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The vadose zone of steep slopes is often affected by rainfall-
induced shallow landslides, which can cause widespread
direct and indirect damage to the terrain and infrastructures,
as well as urban and rural developments. These phenomena
are determined by hydrological or subsurface flow processes
and also mechanical (stress equilibrium) processes. Some
models attempt to link dynamics of hydrologic behavior with
the mechanical state of a hillslope and the onset of failure.
However, the hydrological dynamics leading to shallow land-
slide initiation, the hydraulic properties at the slope scale,
and the role of hysteretic effects as well as the soil nonequilib-
rium processes in slope stability assessment are still not
completely understood and require further investigation.
Furthermore, these open questions are generally treated sep-
arately by geologists, hydrologists, agronomists, and geotech-
nical engineers, whereas a multidisciplinary approach is a key
factor in the study of these phenomena occurring in the
vadose zone.

Starting from these issues, the main focus of this special
issue is on presenting the advances in shallow landslide
hydrology from both the earth sciences and soil mechanics
perspectives and their influence on behavior and triggering
of shallow landslides.

This special issue collects papers representing some of
the most recent developments in this field, with a special

emphasis given to recent results obtained by both small-
scale experiments and analysis of specific case histories.
The main topics of the papers included in the special issue
regarded the following:

(i) Analysis and modeling of landslide hydrology at
different scales

(ii) Hydrological modeling of the materials forming
deposits of past landslides

(iii) Field hydrological monitoring of slopes

(iv) Seasonal, yearly, and interyearly hydrological
dynamics of a slope

(v) Models of hydromechanical triggering of shallow
landslides

(vi) Antecedent and initial hydrological conditions that
predispose to landslide triggering

(vii) Porous media dynamics in landslide systems

(viii) Landslide water balance models

Ten papers were submitted for this special issue. Our
distinguished reviewers from respective research fields
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narrowed the field to six papers which were finally accepted.
The following is a short summary of the findings of each of
these papers.

C. Zhang et al. performed physical tank experiments
to investigate the ways of generation of pore water pres-
sure in a slope affected by a landslide. The results of this
experimental approach stress that pore water pressure
values and changes in time, related to the different posi-
tions of the groundwater table along the hillslope, are
significantly affected by infiltration time from the surface to
different layers in depth, by surface runoft amount, and by
lateral flows.

L. Schiliro et al. investigated the impact of the initial
soil hydrological conditions on the triggering of rainfall-
induced shallow landslides, proposing an innovative exper-
imental setup which integrated laboratory simulations by
means of a sloping flume and physically based numerical
modeling. Initial hydrological conditions have a funda-
mental role on determining the type of the triggering
mechanism and the soil types that could be affected by
shallow failures.

H. Cai et al. analyzed the hydromechanical behavior of
the materials forming the accumulation zone of a past
earthquake-induced landslide, which was affected by ero-
sions and shallow failures. Monitoring of water content and
pore water pressure trends and of the flow directions in a lab-
oratory small-scale physical model of the real landslide
allowed recognizing preferential flows and seepage-induced
internal erosion in the deposit that could lead to the trigger-
ing of shallow instabilities.

A. Wayllace et al. analyzed the hydrological behavior of
an active landslide in Colorado (USA) and its effects on the
stability of the slope. Field observation of displacements
and groundwater variations are used to determine a concep-
tual model that takes into account also site morphology and
stratigraphy, atmospheric conditions, and the main physical
mechanisms in the hillslope. A series of 2D finite element
numerical simulations, which are based on the conceptual
model and calibrated with field data, are then used to assess
slope stability.

J. Igbal et al. analyzed the effect of reservoir fluctua-
tions on an active landslide in the Xiangjiaba Reservoir
area, Southwest China. On the basis of field investigations
and laboratory tests, the authors carried out a slope stabil-
ity analysis using FLAC 3D software. Numerical results
shed light on the fact that the minimum safety require-
ments under the working condition of reservoir level fluc-
tuation are not reached and then surface monitoring
should be carried out in order to set up early warning
prior to failure.

Y.-S. Yang and H.-F. Yeh evaluated the probability of
failure by means of a fuzzy point estimate method in
order to consider the inherent uncertainties associated
with soil properties (i.e., cohesion and friction angle).
To this aim, a hydromechanical coupling model on
HYDRUS 2D and the Slope Cube Module were used.
The results reveal that fuzzy theory effectively evaluates
the variability of the factor of safety as well as the reli-
ability index.
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In this study, a series of experiments of the full-scale physical model was employed to investigate the hydromechanical behaviours
of the postearthquake landslide evolution, in forms of rill erosion and shallow headward failure on the rill bank slopes under
unsaturated conditions. Soil-water characteristic curves (SWCC) were established using the Brooks-Corey (BC) and van
Genuchten (VG) models. The stability of the shallow failure was then analyzed via a one-dimensional and unsaturated stability
analysis model of the infinite slope. This measurement revealed that the preferential flow and the matrix flow coexisted when
infiltration occurred and the VG model performs better in fitting the SWCC than the BC model. Consistent feedback between
stability calculations and experimental observations enables the analysis of mechanisms of rill erosion and slope failure of
postseismic landslide under the impact of preferential flow. Furthermore, the seepage-induced internal erosion phenomenon
was observed in the experiment. This work thus provides a new perspective on the triggering mechanisms of debris flow during

the postseismic period.

1. Introduction

The Wenchuan earthquake in 2008 undermined the geologic
stability and thoroughly changed the microgeomorphic con-
ditions in the Longmenshan region of Sichuan province,
southwestern China [1-3]. Numerous earthquake-induced
landslide deposits have undergone remarkable mass remobi-
lization under heavy precipitation during the postseismic
period [4-7]. These deposits are unstable, and the surface
runoff caused by heavy precipitation strongly influences the
accumulation of landslide deposits in the debris flow source
region, where rills gradually cut deep trenches that provide
effective free surfaces for both banks of the channel [7, 8].
In such a condition, shallow headward failures have occurred
on both sides of the extensional rills and gullies in these land-
slide deposits. Mass remobilization provided a considerable
amount of source materials for the initiation of debris
flows, thereby directly causing postseismic debris flow out-
breaks in the earthquake-stricken area [9-11] and seriously

threatening local reconstruction and safety. Investigations
of abrupt topographic transformations, rapid erosional pro-
cesses, and changes in material source conditions have
become new priorities for prevention and management of
postseismic debris flow. However, the mechanisms underly-
ing these phenomena remain untested.

Understanding the evolution mechanism of shallow
headward failure and rill erosion of earthquake-induced
landslide deposits in the headwater valleys caused by heavy
rainfall is key to developing an early warning system of
postseismic debris flow disasters [12, 13]. The study of
rainfall-induced landslides is a fairly complex topic involving
a multidisciplinary technology [14]. So far, a laboratory
model test is still the most reliable method for studying the
rainfall-triggered landslide since the soil properties and
boundary conditions can be controlled and the pore water
pressures and stresses inside the slopes can be moni-
tored [15]. Many scholars have conducted model tests
to study the processes and mechanisms of landslide evolution
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[11, 14, 16-22], and they have made important contributions
to our understanding of the mechanisms behind rainfall-
triggered landslides. Besides, the earthquake-induced land-
slide deposit is composed of coarse-textured gravelly soil
whose structure is characterized by fracture development,
high permeability, and an extremely low fraction of fine
particle [23]. Thus, the rapid preferential flow infiltration
becomes the most important hydraulic characteristic of
earthquake-induced landslide deposits under unsaturated
conditions [24, 25]. Consequently, the soil-water characteris-
tic curve (SWCC) and coupled hydromechanical processes of
preferential flow are distinctive. However, due to rainfall-
induced shallow failure as well as sediment delivery on
postearthquake landslide deposits, the hydromechanical
behaviour of shallow headward failures triggered by prefer-
ential flow in response to rainfall under partially saturated
conditions is poorly understood. To date, tests on infiltration
flows and hydromechanical behaviours of unsaturated soils
have mainly focused on fine-textured soils (e.g., clays and
silts) with relatively small particle sizes and pore diameters
[26, 27]. There have been relatively less studies on the
coupled hydromechanical behaviours of coarse-textured
gravelly soils. Moreover, no experimental study of the
shallow headward failure of earthquake-induced landslide
deposits under rainfall conditions has been reported.

With the development of soil mechanics theories, greater
attention has been paid to unsaturated soil materials and
their failure mechanisms are inconsistent with the principles
and concepts of classical, saturated soil mechanics. Unlike
the simpler saturated sands, silts, and clays, these materials
puzzled scientists for decades [28]. Because the shear
strength of saturated soils could be estimated more conserva-
tively than that of unsaturated soils, the traditional soil
mechanics theories have been used for engineering assess-
ments as an orthodox method. Yet, the discrepancy between
theoretical assumptions and the actual physical states of soils,
together with such factors as rising construction cost, has
motivated us to rethink these problems [29]. For example,
to assess the stability of slopes with seepage flow more accu-
rately, slope stability analyses have been expanded to include
coupled hydromechanical processes under variably saturated
conditions [30-35]. These analyses incorporate the variation
of saturation, leading to more accurate assessments of the
stability of slopes under infiltration conditions and demon-
strating that a better physical representation of water flow
and stress can be attained in unsaturated soils [35] The main
objective of this work is to integrate the hydromechanical
behaviours and failure mechanism of unsaturated landslide
material during artificial rainfall model tests.

Based on the patterns of postearthquake mass transporta-
tion attributable to the shallow failure mode of the landslide
deposits in the region affected by the Wenchuan earthquake,
a series of full-scale physical model tests were conducted
using the natural, coarse-textured soils from earthquake-
induced landslide deposits. With the aid of an unsaturated
infinite slope stability analysis model, changes in the
one-dimensional unsaturated factor of safety (FS) of the
experimental slope with artificial rainfall were computed
at first. The experimental and calculation results were then
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compared and analyzed. By providing experimental data
for predicting the infiltration characteristics and stability
of landslide deposits composed of coarse-textured gravelly
soils with rill erosion and shallow headward failure under
unsaturated conditions, this study is aimed at providing
new insights into the failure modes and mechanisms of
rainfall-induced landslides and debris flows during the
postseismic period.

2. Methods
2.1. Model Test

2.1.1. Case Study. The study focuses on the shallow failure
mechanisms of the Yindongzi landslide in the Baisha River
Basin. This landslide occurred in the Yindongzi Trench,
Lianhe Village, Hongkou Township, Dujiangyan county,
Chengdu City, Sichuan province, China, which is the meizo-
seismal area of the Wenchuan earthquake, and it is filled with
typical earthquake-induced landslide deposits [13]. The
Yindongzi landslide deposit is on the right side of the junc-
tion between the initiation zone and the transportation zone
of the main gully (Figure 1(a)). The crown elevation of the
landslide is 1520 m, the toe elevation is 1352 m, and the relief
between the crown and the toe is 168 m. The horizontal
projection area is 7.6 x 10* m?, and the slope surface area is
10 x 10* m?. The principal sliding direction is 182°, and the
landslide is generally fan shaped. The landslide deposit
accumulated in the gully along a slope of 35-42° and with a
volume of approximately 31x 10*m’. The postseismic
Yindongzi landslide exhibits a shallow failure mode along
the banks of the gully under heavy rainfall. The rill erosion
banks of the landslide deposit were chosen for model testing
(Figure 1(b)). Soils on the bank surfaces have undergone
shallow failure over a long period of rainfall and have contin-
uously expanded on both sides, providing source materials
for debris flow initiation in the Yindongzi gully. These mate-
rials have become the main source of subsequent debris
flows, threatening the safety and property of 260 people in
56 households at the settlement site at the trench mouth
(Figure 1(d)).

2.1.2. Test Design. In order to reproduce the rainfall-induced
failure process of natural rill banks as realistically as possible,
a full-scale (1:1) model was built according to the observed
rill banks (Figure 1(b)). The height and length of natural rill
banks in the Yindongzi landslide deposits were almost
1~3 m, and the slope gradient was dominantly 60°. The phys-
ical model was built in strict accordance with the actual shape
of the slope, with a height of 1.2 m, a length of 3.0m, and a
slope angle of 60° (Figure 2). Thus, this model meets the
requirements of geometric similarity. There were two mea-
surement lines in the physical model. Two sets of pore water
pressure and soil volumetric water content sensors were
buried along each measurement line at the heights of
25cm, 50cm, 75cm, and 100cm from the ground within
the 120cm thick longitudinal section. Land surface tilt
meters were deployed on the bank surface at the same height
as sensors. A schematic diagram of the layout of the sensors is
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FIGURE 1: (a) Location and scale of Yindongzi landslide. (b) Free surfaces of rill banks on the landslide deposit. (c) A schematic diagram of
shallow headward failure in rill erosion in the landslide deposit. (d) An outbreak of debris flows in Yindongzi gully.

TORIT 1T
BETTERE

- -
| ":I; (ARTIN

!

(a) (b)

FIGURE 2: Pictures of the physical model: (a) front view and (b) side view.

shown in Figure 3. The volumetric water content sensors  and the surface tilt meters were numbered from TSI to TS8.
were numbered from VWC-1 to VWC-8, the pore water ~ The experiments were conducted under three rainfall inten-
pressure sensors were numbered from PWP-1 to PWP-8,  sity conditions with 170 mm/h, 140 mm/h, and 110 mm/h of
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FIGURE 3: Schematic diagram of embedded sensors.
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TaBLE 1: Experimental strategies.
Series Rainfall intensity (mm/h) Slope angle ()

Test 1 170 60
Test 2 140 60
Test 3 110 60

rainfall. Three sets of tests were conducted as shown in
Table 1.

The model tests were conducted on an indoor landslide
simulation platform (Figure 4), which is mainly composed
of a rainfall system, a landslide model tank, and a measure-
ment system. The artificial rainfall simulator has 36 sprin-
klers, by which rainfall intensity could be adjusted from
30mm/h to 180 mm/h. To evaluate the sprinkle uniformity
of the artificial rainfall, the coefficient of rainfall homogeneity
was introduced. It was originally proposed by Christiansen
[36], and the calculation formula is

c,;wo(m-%), (1)

where X is the difference between the observed spray inten-
sity and the average intensity value m at each point; # is the
total number of observation points; C, is the sprinkle homo-
geneity (%). To ensure that water can be sprinkled evenly, C,

FIGURE 4: Rainfall-induced landslide simulation platform.

is required to be over 80% [37] and this value is larger than
85% in this test. The length, width, and height of the model
tank were 3.0m, 2.0m, and 1.2 m, respectively. The frame-
work was made of structural steel, and the base was a flat steel
plate. Tank walls were made of transparent, toughened glass,
except for the front wall, which was left open for allowing
large displacement of landslides and debris flow.

The shallow failure occurred mainly at the depth of
0.5m, where the gravelly soil exhibited high permeability.
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(d)

FIGURE 5: Pictures of the measuring system for the model test: (a) data logger; (b) pore water pressure sensor; (c) the wireless tiltmeter; (d) soil

moisture sensor.

Therefore, the seepage observed in the natural rill banks
was vertical infiltration with no groundwater rising and
failure occurred in an unsaturated condition instead of
failure with lateral saturated seepage. Permeable bound-
ary conditions are typical for shallow failure with unsatu-
rated infiltration. To simulate the permeable boundary, 13
rows * 20 columns totalling 260 round holes with a diameter
of 10 mm were evenly distributed at the bottom of the model
tank so that the infiltrating rainwater could freely flow out.
Before the experiment, a nylon gauze with a mesh diameter
of 1mm was laid to prevent large particles from leaking.
Finally, two shallow troughs of equal size were placed
beneath the model tank to collect the mud generated by seep-
age in the soil. The front view and side view of the physical
model are shown in Figure 2.

The measurement system included a data acquisition
system (Figure 5(a)) and the following three sensors: pressure
sensor (Figure 5(b)), ground surface tiltmeter (Figure 5(c)),
and soil moisture sensor (Figure 5(d)). The data acquisition
system was a Jiangsu Donghua DH3820 high-speed static
strain test analysis system, which was used for collecting
and analyzing the voltage signal output of each sensor. The
type of pore water pressure sensors was PGM-1KG low-
pressure transducer by KYOWA, Japan, which can measure
the pore water pressure and soil suction with the installation
of a customized porcelain component. The wireless surface
tiltmeters were developed by the Chuo Kaihatsu Corpora-
tion, Japan, and were compatible with the SCA100T-D01

series 2-axis MEMS tiltmeter module made by Murata
[12, 38], Japan, with an accuracy of 0.0025°. The type of
soil moisture sensors was EC-5 by Decagon, USA; the
measurement accuracy of this sensor for the gravelly soil
used in this test is £3%, and its resolution is 0.25%.

2.1.3. Test Materials. After the Wenchuan earthquake in
2008, years of heavy rainfall caused landslide deposits to
become unconsolidated, develop high water permeability,
and lose fine particles. To reproduce the preearthquake gra-
dation characteristics of the soil in this region by inferring
the grading curves of the analogous landslide deposits from
the earthquake-stricken area [7, 11], the material for tests
was gravelly soil obtained from the overlying deposit layer
of the Yindongzi landslide with a particle size of less than
6 cm, mixed with 5% fine material with a particle size less
than 1 mm. A series of geotechnical tests of model materials
have been done, including a particle analysis test (for particle
size distribution), a triaxial test (for soil cohesion ¢ and
friction angle @), a direct shear test (for soil cohesion ¢ and
friction angle ¢), infiltration test (for saturated hydraulic
conductivity k,), and a routine soil test (specific gravity G,
and dry density p,). The coeflicient of uniformity (C,) of
the model gravelly soil is 25.79, and the coeflicient of curva-
ture (C,) is 1.63, indicating a well and continuous particle
grading. Although some boulders were removed to improve
particle grading, the soil still maintained the same character-
istic well grading as the original state, which allowed a
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TABLE 2: Basic parameters for original and model soils.
Saturated . .
. Soil unit Maximum dry hydraulic Poisson EffeCt.l ve Eﬂ'fec.t tve Initial Porosity
Soil types . 3 . 3 .. . cohesion friction .
weight (kN-m™) density (g-cm™) conductivity ratio (-) . moisture (-) (-)
1 (kPa) angle (*)
(cm-s™)
Original 18.9 1.90 2.78x107° 0.26 19-25 35-40 0.113-0.133 0.23
Model 17.0-20.0 2.20 1.67x1073 0.28 28.6 30-35 0.095-0.125 0.27
100
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Z 701
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g 60-
>
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—— 2008, modelled
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FIGURE 6: Particle grading curves of original and model soils.

realistic simulation of the soil structure as well as physical
and mechanical properties of unconsolidated landslide
deposits. The basic soil parameters are listed in Table 2, and
particle gradation of the natural landslide deposit soil, as well
as the experimental deposit soil, is shown in Figure 6.

2.1.4. Soil Porosity and Evidence for Preferential Flow. The
coarse-textured gravelly soil gathered from the landslide site
has a loose porous structure, which enables preferential flow
to run through certain pathways [39]. In order to prove the
occurrence of preferential flow in the soil, the relationship
between soil density and porosity was verified via a special
device (Figure 7(a)). By controlling the weight of soil in a lim-
ited volume, the soil density (p) could be set as the goal.
When water flows through the pipe into the gravelly soil,
the mass would sink and the porosity could be calculated
by measuring the added weight of water. The calculation
equation and details of this device can be found in an article
written by Zhao et al. [40]. The result is shown in Figure 7(b)
that the soil porosity is nearly linear with the density under
the same water content. The density of model slopes was con-
trolled at a range of 1.6-1.8 g/cm’, and porosity ranged from
36.9% to 26.6% correspondingly. Such a high porosity in
gravelly soil indicates the possibility for the generation of
preferential flow. Furthermore, dye infiltration experiences

have been done to show the flow path in this soil column with
densities of 1.6g/cm’, 1.7 g/cm’, and 1.8g/cm’ (Figure 8).
The height of the soil column was 35 cm, and methylene blue
solution was used as a dye tracer so that the flow path could
be observed clearly. It can be seen in Figure 8 that preferential
flow occurred in all conditions. With the increasing soil
density, the depth of initiation for preferential flow increases
significantly from 3 cm to 13 cm, indicating more resistance
for water flow in denser soil.

2.2. Theoretical Analysis

2.2.1. Soil-Water Characteristic Curve. In this study, the two
most commonly used models, the Brooks-Corey (BC) and
van Genuchten (VG) models, were utilized to describe the
soil-water characteristic curve (SWCC) of the experimental
soil. The SWCC can be fitted by the measured matric suction
and the corresponding volumetric water content. A relatively
simple equation of the soil-water characteristic curve was
proposed by Brooks [41] as follows:

0z -6, _ { (0| eyt

S, (Z,t) =
6( ) 95_91’ 1,061//>—1.



Geofluids

40 -

45
190 mm 190 mm
\v4 g
) Z
8
5
. ~
£ | || Gravelly soil Water
o
(=3
o
Sponge
Valve
T

()

35

30

25

20

1.5 1.6 1.7 1.8 1.9

Soil density (g/cm?)
= Data point

(b)

FIGURE 7: (a) Diagram of the soil porosity measurement device and (b) relationship between soil porosity and density.

Genuchten [42] proposed a smooth, closed, three-
parameter soil-water characteristic curve model with the
following expression:

Se(2,1) = 3)

L+ ey (201" <0,

L,y >0,
where 0, is the residual water content, 0, is the saturated
water content, «, m, and n are the fitting parameters, where
m=1-1/n, a approximately is equal to the reciprocal of
the air entry pressure value and its unit is kPa™', and S, is
the effective saturation, y is the matric suction, and Z is the
soil depth.

2.2.2. Infinite Slope Stability Analysis Model. The stability of
rainfall-induced shallow landslides is usually evaluated with
the one-dimensional limit equilibrium model named as
“infinite slope stability model” [16, 27, 43]. The classical
slope stability model used to assume saturated conditions in
practice ; later, Baum et al. [43] and Lu et al. [34] extended
this model to unsaturated conditions through coupling suc-
tion stress.
The suction stress of the VG model is

@@@“M—QW

¥(Z.t)=

o*(Z1) =S, y(Z.1)

_0(Z,t)-0, [((Q(Z, t)—=06,)/(0, - Qr))—(um) B 1} Un
T 6,0, a :

(5)

The unsaturated infinite slope stability analysis model is

_ tan ¢’

! !
c —0'(Z,t)tan ¢
Fs(Z,t) = an B

(y;+7,°0(Z,1))Z sin B cos B

(6)

Equation (5) is then substituted into equation (6) to
obtain a coupled analysis model for unsaturated infinite slope
stability by the VG model. In equation (6), o is the suction
stress defined by Lu and Likos [29] and y is the matric suc-
tion; y, is the dry weight of soil, y,, is the volumetric weight

of water, ¢’ and ¢’ are the effective cohesion and effective
internal friction angle of soil, respectively, 3 is the angle of
the slope, and Z is the soil depth.

3. Test Results

3.1. Slope Shallow Failure Mode and Process Analysis. Exper-
imental observations reveal the shallow failure mode of the
slope with a gradient of 60°. The typical failure process of
the slope is test series 3 shown in Figure 9, which can be gen-
erally described as the following steps. Before rainfall started,
the slope is stable (Figure 9(a)). With rainwater infiltrating
into the slope, part of the slope changes from an unsaturated
state to a saturated state at first. After 7min 58 s of rainfall,
the first local failure occurred at the upper right part of the
slope (Figure 9(b)). The soil structure began to change
accompanied by the water content and pore water pressure
variation. Cracks occurred on the upper left part of the slope
and fine particles migrated a lot at the surface (Figure 9(c)).
Then, cracks extended and the first general failure occurred,
leaving a scrape in the back edge of the failure (Figures 9(d)
and 9(e)). After 18 min 57 s of rainfall, the second general
failure occurred in the middle of the slope and the total area
of failure enlarged (Figure 9(f)). Rainwater accumulated in
gullies on the slope surface, and the runoft brought particles
away (Figure 9(g)). The failure area continued to enlarge
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FIGURE 8: Preferential flow in the gravelly soil column with different densities: (a) p=1.6 g/cm?; (b) p=1.7 g/cm?; (c) p=1.8 g/cm?.
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F1GURE 9: Slope failure process and phenomenon at time stages. Failure regions and cracks are outlined by yellow solid lines and dashed lines,
respectively. (a) t=0; (b) t =7 min 58s; (¢) t =12 min 45s; (d) t =13 min 05s; (e) t =18 min 19s; (f) £ =18 min 57s; (g) t =21 min 25s;

(h) t=53 min 00s.

until fine particles were washed away. Finally, the slope
tended to be stable and the failure area no longer enlarged
(Figure 9(h)). The typical failure model of the slope with a
gradient of 60°can be summarized as local failure expansion
causes large-scale overall collapse.

3.2. Soil Moisture and Matric Suction Changes. The variations
of matric suction and volumetric water content in test series
1-3 under rainfall intensities of 170 mm/h, 140 mm/h, and
110 mm/h are shown in Figure 10. The responses of volumet-
ric water content and matric suction are used in this study to
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F1GURE 10: Matric suction and volumetric water content changes under different rainfall conditions: (a) test 1, I =170 mm/h; (b) test 2,

I =140 mm/h; (c) test 3, I =110 mm/h.

represent the roles of preferential flows and matrix flows.
Due to the appearance of preferential flows, the volumetric
water content rapidly increases and the soil moisture redis-
tributes while the matric suction has not responded yet and
therefore exhibits delay. The role of matrix flows is reflected
in the reduction of matric suction caused by water infiltration
in the soil matrix (capillary) and is observed as a delayed
response of the matric suction compared to that of soil-
water content. As shown in Figures 9(a)-9(c), the volumetric
water content of the soil kept nearly constant at the begin-
ning of rainfall in all tests. After 4-34 minutes of rainfall,
the volumetric water content at each measuring point in
the slope increased sharply by the sequence of soil layers.
During this period, the rainwater infiltrated through large
pores and fissures in longitudinal sections and it finally
remained at 19.7%-48.4% and the matric suction decreased
almost simultaneously after the volumetric water content
increased. It is worth noting that the delay of matrix flow
did not occur at soil depths of 25 cm and 50 cm, which indi-
cated that both preferential flow and matrix flow formed
almost simultaneously in shallow soil layers. Therefore, tests
revealed that the seepage characteristics and processes of
headward failure of the landslide deposits resulted from the
interaction of a double-seepage field of coexisted preferential
flow and matrix flow.

3.3. Soil-Water Characteristic Curve. Under heavy rainfall
conditions, the preferential flow can rapidly flow through
fractures and macropores causing rapid increases of water
content and pore water pressure, thus affecting the infiltra-
tion process and the stability of the bank slope. To under-
stand the influence of preferential flow on the stability of
landslide deposits under different rainfall intensities, it is nec-
essary to first establish the soil-water characteristic curve
representing the impact of preferential flow. The soil-water
characteristic curves described with the BC model and the
VG model can be fitted with the measured matric suction
and volumetric water content at different depths during the
wetting process. Curve fitting is done in Origin software with
its analysis and fitting module, in which user-defined func-
tions can be created (e.g., BC model and VG model) and
the fitting curve can be accomplished automatically accord-
ing to the fitting data and the input expression. The fitting
algorithm of Origin is based on a nonlinear least squares
method, and fitting results and graphs can be exported when
the fitting process is over. As shown in Figure 11, the VG
model has higher goodness of fitting than the BC model
and its correlation coefficient R* is larger than 0.9. In
contrast, the BC model is less accurate in fitting SWCC
(R? < 0.75). Therefore, the VG model can better fit the soil-
water characteristic curve of coarse-textured gravelly soils



Geofluids 11
0.22 0.32
0.20 L . 0.28 |
018 - <L 2 |
= 0.18 P = i
5 1 - . £ 024
§ 0.16 § :
8 0.14- £ 020
2 ] z
2012 £ 016
R 2 ]
£ 010 2 012
= 4 o -
o >
s § ]
0.08 ] 0.08 l
0.06 ]
| 0.04
0.04 B B e e N T SRS S m e e S m e S S S T T T T T T T T T T T
00 02 04 06 08 10 12 14 16 18 2.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Matric suction (kPa) Matric suction (kPa)
¢ Data point e Data point
—— BC model —— BC model
— VG model —— VG model
0.24 0.22
0.22 0.20
2 ] g y
g 0.20 ] £ 018
o o
S 0.18 et 1
5 ] 3 0.16
< <
£ 0.16 - g |
2 . £ 0.14
o 0.14 ] -
§ . E 0.12 -
s M2 s
0.10 0.10
0.08 : 0.08
T T T T T T T T T T T T T T T T T T T T T T
0.0 05 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Matric suction (kPa) Matric suction (kPa)
¢ Data point ¢ Data point
—— BC model —— BC model
—— VG model —— VG model
(© (d)
Figure 11: SWCC at different depths in test series 3: (a) d =25cm; (b) d =50 cm; (¢) d =75 cm; (d) d =100 cm.
TaBLE 3: Fitting parameters for wetting process at different depths in test series 3.
Fitting model Depth (cm) Oyg (kPa™) Myg R’
25 0.6067 68.6838 0.9947
50 0.4609 175.0497 0.9639
Van Genuchten
75 0.5369 9.2780 0.9261
100 0.4749 77.3908 0.9765
Depth (cm) e (kPa™h) Mpe R?
Brooks-Corey 25 0.0081 0.0706 0.1766
50 0.1326 0.3233 0.5256
75 0.3656 0.5348 0.5291
100 0.1314 0.5786 0.7244
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under the impact of preferential flow. Fitting parameters are
shown in Table 3. Because of model limitations, the fitting
goodness of the BC model is low when moisture reaches a
relatively high content and the advantage of the BC model
is that it requires fewer parameters with a clear physical
meaning. However, because the fitting curve of the BC model
does not have inflection points, the result is a discontinuous
fitting. As a consequence, the curve is less representative in
fitting the high-water-content state (near saturation) or the
quick response of preferential flow. Moreover, compared
with silt and clay, it can be seen that coarse-textured gravelly
soil has a lower matric suction [29, 44]. The air entry pressure
under the VG model ranges from 1.4 to 2.2 kPa, which is rel-
atively low. Due to the scarcity of fine particles and the large
percentage of coarse particles (e.g., sand and gravel), a low
air entry value was observed, which is similar to the
results of a recent study by Yang et al. [11] on the soil-
water characteristic curve of coarse-textured, gravelly soil
of landslides in the Wenchuan earthquake area. In this
study, the volumetric water content at which matric suction
is near zero in the VG model was defined as the “relative
saturated water content.”

3.4. Stability Analysis. Stability of bank slopes is related to the
gravity and the matric suction of the unsaturated soil. Under
unsaturated conditions, the changes in water content caused
by rainfall infiltration result in changes in the moisture and
matric suction of the soil and thus greatly influence slope sta-
bility. Because rainfall-induced landslides occur under the
influence of water infiltration, the wetting process is usually
more important in describing the physical processes of slope
failure. Meanwhile, the camera recorded the behaviour and
timing of deformation during experiments and the surface
tiltmeter was able to accurately capture the tilt angle changes
of the soil at measuring points. By comparing the slope fail-
ure processes under different rainfall intensities with the
rainfall duration, it was found that the surface inclination
variations match with the failure stages observed.

The relationship between the surface inclination and the
factor of safety (FS) calculated by the VG model during the
infiltration process in all tests is shown in Figure 12. The FS
calculated in tests is between 1.04 and 0.97, and a value below
1.0 indicates bank instability. In the case of rainfall intensities
of 170 mm/h, 140 mm/h, and 110 mm/h, after 5min 30s,
I1min 51s, and 13min 51s of rainfall, the first general
failures occurred in test series 1, 2, and 3, respectively.
The moment when the FS begins to drop coincides with
that of the failure initiation, and they completely fail when
FS drops to less than 1.0 at different depths except for
TS1-FS-1, TS2-FS2, and TS4-FS4 in the test. The reason
for the discrepancies between FS and inclination of TSI,
TS2, and TS4 is that the embedded sensors at the same
level may not detect the water content and matric suction
changes because the wetting front in the slope has not yet
reached the depth while shallow failure occurred on the
surface. Meanwhile, the upper shallow slide on the slope
also pushes the lower tilt sensors and causes its fall. The
negative tilt angle means that the tipping direction of the
sensor was the opposite of the defined positive direction.

Geofluids

Therefore, a change of the tilt angle from a negative value to
a positive value shows that tilt meters tumbled during rapid
sliding. After the deformation was complete, the tilt angle sta-
bilized and remained unchanged thereafter. For example,
under a rainfall intensity of 140 mm/h (Figure 12(b)), the tilt
angles of the x-axis of TSI and TS5 tilt meters began to change
suddenly after 10 min 53 s of rainfall, corresponding to the
first local failure on the right side of the model. Immediately
following this, the x-axis tilt angles of TS4 and TS8 tilt meters
change abruptly. The second general failure occurred on the
left side of the slope at 11 min 15s, and the tilt angles of the
x-axis and y-axis stabilized after 13 minutes of rainfall. At this
time, the tiltmeter was completely overturned and the tilt sen-
sors were buried in the soil and no longer moving. Inclination
changes recorded by the surface tilt meter indicate bank fail-
ure at the corresponding positions, which can be utilized as
an early warning index and needs further study.

Combining Figures 10 and 12, it can be seen that the
variation of the FS at different depths is related to the perfor-
mance of matric suction and soil moisture. FS tends to be sta-
ble below 1.0 when matric suction bottoms out and the soil
moisture reaches the highest point. Although the influence
of matric suction on the factor of safety is very limited
(maximum decrease of 0.07), this also implies that the matric
suction, as a meaningful component of the effective stress of
unsaturated soils, contributes to the stability of shallow rill
banks to a certain extent. The soil mechanics parameters
for the FS calculation are shown in Table 4.

3.5. Change in Particle Size Distribution. The seepage erosion
causes changes in the soil pore structure, seepage field, and
stress field and is one of the failure mechanisms in rainfall-
induced landslides [45]. To study particle migration caused
by rainfall infiltration, soil samples were taken at equal inter-
vals and equal penetration depths (30 cm) at different loca-
tions along the same cross-section at 0cm, 30cm, and
60 cm (upper, middle, and lower sections, respectively) from
the top surface of the bank after the experiment shown in
Figure 13. Three samples were collected per section, and
there were nine soil samples in total. In order to assess the
average changes of particle migration in depth, samples from
the same soil layer were mixed for particle analysis. The char-
acteristic particle size changes of each soil layer under the
rainfall intensity of 140 mm/h are shown in Figure 14. The
effective diameter d,, of the upper, middle, and lower soil
samples increased from 0.17 mm to 0.23 mm, 0.18 mm, and
0.19mm, respectively. The continuous particle size ds,
increased from 1.10 mm to 1.80 mm, 1.65 mm, and 1.45 mm,
respectively. The limiting particle diameter d, increased
from 4.40 mm to 6.10 mm, 6.40 mm, and 6.00 mm, respec-
tively. The increase in particle size of the upper, middle, and
lower sections verifies the occurrence of fine-grained soil
particle migration in the landslide deposits during rainfall
infiltration (i.e., the occurrence of seepage erosion). Changes
in the characteristic particle size can reflect the vertical
migration of fine particles from top to bottom during rainfall
infiltration. The d;, and d, of the lower section are smaller
than those of the middle and upper sections, indicating that
theloss of fine particles in the lower section is less pronounced
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FIGURE 12: Relations between inclinations and the factor of safety during the wetting path in different tests and the video shots of general
failure: (a) test series 1, I = 170 mm/h; (b) test series 2, I = 140 mm/h; (c) test series 3, I = 110 mm/h.

TaBLE 4: Soil parameters for slope stability analysis.

Depth Effective cohesion Effective friction angle Natural unit weight Slope angle
Z (cm) ¢’ (kPa) ¢ () y, (kN-m™) PO

25 1.5 30 18 60

50 2.5 30 18 60

75 3.0 33 18 60

100 5.0 33 18 60

than that in the upper and middle sections. The particle grada-
tion curves of the original soil sample and the soil sample from
each layer are given in Figure 15. The cumulative percentage
of particles by mass with a diameter of less than 1.0 mm in
the upper, middle, and lower sections of the deposits
decreased from 29.1% in the original soil sample to 25.7%,
26.6%, and 27.6%, respectively. The cumulative fraction of
particles by mass with a diameter of less than 1.0 mm in the

lower soil sample is 1.9% and 1.0% greater than those in the
upper and middle sections, respectively. This directly reflects
the loss of fine particles in each layer of soil, where the propor-
tion of coarse particles increases as the fine particles migrate.

Figure 16 demonstrates real-time rainfall intensity and
cumulative rainfall in all tests. It can be seen that the amount
of the cumulative rainfall in test series 1-3 are 101 mm,
1182mm, and 76 mm with the rainfall duration of 38
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FIGURE 14: Characteristic particle size of soil samples at different
depths in test series 2.

minutes, 50 minutes, and 53 minutes, respectively. After test
series 2, a total dry weight of particles with a diameter being
less than 1.0mm of 4.579kg was gained from the collected
slurry. Under rainfall intensities of 170mm/h and
110 mm/h, the final particles collected with a diameter being
less than 1.0mm had dry weights of 4.659kg and 3.997 kg,
respectively. Therefore, although the rainfall intensity
decreases in test series 2 compared with test series 1, there
is a considerable increase in the rainfall duration and this
greater abundance of accumulated rainwater causes the fine
particle to migrate more efficiently, suggesting that fine par-
ticle migration is positively correlated with both rainfall
duration and cumulative rainfall.

4. Discussion

The variations of rainfall intensities in the experiment were
not significant for all the tests except for the first 10 minutes
of test 3; consequently, the cumulative rainfall showed
approximately linear increases with time (Figure 16). With
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F1GURE 15: Grading curves for soil samples at different depths.

the rainfall intensities of 170mm/h, 140mm/h, and
110 mm/h, the critical cumulative rainfall amounts at which
the tilt meter detected an abrupt change were 15.82 mm,
25.63mm, and 14.31 mm, respectively. The rainfall thresh-
olds in test 3 did not rise with smaller rainfall intensity or
longer rainfall duration compared with those in test 1, which
can be explained by the slope infiltration theory proposed by
Horton [46]. For an initially dry and well-drained soil layer,
the infiltration capacity is relatively high at the beginning of
rainfall, with vertical infiltration at a steady rate. Over time,
the infiltration rate decreases by orders of magnitude and
eventually converges upon a constant. On a sloped surface
such as a rill bank, if the rainfall rate is greater than the water
uptake capacity of the soil, the remaining water will flow
along the ground surface (i.e., “excessive rainfall” results in
surface runoff) [46]. The rainfall infiltration rate is usually
much slower than that of the surface runoff. When rainfall
exceeds soil absorption capacity, the runoff will form
simultaneously along all banks of the basin or drainage
basin. In test 1, the actual rainfall intensity is 162.6 mm/h
(4.52 x 107 cm/s), which is about twice as large as that in test
3 (2.44 x 107 cm/s). However, the hydraulic conductivity of
the soil in model tests is only 1.67 x 107 cm/s (shown in
Table 2). Under the high-intensity rainfall of test 1, rainwater
cannot infiltrate completely in time because rainfall intensity
far exceeds the soil infiltration capacity, resulting in the run-
off, which causes erosion on the slope surface and reduces the
strength of the slope. Conversely, under the low-intensity
rainfall of test 3, it approaches the infiltration capacity of
the soil and the soil weight rapidly increases after the rainwa-
ter infiltration, resulting in the shallow failure.

The phenomenon of grain coarsening due to vertical
migration of the fine particles was observed in the tests,
which also has been mentioned in other pieces of research
[8, 47-49]. In these researches, the displacement or mobility
of soil with different gradings was modeled and observed.
Results showed that the mobility of soil tended to be lowered
with the decreasing of fine particles, suggesting that grain
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FIGURE 16: Real-time rainfall intensities and cumulative rainfall in (a) test series 1, (b) test series 2, and (c) test series 3.

coarsening improved the resistance of mass remobilization.
Lei et al. [45, 50] pointed out that the relatively impermeable
layer caused by fines blockage leads to the generation of
positive excess pore pressure and initiates the slope failure.
However, the pure erosion (i.e., absolute fines migration)
generally increases the soil porosity and facilitates the
rainfall infiltration, which advances the grain coarsening
degree in soil. To some extent, the grain coarsening linked
with pure erosion in soil is beneficial for slope stability
and this phenomenon may be one of the reasons for
explaining the geohazard mitigation and posteffect in
earthquake regions.

5. Conclusions

This paper focuses on the phenomena in which earthquake-
induced landslide deposits in the debris flow source region
undergo rill erosion and failure under heavy rainfall con-
ditions and are transformed into material sources for
future debris flows after major earthquakes. The Yindongzi

landslide in the Baisha River Basin, a typical meizoseismal
area in the mountainous area of Sichuan province, south-
western China, was used as an example. A model test of
shallow failures of rill banks was conducted indoors on a
full-scale slope with a steep gradient under heavy rainfall
conditions, using natural soils from the earthquake-
induced landslide deposits. Rainfall infiltration characteris-
tics were integrated with the hydromechanical coupling
mechanism to investigate the evolution, outbreak, and
propagation of rill bank failure under heavy rainfall. The
conclusions are as follows:

(1) Through experimental observations, the typical fail-
ure model of the unsaturated gravelly soil slope with
a gradient of 60° can be summarized as local failure
expansion causes large-scale overall collapse. With
rainwater infiltrating into the slope, part of the slope
changes from an unsaturated state to a saturated state
at first. Secondly, the soil structure begins to change.
The soil moisture and pore water pressure vary
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continuously and fine particles migrate both in the
slope and at the surface. Then, soil strength reduces
and failure initiates. The localized failure begins to
occur and expands to large-scale, general slope failure
later on, forming scarps at the back edge of the fail-
ure. Finally, the slope tends to be stable and the fail-
ure area no longer enlarges.

(2) The seepage characteristics of rainfall-induced slope
fajlure in tests are the result of the interaction
between preferential flow and matrix flow. The
matrix flow is affected by matric suction, which
shows a significant delay compared with the occur-
rence of preferential flow in soil layers of 75cm and
100 cm in depth. The VG model provides a better fit
to the soil-water characteristic curve, which reflects
the dominance of preferential flow in coarse-
textured gravelly soils (R*>0.9). Tests reveal that
coarse-textured gravelly soils have lower matric suc-
tion and air entry pressure values. Such soils exhibit
unique properties because of their structural charac-
teristics, namely, lower fine particle content, larger
pore size, and wider particle size gradation when
compared with clay and silt.

(3) Calculation results in FS show that the matric suction
can contribute to the stability of shallow rill banks
under unsaturated conditions. Sudden changes of
the inclination captured by tiltmeters are well corre-
lated with a reduction in the FS. Therefore, the incli-
nation can be utilized as an index for early warning.

(4) The experiments verified the vertical migration of
fine particles caused by rainfall infiltration. Statistics
reveal that a significant increase in either rainfall
duration or cumulative rainfall amount enables fine
particle to migrate fully.

This study presents a new perspective on the formation
mechanisms and the source transformation conditions of
debris flows induced by rainfall after earthquakes. Further,
it provides a framework for the development of early warn-
ings for rainfall-induced landslides and debris flows during
the postseismic period.
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Infiltration-induced landslides are common in mountainous and hilly areas of the world. When they occur near transportation
corridors, they can impact public safety, impede transport of goods and people, and damage transportation infrastructure. This
work presents a study of the hydrological behavior and its effects on the stability of an active landslide located on an
embankment along Interstate-70 west of the Eisenhower Tunnel in central Colorado, USA. Groundwater dynamics were
monitored for three years; two piezometers were installed near the head of the slide and one piezometer was placed near the toe.
The hydrological observations at this site are unusual in that water table positions beneath the westbound shoulder of the
highway (upslope) varied twice as much as water table positions beneath the eastbound shoulder (downslope), only 30 m distant
horizontally. To better understand the factors controlling these observed differences, observations of the stratigraphy and the
geomorphology of the watershed beyond the landslide body were incorporated into a conceptual model tested using numerical
simulations of two-dimensional, variably saturated groundwater flow. Results from the numerical simulations calibrated against
field measurements and a seasonally varying stability analysis of the site show that the large observed differences in the water
table positions over the short horizontal distance are likely due to a combination of (1) the large size of the watershed that
allows a significant amount of infiltration of snowmelt into the hillslope, (2) the contrast of hydrological properties of soils in
the watershed, and (3) the changes in steepness of the dip of the bedrock below the slide. These three factors control the
direction, speed, and amount of groundwater flow traveling through the slope. It is also shown that the seasonal hydrology of
the site is a key factor in the stability of the slope, where most of the observed displacement occurs during the early summer
season. Variations in the water table level within a year resulting from low snow years compared to variations from high snow
years can be as much as 100%. Finally, it is important to consider the large contributing area of the watershed when evaluating
the hillslope hydrologic conditions and remediation options.

1. Introduction

Infiltration-induced landslides are geological hazards that
affect millions of people each year through property damage,
remediation costs, and fatalities. Traditional slope stability
analyses focus mostly on the mechanical behavior of the
slope materials and typically use limiting equilibrium
methods to calculate factors of safety. A number of studies
have examined infiltration-induced landslides by combining

analyses of the hydrological behavior of hillslopes with
assessments of slope stability over large areas (e.g., [1-5]);
although most of these studies recognize the critical impor-
tance of changing water movement and pressure transmis-
sion through unsaturated soil, they neglect the effect of the
variably saturated hydrological behavior on effective stress
and therefore on the soil strength. When water infiltrates
into hillslopes, the water content in the hillslope and the
water table (or phreatic surface) level vary accordingly. As


http://orcid.org/0000-0003-3670-7852
http://orcid.org/0000-0002-8737-2493
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/1659303

a consequence, matric suction, suction stress, total unit
weight, and effective stress change throughout the hillslope,
and thus, the stability of the slope is affected. Recently, several
studies have combined hydromechanical process models
with slope stability analyses to examine these consequences
(e.g., [6-10]). However, accurate forewarning of landslide
initiation remains a challenge and more information on spe-
cific case studies is valuable.

We describe a case study of an active landslide in Summit
County, Colorado, along Interstate 70 (I-70) west of the
Eisenhower/Johnson Memorial Tunnels (Figure 1). This sec-
tion of highway is located near the continental divide sur-
rounded by very steep terrain and is heavily traveled with
an average daily traffic greater than 20,000 vehicles per day.
Access to the landslide site with heavy equipment is limited,
and the cost to permanently remedy the landslide situation is
estimated to exceed $10 million; such a remedial fix would
also require closing the highway for an extended period,
which is not practical. Paving records indicate that the road
surface has been displaced by more than 0.6 m in the previ-
ous two decades and repaired with as many as five pavement
overlays a year to maintain a level road surface. Because of
the importance of this part of I-70 to commercial and other
travel, several efforts to obtain more site information and
reduce pavement settlement have been undertaken over the
years [9, 11]. In 2010, a systematic effort was initiated to
obtain information on the landslide and assess the factors
controlling its stability using a conceptual model of season-
ally variably hydrology and hydromechanical framework of
analysis [9]. As part of this effort, three piezometers and
two inclinometers were installed to monitor groundwater
fluctuations and deformation, respectively. The observations
obtained from these instruments identified highly variable
seasonal groundwater table fluctuations on the downstream
side of the highway (9 to 12 m) whereas 30 m across the high-
way the groundwater table fluctuates seasonally only 4 to 5m.
Because changes in slope stability over seasonal timescales
are driven by hydrologic variations, development of cost-
effective mitigation strategies requires understanding hydro-
logical behavior over a range of infiltration conditions. This
work provides a conceptual model based on the morphology
and stratigraphy of the site, the atmospheric conditions, and
the main physical mechanisms in the hillslope, supported by
field observations of displacement and groundwater varia-
tions. A series of numerical simulations based on the concep-
tual model and calibrated with field data are then used to
assess slope stability.

2. Site Description and Instrumentation

The landslide is located on I-70 between mileposts 212.0 and
212.1, on the southern facing slope of the Williams Fork
Mountains at 3,255m above sea level in Summit County,
Colorado (Figure 1). The slide area is approximately 175m
wide and 120 m long and mostly located south of I-70 where
the highway embankment slopes about 31°. The underlying
bedrock is predominantly composed of Proterozoic-age
metasedimentary gneiss, schist, and pegmatite with intrusive
granite bands; morainal deposits can be found on the surface
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[12]. The bedrock is weathered up to 12 m thick in a saprolite
layer, which is typically covered by 1 to 4m thick colluvial
deposits along valley walls. Presently, much of the area is for-
ested although the bedrock is exposed at the surface in the
steepest slope sections and along the cut slopes just north
of I-70.

The stratigraphy of the site is a result of disturbance
related to the construction of I-70 and the boring of the
Eisenhower/Johnson Memorial Tunnels in the late 1960s.
Sections of colluvium and layers of highly fractured rock
were excavated, and tunnel cuttings were used as fill to con-
struct the embankment for the road surface [13]. During
the excavation process, multiple landslides were triggered
on the slopes immediately north of I-70. The first slope
movement at the study site was observed in 1973; since then,
movements have been recorded nearly every year.

A series of subsurface investigations have been per-
formed to assess groundwater and stability conditions at
the site. In 1996, six boreholes were advanced and three incli-
nometers were installed by Kumar Associates; four additional
boreholes were advanced in 2011 and 2015. During these
later investigations, undisturbed material specimens were
obtained and tested in the laboratory for hydrological and
mechanical properties [14]. These investigations informed
the development of a stratigraphic profile of the landslide site
and the contributing watershed (Figure 2). On the slope
north of I- 70, very thin colluvial deposits less than 0.9 m thick
at the surface are followed by a highly fractured rock layer
extending to 12.2m depth, below which more competent
gneiss bedrock is present. The highly fractured layer consists
of pebble to small boulder size black gneiss and some granite
with chaotic fracturing in all directions. Most fractures are
clean, but traces of yellowish clay are present on some frac-
ture surfaces. In the highway portion, asphalt pavement is
0.076 m thick along the westbound shoulder but up to
0.76 m thick in the eastbound shoulder. Under the pavement,
the highway embankment fill extends down to depths of
8.5m and 9.8 m below ground surface (bgs) in the westbound
and eastbound shoulders, respectively. This layer is com-
posed mostly of tunnel cuttings and is a mix of gravel and
scattered boulders in a brown, clayey sand matrix, with the
presence of some organic material. Prior reports on the area
refer to this layer as “tunnel muck.” The highway embank-
ment fill is underlain by a 0.9 to 1.5m thick layer of highly
decomposed black and grey gneiss cobbles 0.1 to 0.15m in
size with slickensided, clay-filled joints. Clay deposits 0.3 to
0.6 m thick are present in this layer beneath the eastbound
shoulder, while much thinner clay layers are observed
beneath the westbound shoulder. Below the decomposed
gneiss, the bedrock is present at 12.2m to 14.3 m bgs on the
westbound shoulder and 23.7m to 25.3m bgs on the east-
bound shoulder. We note that the dip of the bedrock surface
is less steep beneath I-70 than it is upslope; the change in dip
may be a natural bench in the bedrock slope or may have
been excavated or blasted to accommodate the roadway.
Near the toe of the slide, there are native colluvial and alluvial
soils at the surface up to 4 m deep underlain by 0.9 to 1.2 m of
moderately weathered black gneiss bedrock. Competent
gneiss bedrock is encountered at 5.2 m bgs.
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FIGURE 1: Site location with plan view of estimated watershed area, landslide area, and location of piezometers. Images obtained from

Google Earth.

Undisturbed samples obtained from the boreholes
advanced in 2011 and 2015 were tested to obtain hydrologi-
cal and strength soil properties. The soil water retention
curve (SWRC) and the hydraulic conductivity function
(HCF) of two samples of the colluvium and the tunnel fill
were measured in the laboratory using the Transient Water
Retention and Imbibition Method [15] and modeled with
the van Genuchten [16] and Mualem [17] models to obtain
the residual moisture content 8,, the saturated moisture con-
tent 0,, and the van Genuchten parameters « and n. Direct
shear tests of two samples at in situ moisture content were
performed to obtain the effective cohesion and friction angle
¢" and ¢’ of the colluvium and the fill. In addition, three ten-
sion infiltrometer tests using a minidisk device from Meter
Group (Any use of trade or firm names is for informational
purposes only and does not imply endorsement by the U.S.
Government.) were performed on the colluvium near the
toe of the landslide to establish a range of in situ hydraulic
conductivity while a slug test in the borehole north of I-70
provided an estimate of the saturated hydraulic conductivity
(k,) of the highly fractured gneiss. These values are reported
in Table 1.

In 2009 and 2011, inclinometers were installed in the
westbound shoulder, in the eastbound shoulder, and near

the toe of the slide. From the inclinometer readings and
field observation, the upslope part of the failure surface of
the landslide likely daylights near the westbound shoulder
of I-70 and runs along the contact between the decomposed
gneiss and more competent bedrock [9]. Figure 3 is an
example of inclinometer readings on the westbound and
eastbound shoulders taken since 2012; the failure surface
on the eastbound is at about 28 m bgs. Little horizontal dis-
placement is measured at the westbound shoulder at the
inclinometer location, indicating that the borehole does not
intersect the failure surface. Inclinometer readings taken in
2008-2009 and displacement measured versus elapsed time
are reported in Lu et al. [9].

In 2011 and 2012, three Geokon 4500S’ vibrating-wire
piezometers were installed to record groundwater table vari-
ations every 30 minutes. These sensors are located in the
westbound shoulder at 17.37m bgs (P1), in the eastbound
shoulder at 33.53 m bgs (P3), and near the toe of the slide
at 9.02m bgs (P2) (Figure 2). All three piezometers were cal-
ibrated in the laboratory according to the manufacturer’s
instructions and installed in the field using bentonite as local
hydraulic seal. The piezometer data obtained from 2011 to
2015 along with precipitation data is provided in Figure 4
and shows the seasonal variation of the water table positions
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TaBLE 1: Material properties of soil layers.
Hydrological properties Strength properties
Van .
. . Effect e it wei
Material Residual moist. Saturated moist. Genuchten Sat Hyd he Ve Effective friction Unit Welgah t
cont. 0 cont. 0 parameters conductivity CO, esion angle ¢’ (deg) y (N/m?)
v s a k, (m/day) ¢ (kpa) "8 &
a(m’)
Pavement 0 32 25
Bedrock 0.06" 0.34* 1.374* 1.72% 0.001 95 34 23
Decomposed 0.065* 0.41* 75*  189*  1.06"° 1 23 21
gneiss
Highly fract. gneiss 0.06" 0.34 1.374" 1.72* 40 1 35 22
Colluvium 0.08 0.33 235 212 6 0 34 20
Tunnel fill 0.08 0.33 235 212 0.5 0 30 21

*Parameter obtained through numerical model calibration.

at the three locations. Depth to water table below ground sur-
face was calculated by subtracting the measured pressure
heads from the location of the sensor. Piezometer P1 located
on the westbound shoulder shows a large and rapid response

to infiltration each spring when the water table rises 9 to 12 m
in a period of 3 to 4 weeks; however, only 30m across the
highway, P3 located on the eastbound shoulder shows water
table changes of only 4 to 5m. These observations prompted
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F1GURE 3: Example of inclinometer data from 2011-2015: (a) INC4 along the westbound shoulder and (b) INC5 along the eastbound shoulder

(CDOT, 2015).

the consideration of the larger watershed in the hydrologi-
cal analysis. Piezometer P2 is located near Straight Creek at
the base of the valley, which controls the water table response
to some degree and reduces the magnitude of response (1 to
2m) in this location.

Precipitation data are obtained from a National
Resources Conservation Service (NRCS) SNOTEL station at
Grizzly Peak, located approximately 14 km southwest of the
landslide site. Snowpack information is reported in terms of
snow water equivalents (SWE), which represents the total
height of a water column the snowpack would be reduced
to if melted. Precipitation data include both snowfall and
rainfall in the area. Because no long-term measurement of
snowpack and rainfall is available for the watershed above
the landslide, we instead rely on the Grizzly Peak SNOTEL
data for daily atmospheric conditions. The Grizzly Peak sta-
tion is located about 100 m higher in elevation in similar ter-
rain on the same side of the continental divide with respect to
the landslide site. However, the Grizzly Peak station is in a
more heavily forested location. Less tree-cover and the high-
way corridor lead to greater solar and wind exposure at the
landslide site, which presumably leads to an earlier and more
rapid melting of the snowpack at the landslide site compared
to Grizzly Peak.

3. Conceptual Hydromechanical Model

The following conceptual model is proposed based on the
field characterization, measured groundwater table varia-
tions, and anecdotal reports of slide movement from per-
sonnel from the Colorado Department of Transportation
(CDOT). It was evident that accurate analysis of the slope
stability conditions required accounting for the larger
watershed that contributes to the landslide site (Figure 1).

The material variations in the complex disturbed stratigra-
phy beneath the highway would also need to be considered
in any conceptual model. The seasonal variation in infiltra-
tion and water table fluctuations can be described by four
stages that generally coincide with the annual seasons.
Schematic diagrams of the site profile at these four stages
are provided in Figure 5 and an example of groundwater
table variations at the piezometer locations is given in
Figure 6.

Stage I. Winter: in December through the end of February,
the water table is at its deepest position below the ground
surface with minimal fluctuations. In general, the water table
closely follows the contact between the competent bedrock
and the weathered gneiss and is below the failure surface
of the landslide. Typically, during this period, temperatures
are below freezing, snow accumulates in the watershed,
and there is negligible infiltration or evaporation. Depending
on the year, snow depth can vary from 0.8 m to as much as
2.9 m with snow water equivalent values of 0.3 m to 0.8 m.
Throughout this season and as a part of road maintenance,
the Colorado Department of Transportation plows snow
and packs it onto the westbound shoulder. The embankment
is at its most stable condition and minimum displacements
occur (Figure 5(a)).

Stage II. Early spring: with the warming temperatures in the
early spring, the snowpack starts to melt. Due to the low
moisture content of the soils near the surface, the hydraulic
conductivity is relatively low, and meltwater enters the hill-
slope perpendicular to the slope surface [9]. In general, very
little change in the groundwater level occurs during this
stage, indicating that most of the infiltration does not yet
reach the saturated zone. However, a small rise in the water
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FIGURE 4: (a) Piezometer data, (b) infiltration data from Grizzly Peak, and (c) snow water equivalent data from Grizzly Peak.

table below the westbound shoulder occurs, likely due to
the packed plowed snow melting along the shoulder. No
water infiltrates through the highway surface because the
snowfall is plowed off the road and the asphalt pavement
is relatively impermeable. Since the water table stays mostly
below the failure surface, minimum displacements occur

(Figure 5(b)).

Stage III. Late spring and early summer: in April and May,
snowmelt and occasional rainfall continue to infiltrate into
the hillslope, now flowing faster through soils with greater
moisture contents and therefore higher hydraulic conductiv-
ities. When the wetting front reaches the saturated zone near
the bedrock boundary, the large contrast between the
hydraulic conductivities of the highly fractured gneiss and
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F1GURre 5: Conceptual model diagram. (a) Stage I (winter): snow accumulates, water table at its deepest position. (b) Stage II (early spring):
snow starts melting, water table only rises slightly near westbound shoulder. (c) Stage III (late spring and summer): snow melts, water
table level rises, and the landslide is active. (d) Stage IV (fall): water table drains.
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FIGURE 6: Water table variation for months in 2014 (January through December) showing four stages in conceptual model. Data was lost for

P2 and P3 during the months of September and October.

the competent bedrock results in flow parallel to the bedrock
interface [9]. In the northern part of the slope, the bedrock is
steeply inclined, so large volumes of groundwater travel
downslope swiftly. Once the fast-moving groundwater
reaches the highway portion, two changes in the stratigraphy
cause a backup of the groundwater flow: (1) the lower
hydraulic conductivities of the fill and decomposed gneiss

and (2) the shallower bedrock dip. Consequently, a signifi-
cant rise in water table elevation occurs along the westbound
shoulder while 30m across the highway the water level
increases by only half as much. Additionally, the response
in the eastbound shoulder is delayed by as much as 30 days
from the initial response in the westbound. Further down-
slope, near the toe, groundwater flow encounters native
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colluvial and alluvial soils with higher hydraulic conductivi-
ties. The higher hydraulic conductivities, combined with
the fact that the Straight Creek is about 90 m away, result in
minimum fluctuations of the water table near the toe
(Figure 5(c)).

Depending on the snow depth and temperature condi-
tions, annual cumulative infiltration can range from 0.4m
to 1.2m; during most years, snowmelt contributes about
80% of the infiltration. Due to the large infiltration, the water
table rises above the failure surface which results in the
reduction of effective stress and shear strength of the soils.
At this point, the embankment is likely at its least stable con-
dition and the landslide is reactivated.

Stage IV. Fall: during late summer and fall, rainfall is the
only contributor to infiltration and is minimal compared
to the snowmelt in earlier months. The groundwater drains
downslope generally at a slower rate than its previous rise;
eventually, the water table reaches a steady state condition
at a position below the failure surface. In drier years, this
steady state condition can be reached in 3 months whereas
it may take more than five months in wetter years
(Figure 5(d)). Since pore water pressures decrease, effective
stresses and shear strength increase and minimum displace-
ments are expected.

Expected changes in slope stability in this conceptual
model roughly coincide with inclinometer readings taken in
2008-2009 by the Colorado Department of Transportation
[9] and with multiple anecdotal reports from CDOT person-
nel about paving that stretch of the highway.

4. Numerical Model of the Site’s
Hydrological Behavior

4.1. Setup of Numerical Model. The conceptual model indi-
cates that the hydrological behavior of the site has a decisive
effect on the stability of the slope. With the change in water
content and pore water pressures, suction stress changes;
consequently, effective stresses are affected, and therefore,
the stability of the slope varies. In order to quantify these

effects, a two-dimensional finite element numerical model
that simulates the hydrology of the Straight Creek landslide
was used based on the conceptual model to simulate the
hydrological conditions of the site. The governing equation
used for the transient unsaturated flow in the hillslope is
Richards’ equation [18]:

V-K(h)VH + W = @’ (1)

where K(h) is the hydraulic conductivity function (HFC), H
is the total head, W is flux from a source or to a sink, and 0(h)
is the soil water retention curve.

The numerical model was set up using the water flow
module of the commercial software Hydrus-2D. Six hydro-
geologic units comprise the domain which mimics the stra-
tigraphy obtained during the field investigations and covers
the area identified as the watershed contributing to the site
(Figure 7). Hydrological and strength properties are reported
in Table 1 and were obtained from laboratory testing, field
measurements, and previous reports on the site. The num-
bers marked with a star were obtained as a part of the calibra-
tion of the numerical model. Initial conditions were reached
by applying a constant infiltration of 0.001 m/day for several
years so that a steady state was attained. The magnitude of
the infiltration applied was chosen so that the resulting initial
pressure head profile reflects the water table position
observed in the field during the winter months (at its lowest
position). A “no flow” boundary condition is applied on the
north end to represent the extent of the watershed as no
groundwater will enter or exit the system from this area; like-
wise, a “no flow” condition is also applied to the lower
boundary of the domain, far enough into the bedrock to pro-
hibit vertical seepage through the bedrock layer; a constant
head boundary condition downslope (south side) so that
the water table is held at 8 m bgs, representing the effects of
Straight Creek about 90 m away from the toe of the slide;
finally, variable flux is applied along the land surface with
the exception of the highway portion which has a no flow
boundary (Figure 7).
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Applied fluxes for the land surface boundary condition
(Figure 7) are based on atmospheric and precipitation data
from the Grizzly Peak SNOTEL station. SWE data from
2011 to 2015 are provided in Figure 4(c); snow accumulates
during the winter months; in the beginning of the spring,
there are some days when the temperature is warmer than
freezing producing a decrease in the snowpack and therefore
some infiltration into the slope. Precipitation in the model
includes both snowfall and rainfall and is presented in
Figure 4(b); any negative change in SWE is interpreted as
snowpack melting and assumed to directly infiltrate, any
increase in cumulative precipitation when SWE is zero
and temperatures are above freezing is assumed to also
directly infiltrate. Finally, observation nodes P1, P2, and
P3 were placed at locations coinciding with the piezometers
in the field.

The model was calibrated using the piezometer data from
year 2013. The variables in Table 1 marked with a star were
used as adjusting parameters to obtain the smallest difference
between measured and modeled groundwater table eleva-
tions. Additionally, the qualitative behavior of annual
changes in groundwater elevation for the locations at the
three piezometers was taken into account. This process was
iterative; initial estimates for the inverse modeled variables
were obtained from the Hydrus-2D soils bank and hydro-
logic parameters of only one soil material at a time were
inverse modeled. Even though hydraulic conductivity values
had been measured in situ for the colluvium and highly frac-
tured gneiss, these variables were also inverse modeled within
a narrow range because hydraulic conductivity is very sensi-
tive to effects of scale and disturbance. Once the model was
calibrated, data from years 2014 and 2015 were used to vali-
date it.

A comparison of the observed and simulated ground-
water table fluctuations is presented in Figure 8(a). Solid
lines represent the data measured in the field while the
dotted lines plot the data obtained with the numerical
model. There are two main differences between simulated
and observed water levels: (1) a lag in time between the
measured and simulated increase in water table level; this
may be the result of the fact that the location of the Grizzly
Peak station is more forested than the landslide site, causing
the later to experience faster and earlier infiltration, and (2)
in the beginning of the spring, the field data show an
increase of about 2m in the water level measured by the
westbound shoulder before the other sensors detect a
change. This may be due to the fact that snow on that stretch
of the highway is plowed into the westbound shoulder, so
that at the end of the winter there is a tall compacted ice/s-
now block. When the temperature warms up, more water
infiltrates close to the westbound shoulder than in the rest
of the slope.

It is evident that infiltration occurs earlier in the study
site than in Grizzly Peak; for example, in 2015, the monitored
groundwater table increases before any SWE negative
changes were measured in Grizzly Peak. Adjusting the timing
of the infiltration by applying it three weeks earlier leads to a
better comparison between the observed and simulated
groundwater responses (Figure 8(b)). The observed seasonal

changes in water table position are reflected in the numerical
simulation with a large rise in the westbound shoulder loca-
tion (P1), followed by a smaller rise in the eastbound shoul-
der location (P3) and minimal change near the toe of the
slope (P2). Simulated results mirror the observed ratio
between the rise of the water table in westbound (P1) and
eastbound (P3) locations each year, which is roughly 2:1.
For example, in 2015, the water table increased about 9m
beneath the westbound shoulder while it only changed
4.3 m beneath the eastbound shoulder.

4.2. Numerical Model Results. Once calibrated, the numerical
model was used to (1) investigate in more detail the infiltra-
tion process in the site using particle tracking and looking
at pressure head profiles, (2) perform a parametric analysis
to predict groundwater table location for a dry year (precip-
itation is lower than average) and for a wet year (precipita-
tion is higher than average), and (3) perform a slope
stability analysis for the 4 stages in the conceptual model
for a year with average precipitation.

Flow pathways created by particle tracking at five
locations on the surface north of the highway confirm
the contribution of the watershed to the groundwater in
the site (Figure 9). On the north side of the highway,
water infiltrates into the slope through the highly frac-
tured gneiss; subsequently, most of the water flows down-
slope parallel to the interface with the competent bedrock
eventually discharging at the creek. Water that infiltrates
at points located further than 300m in horizontal dis-
tance from the highway flows into the competent bedrock
layer, which has a significantly lower hydraulic conduc-
tivity. Additionally, when the soils near the surface have
low initial moisture content, their hydraulic conductivity
could be as low as 0.01 m/day slowing down the initial
water infiltration.

Pressure head transects in the study area provide an
insight on the groundwater table location with respect to
the failure surface. As an example, pressure head distribu-
tions of the slide area for the year 2015 are provided in
Figure 10. The modeled groundwater table is marked as
the interface between the dark grey and the medium dark
grey contours. For comparison, the measured water table
locations are plotted with a thick red dotted line. In addi-
tion, a white dotted line illustrates the position of the slide’s
failure surface. During the winter season (Stage I), the sim-
ulated water table rests along the competent bedrock bound-
ary, below the failure surface; thus, the soil above the water
table has negative pressure heads that mostly range between
-5m and 0 m although close to the surface there are areas
with even lower pore water pressures. When the spring
season begins (Stage II), water starts infiltrating into the hill-
slope and simulated pressure heads and moisture contents
increase. The simulated water table underneath the west-
bound shoulder increases ~0.9m in elevation, which is
smaller than the ~2.5 m measured with the piezometer; this
difference may be due to a combination of snow plowed into
the westbound shoulder of the highway and working with
precipitation data from Grizzly Peak which experiences later
snowmelt infiltration than our site. In this stage, most of the
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reported at Grizzly Peak and (b) with infiltration applied three weeks earlier.

water infiltrating into the slope does not yet reach the water
table, so aside from the area near the westbound shoulder,
there are only small changes in the water table location. In
the early summer (Stage III), the infiltration reaches the sat-
urated zone and the simulated water table rises throughout
the watershed. Both simulated results and measured data

indicate a 9m rise in the groundwater table underneath
the westbound shoulder. Likewise, about 30 m across the
highway, a 4.6 m rise is both modeled and measured under-
neath the eastbound shoulder. In the fall (Stage IV), infiltra-
tion rates decline and the simulation shows a decrease in
pressure head and moisture content near the surface and a
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lowering of the water table throughout the watershed. The
simulated water table drains earlier in the westbound loca-
tion than the water table recession observed in the field,
whereas a slight delay in draining is seen in the simulation
near the eastbound location. Once again, we attribute this
delay between observed and simulated changes in water
table level to assuming atmospheric conditions that are sim-
ilar to the study site, but not always exact. The numerical
model qualitatively describes the behavior of the water table
near the toe, but the simulated results show an overall water
table about 2m shallower than the field observations. This
difference may be due to having a constant head boundary
for the southern extent of the modeled watershed instead
of a changing head with time; however, not enough infor-
mation for meaningful time varying boundary conditions
is available.

We evaluated groundwater conditions for two scenarios:
(1) a “dry year” with a cumulative infiltration of 0.49 m,
which is similar to 2002 and lower than the annual average
of 0.58m, and (2) a “wet year” with cumulative infiltration
of 1.10m, which is similar to 2011 and much larger than
average. Both scenarios start with the same initial condi-
tions. The changes in groundwater level at the locations of
piezometers P1, P2, and P3 are provided in Figure 11; the
thick lines plot data during a wet year while the thin dashed
lines show variations during a dry year. In the winter season,
the groundwater table is similar in both cases because no
infiltration occurs during that time; however, the difference
between annual minimum and maximum water table eleva-
tions between the wet and dry years is more than 100%.
Beneath the westbound shoulder (P1), the water table changes
by as much as 10.7 m in the wet year while the change is only
4.7m in the dry year. In both scenarios, the variation of the
water table underneath the eastbound shoulder is about half
as much as in the westbound, with 5.2m in the wet year
and 1.84m in the dry year. Near the toe, the water table
changes 1.4m in the wet year and 0.47 m in the dry year.

5. Slope Stability Analysis

The stability of the site was analyzed using an extended
Bishop’s method of slices, accounting for the effect of suction
stress in the soil. Using water contents and pore water pres-
sures obtained from the numerical model results, suction
stresses can be calculated using the closed-form equations
proposed by Lu and Likos [19, 20]:

S

0°=—(u, —u,), u,—u,<0,

(2)

0% =—(u, —1u,)S, U, — Uy >0,

where 0® is the suction stress that is a characteristic func-
tion of saturation or matric suction, (u,—u,) is the
matric suction, and S, is the equivalent degree of satura-
tion. Effective stress for variably saturated porous materials
is defined as [19]

o' =0 (u,+0°], (3)
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(cumulative infiltration of 0.49m) and a wet year (cumulative
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where ¢ is the total stress tensor, I is the second-order
identity tensor, and u, is the pore air pressure. The factor
of safety using extended Bishop’s method of slices was cal-
culated using Lu and Godt [21] proposed equation:

m (c'bn + W, tan @' -~ 03b, tan CD')/(I (an, @', FSS)>
FSg= )

>

i ;
ol W, sin a,,

(4)

where ¢’ and ¢’ are the effective cohesion and friction
angle of the soil at the base of the slice, b, is the width
of the slice, W, is the weight of the slice, and «,, is the angle
of the slice with respect to the horizontal. A cross-sectional
area with the sliding surface, material distribution, and slice
discretization is provided in Figure 12. Four stability anal-
yses corresponding to the groundwater table conditions in
the four identified stages were performed. The results are
consistent with the conceptual model; the factor of safety
is larger in winter, when the water table is below the fail-
ure surface and suction stresses in the hillslope materials
improve the stability of the embankment. As groundwater
table rises, pore water pressures along the failure surface
become positive and factor of safety decreases. During the
beginning of summer, when the water table is at its peak,
the factor of safety is smaller than 1, which signifies failure.
During the rest of the year, the factor of safety ranges from
1.02 to 1.05, and therefore, little or no displacement is
expected.

6. Summary and Conclusions

Infiltration-induced landslides are common geological haz-
ards in the world, and their occurrence results in costly dam-
ages that sometimes claim lives; many of these landslides are
triggered by a change in the hydrological conditions. This
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paper presents a study of the hydrological behavior and its
effects on slope stability of a seasonally active landslide on
an embankment on Interstate-70 west of the Eisenhower
Tunnel. Records indicate that more than 0.6m of vertical
displacement were measured in the past four decades. In
addition, previous studies on the site identified the main
physical mechanisms in the slope and quantified the
importance of understanding the hydrological behavior in
the site. Thus, three piezometers were installed near the
crest and the toe of the landslide and groundwater table
was monitored every 30 minutes for three years. The differ-
ence between annual minimum and maximum water table
levels beneath the westbound shoulder is twice as much as
the annual difference beneath the eastbound shoulder, only
30m apart. During an average year, the water table beneath
the westbound shoulder can rise about 9m whereas it can
rise 30m across the highway, the water table underneath
the eastbound shoulder rises half as much (about 4.6m).
The changes in water table level near the toe are smaller
than 2m. The objective of this work is to characterize this
hydrological setting by developing (1) a sound conceptual
model that captures the principal mechanisms in the site
and (2) a numerical model that can produce results simi-
lar to the field measurements. Once calibrated, the hydro-
logical numerical model is used to investigate in more
detail the infiltration process in the site, to perform a
parametric analysis to predict groundwater table locations
for precipitations lower and higher than average condi-
tions, and to perform a seasonally varying stability analy-
sis on the site. The following conclusions can be drawn
from these analyses.

(1) Detailed characterization of the subsurface soil
layers, stratigraphy, and atmospheric conditions is
needed to accurately simulate transient changes in
hydrological responses that drive seasonal variations
in slope instability. These factors must be defined
throughout the entire watershed, not only the imme-
diate landslide area but also the upslope area where

groundwater recharge takes place, to fully under-
stand the hydrological conditions of the immediate
landslide site

(2) The large difference in water table position cross a

relatively small distance is due to a combination of
three factors: (a) the large size of the watershed that
allows a significant amount of infiltration into the
uphill slope area, (b) the contrast of hydrological
properties of soils in the watershed, especially satu-
rated hydraulic conductivities around the area imme-
diately beneath the highway, and (c) the changes in
the steepness of the competent bedrock as it transi-
tions from the northern slopes to the area underneath
the highway. These factors control the direction, flux,
and amount of excess groundwater flow traveling
through the slope

(3) The numerical modeling results indicate that the dif-

ference between minimum and peak water table
levels in the site can vary by more than a 100%
depending on the seasonal hydrologic conditions. In
both, a wet and a dry year, the larger changes occur
underneath the westbound shoulder; in a dry year,
the water table varies by ~4.7 m whereas in a wet year
it can rise up to 10.7m

(4) Pore water pressures near the failure surface change

from negative in winter to positive in the beginning
of the summer; consequently, suction stresses and
therefore the factor of safety vary throughout the
year. Using extended Bishop’s method of slices for
variably saturated soil, the factor of safety varies from
1.02 to 1.05 in winter, early spring, and fall but
reduces to 0.939 (which indicates failure) in the
beginning of the summer

(5) The numerical modeling results indicate that future

remediation options should focus on minimizing
the large water table rise north of I-70
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In the last years, the shallow landslide phenomenon has increasingly been investigated through physically based models, which try
to extend over large-area simplified slope stability analyses using physical and mechanical parameters of the involved material.
However, the parameterization of such models is usually challenging even at the slope scale, due to the numerous parameters
involved in the failure mechanism. In particular, considering the scale of the phenomenon, the role of transient hydrology is
essential. For this reason, in this work we present the outcome of different experimental tests conducted on a soil slope model
with a sloping flume. The tested material was sampled on Monte Mario Hill (Rome, Central Italy), an area which has been
frequently affected by rainfall-induced landslide events in the past. In this respect, we also performed a physically based
numerical analysis at the field conditions, in order to evaluate the response of the terrain to a recent extreme rainfall event. The
results of the flume tests show that, for the same material, two different triggering mechanisms (i.e., uprise of a temporary water
table and advance of the wetting front) occur by varying the initial water content only. At the same time, the results of the
numerical simulations indicate that clayey sand and lean clay are the soil types mostly influenced by the abovementioned
rainfall event, since the initial moisture conditions enhance the formation of a wide wetting front within the soil profile.

1. Introduction

Many of the rainfall-induced landslides occurring all over the
world are shallow-type; namely, the sliding surface is located
at a depth from a few decimeters to some meters. They gen-
erally occur in response to prolonged intense rainfall events
and involve either residual weathered soils or transported
colluvial deposits. This type of landslides represents a wide-
spread hazard that frequently results in considerable damage
to infrastructure and human losses in many mountainous
regions of the world, especially in areas characterized by the
widespread presence of natural (e.g., [1-3]) and/or human-
reworked soil cover (e.g., [4-6]). For this reason, in recent
years great efforts are being made to improve the assessment
of the temporal and spatial occurrence of rainfall-induced
shallow landslides, especially through physically based
models (e.g., [7-10]). However, the fundamental controls
leading to slope failure driven by rainfall are still not well
quantified [11], and thus the improvement of current models

is still an important research topic [12]. In fact, despite the
small size, it is not straightforward to define the complex
interaction between hydrological and mechanical processes
that develops before and during the triggering process [13].
In principle, the infiltrating water flow may cause both the
development of a temporary perched water table, usually at
the contact between the soil cover and the less permeable
bedrock [14], and a decrease of the resisting effect (apparent
cohesion) induced by increasing positive water pressure
values in the unsaturated portion [15, 16]. In this respect, it
has been well recognized that matric suction can play a cru-
cial role in the stability of unsaturated soil slopes [17]. Addi-
tionally, rainfall-induced slope failures heavily depend on the
relationship between suction and water content which, in
turn, are related with unsaturated conductivity functions as
well as the rainfall intensity [18]. Considering the complexity
of this research topic, a considerable amount of experiments
has been conducted on understanding the behavior of water-
induced shallow landslides under controlled laboratory
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FIGURE 1: (a) Satellite image of the Rome urban area, with the location of Monte Mario Hill; (b) geological sketch of the Monte Mario area

(from [36]).

conditions using sloping flumes (e.g., [19-23]). Several
authors [24-26] also reproduced via numerical modelling
the performed experimental tests, assuming a triggering
mechanism that commonly occurs when the wetting bands
progress into the soil, resulting in loss of suction and in effec-
tive stress reduction [27, 28]. Although these studies signifi-
cantly contributed to better understanding the conditions
leading to water-induced shallow landslides, there have been
relatively few investigations for linking such experimental
evidences with real widespread landslide events [29], evaluat-
ing in detail the triggering mechanisms [30]. In this sense,
physically based models aimed at predicting the occurrence
of shallow landslides over large areas (e.g., [31-34]) can be
viewed as reliable tools, unless the uncertainties concerning
the input parameter values be reduced as much as possible.

For this reason, in this work we analyze the triggering
mechanisms of shallow landslides evaluating the effect of
the initial soil conditions through laboratory flume experi-
ments. Specifically, different tests have been performed on a
soil sampled on Monte Mario Hill (Rome, Central Italy).
This area has been affected by recurring rainfall-induced
landslide events in the past, including the one that occurred
between January 31 and February 2, 2014. In this sense, the
outcome of the experiments has been also analyzed in rela-
tion to the results provided by HYDRUS-1D [35], a USDA
(United States Department of Agriculture) Salinity Labora-
tory software package which can simulate the water flow into
unsaturated porous media resulting from a rainfall event.
Specifically, the insights resulting from the laboratory tests
and the numerical simulations have been used to better
understand the potential failure conditions for the shallow
landslides occurred during the 2014 event.

2. General Features of the Study Area and the
2014 Event

The Monte Mario Hill, which is located in the northwestern
sector of the city of Rome, on the right bank of Tiber River

(Figure 1(a)), represents the highest relief of the city (144 m
a.s.l.). From a geological point of view (Figure 1(b)), it is com-
posed at the bottom by a silty-clay succession of lower-upper
Pliocene age (Monte Vaticano Formation (MVA)). This for-
mation has a discordant contact with the upper Monte Mario
Formation (MTM), a lower Pleistocene succession composed
of silty sands [37]. At the base of this formation, it is also pos-
sible to identify a portion of reduced thickness (15 m) consti-
tuted by clayey silts (Farneto Member MTM,). From a
morphological point of view, Monte Mario is characterized
by a relatively high slope gradient, especially along the east-
ern sector, which represents the result of both natural and
anthropogenic factors, like fluvial erosion and manmade
cuts. Such a slope gradient also enhances the triggering of
rainfall-induced landslides, which generally involve a thin
(0.5-2m) layer of eluvial-colluvial superficial deposits over-
laying the majority of the slopes. In this respect, between Jan-
uary 31 and February 2, 2014, 68 landslides have been
recorded all around the city (Figure 2(a)), of which 12
occurred along slopes of Monte Mario only [38]. According
to the data recorded by the Roma Monte Mario station,
which is located within the study area, such landslides have
been triggered by approximately 250 mm of rainfall cumu-
lated in three days. However, in this time interval, two main
subevents may be distinguished. The first (and most severe
in terms of rainfall amounts) started in the early hours of
January 31*" and ended after about 24 hours, with a total
cumulated rainfall of about 190 mm. This subevent was char-
acterized by extremely high rainfall intensity peaks, such as
the one that occurred between 4:00 and 5:00 a.m. (46 mm).
Very high values continued to be recorded throughout the
morning, with 3-hour and 6-hour rainfall equal to 87.6 and
140 mm, respectively. On the contrary, the second subevent,
which took place in the afternoon of February 2™ from about
1:00 to 6:00 p.m., was of shorter duration and characterized
by less intensity peaks, resulting in a total average cumulated
rainfall of approximately 40 mm. Most of the triggered land-
slides involved relatively shallow (less than 1 m) portions of
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FIGURE 2: (a) Location of landslides inventoried in the Rome urban area after the exceptional rainfall of January 31-February 2, 2014 (from
[38]); (b) an example of landslide triggered on Monte Mario Hill during the 2014 event.

weathered soil (Figure 2(b)) and can be classified as transla-
tional and rotational slides, earth flows, and debris flows
[38]. Despite their limited thickness, such landslides caused
the disruption of the road network, with consequent vehicle
traffic bans and inconveniences for citizens as well as sub-
stantial damages to other infrastructures.

3. Materials and Methods

3.1. Physical and Mechanical Characterization of the Soil
Cover. A series of field and laboratory activities have been

carried out in order to outline the main features of the soil
cover affected by the slope failures that occurred in 2014.
After removing the most surficial soil layer (approximately
20 cm), twenty-one undisturbed samples have been collected
on site by driving into the soil a core cutter having a diameter
of 100 mm (Figures 3(a) and 3(b)). The material is generally
characterized by a medium plasticity and a high content of
sand and clay, while the gravel and silt amount seldom
exceeds 20-30% (Table 1). Specifically, the sampled material
can be identified in four different USCS classes, which are
consistent with eluvial and colluvial deposits resulting from
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FIGURE 3: (a) Locations of the 21 samples collected on Monte Mario; (b) the sampling stage; (c) borehole for the evaluation of the soil cover
thickness. The location of the three boreholes is marked in green in Figure (a); (d) test for density and unit weight of soil in place by the sand
cone method.
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TaBLE 1: Physical properties and corresponding USCS-USDA class for the 21 samples collected on Monte Mario Hill.
Sample code  Soil thickness (m)  Gravel (%) Sand (%) Silt (%) Clay (%) Wy (%) IP (%) USCS class USDA class
S1 22.3 33.9 16.7 27.1 29 5.7 SC Loam
$2 42 12.7 345 48.6 39.6 11.6 CL Silty clay loam
S3 19.6 52 13 15.4 — — SC Sandy loam
S4 253 50.8 12.8 11.1 — — SM Sandy loam
S5 55 66.4 8.6 19.5 25.9 4.8 SC Sandy loam
S6 1.3 4 51 17.1 27.9 36.2 10.7 SC Sandy clay loam
S7 8.4 77.5 0.9 13.2 — — SC Loamy sand
S8 6.5 87.5 3 3 — — SM Sand
S9 2.8 9.6 36.5 51.1 35.1 11.3 CL Clay loam
S10 9.1 19 30.2 41.7 34 9.8 CL Clay loam
S11 6.4 63.8 114 184 — — SC Sandy loam
S12 13.3 68.3 11.5 6.9 — — SM Loamy sand
S13 1.1 0 3.8 38.5 57.7 50.3 16 MH Silty clay
S14 7 35.6 29.5 27.9 25.2 6.1 CL Loam
S15 54 253 29.8 39.5 37.9 14.6 CL Clay loam
S16 16.1 30.7 24 29.2 29.8 8.5 CL Loam
S17 1.1 13.6 35 50.3 45.4 10.8 CL Silty clay loam
S18 0 3.5 50.2 46.3 329 5.7 CL Silty clay loam
S19 7 27.5 64.5 48.6 15.3 CL Silty clay
S20 0.75 5.7 30.3 21.3 42.7 41.9 16.8 CL Clay loam
S21 10.7 48.6 13.9 26.8 34.2 115 SC Sand

the weathering of medium to fine-grained rocks, such as
those outcropping on Monte Mario Hill. In this respect, the
sandy samples have been mainly collected where the Monte
Mario Formation outcrops (i.e., medium-upper part of the
slope), while the material characterized by a higher amount
of clay was generally sampled in the lower part of the slope,
in correspondence of the Monte Vaticano Formation.

In correspondence of sampling site S21, further material
(approximately 500kg) has been collected for performing
the flume tests described in Section 3.2. In this sense, it
is important to specify that the soil unit weight has been
determined in this specific site by the sand cone method
(Figure 3(d)), and the resulting value (14.9 kN/m?®, which
corresponds to a porosity of 48%, given a unit weight of soil
solids of 26.4kN/m> and a field water content of 11.5%)
has been properly reproduced within the flume during
the experimental tests.

3.2. Experimental Set-Up. The experimental equipment
(Figure 4(a)) comprises a rectangular sloping flume 100 cm
long, 60 cm wide, and 20 cm high, whose sides were made
in plexiglass in order to allow the visual observation of the
wetting and triggering processes. To assure the same friction
between the soil particles and the base of the flume as of that
of particles inside the flume, a rough plastic panel was applied
to the surface of the flume base. A stiff permeable barrier was
fixed in front of the soil to contain it after the failure, whereas
a video camera was used to monitor failure initiation time
and location. Two properly placed spray nozzles above the
flume guarantee an artificial rainfall having a raindrop size

distribution and impact energy consistent with the experi-
ment scale (Figure 4(b)). For assuring the correct functioning
of the system, the supplied water pressure has been kept con-
stant at 3.2 bar, resulting in a steady rainfall input of approx-
imately 1/mm/min. During each test, the water content and
pore water pressure within the soil were measured using,
respectively, 4 EC-5 soil moisture sensors and 4 UMS-T5
mini-tensiometers (Figure 4(c)). These sensors are connected
to a data logger which acquires data each two seconds.
Three different flume inclinations have been used during
the experiments (i.e, 27°, 32°, and 35°) which represent,
respectively, the minimum, average, and maximum slope
values within the 2014 landslide source areas. The soil initial
water content ranges between 11.9% and 19.2%, and it was
obtained, before placing the soil into the flume, by wetting
a specific quantity of oven-dried soil with the amount of
water needed to reach the desired water content value. After
the soil was set into the flume, the water content was checked
by sampling the soil in different points. The initial porosity
was attained overlaying four compacted soil layers parallel
to the flume base (Figure 5(a)). Given the fixed geometry
and volume of a 4cm thick layer, the soil weight required
to fill that volume was calculated considering also the fixed
initial water content. During the soil placement within the
flume, the 8 sensors have been placed at different depths
(Figure 5(b)), with the aim of observing the infiltration pro-
cess throughout the soil slope model. Finally, in order to
achieve the least possible disturbance of slope conditions, a
wedge-shaped slope was created in the termination of the
material (Figure 5(c)). The inclination of the wedge-shaped



Geofluids

Rainfall system
o T —n
N 1N

Soil moisture
sensor EC-5

(b)

(c)

- .
*a

1.

Mini-tensiometer
UMS-T5

FIGURE 4: (a) The experimental flume; (b) scheme of the experimental apparatus (SM: soil moisture sensor; MT: mini-tensiometer); (c)
sensors used for the monitoring of soil water content and pore water pressure during the tests.

slope was set to 30° (lower than the friction angle) to ensure
that failure occurred within the soil volume and not affecting
this terminal slope only. This geometry was considered suit-
able for the experimental purposes, and then, it has been kept
constant in each test.

4. Results

Ten flume tests have been performed by varying the initial
water content (w) and the flume slope angle («) (Table 2).

According to the obtained results, different observations
can be made: (1) as the initial water content or slope
increases, the failure time decreases (Figure 6); (2) by chang-
ing the initial water content, the failure time variation is
higher in tests with a slope angle (&) of 35° than in those with
32° (Figure 6); (3) in tests with a =27°, no failure occurred,
but only a gradual erosion of the superficial layers, even
with the wettest initial soil conditions (i.e., w=16.4%); (4)
tests n.9 and n.10 have been performed for replicating tests
n.6 and n.3, respectively. The aim was to evaluate the
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FIGURE 5: (a) Placement of a 4 cm soil layer within the flume; (b) position and installation depth of the 8 sensors according to a schematic
upper view of the soil slope model; (c) the soil slope model just before the beginning of a test. The lateral view allows to notice the wedge-

shaped slope at the termination of soil volume.

TaBLE 2: Initial soil conditions and time of failure for each performed flume test.

Test Date Slope angle (*) Initial water content (%) Degree of saturation (%) Time of failure (min)
1 24/04/2018 27 12.4 36.1 No failure

2 29/04/2018 27 16.4 47.8 No failure

3 09/05/2018 32 11.9 34.7 1h 21 min 05 sec.
4 15/05/2018 32 14.7 42.8 1h 13 min 50 sec.
5 25/05/2018 32 19.2 56.0 0h 45 min 00 sec.
6 04/06/2018 35 11.9 34.7 0h 42 min 08 sec.
7 11/06/2018 35 14.4 42.0 0h 37 min 30 sec.
8 14/06/2018 35 16 46.6 0h 24 min 37 sec.
9 05/07/2018 35 12.1 35.3 0h 45 min 47 sec.
10 18/07/2018 32 12.0 35.0 1h 25 min 45 sec.

reproducibility of the assumed boundary conditions and, in
turn, the reliability of the obtained results: in both tests, the
failure time difference with the corresponding tests is lower
than five minutes.

As regards the failure mode, it was generally extremely
rapid, with evidences of incipient instability only a few sec-
onds before the failure (Figure 7). The detachment generally
involved a soil thickness between 7 and 12 cm; thus, consid-
ering that the total soil thickness is 16 cm, the failure surface
always developed within the soil profile and not at the contact

between soil and the flume base. Furthermore, it is worth
noting that, if the initial water content is relatively low, failure
typically induces the mobilization of greater soil volumes,
and vice versa.

Other interesting observations can be made by analyz-
ing the records from the eight sensors placed within the
soil during the tests. In this respect, if we compare data
from test n.3 («=32°, w=11.9%) and test n.5 (a=32°,
w=19.2%), a different soil behavior in response to the
rainfall input can be recognized. Specifically, in both tests
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starting from initial negative values of pore water pressure
induced by partial soil saturation, soil undergoes progres-
sive reduction of the matric suction, until the development
of positive pore water pressures. However, in test n.3 such
development occurs first for the deepest mini-tensiometers
(MT1 and MT?2) and then for the shallowest ones (MT3
and MT4) (Figure 8(a)). On the contrary, in test n.5, the
sensors that first record a drastic reduction of matric suc-
tion are those located in the most surficial portion of soil
(Figure 8(b)). Actually, in this specific test also MT2
recorded positive pore water pressures almost simulta-
neously to MT3; however, this point can be explained with
a not sufficient soil compaction in the area above the sen-
sor, which caused an excessive water percolation in that
specific point.

As regards the water content, even if in test n.3 the first
sensor that records an increase in water content is the shal-
lowest one (SM4), at the end of the test the highest values
are still recorded by the deepest sensors (SM1 and SM2)
(Figure 8(c)). Conversely, in test n.5, SM3 and SM4 first
recorded an increase in water content, reaching the highest
values during the whole test (Figure 8(d)).

The same behavior, in terms of infiltration, can be
observed also in tests with a =35 (Figure 9). In such a
case, the greater slope angle induces most sudden varia-
tions of water content and pore water pressure, also
enhancing an earlier response of sensors located closer to
the soil wedge (i.e, MT1-MT3, and SM1-SM3). In this
respect, it is worth noticing that in test n.6 (w=11.9%)
failure occurs while the sensors farthest from the soil
wedge (MT4 and MT?2) still recorded negative pore water
pressure values (Figure 9(a)).

5. Discussions

On the basis of the observations deriving from the outcomes
of the performed tests, different insights can be inferred.
Firstly, a strong sensitivity of the tested material to changing
the flume slope angle can be noticed. In fact, if no failure was
observed for o =27° regardless of the rainfall duration, for
tests with a =32°, failure occurred in about one hour, and
the time of failure strongly reduces, increasing by just three
degrees the flume slope. Afterwards, a different response of
the soil, in terms of infiltration, was observed by varying
the initial water content, while keeping constant both slope
and porosity, as well as the rainfall input. Specifically, for
tests with lower initial water content, the sensors that first
recorded variations induced by the infiltrating water flux
are those located in the deepest part of the soil. On the con-
trary, for tests with higher initial water content, the first var-
iations were detected by the shallowest sensors. This point
suggests two different triggering mechanisms for the soil
slope model. In the first case, it is possible to hypothesize
the formation of a temporary water table at the base of the
flume, which progressively rises until failure occurs, involv-
ing a relatively high amount of material (Figure 10(a)). In
the second case, failure is likely induced by the advance of
the wetting front, which mobilizes a lower soil thickness with
respect to the preceding instance (Figure 10(b)). Therefore,
the most interesting insight deriving from the flume tests is
that the triggering mechanism may change only considering
variation of the initial water content. In preceding works, sev-
eral authors (e.g., [39-41]) highlight how antecedent soil
moisture greatly affects the rate and depth of advance of the
wetting front during intense rainfall, but not the type of
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FIGURE 8: Pore water pressure (a and b) and soil moisture data (c and d) recorded during test n.3 (o = 32°, w=11.9%) and test n.5 (a = 32°,

w=19.2%), respectively.

triggering mechanism that, instead, is generally associated
with the rainfall intensity [28, 42] and grain-size soil char-
acteristics. In this sense, [43] assert that shallow landslides
affecting fine-grained soils are induced by the reduction in
matric suction near the ground surface due to rainfall infil-
tration, while a significant triggering factor for coarse-
grained soils of high permeability like sands is a rise in the
water table.

Therefore, the role of initial soil moisture in relation to
the triggering mechanism should be examined more in detail
for evaluating the potential shallow landslide triggering con-
ditions, especially when physically based numerical models
are employed. In this respect, it is considered that one of
the main drawbacks of such models relies on the complexity
in correctly evaluating the input parameters, especially over
large areas. In this respect, different authors (e.g., [44-46])
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FIGURE 9: Pore water pressure (a and b) and soil moisture data (c and d) recorded during test n.6 (o = 35°, w=11.9%) and test n.8 (« = 35°,

w = 16%), respectively.
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F1GURE 10: The triggering mechanisms hypothesized according to the experimental evidences: (a) failure induced by an uprise of a temporary
perched water table (for soils with relatively low initial water content); (b) failure induced by the advance of the wetting front (for soils with

relatively high initial water content).

have observed that soil cohesion, friction angle, and soil
thickness represent the major sources of error for this type
of analyses. With regard to the mechanical parameters, the
problem is mainly related to the limited sampling [47, 48]
and the difficulty to properly evaluate the vegetation effect
in terms of root cohesion [49, 50]. As regards the soil thick-
ness, several authors proposed linear correlations with eleva-
tion and slope gradient [51], semi-empirical geomorphology-
based approaches [52], and multivariate statistical analyses of
terrain parameters [53]. However, the results of the experi-
mental tests demonstrate that a reliable analysis of the

TaBLE 3: Hydrodynamic parameters for the four soil types of Monte
Mario (0,: residual water content; 0,: saturated water content; K:
hydraulic conductivity).

Soil type 0, (-) o (-) K, (m sh
SC 0.06 0.39 3.84E - 06
CL 0.07 0.37 3.41E-07
MH 0.08 0.36 1.14E - 07
SM 0.04 0.35 1.53E-05
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F1GURE 11: Water content trend vs. depth resulting from the HYDRUS-1D simulation of the January 31-February 1, 2014, rainfall event that
occurred in Rome. Each graph refers to one of the soil types outcropping on Monte Mario Hill: (a) clayey sand (SC); (b) lean clay (CL); (c) silt
(MH); (d) silty sand (SM). Legend: W .: residual water content; W, : initial water content; W,,: saturated water content.

shallow landslide triggering conditions requires not only the
proper evaluation of the input parameters but also the use of
an infiltration model that must be coherent with the real
expected events.

For this reason, we decided to evaluate the hydraulic
effects induced by the rainfall event that occurred in Rome
in 2014 to four different soil types outcropping on Monte
Mario. To do this, we used HYDRUS-1D, a numerical model
which can describe the water flow within an unsaturated
porous medium, such as a superficial deposit, on the basis
of a modified version of Richards’ equation. Different numer-
ical simulations have been first performed for the period
August 1, 2013, January 30, 2014, in order to quantify the
effect of the antecedent rainfall on soil moisture conditions.

Afterwards, the simulations have been extended to include
the main rainfall event causing the triggering of the majority
of landslides (specifically, between 1 a.m. of January 31°" and
1 a.m. of February 1%). The van Genuchten-Mualem model
[54] was chosen as a hydraulic model to simulate water
flow, whereas the hydrodynamic parameters 0, 0,, and
K, (Table 3) are predicted from soil grain size distribution
using the ROSETTA Lite module [55]. Daily rainfall data
(source: Centro Funzionale della Protezione Civile della
Regione Lazio—Functional Civil Protection Centre of the
Latium Region) have been used as input for the model,
whereas evapotranspiration is accounted for by inserting
the maximum and minimum temperature values (source:
Servizio Idrografico e Mareografico Nazionale—National
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Hydrographic and Marine Services) recorded during the
investigated period into the Hargreaves equation [56]. With
regard to the thickness of the model, we decided to use the
average value of the three measurements deriving from the
boreholes (1 m), while the soil column inclination has been
set in order to obtain a superficial slope equal to 32°.

According to the simulations, it results that SC and CL
are the soil types mostly influenced by the rainfall event
(Figures 11(a) and 11(b)). In detail, both soils start from rel-
atively high initial (W) moisture conditions (between 25%
and 35% in the first 90 cm of soil). Afterwards, a clear wetting
front forms, in particular after the 5h rainfall and advances,
causing the saturation of the first 20-30 cm. It is worth noting
how such advance is greater in the case of SC as a conse-
quence of the higher hydraulic conductivity. In the case of
MH soil (Figure 11(c)), although W, is similar to that of
the preceding soils, the rainfall effect is substantially irrele-
vant, at least in the short term, probably due to the lower
hydraulic conductivity that enhances the run-oft. The rainfall
impact is small also for SM (Figure 11(d)): in this specific
case, Wy, is quite low and homogenous, which coupled with
the high hydraulic conductivity of the material, inducing sig-
nificant water content changes. However, these variations are
not still sufficient to form either a wetting front (excluding
the very first cm of soil) or a perched water table at the base
of the column.

6. Conclusions

In this study, different flume tests have been performed to
analyze the triggering process of rainfall-induced shallow
landslides, with a specific focus on the role of the initial
hydraulic conditions by changing the slope. In detail, it was
observed that the increase in the initial water content antici-
pates the triggering time, particularly in the case of slope =
35°. This point, together with the lack of failure for tests with
a=27°, also suggests the marked sensitivity of the tested
material to even small slope variations. With regard to the
failure mode, the data deriving from the soil moisture and
pore water pressure sensors indicate two potential triggering
mechanisms to variations of the initial water content, i..,
failure induced by uprise of a temporary perched water table
and by the advance of the wetting front in the case of
relatively low and relatively high initial soil moisture,
respectively. At this point, for analyzing such process at the
field conditions, we performed a numerical analysis with
HYDRUS-1D, a physically based model which simulates
the water flow into unsaturated porous media. On the
basis of the data collected on site (i.e., Monte Mario Hill,
Rome), we simulated numerically the rainfall event occurring
between January 31 and February 1, 2014, which triggered 68
landslides along slopes of Monte Mario and the surrounding
areas. According to the simulations, it results that SC and CL
soil types are those mostly influenced by the 2014 rainfall
event, since the higher initial moisture conditions enhance
the formation of a wide wetting front within the soil profile.

In conclusion, the evidence that the triggering mecha-
nism may change only due to variations of the initial water
content should be considered also for future research

Geofluids

activities regarding the physically based modelling of shallow
landslides. Specifically, future improvements may concern a
better evaluation of the role of other parameters (such as soil
thickness and slope) in the triggering process. With respect to
the case study described in this paper, starting from field evi-
dences, further experimental tests should be performed, also
considering the other soil types outcropping on Monte
Mario. In this way, it will also be possible to verify if the cur-
rent inferences may be extended to the entire area. In this
fashion, physical laboratory modelling can also be viewed
as a supporting tool for numerical models aimed at temporal
and spatial prediction of shallow landslides occurrence over
large areas. In fact, the rationale is to define the relation
between rainfall, soil moisture, and triggering mechanisms
for known laboratory boundary conditions and then to
extend this relation at the investigated site through monitor-
ing data collected in the field.
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It has been recognized that pore water pressure (PWP) changes in response to precipitation play a critical role in rainfall-triggered
landslides. Tank models as a kind of undetermined model are widely applied for estimating groundwater levels in slopes. Most of
these applications treat the tank models as a theoretical model. Therefore, in this study, physical tank experiments are reported,
indicating an evaluation of three typical conceptual tank models (i.e., simple tank model, surface runoff tank model, and lateral
water flow supply tank model). To reduce the slope structure controlling affection, the study takes homogenous soil material as
the simulation of the slope mass. The experimental results demonstrated how the groundwater tables producing pore water

pressure were affected by infiltration time lags, surface runoff, and lateral flow.

1. Introduction

Landslides are important and widespread natural hazards
within alpine regions and can have significant impacts on
human lives and infrastructures. Pore water pressure plays
an important role in determining the stability of rainfall-
triggered landslides. The increase of pore water pressure
may reach positive values that are highly undesirable for
slope stability, while, for unsaturated soil slopes, the change
of pore water pressure caused by rainfall infiltration is an
important triggering factor of landslides. A series of small-
scale slope experiments highlight that the presence of
coarse-textured unsaturated pumiceous layers, interbedded
between finer ashy layers, can delay the wetting front
advancement, thus initially confining the infiltration process
within the finer uppermost layer [1]. Soil water content is the
result of multifactor interactions, and proper soil water
retention curves and hydraulic conductivity functions are
necessary for a correct analysis of groundwater flow in
unsaturated slopes [2]; however, measurement of soil water

content is time consuming and costly. In addition, there is
no mathematical relationship between pore water pressure
and the related parameters [3]. Therefore, it is required to
establish hydrological models to estimate the pore water
pressure in slopes. The hydrological models can be determin-
istic or based on an optimized method. The deterministic
hydrological model commonly uses Darcy-Richards or
Boussinesq equations to simulate the groundwater flow in
slopes [4]. Or some models can describe the interaction
between the soil and atmosphere in pyroclastic soils with a
view to understanding whether and to what extent the
prediction of the hydraulic (and mechanical) behavior of
geotechnical problems regulated by rainfall-induced fluctua-
tions of matric suction is influenced by evaporation phenom-
ena [5]. However, the method is usually computationally
intensive, and the application needs a detailed investigation
of the geometries and hydraulic properties of the soil material
[6]. In contrast with the deterministic model, the model
based on the optimized method does not normally require
detailed information on hydraulic properties of the slope
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material such as permeability and infiltration. In the model,
the historical data are used for estimating the parameters
of the defined model structure [7, 8]. The pore water pres-
sure and the groundwater level can be determined from
these parameters. The method is applicable to a wide range
of slopes. A tank model is a nonlinear theorized calculation
optimized model used to describe the behaviors of water
hydraulic properties [9]. The simple tank model [9], surface
runoff tank model [10], and lateral water flow supply tank
model [11, 12] are the three typical types of this model.
The widely used simple tank model is a complex linear
theorized calculation [9]. It is based on the water balance
theory that tracks water into and out of a particular area
of interest. The model can be used for calculation of pore
water pressure in porous media. The 1D simple tank model
usually can simulate the groundwater level of one point in a
shallow slope without considering the lateral water flow
supply [9]. In order to consider the lateral groundwater
flow, infiltration time lag, and surface runoff, a multistorage
tank model (such as the surface runoff tank model and
lateral water flow supply tank model) is needed. The mul-
tistorage tank model can estimate the groundwater fluctu-
ations of landslides caused by heavy rainfall [10-12]. The
distinct properties of the three tank models are as shown
in Table 1.

The simple tank model is easy to implement with high
computational efficiency. However, its applications were
limited to a low slope angle (one point for the pore water
pressure (PWP) represents the entire water table level) and
high porosity and permeability soil materials without con-
sidering surface runoff. The surface runoff tank models
can overcome the limitations from surface infiltration rates
and enable a simulation of the surface runoff generated by
the excess infiltration rainwater [13]. The lateral water
supply tank model can be applied for any slope angle,
but its complicated structure produces a higher systemati-
cally cumulative error. The highlight of the application of
the tank model is using a simple model structure with
as-little-as-possible model parameters to describe the water
balance including water content and groundwater level
[14, 15]. Unfortunately, most applications of the tank
model are still a theoretic model and require many param-
eters for calibration. As a “grey model,” there are few
direct physical experiments about the investigation of the
tank model hydraulic parameters. The tank model based
on the optimized method should always seek less, not
more, model parameters. Thus, this research aims to
investigate the simple hydraulic phenomena under differ-
ent rainfall events based on physical tank experiments.
These investigations would help to construct the tank
model with less or limited parameters and a simple struc-
ture. In this study, physical tank experiments are employed
to investigate the relationships between rainfall events and
groundwater pressure ignoring the infiltration process in
the homogenous soil materials as the simulation of slope
mass during the rainfall events [14] (Figure 1), and only a
few parameters (rainfall and groundwater pressure) were
used to constrain the tank model for the estimation of pore
water pressure.
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TaBLE 1: Characters of the three typical tank models.

Type Characters of applications

Simple model; assumed low slope
angle; no surface runoff; negligible
lateral water flow supply

Simple tank model [9]

Considering surface runoff; requires
maximum infiltration rate test; less
lateral water flow supply

Surface runoff tank
model [10]

Increasing model complex;
relatively high error; any slope angle

Lateral water flow supply
tank model [11, 12]

2. Methods

2.1. Test Setup and Testing Materials

2.1.1. Physical Tank Models. A series of physical tank model
systems made of plexiglass was conducted, and the hydrolog-
ical behavior of a slope mass, representing a homogenous
hillslope, was investigated (Figure 1). In order to shape the
slope mass, the soil was filled inside the tank in layers of
5cm height. A plate squeezed the soil mass by applying
120N force to each soil layer (Figure 2).

2.1.2. Rainfall Simulator. For the purpose of rainfall simula-
tions, the rainfall intensity test and uniform degree test of
rainfall are necessary before the experiments. A water pump
was installed to increase water pressure and supply artificial
rainfall through nozzles (uniformity coefficient was ~0.87).
The pump can adjust the water pressure between the water
input and output by a pressure-increasing valve. The spray
nozzles can produce the uniform misty rainfall. A flowmeter
between the pump and nozzles steadily controlled the rainfall
intensity (10-250 ml/min) by a flow adjustment. A water
storage tank was used for the water supply. The level of water
inside the tank was measured with a ruler which was
placed on the edge of the tank. The rainfall simulator is
shown in Figure 3.

2.1.3. Rainfall Intensity Test. A simple tank with dimensions
of 300 x 300 x 300 mm was used in order to test the rainfall
intensity. The collected simulation rainfall in unit time is
compared to the calculated rainfall depending on the flow-
meter. The flow rates of the flowmeter were 15 to 120 ml/min
and the increment value was 15ml/min. Each test lasted
0.5 hr. The test results are shown in Figure 4.

2.1.4. Uniform Degree Test of Simulation Rainfall. Generally,
the uniformity coeflicient of a stable rainfall simulation
should be greater than 0.8 [16]. The uniform degree of
rainfall can be calculated as follows:

-

Il
—

, (1)

nx

where k is the uniformity coefficient, x; is the rainfall
at the measurement positions, x is the average rainfall
at the measurement positions, and n is the number of
measurement positions.
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FIGURE 1: Physical tank model experiments (P, P’, P1, and P2 are pore water pressure sensors): (a) simple tank model; (b) surface runoff tank

model; (c) lateral water flow supply tank model.

In this test, four measuring glasses were randomly placed
in the rainfall zone. The applied three rainfall events had
rainfall intensities of 25, 45, and 65mm/hr lasting for
30 min. The uniformity coefficients were calculated as 0.84,
0.88, and 0.90, respectively.

2.1.5. Pore Water Pressure and Drainage Records. To record
the pore water pressure, PWP, two pore water pressure trans-
ducers (model number CYY2, Xi’'an Weizheng Technology
Corp. Ltd., Xi’an, China) have been used. Each transducer
had a diameter of 3 cm, a height of 1.6 cm, and a measuring
range of +10kPa, with a deviation of 0.2%. A drainage line

on the right bottom of the physical tank model was prepared
to calculate the drained water. The water was collected using
measuring glasses. A video camera recorded the level of water
inside the measuring glasses during the test (Figure 5).
Calibration of pore water pressure transducers is neces-
sary before the experiments. A tank (300 x 300 x 700 mm)
was employed for the calibration of the pore water pressure
transducers. The transducers were placed in the bottom of
the tank. Every time a 3cm height of the water table was
added at the top of the tank, the monitoring value of the
transducers was recorded (the output of the transducers is
electric current). The graph of applied pore water pressure



F1GURE 2: Soil being filled into the tank model. Every 5 cm depth soil
layer is pressed by the flat.

values against the current values recorded by the PWP
transducers is shown in Figure 6.

2.1.6. Data Collection and Software. We used a data
acquisition system (Figure 7) (CKO1LOR-C20 type) that
adopts the RS485 communication interface, which supports
long-distance data transmission transferring the recorded
data by transducers to a computer. The system uses a
MODBUS-RTU protocol and has high data transmission
stability, versatility of the multichannel analog input, and
14-bit ADC precision. The collected data is an electric
current (0-20 mA) which comes from the transducers.

A software designed by VC++ displayed real-time data
and dynamic curves. The interface of the software is divided
into three main parts (Figure 8). The left top box represents
the real-time value of the water pressure, the top right part
produces the monitor data graphs, and in the lower part,
the original signals are displayed. The software functions
include defining the units, producing the monitor data graph,
recording data, and adjusting the monitoring time interval.

2.1.7. Testing Material. The soil material used in the experi-
ments was collected from the toe of Ming Mountain, near
the Yangtze River Bank, Chongqing, China (Figure 9). Ming
Mountain is located at the Three Gorges Reservoir Area,
where the average annual rainfall is 1074.6 mm and 70% of
the annual rainfall occurs between May and September.
The soil was relatively homogenous and consisted of
quaternary alluvial materials.

~500kg of soil materials was collected for conducting
experiments. The materials were sieved through a no. 4
(4.75mm) size sieve for removing the gallets. The soil’s
particle-size distribution curve is shown in Figure 10. The soil
is classified as silty clay in which 90% of particle-size concen-
trates are in a range of 0.1-0.4mm. The initial density of
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materials was determined as 1.82-1.85g/cm’, while the
saturated density was calculated as 2.04-2.07 g/cm’.

2.2. Experiment Procedures. In this study, three types of
conceptual tank models for three typical slopes were consid-
ered (Figure 1). Every test was conducted under similar initial
conditions, such as geometry (cuboid), material (silty clay),
moisture content, and initial groundwater level (PWP)
(0.6-0.75 kPa, deviation +3%). In each test, the PWP sensor
at the bottom of the tank recorded the changes of PWP
during the rainfall events. The measuring glass collected
the drainage.

2.2.1. Simple Tank Experiment. A total of 7 tests were con-
ducted applying the simple tank model. The experiments
included fixed and variable rainfall intensity-duration inputs
for the hydrology calculations which are given in Table 2. For
example, test 1 simulated a 25 mm/hr (36 min) rainfall event,
while test 4 simulated the rainfall events of 25mm/hr
(12 min), 65 mm/hr (12min), and 25 mm/hr (12 min). The
arrangements are aimed at testing the pore pressure under
different (variable) rainfall durations and intensities and
reconcile the theory with the experimental results.

2.2.2. Surface Runoff Tank Experiment. Surface runoff tank
experiments were conducted to investigate how the maxi-
mum infiltration rate controls the PWP production in the
slope mass by reducing rainfall infiltration. A total of 3 tests
were conducted at different rainfall intensities of 25, 45,
and 65 mm/hr, and each rain event last for 24 min as shown
in Table 3.

2.2.3. Lateral Water Flow Supply Tank Experiment. In
addition, two tests were conducted using the lateral water
flow supply tank experiment to investigate how lateral flow
affects the PWP in both tanks (Table 4). Test 1 simulated a
45 mm/hr (24 min) rainfall event, while test 2 simulated the
rainfall event of 65 mm/hr (36 min).

3. Results and Analysis

3.1. Simple Tank Experiment. The pore pressure is propor-
tional to the groundwater level, and the simple tank experi-
ment modal can be written as

i+1 i i

P (2)

d;=a-H, (3)

where H,,; and H; are the groundwater levels at time i+ 1
and i, respectively; r; and d; are the rainfall and drainage at
time i, respectively; and a is the parameter. Equations (2)
and (3) show the process of rainfall-triggered groundwater
pressure. For the model construction, understanding the
relation between two parameters of rainfall and drainage
can predict the changes of pore pressure. It is unnecessary
to know the process parameter clearly like water flow velocity
and suction. Figure 11 shows the PWP and drainage during
tests 1-7 (Table 2). The PWP in the whole processes can be
divided into three stages: (1) the initial stage without an
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obvious increase in PWP, (2) the second stage with a signifi-
cant increase in PWP due to the impact of infiltration, and
(3) the third stage with a decrease in PWP due to drainage.
Figure 11(a) represents the variation of PWP during the
experiment for tests 1 to 4. It can be observed that the peak
values of PWP varied from 0.7 to 1.6kPa, while the peak
times of PWP varied from 36 to 40min. Figure 11(b)
indicates the variation of PWP during the experiment for
tests 5 to 7. In these tests, the peak values of PWP changed
from 0.9 to 1.3 kPa while peak times of PWP changed from

30 to 40 min. On the other hand, Figures 11(c) and 11(d)
show the variation of drainage. The peak values of drainage
rates for tests 1 to 4 were determined from 10 to 50 ml/min
at the peak times from 30 to 50 min (Figure 11(c)), while
the peak values of drainage rates for tests 5 to 7 were
determined from 5 to 30 ml/min (Figure 11(d)) at the peak
times from 24 to 40min. It is found that the amount of
rainfall affects the value and time of the PWP peak. Simply,
a high rainfall value means a short time lag and a high value
of the PWP peak.

Figure 12(a) investigates the relation between PWP and
cumulative rainfall of test 3. In the initial stage, the value of
PWP due to cumulative rainfall was increased constantly
with a very small rate while at the second stage (increase
stage), a significant rise in PWP was observed. The PWP
decreased at the third stage (decrease stage) where the stage
involves the power or exponent function. Degrees of correla-
tions between PWP and cumulative rainfall in the initial,
increase, and decrease stages were 0.93, 0.96, and 0.92,
respectively. The relationship between drainage rate and
PWP in test 3 is given in Figure 12(b). The figure demon-
strates a linear relationship between PWP and the drain-
age rate with the correlation degree of 0.987. It can be
observed that a higher PWP caused a faster drainage than
a lower PWP.

From equation (2), H,,, and H; calculated by r; and d; are
not accurate due to the rainfall time lag in the soil mass,
while, in the original conceptual model, the tank model is
empty without materials. Thus, equation (2) has no consider-
ation of the time lag. The suggestion is adding a parameter
between pore pressures and rainfall drainage to reduce the
error. For shallow landslides, the time lag error may not be
as obvious as deep-seated landslides. For the drainage, due
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to the less time lag effect of groundwater level reduction in ~ where P,,, and P, are the pore pressures at times i + 1 and i,
the soil mass, equation (3) can basically describe the process  respectively; r; and d; are the rainfall and drainage at time i,
accurately. Thus, the improvement of the model based onthe  respectively; and al and a2 are the parameters.

pore pressure parameter can be written as

3.2. Surface Runoff Tank Experiment. For the surface run-
Py, =Pi=al-(r;=d;), d;=a2-P, (4)  off tank experiment, equation (5) would be added to
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describe the maximum infiltration rate limitation (infiltration
capacity):

H/i+1_Hi,:ii_di’ (5)
i =r,—b-s;, (6)
di:C'Hl{) (7)

where H',,, and H', are the groundwater tables at times i + 1
and i, respectively; r; and d; are the rainfall and drainage at
time i, respectively; b and c are the learning parameters; and
i; means the infiltration at time i. s; is the surface water runoft
at time i. For the model construction, compared to the simple
tank model, we just need to consider the infiltration capacity
which is mainly decided by the soil hydraulic property. It is
unnecessary to know the process parameter clearly like water
flow velocity and soil hydraulic property like permeability.
Thus, the distinct point between the simple and surface runoft
tank experiment is the infiltration capacity. The upper tank
has a limited infiltration ability realized by a downward
infiltration hole. In other words, if there is heavy rainfall, the
upper tank could drain some of the excess rain water as surface
runoff. Figure 13(a) shows the variation of PWP vs. time for
test numbers 1 to 3. It can be observed that peak values of
PWP were from 0.85 to 0.95kPa at the peak times of 45, 75,
and 80 min for 65, 45, and 25 mm/hr rainfall events, respec-
tively. As shown in Figure 13(a), the PWP under the 45 mm/hr
and 65 mm/hr rainfall events were lower than the PWP under
the same rainfall events during simple tank experiments
(Figure 11(a)). The surface runoff in Figure 13(b) shows that
infiltration thresholds controlled the rainfall surface runoft.
During the rainfall periods, the drainage rates were 60, 25,
and 7 ml/min for 65, 45, and 25 mm/hr rainfall events, respec-
tively. For the bottom drainage (Figure 13(c)), the results were
similar to the simple tank model, except that the maximum
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TaBLE 2: Experiment arrangements of the simple tank model.

Rainfall input intensity

No. (duration) Output objects
25 mm/hr (36 min) P; drainage
45 mm/hr (36 min) P; drainage
65 mm/hr (36 min) P; drainage
25 mm/hr (12 min),

4 65 mm/hr (12 min), P; drainage
25 mm/hr (12 min)
25 mm/hr (24 min) P; drainage
45 mm/hr (24 min) P; drainage
65 mm/hr (24 min) P; drainage

TaBLE 3: Experiments of surface runoff tank model.

Rainfall input-intensity

No. Output objects

(duration)
1 25 mm/hr (24 min) P’; drainage; surface runoff
2 45 mm/hr (24 min) P’; drainage; surface runoff
3 65 mm/hr (24 min) P’; drainage; surface runoff

TaBLE 4: Experiments of the surface runoff tank model.

No. Rainfall input intensity (duration) Output objects
45 mm/hr (24 min) P1; P2; drainage
2 65 mm/hr (24 min) P1; P2; drainage

infiltration reduced the amount of drainage. Peak values of
drainage rates were 2, 5, and 5ml/min for the 25, 45, and
65mm/hr rainfall events, respectively, and peak times of
drainage rates were 40, 60, and 63min for 65, 45, and
25mm/hr rainfall events, respectively. Figure 13(d) shows
the rate of infiltration vs. time. Two types of surface runoff
are distinguished: Hortonian overland flow occurs when pre-
cipitation exceeds the infiltration rate. Saturated overland
flow occurs when the soil has reached complete saturation.
It takes 3, 5, and 9 min to make the surface soil become sat-
urated for 25, 45, and 65 mm/hr rainfall events, respectively.
Then, the saturated overland flow occurs; thus, all the three
rainfall infiltrations are limited around 38 ml/min. It can be
seen that the maximum infiltration rate was about 38 ml/min
for the 25, 45, and 65mm/hr rainfall events and this indi-
cates that the maximum hydraulic conductivity could be
around 38 ml/min at the soil surface (the thin soil layer in
the upper tank).

From equation (5), H,,, and H; calculated by i; and d,
are still not accurate due to the rainfall time lag in the soil
mass. Using i; not r; is necessary to reduce the error
including the infiltration rate and time lag, while, in the
original conceptual model, the tank model is empty with-
out materials. Thus, equation (5) did not include the time
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lag. The suggestion is adding a parameter between pore
pressures and infiltration to reduce the error. A parameter,
b, between rainfall and surface runoff is used to adjust the
water balance between infiltration and rainfall in equation
(6). For the drainage, due to the less time lag effect of the
groundwater level reduction in the soil mass, equation (7)
can describe the process accurately. Considering the surface
runoff, only two parameters a’ and b need to be determined
by observing the rainfall, drainage, and pore pressure.
Thus, it is a straightforward method. The improvement

of the model based on the pore pressure parameter can
be written as
! ! .
Py = Pi=bl-(i; = dy),

d;=b2-P, (8)

where P',; and P'; are the pore pressures at times i+ 1
and i, respectively; d; is the rainfall and drainage at time
i; bl and b2 are the learning parameters; and i; means
the infiltration at time i.
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3.3. Lateral Water Flow Supply Tank Experiment. If the
lateral water flow supply is considered, two tank models
are necessary for calculation. The conceptual tank model
could be

Hyjy —Hy =1 - (Hy; - Hy),

©)

(10)
(11)

where H,;,;) and Hare the groundwater tables of the left
tank at times i+ 1 and i, respectively; H,,,) and H,; are

the groundwater tables of the right tank at times i + 1 and i,
respectively; r; and d; are the rainfall and drainage at time i,
respectively; and d is the learning parameter. For the model
construction, compared to the simple tank model, the lateral
water flow balance needs to be considered which is mainly
dictated by the difference of the pore pressures of both sides.
It is unnecessary to know the process parameter clearly like
water flow velocity and soil property like permeability.
Lateral water flow supply complicates the calculation of the
groundwater table especially due to the coupling of the infil-
tration time lags. Figure 14 illustrates the monitoring data
from the PWP sensors and the drainage hole in the lateral
water flow supply tank model. From Figure 14(a), it can be
observed that the PWP of the right (higher) tank model
(P1) increased from -0.1 to 1 and from -0.5 to 2 kPa for the
45 and 65mm/hr rainfall events, respectively. However,
PWP for the right (lower) tank model (P2) was increased
from 0.5 to 1.25 and from 0.5 to 2kPa for the 45 and
65 mm/hr rainfall events, respectively. The maximum values
of PWP for both P1 and P2 occurred after 40 to 50 min of the
test. The figure shows that the PWP of the right (lower) tank
model (P2) firstly begin to increase due to the water supply
from the left (higher) tank model. The left tank model as

Hyipy —Hyi =13 - (Hy; = Hy)s

d;=d-H,,

the water supplier mostly affects the right one, although in
the beginning, the right one could offer some water to the left
one conversely (as shown in Figure 1(c), the right tank’s short
vertical infiltration path could produce a higher groundwater
table than that of the left tank in the beginning). The
recorded drainage rates during the test are presented in
Figure 14(b). The peak values of the drainage rates are 13
and 45ml/min for the 45 and 65 mm/hr rainfall events,
respectively, which occurred at 35min after the beginning
of the test for both rainfall events.

From equation (9), H,(;,,) and H,; can be calculated by r,
and the lateral water flow supply which is mainly decided by
the difference of the pore pressures in both tanks. From
equation (10), Hy,,) and H,; can be calculated by r; and

the lateral water flow supply which is also mainly decided
by the difference of the pore pressures in both tanks. As the
lateral water flow is under the saturation state, the time lag
effect is not obvious, while, in original conceptual model,
the tank model is empty without materials. Thus, equations
(9) and (10) are suggested to add two parameters (cl1 and
c2) between the groundwater pore pressures and lateral
water flow pore pressures (Equations (12) and (13)). Con-
sidering the surface runoff, only two parameters a and b
need to be determined by observing the rainfall, drainage,
and pore pressure. Thus, it is a straightforward method.
The improvement of the model based on the pore pressure
parameter can be written as

Py = Pyy=r;—cl- (P; - Py),

(12)

(13)
(14)

i+1
Pyisny —Py=ri =2 (P}; = Py),

d;=c3-Py,

where P,;,;) and Pjare the pore pressures of the left
tank at times i+ 1 and i, respectively; P,,,) and P, are
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the pore pressures of the right tank at times i+ 1 and
i, respectively; r; and d; are the rainfall and drainage
at time i, respectively; and cl, ¢2, and ¢3 are the
parameters.

4. Conclusions

Changes of PWP are controlled by the balancing among
the rainfall infiltration, water flow supply, and the drain-
age. The relationships between PWP on the bottom of
the tank, drainage, and rainfall based on three kinds of
physical models (the simple tank model, surface runoff
tank model, and water flow supply tank model) were
investigated. Drainage processes under different rainfall

events were also deciphered. Some conclusions are as
follows:

(1) The amount of rainfall affects the value and time of
PWP peak. Simply, a high rainfall value means a
short time lag and a high value of the PWP peak.
PWP decreases the effective stress and changes the
stress state in the soil that eventually leads to slope
failure. In addition, rainfall infiltration replaces the
air in the void spaces with water. Since water is
heavier than air, this will increase the soil weight.
Greater weight means higher stress and being prone
to be dragged down by gravity, leading to slope
instability. As a result, the increase in the peak PWP
will increase the damage to the slope engineering
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Traditional slope stability analysis mostly adopts the limit equilibrium method, which predetermines the slope failure surface and
assumes that failure occurs simultaneously at all points of the failure surface. The method is based on the balance of forces and
torques. The slope stability is represented by the factor of safety. The lowest factor of safety obtained after repeated analysis
indicates the most failure-prone slope surface. However, the factor of safety for only one slope failure surface is obtained when
applying this method. The distribution and changes of factor of safety in the interior of the slope are not identified. In addition,
the analysis of factor of safety is influenced by the uncertainty in soil mechanical parameters, whereas uncertainty is not
quantified in the traditional deterministic analysis. Therefore, a probabilistic approach, which uses the probability distribution
function to explain the randomness of parameters, is proposed for quantifying the uncertainty. Nonetheless, when the
observation data are not sufficient for determining the probability distribution function, the fuzzy theory can be an alternative
method for the analysis. The fuzzy theory is based on fuzzy sets. It expresses the ambiguity of incomplete sets of information
using a membership function. Moreover, a correct judgment can be made without verbose iterations. Hence, the aim of this
study is to examine the uncertainty in soil mechanical parameters. The membership functions between soil mechanical
parameters, i.e., cohesion and angle of internal friction, were constructed based on the fuzzy theory. The fuzzy point estimation
was used in combination with the hydrologic and mechanical coupling model on HYDRUS 2D and the Slope Cube Module.
The local factor of safety at different depths of the slope was determined using the local factor of safety theory. The probability
of failure at different depths was calculated through reliability analysis, which could serve as an early warning for subsequent
slope failures.

1. Introduction

Slope stability is affected by intrinsic and triggering factors.
The intrinsic factors include soil, groundwater, vegetation,
slope gradient, and lithology. The triggering factors include
volcanic eruptions, earthquakes, and rainfall. A common
trigger for natural slopes is rainfall [1-8]. Rainfall-induced
slope failures are usually shallow, with a depth of failure
not exceeding three meters, and they likely occur on slopes
with a gradient of 30” to 40° [9]. Lu and Godt [10] suggested
that the failure mechanism for rainfall-induced shallow
failures is that, as the rainfall infiltrates into the soil, the soil
matric suction declines and the pore pressure rises positively.
As the soil matric suction decreases, there would be a

nonlinear drop in soil shear strength. Hence, when the soil
is nearly saturated, the matric suction approaches zero,
resulting in slope instability and further inducing disasters
such as landslides and debris flow.

Studies related to rainfall-induced slope failure can be
divided into three types according to their theoretical basis:
statistical-model-based [4, 11-19], contributing factor
[20-24], and physical-model-based analyses [5, 25-31].
Among them, the physical-model-based analysis coupled
with hydromechanical mechanism models has overcome
the excessive dependence of statistical models on rainfall
data. The method can describe the hydromechanical changes
caused by transient rainfall in the interior of the slope, as well
as the associated failure mechanism. With its higher
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predictive power and capability of quantifying the effect of
each parameter on slope stability [32], the method is now
widely used. Nevertheless, the analytical process is limited
by uncertainty caused by measurement error, spatial variabil-
ity, and limited information [33]. The result of slope stability
analysis may deviate from reality owing to the uncertainty in
model parameters [34].

Therefore, probabilistic analysis is used to quantify the
uncertainty [7, 35-39]. Nawari and Liang [40] and Giasi
et al. [41] suggested that an adequate number of reliable
observation values are required for probabilistic analysis.
Precise mean values and standard deviations are derived
from the observation values to construct a reasonable
probability density function [42]. In addition, Juang (in
1998) and Nawari and Liang [40] proposed that the uncer-
tainty in parameters may be nonstochastic. Previous
studies have shown that, when the data available are not
sufficient for defining the probability density function,
the uncertainty in rock mass parameters can be expressed
effectively with the use of a fuzzy set [43, 44]. This
method has been applied to some of the cases for slope
stability analysis [30, 41, 45-48].

Traditional slope stability analysis adopts the limit
equilibrium analysis, which discretizes the potential sliding
soil mass into smaller vertical slices without considering
soil deformation. It assumes that failure occurs simulta-
neously at all points of the failure surface. This method
is based on the balance of forces and torques. The slope
stability is represented by the factor of safety. Various ana-
Iytical methods have been developed based on different
assumptions on the balance of forces [49-52]. In recent
years, the finite element method has been widely applied
to slope stability analysis in order to calculate the factor
of safety in slopes with high complexity (complex geome-
tries, boundaries, and loading conditions) and to investi-
gate the stress—strain relationship in soil [53-58]. Liu
and Shao [59] introduced the finite element limit equilib-
rium analysis, which combines the limit equilibrium anal-
ysis and finite element analysis. It is used to examine the
slope stability and evaluate the breaking load of a rigid
foundation and retaining wall.

The above analytical methods based on the balance of
forces or on the stress field usually seek a single general slope
stability index. Hence, it is almost impossible to identify the
changes in pore water pressure and effective stress owing to
rainfall infiltration, or the actual slope failure surface and
its geometry. Therefore, Lu et al. [60] proposed the theory
of local factor of safety (LFS), which can calculate the factor
of safety at discrete points in the soil mass and describe the
geometry and position of the potential failure surface. Pre-
vious studies have revealed that the factor of safety (prob-
ability of failure) is highly dependent on the coeflicient of
correlation between cohesion and angle of internal friction
[61-63]. It has been shown that the two parameters are
not independent of each other and that the correlation
between them is mostly negative [64-67]. Jiang et al.
[63] noted that, when analyzing the probability of failure,
a significant deviation may occur if we assume an indepen-
dent relationship between cohesion and angle of internal
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friction (i.e., no correlation). Aladejare and Wang [68] also
pointed out that neglecting the coeflicient of correlation
between cohesion and angle of internal friction may result
in an order-of-magnitude difference in the result of the
analysis. Moreover, the factor of safety does not necessar-
ily reflect the actual safety level. With the use of reliability
analysis, considering the variability of variables and calcu-
lating the probability of failure and reliability index will
provide a more valid representation of the reliability of
slope stability.

Hence, the aim of this study is to examine the uncertainty
in soil mechanical parameters. The membership functions
for the soil mechanical parameters, i.e., cohesion and angle
of internal friction, were constructed based on the fuzzy the-
ory. The fuzzy point estimation was used in combination
with the hydromechanical coupling model on HYDRUS 2D
and the Slope Cube Module. The local factor of safety at dif-
ferent depths of the slope was determined. The probability of
failure at different depths was calculated through reliability
analysis, which could serve as an early warning for subse-
quent slope failures.

2. Materials and Methods

2.1. Seepage Analysis. In this study, the analytic solution of
transient seepage in an unsaturated layer developed by
Simtinek et al. [69] based on the Richards equation was
used as the governing equation of the two-dimensional
seepage as follows:

26(1,,)
ot

=V-K(h,)VH + W, (1)

where 0 is the volumetric water content (-), ¢ is the time
(T), h,, is the pore water pressure or hydraulic head (L),
H is the total head (L), W is the source or sink (L*T!),
K(h,,) is the hydraulic conductivity function (HCF) that
varies with the pore water pressure (LT™'), and 6(h,,) is
the volumetric water content that varies with the pore
pressure in the soil-water retention curve (SWRC) (-).

The soil water content and HCF of an unsaturated
zone vary with the hydraulic head and are highly nonlin-
ear. In this study, the relationship between soil water con-
tent and matric suction was predicted using the closed-
form analytic solution proposed by van Genuchten [70]
(see equation (2)). It is also referred to as the SWRC.
Based on the SWRC, Mualem [71] introduced the HCF
for unsaturated layers (see equation (3)).

6,0,
0(h) =0, + T+ (@h)y T (2)
K=&$P—0—$Wﬂr, (3)

where 0, is the saturated soil water content (-), 0, is the
residual soil water content (-), h is the matric suction
(ML™'T™?), a is the reciprocal correlation of the air-
entry value (M"!LT?), n is related to the SWRC gradient
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(=), K, is the hydraulic conductivity in saturated soil (LT™"),
m=1-1/n,lis the coeflicient of correlation of soil porosity
(=), and S, is the equivalent degree of saturation (-),
shown as

S,=—r. (4)

2.2. Principle of Effective Stress in Unsaturated Soil. We
adopted the principle of effective stress proposed by Lu
and Likos [72], which unified the possible physical and
chemical interparticle mechanisms in soil and proposed
the concept of suction stress. The effective stress based
on the concept of suction stress is shown as follows [73]:

0'=0—uu—05, (5)
0 ==0.==0¢p = Opc~ S(ua - uw)’ (6)

where ¢° is the suction stress (ML™'T?), o, is the Born
repulsive force (ML7!T7?), Oup is the capillary force
(ML'T7?), Oy is the combined van der Waals attractive

force and electric double-layer force (ML™'T™2), S is the
degree of saturation in the soil (=), and (u, —u,,) is also
the matric suction (ML™'T?). The matric suction, capil-
lary force, van der Waals attractive force, and electric
double-layer force balance the Born repulsive force in the
soil. However, as the grain size of the soil increases, the
effect of the van der Waals attractive force and electric
double-layer force becomes negligible.

As each of the stress components in soil can be expressed
as a function of matric suction (u, — u,,), degree of saturation
S, and water content 0, and as the suction stress in soil is
mainly controlled by the soil water content, Lu et al. [74]
derived the suction stress characteristic curve (SSCC) from
the soil-water characteristic curve, based on the principle of
thermodynamics and by considering suction stress as the
energy stored in the pedon. The following analytical solution
is shown:

where S, is the equivalent degree of saturation (-), S, is the
residual saturation (-), 0 is the soil water content (-), 0, is
the saturated soil water content (-), and 9, is the residual soil
water content (-). Moreover, van Genuchten [70] calculated
the equivalent degree of saturation using the following
closed-form equation:

1

%:'1—81:{1+mu%—umr}kui ©

where « and n are fitting parameters correlated to the air-
entry value of SWRC and the gradient, respectively. There-
fore, the suction stress can be expressed in the following

FIGURE 1: Conceptual illustration of the local factor of safety [60].

forms. The change in soil suction stress with water content
can be illustrated by estimating the SSCC:

o' =— (ua B uw) ,
{1+ [or(ut, =, )]}

©)

of = _% (Senll—n _ 1)1/”.

2.3. Theory of Local Factor of Safety. The local factor of safety
is based on the Mohr-Coulomb failure criterion, and is
defined by the ratio between the potential Coulomb stress
and the current Coulomb stress as follows:

T %
LFS= —, 10
- (10)

where 7% is the potential Coulomb stress and 7 is the
current Coulomb stress. The theory is illustrated in
Figure 1, in which the current state of stress in the soil
is represented by the realization of Mohr’s circle. The
shear stress 7 acting on the soil when a failure occurs is
obtained by translating Mohr’s circle to the Mohr-Coulomb
failure envelope. When the effective stress of the soil
decreases owing to the increase in water content, Mohr’s cir-
cle is translated leftward, during which its size is almost
unchanged. By extending the Coulomb stress, the potential
Coulomb stress 7 # at the intersection point of Mohr’s circle
and the Mohr-Coulomb failure envelope (point B) is deter-
mined. The local factor of safety is obtained by the calcula-
tion of similar triangles as follows:

T * BE_AE

tps= =% - BE_AE (11)
T CD AD
¢ o+a}
BE:AEsin(p:<t 123>><sin<p
an @ (12)

!
- [Zc' + (ai +a;) tan go] X COSZ(P ,
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FiGure 2: Illustration of the slope conceptual model.

F1GURk 3: Illustration of the slope model grid.

where ¢’ is the effective cohesion of the soil, ¢’ is the effective
angle of friction of the soil, and o] and o} are the maximum
and minimum effective stresses of the soil, respectively.

The following expression of LFS can be derived from
equations (11) and (12):

T * COoS
LEs= 10 oS8P [2c' + (o{ +a§) tan (p’]. (13)
T  0,-0;

Substituting equation (5) into equation (13) gives

LES= = _ o8 ¢
T 0,-0;

[Zc’ + (0, + 05 - 20,) tan <p'} . (14)

Using modeling and finite element analysis, we can ana-
lyze the effect of changes in water content or suction stress
on the stability of soil units at different locations or depths
of the slope.

2.4. Fuzzy Theory. The fuzzy theory is also called the fuzzy set
theory. The fuzzy number is a special case in a fuzzy set. If no
assumption is specified (when limited data are available), the

fuzzy number is assumed to be triangular and comprises
maximum (a), minimum (b), and modal or peak (m) values.
The maximum and minimum values of a fuzzy number can
be expressed as

x,=m—ko,,
(15)

x,=m+ko,.

The k-value is determined by the actual engineering situ-
ation of the slope and ranges between 0.5 and 3 [45]. The
larger the k-value, the larger is the scope of distribution of
the mechanical parameter, and hence, the lower is the reli-
ability of the selected parameter, and vice versa. In this study,
the k-value was considered to be 2.

Fuzzy point estimation combines the vertex method and
the point estimate method. The vertex method was proposed
by Dong and Shah [75]. The method is based on a-cut and
interval analysis. It computes combinations of vertices of
the variables, which replace the membership functions as
an input variable. Therefore, given N membership functions
of the input variables, there would be 2N combinations of
vertices. The point estimate method developed by
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Rosenblueth [76] evaluates the uncertainty parameters of a
performance function. The mean value and standard devi-
ation of a performance function are assessed using a two-
point estimate. The upper limits of variables obtained
from the a-cut sets are (c*,c}) and (¢%,¢{). Four sets
of vertex combinations are derived through modeling to
yield four sets of output values (FS__,FS_,,FS, ,ES,.).
The contributions of each a-cut set value to the result
are compared. In this study, we adopted the concept of
fuzzy weighted average. The mean value and standard
deviation of the factor of safety are illustrated below:

E[FS] = 2, aFS,
Z?ﬁlai ’
ZM 22” FSZ (16)
i= =1%oy,
o?[FS)| = S22 T Y pRg),

M
Yin1%

where M is the number of a-cut sets. Nine a-cut sets
ranging from 0.1 to 0.9 were considered in this study.
The probability of failure was calculated from the reliabil-
ity index [77] assuming a normally distributed factor of
safety. Therefore, the reliability index is normally distributed.
The reliability index f3 and the probability of failure (P;) can

be represented as follows:

g EIFS =1

Ogs (17)
Py = 1-0(B) = O(-p).

3. Results and Discussion

In this study, a two-dimensional numerical model was devel-
oped using HYDRUS 2D. We performed a transient seepage
analysis based on the seepage theory proposed by Richards
(1931). The Slope Cube Module was used to examine the
stress change experienced by the soil. Slope stability analysis
was performed using the local factor of safety theory. The
probability of failure at different depths of the slope was cal-
culated through reliability analysis. The slope is 18 m high,
with a slope angle of 40°. Figure 2 illustrates the conceptual
model of the slope. BCDE is the boundary of rainfall infiltra-
tion, AG and HF define the hydraulic head boundaries, and
BG, EH, and AF are the zero-flow boundaries. Observation
surfaces were set at the top, middle, and toe of the slope,
whereas observation points were installed at the middle part
of the slope. As shown in Figure 3, the grid consists of 5,661
nodes and 11,524 elements. We simulated the rainfall inten-
sity with reference to the data from the Alishan Weather Sta-
tion where the greatest rainfall was recorded during the 2009
Typhoon Morakot. The recorded 48h cumulative rainfall
was 2,361 mm. The simulation duration was set to 48 h and
the rainfall intensity was set to 49.18 mm/h.

We have considered loam and silt as examples in this
study. The soil hydraulic properties and mechanical parame-
ters are listed in Tables 1 and 2. Using the empirical formula
developed by van Genuchten [70], we estimated the SWRC

TasLE 1: Hydraulic properties of soil (Carsel and Parrish, 1988).

Soil type 0, 0. oc(kPa'l) n(=) K, (m/sec)
Loam 043  0.078 0.36 1.56 3.0x107°
Silt 046  0.034 0.16 1.37 7.0%x1077

TaBLE 2: Mechanical properties of soil (MnDOT Pavement Design
Manual, 2007).

Soil type G, (-) c (kPa) ¢ () E (kPa) v(-)
Loam 2.65 10 35 15,000 0.30
Silt 2.70 15 30 10,000 0.35

and the HCF. The hydraulic characteristics of loam and silt
are shown in Figure 4.

The variables in this study include cohesion and the angle
of internal friction. The values from Table 2 were considered
as the mean. The equations for triangular fuzzy numbers are
as follows:

x.=TFN[m, - 20, m_, m_+ 20 ]
=TEN[m_ - 2(m, X cov,), m,, m,

+2(m, x cov,)),

(18)

x,=TFN [m(P =20, M, m, + 2%}

=TEN [m(P - 2(m¢ X cov(P), My, m,

+2(m, x cov,,)].

The degree of variation of parameters is described by
the coeflicient of variation (cov =o/u). The larger the cov,
the greater is the degree of variation. The cov value of cohe-
sion is approximately 25-30%, and that of the angle of
internal friction is approximately 10-20% [33, 78, 79]. We
have selected the maximum values for cov, which are 30%
for cohesion and 20% for the angle of internal friction, to
construct the triangular fuzzy numbers. The triangular
fuzzy numbers for loam and silt are presented in
Figures 5 and 6, respectively. The a-cut values are listed
in Table 3.

3.1. Comparison of Probability of Failure for Different Types
of Soil. In this study, the correlation between cohesion and
angle of internal friction (p=0) was not considered. With
the use of a-cut sets, combinations with different degrees
of membership were computed for modeling. We calcu-
lated the factor of safety and reliability index of loam
and silt using data from the observation points at the mid-
dle of the slope under the same rainfall condition. Their
relationship with the degree of membership is shown in
Figure 7. The factor of safety of loam fluctuated within
(1.2435, 1.3135) whereas that of silt fluctuated within
(1.5588, 1.6225). For loam, the fuzzy reliability is deter-
mined to be 1.3357, and the probability of failure is
0.0908. For silt, the fuzzy reliability is determined to be
2.2299, and the probability of failure is 0.0129.
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TaBLE 3: a-Cut value of loam soil and silt soil.

a-Cut Loam soil Silt soil
c— ¢+ ¢- @+ c- c+  9— @+

0.1 6.40 13.60 16.10 5390 9.60 20.40 13.80 46.20
0.2 6.80 13.20 1820 51.80 10.20 19.80 15.60 44.40
0.3 720 12.80 20.30 49.70 10.80 19.20 17.40 42.60
0.4 7.60 1240 22.40 47.60 11.40 18.60 19.20 40.80
0.5 8.00 12.00 24.50 45.50 12.00 18.00 21.00 39.00
0.6 8.40 11.60 26.60 4340 12.60 17.40 22.80 37.20
0.7 8.80 11.20 28.70 41.30 13.20 16.80 24.60 35.40
0.8 9.20 10.80 30.80 39.20 13.80 16.20 26.40 33.60
0.9 9.60 1040 3290 37.10 14.40 15.60 28.20 31.80

As the coeflicient of permeability for loam was greater
than that for silt in this study, the rainfall was likely to infil-
trate into the interior of the slope, increasing the suction
stress while decreasing the effective stress on the interior of
the slope. Consequently, after 48 h of sustained rainfall, the
factor of safety of loam was lower than that of silt at the
observation points. The reliability index analysis reveals that,
as the degree of membership increases, the reliability index
increases. The results obtained from the observation points
on the slope indicate that the probability of failure of a loam
slope is 7.79% higher than that of a silt slope.
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FIGURE 7: Average LFS, reliability index, and membership at
observation points in the loam and silt soil slopes.

3.2. Comparison of Probability of Failure at Different Times.
We investigated the change in suction stress owing to the
change in soil water content in the slope at different times,
as well as the change in the probability of failure after a sus-
tained infiltration of rainfall into the interior of the soil.
Observations were obtained at the 12th, 24th, and 48th
hours. The variations in water content, suction stress, and
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F1GURE 8: Results of water content, suction stress, and failure probability in the loam slope at 0, 12, 24, and 48 hours under rainfall conditions
(a) at the top of the slope, (b) middle of the slope, and (c) toe of the slope.
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FIGURE 9: Results of water content, suction stress, and failure probability in the silt slope at 0, 12, 24, and 48 hours under rainfall
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conditions (a) at the top of the slope, (b) middle of the slope, and (c) toe of the slope.
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FIGURE 10: Results of water content and suction stress in different soil slopes at 48 hours under rainfall conditions: (a) water content
distribution in the loam slope; (b) suction stress distribution in the loam slope; (c) water content distribution in the silt slope; (d) suction

stress distribution in the silt slope.

the probability of failure of loam and silt at the top, middle,
and toe of the slope are presented as follows:

In the loam soil slope, under the effect of sustained rain-
fall infiltration, the rainfall intensity exceeded the coefficient
of permeability. Consequently, at the 12th hour, the surface
layer of loam approached saturation with a water content of
0.43. As shown in Figure 8, the thickness of the soil moisture
belt at the 48th hour was 2.74 m at the top, 2.95 m at the mid-
dle, and 2.29 m at the toe of the slope. As the soil water con-
tent increased, the soil suction stress increased. At the 48th
hour, the increase in suction stress was 18.40 kPa at the top,
14.08 kPa at the middle, and 10.88 kPa at the toe of the slope.
Analysis of probability of failure reveals that there was a low
probability of failure at the top of the slope. At the middle
and toe of the slope, the greatest change in the probability
of failure was observed to be on the soil surface. Such changes
decreased with depth. The probability of failure of the loam
slope varied with time. At the middle of the slope, it increased

by 60.56% at the 12th hour, by 65.13% at the 24th hour, and
by 67.34% at the 48th hour. At the toe of the slope, it
increased by 20.97% at the 12th hour, by 21.93% at the
24th hour, and by 22.09% at the 48th hour.

In the silt soil slope, under the effect of sustained rain-
fall infiltration, the rainfall intensity exceeded the coeffi-
cient of permeability. Therefore, the surface layer of silt
approached saturation, with a water content of 0.46 at
the 12th hour. Figure 9 illustrates that the thickness of
the soil moisture belt was 1.54m at the top, 2.44m at
the middle, and 1.67m at the toe of the slope. Changes
in suction stress were determined to be 55.53kPa at the
top, 38.00kPa at the middle, and 26.46kPa at the toe of
the slope. Analysis of probability of failure showed that
there was a low probability of failure at the top of the
slope. At the middle and toe of the slope, the greatest
change in the probability of failure was observed to be
on the soil surface. Such changes decreased with depth.
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FIGURE 11: Results of slope failure probability in different soil slopes at 0, 24, and 48 hours under rainfall conditions: (a) 0 hours in the loam
slope; (b) 24 hours in the loam slope; (c) 48 hours in the loam slope; (d) 0 hours in the silt slope; (€) 24 hours in the silt slope; (f) 48 hours in

the silt slope.

The probability of failure of the silt slope varied with time.
It increased by 32.86% at the 12th hour, by 42.07% at the
24th hour, and by 47.72% at the 48th hour. At the toe of
the slope, it increased by 56.51% at the 12th hour, by
60.00% at the 24th hour, and by 61.63% at the 48th hour.

We observed that a greater change in probability of fail-
ure is associated with the infiltration depth and variation in
suction stress. The variation of suction stress on the surface
layer of silt was greater than that of loam. Nevertheless, the

coefficient of permeability was lower for silt, limiting the
rainfall infiltration depth. Consequently, under the same
rainfall condition, the depth of the moisture band in silt
was shallower than that of loam, as shown in Figures 10(a)
and 10(c). Therefore, surface runoff owing to rainfall is likely
to be formed in silt. As the suction stress of a slope is influ-
enced by the depth of the moisture band, the effect of suction
stress extended deeper in loam (Figure 10(b)) than in silt
(Figure 10(d)). As the duration of rainfall increased, the
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F1GURE 12: Effect of parameter correlation on slope failure probability at the following observation points (at 48 hours): (a) observation point
at the middle in the loam slope; (b) observation point at the toe in the loam slope; (c) observation point at the middle in the silt slope; (d)

observation point at the toe in the silt slope.

probability of failure of the slope increased from the toe
toward the middle of the slope. Figure 11 shows that the
middle of the slope was affected by rainfall infiltration and
recharge from the top of the slope simultaneously. Therefore,
the probability of failure increased with time. Overall, after
48 h of rainfall, the area of the loam slope in which the prob-
ability of failure was greater than 50% was approximately
twice as large as that of the silt slope.

3.3. Effect of Parameter Correlation on the Probability of
Failure. We assessed the effect of the coefficient of correlation
of the parameters on the probability of failure. The top of the
slope was not investigated because of its low probability of
failure. Only the middle and toe of the slope were discussed.
Previous studies have reported a correlation between cohe-
sion and the angle of internal friction and that the correlation
is mostly negative [64-66, 80]. In this study, the analysis of
loam and silt slope stability reveals that (at the 48th hour)
the stronger the negative correlation between the mechanical
parameters the lower is the probability of failure. Observa-
tion points situated one meter below the surface at the middle
and toe of the slope suggest a linear relationship between the

probability of failure and correlation coefficient. Figure 12
illustrates the differences in the computed probability of
failure when considering a negative coefficient of 0.8 (com-
pared to that without considering the correlation). In the
loam slope, the probability of failure decreases by 0.9% at
the middle and by 0.7% at the toe of the slope. In the silt
slope, the probability of failure decreases by 0.2% at the
middle and by 0.5% at the toe of the slope. This is consistent
with the observation of Aladejare and Wang [68] that when
the correlation between mechanical parameters is ignored,
the probability of failure obtained from the reliability analysis
might be overestimated.

4. Conclusion

In this study, we have examined the uncertainty in parame-
ters. Fuzzy transform was performed on the cohesion and
the angle of internal friction. Fuzzy point estimation was
used in combination with the hydromechanical coupling
model on HYDRUS 2D and the Slope Cube Module to exam-
ine the slope stability. The result shows that the fuzzy theory
can effectively evaluate the fluctuation interval, mean, and
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standard deviation of the factor of safety and the reliability
index. The probability of failure in the interior of the slope
was computed through reliability analysis. At our observa-
tion points on the loam slope, the fuzzy reliability of loam
was determined to be 1.3357, and the probability of failure
was 0.0908. For silt, the fuzzy reliability was observed to be
2.2299, and the probability of failure was 0.0129. The results
of the slope failure mechanism investigation is that, after
rainfall infiltrates into the soil, the change in water content
causes an increase in suction stress (a decrease in its absolute
value). The resulting decrease in soil effective stress leads to
slope instability. It has been determined in this study that
the change in the probability of failure is spatially related to
the depth of the moisture band caused by the soil hydraulic
conductivity and to the suction stress change controlled by
the water content. After 48hr of rainfall, the infiltration
depth into the loam slope was deeper than that into the silt
slope. The area of the loam slope in which the probability
of failure exceeded 50% was approximately twice as large as
that of the silt slope. It suggests that, as the rainfall infiltrates
deeper, the area of instability in the slope increases. This
study was also aimed at determining the effect of correlation
between the parameters on the probability of failure. It was
shown that a stronger negative correlation between the
mechanical parameters yields a lower calculated probability
of failure when performing slope stability analysis. When
the correlation was considered, the computed probability of
failure at observed points decreased by <1%. It suggests that
the correlation between parameters may be ignored when a
conservative estimate of slope stability is required.
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Filling of Xiangjiaba Reservoir Lake in the Southwest China triggered and reactivated numerous landslides due to water fluctuation.
In order to understand the relationship between reservoirs and slope instability, a typical reservoir landslide (Dasha landslide) at the
right bank of Jinsha River was selected as a case study for in-depth investigations. The detailed field investigations were carried out
to identify the landslide with respect to its surroundings and to find out the slip surface. Boreholes were drilled to find out the
subsurface lithology and the depth of failure of Dasha landslide. The in situ geotechnical tests were performed, and the soil
samples from exposed slip surface were retrieved for geotechnical laboratory analysis. Finally, stability analysis was done using
the 3D strength reduction method under different conditions of reservoir water level fluctuations and rainfall conditions. The
in-depth investigations show that the Dasha landslide is a bedding rockslide which was once activated in 1986. The topography
of Dasha landslide is relatively flat, while the back scarp and local terrain is relatively steep. The total volume of landslides is
about 580 x 10* m® with an average thickness of 20 m. Bedrock in the landslide area is composed of Suining Formation of the
Jurassic age. The main rock type is silty mudstone with sandstone, and the bedding orientation is 300~310° 2 7~22°. The factor
of safety (FOS) of Dasha landslide obtained by 3D strength reduction cannot meet the minimum safety requirement under the

working condition of reservoir level fluctuation as designed, with effect of rainfall and rapid drawdown.

1. Introduction

Landslides are common natural hazards which include a
wide range of ground movement, such as rockfalls, deep
failure of slopes, and shallow debris flows, which can occur
in offshore, coastal, and onshore environments. Although
gravity is the primary driving force for a landslide to occur,
there are other contributing factors affecting the original
slope stability.

Various studies have been done on reservoir slopes; how-
ever, there are two common factors which are always taken
into consideration which include the effect of reservoir water
on the slope and the corresponding effect of landslide on res-
ervoir if slope fails. Particular considerations include the fol-
lowing: (i) reservoir slopes are subjected to load changes as a

result of inundation when the reservoir is filled and subse-
quently as a result of variations in lake level during operations,
(ii) the reservoir impounding affects the slope material proper-
ties and generates more adverse groundwater conditions than
previously existed within the slope, creating reservoir-specific
changes that can lead to instability, and (iii) the reservoir can
increase the probability and consequences of failure, which
may include total or partial blockage of the reservoir, the pos-
sibility of damaging impulse waves which may have effects
that extend beyond the reservoir [1].

Until 1963, the reservoir landslides were not studied in
depth, and the first detailed studied landslide (Vaiont land-
slides in Italy) became the benchmark for reservoir slopes
studies. It is found that maximum large reservoir landslides
are the old reactivated landslides [1]. Maximum landslides
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FiGure 1: Topography of the reservoir area.

reactivate during the reservoir impoundment period or just
after completion of the reservoir construction [2].

There are several studies found on Chinese reservoir land-
slides with different sets of objectives and outcomes (e.g.,
[3-13]). Various studies have been carried out in the Xiang-
jiaba reservoir area [14-16] and other reservoirs [17-20].

The impoundment of the Xiangjiaba reservoir is planned
up to 380m elevation in three stages. In the first stage, the
reservoir filled to 354 m (October 12-16, 2012). In the second
stage, the reservoir level increased to 370 m (June 26 to July 5,
2013). In the last stage, the reservoir reached to its maximum
planned level of 380 m (September 7-12, 2013). Due to mul-
tiple episodes of reservoir rise and fall, the slopes were sub-
jected to different conditions of alternate wetting and
drying which may affect the stability of the slope. In addition,
rainfall could also elevate the groundwater level which may
create adverse effects on the stability of the slope. The current
study is aimed at analyzing these impacts on the old reacti-
vated large landslides.

2. Field Investigation and
Landslide Descriptions

Dasha landslide is located at Dasha town, Suijiang County, at
the right bank of Jinsha River about 60 km upstream of the
Xiangjiaba damsite (Figures 1-3). In the northeast of the
landslide near the Jinsha River, there is a about 260~370 m
terrace, while in the southeast of the landslide there is also
a flat terrace widely covered with alluvial deposits, between
them there is a gully. Two bank slopes of the gully are quite
different. The inclination of the bank slope with landside is
low, while the river alluvial sediments terrace is very steep.
In the north of the landslide, the red-bed hills are distributed

along with alluvial sediments having gentle slope. In the west
of landslide, a steep slope adjoins Gaofengshi Mountains,
whose height is 687 m. Bedrock in the landslide area is com-
posed of Suining Formation of the Jurassic age, which is com-
posed of reddish brown or purple silty mudstone with
sandstone interlayer; rock orientation is 300°~310° <«
7°~22°. These rocks are distributed in the steep slope area
in the west (back edge) of the landslide and along the Jinsha
River bank slope (along highway) in the north and gully bot-
tom in the east.

It is revealed through drilling that the landslide slope is
composed of clay, silt with some rock fragments, and the
underlying bedrock orientation is 310°215°. This landslide
was reactivated during the rainy season in 1986, resulting in
structural damages to homes and the ground surface. There
is mainly a paddy field on the landslide slope; on the edge
of landslide, water permeates into the gulley; on the back
margin of the landslide, obvious cracks can be observed in
house walls (Figure 4). So, the rise of the ground water level
as a result of rain in the landslide should be the main cause
of the landslide deformation. Eliminating local terrain effect,
the strike of tensional cracks is 315 to 340°, with inclination
of 60 to 70°. According to the drilling data, bedrock orienta-
tion and the relationship with landslide directions of move-
ment, landslide should be the creep deformation of the
overlying loose deposits along the underlying bedrock. In
the past decade, paddy field became upland dry land. During
the current investigations, no groundwater infiltrated on the
edge of landslide, and creep deformation of the landslide
mass is not very obvious; so, the groundwater level change
is the controlling factors of landslide deformation.

The overall topographic slope angle of the terrain is less
than 157 however, the head scarp and local terrain is
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FIGURE 2: Generalized geological map of the Xiangjiaba reservoir area. Where Sinian system =Z; Cambrian system = €; Ordovician
system = O; Silurian system = S; Permian system = P; Triassic system = T; Jurassic system = J; Cretaceous system = K; Quaternary system = Q.
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FIGURE 3: Location map of Dasha landslide.

relatively steep. The landslide area is about 29 x 10* m?; the
thickness of the landslide revealed by drilling is about 40 m,
with the average thickness being about 20 m. The volume of
the landslide is estimated to be about 580 x 10* m>. From
the landform conditions and air photo interpretation, a sec-
ondary landslide developed on the frontal margin of the

landslide with clear chair-shaped landform is about 2.7 x
10* m? in area and about 16 x 10* m’ in volume with the
average thickness of about 6 m (Figures 5 and 6).

In the last decade, the paddy field was transformed into
dry land, the groundwater levels lowered in the landslide,
and the deformation of the landslide is not very obvious,
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FIGURE 5: Remote-sensing image of Dasha landslide.
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but local visible cracks in the house wall can be found
(Figure 7). This means that the landslide is still in the state
of potential instability under the condition of the groundwa-
ter level rising or heavy rain. According to aerial photo-
graphs, houses are dense in the middle and back part of the
landslide; hence, once the landslide moves perceptibly, it
would create a huge loss in terms of human and property.

3. Geotechnical Laboratory Tests

Undisturbed soil samples taken near the slip surface were
tested in the laboratory. Basic properties such as specific
gravity, grain sizes, liquid limit, and plasticity index were
measured. The natural density, dry density, and degree of sat-
uration were found to be 2.233 g/cm?, 1.975 g/cm’, and 89%,
respectively. The specific gravity was found to be 2.78 g/cm”.
The liquid limit, plastic limit, and plasticity index were found
to be 25.8%, 19.7%, and 6.1, respectively. These basic prop-
erties were used in preparing the remolded samples for
laboratory testing as well as in numerical simulation pro-
cess to set the parameters. The laboratory direct shear tests
are discussed below.

3.1. Medium-Sized Saturated Reversal Direct Shear Tests on
Undisturbed Samples. The undisturbed samples were soaked
for more than 24 hours. The size of the samples is 20 x 20
x 15 cm. The horizontal shear rate of direct shear apparatus
that was used for the tests can be controlled by regulating the
motor speed, and the shear rate was 2.2 mm/min (fast shear);
it could be stopped when the maximum shear displacement
reaches 20 mm. The vertical loading system of direct shear
apparatus was hydraulic pressure, and the pressure sensor
of the apparatus has low accuracy, so the values of normal
stress were acquired by vertical pressure sensor during tests.

The actual values of normal stress are 61, 110, 260, and
410kPa, and the shear strength after the forth cycles of shear-
ing is considered the residual strength. The displacement of
one-way shear is more than 20 mm, and the cumulative dis-
placement would be more than 80 mm after four cycles of
shearing. During the first shear, all of the four samples
reached the peak quickly and kept the shear stress stable.
However, it was different after the two or three times of
shearing, and the shear stress tends to increase. The shear
stress-displacement curves at different normal stresses are
shown in Figure 4, and the first peak value of shear stress is
peak strength. According to the first shear strength and the
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last stable strength, the relationship between shear strength
and normal stress can be drawn. As shown in Figure 8, the
peak shear strength and the residual shear strength in the
form of frictional angle and cohesion are 26.18%, 18.88kPa
and 21.38°, 17.95kPa, respectively. The average moisture
content of the soil samples measured from shear surface after
opening of the shear box is 17.0%.

3.2. Medium-Size Direct Shear Test on Remolded Samples.
Dasha landslide is a typical bedding landslide of red beds,
and the particle size decreases with increase in depth. The
soil samples consisting of high proportion of gravel-sized
particles were taken near the toe of landslide at a depth of
1.5m. The soil samples were remolded and prepared with
different moisture content in order to explore the relation-
ship between soil strength of the slope and water content.
The size of samples is 20 x 20 x 15 cm, and the shear rate
is 1.0 mm/min. Under the consolidated and drained condi-
tions, seven groups (each group with three samples) were
tested in this series, and the moisture content of each group
was determined after each test (Figures 9 and 10). As shown
in Table 1, the direct shear tests for the soil with less than
2 mm particle size, the strength parameters are greatly influ-
enced by the moisture content, and with a decrease in mois-
ture content, the angle of friction and cohesion increases.

3.3. The Triaxial Consolidation Undrained Shear Tests. Three
triaxial shear tests for Dasha landslide were performed in
consolidated-undrained condition. The results of shear tests
are shown in Figure 11. The effective cohesion and angle of
friction for groups A, B, and C are 11.4kPa and 22.5°,
21.6kPa and 24.1°, and 23.4kPa and 25.2°, respectively
(Figure 11 and Table 2). It is observed that the shear strength
parameters including cohesion and angle of internal friction
of all three groups (A, B, and C) are in very small range,
showing the reliability of the results which were later used
in the simulation process.

4. Geotechnical In Situ Tests

The test was done on soil samples located near the toe of the
landslide (fine sand and clay). The direct shear models were
built on bedrock, which were perpendicular to the surface
of bedrock, and specimens were pushed to shear along the
bedrock. Two groups of large-sized direct shear tests (sample
size of 50 x 50 x 40 cm) were carried out at this test site to
compare and better understand the results of in situ tests.
The predefined values of normal stress were 50kPa,
100 kPa, 150 kPa, and 200 kPa, and there was some deviation
between the measured values and the predefined values of
normal stress. Therefore, for the fitting of strength parameter
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F1GURE 10: Medium-size direct shear test on remolded samples; shear stress-displacement curves and strength parameters of all seven groups.

TaBLE 1: Direct shear tests parameters of soil with particle size less
than 2 mm.

Growp  Cohesion (kPa) ~ AnECO0  Average mowure
1 120 27.16 8.2

2 114.74 26.46 12

3 107.09 26.06 14.3

4 57.25 21.8 15.8

5 32.18 14.82 18.1

6 24.86 11.87 20

7 12.3 10.01 25

curves, the measured normal stress values were applied.
There were six samples in the first group of tests; however,
only four samples were remained effective. Four samples
were used in the second group, and only three were proved
to be effective. The normal stress of the tests was adjusted
by manual pump control jack, and the horizontal shear force
was applied through the electric pump drive jack with an
average shear rate of 0.9 mm/min. The sample preparation
process in the field is shown in Figure 12.

4.1. The First Group of Direct Shear Test. For the predefined
50 kPa normal stress test, the measured value of normal stress
is 49kPa and the maximum shear displacement is 56 mm.
For the predefined 100 kPa normal stress test, the measured
normal stress is 100 kPa, the maximum shear displacement
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FiGure 11: Tests fitting curve of soil samples for triaxial shear test (group a, b, and c).

TABLE 2: Results of triaxial consolidation undrained shear tests of
soil samples.

!

o3 o3’ ol o1 oL+o3 ol' +03" o1 -03’
2 2 2

Group A

100 96.0 269.0 265.0 1845 180.5 84.5
200 1740 430.0 4040 3150 289.0 115.0
300 2420 6250 567.0 4625 404.5 162.5
400 326.0 847.0 7730 6235 549.5 2235
Group B

100 685 271.0 2395 1855 154.0 85.5
200 159.5 4740 4335  337.0 296.5 137.0
300 173.5 708.0 6815  501.0 477.5 204.0
400 266.0 872.0 738.0  636.0 502.0 236.0
Group C

100 98.0 305.0 303.0 2025 200.5 102.5
200 153.0 520.0 473.0  360.0 313.0 160.0
300 2385 7220 660.5 @ 511.0 449.5 211.0
400 318.0 941.0 889.0 670.5 588.5 270.5

is 79 mm, and the average shear rate is 0.59 mm/min. For the
150kPa normal stress test, the actual normal stress is
147 kPa, the maximum shear displacement is 85 mm, and
the average shear speed is 1.3 mm/min; during the horizontal
displacement of 0 mm to 1.32 mm, it failed to get the data due
to the fault in the cable of horizontal shear stress sensor, but it
did not make a great difference. For the predefined 200 kPa
normal stress test, the measured value of normal stress is also
200 kPa and the maximum shear displacement is 85 mm. The
results of the first group are good, and the shapes of the shear
stress displacement curves are similar. After the peak, stress
values keep steady. For the normal stress values of 49, 79,

174, and 200kPa, the peak shear stress values are 50, 78,
110, and 137 kPa, respectively. The shear strength parameters
in the form of cohesion and angle of friction are 21.17 kPa
and 30.3°, respectively (Figure 13 and Table 3).

4.2. The Second Group of Direct Shear Test. During the test, it
rained a lot which greatly influenced the results. There are
only three effective samples in the second group of the test,
and the measured values of normal stress are 98kPa,
145kPa, and 197 kPa. When the normal stress is 98 kPa, the
maximum shear displacement is 86 mm and the average
shear speed is 1.95mm/min. When the normal stress is
145kPa, the maximum shear displacement is 81 mm and
the average shear speed is 1.75 mm/min. When the normal
stress is 197kPa, the maximum shear displacement is
83 mm and the average shear speed is 1.7 mm/min. The aver-
age shear speed of three samples is similar. When the dis-
placement is about 40 mm, it reaches its peak, and then the
value of stress keeps steady. For the normal stress values of
98, 145, and 197kPa, the corresponding peak shear stress
values are 82, 102, and 127 kPa, respectively. The results of
the fitting curves are good, and the strength parameters in
the form of cohesion and angle of friction are 37kPa and
24.4°, respectively (Figure 14 and Table 3).

4.3. The In Situ Permeability Tests. Sixteen permeability
tests were carried out in the Dasha landslide using the
double-ring infiltration method using ASTM [21] D3385-
09 (Figure 15(b)). During the test site preparation, the inner
ring diameter of the infiltrometer was 25 cm while the outer
ring diameter was 50cm, and the height of the ring was
30 cm. During the experiment, the infiltrometer was dug into
the soil at a depth of 10 cm keeping both rings concentric.
Usually the bottom edge of the ring is not in well contact with
the soils which lead to the leakage of water, resulting in a high
permeability coefficient value. In order to reduce this error,
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FIGURE 13: Shear stress-displacement curve and strength parameters of the first group.

firstly, the small trench was dug from top to bottom along
the outer walls of both of the rings and then the bottom
edge of the rings was sealed with bentonite, while the outer
ring was filled with 10 cm thick compacted soil. The land-
slide has a gentle slope and is developed as farmland, so
it is convenient while choosing test sites and water intake
for in-site testing. Out of total sixteen permeability tests,
the first four tests were carried within the area from where
in situ direct shear tests were performed, while the rest of

the test points were evenly distributed within the landslide
body (Figure 15(a) and Table 3).

5. Stability Analysis

5.1. Three-Dimensional Stability Analysis Based on Strength
Reduction Method. FLAC 3D software is used for stability
analysis. The model area is 880 m x 900 m. X-axis which is
parallel with the cross-section 1-1’of the landslide with the
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TaBLE 3: The test results of different parameters on site.
(a)
Strength parameters

First group of direct shear test of Dasha
Normal stress (kPa) 49 100 147 200 Cohesion (kPa) 21.17
The peak shear stress (kPa) 50 78 110 137 Angle of friction (°) 30.3
Average moisture content of tests (%) 8.2 7.1 5.0 9.0
Second group of direct shear test of Dasha
Normal stress (kPa) 98 145 197 — Cohesion (kPa) 37
The peak shear stress (kPa) 82 102 127 — Angle of friction (*) 24.4
Average moisture content of tests (%) 6.9 7.1 7.5 —

(b)

The permeability test in Dasha and in situ density

The range of permeability (m/s) The average permeability (m/s)

In situ density (g/cm?)
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FIGURE 14: Shear stress - displacement curve and strength parameters of second group.
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FIGURE 15: (a) Distribution of in situ permeability tests; (b) permeability test in the field using the double-ring infiltrometer method.
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FI1GURE 17: Sectional view of the model of Dasha landslide.

direction towards Jinsha River. Y-axis is vertical with respect
to the cross-section 1-1” and the Z-axis with positive upward
direction. The range of X-axis is 0~880m, Y axis is 0~900 m,
and Z-axis is from the elevation of 200 m up to the ground
surface. Computational mesh is shown in Figures 16 and
17, and the model is divided into 182416 nodes and 166836
elements. In numerical analysis, the fixed constraints at the
bottom of the model and normal constraints around the
perimeter of the model were applied. X-axis is bounded by
Om and 880 m, Y-axis is bounded by 0m and 900m, and
Z-axis is bounded by 200m. The slope materials were
assumed to be perfectly elastoplastic and satisfy the Mohr-
Coulomb failure criteria. Based on the actual geological and
geomorphological conditions of the Dasha landslide, the
numerical model was built which include the slip zone, the
landslide, and the underlying bedrock. Three material layers
were built including the slip zone, the landslide, and the bed-
rock. In order to obtain the geotechnical parameters of Dasha
landslide, the in situ tests, as well as laboratory tests, were car-
ried out. The parameters used in numerical modeling are
shown in Table 4; bulk modulus (K) and shear modulus (E)
were converted from Young’s modulus (E) and Poisson’ ratio
(v). The initial stress under the gravity and hydrostatic pres-
sure were calculated under natural conditions.

The calculation is performed in two steps, while perform-
ing the calculations in natural condition (without consider-
ing water effect), the first step is to calculate elastic
deformation and stress of bedrock, landslide body, and slip
zone under the effect of gravity and as the initial state. The
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second step is to simulate the deformation development pro-
cess by eliminating the initial elastic displacement and setting
the slip zone as elastic-plastic. The slip zone was assumed as a
perfect elastic-plastic constitutive model with yield criteria of
Mohr-Coulomb, while the landslide body and the underlying
bedrock were assumed as the linear elastic model. When con-
sidering the reservoir water level, the steady flow analysis is
applied in this condition by assuming that the reservoir water
level does not change and there is no raining. Analysis of
transient flow is applied in other conditions. Water pressure
change is measured by Abaqus software, and it can carry out
coupled fluid-solid analysis in different conditions of rainfall
and reservoir level and also export data of hydraulic condi-
tion and stress condition from analysis results as an initial
state and finally import to the FLAC®” landslide model for
three-dimensional strength reduction analysis in the natural
conditions (without considering the reservoir water level) to
get the FOS of the landslide.

5.2. Three-Dimensional Strength Reduction Analysis without
Consideration of Groundwater. Every strength reduction cal-
culation is carried out by using the test of transfixion of slip
plastic zone. Under the natural conditions without consider-
ing groundwater, the maximum principal stress distribution
is shown in Figure 18 and the development process of slip
plastic zone is shown in Figure 19. When the strength reduc-
tion factor (RF) reaches 1.212, it indicates that the continu-
ous yield area has basically formed in the slip zone, with
only a small range of area not reaching the yield limit, i.e.,
the factor of safety of the landslide is 1.212. The distribution
and development of the slip plastic zone at the left side and
the middle upper side enter the plastic phase earlier than
the right side. The maximum principal stress of Dasha land-
slide within the range of the numerical simulation is about
8.0 MPa; the maximum principal stress of the slope is about
0.1 MPa. The principal stress values of the landslide range
approximately from 0.4 MPa to 0.8 MPa. The maximum
principal stress whose direction is nearly vertical is almost
equal to the vertical stress.

5.3. Three-Dimensional Strength Reduction Analysis with
Effect of Rainfall and Reservoir Filling. This condition is after
the final phase of reservoir filling, which reflects the global
stability of Dasha landslide with the consideration of the
groundwater, reservoir level of 380 m, and rainfall condi-
tions. For numerical simulation under the condition of heavy
rainfall, the transient flow analysis is used. Under the condi-
tion of heavy rainfall, the changes of water pressures of Dasha
landslide are shown in Figure 20. The figure shows that dur-
ing heavy rainfall, the water pressures keep increasing gradu-
ally with the increase in rainfall, and the saturation line
gradually increases as well. After the rain water pressure
decreases, the saturation line gradually reduces to a particular
reservoir level. The change of water pressures is not very sig-
nificant after the rainfall. Under the condition of heavy rain-
fall of 94.7 mm in 2 hours, the factor of safety obtained by
strength reduction method is 0.991, which does not meet
the standards of safety requirements (Table 5).
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TaBLE 4: Calculation parameters of Dasha landslide taken from field and lab experiments.
Unit weight
. (KN/m?) Elastic modulus ~ Poisson’s Natural Saturated
Material (MPa) ratio Angle of Angle of
Natural  Saturated Cohesion (kPa) MEIE O o ohesion (kPa) xngle of
friction (°) friction (°)
Landslide deposits 19 22 500 0.32 17 20 14 17
Slip zone 18 21 15 0.40 13 18 8 14
Bedrock 25 26 1000 0.28 1000 35 800 30
SIGI (MPa) the readers, however, as there were numerous tests and their

[N I O R " AN ) W e o)

FIGURE 18: Maximum principal stress of Dasha landslide under the
gravity.

6. Discussion

The Dasha landslide located at the right bank of the Jinsha
River in the Xiangjiaba reservoir area has been studied from
various aspects using diverse field, lab, and simulation tech-
niques to better understand the slope stability in natural con-
ditions as well as the effects of reservoir fluctuations on the
slope stability. The stability, even the movement (e.g., [22]),
of reactivated landslides has been successfully evaluated and
interpreted using the assumption that shear strength mobi-
lized on the slip surface of a landslide is equal to the residual
shear strength on the basis of laboratory drained multiple
reversal direct shear, or ring shear tests, independent of the
time after reaching the residual condition. The landslides
with a slip surface at residual condition rarely remain station-
ary for a long time and may move at the rate of approxi-
mately 2-50 mm/year (e.g., [22, 23]). The stability analysis
and laboratory tests cannot be expected to yield results with
accuracy better than approximately +10% [24].

Skempton [24, 25] had done the benchmark studies on
residual shear strength measured by laboratory tests, and it
has been successfully used for stability analyses of reactivated
landslides (e.g., [26, 27]; James 1970; [28-35]). The reversal
direct shear tests or ring shear tests, using either undisturbed
or reconstituted specimens, have become the most common
methods for determining residual shear strength of stiff clays,
shales, and mudstones (e.g., [29, 31, 36, 37]). For direct shear
tests, the best procedure is to start with precut specimens,
sometimes cut from intact undisturbed samples, but more
often prepared from reconstituted samples [38].

Although each test has been discussed and explained with
its results within the same section for better understanding of

subgroups, so we tried to summarize the tests and compared
with the previous studies as concluding section of the shear
strength tests. As shown in Figure 8, the drained undis-
turbed sample test results for the peak shear strength and
the residual shear strength in the form of frictional angle
and cohesion are 26.18°, 18.88kPa and 21.38°, 17.95kPa,
respectively. The average moisture content of the soil sam-
ples measured from shear surface after opening of the shear
box is 17.0%. In the remolded direct shear tests, it was noted
that the cohesion as well as the angle of internal friction
decreases in all cases with a decrease in water content which
shows the reliability of the tests (Figures 9 and 10). Both
groups of the triaxial consolidation undrained shear tests
show similar results; however, they show slight variations
in strength parameters from the direct shear tests which is
acceptable due to difference in the rest of the methods. For
the in situ tests, two shear rates of 1.3 mm/minute and
1.75 mm/minute were applied in this study and the results
show that the cohesion increases with shear rate while the
angle of internal friction decreases [39].

The direct shear test results indicate that the residual
strength of both in situ soils and disturbed soils from the slip
zones of the Dasha landslide is influenced by their index
properties, for example, the direct shear tests for the soil with
less than 2mm particle size; the strength parameters are
greatly influenced by the moisture content, and with a
decrease in moisture content, the values of the angle of fric-
tion and cohesion increases. However, influences of these
index properties on residual strength are quite different for
the in situ and disturbed soils. After the fourth cycle of shear-
ing of the medium-sized reversal direct shear tests, the sam-
ples had basically reached the residual shear state. It was
noted that the residual shear strength obtained by shear
box tests has a nonzero cohesion component. Similar results
were also reported by other researchers (e.g., [37, 40-43]).
The simulation results show that the landslide is stable in
the natural situation; however, the water fluctuation will lead
to decrease the stability of the slope making it unstable.

7. Conclusions

The Dasha landslide was investigated in detail using field,
land, and simulation methods to better understand the effects
of reservoir water on the slopes along the banks of the Jinsha
River in the Xiangjiaba reservoir. Based on our results and
analysis, the following conclusions and recommendations
can be drawn:
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FIGURE 19: Plastic zone of Dasha landslide slip surface under the gravity.
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Figure 20: Distribution of water pressure of Dasha bank slope
(rainfall in 2 hours is 94.7 mm).

TaBLE 5: Factor of safety of Dasha landslide under different working
conditions in different periods.

Period Working condition FOS using FLAC?P

Construction Natural 1.212

Fluctuation as designed,
Operational with effect of rainfall 0.991
and rapid drawdown

(1) The underlying bedrock in the landslide area is com-
posed of Suining Formation (silty mudstone inter-
bedded with sandstone) of the Jurassic age. This
landslide was reactivated during the rainy season in
1986, resulting in opening and cracking on the wall
of houses and the ground surface

(2) The overall topography of Dasha landslide is rela-
tively flat with an average slope angle of 15°; however,
the back scarp and local terrain are relatively steep.
The area of the landslide is about 29 x 10* m?, and
the maximum thickness of the landslide deposits
revealed by drilling is about 40 m with the average
thickness of about 20 m, and the volume is thus esti-
mated being about 580 x 10* m’

(3) A secondary landslide was also identified near the toe
with an area of about 2.7 x 10* m?, with an average
thickness of about 6 m and an estimated volume of
about 16 x 10* m®

(4) The factor of safety (FOS) of Dasha landslide
obtained by 3D strength reduction cannot meet the
minimum safety requirement under the working
condition of reservoir level fluctuation as designed,
due to the effect of rainfall and rapid drawdown.
For the safety of local residents, it is recommended
that surface monitoring should be carried out so that
early warning can be issued prior to failure

(5) The bedding landslides of red stratum in the Xiang-
jiaba reservoir area (for example, Dasha landslide)
are characterized by slow moving. The shear rate
effect of the slip surface should be carried out using
ring shear apparatus where possible. This would be
useful to predict the deformation of active landslides

(6) Comprehensive monitoring, including rainfall, res-
ervoir level fluctuation, groundwater level, surface
displacement, and horizontal displacements at dif-
ferent depths, should be conducted on active land-
slides so that early warning can be issued and local
residents can be evacuated prior to failure. In addi-
tion, these monitoring data can be very useful for
quantitative evaluation of effect of rainfall as well as
the reservoir level fluctuation in landslide activation
and reactivation in the reservoir areas
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