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Abstract Earthquakes trigger landslides inmountainous regions. Recent research suggests that the stability
of hillslopes during and after a large earthquake is influenced by legacy effects of previous seismic activity.
However, the shear strength and strain response of ductile hillslope materials to sequences of earthquake
ground shaking of varying character is poorly constrained, inhibiting our ability to fully explain the nature of
earthquake-triggered landslides. We used geotechnical laboratory testing to simulate earthquake loading of
hillslopes and to assess howdifferent sequences of ground shaking influence hillslope stability prior to, during,
and following an earthquake mainshock. Ground-shaking events prior to a mainshock that do not result in
high landslide strain accumulation can increase bulk density and interparticle friction. This strengthens a
hillslope, reducing landslide displacement during subsequent seismicity. By implication, landscapes in
different tectonic settings will likely demonstrate different short- and long-term responses to single
earthquakes due to differences in the magnitude, frequency, and sequencing of earthquakes.

1. Introduction

In mountainous regions, large earthquakes can trigger widespread landsliding [Keefer, 1994]. In addition to
causing extensive socioeconomic disruption [Marano et al., 2010], earthquake-induced landslides play a
key role in the evolution of mountain landscapes, increasing sediment flux through the fluvial network
[Dadson et al., 2004; Hovius et al., 2011] and contributing to net erosion rates [Marc et al., 2015; Parker
et al., 2011; Robinson et al., 2016]. While earthquake ground shaking triggers near-instantaneous landsliding
[Li et al., 2014], some slopes do not fully fail and are weakened [Khattak et al., 2010], resulting in elevated sus-
ceptibility of hillslopes to landsliding during postseismic rainfall [Lin et al., 2008] and subsequent seismicity
[Parker et al., 2015]. These legacy effects have been broadly attributed to landscape-scale weakening of
hillslope substrates resulting from increased brittle (micro)fracturing and joint dilation (“damage”) caused
by transient hillslope stresses experienced during earthquake ground shaking [Wang et al., 2004]. Our
understanding and interpretation of the behavior of brittle landslides in response to seismicity has a firm
theoretical basis [Petley et al., 2005].

In contrast, the response of ductile hillslope materials, and in particular if and how shear strength varies in
response to repeat ground-shaking events of different character, is less well constrained. In turn, we cannot
fully explain observations of the rates of postseismic landsliding in all settings [cf. Parker et al., 2015]. This
limits our ability to project the stability of ductile hillslopes into the future both in terms of the short-term
effects of single earthquakes and the longer-term nature of net topographic change during and following
earthquakes in different tectonic settings [Keefer, 1984; Marc et al., 2016]. The aim of this paper is to assess
if and how different sequences of ground shaking influence hillslope stability and landslide displacement
in ductile hillslope materials prior to, during, and following an earthquake mainshock.

2. Methods and Experimental Approach

We used a novel geotechnical laboratory testing approach to address our aim. We undertook our testing pro-
gram using a Dynamic Back-Pressured Shearbox (DynBPS) (plan dimensions: 100 × 100mm; depth: 20mm),
which simulates earthquake ground-shaking conditions at a landslide shear surface [Brain et al., 2015]. We
completed a total of 17 tests (7 monotonic, 10 dynamic) on a silt material (see Table S1 in the supporting
information), remolded to minimize variability in shear behavior resulting from sedimentary structure, stress
history, and disturbance during sampling [Burland, 1990]. This allowed us to consider how shear strength
evolves from a uniform baseline condition. During all tests, we monitored shear strain, εs; shear stress, τ;
normal strain, εn; and pore water pressure, u (see Text S1 in the supporting information).
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Our testing program had three stages. In the first stage, we used standard geotechnical procedures [Head and
Epps, 2011, 2014] to characterize the baseline monotonic direct shear behavior of the sediment under
drained conditions (strain rate = 0.1% min�1) under normal effective stress (σ0n) values of 50 kPa, 100 kPa,
and 150 kPa. This allowed us to determine the general rheology and strength properties of the sediment
(Figures 1a and 1b). This was required to define appropriate baseline stress conditions and stress amplitudes
used during subsequent dynamic testing.

In the second stage, we undertook an additional four (and so a total of five) monotonic direct shear tests
where σ0n = 100 kPa (strain rate = 0.1%min�1). We calculated themean and standard error of τ and εn for each
value of εs to define envelopes of baseline stress-strain and volumetric behavior (Figure 1c).

In the third stage, we undertook dynamic testing to determine the response of the sediment to earthquake
loading at σ0n = 100 kPa. In this stage, we undertook strain-controlled (0.1% min�1) monotonic shear under
drained conditions to specific values of εs and τ (Figure 1b). This simulated aseismic (static) shear stress in
a hillslope and served as the baseline shear stress datum for the stress-controlled dynamic stage(s) of
each test.

We simulated two dynamic loading scenarios indicative of “low-magnitude” and “high-magnitude” ground-
shaking events (Figures 1d and 1e). These scenarioswere intended to simulate loading conditions experienced
by hillslopes during earthquakes of different character. Peak amplitudes during the low-magnitude and high-
magnitude loading scenarios were selected on the basis of baseline (static) shear stress conditions relative to
theMohrCoulomb failure envelope (Figure 1b). Thehigh-amplitude stress amplitude (±20 kPa)was sufficiently
high to result in unstable dynamic stress states that lie “above” the failure envelope for all baseline shear stress
and shear strain values used indynamic tests. In contrast, the lowerpeak shear stress amplitude (±10 kPa) in the
low-magnitude scenario did not result in unstable stress states in all baseline shear stress and shear strain
valuesused indynamic tests (Figure 1b). Thepeak amplitude (±10 kPa) in the low-magnitude scenariooperates
for fewer cycles than the peak amplitude (±20 kPa) in the high-magnitude scenario. In addition, the higher-
frequency loading in the high-magnitude scenario was specified to encourage prolonged undrained loading
(elevated pore water pressures). We specified a longer duration in the low-magnitude tests to increase the
number of cycles operating under stable stress conditions. In contrast, the shorter duration specified for the
high-magnitude loading scenario was used to avoid liquefaction failure, which would not have permitted
assessment of the ongoing shear deformation of interest in this study.

Since lower magnitude ground-shaking events are more common in nature [Gutenberg and Richter, 1954], we
ran each low-magnitude scenario as a sequence of 20 events, reestablishing baseline stress conditions
between dynamic stages to replicate a constant slope angle and geometry. Following completion of the
dynamic stage(s), we immediately reestablished baseline stress conditions and subsequently sheared the
samples under strain control (0.1% min�1) until εs= 20%. We compared the results of our dynamic testing
program to the baseline τ and εn envelopes to assess whether differences in strength and/or behavior
occurred (manifest as deviations away from that observed during baseline monotonic tests), how long these
effects persisted, and to explain any changes in behavior.

3. Baseline Shear Behavior

Stress-strain curves (Figure 1a) indicate that the sediment has a ductile rheology; shear stress, τ, increased
until εs≈ 3–5% before stabilizing (σ0n = 150 kPa) or only gradually increasing (σ0n = 50 kPa and σ0n = 100
kPa). During shearing, all samples continued to compress until εs reached approximately 10%. At greater
values of εs, samples remained at near-constant volume or dilated very slightly (Figure 1a). We recorded peak
τ values of 34.2 kPa (σ0n = 50 kPa), 51.4 kPa (σ0n = 100 kPa), and 65.6 kPa (σ0n = 150 kPa), allowing us to define
the Mohr Coulomb failure envelope (Figure 1b). The five monotonic direct shear tests undertaken at σ0n = 100
kPa showed highly similar stress-strain and volumetric behavior (Figure 1c).

4. Low-Magnitude Shaking Sequences

We assessed the effects of a sequence of 20 low-magnitude shaking events on shear strength. We under-
took four tests; in each, we monotonically sheared the sample to a different shear strain datum prior to
dynamic loading: εs=1% (τ ≈ 32 kPa); εs= 2% (τ ≈ 40kPa); εs= 3% (τ ≈ 44kPa); or εs=4% (τ ≈ 45 kPa)
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(Figure 1b). Example results for tests where initial εs= 2% and 4% are displayed in Figure 2. Total εs accumu-
lated following completion of the 20 dynamic events increased with the baseline values of εs and τ, though
substantially greater strain accumulated where baseline εs=3% and 4% (Figure 3a). In these tests, baseline
shear stresses were sufficiently close to unstable stress states to permit shear strain accumulation (Figure 1b).
Where initial εs= 3% and 4%, strain accumulation in each cycle did not systematically increase or decrease
(Figure 3b).

Baseline stress states for tests where initial εs= 1% and 2% did not enter unstable stress states during dynamic
loading. The magnitude of strain accumulation decreased with each shaking event in tests where initial
εs=1% and 2%. By event 20, the cyclic strain increment had reduced by 2 orders of magnitude to <0.01%
per cycle (Figure 3b). This strain hardening can be explained by the evolution of εn during the dynamic
loading stages. In tests where initial εs= 1% and 2%, τ amplitudes were insufficient to cause instability and
generate large shear-strain accumulation; the sediment densified relative to baseline εn behavior, causing
greater particle interlocking and increased frictional strength (Figures 2a–2d). The effects of this sediment
densification are evident in postdynamic monotonic shear behavior; where εs accumulation was minimal
and dynamic loading caused progressive densification (initial εs= 1% and 2%), τ required to shear the
sediment subsequently increased relative to baseline values, which we describe as Δτ (Figure 2b). This
postdynamic strengthening persisted, (Figure 2a) because the sediment appears to retain “memory” of this
densification relative to monotonic loading conditions (Figure 2c). This effect is related to strengthening
during dynamic loading; the greater the degree of densification and strengthening, the more persistent
the enhanced shear strength (Figure 3c).

Where initial εs= 3% and 4%, densification during dynamic loading did not occur because the baseline τ
condition in these tests was closer to the failure envelope, τ amplitudes were sufficient to cause prolonged
instability and deformation, and undrained loading may also have prevented consolidation. The εn behavior
in this test was similar to that displayed by the baseline εn envelope (Figures 2g and 2h). We observed no
change in shear strength following completion of the dynamic stages relative to baseline behavior
(Figures 2e and 2f).

Figure 1. (a) Shear strain and volumetric behavior of sediment samples during strain-controlled monotonic direct shear under normal effective stress (σ0n) values of
50, 100, and 150 kPa. (b) Peak strength Mohr Coulomb failure envelope based on monotonic test results (black circles). Red circles indicate baseline shear stress
conditions at specified shear strains, as used in the dynamic tests. (c) Baseline shear stress and volumetric behavior envelopes during monotonic direct shear testing
(σ0n = 100 kPa). Shown are the dynamic shear stress time histories used in our (d) low-magnitude and (e) high-magnitude ground-shaking scenarios. In each dynamic
test, these scenarios were applied relative to a specified shear stress datum, as indicated in Figure 1b.
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5. High-Magnitude Shaking Event

We explored the effect of a single high-magnitude shaking event on shear strength and behavior. We again
undertook four tests; in each, wemonotonically sheared the sample to a different datum of εs: 1% (τ ≈ 32 kPa);
2% (τ ≈ 40kPa); 3% (τ ≈ 44kPa); and 4% (τ ≈ 45 kPa) (Figure 1b). Example results for tests where initial εs= 2%
are displayed in Figure 2. Greater baseline values of τ resulted in increasing εs during the dynamic stage,
though the differences between tests are minimal, particularly where εs= 2%, 3%, and 4% (Figure 3a). Pore
water pressure, u, reached 15–20 kPa above baseline values (100 kPa) during the dynamic phase of these

Figure 2. Example results demonstrating key elements of the dynamic shear testing program. Test data are organized in columns: (a–d) Results for behavior before,
during and following 20 low-magnitude ground-shaking events where initial shear strain, εs, = 2%; (e–h) results for behavior during and following 20 low-magnitude
ground-shaking events where initial εs = 4%; (i–l) results for behavior during and following a single high-magnitude ground-shaking event where initial εs = 2%.
From the top, the first row displays stress-strain and pore pressure behavior; detail of the dynamic and immediate postdynamic behavior is displayed in the second
row. The third row displays volumetric behavior during dynamic shearing, with further detail displayed in the zoomed-in figures in the fourth row.
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tests (Figure 2i). This prolonged undrained loading limited consolidation and εn during the dynamic stage.
The sediment was in a less dense condition than observed under baseline conditions at equal εs at the
end of the dynamic stage (Figures 2k and 2l). However, this dilated sediment structure did not persist
(Figure 3c). During postdynamic monotonic shear, εn increased to equal that observed in baseline tests at
equal values of εs (Figures 2k and 2l). This densification occurred within a εs increment of ~0.3% in all four
high-magnitude tests (Figure 3c). Postdynamic shear strength equalled that observed in baseline monotonic
tests beyond this increment, though prior to this value shear strength was lower (<10 kPa) than baseline
(Figures 2i, 2j, and 3c). However, we noted subsequent minor (~1–2 kPa) weakening of the sediment relative
to the baseline shear stress envelope following this initial recovery in shear strength (Figure 2i). This suggests
that the lack of densification that occurs during undrained dynamic loading ultimately affects postdynamic
shear strength, since the sediment is dilated relative to baseline conditions in the postdynamic phase
(Figure 2l).

6. Mixed Earthquake Sequences

We assessed the influence of sequencing of shaking scenarios in two further tests, considering the effects of
low-magnitude shaking prior to and following high-magnitude mainshock activity. First, we monotonically
sheared one sample under displacement control until τ = 41 kPa. Here equivalent εs is marginally less than
the critical εs value of ~3% evident in Figure 3a. This baseline τ value is too low to permit the sample from
entering unstable stress states during low-magnitude ground shaking. We subjected the sample to 20 low-
magnitude shaking events (Figures 4a and 4b). The value of εs reached 4.2% and the sample densified during
dynamic loading to a greater extent than that observed under monotonic loading (Figure 4). We immediately
reestablished baseline stress conditions and then applied a single high-magnitude shaking event to the sam-
ple. The εs reached 5.0%: an increment of 0.8%. In comparison, where initial εs=4% but where no preceding
lower magnitude loading occurred, the high-magnitude shaking scenario resulted in a εs increment of 3.4%
(>4 times greater) (Figures 3a and 4a). During postdynamic shear, the sample displayed a higher shear
strength relative to baseline conditions and this persisted until εs≈ 8%, and a weakening trend continued
until εs=20% (Figure 4a) as the sediment was less dense relative to baseline conditions, suggesting high sen-
sitivity of behavior to bulk density following dynamic loading.

In the second test, we reversed the order of shaking events, beginning with a high-magnitude shaking event
following monotonic shear to ~3% (Figures 4c and 4d). Undrained loading occurred and εn did not increase
substantially during dynamic loading (Figure 4d), but the sample densified as baseline stress conditions were
reestablished where εs=7.0%. The εs reached 11.5% following subsequent application of 20 low-magnitude

Figure 3. (a) Summary of the total shear strain accumulated during the dynamic phase(s) of each dynamic test as a function of initial shear stress values. Upper hor-
izontal axis displays the initial shear strain at the start of the dynamic stages (indicative scale only). (b) Shear strain increments during each of the 20 low-magnitude
shaking events for differing values of initial shear strain. (c) Summary of the persistence (in shear strain units) of postdynamic shear strength changes. Horizontal error
bars indicate the change in postdynamic shear strength relative to the baseline shear stress envelope (best estimate and upper and lower standard deviations).
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shakingevents but did not progressively stiffen or densify (Figures 4c and4d). Volumetric behavior throughout
the dynamic stages was similar to that observed during baseline tests (Figure 4d). As such, the postdynamic
strength was essentially the same as baseline shear behavior. In short, simply reversing the order of ground-
shaking events resulted in a considerable difference in coseismic strain accumulation (4.3 times greater where
high-magnitude precedes low-magnitude ground shaking). In addition, the postseismic shear strength also
differed between the sequences tested. As such, the specific nature of earthquake sequencing can affect the
stability of, and strain accumulated by landslides, in the postseismic phase.

7. Discussion

Our laboratory results highlight the importance of lower magnitude ground-shaking events in later control-
ling themagnitude of landslide strain accumulation during large earthquakes. Our results are most applicable
to hillslope deposits of similar rheology and stress history to those tested here, indicative of shallow (~10 to
20m depth) failures in near-surface slope materials, within which prefailure strain, manifest as ground
cracking, is frequentlyevident.Ourfindingsmayalsobeapplicableat thebroader “landscapescale”,where seis-
mically controlled dilation controls the frictional strength of heavily damaged rock masses [Marc et al., 2015;
Scheingross et al., 2013]. We have demonstrated that lower magnitude ground-shaking events can in some
cases cause progressive densification of sediment, increasing frictional strength and reducing susceptibility
to landsliding during subsequent seismicity and also in response to precipitation events. As such, our results
strongly support field observations that demonstrate that focusing solely on the mainshock to understand
earthquake impacts or future landslide risk may not provide an accurate assessment of hillslope or landscape
response to ground shaking over coseismic and interseismic timescales [Hovius et al., 2011; Jibson, 2011;
Keefer, 1994]. Our data, and the mechanistic understanding of controls on material strength they provide,
indicate that it is necessary to consider the effects of the sequence of events both prior to and following a

Figure 4. The influence of earthquake sequence on shear strain accumulation and volumetric behavior. (a, b) Results for
behavior before, during, and following a sequence of 20 low-magnitude ground-shaking events followed by a single
high-magnitude ground-shaking event. The dark grey box in Figure 4a indicates the magnitude of shear strain accumu-
lated where initial εs = 4%, but with no preceding low-magnitude shaking sequence. (c, d) Results for behavior before,
during, and following a sequence of a single high-magnitude ground-shaking event followed by 20 low-magnitude
ground-shaking events.
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mainshock earthquake, and also in the context of hillslope rheology. These sequences and their effects may
occur over timescales analogous to multiple earthquake return periods but also to the sequencing of fore-
shocks and aftershocks, or the relative timing and strength of seasonal monsoonal rainfall [Lin et al., 2008]
and tropical storms [Saito et al., 2014].

Following large earthquakes, unfailed slopes in epicentral regions often display widespread ground cracking
[Collins and Jibson, 2015;Mahmood et al., 2015; Petley et al., 2006]. It is important to determine the future stabi-
lity of these incipient landslides for risk assessment and to project sedimentfluxes andnet topographic change
[Marc et al., 2016; Sepúlveda et al., 2016]. Our results suggest that achieving this requires thorough knowledge
of antecedent stress conditions and perturbations, and the relative timing of a ground-damaging earthquake
as a component of a wider sequence of stress perturbations experienced by a slope. Our results suggest that
the strengthening effects of previous lower magnitude seismic activity may increase the stability of slopes,
rather than rendering them more prone to failure. Our results contest the implicit assumption that ground
shaking always results in weakening of all hillslopes and leads to increases in the rate of slope failure.
Furthermore, we have demonstrated that the weakening that follows a large earthquake with no antecedent
foreshock activity is unlikely to persist and that shear strength will recover despite initial strain accumulation,
akin to field ground cracking. By implication, ground crackingmay not be a definite precursor to failure in duc-
tile hillslope rheologies, supporting the advantages ofmonitoring deformation rate rather thanmagnitude for
issuing landslide warnings [Dixon et al., 2015; Intrieri et al., 2012]. Our data support the value of monitoring
earthquake-damaged hillslopes to assess whether this strengthening effect is widespread across a variety of
slope settings, including those in brittle and structuredmaterialswhere damage accumulation processes differ
and can strongly influence slope behavior [Brain et al., 2014; Clarke and Burbank, 2010; Parker et al., 2015].

Assessing long-term geomorphic response to earthquakes at the landscape scale over coseismic to interseis-
mic timescales is hindered by the relative infrequency of high-magnitude earthquakes and the limited avail-
ability of data on resultant landscape changes. As such, our understanding of both coseismic and interseismic
landsliding rates and patterns is primarily empirical which potentially limits the transferability of patterns and
transient rates of landsliding identified.Marc et al. [2015] reported an exponential reduction in elevated land-
slide activity and a return to preseismic landslide rates over subdecadal timescales. The four case studies con-
sidered by Marc et al. [2015] share broadly similar seismogenic settings, and all experienced an earthquake
sequence characterized by a mainshock and a series of aftershocks. While it is effectively impossible to know
the stress history of any slope, our results suggest that local fault characteristics will ultimately generate char-
acteristic slope responses at a landscape scale evident over decades to centuries. Empirical studies docu-
menting transient changes in landslide rates for alternative fault mechanisms are limited, particularly those
that generate different earthquake sequences characterized by foreshock sequences, for example
[Hauksson et al., 1995; Jones and Molnar, 1979; Scheingross et al., 2013; Vidale et al., 2001]. Fault mechanisms
that generate specific and characteristic types of earthquake sequences may affect how a landscape
responds to and recovers from a high-magnitude earthquake. Strong foreshock sequences may strengthen
the landscape, reducing the occurrence of coseismic landsliding and limiting susceptibility to failure in the
postseismic and interseismic phases. Further work is needed to better constrain the long-term geomorphic
effects of, and mechanical controls on, landslides triggered by earthquakes in a range of tectonic settings
where the nature and sequence of ground shaking and the stress history and density of slope-forming
materials differ.

8. Summary

We have demonstrated that specific sequences of earthquakes can modify hillslope shear strength as a result
of changes in material density that arise in response to ground-shaking events of different character.
Critically, specific earthquake sequences can not only weaken but also strengthen hillslopes, challenging
conventional wisdom. By implication, landscapes in different tectonic settings are likely to display different
responses to a single earthquake due to local differences in the magnitude, frequency, and, critically,
sequencing of earthquakes. Our results also reveal that coseismic changes in shear strength can endure
beyond single earthquake sequences to influence hillslope susceptibility to failure during subsequent
precipitation and future seismicity. This has important implications for landslide hazard assessment and in
understanding and modeling landscape evolution over multiple timescales.
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