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1. Introduction

In this manuscript, some of the results obtained through
the technology transfer projects for mitigation of debris
flow and landslides in Malaysia and El Salvador are
described. The purpose of the manuscript is to present
the findings that may be used to better understand and
note some of the issues concerning the non-structural
and structural countermeasures of Japan to be applied in
overseas countries. First example describes the general
status of the debris flow problems in Malaysia and the
study of early warning methods. Second example
describes the monitoring and mitigation of a particular
landslide in EI Salvador.

The common methods applied in these two cases are
the early warning methods based on rainfall depths.
Various types of equations and criteria, proposed in
Europe and in Japan, area were reviewed and applied to
assess the applicability of these methods.

In addition, some of the structural measures found
during the site investigation in these two countries,
raised interest in studying the basic design concepts that
are used in these countries to design structural
countermeasures for the debris flow and landslides. As a
preliminary study, concepts of the Factor of Safety (FS)
and the methods of stability analysis are reviewed.

2. Debris flow study in Peninsular Malaysia

2-1 Outline of the project

In Peninsular Malaysia, the two most devastating debris
flow occurrences are the Genting Sempah and Kuala
Dipang tragedies. The Genting Sempah debris which
occurred on 30th June 1995 resulted in 22 casualties
while the Kuala Dipang episode on 29th August 1996
claimed 44 lives. Besides these two, there were other
occurrences involving lesser fatalities but with

significant disruption to roads and other facilities during
the past decade in Peninsular Malaysia (Table 1).

In response to the rising problems and the realization of
the impacts of debris flow, the Government of Malaysia
through the Public Works Department has initiated the
program to establish hazard maps and debris flow early
warning method which will be used to warn the relevant
authorities and communities. This study is one of the
early efforts to develop the fundamental methodologies
of the early warning and the method to estimate the
potential damages and effectiveness of the barriers for
debris flow.

Table 1 Dates and locations of debris flow events in
Malaysia (Based on the data taken in 2010)

Date of Location State Road

Occurrence Closure
Km 38.6 Kuala Lumpur-

bune 30,1995 | Karak Highway (Genting Pahang |
Sempah)

Dec. 28, 2001 Gunung Pulai, Kulai , Johor | Johor
Section 23.3 to 24.10 Kuala

Nov.10,2003 | Kubu Baru - Gap Road Selangor | V
(FT55)
KM 302 North South

Oct. 11, 2004 Expressway (Gunung Perak S
Tempurung)

Nov. 2, 2004 KM 52.4 Lebuh Raya Pahang |

' Karak (Lentang)
IApr. 12, 2006 Km 33 Jalan simpang Pulai Perak N
' - Cameron Highland Road
Nov. 15. 2007 KM 4 to 5 Gap-Fraser Hill Pahang N
' Road (FT148)
Uan. 3, 2009 Section 62.4, Lojing-Gua Kelantan |
' Musang Road (FT185)




Fig. 2 Debris flow events occurred on October 11th
2004 at Gunnug Tempurung

Based on the severity of debris flows and the
availability of information, 8 sites shown in Table 1 have
been chosen for the field and case study.

The tasks shown in Table 2 were performed to
accomplish the objectives of the project. In this
manuscript however, only the outline of the early
warning method, using the rainfall data, and the slope
stabilization measures, that were observed during the
field investigation, are described for the purpose of
studying the applicability of the early warning methods
used in Japan and to review the fundamental design
concepts of slope stabilization measures.

Table 2 Main procedures and tasks of the project

Stage 1: Desk
study and data
collection

(1)Comprehensive study of available records of
past debris flow events and rainfall data
(2)Aerial observation of the sites where debris
flow have occurred

Stage 2: Field
investigation

(1)Conduct field observation to supplement
contour maps, geological maps, geomorphologic
and hydrological information and collection of
samples

(2)Conduct grain size investigation of sediments
of selected sites

Stage 3:
Development of
rainfall
threshold

(1)Assess applicability of potential methods
through case studies of selected sites.

(2)Develop preliminary criterion and prepare
future strategies for application, modification and
refinement of the model.

Stage 4: Debris
flow hazard

(1)Assess applicability of the potential hazard
zonation methods by conducting case study of the

assessment selected site through stage 1 and 2 of this study.
(2)Prepare preliminary guidelines for performing

debris flow hazard assessment.

2-2 Geological characteristics of the site
Malaysia comprises a broad range of rock types, from

the sands and silts of the coastal plains to the granite of
the Main Range and limestone outcrops of the Langkawi
Islands. On the west side of the main mountain range in
the peninsula Malaysia, granitic rocks, metamorphic
rocks are mainly distributed (Fig. 5). These rocks were
formed in the geological age ranging from Pre-Cambrian
to Cretaceous (3,880 million year to 65 million year)
accompanied by a small amount of young sedimentary
rocks and volcanic rocks (Neogene Tertiary in
geological age). The basic geological conditions suggest
that the Peninsula had undergone long term tropical
weathering.  Consequently, most parts of the
mountainous terrain are underlain by the residual soils of
the bedrock.
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Table 3 Geological characteristics of the eight sites. The

weathering grade is based on IAEG classification.

Site Location | Geological condition Type of rock
Genting 1)Contact of Metamorphic rock | Meta-Sandstone
Sempah and Igneous Rock (Yellowish) ,
2)The stream cut the fault Rhyolite (ligth
boundary between two rock grey)
types
Gunung Pulai 1)Contact of Sediment rock, Granite (light
Metamorphic rock and Igneous | grey),
Rock 2)Weathering grade IV to | Conglomerate ,
Vi Shale, Siltstone
(Sediment
Rock) Hornfels
(Metamorphic)
Gunung Contact of Metamorphic Rock Granite and
Tempurung and Igneous rock Phyllite, Slate,
Marble
Simpang Pulai Contact of Metamorphic Rock Granite, Mica —
and Igneous Rock Schist, phyllite
Lentang Colluviums / alluvium Granite
Kuala  Kubu | 1)Colluviums Granite
Bharu 2)Granite with weathering
grade I\V-V/(outcrop)
Fraser Hill Weathering grade V- VI Granite
Lojing Weathering grade 1V to VI Granite

Geological conditions and the type rock found at the 8
sites are shown in Table 3, where it is indicated that the
granite is the dominant rock type. Weathering grade is
based on IAEG classification method, where grade IV is
described as the condition more than 35% of the rock
material decomposed and disintegrated to soil, V
indicates that all rock material is decomposed and
disintegrated to soil, and VI is equivalent of residual
soil.

As shown in Fig. 7, sources of debris flow are typically
found to be generated on steep slopes of 20 degrees or
more in O-order channels and the mobilized sediment
appeared to have deposited on the milder slopes where
the gradient is 10 degrees or less. Many debris flows
occurred in basin areas of 1km? or less.

2-3 General rainfall characteristics
The seasonal variation of rainfall in Peninsular Malaysia

is of three main types:

(1) Over the Peninsula with the exception of the
southwest and east coastal area, the monthly rainfall
pattern shows two periods of maximum rainfall
separated by two periods of minimum rainfall. The
periods of maximum rainfall are generally April - May

and October - November due to the influence of inter-
monsoons, while the periods of minimum rainfall are
January — February and June — July as shown in Fig. 6
where the mean monthly rainfall represents the above
trend.

(2) The rainfall pattern over the southwest coastal area is
affected by the Sumatra landmass from May to August.
Consequently, the maxima and minima pattern
mentioned above is different: October - November is the
periods of maximum rainfall, and February is the one of
minimum rainfall. The period of maximum rainfall in
April - May cannot be seen.

(3) Over the east coastal area, January - November is the
period of maximum rainfall, while June - July is the
driest period in most districts.

No.52-Simpang Plai 1990-2009
(Debris flow on 2006,/ 04.12)

R B fyeraged
* opoos [T

600

e
=
L=}

400

Manthly {mm)
(%)
=]
=]

[}
f=4
L=}

=
L=}

L=}

Month

No.12-CGenting Sempah 1974-2009
500 [Debris flowon 1995./06./30)

B Averaged
500 -l- ----- .

B1985

Manthly {mm}

Fig. 6 Examlpes of monthly rainfall depths measured
by the thre rain gauges near Shimpang Plai and
Genting Sempah. Monthly rainfall depth of the
year of the debris flow event and the mean
annual monthly rainfall depths are shown
together. The debris flow occurred on the month
indiated by the arrow mark.
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Fig. 7 Cross section taken along the channels of the seven sites. Resolution of the contour map was in general course

and contour of the Genting Sempah was not availble.

Fig. 6 shows two examples of the monthly rainfall depth
recorded near the sites where debris flow had occurred.
The monthly rainfall in the month of the occurrence is
clearly higher than the mean monthly rainfall depth.

2-4 Rainfall analysis

Rainfall data were collected and analyzed in order to
find suitable methodologies to estimate the critical
rainfall condition that may induce landslides and debris
flow. Noting that many criteria do not differentiate the
thresholds for landslide and debris flow, no distinction is
made as to whether the criteria are for debris flow or
landslide in this manuscript.

(1) Intensity Duration (1-D) threshold

There are various types of empirical criteria for
estimating the onset of landslides, including debris flow,
in Europe, U.S.A. and in Japan. Most of the empirical
criterions are site specific and based on correlation
between landslide occurrence and rainfall intensity
which is often expressed in terms of duration and rainfall
depth. Various empirical criteria proposed for global
application are review by Guzzetti et al. (2008). In
Guzzetti’s paper, the classical criterion is cited as the one

developed by Cane (1980). Some the intensity-duration
(1-D) thresholds summarized by Guzzetti et al. (2008)
are listed below where | is the mean hourly rainfall
(mm/hour), D is the duration of rainfall in hours. These
equations imply that there is a limit as to how much the
slope can absorb rainfall without failure, since 1-D is
equal to the cumulative rainfall depth.

Caine (1980): 1=14.82-D*% —-(1)
(0.167< D <500 hrs)

Innes (1983): 1=4.93- D% - (2)
(0.1< D < 100 hrs)

Clarizia et al. (1996): 1=10-D %" —-(3)
(0.1< D <1000 hrs)

Crosta and Frattini (2001): 1=0.48+7.2-D™®  -—--(4)
(0.1< D <1000 hrs)

Cannon and Gartner (2005): 1=7.00-D*° --=-(5)

(0.1<D < 3hrs)
While these criteria can be overly conservative or
optimistic without sufficient data, it may be used to
examine whether a correlation exist between the rainfall
intensity and the duration. If a reasonable correlation is



found, it will motivate further collection of the
occurrence and no-occurrence landslide data.
Trial and error were made, using the rainfall data of the

of the cases where the correlation between landslide
event and the rainfall can be established, to examine
whether 1-D type of equation can be used as a
preliminary method to estimate the threshold. It was
found that if the maximum hourly rainfall is used, as
proposed by Wilson (1992), which is cited by Matthias
et al. (2005), four points plot close to the I-D line of
Wilson as shown in Fig. 8:

Ip =121.4 - D% ----(6)
where Ip is the maximum hourly rainfall of the rainfall
event.
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of the four sites superposed on World wide
intensity-duration threshold curves (Matthias et
al. 2005).

An analysis is performed to study if there is a reason as
to why I-D equations may approximate the threshold,
based on water balance concept used in the tank model.
Considering a tank with unit area, one drainage hole, and
no evapotranspiration, the change in the height of the
water in the tank at time step n can be expressed as,

Ah,=q,— Ahyy ---(7)
where A4h, is the change in the height of water in the
tank, g, is the rainfall depth, 1 is the coefficient for the

drainage rate, h, is the height of water in the tank
measured from the drainage hole.

Summation of4h, from the beginning of the rainfall can
be expressed as,

Zn:Ahi = Zn:qi _}“nz_l‘,hi
i=1 i=1 i=0

Noting that the sum of 44; is h, and expressing the sum
of g, and h; as Q and H, respectively, equation (8) will be,

- (8)

h,=Q-AH —--(9)
This equation simply indicates that the height of the
water at time n is equal to the cumulative rainfall depth
minus the total discharge. Furthermore equation (9) can
be expressed with | and D of equation (6):

h,=1-D-AH —--(10)
Therefore, if Zis a small value, I-D equation can be
considered as the height of the water in the tank model.
Magnitude of Zmay be estimated if the drawdown rate
of the groundwater level of a particular site is known,
using the following equation which is the analytical
expression of the height of water in a tank with one
drainage hole and when there is no rainfall:

_ At
h=he (1)

where h, is the initial height. For example, if it takes four
days for the groundwater level to return to the height
before rainfall, as shown by Thi ha etl al. (2004), A will
be approximately 0.05. In the case of Genting Sempabh,
D is 2hours, I is 48.5 mm and if 1 is setto 0.05, H(h, +
h;) will be108 mm and consequently h, is 91 mm
which is closeto] * D =96.5 mm.

Hence, I-D type of equation may be related to the
height of the water of the first tank if discharge from
the tank is small compared to the rainfall depth.

(2) Snake curve and Soil Water Index (SWI)

Applicability of the methods of Snake curve and Soil
Water Index (SWI) were examined through analyses of
the cases where the correlation between landslide event
and the rainfall can be established.

The snake line curves were drawn using the working
rainfall (WR) which is a rainfall depth, including the



effects of antecedent rains. In this study, half-life of the
long term WR and short term WR were 72 hours and 1.5
hours, respectively.
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Fig. 9 Daily and cumulative rainfall depths of Genting
Sempah debris flow on 30th June 1995.
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Fig. 10 Hourly rainfall depths prior to the debris flow at
Genting Sempah on 30th June 1995.

Snake curves were calculated for the data of Genting
Sempah and some the points corresponding to the major
rainfall events and the point of failure are plotted as
shown in Fig. 11. The hourly rainfall and the daily
rainfall prior to the failure are shown in Fig. 9 and 10.

The failure points of Lentang and Fraser Hill were
added in Fig. 11, noting that thresholds of these events
can be approximated by the same intensity-duration
relationship. The failure point of Gunung Plai is not
added, since the distance from Genting Sempha is far
greater than those of Lentang and Fraser Hill and also
because the topographic features, such as catchment area
and gradient of the channels, of Gunung Plai are very

different from Genting Sempha. The three failure points,
shown in, appear to form a group of failure points. The
Critical line may be drawn if more data can be obtained
in the future.
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Fig. 11 Failure points of three sites caluted with WR of
72 hours half-life and 1.5 hours half-life.

(3) Snake curve and Soil Water Index (SWI)

Soil water index (SWI) is indicative of the amount of
soil moisture and is calculated by adding the water
heights in the three serial tanks of the Tank Model JMA
(Japan meteorological Agency) has been using SWI to

issue warning and evacuation. It is calculated for each 5
km by 5km grid every half hour. It is important to note
that SWI alone cannot predict potential failure. The SWI
needs to be compared with the maximum annual SWI for
the last 10 years record. If the current SWI is among the
three highest values or if it is close to the value
corresponding to SWI computed for the past landslides,
current SWI indicates high possibility of landslides.

Soil water index was computed with the rain depth
associated with the four debris flow events to see
whether the SWI becomes high when the debris flow
occurred due to the effects of antecedent rain. These sites
are Genting Sempah, Lentang, Gunung Plai, and
Simpang Plai.
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Fig. 12 Soil Water Index (SWI1) calculated with the hourly rain depths of the rain gauge near Genting Sempah.

The time variation of SWI of the rain gauge near
Genting Sempah shows clear increase in SWI on the day
of debris flow event as shown in Fig. 12.

2-5 Example of structural countermeasures for the
debris flow

During the field investigation of the 8 sites, installments
of structural countermeasures were noted. Although
design specifications of these structures were not
obtained, brief descriptions and photos are shown as a
brief introduction of chapter 4 where the fundamental
design concepts of slope stabilization measures are
outlined.

(1) Flexibel barrier at Gunung Tempurung and Gap-
Fraser Hill

Flexible type barrier was found in the channel adjacent

to the channel where debris flow occurred at Gunung

Temprung (Fig. 13). The barrier is installed close to the

highway bridge.

Fig. 13 Flexible type barrier at Gunung Tempurung for
capturing debris flow. Photo (a) is taken after the
occurrence of debris flow on Ocotober 11, 2004;
Photo (b) shows the flexible type barrier in the
channel adjacent to the one shown in Fig. 12
(2012, June 28)

Another flexible barrier was found near the end of the
channel of Gap Fraser Hill (Fig. 14). At this site, various
forms of landslides, such as surficial failure, debris flows,
massive landslides, may have intermittently occurred
between November 16, 2007 and July 8, 2009, according
to the chronological records of the failures and
restoration works. Most distinct feature of the site is the
series of retrogressive landslide which was the source of
the debris flow.

The barrier is installed as a part of restoration work,
including the shotcrete and sol nailing of the scarp area
(Fig. 14 (b)). Close view of the barrier (Fig. 15) indicates
that the barrier is similar to the one installed in the
channel near the State Highway-1 of California (Fig. 16).



Stabilization of the scarp area
(Photo taken in May 2010)

Fig. 15 Three meter high flexible type barrier at Gap
Fraser Hill. (a): View from the road; (c) close

i view of the barrier showing the brakes and the

Xit area near the road

o] ring net (Ocotober, 2010)
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Fig. 14 Photos of the channel, initiation area, and exit
point of the debris flow channel of Gap Fraser
Hill. (a): Retrogressive failure that repeatedly
occurred from 2007 to 2009; (b): Stabiliztion of
the scarp area by shotcrete and soil nailing
(Photo on May 2010); (c): Exit point of the
channel near the road.

Fig. 16 Flexible type barrier in the channel near the State
Highway-1 in California (August, 2013)



(2) Shotcrete and soil nainling at Kuala Kubu and Gap-
Fraser Hill

The debris flow at the Kuala Kubu Bharu carried tons of
debris comprising of boulders in various size, mud and
tree trunks that deposited on the road FT55 (Fig. 17), and
caused the road closure for 15 days. It is suggested that
the debris flow occurred due to the surficial failure in the
colluviums layer which was identified through
geophysical investigation for designing the stabilization
measures that are described below.

The 20 - 30m high initiation zone needed to be
strengthened to prevent any future landslide. After the
debris flow, most of the colluviums on the slope surface
had been washed away, exposing the weathered granite
layer. Based on the results of the site investigation, 9 m
long soil nails with 100 mm thick shotcrete were
designed to stabilize the initiation zone.

Fig. 17 Aerial photo of the stabilized scarp and the road
(FT55) at Kuala Kubu.

Prior to beginning of this project, soil nailing work was
observed on the East-West coast highway from Simpang
Pulai to Kuala Berang as shown in Fig. 20. It is also
noted that shotcrete and soil nails were used for
stabilizing the head scarp of the site at the Gap Fraser
Hill (Fig. 14 (b)).
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Fig. 18 Plan view of the location of the stabilized scarp
area of the site at Kuala Kubu

Fig. 19 Photo of the shotcrete and soil nailings at the
scarp area of the site at Kuala Kubu.
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Fig. 20 Photo of the soil nail works along the East-West
coast highway from Simpang Pulai to Kuala

Berang (May, 2007) .
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2-6 Slope design guideline

Guideline for slope design has been prepared by Slope
Engineering Branch, Jabatan Kerja Raya MALAYSIA.
Excerpts of the description concerning the stabilization
of rock and cut slopes are shown below to note the basic
design concepts and target factor of safety. The
references cited in the guideline are shown in Table 4,
where it can be seen that most of the references are the
British standards. The “Geotechnical Manual for Slopes”
contains suggestions for target Factor of Safety (FS).

(1) Rock slopes

All Rock slopes shall be analyzed and designed.
Preliminary consideration can be used using 4V:1H for
weathering grade | and 3V:1H for weathering grade II. If
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analysis indicates that it is unstable, it shall be designed
to a better gradient and/or requiring extensive
stabilization measures. The type of stabilization
measures to be used can be one of the following:

* permanent rock anchors

* rock dowels

* rock bolting

* buttress walls

* counter forts

« relieved drains, etc.

(2) Cut slopes

These include cut slopes in residual soils and in
completely decomposed rock. All untreated slopes shall
be designed with minimum of 2m berm width and
maximum 6m berm height with a Factor of Safety
greater than 1.3. Stabilization measures can be
considered when the design is inadequate. Stabilization
measures may include the following:

« soil nailing with slope surface protection

* permanent ground anchors

* retaining walls, etc.

The minimum global Factor of Safety for treated slopes
shall be 1.5.

Table 4 References given the guideline for slope
stabilization (Slope Engineering Branch, Jabatan Kerja
Raya MALAYSIA, 2010)

1 | GEO (1993). Geotechnical Manual for Slopes. Hong Kong
Government, 295p

2 | GEO(1987). Guide to Retaining Wall Design, Hong Kong
Government Printer, 254p

3 | British Standard Institution (1999). Code of Practices for Site
Investigation (BS 5930:1999)

4 | British Standard Institution (1999). Code of Practices for Site
Investigation (BS 5930:1999)

5 | British Standard Institution (1994). Code of Practices for
Earth Retaining Structures (BS 8002:1994). British Standard
Institution, London, 110p

6 | British Standard Institution (1989). Code of Practices for
Ground Anchorages (BS 8081:1989).

7 British Standard Institution, London, 176p

8 | British Standard Institution (1989). Code of Practices for
Foundations (BS 8004:1986). British Standard Institution,
London, 125p

9 | British Standard Institution (1995). Code of practice for
strengthened/reinforced soils and other fills (BS 8006:1995).
British Standard Institution, London, 176p




3. Monitoring and countermeasures for the
landslide in El Salvador

Field investigation, monitoring, and drainage work of the
landslide which occurred along one of the main
highways of El Salvador, are described. The particular
interest of this report is to present the results of the
monitored displacement rates that markedly increased
during the high rainfall period and reduced to almost
negligible rates during the next rainfall period, owing to
the installation of the horizontal drainage pipes. The first
section briefly describes the basic geographical features
and the background that are related to the landslide.
Second chapter describes the results of borehole logging
and monitoring to estimate the sliding surfaces and the
groundwater levels. The subsequent sections present the
results of the monitoring of displacements and
groundwater level and discussion on the effects of
rainfall and drainage works on the movements of the
landslide.

These works were conducted as a part of technical
support project of JICA (Japan International Cooperation
Agency), aiming to strengthen the local government
organization to better cope with natural disasters.

3-1 Geographical outline of El
Salvador

El Salvador is located in Central America with an
approximate surface area of 20,742 km® which is similar
to that of Shikoku in Japan. The North West border is
Guatemala and Honduras is on the North east side.

The climatic condition of El Salvador is characterized
by a tropical weather with two main seasons: Invierno
(winter in Spanish) and Verano (summer in Spanish).
Annual average rainfall is 1800 mm (Ministerio de
Medio Ambiente y Recursos Naturales, 2011). The mean
monthly rainfall depth shown in Fig. 22 shows the
typical trend. Unusually high monthly rainfall depths,
shown in Fig. 22 to Fig. 24 , correspond to the major
tropical storms and depressions.

Central America, including El Salvador, is surrounded
by Tectonic Faults and volcanic activity. Hence the area
is prone to earthquake induced disasters, of which
‘January 13, 2001 Off the Coast of El Salvador
Earthquake © had caused large number of landslides that

and geological
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lead to loss of precious lives and various structures
(Konagai et al. 2004).

Volcanic and igneous rocks, such as basalts, andesites,
rhyolites, lavas and pyroclastic rocks, are distributed
nation-wide in El Salvador. Most of El Salvador
Metropolitan area is covered with Tierra blanca which is
an erodible and dispersive glassy fragment material of
pyroclastic flow deposits, resulting from the eruption
during A.D.410-535 (E. Hernandez, 2004). The period of
the pyroclastic flow was estimated by the carbon isotope
measurements of plant residue covered or embedded in
the “tierra blanca” (Dull, R. et al, 2001). The Tierra
blanca layer in the Metropolitan area originated from
llopango Caldera.
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Fig. 21 Main roads and highways in El Salvador. The
landslide on CAO1E, 18.5 kilometer is
highlighted.
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El Salvador has longitudinal roads that cross the
country from North West to South East interconnecting
cities and villages as shown in Fig. 21 . (Mapa
Geoldgico Nacional, 1960). The three main longitudinal
roads are: (1) CAOL that crosses the country through the
most important cities, Santa Ana, San Salvador, which is
El Salvador’s capital, and San Miguel, (2) CA02 that
runs along the coast, allowing commercial activity and
access to national harbors, beaches, (3) CAO03 that
crosses the country by the northern side and connect
villages, such as Chalatenango, Morazan and La Unio,
that are the main area of agricultural activities.



Flooding and landslides

600 occurred on November 7

500

Average
400

02009
300

200

Rainfall depth (mm)

100

Fig. 22 Monthly rainfall depth of 2009, recorded by the
rain gauge at Illopnago plotted with the mean
monthly rainfall from 2003 to 2011. Unusually
high rainfall can be seen in Novemeber in part
reflecting the imapct of Hurricane Ida (Nov. 7-8,
2009).
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Fig. 23 Monthly rainfall depth of 2010 plotted with the
mean monthly rainfall from 2003 to 2011. High
rainfall can be seen in May due to the imapct of
tropical strom Agatha (May 29-30, 2010).
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Fig. 24 Monthly rainfall depth of 2011 plotted with the
mean monthly rainfall from 2003 to 2011. High
rainfall can be seen in Ocotber due to the imapct
of Tropical Depression Twelve-E (Ocotober 10-
17, 2011).
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3-2 Background of the landslide

Road construction was performed from August 2002 to
January 2004, in order to improve the traffic efficiency
between San Salvador and Ilopango cities. The name of
the project is; “Paquete III: Construccion de Carretera
(CA:1), entre (CA:4) Troncal del Norte y Calle a
Tonacatepeque. On September 2003, a precursor of
landslides were found on the 18.5 kilometer (Measured
from the center of the capital), which lead to redesign of
the road alignment and road embankments (DTI S.A. de
C.V., 2012). The main mass movement occurred on
January 15 of 2009, blocking the two lanes in the East to
West direction (Fig. 25 ). The mass movement cannot be
directly attributed to rainfall, since January is part of the
dry season. However, high water content was observed
in the displaced mass, implying that the groundwater is
likely the triggering source. The landslide had a height of
approximately 65 meters, 140 meters length and 120
meters width, and the volume of approximately 130,000
m®. The landslide mass mainly consists of two
pyroclastic strata: the lower blown strata and the upper
white or grey strata. The upper part of the blown strata is
heavily weathered with high clay contents, implying low
permeability.

Fig. 25 Bird’s eye photo of the landslide and CAO1E
taken on January, 2009. (The road is heading
towards West).

3-3 Borehole logging and monitoring

(1) Outline of the borehole logging

In May 2012, two vertical drillings were performed:
Borehole 1 (BH1, 25 m deep) and Borehole 2 (BH2, 23
m deep) as shown in Fig. 28 . These boreholes served



for three main purposes: (1) determine characteristics of
materials, (2) install PVC pipes instrumented with strain
gauges and (3) monitor groundwater level.

Fig. 26 Photos of the landslide taken on June 11, 2012:
(a) bird’s eye vew; (b) toe of the landslide facing
Ca01E.
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Fig. 27 Example of core samlpe from the borehole BH1,
showing transition from the Tierra blanca to the
unerlying Paleosol of Tobas color café (Table 5)
at the depth of 16.75 m.

(2) Stratigraphy

Two main strata were identified as shown in Fig. 27 and
Table 5: (1) Pyroclastic soil (tierra blanca), showing silt
to silty sand characteristics and (2) Silty clay and
partially cemented Tobas color café, which is Holocene
blown pyroclastic flow deposits from San Salvador
Volcano. Both strata contain weakly welded soft rock
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derived from the pyroclastic flow deposits. In some
cases, these soft rocks are present as an intrusive tuff
dyke with steep dip.The fundamental factors
contributing to the landslide activity is considered as
follows. Firstly, the paleosol clay, which is the top
portion of the Tobas color caf, has very low shear
strength under saturated conditions. Secondly, the
boundary of Tierra blanca and Tobas color café exhibit
“dip slope” towards the scarp of the landslide (Fig. 28 ).
Thirdly, this boundary acts as an impervious clay layer
with  spoon-like concave formation such that
groundwater tends to cumulate inside the landslide.
Hence, the boundary, consisting of paleosol clay, is
thought to be the sliding surface which is confirmed by
the vertical strain profile of the PVC pipes.

LANOSLOE X 185
MAN CROSS SECTION

20

1490 160

Fig. 28 Main cross section of the landslide with the main
geological stratigraphy that is given in Table 5.

(3) Monitoring of vertical strain profile
Deformation of the landslide mass in the depth direction
was measured by two PVC pipes (diameter: 2 inches)
instrumented with strain gauges attached at 1 m interval
on the external side of the pipe. The pipe was perforated
so that the groundwater can be also monitored. This pipe
will be referred to as the strain-pipe meter in this report.
Results of the two strain-pipe meters, installed in
borehole-1 (BH1) are show in Fig. 29 . As shown in Fig.
29 , the strain at 18.5 m depth of BH1 started to
markedly increase from May 11" to July. This trend
suggests that pipe is subjected to shear deformation
across the sliding surface which is likely located at the
depth of 18.5 m. After July 6 sudden increase was
observed with the strain at the depth of 7.5 m, indicating
possibility of another shallow sliding surface.



A similar trend is found with the strains measured with
the pipe in BH: the strain at the depth of 15.5 m started
to show large increase from May 11" to July.

Table 5 Stratigraphy of the Landslide CA1E-18.5 km
Landslide

Geologic
formation
deposito
coluvial

Symbol

dc

Age Description

Colluvial deposit of weathered
pyroclastic, volcanic product
with some plant residue and/or
organic matter.

White to light grey, acidic
pyroclastic, volcanic effusive
deposit, portion of non-welding
(s4) and partially weakly
welded and soft rock (s4-w).
Generally, permeable to semi-
permeable, partially
impermeable due to weak-
welding.

Brown clay of highly-plastic,
with some fragment of volcanic
product.

Brown, acidic to intermediate
pyroclastic, volcanic effusive
deposit, partially ~ weakly
welded and soft rock. Top
portion of averaging three-
meters thickness from boundary
of “tierra blanca” is highly-
weathered clay of paleosol and
low permeable.

Note: s4 tierra blanca, s3’a tobas color café are referred
from Mapa Geoldgico, 1987

Tierra
blanca

s4

S4—=w

410-535

A.D.

Holocene

Paleosol
of Tobas
color café
Tobas
color café

(4) Monitoring of groundwater level

The groundwater level was manually monitored, using
the perforated PVC pipes in BH1 and BH2, since May
12 of 2012 to examine the response of the groundwater
level with respect to the effects of the rainfall and the
drainage works. The groundwater level was measured
several times a week during the rainy season and it was
measured weekly during the dry season. Therefore, rapid
response to the rainfall may not have been captured.

The rainfall data was obtained from the Illopango-
station which is 6.2 km distant from the landslide. The
groundwater profile is estimated using the monitored
groundwater levels that was in the old borehole before
the occurrence of landslide (Fig. 36 ).

As shown in Fig. 30 , the groundwater level of BH1
increased by 2 m at the beginning of measurement.
However, the groundwater levels of BH1 and BH2 do
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not show significant response to the subsequent rainfall,
where working rainfall with 3 days half-life and
cumulative rainfall depth of 1 year are also shown. It is
also noted that the groundwater level does not decrease
during the dry season. These trends imply that the flow
of the groundwater near the borehole is stagnant.
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Fig. 29 Vertical strain profile of the pipe-strain meter in
Borehole 1 (BH1)
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(5) Monitoring of displacements by electric distance
measurement

Displacements of control points, installed within the
landslide mass, were manually monitored by the
electronic distance measurement (EDM). The control
points are made of wooden dowels (50 mm in diameter)
which were knocked into the ground until it is stable.
The locations of the control points and the bench mark
are shown in Fig. 35 together with the axis of
coordinates in X and Y directions. The axis in the
vertical direction is defined as the Z-axis
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Fig. 30 Groundwater level from May 1 2012 to September 1, 2013.

(wwy) yrdap ures sAe|NWND

o O o o
o O O O O © © O
O < N O O O O O
~ < —+ —+H 00 O < N O
S m
S - =
2 -
< i
]
u p—|
o —
)
o
Qo
o
= -
o —
o =
> " -
[+
> -
o
<
o
o
~
N
=)
Y=
£
<
&
o
c
=
e
M ]
|
=
[
=
=
[~
=4
2
©
T
e g
= c
- €8
8 = o
£ € >
(=2}
s 28
T 3
2% E
T L S
mWn_b
o O o O o O o o
<t N O 0 © <
—

(ww) pdap (rejurey

Bnv-0z
Bny-9
Inc-€2
InC-6
ung-6z
ung-11
ReN-82
Re-vT
1dv-0g

7 1dv-97

1dy-z
1BIN-6T
TIN-G
034-6T
EERCS

| ver-zz

uer-g
290-5¢
20Q-1T
AON-LZ
AON-€T
0O-0€
PO-9T
0O-C
das-8T
das-
bny-1g
Bny-/
Inc-vg
Inc-0T

1 unr-9g

une-gt

- § ReIN-62

ReN-GT
ReN-T

Fig. 31 Rainfall depth, working rainfall, and cumulative rainfall May 1, 2012 to September 1, 2013

+ bnv-02
t Bny-9
L Ing-g2
FInc-6

2" phase of

drainage work

- unr-Gz
L une-TT
+ Ren-gz
L ABN-¥T
+1dv-0g

1dy-91

Tttt é--e--6-, -

Hldv-z
I JeIN-6T
FBN-G
+ 0ad4-6T
SEER
- uer-zz
|- ver-g
I 28Q-52
| 20Q-TT

‘....._..4_._._,..-A—'-»-o---.--f{_,_._.-._,_,.._:.._._A.._..__._'..__'A_._._,....,_.
ry

/8 6 0= om = Om === = o= == =9 = O = O

1% phase of

drainage work

L AON-LZ
L AON-ET
L 100-0¢
- 100-9T
L1002

. dos-8T

——PC3
-e PCY

—=-PC2
——PC8

-+--PC1
-¢-PC6

2,7

MATEH S

- dag-v
+bny-12
F Bny-2

e (-7

k- Inc-01
ung-9z
ung-z1
RenN-62
ReN-GT

5.0

45 1

25 1 VY Working rainfall > 70 mm

40 1
35
30
20
15
1.0

(w) ouaiwezedsaq

0.5

ReN-T

t
e
(=}

Fig. 32 Displacements (m) measured by electronic distance measurement (EDM)

e PCI—

2 —-PC3 —&-PCS8 -

2" phase of
drainage work

any-(g
ny -9

HI(€T
-6
ung-gz
unp-1|

b AEW -8
Rep-pl
1dy (g
1dy-g

'— -a-PC

¥V Working rainfall > 70 mm

Drainage work

...Oz..m._
PO0E
* L po9l

ady-g
TER-61
TEWE
61
Pu-s
e[z
uEr-§
(5T
F -l
L AON-(7

- PO

dag-g|

L dog-f

L ny -1z
ny-p

i

FIY T

101

ung-9z

Hun-gl

Rep-67

Repr-g

Aep-|

100

[=}

=]
+ o

(Aepunu)£joojoy

Fig. 33 Velocities (mm/day) of four control points that show close similarty

(zAepjwiw) uoleIs|322Y

0
=}

0
i

0
— oo

o T [ ' h h

™
v

-a- Acceleration

--+--Quadratic fit

—&-PC2

Drainage work

Working rainfall <40 mm
." N
[299)"

, L AON-€T
W\ le&f | PO-0E
. = N
= ;HMIH\ L dos-8T
3l
<

L Bny-02
L Bny-9
o Inc-€¢
f Inc-6
g+ unr-s¢
+ung-T7
L AeIN-82
L ReN-vT
L udv-0¢
L 1dv-91
L idy-g

+ JBIN-6T

o

L leN-G
+ a94-6T
+ 994-G

i Uer-cc
ol uer-g

| 98a-G¢
+93a-TT
[ AON-.2

FP0-9T
+ ¥O-¢

L des-v
L Bny-T2
n Bny-2
b InC-ve
v INC-0T
b unr-9z
b unc-zT
b ReN-62
t AeIN-ST
ReIN-T

(Rep/ww)AyoofeA

o

Fig. 34 Aprroxiamation of velocity (PC2) by quadratic equation and the acceleration calculated from the

quadratic equation

16



Fig. 35 Locations of contorl points for monitoring of
movements by the electronic distance
measurement. Displacement vectors from
September 2012 to December 2012 are also
indicated in unit of m.
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Fig. 36 Cross section of the landslide along the
dashed line shown in Fig. 35. Displacement
vectors are based on displcement components
in Y and Z directions from May 15 to Nov. 20
of 2012.

The time variation of the displacements, shown in
Fig. 32 , is obtained by computing the lengths between
the initial and the subsequent coordinates. These
control points started to move on May 15" followed
by a steady movement and marked acceleration in
August of 2012. The movement stops at the end the
rainy season of 2012. These trends clearly indicate
that the rainfall is the main trigger of the movement.
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A close similarity in the velocities of control points,
P2, P3, P8, and P9 (Fig. 33 ) suggest that the landslide
was moving as single mass. The displacement vectors
in the X-Y plane, corresponding to the maximum
displacement of 2012, are plotted in Fig. 35 . The
orientations of the vectors are close to the gradients of
the surficial contour lines adjacent to the each control
point, implying that movements of the control points
are affected by the local topography. The
displacement vectors in the Y-Z plane show that the
gradients of the vectors become planer towards the toe
of the Ilandslide, reflecting the geometric
characteristics of the sliding surface (Fig. 36 ).

Although working rainfall exceeding 70 mm in May
and July appear to have induced the active movements,
the working rainfall is relatively low when the
velocities reach the peak values. This may be due to
differences in the rainfall depths at the site and the
measured station that is 6 km away. Moreover, no
significant increase in the groundwater level is
observed when there is significant increase in the
velocities. This may be due to the fact that the peak of
the groundwater level may not have been captured by
the manual measurement as mentioned earlier.

The high velocity in the range of 50 to 70 mm/day
had induced localize failures near the toe region (Fig.
37 ) and has become a concern for the safety of the
traffic and the prevention works were performed as
described in the following section.

Fig. 37 Toe region of the landslide showing localized
surficial failures (Photo taken on September
11, 2012)
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3-4 Rainfall analysis

As soon as the landslide was found to become active,
early warning and quick implementation of the
stabilization work had become the concern of the
engineers and the administrations. Installation of the
horizontal drainage pipes was the selected as the quick
stabilization measure which will be described in
section 3-6.

Rainfall depth was one of the limited options to issue
the warning, since automatic data logging and data
transfer from the site to the administration office were
not feasible. Although only daily rainfall depth was
available from the rain gauge located at 6 km distance
from the site, rainfall data was collected to assess the
possibility to use the daily rainfall depth as a way to
issue warning.

Use of the daily rainfall was proposed by Lumb
(1975) who published a chart, showing the set of
threshold classes defined as “Isolated”, “Minor”,
“Severe” and “Disaster” which were established based
on the landslide events in Hong Kong (Fig. 38 ). In
this chart, 1-day and 15-day rainfall depths are
considered to express the short and long term effects

of the rainfall, respectively.

One-day and 15-days rainfall depths are plotted,
using the data from 2003 to 2012 taken at Illopango
station which is 6 km distant from the landslide (Fig.
39 ). The dates in the plot correspond to the major
tropical depression or storms that are described in the
Figure caption.
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Fig. 38 Chart of rainfall threshold for landslide in
Hong Kong proposed by Lumb (1975).
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Fig. 39 Plot of 1-day and 15-days rainfall depths of
the station at lllopngo, using the data from 2003
to 2012. Solid and dashed envelopes correspond
to the threshold classes proposed by Lumb
(1975). The dates in the plot correspond to the
major tropical depression or storms: Tropical
storm Stan on 2005/9/18; Low pressure system
on 2009/11/7 to 8 following Tropical storm Ida;
Tropical storm Agatha on 2010/5/30; tropical
depression 12E on 2011/10/13.

As shown in Fig. 39 , except for the tropical
depression 12E, three major events are inside the
“Severe” class. It is noted that a major expansion and
movements of the landslide can be seen by comparing
the two aerial photos of the Google Earth dated
February 2, 2009 and January 27, 2010. Hence, even
though the Illopango station is 6 km away from the
landslide, this type of analysis and data collection can
be helpful in improving the warning method.

A similar plot is made with the same rainfall data,
using the 1-day WR (working rainfall) and 15-day as
shown in Fig. 40 . A cluster of points appears to be
formed as the differences in the values of 1-day WR
between the normal rainfalls and the strong tropical
storm and depression become more pronounced (Fig.
41 ). The extreme two points corresponding to
2009/11/8 and 2010/5/30 are the common trend in Fig.
39 and Fig. 40 . If these points can be correlated with
the landslide events through further collection of
rainfall data from different rain gauge stations



together with the landslide events, a classification
method similar to the one proposed by Lumb (1975)
may be developed. Furthermore, additional study is
needed in finding the relevant ways to express the
short and long term effects of the rainfall.

Major expansion and

rmovements occurred
between Feb. 2009
and Jan. 2010
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Fig. 40 Plot of WR(working rainfall) with 1-day half
life and 15- days half-life. Dates for the points
corresponding to the major tropical storm and
notably high values are shown.

3-5 Relationship between factor of safety and
groundwater level

Variation of the factor of safety (FS) was calculated
with respect to change in the groundwater level.
Firstly, the cohesion and internal friction angle were
back calculated with a hypothetical factor of safety
according to the guideline published by Japan Road
Association (2009). Guide line indicates that the
cohesion may be assumed to be proportional to the
maximum thickness of the landslide mass.

The internal friction angle was back calculated, using
Morgenstern-Price  and Fellenius methods. The
hypothetical factor of safety was assumed to be 1.0,
corresponding to the steady state conditions of early
June of 2012. The results shown in Table 6 indicate
that Fellenius method gives higher friction angle than
that obtained with the Morgenstern-Price method.
Higher friction gives higher sensitivity in FS against
variation in groundwater level.

The range of variation of FS versus the groundwater
level measured in BH2 indicated that the FS varies
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approximately 0.01 when the groundwater level varies
by 200 mm.
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Fig. 41 Plot of 1 day WR(working rainfall) versus 15-
days WR. Dates for the points corresponding
to the major tropical storm and notably high

values are shown

Table 6 Back calculated strength parameters of the
sliding surface

Computation Formula ¢’ (kPa) | ¢’ (°) ISF
Morgansten-Price 15 18.23° | 1.000
Fellenius 15 20.55° | 1.000

3-6 Prevention work by the horizontal drainage
Drainage work was the prevention works of choice,
since rainfall is the main trigger of the landslide.
Among various drainage methods, horizontal drainage
pipes was planned in order to extract the groundwater
above the sliding surface. This method allows safe
working condition by setting the drilling machine
outside the toe area of the landslide. It was a new
approach to be applied in El Salvador.

The horizontal drillings were performed in two
phases. During the first phase, which took place on
September 12 of 2012, 50 meter long perforated PVC
pipes were installed in 7 different locations. In the
second phase, the length of the drainage pipes were
increased to a maximum of 100 m. Total of 220 m
pipes (pipes Pipe 10, 11 and 12 in Fig. 42 ) were
installed at three locations on April 15 of 2013.
Additional pipes with lengths varying from 0.8 to 14



meters have been drilled with manual equipment to
measure the seepage rate at the toe of the landslide.

Although the sudden decrease in the velocity of the 4
control points, found on September 18 of 2012, may
be reflecting the effects of the first phase of the
drainage work, it did not show clear effects in
reducing the landslide movements during the
subsequent rainfalls (Fig. 33 ). The effect of the
drainage work was examined in more detail by
analyzing the variation in the velocity. It was assumed
that the variation of the velocity can be approximated
with a quadratic equation. The quadratic equation was
fit to the variation of velocity of PC2 observed after
September 16" (Fig. 34 ). The results of the analysis
are thought to be applicable for PC3, PC8, and PC9 as
well. The quadratic equation fit to the variation of
velocity is;

Velocity = a(time —p)+q -
where, a, p, and g are constants that are determined
with the three given time and velocities. Then from
equation (11), the acceleration can be obtained by;

Acceleration =2a(time-p) --- (12)

As shown in Fig. 34 , the acceleration calculated
from the equation shows decelerating trend, implying
that the driving force has become less than the
resistance force. Hence, reduction in the velocity from
September 16™ to October 10", corresponding to the
working rainfall that exceeds 70 mm, may be in part
due to the effect of drainage work.

The second drainage work, on the other hand, clearly
reduced the effects of rainfall on the landslide
movements as can be seen in Fig. 33 , where no
significant movement was observed during the rainy
season of 2013. It is also noted that the groundwater
level of BH1 (lower side) rapidly decreased by 1
meter soon after the installation of the drainage pipe
(Fig. 30 ). The groundwater level in BH2, on other
hand, slowly decreased about 1 m, from April to
August which corresponds to the rainy season (Fig.
30 ). The differences in the decreasing rate of the
groundwater levels imply that there are heterogeneous
flow paths within the landslide, i.e., there may have
been flow paths near BH1 and the drainage pipes.
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Fig. 42 Plan view of the horizontal drainage works
done at the landslide site. The drilling number
in the second phase of the project is marked
with sgare and thick line.

4. Discussion on the early warning method
and review of fundamental design
concepts for slope stabilization

This manuscript outlines some of the contents of the

technological transfer projects performed in peninsula

Malaysia and EIl Salvador. Discussion and some of the

noteworthy remarks for the early warning and slope

stabilization measures are described below.

4-1 Early warning by monitoring of Rainfall
Applicability of the methods using the working
rainfall, Soil Water Index (SWI), and Intensity-
Duration equations were examined for the 8 locations
in Malaysia where the debris flow had occurred. It
was found that SWI is not readily applicable, since it
requires 10 years of hourly rainfall data for the
specific area of interest. However, in some cases the
index showed a marked increase prior to the failure,
thus implying that SWI can be regarded as the
precursor of approaching the limiting state.

In the case of analysis performed for the site in El
Salvador, there was almost no hourly rainfall data
such that neither Caine’s method nor the methods
used in Japan could be applied. Therefore, Lumb’s
method, based on daily rainfall for the landslides in
Hong Kong, was assessed. The method of Lumb



showed that the extreme value of Nov. 8th, 2009 is
classified as “Severe”. Based on the observation of the
two photos of Google Earth taken at different periods,
it is likely that there was a major expansion and
movements of the landslide on this date. Thus, in the
absence of hourly rainfall data, efforts placed in
collecting and analyzing the daily rainfall could help
understand the general trend of landslide occurrences
with respect to the rainfall patterns.

If hourly rainfall data are available but lacking long
term records, worldwide Intensity-Duration equations
of the type developed by Caine (1980) may be applied.
While there are a number of similar equations, most of
these equations have only two parameters which is
appealing in using it as a preliminary criterion prior to
developing a relevant criterion for the local conditions.
Intensity duration data corresponding to the landslides
that occurred in the weathered granitic slopes in Japan,
4 sites in Malaysia, and one data available from
Illopango station during the tropical storm, are plotted
together as shown in Fig. 43 . It is noted that the I-D
of Malaysia in this Figure is the mean intensity,
whereas the intensity shown in Fig. 8 was the peak
value. The points from different sources tend to be
scattered, whereas the points within Hiroshima region
tend to cluster around the curve given by Ceriani and
Cane. The points obtained from Malaysia have
become more scattered in comparison with the case,
using the peak intensity. The single point of lllopango
station is near the curve given by Larsen and Simon.
These trends suggest that there is no universal
threshold curve that is applicable for different regions
even within the same country. However, as discussed
before, the threshold intensity calculated with the
duration is close to the height of water in the tank of
the tank model, if the discharge is negligibly small
compared to the rain depth. Hence, it can also be
regarded as a rough approximation of the amount of
water retained in the ground. If all the other factors
controlling the stability are the same, the amount of
water that the ground can store without failure can be
considered the same. Therefore, if I-D criterion is
calibrated for each region with different
geomorphological, hydrological, and geological
conditions, it can potentially be used to help issuing
the early warning.
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4-2 Remarks on the structural countermeasures
While conducting the field investigation in Malaysia
stabilization measures of cut slopes and barriers to
capture debris flows were notable. In El Salvador, a
significantly large retaining structure, that protects the
road foundation from losing stability due to erosion of
the river, was found near the border to Guatemala.
The bottom part of the concrete wall is supported by
micro piles and the ground anchors are installed to
pull the wall. These observation raised interest in
studying the design concepts and the guidelines used
in these countries.

In this manuscript concepts and suggested values of
the Factor of Safety (FS) and the methods of stability
analysis are reviewed as a preliminary study. Review
of these concepts was limited to the public sources



that can be found on the internet. Three documents
that outline the design guideline of slopes in Malaysia,
U.S. department of transportation Federal Highway
Administration, Geotechnical Office of Hong Kong
were found (Table 7). At this point, no attempt was
made to collect the design guidelines for the slope
stabilization in EI Salvador.

As shown in Table 7, the basic definition of FS,
common to these three documents, is based on the
definition given by Bishop in 1955: Ratio of average
available shear strength of the soil along the critical
slip surface to that required maintaining equilibrium.

The methods to determine the target FS described in
the manual of Hong Kong Government is different
from the rest of the two documents in that the
designers need to take into account the return period
of the rainfall and also the severity of the potential
damages as shown in Table 8 and Table 9. The Factor
of Safety required for the new slope tends to be higher
than that required for the existing slope. This
distinction is similar with the guideline of Malaysia.
Although no detail is given in the publication of U.S.
Federal Highway administration, it is implied that FS
lower than 1.2 is not recommended in case of using
ground anchors for stabilization.

Suggested methods of stability analysis for designing
stabilization measures are summarized in the manual
of Hong Kong Government: For circular and non-
circular failure surface, Moegenstern-Price, Janbu,
Bishop, and Sarma are listed while Fellenius method
is not included. The publication of the U.S. Federal
Highway Administration indicates that the preferred
choice of the method is the limit equilibrium method
that satisfies both moment and force equilibrium.
Although no specific recommendation is made in the
guideline of Malaysia, reference is made to the
Geotechnical manual of Hong Kong governement,
implying that the methods should conform to those
given in the manual of Hong Kong government.

Although no rigorous comparison of concepts and
suggested target FS between the cited three
documents and the Japanese guidelines are made at
this point, a remark on the back calculation of shear
strength is noted: procedure to back calculate the
shear strengths with a hypothetical FS is briefly
mentioned in the supplementary notes of Table 9.
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However, the suggested hypothetical FS is limited to
1.0 and no other values of FS are given. Furthermore,
no description is given as to how to determine the two
unknowns: internal friction angle and the cohesion.
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Table 7 Definition and suggested Factor of Safety give in the three guidelines

Geotechnical Manual for Slopes
GEO (2011): Geotechnical
Engineering Office Civil
Engineering and Development
Department, The Government of
the Hong Kong

Geotechnical Engineering
Circular No. 4, Ground anchors
and anchored systems (1999):
U.S. Federal Highway
Administration

Guidelines for Slope Design:
Slope Engineering Brach,
Public Works Department
Malaysia (2010):

FS is based on the ratio of the soil
strength available to the soil
strength required for the
equilibrium(FHWA-RD 98-065,
1998, Bishop 1955)

Adopted Factor of Safety
Definition | from international standard
of ES such as GEO Hong Kong and
British Standard.

Ratio of average available shear
strength of the soil along the
critical slip surface to that
required to maintain equilibrium.

Cut slopes: The target slope stability factor of
Suggested | The minimum global Factor safety for slopes and landslide
FS of Safety for treated cut slopes Table 8 and Table 9 stabilization systems is typically
shall be 1.5 1.2t0 1.3.

For circular and non-circular
failure surface,
Moegenstern&Price, Janbu,
Bishop, and Sarma are listed

If available, a limit equilibrium
method that satisfies both
moment and force equilibrium
should be used.

Method of | Refers to Geotechnical
stability Manual for Slopes by Hong
analysis Kong Government

Table 8 Recommended Factors of safety for New Slopes for a Ten-year Return Period Rainfall (Geotechnical
Engineering Office Civil Engineering and Development Department, The Government of the Hong Kong)

RISK TO LIFE Recommended Factors of safety against loss of life

ECONOMIC for a Ten-year Return Period Rainfall
RISK — -
Negligible Low High
Recommended Factor of Safety against | _Negligible >1.0 1.2 14
economic loss for a Ten-year Return Low 1.2 1.2 14
Period Rainfall High 1.4 1.4 1.4

(@) In addition to a factor of safety of 1.4 for a ten-year return period rainfall, a slope in the high risk-to-life
category should have a factor of safety of 1.1 for the predicted worst groundwater conditions.

(b) The factors of safety given in this Table are recommended values. Higher or lower factors of safety might be
warranted in particular situations in respect of economic loss.

Table 9 Recommended Factors of safety for the Analysis of Existing Slope and for Remedial and Preventive
Works to Slopes and for a Ten-year Return Period Rainfall (Geotechnical Engineering Office Civil Engineering
and Development Department, The Government of the Hong Kong)

Risk to Life

Recommended Factor of Safety Against Loss of
Life for a Ten-year Return Period Rainfall

Negligible

Low

High

>1.0

11

1.2

(a) These factors of safety are minimum values to be used only where rigorous geological and geotechnical
studies have been carried out, where the slope has been sanding for a considerable time, and where the
loading conditions, the groundwater regime and the basic form of the modified slope remain substantially
the same as those of the existing slope.

(b) Should the back-analysis approach be adopted for the design of remedial or preventive works, it may be
assumed that the existing slope had a minimum factor of safety of 1.0 for the worst known loading and
groundwater conditions.
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(c) For a failed or distressed slope, the causes of the failure or distress must be specifically identified and taken

into the design of the remedial works.
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