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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. In this study, a multiscale friction model is developed to
describe the microscopic creep behavior of asperities and the macroscopic sliding
friction behavior of geomaterial. The theoretical asperities contact creep model can
successfully capture the transition from the mechanical properties of microscopic

asperities to the macroscopic interface friction-slip behavior by characterizing the
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random contact process of the interface friction through porosity. This model also
verifies that the friction behavior of the geomaterials is strongly depends on their
temperature, activation energy, and saturation. Thus, the developed model can provide
a theoretical basis for a better understanding of the mechanical mechanism of the
contact and friction behavior in the geomaterials. Meanwhile, it would be of great help

in quantitatively predicting future geological disasters.

Significance statement

Friction was once old, is a new topic again. It is crucial in predicting catastrophic
geophysical risks. Thus, a physics-driven model of interfacial friction for geomaterials
is developed. This 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. Meanwhile, our
model finds a close link between velocity-dependent friction versus geomaterial
properties and their stress states; and the velocity-dependent friction strengthening or
weakening effects are due to differences in directional and tangential activation energy.
The proposed mode offers a theoretical explanation for affecting the contact and friction
behavior of the geomaterials, which provides a theoretical basis for further prediction

of geological disasters.

1. Introduction

In landslides and earthquakes, the geomaterials cause friction and slide due to
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unbalanced forces, which can cause serious geological disasters. A description of the
interfacial friction behaviors of the geomaterials would be of considerable help in
predicting catastrophic failure progress. Considering that the geomaterials possess
porous randomness and multiphase heterogeneity, it remains challenging to
characterize the interfacial contact process and reveal the friction mechanism of the
geomaterials. Nowdays, 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; Blanpied et 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 (Iverson et al., 2017; Thegersen et al., 2019; Graff
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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 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 ef al., 1994) and a
diverse set of industrial materials (Berthoud et al., 1999; Prakash, 1998; Ronsin and
Coeyrehourcq, 2001; Shroff ez 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
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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 limitations to predict
interfacial friction behaviors for geomaterials accurately.

On this basis, there is 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. In
this study, we develop a multiscale friction model that can describe microscopic contact
creep and macroscopic velocity-dependent friction. Then this model is explored to
examine the effects of slip velocity, temperature, porosity, and permeability on the
frictional behavior of geomaterials. Finally, the physical mechanisms of these

influences are discussed. Our model can elucidate the physics of interfacial friction for
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geomaterials and has the potential to predict geological disaster progresses.

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
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 J is introduced to represent the
true contact ratio, which can be expressed as y =n/N,_ , where n is the number of
asperities in contact, N . 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 7 can be described by an exponential

function
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A% 0<A<]l 0<a<aq
F{ , (1)

0, a=q,
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

o, =0[l-b |n(1+\2/—tr:)], )
cer oV
7. =7, [1+a In(\g)], (3)
T |V %
e [ 2 B, @

where, o, and 7_ are normal and tangential stresses on the contact asperities

interface. T, is the contact temperature. All parameters included in the equation are

C
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 F

S|

i:TS.

c>ri ?

where s, is the real contact area between individual

contacting asperities.

The pressure on single contacting asperities is certain, which satisfies
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.S, =o,S,, where s, is the nominal contact area of a single asperity and o, is the

normal stress acting on this nominal contact area. In addition, the sum of the nominal

contact areas ( N__ S ) of all contacting asperities is equal to the nominal contact area

max ~1

(s,) of the entire contact surface at the time of full contact, i.e., N__S, =S, . Then,

max ~1

F, can be further expressed as

F5| :Tcsri :Tcsiﬁzisnani' (5)
O-c Nmax O-c

The frictional force F, at the rough contact surface can be thought of as equal to the

sum of the shear forces of each asperity (nF, ), as follows

. [1+a In(VV)] . [1+a In(VV)]
F =nF. = S o s — A’S o —. (6)

S Sl N n n 0 , 2r 0 ) 2r
max 1-b In1+=2 1-b In1+=2
o -bIn(+ ) 0. -b I+ )

The friction coefficient ,_ of the rough contact surface can be defined as the friction
force F, divided by the positive pressure P i.e. x4, =F /P, where positive pressure

equals to s o, . Therefore, the ., can be expressed as

Tea |n(VV)]
A )
o L+ )]

,USZF

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 Dhyd ( Diya :L) (Wibberley, 2002) and the specific storage
nm

capacity m (m = a(c, +c,,)) (Renner and Steeb, 2014), we can obtain the expression
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for the porosity as follows

k
a= .
U(Cf + Cpp) Dhyd

®)

where, k is the permeability, 77 is the fluid viscosity, m is the specific storage capacity,
cris the compressibility of the pore fluid, and ¢pp is the compressibility of the pore space.

Substituting equation (8) into equation (7), the friction coefficient can be expressed as

. r[1+a In(VV N
_ AM(Ci+Cpp) Dhyg smax
ot . [—b In(L+ 2oy ®
; Vi,

Further, based on the relationship between permeability coefficient and saturation
K = Le"™ ( K: hydraulic conductivity; Ws: degree of saturation; L, U: fitting

parameters ) (Li, 2021), the friction coefficient us can be expressed as

s g [l+a In(VV )]
19(Ct +Cpp) Dryg smax
/Js — AP 9( ) : 2r (10)
o' [1-b In(Ll+ =2
b 0 50

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. It should be noted especially that 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.
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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 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 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 102 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

10
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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. This also indicates that the contact temperature gradually increases until it
accumulates to a very high value during the slow sliding process (Zhang et al., 2018).
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).

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

11
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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 (e.g. 1850°C for loess and1670 °C
for geomaterial). 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.

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

12
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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.

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.
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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.

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

14
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the water flow and distribution characteristics, affect the coefficient of friction.

5. Conclusion

Based on frictional contact theory, a physics-driven model of interfacial friction is
built 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.
The theory 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-enhancing 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 slide failure progresses on other planets.
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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.
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Table 1. Table of Parameters, Definitions, and Values

Parameters Value (Quartz) Value (Loess)
0 o_ QB |
o o, = N, is the Avogadro number
N AQV
) «_ Qg .
T T, =—— N, is the Avogadro number
N A€
RT, _
a’ a= R is the Gas constant
Qs
RT, .
b’ = Q, B R is the Gas constant
KJ/mol
Qs ( <J/mol) 210 660
Surface activation energy
KJ/mol
2v( - ) 240 400
Volume activation energy
10-29 3
£% (10™nr) 6.00 3.10
Surface activation volume
10-29 3
£2 (10" m’) 6.80 1.40
Volume activation volume
B
0.8 0.9
Prefactor
ro (mm
o (mm) 5 5

Contact radius

t. (s)
Cutoff time

Ler (5)
Reference cutoff time
Ter (K)
Reference temperature
E; (KJ/mol)
Activation energy for 7.
Vmax (M/8S)
Maximum shear rate
Ty (K)
Ambient temperature
C (J/kg/K)
Specific Heat Capacity

t

C

= tcr L exp(_i A_TC) t

T, RT, T, °
2
300
E. =(1-B)Q,
1875
300

730%(170-200/T,)

—t, T exp(- = 2

T, RT, T,
2
300
E. =(1-B)Q,
200
300

3000-(300000/7)
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f (m%s)
Thermal diffusivity
Bo(m?/s)
Thermal diffusivity
p (kg/m?)
Density
A (Wm/K)

Heat transfer rate
Dy
Thermal equilibration
distance
o, (MPa)
Applied normal stress
Tw (K)

(Pre) melting temperature

A

Dhyd (mz/ S)
Hydraulic diffusivity
cr (kP a")
Compressibility of the pore
space
cpp (kPa™)
Compressibility of the pore
fluid

cpp + ¢ (kPa)

7 (Pa-s)
Fluid viscosity
k (m?)
Permeability
K (m/s)
Hydraulic conductivity

Lox10%/T.-0.5%107
2.5

2650

D, =ko,° here assume
k=5,q=-1.

5
1670

0.005

Ap- )

1400

1.2

D, =ko,? here assume
k=5,q=-1.

0.2
1850
0.005, 0.0005, 0.03, 0.4

0.0008

3X107
3X10%~1.8%X1073

IX10"%~1Xx10710

K = Le"s
E=2.172X10%, F=10.55
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