be-
cause normal creep is more likely to occur, and the normal stress reduction is
smaller than the tangential stress reduction. As a result, the friction coefficient
decreases. Similarly, when the creep activation energy in the normal direction
of the asperities is greater than that in the tangential direction, the friction coef-
ficient gradually increases with the slow increase of the sliding velocity (Figure
4). This is because tangential creep is more likely to occur and the tangential
stress reduction is smaller than the normal stress reduction, causing an increase
in the coefficient of friction.

The creep activation energy of geomaterials is closely related to the properties,
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composition, and other factors of these geomaterials. Therefore, different mate-
rials will show shear strengthening or weakening, even constant shear strength
with increasing slide velocity.

4.3. The effect of permeability and viscosity

The permeability coefficient and liquid viscosity can significantly affect the fric-
tional behavior of geomaterials as they determine water distribution and flow
characteristics in geological disasters.

Figure 5 shows the effect of permeability coefficient and fluid viscosity on fric-
tion coefficient at different velocities. The coefficient of friction decreases as the
permeability coefficient increases. This is because the larger permeability makes
the water flow more easily and widely in granular materials, such as loess, which
enhances the lubrication effect and reduces the force between asperities. Simi-
larly, fluid viscosity can hinder its flow and widespread distribution in granular
materials. Therefore, the coefficient of friction increases with the coefficient of
fluid viscosity.

Figure 5. (a) Effect of permeability on friction coefficient of loess. (b) Effect of
fluid viscosity on friction coefficient of loess.

The above results elucidate that the macroscopic contact and friction behavior
of the geomaterials depend on the creep accumulation process of microscopic
asperities in the normal and tangential directions. This is closely related to tem-
perature and creep activation energy. However, temperature-induced changes
in normal and tangential stresses and phase transitions significantly affect the
changes in its frictional force. The relative creep difference in the normal and
tangential directions of the asperities can cause velocity strengthening or weak-
ening effects. It is due to the different amounts of stress reduction in the tan-
gential and normal directions corresponding to different activation energies. In
addition, the water content also significantly affects its friction coefficient, which
can attribute to the lubrication effect and the role of sharing part of the pore
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pressure. Thus, the permeability and fluid viscosity coefficients, which affect
the water flow and distribution characteristics, affect the coefficient of friction.

5. Conclusion

We develop a physics-driven model of interfacial friction for geomaterials. Our
theoretical model characterizes the random contact process of the interface
through porosity, which successfully captures the transition of mechanical be-
havior from microscopic asperities to the macroscopic friction interface. Our
model reveals the velocity-dependent sliding friction behavior of these verified
geomaterials and shows that the interparticle contact temperature has a more
dominant role in velocity-dependent friction than the ambient temperature. The
velocity-dependent friction behavior can attribute to the adjustment of stress
state and property during high-velocity shearing. Meanwhile, the difference
in directional and tangential activation energy can cause velocity-dependent
strengthening or weakening effects for geomaterials. The saturation of geoma-
terials not only exhibits the lubrication effect but also shares part of the pore
pressure, which contribute to the decrease in the friction coefficient. Thus, the
permeability and fluid viscosity coefficients, which affect the water flow and dis-
tribution characteristics, also affect the coefficient of friction. These findings
provide a further understanding of the physical mechanism how shear velocity
affect the contact and sliding friction of geomaterials. It has important impli-
cations for geological hazard prediction, not only in landslides and earthquakes
but also in glacial avalanches on earth, even sliding failure progresses on other
planets.
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Table 1. Table of
Parameters, Definitions,
and Values
Parameters Value (Fault materials) Value (Loess)
�n0 NA is the Avogadro

number
�c* NA is the Avogadro

number
a’ R is the Gas constant
b’ R is the Gas constant
QS (KJ/mol)
Surface activation
energy
QV (KJ/mol)
Volume activation
energy
ΩS (10-29m3)
Surface activation
volume
ΩV (10-29m3)
Volume activation
volume
B
Prefactor
r0 (mm)
Contact radius
tc (s)
Cutoff time
tcr (s)
Reference cutoff time
Tcr (K)
Reference temperature
Etc (KJ/mol)
Activation energy for tc
Vsmax (m/s)
Maximum shear rate
T0 (K)
Ambient temperature
C (J/kg/K)
Specific Heat Capacity

*(170-200/Tc) -(300000/Tc)

� (m2/s)
Thermal diffusivity

�0×10-4/Tc-0.5×10-7 �/(� · C)

� 0(m2/s)
Thermal diffusivity

-
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Table 1. Table of
Parameters, Definitions,
and Values
� (kg/m3)
Density
� (W/m/K)
Heat transfer rate

-

Dth
Thermal equilibration
distance

here assume
k = 5, q = -1.

here assume
k = 5, q = -1.

�n (MPa)
Applied normal stress
Tm (K)
(Pre) melting
temperature
A , 0.0005, 0.03, 0.4
Dhyd (m2/s)
Hydraulic diffusivity

-

cf (kPa-1)
Compressibility of the
pore space

- -

cpp (kPa-1)
Compressibility of the
pore fluid

- -

cpp + cf (kPa-1) ×10-7
� (Pa·s)
Fluid viscosity

- ×10-4 ~ 1.8×10-3

k (m2)
Permeability

- ×10-14 ~ 1×10-10

K (m/s)
Hydraulic conductivity

- E = 2.172×10-8 , F =
10.55
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