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Abstract

This study concerns the landslides in Boloc, Philippines, an area underlain by sedimentary sequences
of the Iloilo Sedimentary Basin with active tectonism, frequent and large contemporary earthquakes,
and set in a humid tropical and monsoonal climate. The aim of the project is to provide engineering
geological input to the landslide management in Boloc with emphasis on maintaining road access.
Based on the failure model which shows dominantly pore-pressure-driven and periodic activity with
4m per event movement rate, it is recommended that the 4-hectare landslide (Landslide A) affecting
the 100m segment of the municipal road in Boloc to be (1) partially mitigated by installing
subsurface drains in its pore-pressure-build up prone landslide head, (2) monitored for changes in
movement and activity to determine the effectiveness of subsurface drains, and (3) use a gravel fill
road for accommodation of landslide movement and for simple inexpensive maintenance.
Landslide A forms the larger Boloc Landslide Complex which includes Landslide B, a landslide which
also has its toe delimited by the Central Stream in Boloc. Landslide A experiences significant changes
in groundwater level (>10m) during wet season and dry season as observed from boreholes and face
logs, has a ground water compartment at its head inferred from ponding and distribution of springs.,
and has a local reservoir at its middle part as inferred from low groundwater table and lack of
springs Landslide B is interpreted to be also driven by pore pressure, as suggested by occurrence of a
groundwater compartment at its head, as inferred from springs and ponding. The increase in pore
pressure sufficient to drive movement is associated with occurrence of heavy and prolonged rainfall
as suggested by the delayed start and end of landslide activity in Landslide A with respect to the
onset and end of heavy rainfall periods as shown by analysis of data from borehole inclinometers,
rain gauge, surface monitoring, and anecdotes from local residents. Accumulation of talus and
colluvium at the head also contributes to destabilisation but to a lesser extent than by pore pressure
based its relatively small proportion affecting the landslide.
The materials of Landslide A and Landslide B are both predominantly consisting of large (>3m) blocks
of intact, in-situ-derived sandstone sequence and/or interbedded sandstone-siltstone-mudstone, as
suggested by the proximity of their source bedrocks which were also mapped in this study. The block
materials of these landslides are associated with their rigid and predominantly failure-surface
accommodated movement. This is suggested by the sideways-rotational movement of Landslide B
interpreted from satellite imagery and orientation of main scarp, and by the partitioning of Landslide
A into zones defined by sub-failure surfaces inferred to comprise graben-forming surface, thrust
surface, and tensional surface which were inferred from surface morphology.
The significant influence of pore pressure and the predominantly block materials of Landslides A and
B observed and interpreted from detailed surface and subsurface data are consistent with the
anticipated conditions inferred from the general ground model for the area of Boloc. Local build-up
of pore pressures in the areas of Landslides A and B were anticipated from the lithology-controlled
vertical confinement of sandstone units and the occurrence of a concave fold limb. Disaggregation of
bedrock into large blocks via weakened lithological contacts was anticipated from the contrasting
stiffness (inferred from unconfined compressive strengths) of sandstone sequence units versus
interbedded sandstone-siltstone-mudstone units.
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1

1 Introduction
1.1 Background
Boloc, a hill barangay (village) in the Municipality of Tubungan, Iloilo, Philippines, is being threatened
to be cut off from the whole town by a landslide (Figure 1-1). The barangay consists of around 50
families whose basic service needs (hospital, school etc.) and incomes (growing produce) depend on
their access to the Town Proper of via a partly paved municipal road. The Municipality of Tubungan
is in the lower end in terms of income class (4th class, with 6th as the lowest in income classification
(PSGC, 2003) and its hill barangays (Boloc included) have a complicated political situation due to the
presence of militant communist rebels.

.
Figure 1-1. Oblique view of Boloc landslides. Note Landslide A which threatens to cut off the road access
of whole Boloc town from the other towns.

Figure 1-2. Map of existing (red) and future (yellow) roads in Boloc-Igdampog Sur area. Base map from
(Google, 2015). Scale approximately 1:20,000..

In terms of access, the barangay is at a the end of the municipal road, and the landslide, recognised
from ground movements (felling of trees, widespread ground cracks, and formation of 3-4m high
scarps) in 2008, contains at least a 100m segment of the municipal road (Figure 1-2). There are
approved funds from the municipal government to create a new loop within the municipal road
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which would connect the villages of Igdampog Sur and Boloc (Figure 1-2), and it is scheduled to be
completed in 2016, though there are no mobilisations at the time of writing.
As observed by the author in 2015 and reported by the municipal engineer in 2015, most of the
municipal road itself, especially the paved segments in the hill and mountain sides, founded on
highly degradable interbeds of sandstone-siltstone-mudstone, suffers from seasonal cracking, creep,
and road cut landslides

1.2 Project Aims
The aim in the project is to provide engineering geological data input for planning the road access of
the barangay of Boloc. The following objectives have been identified:




Identify and characterise the landslides which may affect the road access to or houses in,
Boloc
Determine the geological and geotechnical controls of these landslides
Identify the options for management of the landslide in Boloc, including future road access

1.3 Regional Setting
1.3.1 Location
The location of the project area is in Barangay (village) Boloc, Municipality of Tubungan, Province of
Iloilo, Panay Island, Philippines (Figure 1-3)

Figure 1-3. Location map of Boloc.

1.3.2 Physiography
The physiographic units of Panay Island consist of the Main Cordillera, the Central Plains, and the
Eastern Mountain Group (Figure 1-4A) (Alvir, 1930).
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Figure 1-4. (A) Physiography of Panay. (B) Physiography of Tubungan and vicinity. (C) Cross section
from X-X’ from Figure 1-4B.

The Main Cordillera trends north-north-south and forms the border of Antique Province with Capiz
Province and Iloilo Province. From the Main Cordillera, Mt. Baloy is located at the junction of the
aforementioned three Provinces. This mountain continues as a spur going to east which then
connects to the Eastern Mountain Group (Figure 1-4B). The spur defines the divide between the two
largest rivers, the Panay River and Jalaur River, which flow parallel and then turn northwards and
southwards, respectively (Figure 1-4A) (Alvir, 1930).
The Eastern Mountain Group consists of mountains arranged in an undefined pattern, and together
with the Main Cordillera, it surrounds the Central Plains. The Central Plains is a broad and low lying
area. Towards the Main Cordillera, the upper part of the Central Plains becomes hilly and deeply
incised by streams (note increasing relief northwards and towards Boloc in Figure 1-4B and in Figure
1-4C, respectively). The Central Plains is broad and low lying. Towards the Main Cordillera, the upper
part of the Central Plains becomes hilly and deeply incised.
The Municipality of Tubungan lies on the upper part of the Central Plains and the foothills of the
Main Cordillera. Boloc forms a headwater basin which drains into Lupao Creek and then into Tarao
River. Igdampog Sur is very similar to Boloc, except that it drains via an ephemeral stream. The
Tubungan Town Proper lies in the valley of Tarao River. To the east, the Sibalom River follows an
eastward path in the foothills, and then turns southward as it encounters the Central Plains (Figure
1-4B).The relief between the hills and valleys in the part of Boloc and Igdampog Sur can reach an
excess of 100100-200m (Figure 1-4), whereas in Town Proper, the relief reaches 10-50m.
1.3.3

Climate
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Panay, like the rest of the Philippines, has a tropical monsoon climate, but with more pronounced
dry seasons and wet seasons which typically last from November to April and May to October,
respectively. The rainfall in Panay is also enhanced by the westerly and southerly winds (PAGASA,
2005).

.
Figure 1-5. Plot of 2-year monthly rainfall-evaporation for area of Boloc with a superimposed monthly 50year average rainfall. Monthly rainfall and evaporation data sourced from PAGASA-Dumangas weather
station. Average rainfall for years 1950-2000 sourced from (World Climate Data, 2012).

The most recent typhoon with highest rainfall is Fengshen which registered 234 mm of rainfall at the
PAGASA-Dumangas weather station (Figure 1-5) for the period of 20-21 June 2008; this 2-day rainfall
constituted the 63% of the total rainfall for the whole month of June in 2008. This 2-day is the period
is also where the first historical movements of the landslides in Boloc occurred.
It is notable that Typhoon Fengshen was preceded by two consecutive typhoons: Neoguri in 13-14
April 2008 and Halong in 16-17 April 2008. These two preceding typhoons did not make a landfall in
Panay but they pulled in monsoon rains which resulted in prolonged and enhanced rainfalls (GMA,
2008; PAGASA, 2008). This can be seen in the monthly rainfall amounts in April and May 2008 which
were 470% and 320% of the 50-year average rainfall for those months.
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The amount of moisture during dry periods is shown by the characteristic generally subequal
precipitation and evaporation in November 2008 to April 2009. A wet season with an anomalous dry
month, is shown in May 2009 to October 2009 (Figure 1-5).
1.3.4 Regional geology
Most of the Philippines lie within the Philippine Mobile Belt (PMB), an area traversed by the leftlateral Philippine Fault Zone (PFZ). The major driver of tectonic activity is the Northwest movement
of the Philippine Sea Plate towards the relatively static Eurasian Plate.

Figure 1-6.The geodynamic setting of the Philippine archipelago which is mostly set on the Philippine
Mobile Belt (inside the box). Movements are in cm/year. Adapted from (Aurelio and Almeda, 1999)

The PMB is a result of the oblique convergence of the Eurasian Plate and the Philippine Sea Plate,
which move 3 mm/year southeast and 9 mm/year northwest respectively (Figure 1-6). Parts of the
Philippines outside the PMB lie on the North Palawan Block, continental crust which collided with
the PMB starting in the Miocene (Aurelio, 2000).

6

Figure 1-7. Schematic cross-section of Panay Island, including Iloilo Basin with simplified stratigraphic
log. Portions of the Panay-Negros Arc are in the section, including the Melange Belt, the magmatic arc
rocks, and the outer arc basin. Adapted from (Rangin et al., 1991).

Hamilton (1979) views the PMB as a composite of island arcs, one of which is the Negros-Panay Arc.
The Negros-Panay Arc consists of the following units, from west to east:





Negros Trench which subducts the oceanic crust of Sulu Sea under the oceanic crust in Panay
Island and Negros Island (Figure 1-7) (Aurelio, 2000)
North-trending melange belt, the Panicuan Melange
Magmatic arc rocks which includes the volcanics of Panpanan (Pampanan) Formation
Outer-arc basin in form of the Iloilo Basin

the volcanic arc in form of the active volcanoes on Negros Island, including Mt. Kanlaon volcano
(Figure 1-7) (Hamilton, 1979; Rangin et al., 1991).
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Figure 1-8. (A) The Miocene collision of North Palawan Block (hatched grey) and Philippine Mobile Belt
(white) with Panay Island (shaded red). Map adapted from (Aurelio, 2000). (B) Present-day strain rates in
the Philippine archipelago based on GPS observations of the GEODYSSEA network. Adapted from
(Aurelio and Almeda, 1999).

The Miocene collision of North Palawan Block and Philippine Mobile Belt forms the backdrop of
tectonism in Panay Island (Figure 1-8A). The strip of the Philippine Fault traversing the area of Panay
Island is characterised by strike-slip motion, with an east-west compressional component possibly
accommodated by thrust faults and folds in the area (Aurelio, 2000). This is supported by the crustal
strain rates measured by the GEODYSSEA network (Figure 1-8B) (Aurelio and Almeda, 1999), as well
as with the generally north-south to northeast-southwest trends of fold axes and thrust faults in the
locality of Tubungan (MGB, 1985; Rangin et al., 1991). The crustal strain rate in Panay Island is
among the largest in the Philippine Archipelago. This suggests that there is a relatively large amount
of crustal deformation, and, following the elastic rebound theory (Reid in Hackl et al.(2009)),
relatively more strain energy for earthquakes in the Panay Island.
As with the rest of the Philippines, Panay Island is prone to earthquakes with 13 large (Intensity >VI
in Modified Mercalli Scale) affecting Panay Island in past 400 years. Panay Island has an active fault
located at its west side, the West Panay Fault which passes, through the Antique Range.
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Figure 1-9. Active faults and trenches in the vicinity of Panay Island. West Panay Fault traverses western
side of Panay Island through the Antique Range. Map adapted from (PHIVOLCS-GGRDD, 2015)

Figure 1-10. The plot of hypocentres of earthquakes in the Philippines from 1907-2003 from the database
of Philippine Institute of Volcanology and Seismology. Adapted from Ramos et al. (2005).
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The West Panay Fault is a thrust zone (Rangin and Pubellier in Aurelio (2000)).There is limited
comprehensive study about the West Panay Fault but it can be inferred from the study of Ramos et
al. (2005) based on hypocentres of earthquakes in the Philippines from years 1907-2003 that the
most activity of the fault is shallow (0-65km) (Figure 1-10) which is consistent with its thrust zone
nature.
In addition to West Panay Fault, there are several active faults and trenches in the vicinity of Panay
(PHIVOLCS-GGRDD, 2015). These include the, from southwest (Figure 1-9), clockwise:







Negros Trench
Manila Trench
Southern Mindoro Fault
Philippine Fault-Masbate Segment
Central Cebu Fault
Central Negros Fault.

As suggested by proximity to Panay Island, these faults and the West Panay Fault are the likely
sources of the large earthquakes in Panay Island from year 1620-2012 in the recorded history of the
Philippines. There have been at least 13 earthquakes with at least a Modified Mercalli Intensity of VII
(sufficient to create cracks in buildings) that have affected Panay Island (Figure 1-11) (Maso, 1913;
PHIVOLCS, 2012; USGS, 2012).
Notably, the largest earthquake in Panay for this period is the 8.3 Mw 25 January 1948 Earthquake
which had an epicentre in barangay Tobias Fornier, Antique (approximately 37km west of Tubungan,
Iloilo). The earthquake caused total collapse of 17 out 55 churches in Iloilo, widespread fissures, and
a tsunami (Bautista et al., 2011; Bautista and Bautista, 2004). The notable effects of other large
earthquakes include landslides in mountains (13 July 1787) and opening of many fissures in
mountains and extensive occurrence of subsidence (26 August 1902).

Earthquakes greater intensity IV from Maso (1913)
Date
RossiDescription
Forrel *
(Modifie
d
Mercalli)
1620
IX
Great convulsions of the ground; Aklan River changed course; few stone buildings
badly cracked; most damaged are Iloilo and Aklan
1728
IX
Remarkable at the fact that it was very perceptible throughout the entire
Sept 28
archipelago; considerable damage in Manila and towns in Southern Luzon
1787
VIII
Very violent in southern Panay Island, especially in Province of Iloilo
May 13
1787
X (X-XII)
Terrible earthquake which left whole island strewn in ruins; Only 3 remained
July 13
standing out of 15-20 churches and convents in Iloilo Province; breached thick
walls the fort at Iloilo; subsidence in plains and landslides in the mountains, plus
mighty fissures opened
1868
VI
Very strong in Iloilo and other towns of the southern part of the island, few weak
June 29
shocks felt since June 7
1880
VI
Very strong earthquake in eastern Panay Island and northwestern part of Negros
March
Island
28
1881
VI
Very strong earthquake in southern Panay and northwestern part of Negros
July 11

10
1886
April 10
1887
February
2
1902
August
26

VI

Very strong earthquake in the southeast of Panay Island and northwest of Negros
Islands.
IX
Panay Island. Destructive earthquake, causing notable damages, especially in the
towns of the Provinces of Iloilo and Capiz. The two days following the earthquake
brought many aftershocks.
IX
Province of Iloilo; seriously damaged churches and other buildings in Maasin,
Calinog, Januiay; Many fissures opened in mountains and extensive subsidence
took place; preceded by an extraordinary noise which was audible at great
distances from the epicentre region; reports do not mention a single aftershock
Earthquakes greater than Richter Scale 7.0 from PHIVOLCS
Date
Richter
Description
Scale
(Modified
Mercalli)
1948
8.1 (VIIIEpicentre was between the municipalities of Anini-y and Dao (now barangay
January
XII)
Tobias Fornier) in Antique province. The earthquake was called Lady Caycay
25
earthquake after the fissures resembling chicken scratches, “caycay”, associated
with the earthquake.
(Bautista and Bautista, 2004)(Bautista and Bautista, 2004)
1990
7.1 (VIIIDepth of 15 km in Panay Island (PHIVOLCS, 2012)
June 14
XII)
2012
6.9 (VII-X) Struck Negros, the rest of Central Visayas, and some parts of Mindanao
February
depth of 20 km more than a thousand of aftershocks were recorded by
6
PHIVOLCS within 2 days since the quake occurred
*Rossi-Forrel Intensity scale (scale I-IX interchangeable with I-IX of Modified Mercalli scale):

VII – sufficient to create cracks in buildings and throw down chimneys

VIII – threw down walls and some weak structures

IX-X – general destruction
**Richter scale (ML)and their approximate Mercalli scale equivalent

ML 5.0-5.9 ~ VI-VIII

ML 6.0-6.9 ~ VII-X

ML 7.0-9.0 ~ VIII-XII
Richter scale (ML) scale 1:1 with Moment Magnitude (MW) at (ML)>4.0 (Allmann et al., 2010)
Figure 1-11. Large earthquakes which affected Panay Island from 1620-2012 (Maso, 1913; PHIVOLCS,
2012; USGS, 2012)

1.4

Local geology

In terms of geology, Tubungan is between two major geologic features, the Antique Range and the
Iloilo Basin which are equivalent to the physiographic units the Main Cordillera and the Central
Plains, respectively (Aurelio, 2000; Peña, 2008).
In the area around Tubungan, the geological formations vary, and generally get older, from
southeast to northwest (Figure 1-12). From the north-westernmost area to southeast and towards
Tubungan are the Panicuan Melange, Panpanan Basalt, and Singit Formation. Southeast of Tubungan
is the Tarao Formation. The occurrences of Costan Limestone are patchy and within the area of the
Sewaragan Formation.
The beds in this area generally dip steeper toward the Antique Range to the west and northwest
(Figure 1-12)) (Santos-Ynigo, 1949). In the vicinity of Boloc, Igdampog Sur, and Tubungan town
proper, the bedding attitudes dip 30-40 degrees to the southeast.
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Figure 1-12. Regional geologic map of Tubungan. Geology adapted from (Mines and Geosciences Bureau, 1985; Rangin et al., 1991) and topographic relief from
NAMRIA IFSAR (NAMRIA, 2013). Scale approximately 1:120,000.
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Figure 1-13. (A) Stratigraphic column of the extended area of Tubungan. Adapted from (Peña, 2008;
Rangin et al., 1991; Santos-Ynigo, 1949).

The composition and stratigraphic relationship of the geological formations are as follows (Figure
1-13), from oldest to youngest:






Panpanan Basalt consists of volcanics and clastics, and its rocks have been thrust over the
Panicuan Melange. Together with Panicuan Melange, Panpanan Basalt underlies most of
Antique Range in this area. Panpanan Basalt forms the peaks in the Antique Range/Main
Cordillera (Santos in Peña (2008); MGB, 1985).
The Panicuan Melange consists of blocks of clastics, schists, volcanics, gabbro, metavolcanics
in flaky clay matrix (Hamilton, 1979; Santos-Ynigo, 1949). This formation underlies the
plateau in the west side of the Antique Range (Santos in Peña (2008); (Mines and
Geosciences Bureau, 1985).
The Singit Formation unconformably overlies Panpanan Basalt, and consists of Sewaragan
Member, Igtalongon Shale, and Barasan.
o The Sewaragan member consists of sandstones, shales and conglomerate with
minor limestone and volcanic rocks. It forms the foothills and is relatively has the
highest relief compared to younger sedimentary formations in Iloilo Basin (Santos in
Peña (2008); (Mines and Geosciences Bureau, 1985).
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The Igtalongon Shale unconformable overlies Sewaragan Member and consists of
turbidites, sandstones, conglomerates and shales. It forms a distinct valley between
Sewagaran Member and Barasan Sandstone (Santos in Peña (2008)), though in the
map of MGB (1985), towards north and near Idgampog Sur Boloc, it forms hilly area.
The Tarao Formation unconformably overlies Singit Formation and consists of Barasan
Sandstone, Guimbal Mudstone and Tubungan Siltstone
o Barasan Sandstone consists of thick-bedded, conglomeratic sandstone and thin beds
of shale. It forms hogbacks and cuestas towards the southern coast of Iloilo (Santos
in Peña (2008)) and thins out to the north (MGB, 1985).
o Tubungan Siltstone consists of siltstones, claystones and sandstones (Santos in Peña
(2008)).
o Guimbal Mudstone unconformably overlies Tubungan Siltstone and consists of
calcareous mudstone with marl, calcisiltite and minor conglomerate (Hamilton,
1979, 1979; Rangin et al., 1991); Santos in Peña (2008))

1.5 Thesis methodology
1.5.1

Identify and characterise the landslides which may affect the road access to or
houses in, Boloc
The intended end-output was a general ground model for Boloc to contextualise the landslides and
to make the present/inferred engineering geological conditions apparent. The model draws data
from desk studies and field mapping. The desk studies covered the following datasets: landslide
reconnaissance reports in the Iloilo area (2011, 2013, and 2015), stereo-pairs of 1956 aerial
photographs with and equivalent scale of 1:10,000; satellite imagery for October 2002, December
2013, and March 2015 with resolutions of 0.5-2.0 meters; and 1:50,000 scale geologic maps and
topographic maps. The field mapping involved a 2-day reconnaissance in the dry season of January
2015, and 15 working days of mapping in a wet season of September-October 2015. Geologic and
geomorphologic mapping of the village of Boloc was done at a scale of 1:1,000, with more detailed
data-gathering in areas of complex geology. A 5m-resolution 2013 IFSAR (NAMRIA, 2013)) terrain
model was used as the topographic base for mapping, complemented with a laser range finder for
measuring angles and distances with an accuracy of ±0.5 meters. A compass with ±0.5 degree
accuracy was used for measuring structures. An L-type rebound hammer was used to estimate the
strengths of materials.
1.5.2 Determine the geological and geotechnical controls of the landslides
Failure models were used to narrow down the most significant cause of landslide activity. The failure
models were devised from surface and subsurface data. The surface data consisted of 1:500 scale
landslide morphological mapping, analysis of satellite imageries (as previously mentioned), and
1:100 face logging at the toe. The subsurface investigations were done by a third-party service
company (Jardin and Associates Inc.) and consisted of four boreholes in three locations in one
landslide site, involving wash-boring through engineering soil and coring at SPT refusals, ending
whenever continuous coring for 4.5 meters were obtained. Two borehole inclinometers to a depth
of 20-25 meters were installed on near the main scarp and on near the toe of one landslide by
DEWS-L Program staff. The borehole inclinometer data from May 2013 to present (n.b. the toe
inclinometer ceased functioning in October 2014). The inclinometers have a sampling rate of every
30 minutes and can measure tilt in three axes (Dios et al., 2009; Marciano et al., 2011). In addition,
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there are also intermittent data from the community-based local monitoring of the cracks forming in
the landslide area, the data spanning 2014-2015.
1.5.3

Identify the options for management of the landslide in Boloc, including future
road access
The potential landslide management approaches were based on geotechnical issues arising from the
failure model, the configuration of the municipal road, and the overall setting of Boloc.

1.6 Thesis Format
The thesis consists of 6 chapters, Chapter 2 sets up the engineering geological context leading up to
the shortlisting of the landslides to be investigated in detail, and details the anticipated engineering
geological conditions in the landslides. Chapter 3 details the data from, and the interpretation of the
surface mapping of the landslides. Chapter 4 presents the subsurface data comprising the borehole
logs and the borehole inclinometer data. Chapter 5 describes the failure model of the landslides
leading up to the management approaches. Chapter 6 summarizes the findings on Boloc, from the
context, to landslide controls, to landslide management.
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2 Site Setting and Landslide Investigation
2.1 Introduction
As discussed in the previous chapter, this chapter concerns landslides and their implications on road
access and safety for the village of Boloc. Landslide investigations benefit from knowledge of context
because landslides are ultimately processes subject to their environment, from its geologic history
up to the smallest human-made modifications to slopes (Abramson et al., 2001; Cruden and Varnes,
1996a). For example, the near spontaneous failures of the mudstone slopes of Cucaracha Shale
during the construction of Panama Canal was attributed to the release of built-up strain over the
course of loading of the mudstones over millions of years in its geologic history (Banks et al., 1975;
Botts, 1986).This example shares similarities with Boloc which is set in deep marine rocks, including
mudstones (discussed further in this chapter), uplifted to the surface.
As with other kinds of geologic investigations, landslide investigations benefit from multiple working
hypotheses (Keaton and DeGraff, 1996). Hence the approach for this work is to attempt to maximise
indirect knowledge on the landslides.
This chapter concerns the local context of the site and draws from reconnaissance studies and
existing works. The following are specific objectives for this chapter:
1
2
3
4
5

2.2

Establish the spectrum of landslide types and their attributes for the site
Establish the geologic and geomorphologic context of the site
Delineate and characterise landslides in Boloc in terms of physical attributes
Identify those factors pertinent to the road access of and safety of Boloc town centre
Create ground models to anticipate possible ground conditions which may affect the identified
key landslides

Landslide Classification Systems and Causes

There are various definitions and equivalent terms for landslide in the literature, such as those of
Brunsden (1984), Cruden (1991), and Varnes (1978) . The preferred definition for this work is the one
of Varnes (1978) which uses the term ‘slope movement’ to denote ‘downward and outward
movement of slope forming materials’. This is considered suited to an engineering-focused work
because it avoids inferring process unlike that of Cruden (1991), and is freely applicable to natural
and man-made slopes. The term ‘landslide’ is retained in place of ‘slope movement’, as the former is
more commonly recognised (Dikau, 1996).
The definitions of landslide features used in this work are from (UNESCO Working Party for World
Landslide Inventory, 1993) and are detailed in Appendix A and Appendix B. The naming system for
landslides by (Varnes, 1978) was adopted for this work, primarily for its engineering-oriented design
(Hungr et al., 2013) (Appendix C).

2.3 DEWS-L
The Development and Deployment of Early Warning Systems for Landslides Program (DEWS-L) is a
Philippine Government programme which, as its name suggests, deals with early warning systems
for landslides (Catane et al., 2011; Dios et al., 2009; Marciano et al., 2011). One of its functions is
concerned with mapping active landslides around the Philippines
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The DEWS-L conducted reconnaissance mapping on pre-identified landslides based on accounts of
local residents and geological agency (Mines and Geosciences Bureau). The results of the
reconnaissance mapping from surveys in 2011, 2013 and 2015 in Iloilo Province (Bagano et al., 2013;
Cordero et al., 2011; Garcia et al., 2015; Garcia and Mercado, 2015) are synthesised in accordance
with the Varnes (1978) classification system. The landslides are all set on the sedimentary geological
formations of the Iloilo Basin, except for A1 and L4 (
Figure 2-1) the same basin where the Igtalongon Shale of in the Boloc area is present. The results are
summarised in Table 2-1.

Figure 2-1. The locations of the DEWS-L landslides in Iloilo, indicated by letters. The landslides are coded
by Municipality: T – Tubungan, L – Leon, A – Alimodian, and M – Marirong. Approximate scale 1:100,000.

The landslide types mapped by DEWS-L in Iloilo Province include translational rock slides, rotational
rock slides, rotational debris slides, translational debris slide, compound rock slides, and earth flow.
The details of the landslides are in Appendix J.
The landslides were recognised initially from reports of local residents, particularly on their
observations of ground movements, cracks, disturbed topography, and other features such as
seepages and ponding. In terms of size, the lengths of the landslides vary from 15 to 300m, widths
from 10-200m, and depths from 5-30m. All the landslides, except for Landslide T1, are active as of
March 2015, having signs of movements within the previous year.
The distribution of landslides sometimes exhibited retrogression, as in Landslides T1, L1, and M2.
These landslides showed initial movement on lower parts of the slope, located adjacent to streams,
and then had minor movement at the upper parts. The materials of the landslides involved soil
(often including regolith), or sedimentary rocks such as limestone and mudstone. The only landslide
with a known rate of movement was Landslide T2, an earth flow which involved several to tens of
metres of displacement within 3 hours. It is classified as rapid.
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Table 2-1.Landslides mapped by DEWS-L. Characterised and classified according to the Varnes (1978) system. The landslides are in Iloilo Province and in Iloilo
Basin, based on the work of DEWS-L in 2011, 2013 and 2015 (Bagano et al., 2013; Cordero et al., 2011; Garcia et al., 2015; Garcia and Mercado, 2015) . When the
information is inferred, it is indicated by (i).
Attribute

Landslide
T3
Freshly
stripped
vegetation

Landslide
L5
Complete
failure

Landslide
L4
Cracks,
ground
movement

Landslide
A1
Cracks,
ground
movement

Landslide
T2
Complete
failure

Landslide
T1
Partial
failures

Landslide
L2
Cracks,
ground
movement,
pronounced
linear scarp

Landslide
L1
Cracks,
ground
movement

Landslide
M2
Cracks,
ground
movement,
partial failure

Landslide
M1
Cracks,
ground
movement

40-50
50-120
(i)10-15

Landslide
L3
Cracks,
ground
movement,
concavedisturbed
topography
250
200
30

Length (m)
Width (m)
Depth (m)

50-100
10-20
(i)5-10

15
30
5-10

50
25
(i)10

50
100
(i)5

300
150
(i)10

200
150
10-15

180
175
(i)20

200
80
(i)10

150
100
20-25

State of
activity
Distributio
n of
movement
Depth:
Length
(D/L)
Movement
type
Materials

Active

Active

Active

Active

Active

Inactive

Active

Active

Active

Active

Active

Unknown

Confined

Unknown

Confined

Confined

Retrogressiv
e

Confined

Confined

Retrogressiv
e

Retrogressive

Confined

0.05-0.10

0.67

0.20

0.10

0.03

0.20-0.38

0.12

0.05

0.11

0.05

0.13

Translation
al
Interbedde
d
sandstonemudstone
Unknown
Joint-bed
plane
wedge

Rotational

Compound

Flow

Rotational

Rotational

Soil and
regolith

Limestone
overlying
mudstone

Limestone

Translationa
l
Sandstone

Rotational

Limestone
and
mudstone

Translationa
l
Limestone
and
sandstone

Translational

Soil and
regolith

Translationa
l
Interbedded
sandstonemudstone

Soil and
regolith

Soil and
regolith

Unknown
Regolithrock
interface

Unknown
(i) Joint and
bed surfaces

Unknown
Daylighting
bed plane

Rapid
Regolithrock
interface

Unknown
Rockmass

Unknown
(i)Bed
surface

Unknown
(i)Rockmass

Unknown
(i)Joint and
bed surfaces

Unknown
Regolith-rock
interface

(i)Prolonge
d rainfall
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The controls of the failure surfaces of the landslides included wedge (from joints and bedding
planes), regolith-rock interface, daylighting bed plane, and rockmass. Other possible controls include
a compound failure surface of joint and bed surfaces. The triggers of the landslides included
prolonged rainfall, toe undercutting, and earthquake. All the landslides, except for Landslides T1, T2
and A1, had their first historical movements occur concurrently with the prolonged rainfall from the
2008 Typhoon Frank; however, the process of how the rainfall influenced the movements is not
clearly established. The toe undercutting in Landslide A1 involved man-made slope cutting for road
construction, whereas in Landslide T1, a complex sequence of massive rock fall-debris flow caused
the toe undercutting. On the other hand, the earthquake trigger of Landslide T2 is not well
established because there was a delay of 2 days between the earthquake (4.9Mw, USGS (2011)) in
25 August 2011 and the onset of movements in 27 August 2011.

2.4 Air-photo Interpretation
Aerial photographs from 1956 (Philippine Air Force, 1956a, 1956b) were annotated and interpreted
based on the works of Bandat (1962) and Zuidam and Zuidam-Cancelado (1986) to gain information
on the lithology, geological structures, and landslides in the site of Boloc the vicinity. To compensate
for the limited field verification, constrained by the security issues in the study area, air photo
observations were checked with satellite imagery, particularly using the 2015 imagery (Google,
2015) which had the finest resolution among other available images.
The airphoto indicates resistant layers of rock topping the dipslopes (triangular line traces in Figure
2-6) and having a relatively contiguous trace interrupted by folds and faults. The distinct resistant
layers and weak layers can be seen through the contrast in alternating light-toned layers and darktoned layers with discernible relief. The structures discernible in the area include a distinct
lithological contact in the North (see C in Figure 2-6), the local fold in Boloc (A in Figure 2-6 and in
Figure 2-8), and potential faults to the south (F’s in Figure 2-6).
A formation contact, C, (Figure 2-6) is indicated by the contrast between terrain (U and V in in Figure
2-6). The landform in U has a lighter tone, less vegetation, smoother texture, less jagged slopes,
more rounded landform and lower relief compared to that of V. The landform in U corresponds to
the terrain characteristics of, and location of the Sewaragan Member (section 1.4). Based on
stratigraphic position, the landform in V corresponds to the Igtalongon Shale; though its hilly nature
observed in the air photos contrasts with its valley-forming nature from the literature (section 1.4).
Two different interpretations are made from this observation:
(a) Landform V is a Igtalongon Shale, it then locally thrust over Sewaragan Member which
increased the relief and elevation Igtalongon Shale, and resulted in v-shaped valleys
(b) Landform V is Barasan Sandstone, Igtalongon Shale is insignificantly thinned out in this area
by erosion (n.b. erosional contact of Barasan Sandstone over Igtalongon Shale, Figure 1-13)
Interpretation (a) is preferred because it is supported by older maps, and thrusting over to
northwest is present the regional structures in the area (Figure 1-12) .
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Figure 2-2. Cross section of flow-slide and two possible interpretations on morphology. Section X. in
Figure 2-6. Approximate scale 1:10,000.

The airphoto-delineated landslides are generally indicated by sequences of concave-convex
topography (see D in Figure 2-6), and are classified as within the spectrum of slides and flows (Figure
2-2). The concavities are interpreted as scarps, some of which may have already degraded as
indicated by markedly large concavities in relation to the volume of the present landslide. Most of
the landslides are located in the weak-lithology layers, and are oriented obliquely to the dip of beds,
suggesting a failure control partly defined by bedding planes and partly by another discontinuity set.
This other discontinuity set is likely the bedding-normal joint set which control the triangular shape
of dipslope faces.
The landslide movement types identified in the air photos consisted of fall, flow, and slide. The falltype occurs on the flanks of, and anti-dip side of dipslopes. These fall-type landslides also tend to
orient towards west or north (Figure 2-6). The orientations of these fall-type landslides indicate that
these landslides do not exploit the bedding surfaces; instead they could be exploiting other
discontinuities, most likely joints. The flow and slide type of landslides tend to occur in succession:
the slide-type landslides occur near their main scarps, whereas the flow-type portion tend to follow
and occupy valleys or channels (Figure 2-6). The slide-type landslides occur in between dipslopes and
preferentially face east. Their occurrences in between dipslopes indicate an exploitation of the
weaker strata; whereas the preferential orientation towards east suggests a degree of influence by
the southeast-dipping regional bedding. On the other hand, the flow-type components tend to
follow channels or valleys and terminate at streams whose geometries appear modified by these
flow-type landslides. These flow-type components may be caused by either (a) reworking of portions
deposits from the slide-type landslides into a flow (i.e., rock slide-debris flow) (Figure 2-2A), or (b)
remobilisation of the slide deposits and coupling of movement from the upper parts (i.e., earth flow
fed by rock slides) (Figure 2-2B). The influence of these flow deposits to the stream geometries
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indicate at least an inactive-dormant state, and a historic age (<100years) based on the age
classification of Keaton and DeGraff (1996),and McCalpin (1984).

2.5 Geology of Boloc
2.5.1 Introduction
The bedrock, structures, surface deposits, and hydrology of the immediate area of Boloc were
mapped, with particular focus on their engineering implications and relation to the landslides in
Boloc. The area generally has exposures on the dirt roads and slope cuts, stream channel walls,
recent failures. The pronounced expression and contrast between weak and strong strata aided the
mapping. The mapping in Boloc showed interbedded sedimentary units, the delineation of the
anticline at the centre of Boloc, and three major landslides.
2.5.2 Lithologies
The lithologies essential consist of weak strata of interbedded sandstone-siltstone-mudstone which
alternate with resistant strata of sandstones. This is the main basis of division of the lithological units
mapped which are named Units 1-6. As described in the previous section, the contrast in the strata
can be seen morphologically, with the weaker strata assuming hollowed out forms and denuded
form, and resistant strata forming dipslopes, most clearly seen in triangular facets.
Unit 1 was recognised as protruding strata in the topographic map (Figure 2-3A). It consists of light
grey sandstone (Table 2-2) and is relatively resistant to weathering as indicated by its lack of soil
cover. It has a dip of 139/36. It is also interpreted to form the north-facing steep-sided cliff of
Northeast Stream.
Unit 2 was recognised from the exposures along a dirt road (Figure 2-3B) north of Boloc Proper,
mainly consisting of interbedded sandstone, siltstone, and mudstone (Table 2-2). Most of its strata
are exposed along the dirt road and has a slightly increasing dip towards south from 137/42 to
134/52. Its contact with Unit 1 was missed out during mapping but is inferred from the distinct
protruding bed of Unit 1.
Unit 3 is well exposed along the dirt road where it undergoes relatively rapid denudation on its sides
(Figure 2-3C), and is traceable to the Boloc Proper where it dips 135/17. It is also traceable along the
peaks of dipslopes (Figure 2-3C). It consists of massive light brown sandstone and very thick bedded
light grey sandstone (Table 2-2). The contact of Unit 3 with Unit 2 is undulating, approximately
dipping 112/60. This contact consists of gravels in clay matrix. It is interpreted that the contact is
erosional, with the clay matrix materials being sourced from Unit 2. This unit also has a notable
occurrence of joints and randomly-oriented and non-persistent crush zones and slickensided faults.

Unit 4 has limited exposure, but it has a distinctive hollowing morphology (Figure 2-3D) which
contrasts with the dipslope of Unit 3 and Unit 2. It consists of interbedded sandstone-siltstonemudstone and has a dip of 130/40-129/48. It is inferred to span the broad area used for agriculture
at the south of the Boloc Proper based on the observation that sandstones rarely support soil
accumulation in the area (Figure 2-3D). Its contact with Unit 3 is only inferred from the change in
lithology in the northeastern Boloc.
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Unit 5, as with Unit 4, has a limited exposure at the dipslope at east of Boloc (Figure 2-3E) where it
its exposed rocks are obscured by vegetation and weathering, though it has boulders scattered at
the back of the dipslope. It is recognised from, and associated with the dipslope where it is exposed.
It consists of very thick bedded sandstone with clasts (Table 2-2), and has a dip of 120/45. Its contact
with Unit 4 is only inferred from the thickness of the dipslope and from the occurrence of its
boulders.
Unit 6 is well exposed along the East Road (Figure 2-3F). Its strata tend to dip gentler towards south
from 123/42 to 120/32, and shows few non-persistent faults which introduce minor and intermittent
changes in dip. Its contact with Unit 5 is inferred from the change in lithology.

Figure 2-3. Map of exposures and lithological unit delineation. Approximate scale of maps 1:5,000.
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Table 2-2. Local stratigraphy in Boloc, mapped in this study.
Unit

Estimated
thickness
200-250
m

Lithology

Description (non-ordered)

Interbedded
mudstone,
siltstone,
sandstone
with minor
limestone

[A] Thin bedded to thick bedded
grey fine-medium sandstone
with laminations of mud and
with minor clasts of cobbles of
mudstone and volcanics
[B] Thinly laminated to
moderately thinly bedded grey
siltstone and dark grey
mudstone
[C] Thin bedded green to white
calcareous fine sandstone

5

10-20 m

Sandstone

Massive (~30-40 m) light grey
fine-medium sandstone with
minor clasts of rounded cobbles
of mudstone and volcanics

unknown

4

50-90 m

Interbedded
mudstone,
siltstone

Thinly laminated to moderately
thinly bedded grey siltstone and
dark grey mudstone

unknown

3

30-40 m

Sandstones

[A] Massive (~30-40m) light
brown fine-coarse sandstone
with minor clasts of cobbles of
mudstone and volcanics
[B] Very thick bedded light grey
fine-medium sandstone with
coarse sand and with some fine
gravels of subrounded red and
green volcanics

2

200-250
m

Interbedded
mudstone,
siltstone,
sandstone

1

30-40 m

Sandstone

[A] Thin bedded to thick bedded
light grey fine sandstone
[B} Thinly laminated to
moderately thinly bedded grey
siltstone and grey mudstone
Thick bedded (10-40 m) Light
grey fine-medium sandstone
with distinctive spheroidal
weathering

6

Sedimentary
structures
Flaser beds,
lenticular
beds, flame
structures;

Grades
coarser
towards
bottom

Contacts
unknown

Erosional contact
with Unit B,
undulating
contact with
subrounded
gravels of
mudstone and
volcanics in clayfine sand matrix,
contact dips
111/60

unknown

unknown
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Figure 2-4. Sedimentary structures and representative lithologies based on mechanical properties.

The rocks mapped in the area mainly consist of very thick beds of sandstone and units of
interbedded thinly laminated to thick bedded sandstone-siltstone-mudstone. The attributes of these
units and their constituent rocks are detailed in Table 2-2. The groupings into units are based on the
occurrence of very thick sandstones Units 1, 3, and 5. The thicknesses of the units are based on
exposures, bedding dip, and the topographic expression. The sandstone-dominated units form
resistant dipslopes and their thicknesses can be estimated from topographic map. Details of the
units are based on exposure mapping and stratigraphic logging at stream cuts, bare dirt roads and
bare trails.
The rocks in the area of Boloc are interpreted to correspond to the turbidites of Igtalongon Shale ,
based on the incomplete turbiditic sequence (Bouma in Shanmugam (2006)) present. The base of
the turbiditic sequence (Ta in Figure 2-5) correspond to Unit 3B as shown by its coarse grading from
fine sand to gravels towards bottom (A in Figure 2-4). The sequence then comprises to the upper,
mud-dominated sequence seen in Unit 6 which has high energy sedimentary structures such as
flaser beds and lenticular beds (see D in Figure 2-4) characteristic of turbidites (Lowe, 1982; Prothero
and Schwab, 2013).
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Figure 2-5. Idealised turbiditic sequence from Bouma (1962). Modified from Shanmugam (2006).

In terms of mechanical properties, most of the constituent rocks in all units are highly similar.
Following the concept of to the concept of reference conditions (Baynes et al., 2005; CIRIA, 1978)
where different materials of similar engineering geological conditions are grouped together, the
constituent rocks of lithological units in Boloc were grouped under three representative units. The
representative units are as follows: Unit 3B, Unit 6A, and Unit 6B.
Unit 3B is the strongest unit. It is a well-cemented sandstone which occurs in a smaller faulted
outcrop in 3B1 (Figure 2-8), as capping in the dipslope of 3B1, and as boulders scattered along
Northeast Stream and Southwest Stream, hence also present in Units 1 and 5. Its cement is assumed
to be silica based on its high strength and non-effervescent nature with dilute HCl. It commonly
occurs unweathered and is very strong with approximately 100-250 MPa Unconfined Compressive
Strength (UCS) based on several hammer blows (5-7) before a fresh exposure fractured. There is very
limited observed weathering on the surface; rather the weathering tends to occur at the walls of
joints. This suggests that the weathering on the surface may be either very limited, or that the
weathered material is rapidly eroded away such that the surface is relatively fresh.
Unit 6A covers the spectrum of fine-medium, fine, and medium sandstones occurring in many units
in Units 1, 2A, 3A, 5, and 6A. These sandstones are moderately strong when fresh. They are similar in
colour, light grey when fresh and light brown when weathered. In terms of lithology, their grains
mainly consist of resistant lithics and quartz, hematite cement coating the grains, and traces of
pyrite and magnetite. Weathering appears to affect only the cement of the sandstone as the grains
barely change in except for an increased coating of hematite in weathered specimens, the grains
only become disaggregated, and their cement is assumed to be iron-based based on occurrence of
hematite coating of grains in weathered exposures and on non-effervescence of exposures. The
weathering tends to be shallow, less than ten centimetres penetrating from joints as observed by
digging rock exposures. Soils developing from these rocks never exceed a metre in depth as
observed in the central town of Boloc where the ground is bare sandstone (Figure 2-4) with shallow
areas of soil supporting bushes and closely jointed areas supporting growth of trees.
Unit 6B represents the interbedded mudstone and siltstone from Units 2B, 4, and 6B. The
mudstones and siltstones are expected to differ in strength, though their interbedded nature makes
it impractical to treat them separately. Instead these rocks are treated as a unit, where the weakest
properties are highlighted. The mudstones can be moderately strong when fresh, up to 30MPa UCS
based on Rebound Hammer readings on a freshly exposures along the bedrock stream of Central
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stream. The cement of the rocks is likely carbonate, based on the weak effervescence observed in
fresh exposures. Fresh rocks are very rare, occurring only in areas actively incised by streams.
Localised highly weathered mudstones can occur side-by-side with a slightly weathered one when
the exposure is jointed, and seepage is preferentially passing through the joints, as observed in the
Central Stream. The depth of weathering from the surface of these rocks is at least 2m as observed
from shovelling the soils at the peak of dipslope.
Table 2-3. The representative rocks in Boloc in terms of mechanical properties.
Representative
unit

Units
represented

Composite engineering geological description
(NZGS 2005) from observed exposures

Weathering control

Unit 3B

Unit 3B

Unweathered, light
grey, bedded
SANDSTONE

Limited to wall
weathering of joints and

Unit 6A

Units 1, 2A, 3A,
5, 6A

Slightly weathered
light grey bedded
SANDSTONE

Unit 6B

Units 2B, 4, 6B

Slightly weathered
to highly
weathered grey to
dark grey bedded
MUDSTONE

Very strong, beds dip 64-90
deg., joints very widely
spaced with narrow aperture
[IGTALONGON SHALE
Turbidites]
Weak to moderately strong,
beds dip 30-60 deg., joints
very widely to very widely
spaced with very narrow to
narrow aperture
[IGTALONGON SHALE
Turbidites]
Extremely weak to
moderately strong, joints are
extremely closely spaced to
closely spaced with tight
aperture [IGTALONGON
SHALE Turbidites]

Limited to joints and
exposed surfaces,
weathering penetrates less
than ten centimetres from
joints
Controlled by joints,
seepage, and sunlight;
joints and seepage can
highly contrasting degrees
of weathering;
east-facing exposures
locally undergo
desiccation cracking;
weathering can penetrate
at least 2m from the
surface

2.5.3 Geological Structure
The main structure in the site is a anticlinal fold plunging to the southeast (A in Figure 2-6 and in
Figure 2-8), as supported by the occurrence of folds in the region, bed attitudes, contrasting strength
of rock units, and occurrence of local small-scale folds.
The occurrence of folds in the region have been mapped by Mines and Geosciences Bureau (1985),
as shown in Chapter 1, to the southwest, where north-south anticline flanked by synclines is present.
The folds in the region have amplitudes ranging from 200-1000m (Mines and Geosciences Bureau,
1985). The occurrence of folding on a similar structural setting suggests it is possible that folding
could be a mode of deformation in the vicinity of Boloc.
Various water gaps and wind gaps can be observed in the dipslopes of similar geology, the closest
one observed to Boloc which shows minor rotation of beds towards the water gap which gives it a
looped bed trace, and a half-dome-like landform immediately to the north (Figure 2-6). This is
interpreted as a fold with its axis plunging to southeast as it has the geomorphological features of
both folding (minor rotation of beds) and faulting (water gap). Similar features can be found in
Boloc, though less pronounced, and thus it is interpreted that anticlinal folding is also present in
Boloc.
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The mapped bedding attitudes show the following from the Boloc Proper to southeast:







Gently dipping beds form the centre of the fold structure (17: dip of bed in Figure 2-8). This
gentle dip is associated with the widespread exposure of Unit 3 Sandstones on a relatively
flat topography of the Boloc Proper. The widespread occurrence of these sandstones is
interpreted to be due to the gentle dip which allows it to outcrop widespread in the said
topography.
Near vertical bedding at the east flank of the fold (dipping 257/88 in Figure 2-8) which is
associated with a north-northeast striking ridge (north-trending ridge east of Boloc Proper
in Figure 2-8 ). The ridge form is interpreted to be due to the steep dip of the relatively
resistant Unit 3 sandstones.
Near the start of the Central Stream, beds dipping moderately to southeast (dipping 124/41,
located near start of Central Stream Figure 2-8).
Further out from the main fold, opposing bed attitudes traceable along the Southwest
Stream and lower Central Stream (Figure 2-8)

It is interpreted that the gently dipping beds in Boloc Proper represent the apex of the anticlinal
structure. The gently-dipping beds together with the vertically dipping beds to the east form an
anticlinal fold limb (anticlinal fold limb, Figure 2-11A). Also, these near-vertical beds, together with
the southeast moderately dipping beds form a synclinal fold limb (synclinal limb underlying
Landslides A and B, Figure 2-11). The opposing beds along the streams are interpreted as series of
minor folds with approximately 100m amplitude and 200m wavelength. From the estimates from
the sections, the amplitude of the main anticlinal fold (main anticline, Figure 2-11) is approximately
300m and the wavelength is 1km.
The faulting component of the flexural fold in Boloc is interpreted to be thrusting to the southeast
based on the regional structures and locally observed structures. Flexural fold or bed shear is evident
from the occurrences of massive clayey rocks with close jointing and well defined contact surface
with bedded units (Figure 2-7C) which indicates slip. The slip is attributed to either faulting or
flexural-slip folding. This suggests that clay bearing rocks such as mudstone may be serving as
lubricant in faults. This is supported by the internal shearing observed in mudstones with en-echelon
fractures, as shown in Figure 2-7D. Weaker materials such as mudstone can be exploited as planes of
slip in the case of flexure-slip folding (Fossen, 2010; Twiss and Moores, 1992).
In certain areas, the faults appear to be healed or filled and does not show a pronounced influence
on the topography. Examples are shown in where a multiple normal faults and joints are in the rock
(Figure 2-7E-F), though this particular rock outcrop is relatively stable, often only experiencing minor
ravelling or rock fall. Also notable in this exposure is the lack of preferential erosion along the faults.
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Figure 2-6. Aerial photograph interpreted for desk reconnaissance of Boloc. Approximate scale 1:25,000. Letter symbols are as follows: A – Anticlinal structure in
Boloc; U – relatively rounded, low-relief topography; V – relatively sharp topography and heavily vegetated; and C – contact between V and U; D – concaveconvex.
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2.5.4 Surficial deposits
The soil types and thicknesses were estimated from field mapping, particularly from stream cuts,
road cuts, and occasional shovelling. The type and thickness of the soil tend to vary with underlying
lithology and land use.
Thin layers of sandy soil <1m thick tend to form in hill tops and residential-use areas of sandstone
outcrops (Figure 2-4). These are abbreviated as S in the map (Figure 2-8). In areas underlain by
interbedded sandstone-siltstone-mudstone, sandy clay soils tend to accumulate. Their thicknesses
range from <1m in stream channels, to 1-2m in hill tops, and 2-6m in areas that are heavily
cultivated. These are abbreviated as Sc-I, Sc-II, and Sc-III, respectively (Figure 2-8).
In areas with active ravelling and rockfall, particularly in hollows between sandstone dipslopes,
bouldery clay soil tends to accumulate. These soils are 2-6m thick and can be seen in the far
northeast, and in the west of Boloc centre (Figure 2-8).
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Figure 2-7. Exposures of fold in Boloc. (A) Fold mapped at toe of a landslide at Central Stream. Attitude
of fold limbs are indicated. Plunges to west-southwest. Note point "s" where seepage occurs even in dry
seasons. (B) Fold mapped at convergence of Central Stream and Southwest Stream. Note the high
degree of weathering of the rock mass. (C) Massive and closely-jointed mudstone mapped at lower part
of Central Stream in Unit 6. Note the well-defined surface of separation between the bedded mudstone
and bedded mudstone; attributed to slip from faulting or flexure-slip folding. (D) Internal shearing in
interbedded rocks. Note the size of red pen is ~200mm. There are en-echelon fractures and defined
surfaces of separation which are interpreted to indicate slip along bedding planes, movement towards
northwest. (E)Normal Faults. Mapped along Central Stream. Faults appear to lack control over local
failures in the area or the faulted slope face. (F) healed fault. The fault has a slip of at least 50mm and is
up to 20mm wide; it is persistent by up to 3m. The fault is infilled by bright orange limonite. In the
immediate area, there are no indications of fault control in the topography or landslides.
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2.5.5 Hydrology
The area is underlain by units of sandstones and units of interbedded sandstone-siltstone-mudstone,
and based on field observations, these materials have contrasting permeabilities. This was observed
in the field as permeable sandstone in interbedded units tends to grow moss and remain moist in
dry weather.
Also, it is worth noting that the area is surrounded by hills of higher elevation forming dipslopes
sloping to the southeast, with permeable units of sandstones on top and less permeable
interbedded units below. These hills are interpreted to be a possible reservoir of groundwater, and
the less permeable underlying units are likely guiding and concentrating the groundwater to Boloc
centre, including the landslides in the area. This is consistent with the presence of springs in the east
side of the area (Figure 2-9). In particular, there is a perennial spring in one of the landslides
(Landslide A, to be discussed further in subsequent sections). There are also springs occurring at
jointed rocks at the north side (anti-dip) of the dipslopes (Figure 2-9), but only to a lesser extent and
discharge compared to that of the springs earlier mentioned. It is also worth noting that the
structural fold in Boloc imparts a concave fold to the east, just upslope of where the swarms of
springs can be found. Hence it is interpreted that the subsurface water in Boloc is controlled by the
lithology and by folding, and to a lesser degree by jointing.
Streams in the area are ephemeral bedrock-cut watercourses which are fed by springs and seepages.
These streams rarely exceed 1 m3/s in a wet season, though bursts of heavy rains readily increase
the discharge these streams by 3-10x within <30min; the rough and stepping stream beds of these
streams impart turbulence to their discharge, making them highly erosive.
The area is generally used for agriculture. Irrigations fed by springs from adjacent hills are used to
water the ground all-year round, varying from moderate sprinkling for vegetables, “2” in map (Figure
2-9) to ponding for rice crops “1” in map (Figure 2-9) .

2.6 Landslide Mapping
Three major landslides were delineated: Landslides A, B, and C (Figure 2-10).
Table 2-4. Landslide recognition and delineation.
Attribute
Recognition

Landslide A
Concave (AP)-flat
terrain
Heavy vegetation at concave
slope break at upper part

Length
Width
Depth

Consistent cracking and ground
movement from 2008-2015
250-300m
130-140m
10-30m

Landslide B
Steep slope, followed by flat
terrain
Pronounced step and
undulations in terrain

Landslide C
Saddle-like topography in
upslope, followed by flat
slope, and then bulging
(convex) slope

Consistent cracking and ground
movement from 2008-2015

Doubtful based on
occurrence of anticline

100m
60m
10-20m

100m
70m
10-20m

The 3 landslides, Landslides A, B, and C, in proximity to the town centre and the dirt road of Boloc
were recognised based on topography. There were also other slope instabilities recognised in the
area, consisting of falls and slides. The delineations and its accompanying annotations are illustrated
in the map in Figure 2-10.
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Figure 2-8. Geological and soil map of Boloc. At the centre is an inferred flexure-fold which thrusts over to northeast and plunges approximately 20deg.
Surrounding the flexure-fold are two pairs of minor folds which are defined by locally opposing bed attitudes. Approx. scale 1:4,000.
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Figure 2-9.Map of hydrology and land use of Boloc.
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Figure 2-10. Morphologic map with annotations showing the delineation of landslides.
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2.6.1 Landslide A
Landslide A can be recognised in the aerial photo from the wide concave topography LAv (Figure
2-10) which is followed below by two distinct but contiguous topographic units: an abrupt flat slope
LAs1 which slopes down to south and ends at the Central Stream, and another convex slope LAs2
which slopes down to the side of As1 (Figure 2-10). The slope break where Av meets As1 and As2
(Figure 2-10) shows distinctive darker tones showing heavy vegetation. This may indicate poor
drainage, ground disturbance, or wet conditions such as due to springs. The presence of springs and
shallow ground disturbance were verified in field reconnaissance. From the accounts of local
residents, active and contiguous ground movements from 2008-2015 were observed in areas LAs1
and LAs2 (Figure 2-10). The head scarp of Landslide A is interpreted to be located at between LAv
and LAs1-LAs2, based on the slope break, presence of springs, and shallow movement mentioned
above. In addition, field verification showed that ground movement occurred in the northeast
margin of LAs2, and the movement left a scarp which is discussed in detail in Chapter 3.
The lateral margin in the west side is pronounced, continuous, and traceable from the upper part
down to the cliff edge leading to the stream. On the other hand, the east margin is obscured but
bounded by a dipslope (east of LAr Figure 2-10).The toe of is interpreted to be indicated by the
active slope failures at along the margin bordering the Central Stream. The estimated depth of the
rupture surface is 10-30m based on observations on at the toe along the Central Stream, as
discussed in detail in Chapter 3.
2.6.2 Landslide B
Landslide B is poorly expressed in the aerial photos but can be recognised from the 5m IFSAR
topographic map (NAMRIA, 2013) as indicated by the concave-flat-convex topography. The feature
LBv (Figure 2-10) is a steep concave slope which abruptly ends on a flat terrain, LBf which is then
followed by a slope which runs down southwest into the Central Stream. The impressions given by
the topography would suggest that southwest sloping convex terrain Ox is the toe of Landslide B;
however field verification and local resident’s accounts showed that Ox is actually a relatively stable
dipslope, which infrequently experiences small-scale rock fall. The main scarp is only visible through
field observation. It is expressed as a step with 2m vertical displacement in LBf (Figure 2-10). The
south lateral margin is expressed by a landslide in the southeast which has substantially
retrogressed(Figure 2-10); whereas the north lateral margin is delineated from the border between
mapped inactive and active ground movement in the northwest(Figure 2-10). As with Landslide A,
the toe of Landslide B is interpreted to be located at the actively failing margin (LBt) adjacent to the
Central Stream. The estimated depth of the landslide is 10-20 m based on observations on at the toe
along the Central Stream, as discussed in detail in Chapter 3. The landslide is considered active based
on consistent movements from 2008 to 2015 as described by the residents. Its initial movements
and large-movement events tend to occur concurrently with that of Landslide A.
2.6.3 Landslide C
The landslide can be recognised from a saddle-like topography which continues down to a flat slope
and then a convex topography. The saddle-like topography, LDs in is a break between the two
dipslopes and can be interpreted to be “hollowed” out due to landslide. The convex topography, LDx
could be interpreted as the landslide mass. Alternatively though, the convex topography could be
just due to the presence of resistant sandstone from Unit 3 Sandstones, similar bulging convex
topography can be produced by resistant sandstones. The toe is also poorly expressed in the
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topographic map, though field mapping shows that there is a distinct change in slope towards the
dirt road in the Boloc town centre. This is interpreted as the toe. The depth of the slide is estimated
to be 10-20m based on the adjacent slopes, assuming that the pre-landslide topography is similar to
the adjacent slopes. The landslide has no historical movement and is considered inactive.

2.7 Ground model
As emphasised in Chapter 1, details of the environment of the landslide are key to its understanding.
The purpose of this chapter is to first, present available data pertinent to the landslides in the village
of Boloc, leading to the investigations done in this project (2.2-2.4); second, delineate landslides; and
third, develop the necessary focus of the investigation with regard to the hazard of the landslides
and the limitations of resources for the investigation.
The observational ground model is meant to synthesise the site specific (i.e., Boloc) data, and
present it in a manner that the possible interactions and relationships between the engineering
geologic conditions become apparent. From the geologic and geomorphic mapping, the following
ground conditions were observed or inferred in Boloc:









Main anticline structure. As discussed earlier, it was inferred to occur in Boloc based on
occurrence of other folds mapped by earlier studies, and also based on the morphology
observed from air photographs. It was delineated from mapped bedding and their
associated topographic expression. The axis of the fold is at least 100m and 200m away from
Landslide A and Landside B, respectively. The fold underlies the landslides.
Synclinal limb. Part of the main anticline is its synclinal limb in which underlies the bedrock
(source bedrock?) of Landslides A and B
Contrasting permeabilities between lithological units. As discussed earlier, it is inferred that
the lithological units have contrasting permeabilities as dictated by their lithology: the
sandstone sequence Units (i.e., Unit 1, 3,and 5) are relatively more permeable compared to
the interbedded units (i.e., Unit 2, 4, and 6), and within the interbedded units, the sandstone
beds are more permeable than the siltstone or mudstone beds, and so on. In terms of
groundwater flow, these contrasting permeabilities allow for potential vertical confinement
of flow, particularly within the relatively more permeable units. Secondary permeability such
as those imparted by joints and faults which are also present in Boloc can potentially
interfere with this lithology-associated vertical confinement. But to allow for the limited
data, and simplicity, these will excluded from the succeeding discussions.
Contrasting stiffness of lithological units. This is inferred from the previously discussed
contrasting unconfined compressive strengths (UCS) of the sandstones (Unit 6A, 50-100MPa)
and mudstones (Unit 6B, ~30MPa). Given that unconfined compressive strength also reflects
the stiffness of a material (Hoek, 2000)), and that sandstones and mudstones have different
UCS, it inferred that difference in lithology also equates to difference in stiffness. The pitfall
of this inference is that the number of readings and reference points used to estimate UCS
for sandstone and mudstone is very limited (2-3 each).
Possible unmapped folds. As discussed earlier, aside from the main anticline (amplitude
~300m) and other smaller folds (~100m) interpreted to be occurring in Boloc, and also there
are occurrences of even smaller folds (amplitude <10m) (Figure 2-4B) which have been
mapped. These folds tend to have closely spaced jointing and tend to be poorly preserved,
reflecting their poor quality as rockmasses. Based on its poor preservation, it is possible that
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these folds may have been underrepresented in the mapping. This compounds with the
issue that the folds tend to significantly lower the quality of the rockmass. Potential
clarification or constraint on the distribution of these small (amplitude <10m) folds when
their relationship with the larger folds are determined.
Based on the observed or inferred conditions above, their potential interactions and the resultant
conditions were analysed. Discussed below are the anticipated resultant conditions:






Pore pressure build up in portions of Landslide A and Landslide B due to synclinal fold of the
vertically confined sandstone sequence units (i.e., Unit 3 and Unit 5). The inferred vertical
confinement of groundwater in sandstone units and or lithologies gets compounded with
the synclinal fold underlying Landslide A and Landslide B. Groundwater flow is anticipated to
be trapped at the cusp of the syncline. Additional influx of subsurface flow will tend to raise
the pore pressures as the vertical confinement restricts the rise of groundwater table.
Generally in Boloc, parting along lithological contacts between, and within lithological units
due to differential strain (i.e., between Unit 3 and Unit 4, and within Unit 4). This is based on
the inferred difference in stiffness of the lithologies, affecting the contacts of lithological
units and the lithological contacts within the heterogeneous units (i.e. interbedded
units).The folding in Boloc and the occurrence of large contemporary earthquakes is
associated with tectonic stresses operational in the area (Chapter 1). These stresses would
have naturally incited different strain responses from the materials of different stiffness, and
could have resulted in weakening or parting in the contacts of materials with different
stiffness. For example, a less stiff mudstone in contact with sandstone will strain to a greater
extent that the latter, and it may result in the mudstone undergoing displacement with
respect to the sandstone which may result in joints along and/or perpendicular to their
contact, hence creating surface or layer of weakness.
Zone/s of closely-jointed rockmass in present bedrock/source bedrock of Landslides A and B
due to presence of fold/s The presence of folding, in form of the synclinal limb of the main
anticline is present and underlies Landslides A and B. The presence of the syncline alone
likely imparted joints to the bedrock/source bedrock of these landslides. However, as
mentioned earlier there is a possibility that smaller folds are present in the bedrock of these
landslides which could have potentially imparted closely spaced joints and created zones or
surfaces of weakness in the bedrock/source bedrock of these landslides.
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Figure 2-11. Sections of ground model for Boloc. See inset for location of sections. Section scale approx.
1:5,000.

2.8

Synthesis

The geology and structures, in the immediate area of Boloc are as follows: geologic units consist of
sequence of strong thick sandstone units and of weak interbedded sandstone-siltstone-mudstone;
the structures are localised folds induced by thrust faulting which exploits the weak interbedded
sandstone-siltstone-mudstone unit.
Landslides A and B are narrowed down for detailed investigation based on the clear risk of Landslide
A to the road access. Landslide B is not expected to cause any significant risk to the road access or
community of Boloc, but it will be investigated further as an auxiliary to landslide A. Landslide A
existed prior to 1956 based on air photos and reactivated in June 2008. It has a perennial spring
controlled by a concave fold, and a west lateral margin controlled by lithological contrast based on
field geological mapping. Landslide B is similar to Landslide A in terms of activity, although due to its
small size, it is undeterminable if it existed prior to 1956. Its failure in June 2008 is associated with
prolonged heavy precipitation and toe undercutting by stream erosion, as with Landslide A. The
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configuration of the municipal road with cutting across Landslide A ensures continued misalignment
of the road with the occurrence of landslide activity.
On the other hand, landslide B is not expected to retrogress into the road above due to the position
of resistant sandstone unit to its north, and any retreat of the slope to the east of landslide B would
be controlled by the east stream, not landslide B. However, Landslide B is in the proximity of
Landslide A and is similar in terms of material and timing of movements. Hence landslide B will be
included as an auxiliary to Landslide A.
The general ground model of Boloc shows the following observed or inferred conditions: main
anticline structure centred at Boloc Proper; synclinal limb of the main anticline underlies Landslides
A and B; contrasting permeabilities are inferred from the lithologies, with the finer grain lithology
(i.e. mudstone) being less permeable; contrasting stiffness of the different lithologies inferred from
field estimated UCS; and possible unmapped occurrence of small (amplitude <10m) folds which can
potentially impart localised zones or surfaces of weakness.
The anticipated engineering geological conditions potentially arising from the interaction of
existing/inferred conditions potentially affect Landslides A and B. Pore pressures may build up on
the area of the landslides as consequence of the presence of synclinal folding on the vertically
confined sandstone layers. Planes of weakness may develop along the bedding contacts of
lithologies with contrasting stiffness, especially between sandstone and mudstone, and may result in
parting of the bedrock materials into blocks whose size range from the thickness of interbeds up to
the thickness of whole lithological units. Potential localised zones or surfaces of weakness may be
imparted by the presence of small-amplitude folds which are also potentially difficult to map.
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3 Surface Morphology and Mapping of Landslides A and B
3.1 Introduction
The previous chapter dealt with regional perspective on the Boloc landslide, including the geologic
setting and landslide occurrences, and concluded with the recognition of Landslide A as significant
for road access to Boloc. Landslide B is included to supplement to understanding of Landslide A. As
discussed in the previous chapter, both landslides could be of rotational or compound movement
type, and reactivated.
The aim in this chapter is to present the surficial aspect of Landslides A and B (Figure 3-1), with focus
on the road access in Boloc. This chapter has the following objectives:
1. Define and characterise the extent of Landslides A and B
2. Characterise the surface morphology and behaviour of Landslides A and B

Figure 3-1. Map showing location of Landslides A and B with respect to the road access of Boloc. Base
map from Google (2015). Scale approximately 1:3,000.Note the Central Stream which cuts the lowermost
scarps of both landslides.

Note that in this chapter, due to the proximity of Landslides A and B and the shared characteristic of
having their toe located at the Central Stream, the two landslides are treated as a single landslide
complex, named here as the Boloc Landslide Complex.
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The data presented in this chapter draws mainly from field mapping done for this study in January
2015, and in September-October 2015. Analysis of satellite imagery was also done for this study,
covered the years 2002-2015.
The concepts relevant to the methods used are discussed in Appendix L, Appendix V and Appendix
M.

3.2 Landslide A Morphology
Landslide A has a fresh main scarp, pronounced western lateral margin, two secondary scarps, and
stream-bounded toe as detailed below (Figure 3-2):
(A-a)
Main scarp – has a vertical displacement of 3-4m and a slope of 45-60O which is
attributed to the movement of the landslide in June 2008; currently degrading and has no
active movements since 2008 (Figure 3-5b)
(A-b)
Crown failures – as wide as 6m (Figure 3-5b), failed from edges of irrigated rice
paddies occurred as recently as September 2015
(A-c)
Felled trees around main scarp – leaning to downslope (Figure 3-5a); occurred only
in June 2008 and remained inactive ever since; tilting or falling of trees may indicate either
shallow movement (<3m) (McGuffey et al., 1996) or general depression of area as in grabens
(Dikau, 1996)
(A-d)
Head – actively forming transverse tension cracks as recent as 2015; tension cracks
are 6-20m in length, with vertical displacement of up to 0.5m, and non-contiguous but
aligned
(A-e)
Erosion within the body – with 4m relief, started after 2008; could have been caused
by either bulging or by translation of mass around the head
(A-f)
Tension cracks – up to 40m in length and with 0.5m vertical displacement; forms a
curved pattern when taken as a whole
(A-g)
East lateral margin – eroded in June 2008 (Figure 3-5c), borders the dipslope of Unit
5 Sandstones to east, and continues into the Central Stream
(A-h)
West lateral margin, upper part - defined by recent and actively forming elongate
cracks up to 30m long, and with an accumulated vertical displacement of 0.5m
(A-i)
West lateral margin, en echelon cracks – recently and actively forming (Figure 3-6a);
interpreted to be indicative of oblique movement
(A-j)
West lateral margin, lower part – has a scarp which indicates at least 4m of vertical
displacement; tree marker (Figure 3-5f) indicates 17±1m horizontal displacement and 9±1m
vertical displacement to 102±4O
(A-k)
Transverse ridge in upper part – locally high topography located above the dirt road
(Figure 3-5e)
(A-l)
Secondary scarp, upper – bounds the downslope face of the transverse ridge; note
k-k’ currently has a vertical relief of 9±1m; previously 6±1m after June 2008 (Figure 3-5d,
Figure 3-6bc)
(A-m)
Secondary scarp, lower – has 2-4m relief and has a near-vertical scarp, higher
towards west; a local failure occurred in October 2014 at the west end (Figure 3-5e, Figure
3-6d)
(A-n)
Longitudinal cracks – At least 4 gullies (Figure 3-5e) which developed from incision
along cracks, currently up to 2m deep and 2m wide; may be caused by accumulation of toe
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and lack of lateral support/confinement due to the incision of Central Stream into the lower
part of the eastern lateral margin
(A-o)
Toe scarp – defined by local failures, 2-4 m thick and 2-6m wide (Figure 3-5e)
(A-p)
Toe of surface of rupture – located beneath the overhangs near stream level, or
possibly deeper (not exposed) into the displaced mass
(A-q)
Perennial spring – feeds a stream connected to the Central Stream ; has small 4mhigh waterfall; the discharge is used for irrigating lands downslope, including most of the
displaced mass of Landslide A
(A-r)
Intermittent springs – located around the main scarp, east lateral margin and at the
toe scarp; these feed ephemeral streams.
(A-s)
Drain sinks – Located at the west lateral margin near the road (Figure 3-5d), and
near the main scarp
(A-t)
Drainage path - during heavy rains, the runoff from surrounding areas, particularly
the area west of Landslide A, tends to concentrate flow along the road towards the east of
the Central Stream. The flow is trained by man-made drainage ditches, which however are
easily eroded and this causes leakage into the lower part of Landslide A.

3.3 Landslide B Morphology
The toe of the landslide, as with landslide A, is marked by the presence of failures toward the Central
Stream. From the toe to the south is a high-relief and retrogressing failure (right side, Figure 3-7).
This failure is occurring just next to the dipslope to the south. This failure is interpreted to be the
lateral margin of landslide at the south side. The features of Landslide B are discussed below (Figure
3-3):
(B-a)
Main scarp - defined by a curved scarp with a vertical relief of 2m and a slope of 4560: (Figure 3-7a, left side)
(B-b)
Old scarp - flat but hummocky terrain surrounded by steeper slopes (Figure 3-7a,
behind East Stream)
(B-c)
Secondary scarps - three parallel linear escarpments (Figure 3-7a) which have the
steep side facing west; accompanied by bowed tree trunks which convex towards east
(Figure 3-7b), indicating back-tilting to the east; angular blocks of sandstone protrude out
from these scarps; interpreted to be beds of sandstone which slid along each other as the
slope back tilted (akin to a deck of cards being sheared oblique to their stacking)
(B-d)
Toe scarp - defined by local failures, 2-4m thick and 2-6m wide, or possibly deeper
into the displaced mass (Figure 3-7ac)
(B-e)
Toe of surface of rupture - similar to Landslide A, located beneath the overhangs
located near stream level, or possibly deeper (not exposed) into the displaced mass
(B-f)
Springs - Seasonal springs are located near the main scarp and at the area of the old
scarp. During heavy rains, a proportionally large amount of runoff from the east is directed
to the east stream, which readily erodes the back of the crown of Landslide B.
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Figure 3-2. Detailed Morphologic Map of Landslide A. Refer to Figure 3-4 for key. Approximate scale
1:1,500. Mapping done for this study.
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Figure 3-3. Detailed Morphologic Map of Landslide B. Refer to Figure 3-4 for key. Approximate scale
1:1,000. Mapping done for this study.
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Figure 3-4. Key of morphologic Maps (Figure 3-2 and Figure 3-3).
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Figure 3-5. Features in Landslide A, main scarp, eastern lateral margin, western lateral margin, and toe
scarp. (a) Tilted trees leading to downslope, located around the main scarp and west lateral margin.
Occurred in June 2008 and remained inactive ever since. (b) Degraded main scarp main scarp and crown
failure. The main scarp underwent movement in June 2008 and remained inactive ever since. (c) East
lateral margin defined by active gullying which started in June 2008. Intermittent springs also present but
not shown in photo.(d) West lateral margin cutting through the road as defined by 1m vertical
displacement on the road, accompanying small failures, and a natural drain sink (formed October 2014).
A collapse feature on the upper secondary scarp is also shown. (e) West margin at toe showing toe
failures which are connected to the gullying features. The west lateral margin also has a significant
vertical drop. (f) The vertical drop/scarp in the west lateral margin, and the marker tree which was used to
determine relative movement with respect to the stable ground. Photos taken in this study.
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Figure 3-6. Features in Landslide A, upper and lower secondary scarps. (a) En echelon cracks actively
developing near the western lateral margin; (b) Upper secondary scarp with its subsequent collapse
feature. Vertical reliefs from 2008 to 2015 are also indicated. (c) Partial overview of the lower secondary
scarp. Boreholes BH1 and BH3 are also shown. (c) Local failure at the lower secondary scarp. First
occurred in October 2014 and reactivated in September 2015. Photos taken in this study

47

Figure 3-7. Features in Landslide B, main scarp, southern lateral margin, and toe scarp. (a) Perspective
view showing the main scarp and part of toe. (b) View at the main body showing the materials, and backtilting and movement to the west. (c) Toe failures and south lateral margin. Note the dipslope to the
south. Photos taken in this study.
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3.4 Chronology of landsliding
The chronology of Boloc Landslide Complex is detailed below based in anecdotes from local
residents and from previous chapters. The history of landsliding (Table 3-1) is summarised below:






Landslide A existed prior to 1956; existence of Landslide B prior to 1956 is undetermined;
Prior to June 2008, the area now occupied by Boloc Landslide Complex was low-moderately
sloping, and the relief to the Central Stream was at ~2m;
First historical movements occur in association with prolonged and exceptional rainfall
(231mm accumulated in 3 days) in June 2008. This was preceded by incidences of prolonged
heavy rainfall in April-May 2008. The main scarps of Landslides A and B form, and the relief
to Central Stream increases
Landslides A and B undergo continual movement from 2008-2015. Notable incidences of
movement occur in association with prolonged heavy rainfall in August 2013, October 2014,
January 2015, April-May 2015, and October 2015

Table 3-1. Chronology of landsliding. Compiled in this study from anecdotal data from Boloc residents,
DEWS-L reports, and field observations.

Date
1956

Event
Air photographs indicate existence of Landslide A; air photograph resolution too coarse
to confirm existence of Landslide B

19561965
19652007
AprilMay
2008
June
2008

No information

20082011
Novembe
r 2011
20112013
August
2013
October
2014

January

No historical activity of either landslide reported by residents; in the area occupied by
Landslide A and now Landslide B were low-moderately sloping (10-15O)
Prolonged sudden increase in rainfall caused by interaction monsoon air with Typhoon
Negouri and Typhoon Halong; residents describe the rains as exceeding a week in length
and being heavy
Prolonged heavy rainfall continues with a pronounced 3-day exceptional rainfall
(231mm accumulated in 3 days) as a consequence of Typhoon Fengshen;
Residents report that the movements in areas occupied by Landslides A and B occurred
in this time frame;
In Landslide A the main scarp forms and remains inactive after the event, the trees
around the main scarp tilt downslope, and then it remains inactive after the event; the
upper secondary scarp forms; and the relief to the stream deepens by at least 4m; the
lower secondary scarp forms; longitudinal cracks form;
In Landslide B, the level of its displaced mass relative to the main scarp drops by
approximately 1m
Continual movement in both landslides as reported by residents
In Landslide A, the relief at the upper secondary scarp is 6m
Continual movement in both landslides, but less in terms of displacement compared to
that of June 2008
Weeks-long rainfall attributed to interaction of Low Pressure Area and Tropical
Depression (PAGASA, 2013) in 11-20 August 2013; in Landslide A, a 20m-long crack at
the west lateral margin developed, and localised failures within the lower secondary
scarp occurred
Heavy week-long rainfall due to interaction of Low Pressure Area and Typhoon
Vongfong (NOAA, 2014) in 3-18 October 2014; In Landslide A, 5m wide and 4m deep
failure at the west end of the lower secondary scarp, and 10m long cracks near the east
margin formed; failures at the toe above the stream also occurred, a 4m wide failure
occurred at the road north of Landslide B; and failures at the toe also occurred
Enlarging of cracks near the main scarp of Landslide A occurred 10 days after an
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2015
AprilJune
2015
Septembe
r-October
2015

isolated heavy rainfall
Days-long rains from the interaction of Low Pressure Area and Typhoons Maysak
(NDRRMC, 2015a) and Noul (NDRRMC, 2015b) on 1-7 April and 7-10 May,
respectively; continued enlarging of cracks near the main scarp of Landslide A
Days-long rains from Typhoons Mujigae ( (NDRRMC, 2015c) and Koppu NDRRMC,
2015a) in ~2-3 October 2014 and 14-19 October 2014, respectively; in Landslide A,
failures at the toe near the stream, 4-6m wide and 2-4m thick occurred, and general
enlargement of cracks in the whole landslide; in Landslide B, failures at the toe near the
Central Stream, 2-3m wide and 1-2m thick occurred

3.5 Movement Rates
Satellite imagery with spatial resolution of <0.5m were aligned and compared in this study to
estimate the movement rates and directions in Landslides A and B.
The satellite images may poorly align due to various factors such as differing angles from which the
images were taken; rigorous methods for correcting these issues are available (Appendix U). These
methods however were inaccessible due to limited information on the satellite imageries in hand.
Instead, the satellite images were aligned by best approximation, and the resultant accuracy of the
alignments were measured based on known stable landmarks (overview map, Figure 3-8). An
example measurement is shown in landmark #8 (Figure 3-8A). The deviation between the locations
of a single landmark in different imageries was measured, and then expressed as error (Figure 3-8B).
Eight landmarks were used, and the largest errors measured among these landmarks were adopted
(Figure 3-8C). The accuracy of locations in overlain imagery pairs are as follows:




2002 and 2013: ±2.5m;
2013 and 2015: ±2.5m;
2002 and 2015: ±2.0m.

Offset of features such as farm lot boundaries and distinctive trees were annotated across the years
and the displacements are measured. For this purpose, the satellite imagery of October 2002 was
used as base image representing Boloc prior to the 2008 event. Following this, It is assumed that no
significant land changes were made between October 2002 and June 2008.
There is only one verified movement vector from the satellite imagery. Feature Ah (Figure 3-9)
shows offset of a mango tree near the lateral margin which amounts to 15.4m±2.3m (horizontal
distance) directed to 108±9deg. from 2008 –January 2015, and the same tree was surveyed in
August 2015 and it shows an offset of 17±1m (horizontal distance) to 102±4deg which are
comparable. The summary of the results are in (Table 3-2). Based on the satellite images, the
movement rates of Landslide A and Landslide B are 0.4-3.6m/year, and 1.0-1.5m/year, respectively,
which both fall under the very slow to slow velocity class (Varnes, 1978).However when individual
events are considered, such as the June 2008 event, a higher velocity class is noted. In this event,
Landslide A had at least 1.5-3.0m/day (5-6m total displacement developed in the main scarp in a
span of at most 2-3 days), and Landslide B had at least 0.3-0.5m/day (1m displacement in main scarp
in a span of at most 2-3 days), which confer rapid and moderate velocity classes, respectively.
The discrepancy between movement rates from satellite imagery and from events is attributed to
the sporadic nature of movement of both landslides. As discussed in the previous section, the history
of landsliding shows individual events of significant movement with continual but lesser movements
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occurring in between. The years-long coverage of satellite imagery represents the combined
movement rates from individual events and from lesser movements which would be naturally lower
than when individual events are considered.

Figure 3-8. Measurement of accuracy of satellite imagery overlay using landmarks in areas assumed to
be stable. (A) Locations of landmark #8 from other imageries (plotted in 2015 imagery as basemap). (B)
Example measurement of accuracy in landmark #8 for the imagery pair of 2002 and 2015. Red chord line
shows a deviation of 1.6m between landmark #8 in 2002 and in 2015. Red circle illustrates the accuracy of
fit of 2002 and 2015 imageries, and consequently. (C) Table of errors estimated from different landmarks
in different pairs of imagery.
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Table 3-2. Summary of movement rates from satellite imagery.
Point

Aa
Ab
Ac
Ad
Ae
Af
Ag
Ah
Ba
Bb

Movement (m/year)
Movement
1.2
2.0
2.0
2.0
2.5
0.7
2.5
3.1
1.2
1.3

Error (±)
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.2
0.2

3.5.1 Landslide A
There are clear and consistent offsets in the head and toe of Landslide A as shown by Aa-Ag. There
are also offsets from 2013 to 2015; although they are disregarded because of they have offsets of 23m which are small relative to the errors of the imagery. From the head of landslide A the
movement is directed to the southwest, and then it appears that the downslope vectors are rotated
anticlockwise, eventually getting directed towards east-southeast as shown in Ag (Figure 3-9). It is
notable that the horizontal offset in Ag is ~3 m, whereas the location of Ag is where the large local
vertical offsets (Figure 3-9) within landslide A is occurring, with as much as 9±1m accumulated
vertical offset from 2008-2015.
3.5.2 Landslide B
In landslide B there are limited markers, though the markers, in form of the sandstone escarpments
show consistent movement tot southeast at a rate of up to 9.1±1.6m between 2008 and 2015
(Figure 3-9).The Central Stream which defines the toes of landslides A and B has also changed
significantly over time. Prior to the June 2008 event, the vertical relief to the Central Stream was less
than 2m, according to locals in Boloc. This segment of Central Stream with shallow relief stretches
from below the road to southernmost toe of Landslides A and b where there used to be a shallow
pool fed by the stream. Immediately after the 2008 event, the relief to the stream was at least 4m,
and presently it is at least 6m (Figure 3-9). The southernmost toe of Landslide A used to be level to
that of the southernmost toe of landslide B according to residents. At present, this point in landslide
A is approximately 20m higher based on field survey.

3.6 Landslide Scarp Mapping
A detailed survey of the toe scarp of Landslides A and B to determine the nature of material and
failure surface of the landslides. Face logs and annotated photographs were made and linked to a
closed-traverse survey along the Central Stream and along the edges of both landslides, in this study
in January 2015 (dry season) and in October 2015 (wet season). The results are presented as fence
diagrams and depth stations, the locations are indicated in Figure 3-10.
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Figure 3-9. Map of movement features in Landslides A and B. Base imagery from Google (2015).
Movements interpreted from sequential satellite imagery in this study. Complemented by field and
anecdotal data.
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Figure 3-10. Map of location of fence diagrams and face logs (right). Overview on left.

3.6.1 Landslide A
The displaced mass of Landslide A is recognised from the sequence of bedrock overlain by clay layer
and then overhanging blocks with disturbed strata.
The bedrock at the stream has a dip direction/dip angle of 120/42 to 135/25 (Figure 3-11). This is
consistent with the dips in the east side of Boloc (Chapter 2) where the rocks are relatively
undisturbed. The bedrock here consists of interbedded sandstone-siltstone-mudstone. The
sandstone is fine grained, 200-500mm thick, and light grey in colour. The mudstone and siltstone are
grey to bluish grey and 50-200mm thick. In the upstream/northern side, the bedrock crops out along
the stream bed, rises and forms a platform up to 12m high towards downstream/southern side
(Figure 3-11 and Figure 3-13a).
Overlying the bedrock is a clay layer which is bluish grey, 0.5-1.0m thick, and with upper parts having
an increasing amount of 30-50mm angular fragments derived from in-situ rock (Figure 3-12bc and
Figure 3-13d2). During dry season, the seepage tends to exit through or above this layer. The
occurrence of the clay layer tends to be obscured by fresh toe failure debris (Figure 3-13b and Figure
3-12a).
Above the clay layer are disturbed blocks which form an overhang. There blocks are cobble-boulder
size (200-500mm) derived from in-situ rock. There blocks show rotation and displacement which lack
any apparent pattern. In between the blocks, the interstices are filled with clay and 5-20mm wide.
These blocks become less fragmented towards the top, grading into massively large blocks, also
derived from in-situ rocks, with discernible strata. Though the attitudes of the strata have an unclear
relationship with the bedrock as the attitudes vary (Figure 3-11 and Figure 3-13a). In wet season, the
seepage exits at approximately 2m from the top of the scarp. There is a fault mapped in the middle
of the face which persists for at most 10m, has a displacement of <100mm, but has a 2-10mm wide
aperture. It dips to 203/51 to the side of the east-facing scarp face. The fault appears to poorly
influence the toe failures as the displaced mass is dominated by closely spaced joints. These joints
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consist of random joints, and of 2 joint sets which are approximately mutually orthogonal relative to
the bedding.
Note that there is a difference in the block sizes across the face logs, generally showing more
fragmentation towards south:




ASt3 which is located near the western lateral margin, chiefly consists of cobble-boulder
sized blocks (Figure 3-12a)
ASt1, located at the middle, consists of massive blocks and cobble-boulder blocks (Figure
3-12b)
ASt2, located at eastern lateral margin, consists of massive blocks and abruptly transitions to
clay layers (Figure 3-12c).

Seepages are observable in wet season and in dry season (Figure 3-12). The topmost observable exit
point of the seepages is taken as proxy for the level of groundwater table. It is noted however that
the seepages are often obscured by deposits from localised failures, it possible that the actual level
of the seepages may be higher.

Figure 3-11. Fence diagram of toe scarp of Landslide A. Location in Figure 3-10. The fence follows the
channel wall of Central Stream. Fence diagram from this study.
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Figure 3-12. Facelogs in Landslide A. Locations of logs are in Figure 3-10 and Figure 3-11. (a) Log in
ASt3 shows massive-sized blocks of disturbed in-situ rock which overlie a platform consisting of
bedrock. (b) Log in ASt1 shows displaced mass consisting of massive blocks and boulder-sized blocks
which form an overhang over a clay failure surface. (c) Log in ASt2 shows displaced mass consisting of
boulder-sized blocks which also form an overhang over a clay failure surface. Logs and interpretations
from this study.

56

Figure 3-13. Toe scarp mapping of Landslide A. Refer to Figure 3-11 for location of photos. (a) Overview
of the toe scarp of Landslide A showing the exposed rock material and delineated border with bedrock.
(b) Recent toe failure showing multiple scarps. (c) Toe at the south end showing a part of bedrock raised
above the stream, and displaced material atop the bedrock; in here the landslide toe does not coincide
with the stream. (d) Exposed strata in displaced mass showing increasing disturbance in rock mass
towards bottom. (d1) fragmented to crushed rocks. (d2) crushed and clayey zone which gets undercut.
Photos and survey data acquired for this study.

3.6.2 Landslide B
The displaced mass in Landslide B can be recognised the same way as in Landslide A. The bedrock in
Landslide B though is similar to that of Landslide A, except that it appears to be more dominated by

57
sandstone layers up to 1m thick. The bedrock also tends to crop out along the stream bed and then
rises to a 2-3m high platform to the southern side (); this height though is still within the reach of the
highly erosive stream in heavy rainfall events. Overlying the bedrock is a clay layer similar to that of
Landslide A. In the northern lateral margin of Landslide B, the clay layer distinctly overlies along the
bedding plane of the bedrock (
Figure 3-14b). The overhang formed by the blocks in Landslide B is also more apparent (
Figure 3-14) than in Landslide A. As with Landslide A, the seepages during dry season tend to occur
near the clay layers, while during wet season, the seepages occur ~2m below the top of the toe
scarp (Figure 3-15).
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Figure 3-14. Toe scarp mapping in Landslide B. (a) Fence diagram of the toe scarp of Landslide B along
the Central Stream. Fence diagram location in Figure 3-10 (b) Photo of toe scarp in station BSt3. Location
in Figure 3-10 and in (a). (c) Photo of toe scarp in station BSt1. Location in Location in Figure 3-10 and in
(a). Photographs and fence diagram and survey data acquired for study.

Figure 3-15. Facelogs in Landslide B. Locations of logs are in Figure 3-10 and
Figure 3-14a. (a) Log in BSt1 shows displaced mass consisting of massive and boulder-sized blocks
forming an overhang over the clay failure surface.(b) Log in BSt2 shows displaced mass consisting of
boulder-sized blocks forming an overhang over clay failure surface. Logs produced for this study.

3.7 Failure Surface
The failure surface of Landslides A and B is interpreted to be located below their clay layers. From
the sequence mapped at the toe scarps, it is apparent that the clay layers would be mechanically
weakest and most favourable zone of sliding. Also, the location of seepages above the clay layer
regardless of season suggests that the groundwater would be above this layer: this configuration
allows pore pressures to lower the effective strength of, and detrimentally change the physical
behaviour (Appendix DD) of the clay layers. It is noted however, that the strains in both landslides
are possibly accommodated also by slip within the landslide masses: the highly variable dip of strata
within the upper blocks of Landslide A and of Landslide B suggest that the blocks may be slipping
past each other.
In Landslide A, the failure surface in the southern portion appears to be controlled by the bedrock
dip. From north to south in Landslide A there is a clear deflection of movement direction which
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results in a southeast-directed movement at the southernmost portion of Landslide A, as observed
from surface movements (section 3.5). In this portion, there is also clear scarping along the lateral
margin which indicates a vertical component in movement. These features appear to match the
southeast dip and moderate dip of the bedding of the bedrock, suggesting that the deflection in
movement in the southernmost portion is due to influence of bedrock bedding on the failure surface
for this portion.
The fragmentation of the landslide material and surface velocity suggests that Landslide A is
accumulating strain at is south end. From the face logs, it can be seen that the landslide material
becomes more fragmented towards south. Increase in fragmentation suggests that there is a general
increase in displacements or strain being accommodated. This accumulation of strain could be
caused by the southward movement of the landslide which results an oblique slip along the western
lateral margin.
The position of the failure surface with respect to the stream bed suggests that the Central Stream
may be insignificant to the current movements of Landslide A. The failure surface at the toe is
currently elevated above the stream level, as shown by the toe scarp mapping. This means that the
toe of the landslide is well above the stream, thus high enough to avoid the destabilising effects of
stream erosion. It is noted though (sections 3.4 and 3.5) that prior to the June 2008 event, the
Central Stream was way above (4-20m higher than present stream level) the current failure surface;
and thus the down cutting of the Central Stream to its near its present levels may have contributed
to the initiation of movement in the June 2008 event.
In Landslide B, it appears that the failure surface is influenced by, in its upper part, the dip of
bedrock, and, in the lower part, relief incised by the Central Stream. In the upper part, the failure
surface of Landslide B overlies the bedding plane of the bedrock; though it is notable that the
bedrock dips southeast, obliquely away from the west-facing scarp face. This reflected to a limited
extent in the disparity between the orientation of opening of the main scarp (south-southwest) and
the direction of movement in the lower parts (west-southwest). The more south-oriented opening of
the main scarp is interpreted to be due to the influence of sliding partly along the southeast-dipping
bedrock. Also, the failures along the side of the East Stream are attributed to the east-ward
component of movement imparted by sliding partially along the bedrock. In the southern or lower
part of Landslide B, the west-southwest movement is attributed to the loss of lateral confinement: in
this lower part, the landslide slides towards lower elevation to the Central Stream. It noted that
unlike Landslide A, the toe side of the failure surface of Landslide B is close or on stream bed level.
This configuration makes Landslide B susceptible to the destabilising effects of toe erosion.

3.8 Synthesis
The detailed investigation was done with the aim to establish the behaviour of the landslides in
terms of movement and the findings are summarised as follows:


The morphology of Landslide A shows a curved overall geometry, defined main scarp with
crown failures, old scarp and old crown shown by stepped topography, well defined west
lateral margin, east lateral margin constrained by a dipslope, two secondary scarps
indicating significant changes in failure surface inclination, and toe with longitudinal cracks
and local failures.
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The morphology of Landslide B shows a larger old main scarp beheaded by East stream,
main scarp indicating southward movement, sub-parallel secondary scarps and back-tilting
indicating rotational movement to west, failures towards East Stream, and a confining
dipslope to south.
Landslides A and B are considered to form a single complex, named here as Boloc Landslide
Complex, on the basis of proximity
Landslides A has been historically inactive as far back as 1965, and then had episodes of
major and landslide-wide movements in June 2008 and in October 2014.
The existence of Landslide B prior to 2008 is undetermined, but its first historical movement
is concurrent with that of Landslide A, suggesting a similar history with that of Landslide A
Sequential satellite imagery from 2002 to 2015 shows that Landslide A has been moving at a
rate of 0.4-3.6m/year (very slow to slow velocity class) in an apparent counter-clockwise
direction; Landslide B has been moving at a rate of 0.9-1.5m/year (very slow velocity class)
to the west
Significantly higher movement rates are noted when single events are considered: Landslide
A had up to 1.5-3.0m/day (rapid velocity class); Landslide B had up to 03.-0.5m/day
(moderate velocity class).
Detailed surveys at the toe of the landslides show rock materials and clayey failure surface
zone in both landslides; also, Landslide A was revealed to have a thickness of up to 20 m,
and for Landslide B, up to 9.0m. Both landslides also show deflection of movement from
being directed to south to being redirected towards the stream
Based on toe scarp mapping the following are observed for Landslides A and B:
o increasing fragmentation of landslide mass towards south and towards bottom;
o presence of clay layers above bedrock,
o towards south, bedrock rises above the stream, though landslide B , a bigger
proportion of the toe is still at stream level
The failure surface of Landslides A and B are interpreted to coincide with the bedrock
surface below the clay layers; though strains are also partly accommodated by slip between
blocks within their displaced masses
The southernmost portion of failure surface of Landslide A is controlled by bedrock dip
There is an accumulation of strain along the western lateral margin of Landslide A
Landslide A is currently unaffected by toe erosion, though its first historical movement in
June 2008 was likely affected by toe erosion
The failure surface of upper part of Landslide B is influenced by bedrock dip; in the lower
portions, the failure surface follows relief and topography
Landslide B is currently susceptible to toe erosion, as with its first historical movement in
June 2008
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4 Subsurface Investigation of Landslide A and Failure Models of
Landslide A and B
4.1 Introduction
The subsurface investigation by Jardin & Associates and DEWS-L program was primarily done in
order to find the failure surface of, and to characterise the material of Landslide A. The drilling,
sampling, logging, and subsequent index tests were done by Jardin & Associates Inc. The borehole
inclinometer data was from DEWS-L and was subsequently analysed in this study. The locations of
boreholes and borehole inclinometers are shown in Figure 3-1. The objectives of this chapter are as
follows:
1. To check and verify borehole logs
2. To interpret borehole logs with respect to the failure surface of Landslide A
3. To verify and analyse the borehole inclinometer movement behaviour with respect to
rainfall
4. To interpret failure surface depth and movement direction of landslide A from borehole
inclinometer displacement plots
5. To create a failure model summarising the nature of material, hydrogeology, and failure
surface of Landslides A and B

Figure 4-1. Location map of boreholes and boreholes.
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The findings from the subsurface exploration are summarised in .Subsurface exploration consisted of
continuous wash boring for soft strata with Standard Penetration Test (SPT) every 1.5m using a
63.5kg weight falling over a height of 76.2cm. The refusal threshold for SPT was 50 blows/300mm
penetration (ASTM Standard D 1586). Core drilling was used at refusal (ASTM D 2113). Routine
laboratory tests, Grain Size Analysis, Natural Moisture Content Atterberg limits, and soil classification
were also done on the borehole samples. Comments based on observations and cross-checks on the
drill logs and geologic interpretations are included on the borehole logs. The borehole inclinometer
data were presented as daily accumulated displacement plots and as individual deformation plots.
The analysis of errors in the borehole inclinometers are based on Mikkelsen (2003, 1996). Further
details on the concepts and background on the methods used for borehole drilling and borehole
inclinometers are in Appendix O and in Appendix P, respectively.
It is noted that the drill loggers tend to log rocks chipped by drill bit as gravels; and tend to group
together mudstone and siltstone as hard grey sandstone (which is not unlikely, considering that in
the field, intact mudstones can reach UCS values of up to ~30 MPa.
Table 4-1. Summary of subsurface exploration. Note that some interpretative details are altered,
particularly in rock descriptions which were verified first-hand.

Location

Drill details
[1] Name
[2] Date of drilling
[3] End depth/depth
[4] Interval of washboring and SPT
[5] Interval of core
drilling
[6] Soil types and
rock types
encountered

[12] Water table
(wet season)
[13] Water table
(dry season)

Lower part of Landslide A, below the
road

Upper part of
Landslide A

Middle-lower
part of
Landslide A,
above the road

BH1 and
BH1-S1
21/03/2013
26/03/2013
25.5 m
0-6.0 m
9.0-12.0 m
6.0-9.0 m
12.0-25.5m
Sandy Lean Clays,
Sandy Silts,
Sandstone,
Mudstone,
Siltstone

BH3

BH4

14/08/2015
18/08/2015
20.0 m
0-16.5 m

BH2 and
BH2-S2
29/03/2013
05/04/2013
22.5 m
0-15.0 m

16.5-20.0 m

15.0-22.5 m

6.0-25.5m

Sandy Lean Clays,
Lean Clays,
Silty Fine Sands,
Sandstone,
Mudstone,
Siltstone

Sandy Lean Clays,
Sandy Silts,
Silty Sands,
Lean Clays,
Fine-Medium
Sandstone

-

3.4 m

-

Lean
Clays(CL),
Sandy Lean
Clays (CL),
Silty Sands
with little
gravels (SM),
Sandstone,
Mudstone,
Siltstone
7.5 m

16.0 m

-

13.0 m

-

18/08/2015
20/08/2015
25.5 m
0-6.0 m
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4.2 BH2 Profile (upper)
4.2.1 Description
BH2 is drilled at A-5 (Map) on a dry season of 201. The borehole log of BH2 was reinterpreted based
on the samples available after the drilling (annotated borehole log of third-party provider at Figure
4-2, sample photos in Figure 4-3. The sample at 0-1.5m interval was of distinct orange brown colour,
which contrasts with the greyish brown hues of samples from succeeding depths. Refusal was
encountered at 15.0m and locally high SPT blow counts at 9.0m. Fragments of mica sandstone were
present at the upper parts. As with BH1, the identifications and weathering grades of core-sampled
strata were reinterpreted. The ground water is at 13.0m depth which is associated with the dry
season condition at the time of drilling.
4.2.2 Interpretation
The materials in BH2 are as discussed below:








0-1.5m - cultivated soil and vadose zone based on the distinct orange brown colour of the
sample (SS1 in Figure 4-3). This interval is also mixed with talus and colluvium younger than
Landslide A based on the fan-like and hummocky morphology of the area (Chapter 2).
1.5-7.5m - talus and colluvium chiefly from Units 3 and 4. The most notable material here is
the presence of the subrounded gravels which was only found in the strata of Unit 3 in the
field mapping (Chapter 2). The simplest way for these gravels to reach this stratum and mix
with Unit 4 mudstones is to be transported, with the closest source being the dipslope of
Unit 3 to the north.
7.5-13.5m - displaced mass chiefly consisting of Unit 4 materials based on the occurrence of
mudstones, silts and sandstones.
13.5-15.0m - approximate failure surface, discussed in succeeding text.
15.0-22.5m - bedrock of Unit 4 materials based on subequal occurrence of sandstone,
siltstone and mudstone

There are multiple levels in which perched groundwater may occur: <4.5m, <7.5m, <13.5m, and
<16.5m. These levels, as discussed in other boreholes, have contrasting permeabilities which may
result in perching of groundwater. Following the discussion above, the groundwater in this borehole
are likely perched. The groundwater table in dry season is at 13.0m as measured by the drillers (5
April 2013). As there are potential perched groundwater above that could have leaked in, it is
possible that the actual groundwater table is deeper. The groundwater table in wet season is
estimated to be at 1.5m b at the highest based on the vadose zone. This level is reasonable
considering that there are springs in close proximity (near main scarp), and seepage observed in the
eastern lateral margin is within 1-2m from the surface.
The approximate failure surface is at 13.5-15.0m based on SPT blow counts and lithology. This
interval is a mudstone strata which occurs just above a strata of mudstone-sandstone. The
mudstone would be a favoured weaker strata for sliding, as well as perching groundwater. In terms
of SPT, 13.5m has an anomalously low count of 4 which may signify presence of weak materials such
as clay, and then in 15.0m the SPT jumps to >50 which may signify the hard stratum in which the
failure surface lies.

4.3 BH4
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4.3.1 Description
BH4 is drilled at slightly above the road at A-3 and near the west lateral margin. The borehole log of
BH4 was only partly observed for its upper half during drilling, and some additional details were
noted from the drillers (annotated bore hole log of third-party provider at Figure 4-5, core sample
photos in Figure 4-6). Refusal was encountered starting at 6.0m, this may be attributed to a fall
boulder as with BH1 or actually a soil-bedrock interface. It is noted that the location of the borehole
is close to the west lateral margin. The borehole started to rapidly lose water at 4.0m which may be
attributed to either drastic increase in permeability of the strata, possibly due to the presence of
intense jointing as observed in nearby rock exposures or due to connectivity to the west lateral
margin. Another notable detail is the misalignment of the bore hole casing at 12.0m depth: this
happened to the first trial of the borehole which went to 20m depth and was fitted with temporary
casing; the hole was left overnight and the following day, the hole couldn’t align at a depth of 12.0m.
The ground water is at 7.5m depth which is associated with the dry season condition at the time of
drilling.
4.3.2 Interpretation
The materials from BH4 show displaced mass and bedrock consisting of Unit 3 sandstones as
discussed below:






0-3.0m - cultivated soil and vadose zone. As with BH4, the cultivated soil and vadose zone is
identified based on the colour of discharge from the borehole.
3.0-12.0m - displaced mass chiefly consisting of Unit 3 sandstones. This interval consistently
has sandstones throughout its interval, indicating a very thick-bedded sandstone at most 9m
thick. An alternative interpretation is that these are steeply-dipping sandstone units from
the interbedded Unit 4. But this is unlikely because the sandstones in Unit 4 are at most 1m
thick, thus it would have to dip vertically or parallel to the borehole to obtain this sequence
of samples.
12.0-15.0 - approximate failure surface, discussed in the succeeding text.
15.0-24.0m - bedrock consisting of Unit 3 sandstones. Recovered material is same as in 3.012.0m.

The materials in BH4 show limited potential for having perched groundwater. The materials are
generally homogenous, mainly sandstones. The only potential level for perching is at the failure
surface where clay materials may be present. There are no physical samples of clay in the
approximate failure in this borehole; this however does not necessarily mean that there are no clays
present. It is naturally difficult or even very unlikely to be able to obtain failure surface material with
the core drilling where the bored materials are washed. In addition, there are means for clay to
accumulate along the failure surface: by means of washing down from surface; or by means of claybearing parts of the displaced mass passing through and smearing clay on the failure surface.
The groundwater table in wet season is at 7.5m. This was the level measured by the drillers upon
completion of the borehole on a wet season (20 August 2015). As the materials here have little
potential for perching, except for on the failure surface, it is interpreted that this level of
groundwater is not artificially raised by any leaking perched groundwater. This groundwater level
though may be still perched above the failure surface.
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The data on dry season groundwater is absent. However, it can be inferred from BH1/BH3 that the
dry season groundwater level in BH4 would be around 16.0m. BH1/BH3 is relatively similar to BH4 in
terms of overall material composition (sandstones) and elevation (difference of ~5m) compared to
BH2.
The approximate failure surface is at 12.0-15.0m based on the observed misalignment of drill casing
at 12.0m depth. BH4 was actually repeated due to caving-in and misalignment of borehole after an
episode of landslide movement (18 August 2015). The landslide movement occurred in the middle of
a week-long rain spell, and left failures along the toe of Landslide A. The first hole of BH4 was left
with 3m-long threaded segments of steel pipe casing during the episode of the landslide movement.
After the episode of landslide movement, the drillers were unable to connect to the segments at
12.0m and below. In here it is interpreted that the steel casing would have been thicker and thus
stiffer at the threaded joins; the most ductile part would be the around the middle of the length.
Following this assumption, the landslide movement could have bent around the middle of segment
12.0-15.0m of casing and resulted in the misalignment. Thus the estimated depth of failure surface
in BH4 would be in this interval, 12.0-15.0m.

4.4 BH1/BH3 (lower)
4.4.1 and comparison
Borehole 1 (BH1) was drilled at A-3 in a dry season of 2013. The borehole log was reinterpreted
based on the samples available after the drilling (annotated bore hole log of third-party provider at
Figure 4-8, sample photos in Figure 4-8. The samples at 0-4.5m have a distinct orange brown colour
whereas the samples of greater depths are of greyish brown hue. Refusals are at 6.0-9.0m and again
at 12.0m to 25.5m (end of borehole) though there is also a high SPT value at 4.5m. The high SPT at
4.5m and refusal at 6.0-9.0m may indicate presence of fall boulders, corestones, or locally hard
strata. Closer inspection of the borehole samples show that the ‘gravels’ at 6.0-9.0m are actually
rock fragmented by the sampling process, also, ‘highly weathered sandstones and claystones’ at
16.5m to bottom are slightly weathered mudstones, siltstones, and sandstones based on their lack
of oxide stains and the intact nature of samples. The groundwater is at 16.0m depth which is
associated with the dry season condition at the time of drilling. It was drilled to a depth of 25.5m,
and the materials sampled from it generally consists of lean clays and then sandstones toward the
bottom with a rather poor core recovery not exceeding 30%.)
BH3 is drilled essentially at the same location as BH1, at A-3, but in a wet season of 2015. It was
drilled to a depth of 20 m and is recovered samples chiefly consisting of lean clays at top and then
sandstones at the bottom. In contrast to BH1, it was freely subject to wash-boring up to a depth of
15m (Figure 4-2).
Otherwise, the two boreholes are similar in terms of most of the samples recovered, except for
interval 9.0-12.0m which is actually minor and can be accounted for by the difference in sampling
method.The distinct orange brown colour of bore discharge observed in the first 4.5m is consistent
in both boreholes; also in this depth are the similar occurrence of relatively high SPT blow counts. In
the interval of 6.0-9.0m, both boreholes also had a similar composition of rock fragments recovered.
In 9.0-12.0m however, the samples slightly differ: BH1 has mudstone and sandstone fragments while
BH3 has sandstone fragments in clay. This discrepancy though can be accounted for by the sampling
method. Similar materials were recovered in 12.0-15.0m depth, as well as in 15.0-20.0m.
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4.4.2 Interpretation
As discussed above, BH1 and BH3 are similar and thus merged for the purpose of interpretation.
In terms of materials, it is interpreted that BH1/BH3 shows the part of Landslide A which has its
displaced mass chiefly consisting of Unit 3 sandstones and its bedrock also Unit 3 sandstones as
discussed below:







0-3.0m - interpreted as topsoil and cultivated soil based on the match between the colour of
the topsoil observed in the field and the colour of the discharge. The distinct orange brown
discharge was observed for 0-4.5m but it is interpreted that the actual layer would be
shallower as the typical thickness of topsoil observed in nearby stream channels rarely
exceed 2m; the discharge at 3.0-4.5m could be just material which caved from upper parts
of the boreholes.
3.0-15.0m - interpreted as displaced mass from the sandstones of Unit 3 of Igtalongon Shale.
As discussed in Chapter 2, the area of Boloc is underlain by Igtalongon Shale which is further
subdivided into alternating units. The odd-numbered units consist of sandstones, while the
even-numbered units consist of interbedded sandstone-siltstone-mudstone. The area of
BH1/3 is approximately within the contact of Unit 3 and Unit 4. Going back to the borehole,
the materials recovered chiefly consist of sandstone and sandy soils which is consistent with
the materials from Unit 3. While mudstone is also present it forms only a minor part of the
displaced mass.
15.0-16.5m - interpreted as the approximate failure surface based on lithology, to be
discussed in succeeding text.
16.5-25.5m - interpreted as bedrock consisting of Unit 3 based on the continuous
occurrence sandstones

The hydrogeology interpreted from this borehole shows drastic difference groundwater levels
between dry season and wet season, 16.0m and 3.4m, respectively (BH1 and BH2). In this borehole,
there are several potential perched aquifers: <6.0m, <12.0m, and <16.5m. The potential perched
aquifers are identified based on two assumptions: first is permeability of the layers is controlled by
lithology or soil type, and second is difference in grain size imparts significant difference in
permeability. The merit of these two assumptions is that they are occurring at a local-regional scale
(area of Boloc) as discussed in Chapter 2. The vadose zone is identified to be at 3.0m based on the
oxidised colour (orange brown) which is typical of areas of regular wetting and aeration (Abramson
et al., 2001). The perched groundwater table in dry season is placed at <16.0m. The drillers of Jardin
& Associates observed the borehole water level to be at 16.0m after drilling in a dry season . This
level is within the approximate depth of failure surface. Following the observations from face logs
(Chapter 3) where the ground water tends to perch above the failure surface, it is inferred that the
ground water here would be perched above 15.0-16.5m (approx. failure surface). Drilling beyond the
failure surface could have leaked the perched water table to the underlying permeable layers
(sandstones), hence the actual water table may be higher than <16.0m. The perched groundwater
table in wet season is placed at <3.4m. As with above, this level was observed by the drillers, though
in a wet season. This depth is reasonable in the context of wet season groundwater tables observed
in the toe scarp to be at ~2m depth.
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The failure surface is delineated based on lithology. The material immediately preceding the
sandstones at the bedrock is clayey siltstone which is physically weak and degradable relative to the
sandstones.

Figure 4-2. Annotated log of BH2. Modified from the 2013 report of Jardin and Associates (2013).
Comments (red) added in this study.
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Figure 4-3. Samples from BH2.
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Figure 4-4. Interpretation of BH2 (upper). Revisions of borehole log done in this study.
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Figure 4-5. Annotated log of BH4. Modified from the 2015 report of Jardin and Associates (2015).
Comments (red) added in this study.
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Figure 4-6. Photos of core samples from BH4.
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Figure 4-7. Interpretation of BH4. Revisions of borehole log done in this study.
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Figure 4-8. Annotated log of BH1. Modified from the 2013 report of Jardin and Associates (2013).
Comments (red) added in this study.
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Figure 4-9. Samples from BH1.

75

Figure 4-10. Annotated log of BH3. Modified from the 2015 report of Jardin and Associates (2015).
Comments (red) added in this study.
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Figure 4-11. Interpretation of BH1 supplemented by data from BH3.Revision done in this study.

Patterns between boreholes
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4.5 Borehole inclinometer
In-house electronic borehole inclinometers of the DEWS-L Program (previously DRMS) (Dios et al.,
2009) has been monitoring Landslide A from 2013 up to present. The electronic inclinometers use 3axis gravity sensors which sample continuously at a rate of 30 min. The gravity sensors (similar to
bubble levels with 3 axes) determine the amount of degree of tilt with respect to the gravity vector
with a precision of +-0.088 degrees (DEWS-L, 2015)(report in Appendix Z).
4.5.1 Displacement Plot
Displacement per day, between ground surface and bedrock was derived from borehole inclinometer
data. It was plotted alongside daily rainfall and measured changes in cracks to determine any pattern
of subsurface movement in relation to rainfall and surface movements. Another purpose of the
analysis is to obtain an estimate of velocity of the landslide (velocity of surface with respect to basal
portion).
In order to determine the displacement of the surface with respect to the bottom, the incremental
movements throughout the borehole inclinometer are summed towards the top. The tilt data in 3
axes for each segment are converted into vector components (refer to section Appendix P), then
these vector components are added, and then the sum of vector components are merged to obtain
the resultant displacement.
The rainfall data from April 2013 to August were from the Dumalag Station (Figure 1-5). For
September 2014 onwards, the data from an on-site acoustic rain gauge was used.
The measurements of the changes in width of crack openings lack direction, and are measured from
improvised stakes; in addition, the measurements tend to be event-based (periods of high rainfall or
active borehole inclinometer movement).
There occurrence of bias shift is also present in the data set and remains unprocessed; the bias shift
artificially adds tilt/displacement in random instances, in a cumulative displacement plot it would
appear as random spikes in displacement.
The observations are as follows:
1. Surface movements corroborate with subsurface movements – the occurrence of changes in
crack openings occur with measured subsurface movement captured by borehole
inclinometers; suggests general correspondence between subsurface movement and surface
expressions
2. Consistent daily subsurface movement even in non-rainfall days – subsurface movement in
both BH2-S2 and BH1-S1, preceded by 3-4 months of rainfall; suggests lag in hydrological
response of landslide
3. Consistent daily surface and subsurface movement in dry period – occurred for a 4-month
dry period; suggests either lag in hydrological response of landslide or shrinkage/dryingassociated movement
4. BH1-S1 movement rat extends to oscillate around a median value of 25mm/day – shows a
lack of general long-term acceleration; suggests movement on failure surface on residual
strength conditions
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5. Movement BH2-S2 appears to be accelerating from 5mm/day to 40mm/day – long-term
acceleration; suggests movement along failure surface undergoing progressive weakening
(towards residual)

Ck1 = Crack 1, etc..
Figure 4-12. Map of location of borehole inclinometers and monitored cracks
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Figure 4-13. Movement magnitude plot from borehole inclinometers and surface measurement of cracks

80
4.5.2 Deformation behaviour
The position plots showing changes in position of the borehole inclinometer were analysed to
determine the depth of failure surface and the direction of movement. The plots are taken on a 2week basis. For BH2-S2, the data ran from June 2013 to May 2016; and for BH1-S1, May 2014 to
January 2015 (BH1-S1 data started to become increasingly noisy starting October 2014, and fully
broke in January 2015).
The axes of the inclinometers are as follows




x axis - aligned to the gravity vector, positive upwards
z axis, aligned to the vector of assumed downslope direction of the landslide, positive
downslope
y axis, perpendicular to x axis and z axis, and positive to the right.

The assumed downslope direction of BH1-S1 and BH2-S2 are 135deg. and 180deg. , respectively.
4.5.3 BH2-S2 (upslope)
The failure surface appears to be at 15-16m depth, although this depth is also accompanied by noisy
data.
The movement characteristics of BH2-S2 are elaborated below; refer to Figure 4-14 and Figure 4-15:
1) General downslope-left movement – though with back-and-forth swinging of plot (most
apparent in the across-slide plot); pronounced movement at 15-16m depth
2) Sharp bend at bottom node - rather sudden and isolated
3) Back-and-forth sway at about 15-16m depth; the shape of the plot is also increasingly
becoming convex to downslope direction
4) Consistent and ‘clean’ movement at the first year – though must be treated with caution
because borehole inclinometers tend to fully settle after a year
5) Relatively large displacement related to the October 2014 event - in order of 0.5m along
downslope plot
The large movement at 15-16m depth suggests the presence of the failure surface, although there is
a lot of swinging associated with that depth which limits the confidence on this interpretation. The
same could be said for the large movement in inclinometers in October 2014 which may reflect the
landslide-wide movements in early October 2014 as it is also followed by drastic swinging of the
position plot.
The movement direction is downslope-left as suggested by the general movement of the plot
towards that direction and by the increasingly convex shape of the plot towards these directions.
The swinging movement is attributed to bias-shift of the inclinometers (refer to section Appendix P).
This is most apparent after 22 September 2014.
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4.5.4 BH1-S1 (downslope)
The movement characteristics of BH1-S1 are elaborated below, refer to Figure 4-16 and Figure 4-17:
1) General downslope movement – though there is a clear swinging of the plot (along-slope
plot) which tends to be common in bias-shift affected inclinometers
2) Sharp bends – ubiquitous and geometrically similar
3) Sharp bends – propagating upwards over time, likely due to sensor bias shifting upwards
4) Consistent downslope movement in a 4-month window at about 18-19m depth – this plot is
taken 1 year after inclinometer installation hence the movements are likely actual landslide
movements
5) Relatively large displacement related to the October 2014 Event - in order of 0.5m along
downslope plot
6) Reverse movement at about 9-10m depth starting 28 October 2014
The failure surface is interpreted to be at 18-19m depth as suggested by the movements in (4). The
movement direction is generally downslope with minor deflection to the left.
The influence of bias shift is strongly visible as seen in the frequent sudden bends in the plot. The
reversal of movement (6) may be due to a secondary failure surface. For this reversal of movement
to happen, this secondary failure surface must be inclined to upslope, and there was extensional
movement. The presence of tension cracks in this area supports this interpretation: the tension
crack may be actually a secondary failure surface.
It also notable that the there was also a big displacement detected in October 2014 as with the one
in BH2-S2; this suggests that there was indeed a movement through the whole failure surface during
the landslide-wide movements in first half of October 2014.
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Figure 4-14. 1:1 Deformation plot of BH2-S2 in Landslide A.
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Figure 4-15. Horizontally exaggerated deformation plot of BH2-S2 in Landslide A.
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Figure 4-16. 1:1 Deformation plot of BH1-S1 in Landslide A.
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Figure 4-17. Horizontally exaggerated deformation plot of BH1-S1 in Landslide A
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4.6 Synthesis
4.6.1 Materials
There is a bigger proportion of in-situ rock derived landslide mass in the lower and middle parts
compared to the upper part of Landslide A. In BH1/BH3 and in BH4, the displaced masses consist
chiefly (~75%) of in-situ Unit 3 sandstones, whereas in BH2 consists of >50% transported material
(talus and colluvium) that is younger than Landslide A. The significance of this pattern is that it
resembles an earthflow, where the upper part receives and accumulates materials external to the
landslide to the point that it loads the lower part (Hutchinson and Bhandari, 1971).
Another pattern observed is that the lower and middle portions tend to have relatively stiffer
materials than in the upper part of Landslide A. This is also a consequence of the material
composition and origin as in the discussed in the above text. BH2 (upper) consists of transported
material and was readily bored by means of wash boring throughout until core drilling had to be
used in the bedrock. In addition, the surface features of the area around BH2 show relatively large
amount of tension cracks which is reflective of the weak tensional strength of non-stiff loose
materials (Dikau, 1996; Terzaghi et al., 1996). Contrast this with BH1/BH3 and BH4 which required
core drilling roughly halfway through their displaced masses. In addition, the areas above and below
these boreholes show block movement as exhibited by the concentration of deformation along
margins and splitting into defined partitions by secondary scarps (Chapter 3).
4.6.2 Hydrogeology
The materials which show potential perching of groundwater are located in the upper and lower
boreholes, while the middle borehole exhibits homogenous and relatively more permeable material.
The implication of this setup is that the relatively higher permeability of the middle part may aid in
draining the upper part while serving as reservoir and potentially impounding groundwater against
the lower part.
4.6.3 Failure Surface
The failure surface has no consistent control. In BH1/BH3 the failure surface is near the contact
between Unit 3 and Unit 4. In BH4, the failure surface is within Unit3. Then in BH2, within Unit 4 but
in between sandstone and mudstone. In BH1/Bh3 and BH2, the control is more or less related to
lithology. In BH4 non-lithological control suggests that structural control may be present.
The failure surface is slightly deeper to the lower borehole when compared to the upper borehole.
BH2 (upper) has a failure surface at 13.5-15.0m, while BH1/Bh3 (lower) is 15.0-16.5m. This is
reasonable considering that it is typical for landslides to bulge or accumulate towards the toe
(Cruden and Varnes, 1996a).
The failure surface indicated by the inclinometers show generally higher depths of failure surfaces
compared to that of boreholes, by up to 2.5-4.0m which is attributed to slippage of borehole
inclinometer from the base. In BH2 (upper), the failure surface depths from borehole and borehole
inclinometer are 14.3+-0.8 and 15.5+-0.5m, respectively, or a difference of 1.2+-0.9m. In BH1/BH3,
the failure surface depth from borehole and from inclinometer are 15.8+-0.8m and 18.5+-0.5m,
respectively, or a difference of 2.7+-0.9m. The greater failure surface depths from borehole
inclinometers are possibly due to pull-out of the inclinometers during movement: the lack of
grouting at the base makes the inclinometers susceptible to getting pulled upwards during slip.
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4.7 Synthesis
For the subsurface investigation, 4 boreholes were done in 3 locations and 2 borehole inclinometers
were put in place in Landslide A.
BH1 and BH3 are close proximity and are located near the lower secondary scarp. The measured
ground water table in these boreholes show contrast between dry season and wet season levels, at
16m and 3.4m, respectively. In these boreholes, corestones or hard strata were encountered at a
depth of 6-9m, and then refusal at 16m.
BH2 is located near the main scarp and has a refusal at a depth of 15m. Its groundwater level,
measured in dry season is at 13m. BH4 is located close to the west lateral margin and a drainage
sink. It encountered rapid loss of drill water at 4m, hard strata or corestone at 6m, and misalignment
at 12m. Its groundwater level is relatively low at 7.5m considering the presence of springs in
proximity and the direct input of runoff into the borehole during drilling.
It is interpreted that BH1 and BH3 have a failure surface at a depth of 13.5-15m based on the
occurrence of clayey materials and refusal. For BH2, the failure surface is interpreted to be at 10.515m based on anomalously low SPT followed by refusal. BH4 has an interpreted failure surface
depth at7.5-16.5m based on misalignment of the borehole casing. Also it is interpreted that there is
a highly permeable zone connected to BH4 based on its groundwater level and tendency to rapidly
lower drill water.
The borehole inclinometer data from DEWS-L program was interpreted in this study by means of a
broad analysis of its movement behaviour and detailed analysis of individual borehole inclinometer
plots. The data used runs from 2013 to 2016; the inclinometers are in Landslide A.
A daily magnitude of subsurface displacement versus rainfall and surface displacement was plotted
to see the behaviour of the landside, primarily with respect to rainfall.
It was found that surface movements and subsurface movements coincide with rainfall, with onset
of movement coinciding with the wet season. Also, movements tend to continue up to 4 months
after the end of wet season, even in weeks of no rainfall.
The lower inclinometer intercepted a rather fluctuating moment rate when reckoned daily but has a
near-constant median velocity of about 25mm/day; whereas the upper part intercepted an
increasing movement rate of 5-40mm/day in a 1 year period.
Individual analysis of the inclinometers show southwest directed movement in the inclinometer near
the main scarp and possible failure surface at a depth of 14-15m. The inclinometer near the lower
secondary scarp has a southeast directed movement and has a failure surface at 18-19m. Both
inclinometers intercepted a large displacement in order of 0.5-1m for the period of October 2014
which is a ground verified event with largest surface movements since June 2008.
Drilling in Landslide A encountered Sandy Lean Clays, Sandy Silts, Sandstone, Siltstone, and
Mudstone; and also fluctuation of groundwater table from up to 16.0m in dry season to 3.4m in wet
season; estimated failure surface depths from boreholes were up to 17.0m. Borehole inclinometer
monitoring in Landslide A shows rainfall-dependent movement, and sustained movement even in up
to for 3 months without rainfall.
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5 Failure Model and Landslide Management
5.1 Introduction
For the purpose of effectively managing the landslides using informed decisions, the Boloc Landslide
Complex was treated as a system. This is done by devising failure models. Hence the objectives of
this chapter are as discussed below:
1. Synthesize surface and subsurface data to create failure models for Landslide A and
Landslide B
2. Identify the causes, and forecast the future behaviour of Landslide A and Landslide B
3. Compare potential approaches to managing Landslide A and Landslide B for maintaining the
road access of Boloc in terms of advantages, disadvantages, and cost

5.2 Landslide A Failure Model
5.2.1 Materials
The materials can be generally divided into blocky materials sized at least 3m and loose cobbles with
sandy or clayey soil. The blocky materials consist of in-situ derived sandstones as observed in BH4
(Chapter 4) or interbedded sandstone-siltstone-mudstone as observed in BH1/3 and in the facelogs
(Chapter 3). The loose materials consist of clay to cobble sized rocks, of either fragmented in situ
rocks as in the portion of western lateral margin (Chapter 3) or transported talus and colluvium
observed in BH2 and its surrounding area (Chapters 3 and 4). In terms of distribution the fragmented
materials are associated with the fan-like hummocky topography (also bouldery clay soil zone)
surrounding the main scarp (I in Figure 5-1). The hummocky and fan morphology is associated with
colluvium and talus deposits. The blocky material is associated with the rest of the landslide as
shown by the zones (II, III, and IV Figure 5-1) which exhibit signs of strain or cracking only along their
margins. This behaviour is attributed to their rigid movement which tends to accommodate landslide
movement through the margins or failure surface. An exception is the material in zone IV which
undergoes longitudinal cracking (Chapter 3). This cracking is associated with the lack of confinement,
rather than the lack of rigidity of the displaced mass. Zone IV is practically surrounded by the
channel of Central Stream and consequently lacks lateral confinement which allows it to spread
through defined longitudinal cracks.
A process-based classification is also made which divides the landslide into fed and loaded zones.
The fed zone is defined as zone where the materials external to the landslide accumulate by means
of smaller and adjacent landslides (e.g., rock falls, slides from slopes and dipslopes of Unit 3, Unit 4,
and Unit 5) feeding into this zone. The loaded zone is the zone which is downslope of the fed zone. It
is naturally overlain by the fed zone as externally sourced materials accumulate. In terms of
delineation, the fed zone is associated with the same area as that covered by the colluvium and talus
near the main scarp (I in Figure 5-1). The rest of Landslide A is associated with the loaded zone (II, III,
IV in Figure 5-1).
5.2.2 Hydrogeology
The displaced material chiefly consists, in terms of permeability, of heterogeneous material with
water table generally perched above the landslide (Chapters 3 and 4). Their materials tend to perch
groundwater, and create local confinements. As consequence, this zone is susceptible to heightening
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of pore pressures and create conditions of undrained loading (e.g., rapid loading or rapid intake of
water (Duncan & Wright, 2005; Holtz, 1982). The typical example of this zone is the displaced
materials in BH2 (upper) with various materials (mudstone, sandstone, siltstone, and soils from talus
and colluvium). There is a potentially more permeable zone (purple zone Figure 5-1) which is
inferred from the significantly lower groundwater table in BH4 (7.5m) which contrasts with the those
of BH1/3 and BH2 (3.4m and ~1.5m, respectively); and also from the lack of springs in the identified
area.

5.2.3 Failure Surface
Landslide A appears to have a failure surface with planar and curved geometry. Three sections, two
of which cut through along the length and one across the length of Landslide A are illustrated in the
succeeding text.
The features and parts of the failure surface of Landslide A are as elaborated below, refer to:
AXS3-(a) Steep main scarp – 45-60deg. as estimated from the surface exposure of the main
scarp
AXS3-(b) Concavity – becomes gently-inclined as indicated by the determined depth of failure
surface from BH2
AXS3-(c)
Gently inclined and planar segment – as indicated by dominantly horizontal
movement in this upper portion of the landslide; the planar nature is interpreted from the
minimal disturbance observed in this area, alternatively, the disturbance may appear to be
minimal due to the active cultivation of the land
AXS3-(d) Convexity – becomes steeply-inclined as indicated by the upper secondary scarp
where movement transitions to dominantly-vertical (Figure 5-4)
AXS3-(e) Inflection – as indicated by the occurrence of another secondary scarp downslope
AXS3-(f)
Convexity – becomes steeply-inclined again, as indicated by the lower secondary
scarp; it is interpreted that the failure surface here follows the bedding surface.
AXS3-(g) Wet season ground water table – based on boreholes and observations at the toe; it
is assumed to follow the ground surface
AXS3-(h) Dry season ground water table – also based on boreholes and observations at the
toe; it is interpreted to be perched above the failure surface, given the clayey nature of the
failure surface material and the typical relatively impervious nature of failure surfaces of
landslides (Bromhead, 2006)
A supplementary section which cuts from the dipslope of Unit 3 Sandstones and parallel to west
lateral margin is in Figure 5-5
AXS2-(a) Old main scarp and current lateral margin – interpreted to follow the bedding
interface between Unit 3 and the weaker Unit 4; this is interpreted to be the old main scarp,
given the its direct upslope position from the toe of the landslide and the occurrence of
stepped topography
A section across the landslide, which cuts from the bounding Unit 3 at the west margin to Unit 5 at
the east margin, is shown in Figure 5-6:
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AXS4-(a) Relatively deeper failure surface to the west – interpreted from the westward
movement in the main scarp; the margin in here also appears to be controlled by the
interface between Unit 3 and Unit 4
AXS4-(b) East margin constrained by dipslope of Unit 5 – the southwest-northeast striking
Unit 5 here extends to west towards downslope, constraining the landslide at the lower
portions
In addition it is interpreted that there are sub-failure surfaces within the landslide:






Graben-forming slip between zone I and zone II – this is inferred from the occurrence of
main scarp slip and then tension cracking in zone I (Figure 5-1). The main scarp slip occurred
in June 2008 and remained inactive ever since, and since then, tension cracks prevailed over
this area (Chapter 3). It is interpreted that the main scarp slip caused zone I to stick or even
override zone II as inferred from the morphological bulge of zone I which appears to overlie
zone II. The current occurrence of tension cracking in zone I is inferred to be caused by slip
of zone II from zone I, creating a graben in zone 1, hence the graben-forming slip between
their borders.
Thrust surface between zone II and zone III – this is the upper secondary scarp being
interpreted as a thrust surface. (Figure 5-4 and Figure 5-5). This interpretation is based on
the ridge-like morphology parallel to the secondary scarp. It is interpreted that this ridge-like
morphology is due to compression which eventually continued into thrusting. It is inferred to
have continued to thrusting based on the significantly high vertical displacement (9+-2m)
involved. This is greater than the vertical displacement expressed by the main scarp (~6m),
and the simplest mechanism to explain this high vertical displacement in this secondary
scarp is by thrusting. Also, the secondary scarp has undergone collapse (Chapter 3) which
suggests that the block tends to be rather unstable.
Tensional slip surface between zone III and zone IV (Figure 5-1, Figure 5-4 and Figure 5-5) –
this is inferred from the longitudinal cracks occurring in zone IV (Chapter 3). The longitudinal
cracks are attributed to the lack of lateral confinement around the perimeter of zone IV
(Figure 5-1). This lack of confinement is interpreted to be causing spreading (northeast to
east) in zone IV, hence the longitudinal cracks. Given that spreading or tension is
predominant in zone IV which may allow it to move or spread away from zone III, it is
inferred that the boundary between zone III and zone IV would be tensional.

5.3 Landslide B Failure Model
The failure model for Landslide B is largely conjectural due to the lack of subsurface investigations
for this landslide. Landslide B has a slightly different physical condition compared to Landslide A.
5.3.1 Materials
As with Landslide A, the materials are classified into blocky or loose materials.
The blocky materials consist of >4.5m in-situ derived interbedded sandstone-siltstone-mudstone.
This comprises most of the displaced mass of Landslide B as suggested by the sideways-rotational
movement of the landslide (Chapter 3).The sideways rotational movement is evidenced by the south
to southwest movement at the upper part, and then southwest to west movement at the lower part
(Figure 5-2). The loose material consists of mostly cobble sized materials as shown in the southern
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facelogs (Chapter 3). It is interpreted that the material became fragmented due to the strains
involved in this portion as this is where the landslide slips by (Chapter 3).
5.3.2 Hydrogeology
The main hydrogeological condition pertinent to Landslide B is the inferred groundwater
compartment at the head of the landslide. This is inferred from the ponding occurring at below the
main scarp. The ponding may be due to artesian pressures, the pressure is sufficient to flow out
groundwater but too weak to explicitly manifest a spring. Nevertheless, this artesian pressure is
likely due to build-up of pore pressure due to a permeability barrier immediately downslope of the
head. The consequence of this pore pressure build up is one, the resultant hydrostatic pressure
would act laterally against the materials downslope, second is there would be a reduction of
effective shear strength on the failure surface within the groundwater compartment .
5.3.3 Failure Surface
As discussed in previous sections, the control in Landslide A is a combination of lithology and
structures. Another significant element in the failure surface is the normal fault which is interpreted
to impart back-tilting movement to Landslide B. The normal fault is dipping 011/30, spaced 50200mm, persistent for at least 12m, located immediately south of landslide B along Central Stream,
and distributed along a 20m length (Chapter 3); its actual presence in Landslide B wasn’t observed,
but it is attributed to, and consistent with the bedrock platform (Chapter 3) which rises towards
south (or dips to north). From its north-northeast dip, it is potentially constraining any southward
movement of the landslide; and also slightly dipping into the slope (east) which forces the landslide
to back tilt or rotate as the landslide moves to west-southwest.
Landslide B appears to have a failure surface with curved geometry. Two sections which cut through
along the length and across the length of Landslide B are illustrated in the succeeding text.
The geometry of the failure surface of Landslide B is shown in Figure 5-7a which cuts from Unit 5
Sandstones, old main scarp, current main scarp, and then bends to cut to the tip of the landslide:
The features mentioned can be found in section BXS1 in Figure 5-7a:
BXS1-(a) Old main scarp – currently inactive, identified from the concave break in topography
and from the localised disconcordant stratigraphy
BXS1-(b) Main scarp – separated from the old main scarp by the East Stream; failure surface
below interpreted to correspond to the 60 dip of the main scarp
BXS1-(c)
Concavity – indicated by back-tilting
BXS1-(d) Wet season ground water – interpreted from the presence of East Stream and the
seepages observed at the toe; as with Landslide A, it is assumed to follow the ground surface
BXS1-(e) Wet season ground water – interpreted from the seepages observed at the toe; as
with Landslide A, it is assumed to be perched above the failure surface
A section which cuts across the movement direction in the lower portion of the landslide is in BX4.
Note in the section how the landslide exploits the bedding on its main scarp, and how its further
movement towards south is arrested/deflected by a dipslope.
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Figure 5-1. Map of failure model of Landslide A. Refer to Figure 5-3 for key. Approximate scale 1:1700.
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Figure 5-2. Map of failure model of Landslide B. Refer to Figure 5-3 for key. Approximate scale 1:800.
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Figure 5-3. Key for the failure model maps.
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Figure 5-4. Section of failure model of Landslide A. Section AXS3-AXS3’.Location in Figure 5-1. Scale approximately 1:1000.
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Figure 5-5. Section of failure model of Landslide A. Section AXS2-AXS2’.Location in Figure 5-1. Scale approximately 1:1000.
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Figure 5-6. Section of failure model of Landslide A. Section AXS4-AXS4’.Location in Figure 5-1. Scale approximately 1:1000.
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Figure 5-7. Section of failure model of Landslide B. (a) Section BXS1-BXS1. (b) Section BXS4-BXS4’.Location in Figure 5-1.Scale approximately 1:1000.
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5.4 Cause of Failure and Forecasts
The implications of the engineering geological conditions concluded from the failure models are
discussed.
5.4.1 Landslide A
The steep-then-gentle geometry of failure surface makes Landslide A susceptible to self-loading. This
mechanism was suggested by Hutchinson & Bhandari (1971) for earthflows and potentially
applicable to other landslides. They identified that a portion of the slide mass sliding along a steep
upper failure surface can end up directing its force to load a lower sliding block sliding in a less steep
failure surface. The loading at the rear contributes additional driving shear force and also potentially
generates undrained loading conditions when the material of the lower part is relatively
compressible. Going back to Landslide A, a similar setup in terms of failure surface is present. The
failure surface of Landslide A is steep (~60 deg) at the upper part and then it slopes moderately in
the lower part (~20deg). Thus this configuration is potentially causing the landslide to load itself by
allowing its upper part to concentrate it force on the rear of the lower part of the slide (Figure 5-4
and Figure 5-5). This potential mechanism may be interacting with the continued accumulation of
materials from external sources to the head part of the landslide as discussed previously.
In terms of materials, the relatively more rigid materials in the lower parts (II, III and IV Figure 5-1)
are more prone to displacements than the more soil-like upper part (I Figure 5-1). As discussed
previously, the lower parts (II, III, and IV) of Landslide A consist of large (>3m) blocks of intact
sandstones and interbedded sandstone-siltstone-mudstone; whereas the upper part (I Figure 5-1)
consist of soil materials chiefly made of younger talus and colluvium. The blocks are expected to
behave more rigidly than the talus and colluvium materials. With more rigid behaviour, it is expected
that the blocks will tend to accommodate displacements through the failure surface. The less rigid
and soil-like talus and colluvium materials are expected to tend to accommodate displacements
through both internal deformation and movement along the failure surface.
In terms of hydrogeology, the potentially more permeable middle part of the landslide may help
locally destabilise the lower part. As discussed earlier, it is conjectured that the middle part of the
landslide may be relatively more permeable relative to the upper and the lower parts. This
configuration may allow the middle part to act as groundwater reservoir to the lower part and as
drain to the upper part. This reservoir effect can potentially interact with the lower permeability of
the lower part, resulting in impoundment of groundwater, and subsequent increase the pore
pressure at the rear of the lower part. This in effect can locally destabilise the lower part of the slide
relative to the other parts.
The increase in pore pressure is attributed to the movements in Landslide A. As discussed in
Chapters 3 and 4, it was observed that the landslide moves in association with heavy and prolonged
rainfall, and the movement can continue for up to 2 months after the rainfall event. The initial
movement also tends to occur after weeks up to a month from the onset of heavy rainfall. The
behaviour of the landslide in response to rainfall interpreted as follows:
1. On the onset of wet periods, the initial rainfall do not necessarily direct into the
groundwater: it may only serve as a filler to put the soil in full ‘field capacity’ or full ability to
rapidly transmit precipitation into the subsurface (Bromhead, 2006; Cornforth, 2005)
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2. Extreme precipitation, coupled with soil at field capacity, can created transient spikes in
pore pressure (Cornforth, 2005)
3. Once high pore pressures initiate landslide movement, subsequent decrease in pore
pressure may not necessarily halt the movement, rather, the geometry of landslide tends to
play a role in arresting movement (Massey, 2010); in some cases, the self-regulating
feedback between dilation and pore pressure regulates movement (Iverson, 2005; Schulz,
McKenna, Kibler, & Biavati, 2009)
4. Delayed ground water responses are not unusual for landslides involving great depths (van
Asch, Van Beek, & Bogaard, 2007).
In the case of Landslide A, it appears to behave according to the abovementioned processes. In the
displacement plot of the borehole inclinometers it can be seen that the increase in movements tend
to start after some lag after the wet season rains come in and after large-prolonged precipitation
occurs, reflecting (1) and (2). Then, the subsurface movements continue up to 2 months after the
wet season: this may be reflecting (3), in addition to the possibility of having surrounding hills as
storage and supplier of sustained ground water to the landslide.
Based on the engineering geological conditions discussed above, it is forecasted that Landslide A will
behave as follows:





The lower part (part below the upper secondary scarp) will continue to be relatively more
active relative to the rest of the landslide whenever heavy and sustained rainfall occurs.
The activity of the lower part however is potentially controlled by a feedback loop:
o Its hydrological connectivity with the more potentially more permeable middle part
drives its instability
o However, this local instability can be arrested when the lower part moves relatively
downslope and separates from the middle part
The upper and middle part will also persist in movement due to the self-loading mechanism
which will be sustained by the accumulation of external landslide debris on the head part

It is estimated that the effects of heavy and prolonged rainfall are more significant than the effect of
loading at the head by talus and colluvium. As discussed earlier (Chapter 4), heavy and prolonged
rainfall is inferred to raise the groundwater level and also cause pore pressure build up in
compartments in the landslide. Groundwater level in wet season is covering at least 2/3 of the
height of landslide mass (Chapter4). For simplicity of calculations, it is assumed that the unit weight
of groundwater is 1/2 of the material of the landslide mass. As the groundwater has hydrostatic
pressure, it acts to reduce the normal stresses at the base. Having a groundwater which covers 2/3
of height and has 1/2 of the unit weigh of the landslide mass translates to the normal stresses at the
failure surface of the landslide reduced by 1/3. The failure surface of Landslide A is assumed to have
lost cohesion through its displacement (Appendix LL) and currently depends on frictional strength.
Assuming that the frictional strength of the failure surface varies linearly with normal stress, the
reduction of normal stress would reduce the strength of the failure surface by also at least 1/3. This
amount of strength reduction is consistent with limit equilibrium models done in the study
(Appendix PP). On the other hand, the head loading by talus and colluvium is approximated to act
like a separate block which laterally pushes the rest of the landslide by a portion of its own weight.
For simplistic calculation, it is assumed that this talus and colluvium mass is simply acting upon the
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landslide while not contributing its own frictional strength. . The estimated proportion of the talus
and colluvium material is 1/5 of the whole landslide volume. This translates to 1/5 of the failure
surface with no contribution to the resistance against failure. In comparison, as discussed above, the
groundwater rise in wet season alone reduces the shear resistance of the landslide by 1/3, not
accounting for the additional decrease in effective strength imparted by pore pressure build up in
the groundwater compartments. Thus the effects of heavy and prolonged rainfall are more
significant that the effect of head loading by talus and colluvium accumulation.
5.4.2 Landslide B
The predominantly rigid block of Landslide B allows it to rotate as it moves. As discussed previously,
the displaced mass of Landslide B is conjectured to be predominantly consisting of large intact rock
blocks (>3m) which may be potentially forming a single moving block. Its rigid behaviour allows its
movement to be influenced by the southeast-dipping bedrock near the main scarp (Chapter 3 and
Chapter 4). Otherwise, it was a deformable mass, instead of displacing along the failure surface; it
could have been just internally shearing.
The high pressure head directed to the west is potentially continuing the failures of Landslide B to its
southern margin. As discussed previously, its south margin undergoes a retrogressive toe failure, and
this toe failure coincides to where the highest hydraulic gradient is expected to be.
Another hydrogeological issue is the potential build-up of pore pressure at the back of the main
scarp of Landslide B. As discussed in previously, this is
The normal fault which dips against the movement direction of Landslide B prevents Landslide B
from completely sliding to south and also forces Landslide B to undergo rotational movement
towards west. As discussed previously, there is a normal fault which is conjectured to be controlling
the southern part of Landslide B. This normal fault dips north-northeast which is opposite the
southeast and southwest movement of Landslide B in its upper and lower parts, respectively. The
higher relief to the Central Stream however forces the landslide to fail to southwest by means of
rotational failure. The dip of the normal fault prevents the lower part of the landslide from
completely sliding translational to the southwest.
Based on the engineering geological conditions discussed above, the forecast for the behaviour of
Landslide B is discussed below:





The retrogressing failure at the southern portion may eventually retrogress towards the East
Stream, resulting in a connection between the East Stream and Central Stream
This will open the southern margin of Landslide B, potentially causing minor failures along
the southern margin; though the movement will still be arrested from fully going to south by
the normal fault
The activity of Landslide B will persist with the occurrence of sustained rainfalls which could
increase the influx to groundwater to the back of the main scarp and also increase the flow
of groundwater from the East Stream to Central Stream.

5.5 Approaches and Remedial Measures
5.5.1

Approaches to Landslide Management
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There are four main approaches to managing landslides as elaborated by (Cornforth, 2005):
1. Do Nothing - take no action upon the potential landslide hazard, often taken when other
approaches are not viable
2. Observe - obtain more information on the landslide until the behaviour of the landslide
becomes clearer or until other approaches become feasible
3. Avoid - relocate or re-align the elements exposed to the landslide hazard, and practically
allows landslide or slope to fail
4. Mitigate – partial or full stabilisation of the slope or landslide
5. Adapt – modify in activities or structures affected by the landslide
Further discussions on these approaches are in Appendix BBAppendix BB
5.5.2 Context and Current Conditions
Successful landslide management programs take into account the current conditions and
foreseeable future conditions, as well as give leeway for unforeseeable conditions and changes in
the future (Cornforth, 2005) .
Details pertinent to the management of the landslides in Boloc are culled from the previous chapters
are briefly outlined below:
The need to protect the central town of Boloc and ensure its road access, including current and
future, from landslides















The identified key landslide, Landslide A threatens a 100m segment of the Municipal road in
Boloc (Chapter 1 and 2)
Occurrence of numerous other landslides in Boloc, especially a 50-m wide bank failure at
south of Landslides A and B (Chapter 2)
Opposing configuration of Landslides A and B, separated by stream at toe (Chapter 2 and 3)
Landslide A moving at an approximately constant speed and residual strength (Chapter 3,
Appendix LL and Appendix PP)
Pore water pressure increase as key trigger of the landslide movements (Chapter 4)
Rotational movement type, single and multiple for landslides A and B, respectively (previous
sections)
Highly weathered material occurring at the west flank, the side of central town, of Landslide
A (Chapter 2)
Year-round cultivation and irrigation, in parts ponding, of ground surface of Landslides A and
B (Chapter 2)
Degradable and erodible landslide materials due to slaking (Chapter 2 and Appendix LL)
Hillside setting (Chapter 1)
Abundant and readily available but otherwise weak and degradable rock fill material of
interbedded sandstone-siltstone-mudstone (Chapter 2)
Stronger and more durable limestone and cemented sandstone available but would incur
transport costs (Chapter 1)
Monitored inclinometers are in-place in Landslide A (Chapter 4)
Municipal road specified as double-lane (~10m wide)
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5.5.3 Issues and Concerns
All these details limit the possible approaches to postponing any action, avoiding the landslide via
routing road access to moderately easy paths, and actively mitigating the landslides via measure like
drainage and buttresses.
The rotational movement type of both landslides are advantageous by the fact that such movement
type is self-stabilising and commonly involves non-catastrophic velocities (Dikau, 1996).
The topographic setting of Boloc and the inconvenient location of Landslide A (Figure 5-8) constrains
alternative road routes to landslide margin, hill side, or hill top alignments
The high turbulence of the Central Stream is caused by the high discharge and steep drops involved
in its flow path. This behaviour of the stream is poses issues related to erosion for potential
mitigation structures to be located at the stream which is effectively where the toe of the landslides
are located.
Slaking has been observed in the interbedded sandstone-siltstone-mudstone (subsequently referred
to as interbedded clastics) materials which practically underlies Landslide A. This degradation
process however also potentially affects the sandstone-dominated units as these units occasionally
contain thin beds of mudstone.
The interbedded clastics are readily available on-site and good exposures are located less than 200
m away, at the north and east of Landslide A. The nearest source of durable limestone materials are
at least 2 hours away from Boloc.
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Figure 5-8. Context map (refer to next figure for key)
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Figure 5-9. Key of context map
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5.5.4 Proposed Approaches
Three choices are narrowed down on the approach to the landslide management in Boloc:





Do Nothing and Monitor – postpone actions and observe the landslide
Adapt – modify the affected activities or structures to mitigate the impact
Avoid–relocate the affected activities or structures to where the landslide hazard is
not present
Mitigate– modify the landslide until a desired change in landslide activity is achieved

The details of the proposed approaches will be discussed in detail in the succeeding sections. Note
that the approaches by default are aimed at Landslide A which directly affects the road access of
Boloc.
5.5.5 Do Nothing and Monitor
Postponing action draws from the fact that while there is a potential threat to the central town and
a definite threat to road access, it has to be kept in mind that it is unlikely to undergo a catastrophic
failure and that the landslide is periodically active. Hence it is unlikely for the road to be completely
cut off in one sudden event. However, magnitude of displacements when the landslide is active is
significant (~4m per event) relative to the size of the road (~10m wide) and can potentially limit the
function of the road (i.e., become impassable for vehicles).
This approach builds upon the pre-existing monitoring component of the DEWS-L Program (Chapter
2) by adding ground surveys to complement the in-place borehole inclinometers of DEWS-L. The
purpose of approach is to gain further knowledge in order to make more informed actions. This may
result in taking a different approach or maintaining the Do Nothing and Monitor approach. The key
concern of the monitoring would be the acceleration or the deceleration of the landslide. Three
possible scenarios are anticipated:
a) Landslide maintains its velocity. This means that the landslide is already at, or approaching
residual strength. Thus it is unlikely to experience any rapid loss in strength which could lead
to catastrophic failure (Fell & Hunter, 2001). In this scenario, it has to be decided whether
the rate of movement of the landslide is acceptable or not. In the case of latter, other
approaches should be considered in addition to the current approach.
b) Landslide decreases its velocity (decelerates). This is the most favourable scenario as the
landslide may eventually fully arrest its movements. In this case, it is preferable to continue
the monitoring to verify the perceived trend, though the frequency of observations can be
reduced to lessen the expenses.
c) Landslide increases its velocity (accelerates). It may indicate a potential for catastrophic
failure. This necessitates the use of other approaches.
The works included in this approach would include the following:
1. Ground surveys. To be done quarterly to cover two periods of dry season and wet season;
includes mapping surface features
2. Surface monitoring. Weekly frequently or more frequent in heavy and prolonged rainfall
events to provide sufficient temporal resolution
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3. Data analysis. To synthesise landslide behaviour from surface and subsurface monitoring
data
The costing is estimated to be in the order of 10,000NZD per year. Costs only include the activities to
be done on top of that by the DEWS-L Program.
This approach can be considered when other approaches are unfeasible (e.g., mitigation measures
more expensive than initially estimated or other alternative routes become equally hazardous or too
expensive). In addition, this considering this approach means tolerating or adapting to the existing
conditions caused by the landslides, such as the continual destruction of farm lands and crops, fixing
of the 100m segment of the road every extreme rainfall events (occurs every 1-2 years).
An extension to the take-no-action approach is the continuing observation of the landslide. This
involves observing on a set period of time or until a better-informed decision or other feasible
options are available. For example, the in-place inclinometer system in the landslide handled by the
DEWS-L Program and the current surface monitoring can be continued for a period of 2 more years
(to complete a 5-year observation period from 2013) to confirm if the landslide is indeed moving at a
constant velocity. If this is the case, minor and specific mitigation measures can be used to help
stabilise the landslide as in the case in Washington Park Reservoirs Slide, Portland (Cornforth, 2005)
5.5.6 Avoid Landslide
Avoiding the landslide practically means it may be allowed to fail; this approach is recommended
when the two other approaches are unfeasible and either (A) it is established that it is unlikely or it
would take conveniently very long time for retrogressions or new landslides to form towards the
town centre of Boloc, or (2) effect of retrogressions or new landslides forming towards the town
centre of Boloc are acceptable (e.g., it is tolerable for the stakeholders to relocate houses).
The new road could be aligned to the hill tops, hill sides, or at the head of Landslide A. The
advantage of the hill tops (see Figure 5-10) is that the top or ridges would take less effort to excavate
because it only has to be planed flat. However it has to be noted that the alignment involves a large
climb in elevation relative to other alignments and may be relatively more expensive to construct, as
additional excavation and construction times may be longer.
The dip-face hillside alignment could be placed by excavating into the sandstone or by anchoring
supports to prop the road surface. Aligning the road to the head of the landslide to just where the
dipslope breaks (Figure 5-10) may be also practical when drainage can be done properly. The
alignment cuts into the landslide head, practically removing all landslide materials underneath the
alignment (Figure 5-11). This however appears to add marginal benefit to the stability, thought its
benefit is that may be logistically easier as it avoids steep slopes and involves mostly weak rocks and
soil. However, the excavation potentially exposes the head of Landslide A to more infiltration.
Protection from infiltration by impervious materials such as PVC liner must be added and a drainage
be emplaced. In addition, the drainage should be diverted out of the landslide; this drainage also
acts to reduce the amount to surface water flowing into the landslide (Figure 5-11).
5.5.7 Mitigate landslide
Mitigating the landslides involves modifying the landslide or adding supports such that the landslide
is attempted to be stabilised to certain specifications, though there is always a risk of unforeseen
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conditions that could cause it to fail or be rendered ineffective. This approach is recommended
when the costs and means to mitigate are available, and it is accepted that there may be adverse
conditions that may not be accounted or could not be accounted for by the design and construction
process. For example, there is a budget for a constructing a toe buttress fill but the stakeholders
would have to judge if they could accept any unavoidable limitations of the design such as not being
able to withstand an very high-precipitation (but expected) storm-charged stream erosion or the
design being unable to withstand a (unexpected) very large earthquake.
Surface drainage concerns preventing or reducing infiltration into the ground to reduce spikes in
pore pressure during wet seasons (Abramson, Lee, Sharma, & Boyce, 2001). It involves interception
and collection of surface runoff and diverting it away from the landslide the drainages can be
positioned in slope breaks to the perimeter of the landslides (Figure 5-12) perimeters. It is however
not assured to completely prevent the pore water pressures from rising to failure-triggering levels;
subsurface lateral flow and surface downslope flow may still influence the pore water pressure in
the landslides. It is likely the least expensive option for mitigation and would be best coupled with
other mitigation measures mentioned in here.
Subsurface drains dissipate pore water pressures by means of intercepting zones or compartments
of groundwater flow or build up.The zones essential to be drained for the landslides are as detailed
below:




Landslide A
o Groundwater compartment at the head – as discussed previously, the groundwater
acts laterally against the portions downslope to the compartment and also lowers
the effective shear resistance at the head; the depth should be at least at 13m
where the dry season groundwater level is located. Lowering the groundwater table
to approximately dry season levels is assumed to be able to stabilise the landslide as
movements tend to not occur in dry season, except when the dry season has been
preceded by exceptional and heavy rainfall (Chapter 1 and 3).
o Middle part of the landslide inferred to be more permeable – this is to prevent the
middle part from acting as reservoir and from impounding water against the lower
part. The recommended depth is at 16m where the dry season groundwater table
level is located.
o Toe - based on the assumption that draining the toe will help “pull” groundwater
from higher elevations within the landslide to drain and eventually generally lower
the groundwater levels within the landslide.
Landslide B
o Groundwater compartment at the head – refer to discussion above
o Toe - refer to discussion above

Wick drains work by lowering the groundwater table or the pore water pressure. It involves inserting
steel rebars wrapped in permeable lining into the face of a slope exposed ground water table It has
been successfully used in many cases and is relatively less expensive compared to conventional pipe
drains (Santi, 2003). The wick drains however may require heavy equipment to install.
Another option for subsurface drainage is trench drains. Trench drains are made by excavating a
cutoff and filling it with permeable fill. The advantage of trench drains is that it intercepts both
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surface and subsurface water (Bromhead, 2006). However trench drains may require excavation
machinery as the depths of the failure surfaces in Boloc Landslide Complex are relatively inaccessible
by manual excavation.
Toe buttress fill aims to add support to the toe by weighing it down to increase mobilised shear
strength and by arresting movements at the failure surface. For Landslides A and B, it can be
counted on that the toes of landslides are facing each other, and the suggested design is to have the
buttress fill bridge over the stream and connect the toes of the landslides (Figure 5-11) buttress with
filter first to prevent seepage from piping out materials and prevent undercutting, then a largediameter pipe to channel the high discharges during wet seasons and storms, then durable rock fill,
limestone or cemented sandstone. The top part could consist of weak local fill of interbedded
clastics so the cost could be kept to a minimum. From the cost of transporting fill alone, this
measure would readily go over budget, although this measure is potentially the most stable because
it arrests straining which limits the amount of weakening at the toe.
The advantage of this approach is that it directly addresses the landslide movements and hence
should arrest the continual damage to the road and to the agricultural lands. Also the toe fill
component of mitigation is potentially simple to maintain and could be handled by the locals. The
disadvantage of the approach is the high initial cost.
5.5.8 Adapt
The Adapt approach chiefly involves modifying the landslide affected road (or the future road) and
the activities in the landslide affected areas. Instead of constructing a concrete road as planned by
the Municipality (Chapter 1), a gravel fill road could be constructed instead as suggested by in lowcost approaches to slowly moving landslides affecting roads. Gravel fill roads are in use for low-cost
and minimal technical-effort strategy in slowly moving landslides (Hearn & Lawrance, 1997) for their
ability to tolerate more displacements before incurring significant damage than a concrete road. In
addition, to prepare for the future movements by the landslide, a stockpile of gravels near the road
(but not on the landslide to avoid unnecessary added loading) could be kept as part of the strategy.
An advantage of this approach is that it requires minimal technical effort and minimal planning and
can be executed easily. The disadvantage of this approach is that over time, the continual addition of
gravels may accumulate significant load to further destabilise the landslide (Landslide A). Also, the
long term costs should be also taken in consideration as the landslide is not expected to halt in the
immediate future (note the driving mechanism of movement at the head). As for the activities in the
landslide-affected areas, it is suggested that alternative activities that are not sensitive to ground
movements (i.e. livestock) be considered to reduce the disruptive effect of the landslide.

5.6 Recommended strategy
The chief factors pertinent on deciding on a strategy for managing the landslides in Boloc lie on the
relative costs of the approaches and the slow movement rate of Landslide A. Order of magnitude
difference between the costs of the approaches make it sensible, when afforded, to combine
approaches (i.e., try or combine less expensive approaches before jumping in into the most
expensive approaches). The slow movement rate of Landslide A means that there are lot of
unknowns on the landslide, such as the velocity trend, could be potentially revealed over time.
Based on these factors, a combination of approaches which are flexible and staggered is a fitting
strategy.
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The recommended strategy will consist of implementing the following approaches:






Adapt – concerning the landslide-affected 100m segment of the municipal road, a gravel fill
road is to be constructed but it is to be shifted in alignment upslope towards the middle of
zone II in Landslide A. The shift in alignment is to avoid the active deformation in the
inferred thrust boundary between zone II and zone III where the current road is aligned. In
the new alignment, the displacements are expected to chiefly occur only on the parts of the
road intersecting the lateral margins. This would be an improvement compared to the
current alignment where deformation and local failures are occurring along the length of the
road.
Partial Mitigation – the earlier discussion on mitigation deals mainly with stabilising the
landslide. Instead, the aim here is to just mitigate the zone II the landslide, and to slow down
the movement rate or minimise the amount of displacement occurring in a heavy and
prolonged rainfall event. As discussed earlier, the upper part of Landslide A is primarily
affected by the groundwater compartment at the head. The recommended measure is to
drain this compartment by subsurface drains and also lay out surface drains.
Monitoring – the aim of the monitoring here is to determine the effectiveness of the partial
mitigation measures. This will also help determine how long and for frequent the gravel road
needs to be maintained.

5.7 Synthesis
Failure models for Landslides A and B from the surface and subsurface data were devised. The
material of Landslide A consists chiefly of blocky materials which tend to slip along failure surface
and sub-failure surfaces. There are inferred groundwater compartments in the head and in the
middle of Landslide A which destabilise their area covered, and the area immediately downslope of
these compartments. The upper part of Landslide A tends to accumulate external landslide debris.
This tends to load the rest of the landslide and drive movement. It is expected that Landslide A
would undergo sustain its response (move) to heavy and prolonged rainfall.
Landslide B also chiefly consists of blocky materials which are rigid and allow sideways rotational
movement (clockwise). It is destabilised by a groundwater compartment at its head, as with
Landslide A. The failure surface of landslide B is constrained by southeast-dipping bedrock to the
north and by north-northeast dipping normal fault to the south. These constraints influence the
sideways rotational movement and the westward rotational movement, respectively.
In terms of managing the landslides in Boloc for road access and town safety, the following
approaches were proposed: No Action/Observation, Avoid, and Mitigate. No Action/Observation
requires minimal cost, 2000 NZD, and uses existing monitoring systems though it risks allowing the
landslides (esp. Landslide A) to enlarge; the key details to observe in this approach is the
acceleration of landslide velocity for a suggested period of 5 years; deceleration would be the most
favourable scenario, and acceleration may necessitate the use of other approaches. Avoiding the
landslide is potentially less costly than mitigation though it still carries risks similar to that of the No
Action/Observation approach; the most favoured road alignment is the alignment cutting into the
landslide head, other alignments are on the hills; the estimated cost is 45,000-90,000 NZD, for the
road works only, the cost of relocating households is prohibitively expensive and may be better
spent on a Mitigation approach instead. The Mitigation approach addresses the issues of the
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landslides, and the works can be maintained by the locals, though its upfront costs may be
prohibitive. Another alternative approach is the Adapt approach which involves using constructing a
gravel fill road instead of concrete road and stockpiling gravel for future maintenance. It is relatively
simple and easy to implement but potentially costly and destabilising to Landslide A in the long run.

Table 5-1. Summary of approaches and their details.
Approa
ch

Advantage

Disadvantage

Cost

Key issues and
corresponding
actions/design details
(when relevant)

Do
Nothing
,
Observe,
or Adapt
-

Minimal cost;
trained staff
(resident monitor)
present;
monitoring
system in-place

Continued
interruption of
road and
agricultural plots;
slight risk of
enlargement of
landslide

Only expenses for
occasional maintenance,
400NZD per year

Avoid
Landslid
e

Potentially less
costly than fully
mitigating
landslide

Limited space for
relocation for
houses;

40,000-80,000NZD for
500m road (all alignments)

Changes in velocity of
landslide:
a.constant velocity – minor
remedial measures
b.decreasing velocity –
continued observation and
minor remedial measures
c. increasing velocity –
change approach
Retrogression of landslide
towards town centre –
staggered relocation;

Small likelihood
of retrogression of
landslide towards
town centre;
Continued
interruption of
agricultural plots;

Mitigate
landslide

Addresses the
interruption of
road and
agriculture;

High initial cost;
requires careful
implementation

Toe fill could be
maintained by the
locals; subsurface
wick drains
require minimal
maintenance

TOTAL: 2,000-NZD for a
5-year program

And
Drainage ditches (full) –
5,000-10,000 NZD
TOTAL: 45,000-90,000
NZD (excluding relocation)
Situational: relocation of
households may cost
1,000-2,000 NZD per
household (50 households)
Toe fill – 30,000-60,000
NZD
And/Or
Horizontal wick drains –
15,000-30,000 NZD (P.
Santi, Elifrits, & Liljegren,
2001; P. M. Santi, 2003)
And
Drainage ditches (full) –
5,000-10,000 NZD

Adapt

Minimal technical
effort and
planning required

Potentially
destabilising to
the landslide and
potentially costly
than mitigation
measures in the
long run

TOTAL: 20,000-100,000
NZD
Initial batch of gravels to
smoothen the current
100m segment of road
15,000-30,000NZD
(Hammond, 2002)
Stockpile of gravels for 5

Local failures in hillside
alignment – beddingoblique alignment; added
supports
Infiltration and high
groundwater table in
landslide-head alignment –
impervious covers, surface
drainage
Erosive storm discharge in
toe fill – concrete pipe
bottom to channel
discharge, and durable
rocks as bottom toe fill to
expend energy of stream
discharge
Slaking and degradation of
toe front – geotextile mat to
protect from erosion and
reduce drying

144

years’ worth landslide
movement, assuming
conservative vertical
movement of 1.5m/year
(half of horizontal rate of
3.0m/year)100,000200,000NZD

144

Figure 5-10. Map of options for road alignment

144

Figure 5-11. Details for road construction and toe buttress fill.

144

Figure 5-12. Map of options for remediation

.
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6 Conclusion
6.1 Thesis Objectives and Methodology
The thesis project aims to provide engineering geological data input for planning the road access of
Boloc, and had the following objectives:
1. Identify and characterise the landslides which may affect the road access to or houses in,
Boloc. A general ground model was created in order to contextualise the landslides and to
make the present/inferred engineering geological conditions apparent. The model was
based on data from desk studies and field mapping which included landslide reconnaissance
reports, aerial photographs; satellite imageries, regional geologic maps and topographic
maps, field mapping of geology and geomorphology at 1:1,000 scale.
2. Determine the geological and geotechnical controls of these landslides. Failure models
served to narrow down the most significant cause of landslide activity. Surface and
subsurface data were used to devise the failure model. The surface data included a 1:500
scale landslide morphological map, satellite imagery, and 1:100 face logs at the toe. The
subsurface investigations were done by a third-party service company and consisted of three
locations in Landslide A. Two borehole inclinometers to a depth of 20-25 meters were
installed on near the main scarp and on near the toe of Landslide A by DEWS-L Program
staff. The borehole inclinometer data spanned the years of 2013 to 2015.Intermittent data
from the community-based local monitoring of the cracks forming in the landslide area
(2014-2015) complemented the inclinometer data.
3. Identify the options for management of the landslide in Boloc, including future road
access. The potential landslide management approaches were based on geotechnical issues
arising from the failure model, the configuration of the municipal road, and the overall
setting of Boloc.

6.2 Boloc Geology and Landsliding
The bedrock geology of Boloc consists of alternating units of sandstone sequence and interbedded
sandstone-siltstone-mudstone of the Igtalongon Shale. The sandstone sequence units are 10-40m
thick, and typically consist of thick bedded to massive light grey fine-medium sandstone which is
partially to fully cemented with hematite (50-100MPa UCS when fresh). The interbedded sandstonesiltstone-mudstone units are typically 50-250m thick, and typically consist of thinly laminated to
thick bedded sandstone, siltstone, and mudstone. The weakest constituent, the mudstones have
carbonate cement (~30MPa UCS when fresh).A tectonic structure consisting of anticlinal fold located
at the centre of Boloc appears to exploit the contrasting strengths of the lithological units. In Boloc,
small, localised folds tend to impart joints and significantly weaken rocks, whereas faults tend to be
equally small and sparse and apparently insignificant to the strength of rocks. Soils tend to thin in
sandstone bedrock (<1m), and drastically get thick in the weaker interbedded bedrock (up to 6m);
bouldery deposits tend to accumulate at the sides of dipslopes, sourced from slides and falls
occurring at the sides of dipslopes. In terms of hydrology, the 4 factors - the hilly surrounding
topography, favourable bed attitudes, contrasting permeabilities of lithologies, and favourable
configuration of flexure-fold structure all allow the runoff and groundwater to concentrate to the
east side of Boloc where the active landslides are situated. In this east side, two major active
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landslides were mapped, Landslide A and Landslide B which are 300m and 100m in size, respectively,
and historically active since June 2008. Another major but inactive landslide, Landslide C, was
mapped to the west of Boloc. Numerous other landslides in form of rock falls, small flow-slides are
especially active in the stream margins, in hill peaks, and sides of dipslopes. Landslides A and B are
directly and indirectly threatening the road access in Boloc and are active landslides, thus narrowed
down for detailed investigation.
Anticipated conditions in the landslides from the general ground model of Boloc include potential
pore pressure build up in the vertically-confined sandstone sequence units affected by a concave
fold limb, fracturing and jointing of rockmasses caused by folding, weakening of interfaces of
lithological boundaries (bedding planes) between and within the lithological units

6.3 Landslide A Failure Model
The material of Landslide A consists chiefly of blocky materials (>3m) from in-situ derived sandstones
and interbedded-sandstone-siltstone-mudstone. The blocky material are consistent with the
partitioning of Landslide A into zones which has boundaries defined by sub-failure surfaces which
were inferred from surface morphology. These consist sub-failure surfaces consist of, from upslope
to downslope, graben-forming surface, thrust surface, and tensional slip surface. The groundwater
table in Landslide A is perched above the landslide as observed at the toe scarp, and experiences
significant fluctuations in water table level (>10m) between dry season and wet season. There are
also groundwater compartments in the head and in the middle of Landslide A which destabilise their
immediate area by means of pore pressure build up. The groundwater compartment in the landslide
head was recognised from the presence of ponding and springs, and from the shallow wet season
groundwater table indicated by BH2 (~1.5m). The middle groundwater compartment is inferred from
the lack of springs and the relatively deep wet season groundwater table (7.5m) indicated by BH4;
this compartment is bounded downslope by the inferred less permeable zone consisting of mixed
materials of sandstone, mudstone, clay, and sands found in BH1/BH3. The upper part of Landslide A
tends to accumulate external landslide debris. This tends to load the rest of the landslide and drive
movement; however it is interpreted to be less significant than the effect of heavy and prolonged
rainfall. Episodes of heavy and prolonged rainfall impart groundwater table rise in the landslide and
are also inferred the increase in pore pressure in the groundwater compartments. It is estimated
that the effect of head loading by talus and colluvium material could effectively reduce the strength
of the failure surface by <20%, whereas the combined effect of pore pressure build up and
groundwater table rise could reduce the strength of the failure surface by >30%.

6.4 Landslide B Failure Model
Landslide B also chiefly consists of blocky materials which are rigid and allow sideways rotational
movement (clockwise). It is destabilised by a groundwater compartment at its head, as with
Landslide A. The failure surface of landslide B is constrained by southeast-dipping bedrock to the
north and by north-northeast dipping normal fault to the south. These constraints influence the
sideways rotational movement and the westward rotational movement, respectively. As with
Landslide A, the material of Landslide B consists chiefly of blocky materials (>3m) from in-situ
derived sandstones and interbedded-sandstone-siltstone-mudstone. The blocky material is
consistent with the rigid and sideways rotational movement of Landslide B which was interpreted
from satellite imagery and orientation of opening of main scarp. The groundwater table in Landslide
B is also perched above the landslide as observed at the toe scarp, and also experiences significant
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fluctuations in water table level (>5m) between dry season and wet season. There is a groundwater
compartment in the head which help destabilise the landslide. The groundwater compartment in the
landslide head was recognised from the presence of ponding and springs. The upper part of the
landslide moves to southeast due to the influence of the southeast-dipping bedrock (~135/40) on
which it slides; it turns to southwest due to the higher topographic relief to the said direction. The
lower part is inferred to be controlled by a normal fault which dips landslide (dipping to 011/30)
against the overall movement direction of the landslide which imparts a rotational movement to the
west as indicated by its three sub-parallel secondary scarps and tilted trees. The landslide is
anticipated to persist in movement with the occurrence of prolonged and heavy rainfall, as inferred
from its similar movement history with Landslide A.

6.5 Long-Term Management
In terms of managing the landslides in Boloc for road access and town safety, the following
approaches were proposed: No Action and Monitoring, Adapt, Avoid, and Mitigate. The No Action
and Monitoring Approach builds upon the pre-existing monitoring component of the DEWS-L and
will consist of ground surveys, surface monitoring, and data analysis. The key concern to be
monitored is the activity and movement rate of the landslide. It is expected to cost in the order of
10,000NZD. The Adapt Approach chiefly involves aligning the existing municipal road 20-50m
upslope and paving it with gravels and stockpiling gravels for maintenance.it would cost in the order
of 100,000NZD for a year. The Avoid Approach would involve aligning the landslide on the hillside
and would cost in the order of 500,000NZD. The Mitigate Approach would involve fully stabilising
the landslide by means of toe buttress fills, surface drains, and subsurface drains. Particular targets
of the subsurface drains would be the groundwater compartments at the head and middle of
Landslide A. The suggested mitigation measures are also subject to change with the more detailed
surface and subsurface survey to be included in this approach. It is expected to cost in the order of
1,000,000NZD. The recommended strategy is to combine all these approaches. The Adapt Approach
should be implemented to immediately restore and improve the current road conditions. Partial
mitigation of Landslide A, particularly subsurface drainage and subsurface drains at the head should
be done to mitigate the significantly large movement rate (4m/event). The Monitoring Approach
should be implemented concurrently to determine the need for modifications of the partial
mitigation.

6.6 Future Research
For further study it is recommended that the recommended landslide management strategy of Boloc
Landslide Complex be explored. This would involve further detailed studies of the landslides,
including installation of piezometers and undertaking of more boreholes to better delineate the
groundwater compartments and the sub-failure surfaces which are likely critical to the stability and
behaviour of its landslides. This draws from the widespread occurrence of landslides in the region
and in particular along its roads which is currently being rehabilitated by the municipal and the
national government. Determining the viability of the management strategy in Boloc would benefit
the engineering practice in the area and also help find a sustainable way to manage the road access
in the region.
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Appendix A. Geological map of Tigbauan Quadrangle

(Mines and Geosciences Bureau, 1985)
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Appendix A. Features of an idealised landslide

From Cornforth (2005) modified from UNESCO Working Party for World Landslide Inventory (1993).
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Appendix B. Glossary of terms for landslide features

From Cornforth (2005) modified from UNESCO Working Party for World Landslide Inventory (1993).
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Appendix C.

Descriptors for forming names of landslides

Descriptor term
Activity
State
a) Active
b) Reactivated
c) Suspended
d) Inactive
i.
Dormant
ii.
Abandoned
iii.
Stabilised
iv.
Relict
Distribution
a) Advancing
b) Retrogressive
c) Widening
d) Enlarging
e) Confined
f)
Diminishing
g) Moving
Style
a) Complex
b) Composite
c) Multiple
d) Successive
e) Single
Description of first movement
Rate
a) Extremely rapid
b) Very rapid
c) Rapid
d) Moderate
e) Slow
f)
Very slow
g) Extremely slow
Water content
a) Dry
b) Moist
c) Wet
d) Very wet
Material
a) Rock
b) Soil
i.
Earth
ii.
Debris
Type
a) Fall
b) Topple
c) Slide
a) Rotational
b) Translational
d) Spread
e)

Flow

Definition/comment
Timing of movements
Currently moving
Moving again after being inactive
Moved within the last annual cycle of seasons but currently not moving
Not moving but cause of movement still apparent
Cause of movement not present anymore
Cause of movement artificially arrested
Causes of movement developed in different climatic and geomorphic conditions
Location of movements
Failure surface propagating downslope
Failure surface propagating upslope
Failure surface propagating laterally
Failure surface propagation continually adding volume
No visible
Volume decreasing over time
No apparent changes in failure surface
Movement types involved
Different successive movement types
Different movement types in different parts of landslide
Same movement types occurring repeatedly and sharing a surface of rupture
Same movement types occurring in multiple separate units (no shared surface of
rupture)
Single movement type

>5x103mm/sec
5x103 - 5x101 mm/sec
5x101 - 5x10-1 mm/sec
5x10-1 - 5x10-3 mm/sec
5x10-3 - 5x10-5 mm/sec
5x10-5 - 5x10-7 mm/sec
<5x10-7 mm/sec
No moisture visible
Contains water but not free water
Sufficient water to cause part liquid behaviour
Sufficient water to cause flow as liquid
Hard or firm mass that was intact or was in place prior to movement
Aggregate of solid particles
>80% of the particles are smaller than 2mm
20-80% materials >2mm, the rest are <2mm
Detachment from a steep slope, involves little or no shearing
Forward rotation about a point or axis below the centre of gravity of the displaced mass
Downslope movement involving on surface of rupture or on thin zone of intense shear
Along a surface of rupture that is concave or convex
Along a planar or undulating surface of rupture
Extension of cohesive rock mass combined with a general subsidence of the fractured
mass of cohesive material
Spatially continuous movement where the surfaces of shear are short-lived, closely
spaced, and usually not preserved

Modified from Cruden and Varnes (1996)

V

Appendix D. List of landslide causes
Geological
a)
b)
c)
d)
e)
f)

g)

h)
i)

Weak materials
Sensitive materials
Weathered materials
Sheared materials
Jointed or fissured
materials
Adversely oriented mass
discontinuity (bedding,
schistosity, etc.)
Adversely oriented
structural discontinuity
(fault, unconformity,
contact, etc.)
Contrast in permeability
Contrast in stiffness (stiff,
dense material over
plastic materials)

Morphological
a)
b)
c)
d)
e)
f)
g)

h)
i)

Tectonic or volcanic
uplift
Glacial rebound
Fluvial erosion of
slope toe
Waver erosion of
slope toe
Glacial erosion of
slope toe
Erosion of lateral
margins
Subterranean
erosion (solution,
piping)
Deposition loading
slope or its crest
Vegetation removal
(by forest fire,
drought)

Physical
a)
b)
c)

d)

e)
f)
g)
h)
i)

Human-made
Intense rainfall
Rapid snow melt
Prolonged
exceptional
precipitation
Rapid
drawdown (of
floods or tides)
Earthquake
Volcanic
eruption
Thawing
Freeze-andthaw weathering
Shrink-andswell weathering

From Popescu (1995)

Appendix E. Distribution and characteristics of geologic
formations and members

a)

b)

c)

d)
e)
f)
g)
h)

Excavation of
slope or its
toe
Loading of
slope or its
crest
Drawdown
(of
reservoirs)
Deforestation
Irrigation
Mining
Artificial
vibration
Water
leakage from
utilities
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Appendix F.

Landslide features in air photographs

Movement type

Morphology

Vegetation

Drainage

Fall and topple

Distinct rock wall or free face in association
with scree slopes (20-30O) and dejection
cones;

Linear scars in vegetation along
frequent rock-fall paths;

No specific characteristics

Jointed rock wall (>50O) with fall chutes
Sturzstrom (large topples
which create avalanches)

Extremely large (concave) scars on
mountain, with downslid blocks of almost
geological dimensions;

Vegetation density low on
active scree slopes
Highly irregular/chaotic
vegetational conditions on
accumulative part, absent on
strurzstrom scar

Irregular disordered surface
drainage, frequent damming of
valley and lake formed behind
body

Abrupt changes in slope morphology
characterised by concave scar and convex
runout lobe) forms;

Clear vegetational contrast with
surroundings, absence of land
use indicative for activity ;

Contrast with non-failed
slopes;

Often step-like slopes;

Differential vegetation
according to drainage
conditions

Rough hummocky depositional forms,
sometimes with lobate front
Rotational slide

Semilunar crown and lobate frontal part;

Bad surface drainage or
ponding in scars or back-tilting
areas;
Seepage in frontal part of
runout lobe

D/L ratio 0.3 to 0.1;
Slope 20-40O
Compound slide

Concave and convex slope morphology;
Concavity often associated with linear
graben-like depression;

As with rotational slides,
although slide mass will be less
disturbed

Imperfect or disturbed surface
drainage ponding in
depressions and in rear part of
slide

Source area and
transportational path denuded,
often with lineations in
transportation direction;

Absence of ponding below
crown, disordered or absent
surface drainage on body;

No clear runout but gentle convex or
bulging frontal part;
Back-tilting facets associated with (small)
antithetic faults;
D/L ratio 0.3-0.1, relatively broad in size
Translational slide

Joint controlled crown in rock slides,
smooth planar slip surface;
Relatively shallow, certainly in surface
material over bedrock;
D/L ratio <0.1 and large width;

Lateral spread

Differential vegetation on body,
in rock slides;

Runout hummocky, rather chaotic relief,
with block size decreasing with larger
distance

No land use on body

Irregular arrangement of large blocks tilting
in various directions;

Differential vegetation
enhancing separation of blocks;

Block size decreases with distance and
morphology becomes more chaotic; large
cracks and linear depressions separating
blocks;

Considerable contrast in
affected areas

Streams deflected or blocked
by frontal lobe

Disrupted surface drainage;
Frontal part of movement is
closing off valley, causing
obstruction and asymmetric
valley profile

Movement can originate on very gentle
slopes (<10O)
Mudslide

Shallow concave niche with flat lobate
accumulative part, clearly wider than
transportation path;
Irregular morphology contrasting with

Clear vegetational contrast
when fresh;
Otherwise differential
vegetation enhances

No major anomalies beside
local problems with surface
drainage

VII
surrounding areas;

morphological features

D/L ratio 0.05 to 0.01;
Slope 15-25O
Earthflow

One large or several smaller concavities,
with hummocky relief in source area;
Main scars and several small scars resemble
slide type of failure;
Path following stream channel and body is
infilling valley, contrasting V-shaped valleys;
lobate convex frontal part;

Vegetation on scar and body
strongly contrasting with
surroundings, land use absent
if active;
Linear pattern in direction of
flow

Ponding frequent in concave
upper part of flow;
Parallel drainage channels on
both sides of body in valley;
Deflected or blocked drainage
by frontal lobe

Irregular micromorphology with pattern
related to flow structures;
Slope >25O;
D/L ratio very small
Flowslide (sudden collapse
of material which then
moves a considerable
distance very rapidly or
extremely rapidly)
(Hutchinson, 1988);

Large bowl-shaped source area with steplike or hummocky internal relief;

Vegetational pattern enhancing
morphology of scarps and
blocks in source area;

Relatively great width;
Body displays clear flow structures with
lobate convex frontal part (as earth flow);

As with earthflows, ponding or
disturbed drainage at rear path
and deflected or blocked
drainage by frontal lobe

Highly disturbed and
differential vegetation on body

Frequently associated with cliffs (weak
rocks) or terrace edges
Debris avalanche

Relatively small, shallow niches on steep
slopes (>35O)with clear linear path;

Extremely fast

Niche and path are denuded or
covered by secondary
vegetation

Shallow linear gully can
originate on path of debris
avalanche

Absence of vegetation
everywhere;

Disturbed on body;

Body frequently absent (eroded away by
stream)
Debris flow
Extreme amounts of water
Transport through valley
From single slope or
associated with dammingfailure
(Cruden and Varnes, 1996a)

Large amount of small concavities
(associated with drainage system) or one
major scar characterizing source area;
almost complete destruction along path,
sometimes marked by depositional levees;
Flattish desolate plain, exhibiting vague flow
structures in body

Recovery will take many years

Original streams blocked or
deflected by body
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Appendix G. Age classification of landslides

Adapted from Keaton and DeGraff (1996),and McCalpin (1984).
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Appendix H. Classification of subaqueous gravity-driven sediment
transport

Adapted from Shanmugam (2006)
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Appendix I. Depositional features from gravity-driven sediment
mass transport processes

Adapted from Shanmugam (2006)
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Appendix J. Landslide descriptions summarised from the reports
of DEWS-L
Landslide descriptions compiled from DEWS-L reports, summarised in this study

Location map

XII

Maps key

XIII
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XIV
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XV
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XVII
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Appendix K. Diagram of flexure fold

Appendix L.

Concept of ground models

Ground models have been discussed by various authors in terms of their role in engineering geology.
In engineering projects, the value of ground models is in anticipating ground conditions (Fookes,
1997), and in framing investigations (Baynes et al., 2005; Fookes, 1997).
Baynes et al., (2005) presents a definition of the ground models and their role in engineering
geological investigations:
(a) Assemble and collate a disparate information base
(b) Interpret, present and communicate the observed or inferred conditions
(c) Indicate conditions that might be reasonably anticipated and might require further
investigation
Further characteristics of an ideal model is presented by Twiss and Moores in Baynes et al., (2005):
(a) The model must be powerful, that is capable of explaining a large number of disparate
observations
(b) The model must be parsimonious and must use a minimum number of assumptions
compared to the range of observations that it explains
(c) The model must be testable, which means that it must anticipate conditions that at least in
principle can be verified by observation
Further, ground models can take different forms for different objectives (modified from Baynes et
al., (2005)):
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(a) Conceptual models, which indicate geological relationships between mapping units, their
likely geometry, and anticipated distribution
(b) Observational models, which present the observed and interpreted distribution of reference
conditions in 2D models, such as maps and sections, and in 3D models such as block
diagrams; typically involves extrapolation from subsurface data
(c) Evolutionary models, which illustrate the development of engineering geological conditions
through time
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Appendix M.

Interpreting landslide features

Translational and rotational slides are the key movement types considered in this work. The
distinction between the two is important in terms of stability analyses and remedial methods
(Varnes, 1978). Also included are compound slide types.
Translational slides can be generalised as either involving a coherent block or a non-coherent mass.
Landslide materials tend to be a coherent block when rupture surfaces are gently inclined and the
materials involved are rock. For non-coherent masses, the inclinations of the rupture surface can
vary and soil or debris materials are generally involved (Dikau, 1996).

Rotational slides (Varnes, 1978).
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Rotational slides typically involve coherent soils or interbedded weak and strong rocks (Cruden and
Varnes, 1996a; Dikau, 1996). The rupture surface in rotational slides may be controlled solely or by a
combination of joints, faults, and beds (Dikau, 1996). Typical examples are shown in Error!
Reference source not found.. Note that (c) in Error! Reference source not found. is a compound
slide because incorporates a significant portion of bed where movement is translational.
Preserved but discontinuous stratigraphy can indicate rotational slide because this style of
movement tends to involve minimal internal deformation (Cruden and Varnes, 1996a). Disrupted
and anomalous surface drainage can also be present at tends to encourage infiltration and maintain
increased pore pressures as a result(Crozier, 1984). Increased pore pressures tend to develop at the
toe may create artesian conditions to induce seepage; destabilising effects of seepage may include
increased shear stress from seepage force and piping (Fell et al., 2005). En-echelon cracks could also
develop near lateral margins because of oblique stresses caused by rotational movement (Dikau,
1996). Radial cracks and lobes, on the other hand, can form at the toe as consequence of lack of
lateral support in the area of bulging . Secondary scarps can also form as consequence of either
differential local velocities within the displaced mass or by multiple rupture surfaces within the
landslide. Change in inclination in rupture surface could introduce secondary scarps. Upslope-facing
secondary scarps may indicate abrupt concavity (change into gentle inclination) in rupture surface.
Downslope-facing scarps may be caused by convexity (or steepening of inclination) in rupture
surface. In rotational slides with considerable length, its surface of rupture may have a geometry
approximating a cylindrical surface with axis parallel to direction of movement (Cruden and Varnes,
1996a; Dikau, 1996).
Compound slides involve both rotational and translational movements in different parts within the
displaced mass and consequently shares features with these movement types movement. A
common feature in compound slides are formation of grabens at the upper parts of the displaced
mass. A graben is a block within the displaced mass which relatively depresses during movement; it
can be indicated by trees tilting toward downslope and by an amphitheatre-like topography.
movement (Cruden and Varnes, 1996a; Dikau, 1996).

Appendix N. Conceptual ground model for Iloilo Basin
A conceptual ground model encompassing the geology, landform, and landslides of Boloc and its
region is detailed below.
The geological units, simplified as a sequence of strong and weak layers, undergo differential erosion
and weathering, and hence can form oversteepened slopes. The weak units, consisting of mudstones
and siltstones, can also be readily exploited as failure surfaces. The types of landslide controls in the
area of similar geology to Boloc include failures controlled by the following:


Bedding-joint wedge failure – these occur in the side slope of dipslopes, where the wedges
readily daylight and slide on moderately steep slope of 20-30degrees bedding-orthogonal
joint sets interact with bedding planes. The joint set striking parallel to the dip of bedding
planes form wedges with the bedding planes. The joint set striking parallel to the strike of
bedding planes form release surfaces
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Bedding plane failure – daylighting of bedding planes, particularly due to slope cutting for
roads cause failure. The moderate dip of the bedding in the region ~30-45: require
relatively steep (>30)cuts for daylighting to occur. Alternatively, in areas affected by folding,
the bedding dip may be gentler and may take less steeper cuts to daylight
Soil-rock interface - involves in-situ or transported material or both. In-situ weathering is
intense in hill or ridge peaks where the rock is fully exposed to sun and rain and the slakingsusceptible weak units readily disaggregate. Accumulations of weathered materials occur in
hill sides. The susceptibility of soil to absorb water and form enhanced pore water pressures
at the soil-rock interface facilitates failure as translational soil slide. Cutting at the ridge or
hill tops also help increase infiltration of water and help develop weathering horizons which
can later fail. There are cases of the failures transforming into debris slides in the case of
extreme precipitation and in channelized lower tracts.
Series of joined discontinuities - joints, bedding planes, and to a certain extent, faults
interconnect and form a failure surface as response to other destabilising factors such as
loss of toe support via stream erosion.
Differential erosion - preferential weathering and erosion of the weak interbedded
sandstone-siltstone-mudstone unit oversteepen the anti-dip side of dipslopes, and the
resistant sandstone unit remains relatively intact and loads the slope. This forces the slope
to exploit joints as failure surface which then leads to slides failure or falls. Larger volumes
involved undergo rotational slides, whereas smaller volumes undergo fall. The volumes are
controlled by the position of the resistant sandstone strata.
Folding-weakened bedding surface – flexural-slip faulting shears and deforms bedding
surfaces, resulting in weakening of bedded rocks, especially the weaker strata which suffer
relatively more strain. Synclinal folding, with axes parallel to the slope, induces differential
response: underlying weak layers buckle and undergo relatively more severe jointing, and
then function as failure surface; whereas overlying strong layers form wide-spaced joints
which help form a complete surface of detachment for the landslide to occur. Landslide C is
the prime example for this type. Folding may also favour formation of springs at the head of
the slope. Landslide A is the example for this type.

I

Conceptual ground model for Boloc and its adjacent areas. Illustrated and synthesised in this study.
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Appendix O. Subsurface exploration
The drilling is among the methods, including trenching, test-pits, and geophysical tests, used for
subsurface exploration. Drilling permits the following in landslide investigation :
1. Sample materials
2. Conduct in-situ tests such as permeability tests and SPT
3. In large drill holes, in-situ logging of stratigraphy
The two common types of drilling are auger drilling and rotary wash drilling.
Auger wash drilling involves an end bit and a stem with cutters attached in a spiral manner. The
solid-stem subtype of type is prone to caving in at depths below ground water table due to the void
space involved, and is often used in drillings above ground water table. The hollow-stem subtype on
the other hand samples through its open tube (Abramson et al., 2001).
Rotary wash drilling utilises a cutting bit at the end which attached to drill rods. Drill fluids such as
bentonite are used to introduce hydrostatic pressure to stabilise the drill hole, and to prevent
overheating of the bit. Because drill fluids are constantly circulating, SPT tends to be unaffected by
hydrostatic pressure. A disadvantage of rotary wash drilling is that the use of drill fluids prevents
reliable testing of NMC. Both rotary wash drilling and auger drilling also tend to easily wash away the
rupture surface of a landslide (Abramson et al., 2001).
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Appendix P. Borehole inclinometers

Schematic of borehole inclinometer from (Stark & Choi, 2008).

Borehole inclinometers measure the deformation within the displaced mass and at the shear surface
by means of tilt-measuring instruments probed into the landslide (intersecting the rupture surface).
The following information can be gathered based on borehole inclinometers (Cornforth, 2005; Stark
and Choi, 2008):
1. Activity of landslide
2. Depth of shear surface
3. Rate and direction of movement
In installation of borehole inclinometers, probing beyond the rupture surface and anchoring to a
depth of at least 10 ft. (3 m) is the common practice because displacement plots from inclinometer
readings have to be referenced to a stable point (Cornforth, 2005; Mikkelsen, 1996). Grouting is
commonly used to help anchor the inclinometers at the bottom, though the benefit of relatively thin
grout and the low tensile strength of grout cement may be questionable (Cornforth, 2005).
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Example of bias-shift error. Corrected plot on the right. From (SLOPEINDICATOR, n.d.).

Errors in borehole inclinometers consist of random errors and systematic errors, the latter tends to
be more cumulatively more sensitive and hence more important (Mikkelsen, 2003; Stark and Choi,
2008). Systematic errors include bias-shift error, rotational error, and depth-positioning error. Biasshift error occurs when the pre-existing bias of the instrument (visible as non-zero tilt when the
inclinometer probe is held upright) changes and subsequently invalidates existing corrections. This
type of error can be seen in displacement plots as “windshield wiper” patterns or linear back-andforth movement (Error! Reference source not found.). Rotational errors occur when the axis of the
inclinometer gets rotated. This usually imparts a curved shape to an otherwise straight inclinometer
in the displacement plot. Depth positioning errors typically occur when the instrument undergoes
compression though this type of error is uncommon (Cornforth, 2005; Mikkelsen, 2003; Stark and
Choi, 2008).

Appendix Q. Particle Size Analysis
Particle size analysis classifies the soil in terms of proportion of grains of a particular size.
Components in the coarse range (>63 um) can be separated by means of sieves. Whereas finer
portions require more rigorous methods such as pipette analysis, hydrometer, or laser sizer. It is
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noted that laser sizer may underestimate the clay fractions (Beuselinck et al., 1998), while the two
other methods are preferable when correct measurement of the fines fraction is needed (Head,
1994).

Appendix R. Atterberg limits
Atterberg Limits involve the measurement of Liquid Limit, Plastic Limit, and Plasticity Index in fine
soils. Plastic Limit defines the lower bound of moisture content in which the soil starts to behave as
plastic, whereas Liquid Limit defines the minimum moisture content needed to be reached for the
soil to start behaving as liquid (Head, 1994).

From Stark and Eid (1994)
Empirical relationship between liquid limit and residual friction angle.

The practical use of Atterberg Limits is to determine how potentially ‘troublesome’ the soil is when
taken alongside Natural Moisture Content (Abramson et al., 2001). In theory, the Atterberg Limits
should also reflect the strength properties of soil; as such, several empirical correlations between
Atterberg Limit parameters and drained residual friction angle had been made (Kanji, 1974; Wesley,
2003). Among these, the work of Stark & Eid (1994)is notable for accounting for normal stress which
pays heed to the Mohr-Coulomb theory.

Appendix S.

Jar Slake Test

Slaking is the process of physical alteration of weak rocks or stiff clays upon immersion in water or
upon wetting-drying (Botts, 1986), and can result in significant decrease in shear strength by as
much as 80%. Hence the slake durability of rocks is a long term engineering concern.
There are various slake durability tests. The Slake Index relates durability the amount of material
lost in a specimen immersed in water; the Slake Durability Index is considered the most widely
adapted test and relates eh durability to amount of material lost while being tumbled on a wire
mesh (Walkinshaw and Santi, 1996). The Jar Slake Test is among the simplest and earliest forms of
durability test; it relates durability to the manner in which the specimen disintegrates upon
immersion in water. One of the advantages if the Jar Slake Test is the simplicity of the procedure and
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its relatability to other more sophisticated tests such as Slake Durability Index (Santi and Higgins,
1988).

From Santi (1998).
Guide for the modified Jar Slake Test.

The procedure of Jar Slake Index involves drying a 30-50g specimen for 16 hrs at 105C, then
immersing it in distilled water, and then observing its disintegration pattern, such as the one from
the modified version of (Santi, 1998) in Error! Reference source not found..

Appendix T. Direct Shear
The direct shear test measures undrained shear strength parameters, typically, of a soil by means of
relating the force exerted by the direct shear apparatus on a specimen on a constant confining stress
and constant strain rate, typically by means of Mohr (Head, 1994).
Soil strength in drained condition means that the soil carries its load mainly through its solid
structure, whereas in undrained conditions the load is carried by the pore fluids (Holtz et al., 2011).
The Mohr-Coulomb failure envelope is commonly used to analyse the shear strength parameters,
friction angle and cohesion, from the line plot of multiple pairs of peak shear strength-normal stress
measured by the direct shear test.
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The direct shear test assumes that the sample is being sheared slow enough to allow for sufficient
drainage to have negligible pore pressure conditions, and measures shear strength in terms of total
stress (Head, 1994). From the plot residual strength values are obtained from the plateau of the
shear stress-normal stress plots after repeatedly shearing a sample until a constant value is obtained
(Head, 1994).

Appendix U. Satellite Imagery
Remotely sensed imagery has been used monitoring landslide movements and measuring
displacements by means of sequential imagery. Various techniques of remote sensing have been
used. Stereo pairs of air photographs have been traditionally used (Soeters et al., 1996). More
advanced technologies such as synthetic aperture radar (SAR), optical satellite imagery, and light
detection and ranging (LIDAR) have been increasingly used (Hervás et al., 2003; Jaboyedoff et al.,
2010). Sequential imaging from SAR uses interferometry and can achieve centimetres of accuracy
though its quality is subject to vegetation and illumination angle (Fruneau et al., 1996; Rott et al.,
1999). The utility of optical satellite imagery has been constrained by resolution up until the past
decade (Soeters et al., 1996). Typical resolutions used are 1m or finer as in the cases illustrated by
(Hervás et al., 2003) and (Delacourt et al., 2004) with movement ,rates ranging from 2.5-20m/year
being successfully detected. More recent examples are in (Debella-Gilo and Kääb, 2011; Moine et al.,
2009; Stumpf et al., 2014).
In optical satellite imagery, distortions and radiance have to be corrected to allow comparison of
different images. Images are distorted by viewing geometry, uneven terrain, and earth’s curvature
and can be orthorectified by pre-existing methods such as those of (Chandler, 1999; Gooch et al.,
1999). The unevenness of radiance transmitted into pixels of images are affected by atmospheric
conditions, sun illumination, and shadows, and can be corrected by normalisation of images
(Chuvieco, 1996)in (Hervás et al., 2003)).
Recognising movement from sequential optical imagery can be done by (a) having pre-defined
thresholds and applying them individually on each imagery, or by (b) comparing the sequential
imagery (Singh, 1989).

Appendix V. Movement rates from satellite imagery
Movement Rates of Landslides A and B from Satellite Imagery
Inclusive
Movement
Movement
dates
(m/year)
Point

Movement

Error

Start

End

Days

Movement

Error

Movement
(m/month)
Movement

Error

Aa

6

1.6

18/06/2008

13/05/2013

1790

1.2

0.3

0.10

0.027

Ab

10

1.6

18/06/2008

13/05/2013

1790

2.0

0.3

0.17

0.027

Ac

10

1.6

18/06/2008

13/05/2013

1790

2.0

0.3

0.17

0.027

Ad

10

1.6

18/06/2008

13/05/2013

1790

2.0

0.3

0.17

0.027

Ae

12.1

1.6

18/06/2008

13/05/2013

1790

2.5

0.3

0.21

0.027

Af

3.4

1.6

18/06/2008

13/05/2013

1790

0.7

0.3

0.06

0.027

Ag

12.1

1.6

18/06/2008

13/05/2013

1790

2.5

0.3

0.21

0.027

Ah

15.4

2.3

18/06/2008

13/05/2013

1790

3.1

0.5

0.26

0.039
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Ba

7.9

1.6

18/06/2008

16/03/2015

2462

1.2

0.2

0.10

0.020

Bb

9.1

1.6

18/06/2008

16/03/2015

2462

1.3

0.2

0.11

0.020
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Appendix W. Slope Stability Analysis
Slope stability analysis is used to mainly determine the response landslides or engineered slopes to
particular conditions (Abramson et al., 2001) such as installation of remedial measures or occurrence
of an earthquake. To an extent, it can be used as an investigative tool to estimate the conditions
during a failure (back analysis).
In slope stability, the concept of Factor of Safety (FoS) gives the quantitative measure of stability by
expressing the driving forces and resisting forces as a ratio (J. Michael Duncan and Wright, 2005).
Limit equilibrium analysis is a simple but widely used method for computing the factor of safety of a
slope, and in extension, landslides by summing the forces and moment, or tendency to rotate, of the
slope in question. A subset of limit equilibrium analysis is the Method of Slices which is employed by
various computer programs such as SLIDE which was used in this study. The Method of Slices
involves discretising the failure mass into slices which are treated as individual sliding blocks. Its
principal advantage over simpler, single block methods is that the location-specific mobilisation of
shear strengths are accounted for, instead of simply putting a constant value of strength for the
whole failure surface (Abramson et al., 2001) .

Appendix X. Subsurface exploration data
BH1
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Appendix AA. Bulk Densities
Name
BOL1

BOL2

BOL3

BOL4

BOL5

1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

weight
Ring volume
(g)
(m3)
312.0
0.000157081
313.3
0.000157081
316.8
0.000157081
306.1
0.000157081
297.4
0.000157081
299.5
0.000157081
289.3
0.000157081
285.7
0.000157081
297.1
0.000157081
306.5
0.000157081
302.1
0.000157081
303.0
0.000157081
298.6
0.000157081
295.6
0.000157081
302.4
0.000157081

weight
in (T)
m3/T
Mean
0.000312
1.99
2.00
0.000313
1.99
0.000317
2.02
0.000306
1.95
1.92
0.000297
1.89
0.0003
1.91
0.000289
1.84
1.85
0.000286
1.82
0.000297
1.89
0.000307
1.95
1.93
0.000302
1.92
0.000303
1.93
0.000299
1.90
1.90
0.000296
1.88
0.000302
1.93
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Appendix BB. Mitigation Approaches
Do Nothing
This approach involves taking no action upon the potential landslide hazard, often taken when other
approaches are not viable.
Observe
The observe approach is aimed towards getting more information on the landslide until the
behaviour of the landslide becomes clearer or until other approaches become feasible. A specific
example for this approach is the case of a the Washington Park Reservoirs Slide, where the full
mitigation of the landslide was unfeasible; instead, the landslide was continuously monitored and
was found to be generally becoming less frequently moving, and minor remedial measures were
used to further minimise movement (Cornforth, 2005).
Avoid
This approach involves relocating or re-aligning the elements exposed to the landslide hazard, and
practically allows landslide or slope to fail. The key to this approach is the feasibility of relocating,
which is often suited for pre-construction stage where there is still flexibility for modifying plans.
Adapt
This approach involves modifying the present activities and/or strcutures which are currently
affected by the landslide. This typically involves periodic maintenance in the case of slow moving
landslides affecting roads (Principles of Low Cost Road Engineering in Mountainous Regions, with
Special Reference to the Nepal Himalaya, 1997)
Mitigate
This approach involves either partial or full stabilisation of the slope or landslide. The acceptable
design factor of safety should be defined as practicable.
Remedial Measures
Remedial measures vary in design and method, and can be used as tools in the Avoid or Mitigate
approaches, There are several measures for stabilisation, and selected relevant measures are
discussed below:
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(Bromhead, 2006) .Over-riding failure surfaces (top) and under-riding failure surfaces (bottom) and their interaction
width toe fills.

Cut and Fill
Cut and fill typically involves lessening the inclination of the slope unit or landslide by means
redistribution of the slope material. This may also involve reduction of material at the head to
reduce load and addition of material at the toe to increase ‘dead weight’(increase normal effective
stress). The procedure of delineating the ‘cut zones’ and ‘fill zones’ can be done by means of
iteratively designing the new slope and calculating its stability, or by means of a less rigorous
method such as the Neutral Line Theory (Hutchinson, 1988, 1977) which uses the concept of a
neutral line, or a line which demarcates the zone where adding load would increase stability from
another zone where reducing load would increase stability.
Toe Fill
Toe fills act to increase effective stress and prevent further displacements at the toe. It is among the
most cost-effective remedial measures because it always has positive impact stability of the slope
(Bromhead, 2006). Though it has to be noted that the design should take into consideration the
possibility of shifts or diversions of failure surfaces by means of overriding or under-riding.
Rock and Soil Anchors
Anchors primarily rely on the doweling effect to increase the shear strength of the slope. The
stressed types impart additional reinforcement by means of increasing effective stress. A particular
consideration when dealing with soil-behaving materials is the consolidation induced by the anchors:
periodic re-stressing is often needed to optimise the consolidation process. Another issue with
anchors is the potential for corrosion in its metal components which are often treated with tar or
grout.
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Shallow Drainage
Drainages in general are cost-beneficial remedial measures though they suffer from the need for
long term maintenance, and its effects are often difficult to quantify in the design stage (e.g., needs
monitoring and may require subsequent modifications).
Shallow drainage deals with reducing surface water from infiltrating into the slope to minimise the
build-up of pore pressure. Drainage ditches are the most common type of shallow drainages, and
may include impervious liners in its set up. Though drainage ditches are potentially labour intensive
to maintain because it tends to erode when the discharge is too high, and get chocked with
vegetation when the discharge is too low. Another type is the gravel-filled trench which also
functions as a deep drainage: it controls seepage in addition to intercepting surface runoff. In terms
of design, gravel-filled trenches may require perforated pipes when high discharges are anticipated,
and slabbed or concrete bottom invert to guard against erosion in case of erodible soils (Bromhead,
2006).
Deep Drainage
Deep drainages serve to control seepage. Vertical drains are ideal for slopes with perched
groundwater and with pervious underlying strata for conveying intercepted discharge; these drains
consist of sand or gravel fill in vertical bores. Horizontal drains are for wider use, and typically consist
of an array of sub-horizontal to horizontal bores with perforated pipes, earthen pipes, or porous
concrete pipes. A less expensive and less-maintenance intensive variant of horizontal drains are the
horizontal wick drains which are installed by means of driving and by relatively inexperienced crew
(Santi et al., 2001; Santi, 2003).

Appendix CC. Natural Moisture Content

Sample

Container
(g)

Wet
sample
and
container
(g)

Dry
sample
and
container
(g)

Moisture
(g)

Dry
sample (g)

Moisture
content %

8.03

32.1

25.00

BOL1

2.54

42.67

34.64

BOL 2

2.41

39.60

31.61

7.99

29.2

27.37

BOL 3

2.52

46.81

35.62

11.19

33.1

33.82

BOL 4

2.49

35.84

29.89

5.95

27.4

21.73

BOL 5

2.51

40.10

32.11

7.99

29.6

27.00

Appendix DD. Atterberg Limits
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Plastic Limit

Weight of
container

Weight of
container
and wet
sample

Wcont (g)

Wcwet
(g)

Weight of
container
and dry
sample
Wcdry (g)

Weight
dry
sample
Wdry (g)

Liquid Limit

Weight of
moisture
Wm (g)

Moisture
content

Plastic
Limit

Mw (%)

Weight of
container

Weight of
container
and wet
sample

Wcont (g)

Wcwet
(g)

Weight of
container
and dry
sample
Wcdry (g)

Weight
dry
sample
Wdry (g)

Weight of
moisture
Wm (g)

Moisture
content
Mw (%)

Depth of penetration (non-bold
values are rejects)
Dp (mm)
- trial 1

Dp (mm)
- trial 2

Dp (mm)
- trial 3

Chosen
average
value
Dpc
(mm)

Intersection
with 20
penetration

BOL1
2.5

20.07

16.61

14.11

3.46

24.52

25

2.155

14

10.73

8.58

3.27

38.13

10.2

9.8

10.0

1.266

14.85

11.06

9.79

3.79

38.70

14.1

14.3

14.2

1.609

12.67

9.46

7.85

3.21

40.89

16.7

16.1

0.906

16.89

11.93

11.02

4.96

44.99

21.2

21.6

0.92

15.64

11.57

10.65

4.07

38.22

11.5

10.7

10.2

10.9

1.30

14.50

10.69

9.39

3.81

40.62

12.7

12.4

13.2

12.9

1.50

9.99

7.27

5.77

2.72

47.04

21.4

18.7

21.9

21.8

1.38

11.18

7.75

6.37

3.43

53.88

24.2

23.8

23.7

24.1

1.19

8.32

6.53

5.34

1.80

33.63

10.4

9.9

9.8

10.2

0.89

8.88

6.78

5.88

2.10

35.76

11.2

10.7

11.3

11.2

2.93

12.34

9.79

6.86

2.55

37.23

15

14.3

14.2

14.6

0.98

11.71

8.65

7.67

3.06

39.86

20.3

20.2

20.9

20.6

0.00

0.00

16.3

44

16.4
21.4

BOL2
2.5

19.57

16.56

14.06

3.01

21.41

21

48

BOL3
2.5

16.5

14.03

11.53

2.47

21.42

21

41

BOL4
2.5

26.92

22.58

20.08

4.34

21.61

22

#DIV/0!

1.77

14.32

10.27

9.50

4.06

42.72

10.9

10.1

10.4

10.6

1.23

11.80

8.16

7.93

3.64

45.91

15.0

14.5

14.8

14.9

1.30

13.00

8.65

8.35

4.35

52.12

22.6

22.3

22.8

22.7

1.40

8.25

6.83

5.43

1.42

26.15

9.1

9.2

9.3

1.13

12.50

9.86

8.73

2.64

30.25

10.4

10.2

10.4

1.18

15.60

11.90

10.72

3.70

34.50

16.3

16

16.3

2.78

13.50

10.17

7.39

3.33

45.05

21.5

21.2

21.5

41

BOL5
2.5

16.58

14.09

11.59

2.49

21.48

21

43
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Appendix EE. Grain size analysis

Appendix FF. Grain Size Analysis – Pipette Method

20.560

32.501
31.193
32.217
27.333
34.743
27.384
28.773
32.926

32.960
31.626
32.626
27.685
35.095
27.680
29.019
33.121

0.459
0.433
0.409
0.352
0.352
0.296
0.246
0.195

63
44
31
22
16
8
4
2

19.931

31.523
33.543
27.493
27.370
28.891
28.262
28.191
27.817

31.947
33.955
27.883
27.742
29.213
28.529
28.410
27.994

0.424
0.412
0.390
0.372
0.322
0.267
0.219
0.177

63
44
31
22
16
8
4
2

0.4
100.0
97.2
92.0
87.7
75.9
63.0
51.7
41.7

73.8
71.7
67.9
64.7
56.0
46.5
38.1
30.8

19.904

27.431

27.866

0.435

63

0.4
100.0

75.8

Mud used
(g)
BOL1
1
2
3
4
5
6
7
8
BOL2
1
2
3
4
5
6
7
8
BOL3
1

Cumulative
Passing
Percent of
whole
fraction
(%)

Cumulative
Percent of
mud
fraction
(%)
0.5
100.0
94.3
89.1
76.7
76.7
64.5
53.6
42.5

Beaker (g)

Beaker and
dry sample
(g)

Dry sample
(g) [raw]

Finer than
phi (um)

71.5
67.5
63.7
54.8
54.8
46.1
38.3
30.4
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2
3
4
5
6
7
8
BOL4
1
2
3
4
5
6
7
8
BOL5
1
2
3
4
5
6
7
8

32.031
34.235
36.038
27.460
29.011
29.069
29.142

32.449
34.622
36.400
27.796
29.281
29.288
29.320

0.418
0.387
0.362
0.336
0.270
0.219
0.178

44
31
22
16
8
4
2

96.1
89.0
83.2
77.2
62.1
50.3
40.9

72.8
67.4
63.0
58.5
47.0
38.1
31.0

19.910

27.486
27.504
27.639
31.582
30.893
27.109
33.902
35.207

27.950
27.936
28.053
31.951
31.261
27.401
34.150
35.409

0.464
0.432
0.414
0.369
0.368
0.292
0.248
0.202

63
44
31
22
16
8
4
2

0.5
100.0
93.1
89.2
79.5
79.3
62.9
53.4
43.5

68.2
63.5
60.8
54.2
54.1
42.9
36.4
29.7

20.227

27.669
33.616
35.291
33.258
34.133
31.043
30.991
28.926

28.141
34.055
35.700
33.638
34.482
31.333
31.229
29.128

0.472
0.439
0.409
0.380
0.349
0.290
0.238
0.202

63
44
31
22
16
8
4
2

0.5
100.0
93.0
86.7
80.5
73.9
61.4
50.4
42.8

69.7
64.9
60.4
56.1
51.6
42.8
35.2
29.8
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Appendix GG. Direct Shear results
BOL1

XXXVII

350

Direct shear - BOL1

Normal stress (KPa)

300

y = 0.55x + 22.212
R² = 0.9996
y = 0.4502x + 17.682
R² = 0.9997

250
200
150

BOL1

100

BOL1 (residual)
Linear (BOL1)

50

Linear (BOL1 (residual))
0
0

BOL2

100

200

300
Shear stress (KPa)

400

500

600

XXXVIII

XXXIX

350

Direct shear - BOL2

Normal stress (KPa)

300

y = 0.6131x - 0.6677
R² = 0.9976
y = 0.5087x + 10.967
R² = 0.9837

250
200
150

BOL2

100

BOL2 (residual)
50

Linear (BOL2)

0
0

BOL3

100

200

300
Shear stress (KPa)

400

500

600

XL

XLI

350

Direct shear - BOL3

Normal stress (KPa)

300

y = 0.6025x + 15.748
R² = 0.9997
y = 0.5272x + 6.6773
R² = 0.996

250
200
150

BOL3

100

BOL3 (residual)
Linear (BOL3)

50

Linear (BOL3 (residual))
0
0

BOL4

100

200

300
Shear stress (KPa)

400

500

600

XLII

XLIII

300

Direct shear - BOL4

y = 0.3627x + 57.379
R² = 0.8671
y = 0.3548x + 41.941
R² = 0.8867

Normal stress (KPa)

250
200
150
100

BOL4
BOL4 (residual)

50

Linear (BOL4)
Linear (BOL4 (residual))

0
0

BOL5

100

200

300
Shear stress (KPa)

400

500

600

XLIV

XLV

300

Direct shear - BOL5

y = 0.5372x + 10.458
R² = 1
y = 0.4494x + 12.772
R² = 0.9981

Normal stress (KPa)

250
200
150
100

BOL5
BOL5 (residual)

50

Linear (BOL5)

Linear (BOL5 (residual))
0
0

100

200

300
Shear stress (KPa)

400

500

600

Appendix HH. Rock density
Sample
A
B
C
E
F

Weight, wet
Volume
(g)
(cm3)
Weight (T)
43.9
19.1 0.0000439
53.3
22.3 0.0000533
32.7
14.1 0.0000327
52.6
22.3 0.0000526
51.7
23.6 0.0000517

Appendix II. Schmidt hammer
UCS conversion chart

Volume
Wet Density
(m3)
(T/m3)
0.0000191
0.0000223
0.0000141
0.0000223
0.0000236

2.30
2.39
2.32
2.36
2.19

XLVI

XLVII

Rebound readings

Sample

Location

2
18

3
18

4
20

5
15

6
15

7
20

9
21

Mean
(highest
and
Dip Angle lowest
of
values
10 Hammer
excluded)
18
90
18

Unconfined
Compressive
Strength
(MPa)
23

A

Landslide A

1
18

B

In massive mudstone
unit Southwest stream
below waterfalls

19

21

18

18

18

22

25

19

17

45

19

30

C

taken from convergence
of Central Stream and
Southwest stream

18

20

17

18

15

10

15

22

16

45

17

29

E

taken from SE of
convergence of Central
Stream and Southwest
stream

25

22

25

20

18

25

23

25

20

90

23

26

F

taken from NW of
waterfalls, located
below is the coalfragment-rich sandstone

30

18

22

25

30

30

25

20

17

90

24

27

Appendix JJ. Jar Slake Test

XLVIII

Name Location

Description

Behaviour after immersion of dried sample to distilled water
After 24
Immediate reaction
Within 30 min.
hr.

A

Landslide A

fine sandstone in mud
matrix and with
randomly fractures

chips and flakes loosen
off

B

In massive mudstone
unit southwest stream
below waterfalls

massive mudstone with
inclusions of 5mm
sand; from a clay
smear

C

taken from
convergence of Central
Stream and Southwest
stream

mudstone with 220mm lamina

E

taken from SE of
convergence of Central
Stream and Southwest
stream

F

taken from NW of
waterfalls, located
below is the coalfragment-rich
sandstone

Jar Slake
Index
3

chunks come off

No
discernible
change

2

small chips loosen and
fractures enlarge
through rectangularpatterned
disconitnuities

fractures enlarge and
some chips come off

No
discernible
change

2

breaks off into chunks
some chips come off

chunks come off
through defined
rectangular
discontinuities

No
discernible
change

2

alternating thin beds of
siltstone and
mudstone, 2-20mm
thick

flakes swell but remain
attached to specimen

flakes continue to
swell, some flakes
disaggregate from
specimen

No
discernible
change

2

mudstone with 2mm
sand laminations and
sand-filled vertical
burrows

curved and concoidal
fractures enlarge

chunks disaggregate
through the fractures,
some chips loosen off

No
discernible
change

3
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Appendix KK. Failure Surface Geometry, Landslide Materials and Hydrogeology
AXS1

L

AXS2

LI

AXS3

LII

AXS4

LIII

BXS1

BXS1

LIV

BXS3

BXS4

LV

Appendix LL. Discussion of Geotechnical Test Results
Geotechnical Testing
The specimens tested consisted of failure surface materials and mudstone-siltstone samples. The
strength and behaviour to moisture of the failure surface material was characterised by means of
the following tests: Bulk Density, Natural Moisture Content, Atterberg Limits, Grain Size Analysis,
and Direct Shear Test. For the mudstone-siltstone samples, the concern was the long term
degradation, but with the limited access to equipment due to biosecurity concerns, only Jar Slake
Test was done.
The summary of results are in the tables below:

LVI

Summary of results of geotechnical testing of failure surface material of Landslides A and B.

Summary of results of geotechnical testing of rocks around Boloc.
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Bulk Density, Soil
Bulk Density refers to the recompacted density of specimens. It is a routine and basic test. For the
failure surface materials of Landslides A and B, the Bulk Density ranges from 1.85-2.00 T/m3. It could
be argued that the compaction of the specimen may increase its actual density, though it should be
noted that the sample was under significant load (under dead weight of landslide mass), then
disturbed (i.e. loosened) during sampling, and then compacted, hence it is difficult to ascertain how
the Bulk Density deviates from the actual density, though the results should be sufficient as
approximate values.
Natural Moisture Content
The Natural Moisture Content (NMC) was determined to be interpreted alongside Atterberg Limits .
The failure surface materials have NMC ranges of 21.73-25.00% for Landslide A specimens, and 2733.82% for Landslide B specimens. The samples were kept in sealed plastic bags, and some had
minor leakage, thus the NMC actual values may be closer to the high side.
Atterberg Limits
The Atterberg Limits were determined (BS 1377 Standards) in order to see the behaviour of the
failure surface material with respect to moisture conditions. The Liquid Limit in particular was
determined using the Cone Penetration method.
For Landslide A specimens, the Plastic Limit is 21-25, and the Liquid Limit is 41-48 LL. For Landslide B
specimens, the Plastic Limit is 21, and the Liquid Limit is 41-43 LL. It is noted that Atterberg Limits of
these specimens compare well with that of the Atterberg Limits of specimens taken from boreholes
(boreholes on Landslide A, refer to.). The NMC of the failure surface materials for both landslides
tend to be on the plastic range. The Liquid Limit values were also used to estimate residual friction
angle, based on the empirical work of (Stark and Eid, 1994) (refer to Appendix Q): the residual
friction angle has a range of 22.0-23.5 for Landslide A, and 23.0-23.5 for Landslide B.

Estimation of residual friction angle from Liquid Limit From Eid and Stark (1994)
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Grain Size Analysis
The Grain Size Curves were determined (BS 1377), by means of wet sieving for the >63um fraction
and Pipette Analysis for the <63um fraction, in order to see significance of the fines on the failure
surface material behaviour. For Landslide A specimens, the sand is 26.2-31.8%, and fines fraction,
68.2-73.8%. For Landslide B specimens, the sand fraction is 24.2-30.3%, and fines fraction, 69.775.8%. These results compare well with the results from the specimens from boreholes. Fines
fractions are high and significant, considering that a fines fraction of 12% is sufficient to influence
soil behaviour (Holtz et al., 2011).
Direct Shear Test
The Direct Shear Test was used to determine shear strengths. Direct shear test was used for
simplicity of the test and ease of preparation for recompacted samples (Abramson et al., 2001;
Head, 1994) which is preferable given the quality of the samples taken in this work (disturbed
samples). It is noted that certain specimens were unintentionally sheared at two different shear rate
settings due to the repeated breaking down of the Direct Shear Apparatus, though the shear rate
settings used were all on the low side of the recommended shear rates, hence it should have no
detrimental effects to the results. For the normal stress parameter/setting, the calculations were on
the conservative side: 20 m thickness of overburden, 20KN/m3 unit weight, which gave a normal
stress of 400KPa. The 50%, 100%, and 150% of these values were used for specimens from
Landslides A and B. For the residual strength values, the ideal procedure was to use either a Ring
Shear Apparatus or to subject the specimen to repeated shearing until it approaches residual
strengths (Head, 1994); due to limitations in equipment access (potential biohazard from
specimens), the residual strength values instead were only estimated from the single-shear-stage
tests which would likely give residual strength values on the high side.
From the results it could be seen that sample #4 is an outlier value with friction angle and cohesion
of 19.9deg. and 57.4KPa compared to the28.2-31.5deg. and 0.7-22.2KPa of the rest of the samples.
This sample has a relatively low R2 in the Mohr-Coulomb plot (Figure 6-2), indicating an inexact fit of
trend line used for estimating friction angle and cohesion. Also it is noted that the peak strength of
the specimen at 150% normal stress was abnormally very close to that of the 100% normal stress; it
is interpreted that there may have been some issues with the sample such as drying.
Otherwise, excluding sample #4, the results are within a close range: Friction angle and cohesion of
28.8-31.5 0.7-22.2kPa and residual friction angle and residual cohesion of 24.2-27.8, 10.0-17.7KPa
for Landslide A; Friction angle and cohesion of 28.2-31.1deg., 10.5-15.7KPa and residual friction
angle and residual cohesion of 24.2-26.9deg., 6.7-12.7KPa for Landslide B.
When compared to the residual friction angles estimated from Liquid Limit, the residual friction
angles estimated in this test tend to be higher by 2-3 degrees though otherwise the values compare
well.
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300

Direct shear - BOL4
Normal stress (KPa)

250

y = 0.3627x + 57.379
R² = 0.8671

200
y = 0.3548x + 41.941
R² = 0.8867

150
100

BOL4
BOL4 (residual)

50

Linear (BOL4)
Linear (BOL4 (residual))

0
0

100

200

300
Shear stress (KPa)

400

500
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300

Direct shear - BOL5

Normal stress (KPa)

250

y = 0.5372x + 10.458
R² = 1

200
y = 0.4494x + 12.772
R² = 0.9981

150
100

BOL5
BOL5 (residual)

50

Linear (BOL5)
Linear (BOL5 (residual))

0
0

100

200

300
Shear stress (KPa)

400

500

600

Comparison of direct shear test results.

Density, Rock
The density of rock samples was determined in form of wet density. The range of values is 2.19-2.39
T/m3.
Rebound Hammer
The Rebound Hammer was used to determine Unconfined Compressive Strength. The samples are
fresh to slightly weathered and the procedures were based on (Aydin, 2008). Though the number of
measurements in the field were limited to a maximum of 10 instead of the recommended 20 due to
time constraints in the field (refer to Appendix HH for data). The ranges of Unconfined Compressive
Strengths are 23-30MPa for siltstone-mudstone samples.
Jar Slake Test

LX
The Jar Slake Test was determined to rate the susceptibility of the materials to degradation. The
guidelines of (Santi, 1998) was used due to as it is the most descriptive and precise guide for Jar
Slake Test. The range of Jar Slake Indices is 2-3 which essentially classifies these rocks as weak rock
from the formal definition of (Santi and Doyle, 2006). These weak rocks are essentially susceptible to
rapid loss of strength or degradation and would require special attention for long term aspect of
engineering works.

Appendix MM.
AXS1

Stability analysis - Sensitivity analysis

LXI
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Slope stability analysis was done via method of slices quantify the influence of processes and
conditions, in short make a numerical model, and attempt to forecast the response to remedial
measures.
The specific Method of Slices used in the study is Generalised Janbu method. The method involves
assuming the line of thrust, implemented as one-third of height above the failure surface. It satisfies
force equilibrium but not the moment equilibrium. It is preferred over more sophisticated methods
such as Morgenstern-Price due to less numerical issues and less level of familiarity with numerical
methods need by the former. The Bishop method which is another popular method was not used
because it is unsuitable for non-circular slip surfaces because the method directs effective normal
forces and pore pressure forces at the base of slices towards the centre of an assumed circle
(Abramson et al., 2001; Duncan and Wright, 2005). To check the robustness of the method, two
other methods, Generalised Limit Equilibrium and Janbu Corrected were run alongside; it was found
that the Factors of Safety tend to differ by less than 10% which is reasonably low.
The slope search method used was the block search which treats the slope or landslide as a mass
consisting of active, central, and passive blocks.(Rocscience, 2012)
The search for critical slip surfaces were constrained by the use of window search, a method which
forces the generated slip surfaces to pass through user-defined windows. This worked with the
estimated ranges of depths of interpreted failure surfaces
The stability analysis done is only two-dimensional; hence it neglects the three-dimensional
interactions within the landslides. In particular, the perceived sideways rotation within and the
lateral asymmetry of Landslide A, and the deflection of movement in Landslide B are unrepresented.
The study of Hungr, Salgado, & Byrne, (1989) suggests that there is tends to be an overestimation of
FoS by 2D analyses in increasingly laterally-asymmetric failure masses.

The conceptual diagram of block search in SLIDE (R).

Sensitivity Analysis
The sensitivity analysis was done to quantify the robustness of the model and to discriminate
between important and non-important input parameters. The analysis involves making the model
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generate statistically large number output values from combinations of input parameters of varied
values. The change in output values are taken with respect to the change in input values; and the
input values which tend to impart a proportionally large change in the output values are considered
sensitive (Saltelli, 2002).
The input parameters analysed were cohesion, friction angle, and material unit weight. Ground
water is generally considered a key parameter (Bromhead, 2006; Duncan and Wright, 2005); though
from the current data, the only variation possible for ground water is its depth. Given that main
concern in the slope stability analysis for this work is the worst-case conditions, the ground water
was fixed on wet season levels.
Inputs parameters used in the sensitivity analyses. Mean values were used as base values and were varied increasing
or decreasing its values by an amount limited by range/2.

Inputs for sensitivity analysis
Landslide material
Section unit weight (KN/m3)

Cohesion (KPa)

Friction angle
(deg.)

mean

range/2

mean

range/2 mean

range/2

AXS1

22.00

4.67

11.10

11.10

26.75

4.75

AXS2

22.00

4.67

11.10

11.10

26.75

4.75

AXS3

22.50

4.50

11.10

11.10

26.75

4.75

BXS1

21.83

4.83

7.85

7.85

27.05

4.05

BXS2

21.83

4.83

7.85

7.85

27.05

4.05

Back analysis
Back analysis or back calculation was done in order to cross-check the strength parameter values
determined from geotechnical testing. This analysis involves finding an input value or a set of input
values which would lead a desired Factor of Safety (Duncan and Wright, 2005).
The input parameter used as variable is the friction angle. As discussed earlier, the slope stability
analysis for this work concerns the worst-case conditions and the results of sensitivity analysis
(discussed in detail in succeeding sub-sections) indicate that friction angle is among the most
sensitive parameters. In a worst-case condition, the strength of the failure surface is at residual
values and hence cohesion can be considered zero. The ground water table, as was done in and with
the same reasoning in sensitivity analysis, was set to the wet season conditions. The unit weight was
set to mean values because they are relatively less sensitive .
Scenario models
Different scenarios involving remedial measures were analysed to determine the efficacy of these
measures. The scenarios analysed include the following:
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Landslide excavation
Toe fill
Subsurface drainage
Combined toe fill and subsurface drainage
The concept involved and the details of these remedial measures are discussed in section 7.1.2. The
input parameters and specifications for these remedial measures are summarised in Table 6-4. The
designs are semi-arbitrarily made. For ease of comparison, the designs were attempted to be made
to involve comparable costs.
In the analysis, AXS3 and BXS1 were used as representative sections for Landslides A and B, and the
lowest back-analysed friction angles were used.
Excavation at toe may appear contentious but it is in consideration for the steeply-inclined portion
of failure surface of Landslide A at the toe portion. The toe fill was made to cover upslope towards
the estimated weakest part of potential over-riding (refer to Figure 7-1); also, it was assumed that
potential under-riding failure surfaces would be minimal because the failure surfaces in Landslide A
is convex at the toe and this would actually direct the force of the landslide towards increasing the
effective stress at the toe fill instead of uplifting the toe fill; for the case of Landslide B, it the toe fill
is meant to cover the whole channel of Central Stream such that the opposing forces of Landslides A
and B would connect and partly counteract each other. For the subsurface drainage, in absence of
any other basis, it is assumed that this measure could only affect the wet season water table, and at
best, these could only lower the wet season water table to approach the levels of dry season water
table.
Specifications for the remedial scenario models.

Remedial measure
Landslide excavation

Toe fill

Subsurface drainage

Specifications
Excavation to failure surface involving ¼ of length of landslide
mass;
done in head portion and in toe portion
Toe fill on the Central Stream to mitigate Landslides A and B
simultaneously;
Toe fill designed to cover the steeply inclining portion of failure
surface of Landslides A and B
Unit weight of rock fill assumed to be 22KN/m3 (CIRIA et al.,
2007), and friction angle 35deg. (Hoek, 2000)
Critical slip surface search limited only to ‘over-riding failure
surfaces (discussed in Chapter 5) for simplicity of analysis;
Optimistic effects were assumed for simplicity of analysis (i.e., wet
season ground water table will be lowered to dry season levels)

Results for Landslides A and B
Sensitivity analysis
The sensitivity analysis shows that the friction angle and cohesion is sub equally important relative
to unit weight.
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In Landslide A, the friction angle and cohesion are consistently more sensitive compared to unit
weight. Between friction angle and cohesion, the results are slightly
On the other hand in Landslide B, cohesion is consistently more sensitive than friction angle, but
both parameters are still significantly more sensitive than unit weight.
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Summary of results of sensitivity analysis.

Range imparted to FoS

Section

Base FoS from
mean values

Friction
angle

Unit
Cohesion weight

AXS1

1.54

0.42

0.36

0.22

AXS2

1.22

0.32

0.33

0.13

AXS3

1.28

0.34

0.32

0.14

BXS1

1.58

0.39

0.48

0.26

BXS2

1.53

0.38

0.47

0.23

Back analysis
Back analysis yields friction angle values leaning towards residual, and a generally good fit with
laboratory-measured values.
For Landslide A, the back analysed friction angle is 21.0-22.5deg. This is comparable to the 22.023.5deg residual friction angle estimated from Liquid Limit, and marginally lower than the 24.226.0deg. residual friction angle from Direct Shear Test which is acceptable because the residual
values from Direct Shear are rough estimates.
In the case of Landslide B, the back analysed friction angle is 21.5-22.0deg. This is marginally lower
than the 23.0-23.5deg. residual friction angle estimated from Liquid Limit, and close to the lower
bound residual friction angle from Direct Shear Test, 24.2-26.0deg.
Overall, the results show a good fit between laboratory-tested friction angles and back-analysed
friction angles.
Summary of back analysis using conservative ground water and cohesion parameters, and mean unit weight value.

Section
AXS1
AXS2
AXS3
BXS1
BXS2

Scenarios

Friction
angle
21.0
22.0
22.5
21.5
22.0

Computed
FoS
0.991
0.987
0.978
0.992
0.995
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The results show that both subsurface drainage and toe fill can bring about significant increase in
FoS, and that the combination of both can additively (i.e., not diminishing returns) increase the FoS.
For Landslide A, the effect of excavation will impart minor to negligible effect to the stability
Toe fill, subsurface drains, and the combination of both can impart significant increase in stability.
The pattern of results in Landslide B is similar to that of Landslide A.
Summary of factors of safety of remedial measure scenarios.

Section

Failure
surface

Computed
FoS

Section

Failure
surface

Computed
FoS

AXS3

¼ of length
excavated
from head
¼ of length
excavated
from toe
Toe fill
Subsurface
drainage
Combined
toe fill and
subsurface
drains

1.011

BXS1

0.990

1.099

BXS1

1.388
1.308

BXS1
BXS1

1.796

BXS1

¼ of length
excavated
from head
¼ of length
excavated
from toe
Toe fill
Subsurface
drainage
Combined
toe fill and
subsurface
drains

AXS3

AXS3
AXS3
AXS3

1.099

1.231
1.275
2.034

Appendix QQ. Recommendations for Idgampog Sur-Boloc Road
As mentioned in Chapter 1 part of the aims of the project is to provide engineering geologic inputs
to the road alignment concerning the connection of Igdampog Sur-Boloc. Because of limited
mapping due to security issues, the area of Igdampog Sur and the corridor between Igdampog Sur
and Boloc were not covered. Hence only general issues and potential solutions will be discussed. The
recommendations for the expected ground conditions are as follows:
1. Potential inactive landslides. Avoid cutting at the toe of potential inactive landslides, instead
cut through the head and ensure proper drainage is maintained. Refer to the details for road
alignment on landslide head.
2. Sandstone dipslopes. Avoid aligning along valleys where runoff may concentrate, or cutting
perpendicular to dip which may cause beds to daylight and fail. Instead attempt to make the
alignment oblique to bedding dip, this would entail having sharp turns or undulating road.
Sandstone diplsopes are favoured due to their strength and stability and lesser susceptibility
to long-term degradation.
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Map of proposed Igdampog Sur - Boloc road alignment. Satellite imagery from Google (2015). Landslides delineated
in Chapter 2.

