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Abstract

Landslide mechanisms and processes, particularly within the basal deformation
region during failure, are poorly understood in the current knowledge. The aim of this
research is to understand the initiation processes of shallow rainfall-triggered
landslides under humid, tropical conditions. The major objectives are (1) to in\/estigate
the actual processes of rainfall-triggered landslides; and (2) to examine the relationship
between the rates of pore water pressure increase and the rates of soil movement.

Field sampling has been undertaken at two landslide sites on weathered
volcanic slopes on Lantau Island, Hong Kong (22°N, 114°E). Reinflation tests have
been conducted on the undisturbed soil samples using a triaxial stress path cell to
replicate the field conditions during rainstorm events. Various rates of increasing pore
water pressure have been designed with reference to the field monitoring data.
Landslide initiation processes have been deduced by examining the relationship
between the increasing pore water pressures and soil deformation.

The results demonstrate that rainfall-induced landslide development on
weathered slopes undergoes three stages with distinctive movement patterns towards
failure. The key controlling mechanism appears to be plastic deformation. The varied
velocities are dependent on the stress state (changes in the mean effective stress,
under constant shear stress), the pore water pressure reinflation rate and soil
permeability. Stage 1 represents a perfectly plastic state below yield. Velocity remains
low or at zero as the soil particles are strongly interlocked. The fluctuating to constant
strain rates at Stage 2 are primarily controlled by the reinflation rate and permeability
after exceeding the yield state, with localised interparticle sliding. Rapid acceleration to
failure occurs at Stage 3, facilitated by the general remoulding process.

The systematic movement patterns have also been observed in shallow rainfall- .

induced landslides in plastic soil materials. The steady-state behaviour could be a

precursor for the acceleration to the final failure.
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Chapter 1 Introduction

1.1 Landslides in a global context and in tropical regions

Landslides are a major geomorphological process affecting many countries
over the world. They involve mass movement of materials downslope under the force
of gravity (Cruden and Varnes, 1996). Landslides are a significant natural hazard that
cause substantial economic loss and extensive loss of life in both developing and
developed countries (Rosenfeld, 1994). The annual landslide-associated economic
losses cost US$ 2.6 billion in Italy (Schuster, 1996), US$ 1.6-3.2 billion in the United
States, more than 1 billion in Japan and US$ 62 million in Venezuela (Petley et al.,
2005a). In many developing countries, notably in Southeast Asia, the annual losses
from landslides are estimated to amount to 1 or 2 % of the gross national products,
according to the UN Disaster Relief Co-ordinator (Hutchinson, 1995). In terms of
fatalities, landslides claim globally more than 5,000 lives per year (Petley et al., 2005a).
Most of the fatalities (excluding the events causing more than 1000 deaths) have been
found in tropical regions including East and Southeast Asia, South America and South
Asia (Petley and Bulmer, 2004) (Figure 1.1).

6000 -
5000 -
4000 -
3000 4
2000 |

1000 A

Total fatalities
(small events < 1000 deaths)

Figure 1.1 Geographical distribution of landslide fatalities on major continents between 1980
and 2000 (after Petley and Bulmer, 2004)

Rainfall-induced landslides triggered by severe rainfall associated with
typhoons or low pressure troughs are particularly extensive and frequent on humid
tropical and subtropical slopes, such as in Brazil (Vieira and Fernandes, 2004), Hong
Kong (Zhou et al., 2002), Malaysia (Lee and Talib, 2005), Mexico (Alcantara-Ayala,
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2004), Puerto Rico (Larsen and Torres-Sanchez, 1998), Singapore (Toll, 2001) and
Taiwan (Yu et al.,, 2006). The high amount and intensity of rainfall, deeply weathered
soils and steep slope gradients are generally recognised as the main causal factors of
slope instability in these environments.

1.2 Mechanisms of rainfall-induced landslides

Previous studies aimed at revealing the underlying mechanisms of rainfall-
induced landslides in tropical regions have tended to focus on hydrological and
geotechnical aspects, mainly through: (1) field monitoring and measurement of the
hydrological response to rainfall (e.g. Rezaur et al., 2002; Tsaparas et al., 2003); and
(2) experimental simulation of the field conditions (e.g. Zhu and Anderson, 1998; Dai et
al., 1999a). These studies have generally recognised that pore pressure increase is the
key landslide triggering mechanism in rainfall-induced landslides. Stability analysis
based on the factor of safety, which is the ratio of shear strength to shear stress, has
been the dominant research theme. However, the deformation behaviour of slope
materials during landslide initiation has not been well-addressed. The actual processes
_leading to landslide initiation within the shear zone of a landslide remain poorly
understood (lverson, 2005).

Recent research has increasingly enhanced our understanding of the
mechanisms of landslides through examining their movement records (e.g. Petley et al.,
2002, 2005b, 2005c; Kilburn and Petley, 2003; Petley, 2004; Petley and Petley, 2006).
Most importantly, these studies have identified the “linear” and “asymptotic” patterns of
landslide movement through A —¢ space analyses (where A is inverse velocity and ¢
is time) (Saito, 1965) and their relationship to the underlying mechanisms (Petley et al.,
2002). Linearity indicates rupture surface development (crack growth), dominated by
brittle failure mechanisms (Kilburn and Petley, 2003; Petley, 2004; Petley et al., 2005b;
Petley and Petley, 2006), while the asymptotic trend suggests sliding on pre-existing
weak surfaces (crack nucleation) or as a result of ductile deformation processes
(Petley et al., 2005c). Such relationships have been validated in large-scale, deep-
seated landslides that have occurred in a wide variety of slope materials in temperate
environments. The applicability of these observations to small-scale, shallow landslides
in tropical residual soils is yet to be tested.
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1.3 Aim and objectives

This research aims to understand the processes and mechanisms of the
initiation of rainfall-induced landslides within natural hillsiopes of humid tropical
environments.

The major objectives of the research project are as follows:

(i) To analyse pore pressure changes in response to rainstorm events from field
monitoring data on natural hillslopes in the humid tropics that are prone to shallow
rainfall-induced landslides;

(i) To conduct field sampling of undisturbed residual soils on natural hillslopes;

(iii) To simulate the field stress conditions of rainfall-induced landslides using a
stress path triaxial cell;

(iv) To design representative rates of increasing pore water pressure with
reference to the field data;

(v) To examine the movement of residual soil when subjected to different rates
of increasing pore water pressure through the A —¢ space analysis; and

(vi) To investigate the relationship between the movements of shallow rainfall-
induced landslides and the underlying mechanisms and processes.

1.4 Scope of the study

The initiation processes of rainfall-induced landslides on natural slopes are
investigated which directly leads to research objectives (i)-(iv). Post-failure and
landslide re-activation mechanisms are not within the scope of this study. In order to
closely simulate the actual field conditions, undisturbed soil samples have been
collected from natural hillslopes that have been prone to rainfall-induced landslides.
Moreover, the rates of pore water pressure increase are designed with reference to the
field monitoring data.

Hong Kong is chosen as the study area for an investigation on landslide
mechanics in residual soil materials in humid tropical environments. Landslides are
extensive on steep natural hillslopes, often triggered in weathered residual soil by
heavy and intense rainstorms related to typhoons or low-pressure troughs. Natural
hillslopes;. in the-local context, are d_efined as “terrain that has not been modified
substantially by human activity but including areas where grazing, hill fires and
deforestation may have occurred” (King, 1999: 9-10).
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This research is specifically focused on examining the relationship between
changes of pore water pressure increase and deformation behaviour of tropical soil
materials, achieving objectives (v) and (vi). A process approach has been adopted
through conducting a systematic series of modified triaxial experiments (pore pressure
reinflation tests) which simulate the field stress conditions. Movements of soil are
monitored by the displacement transducer of the stress path system. Different
increasing rates of field-referenced pore water pressure, including linear, stepped and
logarithmic rates have been designed. The application of the A —¢ technique permits a
detailed investigation of the response of the tropical materials to the increasing pore
pressures to achieve the aim of the study.

1.5 Structure of the thesis

The thesis is centred upon the theme of understanding the mechanisms of
shallow rainfall-triggered landslides in residual soils in the humid tropics.

Chapter 2 reviews previous research on the landslide mechanisms in humid
tropical environments and pre-failure movements of landslides. Particular focus will be
placed on the current understanding of the deformation behaviour of soil materials in
relation to pore pressure changes based on recent field and laboratory studies.

Chapter 3 describes the physical setting of the study area which represent the
key landslide governing factors in the humid tropical environments on natural hillslopes,
including relief and slope gradient, geology, climate and vegetation.

Chapter 4 explains the rationale for the methodology adopted in field sampling,
laboratory testing and the methods of analyses for revealing landslide deformation
mechanisms. This chapter further iliustrates the processing of the displacement data
using the A - technique, which allows interpretation of the underlying failure
mechanisms (Petley et al., 2002; Kilburn and Petley, 2003; Petley et al., 2005b, 2005c;
Petley and Petley, 2006). The design of rainstorm associated pore water pressure
increase rates with reference to the field monitoring data collected from the
Geotechnical Engineering Office (Evans and Lam, 2003) is also discussed.

Chapter 5 presents the experimental findings obtained from the soil samples
collected at Tung Chung (TC) and Pui O (PO) including physical properties,
conventional triaxial tests and the reinflation tests. The soil classification, strain

development prior to failure, failure envelopes and stress-strain behaviour are
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demonstrated. The chapter further presents the response of the soil materials to
different rates of increasing pore water pressure. Systematic patterns of soil

deformation behaviour towards failure have been noted.

Chapter 6 discusses the key findings on the nature of the residual soils and the
sample volumetric behaviour during pore water reinflation. The underlying deformation
mechanism is diagnosed through critical analyses and evaluation of the fundamental
propérties of soil behaviour: elasticity, plastic deformation and creep. Plastic
deformation has been identified as the dominant mechanism. The systematic
relationships between the soil movements and variations of pore water pressures
further imply three successive stages of rainfall-inducéd landslide development towards
failure. The distinctive style and rates of movements of each stage have been further
validated by field observations.

Chapter 7 concludes the thesis by highlighting the principal findings.

Recommendations for further research are also made.
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2.1 Type of landslides

The types of landslides can be defined by a range of classification schemes
(Sharpe, 1938; Skempton and Hutchinson, 1969; Carson and Kirkby, 1972; Varnes,
1978; Hutchinson, 1988; Cruden and Varnes, 1996). Most of these schemes are based
on the three key elements: the type of movement, the kind of material, and the rate of
movement (Varnes, 1978). The classification proposed by Varnes (1978) is the most
widely accepted and utilized (Table 2.1). The main landslide types include falls, topples,
slides, spreads and flows, which can occur on rock, debris and earth materials. The
rate of movement ranges from “extremely slow” (< 16 mm/year) to “extremely rapid” (>
5 m/sec) (Varnes, 1978). A recent comprehensive review on the terminology used in
the classifications is provided by Shroder et al. (2004).

The typical shallow landslides in humid and subtropical regions are flows and
. slides, which often occur in weathered debris or earth materials (Maharaj, 1993; Larsen
and Torres-Sanchez, 1998; Zhu and Anderson, 1998; Dai et al., 1999a; Capra et al.,
2003; Vieira and Fernandes, 2004; Yu et al., 2006).

Table 2.1 Varne's (1978) classification of landslide types

Type of movement Type of material

Bedrock Engineering soils

» Predominantly coarse Predominantly fine
Falls Rockfall Debris fall Earth fall
Topples Rock topple Debris topple Earth topple
Slides Rotational Rock slump Debris slump Earth slump
Translational Rock back slide Debris back slide Earth back slide

Rock slide Debris slide Earth slide
Lateral spreads Rock spreads Debris spread Earth spread
Flows Rock flow Debris flow Earth flow

(Deep creep) (Soil creep)
Complex Combination of two or more principal types of movement

However, for the purpose of this research, which aims to understand the
processes and mechanisms of shallow rainfall-induced landslides, Hutchinson's (1988)
geotechnical classification (Table 2.2) appears particularly relevant, as the mechanism
of slope movements is also considered. Landslide type is classified by (1) the shearing
conditions (first time; reactivated) with reference to soil fabric (undisturbed; disturbed)
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and shear strength parameters (peak; between peak and residual) and (2) pore-water
pressure conditions over time (short-term, undrained; intermediate, partial equalisation
of excess pore water pressures; and long-term, drained) (Hutchinson, 1988).

Table 2.2 Hutchinson’s (1988) geotechnical classification of landslides based on (a) soil fabric

and (b) pore water pressure conditions

(a) Soil fabric (affecting ¢' and ¢') {b) Pore-water pressure on the slip surface
{affecting « )

1.  FIRST-TIME SLIDES IN PREVIOUSLY 1. SHORT TERM (undrained) — no equalisation of
UNSHEARED GROUND: soil fabric tends excess pore-water pressure set up by the
to be random (or partly orientated as a changes in total stress.

result of depositional history) and shear
strength parameters are at peak or between 2. INTERMEDIATE - partial equalisation of

peak and residual values. excess pore-water pressures. Delayed failures
of cuttings in stiff clay are usually in this
2. SLIDES ON PRE-EXISTING SHEARS category.
associated with:
2.1 Re-activation of earlier landslides 3. LONG-TERM (drained) — complete equalisation
2.2 Initiation of landsliding on pre-existing : of excess pore-water pressures to steady
shears produced by processes other than seepage values.
earlier landsliding, i.e.:
(a) Tectonics Note that combinations of drainage conditions
(b) Glacitectonics 1, 2, 3 can occur at different times in the same
(c) Gelifluction of clays landslide. A particularly dangerous type of slide
(d) Other periglacial processes is that in which long-term, steady seepage
(e) Rebound conditions (3) exist up to failure but during
(f) Non-uniform swelling failure undrained conditions (1) apply, i.e. a

drained/undrained failure.
In these cases the soil fabric at the slip
surface is highly orientated in the slip
direction, and shear strength parameters
are or about residual value.

Under this classification, this research examines first-time landslides which
occur in largely unsheared geomaterials. Pore-pressure conditions are simulated with ,
reference to the field conditions to investigate the deformation behaviour of rainfall-
induced landslides in tropical slope materials.

2.2 The triggering mechanism of rainfall-induced landslides

Landslides initiate when shear stress (the driving force that causes downslope
movement of slope materials, or the “external” force) is greater than the shear
resistance of the material (the resistance of movement, or the “internal” force)
(Terzaghi, 1950). Hence slope instability can be-caused by either increasing shear
stresses or decreasing resistance or both. Their relative relationship is expressed as a
ratio of shear resistance to shear stress, known as the factor of safety, F:
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Shear resistance (7 )
Shear stress (r)

Factor of Safety, F' =

(Eq. 2.1)

Failure occurs when F = 1. The slope is in a stable condition when F > 1 but unstabie
when F < 1. The stability analysis has been incorporated with the Coulomb equation as:

_c+(o, —u)tang'
T

F

(Eq. 2.2)

where ¢' is the effective cohesion, o is the total normal stress, u is the pore-water
pressure, ¢' is the effective angle of internal friction and r is the shear stress. ¢' and
@' are the strength parameters, (o-—u) is the effective stress, as defined by Terzaghi

(1936), in its original form:

c'=0,-u
(Eqg. 2.3)
where o' is effective stress.

For shallow translational slides on natural slopes (< 5 m thick), the factor of
safety can be analysed through an infinite slope analysis (Fell et al., 2000), expressed

as:

c'+(y —my, )zcos’ ftang’
yzsin Bcos

F=

(Eq. 2.4)

where y is the unit weight of the soil at the natural moisture content, m is a fraction of
the soil thickness above the slide plane, y,_ is the unit weight of water, g is the slope

inclined angle and z is the depth.

The Coulomb-Terzaghi shear strength equation (Eq. 2.2) clearly indicates that
slope resistance mainly comes from the effective cohesion (c¢') and the angle of

internal friction (¢') due to the interlocking of particles which depends on the normal
force (o,). Slope disturbance (the shear force), as revealed from Eq. 2.4, depends on

the weight of the slope material which is directly proportional to its density, slope angle
and thickness.
-8-
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Based on this equation, the triggering mechanism of rainfall-induced landslides
on shallow hillslopes can be attributed to the increase of pore water pressure. This has
been termed “hydrological triggering” by Terlien (1998). On a natural soil slope
receiving rainfall, the shear stress is approximately constant due to gravity. However,
the increase of pore pressure as a result of rainfall infiltration progressively reduces the
normal effective stress of the slope materials acting on a potential shear surface. The
shear resistance decreases as the inter-particle friction is reduced by the buoyancy
force and eventually reaches a critical value equal to the shear stress (i.e. F = 1),
which triggers a landslide. The failure condition ( F = 1) can be expressed using the

Mohr-Coulomb failure envelope (Figure 2.1).

T & o
Mohr-Coulomb l
f

failure envelope Failure

(1
¥ plane

o'y—> \f — 0,

Shear stress

Normal effective stress

Figure 2.1 Stress conditions at failure (after Craig, 1997)

The above conventional limit equilibrium analyses, therefore, only determine the
landslide triggering conditions through the identification of the relationship between the
material strength and the stress on the potential sliding plane. As such, the factor of
safety has been criticized as an “all-or-nothing” approach that simply defines slopes as
either stable or unstable (Helmstetter et al, 2004; Sornette et al., 2004). The
prepa'ratory stage leading to catastrophic failure is not considered (Sornette et al.,
2004).

Moreover, the failure that determines the shear stréﬁgth of soil could be defined
by one of the five criteria, namely (1) critical state, (2) residual state, (3) peak deviator
stress, (4) maximum principal stress ratio or (5) limiting strain (Head, 1998). The failure
envelope itself does not indicate which criterion is used unless clearly stated. The
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failure envelope derived from the residual strength, for example, cannot represent the
failure conditions of a first-time landslide that exhibits a peak deviator stress.

Most importantly, the Mohr-Coulomb criterion does not explain the landslide
kinematics, the movement style, and displacement rates (Qin et al., 2006), or the
velocity and the acceleration (Helmstetter et al., 2004, Sornette et al., 2004) at the
shear zone as failure develops (Cristescu et al., 2002). This is because such analyses
do not address the pre-failure strains (Craig, 1998).

Another slope stability analysis approach, known as the finite element method,
places more emphasis on assessing slope stresses and strains (Duncan, 1992, 1996a,
1996b). The analysis places more emphasis on small deformations (Sitar et al., 2005).
However, these approaches are insufficient to understand landslide development, as
the underlying mechanisms and processes for the wide range of movement rates and
styles are not accounted for (Ilverson, 2005).

2.3 Material deformation behaviour

The underlying mechanisms for the rate and styles of landslide movements are
explained in more detail with reference to the typical stress-strain behaviour of
materials at various levels of effective stresses (Petley, 1996; Petley and Allison, 1997)
(Figure 2.2). Rapid, catastrophic failure is often associated with briﬁle deformation,
prevailing in bonded or cemented materials at low effective stresses; while the steady,
continual creep movement is often attributed to ductile deformation mechanisms,
commonly found in materials with little or no interparticle bonding at higher effective
stresses. The changing behaviour from creep to sudden failure is often the result of a
transition from ductile to brittle deformation mechanisms (Petley and Allison, 1997).

Both brittle and ductile deformation initially undergo an elastic phase in which
the inter-particle bonds within the material are being loaded without breaking and strain
is recoverable (Stage 1) (Figure 2.2). This is followed by the elastic-plastic deformation
when the shear stress continues to increase, involving the breakage of the weakest or
highly stressed bonds between particles (Stage Il) (Petley and Allison, 1997).

However, brittle féilure is charadteriéed by a peak Whére strain is localised to
initiate shear surface development, and followed by a sudden drop where the shear
surface is fully developed through strain weakening (Stage VI) to residual strength
(Stage V) (Figure 2.2a). The loss of cohesion from the peak to the residual stress state
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during the development of the shear surface can be responsible for rapid movement
rates. This is due to shear stress being much greater than the shear strength and thus
providing the large imbalance force required to drive the catastrophic failure (Petley
and Allison, 1997; Kilburn and Petley, 2003, Petley et al., 2005b).

Ductile deformation, on the other hand, involves no peak strength but purely
plastic failure at a constant stress due to internal restructuring of the material in which
the strain cannot localize (Stage Ill) (Figure 2.2b). The strain rate increases as a result

of the progressive destructuring and pore water pressure fluctuations.

These research findings have improved understanding of the mechanics
underlying the various movement types of large, comparatively deep-seated landslides
in cohesive materials. Caution has to be made in interpreting the results as they were
derived from standard strain rate controlled triaxial tests, which might not replicate the
field stress condition (Petley and Allison, 1997). However, later experimental research
using a stress-controlled method, known as the “pore pressure reinflation” test (Petley
et al., 2005b), has also identified the movement styles and successfully explained the
progressive development of deep-seated landslides in cohesive materials through
damage mechanics. The applicability for understanding shallow rainfall-induced

landslide mechanisms on tropical weathered soils is yet to be examined.

(a) (b)

111
11 II

a a
2 2
‘_3 Legend g
g 1 I Initial elastic phase g Legend

II Elastic-plastic phase I Initial elastic phase

IV Strain weakening phase II  Elastic-plastic phase

V Residual, steady state phase III Steady-state plastic deformation phase

Axial Strain Axial Strain

Figure 2.2 Typical stress-strain behaviour for materials: (a) brittle defo_rmation; (b) ductile
deformation (after Petley and Allison, 1997)
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2.4 Landslide mechanisms in humid tropical environments

Landslides are caused by the interactions of many factors (Terzaghi, 1950;
Crozier, 1986; Selby, 1993). In the humid tropical or subtropical regions, most
landslides are found on weathered soil slopes, and are triggered by heavy and intense
rainfall (Zhu and Anderson, 1998; Franks, 1999; Faisal, 2000; Toll, 2001; Alcantara-
Ayala, 2004). It is essential, therefore, to examine specifically the relationship between
the nature of pore water pressure increase and the deformation behaviour of residual
soil materials, which is of primary importance and directly relevant to the understanding
of their initial mechanisms and processes.

2.4.1 Slope environments in the humid tropics
2.4.1.1 Residual soils

Most shallow landslides in tropical regions occur in intensely weathered or
residual soils (Rahardjo et al., 1995; Au, 1998; Zhu and Anderson, 1998). Residual soil
can be generally defined as “a soil-like material derived from the in situ weathering and
decomposition of rock which has not been transported from its original location” (Blight,
1997: 1). Most residual soils are found in tropical regions with high temperatures and
rainfall (Fookes, 1997; Faisal, 2000). They are formed in situ from bedrock, by physical,
chemical and biological weathering processes (Blight, 1997; Fookes, 1997).

The term “residual soil” has been considered as Grade VI in many classification
schemes of the weathering profile relevant to tropicél and sub-tropical climatic
environments (e.g. Fookes, 1997, Irfan, 1999; GEO, 2000) (Table 2.3). However, the
Geological Society of London also broadly considers tropical residual soils to include -
weathering Grades IV and V as they possess the “soil-like” mass and material
properties derived from the in-situ weathering processes (Fookes, 1997: 12).

The engineering properties of residual soils, including mineralogy, particle size
distribution and void ratio, vary at different weathering grades‘(Vaughan, 1988; Fookes,
1997; Queiroz de Carvalho and Simmons, 1997; Aung et al., 2000). In the most
intensely weathered grades such as Grades IV-VI, kaolinite has been found to be the
dominant clay mineral (Irfan, 1994, 1999; Rahardjo et al., 2004). The percentage of
fines also increases as the soils are more intensely weathered (Lumb, 1962, 1965;
Rahardjo et al., 2004). Tropical weathering processes have been shown to increase
the pore volhme and moisture content of argillaceous rocks (Fan et al., 1994; 1996)
and the void ratio of granitic and sedimentary rocks (Rahardjo et al., 2004). These
findings appear to indicate that residual soils (Grade IV-VI) can be typically
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characterised by a highly decomposed structure that is heterogeneous, fine-grained
and highly porous.

Table 2.3 Classification of a weathered rock mass profile (after Fookes, 1997)

Grade Term Description

1 Fresh No visible sign of rock material weathering; perhaps a slight
discoloration on major discontinuity surfaces

] Slightly weathered  Discoloration indicates weathering of rock material and discontinuity
surfaces. All the rock material may be discoloured by weathering

i Moderately Less than half of the rock material is decomposed or disintegrated to
weathered a soil. Fresh or discoloured rock is present either as a continuous
framework or as corestones.

v Highly weathered  More than half of the rock material is decomposed or disintegrated
to a soil. Fresh or discoloured rock is present either as a
discontinuous or as corestones.

\ Completely All rock material is decomposed and or disintegrated to soil. The
weathered original mass structure is still largely intact.
Vi Residual soil All rock material is converted to soil. The mass structure and

material fabric are destroyed. There is a large change in volume, but
the soil has not been significantly transported.

The increased pore-size as a result of weathering may lead to a higher
permeability. For example, a study in Hong Kong showed an increase in the average
permeability from 0.9 x 10°® m/s in Grade I-lll volcanics to a value of 4 x 10° m/s in
Grade IV-VI decomposed volcanics (GCO, 1982). Similarly, the saturated permeability
increased from 1.0 x 107"° m/s in the weathered sedimentary bedrock (> 2.5 m deep) to
1.0 x 10 mi/s in the silty clay residual soils in the upper 1.5 m of a slope in Singapore
(Gasmo et al., 2000).

2.4.1.2 Pore water pressures during rainstorms

It is well-established that the rise of pore pressure as a result of rainfall
decreases the mean effective stress of the slope, which lowers the soil strength and
eventually triggers rainfall-induced landslides (section 2.2). Thus, pore pressure
responses to rainfall directly affect the location, timing and rates of landsliding on
tropical hillslopes (lverson, 2000).
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Field monitoring of groundwater or pore pressure response is an important way
to investigate hillslope hydrological conditions during rainstorms. Recent studies in the
tropics have been undertaken in Hong Kong (e.g. GOL, 2002; Evans and Lam, 2003; Li
et al., 2005), Singapore (e.g. Deutscher et al., 2000; Rezaur et al., 2002, 2003,
Tsaparas et al., 2003, Rahardjo et al, 2005), Taiwan (Chang et al. 2005), Sikkam
Himalaya (Bhasin et al., 2002) and Brazil (e.g. Vieira and Fernandes, 2004; Gerscovich
et al., 2006). These studies are often equipped with field instrumentation consisting of
piezometers or tensiometers, and rain gauges. The main alternative approach uses
physical modelling (Gasmo et al., 2000; Ng et al., 2001; Tsaparas et al., 2002; Lan et
al., 2005; Jiao et al., 2005).

Despite these efforts, our understanding of soil slope response to rainfall
infiltration remains poor (Li et al., 2005; Rahardjo et al., 2005). Comparatively little is
known about the nature and variability of pore pressure response over time and space.
This is crucial to slope instability (Rezaur et al., 2002).

(a) Positive change of pore pressures

Positive change or increasing pore pressures is commonly observed during
rainstorms. Pore pressure increases have been found mainly associated with either
rainfall infiltration (e.g. Tsaparas et al., 2003; Chen et al., 2005a; Rahardjo et al., 2005)
or the rise of the groundwater table (Rahardjo et al., 1998; Chang et al., 2005). The
former process is pre-dominant in tropical slopes during rainstorms, frequently
associated with the development of a perched water table (Irfan, 1994, Lim et al., 1996;
Dai et al., 1999a; Dykes and Thornes, 2000; Deutscher et al., 2000; GOL, 2002; Capra
et al., 2003; Li et al., 2005; Rahardjo et al., 2005).

Increases in pore pressure could fall into one of these regimes: (A) an increase
from an initially positive value to a higher positive value (commonly termed "excess
pore water pressure"), (B) an increase from negative to zero or a positive value ("loss
of suction") or (C) an increasing but always negative value (“changes in suction”). This
can be illustrated by the pore pressure response observed from an instrumented
residual soil slope in Singapore (Figure 2.3).
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Figure 2.3 Rainfall and pore water pressure measurements in a weathered sedimentary slope in
Singapore (after Gasmo et al., 2000), illustrating the three scenarios of increasing pore pressure:

(A) excess pore water pressure; (B) loss of suction; (C) changes in suction

Having identified these scenarios, it should also be noted there are divided
views over the triggering cause for tropical landslides, with regard to scenarios (A) and
(B). Scenario (C) is not considered here as there is no empirical evidence suggesting
that it is associated with the actual triggering of failures.

Many studies of rainfall-induced landslides in the humid tropics observe that
failure is triggered when pore water pressure is positive (i.e. scenario A) (e.g. Baum
and Reid, 1995; Capra et al., 2003; Vieira and Fernandes, 2004; Gerscovich et al.,
2006). For example, in Hawaii, the main body of a slow-moving landslide within the
year-round saturated weathered material only moves during periods with intense
rainfall (> 25 mm/day) when the pore water pressure increases 10-30 kPa at the slip
surface (Baum and Reid, 1995). Development of positive pore water pressures
associated with a perched water table has been reported as the trigger for shallow soil
slides and debris flows in clay-rich volcanic paleosols in Mexico (Carpa et al., 2003),
whilst high positive pore pressures within deep weathered soils often lead to slope
failures in Brazil (Vieira and Fernandes, 2004; Gerscovich et al., 2006).

Loss of suction (scenério B) can triggér féilure in unsaturated residual soils due
to the drop in apparent cohesion as a result of water infiltration (Lumb, 1965, 1975;
Brand et al., 1983). A large drop in cohesion in unsaturated decomposed rhyolite was
observed upon full saturation, from 215 kPa to zero (Lumb, 1965) (Figure 2.4). Foss
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(1973) also reported a more than 50% drop in cohesion on andisol in Kenya due to
saturation. Similar effects have also been reported in other tropical soils (Tsutiya et al.,
1992; Rao, 1996). The reduction in the apparent cohesive strength and effective stress
associated with the loss of suction upon saturation may decrease shear strength on the
potential failure zone and trigger a landslide, especially in the absence of the true
cohesion (Rao, 1996).

250
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150}

Cohesion (kPa)

50

° 20 40 60 80 100

Degree of saturation (%)

Figure 2.4 Negative relationship between drained cohesion and the degree of saturation for

decomposed rhyolite, Hong Kong (after Lumb, 1965)

Nevertheless, there is very little field evidence to suggest that the loss of
suction directly leads to landslides. Lim et al. (1996) studied the role of matric suction
on tropical slopes and concluded that shallow landslides occurred during rainstorms as
a result of the development of perched water tables. This is consistent with Farooq et al.
(2004) who suggested that dissipation of suction by rainfall infiltration was insufficient
to cause landslides and a positive pore water pressure was required. Recent field
studies have shown that the negative pore pressures that develop at shalliow depths
during prolonged dry periods reduce dramatically the process of water infiltration during
rainfall (Deutscher et al., 2000; Faisal, 2000; Rezaur et al., 2002). These studies have
not demonstrated that loss of suction alone causes landslides. Recent tropical slope
studies have been mainly focused on the role of suction on unsaturated soil slope
stabilisation (e.g. Lim et al., 1996; Ng and Pang, 2000; Zhang et al., 2004; Babu and
Murthy, 2005) rather than the failure mechanism. Hence, the role of loss of suction as a
landslide trigger on unsaturated tropical slopes appears to be uncertain.
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In summary, the evaluation of the positive pore pressure scenarios suggests
that scenario A (or “excess pore water pressure”) is more likely to represent the field
conditions during rainstorms and act as a triggering cause for tropical landslides.
Scenario B (or “loss of suction”) alone may not be sufficient to cause landslides.

(b) Temporal variations

The three scenarios of increasing pore pressure are often associated with
seasonal variation. Excess pore pressures (scenario A) may be common during the
wettest season (e.g. Dykes and Thornes, 2000; Rezaur et al., 2002, 2003; Rahardjo et
al., 2005). Loss of suction (scenario B) often relates to moderate wet periods
(Deutscher et al., 2000; Evans and Lam, 2003) or to rainfall after a long dry period (e.g.
Tsaparas et al.,, 2003), when the soil is initially unsaturated (Frediund and Rahardjo,
1993). Changing suction (scenario C) mainly occurs during the dry season when the
groundwater level is low (e.g. Lim et al., 1996; Deutscher et al., 2000; GOL, 2002;
Evans and Lam, 2003).

Following the onset of a rainstorm, studies on tropical slopes have often
observed that pore pressures increased rapidly (GCO, 1982; Dykes and Thornes, 2000;
GOL, 2002; Rezaur et al., 2002, 2003; Evans and Lam, 2003; Tsaparas et al., 2003).
For example, shallow tensiometers at 1-2 m were seen to respond within 10 mins of
the onset of rainfall in Singapore (Rahardjo et al., 2005). Instantaneous response was
also observed in shallow piezometers during rainstorm periods in Hong Kong (Evans
and Lam, 2003) (Figure 2.5). Moreover, in some cases, the change of positive pore
pressure was significant. For example, rainfall-related infiltration was observed to
trigger an increase in pore pressure of 70 kPa on a residual soil slope in Singapore
(Gasmo et al., 2000) (Figure 2.3). Positive changes in pore pressure of 30 kPa have
been reported on weathered hillslopes in Hong Kong (GOL, 2002). Therefore, the
temporal pore pressure variations in humid environments have been described as
highly transient (Anderson and Sitar, 1995; Lan et al., 2005). It has also been noted
that shallow pore water pressures rapidly reach a maximum and remain relatively
constant till the end of a rainfall event (Tsaparas et al., 2003), although it is not really
known whether this is universally applicable.

Whilst some studies have provided detailed descriptions on the variations of

pore pressure during rainfall events, surprisingly, few studies have quantified the actual

rate of pore pressure increases over time.
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2.4.1.3 Pre-failure slope movements

The relationship between the variations of pore water pressure and pre-failure
displacements in the humid tropics is not clear. Nevertheless, creep movements on
residual soil slopes have been reported. For example, rapid acceleration (tertiary creep)
was observed in June, 2003 towards the final failure of the 626 landslide in Taiwan
(Chang et al. 2005) (Figure 2.7). In Hawaii, landslides are frequently triggered by creep
(Nicholson et al., 1996). Creep rates of 0.5 cm/year to 1 cm/year were observed on
many hillsides in Honolulu (Nicholson et al., 1996). In Honolulu, the long-term average
rates of twelve “slow-moving landslides” ranged from 6 to 25 mm/day, characterised by
rapid stepped-like movements with intermittent periods of slow creep or zero
displacement (Kwong et al., 1999). In Sabah, east Malaysia, displacement rates
recorded on the natural slopes (up to 30 m deep) are between 2 and 14 mm/week, with
a maximum at 21 mm/week in association with the development of shear surfaces
(Shaw-Shong, 2004).
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Figure 2.7 Displacements before the final failure of the 626 landslide in Taiwan
(after Chang et al., 2005)

In Hong Kong, however, the presence of creep before failure is unclear as most
of the evidence of creep is indirect. The key studies on the creep mechanism have
been undertaken by Irfan (1994, 1998a) on saprolitic soils based on post-failure
examination of geological features, which concluded that the swelling of hailoysite clay
minerals-and-the -opening- up- of-relict-discontinuities-contributed-to. the. formation and.
development of creep. In contrast, Au (1998) asserted that a majority of rainfall-induced
landslides in Hong Kong occurred in a sudden manner, without signs of warning or
progressive failure. '
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2.4.2 Experimental studies

Previous research on the mechanisms of rainfall-induced landslides in the
humid tropics has been largely based on experimental studies simulating the field
conditions on hillslopes (section 2.4.1). This section reviews the key laboratory testing
approach and its applications, the main findings on the deformation behaviour under
increase of pore water pressure, and the resulting key issues.

2.4.2.1 Simulating the mechanisms of rainfall-induced landslides \

The experimental procedures that simulate failure processes caused by
increasing pore pressure were first described by Bishop and Henkel (1962). However,
the test idea was not developed further until Brand (1981), who conceptualised the
mechanism of rainfall-triggered landslides represented by the “field stress path” (FSP)
(Figure 2.8). In terms of soil mechanics parameters, the initial stress state of the test is

represented by ( p' .q',), where p'=(c'+0c',)/2 is the mean effective stress, and
q=(c'\-0',)/2 is the deviatoric stress. The increase of pore water pressure

decreases the mean effective stress from (p',,q;) to (p',,q,) while the total normal
stresses, o, and o,, remain constant. Failure is assumed to occur at (p',,q,) when

reaching the Mohr-Coulomb failure envelope.
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Figure 2.8 Comparison between field stress path (FSP) and conventional consolidated
undrained (CU) and drained (CD) stress paths (after Brand, 1981)

The key features of FSP include (1) increasing pore pressure at a constant total
normal stress (and hence decreasing the effective stress) and (2) constant shear stress.
- The former:simulates:the-main-process .leading-to.rainfall-triggered landslides (section
2.4.1.2), whilst the latter is related to the approximately constant gravity-induced shear
stress on a planar slope and the negligible load of infiltrating rainfall (Zhu and Anderson,
1998).
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In contrast, the stress paths derived from the conventional triaxial compression
tests such as the consolidated drained (CD) test or the consolidated undrained (CU)
test (Figure 2.8) fail to replicate the field conditions. Instead, they are undertaken with

the application of increasing axial load, o, (shear stress), at constant displacement

rates. As a result, these strain-controlled conventional tests are mainly used for
determination of the shear strength of slope materials (e.g. Gan and Frediund, 1996),
but are irrelevant to understand pre-failure soil deformation behaviour within a landslide
(Kalaugher et al., 2000).

2.4.2.2 Test applications

Concerning the test conditions, the FSP has been also named as the “constant
dead load (DL) test” (GCO, 1982; Brenner et al., 1985; GEO, 1994a; Chen et al., 2000;
2004), “constant shear drained (CSD) test” (Anderson and Sitar, 1995; Anderson and
Riemer, 1995; Santos et al, 1996; Zhu and Anderson, 1998; Chu et al., 2003;
Springman et al., 2003; Farooq et al., 2004; Lourengo et al., 2006), “constant deviatoric
stress path (CQD)" (Dai et al., 1999a, 1999b) and “pore pressure reinflation (PPR) test”
(Petley et al., 2005b). Previous tests have used both undisturbed and disturbed
samples under saturated and unsaturated conditions. However, this review focuées on
the main characteristics of the studies using undisturbed, saturated samples (Table
2.4), as they best represent the field conditions of first time failures on shallow

hillslopes under rainstorms.

These tests have been mostly undertaken on tropical or subtropical soils (Table
2.4). Weathered hillslope materials have mostly been tested at a low mean effective
stress (< 200 kPa), while studies from temperate areas have generally been conducted
at higher effective stresses (100 - 1000 kPa) due to the different dominant failure types.
Moreover, most of the tropical studies were undertaken at a low pore pressure increase
rate (less than 2 kPa/hr), whereas much higher increase rates of pore pressure (5 - 60
kPa/hr) were applied to temperate areas.

The rationale behind the choice of the rate of pore pressure increase is
generally not clearly stated, although some studies have made reference to the field
hydrological conditions (e.g. Anderson and Sitar, 1995; Zhu and Anderson, 1998), and
the “dead load” tests, which restricted the rate to maintain pore pressure equgl‘i_sr_gt_lign
within the sample- (GCO,1982; GEO; 19943) ™~~~ -
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®

Table 2.4 Laboratory simulation of rainfall-induced landslide on saturated undisturbed soils

)

Test Location Soil material Mean effective Pore pressure Axial strain development Deformation References
: stress, p' increase rate behaviour
Pore-pressure | ‘Selborne, Gault Clay 200 kPa 0.42, 60 kPa/hr Linear trend in A —¢ Brittle - Petley et al.,
- reinflation test | {Hampshire, UK (shear surface) 2005b
(PPR)
iTessina, northern  Highly fractured molasse 200-210 kPa 10, 15 kPa/hr -Asymptotic trend in A —¢ Ductile Petley et al.,
ltaly deposits 2005b, 2005¢
1
Black Ven, Lyme Foxmould (66.4% sand, 100-400 kPa 5, 10, 20 kPa/hr Linear trend Brittie Karintzis, 2005
Begis 28.3% slit, 5.3% clay) 600, 1000 kPa Asymptotic trend Ductile
Constant South Lantau, Colluvial clayey silt / silty <60 kPa 0.9 kPa/hr Strain increases very slowly initially  Dilative Dai et al.,
deviatoric Hong Kong clay sand but sharply increases after yield 1999%a
stress path .
(Cap) ‘
Constant Honolulu, Hawaii  Residual soil, high 10-45 kPa 1 kPa/hr Axial strain rapidly increase when Dilative Zhu and
shear drained J plasticity silt or siity sand yield is reached (bulging with Anderson, 1998
test (CSD) f' (65-75% sand, 25-25% slight shear
: silt/clay) surface)
Berkeley, Clayey residual/colluvial 13-35 kPa 0.67 kPa/hr Little axial strain in early stage Dilative Anderson and
California soil (< 5% sand, 55-70% followed by rapid increase to 1.5- Riemer, 1995
¥ silt; 25-40% clay) 6% per hour (£, < 0.5%)
Clayey residual/colluvial 7-20 kPa 0.67 kPa/hr Sudden strain rate 3-6%/hr Dilative Anderson and
s0il (< 5% sand, 55-70% Sitar, 1995
silt; 25-40% clay) '
Dead load Hong Kong Decomposed volcanics 60-100 kPa 2 kPa/hr Little deformation before failure Dilative GEO, 1994a
triaxial test ' (18% gravel, 42% sand, £,=0.51% Stiff and brittle
(DL) / stress- 40% silt-clay)
path tests :
Mid-levels, Hong  Colluvium, decomposed 50-98 kPa Not specified £,=0.3-2.5% Dilative (75%, GCO, 1982
Kong volcanic, decomposed 55-117 kPa : 0.1-7.8% 83% and 100%)
: granite 63-137 kPa 0.4-2.8%
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2.4.2.3 Deformation behaviour during increasing pore water pressure

The analysis of deformation in stress path tests commonly involves general
descriptions of the axial and volumetric strains, with particular emphasis on the failure
conditions (Table 2.4). Typical deformation behaviour is shown in plots of axial strain

against mean effective stress (&, — p') and volumetric strain against mean effective

stress (&, — p') (Figure 2.9).

(a)

Axial strain, ¢, (%)

0 10 20 30 40 50 60
(b) Mean effective stress, p’ (kPa)

N W A~ O;

Volumetric strain, ¢, (%)

0 1

0 10 20 30 40 50 60
Mean effective stress, p’ (kPa)

Figure 2.9 Typical deformation behaviour of simulation tests: (a) plots of ¢, — p'; (b) plots of

g,— p' (after Dai et al. 1999a)

Most studies have reported (1) little axial and volumetric deformation during
initial pore water increase, but followed by (2) rapid and large increase in strains at
failure. The transition, which is indicated by the sudden change of slope of strain, has
been termed “yield” (Zhu and Anderson, 1998: 78). After yield is reached, the strain
rate has been found to increase at 1.5 - 6% per hour (Anderson and Riemer, 1995;
Anderson and Sitar, 1995). The strain at yield was found to be in the range of 0.1 and
7.8% (Table 2.4).

(a) Dllatlve behavnour

LSRN L PR S e Faz Pl

Dllatlve behavnour has been observed in almost all of the FSP expenments
(Anderson and Riemer, 1995; Anderson and Sitar, 1995; Zhu and Anderson, 1998; Dai
et al.,, 1999a; Chen and Yang, 2000; Gabet and Mudd, 2006). The key mechanism of

dilation involves the rearrangement of soil particles (Atkinson, 1993; Terzaghi et al.,
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1996; Craig, 1997). Dilatancy is regarded as the most important characteristic in plastic
deformation (Mitchell and Soga, 2005). The explanation has been grounded in
Casagrande’s (1936) critical state theory, which concludes that dense soils dilate and
loose soils contract to reach the same critical void ratio during drained shear (Figure
2.10). Based on this widely accepted principle, it follows that dilatancy is associated
with both shear and volumetric deformations (Wood, 1990; Atkinson, 1993; Mitchell
and Soga, 2005).
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Figure 2.10 Dilative and compressive soil behaviour under drained shear, as revealed by the
changes in void ratio within dense and loosely packed soils (after Atkinson, 1993)

The dilative soil behaviour has been further explained in relation to the inter-
particle movements subjected to shear. These include (1) particle pushing and climbing
(Crozier, 1986; Wood, 1990; Atkinson, 1993; Selby, 1993; Terzaghi et al., 1996), (2)
particle sliding (Wood, 1990) and (3) breaking of interparticle bonds, especially for -
overconsolidated clays (Terzaghi et al., 1996). The push and climb movement, which is

also been referred as “geometrical interference or interlocking” (Terzaghi.ef.al., 1996:... .. . .- =

s ey SR SRR AR T SRR

147); is ~the* oSt Eomimioniy accepted explanation for dilation. The interlocked or
densely packed of soil particles cause dilation because some particles have to push
and ride over the adjacent grains to deform in the direction of shear (Wood, 1990)
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(Figure 2.11a). The mechanical interlocking of particles also facilitates the sliding
movement within the soil on inclined planes as iIIustrated by the saw blade model
(Figure 2.11b) (Wood, 1990).

(a)

(b)

—_
e e st sy beval b - b,E'/
~y——

Figure 2.11 Interparticle movements in dense soils resulting in dilation during shear:
(a) push and climb, (b) sliding movements (after Wood, 1990)

Interestingly, there has been no consensus on the fundamental explanation for
the dilative soil behaviour observed in the FSP experiments, especially on undisturbed
soils with initial high void ratio, when the classic critical state theory appears to be
inapplicable. For example, Zhu and Anderson (1998) considered that dilation was very
uncommon within undisturbed Hawaiian residual soil samples with a high void ratio.
Difficulties have been reported in defining the steady-state (Anderson and Sitar, 1995).
These might be due to the fact that the critical state theory was established from results
of remoulded or reconstituted soils without taking into account the micro and macro
structure of natural soils (Burland, 1990). Thus research has tended to concentrate
more on the effect of dilation after failure, replicating for example liquefaction and the
mobilization of debris flows (e.g. Dai et al.,, 1999a; Gabet and Mudd, 2006), which is
beyond the scope of this study.

Nevertheless, most of the FSP studies have directly attributed the cause of the
volume increase to the increase of pore water pressure (or reduction of the mean
effective_stress), .which.loosens the.interparticle.contacts.-(e.g.-Anderson-and-Riemer; -
1995; Dai et al., 1999a; Chen and Yang, 2000). This explanation, however, does not
taken into account shear deformation. Very few experimental studies have considered
the contribution of interparticle movements. One key exception is Gabet and Mudd
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(2006), which noted. that dilation is associated with particles overriding each other.
Recent research on the microstructure of a slip zone within a landslide further confirms

that dilation is one of the deformation processes (Wen and Aydin, 2004).

(b) Axial strain development '

Petley et al. (2005b) analysed the development of axial strain during PPR tests
on landslide materials from temperate environments. Two distinctive patterns of
movements in A —¢ space (where A is inverse velocity and ¢ is time), the “linear” and
“asymptotic” trends, have been identified (Figure 2.12). The linear A —¢ behaviour
shown by Gault clay was attributed to brittle deformation, while the asymptotic trend
exhibited by disaggregated molasse material revealed ductile deformation (Petley et al.,
2005b). The former is the dominant mechanism for first-time landslides characterised
by rapid, catastrophic movements; while the latter implies continual, creep-like plastic
failure within ductile materials or landslide re-activation on an existing shear surface
(Petley et al., 2002). Most importantly, these findings have revealed for the first time
the fundamental relationship between the rate and style of landslide moverhents and
the underlying mechanisms.

Preliminary studies have been further undertaken on the relationship between
the rate of pore water pressure and deformation in large, deep-seated landslides
(Karintzis, 2005; Petley et al., 2005b), but the results are not conclusive. Petley et al.,
(2005b) found a negative relationship between the rates of pore pressure increase and
the gradient of the line in A —¢ space in both‘ brittle (Gault clay) and ductile (highly
fractured molasse deposits) (Figure 2.12). This may imply a change of failure
mechanism (and hence different rates and styles of movements) under different rainfall
conditions. In contrast, the relationship was not clear in Foxmould (glauconitic
sandstone) from the Black Ven landslide, which was masked by the variability of
sample densities (Karintzis, 2005).

These studies clearly demonstrate the need for more research to clarify the role

of the rates of increasing pore pressure on landslide mechanisms that control the rate
and style of landslide development.
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Figure 2.12 Relationship between increase rates of pore water pressure and gradientin A—¢
space tested at mean effective stress 200-210 kPa at the start of the reinflation: (a) Gauit clay;
(b) Tessina mudslide matrix (after Petley et al., 2005b)

2.4.2.4 Key issues

Analyses of laboratory data often emphasize the “dilative” or “contractive”
behaviour of samples during pore pressure increases (GCO, 1982; GEO, 1994a;
Anderson and Riemer, 1995; Anderson and Sitar, 1995; Zhu and Anderson, 1998; Dai
et al.,, 1999a). This may be attributed to the application of critical state theory, which
predicts that loose samples will contract and dense samples dilate to the same void
ratio and volume during shear (Atkinson and Bransby, 1978). However, the results from
the FSP/PPR tests suggest that most sampl>es, if not all, show dilative behaviour
regardiess of the initial sample density. Therefore; the usual volumetric strain analyses
. appear.inadequate-in-the interpretation.of-the.actual.material:behaviour.

In particular, the processes controlling the development of axial strain during
the initiation of failure have not been fully analysed. The utilisation of kinematic
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parameters, such as velocity and acceleration, allow quantitative assessment of soil

movement behaviour with emphasis on the rates and styles through time.

The most important issue is that there have been very few experimental studies
focusing on how patterns of increasing pore water pressure affect soil behaviour. Most
studies have applied just one rate, but at different mean effective stresses, and/or have
limited testing to linear rates at similar effective stresses (Table 2.4). Moreover, the rate
and style of increase in pore water pressure used in the experiments surprisingly have
not been designed with reference to the field data. For most studies, the design of pore
pressure changes appears to be arbitrary. The tests performed at constant linear pore
pressure rates (Table 2.4) may have oversimplified the changing nature of pore water
pressures in the field (section 2.4.'1.2). Therefore, more advanced testing focussing on
pore pressure variafions, which represent different rainfall conditions, is essential and
is particularly relevant to the understanding of the behaviour of shallow failures on
tropical slopes (section 2.4.1.3).

2.5 Pre-failure movements of landslides and the mechanisms

This section focuses on the creep phenomenon as an early phase of landslide
development. Two key models, the progressive failure model (Bjerrum, 1967) and the
three creep phase model (Varnes, 1983), are explored. The movement patterns of

landslides and the underlying physical mechanisms are examined.

2.5.1 The ‘creep phenomenon

The creep phenomenon has been studied under different disciplines including
geomorphology (e.g. Selby, 1993), engineering (e.g. Varnes, 1983), materials science
(e.g. De la Cruz-Reyna and Reyes-Davila, 2001), and rheology (e.g. Ranalli, 1995). A
comprehensive classification of creép in landslides has been given by Hutchinson
(1988: 3) namely: (1) “superficial, predominantly seasonal creep or mantle creep”, (2)
“deep-seated, continuous creep or mass creep”, (3) “pre-failure creep or progressive
creep”, and (4) “post-failure creep”. The main characteristics of each creep type are
shown in Table 2.5. A further analysis of the literature on the study of creep
movements in landslides demonstrates that the term “creep”, unsurprisingly, has
multiple meanings (Table 2.5).

BRI SRR TS S

In this research, the complimentary definitions based on engineering (type Il)
and material science (type lll) are the most relevant. They have the common fact that
| -29-
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>they both consider deformation below maximum shear stress/strength. The key
distinction between these two creep types is that the former emphases the time-
dependent dimension of the deformation, while the latter involves the dynamic nature
of pre-failure movement, highlighting the changing stress distribution within materials.

For this study, creep can be defined as the deformation of slope materials under

constant shear stress towards failure.

Table 2.5 Definitions of creep (modified after Hutchinson, 1988)

Type Key approach Type of creep Key characteristics References
described

| Geomorphology  Superficial, Confined to surface layer Terzaghi (1953);
predominantly (less than 1 m deep); Carson and Kirkby
seasonal creep; involves changes of volume (1972);
mantle creep due to changes in water Selby (1993)

content and temperature

] Engineering Deep-seated, Occurs at constant stress Terzaghi (1953);
continuous creep; below the maximum strength  Varnes (1978, 1983);
mass creep of the material Selby (1993);

Fell et al. (2000)
m Materials Pre-failure creep; Accelerating displacements Terzaghi (1950);
science progressive creep towards shear failure; Bjerrum (1967);

v Rheology

Post-failure creep

involves progressive
development of shear
structures from imperfect
shear zones to continuous
displacement shears

Involves small renewals of
failure on a pre-existing slip
surface

Ter-Stipanian (1980);
De la Cruz-Reyna
and Reyes-Davila
(2001)

Van-Asch (1984);
Ranalli (1995)

2.5.2 Progressive failure model

The precursory movements of landslides were first conceptualised as a creep

phenomenon by Terzaghi (1950), who described progressive deformation and thus
downslope movements in the shear zone. This can be expressed using the
displacement-time curve (OA in Figure 2.13). Terzaghi (1950) illustrated the process of
creep as a gradual decrease in the factor of safety (i.e. the ratlo of shear strength to_
shear stress)-throtgh™time. Shear failuire occurs (AB) when the shear resistance
decreases until the factor of safety reaches unity, characterized by an increasing strain
rate.
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Figure 2.13 Pre-failure movements of a landslide through time (modified after Terzaghi, 1950)

However, the process of progressive failure in landslides was not explained
until Bjerrum (1967), who observed a transition between the peak and residual
strengths of cohesive materials within the shear zone before the landslide occurred.
The mechanism of progressive failure was proposed in association with the
development of a continuous shear surface (Bjerrum, 1967). The key condition was the
presence of the “recoverable strain energy” in the shearing materials (Bjerrum, 1967:
44). The formation of the shear surface, accordingly, required the deformation of
heavily overconsolidated (bonded) materials which liberated elastic strain energy by
expansion under loading. The growth of the shear surface was facilitated by stress
concentrations in the front of an advancing sliding surface as a result of the progressive
decrease of shear strength from the peak to the residual value (Bjerrum, 1967).

This model might also imply that progressive failure within non-cohesive or

normally consolidated materials, or in heavily weathered soils, may not develop into a

slide. Instead, it will experience steady, slow creep, as most of the stored elastic strain
energy has already been released, and shear stresses are equal to the residual shear
strength within the failure zone (Bjerrum, 1967).
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Nevertheless, only limited research has been done to test the validity of these
concepts on the actual mechanisms of shear plane development, and hence the
development of progressive failure (Petley et al. 2005b).

2.5.3 Three phase creep model

The pre-failure creep deformation of materials under constant stress conditions
has been shown to undergo three different phases of movement (Varnes, 1983). The
three phases are referred as primary (transient), secondary (steady-state) and tertiary
(accelerating) creep, which are characterised by decreasing, constant and increasing
strain rates respectively (Figure 2.14).

Primary Secondary Tertiary
(transient) 1 (steady-state) (accelerating)
I
creep | creep creep
1
c [
@ 1
£ I
o 1
4 1
Q 1
2 !
1 :
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1 1
1 [
1 1
[ 1
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Figure 2.14 Creep deformation expressed in primary, secondary and tertiary phases under
constant stress (after Varnes, 1983)

The three phase creep model has been explained by Main (2000) in the light of
damage mechanics and non-linear constitutive equations for time-dependent subcritical
crack growth. According to Main's (2000) hybrid model, the primary creep represents
the early stages of damage, dominated by the local hardening mechanism at the tip of
the crack. Crack growth at this stage is stable and decelerating as a result of stress

- relaxation—-and=dilatancy “hardening~on-the=grairi~scale= Tertiary ‘créep, by contrast,
dominates the later stages of damage with local softening feedback mechanisms. It
shows macroscopic brittle behaviour. Crack growth is unstable and accelerating,

leading to ultimate failure by progressive localisation of deformation onto a single plane.
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Secondary creep can be explained by the linear superposition of the local hardening
and softening processes with a power law rheology (Main, 2000). This supports
Varnes’ (1983) observation in which the period of secondary creep may be the resuit of
the primary and tertiary creep processes (Fell et al., 2000).

The accelerating creep behaviour for slope failures was characterised
mathematically by Saito (1969) who first observed an inversely proportional
relationship between the reciprocal of strain rate and the rupture time:

E(tr—-t)=a

(Eq. 2.5)

where ¢ is strain rate, (1 —¢) is time remaining to failure and a is a constant. This

implies a linear relationship between the logarithm of the time to failure and logarithm
of acceleration (Federico et al., 2004). This derived relation was modified from load-
controlled triaxial compression experiments of secondary creep (Saito and Uezawa,
1961; Saito, 1965).

However, the approach was not widely applied until Fukozono (1985), who put
forward a simple method using the reciprocal of mean velocity to predict the failure time,
based on large-scale slope failure experiments. This differed from Saito (1969) in that
the logarithm of acceleration was considered proportional to the logarithm of velocity of
surface displacement towards failure, expressed by:

” 3
e
dt dt

(Eq. 2.6)

where x is surface displacement, ¢ is time, 4 and a are empirical constants.

(d’x/dt*) and (dx/dt) therefore represent acceleration and velocity respectively. This

equation can also be written as:

a1y

Gty <[4l )] ()T o

(Eq. 2.7)
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where (dx/dt )" is the reciprocal of velocity, and (¢, —¢ ) is the time remaining to failure.
/

The equation can be expressed by different functions based on the constant ¢ (Figure
2.15). The reciprocal of velocity is the exponential function of time at ¢ = 1, and a
power function of time when « is between 0 and 1 (Fukuzono, 1990). However, most
of the reported slope movements were characterised by the generalised or the pure
Saito form, for which a« = 2 (Campanella and Vaid, 1974; Varnes, 1983; Fukozono,
1985), which implies a hyperbolic increase of strain rate during the tertiary creep (De la
Cruz-Reyna and Reyes-Davila, 2001). In" this case, a linear relationship occurs
between inverse velocity and time (Figure 2.15). The prediction of failure time is then
estimated by extrapolating the creep curve to intercept the time abscissa (Fukuzono,
1985, 1996) (Figure 2.15).
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Figure 2.15 Relationships between reciprocal of velocity of surface displacement and time to
failure in the tertiary creep phase (after Fukuzono, 1985, 1996)

The graphical method was regarded as a fundamental physical material science
law by Voight (1988a, 1988b, 1989a, 1989b). Most importantly, the law appears to
control both first-time and reactivated failure behaviour of various materials during the
tertiary creep stage, under conditions of constant stress and temperature. Voight
~++(1988a)-integrated ‘Eq 2:6 to-put first-emphasis-on-the-influence of the rate-of failure;~Q; -~ - =«
on failure time: '
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Q=4Q°
(Eq. 2.8)

where Q is an measurable parameter of deformation such as strain or displacement of

soil materials, Q and Q are strain rate (velocity) and acceleration respectively, 4 and

a are empirical constants.

Voight's proposal is similar to Fukuzono (1985) (Figure 2.15) and the reciprocal
rate is expressed by:

O =[ A -a)e-1,)+ 0,

(Eq. 2.9)

The reciprocal rate decreases continuously with time showing a linear
relationship for &« = 2, a concave upward curve for @ < 2 and a convex upward curve
for & > 2. Voight (1989b) further noted that slope failures generally gave ¢ = 1 to 3,

and a = 1.9 to 2.1 for various soils.

While the above empirical equations have been successful in estimating the
failure time of most geological phenomena (e.g. Voight, 1988a; Main, 1999), the key
criticism has been the lack of physical basis concerning the nature and shape of the
creep curves (Fell et al., 2000; Hutchinson, 2001; Federico et al., 2002, 2004). The
reason why most materials fail at @ = 2 is poorly understood (Voight, 1988b). More
specifically, regarding landslides, the approach has not yet explained how landslides
develop in the light of soil mechanics (Federico et al., 2002). In particular, the
mechanisms involved in tertiary creep behaviour have not yet been interpreted (Fell et
al., 2000). |

It should also be noted that the equations or the relationships were based on
the results derived from conventional drained or undrained triaxial tests (e.g. Singh and
Mitchell, 1968; Campanella and Vaid, 1974). Samples tested under increasing
monotonic loads or constant strain rates, however, do not necessarily represent the
actual stress conditions within a slope.

R R = s

In addition, this approach does not take into account the irregularities of pre-
failure movements which have been noted in relation to the changing internal or

external variables in real landslide systems (Hutchinson, 2001) such as intermittent
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rainfall which could decrease the strength of soil rapidly (Voight, 1989a). As Fell et al.
(2000) point out, creep behaviour can be induced by changes in pore pressure or slope
softening by seepage in addition to shearing of materials itself. For example, saturated
soft sensitive clays are most likely to lose strength during creep due to increasing pore
water pressure over time, whilst heavily overconsolidated clays are prone to creep
rupture by softening in relation to moisture increase caused by dilation and swelling
(Mitchell and Soga, 2005). As the climatic disturbances over time have not been
considered by the mathematical descriptions (Saito, 1969; Fukuzono, 1985; Voight,
1988a), long-term prediction of landslide development cannot be made accurately (Qin
et al., 2002).

2.5.4 Landslide movement patterns

Progressive landslide development with the three phase creep has been shown
through field monitoring ‘worldwide. A notable example of progressive failure is the
Selborne cut slope failure in Hampshire, United Kingdom, occurring within Gault clay
subjected to increasing pore pressures (Figure 2.16). Initial investigation suggested
that the landslide initiated at the toe of the slope (inclinometer 9) and advanced
upslope, as indicated by measurements of the movements (Cooper et al., 1998)
(Figure 2.16).

The displacement records within all parts of the slope (except inclinometer 4)
clearly show the primary, secondary and tertiary creep phases before the final failure
(Figure 2.16). The three creep phases have also been found in recent studies in the
Jimingsi landslide in China (Qin et al., 2006) (Figure 2.17) and the Roesgrenda
landslide district in Norway (Okamoto et al., 2004) (Figure 2.18). The former was
explained by assuming a planar shearing surface with elastic-brittle (or strain hardening)
and strain softening media (Qin et al., 2006). The latter study reported an interesting
observation that precipitation did not directly influence the final failure as no landslide
occurred under the same mean precipitation in the study area (Okamoto et al., 2004).
For the Xintan landslide in China, which shows both the primary and the secondary
creep phases (Figure 2.19), the Saito method was criticised as “ineffective” for precise
prediction of catastrophic landslide movements and an additional parameter, surface
vector angle, was proposed (He and Wang, 2006: 696).
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Landslide movement patterns have also been classified into different types
based on velocities and cumulative displacements related to seasonal fluctuations of
pore water pressure (e.g. Bhandari, 1988; Allison and Brunsden, 1990; Petley et al.,
2005c). In general, four distinctive types have been recognised, namely “multiple stick-

slip”, “graded slip”, “surge” and “random” movements (Allison and Brunsden, 1990)
(Table 2.6).

Table 2.6 Patterns of mudslide movement in relation to pore water pressures, in the Wealden

Beds of the Isle of Purbeck, Dorset (extracted from Allison and Brunsden, 1990)

Movement Displacement characteristics Related pore water pressures
type (PWP)
Stick slip Small individual spatial movements < 1 cm Slowly rising PWP
Total displacement up to 0.08 m
Separated by varying time intervals with zero Slowly declining PWP
displacement
Graded slip  Larger gradual spatial movements over Gradual rise in PWP
proportionally shorter time periods (maximum
displacement record: 35 cm in 17 hrs) Rapid rise followed by
declining PWP
Surge Large spatial displacement over short time Highest rate of increase in PWP
periods (3 m in 20 mins)
Random Small, irregular slips through space Related to other factors, such as

and time

internal deformation with the

mudslide, effects of plasticity,
seasonal cycles and gravitational
forces

The characteristics of the former three patterns appear to be comparable with
the classification proposed by Petley et al. (2005c): “Type II", “Type Ili” and “Type IV”
movements respectively (cf. Tables 2.6, 2.7), schematically illustrated in Figure 2.20.

Both classifications suggest a model of which landslides develop through these
patterns, that is, from “stick slip” to “graded” and then “surge” (Allison and Brunsden,
1990) or from Type | to Type IV (Petley et al.,, 2005c). The transition behaviour has
been mainly attributed to the changes in pore water pressure conditions within the
landslide, showing seasonal variations (Allison and Brunsden, 1990; Petley et al.,
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Table 2.7 Patterns of landslide movement in relation to pore water pressures, Tessina, Italy
(extracted from Petley et al., 2005c)

Movement Displacement characteristics Related pore water pressures
type

Type | Very slow movements at less than Increase in velocity associated
1 mm/day; consist of slow creep with wetter winter months

Type |l Low velocity movements 2-3 mm/day Gradual rise in PWP
Typical block movements; highly variable Faster movements occur during
movement rate months with high groundwater

levels

Type Ill Movement rates at 10 mm/day; creep occurs at Relatively small seasonal

similar, continuous rates fluctuations

Type IV Episodic, very rapid movements

Movements initiated rapidly and terminates
abruptly, but static in between movement events

Peak rates more than 1-2 m/day

40-
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Figure 2.20 Schematic representation of the movement types in Tessina landslide, Italy
.. (modified from Petley.et.al.,.2005c)
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Significant progress on the understanding of accelerating landslide movements
was made by Petley et al. (2002) who identified the basal deformation mechanisms for
both linear and -non-linear landslide accelerating movement patterns revealed by the
inverse velocity (A ) against time (¢) plots (section 2.5.3). They proposed that a linear
trend in A-t space is' associated with crack growth undergoing rupture surface
formation through brittle failure mechanisms, resulting in rapid, catastrophic
movements, whereas the asymptotic trend implies ductile deformation processes or
sliding on pre-existing shear surfaces (reactivations) exhibiting steady-state
movements with rates increasing to a constant (Petley et al., 2002, 2005b, 2005c;
Kilburn and Petley, 2003; Petley, 2004, Petley and Petiey, 2006) (Table 2.8).

The proposed mechanisms were further validated by post-failure investigations
(Cooper et al., 1998; Petley et al., 2002) and revealed through PPR stress ‘path testing
(Petley et al., 2005b). A slow microscopic cracking model has also been established
mathematically in Kilburn and Petley (2003) to explain the precollapse accelerating
slope movements relating to crack growth and nucleation, expressed as:

(dx/dt)" =(du/dt),” —w(t-t,)
(Eq. 2.10)

where (dx/dt )" is the reciprocal of the rates of downslope displacement, the subscript
0 represents conditions when crack growth first dominates crack nucleation, and y is

an inverse length scale that depends on applied stress, rock properties and the length
of the crack array (Kilburn and Petley, 2003).

Similar to Eq. 2.7 (Fukuzono, 1985) and Eq. 2.9 (Voight, 1988a), failure occurs
at (dx/dt)' = 0, as velocity becomes infinitely large. This model at least partially
verifies previous proposals that a linear trend in A —¢ space indicates crack growth. In
addition, it also implies crack nucleation processes for the asymptotic trend in A -¢
space (Kilburn and Petley, 2003). Their work has provided fundamental physical
explanations for the previous empirically-based velocity-failure time relations for slope
failures (e.g. Saito, 1969; Fukuzono, 1985; Veight,.1989a): - -
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Table 2.8 Summary of the A —¢ analyses and their implications on landslide behaviour
(Extracted from Petley et al., 2002, Kilburn and Petley, 2003)

Landslide movement
styles/ patterns

Typel

Type Il

Landslide acceleration
behaviour in A—¢ space

Deformation rate

Linear trend

v

Time

Bulk movement accelerates
linearly with time

Hyperbolic growth

Exponential trend

I

v

Time

Bulk movement accelerates
exponentially with time

Increasing to a constant velocity
value

Dominant basal deformation
process

Crack propagation/growth

New cracks join together
(micro-cracking process)

Development of discrete
shear/rupture surface

Shear surface generation

Brittle failure mechanisms

Crack nucleation

New cracks remain isolated
Sliding on existing planes of
weakness

Reactivation of existing landslide
systems

Ductile deformation processes

Material behaviour

Stress-strain relationship

Brittle

Commonly occurs in
bonded or cemented
materials at relatively low
mean effective stresses

Ductile/ plastic/ non-brittle

Shown by materials with

little or no interparticle

bonding at high mean effective
stresses

Failure

~displacement = T

First-time failure

Catastrophic

Sudden and rapid

Landslide reactivation

Not catastrophic / not
intrinsically dangerous

. Continual, slow, creep-like .
movement
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The A-t revealed

mechanism in various landslide types and materials from a wide range of environments

space technique has successfully the underlying
(Petley et al., 2002) (Table 2.9) (Figure 2.21). It provides insights for the processes
occurring within a basal region of a landslide, the underlying mechanism and possibly
the effects of pore water pressure. For example, a detailed evaluation of the
inclinometer data derived from the Selborne landslide using the A —¢ technique further
revealed that the development of the rupture surfaces initiated in the midslope
(inclinometer 6, Figure 2.16a) (instead of the toe slope as suggested by Cooper et al.,
1998) and then propagated upslope and downslope leading to the final failure (Petley,
2004). The asymptotic A—¢ trend within the Tessina landslide indicated its plastic
nature and more importantly showed the close relationship between the different styles
of movements and the changing pore pressure conditions (Petley et al., 2005b, 2005c).

However, it is also noted that these findings are largely obtained from large-
scale, deep-seated landslides in temperate environments. The applicability of the A —¢
technique for small-scale, shallow landslides occurring on tropical weathered slopes is
yet to be tested. It will be particularly valuable to investigate the inter-relationships
between the highly variable pore pressures and the deformation of weathered materials
(section 2.4.1).

Table 2.9 Examples of linear and asymptotic landslide movements in A —¢ space

Landslide Material Failure Movement pattern References
location mechanism inA-t
Black Ven Foxmould First-time Linear / asymptotic  Karintzis (2005)
landslide, UK (transitional)
Selborne, UK* Gauit clay First-time Linear Petley (2004);
progressive failure Petley et al.
(2005b)
Vajont, Italy Limestone and clay  First-time or Linear Kilburn and
(1963) beds reactivation Petley (2003)
(controversial)
Abbotsford, Highly plastic, Ductile Asymptotic Salt (1985)
New Zealand* smectitic clay deformation
Giau Pass, Glacial moraine Sliding on pre- Asymptotic Angeli et al.
Italy* existing shear (1989)
surface
Kunimi, Japan*  Clay breccias Reactivation Asymptotic Shuzui (2001)
Tessina, italy* .. . Highly:-fractured- Reactivation- Asymptotic Petley et al.
molasse deposits (2005b)
Xintan, China Colluvium Unknown Asymptotic He and Wang
. (2006)

*Data reinterpreted in Petley ef al. (2002)
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Figure 2.21 Deformation patterns of landslides in A —¢ space: (a-b) linear trend (brittle failure);

(c-f) asymptotic trend (ductile failure) (after Petley et al., 2002; Petley and Petley, 2006)

2.5.5 The physical mechanisms for landslide development

Recent progress has been made in the understanding of the relationship
between the rates and styles of pre-failure landslide movements and the underlying
mechanisms. Physical theories are centred upon two themes relating to (1) progressive
failure mechanism associated with the micro-cracking process grounded in damage
mechanics (Petley et al., 2005b), and (2) the slider-block model based on the state-
and velocity-dependent frictional law (Helmstetter et al., 2004; Brickl and Parotidis,
2005; Iverson, 2005).

2.5.5.1 Micro-cracking process

-~ - Early-attempts-in-explaining-the-accelerating“creep-phase“ona physical basis’

were reviewed in Varnes (1983), who suggested that tertiary creep was largely related
to the progressive production and extension of microcracks. This appears consistent
with Cornelius and Scott's (1993) damage accumulation theory, which implies crack
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propagation as well as plasticity processes. The mechanisms involve void growth
during creep fracture by stress corrosion, and void concentration or localization
governed by power law lattice deformation. The accelerating strain is controlled by the
stress increase due to the decreasing cross sectional area of crystalline solids within
the deformed material (Cornelius and Scott, 1993). Picarelli (2000) similarly related the
increasing strain rate to the propagation of a shear zone as a result of stress
redistribution after a local soil failure.

However, the underlying mechanics for the development of progressive
landslide failure in brittle materials had not been conceptualized until Petley et al.
(2005b), who developed a new model which synthesised Bjerrum's (1967)
observations of strain weakening (section 2.5.2), the damage mechanics theories
(Main et al., 1993) and the Saito analyses (Fukuzono, 1990) associated with the classic
three phase creep behaviour (section 2.5.3).

The main idea was that the typical hyperbolic increase in strain rate in A —¢
space exhibited by the three phase progressive creep indicated a fracturing
mechanism for brittle failure in damage mechanics (Cornelius and Scott, 1993). This
involved a stress-transfer process involving a progressive loss of cohesion (De La
Cruz-Reyna and Reyes-Davila, 2001) and growth of micro-cracks (Petiey et al., 2005b).
The model has explained the pre-failure development of a landslide in four stages, with
reference to the factor of safety, the Saito linearity and shear plane development
(Figure 2.22).

Interestingly, the model also noted the increasing irrelevance of pore pressures
through the landslide development stages (Petley et al., 2005b). In the first stage
(Figure 2.22a), the variation of pore pressures triggers the growth of micro-cracks when
a critical factor of safety (depending on slope morphology and materials) is reached (i.e.
1.x). The creep strains are small and the slope is largely stable without initiating shear
surface development (Figure 2.22a). In the second stage (Figure 2.22b), the
microcracks grow to a high density and start to interact and coalesce after reaching a
critical strain leading to the formation of the shear surface within the shear zone. The
factor of safety drops further as the strength of the material decreases from the peak to
residual strength. Secondary creep prevails within the landslide mass, but can be
stopped by decreasing.pore pressure (Eigure 2:22b): The-third stage (Figure 2.22c)’is
dominated by the rapid growth of the shear surface facilitated by the hyperbolic
increase in shear stress transferred to the unsheared materials within the shear zone
due to their reduced surface area (Kilburn and Petley, 2003). The factor of safety drops
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rapidly through time. The acceleration (tertiary creep) is indicated by the linear trend in
A —t space. However, changes in pore pressure have little influence in the rupture-
surface development process which is primarily controlled by crack growth (Petley et
al., 2005b). The final failure (factor of safety equals unity) is marked by a fully-
developed shear plane surface just before A = 0 (Figure 2.22d). The rate of movement
depends on other processes such as smoothing and polishing of the shear surface
(Petley et al., 2005b).

(a) (b)
1.x 1.x
1.y
1. 1.0
2 . 2
Microfracture_—»\ /° Shear-surface
ﬁ development ﬁ development
S is Initiated A ] Is initiated A
j
w me g me
Time Time
(c) Growth of (d) Shear surface
shear surface fully developed
1. 1.x]
1.0} -evmeeenreeeemeeee M 1.
2 2
e 2 Failure
2 | Gradientofline g _ .
o steepens as shear- o Failure of
g surface formation g slope occurs
R accelerates R =
Time Time

Figure 2.22 Development of progressive failure (a-d) in cohesive materials, illustrated by the

factor of safety, shear surface formation and strains in A —¢ space (after Petley et al., 2005b)

This model provides new insights for the progressive development of rainfall-
triggered landslides. It also effectively explains the non-responsive landslide behaviour
to the changes in pore-pressure conditions based on damage mechanics (Petley et al.,
2005b). However, current explanations are largely limited to landslides in cohesive or
brittle materials. Modifications of the micro-cracking model may be required to fully
explain- the-evolution-of-laridslides Within rion-cahesive or plastic materials without
shear surface development.
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2.5.5.2 Slider-block friction model

An alternative physical explanation for the accelerating creep phase for
landslides, known as the “slider block friction model”, was initially put forward by
Helmstetter et al. (2004). This model assumed the landslide to be a rigid sliding block
over a slope surface on which the motion was governed by the friction law under a
constant gravity. It was based on the state- and velocity-dependent friction law
established from laboratory experiments. The dynamic friction coefficient (as opposed

~ to the constant Mohr-Coulomb friction coefficient) was used to replicate the yield-plastic

behaviour of a brittle material (Helmstetter et al., 2004).

The sliding block model exhibited four different regimes to explain landslide
displacements, as a function of the state- and velocity-dependent friction law
parameters, 4, B, and of the initial frictional state of the sliding surfaces denoted as

X, (Helmstetter et al., 2004). The B/ A ratio, which is a material property, indicates

that the sliding is either “always stable” (0< B/ 4 <1) or “always unstable” (>1), while the

initial state variable, X,, reveals if the sliding velocity increases (X, >1) or decreases
(X, <1) towards a constant value. The model produced good fit with the displacement

records for the Vaiont and La Clapiére landslides, suggesting that they were in the
“unstable velocity weakening” and the “stable velocity-strengthening” sliding regimes
respectively (Helmstetter et al., 2004) (Table 2.10). The predictability of the model on
the movements of the two landslides was further validated by Sornette et al. (2004),
which concluded that the Vaiont landslide could be predicted 20 days before the failure,
while the deceleration observed in the La Clapiére landslide implied a stable condition.

This model, however, does not take into account the effects of pore pres'sure on
landslide behaviour (lverson, 2005). The application of the friction law for landslides in
ductile materials without a sliding surface is also unknown (Helmstetter et al., 2004).

Table 2.10 Landslide displacement regimes based on the slider-block model
(after Helmstetter et al., 2004)

Regime Rate and state Initial frictional Sliding movements Landslide
friction ratio, state, X, example
B/ A
| >1 <1 Velocity weakening Vaiont landslide

Unstable acceleration

i < oo >1 - --Velocity:strengthening La Clapiére
Stable (constant) acceleration

I} <1 <1 Deceleration

v >1 >1 Deceleration

-47 -



Chapter 2 Literature review

More recent slider block models have considered the role of pore pressures in
addition to the variable friction effects on landslide movements (e.g. Bricki and
Parotidis, 2005; Iverson, 2005). In particular, Iverson (2005) asserted that the rates and
styles of landslide motion were dependent on the effects of the pore pressure feedback,
which was in turn regulated by the Coulomb friction through dilation or contraction
within the saturated basal shear zones. Soil properties played an important role in the
relationship between the pore pressure feedback and the landslide motion (lverson,
2005). In summary, the model suggests that the contracting shear zone of sand-rich
landslides during failure would lead to elevated pore pressure (positive feedback)
which resulted in a rapid transition from slow, steady motion to a runaway acceleration.
For clay-rich landslides, the dilation within the shear zone and the negative feedback of
pore pressure would lead to slow, steady landslide movements which might uitimately
stabilise the slope. However, the model fails to replicate the stick-slip movement
pattern (Ilverson, 2005).

Similarly, the rotational slider block model proposed by Brickl and Parotidis
(2005) cannot explain stick-slip motion during the periods of high velocities. Most
interestingly, this model suggests that the process and the velocity of deep-seated
creep in rock slopes was controlled by both subcritical crack growth and progressive
smoothing of the sliding surface (Briickl and Parotidis, 2005). Their model appears to
be largely consistent with thé micro-cracking model proposed by Petley et al. (2005b),
as both of which have been built on the concept of crack growth in damage mechanics.
However, the focus of the rotational slider block model was to understand the
relationship between the smoothing of the sliding surface and the change in stresses
due to rotation (Briickl and Parotidis, 2005). The key process for rapid failure was
attributed to a progressive smoothing of the sliding surface which facilitated crack
growth at all asperities as a result of stress concentrations. A proportional relationship
between the velocity of the rock mass movements and the velocity of subcritical crack
growth was found (Briickl and Parotidis, 2005). The smoothing process of the shear
surface, accordihg to Petley et al. (2005b), was more likely to develop at or after the
final failure of progressive landslides. '

The review of the physical mechanisms of landslide development has shown
that the latest research has advanced understanding on the rate and styles of pre-
failure creep in-theslight-of-damage mechanics=arnd-Coiilomb friction. THe ridin focus
has been on the accelerating phase of progressive failure within brittle materials on a
sliding surface. The mechanisms for landslide development on ductile materials without

a sliding surface have not been investigated in detail.
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2.6 Chapter summary

This chapter has reviewed the literature on the mechanisms of rainfall-triggered
landslides, centred upon two themes: (1) landslide mechanisms in humid tropical
environments, and (2) pre-failure movements of landslides.

The first theme of the literature review focused on identifying the unique
characteristics of tropical slope environments including the nature of residual soils, the
temporal and spatial variations of positive pore pressures, and the pre-failure slope
movements. Previous experimental approaches simulating field conditions were
evaluated in terms -of their applicability and the main findings on the deformation
behaviour.

The second theme reviewed the pre-failure movements of landslides and the
underlying mechanisms. The creep phenomenon was defined. The associated
progressive failure model (Bjerrum, 1967) and the three phase creep model (Varnes,
1983) were examined. Landslide movement patterns observed in a wide range of slope
environments in relation to pore pressure changes through the A —¢ space technique
were analysed. Previous explanatory models of the physical mechanisms for landslide
development, including the progressive failure model (Petley et al., 2005b) and the
slider-block friction model (Helmstetter et al., 2004; Briickl and Parotidis, 2005; Iverson,
2005), were assessed.

The literature review has identified the following research gaps, which will be
addressed in this research: ‘

(1) In terms of the experimental design, very few studies simulate the
actual field conditions using undisturbed samples collected from
natural hillslopes, and taking into account the variability of rainfall-
induced pore pressures by referencing the rate of change in pore
pressure in the field. The understanding between changing rates of
pore pressure and landslide movements remains poor.

(2) The strain data obtained from the laboratory simulation studies have
been under-analysed, which could have revealed the underlying
deformation mechanism through the Saito approach (Fukuzono,

i ot Fatie

. 1 990): . NERCERL TS .
(3) There is a lack of research and physical explanation on the

processes and mechanisms of shallow landslide development in

ductile materials or landslides without a sliding surface.

-49 -



Chapter 3 Physical setting of Lantau Island,
Hong Kong

3.1 Introduction

Lantau Island is chosen as the study area because it represents typical
environmental conditions favourable for the occurrence of rainfall-induced shallow
landslides in the humid tropics. Landslides occur in the steep, chemically weathered
slopes under the hot and wet climate, and are often triggered by heavy and intense
rainstorms. Previous studies have further identified the major governing factors for the
natural landslides on the island including the relief and slope gradient; geology; climate;
and vegetation (Wong et al., 1998; Dai et al., 1999a, 2001, 2004; Dai and Lee, 2002;
Franks, 1999; Ng, 2001; Zhou et al., 2002). This setting provides a context for the
understanding of landslide mechanisms on tropical slopes. Moreover, the availability of
the rainfall and pore water pressure monitoring data on largely undeveloped natural
hilislopes with high landslide frequency and density (GOL, 2002; Evans and Lam, 2003)
permits an investigation of the actual processes and mechanisms of rainfall-induced

landslide initiation, achieving the research aim.

3.2 An overview of landslides on Lantau Island, Hong Kong

Hong Kong is located in the southeast part of China (22°N, 114°E), south of
Guangdong Province (Figure 3.1). The total land area is 1104 km?, comprising Hong
Kong Island, Kowloon, the New Territories and 262 outlying Islands (HKSAR
government, 2006) (Figure 3.1). Rainfall-induced landslides occur extensively on steep
natural hillslopes. |

A total number of 26,780 natural terrain landslides occurred in Hong Kong
between 1945 and 1994, according to the Natural Terrain Landslide Inventory (NTLI)
compiled by the Geotechnical Engineering Office (GEO) (Evans, 1998; Evans et al.,
1999) (Figure 3.2). The resulting average landslide density on natural hillslopes is
approximately 38.5-39.5 per square kilometre (Evans et al., 1999), or one each year for
every 2 km? (Ng et al., 2002). These landslides are generally triggered in weathered
soils by rainstorms related to typhoons and low pressure troughs.
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from volcanic tuff. Moreover, 85% of natural landslides were initiated in granitic
saprolite in the Penny's Bay area with a landslide density of 11.2/km* (Sewell and
Fletcher, 2000). The field survey further noted that many of these weathered areas
were misinterpreted as colluvium on the 1:20000-scale (GEO, 1994b) and 1:5000-scale
terrain classification and geological maps (GEO, 1996; Sewell and Fletcher, 2000).

Colluvium is the main type of superficial deposit commonly found in valley floors
and footslopes (GCO, 1988a, 1988b). Instability of low-angle (< 15°) colluvial
sideslopes near drainage lines appears to be related to the increase of pore water
pressures during rainfall periods and a concentration of surface runoff (GCO, 1988a,
1988b). Colluvium is composed of mass movement deposits of Early Pleistocene to
Holocene age, including creep debris, rock falls, debris slides and debris flows
(Langford et al., 1995). The Pleistocene slope deposits have a stiff, mottled, reddish-
brown or white matrix with highly weathered clasts. The Holocene slope deposits are
composed of softer, light yellowish-brown, sandy silt to gravelly silty sand with
moderately weathered cobbles and boulders (Langford et al.,, 1995). In general, the
slope deposits are poorly-sorted and highly subangular in shape, and typically consist
of cobbles and boulders in a matrix of gravely, sandy silt (Langford et al., 1995). They
are highly permeable and largely unconsolidated (GCO, 1988a, 1988b).

A detailed mapping of colluvium at the landslide-prone Tung Chung area has
similar findings and further shows that the slope deposits are thin (less than 3 m thick),
characterised by the mottled nature, a relatively high bulk density (1.7-2.3 Mg/m®) and
the presence of a patina up to 50 mm thick which is likely of Late Pleistocene age
(Franks, 1998, 1999). The thick (> 20 m) and extensive accumulation of colluvial
deposits are found along the major drainage networks below the steep volcanic slopes
on the island (Langford et al. 1995; Franks and Woods, 1993; Franks, 1998). These
observations suggest that mass movement processes have been active throughout the
Quaternary period. Rockfall, however, played a limited role as talus deposits are rarely
found, except near the Lantau Peak where small accumulations of large, angular
boulders fell from the cliffs (Langford et al. 1995). '

Alluvial deposits are generally limited to the flat, low-lying areas of larger valleys
(e.g. Tung Chung, Mui Wo, Shek Pik) (Figure 3.3) with small patches on the hillsides
due to the steep; rugged-terrain of the island-(Langford et al., 1995). The déposits are
grey to yellowish-brown in colour and generally semi-sorted to well-sorted downstream.
The pre-dominant particle size of the alluvium depends on the parent rock, where

volcanic rocks tend to derive clayey, clast-rich deposits, and granitic rocks produce
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more sand-size material (Langford et al., 1995). Upper Pleistocene alluvial deposits
may also form fluvial terraces. An example can be found at Tung Chung Valley where
the extensive Pleistocene alluvial terrace is about 400-500 m wide and 2000 m long,
reaching an elevation of about 20 m. The Holocene alluvium is more low-lying (about
10 m), and is confined to the recent stream networks that are incised up to 7 m into the
Pleistocene terraces (Langford et al., 1995).

Beach deposits, composed of mainly uniform medium to fine-grained sand, are
confined to the sheltered inlets and bays along the Lantau coastline (GCO, 1988a,
1988b; Langford et al., 1995). They form many long, narrow sandy beaches especially
along the south coast of the island, such as Cheung Sha, Pui O, Discovery Bay and
Silver Mine Bay (Figure 3.3). Cheung Sha is the longest sandy beach in Hong Kong
which extends for almost 3 kilometres, comprising clean, pale yellow sand up to 50
metres wide (Langford et al., 1995). The headlands prevent the sediments from being
transported or eroded away by incoming waves or currents from the South China Sea.
However, the size and width of beaches are not large because of the limited supply of
local sediments from rock weathering and erosion due to the small scale of the surface
drainage systems on the island. Marine sediments Such as shell fragments can be
found at more exposed coasts which are composed of pebbles, cobbles and boulder-
sized deposits (Langford et al., 1995).

3.5 Climate

The climate is sub-tropical and monsoonal, characterised by hot, wet summers,
and cool, dry winters. These can be illustrated by the annual distribution of rainfall and
temperatures during the time period between 1971 and 2000 (Figure 3.8). The mean
annual rainfall was 2281 mm and the average monthly temperature was 23.1°C.
However, most of the rainfall and the highest temperatures were unevenly distributed
throughout the year, with the monthly mean rainfall ranging from 24.9 mm (in January)
to 444.6 mm (in August) and the monthly mean temperatures between 16.1°C (in
January) and 28.7°C (in July) (HKO, 2003).

The rainfall amount and temperatures are slightly lower and highly seasonal
comparing with other humid equatorial areas (Figure 3.9, Table 3.1). The seasonality is
mainly driven by-the monsoon system: associated=with-the summer heating and winter
cooling of the Asia mainland. The temperature contrast between the land and sea gives
rise to the cold, dry, north to northeasterly winds from mainland China, and the warm,
moist, southerly or southwesterly winds from the Pacific (Chin, 1986, Fyfe et al., 2000).
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Table 3.1 Rainfall and temperature characteristics of Hong Kong in comparison with humid
equatorial regions (after NMHSs, 2007)

Location Data Annual rainfall Minimum daily Maximum daily
period (mm) temperature (°C) temperature (°C)
Hong Kong 1971-2000 2281 14.1 31.3

(22.11°N, 114.14°E)

Kuching, Malaysia 1971-2000 4117 22.9 32.7
(1.32°N, 110.20°E)

Singapore 1961-1990 2150 23.1 31.7
(1.17°N, 103.51°E)

Libreville, Gabon 1961-1990 2842 218 30.2
(0.25°N, 9.26°E)

Georgetown, Guyana  1961-1990 2260 23.5 30.8
{6.46°N, 58.10°W)

Summer (the wet season), from May to September, accounts for 80% of the
annual rainfall with the monthly mean ranging from 287.5 mm (in September) to 444.6
mm (in August) (HKO, 2003). The large amount of rainfall is mainly brought by
typhoons and low pressure troughs. The mean monthly temperatures in this wet period
are often above 25°C, with the maximum daily reaching the highest at 31.3°C (in July)
(HKO, 2003) (Figure 3.8).

In winter (the dry season), from October to April, the mean monthly rainfall
records are usually much lower. In the period 1971-2000, the mean monthly rainfall
was between 24.9 mm (in January) and 151.9 mm (in October) (HKO, 2003). The
average monthly temperature during this dry period was 19.8°C, with the highest and
lowest monthly average at 16.1°C (in January) and 25.3°C (in October). The daily
minimum was at 14.1°C in January (HKO, 2003) (Figure 3.8).

The seasonally hot and humid climate favours active chemical weathering
processes such as oxidation, hydration, hydrolysis and solution of rock minerals which
contribute to the formation of a deep soil profile (section 3.4). Physical disintegration of
rocks, such as exfoliation, by repeated wetting and drying is also noted (Fyfe et al.
2000).
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Table 3.2 Landslide triggering rainfall events reported on Lantau Island

Rainstorm  Maximum rolling Rain Study Landslides References
rainfall (mm) gauge* area triggered
1hr 122 hr 24 hr
14-15 June 308.9 RO1 North Widespread Franks, 1999
1959 Lantau landslides on thin
vegetated slopes
18-19 186.8 RO1 North Many landslides Franks, 1999
August Lantau occurred on the
1972 hillsiopes, northeast
(Typhoon and east of Tai Po
Betty)
28-29 May 44 3943 RO Lantau 233 landslides Franks, 1998;
1982 Istand Dai et al. 2004
17 June 346.7 ROt Lantau 151 landslides Franks, 1998;
1983 Istand Dai et al. 2004
18-19 July 115 4235 454 N17 Lantau 263 landslides / Franks, 1999;
1992 Island /  multiple high mobility = Evans and Lam,
Tung shallow failures to the  2003; Dai et al.
Chung south of Tai Po, north 2004
East Lantau
4-6 Nov 114 579 742 N17 Lantau 838 shallow Brand, 1994;
1993 Island landslides on Lantau Wong and Ho,
(Typhoon island (about 600 of 1995; Wong et
Ira) which occurred on al., 1997, 1998;
natural hillslopes) Dai et al., 1999a;
Franks, 1999,
Evans and Lam,
2003; Dai et al.
2004; Lan et al.
2005
22-27 Aug 54.5 205 310.5 N17 Tung Shallow, low-mobility = Evans and Lam,
1999 Chung slab sliding to 2003
(Typhoon East moderately-sized high
Sam) mobility slump type
failures
6-8 July 32/ 208/ 2545/ R1/R2 Tung Minor single high Evans and Lam,
2001 27 196.5 2425 Chung mobility shallow 2003; Lan et al.
(Typhoon East failure 2005
Utor)

* Rain gauge location: N17 at Tung Chung; R1/R2 at Tung Chung East; R01 at Kowloon
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These presumably landslide-triggering rainstorm events at Tung Chung and
other parts of the island are associated with a maximum 24-hour rolling rainfall of at
least 200 mm (Table 3.2). This appears to be consistent with the minimum natural
terrain landslide threshold suggested by Evans et al. (1999). The rainstorm-associated
hydrological conditions on natural hillslopes are spatially and temporally variable
(section 2.4.1.2) (Figure 2.5). Shallow piezometer records (< 3 m) at the Tung Chung
east area showed that intense short-period rainfall generally led to rapid and positive
groundwater responses near the ground surface. Full saturation of the surface layer
(about 1 m) and seepage pressures were observed. In contrast, rainfall of a longer-
duration mainly affected greater depths of regolith with a slower groundwater response
(Evans and Lam, 2003). However, the rainfall-landslide relationship is largely uncertain
as the actual timing of the landslides is unknown and the hydrological conditions within
the natural hillslopes leading to and during the failure have not been identified.

Hydrogeological studies further suggest that the regional groundwater table in
norfh Lantau lies within the slightly to moderately weathered rock (50-90%
unweathered rock) or within the saprolite (less than 30% unweathered rock) (Franks
and Woods, 1993; Franks, 1998, GEO, 2000). During or after intense rainfall, transient
perched water tables are also observed at the interface between the saprolite and the
more permeable colluvium deposits (Franks, 1998, 1999). In south Lantau,
groundwater flow in the bedrock is concentrated in open and closely-spaced joints and
fissures by sheeting or conduit flow (GCO, 1988b). However, groundwater flow in
superficial deposits, such as colluvium, appears to have been affected by piping as
observed on the western coast of (the former) Penny’s Bay (Franks and Woods, 1993)
and the colluvial footslopes in south Lantau (GCO, 1988b).

Heavy and prolonged rainfall also supplies water for the numerous small and
ephemeral streams which deeply dissect the hillslopes (Franks, 1998, 1999). Dai and
Lee (2002) further noted that landslide frequency éenerally increased as the distance
from the drainage lines became shorter. This could be related to the extension and
expansion of drainage network development (Yau, 2001). The rainfall associated
stream discharge has been described as “flashy” reaching a peak in a short time in the
steep catchments in south Lantau with thin soils and high drainage density (GCO,
1988b). The catchment size over Lantau varies from less than 1 km? to about 11.2 km?
(Tung Chung south catchivierit) and the catchimierits have a dendritic drainage pattérn
(GCO, 1988a, 1988b).

- 66 -









Chapter 3 Physical setting of Lantau Island, Hong Kong

3.7 Chapter summary

Lantau Island has been chosen as the study area as it represents the typical
environmental setting in the humid tropics which favours the occurrence of rainfall-
induced fandslides. The availability of rainfall and pore pressure monitoring data on the
landslide-prone hillslopes at Tung Chung further allows an investigation on the rainfall-
triggered landslide initiation processes to achieve the research aim.

This chapter has described the characteristics of landslides on the island and
the landslide governing factors including relief and slope gradient, geology, climate and
vegetation. In overview, most landslides on Lantau occur on moderately steep,
weathered volcanic, vegetated slopes of 30°-40° at mid-elevations triggered by intense
rainstorms with 24-hr rainfall of more than 200 mm. Previous studies have provided
background information on the environmental controls of the natural landslides on the
island. However, a process approach is fundamental towards the understanding of
landslide movement behaviour.

-69 -



Chapter 4 Methodology

4.1 Field sampling

4.1.1 Site selection

The selection of landslide sites on Lantau was based on the following criteria:

(i) Representativeness—the selected landslide sites should represent the
typical conditions of landslide occurrence under tropical environments: triggered by
rainfall on intensely weathered soil slopes within the tropics, upon which this research
is primarily focused. Weathered natural slopes, which have the highest density of
rainfall-induced landslides (Evans et al., 1999), have been considered.

(i) Natural landslides—only landslides on natural hillslopes were selected to
allow examination of their natural mechanisms. Man-made slope failures were not
included.

(i) Accessibility—the selected landslide sites should be accessible in
consideration of safety of the field workers. In addition, the sites should render
collection and transportation of the soil samples feasible.

(iv) Recent landslides—soil samples of recently occurred landslides should be
less affected by soil erosion. The landslides chosen on the island were based on the
latest landslide inventory (1999-2002) available from the Hong Kong Geotechnical
Engineering Office (Figure 3.3).

Two sites were selected on Lantau Island, namely Tung Chung (TC), located at
22°17'N, 113°57°E and Pui O (PO), at 22°15’N, 113°57’E. Both landslides occurred on
natural tropical slopes formed from intensely weathered volcanic soils, triggered by
rainstorms in year 1999 (Figure 3.3). They were chosen also because of their good
accessibility using hiking trails.

4.1.1.1 Tung Chung (TC) site

The Tung Chung (TC) landslide site is located in a small gully on a hillslope
adjacent to the North Lantau Highway, east of Tung Chung (Figure 4.1). The slope
angle is about 30°. The main vegetation cover is grass with scattered bushes. The
landslide scar dimension is about 20 m wide, 27 m long and less than 2 m deep, with a
runout of 33 m in length (Figure 4.1). The elevation of the head scarp is at 38 m and
the toe of the runout is about 17 m above sea level. The cross section of the landslide
shows that it has involved mainly highly or completely decomposed weathered tuff
(Grade V/V) (Figure 4.2). The study undertaken by Evans and Lam (2003) further
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indicates that the landslide mass at the main body is composed of topsaoil, colluvium
and Grade V ash tuff which can be best described as sandy/clayey silt, based on the
trial pit (up to 3 m deep) and Mazier sample records. The landslide was probably
triggered on August 22-27, 1999 during the rainstorm brought by Typhoon Sam, based
on aerial photo interpretation and ground observation (Evans and Lam, 2003).

TC sito

LANTAU ISLAND

Landslides (Year 1999)

b4  Cross section

..... Hiking trail
[ Soil sampling (bulk sample)
A Standpipe A6 (Mazier sample)
a Trial pit TP1 0

Figure 4.1 Location of the Tung Chung (TC) landslide site, Lantau Island
(modified from Evans and Lam, 2003)

501

401

307

Elevation (m)

~
201 Grade Il

~
10 \\Erad\eIVN
\\\
0 T L] L} Ll T L] T L

0 10 20 30 40 50 60 70 80 90

e . o e e LR T T gt B e e S e AT~ T 3

Distance (m)

Figure 4.2 Cross-section of the TC landslide showing the distribution of colluvium and the

weathering grades of rocks in the area (modified from Evans and Lam, 2003)
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4.1.2 Sampling method

Soil sampling was undertaken at the main scarp or the head of the exposed
landslide slope at a depth of about one metre (Figures 4.5, 4.6). This position was
chosen for three main reasons. Firstly, the soil at the main scarp is the least affected by
landslide movement, as compared with the main body or the toe of the landslide where
disturbance by transportation and deposition of the displaced soils have occurred. The
relatively undisturbed soils fronﬁ the main scarp allow closer simulation of the pre-
failure slope condition. Secondly, the exposed, nearly vertical soil surface provides a
natural pit for soil sampling. The samples can be readily taken by hand-carving using a
trowel after removing the surface soils with a spade, which minimises the disturbance
of soils as opposed to pit excavation by heavy digging. Thirdly, samples collected at a
depth of about one metre, which is composed of intensely weathered soils without
signs of discontinuities, represent a common location of shallow landslide occurrence.
Soils at shallower depths are not considered as they are more likely to be disturbed by
vegetation roots and other organic processes.

Both undisturbed (in blocks) and disturbed (loose) samples were collected from
the landslide scar at the TC and PO sites in late May and early June 2004 (Figure 4.6).
At each sampling site, a total of 40 undisturbed hand-cut soil samples of a size twice as
large as the testing requirements (38 mm in diameter and 76 mm in height) were taken.
The disturbed samples were used for the physical property tests.

(a) Section view (b) Plan view

Crown

Vegetation . R
Main scarp (sampling location)
About

1 mdeep Crown

Displaced debris material

Main scarp

Sampling Minor scarp

location N \\—— Original slope surface

% \ Displaced debris material

Debris trail
(mainly transportation)

Toe
(mainly deposition) .

Figure 4.5 Location of soil sample collection at the main scarp of a typical landslide on Lantau

Island: (a) section view; (b) plan view (modified after Franks, 1999)
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4.1.3 Sample preservation, transportation and storage

The undisturbed samples were initially trimmed and wrapped in several layers
of “cling film” to preserve the moisture content immediately after they were extracted
from the site. The sample orientation was recorded so that the soil sample could be put
in the same position as in the field during laboratory testing. The disturbed samples
were put into sealed polythene bags.

Each undisturbed sample was cushioned by bubble foam and placed in an air-
tight and water-proof plastic box to minimise disturbance during carriage. For transport
by sea freight, the undisturbed samples were further wrapped by additional layers of
bubble foam and packed into card board boxes with shock-absorbent sponge.

Upon arrival to Durham University, the samples were stored in the fridge at a
constant temperature and humidity until required for laboratory testing.

4.2 Laboratory testing

The purpose of the laboratory tests was to simulate the conditions of the
rainfall-induced natural landslides during the development of failure. The experimental
programme involved three test stages: (1) characterisation, (2) conventional isotropic
consolidated undrained (ICU) and drained (ICD) triaxial testing and (3) pore pressure
reinflation (PPR) tests. |

4.2.1 Stage 1: Physical property tests

Standard classification tests were undertaken to determine the physical
properties of the collected field samples. A representative mass of samples from the
two sites was defined by assessment of soil grouping before testing (BSI, 1990a),
including particle size analysis (distribution of gravel, sand, silt and clay in percentage),
specific gravity, loss on ignition and the Atterberg limits. The water content, void ratio,
bulk density and dry density of each undisturbed sample were further determined
during triaxial testing (Table 4.1). In some of the physical property tests, special
procedures for tropical soils are required during the soil preparation stage. The
modified details and the justifications are described in Table 4.2.
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Table 4.1 Basic physical properties of soil and the related test methods

Properties  Measurements / Descriptions Test method used
Particle size Expresses the different size grades of particles in a soil in Coulter™ particle size method
analysis terms of percentages, by weight
Specific Ratio of soil weight to an equal volume of water BSI,1990b: 8.3
gravity (Small pyknometer method)
Loss on Indicator of organic matter content BSI ,1990c: 4.3
ignition
Atterberg Consistency limits describe the four states (solid, semi- BS!,1990b: 4.3
limits solid, plastic, liquid) of cohesive soils depending on their (Cone penetrometer method
moisture content, while the boundaries between these for liquid limit)
states are referred to as the shrinkage limit (SL), the plastic BSI ,1990b: 5
limit (PL) and the liquid limit (LL). (Plastic limit)
Water Ratio of mass of water to mass of solids / the amount of BSI ,1990b: 3.2
content water contained in a soil ‘ (Oven-drying method)
Void ratio Ratio of volume of voids to volume of solids
Bulk density Ratio of total mass of soil to total volume BSI ,1990b: 7.2
(Linear measurement method)
Dry density  Mass of the solid particles divided by the total volume BSI ,1990b; 7.2.5
(calculated from bulk density
with known moisture content)
Table 4.2 Special procedures taken for the residual soil samples
-Test Special procedures taken Rationale
Particle 1. Pretreatment of the soil by 1. High temperature can cause residual soils to
size oven-drying at 105°C was not form aggregations (Chen, 1996). The structure
analysis carried out, but was tested in its and physical behaviour of tropical residual soils

Specific
gravity

Plasticity
tests

Moisture
content

natural state.

2. Chemical pretreatment of soil by
hydrogen peroxide was avoided.

3. . Wet-sieving was replaced by
using the Coulter™ laser
diffraction particle size analyser.

Oven-drying at 45°C instead of 105°C
in soil preparation

Soil was mixed for at least 40 m}ins'

instead of 10" ins before testing

Determined at the lower temperature
of 45°C. However, comparative tests
at 105°C were also undertaken.

may be altered by drying (Fookes, 1997).
Irreversible changes take place when dried at
105°C or even when air-dried (BSI ,1990a).

2. The pre-treatment of soil samples for organic
matter is unnecessary for most Hong Kong
soils (Chen, 1996)

3. Enables a continuous particle size distribution
curve from sand to clay size particles to be
plotted.

Oven drying may change particle density due to loss
of water of hydration (BSI ,1990a) for residual soil

To obtain reliable results for residual soils
(BSF900b) -

Residual soils in Hong Kong contain minerals with
water of hydration, or 'structural' water, which will
release when the temperature exceeds 50°C. (Chen,
1996; Fookes, 1997)
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4.2.2 Stage 2: Isotropic consolidated undrained (ICU) and drained (ICD)
triaxial testing

The main purpose of the isotropic consolidated undrained (ICU) and drained
(ICD) tests is to provide a standard and comparable reference for the design of the
reinflation test (Stage 3). This is achieved through constructing the Mohr-Coulomb
envelope or the failure envelope, which is derived from at least three ICU and ICD tests
respectively carried out at different confining pressures. With reference to the failure
envelope, the initial stress conditions (i.e. before failure) of the reinflation test can be
designed, and the failure conditions can be compared after the test.

In addition, the ICU and ICD tests are also used to determine shear strength
parameters including the effective frictional angle (¢') and the effective cohesion (c'),

stress-strain soil behaviour and provide information on pre-failure strain development
which reveals how the samples fail under conventional tests (and how different this

process is compared with the reinflation tests).

4.2.2.1 Test equipment

The soil samples underwent saturation, consolidation and compression in a
hydraulic triaxial stress path cell apparatus (Figure 4.7). The key difference between
these two standard triaxial tests lay in the compression phase, in that drainage was not
permitted for the undrained tests.

The triaxial stress path system is manufactured by ELE International, based on
the design of Bishop and Wesley's (1975) hydraulic stress path cell developed at
Imperial College, London. The pressure system is controlled by a motorised
compressed air system, consisting of a constant rate of strain (CRS) pump, motorised
cell pressure (CP), back pressure (BP) and ram pressure (RP) regulators and three
corresponding bladder type air-water pressure cylinders. The cylinders could provide
more immediate response and maintenance of pressures during sudden failures than
the GDS pressure-volume controller (Junaideen, 2005). The working pressure of the
motors and the cylinders ranges from 0 to 1000 kPa. The compressed air is supplied
from a compressor tank manufactured by Fini. The compressor has a maximum
capacity of 1000 kPa and is regulated by the air motors before entering to the bladders
to provide pre's‘s:ufiréed water for the stress path Cell.

The triaxial stress path system is capable of performing both strain rate
controlled (ICU, ICD tests) and stress rate controlled (PPR) tests at positive total and
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effective stresses for 38 mm diameter samples. The stress path cell can support lateral
pressures ranging from 0 to 1000 kPa and is fitted with a stationary 4.5 kN submersible
load cell measuring the axial load. Axial load can be applied to the sample through a
piston fixed to the pedestal, of which the vertical movement can be controlled by the
ram pressure in the bottom pressure chamber (Figure 4.7). The rolling diaphragm
which separates the upper cell and the bottom pressure chamber minimises the effects
of piston friction upon loading (Menzies, 1988). The axial strain of the sample is
measured by the displacement transducer (0-50 mm range), also known as the “linear
variable differential transformer” (LVDT) (Head, 1998: 94), on the extension rod of the
cross arm attached to the moving piston (Figure 4.7). The volume change transducer,
which is of a rolling diaphragm type and measures the movement of water in the back
pressure line, has a maximum capacity of 80 cm® and is readable to 0.1 cm® under the
working pressure up to 1700 kPa (ELE, 2004).

The measurements of the changes in pressures (CP, BP, RP and pore
pressure), displacement, load, and volume change are conducted by the transducers.
The maximum capacity of the CP, BP, RP and PP transducers is at 700 kPa. All of the
transducers are energised by a stable electric supply at 10 V d.c. and their electric
output signals (in voltage) are amplified and read by the ELE autonomous data-
acquisition unit (ADU). The 8-channel ADU (one of them is a spare channel) forms the
key part of the ELE stress path control system that directly controls the CRS pump and
the CP, BP, and RP motors.

The computer software package used for the data acquisition and control of the
stress path triaxial tests was TRIAX version 4.2, developed by Dr. David Toll of the
Geotechnical Systems Group at Durham University (Toll, 1999, 2002). The program
ran under Microsoft® Windows 98 and provided a display on screen for the transducer
readings, data logging and storage at regular time intervals (a minimum of every 10
seconds) as well as the automatic/manual control over the BP, CP, RP and CRS pump
devices through user-defined equations and tolerance band. Tolerance values were set
at +/-0.5 kPa for the pressure controllers (i.e. CP, BP, RP), and +/-0.01 mm for the
CRS pump which were found to be suitable for the ELE stress path system without
overshooting for the target value.

The de-aired water required for the triaxial testing was supplied by the ELE de-
aired water apparatus. The apparatus is a self-contained unit with its own electrical and
water supply that consists of an upper assembly (the control panel), a suction pipe and
a water tank with a maximum capacity of 15 litres. The water stored in the tank was de-

-78 -



Chapter 4 Methodology

aired and maintained through continuous vacuum generated by the internal pump
above the water level.

Calibration of transducers was performed using the calibration program in
TRIAX 4.2. The best-fit (linear) line for the calibration data of each transducer including
two coefficients and the maximum percentage error (the maximum deviation from
linearity) were calculated by the TRIAX program using the regression function, or (for
the new load cell) entered manually to the program with reference to the calibration
records supplied by ELE International. The coefficients were stored in the program to
provide corrected display of transducer readings during the stress path tests.

The PP, CP, BP and RP transducers were calibrated against a GDS digital
controller which could control pressure to 0.5 kPa with measurement resolved to 0.2
kPa at pressures ranging from 0 to 2000 kPa (Menzies, 1988). The pressure
transducer reading (in kPa) was set to zero against the atmospheric pressure, followed
by an application of three cycles of pressure changes. In each cycle, the pressure was
increased successively to 50, 100, 200, 400, 600 kPa within the working range and
then decreased to 300, 150, 74, 37, and 10 kPa. A total of 31 data points (including the
zero point) were recorded for each transducer. The linear coefficients (R?) for the PP,
CP, BP and RP transducers were >0.9999 and their maximum percentage error were
0.26%, 0.14%, 0.11% and 0.46% respectively.

The calibration for the original load cell was carried out manually using a hanger
by adding or reducing squares of slotted cast iron of known dead weight of about 10 kg
each (measured up to 0.01 N using a balance) at a range from 0-700 N for three cycles
(46 data points). The linear coefficient (R was 0.9997. The new load cell (which
replaced the original) was calibrated by the ELE International. The linear coefficient (R?
was 0.9999 with the maximum percentage error at 0.37%.

The displacement transducer was calibrated against a dial gauge (maximum
travel at 50 mm, measured up to 0.01 mm). The calibration range for the transducer
was from 10.00 to 41.00 mm (98 data points, measured in every 2.00 mm). The linear
regression coefficient was 1.000, with the maximum percentage error at 0.25%.

The volume change transducer was calibrated by weighing the de-aired water -
moving out of the transducer (measured up to 0.01 ml) between 45 and 65 ml of piston
travel in upward and downward directions respectively. The calibration file was
unfortunately not recorded in TRIAX.
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4.2.2.2 Soil preparation

To prepare for the triaxial tests, the undisturbed soil samples were trimmed to
38 mm in diameter and 76 mm in height using a straight-edged knife, wire saw and
scalpel. The TC samples were trimmed in a hand-operated soil lathe. For the PO
samples with larger particles, the trimming process was aided with a cylindrical
aluminium split mould of the required dimension. Three of them, however, were slightly
damaged (cracked) including POD14, POD16 and POD17. The trimmings were
weighed for the moisture content analysis. The diameter and the height of the trimmed

samples were measured using a calliper (up to 2 decimal places, in millimetres).

4.2.2.3 Saturation

Saturated tests were performed to simulate the nearly and fully saturated soil
conditions at shallow depths during a rainstorm on tropical slopes (section 2.4.1.2). The
saturated state was also justified based on the field monitoring data at Tung Chung
East because no failure occurred at the site even though the pore pressures were not
positive (Evans and Lam, 2003). Moreover, saturation could eliminate the unnecessary
complication of the pore air pressure which differs from the pore water pressure (Head,
1998).

Full saturation was achieved using three steps. Firstly, each sample was
flushed very slowly with carbon dioxide for at least one hour. Subsequently, de-aired
water was introduced .to fill the pore air voids. Thirdly, cell pressure and back pressure
were increased simultaneously until the pressures reached 210 kPa and 200 kPa
respectively to dissolve the CO, into solution. A positive effective stress of 10 kPa was
maintained throughout the saturation process to avoid sample swelling. The pressures
were kept constant overnight until the Skempton’s pore pressure parameter (the B -
value) (Eq. 4.1) was equal to or greater than 0.95 (BSI, 1990d):

_du

B=
oo,

(Eq. 4.1)
where 6u is the increment of pore water pressure (in kPa);

do, is the increment of normal stress (in kPa);

B is the Skempton’s pore pressure parameter.
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4.2.2.4 Consolidation
The consolidation process was then undertaken on the saturated samples by
the application of isotropic confining pressure (o, = o, =0, ). The aim of consolidation is

to bring the soil samples back to the field stress state associated with the weight of the
overlying and surrounding soil material at original sample depth.

This research consolidated the samples at effective stresses ( p' ) between 50

and 200 kPa, with a large majority being tested at 200 kPa with regard to the functional
capacity of the triaxial cell. Low effective stresses of up to 200 kPa were considered
appropriate to simulate shallow landslide conditions in residual soils (GCO, 1982,
1988b; Brand, 1985, 1995; GEO, 1994a). Recent experimental studies on shallow
rainfall-induced landslides undertaken in Hawaii (Zhu and Anderson, 1998) and Hong
Kong (Dai et al., 1999a) have applied effective confining pressure at a range from 10 to
60 kPa.

Standard isotropic consolidation was conducted by ramping the cell pressure
from 210 kPa to a desired value at the rate of 1 kPa/min while the back pressure was
kept at 200 kPa. Isotropic consolidation is justified for practical purposes, as the resuit
is similar to the Ko consolidation (o,', o,'=K,0,') (Brenner et al., 1997). Consolidation
was completed when there was no further significant volume change, and the excess
pore pressure due to the applied stress was dissipated (BSI, 1990d).

During the isotropic consolidation process, the coefficient of consolidation (c,, )
and the coefficient of volume compressibility (m,,) were calculated to determine the

value of the coefficient of vertical permeability (4 ). This value was used for comparing
the degree of permeability in the TC and PO samples.

The coefficient of consolidation, ¢, can be obtained (BSI, 1990d) by:

vi!

165D

vi

m?/year
thO

(Eq. 4.2)
where D, is the diameter of the sample after consolidation (in mm);
A = 4, which is the coefficient for consolidation with drainage from both ends;
and a sample length:diameter ratio of 2:1;

1 I8 the time for theoretical 100% consolidation (in min).
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The coefficient of volume compressibility, m,, is calculated (Head, 1998) from:

vi?

_AV. 1000 omaN

"V, Ao’

m

(Eq 4.3)
where AV, is change in sample volume during consolidation (in cm?®);
v, is the sample volume at the beginning of consolidation (in cm®);

Ac' is the change of effective stress during consolidation (in kPa).

With these two consolidation parameters, ¢, and m,,, the coefficient of vertical

permeability, k, can be determined by the equation:

k=031c,m,x10" m/s
(Eq. 4.4)

4.2.2.5 Undrained and drained compression

After consolidati‘on, the sample was either subjected to undrained or drained
shear compression at a constant axial strain rate (strain-controlled compression). For
undrained testing, the sample was sheared at approximately 0.1% of the initial axial
length per minute until failure (typically when the axial strain reached 30%). For
example, the calculated strain rate of drained shear for samples of 76 mm in height
was approximately 0.076 mm/min. This slow rate of axial deformation was applied to
ensure adequate equalisation of excess pore pressures (BSI, 1990d). No drainage was
allowed during undrained shear. For drained tests, the applied strain rate (in mm/min)
was slower at 0.01% of the initial sample length per minute as drainage was permitted.
These tests were performed to define the sample failure envelopes under undrained
and drained conditions, as a reference for-the design of the pore pressure reinflation
" tests.

4.2.3 Stage 3: Pore pressure reinflation (PPR) tests

The pore pressure reinflation (PPR) test was designed to simulate the actual
rainfall-induced landslide initiation process in the field by keeping the total normal
stress and the shear stress constant while increasing the pore water pressure (Figure
4.8). These stress-controlled tests aimed to examine the strain development of the soil
samples in response to changes of pore water pressure. The rates were chosen with
reference to the field pore pressure monitoring data available on Lantau Island, Hong
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Kong (Evans and Lam, 2003). The displacement data under each of the specified
increasing rates of pore-water pressure (i.e. linear, stepped and logarithmic) were
logged during the reinflation. It should be noted that the axial strains, probably
replicating the vertical slope movements in the field, could be accurately and directly
measured by the triaxial stress path system using the displacement transducer.
Although shear strain could indicate the actual deformation in the shear zone of a
landslide, it could only be indirectly estimated, as the radial strain gauge was not

available in the standard triaxial testing system.

For the reinflation tests, the saturation and consolidation phases were the same
as the conventional tests described above in 4.2.2.3 and 4.2.2.4. However, they were
followed by drained initial shear (DIS) phase until reaching the desired deviatoric stress,
q , which represented the pre-failure slope condition below the maximum sample

strength. The chosen effective stress after drained initial shear, p', , and deviatoric

dis *
stress, ¢, were 233 kPa and 100 kPa respectively for most reinflation tests. These
values represent a soil depth of approximately 20 m with a gradient below 35°. The
p'; Vvalue will overestimate the field stress condition of the samples collected at about
1 m depth and results in overconsolidation. However, the selection of the high p',
value was justified to minimise the “noise” due to the high working range of the triaxial
stress path system (with a 4.5 N load cell). At this point, (p',.,q ), the pore pressure
was increased at the designed rates under constant deviatoric stress until failure

occurred (Figure 4.8).

- Failure envelope
o (defined by ICU, ICD tests)
m" )
3 Pore water pressure increase at
,.;. constant deviatoric stress
o ."4“_ - - — (P4 = 233 kPa,
s | - Reinflation q = 100 kPa)
- o
©
- Y Drained initial shear
']
Q 00000
O = = = = = e e = = = (p’. = 200 kPa,
Isotropic consolidation q= 0 kPa)

Mean effective stress, p’

Figure 4.8 The concept of the reinflation test
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4.3.1.1 Processing of rainfall data

The rainfall records, based on tipping bucket rain gauges (threshold at 0.5 mm
of rainfall), were aggregated into hourly rainfall to allow comparison with the hourly
pore pressure data. Based on the processed data, a rainstorm was empirically defined
as a rainfall intensity of over 30 mm/hr for at least one hour. A total of twelve rainstorms
were identified. In each case, the maximum rainfall intensity, total rainfall and rainfall
duration were calculated (Table 4.4). The data represent the rainfall characteristics
related to the maximum pore pressure increase for eight of the piezometers. Data for
piezometers SP7 and SP8 have not been included due to equipment failure (GOL,
2002).

Table 4.4 Rainstorm characteristics during the monitoring period, at Tung Chung East, Lantau

Island (compiled from Evans and Lam, 2003)

No. of Rainstorm Overall rainfall characteristics*
rainstorm period Max intensity Total amount Total duration
(Year 2001) {mm/hr) {mm) (hr)

R1 R2 R1 R2 R1 R2
1 Mar 25 445 6.5 60 8 3 2
2 May 21 39.5 11.0 51.5 16.5 3
3 June 8 315 15 50.5 21 7 3
4 June 10-11 82 88.5 209.5 198 17 13
5 June 27 31 325 164.5 169 14 16
6 July 6-7 49.5 435 253 242 20 20
7 July 13 33.5 38.5 62.5 73.5 3 3

8 July 15 75 75 182.5 181.5 10
9 Aug 29-30 325 36 105 133.5 10 19
10 Sept 1-2 51 44 2125 200 15 14
11 Sept 5 36.5 335 105 104.5 13 13
12 Oct 4 30.5 28 42 39 2 2

*Data derived from rain gauges R1 and R2
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4.3.1.2 Processing of pore pressure data

The rate of rainfall-induced pore pressure increase from each piezometers (in
kPa/hr) was calculated and classified into three scenarios: "Scenario A": pore pressure
increases from an initially positive value; "Scenario B": pore pressure increases from
an initial negative pore pressure (suction) to a positive pore pressure; or "Scenario C":
pore pressure increases, but remains negative. In each of the scenarios, the highest,
lowest and mean rates of pore pressure increase were reported (Table 4.5).

The maximum rate of pore pressure increase in the twelve rainstorms regarding
Scenarios A, B and C were 8.4 kPa/hr, 9.1 kPa/hr and 32.4 kPa/hr respectively (Table
4.5). The minimum recorded rate of pore pressure increase was 0.6 to 0.7 kPa/hr. This
was related to the resolution of the piezometers, which was 0.65 kPa (GOL, 2001). it
was perhaps not surprising to find that the shallow piezometers (SP5, SP8 and SP10)
(less than 2 m deep) experienced the highest pore pressure increases. In contrast, the
deep piezometers (SP2, SP6 and SP9) (at 3 m depth) were relatively unresponsive to
rainfall.

Interesting patterns of increasing pore pressure during the rainstorms were also
identified. Qualitatively, the increase rate was generalised as “rapid”, “stepped” and
“zero” / “gradual” (Figure 4.10).

Curve-fitting by the best regression line was undertaken to identify the closet
function (i.e. linear, logarithmic, exponential, power) that may describe the trend of the
variability of the field pore pressure increase over the rainstorm period. Both linear and
non-linear trends of a total of 36 sets of Scenario A data, which recorded more than
two hours of consecutive pore pressure increase, were identified as a reference for the
reinflation tests. The analyses involved all the data points from each dataset that
recorded the pore water pressure over time. The regression results showed that a
logarithmic trend was dominant, comprising half of the data series. This was followed
by the linear, exponential and power trends (Figure 4.11, Table 4.6).
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Table 4.5 A summary of the rate of pore pressure increase during rainstorms based on Scenarios A, Band C

Pore pressure
increase

General pore pressure
i
Maximum
Minimum
Mean
Scenario A: Positive to
N
Maximum
Minimum
Méhn

N
Maximum
Minimum

Mean

N
Maximum

Minimum

SP5 SP8 SP10 SP1 SP3 SP4 SP7
increase (kPa/hr)

42 29 70 37 41 61 4
8.4 324 5.2 6.5 7.8 5.9 0.7
0.6 06 ~ 06 0.6 0.6 0.6 0.6
27 4.2 1.2 1.2 22 23 0.7

positive pore pressure increase (kPa/hr)

35 2 41 4 2 33 0
8.4 1.3 33 1.3 45 5.2 NA
0.6 0.6 0.6 0.6 0.6 0.6 NA
28 1.0 0.9 07 26 25 NA

Scenario B: Negative to positive pore pressure increase (kPa/hr)

0] 10 5 5 6 7 0
NA 9.1 5.2 1.3 7.8 59 NA
NA 3.2 1.3 0.7 3.2 2.6 NA
NA 7.0 3.8 0.9 4.7 4.3 NA -

Scenario C: Negative to negative pore pressure increase (kPa/hr)

7 17 24 28 33 21 4
39 324 2 6.5 5.2 4.5 0.7
0.6 0.6 0.6 0.6 0.6 0.6 0.6
2.1 3.0 1.1 1.3 1.7 1.1 0.7

Mean

Piezometer response at Tung Chung East, Lantau island

Shallow piezometers (< 2 m)

Medium-deep piezometers (2-3 m)

Deep piezometers (3 m)

SP2 SP6 SP9
44 34 38
2.6 9 1.9
0.6 0.6 0.6
0.8 2.3 0.8

5 13 0
1.3 4.6 NA
0.6 0.6 NA
0.8 1.9 NA

3 7 2
1.3 52 0.7
0.7 1.3 0.7
0.9 3.2 0.7
36 14 36
26 9 1.9
0.6 0.6 0.6
0.8 2.2 0.8

Summary

400
324
0.6
1.8

135
8.4
0.6
1.6

45
9.1
0.7
3.2

220
324
0.6
1.5

Note: N: Number of pore pressure increase data; NA: Not applicable
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Table 4.6 Pore pressure increasing style during rainstorm periods based on 36 sets of

Scenario A data, expressed by the best fit function

c Dataset Rainstorm Piezometer no. * Best fit function R? coefficient

[+
.§
e

1 07/06/2001 SP10a y = 1.8585Ln(x) + 3.4984 1.00

2 07/06/2001 SP10b y = 2.42250:n(x) + 6.1865 0.98

3 11/06/2001 SP1 y = 1.7452Ln(x) +0.3244 1.00

4 11/06/2001 SP4 y = 9.7337Ln(x) + 3.42 0.98

5 11/06/2001 SP5 y = 2.4225Ln(x) +0:9865 0.98

6 11/06/2001 SP6 y = 4.9226Ln(x)+ 3.1933 0.94

7 11/06/2001 SP10 y = 3.243Ln(x) + 1.0886 0.89

o 8 27/06/2001 SP4a y = 7.2427Ln(x) + 1.8851 0.98

E : 9 27/06/2001 SP6 y = 5.5067Ln(x) + 1.1111 0.97

8 10 06/07/2001 SP5a y = 2.991Ln(x) + 2.1803 1.00

S 11 06/07/2001 SP6 y = 2.4089Ln(x) + 4.6861 0:99

: 12 07/07/2001 SP2 y = 1.8264Ln(x) + 0:9092 1.00

13 15/07/2001 SP4 y = 6.1462Ln(x) + 4.9417 1.00

14 15/07/2001 SP5 y = 10:583Ln(x) + 3.0415 0.95

15 15/07/2001 SP10 y = 3.6803Ln(x) + 5.0019 0.95

16 30/08/2001 SP4 y = 5.7159Ln(x) + 0.9087 1.00

17 02/09/2001 SP4 y = 8.0477Ln(x) + 1.48 0.99

18 05/09/2001 SP4 y = 4.708Ln(x) + 1.9374 0.99

19 07/06/2001 SP5b y = 4.14x - 0.35 0.89

20 08/06/2001 SP10 y = 0.65x + 4.8333 1.00

21 27/06/2001 SP2 y = 0.65x - 0.3667 1.00

22 27/06/2001 SP5a y = 2.55x + 2.9667 1.00

a 23 27/06/2001 SP5b y = 3.25x + 4.1333 1.00

3 24 27/06/2001 SP10a y=x+37 0.97

= 25 27/06/2001 SP10b y = 0.65x + 6.1333 1.00

26 30/08/2001 SP10a y = 0.65x + 0.9333 1.00

27 30/08/2001 SP10b y=0.91x+ 1.9 0.98

28 01-02/09/2001 SP6 y=1.69x+1.9 0.99

29 01-02/09/2001 SP10 y = 0.84x + 3.34 0.98

_ 30 30/08/2001 SP5 y = 7.7427e"2%%% 0.85

2 31 01/09/2001 SP5a y = 6.576e" 24 0.93

g 32 01-02/09/2001 SP5b y = 17.059e" %% 0.94

8 33 05/09/2001 SP5 y = 4.5539"%'* 0.93

34 05/09/2001 SP10 y = 1.6103e"%%" 0.98

5 35 27/06/2001 SP4b y = 13.205x> %" 0.99

§ 36 06-07/07/2001 SP4 y = 0.3725x2% 0.98

*subscripts a and b indicate the first and second Scenario A datasets identified at the same piezometer in

a particular rainstorm
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4.3.2 The design of the rate of pore water pressure reinflation

The aim was to design representative rates of pore pressure reinflation at
appropriate orders of magnitude, to allow realistic analyses of the relationship between
the nature of pore pressure increase during rainstorm events and the deformation of
the sample. This was achieved through three series of pore water pressure reinflation
rates. The effects of the applied rates within the samples were assessed through
comparison with three pore water pressure equalisation tests.

The first series consisted of linear rates of pore pressure reinflation ranging
from 0.5 kPa/hr to 100 kPa/hr (i.e. at 0.5 kPa/hr, 1 kPa/hr, 5 kPalhr, 10 kPa/hr, 15
kPa/hr, 50 kPa/hr and ‘1 00 kPa/hr respectively). The 0.5 kPa/hr, 1 kPa/hr and 5 kPa/hr
rates represented the linear trends derived from the positive pore water pressure data
(Figure 4.11b, Table 4.6, dataset 19-29). They reflect the gradual development of
positive pore pressures at the site (e.g. Figure 4.10c). The designed rate of 10 kPa/hr
simulated the maximum increase of field pore pressure of Scenario A (Table 4.5).

However, higher rates of linear increase (i.e. 15 kPa/hr, 50 kPa/hr and 100
kPa/hr) were also applied in this research, because there was no available
documented evidence during the monitoring period indicating that the field rates had
led to the initiation of landslides. This might suggest that higher rates of pore pressure
increase could be relevant for simulating the field conditions during landslide-triggering
rainstorms. The selected rates for the linear series of pore pressure increasing rates
were well within the range used in previous studies (i.e. 0.5 kPa/hr to 240 kPa/hr)
(Table 2.4). Moreover, rapid changes in pore pressure conditions in slopes as high as
70 kPa during a rainfall event have been observed in the tropics, such as in Singapore
(Gasmo et al., 2000; Rezaur et al., 2002) (Figure 2.3).

The second series involved stepped increases of pore water pressure, which
represented the sudden positive responses commoniy observed during rainstorms in
tropical soils (e.g. Figures 4.10a, 4.10b). The stepped rates were designed at 5 kPa, 10
kPa, 15 kPa, and 50 kPa respectively, corresponding to the linear rates to enable
comparison of the deformation processes. The time lag between each step was one
hour. This also permitted detailed investigation of the role played by the variability of '
pore water pressures on pre-failure movements by imposing an abrupt change.

The third series represented the most frequently observed non-linear trend of
pore water pressure reinflation over the rainstorm periods, based on the field data
(Figure 4.11a, Table 4.6, dataset 1-18). The logarithmic rates of increase used for the
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reinflation tests were 54Ln, 67Ln and 77Ln, which were comparable with the linear
rates at 5 kPa/hr, 10 kPa/hr and 15 kPa/hr respectively with regard to their similar test
duration. For example, for the reinflation tests at 5 kPa/hr and 54Ln kPa/hr (initial back
pressure = 200 kPa), the back pressure (that was used to increase pore water pressure
within the sample) requires the same amount of time, that is, 40 hours, to reach the
target value of 400 kPa.

The above field-referenced series of pore water pressure increasing rates were
applied during reinflation testing, and the resulting soil displacements were analysed by
the Saito technique to determine the underlying deformation mechanism.

4.3.3 Analyéing deformation mechanism by the Saito technique

The 'Saito' technique (Saito, 1965, 1969), expressed in A —¢ space (where A =
1/velocity; ¢+ = time), was applied to investigate the actual landslide processes in
weathered soils for the first time. This analytical approach of landslide movements uses
the displacement data which were recorded from the reinflation test. Firstly, the velocity
was calculated by the change of surface displacement divided by the change of time
(Figure 4.12a). Secondly, the reciprocal of velocity was plotted against time (Figure
4.12b). The time of failure might be extrapolated by extending the linear A—¢ plot to
the horizontal axis (Figure 4.12b). However, a linear trend in A —¢ would only occur for
brittle failures while an asymptotic trend suggests the dominance of plastic deformation
mechanisms (Petley et al., 2002; Kilburn and Petley, 2003).
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Figure 4.12 The Saito method (after Fukuzono, 1990). (a) First step: calculate velocity from
surface displacement data, (b) second step: calculation for the reciprocal of velocity

against time, and the extrapolation of the failure time

-03-



Chapter 4 Methodology

4.4 Chapter summary

This chapter presents a process-based approach to the investigation of the
mechanisms and processes of rainfall-induced landslides on weathered tropical soil
slopes. It addresses two main objectives: (1) simulation of the actual processes of
rainfall-induced landslide initiation; and (2) analyses of the movement of residual soil

under various rates of pore water pressures.

The first objective was addressed by undertaking representative field sampling
and the design of an experimental programme. Undisturbed, weathered volcanic soil
samples were collected from two landslide sites on Lantau Island, Hong Kong. Typical
characteristics of the tropical soils were revealed by physical property tests. Moreover,
the field conditions under rainstorms were simulated in a triaxial stress path cell by
reinfiation testing. The soil samples were subjected to saturation, consolidation under a
low confining pressure (< 200 kPa), and then reinflation at the field-referenced rates of
pore water pressure increase. The maximum shear strength (or the failure envelope)
was defined by the conventional isotropic undrained (ICU) and drained (ICD) triaxial
tests.

The second objective was addressed through the design of the linear, stepped
and logarithmic increase of pore water pressure at different rates, based on the
patterns of rainfall-triggered pore water pressures revealed from the monitoring data at
the Tung Chung site. The field rates were applied during reinflation testing. The
deformation of the samples has been analysed using the Saito technique, which has
allowed the determination of the nature of the deformation mechanisms of shallow
rainfall-induced landslides within tropical materials. ‘
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5.1 Introduction

This chapter presents results obtained from the physical property tests, the
conventional isotropic consolidated undrained (ICU) (Table 5.1) and drained (ICD) tests
(Table 5.2), and the field-simulated pore pressure reinflation (PPR) tests under various
increasing rates of pore water pressure in linear, stepped and logarithmic forms (Table
5.3). These tests carried the following objectives:

(1) to characterise the material properties of the tropical soils from the two
study sites (physical property tests),

(2) to determine the soil strength parameters of the two field sites (ICU, ICD
tests) as a reference for the PPR tests;

(3) to assess the influence of the rate and style of increasing pore pressure on
soil behaviour towards failure (PPR tests).

Particular focus has been placed on strain development during the ICU, ICD
and PPR tests, through examination of the stress-strain relationship and time-

dependent soil behaviour.

Table 5.1 Isotropic consolidated undrained (ICU) testing programme

Sample Test type Mean effective stress, Strain rate, Dry density,

number p'. (kPa) % mm/min Mg/cm®
TC11 ICU 100 0.1 1.56
TCO09 iICU 200 0.1 1.61
TC10 ICU 400 0.1 1.55
PO27 ICU 100 0.1 1.50
PO34 ICU 200 0.1 1.48
PO29 ICU 400 0.1 1.49

Table 5.2 Isotropic consolidated drained (ICD) testing programme.

Sample Test type Mean effective stress, Strain rate, Dry density,

number p' (kPa) % mm/min Mg/cm®
TC39 ICD 50 0.01 1.57
TC34 ICD 100 0.01 1.56
TC33 ICD 200 0.01 1.51
PO04 ICD 50 0.01 1.50
PO06 ICD 100 0.01 1.53
PO05 ICD 200 0.01 1.42
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Table 5.3 Pore water reinfiation (PPR) testing programme ( p',, at 233 kPa)

(a) TC soils

Sample Test type Deviatoric stress, PPR rate Dry density,

number q Mg/m®
TC28 Linear 100 10 1.56
TC24 Linear 200 10 1.68
TC26 Linear 300 10 1.59
TC40 Linear 100 0.5 1.55
TC14 Linear 100 1 1.58
TC27 Linear 100 5 1.56
TC28 Linear 100 . 10 1.56
TC32 Linear 100 15 1.60
TC38 Linear 100 15 1.62
TC23 Linear 100 50 1.61
TC16 Linear 100 100 1.63
TC29 Stepped 100 5 1.52
TC21 Stepped 100 10 1.55
TC31 Stepped 100 15 1.54
TC22 Stepped 100 50 1.52
TC30 Logarithmic 100 54Ln 1.57
TC36 Logarithmic 100 67Ln 1.57
TC37 Logarithmic 100 77Ln 1.61

(b) PO soils

Sample Test type Deviatoric stress, PPR rate Dry density,

number q Mg/cm®
PO07 Linear 100 10 1.43
PO19 Linear 200 10 1.51
PO31 Linear 300 10 1.58
PO37 Linear 100 0.5 1.52
PO24 Linear 100 1 1.53
PO11 Linear 100 5 1.47
POO7 Linear 100 10 1.43
PO12 Linear 100 15 1.47
PO13 Linear 100 100 1.48
PO25 Stepped 100 5 1.51
PO23 Stepped 100 10 1.42
PO30 Stepped 100 15 1.46
PO38 Stepped 100 5 1.51

(constant)

PO33 Logarithmic 100 54Ln 1.45
PO35 Logarithmic 100 67Ln 1.50
PO40 Logarithmic 100 77Ln 1.54

POD17* Logarithmic 100 54Ln 1.45

POD14* Logarithmic 100 67Ln 1.44

POD16* Logarithmic 100 77Ln 1.47

* Damaged sample
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5.2 Physical properties

The physical properties of Tung Chung (TC) and Pui O (PO) soil samples are
summarised in Table 5.4. Both samples are intensely weathered volcanics, of which
the former is derived from Mesozoic rhyolite lava and tuff while the latter is derived
from Mesozoic crystalline tuff (Langford et al., 1995).

Based on their particle size distribution, both soils can be classified as fine-
grained, with less than 10% of particles larger than 2 mm (BSI, 1990a). They are
largely composed of silt (49 - 60%), about 25% clay and less than 20% sand (Table 5.4,
Figure 5.1). The samples are well-graded with a wide range of particle sizes, as
indicated by high values of the uniformity coefficient (> 10) (Bell, 2000).

The specific gravity values of the samples are very similar, lying within the
average range for most common soils between 2.65 to 2.75 (Aktinson and Bransby,
1978). The low values of loss on ignition demonstrate their inorganic nature.

A slightly higher moisture content was found within the PO samples. The
moisture content difference at 45°C and 105°C for both the TC and PO samples was
only about 0.6%, which might suggest an insignificant amount of water of crystallization
within the mineral structure (Fookes, 1997). The Atterberg limits of the two fine-grained
soil samples suggest that their mechanical behaviour is slightly different (Terzaghi et al.,
1996). Based on the plasticity chart (BS 5930: 1981), the TC material is classified as
CLAY of Intermediate plasticity (denoted as Cl), while the PO sample is referred as
SILT of High plasticity (denoted as MH) (Figure 5.2).

The initial void ratio and dry density show that the undisturbed TC samples are
denser. The initial void ratio of the undisturbed TC samples ranged between 0.60 and
0.78, with an average of 0.70, while PO samples had higher void ratios of between
0.70 and 0.89, with an average of 0.81. The denser TC samples had dry densities
between 1.51 Mg/m® and 1.68 Mg/m°, with an average of 1.58 Mg/m®; whereas the PO
samples were characterised by lower densities ranging from 1.42 Mg/m® to 1.58 Mg/m®,
with an average of 1.49 Mg/m®.

The coefficient of permeability, 4 , calculated from the consolldatlon parameters
further demonstrates that most of the TC and PO samples have values between 0.3
and 0.4 x 10° m/s (Figure 5.3, Table 5.5). The PO samples on average are more
permeable than the TC samples. The average k¢ value of the TC and PO samples are

0.22 x 10®° and 0.27 x 10° m/s respectively, derived from all the undisturbed samples
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under consolidation pressure at 200 kPa. Higher permeability values also tend to occur

at lower effective consolidation pressures (e.g. p'. = 50, 100 kPa) within both samples,

and when the pressure was applied rapidly (e.g. TC09, TC10, TC11).

Table 5.4 Physical properties of Tung Chung (TC) and Pui O (PO) samples

Physical properties

TC

(Weathered rhyolite lava and tuff)

PO
(Weathered crystal tuff)

Particle size analysis

Gravel >2mm 1.3 8.9
Sand Coarse (0.6-2 mm) 0.0 0.0
Medium (0.2-0.6 mm) 4.8 6.9
Fine (0.06-0.2 mm) 8.9 10.2
Silt Coarse (0.02-0.06 mm) 14.2 9.8
Medium (0.006-0.02 mm) 18.3 171
Fine (0.002-0.006 mm) 27.8 21.7
Clay <0.002 mm 247 25.5
Do, ym 0.85 0.80
Dso, ym 2.52 2.54
Dego, pm 8.90 14.08
Coefficient of uniformity (Dso/D10), Cu 10.47 17.60
Specific gravity, Gs 2.683 2.684
Loss on ignition, LOI 4.686 2.598
Moisture content, % (at 45°C/ 105°C) # 17.3/17.9 18.9/19.5
Liquid limit, Wy % (at 45°C/ 105°C) 46.96 / 47.54 54.31/55.10
Plastic limit, We % (at 45°C/ 105°C) 23.82/24.32 29.25/29.97
Plasticity Index, lp 23.14/23.22 25.06 /125.13
Void ratio, e # 0.70 0.81
Bulk density, ywe, Mg/m® # 1.85 1.76
Dry density, ys, Mg/m® # 1.58 1.49
# Resuilts were derived from all of the undisturbed samples. The other physical properties were tested on loose samples
100 T T
Tung Chung (TC) samples / __________
------- Pui O (PO) samples
80 | e
S
@ 60 |
£
g
g 40 t
e
20
0
0.1 1 10 100 1000 10000 100000
fine | medium|coarse| fine medium| coarse
Clay Grawel
Silt Sand

Particle size (um)

Figure 5.1 Particle size distribution chart for TC and PO soil samples
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Figure 5.2 Classification of TC and PO soils in the plasticity chart (after BSI, 1981)

(@) 19 (b) 16
14 - 14 -
12 4 12 4
§ 10 - ‘Z" 10
S 8 S s
g g |
L 6 L 6
4 4 4 4
! N ]
0 L) L) L) LS LS m L] v jrﬂl 0 L] L] L) v L L L LJ v’ L] !—!
Ot ¥ oMo PR \&S\Q’ Ot ¥t o? Ny 0/~\ NE \Qo@
Coefficient of permeability, k (x10°) m's Coefficient of permeability, k (x10%) mv/s

Figure 5.3 Histogram showing the frequency distribution of the coefficient of permeability of
undisturbed samples under consolidation pressures 50-400 kPa:
(a) undisturbed TC samples; (b) undisturbed PO samples
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Table 5.5 The coefficient of permeability derived from all samples at consolidation stage

(a) TC samples (b) PO samples
Sample Consolidation Permeability Sample Consolidation Permeability
number pressure coefficient number pressure coefficient
(p’c,inkPa)  (k, x10° m/s) (p’c, inkPa)  (k, x10"° m/s)

S| Ten 100 0.19 o | Po27 100 0.71
o | TCoo 200 1.9 D| PO34 200 0.25
TC10* 400 3.3 PO29 400 0.11

o | TC39 "~ 50 15 o | POO4 50 1.5
o| TC34 100 0.78 o| PO06 100 0.76
TC33 200 0.29 POO05 200 0.26

v | TC28 200 0.22 v | POO7 200 0.30
a| TC24 200 0.19 a| PO19 200 0.24
TC26 200 0.21 PO31 200 0.23
TC40 200 0.22 PO37 200 0.26
TC14 200 0.19 ~| Po24 200 0.22

| TC27 200 0.15 S| PoO11 200 0.29
S| TC28 200 0.22 £1 POO7 200 0.30
£ TC32 200 0.18 | Po12 200 0.27
| TC38 200 0.14 PO13 200 0.31
TC23 200 0.21 PO25 200 0.27
TC16 200 0.22 | PO23 200 0.32
TC29 200 0.23 o | PO30 200 0.26

| TC21 200 0.33 PO38 200 0.30
f| TC31 200 0.20 PO33 200 0.24
TC22 200 0.32 PO35 200 0.24

| TC30 200 0.25 3| PO40 200 0.23
S| TC3s 200 0.27 2| POD17 200 0.36
| TC37 200 0.14 POD14 200 0.29
POD16 200 0.29

*Opening valves after target consolidation pressure was
achieved, instead of ramping

5.3 Saturation

The saturation stage was applied to all soil samples before the ICU, ICD and
PPR testing. All samples were fully saturated with B-values equal to 0.98 or higher
(Table 5.6). The axial length, volume and void ratio of the samples changed little during
saturatidn stage as most samples showed only a slight increase in length and volume
change of less than 1% (Table 5.6). The void ratios were essentially unchanged. The
effect of the saturation stage on the sample dimensions, therefore, was not significant.

Overall, the TC samples swelled to a larger degree during saturation (0.08-

0.88% swelling), while the PO samples were much less responsive (0.01-0.24%
swelling).(Table 5.6).. - Tt RS e
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Table 5.6 Sample dimensions in axial length (L), volume (V) and void ratio (e) before and after

saturation, with the degree of change expressed in strain (¢)

Sample Before saturation After saturation

number Lo Vo @p Lsat €L, sat Vsat v, sat ©sat B-
(mm) (mm?®) (mm) (%) (mm*) (%) value

TC11 77.32 87828 0.72 77.87 0.71* 88453 0.71* 0.73 1.00

a TCO09 . 76.09 88489 0.67 75.82 0.35 88175 0.35 0.66 1.00
TC10 75.89 85570 0.74 75.28 0.80 84883 0.80 0.72 0.98

TC39 76.44 83304 0.72 76.38 0.08 83238 0.08 0.71 0.99

S TC34 75.82 83206 0.72 76.38 0.74* 83820 0.74* 0.73 1.00
TC33 76.64 81871 0.78 76.70 0.08* 81935 0.08* 0.78 0.99

o TC28 76.38 83372 0.72 76.85 0.62* 83885 0.62* 0.72 1.00
& TC24 © 75.32 80330 0.60 75.88 0.74* 80927 0.74* 0.60 1.00
TC26 76.30 84541 0.69 76.39 0.12* 84641 0.12* 0.69 0.99

TC40 76.53 86383 0.74 76.98 0.58* 86887 0.58* 0.75 1.00

TC14 75.59 85728 0.70 75.26 0.44 85354 0.44 0.70 1.00

= TC27 75.56 82035 0.72 75.74 0.24* 82231 0.24* 0.72 0.99
s TC28 76.38 83372 0.72 76.85 0.62* 83885 0.62* 0.73 1.00
5 TC32 76.45 84482 0.68 76.76 0.41* 84824 0.41* 0.68 1.00
= TC38 76.23 83835 0.66 76.51 0.37* 84143 0.37* 0.66 0.98
TC23 76.07 84241 0.66 76.69 0.82* 84928 0.82* 0.66 0.99

TC16 75.11 81021 0.64 74.46 0.87 80320 0.87 0.64 0.98

TC29 76.58 80042 0.77 77.08 0.65* 80564 0.65* 0.77 1.00

§ TC21 75.46 82147 0.74 75.84 0.50* 82561 0.50* 0.74 0.99
:“-5, TC31 76.04 84163 0.75 76.16 0.16* 84296 0.16* 0.75 0.99
- TC22 75.79 84603 0.77 76.13 0.45* 84982 0.45* 0.77 0.99

= TC30 76.64 82271 0.71 77.01 0.48* 82668 0.48* 0.71 1.01
9 TC36 76.15 80555 0.71 76.82 0.88* 81264 0.88* 0.71 0.99
= TC37 76.38 82926 0.66 76.58 0.26* 83143 0.26* 0.66 0.99
PO27 7498 83211 0.80 75.11 0.17* 83355 0.17* 0.80 0.98

(3 PO34 75.71 87772 0.82 75.78 0.09* 87854 0.09* 0.82 0.98
PO29 | 7475 82251 0.80 74.84 0.12* 82350 0.12* 0.80 0.98

A PO04 76.84 85730 079 | 7685 0.01* 85741 0.01* 0.79 1.00
o PO06 77.00 84863 0.76 77.04 0.05* 84907 0.05* 0.76 0.99
PO05 78.14 86718 0.89 78.15 0.01* 86729 0.01* 0.89 1.00

o POO7 78.09 90862 0.88 78.08 0.01 90850 0.01 0.88 1.01
& PO19 74.88 86991 0.77 74.90 0:03* 87014 0.03* 0.77 0.99
PO31 75.70 84547 ‘0.70 75.60 0.13 84436 0.13 0.70 0.98

PO37 77.10 86111 0.76 77.22 0.16* 86245 0.16* 0.77 1.00

= PO24 74.63 87832 0.75 74.73 0.13* 87949 0.13* 0.75 0.99
3 PO11 76.54 86440 0.83 76.49 0.07 86384 0.07 0.83 1.00
5 PO07 78.09 90862 0.88 78.08 0.01 90850 0.01 0.88 1.01
= PO12 76.18 86761 0.83 76.18 0.00 86761 0.00 0.83 1.00
PO13 74.62 82900 0.82 74.58 0.05 82855 0.05 0.82 1.00

PO25 76.20 84520 0.78 76.37 0.22* 84709 0.22* 0.78 0.98

§ PO23 74.69 85870 0.89 74.60 0.12 85767 0.12 0.89 1.00
@ PO30 75.24 88230 0.84 74.93 0.41 87866 0.41 0.83 0.98
PO38 7785 85342 0.77 78.04 0.24* 85550 0.24* 0.78 1.00

PO33 76.73 89605 0.85 76.81 0.10* 89698 0.10* 0.85 1.00

PO35 78.17 88095 0.79 78.20 0.04* 88129 0.04* 0.79 0.98

§ PO40 78.36 88309 0.74 .| 78.43 0.09* 88388 0.09* 0.74 1.00
< POD17 | 75.70 86713 0.85 75.68 0.03 86690 0.03 0.85 0.98
POD14 76.23 88975 0.86 76.18 0.07 88916 0.07 0.86 0.98
POD16 75.93 85571 0.83 75.88 0.07 85514 0.07 0.83 0.99

*Sample swelled

101 -




Chapter 5 Results

5.4 Consolidation

The isotropic consolidation properties in terms of the coefficient of consolidation

(c,;) and coefficient of volume compressibility (m,,) are presented in Table 5.7. These

were used to determine the coefficient of permeability (& ).

A decrease in axial length, volume and void ratio was clearly shown during
consolidation at various effective stresses (cf. Tables 5.6, 5.8). The axial strains after
consolidation ranged from 0.70 to 2.80% (average: 1.40%) within the TC samples, and
from 0.48 to 3.05% (average 1.78%) within the PO samples. The maximum, minimum
and average volumetric strains were 8.45%, 2.17%, 5.03% for the TC samples, and
10.42%, 2.15% and 5.99% for the PO samples, respectively. The void ratio after
consolidation was between 0.54 and 0.68 (average: 0.62) for the TC samples and
between 0.61 and 0.78 (average: 0.70) for the PO samples. Therefore, the looser PO
samples were subjected to larger axial and volumetric strains but still had higher void

- ratios during the consolidation process.

The form of the consolidation curves appeared largely similar between the TC
(except TC09, TC10, TC11) and PO samples (Figure 5.4). Also, less time was required
to complete consolidation at lower effective stresses, as shown by the position of the
flat lines showing zero volume change. The consistent behaviour was related to the
same gradual rate of increase in the consolidation pressure being applied. In contrast,
the sudden increase of volumetric strain in samples TC09, TC10 and TC11 were due to
a different consolidation procedure which involved the opening of valves immediately
afier the target consolidation pressure was reached.

The consolidation curves further demonstrated that the volumetric strain was
positively related to the amount of effective stress applied (Figure 5.5). Samples
subjected to higher effective stresses generally resuited in the larger amount of
volumetric strain and vice versa. The unexpectedly lower volumetric strain of sample
TCO9 after consolidation appeared to be associated with its much lower initial void ratio
(Figure 5.6) (Table 5.6).

However, compiexities in the consolidation behaviour were also observed which

was illustrated by the subtle variability in volumetric strain within some of the TC and
PO samples of the same void ratio tested under the same effective stress (Figure 5.7).

This interesting resuit suggests the heterogeneous nature of the weathered samples.
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Table 5.7 Isotropic consolidation properties in terms of coefficient of consolidation (c,;) and

coefficient of volume compressibility (m,;)

Sample Coefficient of consolidation Coefficient of volume compressibility
number D. t100 Cvi AV, Vo Ag’ My
(mm) {min) (m?lyear) (cm?) (cm?) {kPa) (m’/MN)
TC11 37.73 300 2.0 2.71 88.5 100 - 0.31
a TC09 37.80 21 . 28 3.80 88.2 200 0.22
TC10 36.59 11 50 7.147 84.9 400 . 021
TC39 37.00 50 11 1.81 83.2 50 0.43
S TC34 36.64 100 5.5 3.82 83.8 100 0.46
TC33 35.83 200 26 5.82 81.9 200 0.36
o TC28 36.57 200 2.8 4.35 839 200 0.26
Q- TC24 36.27 200 27 3:62 80.9 200 0.22
TC26 36.89 200 28 4.00 84.6 200 0.24
TC40 37.21 200 2.9 4.31 86.9 200 0.25
TC14 37.30 200 29 3.70 85.4 200 0.22
~ TC27 36.84 200 28 2.80 82.2 200 0.17
§ TC28 36.57 200 2.8 435 83.9 200 0.26
£ TC32 36.92 200 28 3.46 84.8 200 0.20
~|l TC38 36.98 200 28 2.78 84.1 200 0.17
TC23 36.95 200 28 4.00 849 200 0.24
TC16 36.43 200 27 4.08 80.3 200 0.25
TC29 35.63 200 2.6 4.58 80.6. 200 0.28
§ TC21 36.05 200 27 6.56 826 200 0.40
ol TC31 36.85 200 2.8 3.89 84.3 200 0.23
. TC22 36.59 200 28 6.35 85.0 200 0.37
5 TC30 36.10 200 27 5.00 82.7 200 0.30
S TC36 36.02 200 27 5.20 81.3 200 0.32
|l TC37 36.72 200 2.8 2.78 83.1 200 -0.17
5 PO27 3695 100 5.6 3.39 834 100 0.41
0 PO34 37.54 200 2.9 493 87.9 200 0.28
PO29 35.92 400 1.3 8.58 824 400 0.26
A PO04 37.37 50 12 1.85 85.7 50 0.43
(8] PO06 36.80 100 5.6 3.75 84.9 100 0.44
PO05 - 36.91 200 28 | 5.15 86.7 200 0.30
o POO7 37.68 200 2.9 5.95 90.9 200 0.33
a PO19 | 37.71 200 29 4.67 87.0 200 0.27
PO31 36.99 200 2.8 4.36 84.4 200 0.26
PO37 36.83 200 28 5.07 86.2 200 0.29
~ PO24 38.14 200 3.0 4.09 87.9 200 0.23
3 PO11 36.99 200 2.8 5.72 86.4 200 0.33
£ POO7 37.68 200 29 5.95 90.9 200 0.33
1 PO12 37.19 200 2.9 5.25 86.8 200 0.30
PO13 36.63 200 28 6.00 82.9 200 0.36
PO25 36.73 200 2.8 5.39 84.7 200 0.32
'g PO23 37.29 - 200 29 6.19 '85.8 200 0.36
@l PO30 37.87 200 3.0 500 87.9 200 0.28
PO38 36.46 200 27 6.11 85.6 200 0.36
PO33 37.80 200 2.9 4.74 89.7 200 0.26
PO35 37.08 200 . 28 475 88.1 200 0.27
'§ PO40 37.16 200 28 458 88.4 200 0.26
| POD17 3717 200 2.8 7.06 86.7 200 0.41
POD14 37.69 200 2.9 5.58 88.9 200 0.31
POD16 36.94 200 2.8 5.63 85.5 200 0.33
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Table 5.8 Axial length (L), volume (V), strains ( £ ) and void ratio ( e ) after consolidation

Sample Consolidation After consolidation
number pressure '
(kPa) Le(mm) Ve (mm®) & (%) &v, ¢ (%) ec
TC11 100 76.67 85739 1.54 3.07 0.68
a TC09 200 75.17 84378 0.86 4.31 0.59
TC10 400 73.89 77714 1.85 8.45 0.58
a TC39 50 75.72 81428 0.86 2.17 0.68
o TC34 100 75.38 80002 1.31 4.56 0.65
TC33 200 75.49 76113 1.58 7.1 0.65
© TC28 200 75.72 79540 1.47 5.18 0.64
& TC24 200 74.83 77304 1.38 448 0.54
TC26 200 75.44 80637 1.24 473 0.61
TC40 200 75.95 82582 1.34 4,95 0.66
TC14 200 74.73 81654 0.70 433 0.62
= TC27 200 74.52 79429 1.61 34 0.63
] TC28 200 75.72 79540 1.47 5.18 0.64
-'_E, TC32 200 76.00 81368 0.99 4,07 0.61
= TC38 200 75.76 81360 10.98 3.31 0.61
TC23 200 75.45 80924 1.62 4.71 0.60
TC16 200 73.15 76237 1.76 5.08 0.55
TC29 200 76.21 75981 1.13 5.69 0.68
§ TC21 200 74.47 75998 1.81 7.95 0.61
@: TC31 200 75.38 80402 1.02 4.62 0.67
TC22 200 74.77 78636 1.79 7.47 0.64
> TC30 200 75.87 77664 1.48 6.05 0.61
S TC36 200 74.67 76069 2.80 6.39 0.61
=~ TC37 200 75.87 80366 0.93 3.34 0.61
5 PO27 100 74.57 79967 0.72 4.06 0.73
5] PO34 200 74.94 82929 1.11 5.61 0.72
PO29 400 72.80 73769 273 10.42 0.61
a PO04 50 76.48 83893 0.48 2.15 0.75
o PQOO06 100 76.32 81158 0.93 442 0.68
POO05 200 76.23 81576 2.46 5.94 0.78
© PO0O7 .200 76.14 84896 2.48 6.55 0.75
g—_ PO19 200 73.73 82343 1.56 5.37 0.68
PO31 200 74.51 80073 1.44 517 0.61
PO37 200 76.18 81171 1.35 5.88 0.66
= PO24 200 73.39 83864 1.79 4.65 0.67
o PO11 200 75.05 80668 1.88 6.62 0.71
5 POO07 200 76.14 84896 248 6.55 0.75
= PO12 200 75.02 81514 1.52 6.05 0.72
PO13 200 72.92 76854 2.23 7.24 0.68
PO25 200 74.87 79323 1.96 6.36 0.67
§ PO23 200 72.88 79577 2.31 7.22 0.75
@ PO30 200 73.57 82871 1.82 5.68 0.73
PO38 200 76.08 79440 2.51 7.14 0.65
PO33 200 75.7 84962 1.45 5.28 0.76
PO35 200 77.19 83377 1.29 5.39 0.70
§’ PO40 200 77.28 83812 1.47 5.18 0.65
2 POD17 200 73.37 79633 3.05 8.14 0.70
POD14 200 74.71 83335 1.93 6.28 0.75
POD16 200 74.55 79889 1.75 6.58 0.71
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5.5 Isotropic consolidated undrained (ICU) shear tests

This section presents the shearing stage of the ICU tests including (1) an
exploration of strain development prior to failure; (2) determination of the failure
envelope and the related shear strength parameters; and (3) the stress-strain
relationship under these strain-rate controlled triaxial tests.

5.5.1 Strain development prior to failure
Failure analyses seldom consider strain development towards failure. However,
plotting axial strain contours in terms of the effective cohesion (¢') and angle of internal

friction (¢') allow the strain development process during the strain-controlled ICU (and

ICD) test results (Table 5.9, Figure 5.8) to be compared with the stress-controlled PPR
tests. The shear strength parameters were derived from the Mohr circles (Figure 5.9).

During the undrained shear, both samples rapidly mobilised frictional strength
while there was a slight increase of cohesion at 1% strain, followed by a sharp
decrease at small strains (Figure 5.8). This was also reflected by the steepness of the
axial strain contours which increased rapidly below 5% axial strain (Figure 5.9),
implying a disproportionate increase of shear stress mobilisation. At larger strains,
however, the derived effective cohesion and friction angles were similar towards failure.

This was indicated by the largely constant slopes of 7, —o' at 5-20% strains (Figure

5.9).

Changes of the shear strength parameters (c¢', ¢') were more pronounced

within the PO samples. They generated a higher frictional angle and lower cohesion
than the TC samples during undrained testing.

-107 -



Chapter 5 Resullts

Table 5.9 Strain development in terms of failure parameters derived from ICU tests
(a) TC soils (TCO9, TC10, TC11)

Failure Effective frictional angle, ¢' Effective cohesion, ¢' Correlation coefficient,
criteria A°) (kPa) R?
Trmax 279 1% 7.4 1.00
e&a=05% 11.0 15.0 0.99
ta=1% 14.7 16.0 1.00
€a=2% 19.7 14.9 1.00
€&a=3% 22.7 12.9 1.00
£.a=4% 24.0 12.2 1.00
€&a=5% 25.9 9.8 1.00
ta=6% 275 7.9 1.00
@=71% 277 8.2 1.00
€a=8% 27.3 9.9 1.00
€a=9% 28.2 8.6 1.00
ea=10% 28.7 7.4 1.00
ga=11% 28.5 7.5 1.00
€a=12% 29.0 6.5 1.00
ea=13% 29.0 ¥ 10.2 1.00
ea=14% 28.3 8.4 1.00
ea=15% 28.1 8.9 1.00
£a=16% 27.5 10.8 1.00
a=17% 283 8.4 1.00
£a=18% 273 10.6 1.00
ea=19% 27.0 11.1 1.00
€a=20% 26.9 11.5 1.00
€a=25% 26.0 11.7 1.00
€a=30% 25.6 10.5 1.00

(b) PO soils (PO27, PO29, PO34)

Failure Effective frictional angle, ¢' Effective cohesion, c¢' Correlation coefficient,
criteria {°) (kPa) R’
Tmax 338 0 1.00
€a=05% 15.0 11.2 1.00
ea=1% 19.1 14.0 1.00
82=2% 25.8 8.7 1.00
€a=3% 30.0 4.6 1.00
€a=4% 3141 41 1.00
€a=5% 328 1.8 1.00
€a=6% 334 1.4 _ 1.00
€a=7% 335 24 1.00
€a=8% 34.3 0.8 1.00
£a=9% 35.2 0.3 1.00
€a=10% 341 1.0 1.00
&a=11% 34.8 0.7 1.00
€a=12% 34.9 0.5 1.00
ca=13% 344 1.1 1.00
&=14% 34.8 0.1 1.00
€a=15% 34.0 1.7 1.00
£a=16% 33.2 2.6 1.00
ta=17% 33.2 25 1.00
@=19% 334 1.2 1.00
£a=20% 333 1.4 1.00
€a=25% 32.2 1.9 1.00
€a =30 % 32.7 1.0 1.00
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5.6 Isotropic consolidated drained (ICD) shear tests

This section focuses on the sample behaviour under the drained shearing
process, including the (1) pre-failure strain development, (2) the failure envelope and (3)
the overall stress-strain behaviour.

5.6.1 Strain development prior to failure
The linear envelopes derived at various axial strains (R? 2 0.95) reveal the pre-

failure strain development under drained stress conditions (Table 5.10).

Similar to the undrained tests, the drained shear rapidly mobilised friction and
caused a slight increase in cohesion at small strains within both samples (Figure 5.14).
The rapid increase of frictional angle was up to about 10% strain and continued to
increase slightly until reaching around 15% strain (Table 5.10, Figure 5.14). Such strain

development was clearly revealed by the sharp increase of the slope in 7, -o'

(Figure 5.15). Maximum cohesion was mobilised at 4-5 % within TC samples and 2 %
within PO samples (Table 5.10). As the strain developed, cohesion dropped and
became stable. The friction values remained similar towards failure (Figure 5.14), as
indicated by the overlapping of the strain contours (Figure 5.15).

However, unlike the undrained tests, the behaviour during drained shear was
less stiff, with the maximum cohesion and friction occurring at a larger strain during the
drained process (Figure 5.14). This key difference might be related to the slower
shearing strain rate applied for the drained tests.
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Table 5.10 Strain development in terms of failure parameters derived from ICD tests
(a) TC soils (TC33, TC34, TC39)

Failure Effective frictional angle, ¢' Effective cohesion, ¢’ Correlation coefficient,
criteria () (kPa) R’
Trmax 29.0 8.3 1.00
ta=05% 6.9 6.5 0.95
ga= 1% 10.2 8.6 0.96
2a=2% " 15.0 9.5 0.99
€a=3% 18.4 9.6 1.00
£2a=4% 20.7 10.5 1.00
£a=5% 22.5 105 1.00
€a=6% 244 9.4 1.00
ea=1% 25.6 8.9 < 1.00
€a=8% 26.6 8.4 1.00
€a=9% 27.5 7.9 1.00
2a=10% 28.2 7.2 1.00
€a=11% 28.4 7.6 1.00
€a=12% 28.8 7.6 1.00
€a=13% 28.8 8.2 1.00
€a=14% 28.9 8.0 1.00
€a=15% 28.8 8.3 1.00
€a=16% 29.0 7.4 1.00
£2=17% 28.8 7.9 1.00
€a=18% 28.6 8.5 1.00
€a=19% 28.6 8.0 1.00
£a=20% 28.5 8.1 1.00
€a=25% 27.8 8.4 1.00
€a=30% 27.2 8.2 1.00

(b) PO soils (PO04, PO05, PO06)

Failure Effective frictional angle, ¢' Effective cohesion, ¢’ Correlation coefficient,
criteria ©) (kPa) R’
Tmax 304 10.0 1.00
€a=05% 35 15.8 1.00
ea=1% 5.6 21.8 0.99
€a=2% 238 10.6 0.99
€a=3% 1541 20.7 1.00
ea=4% 18.8 17.6 1.00
ea=5% 216 14.5 1.00
£a=6% 237 13.1 1.00
&a=71% 254 1.7 1.00
ea=8% 26.6 1.2 1.00
£2a=9% 27.9 9.5 1.00
ga=10% 28.6 9.7 1.00
ea=11% 29.2 9.2 1.00
€a=12% 29.7 8.6 1.00
€a=13% 29.8 9.6 1.00
€a=14% 30.3 8.5 1.00
€a=15% 30.4 8.9 1.00
€a= 16 % 304 9.0 1.00
€a=17% 30.2 10.1 1.00
€2 =18 % 30.3 - 10.0 1.00
ea=19% 30.2 10.0 1.00
€a=20% ' 30.1 10.6 1.00
€a=25% 29.3 11.7 1.00
£a =30 % 28.5 12.2 1.00
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During the stress-controlled drained initial shear phase, the axial and volumetric
strains increased with a decrease in the void ratio (cf. Tables 5.8, 5.11). The typical
stress paths, plastic stress-strain relationship and contractive behaviour are presented
in Figures 5.20 (TC samples) and 5.21 (PO samples). The amount of the increasing
strains appeared to be directly proportional to the applied deviatoric stress levels (i.e. at
100 kPa, 200 kPa and 300 kPa). Moreover, the stiffness of the stress-strain behaviour
within the TC and PO samples was similar, probably because of the application of the
same stress rate (Figures 5.20, 5.21).

Table 5.11 Axial length (L), volume (V), strains ( £ ) and void ratio (e) after drained initial shear

Sample Drained initial After drained initial shear
number shear pressure

(kPa) Lais (MM)  Vais (mMM®) &L ais (%) &v, dis (%) €dis
o TC28 100 75.04 78983 2.36 5.84 0.63
& TC24 200 73.16 76176 3.58 5.87 0.51
TC26 300 71.75 78942 6.07 6.73 0.57
TC40 100 75.20 82011 2.33 5.62 0.65
TC14 100 74.26 81277 1.33 4.78 0.61
— TC27 100 73.66 78770 2.75 4.21 0.62
§ TC28 100 75.04 78983 2.36 5.84 0.63
5 TC32 100 75.43 80982 1.73 4.53 0.61
e TC38 100 75.35 81105 1.52 3.61 0.60
TC23 100 74.66 80274 2.65 5.48 0.58
TC16 100 72.34 75752 2.85 5.69 0.54
TC29 100 75.50 75470 2.05 6.32 0.67
§- TC21 100 73.47 75199 3.13 8.92 0.59
o TC31 100 74.79 79914 1.80 5.20 0.66
TC22 100 73.83 77916 3.02 8.32 0.63
> TC30 100 75.04 77023 2.56 6.83 0.60
9 TC36 100 73.59 75242 4.20 7.41 0.59
=~ TC37 100 75.35 79971 1.61 3.81 0.60
o POOQ7 100 75.03 84004 3.91 7.54 0.74
& PO19 200 71.14 80230 5.02 7.80 0.63
PO31 300 70.78 77626 6.38 8.06 0.56
PO37 100 75.33 80419 245 6.76 0.65
= PO24 100 72.38 83042 3.14 5.58 0.65
3 PO11 100 74.00 79730 3.26 7.70 0.69
'5 PO07 100 75.03 84004 3.91 7.54 0.74
= PO12 100 74.03 80687 2.82 7.00 0.70
PO13 100 71.98 76157 3.49 8.08 0.67
PO25 100 73.77 78464 3.40 7.37 0.65
| Po23 100 71.60 78402 4.02 8.59 0.73
:(/-5, PO30 100 72.60 82021 3.11 6.65 0.71
PO38 100 74.78 78316 4.18 8.46 0.63
PO33 - 100 74.66 84242 2.80 6.08 0.74
PO35 100 76.53 82820 2.14 6.02 0.69
@ PO40 100 76.45 83232 2.52 5.83 0.64
= POD17 100 72.06 78597 4.78 9.34 0.68
POD14 100 73.78 . 82592 3.15 7.11 0.73
POD16 100 73.71 79211 2.86 7.37 0.69
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For the majority of tests which were consolidated ( p'.) at 200 kPa and then
initially sheared to ¢ = 100 kPa, the maximum, minimum and the average axial strains

were generally lower within the undisturbed TC samples, at 4.20%, 1.33% and 2.39%
respectively. Corresponding values for the undisturbed PO samples were 4.18%,
2.14% and 3.20% (Table 5.11).

Lower mean volumetric strains were also found in the undisturbed TC samples
at 5.78%, with the maximum at 8.92% and 3.61% at minimum. The undisturbed PO
samples developed greater strains (7.07% on average), with a maximum of 8.59% and
a minimum of 5.58%. This was also reflected by the lower void ratio after drained initial
shear ranging from 0.54 to 0.67 within the TC samples, with the PO samples yielding
values between 0.63 and 0.74 (Table 5.11).

The strain values exhibited by the three damaged PO samples (POD14, POD16,
POD17) were not significantly different from the undisturbed PO samples, although
they mobilised higher volumetric strains above the average (Table 5.11). Hence, the
disturbances caused by trimming appeared to have only a minor influence on the soil

behaviour.

In overview, the net amount of axial and volumetric strains generated as a
result of the drained initial shear was smaller than the strains exhibited during the
isotropic consolidation stage (Figures 5.22, 5.23). This was probably due to the low
level of deviatoric stress, ¢ = 100 kPa, being applied.

The form of the stress-strain curves was very similar within each group of
samples, indicating that their behaviour was unaffected by the strain values after
isotropic consolidation (Figures 5.22, 5.23). However, sample variability might explain
the stiffer behaviour in the TC samples and the more abrupt but consistent change in
the stiffness in the PO samples at deviatoric stress around 30 kPa.
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5.7.2 Strain development prior to failure

An overview of the pre-failure strain development during the reinflation process

in terms of effective cohesion and frictional angle is presented in Table 5.12 and Figure

5.26, which were derived from the Mohr circles (Figure 5.27).

Table 5.12 Strain development in terms of failure parameters derived from PPR tests
(a) TC soils (TC24, TC26, TC28)

Axial strain  Effective frictional angle, ¢' Effective cohesion, c' Correlation
©) (kPa) coefficient, R?
8a=2% 14.1 29.7 1.00
0|e=3% 18.4 29.4 0.96
Olea=4% 211 26.0 0.98
8a=5% 254 18.9 0.99
£a=6% 27.2 16.3 1.00
ga=71% 28.0 15.5 1.00
8a=8% 29.0 14.2 1.00
€a=9% 29.2 14.1 1.00
£a=10% 29.5 14.5 1.00
ga=M1% 301 13.2 1.00
&a=12% 301 13.8 1.00
x| &= 13 % 30.2 12.2 1.00
& a=14 % 30.5 13.5 1.00
€a=15% 30.5 13.9 1.00
€a=16% 30.5 14.1 1.00
&a=17% 30.7 13.7 1.00
ea=18% 30.7 13.7 1.00
€a=19% 30.6 14.4 1.00
€a=20% 30.6 14.3 1.00
€a=25% 30.7 141 1.00
€a= 30 % 30.1 15.3 1.00
(b) PO soils (PO07, PO19, PO31)
Axial strain  Effective frictional angle, 4' Effective cohesion, ¢' Correlation
) (kPa) coefficient, R?
€2a=2% 10.5 325 0.85
0| a=3% 15.5 26.0 0.94
Ole=4% 20.6 23.7 0.99
£a=5% 221 227 0.99
€a=6% 291 9.9 1.00
ea=71% 30.7 7.9 1.00
€a=8% 315 7.3 1.00
2a=9% 324 48 1.00
€a=10% 331 5.1 1.00
ea=11% 335 4.3 1.00
€a=12% 33.6 3.7 1.00
x| 8=13% N.A N.A N.A
& €a=14% 34.0 3.9 1.00
€a=15% 34.1 4.0 1.00
€a=16% N.A N.A N.A
&=17% 34.0 45 1.00
£a=18% N.A N.A N.A
€a=19% N.A N.A N.A
€a=20% 34.2 4.1 1.00
€a=25% 34.4 3.6 1.00
£a=30% N.A N.A N.A

£a = 2-5 %: drained initial shear (DIS); N.A.: No data has been recorded
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The mobilisation of cohesion during the stress-controlled initial drained shear
and the reinflation (PPR) process (transition at 5% strain) was different from the strain
rate controlled ICU and ICD compression, as shown within the TC and PO samples (cf.
Figures 5.8, 5.14, 5.26). The pore pressure reinflation involved a sharp drop in
cohesion at small strains, followed by lower but relatively constant values at the larger
strains (Figure 5.26). This did not occur during the compression tests which generated
an initial increase in cohesion instead (Figures 5.8, 5.14). However, the development of
fric_tion during reinflation was similar to the standard triaxial tests, with a rapid increase
to relatively constant values at larger strains, as the soil particles were resisting against
the shear force under both conditions.

The changes of the cohesion and frictional strength parameters were also

indicated by the intercepts and the steepness of the strain contours in 7, —o' (Figure

5.27). In general, the stress-controlied strain contours derived from the reinflation had
steeper slopes and higher cohesion intercepts giving higher c¢' and ¢' values (Figure

5.27).

An alternative and more precise way to assess strain development towards
failure as a result of pore water pressure increase is to plot strain rate contours (Figure
5.28). Strain rates of 0.1, 1-4, 6-7, 9-11, 13 and 15 microstrains per second (us/sec)
were recorded within both the TC and PO samples and the respective strain rate
contours were determined. At the start of the reinflation tests, where effective stress
levels were highest, the samples showed little movement, with strain rates less than
0.1 ps/sec. This “zero movement” zone became larger at lower deviatoric stress levels.
The contours were widely spread until strain rates reached 1 ps/sec. Afterwards,
steeper gradients were exhibited as the mean effective stress decreased towards final
failure. The acceleration appeared the most abrupt at lower deviatoric stress levels, as
shown by the closely-spaced contours. These implied that, given the same soil depth
(represented by p'), slopes with a lower angle (indicated by lower g ) would sustain a

higher pore water pressure level without significant movements (e.g. less than 1
ps/sec). However, the acceleration towards final failure would be more sudden (Figure
5.28).
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Table 5.13 Best fit coefficients for plots in A— p' and A—¢ under 10 kPa/hr pore water pressure

increase at deviatoric stress levels 100, 200 and 300 kPa

(a) TC soils
Sample PPR rate Number A-p' A-t
number (10 kPal/hr)  of data R? R? R’ R?
(linear) (exponential) (linear) (exponential)
TC28 q =100 130 0.84 0.93 0.84 0.93
TC24 q=200 255 0.61 0.99 0.61 0.99
TC26 q = 300 225 0.25 0.86 0.26 1.00
(b) PO soils
Sample PPR rate Number A-p' At
number (10 kPa/hr)  of data R? R? R? R?
(linear) (exponential) (linear) (exponential)
POO07 q =100 100 0.77 0.97 0.77 0.97
PO19 q =200 . 240 0.25 0.99 0.25 0.99
PO31 q = 300 328 0.17 0.80 0.17 0.96

5.7.3 The PPR failure envelope

The commonly accepted failure criterion regarding the maximum deviatoric
stress does not apply to the stress-controlled reinflation tests, as the shear stress has
been held constant below the maximum level until reaching failure. The failure criteria
for PPR tests, however, could be more appropriately assessed using the axial strain
development as expressed by the strain contours (Table 5.12, Figure 5.27). These
strain envelopes derived from the reinflation process were strongly linear (R? = 1.00)
(Table 5.12).

Another common failure definition for plastic materials at 20% strain (Selby,
1993) was not found to be the best criterion for the TC and PO samples, where the
maximum effective frictional angle and cohesion were not mobilised (Table 5.12)
(Figure 5.31). Instead, the failure envelope appeared to be more appropriately defined
during the drained initial shear stage at 3% axial strain for the TC samples and at 5%
axial strain for the PO samples. The corresponding ¢' and c¢' were 18.4°, 29.4 kPa

respectively for the TC samples and 22.1°, 22.7 kPa respectively for the PO samples
(Table 5.12).
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5.7.5.2 Stepped rates of pore water pressure increase

This series of reinflation tests also started at mean effective stress of 233 kPa
under a constant deviatoric stress of 100 kPa, but using stepped rates of increase of
pore pressure. The time interval between each stepped reinflation was one hour (Table
5.3). An additional stepped test (PO38) was undertaken to examine the soil
movements under constant stress (i.e. p', ¢ ) conditions. This test replicated the 5 kPa

stepped test up to 350 kPa when the first sign of acceleration was shown. At this point,
the pore water pressure was held constant over time until the strain rate stabilised
before another stepped increase at 5 kPa was applied.

The strain development under the stepped rates in £- p' (Figure 5.40) and

£—t (Figure 5.41) were initially very similar to those subjected to the linear rates of
increasing pore water pressure (cf. Figures 5.34, 5.35), in that they demonstrated very
little movement after the start of reinflation. The strain rate under the stepped reinflation
remained more or less at zero until p' was at about 83 kPa for the TC and PO

samples.

However, the subsequent changing rates of strain development (alternate
acceleration and deceleration) formed the most distinctive and intriguing feature from
these stepped tests (Figures 5.40, 5.41). The changing strain rates occurred at the
same effective stress, as shown by the clustering of points in ¢ — p' (Figure 5.40). The

process was further illustrated, in real time, by the plots of ¢—¢ (Figure 5.41). After the
pore water pressure was increased stepwise to a new level, the strain rate increased
immediately reaching a maximum but then decelerated back towards the initial strain
rate (the “minimum”) until the next step. Moreover, the change of strain rate between
the maxima and minima was increasingly large as the effective stress decreased
stepwise towards failure (Figures 5.40, 5.41). The strain rate values at the maxima and
minima were not random, but showed a very significant exponential relationship,
especially in relation to the mean effective stress (R® > 0.99) (Table 5.15).
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Table 5.15 The £~ p' and £ -t relationship at the strain rate maxima and minima during

stepped pore water pressure increase*

Sample number PPR rate Number of data E-p' £—t
(stepped) points R? (exponential) R? (exponential)
TC29 5 kPa 6 maxima 1.00 0.99
TC21 10 kPa 5 maxima 0.99 0.98
PO25 5 kPa 4 maxima 1.00 Not applicable
TC29 5 kPa 5 minima 1.00 0.81
TC21 10 kPa 4 minima 1.00 1.00

*Statistical test were applicable only to stepped tests having more than four maxima / minima

In overview, the strain rates became increasingly large as the mean effective
stress decreased in steps. Their relationship is best described by the exponential
function in A—p' and A-t space (Table 5.16), although unsurprisingly the R?
coefficients were not as significant compared with the tests under the linear pore water
pressure rates. The exponential relationship was weakened as higher stepped rates

were applied.

Table 5.16 Best fit coefficients for plots in A—p' and A Qt , under stepped pore water pressure

increase at 5, 10, 15 and 50 kPa/hr

(a) TC soils
Sample PPR rate Number A-p' A-t
number (stepped)  of data R? R? R? R’
(linear) (exponential) (linear) {exponential)
TC29 5 kPa step 216 0.75 0.90 0.74 0.90
TC21 10 kPa step 185 0.66 0.91 0.63 0.93
TC31 15 kPa step 39 0.80 0.76 0.77 0.79
TC22 50 kPa step 48 0.39 0.80 0.11 0.63
(b) PO soils
Sample PPR rate Number A-p' A—t
number (stepped)  of data R? R? R? R?
(linear) {exponential) (linear) {exponential)
PO25 5 kPa step 105 0.77 0.96 0.80 0.96
PO23 10 kPa step 81 0.59 0.85 0.50 0.88
PQO30 15 kPa step 90 0.53 0.62 0.31 0.49

The associated exponential A - p' and the asymptotic trend in A —¢ space for

the TC and the PO samples were not largely affected by, the fluctuating .strain. rates .

octi TR

o A T G et R

dunng tﬁe stepped reinflation process (Figures 5.42, 5.43). This implies plastic
deformation, which was further supported by the barrel-like expansion within the tested

samples (Appendix 2b).
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The plots in ¢ -t space plots (Figures 5.45, 5.47, 5.49) also revealed some

complexities of strain development at time periods when the stress state was held

constant (i.e. constant p', ¢ ). Several intriguing movements were identified towards

the final failure:

Firstly, in sample TC29 (5 kPa stepped test) and TC21 (10 kPa stepped test),
the strain rate was found to be constant (instead of decreasing) with slight

accelerations and decelerations (Figure 5.50). The behaviour of sample TC21 was

even more interesting as the strain rate changed from being constant to a rapid

increase towards failure under the same level of pore water pressure (Figure 5.50b).

Acceleration was also observed in TC29 shortly before the last step of reinflation

(Figure 5.50a).
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Figure 5:50-Examples showing strain rate fluctuating-around-aconstant level of constant stress”
state followed by rapid acceleration to failure: (a) TC29 (5 kPa step); (b) TC21 (10 kPa step)
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The second type of interesting movement at constant stress state was
characterised by an initial decrease of strain rate, followed by rapid increase to failure
in a short period of time (Figure 5.51). This was shown by sample TC31 (15 kPa step)
(Figure 5.51a) and PO25 (5 kPa step) (Figure 5.51b).
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Time (sec)
500 _ - 370
W (b) o 5kPa step (PO25)

400 —— Pore water pressure 369 =
B ]
@ 360
% 300 - 3
® i
{‘% F355 &
£ 200 - &
2 L350 &
» L
100 Deceleration Acceleration | 345 <

0 T o L T T L T 340

115500 116000 116500 117000 117500 118000 118500 119000

Time (sec)

Figure 5.51 Examples showing strain rate decelerated initially but followed by rapid acceleration
to failure: (a) PO sample (5 kPa step); (b) TC sample (15 kPa step)

An additional stepped test (PO38) was undertaken to examine further the strain
development at constant stress conditions, by holding the pore water pressure and
deviatoric stress over time (Figure 5.52). The increases of strain rate at pore water
pressure levels 350 kPa, 355 kPa, 360 kPa and 365 kPa were not relevant as they
were directly associated with the stepped increase, of pore water. pressure. Most,
important'ly; é“twt;; tirﬁe periods between each step under constant stresses, the results
showed that strain developed at a decreasing strain rate and dropped to a near-
constant, very low rate on the order of 0.001 ps/sec and 0.01 ps/sec (Figure 5.52).
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Figure 5.52 Strain rate dropped to near-constant values (on the order of 0.01 to 0.001us/sec)

when pore water pressure was held constant over time

It was even more surprising, in the same tést, to find that the strain rate did-not
change but remained very low even after reaching the critical pore water pressure level
(370 kPa) at 10:15 a.m. (Figure 5.53). The first sign of strain rate increase only came
after 1 hour 35 mins. This was followed by slowly increasing strain rates below 0.1
us/sec for 4 hours. Very surprisingly, a sudden acceleration occurred afterwards
reaching up to 663 ps/sec at failure, under constant stress state. This change of strain
rates may suggest the contribution of creep processes in the initiation of a failure.
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Figure 5.53 Strain.rate.development under-constant:stress state-at the critical'pore water

pressure level
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5.8 Chapter summary

5.8.1 Physical characteristics of the tropical soils

The material properties of two tropical soil samples collected from the Tung
Chung (TC) and the Pui O (PO) sites were characterised through the physical property
tests (section 5.2). The tests have revealed that both of them were intensely weathered
Mesozoic volcanic tuff which were fine-grained and well-graded, composed of high silt
(50-60%) and clay (25%) contents with less than 10% gravel. They were low in organic
content. The plastic nature of the samples was further shown by the Atterberg limits
which further classified the TC samples as CLAY of intermediate plasticity and PO
samples as SILT of high plasticity. The undisturbed TC samples were denser than the
undisturbed PO samples, having a higher dry density (or a lower void ratio).

5.8.2 The ICU, ICD and PPR failure parameters

All the undisturbed TC and PO samples prepared for the ICU, ICD and PPR
tests were fully saturated (B-value > 0.98). Swelling was not significant (section 5.3).
The saturated samples were then consolidated at low confining stresses 50-400 kPa,
which expectedly resulted in a decrease in axial length, volume and void ratio. The
looser PO samples had higher consolidated strains (section 5.4).

The soil strength parameters mobilised during the ICU, ICD and PPR tests, in
terms of the effective frictional angle (¢') (Figure 5.62) and cohesion (c¢') (Figure 5.63),

were determined by the Mohr circles constructed at different axial strains (0.5-30%). As
strains developed towards failure, all samples showed a rapid mobilisation of friction
followed by a stabilisation. However, the most distinctive difference between the strain-
‘controlled compression (ICU, ICD) and the stress-controlled reinflation (PPR) tests was
found in the development of cohesion at small strains. Cohesion increased initially
under compression, whereas the reinflation process generated a decrease in cohesion
throughout the test.

The failure envelope was defined for the plastic TC and PO samples where the
highest effective frictional angle and cohesion were mobilised with reference to the
strain development. For the ICU tests, this occurred at 13% and 7% axial strain within
the TC and the PO samples respectively rather than the commonly adopted criteria: (1)
20% strain or (2) maximum shear stress. The moblllsed effectnve frictional angle (¢') .

and cohesion (¢'y'were 26.0°,10.2 kPa (TC samples) and 33.5°, 2.4 kPa (PO samples)
respectively (Table 5.9). For the ICD tests, the failure could be well-defined at the
maximum shear stress, where ¢' and ¢' were 29.0°, 8.3 kPa (TC samples) and 30.4°,
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This chapter first examines the nature of the weathered volcanic soils collected
from Tung Chung (TC) and Pui O (PO) on Lantau Island. This is followed by discussion
of the patterns of volumetric behaviour during pore pressure reinflation. The associated
accelerating strain development is evaluated against fundamental components of soil
behaviour: elasticity, plasticity and creep, to reveal the underlying deformation
mechanisms. Three key landslide movement stages are proposed that provide
important implications for the processes of shallow rainfall-induced landslides in the
weathered materials that typically occur in tropical environments.

6.1 The nature of weathered volcanics

6.1.1 Degree of weathering

| The high degree of decomposition by weathering under the hot, humid tropical
climate of Lantau lIsland is indicated by the mature grading curves (Figure 5.1)
(Terzaghi et al., 1996). In comparison, the TC samples appear to be more deeply
weathered than the PO samples, as shown by the higher proportion of fines and lower
amounts of gravel (Table 5.4). This is supported by the widely established view that the
degree of weathering affects the grading of residual soils (Lumb, 1962, 1965; Thomas,
-1994; Rahardjo et al., 2004).

However, as the TC and the PO samples are from the Mesozoic (Langford et al.,
1995), the weathering degree might have been expected to be similar. The higher sand
and gravel content of the PO samples is more likely to be attributed to the coarser
nature of the parent rock (i.e. coarse-grained crystal tuff) (GCO, 1988b) rather than the
degree of weathering. |

The silty-clayey fines are probably the products of intense chemical weathering
derived from the decomposition of ferromagnesian and feldspathic minerals, while the
larger sand and gravel-sized grains are mostly the remains of highly resistant quartz
inherited from the parent rock (Lumb, 1962, 1965; Mitchell and Sitar, 1982; Vaughan,
1988; McFeat-Smith et al., 1989; Irfan, 1994, Langford et al., 1995). In fact, kaolinite

may -account-for.the: large- proportion-of-silt-in=both-the TC -and“PO samples,*as-its" = -

lateral dimension lies in the range of fine to medium siit (Wen and Aydin, 2003). The
TC and PO samples, therefore, may both represent their most intensely weathered
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state (residual soil), and be recognised as Grade VI of fine ash tuff and coarse ash tuff
respectively (GCO, 1988a ,1988b).

The particle size distributions of the TC and PO samples (Figure 5.1, Table 5.4)
conform to previous findings in deeply-weathered volcanics, which show the
dominance of silty and clay particles with minor sand (Lumb, 1962, 1965, 1975; GCO,
1998a, 1998b; GEO, 1994a; Irfan, 1998b, 1999; Ng and Pang, 2000). In particular, they
are also consistent with the findings of other studies on residual soil undertaken at the
TC site (clayey SILT; clay content: 25-40%, mean 34%) (Evans and Lam, 2003) and
North Lantau (slightly clayey sandy silt) (Franks and Woods, 1993). The tested
samples reflect the well-graded nature of residual soils (Kenney, 1984).

6.1.2 Mineralogy

Kaolinite and halloysite are the most common clay minerals found in tropical
residual soils (Vaughan, 1988; Terzaghi et al, 1996; Fookes, 1997; Queiroz de
Carvalho and Simmons, 1997; Maail et al., 2004). Kaolinite appears to be the dominant
clay mineral for the fine-grained TC and PO samples. This is supported by (1) the
Atterberg limits, (2) the moisture content data, (3) the volumetric behaviour during the
saturation stage and (4) the degree of weathering.

The Atterberg limits obtained from both samples (Table 5.4) fall within the
typical liquid and plastic limits for kaolinite, which lie typically between 30 and 110%,
and 25 to 40% respectively (Selby, 1993). The insignificant difference between the
sample moisture content derived at 45-50°C and 105°C suggests that the clay minerals
are inactive, without large quantities of drying-sensitive clay minerals such as halloysite
in weathered volcanics (Irfan, 1996). Moreover, the negligible amount of swelling Upon
saturation (Table 5.6) further confirms that the soil specimens are rich in kaolin of low
swelling capacity (Queiroz de Carvalho and Simmons, 1997). Finally, kaolinite is
dominant in soils at their most advanced stage of weathering (Lumb and Lee, 1975),
consistent with the weathering grade (Grade VI) of the TC and PO samples (Figure
6.1).

The above observations are consistent with other clay mineralogy studies on
weathered..volcanic -soil;-which- report-the-dominance-of-inactive  kaolinite” (Irfan, 1996,
1998b, 1999; Campbell and Koor, 1999; Franks et al., 1999; Duzgoren-Aydin et al.,
2002). For example, a kaolinite composition of up to 56% of the soil total weight has
been found in volcanic residual soils in Hong Kong (Irfan, 1998b).
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6.1.4 Soil structure

Structure refers to the particle arrangements (fabric) and interparticle bonding
generally possessed by natural, undisturbed soil (Mitchell and Soga, 2005). The
structure of the undisturbed TC and PO soil samples appears to be weakly-bonded, as
a result of relict bonding from the weathered parent rock as well as secondary bonding
due to cementation by sesquioxides, which is typical for intensely weathered soils
(Mitchell and Sitar, 1982; Irfan, 1996, 1999). Evidence for the weakly-bonded structure
has been revealed by the soil behaviour in the testing programme, as follows: ‘

The non-zero cohesion intercept exhibited by both samples during the
conventional and reinflation tests suggests the presence of a bonded structure (Figures
5.9, 5.15, 5.27) (Vaughan, 1988). However, the value of cohesion is low, which
indicates that the samples are weakly bonded in association with the secondary
bonding. The limited true cohesion is probably related to the high degree of
decomposition (Au, 1998). For these intensely-weathered soils, the cohesive strength
could be contributed to by mineral crystallisation and precipitation of cementing
material during weathering (Leroueil and Vaughan, 1990). The cementation by iron
minerals is pre-dominant in the tested samples, as suggested by their lack of relict
structure (structureless clayey silt to silty clay matrix with some sand-size quartz grains)
and the deep reddish-brown colour (Figure 6.1). Such ‘laterization’ is however weaker
within the tested samples than those developed in other tropical areas (Irfan, 1998b, '
1999), due to the low iron content of the Hong Kong soils (Lumb, 1962). Nevertheless,
the void ratios, which indicate the impact of leaching and loss of mineral matter, are
similar to residual soils from Brazil (0.8-1.5) and India (0.5-1.1) (Rao and
Revanasiddappa, 2002).

The direct effects of bonded structure on soil behaviour, such as yield stress
and peak strength (Fookes, 1997), are not clearly shown in the stress-strain curves
derived from the drained and undrained tests (Figures 5.13, 5.17). However, the effect
can be more readily seen in plots of £ p' (Figure 6.2). The undisturbed samples

exhibited a more sudden development of strains within a small range of mean effective
stresses, compared with the disturbed samples. The distinctive soil behaviour suggests
the presence of a weak bonded structure (Boonsinsuk and Yong, 1982; Fookes, 1997).
This can be attributed to the high degree of weathering (Grade V or above), application
of high confining préssuré or bond breakage during the saturation stage (Ebuk, 1991;
Brenner et al., 1997).
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Figure 6.6 Relationship between initial dry density and axial strain after drained initial shear:

(a) TC samples; (b) PO samples

6.1.6 Permeability

The standard permeability test (Head, 1998) was not used in this research.
However, the coefficient of permeability, £, derived from the consolidation process
suggests that the PO samples are more permeable than the TC samples. This could be
related to their higher gravel and sand contents (Table 5.4), and their lower density
(Figure 6.7). However, there is no direct correlation between the sample density and
permeability (Figure 6.7). The poor relationship may be related to other factors such as
particle arrangement or heterogeneity of the samples. '

The permeability coefficient is useful to identify two different groups of samples
for comparison purpose (Figure 6.7). However, caution should be taken as it may not
necessarily reflect the true degree of permeability for the samples. The hydraulic
conductivity of weathered volcanics around the TC site was found to range from 1-7.6 x
10% m/s (Lan et al., 2005). Table 5.5 shows lower permeability coefficients and has
indicated that the coefficient is highly affected by the consolidation procedure. The
values of the permeability coefficient derived from consolidation at a controlled rate of
increasing effective stress (except TC09, TC10, TC11 which were subjected to a
sudden increase of effective stress) were much lower on average. The resuited lower
permeability values were not surprising as a longer time would be required to reach the

theoretical state of consolidation (i.e. higher values of ¢, ) under the controlled rate of

increasing effective stress. Similarly, under the same consolidation rate, samples

consolidated at a higher effective stress would have a higher value of 1, that gave a

lower value of ¢, and hence a lower & value (cf. TC33, TC34, TC39 or cf. PO04,
POO05, POO06).
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Figure 6.7 Relationship between initial dry density and the coefficient of permeability derived

under the same consolidation pressure and procedure: (a) TC samples; (b) PO samples

6.1.7 Soil strength
6.1.7.1 Effective strength parameters

The effective cohesion and frictional angle from the ICU, ICD and PPR tests
have first been evaluated against the standard failure criteria for plastic materials, that
is at 20 % axial strain (Selby, 1993). Under this criterion, the PPR tests mobilised the
highest values of effective frictional angle with relatively high cohesion (Figure 6.8).
Similarly, a higher strength envelope has been derived under the field stress path than
from conventional tests in other undisturbed soils (GCO, 1982; GEO, 1994a; Anderson
and Sitar, 1995; Zhu and Anderson, 1998).

The higher angle of internal friction derived from the PO samples under the
same effective stress state can be attributed to (1) the higher proportion of the more-
resistant gravel (> 2 mm) and sand-sized quartz grains within weathered crystal tuff
(Table 5.4) (Kenney, 1984)-and (2) the presence of some hardened, iron-cemented -
aggregates (Mitchell and Sitar, 1982; Irfan, 1998b). The presence of iron materials is
indicated by their reddish-brown colour (Figure 6.1).
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However, very few studies have reported the actual values of effective frictional
angle and cohesion or used the same criteria to compare the two types of tests (except
Anderson and Sitar, 1995; Zhu and Anderson, 1998) (Table 6.1). This highlights the
fact that there is no standard criteria to define the sample failure or strength for field
stress path tests. Some studies have not defined the strength parameters (GEO, 1994a;
Anderson and Riemer, 1995; Gabet and Mudd, 2006), whilst others adopt two main
criteria for the analysis of rainfall-induced landslide initiation: (1) the maximum stress
ratio (o, 0,') which is defined as the point of maximum stress obliquity (GCO, 1982;
GEO, 1994a); and (2) the “yield” strength which is the turning point of the horizontal
field stress path, identified by the onset of rapid increases in axial strain (Anderson and
Sitar, 1995; Zhu and Anderson, 1998).

Table 6.1 Effective frictional angle and cohesion reported on undisturbed soils under

conventional and field stress path tests

Soil Anisotropic consolidated Constant shear drained Reference
material undrained {ACU) test (CSD) test
Residual / ¢'pk=30.8°, c'px = 1.7 kPa ¢, =36.7°,¢y=0.7kPa Anderson and Sitar
colluvial ¢'ss =31.9°, C'ss = 2.3 kPa ®'r=35.3°, ¢'r= 1.0 kPa (1995)
Residual ¢’y =39.6°, ¢’y =3.0kPa ¢'y=32.1°, ¢, =6.9kPa Zhu and Anderson
¢'s=31.7°,¢';s=3.0kPa ¢'s =35.3° ¢'is=4.2kPa (1998)

Strength description (subscript): pk = peak; y = yield; ss = steady state; /s = large strain

The first criterion has the advantage of allowing a comparison with conventional
tests in terms of stress state,” whereas the second criterion does not make any
reference to the conventional tests, and hence may not be comparable. The second
criterion also does not consider strain accumulation, but defines the strength
parameters at the drop in shear stress (Anderson and Riemer, 1995), which is opposite
to the compression tests. Moreover, the “yield” point can be difficult to identify, as
shown in GEO (1994a) and the present study, for those samples which do not exhibit
marked decrease in deviatoric stress during the test. Most importantly, based on the
strain rate contours (Figure 5.28), the “yield” criterion appears unrelated to the initiation
of landslides, as the acceleration of strain occurs well before the decrease of deviatoric
stress. R P
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Therefore, a third criterion is proposed here which derives the strength
envelope using the stress conditions at a common value of axial strain. The main

advantage is that the strength parameters (c¢', ¢') derived from the strain-rate

controlled conventional drained (ICD), undrained (ICU) tests and the stress-controlled
pore water pressure reinflation (PPR) test can be compared, through common axial
strain values. An example has been shown in Figure 6.8, in which the cohesion and the
effective frictional angle have been determined at 20 % axial strain (Selby, 1993).
Based on this cross-referenced criterion, it can be confirmed with confidence that the
strength parameters derived from the reinflation test, at 20% strain, are indeed the
highest (cf. Tables 5.9, 5.10, 5.12).

Interestingly, Figures 5.62 and 5.63 further demonstrate that the strength
parameters vary at different strains. In other words, the pore pressure reinflation
process does not necessarily mobilise the highest strength compared with those
derived from the conventional tests throughout the shearing process. For example,
Figure 5.62 shows that the ICU test mobilised a higher frictional angle than the PPR
tests at small strains for the TC (< 6 % strain) and PO (< 14 % strain) samples. This
may explain why there have been very few attempts to compare the strength
parameters between the conventional and the reinflation tests. A comparison among
the strength parameters commonly defined by the Mohr circles at different strain values
during PPR, ICU and ICD tests (Figures 5.62, 5.63) provides an alternative way to
examine the processes leading to failure for the first time.

In addition, all of the ICU, ICD and PPR tests reveal that the key failure
processes of landslides involve an increase of effective frictional angle (Figure 5.62)
and a loss of effective cohesion (Figure 5.63). Similar behaviour has been observed
during uniaxial compression testing of granitic rocks, which has been attributed to
increasing brittle damage (Eberhardt et al., 2004) (Figure 6.9). The increase in frictional
strength was due to the shearing of interlocking asperities along a discontinuous shear
surface whilst the loss of cohesion was associated with the destruction of remnant
intact rock bridges (Eberhardt et al., 2004). The distinctive difference for TC and PO
soils, as plastic materials, was the less dramatic process of decreasing cohesive
strength and mobilisation of frictional strength that lasted over higher strains. The drop
in cohesion of the TC and PO samples was less sudden and did not approach zero;
and the. generation.of.frictional strength-was-smaller-(Figures-5:62, 5.63).
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Figure 6.9 Decreasing cohesion and mobilisation of frictional strength during uniaxial
compression damage testing of granitic rocks (after Eberhardt et al., 2004)

The less dramatic, initial loss of cohesion of the TC and PO samples during the
reinflation tests was not surprising as they were intensely weathered materials. The
weak bonds between the soil particles were damaged due to the increase of pore fluid
pressure. This was followed by a relatively constant cohesion value in which
movements were possibly taking place at the residual strength of the material. In
contrast, the conventional drained and undrained tests showed an increase of cohesion
at small strains (Figure 5.63) which indicates a slightly different failure mechanism. The
exceptional initial increase of cohesion appears to be mobilised from the rapid increase
of shear stress within the samples under the strain-controlled compression, rather than
reflecting the stress-controlled soil behaviour in the field condition which the soil
particles are pushed apart by increasing pore water presSure.

As for the development of friction, the PPR, ICU and ICD tests exhibited similar
processes with rapid mobilisation of friction at small strains up to around 10 % axial
strain, which becomes constant thereafter. This is probably because higher levels of
friction have to be mobilised to resist the initiation of movement between soil particles
due to the increasing shear stress. The highest frictional strength was mobilised by the
ICU tests at small strains, but was exceeded by the PPR tests in the large strain range.
These similar values of friction angle derived at large strains (= 10 %) could be related
to the balance between the shear stress and the resistance force once movement has
fully developed.
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6.1.7.2 The effective strength envelope

The linear form of the effective strength envelopes derived from the TC and PO
samples in the conventional triaxial tests (Figures 5.9, 5.15) and reinflation tests
(Figure 5.27) has also been observed in other studies on undisturbed samples,
including decomposed volcanics (DV) (GCO, 1982), completely to highly decomposed
volcanics (C/HDV) (GEO, 1994a), volcanic saprolite, residual transitional volcanic sail,
creeping saprolite, and completely decomposed tuff specimens tested along pre-
existing shear planes (Irfan, 1994; Zhu and Anderson, 1998).

The stress paths derived from the undrained compression tests on TC and PO
samples further indicate their normally consolidated soil behaviour (Figure 5.12), which
is typical for residual soils (Leroueil and Vaughan, 1990). This implies that the samples
have not been subjected to higher effective confining pressures than those applied
during the triaxial tests (Head, 1998). The result is consistent and reflects the shallow
depth of the sampling site and the loose and weak nature of the weathered soil
samples in the field. This is in agreement with an observation in completely
decomposed fine ash tuff by Gan and Fredlund (1996) of the transition of the
curvilinear to linear segment of the strength envelope at a normal stress of about 105
kPa, due to the destruction of cementation bonds. Therefore, a curved strength
envelope for the residual soil samples might appear if tested at a lower mean effective
stress levels.

Based on field stress simulation tests, Zhu and Anderson (1998) attributed the
linearity of the Hawaiian residual soil strength envelopes to the large proportion of fine
particles (25 - 40% clay; 55 - 50% silt), which ultimately determine the shear strength of
the soil after bonding is broken. Similarly, the predominant proportion of clay-sized
(25%) and silty particles (50 - 60%) of the TC and PO samples may be responsible for
the linear envelopes. This suggests that the strength envelope of volcanic residual soil
can be well-defined, even allowing for the natural variability of the samples.
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6.2 Volumetric behaviour during pore water reinflation testing

Dilative behaviour has been observed within the TC and PO samples during the
reinflation tests (Figure 5.33). The result is conéistent with previous experimental
studies on undisturbed samples that simulate the field conditions for rainfall-induced
landslides (GCO, 1982; GEO, 1994a; Anderson and Riemer, 1995; Anderson and Sitar,
1995; Zhu and Anderson, 1998; Dai et al., 1999a; Gabet and Mudd, 2006). The
behaviour has been commonly attributed to the increase of pore water pressure (e.g.
Anderson and Riemer, 1995; Dai et al, 1999a). However, the different patterns of
volumetric expansion observed from the reinflation experiments further reveal that the
volumetric increase may also involve “true dilation” due to various interparticle

movements within the samples driven by constant shear.

6.2.1 Patterns of dilative behaviour -

In this research, analysis of the void ratio (e ) against mean effective stress (p')

graphs suggests that the identified dilative soil behaviour generally undergoes three
phases leading to failure, characterised by Type 1 to Type 3.

Type 1 displays a distinctive linear e— p' relationship. It dominates the initial
part of the reinflation test starting from p' = 233 kPa to around p'= 120 kPa,
undertaken at various reinflation rates (Figure 6.10) and styles (Figure 6.11). This also

generally describes the dilative soil behaviour during pore water pressure increase at
the lowest rate: the 0.5 kPa/hr tests in both samples (Figure 6.12).

However, at the low reinflation rates, dilation can be further characterised by
“cycles” of irregular gradual volume increase and sample contraction (Figure 6.12).
These irregularities gradually disappear at higher reinflation rates as shown by the 5
kPa/hr tests (Figure 6.13).
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The Type 1 to Type 3 patterns of dilative behaviour during the increasing pore

water pressure suggest three different inter-particle movements occurring within the

soil samples, characterised as “push and climb”, “localised slide” and “generalised

slide” respectively (Figure 6.16). The transition from Type 1 to Type 3 is likely to have

associated with the increasing volume of pore fluid, thus reducing the contacts between

soil particles facilitated by the constant shear. The process is further illustrated in
Figures 6.16, 6.17.

Void ratio, e

+— Increasing pore fluid between soil particles
(under constant shear stress)

Type 3 Type 2 Type 1

“generalised slide” | “localised slide”
]

“push & climb”

e e

A s

Failure Start of test
Mean effective stress, p’ (kPa)

Figure 6.16 Explanation of dilative e— p' relationship in terms of interparticle movement within

the soil samples during reinflation test: Type 1 (push and climb), Type 2 (localised slide) and

Type 3 (generalised slide)
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Figure 6.17 Interparticle movements within the sample during reinflation test: (a) Type 1 (push
and climb); (b) Type 2 (localised slide) and (c) Type 3 (generalised slide)

At the start of the reinflation test, the linear ¢—- p' relationship (Type 1) (Figures

6.16, 6.17a) appears to have mainly contributed by the increase of pore fluid getting
into the sample rather than shear deformation (Figures 6.10, 6.11). Expansion or
swelling caused by a decrease in effective stress is recognised (Selby, 1993; Terzaghi
et al., 1996, Mitchell and Soga, 2005), which is also found in previous field simulation
experiments (Anderson and Riemer, 1995; Zhu and Anderson, 1998; Dai et al., 1999a;
Chen and Yang, 2000; Ohtsuka and Miyata, 2001). However, the irregularities
exhibited by the reinflation tests at low rates (Figures 6.12, 6.13) further suggest that
the soil particles are also being pushed apart under shear. As effective stress
decreases, the increasing water volume moves the particles further apart and enables
them to push and climb over the adjacent particles under shear force. Such movement
is also feported in sofné receht fiéld simulation experiments (Gabet and Mudd, 2006).
However, relative interparticle movements are limited due to strong interlocking with
the other particles under high mean effective stress. This is reflected by little axial
strain development (Figure 6.18).
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6.2.2 Changes of void ratio under stepped reinflation

The contribution of the shear deformation due to interparticle movement and the
pore water pressure increase on the volumetric behaviour of the samples can be
further analysed with reference to the stepped reinflation tests.

Consistent stepped-like patterns in e— p' are distinctive during the stepped

reinflation tests (e.g. Figure 6.20), comprising two main characteristics: The sample
volume increased (1) slightly during the stepped increases of pore water pressure (e.g.
from 108 kPa to 103 kPa, from 103 kPa to 98 kPa etc.), and (2) to a relatively larger
degree when pore water pressure was held constant (e.g. at 108 kPa, at 103 kPa etc.).
The former was related to the increasing pore fluid pushing into the sample to decrease
the mean effective stress, controlled by the test apparatus. The latter, however, was
more likely to be associated with the “true dilation” due to internal remoulding within the
sample under constant stress conditions, facilitated by one of the interparticle
movements driven by constant shear (Figures 6.16, 6.17). The non-linear increase in
void ratio further indicates that the role of shear deformation becomes more important
as the effective stress level gets lower (towards failure) (Figure 6.20).
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Figure 6.20 Typical stepped-like pattern in e— p' stepped reinflation tests demonstrated by the
5 kPa stepped test: (a) TC29; (b) PO25
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An interesting pattern emerged when the process was examined against time. It
was clear that the void ratio increased following the stepped reinflation, but increased
at a decreasing rate soon after the new pore pressure level was attained (Figure 6.21).
The slowing down of volumetric expansion could be related to the rate of pore water
pressure distribution throughout the sample, which is controlled by the soil permeability.
The effect of equalisation is indicated by the shape of the e —time curves (Figure 6.21).
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Figure 6.21 Typical patterns of slope changes in e-time under stepped reinflation tests for (a)
TC and (b) PO samples, demonstrated by the 5 kPa stepped test

During a stepped rate of reinflation, say 5 kPa, the pore water pressure
distribution within the less permeable TC samples tends to be more uneven. The rate
of increase of pore water pressure applied at both ends of the samples would be equal
to 5 kPa immediately but not likely to reach 5 kPa in the middle of the sample at the
same time due to lower permeability. When the pore water pressure is held constant,
the dilation is slowed because the increased pressure (i.e. 5 kPa) must be distributed
to the middie of the sample to equalise with the new pressure level. The effect is
revealed by the more generalised and gentle ¢ -time curves (Figure 6.21a). However,
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this pore pressure distribution process is more efficient within the more permeable PO
samples, meaning that the increased pore water pressure can be quickly equalised
throughout the sample. Therefore, the PO samples have sharper e —time curves which

follow closely with the stepped pore pressure increase (Figure 6.21b).

Plots of axial strain against void ratio further indicate that the decreasing rate of
the volumetric expansion may be associated with the increasing plastic strains as the
pore water pressure level becomes higher (Figure 6.22). The increasing void ratio and
the accumulation of axial strain under constant stress conditions (when pore water
pressure was held constant) (Figure 6.22) also suggest the presence of true dilation
due to interparticle movements within the TC and the PO samples.
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Figure 6.22 Typical e—¢, plots under stepped reinflation tests showing the increasing plastic

strains: (a) TC samples; (b) PO samples
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6.3 Deformation mechanism

Another important aspect of soil movement behaviour lies in the stress-
deformation and stress-deformation-time relationship (Mitchell and Soga, 2005). The
associated fundamental soil behaviour involves elastic deformation, plastic deformation
and creep phenomena (section 2.5). These deformation mechanisms are well-
observed in deep-seated landslide systems, leading to catastrophic movement (brittie
failure); steady, constant, creep-like movement (ductile failure); and a sudden failure
preceded by long periods of creep (ductile-brittle failure) respectively (Petley, 1996;
Petley and Allison, 1997).

6.3.1 Is it elastic deformation?

Elastic behaviour refers to recoverable deformation which involves a linear
relationship between stress and strain (Carson, 1971; Craig, 1997). It is a common
phase for both brittle and ductile deformation in most geological materials (Petley and
Allison, 1997). Such behaviour can be normally examined through the linear section of

the stress-strain curve in plots of ¢, —g (where ¢, is axial strain; g is deviatoric stress)

(Figure 2.2), derived from conventional drained and undrained triaxial tests (Wood,
1990). However, this evaluation method is not directly applicable for the reinflation tests
as the deviatoric stress has been kept constant. Alternatively, elastic behaviour under
reinflation process is assessed through plots of (a) axial strain against effective stress,

e,—-p' and (b) the change of axial strain against effective stress, Ag, —p' in this

research. The results from the linear and the stepped reinflation tests have been used
to evaluate if the TC and PO samples exhibit the elastic behaviour.

6.3.1.1 Evaluation of stress-strain relationship

The highly non-linear stress-strain relationship derived from the linear reinflation
tests indicates no sign of elasticity even at small strains (< 1 %) (Figure 6.23). This is
perhaps not very surprising as most natural soils are not elastic materials (Wood, 1990;
Selby, 1993; Smith and Smith, 1998; Parry, 2004; Yu, 2006). The highly non-linear
behaviour of geomaterials has also been observed in other experimental studies
(Burland, 1989). For the weathered TC and PO soils, the non-linearity could be related
to their heterogeneous nature (Craig, 1997) (section 6.1.5). The inelastic strains may
also be associated with the presence of very hard soil particles (Nemat-Nasser, 2004),

such as quartz-indicated-by the sand and-gravel contents of the weathered samples

(Table 5.4).
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Figure 6.24 Expected elastic behaviour during the reinflation tests under instantaneous pore

pressure increase for a perfectly permeable material, expressed in plots of:

(a) pore pressure - time; (b) - p'; (c) Ae-p"
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Figure 6.25 Expected elastic behaviour during the reinflation tests under instantaneous pore

pressure increase for a finitely permeable material, expressed in plots of:

(a) pore pressure - time; (b) ¢— p'; (C) Ae—p'

However, evidence from the stepped reinflation dataset suggests the tested

samples do not possess the elastic element. The most direct evidence lies in the non-

linear Ag, — p' relationship derived from stepped reinflation tests for the TC and PO

samples (Figure 6.26). It is evident that the accumulated axial strains (i.e. Ag, )

increase more than proportionately at each step of increase in pore water pressure (i.e.

decreasing p'), indicating the absence of elastic properties.
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Figure 6.26 Typical examples of non-linear Ag, — p'relationship during the reinflation tests:

(a) TC29 and (b) PO25

Based on the findings from the reinflation tests, it is evident that the stress-
strain relations of the weathered TC and PO samples cannot be explained by classic
elastic behaviour. The other fundamental soil components such as plasticity and creep
need to be examined.
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The results are not likely to be affected by pore pressure equalisation
processes, especially for the PO samples given their higher permeability (section 6.1.6).
The pore pressure equalisation tests further indicate that the pore water pressures
within PO samples are equalised, as there is little difference between the back
pressure and pore pressure up to 100 kPa stepped rate measured from the top and the
bottom of sample respectively (Figure 6.34).

Hence, the relationship between the reinflation rates and the slopes in A-p'
and ¢-p' shown by the undisturbed samples could not be fully explained by the

critical state theory, which implies that implied an ultimate and unique failure stress
state regardless of the rate of pore water pressure or initial sample density (Atkinson
and Bransby, 1978; Atkinson, 1993). This might be due to the fact that the critical state
theory was developed from remoulded natural or reconstituted soils which did not take
into account the impact of micro- and macrostructure of undisturbed soils on their
behaviour (Burland, 1990).

Higher pore water pressure rates possibly cause higher degrees of
destructuring, in which the stresses within the sample could not be localised in the
quickly destructured state, leading to more plastic behaviour (Figures 5.38, 5.39, 6.31).
Transition of soil behaviour (plastic to brittle or vice versa) in relation to the rates of
pore water pressure, however, was not identified in this study.

However, Figure 6.31 does not include the intriguing decreasing strain rate
observed from the stepped rate tests during the time periods when pore water pressure
was held constant. The observed deceleration cannot be explained by the notable
time-dependent “strength regain” mechanism proposed by Angeli et al. (1996, 1999,
2004), as their theory has not considered shear strength under constant pore water
pressure conditions. Moreover, for the residual soils tested in this study, it is doubtful if
the structure destroyed during the reinflation tests could be recovered, such as through
the precipitation of cementing agents, within the short time scale of the experiment
(Leroueil and Vaughan, 1990). This suggests that other factors in addition to plasticity,
such as permeability, may be more relevant to explain the soil behaviour.

6.3.2.4 The role of permeability on strain development

The pore pressure equalisation tests on the TC and PO samples indicate that
the soil behaviour is affected by permeability. This effect is particularly apparent on the
less permeable TC samples, as indicated by the higher degree of deficiency between
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the applied back pressure and the soil pore pressure response (differences are up to
20 kPa for TC sample and 2 kPa for PO samples during tests up to the highest stepped
reinflation rate at 100 kPa) (Figure 6.34). The direct impact of permeability has been
indicated by the systematic changes of void ratio under stepped pore water pressure
increases (Figure 6.21).
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Figure 6.34 Pore pressure equalisation test on samples: (a) TC25; (b) PO18; and (c) PO32

The influence of permeability on plastic behaviour is clearly reflected during the
~ stepped reinflation tests in two key patterns (Figure 6.35). For the relatively less
permeable soils (the TC samples), the difference between the pore pressure increase
experienced ‘within the sample and the applied back pressure increase is larger at
higher rate of pore water pressure (Figure 6.34). This probably affects the strain in two
ways: (1) a more gentle ¢ —time slope during the stepped increase of pore water

pressure, and (2) the rate of strain will decrease rather than being constant when the
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new pore pressure level is held over time (i.e. represented by the solid line in Figure
6.35). The effects can be illustrated with reference to the results from a 10 kPa stepped
reinflation test (Figures 6.36a, 6.37a). During the 10 kPa stepped reinflation, the
sample volume increased as the pore fluid was pushing through the sample and
resulted in a corresponding axial strain (section 6.2.2). However, the increase of strain
for the less permeable TC samples would be less immediate than the applied stepped
rate as the 10 kPa reinflation had not yet reached the middie of the sample. When pore
water pressure level was held constant, the pressure distribution process continued but
the increase of strain was slower as the increased pore water pressure (i.e. 10 kPa)
was distributing to the middle of the sample. The process of pore water equalisation
within the less permeable TC samples is suggested by ¢ —time curves composed of a
series of gentle slopes (Figure 6.36a) and the “smoother” peak-trough pattern in plots
of &£ —time (Figure 6.37a).

For the relatively more permeable soils (like the PO samples), a change in pore
water pressure resulted in a more immediate and sharp change in plastic strain (Figure
6.36b) and strain rates (Figure 6.37b) as the increased pore water pressure distributed
throughout the sample more quickly. In other words, permeability appears to determine
the slope of ¢—time and the & -time plots. However, the amount of strain and strain
rate at each stepped reinflation is more likely to be controlled by the plastic properties
of the soils, depending on the stress state.

Regarding both samples, a constant strain rate, which would be expected in
perfectly plastic materials under constant stress after yield (Summerfield, 1991), is not
common between each step (when pore water pressure is held constant) probably
because both the TC and PO samples are not highly permeable, given their high
percentage of fines (Table 5.4).
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Figure 6.41 Plastic deformation at constant stress, expressed in plots of (a) ¢ - time and
(b) £ - time (after Summerfield, 1991)
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Figure 6.42 Three phase creep at constant stress in plots of (a) ¢ —time and (b) &-time
(after Varnes, 1983)

For plastic deformation, plastic strain increases at a constant rate after reaching
the yield stress when the stress is constant (Summerfield, 1991) (Figures 6.41). In
contrast, creep deformation involves an increase of strain at a decreasing rate (primary
creep) and increasing strain rate (tertiary creep) respectively (Varnes, 1983; Fell et al.,
2000) (Figures 6.42), features which are not found in plastic deformation.

However, secondary creep is characterised by a constant strain rate, similar to
plastic deformation under constant stress conditions. Hence, a constant strain rate
could well be the result of either plastic deformation or secondary creep or both under
constant stress conditions. Nevertheless, the existence of secondary creep may be
subjected to debate as the typical creep curves derived from some of the previous
research shovrv~ an inflection point instead, éharacterized by rélatively constant strain
and strain rate for a very short period of time (Varnes, 1983). This is particularly true for

soils, which rarely show a long period of secondary creep (Kuhn and Mitchell, 1993).

- 200 -



Chapter 6 Discussion

This period has been regarded as the result of the combination of primary and tertiary
creep processes (Fell et al., 2000).

In short, the above discussion demonstrates that, under constant stress
conditions, it is theoretically possible to identify the unique contribution of primary and
tertiary creep by noting the decreasing and increasing strain rates respectively.
However, the contribution of constant strain rates from secondary creep and plastic
deformation is indistinguishable.

6.3.3.2 Testing for creep under the stepped reinflation test

Having noted the possibilities and limitations, there was one more complexity
which made the evaluation of creep from the reinflation process particularly challenging:
the change of mean effective stress during the reinflation process, meaning that the
required constant stress conditions for the evaluation were not always present. In other
words, it would be misleading to test for the presence of creep using the & —time or
£—time data directly from the reinflation tests, because the time dimension also

incorporates an increase of pore water pressure (i.e. changes in the stress state).

However, the reinflation test has indeed provided a classic testing condition
similar to the standard creep test, which is, testing below the maximum strength of the
sample. Moreover, the evaluation of creep is possible for the stepped reinflation tests
at the time periods where both p' and ¢ are kept at the same level (i.e. constant

stress conditions). In fact, the stepped reinflation test can be regarded as a “multi-stage
creep test”, as the soil sample has been subjected to constant stress conditions over
time at more than one level of its maximum strength (or peak stress).

6.3.3.3 The hypothesis
The evaluation of creep under the stepped reinflation test is illustrated in Figure

6.43. At the start of the reinflation (p’',,, ¢ ), or point (a), the sample was subjected to

dis *
the lowest amount of load, say, deviatoric stress at 20% of its maximum strength (or

peak stress). The stress conditions were held constant at ( p',., ¢ ) over a fixed period

dis *
of time (1 hour), before the next stepped increase in pore water pressure. This was the
first time period which allowed the evaluation of creep. At this low stress level, primary
creep was most likely to occur and the strain rate might decrease to zero (Varnes,

1983) (Figure 6.44a). After one hour, pore water pressure was increased instantly in
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Figure 6.44 The ideal development of the three creep phase at constant stress conditions over
time under stepped reinflation: (a) primary creep; (b) secondary creep; (c) tertiary creep

6.3.3.4 The analyses

The typical ¢ —time and & —time behaviour and the corresponding void ratios of
the TC and PO samples during the time periods under constant stress conditions (i.e.
constant p', g ) at various p' levels towards failure are shown in Figures 6.45 and

6.46 respectively. Strain and strain rates are presented in logarithmic scale for clarity.
The figures do not include the strain and strain rate development during the time
periods when the pore water pressure was increasing stepwise, as this involved a
change in the stress state which was not relevant for the evaluation of creep. The time
periods at p' > 93 kPa (TC sample) and p' > 83 kPa (PO sample) were not included

as almost no strain developed.

A complicated strain behaviour was revealed in both the TC and the PO
samples under the constant stress conditions, which could not be fully explained by the
three phase creep theory. However, it may be largely explained with reference to the
soil permeability conditions and plastic behaviour, as suggested in section 6.3.2,

instead of creep deformation.

Firstly, the larger extent of decreasing strain rate (the “primary creep” behaviour)
was more likely to relate to the increasing permeability within the sample through the
reinflation process, as indicated by the non-linear increase in the void ratio (Figures
6.45¢, 6.46¢). The “primary creep”, therefore, was an indicator of the effectiveness of
the pore pressure equalisation process, but not the underlying cause for the strain

development.
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Secondly, the initial increase of strain rate (the “tertiary creep”) preceding the
“primary creep” could be a direct result of the stepped increase of pore water pressure
which had not yet been fully equalised within the sample, even after the target constant
stress state was reached. This may explain why this phenomenon was more often
found in TC samples which were less permeable (Figure 6.45b). Hence, the “tertiary
creep” observed in both samples appears to be a permeability indicator as well.

As for the fluctuating but relatively constant strain rates just before failure within
samples TC29 (at p' = 73 kPa) (Figures 5.50a, 6.45b) and TC21 (at p' = 63 kPa)

(Figure 5.50b), their behaviour was likely to be related to secondary creep and/or
plastic strain exhibited under a permeable condition.

The increasing strain rates towards the final failure exhibited within most of the
TC and PO samples were probably a result of the stepped reinflation reaching a critical
pore water pressure threshold. Typical examples include samples TC27 (Figure 5.45a),
TC29 (Figure 5.50a), PO23 (Figure 5.47) and PO12 (Figure 5.49b), in which the
samples accelerated to failure shortly after the stepped reinflation. However, this
explanation could not fully explain the intriguing behaviour of samples TC21 (Figure
5.50b) and PO38 (Figure 5.63), as their strain rate were kept initially constant
(secondary creep/plastic strain) when the critical pore water pressure level was
reached (i.e. p' = 63 kPa), followed by acceleration towards failure under constant

stress conditions ( p' = 63 kPa, ¢ = 100 kPa). The increasing strain rates under

constant stress conditions towards failure appear to be true tertiary creep (section 2.5.1)
which is associated with the internal remoulding within the samples. The tertiary creep
phase for samples TC21 and PO38 initiated at around 61000 seconds (Figure 5.50b)
and at time 11:50:03 (Figure 5.53) respectively under constant stress state.
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is the highest given the highest ratio of mean effective stress to shear stress (p',./q).

However, an increased pore water pressure under constant shear stress (the field
condition) would result in displacement leading to points (b) and (c), as the soils are
subjected to a higher load, for example, 40-80%. During this pre-failure period,
deformation would be either brittle or plastic depends on the material property, which
can be revealed by the respective linear and asymptotic trend in A- p' or At space.

The final failure occurs at point (d) where the Factor of Safety is 1, as the sample
reaches its maximum strength (i.e. 100% peak stress). The analyses demonstrate that
the mechanism underlying Terzaghi’s (1950) pre-failure creep phase appears to be
deformation-dependent rather than time-dependent as misleadingly implied from Figure
6.47.

(b) Bjerrum’s (1967) progressive failure model

The progressive failure described by Bjerrum (1967) in cohesive materials/
overconsolidated slopes, associated with a significant drop of resistance from peak to
residual strength, was not observed within the intensely weathered TC and PO
samples. The weathered samples did not show a lack of drop of resistance from the
peak to residual strength (Figures 5.13, 5.17). This could be due to the low cohesive
strength, as revealed from the small ¢' intercept of the failure envelopes (Figures 5.9,
5.15, 56.27). Shear surface development was not evident (Appendices 1c, 2). Moreover,
the “elastic strain energy” required to advance progressive failure (Bjerrum, 1967) was
absent for the weathered samples, as evident from the elasticity evaluation (section
6.3.1). Instead, plastic behaviour has been clearly reflected by the asymptotic trend in
A -t space during the reinflation tests, exhibiting acceleration without catastrophic
movement (Figures 5.37, 5.43, 5.57), which are consistent with observations in shallow
landslides (Kilburn and Petley, 2003). The findings imply that strain development within
the weathered samples is unlikely to be related to the progressive failure mechanism.

(c) Varnes (1983) three phase creep model

The classic form of the three phase creep curve fails to fully characterise the
movement patterns within the plastic weathered samples during the reinflation tests.
The primary creep phase which was domlnated by the local hardening mechanism of

At
P

not necessary for plastlc deformation within the intensely weathered TC and PO
materials, as they are probably already highly microfractured or become structureless

- 208 -



Chapter 6 Discussion

by the weathering process. The weathering-induced microcracking process was
confirmed by Irfan (1999), who observed that the residual volcanic soils in Hong Kong
showed a complete loss of the rock fabric with microcracks and secondary pores. The
initial zero strain rate or little strain development is more likely to be attributed to the
interlocked inter-particle contacts below the plastic yield stress (Type 1) (section 6.2.1).

The secondary creep phase characterised by relatively constant strain rates
over time, which may also well be the plastic deformation process (as they are
indistinguishable under constant stress conditions), appears to dominate throughout
the reinflation process after the yield stress is reached. The associated strain and strain
rate development in the light of plastic deformation mechanism has been evaluated in
section 6.3.2. However, it may also be explained with reference to the interactions
between soil particles (section 6.2.1). This phase appeared to be characterised by the
stepped-like increase in void ratio, indicating localised sliding (Type 2). The sliding
process was facilitated by shear as the increased pore water pressure reduced the
contacts between soil particles. Similar to the micro-cracking process, the localised
sliding could be advanced as the stress would transfer to the remaining interiocked
contacts between the particles leading to a generalised sliding.

The rapid acceleration towards failure under constant stress conditions is likely
to be associated with generalised interparticle sliding (Type 3) associated with the
internal remoulding within the soil sample under shear (section 6.2.1). Pore water
pressufe plays a less significant role. This appears to provide an explanation for the
intriguing accelerating behaviour for sample TC21 (Figure 5.50b) and PO38 (Figure
5.53), which occurred long after the pore water pressure was increased and could not
be readily explained by the increasing permeability or plastic strain. The. explanation
appears to be supported by the creep theory proposed by Kuhn and Mitchell (1993)
who attribute creep phenomenon to the rearrangement or alignment of the soil
structure by a viscofrictional sliding mechanism.

Therefore, the pre-failure movements for plastic materials are likely to be
characterised by secondary creep/plastic deformation in association with localised
sliding, and the tertiary creep phase dominated by generalised sliding. Primary creep is
absent which appears to be more related to brittle failure processes.
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(d) Helmstetter et al. (2004) slider-block friction model

The state- and velocity-dependent friction law-based slider-block model may
have suggested an alternative physical explanation for the accelerating phase for brittle
failures (e.g. Vaiont landslide) but its application in ductile material is unclear
(Helmstetter et al., 2004). '

A major limitation of the slider-block model is that the friction parameters alone
cannot explain the fluctuating (acceleration/deceleration) landslide behaviour (e.g. La
Clapiere), particularly regarding the deceleration phase which is regarded as a “stable
velocity-strengthening sliding regime” (Helmstetter et al., 2004: 1; Sornette et al., 2004).
Similarly, Iverson’s (2005) model also did not consider the stick-slip movements. The
results from the stepped reinflation experiments showed that the decelerating
behaviour was unlikely to be explained by an increase in friction (as implied from the
slider-block model) or the “negative pore pressure feedback” associated with
diminishing pore water pressure due to dilation (lverson, 2005: 1) as the stress state
was held constant. In addition, deceleration could occur just before the final failure,
particularly within the less permeable plastic materials (e.g. Figure 5.51). Therefore, the
deceleration behaviour is more likely to imply a “conditionally stable” regime. It was
also evident that accelerating behaviour could occur under the constant stress state (i.e.
state independent) towards the final failure (e.g. Figures 5.50b, 5.53).

The mechanism of subcritical crack growth suggested in the rotational slider-
block model for the accelerating creep behaviour (Briickl and Parotidis, 2005), which is
similar to the crack growth model for cohesive materials proposed by Petley et al.
(2005b), is not evident within the plastic TC and PO residual soils. No clear shearing
surface has been formed by the crack growth process as the stress is distributed
throughout the samples during the reinflation (Appendices 1c¢, 2).

Iverson’s (2005) slider-block model has comprehensively incorporated the
effects of pore pressure and volumetric behaviour to explain the changing rate and
styles of landslide motion. However, it could not explain how the normally consolidated
(i.e. loose) TC and PO residual soils, which exhibited contractive behaviour under
shear (Figure 5.18), could dilate under constant stress conditions (section 6.2.2).
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6.4 Implications for landslide movement

The analyses of the behaviour of plastic residual soils from the laboratory tests
suggest that rainfall-induced landslides in these materials undergo three stages
towards failure, namely Stage 1 (stable), Stage 2 (conditionally stable) and Stage 3
(unstable), which parallels the scheme proposed by Crozier (1986). The results from
this research further indicate that the underlying mechanics of the stages are
determined by the inter-relationships between the external stresses (pore pressure
level, rate of pore pressure increase) and the soil properties (strength, plasticity,
permeability). The process is presented in Figure 6.48. Most importantly, each stage is
characterised by a distinctive style and rates of movements. The implications of the
results are supported by field observations of shallow rainfall-induced landslide

movements in plastic materials.
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Figure 6.48 Schematic diagrams illustrating plastic deformation mechanisms underlying rainfall-
induced landslide movements towards failure on residual soils, at different stress state
through time with increasing permeability
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6.4.1 Stage 1

Stage 1 represents the stable state of the slope in plastic materials. As pore
water pressure increases, the resultant increase of pore fluid begins to push apart the
interparticle contacts within the soil and enables them to push and climb over each
other (Type 1 behaviour) (Figures 6.16, 6.17a). Slope movement is close to zero, and
velocity is too low to be detected. This is probably because the soil strength (which is
indicated by the mean effective stress), though decreased, remains high relative to the
shear stress. In other words, the yield strength (or yield stress) has not been reached
(Selby, 1993). The soil particles are largely interlocked and the slope is highly resistant
to deformation (i.e. non-responsive) under any rates of pore water pressure increase.

The experimental implications are supported by the non-responsive slope
movement behaviour observed in the field under rainfall (Table 6.2). For example,
recorded surface movements were less than 1 cm from January to June in 2003 (the
dry season) at the 626 slope failure in Taiwan during the period before reaching the
threshold groundwater level (Chang et al., 2005) (Figure 6.49a). Little cumulative
displacement was found in July, 2000 at the Tsubayama landslide in Japan (Hong et al.,
2005) (Figure 6.49b). Interestingly, zero displacement was reported in a field
experiment on a natural slope at Mt. Kaba-san in Japan which was being subjected to
artificial rainfall for 4.5 hours at an intensity of 78 mm/hr (Hong et al., 2005) (Figure
6.49c¢). The common cause for the lack of deformation could be related to the low level
of pore water pressure which was below the yield stress of the slopes. This is indicated
by the low amount of daily rainfall during the non-responsive period (Figures 6.49a,
6.49b). The presence of the yield threshold is very likely because the soil materials
involved appear to be plastic due to their highly weathered nature (Table 6.2).

Table 6.2 Field examples of rainfall-induced landslides indicating Stage 1 movement behaviour

Landslide Location Materials Movement period  Reference

(Stage 1)
626 slope Taiwan Weathered sandstone, 1/1/2003 - early- Chang et al. (2005)
failure siltstone and shale or June, 2003

colluvium with fractured
geologic structure

Tsubayama Japan Weathered and fractured  7/7/2000-11/8/2000 Hong et al. (2005)

landslide psammitic and pelitic

schist S
MtKaba-san ~ Japan  Weathered disintegrated  Elapsed time Ochiai et al. (2004)
landslide __granite sand 24620 — 24627 sec
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6.4.2 Stage 2

Stage 2 represents a conditionally stable slope. As the pore water pressure
level increases and causes the plastic yield stress to be exceeded, the larger volume of
pore fluid causes further rearrangements and weakening of the soil structure through
dilation. “Localised sliding” becomes pre-dominant (Figures 6.16, 6.17b) as more
particles are moved by shear stress which leads to further increase of plastic strain.
The accumulation and the increase of strain rate are likely to be facilitated by the rate
of pore pressure increase as well as soil permeability. The deformation behaviour can
be best described by the exponential relationship in A-p' and A —¢ space.

Two key plastic strain processes are dominant at Stage 2: (1) a small increase
of pore water pressure (i.e. decrease in mean effective stress, p') will result in a more

than proportional increase in plastic strain (Figure 6.26) and strain rate (Figure 5.40),
and (2) keeping the increased pore water pressure level constant or at zero rate of
increase will lead to an increase of strain at constant strain rate (Figure 5.50). Such
plastic behaviour seems to explain the well-known “stick-slip” movement pattern- of
landslides (Allison and Brunsden, 1990). The former process appears to correspond to
the “slip” and the latter relates to the “stick” style of movement.

These processes are validated by field observations from plastic materials
which show a close correlation between groundwater level (or indirectly by the rainfall
amount) and displacement (Table 6.3), including the Higashi-yama Hill earth slide
(Matsukura, 1996) (Figure 6.50) and the Jiannosuke-dani landslide (Wang et al., 2007)
(Figure 6.51) in Japan, and the Xintan landslide in China (Qin et al., 2001, 2002; He
and Wang, 2006; Zhang et al., 2006) (Figure 6.52). The highly plastic nature of the
clayey soil at Higashi-yama Hill is indicated by the Atterberg limits (liquid limit: 53.8%,
plasticity index: 29.2%) and the presence of swelling minerals (Matsukura, 1996). The
Jiannosuke-dani landslide exhibited plastic failure without a clear shear plane (Wang et
al., 2006). Plastic deformation of the Xintan landslide is revealed by the asymptotic
trend in plots of inversed velocity against time (A -¢) (Figure 6.53)
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Figure 6.53 Plastic deformation indicated by A —¢ plots at (a) main body and (b) toe of Xintan

landslide at the Three Gorges, China (data source: He and Wang, 2006)

First of all, the presence of the yield state is a distinctive characteristic of plastic
behaviour. This appears to resemble the critical groundwater level noted by Wang et al.
(2007) for the Jiannosuke-dani landslide, above which displacements are triggered
(Figure 6.54). Other notable examples which demonstrate such movement-activating
groundwater or pore pressure thresholds include the Alvera mudslide near Cortina d’
Ampezzo in the Eastern Dolomites in Italy (Angeli et al., 1996, 1999, 2004), and the
Fosso San Martino slide in central Italy which occurs in softened stiff clays (Piccarelli et
al., 2004).
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Moreover, the stepped-like displacement against time piots derived from these
field studies and the immediate response after groundwater or rainfall increase further
indicate that the soils are permeable, which has been conceptually presented in Figure
6.35. The degree of permeability has been suggested by weak-structured soils of the
monitored landslides, which involve colluvium of weathered hornblende-gabbro | at
Higashi-yama Hill (Matsukura, 1996), and strongly-weathered sandstones and shales
at Jinnosuke-dani (Wang et al, 2007) in Japan. Permeable limestone colluvium
deposits comprise the main body of the Xintan landslide in China (He and Wang, 2006;
Zhang et al., 2006).

For less permeable soil slopes, however, plastic strain development during a
rainfall event is more likely to be affected by the pore water equalisation process
(section 6.3.2.4). The pore pressure equalisation tests have demonstrated that the pore
pressure within the soil increases at a decreasing rate as time is required for the
equalisation. This is indicated by the more gentle gradients in ¢ -time following the
sudden increase of pore water pressure. Therefore, the resultant strain rate would be
decreasing. The plots of & —time are characterised by the fluctuating strain rate in a
series of peaks and troughs. The effect of permeability appears to be revealed at
Tessina landslide in Italy which comprises marly-clayey and calcarenite strata of low
permeability (Angeli et al., 2000). Increasing permeability is indicated by the change of
shape in ¢ —time plots and the associated variations of velocity from Type | to Type IV
movement patterns (Petley et al., 2005b) (Figure 2.20). Permeability appears to play én
important role in the increasingly rapid strain response to the rising of pore water

pressures.

Most importantly, the resultant movement patterns indicate the state of stability
within a highly plastic slope. A pattern with decreasing strain rate could indicate that the
slope is conditionally stable. During this period, soil movement could be slow under
constant or decreasing rates of pore water pressure. However, a pattern with constant
strain rate could mean that the plastic soil is very responsive to the rate of pore water
pressure (i.e. highly permeable state) and is about to fail, as indicated from the
reinflation tests (Figure 5.50).

6‘4.3 Stagewa-vw_-_,ﬂ - N . =

Stage 3 represents the unstable state at which rapid acceleration to failure
occurs (Table 6.4). The pore water pressure has been increased to the extent that the
soil strength is reduced to smaller than the constant shear stress. The particles within
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the soil have been largely restructured. The strain rate no longer decreases as the soil
is more permeable, even though pore water pressure level may be decreasing (Figure
6.56). The general remoulding process is characterised by the “surge” movement
(Allison and Brunsden, 1990), with large and rapidly increasing strain and strain rate.
Surge processes are evident in the 626 slope failure in Taiwan (Chang et al., 2005)
(Figure 6.49a), Tsubayama landslide (Figure 6.49b) and the Mt. Kaba-san natural
'slope experiment in Japan (Ochiai et al., 2004) (Figure 6.49c).

Table 6.4 Field examples of rainfall-induced landslides indicating Stage 3 movement behaviour

Landslide Location Materials Movement period Reference

(Stage 3)
626 slope Taiwan Weathered sandstone, 26/06/2003 Chang et al. (2005)
failure siltstone and shale or

‘colluvium with fractured
geologic structure

Tsubayama Japan Woeathered and fractured  11/08/2000 : Hong et al. (2005)
landslide psammitic and pelitic
schist
Mt Kaba-san Japan Weathered disintegrated Elapsed time Ochini et al. (2004)
landslide granite sand 24628 -24632 sec
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Figure 6.56 An example from Taiwan showing that landslide movements are no longer
controlled by the change of pore water pressure at Stage 3 (after Chang et al., 2005)
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6.4.4 Random patterns?

The research findings have provided insights on some of the previous
observations of seemingly “random” rainfall-induced landslide movements in the field.
The unresolved questions mainly involve three aspects: (1) why was there no soil
‘movement at high rainfall intensity? (e.g. Ochiai et al., 2004); (2) why did the
movement accelerate and decelerate? (e.g. Allison and Brunsden, 1991); and (3) why
did a landslide occur after rainfall had stopped or at a lower groundwater level? (e.g.
Chang et al., 2005). A typical example was noted at the 626 landslide in Taiwan, where
there was no rainfall record three days before the final failure event and it did not
happen at the peak groundwater level (Chang et al., 2005) (Figure 6.56).

The first phenomenon probably lies in the fact that the pore water pressure level
has not yet reached the yield state. The second observation is likely to be associated
with low soil permeability which slows down the pore pressure equalisation process
(and hence leads to a decreasing strain rate). The time delay in the third case appears
to be related to tertiary creep instead of being influenced by the external stress (i.e.
rainfall), as the soil becomes highly permeable and largely remoulded. Most soil
particles are aligned under shear and generalised interparticle sliding is likely to be
dominant. Keeping the pore water pressure at the same high level or decreasing pore
water pressure might not necessarily decrease velocity, and the landslide is inevitable.

Regarding the whole rainfall-induced landslide process, it logically follows that
the soils probably undergo a transition from the initially relatively “less permeable” state
of high strength to the “highly permeable” state with low strength as a result of the
increase of pore fluid and remoulding processes driven by shear. The transition can be
reflected by the associated strain and strain rate behaviour. Marked changes of the
steepness of the ¢ —¢ slopes in mid-July and mid-August at Higashi-yama Hill (Figure
6.50); and around mid-1979 and mid-1983 at Xintan (Figure 6.52) suggest increased
permeability. Increasing permeability also appears to explain the cause of the pressure
dissipation noted during the “multiple stick-slip” movements and the transition to a more
significant and rapid “graded” response at a coastal mudslide in Dorset (Allison and
Brunsden, 1990) (Figures 6.57). Nevertheless, plastic deformation remains largely the
key mechanism for the movement behaviour.
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Hence the observed movements are not random (Table 6.5). Instead, they
represent plastic behaviour under different stress state, rate of change of pore water
pressure and soil permeability. This is demonstrated by the systematic transition of
movement patterns noted in natural landslides, for example, the Wealden Beds
mudslide at Dorset (Allison and Brunsden, 1990) and the Tessina landslide in Italy
(Petley et al., 2005b). The transition involves the “muitiple stick-slip”, “graded” and
“surge” patterns observed by Allison and Brunsden (1990) and the “Type I” to “Type IV”
movements illustrated by Petley et al. (2005b). The progression of these movement
patterns, as indicated from this research, is likely to be attributed to an increasing
amount as well as rate of pore water pressure. The corresponding more abrupt change
of slope in cumulative displacement against time further suggests an increase in

permeability.

Table 6.5 Field examples of rainfall-induced landslides showing systematic movement patterns

Landslide Location Materials ) Movement Reference
patterns

Tessina Italy Tertiary molasse deposits  Type | to Type IV Petley et al. (2005b)

landslide (rhythmic sequence of

marlstones, clay shales
and calcarenite layers)

Wealden United Soft, plastic sands, grits, Multiple stick-slip, Allison and Brunsden
Beds Kingdom mottled clays and shales  graded, surge (1990)
mudslide

6.4.5 Understanding landslide behaviour on Lantau Island, Hong Kong
There is no detailed field monitoring record of the initiation of landslide

movements on natural hillslopes on Lantau island (Evans and Lam, 2003) or debris

movement rates in Hong Kong (Au, 1998). However, the asymptotic trend in A-p'

and A —r space presented in this research (section 5.7.5) indicates that the movement
of the shallow landslides on intensely weathered soil slopes on Lantau island is likely to
be generated through ducﬁle deformation processes (Petley et al., 2002). The
“dominance of ductile failure is probably related to the low cohesion and the weakened
structure of the residual soil materials as a result of intense weathering (section 6.1).
The resulting plastic deformation within the shear zone appears to involve interparticle
sliding movements facilitated by dilation and shear (section 6.2). The associated rates

PR T PR SO

of deforiation are likely to undergo three stages towards failure, depending on the
stress state, the rate of reinflation as well as soil permeability (Figure 6.48).
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The weathered slopes on Lantau island may not exhibit any signs of movement
during a rainstorm event unless the mean effective stress has reached the plastic yield
state (Stage 1). The presence of the yield state for the plastic materials implies the
essential role of antecedent rainfall in the development of a landslide to bring the slope
to Stage 2. The associated rainfall threshold appears to be below 400 mm (24-hr rolling
maximum), as above this would likely cause widespread rainfall-induced natural
landslides in the Tung Chung area (Franks, 1998) and over Hong Kong (> 10
landslides/ km?) (Evans et al., 1999).

Plastic deformation/secondary creep is likely to dominate within the weathered
hillslopes when the pore water pressure increases beyond the yield state (Stage 2).
The associated soil movement would tend to increase to a constant rate under a
constant stress state as most weathered soils in Hong Kong are highly permeable
(section 2.4.1.1). However, the strain rate may fluctuate initially as the materials are not
perfectly permeable, showing a “stick-slip” movement pattern with periods of
acceleration and deceleration. The role of rainfall intensity appears to become more
important in this stage. A sudden increase of pore water pressure as a result of high
rainfall intensity could lead to acceleration due to plastic strain. Deceleration would
probably occur under a constant stress state within the less permeable slopes (section
6.3.2.4). These findings appear to clarify the presence of creep in weathered volcanic
soils (Irfan, 1994; Duzgoren-Aydin et al., 2002) and the “slow-moving, ductile instability”
on some natural hillslopes in Hong Kong (Wong and Ho, 2000: 210) in terms of its
nature and movement patterns. Moreover, based on the experimental results (Figures
5.50b, 5.52, 5.563), the change from the fluctuating to the constant strain rate under a
constant stress state is likely to be a warning sign indicating that the slope is about to
fail (onset of Stage 3). However, the lack of field monitoring on the movements of small
rainfall-induced landslides in Hong Kong could mean that the precursory movements
are not detected. This may have led to the impression that most landslides occur
catastrophically without prior warning (Au, 1998). ‘

Thé research findings also suggest that tertiary creep (Stage 3) may have
contributed to the final failure phase of landslides on Lantau Island, exhibited by an
accelerating or “surge” movement pattern towards failure under a constant stress state
(Figures 5.50b, 5.53). However, the deformation behaviour is not associated with

‘progressive failure WHICH involves crack "growth withiribrittle materials “(Petley et-al;; — -

2005b) as no clear shear plane development has been observed within the TC and PO
samples (Appendices 1c, 2). Instead, the failure appears to be primarily driven by the
internal restructuring of the weathered materials through generalised interparticle
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sliding (section 6.2). The contribution of particle rearrangement to shear deformation
has been validated by a microstructural study within a natural slip zone of a landslide in
Hong Kong through optical microscopy and backscattered electron microscopy
techniques (Wen and Aydin, 2003). That study further shows that fine silts, which form
a high particle size proportion of both the TC and PO samples (Table 5.4), have the
highest degree of alignment and shape preferred orientation (Wen and Aydin, 2003).
Hence, particle sliding seems to be a possible mechanism for the final shear phase and
may have provided an alternative explanation (to the change of pore water pressure)
for the time lag between rainfall and landslides reported in some weathered slopes in
Hong Kong (Au, 1998; Irfan, 1998b).

6.5 Limitations

Care should be undertaken in the interpretation of the experimental results for
the behaviour of natural landslides in the field, with particular consideration of the
following potential limitations:

The landslide development stages and the corresponding movement patterns
suggested in this research have described the behaviour of undisturbed, plastic
residual soil materials derived from intense weathering of volcanic rocks. However
these development stages do not seem to apply to brittle failures which are more likely
to be associated with progressive failure involving crack growth processes (Petley et al.,
2002, 2005b; Kilburn and Petley, 2003; Petley and Petl'ey, 2006).

The small size of the samples (38 mm in diameter x 76 mm in height), which
represents a soil element in the ground (Head, 1998), may mean that some of the
larger-scale geological features of weathered rock such as relict discontinuities/joints
(Lumb, 1975; Irfan, 1998b) have not been included in the analysis. However, this is not
likely to affect the behaviour of the residual soils at shallow depths as no relict mass
structure is retained in this most intensely weathered grade (Irfan, 1999). The
deformation behaviour within the shear zone with geological discontinuities in the less
weathered grades, which may serve as pre-existing shear planes (Irfan, 1994), is likely
to be ductile (Petley et al., 2002) although further investigation would be required for
verification. Moreover, despite the small size of the samples, they have demonstrated
the typical-characteristics-of residual soils*in'the"humid tropics(section 6.1).

The stress conditions within the triaxial stress path cell are not truly three-

dimensional as the intermediate principal stress (o, ) and the minor principal stress (o)
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are not controlled independently, but are assumed to be equal (Head, 1998; Alshibli
and Williams, 2005). The field stress on a slope could also be anisotropic (Anderson
and Sitar, 1995; Zhu and Anderson, 1998). The mean effective stress and the
reinflation rates applied may be higher than the actual values at the sampling sites
(chapter 4). Moreover, the vertical displacement (axial strain) in the triaxial cell may
differ from the shear displacement measured within a landslide. Within the sample, the
stress distribution is likely to be non-uniform, as indicated by the decrease of strain rate
during the stepped reinflation tests and the barrelling effect exhibited by both the TC
and PO samples. The former was probably caused by the time lag of stress
redistribution (seepage) from the top and bottom ends to the middle part of the sample,
as revealed by the pore pressure equalisation tests (Figure 6.34). The latter was
related to the higher friction between the porous disc and the top and bottom ends of
the sample respectively.

The standard design of triaxial stress path testing could not reflect the
inhomogeneous stress within the sample. The displacement transducer, which is
attached to the piston at the bottom of the sample, can only measure the total axial
strain during the tests. Moreover, during the reinflation tests, the pore and back
pressures were measured at the bottom and top of the samples (both valves were
open), thus the stress conditions in the middle of the samples were unknown. However,
the process of stress redistribution within the sample can be measured by adding strain
gauges and pore pressure transducers to the main body of the sample.

The non-uniform stress within the sample may cause difficulties in clearly
distinguishing the contribution of the volumetric strain (due to decreasing p') and

shear strain (due to interparticle movements) to the dilative soil behaviour during the
constant stress (p', ¢ ) periods after each stepped reinflation. This could have more

effect on the less permeable samples because the pore water pressure in the middle of
the sample may still be increasing due to the redistribution process. The delayed
volumetric strain may be misinterpreted as shear strain under the constant stress state
periods. However, the contribution of the volumetric and shear strain can be
distinguished by undertaking PPR tests (at the same rates) at ¢ = 0 kPa, as these

tests will result in volumetric strain only (Dixon, 2007).

Neverthieless, the practical isotropic assumption and the stresses applied for
the reinflation tests do seem to be representative and the resulting deformations
(section 5.7) are consistent with field observations of landslide behaviour within plastic

materials in general (section 6.4). The systematic measurement error from the
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transducers, ranging from 0.11-0.46%, has been taken into account. Area correction
has been made for the effect of barrelling. The comparable findings suggest that the
stress-controlled reinflation test design on the undisturbed samples has closely, though
not perfectly, replicated the actual processes of rainfall-induced landslides.

6.6 Chapter summary

This chapter discussed and evaluated the research findings under three main
themes: (1) the nature of the weathered volcanics (TC and PO samples), (2) their
volumetric behaviour upon reinflation and (3) the associated déformation mechanism
with reference to the accelerating movements towards failure. A synthesis of these key
themes suggests that the processes of rainfall-induced landslide initiation on
weathered slopes undergo three stages, corresponding to “stable” (Stage 1),
“conditionally stable” (Stage 2) and “unstable” (Stage 3), parallel to the scheme
proposed by Crozier (1986). '

6.6.1 Physical and behavioural characteristics of weathered volcanics

Analyses of the physical properties of the TC and PO samples (section 6.1)
demonstrate the typical characteristics of tropical soils. The particle size distribution
indicates that they represent the most intensely weathered (Grade VI) or residual soils
of fine ash tuff and coarse ash tuff respectively. Their fine-grained and well-graded
nature has been attributed to the high degree of chemical weathering typically active
under tropical climates. The dominant clay mineral appears to be kaolinite of low
swelling capacity. The medium to high Atterberg limits further reveal their plastic nature.
The undisturbed TC and PO samples have exhibited a weakly bonded structure, with a
heterogeneous nature. The coefficient of permeability further indicates that the looser
PO samples are relatively more permeable, possibly due to their higher gravel and
sand contents.

In terms of strength properties (¢', ¢'), a new criterion using the strain contours

has been proposed which enables consistent comparison between the strain-controlled
ICU, ICD tests and the stress-controlled PPR tests. Based on this cross-referenced

criterion, the resuits highlight two lmportant implications for the landslide initiation .

SURNPSIICENIPILE -2y le R 1S

processes. “Firstly,” “failure involves a moblhsatlon of fnctlon (as indicated by the
increase of the frictional angle throughout the strain development) which can be
associated with resistance to the shear force. Secondly, the failure mechanism by
compression (the ICU, ICD tests) is different from the reinflation process in the field
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(the PPR tests), in that the former generates an initial increase in cohesion but the
latter shows a continuous loss in cohesion as strain develops. Nevertheless, the
effective strength envelopes derived from the ICU, ICD and PPR tests are linear,
implying that the weathered samples might be looser and weaker in their natural state
on the shallow hillslopes.

6.6.2 Dilative behaviour in relation to interparticle movements
Three patterns of dilative behaviour have been identified under the reinflation
process in terms of e— p' relationships, which can be explained with reference to the

interparticle movements within the samples (section 6.2).

Type 1 was characterised by a linear e~- p' relationship which dominated the

beginning of the reinflation tests undertaken at all rates and styles. This was attributed
to the increasing pore fluid which pushed apart the strongly interlocked soil particles
and enabled them to climb over each other under shear. The dilative behaviour might
be disturbed by slight contractions as some particles might fill up the void space
previously occupied by another particle during the “push and climb” process.

Type 2 was marked by a stepped e¢— p' relationship which showed a sudden

increase of void ratio, followed by a gentle increase during the reinflation process. This
occurred at the latter part of the 1 kPa/hr linear and the stepped reinflation tests as
effective stress was decreased further. Rapid dilation was attributed to “localised
sliding”, where the inter-particle contacts were reduced to the extent that some
particles began'sliding past each other. However, as the majority of particles remained
interlocked, the slip movements were restricted.

Type 3 involved a non-linear e— p' relationship towards failure, with a rapid

and continuous increase in the void ratio in relation to low effective stresses.
“Generalised sliding” was most likely, as the soil particles were rearranged and
destructured under shear, facilitated by the increasing amount of pore fluid.
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6.6.3 The deformation mechanism for shallow rainfall-induced landslides

Three fundamental components of soil behaviour in relation to the stress-strain-
time relationship have been discussed, including elasticity, plasticity and creep, to
investigate the underlying deformation mechanism of shallow rainfall-induced
landslides in the weathered soils (section 6.3).

Elasticity fails to explain the deformation behaviour for the weathered samples
as a linear stress-strain relationship has not been found. However, the strain
development of the weathered soils during the reinflation process can be largely
explained by plastic deformation as well as. permeability conditions. The initial zero
movement reflect the stress state below yield, as the soil particles are mostly
interlocked. After reaching the yield stress, the strain development in A — p'and A-¢

space shows an asymptotic trend (exponential relationship) suggesting the dominance
of plastic deformation. The slope of A—p' and A -+ space decreases under a higher

reinflation rate, consistent with the results reported in Petley et al. (2005b). This is
probably because the stresses with the sample cannot be localised under a quickly
destructured state. The stepped reinflation tests further reveal the influence of
permeability, which is particularly apparent in the less permeable TC samples. The
intriguing decrease in strain rate at constant stress state can be attributed to the pore

water pressure equalisation process.

Creep has been evaluated with reference to the models proposed by Terzaghi
(1950), Bjerrum (1967), Varnes (1983) and Helmstetter et al. (2004). The creep
analyses under the constant stress conditions over time during the stepped reinflation
test appear to suggest that the underlying mechanism for the creep phase under
Terzaghi’s (1950) model is deformation dependent. The stepped reinflation can be
considered as a “multi-stage creep” test as the sample underwent constant stress state
at more than one level of its peak stress. The progressive failure proposed by Bjerrum
(1967) was not observed in the weathered samples as no shear surface was
developed. The contribution of creep (Varnes, 1983) for the development of landslides
in plastic materials méy be best explained by inter-particle sliding. Primary creep, which
might involve a brittle process, did not occur within the plastic TC and PO samples.
Constant strain rates under constant stress state could be associated with secondary

creep and/or plastic deformation with localised sliding. The fluctuating strain rates,

however, ‘are-likely to~be associated with permeability within the samples. The
deceleration phase under constant stress state cannot be explained by the slider-block
friction model (Helmstetter et al, 2004). The rapid acceleration towards failure or
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tertiary creep suggests generalised interparticle sliding upon remoulding under

constant shear.

6.6.4 Implications for shallow rainfall-induced landslide movements

The analyses of the plastic deformation behaviour of the weathered soils under
the reinflation process suggest that shallow rainfall-induced landslides undergo three
key stages of strain development towards failure (section 6.4). Stage 1 represents a
stable slope below the yield state without signs of movements. Stage 2 is marked by
fluctuating strain rates where the slope is conditionally stable depending on the rate of
increasing pore water pressure and soil permeability, as the pore water pressure level
gets higher. Stage 3 is characterised by accelerating strain rates as the slope fails. All
of these stages are consistent with the notable “non-responsive”, “stick-slip” and
“surge” movement patterns observed in other shallow rainfall-triggered landslides
occurred in plastic materials. This research further suggests that “random” movement
patterns can be explained in the light of the mechanisms exhibited by the different
stages.
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7.1 Principal findings

The deformation behaviour of shallow rainfall-induced landslides is, in part,
material dependent. The dominance of plastic behaviour in the undisturbed soil
materials collected from two shallow landslides on volcanic tuff slopes on Lantau Island,
Hong Kong, is likely to be related to their loose, weakly-bonded structure with a low
cohesive strength as a result of the intense degree of chemical weathering typical in
the humid tropics. This is reflected by their reddish-brown colour (presence of iron
oxides), large proportion of silt and clay particles (probably kaolinite), a medium to high
plasticity, and their heterogeneous nature.

A process of interparticle rearrangement/alignment could provide a physical
explanation for the development of plastic failures. This is contributed by various
interparticle movements from “push and climb” (Type 1) to “localised sliding” (Type 2)
and “generalised sliding” (Type 3) towards the final failure. These movement types are
revealed from the irregularities in the volumetric behaviour during pore water pressure

reinflation testing and the dilative behaviour under constant shear conditions.

Plastic deformation is the key underlying mechanisms and processes of shallow
rainfall-induced landslides within the residual soils, as suggested by the initial zero/little
strain movement and the asymptotic trend in A —¢ space under the reinflation tests. An
elastic stress-stréin relationship has not been observed. The dominancé of plastic
deformation could imply that the rates of movement would increase to a steady-state
(Petley et al., 2002). Interestingly, the research results further show that the plastic
strain rates could be affected by the reinflation rate and soil permeability, resulting in a
“stick-slip” movement pattern. Deceleration appears to be an indicator of the efficiency
of the pore water pressure equalisation process within plastic materials.

The relationship between creep models and the initiation of plastic failures has
been evaluated through analyses of the deformation behaviour during the stepped
reinflation tests at constant stress state. The analyses indicate that the creep
phenomenon for plastic failures appears to be deformation-dependent (Terzaghi, 1950),

but not driven. by .a.progressive.failure-mechanism-(Bjerrum;-1967)-or by state-and raté™ =

dependent friction (Helmstetter et al., 2004). The development of plastic failures does
not have a primary creep phase involving crack growth (Main, 2000). However, the
samples do appear to undergo the secondary creep (although indistinguishable from
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the plastic deformation) and tertiary creep phases, in association with localised and
generalised interparticle sliding respectively.

The analyses of the behaviour of the plastic residual soils from the reinflation
tests suggest that a rainfall-induced landslide in these materials undergoes three
stages towards failure. Each stage can be characterised by a movement pattern,
representing the state of stability in the slope: graded movements at zero or very low
strain rate (Stage 1), stick-slip movements with fluctuating (accelerating/decelerating)
strain rates (Stage 2) and the surge or accelerating movements (Stage 3).

Most interestingly, the changing rates of axial strain development in the plastic
failures appear to be not only controlled by the stress state, but also affected by the
rate of reinflation as well as soil permeability, generated through dilation and
interparticle sliding under constant shear. The interrelationships have largely explained
the distinctive movement patterns observed in the development of landslides within
plastic materials during a rainfall event in different environmental settings, including
some of the random movements. These findings have enhanced current understanding
of landslide systems in plastic materials and demonstrate that the steady state
behaviour could be a precursor for the accelerating phase towards failure. Monitoring
of the changes of strain rate and the identification of their evolving patterns would
therefore be essential for an effective landslide warning system.

7.2 Recommendations for further research

Based on this research, recommendations are made for future research to
advance the knowledge on the processes and mechanisms of rainfall-induced
landslides on residual soil slopes:

The design of the testing programme in this research aims to simulate the field
conditions. One of the methods achieved has been the application of a representative

low confining pressure, p'. = 233 kPa, at the start of the reinflation tests on the

dis
weathered samples, with consideration of the minimum capacity of the triaxial stress
path cell. However, the normally consolidated behaviour of the samples during the ICU

and ICD tests suggests that a lower confining pressure (i.e. p'. < 200 kPa) would be

ideal for'stuaying shalldw landslides within residual soils. This can be made possible
given that specially designed triaxial apparatus for low stress testing are currently
commercially availabie. Other recently developed testing equipment such as the back-
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pressured shear box (Petley et al., 2007) and the ring shear apparatus (Sassa et al.,
2004) would allow more direct and precise measurement of displacement at the shear
zone and at large shear displacements respectively.

This research has been focused on examining the relationship between the
different rate and style of increasing pore water pressure and the strain rate

development from an initial stress state ( p', = 233 kPa, g = 100 kPa). it would provide

dis
a more comprehensive understanding of landslide behaviour including the role of slope
inclination by conducting the same set of tests at different deviatoric stress levels. This
additional stress dimension could also clarify the determination of the reinflation failure
envelopes, as well as the changes of pre-failure strain / strain rate development at a

wider range of stress states.

The application of the field referenced rates and styles of increasing pore water
pressure has been useful in revealing the complex strain development towards failure.
Another interesting aspect, which has not been covered by the reinflation tests, is
whether the accelerating behaviour just before failure (Stage 3) can be stopped if the
pore water pressure decreases (and at what rates). This might provide further
implications for landslide management.

This research has also attempted to integrate the reinflation process and pre-
failure creep phase in Terzaghi's (1950) model of progressive failure for landslides. The
reinflation process, indeed, satisfies one of the conditions of the standard creep test as
it is undertaken below the maximum shear stress. Another condition, the constant
stress state, has been involved in the stepped reinflation. However, the link between
strain development as a result of the reinflation and strain development under constant
stress conditions requires further investigation in detail by increasing the length of time
under constant stress state. This would potentially be a way to clarify the underlying
mechanism for the intriguing acceleration at constant stress state which currently
seems to be a “mixed” result of increased pore water pressure and tertiary creep (e.g.
Figure 5.53).

The use of undisturbed samples is probably the most direct way to reproduce
the in-situ soil characteristics in the laboratory. This is the latest development of field
stress simulation-research; and shows-prospects-forrevealing shear zone movement -
mechanisms (Petley et al. 2005b; Petley and Petley, 2006). Quantification of factors
which are unique for undisturbed residual soils such as fabric (e.g. Wen and Aydin,
2003, 2005), heterogeneity and the associated permeability (e.g. Vieira and Fernandes,
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2004) would be beneficial to develop a numerical model to assess their influence on

the landslide initiation processes.

This research yields some insights on shallow rainfall-induced landslide
behaviour of the most intensely weathered tropical soils (Grade VI) derived from fine-
ash and coarse-ash volcanic tuff. A more comprehensive view of landslide
mechanisms on tropical weathered soils should include an examination of movement
behaviour within Grade IV and V materials derived from other bedrock types, where
rainfall-triggered landslides are also commonly found. It would be interesting to explore
if the less weathered soils deform differently and therefore change the identified three
stages and distinctive patterns of strain development.

An ideal method which could enhance further understanding of the actual
rainfall-induced landslide processes and mechanisms on weathered slopes (Grade IV —
Grade VI) is to set up a field monitoring programme with pore pressure recording
instruments as well as precise movement detecting devices on distressed slopes.
Information on the material behaviour (brittle / ductile) is also essential. Surprisingly,
such programmes are scarce in tropical regions. The capability of identifying the
precursory landslide movement patterns equipped with the analytical tools revealing
the underlying mechanisms would be very valuable towards establishing an effective
landslide warning system.
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