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Abstract. Aspect-dependent landslide initiation is an inter-
esting finding, and previous studies have attributed this to
the mechanical effects of plant roots. In the present study, an
overwhelming landslide probability on a south-facing slope
over a north-facing slope was found in a localized area with
only granite underneath and high cover of Larix kaempferi.
These observations cannot be attributed to plant roots but
may result from factors related to hillslope hydrology. Dif-
ferential weathering associated with hillslope hydrology be-
haviors such as rainfall water storage and leakage, pore water
pressure, particle component, and hillslope stability fluctua-
tion were used to examine these observations. Remote sens-
ing interpretation using the high-resolution GeoEye-1 image,
digitalized topography, and field investigations showed that
landslides on south-facing slopes have a higher probability,
larger basal area, and shallower depth than those on a north-
facing slope. The lower limits of the upslope-contributing
area and slope gradient condition for south-facing landslides
were less than those for north-facing landslides. The higher
basal areas of south-facing landslides than those of the north-
facing landslides may be attributed to the high peak values
and slow dissipation of pore water pressure. The absorbed
and drained water flow in a given time interval, together with
the calculated water storage and leakage measured during the
rainy season, demonstrate that the soil mass above the fail-
ure zone for south-facing slope is more prone to pore water
pressure, which results in slope failures. In comparison, the
two stability fluctuation results from the finite and infinite
models further verified that landslides on south-facing slopes
may fail under conditions of prolonged antecedent precipita-
tion and intensive rainfall. Meanwhile, those on north-facing

slopes may fail only in response to intensive rainfall. The
results of this study will deepen our knowledge of aspect-
dependent landslide initiation from both classical mechanics
and the state of stress.

1 Introduction

In some semi-arid environments of the Northern Hemi-
sphere, aspect-dependent landslide initiation provides valu-
able insights into the relative importance of different factors
in developing accurate landslide susceptibility models (Ebel
et al., 2015; Rengers et al., 2016; Li et al., 2021; Deng et
al., 2022). These events provide a thorough understanding
of the amount of direct sunlight that translates into differ-
ences in vegetation communities, bedrock weathering, and
soil development processes (Fu, 1983; Wang, 2008; Bierman
and Montgomery, 2014). These Earth surface processes indi-
rectly affect hillslope hydrology and landscape dissection at
the hillslope scale. Rainfall-induced shallow landslides are
geomorphic agents at the hillslope scale and are governed
by multiple factors, including hydrology, hillslope materials,
bedrock, and vegetation (Birkeland, 1984; Geroy et al., 2011;
Lu and Godt, 2013). Currently, the aspect-dependent land-
slide initiation observed has been predominantly attributed to
the mechanical effect of plant roots. This is because the dif-
ferences in vegetation on the south- and north-facing slopes
are easier to examine and more pronounced than other fac-
tors (Li et al., 2021; Timilsina et al., 2021; Dai et al., 2022;
Deng et al., 2022). However, vegetation succession takes
place over substantially shorter timescales than soil devel-
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opment and bedrock weathering (Watakabe and Matsushi,
2019). In most cases, the plant roots are not deep enough
to penetrate the bedrock (Schwinning, 2010). Hypothesizing
for a relatively localized area with the same ecosystem or
plant species, aspect-dependent landslide initiation cannot be
attributed to plant roots but may result from differences in the
properties of hillslope materials due to long-term differential
weathering.

Aspect-dependent landslides in Front Range, Colorado,
USA, and the Loess Plateau, China, have attracted interest
because the vegetation has a considerable influence on land-
slide distribution. The strong propensity for shallow land-
slide initiation on south-facing hillslopes in the two regions
is closely related to the present-day tree density, regardless of
the hillslope aspect (Ebel et al., 2015; Rengers et al., 2016;
Deng et al., 2022). In the Colorado Front Range, field obser-
vations have shown that south-facing slopes lack thick tree
cover and have an abundance of rock outcrops compared
to north-facing slopes. In addition, the soil layer is thinner
on south-facing slopes (Coe et al., 2014; Ebel et al., 2015).
The cohesion supplied by the roots is responsible for the
connection observed between the landslide distribution and
slope aspect (McGuire et al., 2016). On the Loess Plateau,
China, vegetation recovery is one of the main ecological
measures for mitigating sediment loss (Fu et al., 2009). In-
creased soil strength and hydraulic conductivity due to strong
root networks may enhance the topographic initiation condi-
tions (Montgomery and Dietrich, 1994; Wang et al., 2020).
These studies highlight the effect of the mechanical function
of plants on landslides. North- and westward moving storms
may potentially produce more intense rainfall on the south-
and east-facing slopes. This assumption may be invalid if
an aspect-dependent landslide distribution is present in a lo-
calized catchment with a specific vegetation community. If
an aspect-dependent landslide exists in a localized area with
vegetation cover comprising the same plant species alongside
a high level of vegetation cover, then the aspect-dependent
landslide initiation observed cannot be attributed to the me-
chanical effect of plant roots.

To determine the relationship observed among vegetation,
landslides, and slope aspect, the effects of the physical prop-
erties and strength of hillslope materials cannot be excluded.
On the northern part of the Loess Plateau, China, and in
many other semi-arid environments, different types and den-
sities of vegetation and soils develop on north-facing versus
south-facing convergent slopes (Fu, 1983; Heimsath et al.,
1997; Wang, 2008). This is because systematic differences
in the amount of direct sunlight translate into differences in
physical and chemical weathering. North-facing convergent
slopes have lower evaporation rates, retain snow cover longer
in spring, and tend to hold soil moisture longer during the
summer growing season. These differences may result in lo-
calized ecosystem communities in the presence of trees or
shrubs on grass. South-facing slopes experience heavier and
more frequent hydration, thermal expansion, or freeze—thaw
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cycles due to day warming and night cooling and tend to have
stronger weathering throughout the year. These differences
can result in local differences in the grain component, soil
strength, and soil profile. This has indirect effects at the land-
slide scale through the mechanics of excessive pore water
pressure dissipation and sliding surface liquefaction (Terza-
ghi, 1950; Sassa, 1984) and hillslope hydrology behavior
(Godt et al., 2009; Lee and Kim, 2019). Therefore, the phys-
ical properties of hillslope materials may be attributed to the
aspect-dependent landslide initiation observed.

Shallow landslides are examples of debris flow initia-
tion, which often enlarges their scale by multiple mechan-
ics (Hungr et al., 2005; Iverson et al., 2011). When the slope
fails, the pore water pressure abruptly increases within the
shear zone (Iverson and LaHusen, 1989; Wang and Sassa,
2003). If the excessive pore water pressure persists and is
high over the static pressure for a relatively long duration,
then the displaced masses may enlarge their volume by
widespread liquefaction and transform into debris flows (Bo-
gaard and Greco, 2016). The magnitude of the pore water
pressure is closely related to the scale of shallow landslide.
Therefore, the scale of shallow landslides can be determined
by excessive pore water pressure during the failure process.
However, the aspect-dependent landslide distribution in these
two areas refers to the differences in landslide probability
rather than the landslide scale.

In the present study, we used a combination of field soil
moisture observation, strength measurement, hydraulic con-
ductivity analysis of hillslope materials, and numerical mod-
eling of slope stability to explain the high potential for land-
slide initiation on south-facing slopes relative to north-facing
slopes with the same vegetation communities. Differences in
landslide geometry and initiation conditions, in the form of
the contributing area above the scar area and the landslide
gradient, were shown using field investigations and high-
resolution GeoEye-1 images. The differential weathering-
related physical properties and strength of the soil mass,
including the dry unit weights, porosity, grain size, effec-
tive cohesion, and inner friction angle, were examined. We
have also highlighted the importance of excessive pore wa-
ter pressure, hillslope hydrology, and stability in explaining
the aspect-dependent landslide initiation observed. The re-
sults of this work will deepen our understanding of aspect-
dependent landslide distribution in some mountainous areas
of the Northern Hemisphere.

2 Study area

The study area is in the mountainous region of Majiaba vil-
lage, northeast of Niangniangba town, Tianshui city, Gansu
province, central China. It is also close to the dividing crest
of the Yellow and Yangtze rivers and on the eastern part of
the Loess Plateau. The elevation of the mountain near Ni-
angniangba town in the mountain region of the study area
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Figure 1. Location, topography, and simplified lithology of the study area. All maps are created by the authors. The graph of Majiaba was
taken using an unmanned aerial vehicle. The territorial domain of China and the simplified lithology map are from the China Geological
Survey. The elevation legend refers to the mountain area spanning Niangniangba and Majiaba.

ranges from 1329 to 2300 m. Most of the hillslope is under-
lain by sandstone, and the stratigraphic units of granite, slate,
schist, and mudstone account for a smaller area. This area
has four distinctive seasons and a semi-humid climate. The
annual precipitation is approximately 491.6 mm and predom-
inantly falls during June and August. One branch fault of the
Tianshui—Lanzhou fault system runs through the area and has
had no rupture records for the last few decades.

The shallow landslides in the study area and nearby sur-
roundings were triggered by the prolonged antecedent pre-
cipitation during 1-24 July and the intensive rainstorm on
25 July 2013 (Yuet al., 2014; Guo et al., 2015). Most shallow
landslides during the entire storm spanned the mountain area
with a gradient of 20-25°, located on south-facing slopes,
and in areas with relatively low vegetation coverage (Li et
al., 2021). Besides, some works found that plant roots may
increase the topographical initiation threshold of landslides
because of their positive effect on the strength and hydraulic
conductivity of soil-root composite (Dai et al., 2022). The
three small catchment areas in the Majiaba watershed are un-
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derlain by granite units. The total area is 0.88 km?, with veg-
etation cover of over 90 % (Fig. 1). The relative relief was
approximately 200 m, and the mean hillslope gradient was
37°. The reason why the three catchments in the area were
chosen is that the main plant species on the south- and north-
facing slope is Larix kaempferi, which commonly has highly
developed lateral roots with depth < 0.4 m. However, land-
slides in the three catchments still have a higher occurrence
propensity on south-facing slopes in comparison with the
north-facing slopes. This finding differs from the results from
Front Range, Colorado, USA, and the Central Loess Plateau,
China, where landslides commonly occur in sparsely vege-
tated areas. Li et al. (2021) only addressed the relationship
between landslide probability and vegetation cover at the re-
gional scale, while excluding the importance of the proper-
ties of hillslope materials at a more localized scale. There-
fore, we hypothesize that such observations in the study area
may not be the result of the mechanical effect of plant roots
but may be from the distinctive physical properties and the
strength of hillslope materials due to differential weathering.
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3 Materials and methods
3.1 Landslide information interpretation

The high-resolution GeoEye-1 image (0.5m x 0.5m) on
8 October 2013 was orthorectified, and the landslide
boundary was visually interpreted using ENVI 5.1 and e-
Cognition 8 software. An unmanned aerial vehicle (UAV)
was used to obtain a digital elevation model (DEM) with a
5 m resolution. The GeoEye-1 orthographic image and DEM
were spatially registered in ArcGIS 10.2 as a standard layer
of an orthoimage. The landslide initiation condition is rep-
resented by the competition between the slope gradient and
upslope contribution area (A — S) as follows:

S=kA?, 1)

where S is the local slope (m m_l), A is the contribution area
above the landslide head scar (m?), k is an empirical constant
related to lithology, vegetation, and climate, and b is an em-
pirically defined index.

Field studies were conducted to measure the depth of
the head scar and sidewall area using tape, and the failure
depth was taken as their average. The landslide volume could
then be calculated using the interpreted scar area and fail-
ure depth measured. Detailed landside information including
the landslide number and area probability, landslide volume
and width, head scar and sidewall depth, and the upslope-
contributing area—slope gradient condition for the south- and
north-facing slopes were compared.

3.2 Field monitoring and soil sampling

To investigate the hillslope hydrology on south- and north-
facing slopes, frequency domain reflectometry (FDR) soil
moisture sensors were used in this work to record the vol-
umetric water content. To avoid the randomness of the data
caused by natural factors such as terrain and vegetation, a
total of 16 shallow landslides were investigated to exca-
vate soil profiles and take undisturbed soil samples. Sen-
sors were installed at depths of 30, 70, and 110 cm on the
south- and north-facing slopes to monitor the volumetric wa-
ter content during June and September 2021. Soil moisture
monitoring was implemented at two concave sites on the
south- and north-facing slopes. The meteorological station
was less than 3 km away from the study area to record the
rainfall on a 30 min basis. During the sensor installation,
undisturbed soil samples near the sensor location were taken
for indoor tests, including the dry unit weight, porosity, grain
size, shear strength, and hydraulic conductivity. The grain
size was analyzed using a Malvern Mastersizer 3000 instru-
ment (Malvern, UK). In each layer, at least four samples were
collected for the consolidated undrained triaxial compression
test (CU). Two samples were collected for unsaturated hy-
draulic conductivity measurement using transient release and
imbibition tests (Lu and Godt, 2013). Saturated hydraulic
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conductivity was determined using the constant water head
method (Table 1).

3.3 Pore water pressure dissipation

CU tests were performed to obtain the effective cohesion,
effective internal friction angle, and pore water pressure
curves. Soil samples with a diameter of 50 mm and height
of 100 mm were first saturated in a vacaum pump. They were
then consolidated in the chamber of GDS apparatus (GDS In-
struments, UK) at 50, 100, 150, and 200 kPa confining pres-
sures and 10kPa back pressure. During each test, the shear
rate was set to 0.1 mmmin—!, and the device automatically
recorded data every 10 s. Owing to the varied particle compo-
nents and soil texture, the increasing and dissipation ratios of
pore water pressure differentiate a lot. As a highly excessive
pore water pressure and slow dissipation ratio could cause
widespread Coulomb failure within the shear zone, it will in-
fluence the landslide scale. To compare the rate of the rise
and dissipation of pore water pressure during the CU test,
the ratio is expressed as follows:

;= Pr+Ar — Pz’ @)
At

where i is the increase or dissipation ratio of the excessive
pore water pressure, and p; and p;4a, are the pore water
pressures measured during the time interval of Az. A higher
i indicates that the pore water within the soil mass drains
rapidly, and the pore water pressure will dissipate in a short
time. In other words, the i is a proxy representing the hy-
draulic conductivity.

3.4 Water storage and drainage

The wunsaturated permeability of soil mass (diameter
61.8 mm; height 25.4 mm) was measured using the transient
release and imbibition method (TRIM; Lu and Godt, 2013).
In this test, the water outflow mass was measured on a 10 min
basis. In each test, air pressures of 250 and OkPa corre-
sponded to the drying and wetting processes, respectively.
The soil water characteristic curve (SWCC) and hydraulic
conductivity function (HCF) were obtained using Hydrus 1D
(Wayllace and Lu, 2012). Using the models proposed by
Mualem (1976) and Van Genuchten (1980), the constitutive
relations between the suction head (%), water content (6), and
hydraulic conductivity (K) under drying and wetting states
can be represented by the following equation:

6 —06, 1 =3
]

0s—6: L1+ (alh])"
and
1 2
{1—(a|h|)"_1[1+(a|h|)”]” }
K = Kj - , )

[1+ (o] Y123
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Table 1. Physical properties and strength parameters of the soil mass.
Parameters South-facing slope North-facing slope
Layer 1 Layer 2 Layer 3 Layer 1 Layer 2 Layer 3
Unit weight of soil (kN'm—3) 14.8 15.6 17.2 14 16.6 17.1
Porosity (%) 43.0 43.1 36.2 42.5 373 36.4
Effective cohesion (kPa) 6.5 17.5 21.2 53 9.1 7.9
Effective inner friction angle (°) 29.8 25 31 27.1 352 41
Saturated hydraulic conductivity (cm s_l) 64x1073 62x1074 44x10~* 88x1073 12x1073 43x1073
where 6; is the residual moisture content (%), 65 is the satu-
rated moisture content (%), o and n are empirical fitting pa- tang’ 2c os
. . (%) ) p g pa . 209 ———— — —(tanB +cotB)tang’, 9)
rameters, « is the inverse of the air entry pressure head, n is s tanf  yzsin2B  yz

the pore size distribution parameter, and Kj is the saturated
hydraulic conductivity (cms™).

The soil water storage (Ss) and drainage (S4) during a rain-
fall event can be evaluated by the soil depth and the differ-
ence between the maximum soil moisture and antecedent soil
moisture, as follows:

6 — 6,
Se = — 5
=5 a ©)
Ss =S¥ Ah (6)
Sa=P — SIAh, @)

where S. is the degree of saturation, 0 is the volumetric mois-
ture content measured (%), Ah is the average soil thickness
(400 mm in this study), Sy’ and Sg are the residual soil mois-
ture in the wetting and drying processes (%), and P is the
accumulated rainfall (mm).

3.5 Stability fluctuation

In this study, we applied a finite and infinite stability model
to assess the slope stability fluctuation during the rainy sea-
son as an attempt to examine aspect-dependent landslide ini-
tiation from the perspective of classical mechanics and the
state of stress (Schmidt et al., 2001). The finite-slope model
evaluates the stability FS’ , as follows:

_ A1+ cpAp + Ap (05 — P Se) gzcos?Btang’
B Appsgzsin B cos B

Fg

, ®)

where f is the topographic slope angle (°), Aj is the lateral
area of side wall (m?), A}, is the basal area (m?), z is the
sliding depth (m), c] is the effective cohesion along the side-
wall (kPa) and adopts the cohesion of layer 1 and layer 2,
cp is the basal soil cohesion (kPa) and adopts the cohesion of
layer 3, p; is the soil particle density (gcm™3), and py, is the
water density (gcm ™).

The infinite slope stability model in this study provides
insight into the stress variation resulting from changes in
the soil suction and water content during infiltration (Lu and
Likos, 2006):

https://doi.org/10.5194/hess-27-1667-2023

where ¢’ is the effective friction angle (°), B is the topo-
graphic slope angle (°), ¢’ is the effective cohesion (kPa),
and y is the unit weight of the soil (kN m™3). o* is the suc-
tion stress (kPa), which is expressed as follows:

S. _ 1/n

asz——e<sg’/“ ’”—1) . (10)
o

4 Results

4.1 Shallow landslides on south- and north-facing slope

In the study area, direct sunlight does not coincide with the
aspect orientation because it is to the north of the Tropic of
Cancer. The south-facing slope is defined between 157.5 and
247.5°, and the north-facing slope is between 0 to 67.5° and
292.5 to 360° (0° is due north). There were 71 shallow land-
slides on the south-facing slope and 20 landslides on the
north-facing slope in the study area. Figure 2a shows that
shallow landslides on south-facing slopes have larger spatial
areas than those on north-facing slopes. Most of the shallow
landslides occurred on the south-facing slope (Fig. 2b). The
volume of landslides on the south-facing slope was greater
than that on the north-facing slope. For landslides on the
south-facing slope, the basal area was 372.64m?, and the
width was 14.9m on average. For landslides on the north-
facing slope, the average basal area was 157.28 m?, and the
width was 7.7m (Fig. 2c). Although the landslides on the
south-facing slope had a larger volume and greater width, the
depth of the head scar and sidewall area are no greater than
those on the north-facing slope. Field studies showed that the
averaged depth for landslides on the north-facing slope was
1.02 m, which was deeper than the depth of 0.83 m for land-
slides on south-facing slope (Fig. 2d). The landslides on the
south-facing slope exhibited an overwhelming propensity for
occurrence in terms of the number and area. Meanwhile, the
failure depth was no more than that of the landslides on the
north-facing slope.

Hydrol. Earth Syst. Sci., 27, 1667-1682, 2023
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Shallow landslides can be modeled as occurring when suf-
ficient through-flow converges from the upslope contribu-
tion area to the hollow area and triggers slope instability
(Montgomery and Dietrich, 1994). Their topographic initi-
ation conditions are controlled by the spatial competition
between the slope and the upslope contribution being area
dependent (Stock and Dietrich, 2003, 2006; Horton et al.,
2008). For the shallow landslides in the study area, the av-
eraged upslope-contributing area and slope gradient did not
significantly differ (Fig. 3a). Meanwhile, the lower limit line
representing the minimum initiation condition for landslides
on south-facing slopes was lower than that on the north-
facing slopes (Fig. 3b). This indicates that a higher upslope
contribution area was required to provide sufficient through-
flow conditions and trigger slope failures on the north-facing
slope. Given that the landslides in the study area were trig-
gered by prolonged antecedent precipitation and intensive
rainfall (Li et al., 2021), sufficient rainfall infiltration could
result in a high soil water content within the displaced mass,
leading to a decrease in matric suction and soil strength. The
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generation of pore water pressure in response to intense rain-
fall also plays an important role in shallow landslides. There-
fore, we have proposed two assumptions to elucidate the dis-
tribution and scale of aspect-dependent landslides. The first
assumption is that the basal area of the landslide may be re-
lated to the soil strength and high pore water pressure. This
assumption can be tested by the pore water properties, in-
cluding the pore water generation potential and dissipation
ratio during the failure process. The second assumption is
that the south-facing slope may have a higher failure poten-
tial than the north-facing slope in a given rainfall process.
This can be determined from the stability comparison using
Egs. (8) and (9).

4.2 Differences in soil physical properties

To show the differences in the physical properties of the hill-
slope materials, the dry unit weights, porosity, and grain size
distribution of the soil mass in the three layers on each slope
were compared (Fig. 4). The effective cohesion and inner

https://doi.org/10.5194/hess-27-1667-2023
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friction angle were then examined with respect to the particle
component (Table 1 and Fig. 5).

For the soil mass on the south-facing slope, the dry unit
weights increased with soil depth, whereas the porosity and
saturated hydraulic conductivity decreased (Fig. 4a and Ta-
ble 1). For soil layers 1 and 2, the soil textures were similar
because the proportions of sand, silt, and clay did not dif-
fer significantly. However, the proportion of silt in soil layer
no. 3 was no more than that in layer nos. 1 and 2, and the sand
proportion was higher. The average failure depth was above
soil layer no. 3 and below soil layer no. 2. For the soil mass
on the north-facing slope, the dry unit weight also increased
with soil depth. Unlike the south-facing slope, the porosity
of the soil mass for the three soil layers was approximately
38 % and did not differ among them. For the soil texture, the
proportion of sand in soil layer no. 1 was no more than that
in soil layer nos. 2 and 3 (Fig. 4b). The depth of the failure
plane was close to that of soil layer 3.

In comparison, one of the main difference was the higher
saturated hydraulic conductivity for the soil mass above the
failure plane on the north-facing slope. This may have re-
sulted from the high porosity and sand proportion. This in-
dicates that the rainfall infiltration on the north-facing slope
could penetrate faster than that of the south-facing slope. The
soil mass of the three layers on the south-facing slope had a
higher proportion of fine particles than those on the north-
facing slope if gravel was considered (Fig. 5). The saturated
hydraulic conductivity for the soil masses from soil layer
nos. 2 and 3 on the south-facing slope was lower than that on
the north-facing slope. This is expected because the porosity
and proportion of fines on the south-facing slope were higher.

According to the results of the triaxial shear test (Table 1),
the soil mass in each layer on the north-facing slope had
a smaller effective cohesion than that on the south-facing
slope. The effective cohesion on the failure plane for land-
slides on the south-facing slope may be twice that on the
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north-facing slope. However, the effective inner friction an-
gles for the soil masses of soil layers 2 and 3 on the north-
facing slope were far greater than those on the south-facing
slope. These differences in effective cohesion and inner fric-
tional angle may be attributed to the higher clay and silt and
fewer coarse grains within the soil mass on the south-facing
slope.

4.3 Pore water pressure properties

The consolidation module of the triaxial shear test was used
to measure the generation and dissipation process of the pore
water pressure. The principle is to consolidate and drain soil
from the initial saturated state. Under the same confining
pressure, there are pronounced differences in the consoli-
dation rate, consolidation time, and peak rise in pore wa-
ter pressure for different soil properties. The results of the
pore water pressure during the consolidation process un-
der 200 kPa effective confining pressure were compared here
(Fig. 6). The peak value of pore water pressure within the
soil mass on the south-facing slope was higher than that on
the north-facing slope. The peak value of the pore water pres-
sure within the soil mass on the south-facing slope increased
to 150-200 kPa. However, the peak value of pore water pres-
sure within the soil mass on the north-facing slope was be-
low 150 kPa. Both the rising and decaying rates of pore wa-
ter pressure for soil mass layers 1 and 2 on the south-facing
slope were lower than those on the north-facing slope. The
rate and decaying rates for soil mass layer no. 2 on the south-
facing slope were 1.2 and —0.031 kPa per 10s, respectively.
However, they were 9.6 and —0.765 kPa per 10s for the soil
mass on the north-facing slope.

The lower peak pore water pressure demonstrates the ef-
fect of fine particles on the pore water pressure, which di-
rectly affects landslide mobility and scale. Rainfall-induced
landslides result from an increase in positive pore water pres-
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Figure 7. Mass of water outflow during the drying and wetting process, including (a) drying tests and (b) wetting tests. The mass of water

outflow was recorded at 10 min for each test.

sure within the failure plane, which reduces the effective
stress and shear strength of the soil (Terzaghi, 1950). This
often occurs in the undrained soil layer, which can easily
cause slope liquefaction (Sassa, 1984). The increase in pore
water pressure predominantly depends on the speed of land-
slide movement, soil deformation, and soil permeability. If
the shear rate is given, then the dissipation rate of pore wa-
ter pressure for high-permeability soil is faster, and there-
fore, the increase in pore pressure is smaller (Iverson and
LaHusen, 1989; Iverson et al., 1997). As shown in Table 1,
the saturated hydraulic conductivity for the soil mass of layer
nos. 2 and 3 on the north-facing slope was 10 times that of the
south-facing slope. Therefore, the peak pore water pressure
measured during the test for the soil mass on the south-facing
slope was higher. The soil mass on the north-facing slope had
higher sand and gravel contents than that on the south-facing
slope (Fig. 5). A high clay content on the south-facing slope
filled the macropores within the soil mass and reduced the
pore water discharge rate. Wang and Sassa (2003) found that
fine particles play the most important role in the dissipation
of pore pressure. The pore water pressure within the satu-
rated sand increased with shear rate. The soil mass with high
coarse particles produced less pore water pressure than the
soil with high fine particles during the shear process. There-
fore, the high permeability of the soil mass on the north-
facing slope may result in low peak pore water pressure. The
higher fine particles may result in a slow increase and dissi-
pation of the pore water pressure. This slow pore water pres-
sure dissipation could result in the liquefaction failure of the
sliding mass and a larger landslide area.

4.4 Unsaturated hydraulic conductivity

4.4.1 Measured water outflow mass

Figure 7 shows the water outflow mass measured for a given
10 min period during the drying and wetting processes. The

water outflow masses measured for soil layers 2 and 3 on the
north-facing slope were generally higher than those on the
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south-facing slope. For the drying tests using the soil mass
of soil layer nos. 2 and 3 on the north-facing slope, the given
water outflow masses were 0.10 and 0.131 g per 10 min, re-
spectively. However, the water outflow masses measured for
the soil mass of soil layer nos. 2 and 3 were 0.077 and 0.050 g
per 10 min, respectively, on the south-facing slope (Fig. 7a).
For tests using the same layers of the soil mass in the wetting
process, the water outflow masses measured were 0.051 and
0.094 g per 10min on the north-facing slope, respectively,
and 0.032 and 0.027 g per 10 min, respectively, on the south-
facing slope (Fig. 7b). Overall, the permeability of the soil
mass on the north-facing slope was higher than that on the
south-facing slope. The same results were obtained when
the saturated hydraulic conductivities of the soil layers were
measured using the constant water head method (Table 1).

4.4.2 SWCC and HCF curves

The soil water characteristic curve (SWCC) and hydraulic
conductivity function (HCF) are critical for the analysis of
water flow movement and the mechanical behavior of unsat-
urated soil material. In this study, the transient release and
imbibition method (TRIM) for unsaturated hydraulic prop-
erty measurement is used (Lu and Godt, 2013). The ad-
vantage of the TRIM method is that it combines physical
experiments and calibration. It employs a relatively simple
and reliable measurement of transient water content using
an electronic balance to record the signature of transient
unsaturated flow. It also takes advantage of the robust in-
verse modeling capability to simulate the physical process.
The apparatus could accommodate both undisturbed and re-
molded samples. The results of this study were obtained us-
ing the Hydrus-1D code with the reverse modeling option,
and the Levenberg—Marquardt nonlinear optimization algo-
rithm. This minimized the error between the results of the
test and the simulation (Wayllace and Lu, 2012). Meanwhile,
to ensure the uniqueness of the parameters, the algorithm re-
peatedly runs with different initial parameter estimates until
it converges to obtain the same or similar results. The pre-
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diction results are then compared with the function curves of
water flow and time obtained from the actual experiment so
that they can be combined to meet certain accuracy require-
ments. In this experiment, the R? of the regression between
the optimized predicted value and the observed value was
greater than 0.99. The model constraint effect of the TRIM
under two suction increment steps was better, and the param-
eters obtained by the inversion calculation were more accu-
rate (Lu and Godt, 2013). Table 2 shows the soil parameters
obtained using the Hydrus 1D inversion.

Using these parameters, the SWCC and HCF curves of the
soil mass at soil layers 2 and 3 on the north- and south-facing
slopes can be drawn (Fig. 8). Air entry pressure and resid-
ual water content are two important parameters that describe
the hydrological and mechanical characteristics of the hills-
lope materials. The air entry pressure represents the critical
value at which air enters the saturated soil and starts to drain.
For soil layer no. 2, the difference between the air entry val-
ues of the north- and south-facing slopes can reach 14.03 kPa
(Fig. 8a and c). The residual water content and air entry pres-
sure of the south-facing slope were higher than those of the
north-facing slope. For soil layer no. 3, the soil mass on the
north-facing slope has the smallest air entry pressure, which
is 0.51 times that of the air entry pressure of the south-facing
slope (Fig. 8b and d). The saturated hydraulic conductivi-
ties of soil layer nos. 2 and 3 on the south-facing slope were
lower than those on the north-facing slope in both the drying
and wetting processes. The saturated hydraulic conductivity
of the soil mass on the north-facing slope in the wetting test
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was 1 order of magnitude higher than that on the south-facing
slope. In Table 1, the saturated permeability coefficient mea-
sured by the constant head test method also shows that the
soil mass on the north-facing slope has higher permeability.
These results suggest that it is more difficult for the soil mass
on south-facing slope to absorb and drain water than the soil
mass on the north-facing slope.

4.5 Water storage and drainage

To show the water storage during the rainfall process and
the water drainage after the rainfall, the timely recorded soil
moisture at various soil layers and the rainfall process during
11 June and 20 August were used (Fig. 9a and b). In com-
parison, this is likely the most important finding, as it shows
that the soil becomes nearly saturated on the south slope but
not on the north slope. This implies that the soil water on the
south-facing slope has difficulty in draining water because of
the presence of more fine grains and slow pore water pressure
dissipation. The stable soil moisture from soil layer nos. 2
and 3 for both slopes may be attributed to the long dry sea-
sons in the study area. The daily rainfall amount > 30 mm on
9 and 23 July resulted in an increase in soil moisture for all
the slope layers.

Figure 10a shows that the storied water of the north- and
south-facing slopes did not synchronously increase with ac-
cumulated precipitation. When the storied water rapidly in-
creased, then the increase in soil water storage of the north-
facing slope was greater than that of the south-facing slope.

https://doi.org/10.5194/hess-27-1667-2023



Y. Guo and C. Ma: Elucidating the role of soil hydraulic properties on aspect-dependent landslide initiation

1677

Table 2. Parameters describing the soil and water characteristic curve (SWCC) and the hydraulic conductivity function (HCF) from Hy-

drus 1D.
Parameters Definition South-facing slope North-facing slope
Layer 2 Layer 3 Layer 2 Layer 3
Or Residual moisture 0.0302 0.0278 0.0262 0.0268
64 Saturated moisture 0.39 0.36 0.39 0.41
oy 0.36 0.38 0.39 0.42
ad (kPa~1) The inverse of the air entry pressure head 0.0128 0.0117 0.0156 0.0141
a™ (kPa~l) 0.78 0.94 1.21 1.86
nd The pore size distribution parameter 1.49 1.39 1.57 1.27
n 1.63 1.85 1.43 1.18
K3 (cms~!)  Saturated hydraulic conductivity 1.52x 1074 0.64 x 1074 376 x 1074 4.56 x 1074
K¥ (cms™1) 9.58x 1072 493 x 1072 410x 1071 4.68 x 107!

Note that the superscripts “d” and “w” indicate drying and wetting states.
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Figure 9. Field-monitored volumetric water content, including (a) soil moisture on the south-facing slope and (b) soil moisture on the

north-facing slope.

On 26 July, a rainfall of 30.8 mm h~! was recorded, and the
water storage of the slope reached the peak. The peak of the
water storage on the north-facing slope was higher than that
of the south-facing slope. However, when the accumulated
rainfall tends to be stable; that is, when the rainfall stops
for a period, then the decline rate of the soil water storage
on the north-facing slope is substantially higher than that on
the south-facing slope. The soil water storage of the south-
facing slope was always higher than that of the north-facing
slope during rainfall. During the drainage process, the seep-
age rate of the north-facing slope was greater than that of
the south-facing slope (Fig. 10b). Therefore, the south-facing
slope had a better water storage performance, and the north-
facing slope had a higher drainage performance.

4.6 Stability fluctuation

In this study, the infinite slope model and the finite slope
model were used to characterize the sensitivity of landslide
triggering to determine the main mechanism of high land-
slide probability on south-facing slopes. The infinite slope
model can be used to examine the transient stress changes
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caused by water entering the soil, emphasizing the differ-
ences in soil permeability (Lu and Likos, 2006; Lu and Godt,
2013). The finite slope model focuses on the cohesion of the
base surface and lateral periphery of the ground landslide
source body, in addition to the influence of the additional lat-
eral cohesion provided by the vegetation root system for the
landslide (Schmidt et al., 2001; Dai et al., 2022).

Figure 11a shows the rainfall records from 11 June to
20 August 2021. In general, the degree of saturation of the
sliding layer on the south-facing slope was higher than that
on the north-facing slope (Fig. 11b). In the finite model, the
stability of the south-facing slope was always higher than that
of the north-facing slope (Fig. 11c). In the infinite model, the
stability of the north-facing slope was generally higher than
that of the south-facing slope, and the stability of the north-
facing slope fluctuated substantially (Fig. 11d). On 26 July, a
rainfall event with a maximum intensity of 30.8 mmh~! re-
sulted in a sudden decrease in stability. The estimated stabil-
ity index of the north-facing slope decreased to become lower
than that of the south-facing slope and then increased after-
wards. Although the soil moisture of the south-facing slope
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increased substantially during the rainfall event on 16 July,
the stability fluctuation was relatively small. This may be re-
lated to the relatively strong effective cohesion and smaller
pore structure. In the finite slope model, the results have
shown that the south-facing slope has a relatively high stabil-
ity. However, this result contradicts the high landslide den-
sity on the south-facing slope in the study area. In fact, the
finite slope model does not consider suction stress, and the
effective cohesion of hillslope materials mainly affects the
stability result. In contrast, the results of the infinite slope
model asserts that the state of the stress of the soil or regolith
is modified by infiltration and changes in soil matrix suction.
Furthermore, the fluctuation in Fig. 11d also proves that the
role of infiltration of water into shallow soils and the subse-
quent pore water pressure response at depth is critical to the
understanding the transient conditions that lead to shallow
slope failure because the stability fluctuation amplitude of
the south-facing hillslope was smaller than that of the north-
facing hillslope. This indicated that the water movement on
the south-facing slope was less active than that of the north-
facing slope. Therefore, in the study area, the change in soil
suction stress was more sensitive to slope stability than the
change in root—soil cohesion. The change in soil permeabil-
ity caused by differential weathering of the bedrock could be
responsible for aspect-dependent landslide initiation in the
study area.
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5 Discussion

The strong propensity for landslides in some arid environ-
ments in the Northern Hemisphere is scientifically interest-
ing, and some researchers have highlighted the contribution
of plant roots. This finding is to be expected in the future
in other mountain regions, where water is a limiting factor
for local system sustainability. In the Colorado Front Range,
McGuire et al. (2016) found that the apparent cohesion sup-
plied by roots was responsible for the connection observed
between the landslide distribution and slope aspect (Ebel
et al., 2015; Rengers et al., 2016). In the study area, Li et
al. (2021) also found that plant roots may explain the connec-
tion observed between vegetation cover and landslide proba-
bility for the entire study area. Dai et al. (2022) found that a
strong root network and high saturated hydraulic conductiv-
ity may promote the A — § condition of shallow landslides.
On the Loess Plateau in China, some researchers have ob-
served that the strong propensity for shallow landslide ini-
tiation is closely related to the present-day tree density, and
plant roots do not penetrate over the failure plane (Guo et al.,
2020; Deng et al., 2022). However, the strong propensity for
shallow landslides on north- and south-facing slopes cannot
be attributed to plant roots because the artificial vegetation on
both slopes is the same. Conversely, these observations could
be the result of the soil hydraulic and mechanical properties
from differential weathering.

This study has contributed to knowledge of the effect of
differential weathering on aspect-dependent landslide initia-
tion from the perspective of soil hydraulic properties, in ad-
dition to the mechanical and hydrological effects of plant
roots. Except for the strong propensity for a high number
of landslides, shallow landslides on the south-facing slopes
have exhibited larger areas and greater widths than those on
the north-facing slopes (Fig. 2). This may be attributed to
the slow dissipation of excessive pore water pressure because
widespread liquefaction may extend the landslide scale. For
the thinner slip layer of landslides on south-facing slope, it
may result from differential weathering because the theoret-
ical maximum or maximum slip layer for a strong cohesive
slope should be larger than a weak cohesive slope at given
slope (Iida, 1999; D’Odorico and Fagherazzi, 2003). One of
the reasons may be that cohesive soil masses often hold to-
gether tightly to displace downslope, owing to the strength
loss. The relatively weak cohesive soil mass often loosens to
displace downslope, with the slip layer close to the bound-
ary between soil mass and bedrock underneath. However, a
stronger effective cohesion tends to promote the A — S con-
ditions of shallow landslides. A larger upslope-contributing
area or steeper gradient is required to trigger slope fail-
ure. Figure 3 shows that some shallow landslides on south-
facing slopes fail at lower upslope-contributing areas. There-
fore, soil-hydraulic-property-related factors, such as the ris-
ing or dissipation of pore water pressure, water storage, and
drainage, may contribute to the phenomena observed.
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Figure 11. Change in slope stability fluctuation shown by the (a) rainfall records, (b) degree of saturation, (c) stability of finite slope model,
and (d) stability of infinite slope model. The dotted pink lines indicate the stability index of 1.0.

The saturated hydraulic conductivities obtained by the
constant water head and TRIM methods coincide, which
demonstrates that the hillslope material on the north-facing
slope has a larger water infiltration (Tables 1 and 2). How-
ever, the difference between K, S and K is strikingly high,
and the K¢ is smaller. Although the TRIM test in this work
measures the permeability of the soil matrix, the influence
of other factors, such as the soil development and weather-
ing, preferential flow pathway, and macro pore, cannot be
ignored (Lohse and Dietrich, 2005; Maier et al., 2020), and
the contribution of such an influence on the permeability rate
cannot be evaluated at present. The stability results, using
the finite and infinite models, imply that the failure potential
of landslides on a north-facing slope is lower than that on
a south-facing slope because the stability index of a south-
facing slope is always close to 1.0. These differences imply
that slope failures on a north-facing slope may only occur un-
der intensive rainfall conditions or by a combination of pro-
longed antecedent precipitation and short-duration, intensive
rainfall. For potential failures on the south-facing slopes, the
combination of prolonged antecedent precipitation and short-
duration, intensive rainfall should be a potential trigger, ow-
ing to the low hydraulic conductivity and pore water pressure
dissipation. This study highlights the role of hydraulic prop-
erties in landslide occurrence. Although the south- and north-
facing slopes are underlain by granite, the physical proper-
ties of hillslope materials such as excessive pore water pres-
sure, strength of sliding mass, soil water storage, and leakage
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are significantly different. One of the possible limitations of
this work lies in the representativeness of the moisture ob-
servation and the uncertainty. Considering the multiple fac-
tors influencing landslides, the study area is selected with
same bedrock underneath and similar plant species. Then,
the moisture observation sites were selected on the condition
that there were similar soil profiles, a landscape with the ma-
jority of landslides, and common topographical conditions.
Therefore, this finding cannot be random because the study
area has been selected on the condition that it is relatively
far from the northern and eastern region, where local soils
are predominantly loess deposits, and the study areas of Li
et al. (2021) and Dai et al. (2022), where the bedrock under-
neath differs substantially. The main purpose of this work is
to elucidate the reason for aspect-dependent landslide initia-
tion from the perspective of soil hydraulic properties. These
differences result from differential weathering owing to the
amount of direct sunlight. Other methods such as numeri-
cal or relative dating methods and preferential flow in the
macropore distribution could provide new evidence for such
observations.

6 Conclusion
Previous research on the strong propensity for shallow land-

slides on south-facing slopes over north-facing slopes has
highlighted the role of plant roots. In a localized area with
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the same vegetation including plant roots, they do not pene-
trate the failure layer. Such an overwhelming landslide phe-
nomenon cannot be attributed to plant roots and may result
from the differential weathering of bedrock under the influ-
ence of hydrothermal conditions. In this study, we jointly
explained the soil hydraulic properties from physical and
mechanical properties, pore water pressure, unsaturated hy-
draulic conductivity, water storage and drainage, and slope
stability fluctuation during monitoring and studied landslide
initiation related to slope direction. The following conclu-
sions were drawn.

1. In terms of soil physical and mechanical properties on
both slopes, the soil masses on the south-facing slope
have a higher silt content than those on the north-facing
slope. The effective cohesion of the soil mass on the
south-facing slope was higher than that on the north-
facing slope, while the effective frictional angle was
smaller.

2. The results of the GDS tests (GDS Instruments, UK)
showed that the dissipation rate of pore water pressure
for soil mass on the south-facing slope was substantially
lower than that on the north-facing slope. Higher effec-
tive cohesion and slower pore water pressure dissipation
may result in a larger basal area for shallow landslides
on south-facing slopes.

3. The soil mass on the south-facing slope had a higher
residual water content and air entry pressure and a lower
saturated hydraulic conductivity than that of the north-
facing slope. For water storage and drainage perfor-
mance, the storied water from the south-facing slope
was higher than that of the north-facing slope, while
the north-facing slope had a higher leakage rate. The
results of the stability analysis based on the finite and
infinite models show that the infinite slope model may
be suitable for elucidating aspect-dependent landslide
distribution in the study area.
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