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Mechanics of coseismic and postseismic
acceleration of active landslides
Marc Kohler 1✉ & Alexander M. Puzrin 1

Active slow-moving landslides exhibit very different coseismic and postseismic behaviour.

Whereas some landslides do not show any postseismic acceleration, there are many that

experience an increased motion in the days to weeks following an earthquake. The reason for

this behaviour remains debated and the underlying mechanisms are only partially under-

stood. In recent years, it has been suggested that postseismic acceleration is caused by

excess pore water pressures generated outside of the shear zone during seismic shaking, with

their subsequent diffusion into the shear zone. Here we show that this hypothesis is indeed

plausible and hydro-mechanically consistent by using a basic rate-dependent physical

landslide model. Our simulations provide insight into the landslide behaviour in response

to seismic shaking and its main controlling parameters: preseismic landslide velocity,

rate-dependency of soil strength in the shear zone, hydro-mechanical characteristics of the

adjacent soil layers and the earthquake intensity.
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Landslides are one of the major threats in mountainous
regions causing thousands of fatalities every year1. Besides
precipitation, landslide activity can be strongly influenced by

earthquakes2,3. Of particular interest is the response to seismic
shaking of active slow-moving landslides, which pose a serious
threat to people and infrastructure4–8. Observations of such
landslides reveal a wide range of earthquake related displace-
ments, with surprisingly poor correlation between coseismic and
postseismic motion9. For instance, the relatively small coseismic
displacements (1–2 cm) of the Maca landslide (Peru) were fol-
lowed by periods of increased velocities for about one month,
resulting in three times greater cumulative displacements10,11.
The Mela-Kabod landslide (Iran), on the other hand, was dis-
placed up to 30 m during the Sarpol-e-Zahab earthquake, with
subsequent 5–10 mm postseismic movements over the next three
weeks12. La Sorbella landslide (Italy), in turn, did not show any
measurable increase in activity after coseismic displacements of
0.3–0.8 mm recorded during three earthquakes13,14. This large
variation in the ratio between coseismic and postseismic motions
has also been observed in various landslides affected by the
Gorkha earthquake in Nepal9.

The behaviour of a landslide during seismic shaking is assumed
to be mainly governed by inertia and the dynamic stress change in
the shear zone15,16. Depending on the constitutive properties of the
shear zone, the landslide’s response can vary from zero to very large
displacements. A critical control for a catastrophic coseismic col-
lapse of the slope is the mechanism of strength reduction in the
shear zone, such as rate-softening17,18, grain crushing19,20 or fric-
tional heating21. The coseismic motion of a landslides is further
influenced by its geophysical properties, namely the shear wave
velocity profile, which could lead to an amplification of the seismic
signal15. It has also been shown that the landslide geometry can
strongly influence the coseismic displacements22,23.

The wide range of different observed time scales suggest that
the postseismic activity of landslides can have several underlying
mechanisms9. At annual scales, both landslide accelerations24 and
increased landslide rates25 are controlled by the combined effect
of earthquakes and precipitation. These observations can be
explained by damage to the landslide material due to earthquake
shaking in the form of micro- and macrofractures, which increase
permeability and generate preferential paths for water
infiltration11. The closure of these cracks, often referred to as
healing, can take from months to several years, making a land-
slide more susceptible to precipitation driven movements.
Another time scale of postseismic landslide activity, observed in
different studies9–12, ranges from weeks to months. In contrast to
the annual scale, this acceleration was observed even in the
absence of rainfall, which is why another underlying mechanism
is suspected. In a recent study, it was suggested that excess pore
water pressures (PWP) are generated outside of the shear zone
during seismic shaking and later migrate into this zone by see-
page, causing an acceleration of the landslide motion9. Depending
on the origin of the excess pore water pressures and the soil
permeability, this could lead to a time-lag of up to several days
between the earthquake and the increased landslide mobility and
therefore provides a possible reason for delayed landslide
failures2,26,27. Although this hypothesis seems to be conceptually
reasonable, it has been lacking so far both direct measurements
and a quantifiable model for its validation.

According to the fundamental concept of critical state soil
mechanics28, soils that are continuously sheared will come to the
so-called critical state. This state is often described as continuous
flow at which the volume and porosity of the soils stay constant
with increasing shear deformation29. Shear zones that have
experienced a long history of localized shearing are assumed to
have reached this critical state and no or only negligible excess

pressures will be generated during further shearing30–32. Hence, a
seismic event cannot lead to a direct weakening of the material in
such shear zone. However, layers of fine-grained soils of relatively
low permeability can be often found around or close to the shear
zone of active landslides4,33,34. Under cyclic loading (e.g., earth-
quake shaking) these soils show a strong contractive behaviour if
the initial void radio is larger than the critical state void ratio35,36.
During the fast process of earthquake shaking in saturated soils,
this contraction is impeded because the water cannot be displaced
from the pores fast enough. This leads to generation of excess
PWP, which means a reduction in effective stresses. For large
cyclic stress amplitudes and loosely packed, water-saturated soils,
the effective stresses can reduce close to zero causing the well-
known phenomena of cyclic liquefaction35. Although this phe-
nomena of seismic liquefaction is mostly relevant for the
coseismic triggering of debris flows37, the behaviour of active
landslides can already be influenced by relatively small reduction
in effective stresses38, caused by lower excess PWP, which can
migrate into the shear zone and perturb the quasi-static state of
the landslide.

In this paper, we propose a dynamic hydro-mechanical model
to study the generation of excess PWP during earthquake shaking
and the following diffusion process. This model combines the
well-known mechanism of generation of excess PWP as a result
of cyclic shearing during an earthquake35 and the rate-dependent
behaviour of shear zones17. By applying it to parametric and case
studies, we attempt to understand the underlying mechanism and
to assess the plausibility of the hypothesis that excess PWP,
generated outside of the slip surface, can be the main source of
post-seismic landslide activity. This will also provide an insight
into why the observed coseismic and postseismic landslide
movements are so poorly correlated.

Results
Landslide model. In order to investigate the hydro-mechanical
behaviour of active landslides during earthquakes, we propose a
simplified model assuming infinite slope conditions (Fig. 1). The
landslide is reduced to slope parallel layers including a base, stable
soil and landslide mass, where the latter are separated by the
shear zone (slip surfaces). The local stratigraphy can be accurately
represented by splitting the soil above and below the shear zone
into a number of sublayers with different constitutive models and
parameters. The landslide model is based on the theory of satu-
rated porous solids und dynamic conditions introduced by
Biot39,40, which is solved using a finite element discretization.
This represents a unified framework, where the mechanism of
seismic wave propagation, landslide movements and PWP dis-
sipation are included. However, to get an accurate representation
of the landslide behaviour it is crucial to select appropriate con-
stitutive models for the shear zone and the adjacent soil.

The shear zone is assumed to have experienced a long history of
localized shearing and therefore remains in the critical state, where
no or only negligible excess pressure will be generated30–32 during
seismic loading. To model shearing rates over several orders of
magnitudes during the pre-, co- and postseismic periods of
landslide evolution, a conventional logarithmic rate-hardening
friction law is used for the shear zone41–43. The corresponding
relationship between the friction coefficient μ and the shearing rate
v and can be written as

μ ¼ μ0 1þ A � ln v
v0

� �� �
ð1Þ

where μ0, A and v0 are material parameters.
Adjacent to the shear zone, above and below it, two identical

layers of fine-grained soils of relatively low permeability are
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assumed. As pointed out in the introduction, these soils have not
yet reached the critical state and, therefore, can experience an
accumulation of excess PWP along with the stiffness and strength
degradation35,36. Therefore, a multi-surface plasticity model
following the framework developed by Prevost44 is applied in this
work. The basic idea is that for each yield surface the volumetric
behaviour is defined to control whether the soil shows a contractive
or dilative behaviour. In case of undrained cyclic loading during
earthquake shaking, this can result in generation of excess PWP
depending on the stress amplitudes and number of cycles. It should
be emphasized that the adjacent layers can be interpreted either as
homogenous or as homogenized sequence of different sublayers,
representing soil susceptible to the generation of excess PWP near
the shear zone. The shear zone is likely to be less permeable than
the adjacent layers due to its compacted state45. There is, however,
some field evidence showing that it can also be more permeable46.
In this study they are modelled with the same permeability, which
allows for reduction in the number of model parameters. This
simplification is justified because the thickness of shear zones,
typically ranging from millimeters to decimeters47–50, is orders of
magnitude smaller than that to the adjacent layers. Consequently,
the shear zone contribution to seepage is small and not sensitive to
its permeability. The stable soil and the landslide mass above the
adjacent layers are modelled as linear elastic with a considerably
higher permeability and can, therefore, be seen as drainage layers.
Whether this corresponds to the actual stratigraphy or whether, for
example, this is just a layer of sand or gravel bounding the fine-
graded soils is less relevant. Even if there are additional layers
susceptible to the generation of excess PWP within the stable soil or
the landslide mass, in reality they will hardly influence the shear
zone since for landslides of finite lengths the drainage layers will
predominantly dissipate excess PWP along the slope.

This model should be seen as a generalization of typical
landslide conditions4,33,49,51 to investigate the underlying
mechanism. More details on the landslide model, the applied
constitutive models and the corresponding parameters are
presented in the Methods section.

Conceptual model response. The conceptual response of the
proposed model and some fundamental mechanisms
are explained in Fig. 2. The initial state of the model is given by
the quasi-static equilibrium, where the landslide is slowly moving
at the preseismic velocity vpre sufficient to counterbalance driving
forces by the rate-dependent shear strength. If this model is
subjected to an earthquake ground motion, the shear zone and
the adjacent soil will show different responses, which in cases of
low permeability do not interfere with each other. The seismic
shear stress amplitude can occasionally exceed the strength of the
shear zone leading to a temporary stepwise acceleration of the
landslide. Due to the large scale of the horizontal axis in Fig. 1c,
these steps are indistinguishable and show up as a single step of
coseismic displacement dco. The increase in velocity will simul-
taneously mobilize a higher shear strength according to the
logarithmic rate-dependency and counteract the acceleration to
some extent. Consequently, smaller coseismic displacements are
expected for a higher rate-dependency parameter A. Since the
shear zone remains at critical state, no excess PWP are generated
in it and the effective normal stress stays constant during seismic
shaking. This is illustrated by the vertical coseismic effective
stress-path in Fig. 2a. In contrast, in the adjacent layers excess
PWP are generated during cyclic shaking, which is shown by the
reduction in effective stresses in Fig. 2b. While for a high per-
meability, the response of the shear zone and the adjacent soil

Fig. 1 Landslide model. a The landslide model including the finite element discretization for displacements and pore pressures (considerably more
elements are used in the simulations to have a proper representation). b Schematic representation of the diffusion of excess pore water pressure from the
adjacent soil into the shear zone. The shear zone is assumed to have reached the critical state porosity ecrit, whereas the adjacent layers have a higher
porosity. c Schematic representation of the seismic behaviour of landslides: Starting from an preseismic velocity vpre, the landslide is hit by an earthquake
leading to coseismic displacements dco. Excess pore water pressures generated in adjacent soil layers can propagate into the shear zone (blue curve) and
lead to a post-seismic activity. Depending on the permeability and the thickness of the layers, this effect can last over a period tpost lasting from hours and
days to several months. The maximal postseismic velocity vpostmax is achieved when the excess pore pressures in the shear zone reach the maximal value,
which can be delayed by the time tdelay, while also depending on the permeability and thickness of the layers.
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cannot be separated and they interfere with each other, the
hydro-mechanically coupled dynamic approach used here cor-
rectly handles this interaction.

After the earthquake, the diffusion process will start and
continue over a longer time scale. The excess PWP in the adjacent
layers will propagate into the layers above and below as well as
into the shear zone, where this reduction of the effective stress
causes a drop in shear strength, resulting in landslide acceleration.
Due to the rate dependency of strength, however, this acceleration
will cause an increase in strength, compensating for the reduction
in effective stresses and allowing the landslide to find a new
equilibrium, but at a higher velocity. It follows, that for the same
excess PWPs, the higher is the rate dependency, the lower will be
the new elevated velocity. As the PWPs gradually dissipate after
the earthquake, a progressively smaller velocity will be sufficient
to compensate for the strength drop, until all the excess PWP
fully dissipate and the landslide returns to its preseismic velocity.

Simulation example. The first simulation of an example case,
based on the Maca landslide33 and the typical range of parameters
(e.g., thickness, slope inclination, landslide velocity)4, aims to
show the capability of the presented model and reveals effects of
different phenomena on the seismic acceleration of landslides.
The applied parameters are presented in Table 1 in the methods

section. Rather different patterns can be observed for pre-, co-
and postseismic displacements (Fig. 3a). The initial state of slow
movements is interrupted by a short period of distinct displace-
ment steps induced by the earthquake impulses (Fig. 3b), which is
similar to the results from a traditional Newmark’s sliding block
analysis16. After the earthquake, the landslide shows a one day-
long acceleration followed by a deceleration over several days
reverting to the pre-seismic velocity. The generation of excess
PWP in the adjacent soil layers during the earthquake and the
following diffusion into the shear zone are presented in Fig. 3c, d,
respectively. The spatial distribution of excess PWP provides
several important insights: (a) generation of excess PWP is con-
siderably reduced in the vicinity of the shear zone due to the
smaller amplitude of shear stresses, limited by the residual shear
strength in the shear zone; (b) since no excess pressures are
generated in the shear zone, the only source of their increase is
the diffusion from the adjacent soil; (c) the maximal excess PWP
reached inside the shear zone is considerably smaller than those
in the adjacent soil. The excess PWP in the adjacent soil and the
corresponding degradation of strength could theoretically lead to
the formation of new shear zones. While the proposed mechan-
ism can capture this effect automatically via the strain softening
model used for the adjacent soil, it has not been observed in
simulations due to the large difference between the residual

Fig. 2 Conceptual model response. a Stress-path in the space of effectiv normal stress σ' and shear stress τ and rate-dependent friction law inside the
shear zone. During the seismic shaking, no excess pressures as generated and a higher friction can be mobilized due to the increased coseismic velocity.
After the earthquake the diffusion of excess PWP into the shear zone leads to a reduction of the normal effective stress until the minimal value σ ’min

post . This
reduction in effective stress leads to a reduction in the shear resistance accelerating the landslides to a maximal postseismic velocity vmaxpost . Therefore, the
reduction in the shear resistance is counterbalanced by the rate dependency leading to a new quasi-static state. During the further diffusion process, the
landslide is continuously decelerated to the preseismic velocity vpre. b Stress-path and compaction in the adjacent soil layers. The cyclic shaking with
maximal and minimal shear stress amplitudes of τmaxco and τminco leads to a generation of excess PWP shown by reduction in the effective normal stress from
σ’pre to σ’minpost. During the following postseismic dissipation process the soil in the adjacent layers starts to compact shown by the reduction of the void radio
from epre to epos.
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Table 1 Parameters used for the simulations.

Parameter Symbol Demo Study 1 (Fig. 4) Study 2 (Fig. 5) Maca

Geometry
Inclination α 12°
Base thickness hbase 10m
Base depth dbase 100m
Shear zone depth dshear 40m
Adjacent soil thickness hadj = h 10 m var. 20 m 30 m
Shear zone thickness hshear 0.1 m
Water table height hw 30m
Mechanical parameters
P-wave modulus base Mbase 15 GPa
S-wave modulus base Gbase 5 GPa
Density base ρbase 2700 kg m−3

P-wave modulus soil77 Msoil 320MPa ·(σ0/100 kPa)0.5

S-wave modulus soil77 Gsoil 80MPa ·(σ0/100 kPa)0.5

Density soil ρsoil 2000 kg m−3

Permeability
Permeability base kbase 10−6 m s−1

Permeability stable soil and top soil ksoil 10−6 m s−1

Permeability shear zone and adjacent soil k 0.5·10−8 m s−1 var. 10−8 m s−1 0.5·10−8 m s−1

Shear zone
Reference velocity v0 1.0 cm y−1 0.1 m y−1 0.1 m y−1 3.1 cm y−1

Rate dependency parameter A 0.01 var. 0.01 0.0043

Fig. 3 Example simulation. a Cumulative displacements split into pre-, co- and postseismic contributions and the evolution of excess pore water pressures
in the shear zone and the adjacent layers (average). b Zoom of the co-seismic behaviour showing the input ground motion (Engineering Strong Motion
(ESM) database signal ID: IT-MNF-EMSC-20161030_0000029-HE56), cumulative displacements and the evolution of excess pore water pressures in the
shear zone and the adjacent layers. c Generation of excess pore water pressures in the adjacent soil layers during the earthquake (shear zone marked in
dark grey). d Dissipation of excess pore water pressures during the postseismic period (shear zone marked in dark grey).
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strength of the shear zone and the peak strength of the adjacent
soil. If the shear zone and the adjacent layers are identical soils of
low clay content, these strengths are closer together since the
phenomena of particle reorientation leading to a low residual
strength30 is less dominant. In such a scenario, however, the
adjacent layers would be already close to fully mobilized strength
and the critical state. Therefore, the excess PWP generated during
an earthquake cannot be substantial, making a postseismic
acceleration less likely.

The initial increase and the following dissipation of excess
pressures in the shear zone explain the observed post-seismic
landslide acceleration and deceleration due to the associated
reduction of effective stresses and hence change in the shear
resistance. While the geometry, material parameters and seismic
loading chosen for this demonstration example are realistic and
produce a possible co- and post-seismic slope behaviour, this
alone does not provide an insight into relative effects of individual
parameters and corresponding mechanisms.

Interplay between rate dependency and excess PWP. The
parametric study in Fig. 4. investigates the influence of the most
important factors and assesses the potential patterns of between
coseismic and postseismic landslide activity. The basis for this
simulations is again the Maca landslide33 with the ranges for land-
slide parameters given in Lacroix et al.4. It is important to recognize
the analogy between the dissipation of excess PWP from the adja-
cent soil and the one-dimensional consolidation theory52, which
describes the consolidation process in soils where only unidirectional
seepage flow is taking place. A key finding of this theory is that the
time until a certain percentage of the excess PWP is dissipated is
proportional to the characteristic consolidation time T= kγw/(h2M).
Applying this concept to the dissipation of excess PWP in the
adjacent layers, the results are plotted with respect to this char-
acteristic time, where h = hadj is the thickness, k the permeability;M
the average constrained modulus of the adjacent layers and γw is the
specific weight of water. The linear dependency of the duration of
postseismic motion on the characteristic time (Fig. 4a) confirms the
consolidation analogy. Therefore, the characteristic time can be
interpreted as an important landslide-specific parameter, uniquely
defining the postseismic duration, regardless of the rate-dependent
characteristics of the shear zone material or earthquake intensity.
The latter finding is confirmed by observations of the Maca land-
slide, where two earthquakes of different intensities resulted in
almost identical postseismic durations9. The chosen range of per-
meability is typical for fine-grained soils found in landslides50,53,54.
For more clayey layers, a smaller permeability is locally possible, but
the comparison of lab and field tests has shown45 that the field
permeability is usually larger due to in homogeneities. It is rather
questionable whether a homogeneous clayey layer of 30 m thickness
with a permeability of k= 10−10 m s−1 can be encountered in a real
landslide. However, thinner layers with such a permeability are
indeed realistic45,46, and can lead to postseismic movements over a
period of several years.

The coseismic displacements (Fig. 4b) are mainly governed by
the rate dependency of the shear strength in the shear zone and
can vary over several orders of magnitudes for a typical range of
observed rate dependencies17. In contrast, the postseismic
displacement (Fig. 4c) is controlled by both the rate dependency
and the characteristic time. Dependency on the characteristic
time (i.e., duration) is straightforward, because for the same
postseismic velocity, a longer duration naturally leads to a larger
postseismic displacement. The effects of rate dependency of
strength are, however, more complicated. As expected, the
postseismic displacement grows with the maximal postseismic
landslide velocity, which in turn increases with the maximal

excess PWP in the shear zone. The complication arises from the
fact that rate dependency has two opposite effects on the pore
pressures and the velocity. While on one hand, similar to
the preseismic state, a higher rate dependency of the shear zone
leads to a lower postseismic velocity (Fig. 4d); on the other hand
it results in higher coseismic excess PWP (Fig. 4e). The latter can
be explained by the isolating effect of the shear zone, which for a
low rate dependency can sustain and transfer only limited shear
stress amplitudes, resulting in lower excess PWP in the adjacent
layers. For higher rate dependency, however, this isolating effect
becomes less prominent, because the shear zone behavior remains
practically elastic, transferring shear waves of higher amplitudes
and causing higher excess PWPs. These counteracting effects of
rate dependency can be separated by using the ratio between the
maximal postseismic velocity and excess PWP (Fig. 4f), which can
be interpreted as a pressure-normalized postseismic velocity. This
establishes rate dependency as the main influencing factor for
both the velocity and PWP, and highlights the decoupled nature
of the two different time-dependent mechanisms affecting the
postseismic acceleration: consolidation/seepage (affecting dura-
tion) and rate dependency (affecting velocity/ PWP) and their
relative contributions to the post-seismic displacements. Unravel-
ling this elegant interplay between rate dependency and excess
PWP has been critical for understanding the between coseismic
and postseismic landslide behaviour. This understanding would,
however, be incomplete without an insight into effects of another
critical factor – seismic loading.

Influence of earthquake intensity vs the field evidence. The
influence of the earthquake intensity on the landslide activity has
been investigated by subjecting the landslide model to a large set
of variable input signals. The comparison of the results with the
measurements from different case studies9–12,14,24 is presented in
Fig. 5. Amongst the most popular intensity measures the peak
ground velocity (PGV) was found to provide the best correlation
between coseismic and postseismic landslide activity and the
earthquake intensity. The postseismic motion is plotted as a
displacement ratio, where the post-seismic displacement is nor-
malized by a yearly reference displacement resulting from a
constant preseismic velocity. In the preseismic state, the equili-
brium is maintained because the reduction in shear resistance
caused by a precipitation-driven increase in PWP is counter-
balanced by rate-hardening of the shear zone due to an increased
landslide velocity. The postseismic motion can be viewed as a
perturbation of the preseismic state by a coseismic increase in
PWP, suggesting that the postseismic landslide velocity should
directly correlate with the preseismic velocity, as confirmed by a
parametric study in Supplementary Fig. 1. Additionally, the
comparison of the results shown in Fig. 5 is provided in non-
normalized form in Supplementary Fig. 2.

Both coseismic and postseismic displacements clearly
increase with increasing ground motion intensity, where the
fastest logarithmic increase takes place at lowest intensities and
a saturation can be observed for intensities at PGV > 0.1. This
observation can be explained by the isolating effect of the shear
zone, hindering the transfer of large amplitude impulsive shear
waves from stronger earthquake motions. Although the
postseismic displacement ratio shows a larger scatter, it can
still be observed that the post-seismic activity decays slightly
faster with the decreasing intensity. This trend has already been
detected in real landslides9. In general, the simulation results
are in good agreement with the measurements from the case
studies. In cases where no postseismic motion was measured, it
is assumed to be within the order of the accuracy of the
measurements.
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In case of La Sorbella landslide only very small coseismic and
no postseismic displacement were measured during three
moderate earthquakes13,14. The latter is not surprising given
the direct relation between the preseismic and postseismic
velocity and the fact that La Sorbella is very slow moving. The
simulation seems to slightly underestimate the coseismic
motion, which can be explained by the strong influence of the
rate dependency. This is confirmed by the simulation results in
Supplementary Fig. 3, where the model parameters are adjusted

for the specific case of La Sorbella slide and the corresponding
earthquake signal recorded near the landslide is applied.
Firstly, the results suggest a higher rate dependency of the
shear zone to accurately match the coseismic displacement,
which also means that a smaller postseismic velocity is expected
for a given excess pressure. Secondly, the lithology of La
Sorbella landslide is different from the proposed landslide
model and only shows soil susceptible to excess PWP above the
shear zone. This is considered in the case-specific simulation

Fig. 4 Parametric study of co- and post-seismic landslide activity. Simulation results showing the influence of the rate dependency of the shear zone
(parameter A), thickness of the soil layers adjacent to the shear zone (h = hadj) and the permeability of the shear zone and the adjacent soil layers k. The
results are plotted on the horizontal axis using the characteristic time T = kγw/(h2 M), where γw is the specific weight of water and M the average
constrained modulus of the adjacent soil layers, for: a Duration of the postseismic period of increased landslide activity, starting after the earthquake and
ending once 95% of the excess PWP has been dissipated. The markers for different rate dependencies lie exactly on top of each other and are therefore not
visible. b Coseismic displacements. c Postseismic displacement. d Maximal postseismic velocity. e Maximal excess pore pressure inside the shear zone.
f Ratio of the maximal postseismic velocity and the maximal excess pressure. The earthquake motion was retrieved from the ESM database (ESM signal ID:
IT-MNF-EMSC-20161030_0000029-HE56). The parameters used for the simulations are presented in Table 1.
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(Supplementary Fig. 3) leading to less excess PWP and faster
dissipation, which could further explain the missing postseismic
movements.

The landslides observed in connection with the Sarpol Zahab
earthquake in Iran are described as deep-seated sliding mass of
limestone blocks, entrained within clayey and debris material12.
They are all considered pre-existing landslides, either dormant or
active, with velocities ranging from 0 to 43mm/year. All of them
showed clear coseismic displacements, which in general lie within
the simulated range, except for the Mela-Kabod slide, where a
displacement of around 30 m represents an outlier. Considering
the strong influence of the rate dependency (see Fig. 4b), such
large displacements could result from a lower rate-hardening.
Also other factors decreasing the shear resistance, such as a
change from rate-hardening to rate-softening shear behaviour4,
softening in the landslide mass22 or grain crushing55 could
explain the excessive observed displacements. Some of these
landslides (Mela-Kabod, Marbera-1, Marbera 3 and Mehr)
showed a postseismic transient motion over 20 days, which fits
into the lower range given by the simulation results. Given the
insufficient knowledge of the lithology of these slides and that
they contain rock as well as soil, they might be less susceptible to
excess PWP.

The landslides in Nepal are describe as reactivation of paleo-
landslide deposit of breccia material in a silty matrix (Gumba and
Duguna Gadi) and a thick rockslide of deformed regolith and
weathered bedrock (Tapgaon)9. They all share a coseismic
displacement of around 1 m, followed by an acceleration during
few days after the Gorkha earthquake (with the moment
magnitude Mw 7.8) and a similar progressive deceleration for
two months. Two interesting observation should be emphasized.
Firstly, the Tapgaon slide clearly showed a delay of at least 4 days
for the postseismic motion, which may indicate a larger distance
between the shear zone and the layers susceptible to generation of
excess PWP. Secondly, the Dolakha earthquake (Mw 7.3), an
aftershock of the Gorkha event, showed no effect on the
postseismic activity of these landslides. An explanation could
be that during the strong main shock the contraction potential of
the susceptible soil layers has been greatly reduced. Therefore, no
or only little PWP were generated during the aftershock.

In a recent study, a large inventory of landslides accelerated by
the 2016–2017 Central Italy earthquake sequence was
presented24. They have reported an average acceleration phase
of around one year followed by a stabilization and recovery phase
for two years of theses landslides. This falls within the annual
time scale of postseismic activity and is usually explained by

Fig. 5 Influence of the earthquake intensity on the landslide motion. Comparison of simulations to measurements from case studies for a large set of
earthquake signals. a Coseismic displacements and b postseismic displacement ratio given by normalizing the postseismic displacement with a yearly
reference displacement resulting from a constant preseismic velocity. The input signals from rock or stiff soil sites were retrieved from the ESM database56

and are listed in the Supplementary Table 1. The case studies considered are: La Sorbella landslide14, Maca landslide10,11, Sarpol-Zahab earthquake12

(Slides: Marbera-1, Marbera-3, Mehr, Sarney-1, Mela-Kabod, Bezmir-Abad), Gorkha earthquake9 (Slides: Duguna Gadi, Gumba, Tapgaon) and landslides in
Central Italy24. The landslides from the Gorkha study show almost no preseismic motion and the reference velocity for the normalization is assumed
to be 2 cm/year based on landslide velocity detected in a nearby valley76. Error bars represent the measurement error reported in the respective
publications. Except for La Sorbella, the input signals are not available and the peak ground acceleration was estimated based on the USGS shakemap
(https://earthquake.usgs.gov/data/shakemap/). The parameters used for the simulations are presented in Table 1.
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different mechanisms9,11,25. However, these landslides are still
illustrated in Fig. 5 by a shaded area showing their predominant
occurrence. Unfortunately, the coseismic displacement of these
landslides was not reported and is therefore not shown.

The motion of the Maca landslide10,11 very well fits the general
simulation results, which was expected since this slide formed the
basis study case for the proposed model. While this analysis
allows for quantifying the main effects of seismic loading on
landslide activity, the large range of possible responses to different
events of similar intensity is, on its own, an important outcome
requiring a better understanding. Towards this goal, the proposed
methodology is applied to the Maca landslide in Peru33 in the
following section.

Application to the Maca landslide. Located in a seismically
active zone in Peru, the Maca landslide is in a persistent state of
slow movements driven by rain and small earthquakes11. In
2013, this region was hit by a shallow Mw 6.0 earthquake
located 20 km away from the landslide. By means of a perma-
nent GPS station, both the co- and post-seismic displacements
could be recorded10. Since no appropriate ground motion
records are available for this event, the simulation was per-
formed using four different accelerogramms (for rock or stiff
soil sites) from earthquakes in other locations (Umbria, Central
Italy, Attica, Visso) with similar magnitudes, epicentral dis-
tances and PGVs (Fig. 6). The earthquake signals were retrieved
from the Engineering Strong Motion (ESM) database56. The
GPS measurements indicate a post-seismic period of around
50 days. Based on the direct relationship between post-seismic
duration and the characteristic consolidation time, the main
unknown - permeability - can be adjusted to accurately match
the observed duration. The Attica event provides the best fit and
is, therefore, used to determine the rate dependency by
matching the coseismic displacements. The same rate-
hardening parameter is then used for all four input signals to
investigate the variability of the landslide behaviour. The results
highlight the strong influence of the input motion, which was
already observed in Fig. 5. Whereas the Umbria and Attica
events give almost identical coseismic displacements, they
generate considerably different pore water pressures, leading to
different postseismic accelerations. On the other hand, the
Attica and Central Italy records produce quite different
coseismic displacements but almost identical pore water pres-
sures and postseismic displacements. These findings might
explain why a weaker earthquake led to larger postseismic
displacements for the Maca landslide11, likely enhanced by a
higher preseismic velocity prior to the weaker earthquake.

It can also be noted that the simulation predicts an acceleration
of the landslide over several days, whereas this is not evident in
the measured data. However, this acceleration is extremely small
in the simulation for the Attica event and is hardly visible. The
duration of this acceleration depends in particular on the
thickness of the shear zone, and for a thinner zone, this effect
would disappear.

It follows that for a hydrologically sensitive landslide, seismic
events of similar intensity can produce different (albeit relatively
modest) excess PWP resulting in a wide range of postseismic
displacements. This variation is due to other earthquake
characteristics, but no direct correlation or simple explanation
could be identified. Most likely, this is a result of various effects
interfering with each other and goes beyond the scope of this
work. As expected, the corresponding variation in coseismic
displacements is less prominent because it is mainly controlled by
rate dependency. This explains the different magnitude of
scatter in Fig. 5a, b, and provides additional insight into the

observed lack of correlation between coseismic and postseismic
displacements.

Discussion
We proposed a hydro-mechanically coupled finite element
landslide model with appropriate constitutive models for shear
zones and fine-grained soils under cyclic loading. This allowed us
to investigate the potential generation of excess PWP during
earthquake shaking and the following diffusion process suggested
in various studies as the source of postseismic landslide
activity4,9,11,25,57. In this study, we provide a hydro-mechanical
model in support of this hypothesis and show that, for a rea-
sonable choice of parameters, the often-observed postseismic
landslide activity can be explained both qualitatively and quan-
titatively, in spite of the large variation in observed displacements
and apparent lack of correlation between their co- and post-
seismic components. In an in-depth parametric study, we
investigate the underlying mechanisms and identify the most
important factors controlling both the coseismic and postseismic
motion, which are summarized schematically in Fig. 7.

The comparison with field observation clearly shows that this
model can represent the realistic behaviour of active landslides
during and after an earthquake. In fact, for the well-documented
Maca landslide the model can accurately reproduce the observed
evolution of the postseismic motion. A similar trend was also
reported for the landslides in Nepal in the weeks following the
Gorkha earthquake9, which supports the proposed model.
However, for a better assessment and validation, more informa-
tion about the geology and hydrology of the slides in Nepal and
Iran is necessary. The presented model can be adapted to various
conditions and therefore, the simplified assumptions of a shear
zone and the adjacent layers should be seen as a generalization in
order to investigate the controlling mechanisms.

The presented model can also explain the observed phenomena
of delayed landslides response, which has been mentioned for the
Tapgaon slide in Nepal9, but has also been observed for other
landslide2,26,27. In case of low permeability, the excess PWP
developed in the adjacent layers slowly propagates to the shear
zone, leading to a delay and a following phase during which the
landslide accelerates to the maximal postseismic velocity. This has
been shown qualitatively in Fig. 1 and is somewhat evident in two
of the Maca landslide simulations (Fig. 6a). A longer delay can be
expected for a thicker or less permeable shear zone or an addi-
tional layer in between the shear zone and the adjacent layer,
which is not susceptible for generating excess PWP and simply
elongated the propagation distance.

The increased landslide activity over several years after the
Central Italy earthquake24 is typically attributed to the annual
time scale, where other mechanisms are discussed. However, the
long-term postseismic duration of several years for less permeable
soils, which was shown by the parametric study (Fig. 4), suggests
a possibility of the same mechanism of excess PWP generation.
This is supported by the fact that these landslides show the
dominant lithology of sandstones and claystones24, which
are likely to be heavily sheared and fractured around the shear
zone and therefore could be susceptible to generating excess
PWP. A major finding of this study is that landslides covering a
larger area are more likely to accelerate after an earthquake than
smaller ones. In the context of the presented model, one can
argue that larger landslides are likely to be deeper seated and
therefore consist of thicker layers susceptible to generating excess
PWP. The same trend has been reported for the size and the
runout of the landside and is assumed to be also controlled by
pore water pressures58. In addition, smaller landslides are more
prone to boundary effects, such as a faster dissipation of excess
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PWP in the horizontal direction. To assess whether this scenario
is plausible or if this mechanism can at least partially contribute
to the observed behaviour, more detailed and specific information
on these slides is necessary. Another important factor is the
inclination of the landslide, which has not been addressed in this
study since a change in slope cannot be performed without
simultaneously changing other important parameters. In fact, to
keep a steeper landslide in a state of mobile quasi-static equili-
brium, a higher friction angle is needed. However, a steeper slide
with a higher friction angle occurs in soils with higher content of
sand and gravel, which usually show lower rate dependency17.

Therefore, it is difficult to compare different inclinations with
each other within the limited scope of this paper, presenting,
however, an interesting and important topic for the further
research.

The landslide model and the gained insight into the underlying
physical mechanisms also provide a possibility to investigate the
seasonal response of a landslide. Typically, a strong seasonal
dependency in the motion of landslides is observed, which is
driven by the effect of rainfall and groundwater changes11,43,59,60.
The model reaction to a change in the groundwater level could be
directly simulated using the proposed model and would even

Fig. 6 Application to the Maca landslide in Peru. a Comparison of the GPS measurements (adapted from ref. 10) and the simulation results for the Maca
landslide in Peru. b–e Zoom into the behaviour during earthquake shaking showing the input ground motion, cumulative displacements and the evolution of
excess pore water pressures in the shear zone. The simulation was performed for 4 ground motion signals (rock or stiff soil sites) from earthquakes with
similar magnitudes Mw, epicentral distances R and PGVs and were retrieved from the ESM database56. The parameters and geometry are based on the
morphology of the landslide33 and are presented in Table 1. The permeability of the shear zone and the adjacent soil are calibrated to accurately match the
duration of the postseismic period shown by the GPS measurements.
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provide an observation-guided calibration of the model para-
meters (e.g. rate dependency in the shear zone)49. Subjecting the
model to earthquake shaking in different seasonal states would
then allow for a multi-hazard analysis. Given the identified
dependency on the preseismic velocity, the model predicts a
larger postseismic velocity and displacement for an earthquake
during a more active period of the landslide movements. This is
due to the logarithmic rate dependent law applied in the shear
zone, where for a larger preseismic velocity, a larger absolute
increase in the landslide velocity is necessary to compensate for
the same excess PWP in the shear zone. Moreover, this makes a
landslide more susceptible to acceleration due to rainfall events
after an earthquake, when its velocity is still elevated. This
behaviour has been reported in different studies11,24.

Even though not discussed in detail, several related phenomena
can be explained by the generation and diffusion of excess PWP
outside of the shear zone: reactivation of existing landslides2,9,
initiation of new landslides during and after an earthquake12,61.
These phenomena are analogous to the presented simulations
with the subtle difference of starting at a stable state before the
earthquake. Once a new landslide is initiated due to generated
excess PWP, a state of slow-moving can be reached in case of
rate-hardening shear zones17 or other factors increasing the
resistance, such as geometrical hardening22 or dilative behaviour
of the shear zone62,63. However, if rate dependent shear strength
cannot counterbalance the effect of excess pore water pressures
or, even worse, if other softening mechanisms, such as a softening
shear zone30,55,64, rate softening17 or grain crushing19,20 are
caused by intensive shearing, a catastrophic failure could be
triggered.

Due to the simplifications of infinite slope conditions, 2- or
3-dimensional effects such as multidirectional flow, geometrical
effects (e.g., different behaviour of steeper and flatter parts of the
landslide, material accumulation or erosion of the landslide’s
foot) and landslide runout have not been considered in this study
and should be investigated in the future. In addition, the pre-
sented methodology should be refined and tested by applying it to
further case studies. An ideal measurement setup would be an
automated inclinometer (with a high measurement frequency to
capture coseismic displacements accurately) in combination with
several PWP sensors (close to and around the shear zone). This
would allow measuring both the evolution of displacements and
PWP during and after an earthquake. Finding a suitable landslide
in a seismic active area, installing such a measurement system and
capturing a strong enough earthquake, seems, however rather

unlikely. Therefore, this topic can be further investigated indir-
ectly by collecting more displacement data from active landslides
in seismically active areas using accurate measurement systems
(e.g. GNSS, geodetic, extensometers or inclinometers). The
lithology of such landslides should be known in order to
be able to choose suitable model parameters. Ideally, an extensive
experimental investigation (e.g. cyclic triaxial or simple shear
tests) on the soil material from the shear zone and the adjacent
layers should be carried out. This would provide an assessment
for the potential of generating excess PWP in the adjacent layers.
In spite of an acute need for reliable risk assessment, surprisingly
few such case studies including a proper site investigation have
been reported in the literature. We hope that the proposed
physical framework can serve as a basis for future site investi-
gations and field monitoring.

Methods
Coupled FE model for infinite slope conditions. The basis for the presented
methodology is the theory of saturated porous solids under dynamic conditions
introduced by Biot39,40. For earthquake analysis the u-p-formulation provides a
convenient approximation where the set of equations is written in terms of the soil
skeleton deformation u and the pore water pressure p65,66. Assuming infinite slope
conditions (Fig. 1), the governing equations can be considerably simplified since
only derivatives with respect to the z-coordinate (perpendicular to the slope
inclination) must be considered. The conservation of linear momentum is given as
(time derivatives are denoted as _u ¼ ∂u

∂t and €u ¼ ∂2u
∂t2 )

∂σ

∂z
þ ρb ¼ ρ€u ð2Þ

where b is a body force (usually gravity) and ρ the total density. The stress tensor

σ ¼ ð σ
τ
Þ consists of the normal stress σ and the shear stress τ. The other com-

ponents of the stress tensors are considered under the assumption of infinite slope
condition. The balance of mass is given as

n
Kw

_pþ ε� k
ρwg

∂2p
∂z2

¼ 0 ð3Þ

where n is the soil porosity, Kw the bulk modulus of water, k the permeability, ρw
the water density and g the gravitational acceleration. The volumetric strain rate of
the soil skeleton _ε results from the strain tensor for infinite slope conditions (plane
strain with a vanishing strain in direction of the slope)

ε ¼ ∂u
∂z

¼ ε

γ

� �
! _ε ¼ ∂ _u

∂z
¼ _ε

_γ

� �
ð4Þ

The behaviour of the soil skeleton is introduced by any constitutive model
which relates any strain ε to the corresponding effective stresses52

σ 0 ¼ σ 0

τ

� �
¼ σ � p

1

0

� �
ð5Þ

This system of Eqs. (2–5) is solved by applying a fully implicit dynamic finite
element method similar to one-dimensional ground response analyses35. The

Fig. 7 Schematic representation of the dependencies for coseismic and postseismic motion. Blue: Input quantities/parameters. Red: Intermediate
quantities. Orange: Accumulated coseismic and postseismic displacements. Relations, where an increase of the first parameter/quantity leads to an
increase of the second, are marked with a solid line and the opposite with a dashed line.
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landslide is discretized in finite elements perpendicular to the slope inclination as
presented in Fig. 1, which allows the accurate representation of different soil and
rock layers. To minimize the problem of instabilities in the finite element solution

of Biot’s equations, displacements are approximated with quadratic and pore
pressures with linear shape functions67,68.

Aside from the gravitational body force, the landslide is subjected to a dynamic
earthquake input motion. To prevent downwards propagating waves from being
reflected back into the model, the concept of a compliant base boundary is
applied69. Therefore, viscous dashpot elements are connected at the base of the
model to absorb outgoing waves70. In addition, instead of applying the acceleration
time history, the input motion is transformed into a boundary traction in slope
parallel direction given by

tsðtÞ ¼ 2vsuðtÞ
ffiffiffiffiffiffi
ρG

p ð6Þ

where ρ and G are the density and shear modulus of the base material. vsu is the
particle velocity of the upwards propagating wave, i.e. half the outcrop motion71.
The parameters used for the different simulations are listed in Tables 1 and 2.

Rate-dependent shear zone. The shear zone is modelled by a rate dependent
constitutive model. Based on results from ring shear tests on shear zone
material17,18,72, the following logarithmic law for the friction coefficient μ is applied

μ ¼ tanφ ¼ tanφ0 1þ A � lnð _γþ _γ0
_γ0

Þ
� �

ð7Þ

where φ0, A and _γ0 are material parameters. This type of relation is often chosen
for shear zones in active landslides41–43,73, but the reference strain rate _γ0 is also
added in the numerator to avoid the singularity in the logarithm22. The strain rate
in the shear zone _γ can be linked to the landslide velocity v for a given shear zone
thickness hshear as

_γ ¼ v
hshear

ð8Þ

Based on a given landslide inclination and a reference velocity v0 ¼ _γ0hshear, the
associated reference friction angle φ0 can be calibrated.

Table 2 Parameters used for the simulation of fine
grained soils.

Parameter Symbol Value

Elasticity
Constrained or P-wave modulus M 320MPa · (σ0/

100 kPa)0.5

Shear or S-wave modulus G 80MPa · (σ0/
100 kPa)0.5

Hardening
Hardening parameter h0 10.0
Hardening parameter b 2.1
Volumetric behaviour
Contraction parameter βc −22.0 · σ0⁄M
Dilation parameter βd 2.2 · σ0⁄M
Threshold coordinate ηp 0.5
Accumulated plastic volumetric
strain at full degradation

εpf 0.44 · σ0⁄M

Contraction degradation factor ζf 2 %
Contraction degradation parameter c 3.0
Reference contraction potential bεpref 0.24 · σ0⁄M
Failure
Inclination of failure surface μ = tanφ 0.55

Fig. 8 Constitutive model for cyclic loading of fine-grained soils. a Illustration of the multi-yield surface model. b Model response for a monotonic and
two cyclic undrained tests with different stress amplitudes (80 cylices). c Illustration of the initial arrangement of the yield surfaces after anisotropic
consolidation. d Model response for cyclic undrained tests for different anisotropic consolidation stresses (80 cycles).
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Constitutive model for cyclic loading of fine-grained soils. In this work, the
multisurface model developed by Stoecklin et al.74 is applied. For the integration in
the presented numerical framework, the model is simplified by a two-dimensional
formulation for the applied infinite landslide conditions, but can easily be trans-
ferred to the application of finite slope geometries using the implementation
presented by Stoecklin et al.74. In the following, the basic equations of the model
are presented with an emphasis on the two-dimensional formulation and a slight
change in the original formulation also allowing for dilative behaviour. For more
details on the model and its implementation the reader is referred to Stoecklin
et al.74.

Based on the general multisurface framework developed by Prevost44 with ny-
nested yield surfaces f1,…,fk,…,f ny with frictional, linear, kinematic hardening
(Fig. 8a) the yield function for the kth surface has the form

f k ¼ jτ � αkσ 0j � μkσ 0 ¼ 0 ð9Þ
where, for a two dimensional formulation, the backstress tensor is reduced to the
scalar kinematic hardening variable αk. The size of the yield surface μk is given by

μk ¼ ηkμ ¼ ηk tanφ ð10Þ
where μ = tan φ defines the failure surface by the friction angle φ. The internal
coordinate ηk is linearly spaced between the innermost surface (η1 > 0), bounding
the elastic region, and the failure surface (ηny ¼ 1). Both the volumetric strain rate
_ε and the shear strain rate _γ are assumed to be decomposable into an elastic and
plastic contribution

_ε ¼ _εe þ _εp ð11Þ

_γ ¼ _γe þ _γp ð12Þ
where the superscripts e and p denote the elastic and the plastic part. The elastic
contribution is described by linear and isotropic elasticity. The normal and shear
stresses hence follow as

σ ¼ Mε ð13Þ

τ ¼ Gγ ð14Þ
whereM and G denote the constrained or P-wave modulus and the shear or S-wave
modulus respectively. Following the approach by Elgamal et al.75, the flow rule on
each surface has an associative deviatoric and a nonassociative volumetric
component

_γp;k ¼ _λ
kbn ð15Þ

_εp;k ¼ �βk _λ
k ð16Þ

where _λ
k
is the plastic multiplier and bn is equal 1 or −1 for flow at the top or

bottom yield surface respectively. The shear-volumetric coupling is controlled by
the flow variable βk, where a negative value results in contractive and a positive in
dilative plastic strains on the corresponding yield surface. The total strain
increment is given by the sum of the elastic increment and the contribution of all
active surfaces

_ε ¼ _εe þ∑
k
_εp;k ¼ _εe �∑

k
βk _λ

k ð17Þ

_γ ¼ _γe þ∑
k
_γp;k ¼ _γe þ∑

k

_λ
kbn ð18Þ

The hardening is governed by a purely deviatoric, linear hardening rule

_αk ¼ hk _λ
kbn ð19Þ

where hk is the hardening modulus. To control the behaviour of the model, both
the flow variable βk and the hardening modulus hk can be defined for each yield
surface independently. The latter is defined according by the hardening function74

hk ¼ h0nyð1� ηkÞb ð20Þ
where h0 and b are hardening parameters. The total number of yield surfaces ny is
included to avoid a dependency of the hardening parameters on the chosen
number of surfaces. The hardening parameters allow to match the model response
to stress-strain curves from simple shear tests or to modulus reduction and
material damping curves74. The flow variable is defined slightly differently as
originally proposed to also account for the dilative behaviour often observed in
fine-grained soils

βk ¼
βc � max

εpf �εp

εpf
; ðζ f Þ1=c

� �c
� ε̂p

ε̂pref
ηk ≤ ηp

βd ηk > ηp

8<: ð21Þ

where βc < 0 defines the contraction associated with the initial state of the material
for the yield surface with an internal coordinate below ηp and βd > 0 controls the
dilation for the surfaces above. The dependency on the accumulated plastic

volumetric strain εp leads to a diminishing of an initial contraction βc to residual
contraction of ζf βc at the accumulated plastic volumetric strain εpf and can be
controlled by parameter c. Additionally, the cyclic contraction potential bεp is
introduced as

ε̂p ¼
Z t

0
_αpdt with _αp ¼ _εp if bεp ≥ 0

0 else

(
ð22Þ

Hence the cyclic contraction potential grows if the material is dilating and
decreases to a minimal value of zero in case of contraction. Including this
contraction potential into Eq. 21 results in the butterfly-like shape for undrained
cyclic tests and can be controlled by the parameter bεpref .

Figure 8b shows the model response for a monotonic and two cyclic undrained
tests with different stress amplitudes using the parameters presented in Table 2. To
take into account the effect of anisotropic consolidation, the yield surfaces are
rotated by specifying an initial value of the corresponding hardening variable αk0
(Fig. 8c), which is often referred to as a “memory” variable44 and given as

αk0 ¼ α0 1� ðηkÞ
tanφ
α0

� �
ð23Þ

where the consolidation stress ratio is given as α0 ¼ τ0=σ
0
0. The model response for

cyclic undrained tests for different anisotropic consolidation stresses is shown in
Fig. 8d using the same parameters presented in Table 2. The same set of parameters
are used for all the landslide simulations.

Data availability
All earthquake signals were retrieved from the Engineering Strong Motion database56.
The case studies considered can be found in previous publications: La Sorbella
landslide14, Maca landslide10,11, Sarpol-Zahab earthquake12, Gorkha earthquake9, and
Central Italy24. Peak ground acceleration for the corresponding earthquake events are
based on the USGS shakemap at https://earthquake.usgs.gov/data/shakemap/.

Code availability
The coupled finite element code is available from the corresponding author upon request.
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