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Abstract

Despite extensive research and experimental studies on the frictional behaviour of
phyllosilicates little is known about the physical mechanisms controlling (pure) phyllosilicate friction.
The aim of this thesis is to formulate a microphysical model for the steady state frictional behaviour
of phyllosilicate gouges at relatively low temperatures (room temperature to ~400 °C), where
dislocation and diffusional processes are of limited importance as grain scale deformation
mechanisms.

Based on a literature review it is proposed that phyllosilicate friction can potentially be
controlled at one of the following scales of interaction; i) atomic scale, ii) asperity (nm) scale, iii) grain
(1-10 um) scale and iv) clast scale (10-30 um). In order to determine the interaction scales occurring
during phyllosilicates friction axial loading experiments were conducted on muscovite gouge using an
applied normal load of 1.9, 2.8, 6.5 or 12.1 MPa for 24 hours. In addition, shear experiments at 6.5
MPa normal stress, strain rate velocities of 1-2 mm/s and reaching shear strains between 10-50 were
performed. The deformed samples were impregnated with epoxy resin while still under load in order
to eliminate unloading artefacts and preserve the actual deformed microstructure under load, thus
providing the microstructural record of the active deformation mechanisms. Backscattered Scanning
Electron Microscope micrographs show that this approach was indeed successful in eliminating
unloading artefacts. From SEM-micrographs it is observed that during frictional sliding grains interact
on level of the grain scale, i.e. the edges of interacting grains are in contact and fail by both ductile
and brittle deformation during sliding.

Microphysical models were subsequently derived for friction controlled by atomic and grain
scale interactions for both wet and dry phyllosilicate friction, incorporating characteristics of the
microstructures observed in the literature and experiments. No models were derived for asperity
controlled friction, since previous authors have already studied this process extensively
Thermodynamic considerations concerning the frictional processes were employed to predict the
corresponding frictional parameters, such as the coefficient of friction and its dependence on
velocity.

By correlating the predicted frictional parameters with observations on phyllosilicate friction
in the literature it is concluded that i) dry and wet phyllosilicate friction is not controlled by atomic
scale interactions, ii) the leading hypothesis regarding wet phyllosilicate friction by Moore and
Lockner (2004), namely viscous slip on an thin adsorbed film, is not in agreement with the
observations on wet phyllosilicate friction and iii) based on the derived grain scale controlled
microphysical models cleavage failure of edge-contacts do occur during frictional sliding, but do not
control friction.
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1 Introduction

1.1 General context of this study

Interplate earthquakes are amongst the most devastating natural phenomena faced by
humanity. The most destructive earthquakes generally originate at subduction zone megathrusts, as
demonstrated most recently by the magnitude 9.0 Tohoku-Oki earthquake and related tsunami that
struck the coast of Japan (Simons et al., 2011). The economic and human losses following such
events emphasize the need to understand the mechanics of earthquakes. Despite this need, the
exact mechanisms of earthquake nucleation are still poorly understood.

The current understanding is that earthquakes are the result of a frictional stick-slip
instability (Scholz, 1998, 2002; Paterson and Wong, 2005). In this view, no motion occurs along a
fault in the aseismic period in between earthquakes, building up (elastic) stresses as a result of
continued tectonic loading. Once these stresses overcome the frictional resistance on the fault,
sudden movement or slip on the fault will result in an earthquake. A prerequisite for frictional stick-
slip behaviour is so-called velocity weakening frictional behaviour, whereby the frictional resistance
to slip reduces with increasing slip velocity, leading to unstable slip (Scholz, 1998, 2002; Paterson
and Wong, 2005). This is in contrast to velocity strengthening behaviour, which is characterized by
an increase in the frictional resistance to slip with increasing slip velocity, meaning that this form of
frictional behaviour is inherently stable and incapable of producing seismic events (Scholz, 1998,
2002; Paterson and Wong, 2005).

Unstable slip, and hence earthquake nucleation, only occurs in a region known as the
seismogenic zone, which is bound by aseismic regions. Focal depth data shows that the seismogenic
zone of subduction zone megathrusts is located between 5-15 km depth and ~40 km depth (Fig. 1.1;
Hyndman, 1997). The general consensus is that both the up-dip and down-dip boundaries are
related to temperature controlled processes, with the up-dip boundary situated at 100-150 °C and
the down-dip boundary placed at ~ 400 °C (Hyndman, 1997).
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Figure 1.1 Schematic representation showing a) a cross section of a subduction zone with the seismic and aseismic zone(s)
depicted. (b-d) Schematic representation characterizing the seismic cycle, with (b-c) the building up of elastic stress and no motion,
leading to (d) the nucleation of an earthquake when the frictional resistance is overcome and subsequent propagation of the earthquake.
After den Hartog et al. (2013)



The down-dip seismogenic limit on subduction megathrusts is usually explained by the
change from brittle to ductile deformation with increasing temperature (e.g Hyndman et al., 1997;
Scholz, 1998, 2002;) or by the intersection of the thrust fault with the fore-arc Moho (e.g. Hyndman,
1997; Peacock and Hyndman, 1999). In contrast, no such consensus exists regarding the up-dip limit
of the seismic zone. It has been suggested that the transition of the frictionally weak, hydrous
phyllosilicate mineral smectite to the stronger non-hydrous mineral illite causes the onset of seismic
behaviour, based on the coincidence of the temperature of the smectite to illite transition with the
temperature of the up-dip seismogenic limit (Vrolijk, 1990). This smectite-to-illite hypothesis for the
up-dip seismogenic limit along subduction megathrusts, however, implicitly assumes velocity
weakening properties of illite, as opposed to velocity strengthening of smectite. Alternative
hypotheses for the up-dip limit exist, for example a change in the degree of lithification of fault
gouge (Marone and Scholz, 1988). This hypothesis is based on the observation that deformation in
unconsolidated gouge material is not localized and in experimental studies produces stable sliding
(Beeler et al., 1996). Progressive consolidation of fault gouge with depth, yielding localized
deformation and potential for unstable behaviour, may then explain the onset of seismogenesis.

Clearly, to better understand earthquake nucleation along plate boundary faults, notably
subduction megathrusts, the mechanisms underlying velocity strengthening versus velocity
weakening behaviour need to be identified.

1.2 Rate and state friction

The velocity dependence of friction is in general described and interpreted using an
empirically based model called the rate and state friction model (RSF) originally proposed by
Dieterich (1979) and Ruina (1983). There are various variations of the RSF-equation, but the one
currently best fitted to experimental observations is the ‘slowness’ or Dieterich-Ruina equation. In
this equation the friction coefficient is dependent on the instantaneous sliding velocity and a time-
dependent state variable:

Vv Vo
u=u,+ aln(v) +bln( DO ) (1.1)

o

c

where u is the coefficient of friction, which is the ratio of the shear stress T to the (effective)
normal stress O, u, is the coefficient of friction at reference slip velocity V,,, V' is the slip velocity
and a and b are material properties called the direct and evolution effect, respectively, as explained
below. Furthermore D, is the so-called critical slip distance and @ is state variable that evolves

according to:

0 =1—(V—6) (1.2)
D

c
The significance of the different terms is illustrated in Figure 1.2, which shows schematically the
possible frictional responses to an increase in sliding velocity as represented in the RSF framework.
For an e-fold increase in sliding velocity, an immediate increase in friction is observed with a

magnitude a, which is therefore aptly named the ‘direct velocity effect’. The frictional coefficient
then decreases over time to form a new steady state value over a characteristic slip distance D, .

The difference between the peak friction value caused by the velocity increase and the new steady
state value is defined by b.



T a b 1 a b Figure 1.2 The schematic response of friction to a
u -~ u velocity increase of magnitude e for a) a velocity strengthening
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From Figure 1.2 it is clear that, together, the parameters a and b define the velocity effect
of friction. The change in steady state friction due to velocity (e.g. Scholz, 1998 and Paterson and
Wang, 2005) is described by:

du, .
dln(V)_(a b) (1.3)

The parameters aand b are generally positive and have a magnitude in the order of 10 (Scholz,
2002). As is clear from Figure 1.2 and formula 1.3 a positive value of (a—b) corresponds to an
increase in friction coefficient with increasing sliding velocity, thus velocity strengthening behaviour,
whereas negative (a - b) values result in velocity weakening.

1.3 Previous microphysical modelling efforts

Considerable research effort has focused on determining experimentally the frictional
strength and the velocity dependence of friction for a wide variety of rock forming materials.
Interpretation of the obtained frictional properties has mainly been done in the framework of the
RSF theory. The RSF model is empirically based and lacks a proper physical basis, although some
attempts have been made to obtain a physical basis for the RSF parameters (e.g. Baumberger, 1999;
Rice et al., 2001). The essential notion involves the competition between growth and destruction of
asperity contact areas. However, is has never been convincingly verified that asperity contacts
control friction in rock materials and furthermore this hypothesis does not fit well with observed
gouge microstructures of friction experiments (e.g. Niemeijer and Spiers, 2005; den Hartog, 2013). In
order to extrapolate lab data to natural fault conditions and to be able to develop accurate
earthquake models, a better understanding of the actual physical mechanisms by which frictional
sliding is accommodated in fault zones is essential, notably in gouge filled faults.

Recognizing this importance of a (micro)physical based approach, Bos and Spiers, (2000,
2002) and later Niemeijer and Spiers, (2005, 2007) developed microphysical models in which
frictional behaviour of fault rocks was not explained in terms of the RSF parameters, but as a
function of actual physical mechanisms. These models were based on experiments done on
phyllosilicate + halite mixtures, acting as a fault gouge analogue. The basic premise of the model
involves a competition between the compaction caused by the deformation by pressure solution of
halite clasts and intergranalur dilatation and shows favourable agreement with the experiments.
Some of the assumptions in this model, however, are not realistic for natural fault conditions.
Accordingly, den Hartog and Spiers (2014) improved and extended the models by Bos, Niemeijer and
Spiers and formulated a microphysical model for the frictional behaviour of quartz-illite mixture,
deformed at (P,T) conditions equivalent to natural subduction zones. In the model of den Hartog and
Spiers (2014), a matrix-supported microstructure is adopted, in which friction is assumed to occur by
rate-independent slip on aligned phyllosilicates and thermally activated deformation of the
intervening quartz clasts. This model was found to predict many of the trends observed in the
friction experiments on quartz-illite mixtures conducted by den Hartog and Spiers (2013).



Despite the overall good agreement between model predictions and experimental results
found by den Hartog and Spiers (2014), some disagreement existed, which was explained by the
oversimplification of pure phyllosilicate friction in the model. Den Hartog and Spiers (2014)
incorporated phyllosilicate friction as a rate-independent process, while phyllosilicates are widely
observed to be velocity strengthening (e.g. Faulkner et al.,, 2007; lkari et al., 2011a). This
shortcoming highlights the need for a microphysical model for the frictional behaviour of pure
phyllosilicates. Formulation of a microphysical model for phyllosilicate friction and subsequent
incorporation into the original model for phylloslicate-quartz friction by den Hartog and Spiers
(2014), would be of wide interest, given the widespread occurrence of phyllosilicate-rich fault zones,
such as subduction zones, continental strike slip faults and low angle detachment faults (Schleicher
et al., 2010; Holdsworth, 2011; Ikari and Saffer, 2011; Collettini, 2011)

1.4 Microphysics of phyllosilicate friction

As of yet, no microphysical model exists that can quantitatively predict the frictional
behaviour of pure phyllosilicates. In fact, little is known about the microphysical processes active
during phyllosilicate friction. Based on a correlation between the interlayer (001) bond strength of
phyllosilicates and the frictional strength, Moore and Lockner (2004) proposed that the strength of
dry phyllosilicates is controlled by breaking of the interlayer bonds. Similarly, the same authors
explained the strength of wet phyllosilicates as being governed by viscous slip on thin water layers
weakly bonded to the surface of phyllosilicates. Haines et al. (2013), dispute this general view and
suggest that frictional weakness of phyllosilicates can be explained by strain accommodation along
very narrow surfaces with only little dilation. Neither group of authors however proposes a
microphysical model for phyllosilicate friction, nor a proper quantitative account of the physical
mechanisms that control friction in phyllosilicates.

To formulate a quantitative model for phyllosilicate friction, the nature of the interactions
between phyllosilicate grains needs to be understood, notably the scale of interaction. There are
four different scales of interaction proposed that occur within a deforming aggregate of
phyllosilicate grains that can control the frictional sliding and hence the macroscopic frictional
behaviour:

i) Atomic scale interactions between the sliding grains

ii) Asperity scale (1-10nm) interactions between the sliding grains

iii) Grain scale interactions (0.1um-10um) between the sliding grains

iv) Clast scale (10um-~40um), interaction of the scale of the deforming aggregate

Identifying which of the above interactions dominates the frictional behaviour of
phyllosilicates requires microstructural analysis of deformed phyllosilicate gouges. However,
samples obtained from shear experiments are usually impregnated after unloading and sample
extraction from the deformation apparatus. This is a result of the technical difficulties of
impregnating samples while under load. The draw-back of impregnating after unloading is the
presence of unloading features in the microstructures, such as extensional cracks or opened-up pre-
existing shear (bands), which are not related to deformation processes occurring during the
experiments but rather are experimental artefacts. The precise interaction between individual
grains, especially in shear bands, is therefore mostly obscured. In order to obtain a better constraint
of the scale of interaction between the individual phyllosilicate grains, sheared samples should thus
be impregnated while still being under load.

1.5 Aims and approach

The aim of this thesis is to formulate a microphysical model for the steady state frictional
behaviour of phyllosilicate gouges. The approach adopted involves a combination of reviewing
literature, conducting loading and shear experiments, microstructural analysis and microphysical
modelling. The focus of this study is on the steady state frictional behaviour of phyllosilicates at
relatively low temperatures (room temperature to ~400°C). At these temperatures, the



microstructures are less complicated to interpret than microstructures observed at higher
temperatures and the frictional behaviour is better constrained and studied by previous
experimental studies.

First, the existing literature on phyllosilicate frictional behaviour is reviewed, distinguishing
the main trends in frictional behaviour observed. Particular attention is paid to experimental
microstructures and the main microstructural characteristics as a function of temperature are
identified. Next, the results of both loading and shear experiments are described. The
microstructures resulting from these experiments were recovered by impregnating the deformed
sample with epoxy resin while still under load, attempting to ‘freeze’ the microstructural record of
the active deformation mechanisms. Interpretation of Scanning Electron Microscopic (SEM) images
of the resulting sections and comparison thereof with literature observations was done to identify
the scale of interaction that occur during the frictional behaviour (e.g. atomic, nm or 1-10 um scale)
between phyllosilicate grains during slip. This information was subsequently used as the basis to
formulate a microphysical model for pure phyllosilicate friction. Thermodynamic considerations
concerning the frictional processes were employed to predict the corresponding frictional
parameters. Conclusions concerning which of the different microphysical models formulated is a
viable hypothesis of the mechanism of pure phyllosilicate friction are then made based on the
experiments and comparison with observations on phyllosilicate friction.
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2 Previous studies on the frictional behaviour of phyllosilicates

In this section, a review of the available literature concerning (steady-state) phyllosilicate
friction is given. Focus is on the key observations needed for the development including the effect of
pore fluids on the frictional strength, the velocity and temperature dependence of the frictional
strength. Furthermore the microphysical features of microstructures observed in the literature are
summarized here and will be used as a basis for the development of the microphysical models
described in sections 4 and 5 of this thesis.

2.1 Mechanical data

2.1.1 Effects of water, interlayer cations and temperature on friction coefficient

The friction coefficients of dry and wet phyllosilicates obtained in a range of studies at low
temperatures (RT>T<~200 °C) are given in Table 2.1. The coefficients of friction reported by the
different authors are not always obtained in exactly the same manner. Some authors report the
friction coefficients taken at the yield point (e.g. den Hartog et al.,, 2013; Behnsen and Faulkner,
2013) while other authors present coefficients obtained for steady state sliding and/or much higher
shear strains (e.g. Moore and Lockner, 2004; van Diggelen et al., 2010; den Hartog et al. 2013). For
some minerals, the frictional strength increases with increasing strain (e.g. van Diggelen et al., 2010;
den Hartog et al. 2013).

Two main observations follow from the data presented in Table 2.1. Firstly, the frictional
strength of almost all dry and wet phyllosilicate minerals studied are significantly lower than the
frictional strength of other rock forming minerals, which are uniformly characterized by frictional
coefficients of ~0.6-0.85 (i.e. Byerlee, 1978; lkari et al., 2011a). Secondly, frictional strength of
phyllosilicate minerals under wet conditions is consistently lower than the frictional strength of the
same mineral under dry conditions.

Behnsen and Faulkner (2013) conducted triaxial shear experiments on montmorillonite
samples containing either Na*, K', Ca*, or Mg”" as interlayer cation. They found that K-
montmorillonite is stronger ( 4= 0.26) than Na, Ca or Mg-montmorillonite ( t¢= 0.15, 0.11 and 0.11,
respectively). They proposes that the increased frictional strength of K-montmorillonite is related to
the decrease in interlayer water content of K- montmorillonite compared to Na, Ca or Mg-
montmorillonite, caused by to the presence of the K'-cation. Ikari et al. (2007) also reported a slight
increase in the friction coefficient (0.05) for Na-montmorillonite compared to Ca-montmorillonite.
The exchange of interlayer cations in some of the phyllosilicates can therefore possibly influence the
frictional strength of phyllosilicate minerals.

Due to experimental difficulties, few experiments have been conducted at in situ fault
conditions. Therefore, data on the frictional behaviour of phyllosilicates at high temperatures is
limited. In studies conducted on biotite and muscovite (e.g. van Diggelen et al., 2010; den Hartog et
al., 2013), however, it is observed that the wet frictional strength increases with increasing
temperatures (Fig. 2.1). Wet talc, on the other hand, shows a slight decrease of the friction
coefficient with increasing temperature Moore and Lockner, 2007), indicating that the increase in
frictional strength with temperature found in biotite and muscovite may not be a general property
of all phyllosilicate minerals. As mentioned before, strain hardening is observed for some
phyllosilicate minerals;(e.g. van Diggelen et al., 2010; den Hartog et al.,, 2013). The effect of
increasing shear strain on the frictional strength of muscovite is also shown in Figure 2.1. This strain
hardening effect is in all likelihood not a material property, but the result of the experimental setup
(Den Hartog, pers. com.).
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Lizardite 0.35 (23) 0.18-0.24 (20)
Ni3(Si,05)(0OH), 0.82 (18) 0.29 (23)
0.41 (12)
Kaolinite 0.40 (23) 0.20-0.23 (7)
Al,Si,05(0OH), 0.40 (16) 0.25 (16)
0.66 (2) 0.29 (23)
0.82 (8) 0.30 (17)
0.84 (11) 0.51 (12)
Talc 0.22 (23) 0.16 (1)
Mg35i4010(OH)2 0.24 (8) 0.17 (8)
0.35 (14) 0.18 (23)
0.36 (1) 0.20 (11)
0.36 (18) 0.20 (14)
0.37 (11) 0.22 (6)
Pyrophyllite 0.33 (23) 0.27 (23)
Al,Si;010(0H), 0.38 (11) 0.28 (12)
Montmorillonite 0.22 (2) 0.06-0.12 (14)
(Na,Ca)o.33(Al,Mg),(Siz010)(OH),2n(H,0) 0.39 (23) 0.08-0.32 (10)
0.49-0.62 (12) 0.09-0.48 (12)
0.8 (13) 0.10 (15)
0.12 (22)
0.12 (23)
0.15-0.32 (9)
0.17 (5)
0.27-0.34 (3)
Phlogopite 0.31 (23) 0.27 (23)
KMgs3(AlSiz040)(F,0H), 0.45-0.51 (11) 0.31-0.33 (11)
Biotite 0.31 (23) 0.24-0.35 (6)
K(IVIg,Fe)aAISi 30 1O(F,OH) R 0.46 (11) 0.27 (23)
0.29 (25)°
0.33 (12)
Muscovite 0.42 (23) 0.29-0.46 (24)
(KAI,(AISi3040)(F,0H),) 0.58 (12) 0.35-0.38 (6)
0.59 (8) 0.38 (23)
0.38-0.43 (21)
0.42-0.46 (11)
0.47 (8)
lllite 0.40 (23) 0.27-0.32 (19)
(K,H30)(Al,Mg,Fe),(Si,Al)4010[(OH),,(H,0) 0.48 (2) 0.30 (22)
0.38 (5)
0.42-0.61 (10)
Chlorite (Mg,Fe)s(Si,Al)4010(0OH),+(Mg,Fe)3(OH)g 0.42 (2) 0.27-0.32 (19)
0.44 (23) 0.32 (23)
0.68 (11) 0.38 (12)
0.68 (8) 0.41 (8)

Table 2.1 All values for the frictional strength are taken at room temperature except when indicated with "in which
case the values were obtained at 200 °C

1) Horn and Deere (1962) 2) Shimamoto and Logan (1962) 3) Bird (1984) 4) Logan and Rauenzahn 5) Morrow et al. (1992) 6) Scruggs and Tullis (1998)
7) Bos et al (2000) 8) Morrow et al. 2000 9) Saffer et al (2001) 10) Saffer and Marone (2003) 11) Moore and Lockner (2004) 12) Ikari et al (2007)
13) Moore and Lockner (2007) 14) Moore and Rymer (2007) 15) Takahasi et al. (2007) 16) Crawford et al (2008) 17) Brantut et al (2008)
18) Moore and Lockner (2008)  19) lIkari et al. (2009) 20) Carpenter et al (2009) 21) Van Diggelen et al. (2010) 22) Tembe et al. (2010)
23) Behnsen and Faulkner (2013) 24) Den Hartog et al. (2013) 25) Lu and He (2014)
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Frictional strength vs T
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Figure 2.1 Frictional strength of wet muscovite from various authors at different amounts of shear strain versus temperature.

2.1.2 Effect of 0, and 001 interlayer bond strength on friction coefficient

Behnsen and Faulkner (2012) investigated the effect of increasing normal stress on the
frictional strength of phyllosilicates at room temperature. These authors concluded that there is
negligible effect of the normal stress on the frictional strength of dry phyllosilicates, and very small
effect on the frictional strength of wet phyllosilicates.

The correlation between interlayer bond strength (IBS), measured as the electrostatic
separation energy, and the data on the frictional strength of dry phyllosilicate powders reported by
Moore and Lockner (2004) and Behnsen and Faulkner (2012) are shown in Figure 2.2. The data of
Behnsen and Faulkner (2012) are not in complete accordance with the findings of Moore and
Lockner (2004). As is seen in Figure 2.2 no clear relation exists between IBS and the frictional
strength reported by Behnsen and Faulkner (2012), while the strength data of Moore and Lockner
show a clear linear relation with the IBS. Behnsen and Faulkner (2012) proposed that this
discrepancy could be caused by varying amounts of strain hardening in the data of Moore and
Lockner (2004).

No relation is found between the IBS and frictional strength of wet phyllosilicates (Moore
and Lockner, 2004; Behnsen and Faulkner, 2012), but a qualitative relation on the 001 plate surface
energies is found. Both authors reported that the frictional strength of water saturated phyllosilicate
minerals with hydrophobic plate surfaces is found to be less weakened by the presence of water
than the phyllosilicate minerals with hydrophilic surfaces (e.g Morrow et al, 2000; Moore and
Lockner, 2004; Behnsen and Faulkner, 2012).
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Figure 2.2 Frictional strength of dry phyllosilicate minerals from studies of Moore and Lockner (2004) and Behnsen and

Faulkner (2012) versus the electrostatic separation energy of the 001 plane (taken from Giese (1978, 1980 and Bish (1981)). The dashed
line represents the linear relation between u and electrostatic separation energy reported by Moore and Lockner (2004). This figure is
modified from Behnsen and Faulkner (2012)

2.1.3 Velocity dependence of friction coefficient

It is well established that phyllosilicates show velocity-strengthening behaviour at room

temperatures. Reported values of (a —b) are almost always positive and typically in the range of
0.005- 0.02 (e.g. lkari et al, 2010; van Diggelen et al., 2010; den Hartog et al., 2013).
Data on the velocity dependence of pure phyllosilicate friction at higher temperatures is scarce.
Studies on the velocity dependence of pure muscovite friction at high temperatures were conducted
by Mariana et al. (2006), van Diggelen et al. (2010) and den Hartog et al (2013). Recently, the
velocity dependence of biotite friction was studied by Lu and He (2014). The (a — b) values obtained
from experiments on muscovite by den Hartog et al. (2013) and on biotite by Lu and He (2014) for
temperatures ranging from room temperature to ~ 700 °C are shown in Figure 2.3. For both biotite
and muscovite the (a —b) values decrease from positive (velocity-strengthening) to near zero
(velocity-neutral) or even slightly negative (velocity-weakening) with increasing temperature up to ~
400 °C. At higher temperatures, the data of den Hartog et al (2013) show an increase in (a-b)
values, whereas the data on biotite from Lu and He (2014) remain constant and slightly negative.

In most studies, stable sliding was observed, but at high temperatures (500°C -700°C),
Mariana et al. (2006), van Diggelen et al. (2010) and den Hartog et al (2013) occasionally observed
stick-slip behaviour of muscovite, indicative unstable behaviour. In comparison, Lu and He (2014)
observed stick-slip behaviour of biotite at temperatures above 400 °C.
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2.2 Microstructural observations

2.2.1 Compaction microstructures before shearing

Microstructures of phyllosilicate samples that have only been compacted show several
common features (Figure 2.4; Misra and Burg, 2012; Lu and He, 2014). i) The phyllosilicate grains
remain typically plate like, aligning their basal plan (sub)-perpendicular to the applied loading
direction ii) the phyllosilicates define a wavy foliation, iii) the phyllosilicate grains are aligned with
their basal plane (sub)-perpendicular to the applied load and iv) Grains bend at their edges in pore
spaces to come into contact with neighbouring grains (Misra and Burg, 2012).

| ———— 100 ym ——
Figure 2.4a) Microstructure of compacted biotite. O, is ~50 MPa at room Figure 2.4b) Microstructure of compacted
temperature (Lu and He, 2014) muscovite. O'n is 170 MPa, loaded for 30 hours at

590 °C (Misra and Burg, 2012)
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2.2.2  Microstructures of phyllosilicates sheared at low T (RT<T< ~200°C)

The microstructures of phyllosilicates sheared at low temperatures share abundant common
features (Moore and Lockner, 2004; van Diggelen et al., 2013; Behnsen and Faulkner, 2013; den
Hartog et al.,, 2013; Haines et al., 2013; Lu and He, 2014). SEM-micrographs of typical sheared
phyllosilicate samples are shown in Figure 2.5. There is no noticeable difference in the
microstructure between wet and dry phyllosilicates (Moore and Lockner, 2004). The main
microstructural features of phyllosilicate gouges sheared at temperatures up to 200°C are as follows:

i) All microstructures show a wavy, anastomosing foliation, composed of intersecting P-, R1-,
Y- and boundary shears (Fig. 2.5a,c,d; terminology after Logan, 1992).
ii) In these shear bands, the phyllosilicate grains have a fine grain size and are orientated with

their basal plane parallel to the shear direction (Fig, 2.5 a-d). The grains commonly appear parallel to
each other. Often, the grains show evidence of brittle deformation, including fracturing and cleavage
of grains (Fig. 2.5b). Evidence for kinking is also commonly observed (Fig. 2.5b).

iii) Lenses with a roughly sigmoidal shape containing coarser grains are situated between the
shear bands (Fig. 2.5a,c,d). The grains in these bands commonly do not have the same orientation as
the shear bands and are (much) less deformed than the grains in the shear bands. Evidence for
kinking is commonly seen in the lenses (Fig. 2.5b).

Figure 2.5 a) Microstructure of sheared biotite at 100 °C with O,,0f 200 MPa (Lu and He (2014). P and R1 denote P- and Riedel-
shears respectively. b) Detail of a). ¢ ,d) Microstructures of muscovite sheared at 20 and 150 °C (van Diggelen et al., 2010)

2.2.3  Microstructures of phyllosilicates sheared at intermediate T(~200°C <T<~400°C)

The main features of microstructures of muscovite (van Diggelen et al., 2010 and den Hartog
et al., 2013) and biotite (Lu and He, 2014) observed at intermediate temperatures, i.e. between ~200
and ~400°C do not differ greatly from the observed features at low temperatures T (RT<T< ~200°C).
The microstructures are still characterized by a wavy, anastomosing foliation of intersecting P-, R1-,
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Y- and boundary shears with sigmoidal shaped lenses containing coarser grains. At these
temperatures, ductile deformation features become more pronounced, for example kinking and
multiple types of folding. Van Diggelen (2010) also observed that the shear bands decreased in width
with an increase in the temperature, accompanied by a more widespread occurrence of the lenses.

2.2.4 Microstructures of phyllosilicates sheared at high T (~400°C <T<~700°C)

At high temperatures (~500-700 °C), the microstructural observations of van Diggelen et al.
(2010), den Hartog et al. (2013) and Lu and He (2014) become more divergent. In Figure 2.6 the
microstructures observed by these authors are shown. Den Hartog et al (2013) observed no
significant difference between the microstructures of samples sheared at high temperatures (600° C)
with respect to low temperature (200° C). Lu and He (2014), on the other hand, observed intensively
deformed and less deformed domains in their sheared biotite samples (T=500-700° C). In the
intensively deformed domains, evidence for both brittle and ductile deformation was found,
resulting in a very chaotic structure. The less deformed regions showed mostly evidence for ductile
deformation, including kinking and folding, similar to their samples sheared at intermediate
temperatures (Lu and He, 2014). In the samples of van Diggelen et al (2010) the elongated lenses
become more pronounced with increasing temperatures and by definition the shear bands become
smaller. In the microstructures observed at 600° C, no shear bands are visible and the structure is
characterized by an oblique foliation with grains orientated at an angle of ~ 20° to the shear
direction. Mariana et al., 2006 deformed muscovite gouges at temperatures of 400-600°C, at very
low strain rates for very low strains. These authors observed the following features: i) a main
foliation sub-parallel to the shear direction, ii) some R1 shears, iii) heterogeneous deformation with
areas of intensive kinking and iv) evidence for fracturing of individual mica grains. From the above
studies, it follows that the common microstructural features of phyllosilicates sheared at
temperatures above 600°C are: i) a decrease or even absence of localized deformation (in shear
bands) and ii) an increase in ductile deformation processes.

Figure 2.6 a) Overview microstructure of sheared biotite at 500 °C. b) and c), details of a). d) Microstructure of sheared
muscovite at 300 °C (van Diggelen et al., 2010). Microstructure of sheared muscovite at 500 °c (van Diggelen et al., 2010).
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3 Experiments

Two types of experiments were conducted in this study: loading experiments and shear
experiments. The aim of both types of experiments was to obtain the microstructures of both
compacted and sheared phyllosilicates gouges while still under load for different applied normal
stresses.

3.1 Methods

3.1.1 Sample material

Commercially obtained muscovite powder, with a grain size of less than 44 um was used in
both types of experiments. X-Ray Diffraction (XRD) analysis showed the powder to be 97.3% pure
with a quartz contamination of 2.7%. This powder was mixed with and equal weight of
demineralised water to form a paste that was used as sample material.

i load

vacuum

Delrin Pom piston

upper celeron sample holder
sample

lower celeron sample holder
reservoir

Figure 3.1 An overview of the experimental setup. 1) Figure3.2 Schematic profile of experimental setup
Weights used to apply the different loads. 2) Delrin POM piston. 3)

Delrin POM container in which the sample is placed and loaded 4)

Plastic tube connecting Delrin POM piston to either a vacuum pump or

a syringe as shown here. 5) Handles used to turn upper piston in

shear experiments

3.1.2 Experimental setup and procedure: loading experiments

All loading experiments were conducted in the ‘dead-weight’ set-up shown in Figure 3.1. A
schematic profile is presented in Figure 3.2. In this setup, the sample material is located between
two 1 mm Celeron (a reinforced laminated plastic) sample holders and is placed in a disk-shaped
container (Fig. 3.3). The container was used to act as a reservoir for the epoxy resin and made of an
acetal homopolymer (Delrin POM), a plastic to which epoxy resin does not adhere, hence facilitating
easy sample removal. The load on the sample is applied by weights, which can be varied in mass and
number. The load is transferred to the sample via a Delrin POM piston with a central hole (Fig. 3.2),
allowing for the application of a vacuum and hence flow of the epoxy resin.

A ~1 mm thick layer of muscovite—water paste was distributed between the Celeron sample
holders and placed in the Delrin POM container. The sample was subsequently loaded for 24 hours
at an applied normal stress of 1.9, 2.8, 6.5 or 12.1 MPa. While still under load, pre-heated Araldite
2020 epoxy resin (15 minutes at 50 °C) was introduced into the reservoir using a syringe. The sample
material was then impregnated by applying a vacuum at the top of the Delrin POM piston, yielding
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upward flow of the epoxy resin, into the sample. The vacuum was maintained for 5-30 minutes until
the epoxy resin was observed in the plastic tube connecting the vacuum pomp with the Delrin POM
piston, presumably having impregnated the sample. The epoxy resin was then cured for
approximately 30 hours, while remaining the load constant. Finally, the assembly of sample and
sample holders was carefully removed from the reservoir.

Figure 3.3 Detail of the sample
setup with 1) the muscovite water paste,
2) the upper Celeron sample holder and
3) the Delrin POM reservoir disk

3.1.3 Experimental setup and procedure: shear experiments

The shear experiments were conducted in the same ‘dead-weight’ setup as the loading
experiments (Fig. 3.1-3.2). Similar to the loading experiments the sample material is deposited
between two 1 mm thick ring shaped Celeron sample holders and is thereafter placed in a disk-
shaped container. The surface of the sample holders was roughened using sand paper. Additionally a
~ 3 mm thick Celeron ring is placed around the sample holders and sample material (Fig. 3.4). Using
superglue the upper Celeron sample holder is glued to the Delrin POM piston, which in turn is glued
to the weights. The lower sample holder is glued to the reservoir disk, which in turn is glued to the
‘dead-weight’ set-up. This is done so that the two ring shaped Celeron holders could rotate
independently from each other.

A ~2 mm thick layer of muscovite-demi-water paste was distributed between the Celeron
samples and placed in the Delrin POM container before gluing. Similar to the loading experiments
the samples were loaded for 24 hours at an applied normal stress of 6.5 MPa before the sample was
sheared. Then the sample was sheared by manually rotating the weight clockwise for either a half, a
whole or three complete turn(s). A complete turn was conducted between ~30-38 seconds, resulting
in an average sliding/rotating velocity of roughly 1.5 mm/s. After shearing the samples were
impregnated and sectioned using the same approach as outlined for the loading experiments.
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Figure 3.4 Schematic
profile of set-up shear
experiments

3.1.4 Microstructural analysis

Microstructures of the loading experiments were prepared by sawing the impregnated
samples perpendicular to the loading direction and polishing the resulting thick sections.
Microstructures of the shear experiments were prepared by sawing the impregnated perpendicular
to the shear plane. All thick sections were carbon coated for Scanning Electron Microscope (SEM)
analysis. Overview and detailed micrographs of the microstructure were acquired using a using JEOL-
SEM. Some of the obtained images are a mosaic of more images. High resolution micrographs were
analysed using JMicrovision, an image analysis program, to obtain 2D grain parameters and to
determine the area fraction of SEM-visible porosity defined by setting a appropriate greyscale
threshold.
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3.2 Results: Microstructures Loading Experiments

3.2.1 Sample (mm) scale characteristics

SEM micrographs of the samples produced in the loading experiments are presented in
Figure 3.5 and show both the sample and Celeron sample holders. The microstructures seen in these
cross—sections can be separated into two domains: (i) a central domain, which is not in contact with
the upper sample holder and thus was not loaded, (ii) and the outer regions, which are located
between the upper and lower sample holder and thus were loaded. Extruded sample material is also
observed adjacent to the loaded parts of the sample. It is clear from these micrographs that the
loaded parts of the muscovite samples are thinned significantly compared to the non-loaded parts in
all experiments, having a considerably lower porosity. The thickness of the loaded layer between the
sample holders varies between 100um and 150um for the different experiments and is not constant
over the width of the loaded area. No noticeable correlation between the applied normal stress and
layer thickness is observed. Note that at the highest normal stress the central domain of the sample
is broken up in multiple pieces. This is not observed in the other experiments.

3.2.2 Textural (100-500um) characteristics

The microstructures of the loaded parts of the different samples are shown in Figure 3.6. In
this figure, one of the two loaded parts visible in Figure 3.5 is shown and the edges of the
microstructures are adjacent left to the extruded sample material and the non-loaded material in
the centre of the sample is to the right. Detailed SEM images of the central region of Figure 3.6 are
shown in Figure 3.7, i.e. Figure 3.7 shows the central region of the loaded sample parts. All samples
are dense with a lower porosity at the centre of the sample than at their sides (i.e. adjacent to
unconfined material). A broad correlation between the applied load and sample porosity is
observed, being characterized by a decrease in the porosity with an increase in the load. The SEM-
visible porosity was estimated to be ~15% for the samples loaded at 1.9, 2.8 and 6.5 MPa, as
opposed to ~5% for the sample loaded at 12.1 MPa.

The long axes of the phyllosilicate grains are in general orientated (sub)-perpendicular to the
loading direction, forming a foliation roughly perpendicular to the loading direction. The alignment
of grains is strongest in the centre of the sample and becomes progressively less near the extrusion
points (Fig. 3.6). Although the main foliation is sub-perpendicular to the applied loading axis, some
rhomboidal shaped domains are present, giving the foliation a wavy appearance. These domains
have a thickness varying between 10-40um and occasionally contain grains with a different
orientation than the main foliation (Figure 3.7). (Sub)-vertical bands of small grains and with a higher
porosity are also present in the samples. Finally, small cracks at the sample boundaries are found in
all samples, most notably in the sample that has undergone the highest load.

3.2.3 Grain (0.1 pum-10um) scale characteristics

Individual phyllosilicate grains are thin and platy (Figures 3.7 and 3.8), with a mean width
varying between 10 and 30 um and a mean thickness of 1-5 um. Aspect ratios of the grains are
mostly in the range between 8:1 and 15:1, but may be as high as 20:1. Very fine, sub-micron grains
are occasionally observed, usually associated with regions of higher porosity and/or near horizontal
contact areas between bigger grains.

The long axes of the phyllosilicate grains are roughly perpendicular to the loading direction,
defining a horizontal foliation. As a result, grains are both in dominated by horizontal contacts
between grains. The nature of this contact varies and typical examples are shown in Figure 3.8.
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Figure 3.5 : SEM backscattered images presenting an overview of the cross-sections through sample and sample holders.
Experiments were done at a) 1,87 MPa, b) 2,75 MPa, c) 6,5 MPa d) 12,1 MPa applied stress. White rectangles highlighted areas which are
shown in detail in Figure 3.6




Figure 3.7 SEM backscattered images showing details of the microstructure of the middle part of the samples for the different
loads. a) 1,87 MPa, b) 2,75 MPa, c) 6,5 MPa d) 12,1 MPa applied stress
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Figure 3.8 SEM backscattered images showing details of the microstructure of the middle part of the samples for the different
loads. A) 1,87 MPa, B) 2,75 MPa, C) 6,5 MPa D) 12,1 MPa applied stress. a) frayed and bent grain in contact b) Completely folded up
grains c) Opening (along 001 plane) of grains in contact d) Ductile bent grain in contact

Often, one or both of the grains are bent (Figures 3.8a-d) or even completely folded up
(Figures 3.8a,b). Many of the contact points of the folded grains look frayed or are split multiple
times (Figures 3.8a-c). When no folding occurs at the horizontal contact between grains, evidence of
the splitting of the grains is often observed (Figures 3.8a-b.) Grains are also in contact with each
when one of the grains is misaligned compared to the main foliation (3.8b-d).

With increasing normal stress, the grains change from roughly rectangular in shape (1.9 and
2.8 MPa) to a more ‘wavy’ shape (6.5 and 12.1 MPa). In addition, grains in the sample loaded to 12.1
MPa are in general thinner. There seem to be more grains that are folded in the sample compacted
at 1.9-6.5 MPa normal load than at 12.1 MPa. The size of the grains is not affected substantially by
the normal stress.
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3.3 Results: Shear Experiments

Multiple shear experiments were conducted, but in most experiments to0 little or no sample
material was left after shearing to obtain useful microstructures. Only from the experiment
conducted at applied normal stress of 6.5 MPa and one complete turn sufficient sample material
was left to obtain useful micrographs.

3.3.1 Sample (mm) scale characteristics

A SEM micrograph of the sample produced by the shear experiment conducted at 6.5 MPa
applied normal stress with a strain rate estimated in the order of ~1-2 mm/s and a total estimated
strain between ~25-50 is presented in Figure 3.9 and shows both the sample and Celeron sample
holders. The sheared muscovite sample is thinned significantly compared to the initial thickness of
~2mm and has a thickness varying between 20-40 um. This is also a considerable thickness reduction
compared to the sample that was only loaded with a 6.5 MPa applied normal stress. Similarly as in
the load experiments extruded sample material is observed adjacent to both sides of the sheared
sample layer. The thickness as well as the porosity of the sheared sample layer is higher at both
edges than in the middle of the sample. The micrograph presented in Figure 3.9 is a cross section
taken along the ring shaped sample holder and not through the unloaded centre. Therefore no
unloaded central region is present in the micrograph, in contrast to the micrographs of the load
experiments where this central unloaded region is present.

Figure 3.9 SEM backscattered image presenting an overview of a cross-section through sample and sample holders of shear
experiment. The white rectangle highlighted areas which are shown in detail in Figure 3.6

3.3.2 Textural (100-500um) characteristics

The microstructure of the central part of the sample, indicated with a white rectangle in
Figure 3.9, is shown in Figure 3.10. The microstructure observed is a compact aggregate and has
SEM-visible porosity of ~ 13 %. This SEM-visible porosity is similar to that observed in the sample
from the loading experiment at 6.5 MPa applied normal stress, which had a porosity of ~15%.

The sheared microstructure is characterized by a foliation of aligned phyllosilicate grains,
mostly orientated with their long axes ~20 to ~ 45 degrees to the shear plane. In some areas the
grains are orientated sub-horizontal or have an orientation ~10-20 degrees against the shear plane.
This gives the foliation an anastomasing character. Grains near the sample boundary are generally
orientated with their long axes parallel to the shear plane and some of the grains near the
boundaries are bent in the direction of the shear plane. Some small areas of around 10-20 um thick
with (folded) grains with a different orientation from the overall orientation are observed (but are
not as common as in the loading experiments. Apart from the main foliation also much smaller
phyllosilicate grains are present (mostly in pore areas) with no apparent structure. In the surface
grooves very compact structures with a low porosity and little apparent structure are seen. Lastly, a
couple of cracks are present in the samples, usually near the sample boundaries.
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3.3.3 Grain (0.1-10pm) scale characteristics

Detailed microstructures of Figure 3.10 are shown in Figure 3.11. The individual grains
that make up the main foliation are plate-like. The length of the long axes of these grains varies
between ~20-~35um and the length of their short axes between ~2-~4um, with aspect ratios
ranging from 1/6 to 1/13 and a main aspect ratio of roughly 1/10. Most of these grains are
thicker in their middle than at their edges. Apart from the bigger grains supporting the
aggregate structure a significant amount of very small grains, with long axes of ~1 -~3 pm and
short axes ranging from 150nm or to ~ 500 nm, are found in the samples.

The grains making up the main foliation are commonly aligned with the grains adjacent
to them and are both in vertical as well as in horizontal contact with their neighbours. The
nature of this contact varies between contacting edges and typical examples are shown in
Figure 3.11. i) Many of the edges are in contact with one of the grains is bent over/into the
neighbouring grains. ii) It is often observed that one or both grains in contact are split (in the
001 plane orientation). Grains are sometimes split multiple times and occasionally almost the
whole grain is split. iii) Lastly, some of the contacting grains show more heavily deformation,
being (completely) folded up at the contact points. Compared with load experiments the contact
between the grains is much less dominated by ductile deformation and folding of contacting
grains.

The edges of the contacting grains commonly have a frayed character due to the splitting
of the grains and the presence of small cracks. The SEM visible cracks are usually around 0.25-1
um, but in some grains they can be as big as 2pum.

Figure 3.11 SEM backscattered image showing a detailed image from Figure 3.11. a) shows(very) small grains, b) shows a
crack, ¢) shows contact between adjacent grains d) contact between neighbouring grains where one grain is bent over the other
grain. e) contact between neighbouring grains were grains in contact are completely folded

3.4 Discussion

The microstructures of the compacted phyllosilicate aggregates show the following main
characteristics. Firstly, the horizontal foliation and aligned of adjacent grains shows clearly that
grains are both in vertical and in horizontal contact with neighbouring grains. Secondly, a
decrease in porosity and hence increase in grain contact area with increasing normal stress is
interpreted as the result of compaction of the samples. Thirdly, abundant evidence for ductile
deformation as well as cleavage of grains is found in the experiments. Lastly, the edges of the
grains show imperfections of the order of 0.5-1pum, which could act as stress concentrators
facilitating failure of the grains.

The microstructure of the sheared phyllosilicate aggregates shows the following main
characteristics. Firstly, the orientation change from the sub-horizontal foliation in the
compacted microstructures to a foliation with grains with a main orientation of ~20-40 degrees
in the shear experiment is consistent with dextral shear. Secondly, the alignment of the grains
shows that not only in compaction but also during shearing grains are both in vertical and
horizontal contact with each other. Thirdly, the abundance of very small grains and the fact that
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bigger grains are often less thick at their edges is interpreted as brittle failure of (most likely)
the edges of grains during shearing. Compared with the compacted microstructures, sheared
microstructures show less evidence of ductile deformation and it is therefore likely that during
shearing ductile deformed grains were broken. From these observations, it is clear that during
frictional sliding of grains interactions at the grain scale level (i.e. failure of edges of grains)
occur and could potentially be controlling friction in phyllosilicates. Lastly, similar to the
compacted microstructure the edges of the grains in the shear microstructure show
imperfections of the order of 0.5-1pm, which could have acted as stress concentrators
facilitating the failure of the grains as seen in microstructures. Ideally, all of these characteristics
should be incorporated in a microphysical model.

In both types of experiments the aim was to eliminate experimental artefacts from the
microstructure, such as features introduced by unloading the sample. Wavy foliation of aligned
grains is similar to compacted microstructures seen by Lu and He, 2014 without the unloading
features. Lorenze shaped domains could be precursors to sigmoidal shaped domains seen in
literature. The approach used in impregnating the sample therefore looks to have been
successful.

[t is not likely that artefacts were introduced by impregnating the sample while under
load since i) the central domain of the samples which were not loaded have a chaotic structure
which is to be expected if the epoxy resin had no effect on the microstructure. If the epoxy resin
had an effect then certainly in the non-loaded part some kind of structuring should occur. ii) In
the loaded part of the samples, near the extrusion points, the microstructure is more chaotic
than in the middle. If the aligned structure was caused by the introduction of the epoxy resin
then this aligned structure would be distributed throughout the sample.

The large cracks near the sample holders present in all samples are the result of sample
preparations. In order to get the epoxy disk out of the reservoir the disk had to be bent, which in
all likelihood caused these cracks to form. It should be noted that since the sample material was
not confined at its sides in the shear experiments a considerable amount of volume loss
occurred, evidenced by a two to three time thickness reduction compared to the compacted
microstructure at a similar applied normal stress. Lastly, the non-uniform thickness of the
compacted samples is the result of asymmetrical loading of the samples.
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4 Microphysical models for friction of dry phyllosilicates

In this section, a microphysical model for the steady state frictional sliding of dry
phyllosilicates at temperatures ranging from low (room temperature) to intermediate temperatures
(~400 °C) is developed. This temperature range is selected because at these temperatures, the
microstructures are easier to interpret than microstructures observed at higher temperatures and
the frictional behaviour is better constrained by previous experimental studies. The model is based
on the frictional behaviour and microstructures of sheared pure phyllosilicate friction reported in
previous studies and described in the literature described in section 2, as well and as on the results
of the friction compaction and shear experiments described in section 3. The main features a
microphysical model on dry phyllosilicate friction needs to explain are the following observations:

1) The low frictional strength of dry phyllosilicates compared to other dry rock forming
minerals.

2) The (linear) relation found by Moore and Lockner (2004) between the interlayer bond
strength of phyllosilicate minerals and their frictional strength.

3) The velocity strengthening behaviour of phyllosilicates observed at room temperature.

In the following, the assumed main microstructural characteristics on which the models are based
and the modelling approach are described first. Next, microphysical models are developed assuming
frictional control of different scale of interaction between the grains. An explanatory list of symbols
is given in Appendix 1,

4.1 Sample scale model microstructure and modelling approach

Starting point for the development of a microphysical model for dry phyllosilicate friction is
the definition of an idealised microstructure. In section 2 of this study, the steady state
microstructures of dry and wet phyllosilicates sheared at temperatures up to ~400 °C are described
in detail. In summary, these microstructures were characterized by an anastomosing foliation of
aligned, fine-grained phyllosilicates that folds around sigmoidal shaped regions. The anastomosing
foliation commonly consists of intersecting P-, Y-, R- and boundary shears, of which the Y-shears are
in general most common, whereas the sigmoidal regions often contain coarser, less deformed
phyllosilicate grains with orientations different from the bulk foliation (e.g. Moore and Lockner,
2004; Van Diggelen et al., 2010; Den Hartog et al., 2013; Haines et al., 2013 and Lu and He, 2014).
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Figure 4.1 Idealized schematic microstructure of sheared phyllosilicates
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Based on these microstructural observations in the literature and this study, the shear
deformation in the idealised microstructure (Fig. 4.1) can be accommodated by localised
deformation in the anastomosing shear bands and/or by deformation of the sigmoidal clasts. In this
study the sigmoidal clast were not observed prominently. Furthermore it is assumed that the
microstructure is supported by the anostomasing shear bands and not by the clasts. Therefore, it is
assumed here that the deformation of shear bands controls the frictional behaviour of
phyllosilicates. Within these shear bands, the grains are aligned and in contact with each other along
horizontal planes. In addition, the edges of most of the adjacent grains are assumed to contact each
other along vertical planes. The individual platy phyllosilicate grains are taken to be rectangles with
dimensions a:a:b, where a is the dimension parallel to the sheet (i.e. the long axis) and b the
dimension perpendicular to the sheets (i.e. length of the short axis. The smallest possible repeating
structure of the microstructure, the unit cell, is indicated in Figure 4.1. It is assumed that the
interaction between the grains along the horizontal planes is at the grain scale, whereas it is at the
atomic and the asperity scale along the vertical planes of contact (Fig. 4.2).

o

/ N\
I—
i. atomic Ii. asperity iii. edge
Figure 4.2 Schematic overview of scale of interaction between grains during frictional sliding

Frictional slip in the shear bands is assumed to be accommodated by sliding of the individual
grains over each other. The interactions at the different scales (i.e. atomic, asperity or grain scale)
between the grains will cause resistance to sliding and thus determines the frictional behaviour at
the grain scale. Since the frictional sliding of the grains accommodates the deformation in the shear
bands, which in turn accommodates the deformation at sample scale, the macroscopic frictional
behaviour is ultimately determined by the interactions between the individual grains.

To evaluate which scale of interaction between the grains, i.e. atomic, asperity or grain scale,
controls the observed macroscopic frictional behaviour, microphysical models are developed, each
assuming friction control at a different scale of interaction. In each model, the active processes are
evaluated and the accompanying microscopic forces are quantified for the unit cell, using dissipation
theory. The microscopic forces are subsequently translated into the macroscopic forces acting on
the phyllosilicate aggregated, using a force balance. From the resulting macroscopic forces,
predicted frictional parameters are calculated, using muscovite as an example. In this study, only the
atomic scale and the interaction between the edges of the phyllosilicate grains are evaluated. The
asperity scale is not evaluated in this study since friction sliding controlled by asperities is already
studied extensively in the literature (e.g. Baumberger, 1999; Rice et al., 2001)
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4.2 Atomic scale barrier model

In the first microphysical model it is assumed that the frictional behaviour of phyllosilicates is
controlled by atomic scale interactions between the grains, such as van der Waals forces. Atomic
scale processes are expected to control the macroscopic behaviour if interactions between the
sliding grains at scales larger than the atomic scale do not exist or offer a lower frictional resistance
to sliding than the atomic scale interactions. Here, the latter is assumed. For example, interactions
between contacting grain edges are assumed to cause negligible resistance.

4.2.1 Model microstructure and deformation mechanisms

If atomic scale processes control the macroscopic friction there is either i) no interaction
between the sliding grains at scales larger than the atomic scale or ii) these interactions offer a lower
frictional resistance to sliding than the atomic scale interactions. A schematic microstructure for a
phyllosilicate aggregate in which only atomic scale interactions offer the resistance to shear is shown
in Figure 4.3. In this model microstructure, the grains are separated by a distance S along vertical
planes. The porosity ¢ is defined as the ratio of the pore volume to the total volume of the unit cell

and given as:
_ Volume pores  2Sba S
~ Volume unitcell  2ba(S+a) (S +a) (4.1)

In this model microstructure, movement of the phyllosilicate grains with respect to each
other is assumed to occur via atomically controlled friction.

— -
P
-—]

o

Figure 4.3a Schematic  2-dimensional representation of the Figure 4.3b Unit cell of microphysical model
microstructure of the atomic friction controlled microphysical model. The for atomic controlled friction. In this figure S is the
dotted red lines highlight the area of the unit cell. average horizontal distance between the phyllosilicate

grains, b is the height of an individual grain and a is the
width of a grain.

4.2.2 Force balance

To evaluate the frictional resistance caused by the atomic scale processes, the microscopic
normal and shear forces acting in the unit cell are evaluated. The forces acting within the unit cell
have to be balanced by the normal and shear forces acting macroscopically on the unit cell.

The microscopic normal force is equal to the product of the microscopic normal stress 5,,

and the load supporting area, which is 2(a —S)a per unit cell. This force is balanced by the
macroscopic normal force, determined by the macroscopic normal stress O, acting on the total area
of the unit cell (a + S)a. Similarly, the microscopic shear stress T, acting over grain contact area per
unit cell is balanced by the macroscopic shear strength T acting on the total area of the unit cell.
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These balances are given by, respectively

20,(a-S)a=0,(a+S)a (4.2)
27(a-S)a=1(a+S)a (4.3)

Using these relations, and assuming that the microscopic shear and normal stresses are related via
an atomic coefficient of friction for dry friction (i, the following relation between the macroscopic
stresses is obtained:

" e . T

T=UO, > U=—" (4.4)
Oﬂ

20,(a-S)a _20n(a+S)a _)Z_ﬂ_}ﬂ_

24(a-Sa 2t(a+S)a T T : 4

fi=u (4.5)

4.2.3 Predicted macroscopic frictional parameters

The above microphysical model for friction controlled by atomic scale interactions predicts
that the macroscopic frictional behaviour of dry phyllosilicates is controlled by the atomic friction
coefficient 1 . Studies on atomic controlled friction and the atomic friction coefficient & are scarce.

Liu et al. (1998) found an atomic coefficient of friction of 0.045 for muscovite using nanoscale
Atomic Force Microscopy (AFM). Bucholz et al. (2012) studied atomic scale friction of pyrophyllite
using AFM and obtained an atomic scale friction coefficient of ~ 0.03. Data on the velocity and
temperature dependence of the atomic friction coefficient are non-existent, but such a dependence
seems unlikely, given that processes like the van der Waals forces are time and temperature
independent.

Observations on atomic scale frictional behaviour demonstrate that the assumption made
that atomic scale interactions are frictional, is valid, certainly when the applied load is relatively low
(Israelachvili et al., 1995; Bushan et al., 1995; Krim et al.,, 2011). However, for higher loads, the
coefficient of friction has been found to increase with applied normal stress (Israelachvili et al.,
1995; Bushan et al., 1995). When this is the case, wear of the material is generally also observed.
This means that processes that act on a bigger scale than the atomic scale begin to have an influence
on friction (Homola et al., 1989; Bushan et al., 1995).

32



4.3 Grain scale barrier models

In the second microphysical model is it is assumed that the frictional behaviour of
phyllosilicates is controlled by grain scale interactions. This is the largest scale of interaction
considered here and takes place at the edges of adjacent grains. Such interactions have been
ignored by previous authors (e.g. Moore and Lockner, 2004; Haines et al., 2013). They, however,
inevitably occur, which is evident from our microstructural observations in Chapters 2 and 3.
Therefore, it is important to quantify the resistance as a result of the interactions between the edges
of the sliding grains and evaluate whether such interactions can explain the observed frictional
behaviour of phyllosilicates.

4.3.1 Model microstructure and deformation mechanisms

In this microphysical model, it is assumed that the shear band porosity, ¢, is a key factor
determining the deformation mechanisms. The porosity results from the horizontal distance
between adjacent grains and is given by

6= Volume pores  2Sba S
 Volume unitcell 2ba(S + a) - (S+a)

(4.6)

When grains slide past each other, the top grain is assumed to bend into the underlying pore,
bringing the edges of adjacent grains into contact (Figure 4.4). The strain in this case is thus
accommodated by the serial processes of frictional slip along the horizontal contact and internal
deformation of the (top) grain to overcome the edge contact.

O

n

. Figure 4.4 Schematic
) b . representation of the unit cell used for the
—)

edge contact model. S here represents the
average distance between the grains, d and
b represent the length and height of the
L phyllosilicate grain respectively. C is the

S a vertical length of contact between the grains.

Lastly, T and O, are the macroscopic shear

and normal stress respectively.

The bending of the top grain can occur by various deformation mechanisms, yielding
different amounts of grain overlap or c. Similarly, subsequent deformation of the top grain to move
past the edge of the bottom grain can occur by several failure mechanisms. Since different
mechanisms can potentially result in different macroscopic frictional behaviour, all possible
deformation and failure mechanisms will be analysed. In the following, the frictional resistance
caused by contacting grain edges will first be derived in general terms, which is valid regardless of
the specific deformation or failure mechanism. Next, the shear strength will be quantified for
different possible deformation mechanisms of grain bending, yielding different grain overlaps. This is
followed by an evaluation of the force required to overcome the edge contact by various failure
mechanisms. Lastly, all different combinations of deformation and failure mechanisms are cast into
separate microphysical models.
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4.3.2 Force balance
In this model microstructure, the macroscopic normal force, Onaz, is supported by the
microscopic normal stress 5,, acting on the unit cell contact area of (a - S)a, yielding:

o,a°=0,(a-S)a
. o,a

o,=—"—
(a-3S5) (4.7)

The macroscopic shear force acting on the unit cell, Taz, in turn, is supported by the microscopic
shear stress Tacting on the area a(a - S) plus the force required for the grain to overcome the

edge contact F,, , i.e.

w’ =Ta(a-S)+F,,,

- ta(a-S) . F e

a’ a’ (4.8)

When it is assumed that sliding along the horizontal contact area is controlled by atomic scale
frictional behaviour (cf. section 4.2), T can be written as:

Using equation (4.7), this becomes:

T=U 9.4 (4.9)
1) |

Substituting equation (4.9) into (4.8) now vyields:

2 n 2
a

- N( o,a Xa(a_S))-l_Fedge . +Fedge
a (4.10)

= 2
a-S a

The force needed to overcome the resistance at the edge contact of area ca depends on the shear

strength of the edge contact 7, , i.e.
Fedge = Tedgeca (411)

The macroscopic shear stress needed for frictional sliding is then obtained by combining equations
(4.9) and (4.10):

~ Tedgec
THO, +— = (4.12)
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The vertical contact length ¢ can be expressed in terms of the normal stress. Bending of the
top grain into the pore can occur via various deformation mechanisms, yielding different relations
between the vertical overlap distance ¢ and the normal stress. These relations are determined for
bending of the upper grain by elastic deformation, time-independent ductile deformation and time-
dependent ductile deformation.

4.3.2.1 Elastic deformation

First, the scenario is considered in which the edges of the adjacent grains come into contact
as a result of elastic bending of the upper grain. If it is assumed that compaction of the phyllosilicate
aggregate under the applied normal stress is primarily caused by the bending of grains into the pores
and it is assumed that the effect of the vertical compaction of the individual grains is assumed to be
negligible, the vertical strain &, is approximately equal to:

c

£, =— (4.13)
b

From elasticity theory, the vertical strain is defined as:

£ =—= (4.14)

where E_ is Young’s modulus of the phyllosilicate aggregate. Combining equation 4.13 and 4.14
leads to an expression for ¢ as a function of the applied normal stress.

c=—0 (4.15)

Combining (4.11) and (4.15) gives the relation between the macroscopic shear stress and the
macroscopic normal stress for a contact area between grains due to elastic bending of the grains

abo
Fedge = redge E - (416)
Telastic = (ﬁ+ Tedge E a Gn (417)

a

4.3.2.2 Time independent ductile deformation

The second scenario considered is the scenario in which the bending of the top grain is the
result of ductile, time independent deformation. Time independent ductile deformation is the result
of a competition between work hardening, due to dislocation multiplication and increased
interaction of dislocations with increasing deformation on the one hand, and recovery processes on
the other hand. These recovery processes work against hardening by reducing dislocation density by
annihilation and by enabling dislocations to untangle. It is assumed that work hardening processes
control the deformation of the bent top grain. This allows expression of the grain overlap c in terms
of the normal stress.
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do/de = hardening rate

Figure 4.5 General relation between the
stress and strain for work hardening controlled
deformation

m

Figure 4.5 shows a schematic representation of the relationship between the normal stress and the
strain for work hardening ductile deformation. From this figure, it follows that the relation between
the normal stress and strain for a work hardening process is:

do,
0, =0+ d—gnb‘n (4.18)

where O

ield is the yield stress, i.e. the normal stress needed before ductile deformation initiates

(0} .
and —= or h is the hardening rate. For normal stress below the vyield stress only elastic
€

n
deformation occurs.

The vertical strain €, of the phyllosilicate aggregate is assumed to be primarily the result of
bending of the phyllosilicate grains into the pores and the effect of vertical compaction of the
individual grains is assumed to be negligible, as was done in the elastic bending scenario. The total
vertical strain is the result of the strain caused by elastic bending of the grains €,,,. plus the strain

caused by bending of the grains due to work hardening plastic deformation €. -

E =€ + &

n elastic plastic (4 .19 )
Combining equation 4.12 and equation 4.17 leads to the following expression of the vertical overlap
distance C:

c= bgn = b(gelastic + gp[astic) (420)
The contribution of the elastic deformation to the total vertical strain after yielding is the total strain

due to elastic bending at yield point €, .

£ =£ = (4.21)

yield E

elastic

The vertical strain due to plastic deformation, after a certain yield stress is overcome, is then:

de , . o
plastic n
gplastic = do_ O—n gplastic = h (422)

n
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Combining (4.12), (4.21) and (4.22) leads to an expression for ¢ as function of the normal stress O,

O..
c=be, +b2r c=p2ypTn (4.23)
) h E, h

a

¢ = b(ge[astic + gplastic)

Combining (4.11) and (4.23) yields the relation between the macroscopic shear stress and the
macroscopic normal stress for a contact area between grains as a result of time independent ductile
bending of the grains, given by

b O e ~ b
T juciite = Vedge ;g—a + (M T ige E)O-n (4.24)
4.3.2.3 Time dependent ductile deformation

The third and last scenario considered here is that in which bending of the overlapping grain
is the result of time dependent ductile deformation. Similar as was considered in section 4.3.2.1
above vertical overlap distance ¢ is in this case the result of elastic bending and now a time
dependent ductile deformation processes.

From the geometry of the unit cell (Fig. 4.4) it is clear that the bent grain is experiencing a shear
strain y of

y=— (4.25)

== (4.26)

Integrating with respect to time gives an expression for ¢ versus the time ¢ and the shear strain

elastic

rate y, i.e.
celastic = S .
dt
fdcelastic = SJ/fdt - celastic = SW (427)

Mares and Kronenberg (2006) found that dislocation glide was the dominant time dependent
deformation mechanism in their experiments on muscovite. Accordingly, it is assumed here that
time dependent ductile deformation is accommodated by a dislocation glide process. The shear
strain rate given in (4.26) is hence given as (Mares and Kronenberg, 2006):

y = Aexp(at)exp(-Q/RT) (4.28)
where A and o are experimental constants and Q is the activation energy.
The shear stress acting on the bent grain is assumed to be proportional to the normal stress on the

phyllosilicate aggregate.

T Co, (4.29)
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where C is a constant. This then leads to the following expression for the shear strain and the
applied normal stress.

y = Aexp(fo,)exp(-Q/RT) (4.30)

where f3 is a new constant equal to Ca. Combining equations (4.15), (4.27) and (4.29) now gives
an expression for the vertical overlap ¢ as a function of the applied normal stress.

O..
c =b%’d+SAexp(/50n)exp(—Q/RT)t (4.31)

a

The time over which the top grain is allowed to bend into the pore, depends on the time 7, it
takes to slide over the pore at velocity v, and the time 7, for an edge contact to fail. The latter

varies depending on the process by which the edge obstacle is overcome.
N S

P=tyg+l, ly,=——" I=—"4I, (4.32)
slide vslide

Incorporating (4.32) into (4.31) now gives:

O'yield S
c =bE—+SAexp(/50n)exp(—Q/RT)(—+tf) (4.33)

a slide

Finally, combining (4.12) and (4.33) yields a relation between the macroscopic shear strength and
macroscopic normal stress for a time independent ductile bending process.

" (4.34)

~ bo, SAexp(-Q/RT)exp(Bo,)| S
Tductile(t) = H’On +T Z yield +(Tedge p N + tf

a slide
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4.3.3 Edge contact failure mechanisms

As described by equation (4.12), the force needed to move the top grain past the edge of the
bottom grain and to continue sliding depends on the contact area of the edges multiplied by the
shear strength of this area. The shear strength of the edge contact depends on the failure
mechanism by which the edge contact between the grains is overcome. Two failure mechanisms are
analysed here, cleavage failure and Griffith type crack failure.

4.3.3.1 Cleavage failure

Brittle failure of minerals can occur by cleavage, the splitting of minerals along specific
weaker crystallographic planes. The preferred cleavage plane of phyllosilicates is the 001 plane, as a
result of weak 001 interlayer bonds (Putnis, 1992). Thus, cleavage occurs parallel to the a dimension
of the current model phyllosilicate grains. The work done in cleaving a phyllosilicate mineral is
proportional to the surface energy 7y, of the newly created area A (Israelachvili, 2011), though:

Wcleavage = }/‘A (435)

Cleavage can result in either (i) one large piece of the top grain breaking off or (ii) multiple smaller
pieces that are cleaved off. Both scenarios are considered here. The first possibility is schematically
represented in Figure 4.6, showing that the overriding grain can overcome the edge obstacle by
breaking of a large piece, which subsequently falls into the pore. This process creates the minimum
amount of new surface area in overcoming the edge obstacle, resulting in the minimum force.

Figure 4.6 Schematic representation of interacting grains. The dotted red Figure 4.7 Schematic representation of
line denotes where the piece will break of. interacting grains. The grey lines denotes
where the pieces will break of.

Cleavage of the grain along only one plane creates two new surfaces with surface energy 7y, and a

combined area of (S +c)a=(S+c)a. The work done in cleaving the grain is the force Fp.

needed for cleavage over the horizontal distance S in which the cleaved grain is moved. This leads
to a formula for the minimum force needed to overcome an edge contact by cleavage given by:

Fopec S=2y(S+c)a
F 2y (S+c)a

edgeCryy S (4.36)

Figure 4.7 shows the alternative possible type of cleavage, i.e. the creation of a multitude of new
surfaces by breaking the grain in to multiple smaller cleaved planes. The maximum area that can be
created is proportional to the cleavage of every 001 plane that is in contact with the edge. This will
lead to the maximum theoretical force that is required to overcome an edge due to cleavage. The
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amount of cleavage planes in contact with the edge is given by the vertical contact distance ¢
divided by the 001 lattice spacing d . The maximum force is then given by:

lattice

F c

edge Cl’“BK

S=2ySa

d

lattice
ca

FedgeC = 27/? (437)

max d

lattice

Cleavage occurring on every 001 plane in contact with the edge of the bottom grain is a very unlikely
scenario. It is more reasonable to assume that cleavage occurs only at some 001 planes in contact
with the edges with an average distance d between them. The force required to overcome the edge
contact by cleavage is then given by:

ca
FedgeC = 2ysg (438)

4.3.3.2 Griffith type failure

The second mechanism considered here for failure of the edge of the top grain is Griffith
type failure (Griffith 1920, 1924). The observed discrepancy between the theoretical stress needed
for breaking atomic bonds and the much lower actual stress needed for brittle failure led Griffith to
the hypothesis that failure is caused by the presence of microscopic flaws. These flaws act as
concentrators of stress. At the tip of such a flaw or crack the remote applied stress is intensified,
meaning that a lower applied stress is needed to initiate rupture. Griffith obtained a criterion for the
stress needed to propagate an elliptical crack in uniaxial compression using an energy balance. He
considered the elastic energy released when a crack propagates and the work done in creating new
crack surfaces. This resulted in to the following criterion for failure:

2v E
o = [ (4.39)
7d

crack
where O, is the stress at failure, y, the surface energy, E_ the Young’s modulus for a single crystal
and d__ ., the half width of an elliptical crack.

The microstructures of the loading experiments presented in Chapter 3 show that the edges
of phyllosilicate grains have imperfections that can act as stress concentrators and facilitate failure
similar to Griffith type cracks. A schematic representation of how a Griffith type failure in the edge
contact model is envisioned is shown in Figure 4.8. It assumed that the crack fails in a tensile
manner, i.e. the crack is a mode | type crack. To evaluate the force needed to overcome the edge-
contact by Griffith type failure, it is assumed that this force is linear proportional to force at failure.

F F

edge edge

x O = (o, (4.40)

c c

ca ca

Combining equation (4.39) and (4.40) leads to the following expression for the force needed to
overcome the edge contact due to a Griffith like failure

2y E.
ngeG =Cca “Vabe

e

— (4.41)

crack
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Figure 4.8a)

Schematic overview of the unit cell of edge contact model

edge O

Figure 4.8.b) Detailed picture
showing schematically the intial flaw and
accompanied forces
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4.3.4 Final microphysical model assembly and predicted frictional parameters
In sections 4.3.2 the vertical contact dimension ¢ was expressed as function of the applied
normal stress O, for the various proposed bending mechanisms, yielding three different expressions

for the macroscopic shear strength as a function of o, (4.17; 4.24; 4.35). In addition, in section 4.3.3
three expressions for the failure strength of the contact were obtained, each derived assuming a
different failure mechanism or scale thereof. These equations can be combined in different ways,
leading to nine different relations between the macroscopic shear strength T and normal stress Gn,
shown for cleavage failure and Griffith type failure in Table 4.1 and 4.2, respectively.

The relations between T and O, presented in table 4.1 and 4.2 can be used to predict the
(apparent) macroscopic friction coefficient . The microphysical models in which either elastic
bending or time independent ductile bending is assumed (4.42- 4.45; 4.48; 4.49), give a linear
relation between the normal stress and the shear stress in the form of T=A0,, i.e. they predict
that the friction coefficient u is then equal to A. For example, the microphysical model combining
the maximum strength for cleavage failure with an elastic bending mechanism (4.43) predicts that

b 2y.S
M= Ed (S+a)
which the contact is the result of time dependent ductile bending is not linear with normal stress but
exponential, rendering isolation of t more difficult. However, an apparent coefficient of friction can
be obtained by assuming that the relation between 7 and O, at a certain range of normal stresses
can be approximated as linear.

Apparent friction coefficients for the different models are calculated using the phyllosilicate
mineral muscovite as an example. In calculating the friction coefficients, it is assumed that frictional
slip along the horizontal phyllosilicate contact leads to negligible resistance compared to that due to
failure of the edge contact. The values used for the different parameters are presented in appendix 2
and the predicted friction coefficients are presented in table 4.3 and 4.4 for cleavage failure and
Griffith type failure, respectively. The friction coefficients for the different microphysical models
assuming cleavage failure range from 1.25 x 107 to 1.25 x 107 (Table 4.3). The different
microphysical models assuming Griffith type failure, in turn, predict friction coefficients ranging from
1.2 x 10° to 0.9 (Table 4.4).

The effect of (changes in) sliding velocity and/or temperature on u for each microphysical
model can be qualitatively estimated based on the relations between T and 0, shown in table 4.1
and 4.2. For example, if in the equation describing the shear strength the latter is not dependent on
the temperature or on the sliding velocity, it follows logically that there is no effect of temperature
or sliding velocity on . Only when either of the failure mechanisms is combined with ductile, time
depended bending as contact mechanism it results in a dependence of u on the velocity, i.e.
velocity weakening (Tables 4.3 and 4.4).

. The relation between T and O, predicted for microphysical models in

lattice
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bo . b
yield ~
Tcodymax = A J_E +lu+4, J i o,
lattice ™ a lattice @ (4.45)
~ b ayield 1 S
T (Cedpymin = A +uo, + 4, — + £ SAdexp(po,)exp(-Q/RT) +1,
a a a vslt’de
80
- A, (b0 1 S
T crdymax = MO, + d - £ SAdexp(po,)exp(-Q/RT) +1
lattice a a a slide
(4.47)
Table 4.1 Relation between T and O’n for models combining cleavage failure and the different contact mechanisms. Al is
2yS and A2 is Z)/_SS
(S+a)a S+a)
o[z Cib 2R,
(Gre) = | U E a\lm n
a grif  ith (4.48)
b Oyield 2Ec}/s ~ Cl b
T = — C +lu+——_[— |0
A P | h a\ e "
grif f ith (4.49)

a

2 o yield

a

+

T (Geary = MO,

a

(4.50)

1 SAexp(fo,)exp(-Q/RT)
a

[

——+1,

)

slide

Table 4.2

Relation between T and O’n for models combining Griffith type failure and the different contact mechanisms
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=249x10™

------------------------------------------- With increasing

‘u(C+e)max
=1.88x10™"
Hom ST With increasing temperature, p
No increases
-2
‘u(C+d)max =1.87%10
11
M rarymin =188 x10

e arymax =187 % 10”

sliding velocity,

With increasing temperature, u
increases

M decreases

Table 4.3

combining cleavage failure and the different proposed contact mechanisms

The apparent friction coefficient, predicted response of p on velocity and temperature for microphysical models

Corirrit
(in um) Cl =1 Cl =10
01 | UGee) =3-8% 107 HGrey =38 % 107
05 | MGeey =1.7x 107 MUGrey =1.7% 107
L | e =12x107 | pg,, =12x107 Noo|No
15 | MGeey =99 % 107 MG ey =99 x 107
0.1 Ugeay =029 Moy =29
05 Ugea) =013 Ugeay =13 With increasing
1 Ug.a) = 0.096 Ug.a) =0.96 temperature, u
No increases
15 Ug.ay =0.074 UG.ay =0.74
0.1 UG.ay =029 MGaay =29 With
=0.13 =13 increasing With increasing
0.5 i +a) M +a) sliding temperature,
1 MGy = 0.096 MG ra) = 0.96 velocity, increases
decreases
15 G.ay =0.074 UG.ay =0.74

Table 4.4
combining Griffith-type failure and the different proposed contact mechanisms

The apparent friction coefficient, predicted response of p on velocity and temperature for microphysical models
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5 Microphysical models for wet phyllosilicate friction

Negligible differences are reported in the literature between the microstructures of wet and
dry phyllosilicates sheared at low temperature (RT<T<400 °C) (cf. Chapter 2; e.g. Moore and Lockner,
2004). Frictional sliding of wet phyllosilicates is accordingly assumed to be potentially controlled by
the same scales of interaction between the sliding grains as dry phyllosilicates (Chapter 4), i.e.
interactions at the i) atomic-, ii) asperity- and/or iii) grain- scale. Microphysical models for the steady
state frictional sliding of wet phyllosilicates are therefore developed by evaluating if, and if so, how,
the models developed for dry phyllosilicate friction are affected by the presence of pore fluids.

Recall from Chapter 2 that from previous experimental studies a microphysical model for
wet phyllosilicate friction needs to explain the following main observations:

i) A significant drop in frictional strength (u,,,,is~0.1-0.2 lower than t,,, ) of phyllosilicates in
the presence of pore fluids compared to dry friction.

i) Velocity strengthening behaviour of phyllosilicates at room temperature.

iii) An observed decrease in velocity strengthening with increasing temperature to (near)

velocity-neutral or even slightly velocity weakening behaviour at the temperature range
considered. (RT<T<400 °C).

iv) The qualitative relation found by Moore and Lockner, 2004 and Behnsen and Faulkner, 2012
that phyllosilicate minerals with hydrophobic plate surfaces have a lower drop in frictional
strength between u,,, and u,,, than phyllosilicates with hydrophilic plate surfaces.

First, models in which wet phyllosilicate friction is controlled at the atomic scale are
presented, followed by models for grain scale controlled friction. As explained in Chapter 4 models
for asperity controlled friction are not derived in this study. An explanatory list of symbols
introduced in these models is presented in Appendix 1.
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5.1  Atomic barrier model in the presence of water

In this model, it is assumed that the presence of pore fluids only has a mechanical effect on
friction and the possible chemical effects introduced by the presence of pore fluids are ignored.
These latter effects are considered separately in section 5.2. This is done in order to separate the
effects of these two types of processes on friction.

5.1.1 Model microstructure

A similar schematic microstructure and corresponding unit cell as used in section 4.2 is used
for a wet phyllosilicate aggregate in which only atomic scale interactions offer shear resistance (Fig.
5.1a,b). In this model microstructure, movement of the phyllosilicate grains with respect to each
other is assumed to occur atomic scale friction. The load supporting area, i.e. the horizontal area
along which the grains are in contact with each other, is defined as a,, while the area of the unit cell

where the macroscopic normal stress is acting upon is called A.

R E
T

== - | - ¥

| | 5 T
I DS Daaiaas B 7§ |

i I : S

| El L
o || B .

_
—r-

Figure 5.1a Schematic  2-dimensional representation of the Figure5.1b Unit cell of microphysical model
microstructure of the wet atomic friction controlled microphysical model. The for wet atomic controlled friction. In this figure S is the
dotted red lines highlight the area of the unit cell. average horizontal distance between the phyllosilicate

grains, p is the height of an individual grain and a is the
width of a grain.

5.1.2 Force balance

It is assumed that fluids are only present in the pores and not along the grain contacts.
When pore fluids are present, the macroscopic normal force 0, A acting on the unit cell is balanced
by the microscopic normal force 0,A acting on the grain contacts plus the force supported by the
pore fluid Pf(A -a,),ie.

0,A=0,a,+P,(A-a,) (5.1)

The force balance between the macroscopic and microscopic shear forces is the same as in the dry
case, since fluids can not support shear forces, so:

TA=1a, (5.2)

Rewriting equation 5.1 and using the same assumption as in the dry model, namely that for atomic
scale interactions the relation between T and O, is frictional (4.10) yield the following relation
between T and O,:

A

=2
ar

T
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L s ~ A
T=uo,(4.10) -0, =—7 (5.3)

Rewriting equation 5.1 and subsequently combining the resulting equation 5.3 yields the following
expression for macroscopic shear stress 7':

o,A-P,(A-a)

o,
ar
A o,-P)A+P.a, - P.a,
- T=( 2 / — r:ﬂ(an_Pf+ ! ) (5.4)
Auar ar A

When a pore fluid is present in the phyllosilicate aggregate, the contact area between the grains
decreases as a result of fluid infiltration into the (grain) contacting areas (e.g. Paterson and Wang,
2002). If, as a result, the contact area of the grains a, becomes much smaller than the total unit cell
area A equation 5.4 simplifies to:

P.a
a, <<A R P
A A
Ta—wet = Aa(o-n - Pf) = ﬁ(aneff) (55)

5.1.3 Predicted macroscopic frictional parameters

The microphysical model for friction controlled by wet atomic scale interactions with only a
mechanical effect due to presence of pore fluids predicts that the macroscopic frictional behaviour
of wet phyllosilicates is controlled by the microscopic friction coefficient /jt This result is equivalent
to that obtained for the dry atomic scale controlled friction, with the exception that in this case a

relation between 7 and O, . is obtained instead of 7 and O,. As mentioned in section 4.2.3, the

literature on atomic scale friction of phyllosilicates is scarce. Liu et al. (1998) found an atomic
coefficient of friction of 0.045 for muscovite using nanoscale Atomic Force Microscopy (AFM).
Bucholz et al. (2012) studied atomic scale friction of pyrophyllite using AFM and obtained an atomic
scale friction coefficient of ~ 0.03. Israelachvili and Kott (1990) reported friction coefficients of 0.01-
0.03 for the sliding of atomically flat mica sheets with a confined layer of water between them. Thus,
this model predicts very low values of the coefficient of friction.
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5.2  Thin adsorbed water film model

Moore and Lockner (2004) proposed that frictional sliding in wet phyllosilicates is
accommodated by viscous slip on a thin water film bonded to the 001 mineral plane. According to
Moore and Lockner (2004), the water molecules are bonded to the 001 mineral plane of
phyllosilicates in proportion to their surface energy. The difference in frictional strength between
different water-saturated phyllosilicates is accordingly explained as resulting from the difference in
bonding strength of this thin film of water to the phyllosilicate surface.

To evaluate the hypothesis of Moore and Lockner (2004) in a physically robust way, a
microphysical model is developed here, where the mechanism controlling frictional sliding is viscous
slip on a thin water film confined between phyllosilicate grains.

5.2.1 Model microstructure and deformation mechanisms

The same microstructural model as used in the atomic interaction controlled friction model
is used here, but now a thin adsorbed film of liquid separates the grains. A schematic representation
of the proposed microstructural model is shown in Figure 5.2a and the corresponding unit cell in
Figure 5.2b. The movement of the grains past each other in this model microstructure is
accommodated by viscous slip in the thin adsorbed liquid film.

 —
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Figure 5.2a A schematic representation of the microstructure  Figure 5.2b Schematic representation of the unit

for thin adsorbed film model. The blue lines represents (very cell of thin adsorbed film model. The parameters g, b and

schematically) the confined adsorbed layer. The dotted red lines highlight  represent the horizontal width of a grain, the thickness of

the unit cell the grain and the average distance between the grains
respectively. The thickness of the confined layer of water is
given by §. The thickness of the confined water film
compared to the grains is exaggerated in this figure.

5.2.2 Force balance
The microscopic normal stress 5,,, supported by a thin film of fluid confined between two

solids, is equal to the pore fluid pressure of the bulk fluid phase Pf plus an additional term called

disjoining pressure I1, (Butt et al, 2003). The disjoining pressure is caused by an interplay of surface
interactions, however for confined liquids it is more appropriate to think of the disjoining pressure
as an increased pressure supported by the liquid film, instead of as resulting from surface forces.

&~T,+P, (5.6)

The microscopic shear stress needed to slide two grain past each other by viscous slip in a
confined Newtonian fluid, such as water, depends on the shear strain rate y and the viscosity of the

fluid :

T =ny (5.7)
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The general force balance between the microscopic and macroscopic, shear and normal
stresses is in this model equivalent to section 5.1 and shear stresses, i.e. equations 5.1 and 5.2.

Rewriting those equations and using 5.5 and 5.6 results in the following expression for the shear
strength:

0,A 0,a,+P(A-a,)

TA Ta

r

o a,
- o,a,+P.(A-a,) (5.8)

The expression for the shear strength T can be simplified if it assumed that the average distance
between the grains S is negligible compare to the area that is covered by an adsorbed film, a,, the
macroscopic area of the unit cell, A, is roughly equal to the grain contacting area.

S<<a A=(a+Sa=a’ —a =(a-Sa=a’—A-a =0

Since the area where upon the macroscopic shear stress is acting is the same area as where upon
the microscopic shear stress is acting the macroscopic and microscopic shear stresses are equal:

W =1a> —>T1="1 (5.9)

Combining then equation 5.7 and 5.9 yields the following expression for the macroscopic shear
strength:

T =ny (5.10)

The shear strain rate y in this geometry is given by the sliding velocity of the grains past each other,
V e, OVer the thickness of the film, 8. Using this expression for ¥ and equation 5.10 yields:

- Viiide
P
vxlide
T=N—"
s (5.11)

The thickness O of a confined thin water film decreases with increasing (macroscopic) effective
normal stress O, acting on the water layer (Rutter, 1983; Isrealachvilli et al., 1988; Renard and

Ortoleva, 1997). The macroscopic effective normal stress is in equilibrium with the microscopic

normal stress by the thin film, meaning that the effective normal stress is equal to the disjoining
pressure II,, i.e.:

(5.12)
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The relation between the thickness of the water film 0 and the disjoining pressure I, is
found to be either an exponential function in the form 6 = aexp(bIl,) or a power-law function of
the form 6 = aHd" (e.g. Pashley and Israelachvili, 1984; Beaglehole and Christenson, 1992; Heidug,

1995; Renard et Ortoleva, 1997), where a, b and n are experimentally derived constants. Beaglehole
and Christenson, 1992 measured the disjoining pressure of thin water films on mica sheets (Fig. 5.3).

Layer thickness vs Disjoining Pressure

Figure 5.3  Thickness (S of
thin water film on mica
plotted versus the disjoining

pressure Hd' after data of

Layer thickness (nm)
N

Beaglehole and Christenson,
1992. The trend line is
¢ Beaglehole and Christenson, 1992 obtained assuming a power

law relation between (S and
Hd.The trend line has a
least square fit of R’=0.93%

Power-law trend line

0 20 40 60 80 100 120
Disjoining Pressure (MPa)

A power law function of the form 6 = all), was found to fit the data best with a being

1.472x10° mN™ and a 7-value of 6.145x10™. Inserting this power-law function for 0 into equation
5.12 yields the following expression of the macroscopic shear strength 7:

v.\'lide

-5 __-0.614

T, =1

5.2.3 Material properties of confined liquid films

Equation (5.7) used to describe the viscous slip in the model, assumes macroscopic
continuum behaviour of the fluid. The properties of a thin adsorbed liquid film, however, are not
necessarily similar to its bulk continuum fluid properties. It is therefore necessary to review if, and if
so how, the properties of thin films of liquids, and water in particular, are different from their bulk
properties.

It is commonly assumed that adsorbed liquids consisting of only a few molecular layers are
structured, which should lead to an increased viscosity of the adsorbed liquid film. However,
conflicting results are obtained for the properties of confined liquids by different groups of authors
using different kinds of experimental techniques. Israelachvili and colleagues (e.g. Israelachvili and
Adams, 1978; Pashley and Israelachvili, 1984; Israelachvili, 1986; Israelachvili and Kott, 1988;
Israelachvili et al., 1990) were the first to study the properties of liquids in confinement using the so-
called surface force apparatus (SFA). In this apparatus a liquid is compressed between two cylindrical
mica sheets. The distance between the sheets is measured by interferometry and the resistive force
opposing the approach of the sheets towards each other and/or the sliding of one sheet relative to
the other is measured by an arrangement of springs (e.g. Pashley and Israelachvili, 1984;
Israelachvili, 1986)
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In studies using the SFA on a variety of liquids, it is commonly seen that eventually the
viscous friction behaviour of the liquids breaks down when 1-6 molecular layers of adsorbed liquid
on the surface are present (e.g. Israelachvili and Kott, 1988; Klein et al., 2001). This is thought to
arise from the transition from a fluid-like behaviour to solid or glass-like behaviour. For example, it is
commonly seen that a finite shear stress is needed to initiate sliding for such thin liquids films
(Israelachvili et al., 1990).

In SFA studies on pure water and/or aqueous solutions however this behaviour is not
evident. For example, Israelachvili (1986) found that a thin film of water confined between two mica
surfaces has bulk liquid properties even when only one molecular layer of water was present at the
mica surface. Israelachvili also concluded that the position of the plane of slip is, within one
molecular layer of the interface, consistent with the no slip boundary condition for viscous flow. His
conclusions were not affected when instead of water a high concentration NaCl solution was used,
introducing high repulsive hydrations surface forces. As a result, the water molecules should be
more tightly bonded to the surface and this reaction should lead to an enhanced viscosity of the
confined film (as is the case for other liquids studied), but evidently this was not the case for water.
Other authors, using similar methods (e.g. Israelachvili and Kott, 1998; Klein et al.,, 2001),
reproduced these results. All found the viscosity of confined thin water layers to be maximally 2-3
orders of magnitude higher than the bulk viscosity of water. Measurements of diffusion coefficients
in confined films of water by Alcantar et al., 2003, were found to be around 2-3 orders of magnitude
higher than bulk coefficients, further strengthening that the properties of confined films are broadly
similar to those of their bulk properties.

It should be noted that the values obtained by Israelachvili and other authors using the SFA
are however not in agreement with groups of authors using the Interfacial Force Microscope (IFM).
In IFM, the frictional force of liquids between a probe tip and a flat sample is studied. IFM studies of
water confined to 1-2 nm between the IFM-tip and a flat sample typically give results for the
viscosity in the order of 10° to 10 times the bulk viscosity of water (e.g. Major et al., 2006; Goertz et
al., 2007). At the moment there is no explanation for this discrepancy.

The viscosity measurements done by Israelachvili and colleagues are conducted in
experimental settings considerably more similar to the settings in which friction experiments on
phyllosilicates are conducted than that of the IFM, i.e. liquids confined between two phyllosilicate
minerals instead of a probe tip and a sample. The viscosity measurements conducted by the SFA are
therefore used as an estimate for the viscosity of a thin adsorbed water film on a phyllosilicate grain.

5.2.4 Predicted macroscopic frictional parameters

Using equation (5.13), the shear strength T needed for viscous slip on a confined water film
versus the effective normal stress is calculated (Fig. 5.4 and 5.5). A value for #) hundred times the
bulk viscosity of water at room temperature (100 Pa s) was used in these calculations, based on the
results of Israelachvili and colleagues and sliding velocities of 10° um/s (Fig. 5.4) and 1 pm/s (Fig.
5.5), respectively. As can be observed in Figures 5.4 and 5.5, the relation between 7T and O,/ is

not linear, so only an apparent coefficient of friction can be calculated. In both figures, the relation
between T and O, is linearly approximated for effective stress ranges of 1-20 MPa, 20-40 MPa

and 40-100 MPa. The apparent coefficient of friction obtained by assuming a linear relation in these
stress ranges is shown in table 5.1. Table 5.2 and equation 5.13 clearly show that increasing the
sliding velocity with an order of magnitude results in an increase of frictional strength by the same
order of magnitude, meaning that velocity strengthening behaviour is predicted by this model.
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Shear strength vs Effective normal stress for vslide = 0.00001 pm/s
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Table 5.1
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Figure 5.4 The relation between
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controlled friction with 77 is 100
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Figure 5.5 The relation between

T and anef] for viscous slip
controlled friction with 77 is 100
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5.3 Grain scale barrier model in presence of water

In section 4.3, microphysical models were derived in which friction of dry phyllosilicates is
controlled by the edge-contacts between the sliding grains. In the current section, it is evaluated if,
and if so how, these models change when pore fluids are present. Furthermore an additional
mechanism of overcoming edge-contacts is discussed in section 5.3, i.e. failure by subcritical crack
growth.

5.3.1. Model microstructures and deformation mechanisms

A similar microstructural model and corresponding unit cell as used in section 4.3 is used
here (Fig. 5.6), with the difference that now pore fluids are present. The strain in this model is
accommodated by the serial processes of either atomic scale controlled friction or viscous slip on a
thin adsorbed film along the horizontal contact and internal deformation of the (top) grain to
overcome the edge contact.

Figure 5.6 Schematic
representation of the unit cell used

for the wet edge contact model. S
here represents the average distance

between the grains, d and b
represent the length and height of
the phyllosilicate grain respectively.
C is the vertical length of contact
between the grains. Lastly, T and

O'n are the macroscopic shear and

normal stress respectively.

5.3.2. Force balance

The general expression (4.9) obtained for the macroscopic shear strength T for the dry edge
contact models is modified hereunder for the case when pore fluids are present. When it is assumed
that sliding along the horizontal contact area is controlled by ‘wet’ atomic scale friction behaviour
(cf. section 5.1) equation 4.9 is modified to include a pore fluid pressure term, yielding:

~ Tedgec
T=UO, ;s+— — (5.14)

a

If it is assumed that sliding along the horizontal contact area is controlled by viscous slip on a thin
confined film (cf. section 5.2) equation 4.9 is modified to include a pore fluid pressure term, yielding:

v ide Te EC
slide + dg (5.15)

T="N
147210702557 g
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The force to overcome the edge by different failure mechanisms and the different proposed
mechanisms by which the vertical contact length ¢ can be established are evaluated in section 4.3.
In the following section it is evaluated if these bending and failure mechanisms are affected by the
presence of pore fluids.

5.3.2.1 Effect of pore fluids on bending mechanisms

Recall from section 4.3 that contact between adjacent grains can be introduced by bending
of the upper grain into the pore area by: i) elastic, ii) ductile time independent and iii) ductile time
dependent bending deformation. The elastic behaviour of (rock) materials is not affected by the
presence of pore fluids (Paterson and Wong, 1998). There is also no evidence that ductile time
independent processes such as work hardening deformation are affected by pore fluids. The effect
of pore fluids, especially water, on dislocation creep deformation has been studied by various
authors on i.e. quartzite (Post et al., 1996), quartz (Ayensu and Ashbee, 1977) and olivine (Faul et al.,
2011). It is found that the presence of water increases the rate of dislocation creep. Since time
dependent ductile deformation of phyllosilicates is not well studied, it is not possible to incorporate
this effect into the model calculations.

5.3.2.2 Effect of pore fluids on failure mechanisms

Recall from section 4.3 that two possible failure mechanisms of the edge contact are
evaluated; i) failure of the edge contact by cleavage and ii) Griffith-like failure of the edge contact.
The presence of pore fluids has no effect on the mechanism of cleavage failure. It can, however,
drastically change the surface energy of materials (Butt et al., 2003; Israelachvili, 2011). The surface
energy of muscovite is for example in complete vacuum ~ 5 Jm-> (Obriemoff, 1930), but drops in
humid environments to 0.3 Jm? (Bailey et al., 1969). Note that the value for surface energy in
vacuum is not used in the dry models, since experiments on phyllosilicates friction are not
conducted at that level of vacuum. It is therefore assumed that the presence of pore fluids has no
effect on the cleavage failure mechanism.

The presence of water has in principle also no effect on Griffith-type failure mechanisms, but
it is well established that when pore fluids are present, failure commonly occurs at stresses (much)
lower than predicted for Griffith failure (e.g. Atkinson, 1979; Scholz, 2002). This phenomenon is
called subcritical crack growth and is assumed to occur instead of Griffith failure when pore fluids
are present. Griffith-type failure is therefore assumed to be the maximum failure strength in the
case pore fluids present. The process of overcoming edge contacts by subcritical crack growth failure
is evaluated in the next section.
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5.3.3. Subcritical crack growth failure

Subcritical crack growth is the general term for the phenomenon where pre-existing cracks
in a material propagate at stress intensity factors significantly lower than the critical value for
dynamic failure, meaning that cracks propagate at substantially lower (remote) stresses than the
critical stress predicted a Griffith-type failure. A number of mechanisms have been suggested to
explain this phenomenon: e.g. stress corrosion and atomic diffusion. Stress corrosion is thought to
be the dominant process at low homologous temperatures. Crack growth by stress corrosion occurs
by the weakening of strained bonds at the crack tip by a stress dependent chemical reaction, which
is influenced by the pore fluid (chemistry) in the crack environment (Atkinson, 1979; Freiman, 1984;
Scholz, 2002).

The relation between the crack growth velocity v, and the applied stress or stress intensity
factor is usually described in a power law of the form:

v, = ADK! (5.16)

where A(T)is an experimentally derived temperature dependent term and n is called the stress-
corrosion index (Atkinson, 1979; Scholz, 2002). For stress corrosion dominated subcritical crack
growth, the following general expression between the crack propagation velocity and the stress
intensity factor has been derived from theoretical considerations and experimental work (Bolz and
Weiderhorn, 1970; Atkinson, 1979; Scholz, 2002):
-H + BK,
vV, =V, exp RT (5.17)
where v;) and B are experimentally fitted constants, H is the activation enthalpy related to the
process by which subcritical crack growth occurs, R is the gas constant, T the absolute
temperature and K is the stress intensity factor for the opening of a mode 1 crack. In this study,
this crack growth law is used because of its theoretical basis.
The approach used to obtain an expression relating the failure strength of a grain contact by
subcritical crack growth failure and the macroscopic sliding velocity is to integrate the time it takes
for a subcritically growing crack with initial length ¢, to grow to a failure length ¢, at which the

crack fails dynamically. This is described in Appendix 3 and vyields the following expression for the
sliding velocity:

d

unitcell

slide =
~boAr H -boAw ~boAm H -boArn
2— e, =Dexp(— - -—— 2 G —Dexp( - — L
( \e, Jexp(—— «E_»_( Ve Jexp( = — eo)

RT RT
—bar\/;)z —bar\/;)z
RT RT

Vo Vo

This expression is complex, and a second, simpler approach is used here to obtain a first
order estimate of the relation between the failure strength of edge contacts by subcritical crack
growth and the sliding velocity. It is assumed that the remote stress acting on the crack O, can be
regarded as a constant during crack growth and that with fixed stress, cracks, with initial crack length
¢, will start to grow until they have a crack length of failure Cr and fail dynamically. Instead of

relating the sliding velocity v, with the time it takes for an edge contact to fail, it is assumed for

simplicity that the mean crack growth velocity is approximately equal to macroscopic sliding velocity,
so Vv

~
=~ ,
crackmean VSllde .
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At the mean crack velocity, V., means the growing crack has a length of ¢, .. Using the
expression for the stress intensity factor K, and rearranging the terms of equation 5.17, an
expression relating remote stress acting on the crack with the sliding velocity is obtained:

Kl = Bar Vﬂcmean

—-H + Bo,_+|7c
Ve RT

mean

ln( vslide ) = _H + Bar ﬂcmean

12 RT
1n(v~*’”’" )RT +H
Vo
o= J
TC rean (518)

Assuming then, as is done in section 4.3.3.2 for Griffith type failure, that the remote applied stress
0, is linearly related to F,,,, the following expression for F,, , is obtained:

Clo_r - edge scc
ca
In(v,. /vy))RT + H
slide 0
Fedge sce . = Clca

BAC (5.19)
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5.3.4 Final model assembly and predicted frictional parameters

In sections 5.2 and 5.3 expressions were derived for either wet atomically controlled friction
(5.14) or viscous slip on a thin adsorbed film (5.15) on the horizontal contact area. Combining these
expressions with the expression obtained for cleavage failure (4.37-4.39) or subcritical crack growth
failure (5.19) of the edge contact yields different expressions relating 7 with Ot f and are

presented below.

Cleavage failure models assuming wet atomically controlled friction at the horizontal contact
area between the grains, predict an equivalent expression for macroscopic shear stress T as in the
dry cleavage failure models, but now with 7 as a function of the effective normal stress aneff(cf.

Table 4.3). These wet cleavage failure models predict therefore the same frictional parameters as
the models for the dry case (cf. Table 4.4). The relation between T and Ot f for wet cleavage failure

models assuming viscous slip on a thin adsorbed film at the horizontal contact area is presented in
table 5.3 and the respective predicted frictional parameters of these models in Table 5.4.

The microphysical models assuming cleavage failure and viscous slip on a thin adsorbed film
predict apparent friction coefficients ranging from 6.72 x 10® to 2.54 x 10, All models predict a
dependence of p on (changes in) the sliding velocity since viscous slip (on a thin adsorbed film)
depends strongly on the sliding velocity. Therefore all models, except the model combining ductile
time dependent bending and cleavage failure of the edge contact, predict that u increases linearly
with increasing sliding velocity. The model combining ductile time dependent bending predicts a
competition between velocity weakening due to ductile time dependent bending and velocity
strengthening due to viscous slip.

The relation between T and Ot f for microphysical models assuming sub critical crack

growth failure of the edge contact and viscous slip on a thin adsorbed film at the horizontal contact
area are presented in table 5.5.

No literature exists on subcritical crack growth processes in phyllosilicates and therefore the
relevant parameters needed in calculating the frictional parameters that the subcritical crack growth
failure models would predict are unknown. Thus, the predicted frictional parameters of subcritical
failure models can only be described qualitatively. The predicted frictional strength of subcritical
crack growth failure models is lower than that of Griffith-type failure, since cracks of a fixed length
start to grow by subcritical processes at stress intensity factors and by consequence remote stresses
lower than predicted from (dynamic) Griffith-type failure. Furthermore, subcritical crack failure
models predict that p increases with the natural logarithmic of the macroscopic sliding velocity as is
clear from equation 5.19 and table 5.5. Therefore, all models, except the model combining ductile
time dependent bending and failure of the edge contact, predict velocity-strengthening behaviour.
The model combining ductile time dependent bending predicts a competition between velocity
weakening by the ductile time dependent bending process and velocity strengthening due to viscous
slip.
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ZYSS and A2is 2}/SS
(S+a)a (S+a)

v, =lumls
slide wn U increases linearly
3 _3 | with increasing sliding
Hiciomn =674x107 | e eymin =074 X107 | gjocity No
=249%x10™ =6.99x107
Au(C+e)max e Au’(C+e)max Ve
M increases linearly
-8 -3 . . . T . N
M vdymin = 674 x10 U vdymin = 674 x10 with .|ncreasmg sliding u |r'1creases with
""""""""""""""""""""""""""""""""""""""""" velocity increasing T
-2 -2
U rarma =1.86%10 e rrmes =254 %10
Combination of linear
increase with sliding
8 3 |velocity of u due
Hcrgmn =074 <107 | Hcraymin =074 x 107 viscous  slip  and
decrease of p with
increasing sliding | 1 increases with
velocity at edge | increasing T
i " contact failure
U rarma =1.86%10 U rarmes =254 %10
Table 5.3 The apparent friction coefficient, predicted response of p on velocity and temperature for microphysical models combining cleavage failure

and the different proposed contact mechanisms
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T - TI vslide + gé ln(vslide /Va )RT + H o
(scc+e) 1.472. %1073 0;;;145"' E. a Bnd nef f 5.26)
. - Y ide i C Oyieta b In(v, /v,)RT + H N ﬁé In(v,, /v,)RT + H
Cer 14721070 0,08 T E, a Bymd h a Bynd el
(5.27)
vslide ln(vslide /va )RT +H b Gyield S
T = C - + SAexp(fo exp(-Q/RT +1t
(scc+dt) n 1472)( 10_5 0;;;145"_ 1 ( BM a Ea p(ﬁ neff) p( Q ) e f
(5.28)
Table 5.4 Relation between T and O'ne f for subcritical crack growth failure and viscous slip microphysical models for different contact mechanisms
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6 Discussion

Based on the observations reported in the literature (cf. Chapter 2) and on experiments
conducted in this study (cf. Chapter 3) it is concluded that frictional sliding of dry and wet
phyllosilicates at low temperature (RT<T<400°C) is controlled at one of the following interaction
scales between the (sliding) grains: i) atomic, ii) asperity or iii) grain scale. In Chapters 4 and 5
microphysical models were developed for steady state frictional sliding of respectively dry and wet
phyllosilicates at low temperature. In the derived models friction was either controlled by atomic or
by grain scale interactions between the sliding grains. The predicted (apparent) frictional coefficients
and predicted trends in the dependence on (changes in) sliding velocity of the friction predicted by
the different developed microphysical models are compared with observations on phyllosilicate
friction reported in the literature. This is done in order to evaluate if one of the models can explain
the observations on pure phyllosilicate friction.

6.1 Dry models versus observations in literature

Recall from Chapter 2 that a microphysical model for dry phyllosilicate friction ideally should
explain the following main observations on phyllosilicate friction:
i) The low frictional strength of dry phyllosilicates compared to other rock forming minerals,
i.e. U=0.1-0.6 compared to 1 =0.85 (e.g. Byerlee, 1978; Ikari et al., 2009,2011)
i) The velocity strengthening behaviour of phyllosilicates observed at low temperature range
(RT<T<400°C) (e.g. Ikari et al., 2009, 2011; van Digellen et al, 2010; den Hartog et al., 2013)
iii) The (linear) relation found by Moore and Lockner, 2004 between the interlayer bond
strength of phyllosilicate minerals and their frictional strength.

6.1.1 Atomic scale barrier model versus previous experiments

The microphysical model developed for atomic scale friction predicts that the macroscopic
coefficient of friction, u, is equal to the atomic coefficient of frictionﬁ. Values of the atomic
friction coefficient of phyllosilicates reported in the literature are roughly one order of magnitude
lower than the macroscopic coefficient of friction observed, i.e. i is ~0.03 for pyrophyllite (Bucholz
et al., 2011) compared to a value for u of 0.33-0.38 (Marone and Lockner, 2004; Benhsen and
Faulkner, 2013) and @ ~0.045 for muscovite compared to a value u of 0.42-0.59 (Morrow et al.,
2000; Marone and Lockner, 2004; Benhsen and Faulkner, 2013). Furthermore, the observed velocity
strengthening behaviour of phyllosilicates is not predicted by the atomic scale controlled friction
model, instead the model predicts no dependence of the frictional strength on (changes in) the
sliding velocity.

The atomic scale friction model can (therefore) explain none of the observations of
phyllosilicate friction and it is thus concluded that friction of dry phyllosilicates is not controlled by
atomic scale interactions between sliding grains.

6.1.2 Grain scale barrier models versus previous experiments

In the models derived for grain scale interaction it is assumed that friction is controlled by
(overcoming) the contact between the edges of adjacent grains. Contact between adjacent grains is
in all the models assumed to occur by bending of individual grains over pore areas between grains by
either i) elastic, ii) ductile time independent and iii) ductile time dependent bending. Overcoming the
edge contact is assumed to result from either failure by i) cleavage of the edge-contact and ii)
Griffith-type failure.
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6.1.2.1. Cleavage failure models
Cleavage failure models predict coefficients of friction that are between 2 to 13 orders of

magnitude lower than observed, i.e. a minimal value, U, i, Of 2.5 x 10" for a combination of

elastic bending and a minimal cleavage failure scenario and a maximum value, U, my Of

1.87 x 107 for a combination of a theoretical maximum cleavage failure scenario and time
(in)dependent scenario. These values are respectively 13 to 2 orders of magnitude lower than the
friction coefficient observed in experiments. The models for the theoretical maximum cleavage
failure are based on an extremely unlikely scenario, namely failure of every cleavage plane of the
area of edge-contact. The amount of failed cleavage planes in this scenario is extremely high, e.g.
~150 cleavage planes fail per edge contact for the ductile time independent contact mechanism at
10 MPa. There is no evidence in the literature or in the experiments for such a scenario.
Furthermore the velocity strengthening observed in the literature is not predicted by any of the
cleavage failure models. Lastly, cleavage failure models do predict the relation between the surface
energy and frictional strength of phyllosilicates by Moore and Lockner (2004), since the macroscopic
shear strength in all cleavage failure models is linearly dependent on the surface energy.

Since cleavage failure models can only explain the relation between the surface energy and
the frictional strength reported by Moore and Lockner (2004) and none of the other observations on
phyllosilicate friction it is concluded that cleavage failure edges of adjacent grains is not the
controlling mechanism of phyllosilicate friction.

6.1.2.2 Griffith-type failure models

The models combining ductile time depended and time independent bending with Griffith-
type failure predict frictional coefficients which fall in the range of frictional coefficients predicted by
experiments, i.e. the models predict a u ranging from 0.074 to 2.9, depending on values of the
parameters used compared to u of 0.42-0.59 (Morrow et al., 2000; Marone and Lockner, 2004;

Benhsen and Faulkner, 2013)
The wide range of u -values for these models is caused by the uncertainty in the following

input parameters: i) The constant C, and ii) the initial crack width d. The friction coefficient
depends linearly on C,. The value for C,, which relates the remotes stress acting on the crack o,

with the force/stress to overcome an edge contact, F, has no proper physical basis. In this study

dge’
two extreme values, 1 and 10, are used in calculating the frictional strength. If Cl has a value of 1, it

means that the remote force acting on the crack is equal to the force, F, needed to overcome

dge’

the edge-contact. Note that in the scenario that failure occurs by a mode 2 type crack, F,  would

dge
then be equal to remote applied stress and C, is 1. The extreme value of 10 for C, is based on the
assumption that due to the crack geometry, a kind of cantilever effect occurs when the crack opens
which creates a stress enhancement at the crack tip. The remote stress needed for failure is then
reduced, which is reflected by a higher value of C,.

The initial crack widths used in this study are taken from the length of the
crack/imperfections seen at the edges of the grains in SEM-micrographs of the experiments
conducted. There are also (many) imperfections on a scale that cannot be resolved by the SEM. For
the Griffith-failure analysis this is however not important, since the largest initial flaw will takes the
least amount of stress for failure and therefore the largest flaws are assumed to fail. In the model

1
calculations values between 0.25um-1.5um for d are used and an increase in d leads to a T

decrease in the predicted friction coefficient.
The frictional strength predicted by the Griffith-type failure models depends on the square
root of the surface energy of the phyllosilicate minerals. This is not the same as the linear relation
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observed by Moore and Lockner, 2004, but can potentially fit the data of Behnsen and Faulkner,
2012. Velocity strengthening behaviour however is not predicted, since Griffith like failure is not a
time dependent process.

A microphysical model that combines Griffith-type failure of the edge contact and a ductile
bending process resulting in contact of the edges of adjacent grains can potentially explain the
frictional strength of phyllosilicates. Furthermore Griffith failure models are potentially consistent
with data of Behnsen and Faulkner (2012). However, in all the Griffith failure models considered no
velocity strengthening behaviour is predicted and therefore it is concluded that Griffith-like failure of
an edge contact cannot be the (only) process controlling phyllosilicate friction.

6.1.2.3 Formation of edge barriers

In both type of failure models there is a huge discrepancy in the predicted frictional
coefficients between models assuming only elastic bending and models assuming ductile bending as
contact mechanism. This is caused by the fact that the contact area resulting from elastic bending is
considerably smaller than from time (in)dependent ductile bending at the same applied normal
stress, e.g. at 10 MPa for elastic bending the contact area is 0.67 % of the total area while for ductile
bending this is ~5 %. The contact areas between the neighbouring grains are not quantified in the
experiments but are most likely in the order of 5-10%. The values used in the analysis of the
different bending mechanisms are at best estimates, since little is known on single crystal
deformation of phyllosilicates. Lastly, for experiments with high sliding velocities, i.e. 0.1 um/s-
1mm/s, it seems very unlikely that contact between adjacent grains is controlled by a time
dependent process. In the proposed models the time allowed for the grain to bent in a pore area is
in the order of 0.01-10s depending on the grain width and sliding velocity. Based on the experiments
conducted by Mares and Kronenberg (2008) such time spans would result in negligible contact
between grains.

6.1.3 Summary of grain scale barrier models

None of the dry microphysical models considered can explain all observations on dry
phyllosillicate friction. Models combining Griffith-type failure of an edge contact in combination with
a ductile time (in)dependent bending can potentially explain the frictional strength and the relation
between the surface energy and the frictional strength as observed for phyllosilicates. However
none of the models, including the models combining Griffith-type failure and ductile bending predict
velocity-strengthening behaviour. The contact between adjacent grains of the model microstructure
is assumed to result from a simple bending geometry and ignores the more geometrically complex
contacts resulting from ductile deformation mainly seen in the loading experiments (e.g. contact
where one or both of the grains were completely folded up.)

The failure mechanisms considered for edge failure are parallel processes, meaning that the
process that results in the least shear resistance for failure of the edge will be the process that
actually occurs. Since cleavage failure mechanisms offer systemically lower frictional strength for the
same contact mechanisms considered, failure of the edge contact would (preferentially) occur by
cleavage failure and not Griffith-type failure. If the analysis done in the cleavage failure model is
correct, the models considered here predict that edge interaction can therefore be neglected in dry
phyllosilicate friction.
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6.2 Wet models versus observations in literature

Recall from Chapter 2 that from previous experimental studies a microphysical model for
wet phyllosilicate friction needs to explain the following main observations:
i) A significant drop in frictional strength (u,,,is~0.1-0.2 lower than ‘udry) of phyllosilicates in

the presence of pore fluids compared to dry friction (e.g. Morrow et al, 2000; Moore and Lockner,
2004).

i) Velocity strengthening behaviour of phyllosilicates at room temperature (e.g. lkari et al.
2011, den Hartog et al. 2013)

iii) An observed decrease in velocity-strengthening with increasing temperature to (near)
velocity-neutral or even slightly velocity-weakening behaviour at the temperature range considered.
(RT<T<400 °C) (e.g. van Diggelen et al., 2010; den Hartog et al., 2013; He and Lu, 2014)

iv) The qualitative relation found by Moore and Lockner, 2004 and Behnsen and Faulkner, 2012
that phyllosilicate minerals with hydrophobic plate surfaces have a lower drop in frictional strength

between u,, and u, than phyllosilicates with hydrophilic plate surfaces.

Models for wet phyllosilicate friction were derived by considering if the presence of water/pore
fluids would change the models derived for dry phyllosilicate friction.

6.2.1 Atomic scale barrier model in presence of water versus previous experiments
The model for atomic controlled friction in the presence of water predicts that the
macroscopic coefficient of friction is controlled by the atomic coefficient of friction i . This result is

equivalent to that of the dry atomic controlled friction. Values of the atomic friction coefficient of
phyllosilicates reported in the literature are roughly one order of magnitude lower than the
macroscopic coefficient of friction observed, i.e. i is ~0.03 for pyrophyllite (Bucholz et al., 2011)

compared to a value for u of 0.33-0.38 (Marone and Lockner, 2004; Benhsen and Faulkner, 2013)

and ﬁ ~0.045 for muscovite compared to a value u of 0.42-0.59 (Morrow et al., 2000; Marone and

Lockner, 2004; Benhsen and Faulkner, 2013). Furthermore, the observed velocity strengthening
behaviour of phyllosilicates is not predicted by the atomic scale controlled friction model, instead
the model predicts no dependence of the frictional strength on (changes in) the sliding velocity.
Lastly, the drop in frictional strength is not predicted by the wet atomic scale controlled friction
model.

The atomic controlled friction model cannot explain any of the observations on wet
phyllosilicate friction and it is therefore concluded that wet phyllosilicate friction is not controlled by
atomic interactions between the phyllosilicate grains.

6.2.2 Thin adsorbed film model

The coefficient of friction predicted by the adsorbed film model depends on the sliding
velocity of grains past each other. For typical macroscopic sliding velocities (10° pm/s-1um/s) used
in friction experiments the model predicts friction coefficients of 3 to 7 orders of magnitude lower
than observed, i.e. 4.09 x 10 to 9.38 x 10 for a sliding velocity of 10° um/s and 4.09 x 10 to 9.38 x
102 for a sliding velocity of 1um/s. Only for sliding velocities in the order of 100pum/s -1pum/s
frictional parameters are predicted similar to those observed in friction experiments. This model
predicts velocity-strengthening behaviour, but a relatively much greater increase in the shear stress
with an increase in the sliding velocity is predicted than is observed in experiments.

In the thin adsorbed film model it is assumed that thin films of water have properties
similarly to bulk continuum water, i.e. that viscous slip on a thin film can be described by viscous slip
of a Newtonian fluid (cf. equation 4.7). As described in section 5.3.2.3 this assumption is based on
SFA-studies on the properties of (confined) water (e.g. Israelachvili, 1986; Israelachvili and Kott,
1998; Klein et al., 2001). In SFA studies on other liquids (Israelachvili et al., 1990; Israelachvili and
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Kott, 1998) and in studies on the properties of confined water using IFM (e.g. Major et al., 2006;
Goertz et al., 2007) the properties of thin confined films are however greatly dissimilar to that bulk
properties. Since the experimental setup of the SFA studies are more akin to actual conditions of
frictional sliding of phyllosilicate grains than the IFM setup the assumption that thin adsorbed films
of water behave similarly to bulk liquids is reasonable, certainly for the conditions relevant for
phyllosilicate friction.

The thin adsorbed film model predicts values for (apparent) friction coefficient that are
orders of magnitude lower than observed in experiments for typical sliding velocities used in
experiments. While the model predicts velocity strengthening behaviour as is observed in
phyllosilicate friction, the degree in which strengthening is predicted is of a much higher order than
observed. It is therefore concluded that the hypothesis of Moore and Lockner (2004) can be refuted
and viscous slip on a thin adsorbed water film is not the process controlling friction in phyllosilicates.

6.2.3 Grain scale barrier models in presence of water versus previous experiments

6.2.3.1 Cleavage failure models

It is assumed that water has no effect on the mechanism of cleavage failure. Therefore
cleavage failure models for wet phyllosilicate friction predict similar frictional parameters as for dry
phyllosilicate friction if it is assumed that frictional sliding on the horizontal contact area occurs by
atomic controlled friction and cannot explain any of the observations on wet phyllosilicate friction. If
it is assumed that viscous slip on a thin film controls friction on the horizontal contact area the
cleavage failure models predict velocity strengthening due to the viscous slip on the horizontal
contact area, but cannot account for any of the other observation on wet friction.

The cleavage failure models cannot account for any of the main observations on wet
phyllosilicate friction, so it is concluded that cleavage failure of the edge contact is not controlling
wet phyllosilicate friction.

6.2.3.2 Sub critical crack growth failure models

No literature exists on sub critical crack growth mechanisms in phyllosilicate minerals and
therefore no frictional parameters could be calculated. So only qualitative statements can be done
on this model. A combination of ductile time dependent bending can potentially account for most of
the observations in wet phyllosilicate friction. Qualitatively this would lead to i) velocity
strengthening behaviour at room temperature and ii) with increasing temperature a decrease in
velocity strengthening behaviour. At room temperature ductile time dependent processes, such as
dislocation glide are less active than at higher temperatures. So with increasing temperature the
contact area between grains is increasingly the result of ductile time dependent bending. Since this
process leads to velocity weakening behaviour, it could be argued that a decrease velocity
strengthening with temperature is predicted by this model combination. Lastly, iii) the frictional
strength by sub critical crack growth failure is predicted to be lower than dry Griffith-type failure at
the same experimental conditions, potentially explaining the drop in frictional strength observed
from dry to wet phyllosilicate friction. However research is needed on sub-critical crack growth in
phyllosilicates to be able to conclude if sub critical crack growth mechanisms occur in phyllosilicate
minerals and could potentially control phyllosilicate friction.
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7

Conclusions

In this study microphysical models were derived for the frictional behaviour of wet and dry

phyllosilicate gouges at relatively low temperatures (room temperature to ~400 °C) in which friction
was controlled either by atomic or by grain scale. The predicted frictional parameters of these
models, e.g. coefficient of friction and the dependence of this coefficient on the sliding velocity,
were compared with previous observations. Based on these models the following conclusions can be
drawn:

1)

2)

3)

4)

5)

6)

7)

The approach used in the loading and shear experiments in which samples were impregnated by
epoxy resin while under load is successful in eliminating ‘unloading’ artefacts seen in
conventional friction studies. For better results in the shear experiments a different
experimental setup needs to be developed, where impregnation of the samples is possible while
also having lateral containment.

From the loading and shear experiments it is concluded that during frictional sliding of
phyllosilicates the edges of neighbouring grains are in contact. It is apparent from
microstructural evidence that during frictional sliding these edges fail, both by brittle and ductile
deformation.

By comparing the observations on phyllosilicate friction in the literature with models in which
atomic scale interactions control friction it is concluded that both wet and dry friction of
phyllosilicates are not controlled by atomic scale interactions, since these models predict an
order of magnitude lower frictional strength and no dependence of the coefficient of friction on
the sliding velocity.

The model derived in which phyllosilicate friction is controlled by viscous slip on a thin adsorbed
water film predicts frictional parameters that are not in agreement with observations, i.e.
coefficients of frictions that are orders of magnitudes too low and show a much higher
dependence of the coefficient of friction on the sliding velocity. It is therefore concluded that
the hypothesis of Moore and Lockner (2004) in which friction of phyllosilicates is accommodated
by viscous slip on thin adsorbed water is not correct.

None of the microphysical models derived for grain scale controlled friction can explain the
observations on dry phyllosilicate friction, such as the relative low coefficient of friction, velocity
strengthening behaviour and an empirical relation between surface energy and the coefficient of
friction . Griffith-type failure of edge-contact models are in agreement with most observations,
except that no velocity strengthening is predicted.

Cleavage failure models predict extremely low frictional strength. This indicates that grain scale
barriers are present during phyllosilicate friction, but these do not control phyllosilicate friction

A combination of ductile time dependent edge-contact and sub critical crack growth type failure
of the edge contact can potentially explain most of the observed phenomena of wet
phyllosilicate friction, e.g. lower wet frictional strength vs. dry frictional strength and velocity
strengthening behaviour. Research is needed on sub critical growth mechanisms in order to
evaluate this in a physical robust way.
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Appendix 1

a Long axis of phyllosilicate grain Co Initial (Griffith) crack width
b Short axis of phyllosilicate grain Coean Mean (Griffith) crack width
b Ratio of short and long axis of Cr (Griffith) crack width at failure
; phyllosilicate grain
S Average horizontal distance between | f3 Experimental constant
grains
c Vertical contact length between adjacent | Q Activation energy needed for dislocation
grains creep mechanisms to start
[0) Porosity of the phyllosilicate aggregate R Gas constant
T Macroscopic shear stress (acting on unit | T Temperature
cell)
T Microscopic shear stress (acting within tf Time of failure of edge contact
unit cell)
g, Macroscopic normal stress (acting on unit | v, (Macroscopic)  sliding  velocity  of
cell) phyllosilicate grains
6n Microscopic normal stress (acting within J/ Shear strain rate
unit cell)
u Macroscopic coefficient of friction Pf Pore fluid pressure
u Microscopic coefficient of friction O,ofy Effective normal stress
Y, Surface energy of muscovite/phyllosilicate | § Thickness of adsorbed water film
grain
E, Young’s modulus of single crystal | II, Disjoining pressure of thin adsorbed film
(muscovite/phyllosilicate grain
E. Young's modulus of | Vi Macroscopic sliding velocity
phyllosilicate/muscovite aggregate
edge Force needed for sliding grain to M 4 eymin The predicted macroscopic friction
overcome an edge contact. Subscript coefficient of a microphysical model.
denotes the failure mechanisms, e.g. Subscripts C and G denote cleavage
FedgeCmm denotes the minimum force and Griffith-type failure, e, d, dt and
related to cleavage failure denote elastic, ductile time independent
and ductile time dependent contact
Tyitge Stress needed for sliding grain to | 7] Viscosity of thin adsorbed film
overcome an edge contact. Subscript
denotes the failure mechanisms, e.g.
Togeec,. denotes the minimum  stress
related to cleavage failure
S Average horizontal width of cleavage | v, Crack growth velocity
planes
d Average distance between opened | v, Reference crack growth velocity
cleavage planes
lattice 001 lattice spacing of phyllosilicate | H Activation enthalpy related to subcritical
mineral/muscovite crack growth
Oyieia Yield strength needed before ductile | B Experimental constant (in subcritical
deformation initiates crack growth)
Work hardening rate e Macroscopic shear stress related to
subcritical crack growth failure
O, Remote stress acting on crack n Stress corrosion index
C, Constant relating the remote stress acting | Stress intensity factor for a mode 1
on a crack to the force Fedge [stress T,,,, crack
acting a the edge contact
Appendix 1 Explanation of the symbols used in this study
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Appendix 2

a (Average) width/length of long axis of | ~30x10"m (30um) -Microstructural evidence of
phyllosilicate grain section 3, Den Hartog, 2013, van
Diggelen et al., 2010
b (Average) height of short axis of | ~ 30x10°m (30um) -Microstructural evidence of
phyllosilicate grain section 3, Den Hartog, 2013, van
Diggelen et al, 2010
b Ratio of short and long axis of | 0.1 -Microstructural evidence  of
- phyllosilicate grain section 3, Den Hartog, 2013, van
a Diggelen et al, 2010
S Average distance between adjacent | ~ 2x10°m (2um) Microstructural evidence
phyllosilicate grains
/] Atomic coefficient of friction of | 0.035, but taken as O (see text) | Liu et al, 1996
muscovite
Y, Surface energy of muscovite 0.3Jm> Bailey, 1961
Y001 Surface energy related to 001 interlayer | ~1 m? Giese, 1974; Moore and Lockner,
bond strength 2004
EC Young’s modulus of single crystal of | 176,5 GPa Mcneil and Grimditch (1993)
muscovite
Ea (Average value of) Young’s modulus of | 15 Gpa C.J. Spiers, personal
muscovite aggregate communication/ Choloach and
Smiths, 2006
lattice 001 lattice spacing muscovite 10’04)(10»10 (10,04 A ) Meunier and Velde, 2004
d Average distance between opened | ~ 2x10"m (0.2um) Assumption/microstructural
cleavage planes evidence
| Constant relating the remote stress | 1-10 C.J. Spiers, personal
O, acting on a crack to force Fedge communication
/stress ‘Eedge at the edge contact
Odyield Yield strength needed before ductile
deformation initiates
],'l Work hardening rate 20x 10’ Pa Assumption/ see text
df Average (Griffith) crack width at failure | 0.25-1.5um Microstructural evidence
Appendix 2 Values used in calculation of (apparent) friction coefficients of the different proposed microphysical models

68




Appendix 3 Subcritical crack growth failure

The first method to obtain an expression relating the failure strength of the grain contact by
subcritical crack growth failure and the macroscopic sliding velocity of the grains is as follows. It is
assumed that the velocity of the sliding grains is determined by the time it takes for a subcritically
growing crack with initial length ¢, to grow to a failure length ¢, at which the crack fails

dynamically. It is assumed that the time it takes for the grain to slide the width of the unit cell
(a+S), the distance between successive contacts, is negligible compared to the time it takes for
failure of the contact. The relation between the sliding velocity and the time to failure is then:

d .
= unitcell (A31)

VY stide p
f

where d,,. ., is the distance a grain needs to slide between contacts and thus failure events, which

is the width (a +.5) of the unit cell.
The time of failure is obtained by realizing that the crack propagation velocity is the change
in crack length versus time.

= v,exp(— ) (A3.2)

Rearranging the terms and integrating from initial length ¢ to grow to a failure length Cr and 7, to

tf leads to:

fzj exp(A + BW/Z)dc =V, f? dt

(A3.3)
-b
Where A=£and B=O—r\/;
RT RT
¢, (2B~ —1)exp(A - Byc) s
[Co 32 — Vo [to !
(ZB\/cT -Dexp(A - B\/Zf) (23\/5 —I)exp(A - Bcy) ;
- =y
B2 B> 0% f (A3.4)

Filingin 4 and B and rearranging the terms leads to the following expression oftf

—bor\/; H —bo,,\/; —bo,\/; H —bor\/;
(27\/2 - Dexp( - —T%f> ) (27*/3 - Dexp(- —T«Ew
_baﬂ/;)z _boﬂ/;)z

RT RT

Vo( VO(

(A3.5)
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Finally, combining equations A3.1 and A3.5 gives an expression relating the sliding velocity to the
applied remote stress:

unitcell

slide =
-boANw H -boAw -boANw H -boAx
(274/@ —l)exp(RT T RT «/@) i 2 A€o — l)exp(RT R «/ZO)

RT RT
—bar«/;)z —bar«/;)z
RT RT

Vv

Vol Vol
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