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Abstract. Risk-based slope stabilization planning integratesage of surface drainage systems, surface or internal erosion,
the failure probability and the failure consequence system+eduction of the shear strength of slope materials, and large
atically and shows promise for use in the practice. This pa-changes in pore pressure (Lacerda and Santos, 2000; Che-
per attempts to develop a risk-based methodology for staung, 2004). Among these, inadequate slope maintenance or
bilization planning for deteriorating soil cut slopes. First, stabilization is a key factor (e.g. Lo et al., 1998; Chen and
a framework of risk-based stabilization planning for slopesLee, 2004).

is proposed. Then the time-dependent reliability of deteri- A good practice for the maintenance of man—-made slopes
orating slopes is analyzed based on observed performancbas been promulgated in Hong Kong by the Geotechnical
Thereafter, the slope failure consequence is assessed in terrgsngineering Office (GEO) (GEO, 2003). Two major main-
of expected numbers of fatality. After obtaining the time- tenance measures, namely, routine maintenance measures
dependent risk of slope failure, the time for slope stabiliza-and preventive maintenance measures, are often taken (GEO,
tion is determined according to selected risk criteria. Finally,2003). Routine maintenance, which entails only upkeep
the effect of slope maintenance on the reliability of slopes isof the existing surface protective cover and drainage in a
evaluated. Based on the analyses, the annual probability cdound condition, would be effective in reducing the likeli-
failure of soil cut slopes would increase exponentially in the hood of failure of small-scale features or shallow failure of
early stage of service if no maintenance were implementedwell-designed and constructed slopes. Approximately one-
As a slope deteriorates, the risk of slope failure increasesifth of the landslides might have been averted if adequate
with time and may reach an intolerable level at a certain timeroutine maintenance had been carried out (Wong and Ho,
The risk of slope failure may also reach an intolerable level1997). Preventive maintenance measures are deemed nec-
due to a change of elements at risk. The derived stabilizatioressary when routine maintenance is not sufficient to prevent
time depends on the factors that cause the slopes to deteri@engoing deterioration of the slopes. Preventive maintenance
rate, consequence of slope failure, selected risk criteria, ani intended to enhance protection to existing slopes and sub-
vulnerability of the affected population. stantially reduce their rate of deterioration. Study by Wong
and Ho (1997) indicated that about two-thirds of the land-
slides could have been averted if preventive maintenance had
been carried out. The frequencies of routine maintenance and
preventive maintenance can be found in Geoguide 5 (GEO,
Soil cut slopes are subject to deterioration and susceptibl€003)- Chen and Lee (2004) concluded that routine mainte-
to failure, particularly during the rainy season or as a con-Nance is essential for slopes to ay0|d deterioration. Routllr_1e
sequence of seismic events. In the context of the preserff'@intenance measures can effectively lower the permeability
study, slope deterioration refers to the effect of factors suctPf the surface protection layer, minimize surface infiltration,

as lack of maintenance of soil cut slope, blockage and damand resist surface material erosion by running water. When
the safety level of a slope is sufficiently low, stabilization ac-

tions such as preventive maintenance measures can be taken
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In the literature, Wyllie et al. (1980) studied slope- 2 Framework of risk-based stabilization planning for
stabilization planning using a decision-tree analysis. slopes
Roberds (1991) developed a methodology involving
decision analysis for optimizing rock slope preventive main- Risk-based methodology provides a tool for slope stabiliza-
tenance programs. Lo et al. (1998) studied the effectivenesion planning and decision-making to reduce the probability
of maintenance in improving the slope safety. Shiu andof failure of slopes or the consequences of slope failure. The
Cheung (2003) assessed the global landslide risk posetgsulting maintenance or slope stabilization program maxi-
by pre-1978 man-made slopes and the risk reduction fronnizes the stability of the slope and minimizes the total main-
1977 to 2000 achieved by landslip preventive measures if€nance cost. Risk-based slope stabilization comprises esti-
Hong Kong. Cheung (2004), and Cheung and Tang (2005amating the level of risk, deciding whether or not the risk level
b) developed a methodology to systematically evaluatelS acceptable, and implementing appropriate measures to re-
the reliability of deteriorating slopes based on observedduce the risk when the risk level cannot be accepted. Fig-
performance of soil-cut slopes in Hong Kong. Lee eture 1shows aflow diagram of the procedure used to develop
al. (2006) developed a slope management system to managdis methodology. The procedure includes four components:
the S|0pe maintenance works for mountain h|ghways in Tai-identification of Scope, risk assessment, risk evaluation, and
wan. The Australian Geomechanics Society (AGS) (2007a)stabilization planning based on risk. These components are
also promulgated geoguides for slope management angélescribed in the following sections.
maintenance. However, time-dependent reliability of slopes
and the effectiveness of slope maintenance in reducing thg'1
rate of deterioration have not been investigated sufficiently.
How one can incorporate the time-dependent reliability into
stabilization planning for deteriorating slopes and how to
determine the time for slope stabilization have not been
clearly specified. In addition, the risk posed by a particular 1. The site, being the primary area of interest.
slope usually change when the population and economic
activities in the affected area expand. The risk level of
the slope may therefore reach a limit that imposes slope
stabilization actions. The construction of new towns in hilly
terrains requires the risks be re-evaluated and the safety 3. The extent and nature of investigations that will be com-
levels of these slopes enhanced. However, the change of pleted.
elements at risk imposing stabilization actions has not been
investigated sufficiently.

Risk-based stabilization planning is becoming a topic of
great interest in engineering practice and has recently beep 2 Risk assessment
used for offshore structures (Apeland and Aven, 2000), olil
pipelines (Al-Khalil et al., 2005), landslides in Norwegian Risk assessment starts with the identification of major poten-
quick clay (Lacasse, 2004), and industrial sectors (Arun-tial hazards that each failure scenario may lead to. Hazard
raj and Maiti, 2007). As risk is defined as the product of is a description of the volume and probability of occurrence
probability of slope failure and resulting adverse failure con- of the landslide. Hazard identification requires an under-
sequence; risk-based slope stabilization planning integratestanding of the slope failure processes and the relationship
the failure probability and the failure consequence systematbetween these processes and the geomorphology, geology,
ically and helps in selecting alternatives to minimize the risk hydrogeology, climate, and vegetation at the site under con-
resulting from slope failure. cern. Then based on available data of slope failures in the

The objective of this paper is to develop a generic risk- past, the change of probability of slope failure with time and
based methodology for stabilization planning of deteriorat-space could be estimated. The probability of slope failure
ing soil cut slopes. Several steps are taken towards the objedacludes the spatial probability and the temporal probability
tive. Firstly, a framework of risk-based stabilization planning (Van Westen et al., 2006). The former is related to static
for slopes is proposed. Then the time-dependent reliability ofenvironmental factors such as slope, strength parameters of
slopes is analyzed based on observed performance of soil cmaterials, and depth. While the latter is related indirectly
slopes. Thereafter, the slope failure consequence is assessedsome static environmental factors such as slope and hy-
in terms of expected number of fatalities. After obtaining draulic conductivity, and directly to dynamic factors such as
the time-dependent risk of slope failure, the time for sloperain input and drainage. Van Westen et al. (2006) discussed
stabilization is determined according to selected risk criteria.the difficulties related to the assessment of temporal and spa-
Finally, the effect of slope maintenance on the reliability of tial probabilities. Determining the temporal and spatial prob-
slopes is evaluated. ability is usually the most difficult part of the risk assessment

Identification of scope

To ensure that the analysis addresses relevant issues and to
limit the scope of analysis, it is important to define the fol-
lowing items:

2. Will the analysis be limited to addressing property loss
only, or will it also include injury to persons and loss of
life?

4. The basis for assessment of acceptable and tolerable
risks.
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and will require the majority of effort. It is, however, a key —

X X L . . Identification of scope
step in risk analysis. For the purpose of illustration, only | - proposing analysis scope and
the temporal probability of slope failure is considered in this | methodology
study. The probability of slope failure is typically recom-
mended to be expressed as the annual probability of slope
failure. Thereafter, a consequence assessment is performe

to quantify the impact of the slope failure. The consequences | Risk assessment Risk evaluation
L. L. « Hazard identification « Selecting risk acceptance
may not be limited to property damage and injury or 0SS | . Frequency analysis T criteria
of life. Other consequences such as public outrage, loss of| * Consequence analysis + Comparing assessed risk
« Risk quantification against acceptance criteria

business confidence, and damage to reputation may also bé
included. Many of these may not be readily quantifiable and
will require considerable judgment if they are to be included
in the assessment (Australian Geomechanics Society Land- , — .
Maintenance/stabilization planning

slide Taskforce, 2007b). Finally, the risk of slope failure can « Developing maintenance plan to reduce
be quantified_ intolerable risk to tolerable risk level

2.3 Risk evaluation

Fig. 1. Framework of risk-based stabilization for slopes.
Risk acceptance criteria should be determined and used to
decide whether the estimated risk of slope failure is accept- . ) ] .
able or not. In this step, it is important to distinguish betweenMore resistant to weathering than granite, and the soil man-
acceptable risks that society desires to achieve, particularl{f€ iS up to about 20m thick. The topography is generally
for new projects, and tolerable risks that the public will live Steep, with more than 30% of the terrain steeper theén 30
with, even though they would prefer lower risks. Acceptable Due to the lack of flat areas, developments are usually con-
risks are usually considered to be one order of magnitudé&entrated on steep topography. As a result, more than 55000
lower than the tolerable risks (e.g., AGS, 2000). This app|iesreg|stered slope features (i.e. cuts, fills and retaining walls)

to both loss of property and loss of life. have been formed throughout the territory. A registered slope
feature is a man-made feature that satisfies a set of criteria.
2.4 Slope stabilization planning based on risk For instance, if a slope height is greater than 3m it is eli-

gible for registration. Among the slopes, some 35000 were

Slopes that fail to meet the risk acceptance criteria are informed prior to 1978 when the Hong Kong government com-
vestigated to develop a stabilization program to lower themenced the regulatory control on geotechnical works. These
risk within tolerable or acceptable limits. Both the type of 0ld slopes are commonly referred to as “pre-1978 slopes™.
stabilization measures and the maintenance time should b&hey were designed and constructed primarily on the basis of
determined at this stage. In this study, we only use the detedddgment and rules of thumb (Brand, 1985). Cut slope angles
mination of maintenance time as an example to illustrate their€ commonly 40—70and most of the slopes are too steep by
methodology. Both the probability of slope failure and the the current design standard. These slopes were commonly
risk involved change with the maintenance time. The probaformed in association with land formation for housing devel-
bility of failure after stabilization is finally calculated and the OPment and road works in the steep mantle of decomposed

effect of maintenance on the reliability of slopes is evaluated FOcks. Figure 2 shows the locations of these pre-1978 man-
made slopes in the territory of Hong Kong. The remaining

20000 slopes, which are referred to as “post-1978 slopes”,
were designed and constructed in accordance with a well-
established safety standard. The standard includes site char-

Hong Kong is situated at the southern part of China. It has e@lcterizaf[ion by field an_d _Iaboratory test_s, stability analysis
total land area of about 1090 Bnand a population of about and design, and supervision of construction works. Note_that
seven millions. Hong Kong has a tropical and subtropical cli-2meng the pre-1978 slopes, 21 000 out of 35000 are soil cut
mate. Thus the terrain is exposed to heavy precipitation parS/oPes, and this slope type contributes to more than 80% of
ticularly during the rainy season between April and Septem-the global landslide risk in the territory of Hong Kong (Che-
ber. On average, the annual rainfall is more than 2000 mmUng et al., 2001). Therefore, soil cut slopes in Hong Kong
with a maximum reaching over 3000mm. The terrain of &€ adopted for the current study.

Hong Kong is covered by a thick mantle of decomposed

rocks or colluvium (e.g. Fyfe et al., 2000). The granite is

extensively weathered throughout the territory, with depths

of silty, sandy soil of up to 60m. The volcanic rocks are

3 Time-dependent reliability of slopes
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GUANGDONG

Pre-1978 registered
man-mads slope
feature

Fig. 2. Locations of pre-1978 registered man-made slopes in the territory of Hong Kong.

Hundreds of rainfall-induced landslides are reported eactlormed before the implementation of more rigorous geotech-
year in Hong Kong. Most of the slip surfaces are shallow, nical control in 1977. Based on the past performance data
and the thickness of scars is usually less than 3 m. If a landef soil cut slopes (i.e., time of formation and time of first
slide occurs, more than 80% of the debris volume is less thaffiailure of the pre-1978 soil cut slopes in the period of 1984
50 P (Cheung et al., 2001). To reduce the landslide risk toto 2002), a statistical reliability analysis has been carried
as low a level as is reasonably practicable, a comprehensiveut. The youngest and oldest pre-1978 slopes were 7 and
slope safety system has been established to manage landsli@& years old respectively in 1984. By the end of 2002, these
risk in Hong Kong. As part of the system, a territory-wide slopes were 26 and 50 years old, respectively. More than
automatic rain-gauge network has been established to study100 landslide accidents were reported over the observation
the spatial characteristics of rainfall as well as its correla-period. To study the reliability of slopes under different rain-
tion with landslides. Rainfall data are recorded automaticallyfall characteristics, the territory of Hong Kong were divided
at 5-minute intervals on a 24-h basis. In the context of thisinto a grid of 1600 small cells, and 860 cells among them
paper, a rainstorm is defined as an event in which a rollingfall on land as shown in Fig. 3. Each cell has a plan area
24-h rainfall,i»4, exceeds 50 mm. For each rainstorm event,of 1.5 kmx 1.2 km. Based on the locations of soil cut slopes,
the maximum rolling 24-h rainfall values were calculated for the number of slopes in each of the 1600 cells can be deter-
each raingauge. Studies (Premchitt et al., 1994; Yu, 2004)nined. The spatial distribution of 16 000 soil cut slopes in
indicated that the maximum rolling 24-h rainfally max cor- the territory of Hong Kong is also shown in Fig. 3, where the
relates reasonably well with the occurrence of landslides anchumbers represent the numbers of slopes in the subject cells.
i24maxiS @ good parameter to indicate the likelihood of land- Whenever a rainstorm occurs, the rainfall data recorded by
slides. For instance, Yu (2004) reported a correlation studyrain gauges will be used to interpolate the rainfall intensity
between rainfall and landslide frequency based on 1622 slopat each of the 1600 cells (Yu, 2004). For each of the 208
failures occurred in the years 1984 to 2000 and studied influrainstorms, the geographical characteristics of the rainfall
ence factors such as slope height and angle. For the populare represented by the spatial distribution of the maximum
tion of soil cut slopes considered, the landslide frequency (inrolling 24-h rainfall among the 1600 cells. Each cell has its

log scale) increases approximately linearly wigh nax be- OWN i24 max
tween 50 mm to 350 mm. The correlation coefficientis about The rainfall intensity, i24 max was divided into three
0.9 on average. categories: 50-200 mm/day, 200-400 mm/day, and

In a previous research program by Cheung (2004), Siu and-400 mm/day. These categories were adopted because
Cheung (2003), Tang and Cheung (2004), and Cheung anthe performance of the old soil cut slopes under these
Tang (2005b), approximately 16 000 soil cut slopes from acategories of rainfall intensity was quite different (Cheung
population of 21000 soil cut slopes with observed perfor-and Tang, 2005b). For example, Premchitt (1991) noted
mance records during 208 rainstorms in the period from 1984hat landslides are almost certain to occur in Hong Kong
to 2002 were selected for study. Most of these slopes weravheneverio4 maxexceeds 200 mm/day. Further study on the
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Fig. 3. Spatial distribution of soil cut slopes in the territory of Hong Kong (after Cheung and Tang, 2005b).

relationship between the probability of landslide occurrenceferent vulnerabilities are not taken into account. Therefore,
and rainfall intensity can be found in the literature, suchthe resulting time-dependent reliability of slopes is “global”
as Finlay et al. (1997), Au (1998), Yu (2004), and Chen rather than site specific; site-specific study would be required
et al. (2005). If the time of occurrence of a landslide is to develop a slope stabilization plan for a particular site or re-
within the start of a rainstorm and further two days after gion.
the end of the rainstorm, the landslide would be considered Based on the datasets in Figs. 4 and 5, the conditional an-
as triggered by this rainstorm. For each of the rainstormsnual probability of failure as a function of agean be esti-
the soil cut slopes and resulting landslides in responsamated as (Cheung and Tang, 2005b):
to the three rainfall intensity categories from each of the~
small cells were also identified and grouped. The numbelh(t’ i24 max) = _ , _ i @)

. R Number of:—year—old slopes that failed at a rainstorm of intensity max
of slopes hit by rainstorms, namely, the number of slopes Number of rainstorm hits of intensitgs maxon ¢-year-old slopes
multiplied by the number of rainstorms, was then grouped e
according to slope age and rainfall intensity. The groupingThe conditional rate of failure given by Eq. (1) is equiva-
of rainstorm hits for the 208 rainstorms under different lent to the hazard function that is commonly used in relia-
Categories of rainfall intensity and S|0pe ages is shown mblllty analysis to denote the instantaneous rate of failure for
Fig. 4. Similar grouping was carried out for slope failures, an operating system. The Weibull distribution is a popular
as shown in Fig. 5, which records the first time that a s|opem0del for describing the relative likelihood of failure for a
failed. Once a slope has failed, it will be excluded from deteriorating engineering system (Harr, 1997). For example,
the sample of slopes in the next rainstorm event. In thisCheung and Tang (2005b) applied the Weibull distribution to
paper, these valuable data are used as a basis for analyzifgteriorating slopes. The hazard functiom) for a Weibull-
time-dependent reliability of the soil cut slopes. Note that distributed time to failure is expressed as
the number of rainstorm hits withp4 max=50-200 mm/day h(t) = M/(M)y—1 o)
is 3057 589 which is the highest among the three rainstorm
categories, yet the number of resulting landslides is 333wherey=a shape parameter that governs the rate of change
that is not the largest. In contrast, although the number ofof the hazard function; antl=a scale parameter which dic-
rainstorm hits withiz4 max>400 mm/day is 16 438 that is the tates the spread of the distribution. The cumulative hazard
smallest, these heavy rainstorms induced 147 landslides. function can be obtained as

In the following analysis, the slope population is assumed ! Y
to be homogeneous and the temporal and spatial distribution ) = /o h)dt = (1) @)
of heavy rainstorms relative to the locations of slopes of dif-

www.nat-hazards-earth-syst-sci.net/9/1365/2009/ Nat. Hazards Earth Syst. Sci., 9,3/352009
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Fig. 4. Number of rainstorm hits on pre-1978 soil cut slopes by ageFig. 5. Number of pre-1978 soil cut slope failures by age of slope
of slope (After Cheung and Tang, 2005b). (After Cheung and Tang, 2005b).

16

Based on Egs. (2) and (3), hazard functions of the slope per- [ Tpue,>400 MM/day 02
I y=1/gradient

F 2=1/log™(intercept)

o Observed data

Regression line

formance data with respect to the three categories of rain-
fall intensity can be constructed following methods proposed
by Nelson (1972) and Cheung (2004). Figure 6 shows the _
hazard plot corresponding ity max>400 mm/day in log-log 3
scale. The corresponding correlation coefficient is 0.991,
which indicates that the observed time to failure fits a Weibull
distribution well. The shape parametgr,and the scale pa-
rameter,), of the Weibull distribution are determined from
the gradient and intercept of the regression line, respectively.
They are estimated to bg=1.94 and1=0.012. The val-
ues of parameteng and for the hazard function associated
with the three categories of rainfall intensity before and af-
ter rigorous maintenance are summarized in Table 1. Note
that the hazard analysis involves two sources of uncertainty:
parameter uncertainty affected by the number of data avaiIFig
able and model uncertainty associated with the selected two-
parameter Weibull distribution.

15}

Log (time to failure

13 [

I . I
-0.8 -0.7

12 o . I . I . I
-1.2 -1.1 -1.0

. I .
-0.9 -0.6

Log (cumulative hazard function, H(t))

. 6. Hazard plotting for time of slope failure using Eq. (2).

Figure 7 shows the three hazard functions on log scale unerease public awareness of the importance of slope mainte-
der different railfall intensities. Since ajl values shown nance and the owners’ liability to keep their slopes in good
in Table 1 are greater than unity, all the hazard func-condition. The youngest slopes in the population were 16
tions increase monotonically with slope ages. In Fig. 7,years old in 1992, understanding that a certain level of main-
the performance of the slopes under rainstorm categorietenance work was also conducted before 1976. Maintenance
i24 max=50—-200 and 200-400 mm/day exhibits discontinu- of these slopes generally on an annual basis has been car-
ities atr=16 years on the curves. One possible reason foried out in a more planned manner since then and the rate
this lower rate could be retardation of deterioration. After a of slope failure after=16 years has therefore been reduced.
reasonably long period of service, for the considered case oAnother possible reason for a lower rate of increase in fail-
16 years, owners of the slopes might have become aware afre probability is that the slopes that have been load-proof-
the poor conditions of their slopes and carried out mainte-tested for 16 years may perform better than those that have
nance works that counterbalanced the effect of deteriorationalready failed. Strictly speaking, the hazard functions shown
Indeed, as reported by Cheung and Tang (2005b), a publiin Fig. 7 represent only the average reliability of soil cut
campaign on slope maintenance was initiated in 1992 to inslopes. Although the slopes are from a similar class, they

Nat. Hazards Earth Syst. Sci., 9, 136379 2009 www.nat-hazards-earth-syst-sci.net/9/1365/2009/
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Table 1. Weibull distribution parameters in Eq. (2) for deteriorating slopes.

Before maintenance After maintenance
Rainfall intensity, Correlation Correlation
i24 max(mm/day) y A coefficient y A coefficient
50-200 2.84 0.0056 0.988 1.28 0.0003 0.994
200-400 6.54 0.036 0.989 1.48 0.0048 0.995
>400 1.94 0.012 0991 1.94 0.012 0.991

0.1¢ 1 F
0.01} e .l
E E . ;
[ kS
S 1E3L 2 i
I3} E =
5 § 001
[ S E
° _
s 1E-4 L a
§ g
i < 1E3) _
1E5 —e—i, =50-200 mmiday § g —=— 1,1, =50-200 mmiday
: —e—i,, =200-400 mm/day 3 ——1,,10,=200-400 mm/day
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1E67 ‘ ‘ ‘ ‘ ‘ —h‘ |2Ama‘x>400‘ mrr‘1/day 1E-4 LY T e T ‘y
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0 5 10 15 20 25 30 35 40 45 50
Service time (years) Service time (year)
Fig. 7. Variation of hazard function over time using Eq. (2) under Fig. 8. Cumulative probability of failure using Eq. (4) under differ-
different categories of rainfall intensity (After Cheung and Tang, ent categories of rainfall intensity.

2005b).

have different characteristics such as geometrical configurareaches 16 years represent the change in the Weibull distri-
tions and applied loads. Thus the strength characteristics dpution parameters at16 years. The rate of increase in the
the slopes that survived after 16 years may be different fronprobability of failure beyond 16 years is lower, which will be
those that have already failed. The weaker slopes may havéiscussed later.
already failed in the early service period. The probabilities of failure shown in Fig. 8 only represent
In addition to the hazard function, a designer may be inter-the contribution of each different category of rainstorm to the
ested in knowing the probability of failure over a given future conditional probability of failure. If the occurrence probabil-
service time. One can integrate the probability density func-ities of different rainstorm intensities are taken into account,

tion of the time to failure and obtain the probability of slope One can determine the probabilities of slope failure for vari-
failure for a service period[0, 7] as follows: ous service periods by virtue of the total probability theorem

(e.g., Ang and Tang, 2007),
Pp(t) = 1 — exp(—At)” 4)

3
Applying Eqg. (4), the cumulative probabilities of slope fail- Ppi(t) = Z Pyi(t) Pi (i24 max ®)
ure for the three categories of rainfall intensity are obtained i=1
and shown in log scale in Fig. 8. The cumulative probability where P; (i24 may=0ccurrence probability of théth cate-
of failure increases as the service time or the rainfall intensitygory of rainstorm intensity; and®; (+)=cumulative proba-
increases. For example, a slope would haveaof 0.2% bility of slope failure for a service periadshown in Eq. (4).
underizg max=50-200 mm/day for the next 25 years. The Lam and Leung (1994) established the occurrence probabil-
P will become 0.5% if the service period increases from ity of different rainstorm intensities based on past rainfall
25 years to 50 years. On the other handzifmaxincreases records. The occurrence probabilities of rainstorm are cal-
to 200-400 mm/day angd 400 mm/day, theP for the next  culated based on the past hourly and daily rainfall data for
25 years will increase to 4% and 10%, respectively. Notethe periods spanning from 1884 to 1939 and from 1947 to
that the kinks in the probability curves when the service time1990. The occurrence probabilities of rainstorm categories
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i24 max=50-200, 200-400, angl400 mm/day in a given year 0.10
are found to be 43, 50, and 7%, respectively. It should be
noted that the occurrence probability of rainstorm highly de-
pends on the rainfall duration. For example, the occurrence
probabilities of the maximum rolling 12-h rainfall categories
i12 max=50-200, 200-400, ansl400 mm/day in a given year
are 65, 33, and 2%, respectively. Similarly, the occurrence
probabilities of the maximum rolling 6-h rainfall are 82.5, 17,
and 0.5%, respectively. Generally, the occurrence probabil-
ity of rainstorm category 50—200 mm/day decreases with in-

0.08 |-

0.06 -

0.04 -

Cumulative probability of failure

creasing rainfall duration, while the occurrence probabilities © o0.02 |-

of rainstorm categoried 2 ma=200—-400 and-400 mm/day

increase with increasing rainfall duration. Again these rain- A
fall occurrence data are “global estimates” and may not be "0 5 10 15 20 25 30 35 40 45 50
applicable to a specific site. Based on these data, the cumu- Service time (year)

lative probability of slope failure over any given service pe-

riod can be determined and are shown in Fig. 9. The cumu¥ig. 9. Cumulative probability of slope failure using Eq. (5) for
lative probability of failure increases with service time and various service periods.

results independent of the rainfall category. For instance, it

increases from 0.03% for a service time of 5 years to 8% for ~ %%
a service time of 50 years. As indicated earlier, the kink ob-
served at a service time of 16 years is due to the change in %90
the deterioration rate of slopes because of different levels of £
maintenance. 5 00041
The annual probability of failure is of interest to planners 3,
in assessing the risk arising from slope failures. Based onz 0003
Eqg. (5), the annual probability of slope failure in yearan S I
be calculated by ’—g 0.002 - /
Pfa(t) = Pf((t) = Pri(t — 1) 6 < oom|
3 I
= > (Pyit) = Prit — 1) Pi(iz4man 0.000 o
i—1 0 5 10 15 20 25 30 35 40 45 50

. . . . Service time (years)
Figure 10 shows the annual probability of failure in any year

¢ within the gi\(en s.ervi.ce period. !t i§ gvident that the rate Fig. 10. Annual probability of slope failure using Eq. (6) for various
of slope deterioration increases significantly when the serxeryice periods.
vice time is longer than a decade. For example, the annual

failure probability increases from 0.01% at a service time of re subiect to routine maintenance carried out generally on
5 years to 0.4% at a service time of 15 years. This mean$ ) 9 Y

that the time of slope maintenance should be smaller than gnnual basis since 1992, preventive maintenance measures

decade in order to alleviate the rate of slope deterioration ef vere notimplemented on all the deteriorated slopes. Second,

. - . .._ .. some factors such as reduction of soil shear strength due to
ficiently. After the majority of maintenance or stabilization weathering of slope formina materials or seasonal variations
works were initiated in the 16th year, the annual probability 9 P 9

of failure afterr=16 years is reduced substantially and in- of pore pressure are irreversible.

creases with time more slowly. The change of failure rate Besides _predlctmg the pgrforma_nce of old slop_es _when
. they were first constructed, it is desirable that the risk in the
with time can be modelled as a bathtub curve (e.g. Harr

) X . . .__remaining life of those slopes that have not failed can be ob-
1997): the deteriorating rate of slopes with proper mainte- . ) : . T
tained. For instance, one would be interested in estimating

nance slows down with time. The surviving slopes after agethe reliability of existing slopes of anv diven ade over an
16 may have geometrical and strength characteristics differ- . y ot g slop v 9 9 y
iven next service period so that planners can schedule the

ent from those that have already failed. The weaker slopeg . L :
L . . maintenance program for these deteriorating slopes. The fail-
may have already failed in the early service period.

: . . ure probability of slopes older thap for the next periody
Maintenance works alone might not be able to bring the .
annual probability of slope failure back to the original level has been given by Cheung and Tang (2005a),
when the slope was just formed. There are a few reasong (7 < 1o+ 11|T > 10) = 1 — exp(—2” (1o + 11)* — 1})) (7)
for this. First, although all government slopes in Hong Kong
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Equation (7) provides a model for estimating the reliabil- 0.006
ity of slopes of a given age in future service period. Based — Age O'f'fge' %
on Eq. (7), the annual failure probability of slopes of age 0.005 |- g 5:22
in yearzy in the new service period can be determined as fol- o _ _._t:=3o years
lows: 2.2 0004}
S o
5 g
Pra(T < to+1|T > 1) = exp(—AY ((to + 11 — 1Y — 1)) (8) 22 0003 |-
o o
—exp(—AY (1o + 11)” — 1)) £ i :::j::::::iiititit:t:::
‘:l 2 o002 - W
The annual probabilities of failure for slopes of various ages § é ]
are calculated using Eq. (8) and shown in Fig. 11. After < * oo |-
serving for many years with normal maintenance, the annual

failure probability does not increase with service time sig- 0000 —— T e m»
nificantly. As expected, the annual failure probabilities for
older slopes are higher than those for younger slopes given
the same service period. For example, annual probabilitiegig 11, Annual probability of failure using Eq. (8) for soil cut
of failure of the 10-, 20- and 30-year old slopes are projecteds|opes with different ages.

to be 0.16, 0.20 and 0.24% over the next 10-year service.

The annual probabilities of failure of slopes of different ages
become similar as the service time increases. Table 2. Comparison between predicted and actual number of soil

Having obtained the annual probability of slope failure, an cut slope failures in 2003 in Hong Kong (after Cheung and Tang,
' < 2005b).

example is investigated to validate the proposed methodol-
ogy. In Hong Kong, there were a total of six rainstorms in
2003 and the spatial distribution of the maximum rolling 24-

Service time (years)

Actual number  Predicted number

of soil cut of soil cut

h intensityi>4 maxOf each rainstorm among the cells has been Rainstorm  Period slope failures slope failures
determined. Based on the spatial distribution of the rainfall 710 April 1 >
intensity, one can use Eg. (6) to calculate the annual proba- 4-7 May g 43
bility of failure. Then, the number of soil cut slope failures 3 9-16 June 18 23
induced by each rainstorm can be predicted. Table 2 com- 4 21-26 August 4 3
pares the predicted number with the actual number of soil cut > 1-4 September 3 2

14-17 September 2 5

slope failures (Cheung and Tang, 2005b). Fairly good agree-
ment between the predicted and the actual number of soil cut
slope failures is observed. More data should be collected to
predict the number of soil cut slope failures in a more reliable
way.

ders of magnitude larger than those for facility groups 3, 4,
and 5.

Vulnerability is the degree of loss to a given element or
set of elements within the area affected by the landslides
(Varnes, 1984; Fell, 1994; Glade, 2003). It can always be

. . - . _measured in the range from 0 (no damage) to 1 (total loss).
In the previous section, the annual probability of slope fallureFOr loss of life, vulnerability is the probability that a par-

has been determined based on observed global performan%%ular life will be lost given that the landslide occurs. Vul-

of soil cut slopes in Hong Kong. In order to assess the risk . ; ) .

of slope failure, the consequence of slope failure and vulner-ner.ablllty assessmgnt mvolves_the understanding of the inter-
ability of elements at risk must also be available. The conse—g(gf;rgftvzfiﬂoiI%'Vcegngggrslf'gitgrsdsgshagseclgiiglﬁg‘32}_8'
quences of slope failure include loss of property, loss of Iife,ume dey’th of landslide. travel distance. travel speed. and
public outrage, political effects, damage to reputation, and » depth @ : ' " peed,
others (AGS, 2000). For illustrative purposes, only the num_elements_ _at risk. Finlay e'F 6."' (1999) prowded some data on
ber of deaths by soil cut slope failure considered here. Won yulnerability of a person hit in open space, in a vehicle, or in

et al. (1997) developed a methodology i which the conse<, B TC8 PR SR ECH TR KOG IR e O
quence of a given slope failure is expressed in terms of Pote y P

tial Loss of Life (PLL). Table 3 shows the expected numbernf)urial by debris, or the collapse of a building. Although this
' investigation is based on research in Hong Kong, it gives a

of fatalities fo'r d|ﬁerent faC|I|t|¢s dilrectly affeclted by a ref- first introduction to the different kinds of vulnerability that
erence landslide that is 10 m in width and 58 im volume.
can apply to people.

The expected number of fatalities for facility groups 1 and 2
are in the same order of magnitude, which are one or two or-

4 Consequence of slope failure
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Table 3. Expected number of fatalities for affected facilities used in the analysis (After Wong et al., 1997).

Facility Facilities Expected No.
Group No. of fatalities
1 (a) Heavily used buildings 3

Residential building, commercial office, store and shop, hotel, factory, school, power station,
ambulance depot, market, hospital, polyclinic, clinic, welfare centre

(b) Others 3
Cottage, licensed and squatter area

Bus shelter, railway platform and other sheltered public waiting area

Dangerous goods storage site (e.g., petrol stations)

Road with very heavy vehicular or pedestrian traffic density

5 (a) Lightly used buildings 2
Indoor car park, building within barracks, abattoir incinerator, indoor games’ sport hall, sewage
treatment plant, refuse transfer station, church, temple, monastery, civic centre, manned sub-
station
(b) Others 1
Major infrastructure facility (e.g., railway, tramway, flyover, subway, tunnel portal, service
reservoir)

Construction site (if future use not certain)
Road with heavy vehicular or pedestrian traffic density

3 Heavily used open space and public waiting area (e.g., heavily used playground, open car(pakk,
heavily used sitting out area, horticulture garden)

Road with moderate vehicular or pedestrian traffic density

4 Lightly used open-air recreation area (e.g., district open space, lightly used playground, c@9a-
tery, columbarium)

Non-dangerous goods storage site
Road with low vehicular or pedestrian traffic density
5 Remote area (e.g., country park, undeveloped green belt, abandoned quarry) 0.001

Road with very low vehicular or pedestrian traffic density

Note: (i) The expected number of fatalities refers to the occurrence of a reference landslide, namely, a 10 m-wide faflimev6lime.

(i) To account for the different types of building structures with different detailing of window and other perforations etc, a multiple fatality
factor ranging from 1 to 5 is considered appropriate for group No. 1(a) facilities to account for the possibility that some incidents may result
in a disproportionately larger number of fatalities than that envisaged. For global QRA, an average value of 3 is taken for the multiple fatality
factors.

(iii) For incidents that involve the collapse of a building, it is assumed that the expected number of fatalities is 100.

5 Risk assessment and acceptance criteria of slope specific risk (SR) and total risk (TR) (Varnes, 1984), respec-
failure tively. Following Varnes (1984), the specific risk is defined
as probability times vulnerability for a given element, and the
Having determined the probability of slope failure, the con- total risk is the sum of specific risks over all potential land-
sequence of slope failure, and the vulnerability factor, theslides in the study area. Thus, the specific risk for a slope
risk of slope failure can be obtained. Aiming at assessingfailure can be calculated as the summation of the product of
the risk of slope failure, the scale of slope failure was as-the probability of slope failure and the vulnerability of the
sumed to be the same as the reference landslide, namely,raost vulnerable individual occupying the facility for each of
slide 10 m in width and 50 fin volume. It should be noted, the landslide scenarios. The total risk can be calculated by
however, that if the actual slide size were different from thesumming up the product of the probability of slope failure
reference one, then the expected number of fatalities shouldffecting the facility, the vulnerability of the affected pop-
be scaled proportional to the ratio of the actual size to theulation, and the average population at the facility, for each
reference size. Two types of risk, namely, individual risk and of the landslide scenarios (Muir et al., 2006). For illustra-
societal risk are considered, which are presented in terms dfve purpose, only one failure mode and one corresponding
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consequence associated with slope failure are considered rage vulnerability factor in the same period is about 0.016.
this study. As a slope deteriorates, the risk increases withThis approach would grossly underestimate the actual vul-
time and may reach an unacceptable limit at a certain timenerability factor because the vast majority of the slope fail-
The risk of slope failure may also reach an unacceptable limitures contained in the dataset have a low temporal probability
due to a change of elements at risk. The time for maintenancef presence of population at risk. In practice, vulnerability
can be determined when the risk-time relation is found andfactors commonly adopted in landslide quantitative risk as-
appropriate risk acceptance criteria are selected. sessment tend to be much higher than 0.01. Therefore, in
As pointed out by Morgenstern (1997), appropriate risk order to account for the effect of uncertainties in these vul-
acceptance criteria are crucial to extend the use of landslideerability factors on the risk of slope failure, three values of
risk assessment in practice. Following a review of acceptvulnerability factor, 0. 01, 0.1, and 1.0 are adopted in the
able risks and psychology of risk perception, Finlay andsubsequent analyses. As discussed earlier, SR values larger
Fell (1997) studied the landslide risk perception in Australiathan 10 per year will be intolerable. Thus, if the SR for a
and Hong Kong. They suggested that the acceptable SRlope failure is larger than 16 per year, stabilization actions
ranges from 10° to 10°% per year. Based on a survey of should be taken. Since the societal risk acceptance criteria in
literature concerning acceptable risk for dams, Fell and Hartterms of TR for slope failure have not been reported in the lit-
ford (1997) proposed tolerable risk levels for loss of life in erature, for the purpose of this analysis, the maximum tolera-
relation to slope failures. For existing slopes only including ble TR for slope failure is taken to be 1®fatalities per year.
artificial or man-made slopes, the tolerable SRs for loss oflf the TR for a slope failure is larger than 1dfatalities per
life are 107 per person per annum for the person at greatesyear, stabilization actions should also be activated. It should
risk and 10°° per exposed person per annum as an averagée noted that the maximum tolerable TR of #Qer year is
over the population at risk, respectively. For new slopes, theadopted herein only for illustrative purpose. Strictly speak-
tolerable values are 18 per year and 1 per year, respec-  ing, the maximum tolerable TR should account for the size of
tively. The difference in risk criteria for existing and new the considered zone. Taking the Hong Kong practices as an
slopes is attributed to the differences in risk perceptions forexample, the existing landslide societal risk criteria based on
existing and new slopes (Finlay and Fell, 1997). Similarly, F-N curve only apply to a consultation zone of 500 m slope
AGS (2000) suggested tolerable individual risk levels in rela-boundary length.
tion to slope failure. The tolerable SRs for the person mostat As shown in Table 3, the expected number of fatalities for
risk are 104 per year and 10° per year for existing and new facility groups 1 to 5 are 3, 1-2, 0.25, 0.03, and 0.001, re-
slopes, respectively. Based on a detailed review of the currergpectively for slides 10 m in width and 5G*n volume in-
international risk acceptance criteria in practice, GEO (1998)dividually. Therefore the societal risk of slope failure for a
recommended an interim risk guideline for natural terrain specified facility group directly affected by slope failure is a
landslides and boulder fall hazards in Hong Kong. The max-specific value. As mentioned earlier, if the actual slide size is
imum tolerable individual risk levels for existing slopes and different from the reference one assumed in the present study,
new slopes are recommended to bei@nd 10°° per year,  then the expected number of fatalities should be scaled pro-
respectively. Leroi et al. (2005) summarized individual risk portional to the ratio of the actual size to the reference size.
criteria in use in a number of engineering related disciplines,Shiu and Cheung (2003) presented examples of calculated
including landslides. There is a similarity among most of the expected number of fatalities.
aforementioned risk acceptance criteria (Fell and Hartford, Based on the annual probability of failure in Fig. 10, the
1997; AGS, 2000; GEO, 1998): the maximum tolerable in- SRs within the first 16 years are plotted in Fig. 12 against
dividual risk level for existing slopes is 10 per year. This  the service time for three values of vulnerability factor. It
individual risk level is adopted to develop risk-based stabi-can be seen from Fig. 12 that, as a slope deteriorates, the SR
lization planning for deteriorating slopes in this study. of slope failure increases with time and may reach an un-
acceptable level at a certain time. The SR of slope failure
for the vulnerability factor of 0.1 increases from 1,370 °
6 Stabilization planning for deteriorating slopes per year to 4.88 10~ per year as the service time increases
from 1 year to 16 years. For a selected individual risk ac-
Risk—based slope maintenance/stabilization planning can beeptance criterion, the maintenance time depends on the vul-
developed based on the results described in the previous senerability factor in addition to factors that cause the slopes to
tions. The individual risk and societal risk of slope failures deteriorate. The time for slope stabilization decreases with
are expressed in terms of SR and TR, respectively. For illusincreasing vulnerability factor. For example, the time should
trative purposes, the average vulnerability factor is obtainecbe 11 year and larger than 16 years for vulnerability factors
by dividing the number of fatalities by the number of slope of 0.1 and 0.01, respectively. In addition, if a SR of slope
failures. The number of soil cut slope failures and the totalfailure larger than 10° per year is considered unacceptable,
number of fatality between 1984 and 2002 in Hong Kong arethen from Fig. 12 the times for stabilization are shortened
1123 and 18, respectively (Shiu and Cheung, 2003). The avto 4 and 11 years for vulnerability factors of 0.1 and 0.01,
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Fig. 13. Total risk of a reference landslide by service time of soil

Fig. 12. Specific risk of soil cut slope failure by service time of cut slope.

slope.

0.1 ¢

. . . f —s— Vulnerability factor,vV=0.01
respectively. This depends on the fact that the time for slope [ —e— Vulnerability factor V=0.1
y s

stabilization is very sensitive to risk criteria. 001 | Vulnerability factor,V=1

For societal risks of slope failure, based on the data in i
Fig. 10 and Table 3, Fig. 13 shows the variation of TR within
the first 16 years with the service time for the vulnerability 183 ¢
factor of 0.01. It can be seen from Fig. 13 that the risk of & ‘ Maximum tolerable specific risk
slope failure increases with the elements at risk. Let us takeg ¢, t

the slope at a service time of 15 years as an example. Thed ¢ ///
TRs of slope failure for facility groups 1 to 5 directly af- @ v

fected by the reference slope range from K@5 4, (3.51- wst Toleretle emeaiic ek o
7.01)x107° to 3.51x 108 fatalities per year, respectively. : // // /
The TR of slope failures may reach an intolerable level due  c¢ ‘ ‘
20 25 30 35 40 45 5

to a change of elements at risk.

0

Service time (years)

7 Effect of maintenance/stabilization on reliability of

Fig. 14. Specific risk of soil cut slope failure after stabilization by
slopes

service time of slope.

As indicated in Fig. 7, after a maintenance/stabilization plan

has been implemented at a service time of 16 years, the
Weibull parameters shown in Eq. (2) are not the same ag
those before 16 years. Based on Fig. 7 and Eq. (5), the prob
bilities of slope failure with and without maintenance or sta-
bilization actions can be compared. Figure 14 presents th 0- and 30-year old cut slopes will have SRS of X865
SRs on log scale against the extended service time after 1 '

Clearly. after th - an has been imol .99x107° and 2.36<10°° per year over the next 10-year
years. Liearly, aller tneé maintenance pian has been imp eéervice, respectively. In addition, the SRs for slopes of dif-

mentg d, the dete'rloratlng rate is we!l coptrolled and the SFaferent ages become closer as the service time increases.
only increases slightly with the service time. For example, To further compare the effect of maintenance over time

when the service time increases from 17 to 50 years, the S%ig. 16 compares the probabilities of failure within the next

of slope failure for a global average vulnerability factor of ; : . . .
. 5 e service period for the slopes with and without maintenance
0.01 only increases from 1.42.07° per year to 2.3410 . . . : . X
. .. for different rainfall intensity categories. The effect of main-
per year. The corresponding SR values already lie within . : . L
o . i tenance on the probability of failure is most significant un-
the tolerable individual risk level. In addition, the SR values . . _
- der the rainstorm category of; ma=200—-400 mm/day. Note
for vulnerability factors of 0.1 and 1 are always above the : .
that this range of rainfall probably corresponds to the one
threshold. . . : . S
considered in future soil cut slope design. At a service time

Figure 15 compares the SRs for 10-, 20- and 30-year old
opes within the next 30-year service period. As expected,
Fhe SRs for older slopes are higher than those for younger
slopes given the same service period. For example, the 10-,
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Fig. 16. Comparison between cumulative probabilities of failure

. . . of slopes using Eg. (4) with and without stabilization considering
of 30 years, the probability of failure decreases substantiallyyifferent categories of rainfall intensity.

from 80% without maintenance or stabilization actions to
5.5% with proper maintenance. When considering the cate-
gory of the rainfall intensity larger than 400 mm/day, a slope 0.5 ‘ ‘

may fail in a single rainstorm event due to extreme water | T Wwithout maintenance
infiltration, rising ground water table, and surface or internal
erosion; therefore, routine maintenance alone is not sufficient 3
to guarantee the slope safety. Based on the results shown in“g
Fig. 16, the effect of maintenance also depends on the rainfall 2

0.4 -

e

y

o

w
T

intensity. g
The probability of failure shown in Fig. 16 only repre- 2 (.|
sents the contribution of different categories of rainstorm 2
to the conditional probability of failure. Similarly, apply- =
ing Eq. (5), the cumulative probabilities of failure of slopes § 011" e of maintenance, t =16 years

with and without maintenance/stabilization actions can be
compared as shown in Fig. 17, by considering the different g ‘ ‘
types of rainstorms. After a maintenance/stabilization plan 0 5 10 15 20 25 30
has been implemented, the probability of failure decreases Service time (year)

substantially. Generally, the reduction in the probability of
failure increases with the service time. At a service time of Fig- 17. Comparison between cumulative probabilities of failure for

30 years, the cumulative probability of failure decreases from®IOP€s using Eq. (5) with and without proper stabilization.

41% (without slope maintenance/stabilization actions) to 4%
(with proper slope maintenance/stabilization actions). This

indicates the importance of a well-planned maintenance proVice if no maintenance were implemented. The probability of
gram. slope failure increases as the rainfall intensity increases. The

rate of slope deterioration increases significantly when the

service time is longer than a decade. The annual probabilities
8 Conclusions of failure of slopes with different ages become similar as the

service time increases. The global risks in terms of specific
This paper has proposed a methodology for risk-basedisk and total risk for soil cut slopes failures in the territory of
maintenance/stabilization planning for deteriorating soil cutHong Kong are obtained. A maintenance/stabilization pro-
slopes, which may be used to improve the existing mainte-gram for deteriorating slopes can be planned using the pro-
nance policies. The average time-dependent reliability forposed risk-based methodology that provides a tool for main-
soil cut slopes can be effectively analyzed using the proposetenance planning to reduce the likelihood of slope failure and
methodology. The annual probability of failure of soil cut the corresponding consequence of failure. The time for slope
slopes would increase exponentially in the early stage of serstabilization is very sensitive to the tolerable risk criteria.
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