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Abstract Earthquakes canimpartvarying degrees of damage and permanent, inelastic strain
on materials, potentially resulting in ruptures that may promote hazards such as landslides and
other collapse events. However, the accumulation of damage in rocks under the frequency and
amplitude of shaking experienced during earthquake events is rarely systematically measured due
to technical limitations. Here, we characterize damage evolution during laboratory experiments
on a suite of dacitic rocks from Unzen volcano, Japan, to help resolve accumulated damage and
landslide susceptibility of lava domes during regional earthquake events. Damage was imparted
during slow (time-dependent creep) and fast (stress-oscillation earthquake simulations) uniaxial
loading in compression and tension. Damage evolution is approximated from strain during exper-
iments; all samples accumulate strain during earthquake events, but microfracture-dominated
samples tend to be more susceptible to damage than vesicle-dominated samples. The orienta-
tion of existing fabrics with respect to loading direction dictates the magnitude of strain accumu-
lation under load oscillations. During each “earthquake” experiment of multiple dynamic stress-
oscillations, samples accumulate inelastic strain. The strain imparted during each successive event
is initially high and then reduces after 5-7 events, except when stressing results in failure. The
strain rate during phases of intermittent stressing tends to be higher than prior to them. Un-
derstanding the accumulation of damage and the potential for brittle failure of rocks subjected
to earthquakes can help define the origin and timing of certain landslides, rockfalls, lava dome
collapses, and other failure events.

1 Introduction gerous rockfalls, debris avalanches, and pyroclastic
density currents (e.g., Calder et al., 2002); in extreme
cases, they may lead to large sector collapses (Kerr,

1984; Walter et al., 2019).

Volcanoes are often located near plate boundaries
and are subjected to both tectonic and volcanic earth-
quakes, both of which are known to trigger landslide
events (Saito et al., 2018; Thouret et al., 1990). Dy-
namic stress perturbations from earthquakes can de-
form rock and prompt the nucleation, growth, and
coalescence of cracks or fractures. This can lead to
stress field changes around volcanoes (Farias and Ba-
sualto, 2020; Fujita et al., 2013) and can trigger ad-
ditional earthquakes at volcanoes (Bell et al., 2021;
Enescu et al., 2016). Mechanical weakening of rock
and granular material due to earthquakes has been
measured at several volcanoes (e.g., Brenguier et al.,

Volcanic edifices and structures such as lava domes
are particularly prone to both structural and me-
chanical instability, as they are unconfined structures
often sitting atop a weak basement (Borgia et al.,
1992). They can experience relatively rapid growth
(Yamamoto et al., 1993), and are subject to magmatic
(Kerr, 1984) and hydrothermal activity (including min-
eral alteration; Ball et al., 2015) as well as earthquake
loading (Belousov, 1995; Walter et al., 2007) that may
decrease volcanic slope stability. Volcanic domes
can fail in both compression and tension. Compres-
sional failures are related to gravitational forces on
the dome interior due to dome growth, in addition to
gas and magma pressure (Voight, 2000). Tensile fail-
ure is most relevant to exterior parts of the dome. For
example, emplacement on slopes, bulging of a dome,

or pressurized gases within the pores can resultin ex-
tensional stresses that cause rocks to fail in tension
(Sato et al., 1992; Voight, 2000; Hornby et al., 2019).
If they become unstable, collapse may lead to dan-
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2014; Lesage et al., 2014; Yates et al., 2019). Under-
standing the degree of damage volcanic rocks may
experience during earthquakes, which contributes to
understanding the likelihood and timing of material
failure, can aid in hazard mitigation at volcanoes.
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Experimental rock physics has greatly expanded
our understanding of rock mechanics and failure, in-
cluding fault frictional strength (Scholz, 1968; Attewell
and Farmer, 1973; Scholz and Koczynski, 1979; Rutter,
1986; Schultz, 1995; Marone, 1998; Eberhardt et al.,
1999; Lockner and Beeler, 2002; Paterson and Wong,
2005; Cerfontaine and Collin, 2018; Liu and Dai, 2021).
The mechanical behavior and failure modes (i.e., brit-
tle versus ductile) of volcanic rock differ depending
on the extent and rate of stress applied, along with
the confining pressure, temperature, and saturation
conditions (e.g., Heap and Violay, 2021; Lavallée and
Kendrick, 2021). During stressing events, rocks de-
form elastically to a critical yield point, after which
cracks nucleate and propagate and the rock deforms
inelastically. Eventually, cracks may coalesce, result-
ing in failure (e.g., Klein and Reuschlé, 2004). Dur-
ing prolonged and constant stressing conditions (e.g.,
gravitational stress), rock may deform inelastically
and eventually fail due to sub-critical crack growth
and coalescence, a phenomenon known as time-
dependent brittle creep (Brantut et al., 2013). Typi-
cally, rock mechanics experimentation is conducted
under relatively slow (e.g., typically 10-5 s for com-
pressive strength tests following guidance from ASTM,
2014) and/or constant loading rates, which do not re-
flect the rates of earthquake loading. Investigations
of cyclic/fatigue loading of rock, which apply constant
or variable stress amplitudes, show that the accumu-
lation of damage with each stressing cycle can even-
tually lead to failure (Cerfontaine and Collin, 2018).
However, these tests often do not capture the fre-
quency range and amplitude conditions that rocks
experience during earthquake events, such as wave-
forms with amplitudes that increase and decrease
over time. Additionally, laboratory experiments have
rarely considered tensile deformation, which is of
vital importance to failure in low-confinement sce-
narios (e.g., Diederichs, 2003, and references therein)
such as volcanic edifices, non-volcanic slopes in
mountainous regions, and lava domes.

Recently, Lamur et al. (2023) investigated damage
accumulation and weakening caused by repeating
stress oscillations on porphyritic andesite and found
that stress oscillations impart more damage than
constant loads, resulting in higher fracture densi-
ties in post-experimental rock samples and occasion-
ally prompting sample failure. Here, we expand
on these earlier studies by experimentally simulat-
ing and quantifying the impact of dynamic repeated
stressing events (e.g., earthquakes) on dacitic vol-
canic rocks loaded uniaxially, in compression and ten-
sion. We use porous dacite from Mt. Fugen, of the
Unzen-dake volcanic complex (referred to as ‘Unzen’,
Figure 1) in Japan. The recently emplaced lava dome
complex exists on a steep slope, and the east side
of the lava dome shows signs of structural instabil-
ity (Satou et al., 2014; Hirakawa et al., 2018; Shi et al.,
2018), which may be exacerbated by earthquake ac-
tivity (e.g., Voight et al., 1981; Voight, 2000; Walter et al.,
2007; Wallace et al., 2021). Such a prospect has histor-
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ically occurred at Unzen volcano, where a lava dome
collapsed and generated a large tsunami that caused
15,000 casualties during the 1792 M6.4 Shimabara-
Shigatusaku earthquake (/noue, 1999). Damage mea-
sured in laboratory experiments can help inform ac-
cumulated damage and landslide susceptibility of
lava domes during earthquake events.

2 Mt. Unzen Lava Dome Growth
and Structural Instability

Mt. Fugen of the Unzen-dake volcanic complex in
southwestern Japan (Figure 1) began erupting on
17 November 1990 after 198 years of quiescence
(Nakada et al., 1999). Magma erupted effusively be-
tween May 1991 and February 1995; 2.1 x 108 m?3
of lava (dense-rock equivalent) erupted, construct-
ing the Heisei-Shinzan dome complex (Nakada et al.,
1999). The dome represents approximately half of
the erupted volume, measuring 1.2 km (east-west)
long by 0.8 km (north-south) wide at its maximum
size and it comprises a series of 13 blocky lava
lobes, many of which have been buried by succes-
sive lobes (Figure 1 Nakada et al., 1999). The re-
mainder of the material was shed as pyroclastic den-
sity currents (PDCs) and rockfalls as the dome went
through repeating cycles of growth and partial col-
lapse during several transitions in eruptive intensity
and style (Nakada and Motomura, 1999). In total, over
9,400 PDCs occurred from dome collapses Miyabuchi
(1999), extending up to 5.5 km down the valleys to the
north, east and south of the volcano Yamamoto et al.
(1993), causing the deaths of 44 people, evacuation of
11,000 people, and destruction of approximately 800
buildings Nakada et al. (1999).

Deformation of the dome and flank lobes has oc-
curred since activity ceased in February 1995. Mon-
itoring using global positioning system (GPS) equip-
ment and electronic distance measurements (EDMs)
from 1996 to 1999 found the largest displacement
parallel in the direction of the steepest slope, indicat-
ing that the lobes were still hot and viscously deform-
ing Matsushima and Takagi (2000). Electro-optical dis-
tance measurements (EDM) show that between 1997
and 2011, Lobe 11 (Figure 1) had advanced over 1 m
in 14 years, or 70 mm/year (Kohashi et al., 2012). Be-
tween 2007 and 2014, EDM and ground-based syn-
thetic aperture radar measured non-uniform east-
south movement of Lobe 11B with displacements be-
tween 25-65 mm/year, which was attributed to dif-
ferences in the deformability of the materials un-
derlying Lobe 11B (Satou et al., 2014). Lasting heat
sources are also evident from ongoing fumarolic ac-
tivity that has continued to the present day (Figure 1e;
Hashimoto et al., 2020), causing local thermal and
chemical alteration (AlImberg et al., 2008) that could
contribute to instability via mechanical weakening of
material as primary minerals transform into weaker
secondary products such as clay minerals (e.g., Ball
etal., 2015). At the time of writing, the risk of collapse
of Lobe 11 is considered high by the Committee of
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Figure 1 - Location of Unzen volcano, the lava dome, and blocks used in the study. (a) Location of Unzen in Japan. Red
triangle indicates the summit of the dome in this and other figure parts. (b) Location of blocks UNZ1, UNZ9, UNZ13, and
UNZ14. (c) Outlined trace of the lava dome lobes, including Lobes 6-9 (undifferentiated), 11A, and 11B, as outlined in Satou
etal. (2014). Multispectral PlanetScope image from 7 June 2020. Image acquired by © Planet 2020. (d) View of the steep-sided
lava dome looking west-northwest up the valley from the collection site of samples UNZ9 and UNZ13 in 2016. Photograph
used with permission, courtesy of R. Coats. (e) The view from the summit of the lava dome looking east over lobe 11 in the
foreground, with the city of Shimabara and the Ariake Sea in the distance. Steam in the foreground is evidence of ongoing

fumarolic activity. Photo by Y. Lavallée.

Survey and Countermeasure on Lava Dome Collapse
in Mt. Unzen, and an exclusion zone remains active to
the east of the summit. The blocky nature of the lava
dome, emplacement of the dome on a steep slope, a
weak substrate, ongoing alteration, and ongoing and
uneven downslope deformation are all factors that
could contribute to the complete or partial collapse
of the lobe. In the case of complete collapse, mod-
eling indicates a maximum block-and-ash flow vol-
ume of 1.46 x 107 m3, which could travel 8.5 km at
an average velocity of 20 m/s (Shi et al., 2018). This
hazard prompted experimental studies of the Unzen
dome lavas to better characterize this hazard (Coats
etal., 2018; Cordonnier et al., 2009; Hornby et al., 2015;
Kendrick et al., 2021; Schaefer et al., 2020; Scheu et al.,
2008).
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3 Materials and Methodology
3.1 Materials and Apparatus

Four blocks of porphyritic dacite were collected from
pyroclastic deposits of Unzen volcano to prepare
specimens for this study, as they span the range
of physical properties (primarily porosity of approxi-
mately 10-35%) generated during the Heisei-Shinzan
dome eruption (cf. Kueppers et al., 2005). Sample
blocks include UNZ1 (average total porosity (¢) of
18.6%; Kendrick et al., 2021) and UNZ14 (¢ = 13.4%)
collected from the June 1993 block-and-ash flow de-
posits in the Minami-Senbongi area; and block UNZ9
(¢ = 16.2%) and UNZ13 (¢ = 29%) collected with per-
mission from the May-August 1991 deposits in the
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restricted area of the Mizunashi River (Figure 1). The
rocks are porphyritic dacite (~63 wt% SiO2) with large
(>3 mm) and abundant (>25 vol%) plagioclase phe-
nocrysts, with lower proportions of amphibole, bi-
otite, and quartz phenocrysts set in a partially crys-
talline groundmass of plagioclase, pyroxene, quartz
pargasite and Fe-Ti oxides in a rhyolitic interstitial
glass (Coats et al., 2018; Kendrick et al., 2021). The
rock samples are equivalent to lavas found in situ in
the dome (e.g., Nakada and Motomura, 1999; Wallace
etal., 2019).

The main distinctions between the four blocks cho-
sen for this study relate to their porosity and pore
geometry (Figure 2). UNZ1 has a mid to high poros-
ity (of the samples selected) of 18.6%. Pores con-
sist of irregular-shaped vesicles distributed evenly
throughout, typically adjacent to large plagioclase
phenocrysts, as well as microfractures that pass
through phenocrysts and groundmass alike (often
>3mm). UNZ9 has an anisotropic cataclastic fabric
of dense and porous bands, with an average poros-
ity of 16.2% (the second lowest of the samples se-
lected). The pores are elongate, sub-angular voids
flanked by a granular fault gouge of angular bro-
ken crystals and groundmass. Due to the anisotropy
of this block, UNZ9 was cored parallel to the band-
ing to produce sample UNZ9a, and perpendicular to
make UNZ9b (see Figure SI-1, Supporting Informa-
tion), i.e., horizontally and vertically in the thin sec-
tion image (Figure 2), respectively. This allowed us
to explore the effect of the banding on the mechan-
ical behavior. UNZ13 has the highest porosity of all
the samples at 29.0%, and has a greater percentage
of larger pores (>5 mm) compared to the other sam-
ples. Most of its pores are large, sub-rounded vesi-
cles, which are adjacent to euhedral phenocrysts, and
the glassy groundmass also contains common small
sub-rounded vesicles that have a slight local pre-
ferred orientation which varies in proximity to large
phenocrysts. UNZ14 has the lowest porosity of just
13.4%, with small, sub-rounded vesicles unevenly dis-
tributed within the sample, adjacent to phenocrysts
that are frequently broken and contain hairline frac-
tures. Less common microfractures are also present
in the groundmass of UNZ14. The physical and me-
chanical properties of the blocks are fully character-
ized by Kendrick et al. (2021) and Coats et al. (2018) and
follow the same naming convention as these publica-
tions.

Experiments were carried out in the Experimen-
tal Volcanology and Geothermal Research Laboratory
at the University of Liverpool. Loading experiments
were carried out in a 100 kN Instron 8800 uniax-
ial press at room temperature using both compres-
sion tests, and Brazilian disk tests to provide the in-
direct tensile strength (hereafter referred to as ten-
sile strength/tension tests). Load was recorded by an
Instron Dynacell 2527 load cell at 100 Hz, which has
an accuracy of + 0.1% of the full load capacity (100
kN). Strain is recorded using an Instron LVDT (Linear
Variable Differential Transformer) Deflection Sensor,
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which has an accuracy of £0.00001 mm or +0.05% of
the measured displacement, whichever is the largest.
For the compression tests, cylindrical specimens with
a 20 mm diameter were cored and then cut to a
length of 40 mm to form cylinders with a 2:1 length:di-
ameter ratio. The cylinders were axially compressed
between two parallel plates in the loading frame dur-
ing testing. For the Brazilian tests, cylindrical speci-
mens with a 40 mm diameter were cored and then
cut to a length of 20 mm to form disks with a 2:1
diameter:length ratio. The disks were diametrically
compressed between two parallel plates in the load-
ing frame to induce tensional stresses in the orthog-
onal direction. The specimen dimensions and load-
ing frame setup follow American Society for Testing
and Material (ASTM) standards for unconfined (uni-
axial) compression and Brazil tensile strength testing
(ASTM Standard D7012 (ASTM, 2014) and ASTM Stan-
dard D3967 (ASTM, 2016), respectively). Each core
and disk was used only once, even if the sample
survived the imposed conditions. Following prepa-
ration, specimens were oven dried at 60°C for 24
hours and then placed into a vacuum chamber for
one week prior to porosity and permeability mea-
surements and mechanical experiments.

Prior to testing, the connected porosity of all the
prepared specimens were determined using an Ac-
cupyc 1340 helium pycnometer, and the permeabil-
ity was determined using a TinyPerm Il Permeame-
ter from New England Research Inc.; details of these
methods and results are published in Kendrick et al.
(2021). Table 1 provides a description of the speci-
mens used in load hold and load oscillation experi-
ments in this study.

3.2 Experimental Methods

In this study, we aim to experimentally simulate
the effects of earthquakes on volcanic rocks, quan-
tify the resulting damage in the form of inelastic
strain, and describe any patterns as a function of
rock properties (e.g., porosity or textural anisotropy).
Our experiments are designed to mimic the quasi-
uniaxial stress conditions expected in a lava dome
(near-surface, largely unconfined) during and be-
tween earthquakes. We do so in two steps: First,
to characterize the mechanical properties and physi-
cal evolution of rock subjected to prolonged loading,
we subject rock specimens to load-hold periods and
study their resultant changes during creep (see de-
tails in Section 3.2.1). Second, we load another set
of rock specimens to a sub-critical load (stress) and
subject them to regular stress oscillations to simulate
elastic waves propagating from earthquake sources
(see details in Section 3.2.2). We then proceed to
assess the evolution of damage during earthquake
events using the accumulation of inelastic strain and
changes in strain rate as a proxy. Because damage
(accumulated inelastic strain) was measured during
load holds before and after earthquake events, keep-
ing specimens below the critical stress necessary for
creep, as determined from creep experiments, was
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Figure 2 - Thin section images in reflected light with an ultraviolet filter, for each sample. (a) UNZ1 (¢ = 18.6%) has isotropi-
cally distributed sub-angular vesicles and microfractures. Vesicles are typically adjacent to phenocrysts, and microfractures
traverse both phenocrysts and groundmass. UNZ1 contains large (typically 1-2 mm or greater) euhedral phenocrysts; (b)
UNZ9 (¢ = 16.2%) has an anisotropic cataclastic fabric, composed of elongate, sub-angular pore space flanked by granular
fault gouge including angular broken crystals and groundmass. Dense bands of more compacted groundmass run parallel
to elongate porous bands. (c) UNZ13 (¢ = 29%) has the highest porosity. The pores are large sub-rounded vesicles adjacent
to phenocrysts and a finely vesicular glassy groundmass. Phenocrysts are typically euhedral, but smaller (typically 1-2 mm
or less) than in sample UNZ1. (d) UNZ14 (¢ = 13.4%) has the lowest porosity. The pores are typically sub-rounded, adjacent
to phenocrysts, and smaller than in UNZ1 or UNZ13; a few short (<2 mm) microfractures are also in the groundmass. The
phenocrysts are frequently broken and contain hairline fractures. gm = groundmass, mf = microfracture, p = phenocryst, v
= vesicle.

required to ensure changes in strain were due pri-
marily to earthquake loading and not load-hold in-
duced brittle creep.

3.2.1 Load Hold (Time-Dependent Brittle
Creep) Experiments

To determine the specimen’s susceptibility to brittle
creep, 24-hour stepped-load experiments at differ-
ent percentages of the expected failure load were
performed on one cylinder (compression) and one
disk (tension) from each of the sample groups; UNZ1,
UNZ9a, UNZ9b, UNZ13, and UNZ14 (10 tests total).
Specimens were held under four load increments for
six hours each: at 40% of expected failure load during
Step 1, 50% during Step 2, 60% during Step 3, and 70%
during Step 4 (Figure 3a). The expected failure load is
assumed to be the average strength value of multiple
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strain-to-failure strength tests performed by Kendrick
et al. (2021) on cores and disks from the same blocks
as studied herein (Table 2). For each step, the load
was applied at a rate of 1 MPa/min for compression
and 0.5 MPa/min for tension until it reached the load
hold condition, to approximately match the standard
strain rate of 10-5 s during load to failure testing
applied in Kendrick et al. (2021). Stepped-load tests
allowed us to determine the critical load, and hence
stress, required to generate irreversible damage in
the form of creep, which would be marked by ap-
preciably higher rates of strain (Figure 3a). This, in
turn, determined the maximum starting load below
the critical load of brittle creep for the earthquake
experiments, which ensures that damage measured
during earthquake experiments is from earthquake
loading and not brittle creep.
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Table 1 - Height, diameter, connected porosity, and permeability of cored specimens from each block used in load hold
and load oscillation experiments for this study. Connected porosity and permeability from Kendrick et al. (2021).

. . Connected N
Test Block  Specimen Height Diameter porosity Permegblhty
(mm) (mm) (%) (m<)

UNZ1 9 39.98 20.10 16.68 1.25x 10712

UNZ9a 6 40.26 20.15 12.64 6.68 x 10714

= Compression UNZ9b 12 40.11 20.13 17.90 3.99x 1073

% g UNZ13 6 40.41 20.13 30.37 3.26 x 10712
£ 5 UNZ14 7 40.12 20.12 12.80 5.15x 10714
g % UNZ1 6 22.64 39.85 18.62 1.27x 1072
] _‘E UNZ9a 3 21.95 39.77 16.75 5.20 x 10714
~ Tension UNZ9b 3 21.71 39.87 18.03 3.52x 10713
UNZ13 10 21.84 39.80 32.01 1.58 x 10™M

UNZ14 13 22.55 39.87 14.31 1.71 %1073

UNZ1 3 39.83 20.09 18.47 1.71x 1072

UNZ9a 1 40.21 20.12 13.21 1.99 x 1013

5 5 Compression UNZ9b 2 40.49 20.12 14.73 1.54 x 1014
}_*?3 < UNZ13 4 39.81 20.07 29.12 473 x 10713
S g UNZ14 5 39.77 20.12 14.15 6.59 x 1073
8& UNZ1 8 21.39 39.83 18.14 1.78x 107
g § UNZ9a 7 20.83 39.99 15.51 1.11 x 1073
o~ Tension UNZ9b 2 20.60 39.84 20.18 1.03x 1073
UNZ13 11 21.73 39.82 33.90 4.41 x 10

UNZ14 1 22.41 39.87 14.04 1.07 x 1073

Table 2 - Average uniaxial compressive and tensile strength of blocks used in this study as reported in Kendrick et al.
(2021). As the tests are destructive, strength was determined on different specimens than were used in this study. Load
hold conditions for our tests were calculated based on these average strength values, with Steps 1-4 being approximately
40%, 50%, 60%, and 70% of the average strength, respectively. MPa: megapascals; std. dev.: standard deviation.

N Average Average Calculated load-hold conditions (MPa)
o. of connected
Test Block specimens strength (MPa) porosity (%)
t std. dev. + std. dev. Step 1 Step 2 Step 3 Step 4
UNZ1 3 17.69 + 0.49 18.55+ 1,76 7.07 8.84 10.61 12.38
UNZ9a 3 31.12+1.98 15.39+1,76 13.22 15.42 18.67 21.78
Compression UNZ9b 3 2299+11.86 16.99+3.34 9.20 11.49 13.79 16.09
UNZ13 3 21.38+7.05 28.99 +3.67 8.76 10.22 12.83 14.97
UNZ14 3 44,81 + 2.65 13.43+0.84 18.85 21.29 26.88 31.36
UNZ1 3 1.90+0.24 18.74 + 2.23 0.78 0.98 1.17 1.36
UNZ9a 3 1.80 +0.68 14.41 £5.25 0.72 0.90 1.08 1.26
Tension UNZ9b 3 3.39+0.40 15.98 £+ 5.42 1.36 1.70 2.04 2.38
UNZ13 3 2.01+£0.16 32.33+2.35 0.80 1.00 1.12 1.36
UNZ14 3 3.01 +0.60 14.06 + 0.91 1.12 1.40 1.55 1.78

3.2.2 Load Oscillation (Earthquake) Experi-
ments

To determine the specimens’ susceptibility to dam-
age from earthquake events, we conducted dynamic
tests, subdivided by steps in Figure 3b. In Step 1, the
specimen is loaded at a rate of 1 MPa/min for com-
pression and 0.5 MPa/min for tension until it reaches
60% of its expected failure load, which we selected
from the load-hold tests described in Section 3.2.1.
Performing experiments at 60% of a sample’s ex-
pected failure load is above the threshold stress
required for dilatant microcracking, or where axial
stress begins non-linearly decreasing as a function of
axial strain (referred to as C'; Heap et al., 2009), as
calculated from uniaxial compressive strength tests
from (Kendrick et al., 2021) (see Table SI-1, Support-
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ing Information). This ensures that the rock is above
the point of elastic and recoverable damage, but be-
low a brittle creep rate that progresses at a rate mea-
surable in the laboratory test times as seen from the
load-hold tests. In Step 2, the specimen is held for
30 minutes at this load (60% of its expected failure
load) to determine if the specimen experiences brit-
tle creep prior to testing. While stepped load hold
tests are conducted on specimens from each block
(as explained in Section 3.2.1), each specimen has
slight heterogeneities, so this ensures that measured
damage is from earthquake load oscillation and not
due to brittle creep. In Step 3, we subject the spec-
imen to 21 earthquake events spaced two minutes
apart, with the earthquake spacing being similar to
rhythmic seismicity measured at Unzen volcano by
Lamb et al. (2015). To simulate stress variations as-
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Figure 3 - Example load hold and load oscillation test.
(a) A representative load hold test in compression show-
ing the applied variations in stress (black line) and resulting
variations in strain (red line) during a stepped-load brittle
creep experiment. Specimens were held for six hours dur-
ing each step, which increased from 40% to 70% of strength
(from Kendrick et al., 2021, see values in Table 2). The exam-
ple shown is sample UNZ1 under compressive stress. (b) A
representative load oscillation test, which mimics volcanic
material subjected to repetitive earthquakes, showing the
applied variations in stress (black line) and resulting varia-
tions in strain (red line; note the vertical axis is cropped). In
Step 1, the sample is loaded to 60% of its strength based on
uniaxial compressive strength tests, where it is held for 30
minutes in Step 2. Step 3 then subjects the rock to 21 earth-
quake events spaced 2 minutes apart, with the load change
being 50% and 70% of each specimens’ strength. The inset
shows the amplitude over time of the earthquake, which
is a 14-s stacked earthquake cluster event from a magma
intrusion at Unzen in 1994 from Lamb et al. (2015). Step 4
again holds the rock for 30 minutes at 60% of its expected
failure load, until the specimen is unloaded in Step 5. The
difference in strain from the first to the last hold, accumu-
lated during the oscillation period, is permanent strain, or
damage, on the rock. The example shown is sample UNZ1
under compressive stress. See supplementary Figure S2 for
a zoomed view of successive earthquake events.
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sociated with earthquakes, the Instron WaveMatrix
software was used to cycle the stress applied to the
sample, resulting in a motion of the lower piston po-
sition, simulating longitudinal stress (i.e., compres-
sion and dilation) of multiple seismic waves while
the specimen is under a load. These stress pulses
may represent either proximal small events, or distal
large magnitude earthquakes. Mt. Unzen is subject to
both earthquake types; Miyano et al. (2021) measured
7,600 earthquakes within a 100 by 100 km area cen-
tered on the volcano between 2002 and 2020. Ad-
ditionally, larger and more distal earthquake events
are possible, such the 2016 Kumamoto earthquake
(Kato et al., 2016). Here, the stress fluctuation repli-
cates a 14-second stacked earthquake cluster event
from the extrusion of the lava spine at Unzen in 1994
(Figure 3binset; Lamb et al., 2015). The maximum am-
plitude of the waveform correlates to the maximum
stress fluctuation (£10% from holding load at 60% of
the strength) and is scaled for each different materi-
als' strength in both compression and tension. This
resulted in strains of 10°-10" for compression tests
and 107 for tension. In Step 4, the sample was left
to creep for 30 minutes at 60% of its expected fail-
ureload, to assess the resultant mechanical response
following the earthquake sequence. The sample was
then unloaded at a rate of 1 MPa/min for compres-
sion and 0.5 MPa/minute for tension in Step 5.

4 Results

4.1 Load Hold (Time-Dependent Brittle
Creep) Results

Average strain (mean absolute strain during a given
step) and strain rate (or equivalent diametric strain
for indirect tensile experiments), calculated in each
load-hold step for both compression and tension ex-
periments are shown in Figure 4. For each strain
and strain rate estimate, we also calculate the asso-
ciated standard error (see Tables SI-2 and SI-3, Sup-
porting Information). As expected, strain generally
increases as the applied stress increases. UNZ1 and
UNZ14 experienced the most strain in compression,
whereas UNZ1, UNZ9b, and UNZ14 experienced the
most strain in tension. Strain rate is relatively stable
when held at 40, 50, and 60% of strength, but be-
comes appreciably faster at 70% of strength for sam-
ple UNZ9b. UNZ9b ultimately failed in both compres-
sion and tension while at 70% of the strength deter-
mined in Kendrick et al. (2021). Thus, a value of 60%
of the strength was used for the hold value in load
oscillating earthquake tests.

4.2 Load Oscillation (Earthquake) Re-
sults

Earthquake experiments show that total strain typ-
ically increases during each successive earthquake
event (Figures 5 and 6). In tension, average strain
rates appear to modulate, which is a function of the
instrument precision at very low strain values; how-
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Figure 4 - Average strain rate and average strain during each step of the load hold experiments for the five sample groups;
UNZ1, UNZ9a, UNZ9b, UNZ13 and UNZ14. (a) Average strain rate during each step in compression, (b) average strain rate
during each step in tension (c) average strain during each step in compression, and (d) average strain during each step in
tension. UNZ9b experienced a substantial increase in strain rate in both compression and tension at 70% of the material
strength. Strain and strain rate were averaged over the final hour during each hold period; for UNZ9b, averages were
determined for one hour ending 5 minutes prior to failure. Note that the symbol for UNZ1 at 70% of strength falls partially

behind the UNZ9b symbol in (d).

ever, total strain increases in general with successive
earthquake events. The strain rate is generally faster
during intermittent stressing by earthquake events
compared to the strain rate prior to the oscillations
(Figure 7a-b); all samples in compression showed a
marked acceleration, whereas three out of the five
in tension showed substantial acceleration, and two
out of the five samples remained relatively stable. In
both compression and tension, strain accumulation
(damage) is generally more pronounced in the first
5-8 earthquakes, which then reduces for subsequent
earthquakes (in other words, each successive earth-
quake induces a smaller increase in strain than the
previous one; Figures 5 and 6). Each specimen shows
permanent strain, quantified as inelastic strain ac-
cumulated between the first hold (pre-earthquakes)
and last hold (post-earthquakes) in earthquake oscil-
lation tests (Figures 5 and 6). However, the amount
of permanent strain accumulated during the inter-
mittent oscillation regime (from the end of the first
load-hold period to the start of the final load hold
period, indicated in Figure 3b) varied between sam-
ples (Figure 7c-f). UNZ1, which has an intermediate
porosity and is the most fracture-dominated block
(Table 1 and Figure 2), experienced the most strain
due to earthquake oscillations in both compression
and tension (Figure 7c-d). In tension, UNZ1 failed
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following the 8" earthquake event when the change
in strain was over 10%. This experiment showed
an appreciable acceleration in strain rate during and
between the three earthquake events prior to fail-
ure (Figures 5 and 6). UNZ1 also experienced the
highest strain rate in compression during the earth-
quake oscillation phase (Figure 5), although it did not
fail (Figure 7a-b). UNZ13, which is the most vesicle-
dominated block, accumulated the least amount of
strain in compression and the second lowest in ten-
sion despite having the highest porosity, whereas
UNZ14 which has the lowest porosity, accumulated
the least strain during the oscillation phase in tension
(Figure 7). UNZ9a and UNZ9b experienced compar-
atively moderate strain compared to other samples
in compression (Figure 6). In tension, UNZ9a experi-
enced the least amount of strain and UNZ9b experi-
enced the second highest strain (Figure 6).

5 Discussion

Time-dependent brittle creep experiments show that
specimens generally increase in strain with each
stepped load but do not typically experience strain
rate increases within each step when held at or be-
low 70% of strength. The failure of UNZ9b in both
tension and compression during creep at 70% of the
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Figure 5 - Load oscillation test results in compression and tension for samples UNZ1, UNZ9a, UNZ9b, UNZ13, and UNZ14.
The plots show the evolution of strain (or diametric equivalent strain in tension) for the samples subjected to stress oscilla-
tions. In most cases, strain rate is more rapid during the oscillation period (steeper slope) than during the creep at constant
load and leads to accumulation of permanent strain (see annotated Figure 3b). Following the end of the oscillation period,
the creep rate closely approximates the pre-oscillation rates. Note cropping of vertical axis to show details of earthquake

events; all experiments begin at minute 0 and a strain of 0.

strength indicates that banded or anisotropic rocks
may be more prone to failure during creep. This ob-
servation is in line with Kendrick et al. (2021), who
found these banded cataclastic samples were suscep-
tible to strain localization during loading, which in-
creased their chance of unpredictable failure. How-
ever, UNZ9a, which was also foliated but cut in such
a way that the bands were parallel to the principal
applied stress in both compression and tension (see
Figure SI-1, Supporting Information), did not fail in ei-
ther compression or tension. Thus, the orientation of
the banding influences the likelihood of failure. The
Unzen dome contains multiple shear zones of vary-
ing structural importance Wallace et al. (e.g., 2019),
has highly heterogeneous lava textures at the mi-

120 |

crometer (e.g., microfracture density) to meter scale
(e.g., structural fractures; Figure 1e, Figure 2; Wallace
et al., 2019), and has numerous shallow structural el-
ements (e.g., Hashimoto et al., 2020). If oriented un-
favorably (e.g., dips with the slope), rock fabric or
heterogenous structures may make the dome more
prone to failure.

Load oscillation experiments demonstrate that os-
cillation events that simulate earthquakes bring rock
specimens under quasi-uniaxial stress conditions
(near-surface, partially confined) closer to failure;
samples experience faster strain rates during inter-
mittent stress oscillations, and all specimens had
higher strain values after earthquake events, rep-
resenting the accumulation of permanent inelastic
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strain (Figure 7). Repetitive stressing of volcanic rock
from successive earthquakes, which might occur dur-
ing repeated intrusions, pulsatory dome growth (e.g.,
rhythmic seismicity during spine extrusion at Unzen;
Lamb et al., 2015, 2017), or in tectonically or volcani-
cally active environments (e.g., Miyano et al., 2021) can
thus damage and reduce rock strength. This has ad-
ditionally been shown for andesitic rock undergoing
stress oscillations (Lamur et al., 2023) and in volcanic
rocks with cyclic mechanical stressing (e.g., Heap et al.,
2009; Kendrick et al., 2013; Schaefer et al., 2015). Slope
stability analyses using reduced strengths for these
mechanically weaker rocks indicate a propensity for
failure, which can reduce slope stability by ~20% (Don-
nadieu et al., 2001; Reid et al., 2010).

In our experiments, we observed a jump in strain
after the first earthquake oscillation, and then higher
strain accumulation for the first 6-8 events, similar to
Lamur et al. (2023), with successive events imparting
less damage in cases that did not lead to wholesale
sample failure. Rapid damage accumulation, demon-
strated by higher rates of accumulated strain dur-
ing initial earthquake events, emphasizes the imme-
diate impacts of earthquake damage to rock. The
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Figure 6 - Average accumulated strain for each experi-
ment step including the first load hold (averaged over the
final 5-10 minutes of the hold), each two-minute hold be-
tween oscillations (averaged over 100 seconds), and the last
load hold for samples (averaged over the first 10 minutes
of the hold) in (a) compression and (b) tension. Each exper-
iment shows more prominent damage caused by the first
~6-8 earthquakes. UNZ1 accumulated high levels of dam-
age after each successive earthquake and failed following
the 8" earthquake in tension.
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reduction in strain accumulated in successive events
in most of our tests also demonstrates that progres-
sive development of the microfracture network may
be restrained by the crack damage stress threshold
(e.g., Eberhardt et al., 1999). Although most samples
did not fail catastrophically, permanent damage in
the form of increased inelastic strain indicates that
earthquake events can damage rock and promote in-
stability over time in crucial zones. The longer-term
effects of earthquake damage in our sample suite ap-
pear to be controlled by both rock anisotropy and
whether a rock is fracture or pore dominated. The
cataclastic banded sample UNZ9 suffered highly vari-
able amounts of permanent strain in compression
and tension in the two cored orientations (UNZ9a
and UNZ9b), which we posit results from the rela-
tive contribution of compaction of the porous, frac-
tured band in the different orientations (cf. Farquhar-
son et al., 2017; Kendrick et al.,, 2021). In the more
isotropic samples, UNZ1, which is the most fracture
dominated sample and has microfractures travers-
ing both phenocrysts and groundmass (Figure 2), ex-
perienced the most strain in the oscillation tests in
compression and failed in tension (Figures 5-7). In
both compression and tension, the amount of strain
accumulated in each successive event began to in-
crease again after the initial decrease, which in ten-
sion led to sample failure (Figure 6). UNZ1 notably
had the lowest strength in compression and second
lowest in tension (Table 2 Kendrick et al., 2021) despite
having intermediate porosity, which Kendrick et al.
(2021) proposed showed the importance of pore ge-
ometry in defining rocks' susceptibility to accumulate
damage during stressing, and therefore strength. In
comparison, UNZ13, which has large, sub-rounded
pores (Figure 2), experienced much lower permanent
strain, particularly in tension (Figures 5 and 7), de-
spite having the highest porosity (Table 1). Although
a larger number of experiments would be useful
to reduce uncertainty related to inherent sample-
to-sample variability, we suggest that unsaturated,
porous material can more efficiently buffer seismic
energy due to pore compaction, as has been ob-
served in other volcanic materials (Andrews et al.,
2007; Lockner and Morrow, 2008).

Our results reinforce the importance of microstruc-
tural variations (e.g., pores versus microfractures), or
anisotropy on material strength and in defining rocks
susceptibility to damage accumulation. Identifying
rock masses at field-scale with adverse characteris-
tics could thus be used to indicate zones more prone
to landslide susceptibility during earthquake shaking.
Oscillation experiments by Lamur et al. (2023) on an-
desitic volcanic rock also show that the amplitude of
oscillations slightly correlates with the total amount
of inelastic strain experienced by the rock, with sam-
ples subjected to larger amplitudes tending to record
higher total accumulated strains after the final strain-
ing event. Defining the oscillation stress amplitude
and resulting damage to material at various depths
(increasing confinement), and how microstructures

| volume 1.1 | 2023


https://doi.org/10.55575/tektonika2023.1.1.10

| RESEARCH ARTICLE | Schaefer et al., Laboratory Simulation of Earthquake-Induced Damage in Lava Dome Rocks

@) compression (b)
1.6-06 1.E-:06
+
» 1.E-07 QB + T o 1.E-07
o) X X o
© X s
S 1081 € £ 108
c oL c
] g
% 1.E-09 3 @ 1.E09 |
(0]
1.E-10 . ; : 1.E-10
0 5 10 15 20 25 30 35
porosity (%)
(c) (d)
0.006 £ 0.0025
©
0.005 - =
Rt % 0.0020 1
0.004 1 5
= 8 + & 0.0015 1
£ 0.003 1 A =
@ X 2 0.00101
0.002 4 s
0.001 % 0.0005 -
0 . . . . y y 0
0 5 10 15 20 25 30 35
porosity (%)
(e) )
0.0015 . 0.00020 1
} | 4
= 9]
£ + T _0.000151
% 0.0010 2=
5 83
c 2 % 0.00010 1
© 5 =
£ 0.0005 1 2%
g S ©0.00005
&
Q

o
O
A X

T T T T T T 0
0 5 10 15 20 25 30 35
porosity (%)

tension

creep during
rate oscillations

o +I % + UNZ1 +
UNZ9a A
UNZS% B
UNZ13 X
UNZ14 e

O x O b

5 10 15 20 25 30 35
porosity (%)

before after
-
15 + UNZ1 +
B % A UNZ9a A
oA O UNzob B
A X UNZ13 x
o UNZ14 e
0 5 10 15 20 25 30 35
porosity (%)
+
+ UNZ1
u]
A UNZ9
«| | B UNZzob
X UNZ13
o4 o UNZ14

0

5 10 15 20 25 30 35
porosity (%)

Figure 7 - Creep strain rate during a stable 5- to 10-minute period of the first load hold step in the oscillation tests, compared
to the average strain rate throughout the phase of periodic stress oscillations for samples UNZ1, UNZ9a, UNZ9b, UNZ13,
and UNZ14 in (a) compression and (b) tension. Inelastic, non-reversible strain imparted onto the samples by the stress
oscillations can be assessed via the last measured strain before the first oscillation, and the first measured strain after the
final oscillation, shown as “before” and “after”, respectively, in (c) compression and (d) tension (see the schematic, Figure 3).
The sample indicated by the black arrow failed following the 8" earthquake; therefore, the “after” strain is during the inter-
earthquake hold period prior to the 8" oscillation. The difference between these “before” and “after” values is the permanent
strain, shown in (e) in compression and (f) in tension plotted against sample porosity.

control this damage, would be informative further re-
search avenues.

For domes experiencing creep, such as in the case
of the Unzen dome (Kohashi et al., 2012), the failure
of sample UNZ1 demonstrates that repetitive load-
ing events can prompt sufficient changes to materials
to expedite a partially confined (near-surface) creep-
ing rock to failure. This is supported by observations
of earthquake-induced landslides (Keefer, 1984; Ro-
driguez et al.,, 1999; Inoue, 1999). The acceleration
in strain rate leading to failure after load-oscillation
events may be measurable using geodetic methods
in near real time (e.g., Casagli et al., 2010) and used
as an indicator of imminent catastrophic failure af-
ter earthquake events (e.g., Intrieri et al., 2018). Al-
though defining thresholds of rock mass failure is
challenging, deformation monitoring and nonlinear
fatigue damage cumulative models, applicable for
both constant and variable loading conditions (Xiao
etal., 2009), may be used to define the transition from
a uniform velocity phase (creep) to an accelerated
phase.
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6 Conclusion

Rock strength is a fundamental factor governing vol-
cano stability at any scale. Dynamic processes such
as gravity-driven brittle creep or earthquakes can
damage and reduce rock strength at various time
scales, with implications for landslides and other col-
lapse events. This study examines the accumulation
of damage in lava dome rocks from Unzen volcano,
Japan, during time-dependent brittle creep and load
oscillation earthquake simulation experiments. We
observe that both the type of stressing event (load-
hold or load oscillation, in both tension and compres-
sion) and the physical properties of the material, in-
cluding porosity and pore geometry (vesicles or mi-
crofractures) as well as loading direction with respect
to anisotropic fabrics, control the resulting degree
of damage, and that damage varies over time and
with subsequent loading events. Specifically, we find
that rocks experience additional permanent strain,
quantified as inelastic strain, following a period of
oscillatory loading events compared to stable load.
During periods of intermittent oscillatory loading to
simulate earthquakes, strain rate is faster than dur-
ing creep. Additionally, we showed that damage im-
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parted is more prominent during initial load oscilla-
tion events and reduces with subsequent oscillations
unless a sample exceeds a critical threshold, beyond
which strain accumulation accelerates towards fail-
ure. Our results suggest fracture-dominated sam-
ples may be more susceptible to oscillation-induced
strain than vesicle-dominated samples in both com-
pression and tension. For banded, anisotropic rocks,
orientation with respect to loading direction dictates
the magnitude of strain accumulation under load os-
cillations. These experimental insights have impor-
tant implications for determining damage accumula-
tion of rock masses during stressing events and for
monitoring volcanic stability. Additionally, our labo-
ratory experiments show that damage during earth-
quake activity may in some cases increase rock sus-
ceptibility to wholesale rupture, which could generate
landslides.
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