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model experiments to elucidate the possible role of grain comminution in dry granular friction. We sheared halite (NaCl) grains
with a ring-shear configuration at a constant slip rate under various normal stresses and investigated the post-slip structures
of the experimental fault zones using micro X-ray computed tomography. Consequently, distinct frictional behaviors were
observed: a constant friction regime at small slip displacements and a frictional weakening regime at large displacements. The
characteristic slip lengths for the two regimes decreased with increasing normal stress and were characterized by approximately
the same exponent, regardless of the initial grain size. We developed a theoretical model that considered the production,
saturation, and overflow of fine particles in the shear zone and successfully reproduced the transient frictional behavior in the

experiments.
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Key Points:

e Sheared granular halite exhibits constant friction at small slip displacements and

substantial weakening at large displacements.

e Characteristic slip lengths for constant friction and weakening decrease with normal

stress and are characterized by similar exponents.

e The production, saturation, and overflow of fine particles in the shear zone are key

factors determining transient frictional behavior.
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Abstract

Drastic grain comminution is frequently observed in upper-crust faults and large rock
avalanche deposits. Here we report our model experiments to elucidate the possible role of grain
comminution in dry granular friction. We sheared halite (NaCl) grains with a ring-shear
configuration at a constant slip rate under various normal stresses and investigated the post-slip
structures of the experimental fault zones using micro X-ray computed tomography.
Consequently, distinct frictional behaviors were observed: a constant friction regime at small slip
displacements and a frictional weakening regime at large displacements. The characteristic slip
lengths for the two regimes decreased with increasing normal stress and were characterized by
approximately the same exponent, regardless of the initial grain size. We developed a theoretical
model that considered the production, saturation, and overflow of fine particles in the shear zone

and successfully reproduced the transient frictional behavior in the experiments.

Plain Language Summary

Grain comminution and structural evolution are common in natural settings, including
earthquake faults and landslides. However, their role in granular friction remains poorly
understood. We experimentally sheared breakable NaCl grains to simulate the processes in the
growing fault zones and visualized their microstructures using micro- X-ray computed
tomography (CT). Two distinct frictional behaviors were observed: a constant regime showing a
high friction coefficient at small slip displacements, and a weakening regime with a substantial
drop in friction at large slip displacements. The characteristic slip lengths for the two regimes

decrease with increasing normal stress. Micro-observations revealed fine particles and extremely
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localized shear planes. It was inferred that the frictional evolution was characterized by grain
comminution mechanisms that continuously produce fine particles. Fine particles with low
rolling friction serve as the interstitial granular fluid and accumulated in the porous medium once
the shear started. The constant regime was dominated by sliding friction between large grains
and terminated when the comminuted fine particles fully saturated the shear zone. Subsequently,
the overflow of fine particles led to weakening by decreasing the effective normal stress between
the large grains. We describe these processes using a simple theoretical model and reproduce the

frictional behaviors.

1 Introduction

The constitutive properties and frictional behavior of faults are key factors in
understanding diverse faulting processes. Many experimental studies have been conducted using
various configurations such as double direct shear (e.g., Dieterich, 1972; 1978), rotary shear
(e.g., Weeks and Tullis, 1985; Tsutsumi and Shimamoto, 1997), triaxial loading (e.g., von
Kérman, 1911; Brace and Byerlee, 1966; Shimamoto et al., 1980), and large-scale biaxial friction
(e.g., Dieterich, 1981; Yamashita et al., 2015; McLaskey and Yamashita, 2017). In these
experimental studies, the shear zone thickness was in the order of several millimeters and could
not increase owing to restricted slip displacement or gouge confinement. In contrast, the gouge
thickness in natural faults is usually much greater than that in experimental faults (e.g., Engelder,
1974; Robertson 1982; Scholz, 1987; Chambon et al., 2006) and the energy dissipation and
rupture processes within a thick layer differ from those at a distinct interface (Sibson, 2003).

Furthermore, while most experimental configurations include gouges sandwiched between
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consolidated host rocks, few studies have investigated the effects of unconsolidated and highly
porous rocks and sediments, which are frequently involved in upper crust fault (e.g., Chester and
Logan, 1986; Faulkner et al., 2010) and subduction zones (e.g., Polet and Kanamori, 2000;

Kitajima and Saffer, 2014).

The cataclastic process is active in faulting processes and stimulates intense fracturing
and crushing of grains (e.g., Borg et al., 1960; Griggs and Handin, 1960; Engelder, 1974; Kimura
et al., 2007; Fossen, 2010). Apart from earthquake faults, large rock avalanches are another
significant geophysical phenomenon that often exhibit thick deposits accompanied by extreme
grain size reduction (e.g., Heim, 1932; Davies et al., 1999; Davies and McSaveney, 2002, 2009;
Crosta et al., 2007) and results in large runouts (e.g., Heim, 1932; Hsii, 1975; Davies, 1982;
Davies et al., 1999; Legros, 2002). Although their geometries, boundary conditions, and stress
levels differ significantly from those of earthquake faults, shearing of dense granular flow is
common (e.g., Siman-Tov and Brodsky, 2018), and the fine particles produced are considered to

play an important role in the friction of the fault zone.

In this study, we aim to elucidate the mechanisms of grain comminution and structural
evolution in a growing fault zone that developed in an unconsolidated and porous granular
medium. Friction experiments were performed using a ring shear apparatus (Sassa et al., 2004)
and a large volume of breakable grains. Halite (NaCl) has been frequently used as an analog for
fault gouges because it reveals a wide variety of deformation mechanisms (e.g., Shimamoto,
1986; Hiraga and Shimamoto, 1987; Bos and Spiers, 2002; Kim et al., 2010; Noda and
Shimamoto, 2010, 2012; Buijze et al., 2017) and is suitable for experimentally studying the
frictional properties of grain comminution in faults. Notably, large and thick experimental fault

zone was observed within the granular medium, as discussed in this paper. We then followed the
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key mechanisms of grain comminution by combining frictional measurements, post-slip
structural observations, and data analyses. Finally, we propose a theoretical model for the
saturation and overflow of comminuted fine particles to interpret and reproduce our

observations.

2 Materials and Methods

Angular-shaped granular halite (NaCl) with two different initial sizes, namely coarse-
grained halite (~2-5 mm) and fine-grained halite (~0.425-0.85 mm), were used as model granular

materials.

The experimental setup is schematically shown in Figure 1a. The ring-shear apparatus
has previously been used in the studies of landslide behavior (e.g., Sassa and Lee, 1993; Sassa et
al., 1996; 2004). Detailed specifications are outlined by Sassa et al. (2004). In each test,
approximately 1.5 kg of granular halite were evenly distributed in a ring-shear box (outer and
inner diameters of 18 and 12 cm, respectively, with a 10.9 cm maximum sample height). The
upper shear box was stationary, while the lower shear box was spinning. The rubber edges were
glued to the lower shear box separation to prevent grain leakage. The halite samples were
sheared at a constant slip rate of 0.05 cm/s under three levels of normal stress: 0.2, 0.6, and 1.0
MPa. All experiments were completed in room-dry conditions (humidity ~50%) at 24°C. We
applied 2 m slip displacement (Table S1 in the Supporting Information) unless otherwise noted.
After each test, we carefully took out blocks from the shear zone. The shear-zone samples were
cohesive and hard, as shown in Figures 1b and 1c. Post-experiment structural analyses of the

halite fault zone were performed for three baseline runs in coarse-grained media using high-
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resolution micro X-ray CT (Versa XRM-500 X-ray microscope). More details are provided in

the “Expanded Methods” section and Table S1 in the Supporting Information.

Drainage line | \
Vertical displacement
transducer

Torque transducer

Pore-water pressure
transducer (not installed)

Loading plate
Rubber edge
Inner ring

Outer ring

- Rotating parts - Stationary parts

Figure 1. Ring-shear configuration and shear zones after testing. (a) Schematic of Ring-shear

apparatus. (b) Top view of shear zone blocks for coarse-grained medium. (c) A shear zone block

of coarse-grained medium.

3 Results

3.1 Frictional behavior

Figure 2 shows representative frictional behavior and micro X-ray CT observations. We
used the moving average to smooth the data and emphasize the transient frictional behavior, as
shown in Figures 2a (coarse-grained medium) and 2b (fine-grained medium). A comparison of
raw and processed data is provided in the Supporting Information (Figure S1). Here, we present

the evolution of the friction coefficient (1) and sample height change (4h) against the slip
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displacement (d). As shown in Figure 2a, all samples showed an increase in friction in the initial
loading stage. For the experimental run performed under the lowest normal stress (¢ = 0.2 MPa),
the friction coefficient reached its peak and then remained at 4 = 0.7 until the test ended. The
sample exhibited dilation and switched to continuous compaction after reaching the peak
friction. In contrast, under intermediate normal stress (¢ = 0.6 MPa), the friction started to
weaken at a slip displacement of approximately 660 mm. Finally, substantial weakening was
observed at a steady-state value 4 = 0.43. In addition, the height change indicated compaction
during the initial phase. Under maximum normal stress (¢ = 1.0 MPa), the friction remained
relatively stable for a small displacement of ~ 200 mm. Rapid weakening was then initiated, and
friction evolved to a significantly lower value of u = 0.36. The results of the fine-grained media
are also shown in Figure 2b and are comparable to those of the coarse-grained media. The total

change in height in the fine-grained medium was smaller than that in the coarse-grained medium.

Notably, substantial weakening occurred at small displacements when the normal stress
was high, indicating that the evolution of friction was dependent on the normal stress. To
observe frictional weakening under the lowest normal stress (0.2 MPa), we conducted friction
experiments at large slip displacements (Figure S2 in Supporting Information). Consequently,
weakening occurred after a significantly large slip displacement of ~7 m in the coarse-grained

medium and ~5 m in the fine-grained medium.
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Figure 2. Representative frictional behaviors and micro-CT images. Frictional behaviors in
coarse-grained (a) and fine-grained (b) media. Friction coefficient and height change plotted
against slip displacement under different normal stresses. Cross sections of shear zone from

experimental run after 2 m slip displacement, under (c) 0.2 MPa, (d) 0.6 MPa, and (e) 1.0 MPa.

3.2 Microstructures

Micro X-ray cross-sectional images (parallel to the shear direction) after 2 m slip
displacement in the coarse-grained medium are shown in Figures 2c¢, 2d, and 2e. Drastic

comminution processes were also observed. Many fine particles accumulated within a broad
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domain, and their size was smaller than tens of microns, which is beyond the scanning

resolution.

For the samples under 0.2 MPa, bright areas with a high density (circled with dashed
lines) were observed, and the shear zone suggested characteristics of cataclasis between the
bright and dense areas, as shown in Figure 2c. Although some voids were observed between the

large grains, the large grains were loosely surrounded by comminuted fine particles.

The structures of the samples under large normal stress were significantly different, in
which the progressive production of fine particles and well-developed shear planes were
observed (Figures 2d and 2¢). The shear planes were considerably flat with mild waviness. An
evident shear texture was observed, with grain alignments of approximately 12-13°. A small
number of fine particles remained in the gap between the slip surfaces, suggesting the local
detachment of the upper and lower surfaces during motion. Generally, grains near the shear
planes were intensively comminuted and densely compacted, whereas some large grains

remained intact along the sliding surface.

4 Discussion

4.1 Data analysis

Two distinct frictional behaviors were identified in our experimental observations. A
similar observation consisting of two regimes for crushable materials was reported by Hu et al.
(2022). In Figure 3a, we describe our simple model, which comprises an initial constant regime
and a weakening regime against slip displacement. Frictional evolution (&) is given by the

following equation:
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(o — HUss) €xp (—

where p, and ug, are the coefficients of friction in the initial and steady states, respectively, and
Lo and L,, are the characteristic slip lengths for the constant and weakening regimes,

respectively.

Similarly, the equation for height change Ah(§) is given by:

AR(S) = Ahg, [1 — exp (— %)] , 2)

where Ahg refers to the steady-state value of the height change, and Lj scales the characteristic

length for the height decay.

10%5 n
S
e ‘g.u,,::wzz-ums O a, = 2.483 £ 0.265
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Figure 3. Effects of normal stress on characteristic slip lengths and frictional parameters.

(a) Fitting of a frictional curve. The characteristic slip lengths for (b) the constant regime, (c)

10
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weakening regime, and (d) height change against normal stress. (¢) Constant friction coefficient

and (f) Steady-state friction coefficient against normal stress.

The parameters in Equations (1) and (2) were estimated using nonlinear least-squares
fitting (Table S1). The characteristic lengths Ly, L,,, and L;, were plotted against normal stress o
in Figures 3b, 3¢, and 3d, respectively. They are all anticorrelated to o. We obtained L, ~ o ~%°,
L, = 7% and L, ~ 0~ %", where a,, a,,, and @}, are constants. a, = 2 and a,, = 2 were

approximately obtained from the fitting, regardless of the initial grain sizes. In contrast, aj,

exhibited large variability based on the grain size.

In addition, y, is independent of ¢, as shown in Figure 3e. This agrees with Byerlee’s or
Coulomb-Amonton’s law of friction. In contrast, y., decreased with increasing g, as seen in
Figure 3f, suggesting that the two regimes are governed by different physical processes. pss was
generally lower in the fine-grained medium than in the coarse-grained medium. Note that some
strengthening occurred at large slip displacements only under low-normal-stress conditions (e.g.,
run f02-2 in Figure S2). The experiments were conducted under room-dry conditions. Because
NaCl is sensitive to moisture, moisture may assist in cohesion among grains, especially during
significant grain size reduction. Additionally, cementation in the resultant shear zone blocks (see

Figures 1b and 1¢) may work similarly, which provides interesting topics for future studies.

4.2 Theoretical modeling

One outstanding characteristic of our experiments was that during grain comminution,
many fine particles were produced in situ, filling the voids. The comminution rate was high

when the normal stress was large. The initial large friction was due to large angular grains, and

11
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steady-state friction was dominated by the friction of rounded fine particles, as spherical grains
tend to have significantly low friction (e.g., Mair et al., 2002; Salerno et al., 2018). To
understand the observed behavior and reproduce its characteristic features, we developed a

theoretical model.

First, we considered the slip-displacement-dependent evolution of friction as follows:

Oe (€)) O¢ (¥
p(®) = L gy + (1= 2D 3)

where p is the friction coefficient for the constant regime and is dominated by sliding friction of
angular-shaped large grains, and ug, is the steady-state friction coefficient due to the rolling
friction of rounded fine particles. o,¢¢ (6) denotes the effective normal stress supported by large

grains, which is considered equal to the applied normal stress ¢ in the early stage and decreases

to zero with the progressive production of fine particles.

Subsequently, we introduce a wear process to consider the fine particles produced. To
describe the wear process, we applied Archard’s adhesion wear theory in tribology (Archard,

1953). In Archard’s theory, wear volume Q is proportional to applied normal force Fy and

Fy
0®) = €25, (4)

sliding distance § as:

where C is a dimensionless constant and oy is the yield strength of the frictional material.
Archard assumed that the real contact area was formed by plastic deformation of the asperities.
The yield strength oy of halite is ~10-30 MPa at room temperature (Picard et al., 2018), and its

plastic deformation is significant in our experiments. Since Fy, can be expressed by Fy = A, 0,

12
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where A, and o are the nominal area of the ring-shaped shear zone and normal stress,

respectively, Equation (4) can be re-written as the following formula:

Q(6) = CAo- 8. (5)

For a granular medium, we assumed that the slip was evenly accommodated in multiple (N)
layers within the shear zone. Thus, the real contact area becomes N times that of a single layer,
and the slip in each layer is given by 6 /N. In addition, we consider the effective normal stress

for large grains and replace o with o,¢¢. Thus, Equation (5) can be expressed as:
= %efrS _ ¢ 2oL
Q(8) =CNA, or N—CAO or d. (6)

Equation (6) is a smooth extension of Archard’s equation for granular systems. Furthermore, we

modified Equation (6) to fit our experimental data as follows:
- verr)*
Q) = €Ay (%) 5. (7

Note Equation (7) recovers the original Archard’s theory when a = 1.

Next, we inferred that the comminuted fine particles accumulated in the voids between
large grains during shearing (see Figure 4). Assume that the large grains were closely compacted
as a porous medium (Figure 4a) with a constant packing fraction ¢, within a shear zone of a

given thickness, we have:
1-¢
Vioia = T Vgraina (8)

and

1

Viotar = EVgrain: 9)

13
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where Vgrqin, Vioia> a0d Viorar = Vgrain + Vioia denote the grain, void, and bulk volumes,

respectively, within a predefined shear zone.

comminuted-fines saturation ¢ ------------__ >
\comminuted-fines overflow
| . =
\  weakening starts Ahss ~
[ 4 L 4
ab C i d e

T o

0

Figure 4. Weakening mechanisms. (a) Angular grains are compacted initially (red circles
denote contacts between large grains) with zero pseudo fluid pressure (p = 0 — g,5¢). (b)
Intensive comminution starts once shear is imposed. (c) During shearing, angular large grains
generate fine particles, which fill the voids between large grains at L. (d) Fine particles are
continuously generated by grain comminution, overflow the shear zone, and decrease the
effective normal stress between large grains. (e) Large grains are completely separated, and an

extremely localized fine particle layer is formed.

14
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The comminution of large grains was immediately initiated as shearing started (Figure
4b), and fine particles continued to accumulate in the voids within the shear zone until the
comminuted fine particles saturated the entire shear zone (Figure 4c) at § = L. The saturation
condition can be described by the balance between the void and wear volumes and by

approximating the volume fraction of the fine grains by the same value ¢:
1 1-
50(Lo) = 722 Vgraino — QLo)). (10)

where Vy,qin o is the initial volume of large grains. Using Equations (9) and (10), Q(L) can be

written as

Q(Lo) = 5= Aoho (11)

where hy denotes the initial height of the sample. By substituting Equation (7) into Equation (11)

and o,¢¢ = o in this constant regime, L, is obtained as:
eff g 0

ho $(1— ) o _
Ly = ?Oﬁ G- (12)

This result is consistent with our experimental results: Ly ~ 0~2 for @ = 2. The effect of initial
grain size seems to be small, as shown in Figure 3b. The two media may have different
characteristic shear-zone thicknesses, which may be defined by the shear-box dimensions, initial
grain size, and normal stress. This may explain why the y-intercept yields a difference of
approximately 40% (Figure 3b). Therefore, the characteristic thickness of the shear zone was
postulated, and the motion of the fine particles was confined to this region. To simplify our

analysis, we neglected dynamic effects, such as the loss of fine particles from the shear zone.

In addition, assuming that the sample compaction during shear can be attributed to height

decay in the shear zone,

15
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Viotal(8) = ApAh(S) = (Vgrain,o - Q(6)) . (13)

S|

266  Ah(9) is expressed as:

AR(S) = — %(—)a 5. (14)

oy
267  We analyzed the dependence of Ah(8) on normal stress o and particle size d by estimating the
268 initial height decay slope % |s=0 = —Ahgs/Ly (Figure S3 in the Supporting Information).
269  —Ahgg/Ly, appear to be proportional to 62 and d°3, which also realizes @ = 2 in Equation (14).
270 After saturation of fine particles in the shear zone, weakening started at § = L. We

271 assumed that the comminution mechanism operated continuously and that the effective normal

272 stress 0,55 decreased linearly with the wear volume, as follows:

() _

T a— BQ(S), 6> L, (15)

273 where a and B are constants. At the weakening point where saturation occurs, Q = Q(L,) and
274 0f; = o are satisfied. Assume that the wear volume Q is m times Q (L), namely Q@ = mQ (L),

275  when a steady state is achieved (3—(; = 0 and o,5s = 0). Substituting Equation (15) into the

276 differential form of Equation (7), we obtain:

dQ(8) _ CAqg <o)< Q(6)>_

i m—1\o) \™ Qo) (16)

277  Integration leads to:

16
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m- g((f)) CA
_ o Ch (0N o
n| — = | = e (Gy) G- L), &> L (17)

By substituting Equations (7) and (16) into Equation (17), we obtain:

Oerr(6) [ 6 — Lo ]
— = -, 6 > Ly. 18
o ¢ a(m—1)L, 0 (18)
By substituting Equation (18) into Equation (3), we obtain:
u(8) = pss + (o — Hss)exp [— m] , 6> L. (19)

The characteristic length L,, = a(m — 1)L, is hitherto realized for the weakening regime. Using

Equation (12), we obtain:

ho (1 — ~a
L, = a(m— 1)%’%(%) . 20)

We compared our theoretical calculations with the experimental results; the exponent @ = 2 is

again obtained, and L,, = 0.5L, (see Table S1) is recovered when m = 5/4.

The deviation of the exponent a (= 2 in our experiments) from the original Archard

theory (= 1) is not clear at this time. More detailed analyses are required in future studies.

4.3 Shear localization mechanisms

The above-mentioned model theoretically represents the normal stress-dependent
weakening behavior determined by grain comminution mechanisms. However, describing the
shear localization observed in the microstructures is insufficient. The microstructure revealed by

the micro-CT scan, shown in Figures 2c, 2d, and 2e, is similar to that observed in faults (e.g.,
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Chester and Logan, 1986; Chester and Chester, 1998; Jefferies et al., 2006; Heilbronner and
Keulen, 2006) and rock avalanche deposits (e.g., Davies et al., 1999; Crosta et al., 2007,
McSaveney and Davies, 2007; Perinotto et al., 2015), in which layers of comminuted particles of

various sizes and shapes are heterogeneously distributed in the shear zone.

One possible explanation is that while the sliding of large grains was initially distributed
within the characteristic shear zone, a localized region developed near the shear box separation
after the shear zone was saturated and compacted. The grains within this narrow domain undergo
intensive comminution. This positive feedback enhances the localization and results in an

extremely localized shear plane within the thin layer of fine grains, as shown in Figure 4e.

Another explanation is the grain segregation mechanism, which leads to characteristic
textures such as inverse grading in rock avalanche deposits (e.g., Dunning, 2006; Crosta et al.,
2007; Dufresne et al., 2016) and natural and experimental fault zones (Boullier et al., 2009; Ujiie
and Tsutusmi, 2010). Siman-Tov and Brodsky (2018) reported gravity-independent segregation
in experimental granular flows, where fine particles migrated symmetrically away from the
source and affected the velocity structure. Based on the CT images, the dense upper layer and
immature shear plane suggested upward migration (Figure 2c). The thick lower half of the shear
zone suggests the role of the gravity-induced void-filling mechanism, possibly enhanced by
stick-slip motions, where fine particles preferentially fall into the voids, as shown in Figures 2c,
2d, and 2e. Therefore, in situ comminuted fine particles can segregate from the source region and
stabilize subsequent flow, which also leads to shear localization, as illustrated in Figure 4e. The
migration of fine particles was likely dominated by the characteristic thickness, resulting in hard

shear zone blocks within the granular medium (Figures 1b and 1c).
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5 Conclusions

Friction experiments were performed on granular halite using a ring shear apparatus. We
found that grain comminution was a key mechanism for determining the frictional behavior of a
sheared granular system involving breakable grains. We proposed a simple mechanism for grain
comminution: the generated fine particles gradually saturate the porous shear zone of the
granular medium in a constant friction regime, and the overflow of fine particles leads to
frictional weakening owing to the decrease in the effective normal stress between large grains
and the interstitial flow of fine particles. In addition, we found that the intrinsic comminution and
microstructure are similar to those of natural fault zones and rock avalanche deposits, suggesting

their relevance and important implications for natural shear zones.

However, several problems remain unsolved: for instance, in situ observations of
comminution behavior are lacking, and the mechanism responsible for determining the exponent
a = 2 and description of shear localization dynamics remain unknown. These results will be

reported in future studies.
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