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ABSTRACT: The residual shear strength is a crucial parameter in the post-failure behaviour of landslides. Many studies
have shown that this parameter depends on the rate of shearing according to the normal stress and soil composition. Some
researchers have shown that the composition of the pore fluid, which in landslide shear zones is typically an aqueous solution
containing various dissolved ions, also can affect the residual shear strength. Smectites, in particular, can exhibit dramatic
strengthening upon exposure to a concentrated salt solution. Few researchers have begun to evaluate the residual shear
strength while also controlling the temperature during testing. Results demonstrated both strengthening and weakening upon
heating, depending on soil composition. Owing to the coupled nature of hydraulic, thermal, chemical, and mechanical
processes in soil, coupled effects also are expected; however, these effects are largely unexplored. We performed ring-shear
experiments on pure clays and natural soils to obtain some insight into these coupled effects. We observed, for instance, that
the effect of temperature fades away as the rate of shearing increases or the clay fraction decreases. We also observed some
relationship between the shear rate effect and pore fluid composition. Understanding coupled processes in soils remains
challenging; however, experiments may help improve our understanding of field-scale events, such as landslide reactivation
and runout upon complex changes in boundary conditions.

RESUME: La résistance résiduelle est un paramétre crucial dans le comportement post-rupture des glissements de terrain.
De nombreuses études ont montré que ce paramétre dépend de la vitesse de cisaillement en fonction de la contrainte normale
et la composition du sol. Chercheurs ont montré que la composition du fluide interstitiel, qui dans les zones de cisaillement
est généralement une solution aqueuse contenant divers ions dissous, peut également affecter la résistance résiduelle. Les
smectites, en particulier, peuvent montrer une augmentation considérable de la résistance si elles sont exposées a une solution
saline concentrée. Peu de chercheurs ont commencé a évaluer la résistance résiduelle tout en controlant également la
température pendant les tests. Les résultats ont démontré un renforcement ou un affaiblissement sous des températures
¢élevées, en fonction de la composition du sol. En raison de la nature couplée des processus hydrauliques, thermiques,
chimiques et mécaniques dans le sol, des effets couplés sont également attendus; cependant, ces effets sont largement
inexplorés. Nous avons réalisé des expériences de cisaillement annulaire sur des argiles pures et des sols naturels pour obtenir
un apercu de ces effets couplés. Nous avons observé, par exemple, que l'effet de la température s'estompe lorsque la vitesse
de cisaillement augmente ou que la fraction d'argile diminue. Nous avons également observé une certaine relation entre
l'effet de la vitesse de cisaillement et la composition du fluide interstitiel. La compréhension des processus couplés dans les
sols reste difficile; cependant, des expériences peuvent aider a améliorer notre compréhension des événements a I'échelle du
terrain, tels que la réactivation des glissements de terrain et leur propagation lors de changements complexes des conditions
aux limites.
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I  INTRODUCTION the solid skeleton as well as on that of the pore fluid
(Di Maio, 2004; Di Maio and Scaringi, 2016). The
residual shear strength also depends on the rate of
shearing, and exhibits rate-strengthening, rate-
weakening, or rate-neutral behaviours mainly
according to the soil’s mineral composition and grain-
size distribution (Tika et al., 1996; Scaringi and Di
Maio, 2016; Duque et al., 2023). Recent experiments

The residual shear strength is the minimum resistance
that a soil can offer to shearing under a given effective
normal stress (Scaringi and Di Maio, 2016). It is
typically the only available resistance in regular
landslide shear zones after large displacements and has
been found to depend on the mineral composition of
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have demonstrated a dependence of the residual shear
strength on the soil temperature during shearing
(Loche and Scaringi, 2023). The residual shear
strength and its controlling factors have been receiving
increasing attention from researchers owing to the
importance of this parameter in the behaviour
(reactivation, runout) of landslides moving on clay-
bearing shear zones. Understanding such behaviour
has become even more critical under the ongoing,
rapid climatic changes that many clay-rich regions are
experiencing worldwide (Scaringi and Loche, 2022).
Here, we report on some recent ring-shear
experiments that we conducted to begin quantifying
how the aforementioned factors can condition the
available shear resistance in the residual condition.

2  MATERIALS AND METHODS

2.1 Materials

We used commercial clays (kaolin, bentonite) as well
as a number of natural soils in our experiments.
Specifically, we used a Malaysian kaolin containing
46% of kaolinite and 48% of muscovite in dry weight.
This kaolin exhibited a liquid limit of 63% and a
plastic limit of 40%, with a granulometric clay fraction
of 28% (< 2 um), consistent with the typical large size
of kaolinite stacks. Consequently, it had an activity of
0.82 and was classified as MH (inorganic, elastic silt)
in the USGS classification. Further details on this
material can be found in Duque et al. (2023).

The other commercial clay was a Ca-Mg bentonite
named B75 and extracted from a deposit in the Czech
Republic, containing 85% of montmorillonite and
exhibiting a liquid limit and a plastic limit of 217% and
51%, respectively. Through sieve-sedimentation
analysis, a clay fraction of 61% was evaluated,
conferring the material an activity of 2.7 and resulting
in a CH (fat clay) denomination in the USGS
classification. Further details on this material can be
found in Roha¢ et al. (2020) and Sun et al. (2022).

Additionally, samples of natural landslide soil
(denominated A31, A68, A69, and A71) taken from
the Melamchi catchment in Nepal were used. This
Himalayan area experienced many landslides during a
large-scale disaster in 2012. Owing to the limited
accessibility of the site to heavy machinery, sampling
was done using manual tools, down to depths of 0.5-1
m. The samples exhibited different index properties
and mineral compositions. In general, they were
characterized by low clay fraction (< 20%) and
plasticity (< 20%), and by a dominance of kaolinite
among the clay minerals. To explore the role of the
clay component in determining the controlling factors
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of the residual shear strength, reconstituted samples
(using distilled water or a concentrated NaCl solution)
were prepared only from the fine fraction through
successive sieving (< 125 pm, < 62 pm, < 20 um).

2.2 Ring-shear device with temperature control

A Bromhead-type ring-shear device was employed
(Wykeham Farrance, now Controls group). The device
consists of a rotating base lined with a roughened brass
porous platen, accommodating an annular sample 5
mm deep and 30 mm wide (outer diameter: 100 mm;
inner diameter: 70 mm; area: 40 cm?; volume: 200
cm?). A top cap, also lined with a roughened porous
platen, transfers the normal load to the sample and is
prevented from rotating by two load cells contrasting
a torque arm bolted to the cap.

The device was modified to gain control of the
temperature of the water bath in which the sample is
immersed. This was done by placing a closed water
circuit made of a heat-conductive pipe, connected to
an external thermostatic bath. Monitoring of the
device’s water bath was ensured by a thermocouple
transmitting data to a computer, which was also
receiving data from the device’s controller (two load
cells to determine the shear force and one sensor to
monitor vertical displacements). Notably, we recorded
a significant difference between the temperature
measured in the device’s bath and that set in the
thermostatic bath owing to insufficient insulation of
the device; therefore, we were unable to explore
temperatures above ~55 °C even though we could
reach ~90 °C in the thermostatic bath. The procedure
for temperature-controlled experiments is described in
Loche and Scaringi (2023). A sketch of the
experimental setup is shown in Figure 1.

Vertical load cell and

Torque arm 2
1 displacement transducer

Thermocouple

External bath regulator

Figure 1. Sketch of the modified ring-shear device for
temperature controlled experiments.

Torque arm 1
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To evaluate the effect of the pore fluid composition
we compared results using a conventional testing
procedure (samples reconstituted with distilled water
and immersed in a bath of distilled water during the
whole test) with those evaluated on samples
reconstituted with a concentrated (I mol/L) NaCl
solution and sheared while immersed in a bath of the
same solution. The quality of the distilled water was
ensured by measuring its electric conductivity (<1
puS/cm at 20 °C).

Finally, to evaluate the effect of the rate of
shearing, we conducted experiments under various
rates, exploiting the entire range available in the
device. To preserve a smooth shear surface for as long
as possible, we preferred a single-stage over a multi-
stage procedure (Tiwari and Marui, 2004). We
followed the protocol described by Stark and FEid
(1994) to minimise the lateral friction by ensuring
sample thicknesses above 4 mm before the start of the
shearing phase. This required successive stages of
consolidation with addition of material and
overconsolidation to a normal load of 600 kPa prior to
shearing under 50-150 kPa (i.e., OCR > 4).

3 RESULTS AND DISCUSSION

The major role of the pore fluid composition in
controlling the residual shear strength has been
demonstrated extensively in various studies (see Di
Maio and Scaringi, 2016). This was done with
reference, in particular, to the role of inorganic salt
solutions under landslide stress levels and very slow
shearing (50-200 kPa; 0.005-0.018 mm/min). Less
attention has been devoted to the coupled effect of pore
fluid composition and rate of shearing. In Figure 2, we
show an example of result using samples of kaolin,
where the rate-strengthening behaviour and the
(negligible) weakening effect of the salt solution are
both visible. These effects are consistent with
knowledge from the literature (Di Maio and Fenelli,
1994; Scaringi and Di Maio, 2016). Some enhanced
rate-strengthening can be noticed in the samples in salt
solution, but this is heavily masked by the wide error
bars, which prevent a statistically-significant
conclusion. The result suggests that a more refined
device is necessary for a multivariate analysis.

More extensive studies on the shear-rate effects are
reported in the literature, with a stress on the roles of
the normal stress and mineral composition of the solid
skeleton, that is, without specific attention to the
influence of pore fluid composition and temperature.
Nevertheless, important insights have been gained, for
instance, concerning the predominant rate-
strengthening behaviour of pure clays and clay-rich
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soils under rates of shearing corresponding to very
slow to rapid landslides (Scaringi and Di Maio, 2016;
Duque et al., 2023). Notably, under much larger
displacement rates, shear-rate weakening is
systematically observed independently of the soil
nature. Various reasons for this phenomenon have
been put forward, which entail frictional, acoustic, and
thermo-chemical weakening mechanisms (Hu et al.,
2018; Scaringi et al., 2018; Deng et al., 2020).
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Figure 2. Residual friction coefficient (residual shear
strength divided by the normal stress) of kaolin samples,
prepared with and tested in a bath of distilled water or 1M
NaCl solution, sheared under various displacement rates at
20 °C. The values correspond to the slopes of regression
lines with zero intercept obtained from tests under 50, 100,
and 150 kPa of normal stress (one test per normal stress).
The error bars inform on the variability of the friction
coefficient with the normal stress.

The effect of temperature on the residual shear
strength of two pure clays was highlighted by Loche
and Scaringi (2023), where considerations on a
possible shear rate — temperature coupled effect were
made, and implications in terms of possible changes in
(shallow) landslide mobility under climate change
were discussed. In Figure 3, a key result obtained on
bentonite is reported, showing important strengthening
upon heating during slow shearing (0.018 mm/min),
which fades away upon faster shearing (0.5 mm/min)
as the rate-strengthening behaviour dominates over the
temperature-dependent one. This may be related to a
change in the mode of shearing, from laminar to
transitional or turbulent as the rate increases, which
may result in a much less temperature-sensitive
material. In fact, while laminar shearing is dominated
by face-to-face interactions of clay particles,
controlled by physico-chemical forces that are
markedly sensitive to temperature, in a turbulent
shearing condition, where particle arrangement is
more chaotic, a role of pore fluid viscosity should
prevail, which however varies little in the explored
range of temperatures.
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Figure 3. Temperature effects in ring-shear experiments on
bentonite samples under various normal stresses, shear
rates, and temperatures.

The experiments we conducted on natural soil,
mainly aimed at identifying possible temperature
effects, pointed out the crucial role of clay minerals in
determining such effects, as evidenced by experiments
carried out on the finest fraction of the samples. Figure
4 suggests that this can be evidenced by changing the
cut-off grain size of the material submitted to the
experiments. Obviously, by doing so, interpretation of
field behaviours on the basis of experimental results
becomes more difficult. However, in case of clay-
enriched shear zones, it seems reasonable to
hypothesise an enhanced role of the finest soil fraction
in the process of shearing and in determining its
controls.
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Figure 4. Temperature effects in ring-shear experiments on
natural soil samples, sieved to enrich them in clay fraction.
The experiments were conducted under 50-150 kPa of
normal stress and 0.1 mm/min of rate of shearing.

4 CONCLUSION

We reported on ring-shear experiments aimed at
evaluating the effects of pore fluid composition,
temperature, and rate of shearing on the residual shear
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strength of various soils under stress conditions that
are relevant in soil landslides. While many more
experiments are needed to draw meaningful
conclusions, we argue that the aforementioned effects
should be studied comprehensively because coupled
effects may arise. Furthermore, the role of grain size
and/or mineralogical clay fraction, as well as that of
the normal stress should be considered. Moreover, to
study these effects, precise and accurate device setups
providing highly repeatable results are essential to
ensure that statistically significant conclusions can be
reached.
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