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Abstract

In this study, the role of fluids in a slow slip events (SSEs) regime was examined by investigating the rheological properties of

the solid-liquid two-phase system on a laboratory scale. We specifically investigated how the rheological properties change with

the shear rate when the granular layer is fluid-rich. We used a velocity-controlled rheometer to apply shear to a liquid-saturated

granular layer. The results show that the liquid-saturated granular layer’s shear viscosity depended on the liquid viscosity

and exhibited pseudoplastic behavior. Additionally, the saturated granular layered exhibited hysteresis, which increased as the

viscosity of the liquid decreased. After a quantitative discussion through Bagnold (1954) framework, we propose a fault model

that includes a fluid-rich granular layer.
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Key Points:

• The viscosity of a liquid-saturated granular layer is dominated
by the viscosity of the liquid phase.

• The viscosity of a liquid-saturated granular layer exhibits pseudoplastic be-
havior and hysteresis.

• The strength of the hysteresis depends on the liquid phase; the lower the
viscosity of the liquid phase, the stronger the hysteresis.

Abstract

In this study, the role of fluids in a slow slip events (SSEs) regime was examined
by investigating the rheological properties of the solid-liquid two-phase system
on a laboratory scale. We specifically investigated how the rheological proper-
ties change with the shear rate when the granular layer is fluid-rich. We used
a velocity-controlled rheometer to apply shear to a liquid-saturated granular
layer. The results show that the liquid-saturated granular layer’s shear viscosity
depended on the liquid viscosity and exhibited pseudoplastic behavior. Addi-
tionally, the saturated granular layered exhibited hysteresis, which increased as
the viscosity of the liquid decreased. After a quantitative discussion through
Bagnold (1954) framework, we propose a fault model that includes a fluid-rich
granular layer.

Plain Language Summary

We investigated how a liquid-saturated granular layer behaves when a planar
force is applied to it. A velocity-controlled rheometer was used as a tool. As
a result, we found that the behavior of liquid-saturated grains depends on the
liquid viscosity. In addition, we found that the viscosity of the granular decayed
exponentially with the shear rate. Different measurement results were obtained
when the shear rate was accelerating and decelerating. In particular, it was
suggested that the difference between the measured values in the acceleration
and deceleration processes might depend on the viscosity of the liquid-saturated
granular layer.

1. Introduction

In recent years, slow slip events (SSEs) have occurred in subduction zones world-
wide and have become an important research subject as a universal physical
phenomenon. In the mechanistic study of earthquake faulting, it is common to
assume the rheological properties (e.g., viscosity and viscoelasticity) around the
fault plane for long-term viscously slipping (Fukahata and Matsu’ura, 2018), as
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well as frictional shear strength for relatively short-term slipping (e.g., Dietrich,
1979; Ruina, 1983). Earthquake cycle simulations have shown that long-term
SSEs emerge naturally when the effective viscosity at the fault plane is a dy-
namic parameter (Goswami and Barbot, 2018). To better understand the long-
term fault mechanics, it is necessary to understand the dynamic behavior of the
rheological properties of materials that may exist on the fault plane, such as the
gouge layer (Hatano et al., 2015).

As the relationship between fault motion, including the SSE regime, and other
events has recently become clearer, the relationship between the SSE regime
and granular faults has also been well investigated. Previous studies on the
relationship between granular faults, SSEs, and earthquakes have shown that
the complexity of granular material behavior may be a factor in the earthquake
complexity (Hatano et al., 2015). Some studies have investigated the properties
of granular materials to better understand their rheological behavior. Taylor
and Brodsky (2019) investigated the granular material strength averaged over
the entire granular layer in response to very high shear rates. Gao et al. (2018)
successfully modeled the stick-slip behavior of a sheared granular fault gouge.
They showed that shearing causes local stress concentrations in the granular
layer, complicating the behavior of the entire fault. Alternatively, owing to
the lack of research on granular materials, there are no experimental examples
of systematic investigation of dynamic changes in rheological properties in the
context of recurring SSEs.

Some observations have provided insights into the strong contribution of fluids
to the faulting of SSEs (e.g., Kodaira et al., 2004; Hirose et al., 2021). Frank et
al. (2015) showed that the month-scale variation in fault shear strength during
an SSE is caused by increasing pore pressure. The spatial-temporal relationships
between SSEs and regular earthquakes, such as dynamic and static triggering,
have also been very well understood from observational studies (Cruz-Atienza
et al., 2021). Some studies have shown the role of fluids in the SSE regime;
however, no studies have systematically investigated the effect of fluids on the
rheological properties to understand the fault mechanics of the SSE regime.

Experimental studies that consider the presence of fluids are essential for clarify-
ing long-term viscous rheological faulting or deformation properties and behav-
iors. Here, we experimentally investigated the rheological properties of liquid-
saturated granular materials that change dynamically in shear with the aim
of better understanding the fault mechanics in the fluid-rich (solid-liquid two-
phase) SSE regime. Specifically, we report on their hysteresis and discuss the
contribution of fluid to shear.

2. Experimental setting and methodology

In this study, we used a rheometer (AR2000, TA Instruments) to conduct direct
shear experiment on the solid-liquid two-phase flow system (Fig. 1). In this
study, the rotor speed (angular velocity, 𝜔) of the rheometer was made as small
as possible (> 1.0 × 10−4 rad/sec) by assuming the slip rate of the SSE and
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the torque and shear stress were observed at each measurement point. The
upper geometry in contact with the sample was a 12.5 mm radius (𝑅) parallel
disk. The container for holding the sample was made of acrylic and had an inner
radius (𝐿) of 13 mm. The torque was sensed by a torque meter located at the top
of the machine. The shear stress was obtained by the product of the measured
torque and the polar cross-section factor (2/𝜋𝑅3), which is uniquely determined
by the configuration of the upper geometry. The solid sample was placed into
the container facing the upper geometry. Then, a liquid sample was added,
completely filling the container so that the solid sample was saturated with
liquid. In the following, the term “dry conditions” refers to the case where the
container is filled only with a solid sample. Before conducting the experiments,
the solid sample was compressed under constant pressure. The experiments
were conducted with feedback control to maintain normal stress at a constant
value. The experiments were conducted at a constant temperature of 20 ℃.

Measurements were obtained by controlling the viscosity-shear rate in the two
primary procedures (Fig. 1). The viscosity-shear rate graph obtained in Pro-
cedure (a) is commonly referred to as a flow curve and is a representation of
the dependence of shear rate on viscosity (Chevrel et al., 2018; Muramoto et
al., 2020). The graph obtained in Procedure (b) is generally referred to as a
hysteresis loop. If the sample has hysteresis, differing viscosity values will be
obtained at the same measurement points for the same speed during the accel-
eration and deceleration processes (Larson and Wei, 2019). It is known that
slip lines or thin shear zones occur when a granular layer is subjected to shear
(Higashi and Sumita, 2009). Therefore, in this study, when calculating the
viscosity, the calculation was performed assuming a certain thickness at which
shear occurred. In the following calculations, the thickness between the slip
line and the upper geometry was set at ten times the average grain size of the
solid sample (e.g., Francois et al., 2002; Higashi & Sumita, 2009). Granularized
quartz was used as a representative material of a granular (solid phase) sample.
Three types of liquid samples: water, JS 5, and JS 10 (NIPPON GREASE Co.,
Ltd.), were mixed with the granular sample. The physical properties of each
sample (viscosity, grain size, and density) are listed in Table S1.

3. Experimental results

We found that the higher the controlled normal stress, the higher the overall
shear viscosity (Fig. 2). This was examined using a solid sample saturated
with water in procedure (a). The shear viscosity (effective viscosity, 𝜂, of a
solid-liquid two-phase system) approaches a certain low value as the shear rate
increases (Fig. 2a, note that the vertical axis has a logarithmic scale) under
the normal stress of 2000-8000 Pa for each of the measurements (Fig. 2b). The
pseudoplastic behavior is shown in Fig. 2a, in which shear viscosity decays
exponentially with shear rate. Correspondence with the normal stresses was
also observed in the dry condition.

Next, we compared the results obtained when the solid phase was saturated with
water with those obtained under dry conditions (Fig. 3). The water-saturated
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state was associated with a higher overall shear viscosity corresponding to the
shear rate. Pseudoplastic behavior was observed in both states (Fig. 3a). The
hysteresis of these pseudoplastic behaviors is investigated in the following sec-
tions.

Figure 3b compares the shear viscosities between water-saturated and dry con-
ditions measured with Procedure (b). As with the results shown in Figure 3a,
the viscosity of the water-saturated solid phase was higher than that under dry
conditions during the acceleration process (indicated by the red shading). Con-
versely, in the deceleration process, the viscosity of the water-saturated phase
was similar to that under the dry condition. In other words, when the solid
phase was saturated with water, its viscosity during the acceleration process
was higher compared to the viscosity during the deceleration process. Hystere-
sis refers to the differences in viscosity (and observed shear stress) during the
acceleration and deceleration processes. Hysteresis was also observed under dry
conditions but was significantly smaller than when the solid phase was saturated
with water.

We investigated how this hysteresis would behave in response to the viscosity
of the liquid phase (phase other than the solid phase). Similar experiments
were conducted with different liquid phases: water, JS 5, and JS 10 (Fig 4a).
To quantify the hysteresis between the acceleration and deceleration processes
of the measured shear stress (or shear viscosity), the shear stress observed in
the acceleration process was defined as 𝜎𝑎, and the shear stress observed in the
deceleration process was defined as 𝜎𝑑. The ratio of 𝜎𝑎 to 𝜎𝑑 was plotted against
the shear rate (Fig. 4b). There was no significant difference between the shear
viscosity of the solid phase when it was saturated with water and when it was
saturated with JS 5. Conversely, the shear viscosity with JS 10 saturation was
higher than with JS 5 and water saturation. These results demonstrate that the
viscosity of the combined solid-liquid two-phase system is not linearly related
to the liquid phase viscosity. When the liquid phase was JS 5 or JS 10, the
divergence of shear stress between the acceleration and deceleration processes
was small. When the liquid phase was water, the divergence was large (i.e., the
hysteresis was large, Figure 4b). We also found that the divergence increased
at low speeds.

4. Discussion

1. Solid-liquid two-phase system with properties as a Coulomb powder sys-
tem

We observed increasing shear viscosity with increasing normal stress (Fig. 2),
which a Coulomb powder system could explain. If the shear stress between the
granular and shear planes is proportional to the normal stress, the material is
called a Coulomb powder (e.g., Ma et al., 2020). The following relationship is
established between the shear stress (𝜎), internal friction coefficient (𝜇𝑖), and
normal stress (𝜎𝑣) in a Coulomb powder:

𝜎 = 𝜇𝑖 • 𝜎𝑣 + 𝜎𝑐 (1),
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where 𝜎𝑐 is the value of the shear stress when 𝜎𝑣 is zero; this parameter is also
known as the adhesive force (Ma et al., 2020). As shown in Figure 2, the viscosity
of the solid-liquid two-phase system in this study corresponds to the controlled
normal stress; that is, it had properties of a Coulomb powder. In addition, the
Krieger–Dougherty model (Cashman et al., 1992; Namiki & Tanaka, 2017) is
a representative example of an empirical model explaining the pseudoplastic
properties of the solid-liquid two-phase system observed in this study. We use
the following definitions of the solid volume fractions (𝜙𝑠):

𝜙𝑠 = 𝑉𝑠
𝑉𝑠+𝑉𝑙

(2),

where 𝑉𝑠 and 𝑉𝐿 are the volumes of the solid and liquid phases, respectively.
The Krieger-Dougherty model is widely used to empirically scale the effective
viscosity of solid-liquid two-phase system (𝜂), in which the relative viscosity
abruptly increases as the maximum solid volume fraction (𝜙smax) is approached.
It defines 𝜂 as

𝜂 = 𝜂𝑙(1 − 𝜙𝑠
𝜙smax

)−𝐶𝜙smax (3),

where 𝐶 is a constant and 𝜂𝑙 is the liquid phase viscosity. The maximum solid
volume fraction (𝜙smax) was reproducible (Kamien and Liu, 2007). The Krieger–
Dougherty model implicitly assumes that a rigid body jams in the liquid phase,
and when 𝜙𝑠 → 𝜙smax, and 𝜂 diverges infinitely. However, 𝜂 does not diverge
to infinity but takes a finite value owing to the effects of grain rearrangement
and rotation. Several models have been proposed that considering these effects
(e.g., Caricchi et al., 2007; Costa et al., 2009). The problem of examining the
value of 𝜙smax is known as the random close-packing probability (Torquato et
al., 2000). It is believed that 𝜙smax assumes a constant value in each system.
If the value of 𝜙smax is experimentally constant, the change in shear viscosity
in response to normal stress depends on the change in 𝜙𝑠 owing to the change
in the packing state in response to normal stress. The dependency of shear
viscosity on normal stress in Fig. 2 was affected by the changing of apparent
solid volume fraction, 𝜙𝑠 on the shear line, or shear zone, controlled by normal
stress or effective normal stress interacting with fluid pressure.

Based on the experimental rheological study considered through this model, the
pseudoplastic behavior of the Coulomb powder in this study can be understood
as a phenomenon called shear thinning (Duran, 1999). The shear viscosity of
the two-phase system is not significantly different whether the liquid phase is
water or JS 5 (especially during the acceleration process, Figure 4a). This result
implies that the constant 𝐶 in Eq. 3 is different for each system and depends
on the liquid phase. To clarify the nature of this constant 𝐶, it is necessary to
investigate the physical and chemical properties of the liquid phase, which will
help us to understand Eq. 3 better.

1. “Bagnold number” proposed by Bagnold (1954)

The behavior of the shear viscosity in this study and why is it strongly influenced
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by the liquid phase (Fig. 2, 3 & 4) can be understood through an idea proposed
by Bagnold (1954), as well as the viscosities of the liquid phases that contribute
to the solid-liquid two-phase flow. Grain flow typically involves only a few layers
from the top surface. The average grain velocity decreases rapidly as the depth
of these layers increases when measured with the rheometer (Taylor & Brodsky,
2019). From experimental measurements (like those in this study) and physical
arguments, Bagnold (1954) identified two flow regimes. Therefore, Bagnold
proposed the following dimensionless number to classify the two flow regimes
by their magnitudes. The Bagnold number (Ba) is given as:

Ba = 𝜌𝐷2𝜆1/2�̇�
𝜂𝑙

(4),

where 𝜌 is the grain density, 𝐷 is the grain diameter, and ̇𝛾 is the shear rate
respectively. The parameter 𝜆 is known as the linear concentration and given
by

𝜆 = 1
(𝜙smax/𝜙𝑠)1/3−1

(5).

In flows with small Bagnold numbers (Ba < 40), viscous fluid stresses, domi-
nate grain collision stresses and energy dissipation occurs mainly because of the
interaction between the liquid and solid phases (Hunt et al., 2002). These flows
are said to be in the “macro-viscous” regime. Grain collision stresses dominate
at large Bagnold numbers (Ba > 450), which are known as the “grain-inertia”
regime. A transitional regime falls between these two values. In this study,
most values were sufficiently small, especially the diameter (≅ 4 × 10−6 m) and
shear rate (< 15 1/s). Using the values shown in Table S1 for density, and
assuming that 𝜆 is up to 1000 (assuming 𝜙smax/𝜙𝑠 > 1.001), Ba is calculated
to be up to 0.636 (when liquid phase is water). Therefore, the system used in
this study corresponds to the macro-viscous region defined by Bagnold (1954).
This means that most energy losses were due to frictional forces between the
liquid and solid phases. When the grain (solid phase) is in a dry condition, the
adhesion and cohesion between grains are predominant in the system. However,
that case cannot be discussed in Bagnold’s (1954) framework. If an index that
allows the dry condition to be compared with the liquid phase-containing grain
is systematized, further discussion will be promoted.

1. Hysteresis of shear viscosity

The granular material system in this study had strong hysteresis for shear vis-
cosities when liquid-saturated but weak hysteresis in the dry condition (Fig. 3b).
Nasuno et al. (1997) experimentally showed that hysteresis exists in granular
material, where the friction force decreases during acceleration (velocity weak-
ening) and then remains at a constant low value during deceleration. This is
consistent with the results obtained in the present study (Fig. 3b & 4). When
there is a liquid phase in addition to the solid, the strength of the hysteresis
may depend on the viscosity of the liquid phase (𝜂𝑙), which is the first study
known to determine the relationship between the viscosity of the liquid phase
and the hysteresis of the solid-liquid two-phase system. According to Daniels
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& Behringer (2005), the presence of hysteresis depends on the packing state.
Considering that the results obtained in this study (Figs 3b & 4) depended
on the packing state of the grains, the viscosity of the liquid phase possibly
controlled the change in the packing state. Although qualitative, decreasing
liquid phase viscosity resulted in increased changes in the packing state due to
shear and increased the discrepancy between the shear stresses in the acceler-
ation and deceleration processes (Fig. 4b). If the viscosity of the liquid may
be compared with a burgurs viscoelasticity (e.g., Wang et al., 2012) that pulls
the grains together, the lower the viscosity of the liquid phase, the more the
grains are allowed to spread apart, and the properties of the granular layer are
changed (Fig. 5). The concept that the frictional force between the liquid and
solid phases and the viscosity of the liquid phase control the hysteresis may
alter the understanding of the mechanical model in suspension rheology. Fur-
thermore, the results of this study also suggest that physical properties of the
fault, including the recurrent SSE regime, may have hysteresis. It is hoped that
visualization experiments will enable a more thorough discussion of these issues.
In addition, we suggest further examination into whether comparable results
can be obtained by changing the solid phases. Experiments with varying solid
phases may allow upscale discussions on a seismological scale.

5. Conclusions

In this study, shear experiments were conducted on a solid-liquid two-phase
system. It was found that the solid-liquid two-phase system exhibited pseudo-
plastic properties accompanied by hysteresis. We also found that the strength
of the hysteresis depended on the liquid phase viscosity, suggesting that the
packing state of the solid-liquid two-phase system depends on the liquid phase
viscosity. These findings also suggest physical properties of the fault, including
the recurrent SSE regime, may have hysteresis. To conduct a detailed study on
a solid-liquid two-phase system, it is necessary to conduct additional visualiza-
tion experiments and upscale the experiment to a seismological scale. It may
be necessary to perform experiments with different solid phases.
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Figure captions:

Figure 1.

Experimental system configuration and two procedures for controlling experi-
mental angular velocity.

Figure 2.

(a) Shear viscosity, 𝜂, as a function of shear rate and (b) Normal stress, 𝜎𝑣, as
a function of shear rate (the symbols used in (a) and (b) are common, and the
measurements indicated by the same symbols are the same).

Figure 3.

(a) Shear viscosity, 𝜂, as a function of shear rate to compare a solid sample sat-
urated with water and the dry condition. (b) Shear viscosity, 𝜂, as a function of
shear rate to compare a solid sample saturated with water and the dry condition
measured in Procedure (b) of Figure 1. The shades of red and blue indicate the
elapsed time in the acceleration and deceleration processes, respectively).

Figure 4.

(a) Shear viscosity, 𝜂, as a function of shear rate. Comparison of a solid sample
saturated with water and the dry condition measured in Procedure (b) of Figure
1. The shades of red and blue indicate the elapsed time in the acceleration and
deceleration processes, respectively. Comparison of a solid sample saturated
with water (circle), JS 5 (triangle), and JS 10 (squares). (b) The ratio of the
shear stress during acceleration (𝜎𝑎) to the shear stress during deceleration (𝜎𝑑)
at each shear rate.

Figure 5.

Mechanical diagram of the solid-liquid two-phase revealed in this study.
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