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Abstract: A colluvial landslide in a debris flow valley
is a typical phenomena and is easily influenced by
rainfall. The direct destructiveness of this kind of
landslide is small, however, if failure occurs the
resulting blocking of the channel may lead to a series
of magnified secondary hazards. For this reason it is
important to investigate the potential response of this
type of landslide to rainfall. In the present paper, the
Goulingping landslide, one of the colluvial landslides
in the Goulingping valley in the middle of the Bailong
River catchment in Gansu Province, China, was
chosen for the study. Electrical Resistivity
Tomography (ERT), Terrestrial Laser Scanning (TLS),
together with traditional monitoring methods, were
used to monitor changes in water content and the
deformation of the landslide caused by rainfall. ERT
was used to detect changes in soil water content
induced by rainfall. The most significant findings
were as follows:(1) the water content in the central-
upper part (0~41 m) of the landslide was greater
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than in the central-front part (41~84 m) and (2)
there was a relatively high resistivity zone at depth
within the sliding zone. The deformation
characteristics at the surface of the landslide were
monitored by TLS and the results revealed that
rainstorms caused three types of deformation and
failure: (1) gully erosion at the slope surface; (2)
shallow sliding failure; (3) and slope foot erosion.
Subsequent monitoring of continuous changes in
pore-water pressure, soil pressure and displacement
(using traditional methods) indicated that long
duration light rainfall (average 2.22 mm/d) caused
the entire landslide to enter a state of creeping
deformation at the beginning of the rainy season.
Shear-induced dilation occurred for the fast sliding
(30.09 mm/d) during the critical failure sub-phase
(EF). Pore-water pressure in the sliding zone was
affected by rainfall. In addition, the sliding L1 parts of
the landslide exerted a discontinuous pressure on the
L2 part. Through the monitoring and analysis, we
conclude that this kind of landslide may have large
deformation at the beginning and the late of the rainy
season.
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Notation:

Shear stress in the sliding zone

Soil cohesion in the sliding zone

Internal friction angle in the sliding zone
Total normal stress in the sliding zone
Pore-water pressure in the sliding zone
Landslide mass per unit area in the sliding
surface

Landslide acceleration

Time scale for deformation of the sliding zone
tayr Time scale for pore-water pressure diffusion
K  Hydraulic conductivity of the sliding zone

E  Young’s modulus of the sliding zone

Yw  Unit weight of water

T  Thickness of the landslide

v Velocity
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Introduction

A colluvial landslide is a landslide body
composed of colluvial deposits which usually rest
on a bedrock surface. Colluvial deposits are
generally loose, unconsolidated sediments ranging
from silt to rock fragments of various sizes (e.g.,
Song and Cui 2015; Lacerda 2007; Meisina and
Scarabelli 2007). Colluvial landslides are a
significant hazard in many parts of the world,
especially in mountainous areas in tropical and
subtropical regions (e.g.,Baum et al. 1993; Ochiai
et al. 2004; Meisina and Scarabelli 2007). It is
generally accepted that rainfall is one of the most
important triggering factors, and therefore
understanding the behavior of colluvial soils under
rainfall conditions is essential for predicting
colluvial landslides.

So far, there have been two principal
approaches adopted in the study of colluvial
landslides induced by rainfall. One approach is the
study of the critical thresholds, which usually
include antecedent rainfall, rainfall intensity,
rainfall duration and soil water content, and the
analysis of the relationship between the movement
of the colluvial landslide and rainfall (e.g., Polemio
et al. 1999; Crozier 1999; Dai et al. 2001; Aleotti
2004; Giannecchini 2006; Guzzetti et al. 2007; Bai
et al. 2010). The other approach is to study the
mechanism of landslide instability based on
current theories of the nature of the failure
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mechanism. This is wusually conducted by
monitoring parameters such as soil water content,
pore water pressure, matrix suction, earth pressure
and groundwater (e.g., Anderson and Sitar 1995;
Tsaparas et al. 2002; Ochiai et al. 2004; Chen et al.
2003; Tu et al. 2009; Chen 2014).

During the rainy season, this kind of landslide
may block the channel and forms a barrier lake. If
the barrier dam fails, huge debris flows may occur,
and if they are large enough, the sediments may
block the Bailong river. This occurred in the case of
the Zhouqu debris flow (Wang 2013), so it is
significant to study the deformation of colluvial
landslides under rainfall. The Goulingping
landslide (Figure 1) is only one of thousands of
colluvial landslides within the Bailong catchment
in Gansu Province, North China. According to the
records, the landslide has blocked the wvalley
channel 4 times which magnified the effect of
debris flows and destroyed more land and roads
than usual. In this paper, three methods were used
to monitor changes in soil water content and
landslide deformation. Under conditions of natural
rainfall, infiltration-induced variations in soil water
content of the landslide were monitored by
Electrical Resistivity Tomography (ERT). In
addition, variations in surface deformation of the
landslide triggered by rainstorms were monitored
by Terrestrial Laser Scanning (TLS). Subsequently,
displacement, pore-water pressure, soil pressure
and the amount of rainfall were measured using
traditional instrumentation (displacement meter,
piezometer, earth pressure cell, and rain gauge).

1  Methods

Affected by M7 Wudu earthquake in 186 B.C.
(Yuan et al. 2007) and Zhouqu - Bailongjiang
Fault (Figure 1b), there are a lot of deposits along
Goulingping valley. And the Goulingping landslide
(Figure 1a) is one and located in basin in the
middle of the Bailong River catchment, about 2 km
from the mouth and on the right, concave, side. To
the right of the landslide there is a debris flow
terrace with a height of ~115 m and with farmland
on the top. The debris flow deposits are mainly
rudstone, which consists of fine-grained, abrasive
particulate material. On the left side, (Figure 1b),
the deposits consist solely of strongly weathered
phyllite. The attitude of the unweathered phyllite
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Figure 1 The colluvial Goulingping landslide (33°31'46"N, 104°38'28"E). Green dots are the monitoring sites and

the red dots are villages. Inset map shows the location of the study area in China.

underneath the weathering crust is 234° £60° and
the slope angle exceeds 70°. Above the landslide
the deposits consist of re-deposited loess and the
slope angle is 35°~60°. Intense rainfall events and
gully erosion caused the Goulingping landslide to
fail and three monitoring technologies were chosen
based on the depositional environment.

1.1 Electrical resistivity tomography (ERT)

Electrical Resistivity Tomography (ERT) has
been increasingly applied to landslide
investigations (e.g., Jongmans and Garambois
2007; Burda et al. 2013). Information about
underground conditions is obtained by measuring
changes in electrical resistivity, which often
correspond to the boundaries between different
layers. Electrical resistivity reflects the mineralogy
of the soil particles, water content, porosity and the
intrinsic matrix resistivity, and it varies with the
degree of weathering and alteration in the space
and time domains (e.g.,Park and Kim 2005; Bievre
et al. 2012). Some of these factors, such as an
increase in soil water content and the consequent
increase in pore water pressure, can play an
important role in triggering a landslide (e.g.,
Bishop 1960; Morgenstern and Price 1965). In
addition, continuous monitoring of resistivity can
provide information on the dynamic behavior of
the slope, such as changes in the sliding belt and
infiltration paths (e.g., Perrone et al. 2014; Chen
2014).

The AGI SuperSting 8-channel Resistivity
Instrument was used to monitor changes in soil

resistivity. The inversion software used was
EarthImager 2D. Forty-three electrodes were
arranged in a 2-m spacing along profile AB (84 m,
Figure 2b). The monitoring dates were 2014/7/17,
2014/10/30, and 2015/3/26. These dates
corresponded to the middle, late and early parts of
the rainy season, respectively. In addition, changes
in soil water content and soil density, and the
sliding zone and infiltration path, were measured
during different rainfall periods.

1.2 Terrestrial laser scanning (TLS)

Terrestrial laser scanning (TLS) is a recently-
developed surveying technique which is being
increasingly used to monitor landslide deformation
(e.g., Teza et al. 2007; Monserrat and Crosetto
2008; Casula et al. 2010). TLS generates point
clouds with each point being determined by its
location in three-dimensional space and the
intensity of the reflected signal. The data set can be
used to generate a best-fit surface over the entire
study area, and ground deformation can be
identified using two or more ground surface
models derived from TLS (Wang et al. 2011).

In the present research, monitoring was
carried out using a Riegl LPM-321 Long Range
Scanner which provides a single point accuracy of
25 mm at 50 m + 20 ppm and a measurement rate
of 1000 points/s. In order to scan the entire
landslide, four scan stations (Figure 1, green
points) were established, and the point clouds from
the neighboring scan stations were automatically
registered to create an integrated model during
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Figure 2 Cross sectional view (with locations of the displacement meter, piezoemeter and earth pressure cell (a) and

photograph (b) of the Goulingping landslide.

each scanning. Nine scans were conducted from
2012-2013. The scanning resolution was 2 mm x 2
mm at a distance of 10 m, and the measurements
were all made within a common coordinate system.
The digital terrain models for each period were
compared to assess changes in the deformation at
the surface of the landslide during the two-year
study interval. Daily rainfall was recorded at the
same time using a rainfall gauge.

1.3 Others monitoring sensors

The monitoring instruments were initially
installed in July 2014. They included a displacement
meter, piezometer, earth pressure cell and rain
gauge, and were used to measure displacement,
pore-water pressure, soil pressure and the amount
of rainfall at different locations. Prior to their
installation in the field, all of the instruments were
carefully checked in the laboratory and in addition
the piezometer was calibrated. Details of the
instruments used are given below.

Displacement meter -The model used was a
BGK-3427 (Geokon, Beijing). The designed range is
4000 mm. One end of the displacement meter was
installed in a stable location (the monitoring
station) and the other end was installed in the
upper part of L1 (Figure 2b).

Piezometer- ABGK-4500standardpiezometer
(Geokon, Beijing) was used to measure in situ pore
water pressure. This model is designed for low-
pressure ranges, with a maximum of 7 kPa (#0.01
kPa accuracy), and thermistors are included to
measure temperature. The instrument was
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installed at a depth of 2 m beneath the sliding zone
in the middle of the landslide (Figure 2b). The
depth of 2 m was chosen based on the results of an
earlier investigation.

Earth pressure cell - A standard earth
pressure cell (BGK-4800S) was used to monitor
soil pressure. The instrument can measure
pressures up to 1 kPa (+0.01 kPa accuracy). The
earth pressure cell was installed at a depth of 2.2 m
within the sliding zone, perpendicular to the main
direction of movement of the landslide. The main
purpose of the instrument was to measure changes
in the pressure exerted by the upper part of the
landslide (L1) on the lower part (L2).

Rain gauge- A YM-04 tipping-bucket rain
gauge, with a resolution of 0.2 mm, was installed to
record the amount of rainfall. The gauge was
installed in a stable part of the hillside, away from
the landslide.

2 Results

The landslide we studied is 172 m in length
(including the terrace at the rear of the landslide
with several cracks), and 62 m in width. The main
direction of landslide movement is about 328°, and
the slope angle is 47°~51°. The landslide body is
composed of strongly weathered phyllite fragments,
secondary loess, and there is a small amount of
limestone fragments at the surface (Figure 2a).
Some Soil parameters are listed in Table 1.The
average density of the landslide material is 2.0
g/cm3, and the liquid limit and plastic limit are 21%



and 15%, respectively. Under conditions of natural
water content (13%), the soil cohesive force is 25
kPa and the internal friction angle is 30°. In in-situ
and laboratory permeability experiment, the
saturated infiltration ratesof the landslide body and
the sliding zone are about 4.2x10¢ m/s and
9.2x10° m/s, respectively.The thickness of the
main landslide body (L) is about 15 m and it can be
divided into two parts, L1 and L2 (Figure 2a).

2.1 ERT measurements

Based on the findings from an exploratory
excavated pit it was found that the landslide
material was composed of a mixture of relatively
uniform weathered phyllite debris. Therefore, the
resistivity distribution mainly reflects differences
in soil water content and soil density. The three
ERT images (Figure 3) reflect variations in soil
water content in the middle, late and early parts of
the rainy season, respectively. Based on the images,
the distribution of the soil water content in the
landslide body is complex; however, the following
generalizations can be made.

According to the field survey, the landslide can
be divided into two parts, L1 (0 ~ 60 m) and L2 (60
~ 84 m). In Li, there is an obvious resistivity
contrast between a relatively low resistivity zone (0
~ 41 m) and a relatively high resistivity zone (41 ~
60 m). Comparison of the three resistivity images
reveals that the soil water content is layered

L1
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horizontally caused by the multiple advances of the
wetting front during the monitoring period. The
images also reveal that the soil water content
progressively increased in the wet season and
subsequently decreased gradually. In the middle
part of L1 (10 ~ 41 m), the presence of loose soil at
the surface is indicated by a relatively high
resistivity zone and thus this part was likely to be
prone to frequent sliding (Figure 3a). The
rearrangement of soil particles induced by
consolidation of the main sliding zone (at about 15-
m depth; Figure 3b) reduced both the porosity and
the permeability and in addition the presence of a
static water layer formed above the main sliding
zone reduced the soil strength (Figure 3c).

A relatively low-resistivity zone (Figure 3d) is
present beneath the main sliding zone, indicating

Table 1 Soil parameters and test methods

Soil parameters ~ Value Method
Average density 2.0 g/cm3 Pycnometer test
Liquid limit 21% Liquid-plastic limit
Plastic limit 15% combined test
i?rfgr?tl water 13% Oven drying method
Cohesive force 25 kPa
(13%) Ring shear
Internal friction o 5
angle (13%)

4.2x10°m/s In-situ permeability
Saturated (slide body) experiment

infiltration rate  9.2x10°m/s Laboratorypermeabi

(slip zone) lity experiment

L2

17 July, 2014

[ Inverted Resistivity Section
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[ RMS=3.88%
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Figure 3ERT (Electrical Resistivity Tomography) images for 17 July, 2014; 30 October, 2014; and 26, March, 2015.
The three dates correspond to the middle, late and early parts of the rainy season, respectively. Dotted lines indicate
areas of contrast and the solid lines define various segments of the profile.
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that the sliding zone was subject to some degree of
water infiltration. In particular, the rear part of L1
was potentially prone to sliding since there was a
well-developed crack (Figure 3e) which enabled the
downward penetration of rainfall. In addition, the
soil water content at the front of L1 (41 ~ 60 m)
was lower than that in the middle-upper part due
to compression and the fact that static water was
prone to occur on the surface (Figure 3f) during
rainstorms. The main sliding zone (~10 m depth in
Figure 3g) also had a minor influence on the
vertical distribution of soil water (Figure 3h).

The frequent sliding of L2 (60 ~ 84 m) clearly
indicates that the main sliding zone is a relatively
high resistivity zone (~5 m depth in Figure 3i) and
that the sliding zone extends continuously upslope.
Any sliding of L1 will exert a positive pressure on L2.

2.2 TLS measurements

We scanned the landslide a total of 9 times
between 2012/1/15 and 2014/1/15 (S1-S9 in Figure
4). During this interval the total precipitation was
991 mm, with an average daily rainfall of 1.36 mm.
In addition, there were 10 major rainstorm events
(defined as those with a magnitude =20 mm/d).
The scanning can be divided into two stages,
namely in 2012 and 2013 (Figure 4). Total and
average daily rainfall in 2012 were 502 mm and
1.37 mm, respectively; and the corresponding
amounts for 2013 were 489 mm and 1.34 mm.
Thus 2012 was somewhat wetter than 2013;
however, the same number of rainstorm events (5)
occurred in both years.

In the deformation plots derived from the TLS
measurements (Figure 5), red represents
accumulation, green represents no change, and
blue represents erosion. All of the observed
deformation occurred within the landslide and no

60
50
40 J
30+ ‘;
20 ,
101 [
0-

Daily precipitation (mm)

deformation occurred in the two side walls of the
landslide.

Between 2012/5/3 and 2012/5/12 (Figure 5, S1-
S2), there was erosion to a maximum depth of 7.72
m and accumulation to a maximum depth of 4.59 m;
there was also large-scale deformation. During this
interval, field observations revealed that a
continuous and deep crack formed in the middle-
rear part of the landslide. After two rainstorms (44.0
mm/d and 56.2 mm/d; Figure 4), rapid infiltration
along the cracks not only increased the hydrostatic
pressure and the soil weight, but also decreased the
soil shear strength, causing large-scale deformation
(Fan 2008). From 2015/5/ to 2013/5/13 (Figure 5,
S2-S3), erosion occurred on the left side of the
landslide and significant accumulation occurred in
the middle-front part. The maximum erosion and
accumulation depths were 3.72m and 4.41 m,
respectively. The accumulation on the right side of
the landslide was the result of the collapse of the
steep hill.

From 2013/3/18 to 2013/4/18 (Figure 5, S3-
S4), erosion to a maximum depth of 4.37 m
occurred in the middle-left part of the landslide.
This was caused by overland flow which washed
out the loose soil in the unloading zone. From
2013/4/21 onwards, the toe of the landslide was
frequently washed out by debris flows occurring
during rainstorms which caused the continuous
sliding of the front part of the landslide. From
2013/4/21 to 2013/7/6 (Figure 5, S4-S5), the
erosion first occurred in the left-front part of the
landslide and the displacement was 1.91 m; the
height of the free face was 1.45 m and the length
was 29.8 m. Between 2013/7/6 and 2013/7/17
(Figure 5, S5-S6), the front part of the landslide
continued to slip, resulting in a displacement of
0.49 m and a free face length of 23.12 m.

In S6-S7, S7-S8 and S8-Sg9 (Figure 5), the

S§ §6 S7 S8 s9

i I [ |
I [ |
I 1 I 1
I [ |
I 1 [ 1
' | [ 1
I [ 1
I ] [ |
i [ |
' ] [ |
' |
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|
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Time (day)

Figure 4 Daily rainfall and TLS (Terrestrial Laser Scanning) scanning dates.
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deformation was relatively small and the toe of the
landslide was the main deformation zone of the
landslide; however, the free face became
increasingly large, causing a reduction in slope
stability.

Reference to the main longitudinal profile
(Figure 6, left) shows that large-scale sliding
occurred in the middle-rear part of the landslide
and that accumulation occurred at the front. As a
result of channel erosion, the front part of the
landslide was frequently subject to sliding. The
changes in the transverse profile (Figure 6, right)
indicate that large-scale deformation mainly
occurred at the rear, minor deformation occurred
in the middle on both sides, and that frequent
sliding occurred in the middle and left part of the
front of the landslide. The landslide is located in
the right and concave side of the valley and the
left-front part of the landslide was directly
affected by water erosion which is the reason for

J.Mt.Sci.(2017)14(6): 1113-1123

the significant deformation at this location
(Figure 1a).

2.3 Effect of rainfall on the landslide in 2015

The total and average daily rainfall in 2015
(661.7 mm and 2.6 mm, respectively) was much
higher than in 2012 and 2013 (Figure 4 and Figure
7). In Figure 7, the minor fluctuations of the pore-
water pressure curve and the soil pressure curve
indicate that both responded rapidly to rainfall. For
example, with the cessation of rainfall, pore-water
pressure and soil pressure decreased significantly
due to the dissipation and evaporation of water;
and with the commencement of rainfall both
parameters exhibit an obvious rise (Figure 7, Q).
Therefore, soil pressure and pore water pressure
can serve as sensitive indicators of the response of
the landslide to rainfall. However, it is noteworthy
that the displacement is also an important

w00's

w000

w oL

Figure 5 Deformation of the landslide revealed by TLS measurements. Red represents accumulation, green
represents no change, and blue represents erosion. +/- indicates accumulation (e.g. +4.59 m indicates an
accumulation depth of 4.59 m). 1.45/23.12 m indicates a free face height of 1.45 m and a free face length of 23.12 m,
etc.
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Figure 6 Longitudinal (left) and transverse (right) profiles of the Goulingping landslide (the different colored curves
represent profiles measured at different times).
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Figure 7 Results of measurements of pore-water pressure, soil pressure and displacement (AB: Primary creep; BC:
Secondary creep; CD: Initial accelerated sub-phase; DE: Intermediate accelerated sub-phase; EF: Critical failure sub-

phase).

indicator of the landslide to rainfall. The
accumulated displacement curve is consistent with
the three-stage creep law proposed by Satio (1969).

According to the classification proposed by Xu et al.

(2011), the cumulative displacement can be divided
into three phases: primary creep, secondary creep
and tertiary creep. In addition, tertiary creep can
be further divided into three sub-phases: initial
acceleration, medium acceleration, and critical
failure (Figure 7). In the different periods, the
changes and reasons of three monitoring indexes
were analysis combined with rainfall. In order to
better interpret the responses to rainfall, average
values of daily rainfall, displacement, pore-water
pressure, soil pressure were calculated (Table 2).

In the early part of the rainy season prior to
the initiation of creep, the increasing pore water
pressure caused by the continuous rainfall (average
2.22 mm/d) reduced the effective stress in the soil.
At the same time the pore water pressure (average
of 1.1 kPa) reduced the soil shear strength in the
static water layer around the sliding zone, causing
the landslide to begin to creep. Before creep, the
decrease reason of the soil pressure was that
rainwater eroded the loose soil at the surface of L1
and the push of from L1 on L2 decreased.

During the primary creep phase (AB), the
velocity was average 3.7 mm/d and the velocity was
changing with time. At the beginning, the velocity

1120

was about 5.2 mm/d and the velocity becomes
more and more small. As the time, the value of the
soil pressure was about 0.39 kPa without large
change which indicated that L1 and L2 slide with
the similar velocity. But the pore-water pressure
gradually decreases to 0 kPa.

Table 2Average values of daily rainfall (Avg.-R),
displacement (Avg.-D), pore-water pressure (Avg.-P),
and soil pressure (Avg.-S) for different phases of
landslide creep

Different Avg.-R  Avg.-D Avg.-P  Avg.-S
phases (mm/d) (mm/d) (kPa) (kPa)
Before creep  2.22 0 1.1 0.52
AB 3.03 3.7 0.18 0.39
BC 2.74 1.75 -0.33 0.1
CD 2.21 4.39 -0.31 0.1
DE 4.86 4.55 0.23 0.25
EF 8.77 30.09 -0.11 0.06

Notes: AB: Primary creep; BC: Secondary creep; CD:
Initial accelerated sub-phase; DE: Intermediate
accelerated sub-phase; EF: Critical failure sub-phase.

In the secondary creep phase (BC), the velocity
had not large change and about 1.75 mm/d and the
pore-water pressure had small fluctuations around
-0.33 kPa. And the soil pressure was more and
more small from 0.38 kPa to o kPa which meant
the velocity of L2 was large than L1’s.

In the initial accelerated sub-phase (CD),
compared with rainfall (average 2.21 mm/d), pore-
water pressure (-0.31), the increasing pressure



(Figure 7, CD of the soil pressure curve) exerted by
L1 on L2 part may have been the cause of the rate
of sliding to increase to average 4.39 mm/d. As a
result, the landslide entered the intermediate
accelerated sub-phase (DE). Heavy rainfall
(average of 4.86 mm/d) increased the pore-water
pressure from average values of -0.31 kPa to 0.23
kPa, and the rate of sliding decreased to an average
of 4.55 mm/d.

During the critical failure sub-phase (EF),
rainstorms (average 8.77 mm/d) resulted in rapid
sliding (average of 30.09 mm/d) and shrinkage of
the soil mass in the sliding zone occurred which
caused a decrease of the pore water pressure from
0.23 kPa to -0.11 kPa. Finally, the landslide failed.
After the failure, the landslide attained a new
steady state with the effective stress recovering and
pore-water pressure returning to about 0.5 kPa.

3 Discussions and Conclusions

Based on the monitoring data, it is clear that
the landslide was subject to deformation and that
the main factor triggering instability was rainfall.
As a result of rainfall events, the water content of
the landslide varied systematically in time and
space. The infiltration rate tracked seasonal
variations in rainfall, which was the result of
advances of the wetting front during the rainy
season and retreats during the dry season. For the
sliding of the landslide, the central-upper part (0 ~
41 m) was under tension and the central-front part
(41 ~84 m) was under compression. This promoted
the greater development of fracturing in the
central-upper part of the landslide than in the
central-front zone, and therefore the amplitude of
variation of the water content was greater in the
former. In addition, the infiltration rate and water
content in the sliding zone were relatively low.

Rainfall not only caused changes in soil water
content, but also triggered variations in the degree
of deformation. According to the analysis of the
rainfall data and the field survey results, the
duration of rainstorms was brief, normally only
~10 hours. In addition, rainstorm events of
magnitude >20 mm/day were liable to trigger
debris flows in the wvalley. The modes of
deformation and failure of the landslide induced by
rainstorms can be divided into three types: gully
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erosion at the slope surface, shallow sliding failure,
and slope foot erosion. When the rainfall intensity
was greater than the soil infiltration rate, the
excess water flowed away along the gullies in the
landslide resulting in a progressive increase in
gully size — the largest with a maximum depth of
1.7 m. For this reason, collapse occurred along the
largest gully and in this case the deformation was
only about 12 c¢cm in depth. The second type of
failure was controlled by the cracks which
developed in the dry season. During a rainstorm,
the rainfall rapidly infiltrated along these cracks,
causing a rapid decrease in soil strength and thus
triggering  shallow  sliding  failure.  This
phenomenon often occurred in the central-upper
part of the landslide at the beginning of the rainy
season. During the rainy season, the loose soil was
frequently disturbed by rainfall and the cracks were
buried by the loose soil disturbed by the rainstorm.
The third type of failure was the indirect result of
rainfall. Rainstorms of magnitude >20 mm/day
always triggered debris flows in the valley, and at
these times the toe of the landslide was eroded and
the increasing size of the free face would cause the
front of the landslide to slide.

The change laws between pore-water pressure
and velocity need a natural explanation by means
of field monitoring. The landslide accelerated as
the pore-pressure rose and decelerated as it fell.
This phenomenon can be explained in the Coulomb
failure (e.g., Lambe and Whitman 1969) and
Newton'’s second law of motion:

ma=t-c(o-u) tan ¢ (€)]

where 7 = shear stress in the sliding zone, ¢ = soil
cohesion and ¢ = internal friction angle,
respectively, o = total normal stress and y = pore-
water pressure in the sliding zone, respectively, m
= landslide mass per unit area in the sliding surface,
and a = landslide acceleration. The static water
layer around the sliding zone controls the value of
1, with rainfall rise resulting in increased u.

Form Eq.(1), a decrease of pore-water pressure
(1) resulted in deceleration (a) in AB of Figure 7.
The reason is that the dissipation of pore-water and
soil consolidation caused the recovery of soil
strength in the sliding zone. In BC, the pore-water
pressure (u4) was negative, the soil strength
continued to recover, and the landslide went into a
steady-state creep stage. In CD, there was not large
change in pore-water pressure (negative) and the
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velocity should be same with that in BC, but it is
not. The reason should be the push of from L1 to L2.
In DE, an increase of pore-water pressure (u)
induced the loss of soil strength and resulted in
acceleration (a), the push continued to work. In EF,
Eq.(1) is not established, because an acceleration (a)
and a decrease of pore-water pressure (1) occurred
at the same time. This can be explained by shear-
induced dilation and this phenomenon has been
reproduced during laboratory testing, field-scale
experiments, and physically based theoretical
modeling (Rudnicki 1984; Iverson et al. 2000;
Moore and Iverson 2002; Schulz 2009). According
to Iverson et al. (1997), the pore-water pressure
change induced by shear-induced dilation can be
estimated by:

taer/tai=(KE)/ (v, T,)) (2
where tg=time scale for deformation (in this case,
dilation) of the sliding zone, tgr = time scale for
pore-water pressure diffusion, K = hydraulic
conductivity and E= Young’s modulus of the
sliding zone, respectively, ., = unit weight of
water, T = thickness of the landslide, and v =
velocity of the landslide. If tgef/tsir<1, then non-
equilibrium pore-water pressures should be
produced by deformation of the sliding zone during
displacement. Using the saturated infiltration rate
K in sliding zone (9.2x10-1© m/s), an assumed E of
5 MPa, which is typical for clay(U.S. Army Corps of
Engineers 1990), n = 9.78x103 (Lide 1991,
assuming groundwater temperature of 10°C), T= 5
m (the thickness of L2), and the average measured
v of 3.5x107 m/s(30.09 mm/d, EF in Figure 7)
provides tgf/taz= 0.3. The time for pore-water
pressure diffusion is more than 3 times greater
than that for sliding zone deformation, so an
acceleration (a) caused a decrease of pore-water
pressure (u) in EF of Figure 7.

Through the monitoring and analysis, this
landslide had a complex deformation after rainfall.
A single rainstorm event usually change the surface
morphology, for example, the volume change and
the average displacement of S1-S2, S3-S4 (Figure8)
were large. It happened at the beginning of the
rainy season and was controlled by rainstorm and
cracks. After that, the deformation of this landslide
was smaller (S4-S5, S5-S6, S6-S7 in Figure 8). But
there was an increasing trend of the deformation
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Figure 8The volume change (a) and the average
displacement (b) of the two adjacent scanning data
from TLS.

(S7-S8, S8-S9g in Figure 8) at the late of the rainy
season. The main reason was not rainstorm, but a
long-term rainfall infiltration. For this reason, soil
was softened by water, shear strength was reduced
and this landslide began to slide. It is obvious that
the beginning and the late of the rainy season are
two main and large deformational phases which
can lead to a landslide of such magnitude that it
blocks the valley.

Finally, based on the monitoring study, we
conclude that ERT is well-suited to detecting
changes in water content and the location of the
sliding zone in the homogeneous colluvial
landslides while TLS is more suited to monitoring
the surface deformation of the landslide. Overall,
we suggest that the combination of ERT, TLS, and
traditional monitoring methods is highly
appropriate for monitoring colluvial landslides.
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