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ABSTRACT: The Wenchuan earthquake in Sichuan Province of China has caused tremendous loss of life and property. The severe
earthquake along with the heavy rainfall has induced landslide and debris flows so that the slope stability is a significant concern in this
earthquake region. A newly developed inclinometer based on the Fiber Bragg Grating (FBG) sensing technique has been installed in a slope
in Sichuan Province for long-term monitoring of internal displacements. A series of FBG sensing bars are installed at different depths of two
different boreholes in the slope; meanwhile, all optical fibers of the sensing bars are connected and extended to a monitoring station around
1000m away from the slope site through a main armored cable of optical fibers. Monitoring works are carried out in the monitoring station
from 20 June to 25 September 2010. Thus, internal displacements of the slope are analyzed together with the rainfall data which are also
collected by a rainfall gauge. The results demonstrate that rainfall infiltration has a strong influence on the internal displacements, while the
influence reduces dramatically when the depth exceeds 5.2m. Through a numerical model for the effect analysis of rainfall intensity and
duration, the slope stability decreases significantly when the rainfall intensity higher (or equal) than 0.5mm/h and rainfall duration longer

than 100h.

1. INTRODUCTION

Landslide imposes a great threat to the human life and property, thus,
numerous researches have been conducted in slope stability analysis.
Theoretical studies indicate that slope sidings are caused by various
factors including geologic structure, geometry, soil properties,
rainfall infiltration, evaporation and earthquake (e.g. Morgenstern,
1965; Sarma, 1973; Greco, 1996; Zheng et al., 2009). Leonardo et al.
(2010) reported that the slow-moving was dominated by the pore
water pressure and has a close relationship with seasonal variation.
Former researchers such as Collins (2004), Tohari (2007), Frattini
(2009), and Arezoo (2010) convinced that rainfall and evaporation
have indispensable impact on the slope stability. Many finite
element methods (FEM) were also used by pervious researchers to
study the slope stability (Hovland, 1977; Zhang, 1988; Huang and
Tsai, 2000; Chang, 2002).

In addition to the theoretical analysis, geotechnical monitoring
provides a direct way to understand the slope behavior. The
inclinometer is one of the most common used instruments to
measure the slope deformation normal to the axis of borehole casing.
Traditional inclinometers are based on the electric servo-
accelerometer probe or solid-state micro-electro-mechanical-sensors
(MEMS). However, some limitations have been involved by using
electric sensors, such as electromagnetic interference and signal loss
for long distance transmission. With the development of fiber optic
sensing technology, these limitations can be overcome by employing
fiber optic sensors. The fiber Bragg grating (FBG) sensor has been
widely applied in this area due to the intrinsic merits, such as high
sensibility to the strain and temperature, small volume, light weight,
resistance to the corrosion and electromagnetic interference (Yin,
2008; Zhu, 2010). In this study, the newly in-place inclinometer is
developed with FBG sensors and installed in a typical slope in the
Beichuan earthquake area in China for long-term monitoring. Along
with the displacement monitoring, the rainfall data of this slope are
recorded for analyzing the effect of rainfall infiltration. Additionally,
the laboratory tests are conducted to examine the shear strength
properties of soil in the slope. Finally, based on slope geometry and
soil properties, the numerical simulation model is established to
evaluate the influence of rainfall intensity and duration on slope
stability.

2. SITE DESCRIPTION

In this study, the slope is located in the Weijia gully area with 2 km
away from Beichuan city which is a hilly area in the southwest of
China. Due to the heavy Wenchuan earthquake on 12th May 2008,
the slope become unstable and the geomaterials in the surface layers
of the slope become loose (Zhuang et al. 2010; Cui et al. 2011). In
this area, the mainly rainy season is from June to September, which

is about 74% of the annual rainfall during this period (Cui et al.,
2011). Four month after the earthquake, an extremely heavy rainfall
occurred on September 23 and 24 2008 which triggered the debris
flow in this Weijia gully. According to the records, the daily rainfall
on the September 23 is 173.8mm and the rainfall is 98.9 mm from
0:00 to 6:00 on Sept. 24 (Cui et al. 2011). The Weijia gully was
filled with the debris flow on average 3m of the depth. To make
matters worse, a part of Beichuan city including the Beichuan High
School was burned by this debris flow (Cui et al., 2011).

The main sources of the debris flow are the landslides at the both
sides of the Weijia gully. The Weijia gully is flow into the QianJiang
from North to South with the ‘U’ shape of gulches. The drainage
conduits had been constructed before the earthquake with the depths
of 5~8m and length of 2 km. After the debris flow, all these conduits
have been damaged and many loose geomaterial filled with the
conduits. According to the investigation report provided by the
Sichuan geological engineering survey court, the total volume of
this debris flow in Weijia gully is 10.5x10*m?, in which, the volume
of landslide in this studied slope is 8.5x10*m? (i.e. 80.95% of the
total volume) (Zhuang et al. 2010). A geotechnical investigation was
carried out after the debris flow. The investigations include drilling
two boreholes, studying the soil properties, and installing in-place
inclinometers. The longitudinal section of the slope and locations of
two investigation boreholes are shown in Figure 1. After the
investigations, borehole A and B are installed FBG based in-place
inclinometers for long-term monitoring of the slope.
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Figure 1 Longitudinal section of the slope and locations of boreholes
A and B
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3.  SOIL PROPERTIES OF THE SLOPE

Samples taken from the drill hole were carried out laboratory tests
following the BS 1377:1990. The specific gravity of sand-gravel soil
is 2.72, the liquid limit w;=31.9%, plastic limit wp =18.8% and
plasticity index I;=13.1. The moisture content is 18.83%. The
saturated permeability of the sand-gravel is 1.16x10% In addition,
the grain size distribution curve is shown in Figure 2.

The large-size direct shear (LSDS) tests and triaxial tests of
undisturbed soil specimens from the Beichuan slope were conducted
in the soil laboratory following the procedures as described in
BS1377:1990. For the soil in the surface slope, it contains large size
of practices so that it is necessary to perform LSDS test. The
superficial soil with engineering type of yellow is very dry, stiff and
low cohesion and contains sandy gravel (maximum diameter =
50mm). The LSDS test was performed at a constant rate of
0.5mm/min until to a total horizontal displacement of 60mm. Four
LSDS tests were carried out under normal pressures 25kPa, 50kPa,
100kPa, and 300kPa, respectively. Results of LSDS tests are
presented in Figure 3. It can be observed from the results that the
peak stress increases with increasing the normal stress; specifically

under normal stress 300kPa, the maximum shear stress is 272.81kPa.

Meanwhile a “stress-softening” can be clearly observed. In addition,
totally twelve triaxial tests on four soils were carried out with
constant strain rate. The sample was trimmed to 50mm in diameter
and 100mm in height. Effective confining pressure (50kPa, 100kPa
and 300kPa, respectively) was applied to consolidate the soil. The
compression rate of 0.03mm/min was used to shear the specimens.
Results of CU triaxial tests are presented in Figure 4 and the
effective ¢, ¢ values are determined in Table 2.

Table 1 Description of soils from Beichuan for triaxial tests

ID. Depth (m) Description
Fractured, yellow brown, sandy

1-1 0~1.5 GRAVEL (max. dia. = 40 mm), no
cohesion and very low wetness
Stiff, black brown, sandy CLAY,

1-2 1.5~6.5 ; .
medium cohesion and wetness
Firm, yellow brown, very sandy

1-3 6.5~12.9 GRAVEL (max. dia. = 20mm), with
cohesion and very low wetness
Stiff, brown, sandy GRAVEL (max.

1-4 12.9~19 dia. = 20 mm), no cohesion and very
low wetness
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Figure 2 Grain size distribution curve
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Figure 3 LSDS results for the yellow soil (a) horizontal
displacement versus shear stress; (b) horizontal displacement versus
vertical displacement

Relationships between axial strain and deviator stress are
presented in Figure 4(a). It can be observed that the confining
pressure has important impact on the stress-strain behavior. When
the strain exceeds 10%, no obvious peak of shear strength appears
for the specimens, while strain-softening can be observed for
specimen 1-1. This maybe indicates that the soil specimen of 1-1 is
little over-consolidated, whereas other soils are normally-
consolidated with strain hardening property. Figure 4(b) presents the
relationship between axial strain and excess pore water pressure
(EPP). The gravel in soil makes the curves not quite consistent. The
EPP of sample 1-4 under 200kPa effective confining pressure shows
a slow increase at the beginning, and then an obvious sharp increase
which mighty because the high gravel contents in sample 1-4.
When the gravel is under shear, low permeability makes the excess
pore water hard to dissipate, thus increase the excess pore water
pressure.

Relationships of mean effective stress and deviator stress are
demonstrated in Figure 4(c). It can be seen that high deviator stress
is obtained under high confining pressure, or rather the higher the
mean effective stress, the higher the deviator stress. For all the
curves, the effective stress paths bend to the right after failure,
which indicates shear dilation. Shear dilation happens indicates the
soils are undisturbed and their structures were well kept.
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Figure 4 CU test results for Beichuan soils (a) axial strain versus
deviator stress (b) axial strain versus excess pore water pressure
(c) mean effective stress versus deviator stress

Table 2 Determination of ¢, ¢ values in traxial tests

Sample ID Line fitting ¢ (kPa) @ (deg)
1-1 y=1.289x+37.93 17.7 28.0
1-2 y=0.599x+74.90 353 152
1-3 y=1.022x+46.73 21.8 23.6
1-4 y=1.413x+53.28 24.8 29.8

4. DEVELOPING OF IN-PLACE INCLINOMETER WITH
FBG SENSING TECHNOLOGY

4.1 Principle of the FBG sensor

The development of fiber optic sensing technology has drawn many
attentions in civil engineering due to its advantages mentioned
before. The fiber is made of fused silica and protected by the
cladding (i.e. typically 125um diameter) and coating. The inside

core is used for light travels with surrounding by the cladding. In
this study, the sensing technology is based on the FBG sensors
which are manufactured by phase mask method in the Hong Kong
Polytechnic University. The fabrication details can be found in Zhu
et al (2010a). The working principle of the FBG sensor is depicted
in figure 5. As shown in the figure, when the ultraviolet light pass
through the FBG sensor, a special narrow broadband light will
reflect. The reflected wavelength is defined by

Ay =2n,A (1)

where n.z and A are the core index of refraction and the grating
period of index modulation, respectively. The parameter n. and A
will be changed with externally perturbations (i.e. strain and
temperature), which will result in shift of wavelength. The
wavelength shift Al is given by:

A4,
=(1- Ae+(a+E)AT
pa U AL R o

=c,Ae+c AT

where p, is the elastic optical coefficient; a and ¢ are the coefficients
of temperature effect; Ae and AT are changes of strain and
temperature; Ap is the initial Bragg wavelength which is typically
between 1510 nm and 1590 nm; AA is the variation of Bragg
wavelength due to the applied strain and temperature; ¢, and ¢y are
the calibration coefficients of strain and temperature which are
obtained from the calibration tests. In this study, the calibration
coefficients of ¢, and ¢y are 0.78x10%e! and 6.67x10°%°C,

respectively.
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Figure 5 Working principles of FBG sensors

4.2 Principle of the in-place inclinometer with the FBG
sensing bar

A resin bar (with diameter of 20mm and 1m length) was employed
as the sensing bar. On the surface of the bar, two ‘v-groove’ were
fabricated so that the FBG sensors can be glued and adhered on the
sensing bar. Based on the strain results of the FBG sensors, the
deflection and rotation at the free end can be calculated given the
presences that the other end of the sensing bar was fixed. The
calculation can be expressed as (Pei et al., 2012):

d, = ae, 3)
6 =be, o)

where d; is the deflection of the ith smart bar; 6, is the rotation of the
ith smart bar; a and b are two coefficients; ¢; and ¢, are the strains
measured by the two different FBG sensors. A series of sensing bars
will be connected with the steel tubes. The steel tubes are the same
as traditional inclinometer probes which have two sets of wheels.
The guided wheels will guide and orient the tube and FBG sensing
bars along the PVC casing (Dunnicliff, 1998). With this connection
method, the deflection at the upper connected point of the FBG
sensing bar can be derived as follow:
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d=d_ +L_ tang +(L_ +li_1)tan(26{.j 5)
i=1

where d; and d, ; are the deflection of the ith and (i-7)th smart bar
respectively; L; and L; ; are the length of the ith and (i-1)th steel bar
respectively; /; ; is the length of the (i-7)th smart sensing bar.

5. FIELD MONITORING RESULTS AND DISCUSSIONS

5.1 Monitoring results of the FBG based in-place

inclinometer

Two boreholes in this slope were equipped with FBG based in-place
inclinometers. The schematic diagram of the monitoring system is
shown in figure 6. For each borehole, six sets of the FBG sensing
bars along with seven sets of steel tubes were connected in series
and installed in both borehole A and B on 20 June 2010. As depicted
in the figure 6, the FBG sensors of different depths in the one side of
the sensing bar were connected through one fiber optic cable. Totally,
two fiber optic cables were used to connect all the FBG sensors in
each borehole A and B. Then, four cables connected with the
interrogator though around 1 km armored cables. The interrogator
was placed in a monitoring station (around 1 km from the slope). All
the monitoring works were conducted in the station room. The
initial wavelengths of all FBG sensors were taken on 20 June 2010
and the flowing readings were taken sequentially.

According to the equation (2), the strains of the FBG sensors
were calculated based on the wavelengths results and then the
deflections of the sensing bar can be obtained through equation (5)
by iterative method. The cumulative displacement results of both
borehole A and B from 14 July to 25 September are shown in figure
7. As observed in the figure, the cumulative displacements increase
with the depth in both boreholes A and B except that the surface
point of the borehole were reinforced by the concrete box. In the
figure 7(b), the cumulative displacement at the attitude 939m is
smaller than displacement at attitude 937. The behind reason of this
phenomenon might be attributed to the geology condition.
According to the site investigation, the dynamic penetration tests
results are shown that the penetration resistance at elevation of
939m is much larger than that at 937m. The displacement results of
borehole A are much larger than that of borehole B. This
phenomenon can be mainly attributed to progressive failure of loose
geo-materials. After the earthquake and heavy rainfall, the shear
strength of the soil in the slope decreased dramatically. Furthermore,
the heavy rainfall will increase the water table and yield or increase
positive water pressure. The rainfall infiltration will reduce the
matric suction in soil which in turn reduces the shear strength of soil
(Li et al., 2005; Lee et al., 2009). All these factors will induce the
failure of the slope. Since the deflections were significant related to
the rainfall, it is necessary to investigate the relationship between
the rainfall and the displacement in the following study.
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Figure 6 Diagram of monitoring system
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Figure 7 Results of in-place inclinometers: (a) Deflections of
Borehole A; (b) Deflections of Borehole B

5.2 Displacement analysis with rainfall data

An automatic rainfall gauge was installed close to the monitoring
station. The rainfall data was collected during monitoring period
(from 27 June to 24 September 2010) in this slope. To investigate
the rainfall effect on the slope stability, the cumulative
displacements versus time along with daily rainfall are shown in the
figure 8. As observed from the figure, the displacements have an
apparent relationship with the daily rainfall as the displacements
increase with the daily rainfall for both boreholes A and B,
especially in the period from July 26 to August 22. By comparing
the results at different depths, it can be found that the effect of
rainfall has higher impact on the surface slope (i.e. above 5.16m).
This is probably because the shallow failures can be generated by
the short rainfall while deep-seated geo-material has less been
affected by the rainfall. The movement of deep-seated geo-material
is normally induced by the long-term variation of annual rainfall
(Pietro, 2004).
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Figure 8 Relationship between displacement distribution and rainfall:
(a) Displacement at different depths and the rainfall of Borehole A;
(b) Displacement at different depths and the rainfall of Borehole B

6. IEFFECT OF RAINFALL INTENSITY AND
DURATION ON THE STABILITY OF SLOPE

Based on the geology investigation and mechanical properties of
geo-materials conducted before, the finite element model was
established to analyze effect of rainfall intensity and duration on the
stability of slope. The commercially software SEEP/W and
SLOPE/W (GeoSlope International Ltd., 2004) were used to
perform seepage analysis and stability analysis, respectively. The
slope geometry and boundary conditions are shown in figure 9. The
initial water table was defined based on the information of borehole
A and B, which are both 6.6m below the top of borehole. As
depicted in the figure 9, the boundary condition of unit flux g was
applied on CD (i.e. surface of the slope) to simulate rainfall intensity,
no flow zone boundary conditions were applied on sides of slope
above water table and bottom of the slope; meanwhile, the total head
boundary was used for the boundary sides of slope below the water
table. In addition, the volumetric water contents various with suction
between zero and -100kPa can be estimated by the Fredlund and
Xing equation (Fredlund and Xing, 1994).

w
) : (6)
{infe+ @ /a)'1}

where w(y) is the water content at any soil suction; w; is the
saturated water content; and a, n, and m are fitting soil parameters
associated with the soil-water characteristic curve (SWCC). The
variable e is the base of the natural logarithm. The correction factor,
C(y), is written as follows:

w(y)=Cy

In(l+y/y.)
Cly)=1- . 7
@) In(1+1000000/ ) @

where y is any soil suction value and y, is soil suction at residual
conditions. Both have a unit of kPa.

The closed-form solution of this equation will be employed to
derive the volumetric water content function based on the three
parameters a, n and m. In this study, the saturated hydraulic
conductivity k, was equal to 10“m/s and a=5kPa, m=1, n=1. The
unsaturated hydraulic conductivity function was predicted by the
Fredlund et al. (1994). In addition to the hydraulic parameters, the
shear strengths parameters of the soils were determined by the
previous laboratory tests.
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Figure 9 Geometry and boundary conditions of the slope
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Figure 10 Sliding surface in the slope stability analysis

The factor of safety (FOS) of the slope was examined under
different rainfall intensity and duration based on the same
parameters of a, m, n and k;, but the unit flux are different according
to the various rainfall intensity. The sliding surface in the slope
stability analysis was shown in figure 10. In order to reduce the
effect of geometry and uniform boundary conditions on the analysis
results, the normalized factor of safety F,,, which is the factor of
safety at each time step divides by the initial value of FOS, was used
in comparing and analyzing in the different unit flux conditions. The
F, versus rainfall duration at different intensities were shown in
figure 11. As observed in the figure, the rainfall intensity has a
strong effect on the slope stability. When the rainfall intensity higher
(or equal) than 0.5mm/h, the F, decrease with the increasing of
rainfall duration. It is worth noting that the F, dramatic decreased at
rainfall duration longer than 100h for the rainfall intensity (/) at 0.1
and 1.0mm/h. It can be observed that the rainfall infiltration has an
essential impact on slope stability when the daily rainfall exceeds
20mm/d.
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7. CONCLUSIONS

After the earthquakes and heavy rainfall had struck the
Beichuan area, a disaster of debris flow happed in the Weijia
gully. Geotechnical investigations were carried out after the
debris flow. Two boreholes were drilled and soil samples
were taken for a series of laboratory tests. Additionally, a new
inclinometer based on the FBG sensors have been developed
and applied for long-term displacement monitoring of a slope
in the Weijia gully. The displacements of the slope along with
the rainfall data were recorded and analyzed. The main
findings through this study are presented below.

(a) The monitoring results of FBG based in-place
inclinometers indicate that the rainfall infiltration has a
close relationship with the internal displacements of the
slope. The cumulative displacements of both boreholes
were increased quickly in the rainy season (i.e. from July
to August, 2010).

(b) The rainfall infiltration had an important impact the surface
slope, but the influence decreased dramatically when the depths
exceed 5.2m for both borehole A and B.

(c) The results of LSDS and triaxial tests of soil specimens taken at
different depths of the slope site provide soil parameters for
finite element analysis of the slope.

(d) The finite element simulation demonstrates that slope stability
decreases significantly when the rainfall intensity is higher (or
equal) than 0.5mm/h and rainfall duration is longer than 100h.
It shall be paid attention to the slope movement when the
rainfall intensity exceeds the saturated permeability k.
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