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Experimental investigations of the effect of temperature on residual shear strength

characteristics of smectite-bearing soils

SHIBASAKI Tatsuya

Abstract

In the Hokuriku District of north-central Japan, well-known for heavy snowfall and
landslides, many slow-moving landslides occur and reactivate during the cold season
from late autumn to early spring. However, it is not yet clear why landslides are able to
activate anytime during the cold season. To predict initiation timing and behavioral
characteristics of such slow-moving landslides, the mechanisms driving its occurrence
must be investigated from several points of view. In Japan, reactivated landslides are
distributed on gentle clayey slopes in specific geological settings such as Neogene soft
sedimentary rock areas and hydrothermally altered rock areas around old and active
volcanoes. These strata are typically composed of high-plasticity soils such as the
swelling clay, smectite. It is known that the rheological behavior of smectite
suspensions depends on environmental factors such as pH, dissolved ions, suspension
concentrations, and temperature. In general, ground temperatures near the surface,
that is, less than 10 m deep, fluctuate seasonally; the author hypothesized that ground
temperature influences the stability of landslides occurring early in the cold season. In
this study, using a laboratory experiment, the effects of temperature on the residual
shear strength of smectite-bearing soils were thoroughly investigated.

Undisturbed slip surface soils were collected from the Busuno Landslide, located in
Joetsu City, Niigata Prefecture. The results of temperature-change box shear tests
revealed that shear strength and frictional angle decreased with decreasing
temperature. In addition, results of shear stress-controlled experiments showed that a
decrease in temperature induced creep-like shear displacement. To understand the
effect of temperature on the residual strength of smectite-bearing soils, ring shear
tests were performed on various soils with varying smectite fractions. Long-term
temperature-change experiments performed on Ca-bentonite showed that residual
shear strength changed linearly and positively with temperature. Thus, the series of
these experiments revealed that the residual strength of soils with high smectite
content is very sensitive to temperature. It also became clear that cooling-weakening
was typical under low shear rate conditions. Observations on experimentally-produced

shear and natural slip surfaces showed that shear surfaces that form under low



shearing rates are very shiny and smooth; this implies that clay particles are strongly
oriented along the shear surface. According to a study where atomic force microscopy
was used, the frictional force acting on the surface of oriented smectite particles
decreases with decreasing temperature. Under residual strength conditions,
lamination-parallel slips of smectite particles prevail at the shear surface, leading to
cooling-weakening. However, clay orientation is disturbed at high shearing rates,
resulting in cooling-strengthening.

Another interesting finding of this study is that the ring shear behavior of
smectite-bearing soils depends on exchangeable cations. Stick-slip behavior is typically
observed for clayey soils enriched with Ca-smectite, the basal spacing of which cannot
expand over 2.0 nm. Residual shear surfaces of Ca-smectite-rich soils are characterized
by two distinct surface areas: a strong-contact area with over-consolidated asperities
and a non-contact area with a water film layer. On the shear surface, stresses are
assumed to be concentrated on the fronts of asperities. Stick-slip behavior is seen at
elevated temperatures, probably because the elasticity of asperity-forming clays
increases with increasing temperature.

Among clay minerals, smectite shows extremely low residual shear strength levels.
This study has clearly revealed that the shear strength of smectitic clay decreases with
decreasing temperature. This finding implies that seasonal fluctuation in ground
temperature can influence slope instability, especially for shallow, slow-moving
landslides. In general, pore water pressure increases immediately after heavy rainfall
and snowmelt events, leading to the aggressive triggering of landslides within a short
timescale. In contrast, the ground temperature fluctuates slowly over the seasonal and
annual timescale, resulting in increased landslide potential throughout the cold season.
Further, seasonal variations in ground temperature are large for shallow parts of the
slip surface located on the margins of the sliding mass. The effect of this variation on
slope stability depends on the three-dimensional size and shape of the landslide body,
implying that landslides are likely to occur anytime in the cold season. The series of
results in this study provide new insights to landslide science and landslide
communities including researchers, engineers, and government administrators
involved in landslide surveys and mitigations. In  addition, these
temperature-dependent soil properties, specific characteristics of smectitic clays, could
also be important for the investigation of large landslides occurring around active and
old volcanoes, because smectite is widely distributed in hydrothermally-altered rock

areas.



