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Abstract Ultrasonic wave transmission has been used to
investigate processes that influence frictional strength, strain
localization, fabric development, porosity evolution, and
friction constitutive properties in granular materials under
a wide range of conditions. We present results from a
novel technique using ultrasonic wave propagation to observe
the evolution of elastic properties during shear in lab-
oratory experiments conducted at stresses applicable to
tectonic faults in Earth’s crust. Elastic properties were mea-
sured continuously during loading, compaction, and subse-
quent shear using piezoelectric transducers fixed within shear
forcing blocks in the double-direct-shear configuration. We
report high-fidelity measurements of elastic wave proper-
ties for normal stresses up to 20MPa and shear strains up
to 500 % in layers of granular quartz, smectite clay, and a
quartz-clay mixture. Layers were 0.1-1cm thick and had
nominal contact area of Scm x S5cm. We investigate rela-
tionships among frictional strength, granular layer thickness,
and ultrasonic wave velocity and amplitude as a function
of shear strain and normal stress. For layers of granular
quartz, P-wave velocity and amplitude decrease by 20-70 %
after a shear strain of 0.5. We find that P-wave velocity
increases upon application of shear load for layers of pure
clay and for the quartz-clay mixture. The P-wave ampli-
tude of pure clay and quart-clay mixtures first decreases
by ~50 and 30%, respectively, and then increases with
additional shear strain. Changes in P-wave speed and wave
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amplitude result from changes in grain contact stiffness,
crack density and disruption of granular force chains. Our
data indicate that sample dilation and shear localization
influence acoustic velocity and amplitude during granular
shear.
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1 Introduction

The behavior of seismogenic crustal faults remains a major
problem in geophysics (e.g. [54]), and recent large earth-
quakes and tsunamis serve as a reminder of the societal
and scientific importance of improving our understanding
of granular materials within earthquake fault zones. Great
earthquakes often extend for 100’s of kilometers, however
the physical processes that dictate earthquake nucleation and
rupture propagation are largely controlled by micromechan-
ics occurring at the fault interface (e.g. [86-90]). Because
these processes are largely inaccessible from Earth’s surface,
remote sensing techniques such as seismic wave propagation
are important for investigating the basic mechanical behav-
ior of tectonic faults [30,45,50,64,97,101,110,111]. Labo-
ratory experiments on granular and clay-rich fault zones play
an important role in identifying the fundamental processes
and relevant scales of faulting [2,13,14,19,20,24,29,31,39,
48,49,61,62,70,80,95].

The strength and failure mechanics of cataclastic faults
are controlled by properties of the surrounding wall rock
and the mechanical behavior of fault gouge (e.g. [9,12,
17,20,22,26,42,65,79,87-89,96,103]). Laboratory experi-
ments on granular mechanics can play a key role in link-
ing field observations to theory and numerical models of
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the underlying physics [8,24,30,32,40,66,105-107]. More-
over, by combining measurements of ultrasonic properties
with friction and deformation properties (e.g., [49]), one
can illuminate deformation mechanisms in granular mate-
rials that are not detected by conventional studies of friction
[4,45,75,90,100,102].

The purpose of this paper is to introduce a novel technique
for measurement of elastic properties during high strain tests
at elevated pressure and to present new results for the evolu-
tion of elastic moduli with shear under geophysical stresses.
We apply the technique to granular and clay-rich materi-
als, which simulate the wear materials (gouge) found in tec-
tonic fault zones. We focus in particular on the connections
between frictional and elastic properties, and their evolu-
tion as a function of shear strain. We find that the evolution
of ultrasonic properties with shear varies significantly from
granular to clay rich samples. We show that continuous ultra-
sonic monitoring during laboratory deformation adds new
insight to physical processes and transient physical proper-
ties of sheared granular materials, and is an important tool for
experimental investigation of friction in rocks and granular
materials.

1.1 Background

The basic mechanical parameters that describe granular
and porous geological material include both intragranu-
lar, intergranular, and geometric effects [6,11,16,34,44,51,
84]. These include the stiffness and density of the grains
themselves (e.g. [7,56,59,100]) and the particle contacts
described by Hertz-Mindlin contact theory and modulated
by cementation and pore-fluid interactions (e.g. [4,9,21,
33,38,48,49,63,70]). The relative contributions of these
processes are determined in part by interactions within the
network of grain-grain contacts and the stresses at individ-
ual contacts (e.g. [15,34,44,45,62,63,93,94,98]). Interac-
tions between the granular framework and pore fluid pres-
sure are described by Biot theory and poroelasticity (e.g.
[18,25,28,35,68,91,92,101,104,108]).

Mechanical energy travels through granular media via
elastic transmission between particles, and thus the elastic
properties of granular layers depends on the ambient stress
field in the region(s) they pass through (e.g. [3,5,44,57,64]).
The application of quasi-static loads cause deformation
described by the quasi-static elastic moduli of a material,
whereas dynamic, short-term stresses (e.g., ultrasonic waves)
sense a range of dynamic moduli (e.g [1,108]).

A stress exerted on the boundary of a granular system
will be divided among weak interparticle contacts and local-
ized “force chains” carrying substantially higher loads and
supporting the sample (e.g., [77,81]). The stiffness of single
grains in a granular pack may be less important to bulk elastic
wave speed than the effective stiffness of the framework.
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Empirical relationships between stress and strain are com-
monly used to infer static elastic parameters of geoma-
terials (e.g. [10]). However, the strains required to derive
static elastic moduli in this manner may be large and disrup-
tive, and the experimental configurations used often prohibit
simultaneous measurement of friction constitutive parame-
ters and shear fabric (e.g., [36,65]). Ultrasonic velocity mea-
surements can be used to derive elastic properties and have
the advantage that induced changes in stress are small and
produce negligible permanent deformation (e.g. [49,82]).
Ultrasonic wave properties are a function of the bulk and
shear moduli of the material they traverse. Thus dynamic
elastic moduli may be obtained without disturbing the in-situ,
and sometimes fragile network of particle contacts that form
during compaction or shearing. Because granular materials
are inherently dispersive, their dynamic elastic properties
vary as a function of ultrasonic probing frequency and under
dynamic stressing (e.g. [49,63,72,73,83,85,91]). Moreover,
when subject to shear, granular media are often in a state of
fragile, unrecoverable failure; thus, a simple stress vs. strain
curve during frictional sliding does not provide a true mea-
surement of the quasistatic moduli. However, because the
deformation associated with the passage of ultrasonic waves
is recoverable, wavespeed measures can be used to derive
elastic moduli continuously as a function of deformation
and failure [49].

In geophysics, sonic borehole logging has driven a great
deal of research into how wavespeed changes during com-
paction of sediments (e.g., [3,37,97]). A common goal in
such studies is to produce velocity models from active-source
seismic imaging. Such models require calibration between
pressure, porosity, and ultrasonic velocity [110, 112]. Despite
the interest in compaction behavior, comparatively little work
has been done on the evolution of granular materials sub-
jected to shear strain.

2 Methods
2.1 Double direct shear

The biaxial double-direct-shear configuration is designed to
measure the frictional and mechanical properties of granu-
lar materials including simulated fault gouge (Fig. 1). This
configuration consists of two layers of sample material sand-
wiched between three rigid forcing blocks (e.g. [27]). Shear
is forced to occur within the granular material by strong
coupling at the bounding surfaces produced by grooves
oriented perpendicular to the shearing direction. (e.g. [19,
20,42,53,61,87]). In this study, forcing blocks were con-
structed from tool steel and the nominal frictional contact was
Scm x 5cm.
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Fig. 1 a The biaxial
deformation apparatus used for
our experiments. Normal stress a
on the frictional surfaces is
applied by the horizontal ram.
Shear is driven by the vertical
loading ram. b Detail of the
double direct shear assembly
showing embedded piezoelectric
transducers (PZT), which transit
P and S-waves. Frictional
contact area is 50 mm x 50 mm

DCDTs
N— Load cells

We studied granular layers composed of quartz, a smec-
tite clay, and mixtures of the two (Fig. 2). Shear and normal
stresses are calculated from applied forces and the dimen-
sions of the sample. Shear and volumetric strains are calcu-
lated from shear displacement and normal displacement of
the layer boundaries. All displacement and strain measure-
ments are reported for a single layer, assuming symmetric
behavior for the double direct shear configuration (Fig. 1).
Stresses are derived from measurement of force made with
strain gauge load cells accurate to =10 N (0.4 KPa on our
layers). Displacements at the layer boundaries are measured
with DCDT’s accurate to +0.1 pm. Displacements are cor-
rected for elastic distortion of the loading frame. Together,
these data are used to derive stresses and frictional properties
of the sample under a wide range of conditions. In total, 26
experiments were conducted for this study.

2.2 Ultrasonic velocity measurements
Ultrasonic transmission waveforms were recorded continu-

ously during shear experiments using a direct transmission
technique with piezoelectric crystal sources. The acoustic

sources and receivers were 0.5-inch diameter cylindrical
lead-zirconate-titanate (PZT) crystals with vacuum-
deposited, chrome-gold electrode surfaces and a center fre-
quency of 0.5 MHz. We embedded the transducers in the side
blocks of the double-direct shear assembly using a silver-
filled conductive epoxy (Fig. 1). The PZT’s were 7 mm from
the base of the grooves in the side blocks. P and S-wave
arrivals were identified in the recorded waveforms based on
one-way time-of-flight through both layers in the double-
direct shear configuration (Fig. 1), after correcting for travel-
time within the steel blocks as determined by calibration.

We used an Olympus NDT Model 5S058PR pulser-receiver
to apply 900-volt pulses (0.1—4 s pulse width) to the source
transducer at a repetition rate of 100 Hz. The output from the
receiver transducer was recorded by a GaGe CS8382 multi-
channel digitizer at a rate of 25 MHz at 14-bit depth over a
1 or 2-volt range. One hundred waveforms were stacked for
each output measurement followed by a 1s pause to transfer
data and reset the acquisition card, for an effective recording
rate of full waveforms of 0.5 Hz.

The relative amplitude of individual waveforms varies
as a function of attenuation and efficiency of the source
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Fig. 2 SEM images of the sample materials, showing the starting mate-
rials for each of the three sample types used

transducers. The difficulty of comparing absolute wave
amplitude between experiments using acoustics is well
known and arises from differences in coupling, transducer
response, and path length of the transmitted wave. Our
approach circumvents much of this problem because we have
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Fig. 3 Example ultrasonic waveforms indicating P and S-wave arrivals
from experiment p2708 on a granular quartz layer at a 1 MPa applied
normal stress and b 19 MPa applied normal stress. Note the distinct
P and S wave arrival and the large increase in amplitude caused by
increased normal stress

a fixed set of transducers and are able to record waveforms
continuously as a function of applied stress and strain evo-
lution for complex loading histories. In addition to track-
ing changes in a given experiment, we compared ultrasonic
waveforms between experiments by working with relative
wave amplitudes rather than absolute amplitude corrected
for attenuation [52].

For our configuration, many of the factors that relate atten-
uation and amplitude are constant within a given experiment.
Thus changes in amplitude as a function of shear and other
factors can be used to infer changes in internal properties such
as porosity, particle size distribution, and fabric development
[16,48,76]. The amplitude of the P and S-wave arrivals var-
ied from millivolts to hundreds of millivolts within the same
experiment depending on strain and applied normal stress
(Fig. 3).

2.3 Sample preparation

We studied granular, clay and mixed composition layers.
(Fig. 2). Our suite of samples was selected to include the end-
member compositions expected for gouge found in tectonic
fault zones, and also to connect with a large body of existing
literature on frictional and mechanical properties of simu-
lated fault gouge (e.g., [2,12,19,20,24,42,53,55,60,78,80]).

The granular quartz was a high-purity (>99 % quartz),
fine-grained material purchased from the U.S. Silica com-
pany as F110 foundry sand; 95 % of the grains are in the
range 53-212 wm and the mean grain size is 127 pm. F110
is a common laboratory standard for granular studies, and its
frictional properties are well established over a wide range
of conditions (e.g. [2,60,66]). The clay is calcium mont-
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morillonite purchased as a dried powder (GSA resources,
SM1502A). XRD analysis shows that this material is 90 %
clay, 2 % quartz, and 8 % plagioclase, and that the clay-sized
fraction is 100 % smectite (M. Underwood, pers. comm.).
The grain size of this material is polydisperse, with individ-
ual crystallites forming clumps over a size range from ~10
to 200 pm and peaking at ~75 pm as measured in a Master-
sizer particle size analyzer. In addition to the end-members,
we studied a 50/50 mixture, by mass, of the quartz and clay.

Sample layers were constructed by forming a cellophane
tape wall around the perimeter of a 5 cm x 5 cm side-block
and filling to a predetermined height (e.g., [53]). For initial
handling, the sample blocks were secured together with strips
of tape. These were removed after samples were loaded into
the testing machine. To prevent material loss during shearing,
thin copper shims were fixed to the underside of the blocks
and further secured by a thin elastic membrane. Guide plates
were bolted to the outside (front and back) of the side blocks
to prevent extrusion of the sample in the out-of-plane direc-
tion (Fig. 1).

2.4 Wave speed and arrival-time picking

The path length between the PZT’s in the shear configura-
tion is on order of only a few centimeters (Fig. 1). Thus,
P-wave arrivals had to be identified precisely and consis-
tently. For example, at a digitizing rate of 25 MHz with a pair
of 5-mm thick layers and P-wave velocity of 2,000 m/s, the
effective resolution is 20-30 m/s. This resolution in velocity
decreases as the path length decreases, reaching 50 m/s for
a pair of 1.5-mm sample layers. Waveforms are acquired as
the response of a 500 KHz transducer, so any high-frequency
“spike” arrival will appear as the first oscillation in a wave-
form with a dominant period of 2 microseconds. The arrival
time of the wave is indicated by the first point in time
where the oscillation emerges from the background noise.
Because of dispersion and attenuation [52] both the shape
and the amplitude of a band-limited waveform will evolve
with changes in ultrasonic velocity, path length, or other fac-
tors that influence attenuation [71,72,97,111].

A traditional method is to pick phase arrivals by visual
inspection using the emergence of a waveform above back-
ground noise. Another approach is to use the first minimum
or maximum [50]. A more precise method is to estimate the
arrival time for a single waveform manually, and then cal-
culate the offset in time between that and other waveforms
through cross-correlation (e.g. [71,74]). This technique is
sensitive to changes in the shape of the waveform, and will
produce false positives in band-limited waveforms where the
first arrival comes in at significantly lower amplitude than
subsequent sections of the wave.

Because the noise in the waveform prior to the P-wave
arrival was quite small in our measurements, we applied

a simple, automated edge-finding procedure to identify the
boundary between the portion of the waveform with coherent
amplitude and that without. For each point k in waveform X,
this algorithm takes the absolute value of two windows of
length n.

k+n k
Di= > abs(X;) | > abs(X))
i=k i=k—n

Maxima in D indicate where a sum of large values is being
divided by a sum of near-zero values, which occurs at the
P-wave arrival when low-frequency noise is absent prior to
the onset of the compressional wave.

We also tested a simple Akaike Information Criterion-
based (AIC) method after the formulation of [58] as reported
by [106]. This compares the variance before and after each
point k in waveform X of length n.

AICy =k -log{var (X [1,kD}+ (n —k — 1)
-log {var (X [k + 1, n])}

The AIC technique is essentially a measure of “goodness-
of-fit” between a signal and a model. The AIC coefficient
is lowest where the waveform changes in overall charac-
ter, reaching local minima at the EM wave and the P-wave
arrival. The results for our waveforms were comparable
with the edge-finding algorithm. The AIC technique per-
forms better in cases with low signal to noise ratio prior
to the P-wave arrival and/or where noise has significantly
different frequency content and variance compared to the
P-wave.

Our initial experimental configuration was instrumented
with a single P-wave transducer on either side of the sam-
ple (Fig. 1). We also used shear-cut crystals in an orienta-
tion that produces a high-amplitude S-wave with a particle
motion parallel to the shearing direction of the sample lay-
ers. These also produce a distinct P-wave via mode conver-
sion at the interface of the layer and forcing block. Despite
their lower amplitude expression, compressional waves gen-
erally obscure the arrival of the shear wave in recorded data.
Although the P-waves can be picked from the emergence of
a coherent signal above the background noise, S-waves must
be picked as time- or displacement-variant changes in the
shape of the waveform followed by a significant increase in
amplitude. This is difficult to automate with algorithms used
to detect P-wave arrivals, so S-wave arrivals were picked
manually on a subset of waveforms and interpolated using a
minimum-curvature spline fit between picks.

We determined ultrasonic velocity by measuring changes
in arrival time and path length. For experiments where both
P-wave and S-wave arrivals were measured, we calculated
elastic moduli using the relationships
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Voo [K +@4/3)n Vs=\/E
o p

where K is the bulk modulus, u is the shear modulus, and p
is the bulk density. The mass of each sample was recorded
before the experiment, and the recorded changes in layer
thickness were used to estimate changes in density by cor-
recting for geometric thinning of the sample (e.g., [87]) and
material losses.

To calculate effective porosity and density of our samples,
we measured layer thickness under the applied load and used
the known mass of each layer. Layer thickness was measured
under load to a precision of 10 pm, and changes in thick-
ness are known to £0.1 pm from digital measurements of
the load point displacements (Fig. 1).

2.5 Experimental conditions

Experiments were run at room temperature and ambient
humidity conditions. These parameters are recorded for
each experiment and were relatively consistent over the
suite of tests, but were not explicitly controlled. Previ-
ous work has established relationships between humid-
ity and frictional strength for the materials used in our
study [32,40,42]. Fluid saturation state has a significant
effect on acoustic velocity and attenuation in geomateri-
als (e.g. [16,18,25,30,51,67,68,91]). However, our exper-
iments were run under consistent, dry conditions [~10—
20% relative humidity] and thus sample to sample vari-
ations due to these effects are expected to be negligible

(e.g. [99)).

3 Results
3.1 Effects of normal stress and compaction

We began each experiment by applying a small load nor-
mal to the sample (Fig. 4). Normal load was then increased
in increments of 1 MPa, with waiting times of 10s, during
which we measured acoustic velocity. During periods of con-
stant normal stress, samples undergo time-dependent, creep-
compaction, consistent with previous observations (e.g.,
[32,47]). This compaction is responsible for part of the scat-
ter seen in Fig. 4. We show both the range (lighter dots) and
mean (larger, black symbols) of the ultrasonic velocities at
each normal stress (Fig. 4). Ultrasonic velocity and density
both increase with increasing normal stress (Fig. 4). Our data
indicate that bulk density increases more slowly with increas-
ing normal stress than elastic moduli, such that wave speed
increases with increasing normal stress.
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Fig. 5 Evolution of measured P-wave velocity during a full shear
experiment, showing application of normal load, shear, and removal
of normal load. Grey points indicate individual waveforms while the
solid line indicates a moving-window average. Schematics above each
plot indicate the relative movements of the forcing blocks and the sam-
ple during each stage. Velocity increases during application of normal
load, due to porosity loss and densification, and decreases during shear
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3.2 Effects of shear strain

We explored the effect of two loading histories on sample
behavior. One suite of experiments examined the effect of
shear strain on wave velocity (Fig. 5). In these experiments,
normal load was raised to 19 MPa and maintained at that
level while samples were sheared at a continuous rate of
10 wm/s. The total shear displacement was approximately
22 millimeters, resulting in a shear strain of 4-5 (Fig. 5).
The evolution of ultrasonic velocity and amplitude during
each experiment may be divided into three stages (Fig. 5),
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representing loading, shear strain accumulation, and unload-
ing. We measure wave speed continuously during each stage.
This suite of tests documents the relationship between slid-
ing friction and elastic wave speed under fully mobilized,
steady-state frictional sliding (Fig. 5).

The second suite of tests included experiments in which
normal stress was cycled from 1 to 19MPa and back in
I MPa increments (Figs. 6, 7). These experiments inves-
tigated the effect of normal load on ultrasonic properties
and also allowed assessment of the effect of macroscopic
changes in granular packing and force chain geometry (e.g.
[5,48,49,63]). Finally, the experiments with normal load
cycles assessed hysteresis in stress—strain and acoustic prop-
erties as a function of strain. Figure 6 illustrates such tests
for montmorillonite (6a, 6¢) and quartz (6b, 6d).

P-wave velocity and relative amplitude evolve system-
atically as a function of normal load cycling. Figure 7
shows such data as a function of changes in layer thickness,
expressed as linear strain normal to the layer. The darkest
symbols indicate the initial, virgin, loading path, the inter-
mediate color symbols show the effect of subsequent unload-
ing to 1 MPa, and the lightest symbols indicate behavior for
reloading to 19 MPa.

For each case, the virgin compaction curves differ from the
subsequent unloading/reloading curves (Fig. 7). The clay lay-
ers exhibited the largest hysteresis loops, with large normal
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in layer thickness (¢)—is small compared to the change upon initial
loading. Labels on arrows in panel a apply to each panel. Note the
effect of initial loading and hysteresis during subsequent loading and
unloading

strain during virgin loading and large permanent strain upon
unloading (Fig. 7). Permanent layer compaction is interme-
diate for the quartz-clay mixture, but the mixture shows sig-
nificantly higher relative P-wave amplitude than either end-
member.

For quartz and the quartz-clay mixture, P-wave velocity
reduced to nearly its original value at the end of the virgin
loading curve, whereas for the clay layer Vp was ~600m/s
higher than its initial value (Fig. 7) indicating permanent,
inelastic deformation. As discussed below, this observation
is important for understanding the ultrasonic data during cou-
pled shear deformation and loading/unload cycles.

Load/unload cycles subsequent to the virgin loading curve
are characterized by a quasi-linear relationship between Vp
and P-wave amplitude as a function of normal strain, with
only a small amount of inelastic strain (Fig. 7). The curves
for AV p show a small concave-up section follow by a quasi-
linear region until a yield point, after which wave speed rises
more slowly and non-linearly with additional strain (Fig. 7).
Relative amplitude also increased with loading and nor-
mal strain. Our data indicate that acoustic amplitude within
the granular/clay mixtures increased with increasing contact
stress and decreasing porosity along the path length between
the source and receiver transducers (Figs. 6, 7). The val-
ues of Vp we measured are consistent with previous work
[50,63,69,109,111].
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Fig. 7 Data from the same experiments shown in Fig. 6, with an addi-
tional experiment for a clay-quartz mixture. Inset to panel a shows
loading history (see Fig. 6 for additional detail). Each panel shows
changes in ultrasonic wave properties as a function of linear strain nor-
mal to the layer. a Change in P-wave velocity for a load-unload-reload
cycle prior to shearing. b Change in relative P-wave amplitude. Note
roughly linear relationship for velocity change with normal strain, after
initial loading, and exponential increase in amplitude with compaction
and strain

Shear strain has a significant effect on the properties of
granular materials. We find that layer thickness, the coeffi-
cient of friction, P-wave velocity (Fig. 5), and P-wave ampli-
tude all evolve systematically as a function of shear strain
during loading and sliding (Fig. 8). Multiple experiments
were run using each material, confirming that these trends
are characteristic and reproducible. We explore the relation-
ship between friction, wave velocity, and wave amplitude
by comparing their variations with shear strain and normal
stress. While we considered making direct plots of friction
versus velocity, we found such plots difficult to interpret and
instead, we rely on separate plots such as those shown in
Figs. 8 and 9.

The granular layers thin along exponential decay curves
(Fig. 8a), which represents the combined effects of shear-
induced compaction, dilation, and geometric thinning due
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to shear [87]. The coefficient of friction for each material
evolves non-linearly to a quasi steady-state value, which is
generally reached by a shear strain of 2-3, consistent with
previous work conducted at geophysical stresses (e.g., [65]).

Ultrasonic wave velocity and amplitude provide addi-
tional, independent information on how the materials evolve
as a function of shear strain. The P-wave velocity of the quartz
layers began to decrease immediately upon shearing, and
continued to decrease as a function of shear strain, going from
1,750 to ~1,500 m/s over a shear strain of 5 (Fig. 8c). P-wave
amplitude for first arrivals through quartz layers decreased
by 60-70% at a shear strain of 0.5 and never recovered
(Fig. 8d). In contrast, the clay layers exhibited an increase in
P-wave velocity of about 100m/s over a shear strain of 0.5
then decreased back to the initial value, and finally increased
again for shear strains above about 2.5 (Fig. 8c). The behav-
ior of the quartz-clay mixture was similar to that of the pure
clay sample, with an initial increase in P-wave velocity of
about 100m/s followed by an equivalent decrease out to a
shear strain of 1.5 and a gradual rise with increasing strain.
As shear load increased, up to a shear strain of ~1, the
P-wave amplitude of the clay and the mixture decrease
by ~50 and 30 %, respectively, compared to the pre-shear
values, but in both cases amplitude recovered with additional
strain. It is interesting to note that P-wave velocity shows
an initial peak, during the time when amplitude decreases,
and then increases by a small amount with continued shear
(Fig. 8). The initial peak in velocity for both materials coin-
cided with a subtle decrease in the rate of layer thinning as a
function of shear strain.

3.3 The effect of load cycles

We conducted a third suite of tests that included a combina-
tion of normal load cycles and increments of imposed shear
strain (Fig. 9). In these experiments, normal stress was first
stepped from 1 to 19MPa in 1 MPa increments and then,
with the normal stress at 19 MPa, we imposed a fixed shear
displacement. These experiments provide data on the com-
bined effects of changes in elastic properties, shear strain,
and granular packing.

Shear strain and normal stress have a significant effect on
ultrasonic wave speed in the quartz layers, a moderate effect
in the mixture, and little change in the clay (Fig. 9a). P-wave
velocity for the clay during these experiments tracked essen-
tially the same curve as in the continuous shear experiments
(e.g., compare to Fig. 8c), while the load cycles had little
observable effect on either clay P-wave amplitude or long-
term evolution of relative amplitude as a function of shear
strain.

In contrast, for quartz and the mixture, the load-cycles
had an immediate effect. Each time shearing resumed, the
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P-wave velocity rose transiently, and then began to decrease

over an increment of ~0.3-0.5 strain (Fig. 9a). This “bump”

of 100-200 m/s in the record was observed following all five

load-cycles. Moreover, rather than the overall decrease in

P-wave velocity observed for the continuous shear exper-

iments (Fig. 8c), the long-term average for the load-cycle

experiments remained constant. The mixture displayed behav-
ior similar to that of the quartz, although there was less

of an observable direct effect following the resumption of
shear deformation. Rather than the gradual increase in veloc-

ity observed during the continuous shear strain experiments,

the P-wave velocity of the mixture during load-cycle experi-

ments held close to a steady-state value with increasing strain

(Fig. 9).

The coefficient of sliding friction for all three materials
was largely unaffected by the normal stress cycles. There was
an observable direct effect following the resumption of shear
in the quartz samples, and a smaller effect in the mixture.
In both cases the friction coefficient evolved toward values
consistent with the continuous shear experiments illustrated
in Fig. 8b. The effect on sample thickness was also subtle,
but consistent with the idea that the granular framework of
the quartz sample was changing more than that of the other
materials. For the mixture and the pure clay, reducing the
normal load caused the sample to expand, and reapplying the

1 2 3 4 5 6 7 8
Shear Strain

as shear load is applied and then reaches a minimum and increases
with further strain during steady-state frictional shear for the clay and
clay-quartz mixture

load caused it to contract by an equivalent amount. For the
quartz, reducing the normal load did not induce a significant
increase in layer thickness, but some thinning occurred when
it was reapplied (Fig. 9c).

The evolution of relative wave amplitude during shear and
normal load cycling was dramatic and similar for each sample
(Fig. 9b). The P-wave amplitude of quartz layers increased
by an amount ranging from 25 to 100 % of its previous value
following each load cycle, then quickly decayed back to
the original value of about 2mV. The mixture displayed the
same trend. Interestingly, the long-term increase in amplitude
observed for the mixture in continuous sliding experiments
(Fig. 8d) was replaced by an overall decrease. The amplitude
of the clay samples exposed to periodic load cycles follows
essentially the same trend as when sliding is continuous, with
minimal perturbation associated with individual load cycles.

Figure 9a, b show velocity and amplitude versus shear
strain. Because the shearing displacement is halted during
a normal load cycle, changes in acoustic properties plot at
a single strain value. The central, shaded, section in Fig. 9c
shows detail of this behavior during a load cycle. Note that
the velocity and amplitude decrease as a function of normal
stress for the quartz, but when the normal stress is returned to
19 MPa both are at a much higher value than when shearing
was halted.
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3.4 Elastic moduli

We combine the P and S-wave velocity with density mea-
surements to determine the evolution of dynamic elastic
moduli during our experiments (Fig. 10). Experiments with
load cycles provide information on the elastic and inelas-
tic properties and shear constitutive behavior during sample
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compaction (e.g., Fig. 6). Load-unload cycles during non-
shearing portions of the experiment provide estimates of the
quasi-static bulk modulus of each material. Our measure-
ments show that these values vary with normal stress. The
average values for our range of stresses are 0.64 GPa for
quartz layers, 0.72 GPa for the mixture, and 0.61 GPa for clay.
At a normal stress of 19 MPa, the dynamic moduli exhibit a
greater spread, with values for quartz, the mixture, and clay of
3.5,4.4 and 2.6 GPa, respectively. The dynamic shear moduli
during compaction rose from 0.5 to 1.3 for quartz, 0.5 to 1.5
for the mixture and from 0.6 to 1.4 for clay (Fig. 10).

As the samples were sheared, the quartz and the mix-
ture exhibited an initial drop in dynamic shear modulus
(Fig. 10d, e). In the quartz sample the shear modulus reached
a steady state at ~1 GPa following this decrease. The shear
modulus of the mixture recovered and continued to rise with
increasing strain, ultimately reaching a value of ~2 GPa by
a strain of 5. The shear modulus of the clay layer rose by
an amount similar to that of the clay-quartz mixture, which
was significantly higher than observed for the pure, granu-
lar quartz (Fig. 10, compare panels d—f). The dynamic bulk
modulus for all materials increased following the onset of
shear, with the quartz reaching a value of ~4 GPa, the clay
beginning to come to steady state at 3.5 GPa and the mixture
flattening off at around 8 GPa (Fig. 10).

4 Discussion

Granular materials accommodate shear strain and displace-
ment through a variety of mechanisms. These include local-
ization phenomena such as the formation of deformation
bands (e.g. [23,46,79,80,93,94,105]) as well as network
processes involving the creation and destruction of force
chains (e.g. [8,41]). In dry or unsaturated granular sam-
ples deforming on a time scale of minutes to hours, we
expect invariant physical and chemical properties of indi-
vidual grains, although the average grain size and the shape
of the size distribution may change with shear induced com-
minution. Furthermore, in an unsaturated sample the pores
are filled with air at atmospheric pressure, which is likewise
not expected to change appreciably during an experiment.
The evolution of ultrasonic velocity with normal stress and
with shear strain (e.g. Fig. 5) must be attributable to changes
in the granular contact stiffness, grain coordination number,
porosity and load-supporting framework of the sample (e.g.,
[63]). A change in sample layer thickness implies a reorga-
nization of grains, so the observed thinning corresponds to
porosity reduction and an increasing granular coordination
number. An increase in granular contact stiffness as well as in
the granular coordination number will tend to increase wave
velocity and amplitude [34]. In addition to the restructuring
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of grains into tighter arrangements, grain comminution will
also decrease porosity.

Our measurements of ultrasonic properties indicate
changes in elastic attenuation, as well as macroscopic mea-
surements such as layer thickness (Fig. 8a) and frictional
strength. Our friction curves (Fig. 8b) show an initial non-
linear increase as grains rearrange to accommodate shear
displacement. The evolution of friction as a function of shear
strain is characteristic of different materials sheared at dif-
ferent normal stresses, rates, and saturation states.

4.1 Stress distribution, granular processes and elastic
properties

We find that wave velocity and amplitude of granular quartz
decreases with shear (Fig. 8). This result was verified in mul-
tiple repeat experiments. At the pressures of our experiments
one might expect wave velocity and amplitude to increase
with shear strain, given that grains break with shear, which
should broaden the particle size distribution and reduce
porosity. However, granular contact stiffness and intragran-
ular elastic properties of the granular framework also vary
with shear strain. Indeed, the works of [48,49] show results
similar to ours for shear of spherical beads, with reduction
of P-wave speed upon shear.

Following [48,49], we hypothesize that wave velocity and
amplitude of our sheared layers show the behavior indicated

in Fig. 8 because of: (1) increase in intragranular crack den-
sity and the number of contact junctions, as comminution
and spalling commence upon shearing, (2) rotation of the
principal stress axis, which is initially normal to the layer
and rotates through a minimum angle, at the peak of fric-
tional stress, before reaching a steady value given by the
granular friction angle, and (3) disruption of granular force
chains. The amplitude of P-waves is affected most by prin-
cipal stress orientation, as seen in the clay and quartz/clay
mixtures (Fig. 8b, d). The clay layer shows the strongest peak
stress and the biggest change in P-wave amplitude; however,
the minimum in wave amplitude occurs after the peak stress,
indicating that other factors are important.

During compaction and application of shear stress, force
chains in the sample form to oppose the normal and shear
stresses. For our sample configuration, the average orien-
tation of these chains is expected to be subparallel to the
direct path between the ultrasonic transducers. Given that the
acoustic waveform is the sum of energy traveling through the
network of force chains, and therefore will reflect changes in
the mean orientation and stress state of grain-to-grain con-
tacts, the observed reduction of wave speed with shear is
consistent with destruction of longer trans-layer chains and
formation of shorter chains and a more complex granular
network (e.g., [24,49]).

The behavior of the quartz samples during the load-cycle
experiments (Fig. 9) supports the idea that force chains are
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important, as reducing the normal stress and reapplying it
would reorder the force chains, as suggested in previous
works (e.g., [47]). The long-term rotation of force chains
through continuous shearing is disrupted, and neither ampli-
tude nor velocity decays, in sharp contrast to the continuous
shearing experiments (Fig. 8).

In contrast to granular layers, we do not expect that the clay
layers will develop strong force chains that would reorient
during load-cycles. Shear of clay samples occurs by local-
ized slip along discrete surfaces in an R1 Riedel Shear ori-
entation or along Y shears, rather than by the formation and
destruction of distributed force chains. The lack of an effect
on acoustic properties from load-unload cycles on the clay
samples (Fig. 9) supports this interpretation.

The normal stress and shear stresses we apply at the
boundaries of a sample will ultimately be resolved on many
individual grain-to-grain contacts as “contact-normal” and
“contact-tangent” stresses. The relationship between the
boundary stresses and the population of contact stresses will
be controlled by the arrangement of the granular frame-
work. During initial loading of a granular material with no
applied shear stress, we expect normal stress to be a more
ideal proxy for isostatic pressure than during the shearing
phase.

Ultrasonic velocity should vary systematically with prop-
erties of the granular layers. In particular, velocity should
increase as contacts stiffen, porosity decreases, and grain
coordination number increases, because waves will travel
through more solid—solid interparticle contact junctions.
This may explain the difference between the P-wave veloc-
ity curves for the quartz and the mixture (Fig. 7). The
quartz sample starts out with higher wave speed, but is
overtaken by the mixture as normal stress is increased.
The curves for change in layer thickness for these mate-
rials (Fig. 6) indicate that the mixture compacts more
than the pure quartz, which in turn indicates that the
mixture experiences a larger reduction in porosity as a
function of normal stress. This could explain why the
effective bulk modulus of the mixture appears to increase
more with strain than that of the pure quartz (Fig. 10),
whereas the shear moduli of these materials do not differ
significantly.

When we combine the behavior observed during com-
paction with that exhibited during shearing, we can explain
the differences in effective moduli derived from wave speed.
Our data suggest that differences in moduli are a product of
differences in the evolution of packing for rounded to angular
grains and platy clay particles as a function of shear strain
accumulation (Fig. 11). The quartz grains compact into a
tighter arrangement during loading (Fig. 1 1a). When sheared,
the layers dilate as particles move over and around each other
in order to accommodate strain (Fig. 11b). This produces a
rotation of force chains away from the direct path between
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the transducers, as well as an increase in bulk porosity, both
of which would cause a decrease in measured modulus and
wave speed. Eventually the sample reaches a critical state
(Fig. 11c) defined by a packing density that balances the
load on the grains against the work required for dilation and
shear. Concentrated loading of individual grains may cause
communition through spalling or grain fracture [75], which
would decrease bulk porosity but could increase crack poros-
ity within grains, with a corresponding effect on ultrasonic
velocity (e.g., [30]). The relative contribution of crack poros-
ity has been demonstrated to dominate over the decrease in
bulk porosity in cohesive sandstones undergoing cataclastic
compaction [31].

Particle packing has an important effect on the ultra-
sonic properties of both clay and granular samples. The
plate-like clay particles will be pushed into flatter orien-
tations as the sample is compacted, but not completely
(Fig. 11d). As the sample is sheared, some of these parti-
cles will be forced to kink and tear into configurations that
permit sliding (Fig. 11e). This would result in a transient
increase in strength as the sample dilates, causing an imme-
diate decrease in wave amplitude as porosity increases but a
wedge-shaped rise and fall in wave speed as observed in
data presented in Fig. 8c, d. This may be an anisotropic
effect caused by the average orientation of the particles rotat-
ing through the path between the transducers, which would
result in an increase in apparent effective moduli when par-
ticles are more aligned with the wave propagation direc-
tion, even as the porosity is increasing. Alternatively, the
fact that the clay sample has a higher coefficient of sliding
friction during the dilatant phase (Fig. 8b) may mean that
the average contact stresses are higher between grains or
that additional force is expended in folding and kinking clay
particles.

The p-wave speed, and elastic moduli, should increase
with the maximum principal stress (e.g., [48]), and there-
fore an increase in shear stress, indicated by higher fric-
tion would, should result in an increase in wave speed.
If porosity increases at the same time, amplitude should
decrease. When a majority of clay grains lie in an ori-
entation favorable to sliding, shear is expected to occur
at constant volume or with slight compaction, resulting in
a gradually increasing velocity and amplitude with shear
(Fig. 11f).

The layers formed from the clay-quartz mixture have
the widest particle size distribution, and therefore these
should have the lowest porosity (Fig. 11g). Since the mix-
ture behaves more like its clay end-member, we conclude
that the clay “matrix” plays a more important role than
the quartz grains in determining sample deformation and
shear localization (Fig. 11h). Shear fabric in the mix-
tures seems to persist even during normal stress cycling
(Fig. 111).



Shear strain in granular layers

Fig. 11 Potential mechanisms
responsible for differences in
behavior observed for various

Compaction

Shearing

Long-term Evolution

—

materials during compaction,
initial, and long-term shearing.
For all materials, ultrasonic
properties of the sheared layers
are influenced by grain contact
stiffness, coordination number,

Quartz

»a

and grain size. Behavior of pure
granular quartz layers is further
influenced by dilation and force
chain network. Clay layers are
controlled by folding, kinking,
and alignment. The mixture is
controlled by localization of slip
into clay-rich zones between
quartz grains

Mixture

»a

»a

4.2 Microstructural observations

We tested the mechanical hypotheses developed from our
constitutive data by examining the samples post-shear using
a Scanning Electron Microscope. The samples are initially
unconsolidated (Fig. 2), but after compaction and shearing,
they gain cohesion. For the layers of clay and quartz-clay,
post-shear cohesion is sufficient that they can be removed
from the experimental apparatus as solid pieces that separate
along shear fabric surfaces [36,65]. The low permeability and
cohesion of these samples makes them difficult to impregnate
with epoxy and polish for thin sections, but we were able to
image surfaces of shear fabric (localization features) and the
edges of fracture pieces. We fractured samples parallel to
the shear direction to view the cross-sectional distribution of
shear structures (Fig. 12). The layers of pure quartz did not
retain sufficient cohesion following shear to permit similar
analysis.

What we find is that the failure surfaces present in the
clay layers and in the mixture are extremely similar, with
clay-rich failure planes localizing deformation between the
quartz grains found in the mixture. Clay content is important
in determining the behavior of fault gouge, and a great deal of
work has been done to understand the transition from a clast-
supported system to a matrix-supported system (e.g. [36,42,
43]). The strain localization we observe at 50 % clay content
is similar to that which occurred in pure clay experiments,
but in the mixture these localization planes form in regions of

continuous clay matrix and between masses of larger clasts
(Fig. 12).

Given the higher P-wave velocity observed in the mix-
ture, but the similarity in trends observed in the mixture
and the clay layer during shearing (Fig. 8), we infer that
the zero-order dynamic elastic properties of the sample are
controlled mainly by differences in porosity rather than the
relative percentages of quartz and clay. However, the evo-
lution with shear strain is dominated by the formation of
clay localization surfaces rather than the formation of force
chains between larger grains. This behavior is more obvi-
ous in the ultrasonic velocity data than in measurements of
the bulk coefficient of sliding friction. The relative weak-
ness of the clay samples compared with the mixture may
simply be due to the fact that deformation in a shearing
clay layer can be distributed over more surfaces (Fig. 12e).
Further experiments are needed to identify how velocity
varies as a function of shear strain as a critical percent-
age of quartz grains is reached such that shear transitions
from a matrix localization process to grain-supported force
chains.

5 Conclusions
We instrumented a biaxial double direct shear configura-

tion to make precise measurements of ultrasonic P and
S-wave velocity during shear of granular and clay materi-
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Fig. 12 Scanning Electron
Microscope images of clay and
quartz/clay mixture samples
following shearing. a, b show
shear fabric surfaces with
slickenlines formed in both clay
and the mixture, respectively. d,
e show a closer view of these
surfaces, drawing attention to
the similarity in the spacing of
grooves and the absence of
larger grains along the surfaces.
e, f show similar surfaces in
cross-section, emphasizing the
tight spacing of parallel slip
surfaces in the clay sample e
compared with the thick zones
of mixed quartz and clay

als subjected to elevated normal stress. Our system allows
for high-resolution measurement of changes in travel time
and wave amplitude as a function of shear and other factors
in a given experiment. Measurements of wave speed during
compaction are in good agreement with values from prior
research. Measurements are repeatable and characteristic dif-
ferences are present between the range of granular materials
tested. The evolution of effective elastic moduli as calculated
by changes in velocity and density (porosity) during shear
helps to constrain the micromechanics of shearing of granular
materials. The continual decrease of wave speed and effective
moduli in quartz layers suggests sample dilation and poros-
ity increase during formation and evolution of force chains
across the shearing layer, whereas the complex evolution of
velocity and amplitude in the clay and clay/quartz mixture
suggest initial dilation upon shearing followed by porosity
reduction and localization with increasing shear strain. Light
microscopy and SEM images demonstrates that shear local-
ization occurs in both clay samples and the quartz/clay mix-
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tures. These observations and techniques can be extended to
a range of natural materials, including gouge from tectonic
fault zones.
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