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ABSTRACT: In Korea, slope failures are one of the most frequent natural hazards in heavy rainy season.
Accordingly, the necessity of reasonable maintenance system for monitoring the slope is impending. It is
well known that soil slope failures induced by rainfall infiltration are triggered by reduced unsaturated
shear strength which is the result of matric suction reduction by the infiltration. Thus the consideration of
unsaturated soil condition in the smart maintenance system for the soil slope structure is fundamental.
Besides, the soil properties involved in a soil slope analysis imply many uncertainties. In addition, the
consideration of spatial variability of soil properties results in more reasonable solutions to the slope
stability analysis. In this paper, for developing more reasonable and quantitative slope maintenance
system, statistical analysis scheme is combined with web based real-time data. A reliability analysis
method is used for practical and simple application to the slope stability assessment method, considering
unsaturated soil properties and shallow failure condition. The system reliability is checked by applying it
to a real site.

1 INTRODUCTION

Generally, soil slope failure induced by rainfall infiltration is triggered by reduced unsaturated shear
strength which is the result of matric suction reduction by the infiltration. Thus the consideration of
unsaturated soil condition in analyzing the rainfall induced instability of soil slope gives rise to more
reasonable results. To consider the unsaturated soil condition, Fredlund et al.(1978) introduced a
shear strength criterion using a linear relationship with the matric suction.

Besides, the soil properties involved in a soil slope analysis imply many uncertainties. To take into
account the uncertainties, many researchers used reliability index based on deterministic critical slip
surface (Cornell 1971; Bergado and Anderson 1985). However, the slip surface associated with the
minimum reliability index does not locate the critical deterministic slip surface (Li and Lumb 1987).
Hence, extensive studies have been performed on the critical probabilistic slip surface which had
minimum reliability index (Bhattacharya et al. 2003).

Most of researches in the subject of monitor the slope focused on the deformation of the slope.
Recently new and smart monitoring systems have been developed using GPS or FBG sensors.
However, monitoring of the deformation arises the difficulty to predict the slope failure and to
Fig.out the cause of the failure. To overcome the limitation involved in monitoring the deformation,
some important factors related with unsaturated soils were newly introduced in the monitoring of
slopes. A number of field experiments have been conducted to study the effects of rainfall infiltration
on the slope stability. Ng et al. (2003) performed the measurements of matric suction, water content
and movement of surface for an unsaturated expansive soil slope of a typical clay with medium
plasticity in Zaoyang for the South-to-North Water Transfer Project. Li et al. (2005) also constructed
a full-scale field experiment site in a saprolite slope in Hong Kong to reveal the surface infiltration
process.

In this paper, a real-time probabilistic slope stability method considering unsaturated soil
properties and shallow failure condition based on the critical probabilistic slip surface is suggested.
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important unsaturated soil factors were monitored in the slope beside the highway road during the
rainy season in order to apply the method to a real site.

2 PROBABILISTIC ASSESSMENT OF UNSATURATED SLOPE INSTABILITY

2.1 Concept of Unsaturated Slope Stability
The unsaturated slope stability analysis can be conducted using the Limit Equilibrium Method with
the modified Mohr-Coulomb shear strength criterion, which includes the matric suction term.
However, the variation of pore water pressure distribution with time as well as the initial matric
suction must also be considered to include the effect of the rainfall conditions. The slope failure
pattern must also include the possibility of the surface failure as well as the deep circular failure as
the slope failure type can be affected mainly by both the soil characteristics and the rainfall
conditions.

The equation (1) is applicable to a slope with consideration of the matric suction and stress state

(Fig.1).
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Fig.1 Infinite slope stability
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where, z,, = depth of infinite slope; & = angle of slope;c' = cohesion; @'= frictional angle; ¥ = soil
property related with the matric suction; {11, — 1,.] = matric suction; y = unit weight.

2.2 Probabilistic Assessment of Unsaturated Soil Slope
To perform the probabilistic analysis of a slope, the failure state of the slope should be identified via
the performance function, G{X}, where X is the vector of input soil parameters. The performance
function defines safe and non-safe regions of the slope such that can be described mathematically by
G{X} = 0 for the safe region, and G{¥} = @ for the non-safe region, while the limit state surface is
described by G{X) = 0.

Then, the probability of failure can be defined as:
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Where f{X) = joint probability density function of the basic variable vector X.
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The performance function, G{X), can be defined as G{¥} = £{X} — 1 for stability problems, in
which fi(X} is a function of the factor of safety. Therefore the performance function of an
unsaturated soil slope can be defined as;

N - 2 £
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It is difficult to identify the joint density function, f£X), and to perform the integration of f{X)
over the entire multidimensional failure domain, (X} = @. To overcome the difficulty, an
approximate method which is called First-order reliability method based on the ellipsoid method
(Low and Tang, 2004) is adopted. The reliability index § can be defined as;

SHI. = l'l_Iii%']. f(\.' — m".}TER}-i E1"C. - m;) @

Where (f)=correlation matrix; a,=standard deviation of random variable x;; m;= mean value of
random variable x,.

From the reliability index B, the corresponding probability of failure can be evaluated by

B ¥ 1 —S(8) 5)

Where ¢ = cumulative distribution function (CDF) of the normal variable.
The U.S. Army Corps of Engineers(1997) suggested the expected levels of performance based on
the reliability index as shown in Table 1. Wolff(1996) suggested that a reliability index of 3 for

routine slopes and 4 for critical slopes should be acceptable.

Table 1 Expected levels of performance in terms of F; and reliability index.

Expected performance level Reliability index (B) Probability of failure(Py)
High 5.0 0.0000003

Good 4.0 0.00003

Above average 3.0 0.001

Below average 2.5 0.006

Poor 2.0 0.023

Unsatisfactory 1.5 0.07

Hazardous 1.0 0.16

3 SMART MONITORING SYSTEM

3.1 SMART SENSORS AND DATA STORAGE SYSTEM

The matric suction values in the slope are the most important factor for evaluating the rainfall-
induced slope instability. Therefore an automatic and continuous monitoring system for the the
matric suction values at certain depth in the slope is required to keep the slope stable and to alarm a
possible danger of slope failure. We used the following instruments to measure the matric suction
and rainfall condition, and the measured data were collected in a data logger operated using solar
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panels. The measured data are transmitted to the laboratory by wireless communication. Fig.2
represents a schematic diagram of the probabilistic smart monitoring system.

Stability
Assessment

Server Computer

Stability Assessment

Datastorage
system

Smart Sensoring Datatransmission

Matric Suction

(Tensiometer) Data Logger
(CR10X)

CDMA
comunication

Rainfall

(Tipping Bucket Rain
Gage) Power supply
\ (Solar panel)

Fig.2 Schematic diagram of probabilistic smart monitoring system

3.2 MEASURED RESULTS

A compacted slope in a highway construction site from Daejeon to Dangjin city was selected to apply
the smart monitoring system. To monitor the matric suction and rainfall, 4 tensiometers and 1 rain
gage were installed in the field site. 4 tensiometers were installed at several depths of 15¢m, 30cm,
45cm, 60cm from the surface.

Smart monitoring was performed for about 1 month from middle of September to middle of
October, 2006. The measured rainfall amount is plotted in Fig.3. The peak rainfall intensity was
68mm/hr on 17" of September and the maximum daily rainfall amount was 148mm at the same day.
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Fig.3 Measured rainfall amount during monitoring

The measured matric suction during the monitoring is shown in Fig.4. Matric suction values at
15cm depth represent very rapid variation because the water content increases easily due to the
infiltration of rain in rainy period and decreases due to drainage to lower depth after the completion
of rainfall and the evaporation to open air in hot and sunny period. This phenomenon occurs less
sensitively as the depth increases. The sudden drop of matric suction happened immediately after the
rainfall starts.
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Fig.4 Measured matric suction during monitoring

4 ANALYSIS RESULTS

To demonstrate the applicability of the suggested real-time stability assessment method, reliability
analysis was performed using the measured data obtained from the site. For real-time assessment, the
analysis program was developed with LabVIEW (National Instruments Corporation). The mean value
and coefficient of variation of input data for the analysis are shown in Table 2.

Table 2 Soil parameters used in analysis.

Input parameter Mean value Coefficient of Variation (%)
Cohesion (¢} 3.0 kPa 10
Frictional angle ( ¢") 20 ° 10

Soil property related to the

matric suction ( %) 18° 10
Unit weight (¥} 17 kN/m? 5
Matric suction {1z = ) Measured value 10
Angle of slope (ct) 45 ° -
Depth (z) 0.15~0.6 m -

Fig.5 shows the results of deterministic analysis at each time for each slope depth. The factor of
safety(FS) values decreased as rainfall started. However, they recovered after rainfall stopped. The
shallower the depth, they faster dropped. For real-time stability assessment, we could classify the
criteria as FS>1.5: Stable zone, 1.2<FS<1.5: Suspicious zone, and FS<1.2; Unstable zone. As shown
in Fig.5(b), some of FS values at 0.6m depth located suspicious zone.
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Fig.5 Deterministic analysis results during monitoring

Fig.6 shows the results of probabilistic analysis for each slope depth. The pattern of reliability
analysis results is similar to that of the deterministic results. It is confirmed that the reliability index
has a tendency to decrease as the depth becomes deeper. The reliability index varies more near the
surface rather than at the deeper depth during the rainy season. While the deterministic analysis
results indicate that in most of period, the stability is critically involved in suspicious zone at 60 cm
depth, the probabilistic analysis results present that the reliability index is more than 4.8, which is
thought to be stable according to the criteria of real time stability assessment, refering to Table 1.
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Fig.6 Probabilistic analysis results during monitoring

In order to investigate the influence of each soil property on the results of the reliability analysis,

'I_=_“t
@i
approach, because this value indicates the variation from the mean value point to the design point of
FORM ellipsoid method (Xu et al. 2006). As shown in Fig.7, uncertainty in cohesion is most
important factor for this analysis. The soil properties @ and matric suction {iz — 1) are more
influenced by rainfall because of there variation which is shown as Fig.7. According to the results of
the sensitivity analysis, the reinforcement scheme to increase the cohesion and friction angle can be

more effective and economical for the maintenance.

sensitivity analyse at 60cm depth were performed. The value is used for the sensitivity

790



Date

Fig.7 Sensitivity analysis results at 60cm depth
5 SUMMARY AND CONCLUSIONS

A probabilistic smart system to monitor unsaturated slope instability induced by rainfall infiltration
is introduced and the applicability of this system is demonstrated. In order to perform the stability
assessment, an analytical solution considering the infinite slope failure based on unsaturated soil
mechanics was used. FORM is also used to calculate the reliability index  based on the ellipsoid
method.

To measure unsaturated soil properties which affect the slope stability, matric suction values and
rainfall amounts were measured by smart sensors. The measured data are collected in a data logger
operated using solar panels. They are transmitted to the laboratory by CDMA wireless
communication.

The system described in this study was applied to a slope in a highway construction site.
According to the simulation results, matric suction values are in a range from 0 to 40 kPa and
decrease during and right after the rainfall. Moreover, the effect of infiltration is greater in shallow
depths. Based on the monitoring results and LabVIEW program analysis results, the variation is
reduced as the depth increases.

While the conventional analysis results in the suspicious stability condition, considering the
uncertainty of soil properties in the probabilistic analysis shows that the factor of safety of the slope
is high enough. It might be concluded that the consideration of uncertain properties in the analysis
gives more reliable results for the smart monitoring system.

Finally, the sensitivity analysis results show that the slope stability is affected by soil properties in
the order of ¢’, @', @”, y and {1 = w,.). Therefore, the methodology introduced in this study — real
time sensitivity analysis and making decision for the priority of reinforcement in the soil properties
according to the sensitivity analysis — may give a reasonable guideline for reliable and economical
site maintenance and ground improvement.

ACKNOWLEDGMENTS

This reserch is supported by the Brain Korea 21 Project in 2007 and grant No.R01-2005-000-11181-0
from the Basic Research Program of the Korea Science & Engineering Foundation.

791



REFERENCES

Xu, B. and Low, B. K. (2006) Probabilistic stability analyses of embankments based on Finite-
Element Method. ASCE, J. Geotechnical Eng., 132(11), 1444—1454.

Bhattacharya, G., Jana, D., Hjha, S., and Chakraborty, S. (2003) Direct search for minimum
reliability index of earth slopes. Comput. Geotech., 30(6), 455-462

Bergado, D. T., and Anderson, L. R. (1985) Stochasic analysis of pore pressure uncertainty for the
probabilistic assessment of the safety of earth slopes. Soils Found., 25(2), 87-105.

Cornell, C.A. (1971) First-order uncertainty analysis of soils deformation and stability. Proceedings,
First International Conference on Application of Probability and Statistics in Soil and Structural
Engineering (ICAPI), Hong Kong, 129—144.

Fredlund, D.G., Morgenstern, N.R., Widger, R.A. (1978) The shear strength of unsaturated soils.
Can. Geotech. J., 15, 313-21.

Li, A. G., Yue, Z. Q., Tham, L. G., Lee, C. F., Lwa, K. T. (2005) Filed-monitored variations of soil
moisture and matric suction in a saprolite slope. Canadian Geotechnical Journal., 42, 13-26

Li, K.S., Lumb, P. (1987) Probabilistic design of slopes. Can.Geotechnical J., 24 (4), 520-535

Low, B. K., and Tang, W. H. (2004) Reliability analysis using object oriented constrained
optimization. Struct. Safety., 26(1), 69-89

Ng, C. W. W., Zhan, L. T., Bao, C. G., Fredlund, D. G., Gong, B. W. (2003). Performance of an
unsaturated expansive slope subjected to artificial rainfall infiltration. Geotechnique, 53(2), 143-157

U.S. Army Corps of Engineers. (1999) Risk-based analysis in geotechnical engineering for support of
planning studies, engineering and design.: Rep. No. 20314-1000, Dept. of Army, Washington, D.C.

Wolff, T.F. (1996) Probabilistic slope stability in theory and practice. Proceeding of uncertainty,
Geotechnical Special Publication., No. 58 1. ASCE, Madision, WI, 419—433.

792





