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ABSTRACT 

The Summit Ridge area, situated in the North Santa Cruz Mountains, 
California, was heavily affected by landsliding during the 1989 Loma Prieta 

earthquake (MW 7.0). Widespread shallow, along with 17 deep-seated, landslides 

caused extensive damage. 

In order to study possible techniques for assessing landslide hazard a 
geographical information system (GIS) was utilised. Geological, geotechnical, 
geomorphological and seismological data were utilised during deterministic analyses 
using two standard earthquake slope stability models (pseudo-static and Newmark 
displacement). The models were used to assess the landslide potential that existed 
during the Loma Prieta event. It was found that, of these two models, the Newmark 
displacement method proved most successful at predicting the location of shallow 

unstable slopes. However, because both models are deterministic in nature, they did, 

not take into account any of the error and uncertainty in the input parameters. 
Therefore, a probabilistic Newmark displacement analysis technique was developed. 

The new technique allowed the estimation of the probability that a slope will exceed 
a certain critical value of Newmark displacement. Use of such an approach resulted 
in a more realistic distribution of hazard when compared with the distribution of 

actual landslides triggered by the 1989 earthquake. 
As a result of this seismic hazard assessment, the new probabilistic technique 

was used to undertake a shallow landslide hazard assessment for a design earthquake 
located on the Northern East Bay Segment of the Hayward fault. Results have 

indicated that during the next 30 years many slopes have greater than a 20 % chance 
of failure. 

In an attempt to assess the contribution modem simulation techniques could 

make to assessing earthquake triggered landslides the data obtained from one of the 
deep-seated landslides triggered during the, Loma Prieta earthquake was input into a 

recently developed simulation application. Input probability distributions were 
sampled in an iterative manner and the resulting values were input into the empirical 

relationship for estimating Newmark displacement. Ibis resulted in the production 

of an associated output distribution which was used to derive the probabilities 
associated with increasing displacement categories. The technique utilised proved 
very successful and charts depicting the probabilities for exceeding increasing 
Newmark displacements on the deep-seated landslide during potential earthquakes 
located on four of the principal fault segments in the San Francisco Bay Area have 
been produced. 
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CHAPTERI 

INTRODUCTION 

1.0 Introduction 

There is unequivocal evidence that medium and large magnitude earthquakes trigger 
landslides (Keefer, 1984; Harp, 1991; Harp & Jibson, 1996). These landslides can range from slope 
failures involving a small volume of material, to major and catastrophic slope failures where large 

volumes of material undergo downslope movement. Whatever the type, amount and size of the 
landslides triggered during an earthquake, the overall volume of displaced material can be large 
(Keefer, 1994). 

As a result of the triggering of landslides during earthquakes there has been, and continues 
to be, a need for the development of reliable techniques for anticipating such slope failures (Wilson 
& Keefer, 1985; Jibson & Keefer, 1993; Harp & Wilson, 1995). 

Research into these methods is of particular importance in the San Francisco Bay Area. 
Here, the active tectonics of the region result in numerous seismic events every year and low return 
periods for large magnitude events (Stover & Coffman, 1993). The active tectonics of the region 
have also resulted in the presence of steep, marginally stable, slopes that undergo active 
degradation (Anderson, 1990; Cole el aL, 1991). As a result of these interrelitionships extensive 
landsliding has occurred during historical, large magnitude, earthquakes (Stover & Coffman, 
1993). 

Recognising the necessity for continued research into developing techniques that can be 

used to reduce the hazard from landsliding during future seismic events, the current research was 
initiated. The development of these methods is important if the social and economic losses 

resulting from the landslides are to be reduced. 

1.1 Research rationale 

The aims of this research were to investigate some the key concepts and methods utilised 
in seismic hazard and seismically triggered landslide hazard assessments. Specifically, it was 
aimed at investigating the benefits of emerging probabilistic techniques over the more traditional 
deterministic approaches. This was to be achieved in several ways. Firstly the potential for 
incorporating standard deterministic seismic slope stability models within a geographical 
information system (GIS) to allow the production of quantitative earthquake triggered landslide 
hazard maps would be investigated. By incorporating data on the landslides triggered by the Loma 
Prieta, California, earthquake (18/10/89), the reliability of these models would be tested within the 
GIS by investigating how successful they were at predicting the locations of landslides triggered by 
the earthquake. By undertaking this, a critical assessment of their applicability and accuracy would 



be obtained. In addition, the foibles associated with such deterministic techniques would be 

highlighted. 

As a result of the weaknesses associated with the deterministic models, a probabilistic 

seismic slope stability technique would be developed that utilised the spatial functionality provided 
by the GIS. This technique would be capable of quantifying, and then mapping, the potential for 

slope failure. Specifically, by incorporating the variability surrounding geotechnical parameter 

values, the model would be able to calculate the probabilities for shallow slope failure during 

future likely earthquakes. It was hoped that the probabilistic technique developed, and the resulting 
hazard maps, would provide a valuable added resource to the investigation of earthquake triggered 
landslide hazards. 

In addition to investigating the use of GIS in probabilistic hazard assessments, the research 

would also utilise state of the art simulation software to develop a technique that could be used to 

assess the probabilities of failure for deep-seated landslides. This software allows the definition of 

probability distributions describing the variability in a models input parameters. These distributions 

are then sampled during model simulations to derive the associated failure probabilities. The 

technique developed would be used to investigate whether probabilistic predictions of deep-seated 

earthquake triggered landsliding would be of use during the investigation of possible future 

development of the potentially unstable area. 
Although the techniques in this researchhave been developed using data specifiý to the San 

Francisco Bay Area, the aim was to develop techniques that could be used just as well in the other 

seismically active regions of the world. 

1.2 Thesis structure 

This thesis comprises eight chapters that describe the approaches used, the techniques 

utilised, and the results obtained whilst attempting to achieve the aims of the research. The 

following provides a summary of each of the subsequent chapters. 

Chapter 2: Geological history of North-Central California 

The high rate of seismicity existing in California today is a direct consequence of the 
interaction between the Pacific and North American tectonic plates. This chapter provides a 
summary of the development of this relationship and the principal rock types that have formed as a 
consequence. After providing an overall regional view, the environment where the sediments 
(which now form the rocks) of the study area were deposited is described. Also discussed is the 

relationship / interaction between the tectonics of the region, the geomorphic development of the 

region, the rock types in the study area, and the associated landslide susceptibility of the area. The 
lithologies pertinent to the research are described. 



Chapter 3: Earthquake triggered landslides 

The principal types of earthquake triggered landslides and their failure modes are 
described. A classification scheme that has been developed for such landslides, and the one 

adopted throughout this research, is provided. This is followed by a discussion of the factors that 

contribute to the triggering of landslides during earthquakes and the relationships that have been 

developed linking seismicity to the type of landslide generated. Finally, empirical relationships for 

a variety of parameters that are commonly used to describe the severity of earthquake shalcing, and 

which are utilised in landslide hazard assessments, are provided. 

Chapter 4: The 1989 Loma Priela earthquake and seismic hazard assessment 

A description of the 1989 Loma Prieta earthquake in California, during which the 

landslides forming the principal data set for. this research were triggered, is provided. Ibis is 

followed by definitions of the hazard and risk terminology used throughout this thesis. Subsequent 

to this, the results obtained from an assessment of the seismic hazard present in the San Francisco 

Day Area and the rationale behind the choice of the design earthquake used as the seismic input for 

the spatial assessment of shallow landslide hazard aie discussed. 

Chapter 5: Data collection and data entry 

The various types of data required to undertake the spatial assessment of seismically 
triggered shallow landslide hazard, the sources of this data, and the reasoning behind the adoption 

of values for the necessary parameters are discussed. The choice of the geotechnical parameters is 

concentrated upon first. This is followed by an introduction to geographical information systems 

and a description of their capabilities and the way that they can be used undertake landslide hazard 

assessments. Finally, a description of how the geotechnical and other data pertinent to the 

assessment of shallow landslide hazard were input into a GIS to create the digital spatial database 

used in the stability analyses, and the production of the final hazard, maps is provided. 

Chapter 6. Shallow landslide hazard assessment 

The results obtained when two existing deterministic slope stability models were input into 

a GIS and then used to calculate the distribution of landslide hazard that existed during the Loma 

Prieta earthquake are presented. By comparing the predicted distribution of landslide hazard with 
the actual location of shallow landslides triggered during the earthquake, the most successful model 
was identified. The problems of using such deterministic approaches are discussed, as are the 

merits of the use of emerging probabilistic techniques. A new probabilistic technique that can be 



used to calculate the landslide hazard across an area is presented and probabilistic hazard maps for 

a likely future earthquake provided. 

Chapter 7. Deep-seated landslide hazard assessment 

In this chapter, a description of how a recently developed probabilistic computer 

application (designed to undertake quantitative hazard and risk analyses) can be utilised in 

earthquake triggered landslide hazard assessments is provided. This is achieved by undertaking a 
hazard assessment that had the aim of quantifying the probabilities of further movement on one of 
the deep-seated landslides triggered during the 1989, Loma Prieta earthquake. By undertaking a 
traditional deterministic hazard assessment and then (through a series of linked stages) developing 

it into a probabilistic one, the merits of using the probabilistic technique utilised are highlighted. 

Useful charts showing the probability of exceeding given slope displacements for different design 

earthquakes are provided. By undertaking the probabilistic stability assessment, the fault segment 
that poses most hazard to the landslide was identified and the level of this hazard was quantified. 
Finally, the contribution the variability of each of the input parameters made to the uncertainty in 

the output is investigated through the use of a sensitivity analysis. 

Chapter 8: Discussion, conclusions andfurther research 

An overall discussion of the results obtained from this research is provided, as are the 

advantages and disadvantages of the techniques employed. A summary of other pertinent factors 

that need to be considered when using either of the probabilistic techniques developed during this 

research is also provided. This is followed by conclusions about the relevant applicability and use 

of these techniques. The areas that require further research in order to develop the work are also 

summarised. 

1.3 Research logistics 

Six weeks, spent as a visiting scientist to the U. S. Geological Survey, Menlo Park, 

California, in the summer of 1995 constituted the fieldwork for this research. This provided the 

opportunity to investigate and obtain a first hand knowledge of the landslides triggered by the 

1989, Loma Prieta earthquake, to investigate the geology of the study area and collect samples of 

material for laboratory testing, and to allow the gathering of relevant maps and other information 

that were used throughout the research. Fieldwork supervision was provided by Dr Bill Murphy 

from the University of Portsmouth and Dr David Keefer of the U. S. Geological Survey. Other 

useful and insightful discussions and information were provided by Dr Ray Wilson and Dr Mark 

Reid, both also of the U. S. Geological Survey. 



CHAPTER2 

GEOLOGICAL HISTORY OF NORTH-CENTRAL CALIFORNIA 

2.0 Introduction 

'ne geological history of Califomia dates back to the Precambrian, and the basic 

framework for its development to the present day is well understood (Atwater, 1970; Stewart, 

1972; McWilliams & Howell, 1982; Champion et aL, 1984; Nilsen, 1984a; Wakabayashi & 

Moores, 1988; Grove, 1993). Marine sedimentation has dominated the depositional environments 
(Nilsen, 1987). 

During the late Precambrian and early Palaeozoic, an Atlantic-type extensional regime 
dominated the development of the area. This developed after a rifling event had resulted in the 

removal and drifting to the west of part of westem North America (Stewart, 1972). 

A Japan-type subduction zone margin, with oceanic crust being subducted under oceanic 

crust, probably existed during the Middle Palaeozoic - Lower Mesozoic (Figure 2.1 a) (Stewart, 

1972). In this setting, island arcs separated by marginal seas developed (Figure 2.1b) (Nilsen, 

1984a). This continued until the Upper Jurassic, when a collision with a migratory oceanic arc 
tri, g, gered the Nevadan Orogeny (Figure 2. l. c-d) (Schweickert & Cowan, 1975). During the Late 

Jurassic an Andean-type margin, with eastem Pacific oceanic crust being subducted undemeath 
North American continental crust, developed and this tectonic regime remained prevalent until the 
Olicy ene (Fig, pc 

., 
ure 2.1 e) (Atwater, 1970; Scbweickert & Cowan, 1975; Hamilton, 1988). 

It is rocks from this Andean-type tectonic environment that dominate in northern California 

(Figure 2.2). The subduction complex is represented by the Franciscan Complex, the fore-arc basin 
fill within the arc-trench gap by the Great Valley Sequence, and the magmatic arc by the granitic 
plutons of the YJamath Mountains, Sierra Nevada, and Peninsular Ranges (Figure 2.1 e) 
(Dickinson, 1970; Ingersoll, 1978; Crouch, 1979; Hamilton, 1988). The Franciscan Complex and 
Great Valley Sequence are interpreted as being coeval, with the inferred provenance terrane being 

the ancestral Sierran-Elamath magmatic arc (Dickinson et aL, 1982; Hamilton, 1988). Table 2.1 
0 

provides a summary of the principal basement rock types in California. 

2.0 1 The Franciscan Compkx (subduction zone /accretionary wedge deposits) 

Interpreted as having accumulated in an Upper Jurassic - Lower Tertiary subduction zone, 
the rocks of the Franciscan Complex dominate northern California (Cowan, 1974). Rocks outcrop 
over an area of 38,850 km2 and the total area covered by the rocks, including offshore extent, is as 
much as 194,250 km2 (Norris & Webb, 1976). Upper Mesozoic and Lower Cainozoic rocks form 

a Structurally complex termne of thrusted sheets which, on the basis of lithological differences and 
structural character, have been divided into four broad regions (Blake & Jones, 1974;, 
Wakabayashi, 1992) (Figure 2.2 & Table 2.1). A heterogeneous assemblage of metagreywacke 
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and melange deposits (primarily exhibiting blueschist- and amphibolite-facies metamorphism) 
dominate (Cowan, 1974). However, both lower and higher grades of metamorphism are evident, 
particularly in melange units where tectonic blocks metamorphosed to eclogite grade are present 
(Table 2.1). These higher-grade tectonic blocks are thought to have formed by circulation of the 
blocks within the accretionary zone of the subduction complex (Cloos, 1982). 

Orogenic activity has affected all of the above rocks. They have undergone repeated 
deformation, which began in the Lower Cretaceous, and have subsequently been refolded and re- 
faulted to produce complex structures (Ernst, 1970; Raymond, 1970). 

2.0.2 The Great Valley Sequence (fore-arc basin deposits) 

Bordering the western edge of the Sacramento-San Joaquin (Great) Valley are rocks of 
the Great Valley Sequence (Figure 2.2). Structurally overlying the Franciscan Complex and 
forming the base of the Great Valley Sequence are rocks of the Great Valley or Coast Range 

Ophiolite (Figure 2.1d & 2.1e) (Bailey et aL, 1970). The ophiolite is depositionally overlain by 

10,000 m of eastward dipping well-bedded marine sandstone, shales and conglomerates that 

comprise the Great Valley Sequence (Table 2.1) (Crouch, 1979). Rocks of the Great Valley 

Sequence are coeval, %ýith rocks of the Franciscan Complex (Býiley el aL, 1970; Ingersoll & 
Dickinson, 1981) and have been interpreted as representing the fore-arc basin deposits of the 
Franciscan arc-trench system (Dickinson, 1971; Dickinson, 1976; Ingersoll, 1978). Both the 
Coast Range Ophiolite and the Great Valley Sequence lack the high pressure / low temperature 

metamorphism seen in the Franciscan Complex, with none of the Great Valley rocks exceeding 

prehnite-pumpellyite facies (Crouch, 1979; Wakabayashi, 1992). Although Great Valley 
Sequence rocks are locally folded and faulted, deformation is remarkably less than that seen in 

the related Franciscan rocks to the east (Berkland et aL, 1972). 

2.0.3 The Sierra Nevada (magmatic arc) 

Lying to the east of the Great Valley Sequence are rocks of the Sierra Nevada (Figure 2.2 

& Table 2.1). The granitic plutons here, together with those in the Klamath Mountains and 
Mojave Desert of central California (Figure 2.2), are interpreted as representing the remnants of 
the volcanic magmatic-arc complex associated with the rocks of the Franciscan Complex and 
Great Valley Sequence (Dickinson, 1976; Ingersoll, 1978; Dickinson & Seely, 1979). Scattered 

granitic, gabbroic and ultrarnafic bodies occur along with the much more voluminous 
metasedimentary and metavolcanic rocks (Schweickert & Cowan, 1975). 



2.1 The allocthonous Salinian Terrane 

The displaced Salinian Terrane is separated from the rocks of the Franciscan Complex and 
Great Valley Sequence by the San Andreas fault to the east, and by the Sur-Nacimiento fault to the 

west (Figure 2.2). The block forms an = 700 krn x 70 krn allocthonous slice of continental crust 
that can be traced south to its southern terminus at the Big Pine fault, and to its northern end 
(which trends offshore), where its terminus remains equivocal (Grove, 1993). The terrane is 

composed of Cretaceous granitic plutons that intrude Precambrian and Palaeozoic high-grade 

metamorphic basement (Table 2.1) (Mattinson & James, 1985; James & Mattinson, 1988). 
Unconformably overlying these are predominantly non-marine Upper Cretaceous sedimentary 
rocks that are composed of coarse-grained deposits emplaced by high density flows within fan 
delta and submarine fan complexes (Champion et aL, 1984; Grove, 1993). Conglomerate is 

abundant, along with sandstone and fine mudstone (Grove, 1993). 

. 
Overlapping sedimentary rocks indicate that the Franciscan Complex and Great Valley 

Sequence probably collided with the Salinian Terrane in the Upper Cretaceous - Lower Tertiary 

(McWilliams & Howell, 1982; Champion et aL, 1984; Wakabayashi & Moores, 1988; 

Wakabayashi, 1992). By utilising palaeomagnetic data, McWilliams and Howell (1982) inferred 

that this collision occurred in low palaeolatitudes, with the joined terranes moving northwards and 
being emplaced in California by the early Eocene. However, the method of emplacement of the 
Salinian Terrane, and just how much northward translation has taken place, remains controversial. 
Models describing the emplacement of the Salinian Terrane range from movement along the San 
Andreas or Proto-San Andreas fault (Graham, 1978); westward directed thrusting of the Salinian 
Terrane (Silver & Mattinson, 1986); or oblique collision of the Salinian Terrane with the 
Franciscan subduction. zone, followed by northward translation along the San Andreas or Proto-San 
Andreas fault (Wakabayashi & Moores, 1988). Whatever the mechanisms, this collision initiated 

the development of several small deep water sedimentary basins in a Palaeogene continental- 
borderland setting (Graham, 1987). It is the rocks from one such basin (the La Honda Basin) that 
form the sedimentary cover in Summit Ridge, the study area for this investigation (Section 2.3). 

2.2 Emergence of transform style tectonism 

In the late Oligocene the East Pacific spreading centre and the North American plate 
started to interact (Hamilton, 1988). A rise-trench encounter led to the development and subsequent 
northwestward. migration of the Mendocino Triple Junction / Fracture Zone and the development of 
associated transform fault systems across the outer part of the former convergent-margin (Figure 
2.2) (Atwater, 1970; Dickinson, 1979; Dickinson & Snyder, 1979). This transform margin style 
tectonism, which continues in present day California, consists of northwest trending dextral 
transform faults within a broad shear belt. Originally the zone of shearing was concentrated along 
the continental slope to the west of the modem San Andreas fault, along the San Gregorio-Hosgri 

9 



fault (Figure 2.2) (Howell et aL, 1980). It was not until about 6 Ma. (Late Miocenc) that the San 
Gregorio-Hosgri fault was largely abandoned and strike-slip movement migrated and became 

concentrated along the more inland San Andreas fault (Graham & Dickinson, 1978; Humphreys & 4P 

Weldon, 1991). In fact the San Andreas fault itself is probably not older than about 10 million 

years (Blake et aL, 1978). 
Neocrene dextral movement alon- the San Andreas and associated faults slivered and 

distended the Salinian Terrane, enhancing the borderland topography. before further movement 

past restraining bends in the fault system led to uplift and folding, and the development of the 
California Coast Range Mountains (Figure 2.2) (Graham, 1987; Wagner, 1990; Wallace, 1990). 

Today California is still dominated by dextral strike-slip tectonics as the Pacific plate 

moves northwestward past the North American plate (Section 2.3). 

10 
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2.3 The San Andreas fault system 

The 1,100 kni long San Andreas fault is the salient fault (principal break) within the San 

Andreas fault zone. This zone comprises a group of a large number of fault traces that interlace in 

a band as much as 9.6 km aride (Crowell, 1962). In turn the San Andreas fault zone, along with 

other fault zones (such as the Hayward, Calaveras and San Gregorio-Hosgri) form part of the San 

Andreas fault system (Figure 2.2). This fault system accommodates the motion between the 
Pacific and North American plates (Wallace, 1990). 

The San Andreas fault system, in its broadest definition, is a complex array of Neogene 

(Miocene, Pliocene) right-lateral strike-slip faults that have deformed the western margin of 
North America between Cape Mendocino (to the north) and the Gulf of California (to the south) 
(Atwater, 1970; Crowell, 1979; Dicldnson & Snyder, 1979; Powell, 1993). Although the fault 

system can be summarised and defined as a broad zone of dextral shear, within the system there 

are faults that can be distinguished as dextral (San Andreas fault (Stanley, 1987), San Gregorio- 

Hosgri fault (Clark el aL, 1984)), sinistral (Garlock fault (Davis & Burchfiel, 1973)), reverse 
(Sargent fault and faults in the Foothills Thrust Belt (BUrgmann el aL, 1994)) and normal 
(Zayante fault (Stanley, 1985)) (Figure 2.3). It is generally accepted that the San Andreas fault 

proper developed as a transform fault due to relative plate motions between the North American 

and Pacific plates which then encroached into the continent (Atwater, 1970). 
Hill and Dibblee (1953) and Crowell (1952) were the first authors to presed convincing 

evidence for hundreds of kilometres of dextral displacement on the San Andreas fault, and several 
tens of kilometres of dextral displacement on the San Gabriel fault. Measurement values for the 
San Andreas fault proper between the Transverse Ranges and San Francisco Bay have converged 
into a range of _- 295 - 325 km (Nilsen, 1984b; Ross, 1984; Stanley, 1987). However, the amount 

of total displacement reported on the San Andreas and associated faults varies on the models used 
(Powell, 1993). 

Powell (1993) as well as providing a summary of studies on the San Andreas fault, 

mentions why the concept of the existence of a proto, (Cretaceous, Palaeocene, and / or earliest 
Eocence) San Andreas fault has evolved to explain difference 

's 
in the displacement of rocks of 

different ages. This involves an overall displacement of ft 435 - 730 Ian north of the Transverse 

Ranges and -- 300 Ian in and south of the Transverse Ranges. The proto-San Andreas fault was 
inferred to have diverged southward from the present trace of the San Andreas fault and 
transected the Salinian Terrane, western Transverse Ranges, and southern California continental 
borderland. The modem San Andreas has, however, been the principal transform fault for 

approximately the last five million years (Powell, 1993). 
The San Andreas fault system still represents the active margin between the Pacific and 

North American plates, which are inferred to have originally made contact od 28 - 30 million years 
ago, and which have moved continuously, but at varying rates, since then (Atwater, 1970; Powell, 
1993). Today, the oceanic Pacific plate is moving northwestard relative to the continental North 
American plate at a rate of ; ts 48 - 66 mmyr-1 (Minster & Jordan 1978; DeMets el aL, 1987). In 
the vicinity of Summit Ridge the San Andreas fault system is approximately 80 Ian wide. 
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Locally the San Andreas fault slips at a rate of 12.2 ± 3.9 rnmyr-I (Aydin & Page. 19S4). 

As a result of the continued interaction between the respective plates California remains one of the 

most seismically active regions in the world, experiencing many seismic events on the faults within 
the San Andreas fault system (Stover & Coffman, 1993). 

2.4 Ile Summit Ridge study area 

Skyland Ridge, known locally and hereafter as Sumn-dt Ridge, formed the principal study Z: Cý 
area for this investigation. The 30 kM2 area of land is situated in the North Santa Cruz Mountains, 

17 km northeast of Santa Cruz and 32 km southwest of San Jose (Figure 2.2 & Figure 2.3). 

The Santa Cruz Mountains are a rugged and steep mountain range which extend =1 
approximately 135 krn southwestward from Southern San Francisco and which form part of the 
California Coast Ranges of California (Figure 2.2) (Clark, 1981). Split by the northwest trending 0 09 
predominantly dextral, San Andreas fault, the North Santa Cruz Mountains are situated southwest 

of the fault, whilst the Southern Santa Cruz Mountains lie northeast of the fault (Anderson, 1990). 

Overall relief of the mountains varies from 100 - 1.155 m above mean sea level. 

Much of the Summit Ridge area contains residential housing, with more development 

under way (Figure 2.4). There is also a school and several churches. Hillsides are heavily forested 

with redwood trees, and a covering of very dense undergrowth. The southern edge of the area, 
bounded by Amaya and Soquel Creek, forms part of the Svedal State Demonstration Forest where 
controlled logging of the redwood forest is undertaken. The study area encompasses those portions 

of the Summit Ridge area most affected by the ground cracks and landslides that occurred during 

the Loma Prieta eartbquak-e (TAG, 199 1). 

Z4.1 Topography 

Topographically, Summit Ridge forms one of a series of roughly parallel, northwest 
trending ridges in the Santa Cruz Mountains. The highest point in the mountain range is the summit 
of Loma Prieta ridge (1,155 m), 6 krn away to the northeast. Relief in the study area itself is 

moderate, with altitudes ranging from approximately 170 - 686 m above sea level. 

The relatively flat upland terrain of Summit Ridge itself is bounded by steep hillsides on 
the side slopes (Figure 2.4). Slope morphology ranges from convex spurs and upland ridges to 
moderately steep (1011 - 35*) planar slopes on the valley sides and steep-sided (3511- 7011) river 
gorges. The steep drainage slopes and high local relief have forTned as a result of the rapid tectonic 
uplift of the mountain range, averaging 0.8 mmyr'I over the last 4.6 million years (Anderson, 
1990), and by the associated active undercutting by streams. This uplift is attributed to the 
presence of a left. restraining, bend along the San Andreas fault (Anderson, 1990; BOrgmann et a/., 
1994). The fault bend is stationary relative to the Southern Santa Cruz Mountains where reverse 
slip along the southwestward dipping Foothill Thrust Belt (Figure 2.3) and associated localised 
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a) 

b) 

geornorphology of the Sununit Ridge area and the position of houses. Relatively flat upland terrain 

is bounded by deep steep-sided river gorges. Inset shows a vertical hillshaded view of the area. 
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Figure 2.4. a) Topographic map of the Summit Ridge area. b) Oblique view showing the general 



uplift have been accumulating for several million years (BUrgmann et al., 1994). In contrast, uplift 
of the North Santa Cruz Mountains (including Summit Ridge) occurs over a broader region as the 
Salinian Terrane advects past the fault bend (Anderson, 1990). Both Anderson (1990) and 
Valensise and Ward (199 1) attributed this uplift to repeated high magnitude Loma Prieta type 

earthquake events. 
Deep-seated landslide movements have caused a characteristic stepped topography 

comprising very steep scarps, flat lying benches and steep basal slopes along the river gorges 
(Figure 2.5b & Figure 2.6b) (Cole er al., 1991). 

Z4.2 Geology 

From Figure 2.2 it can be seen that the granitic and older metasedimentary rocks of the 
Salinian Terrane form the basement rocks within the area. Overlying these, and forming the 
bedrock, is a succession of predominantly marine (Tertiary) arkosic sandstones, mudstones, 
siltstones, and minor conglomeratic units that were deposited in the La Honda continental- V: 
borderland basin (Graham, 1987; Critelli & Nilsen, 1996). The total composite thickness of these 

roý-ks is estimated as being 7,400 m (Clark, 1981). Weakly- to moderately-cemented sandstones 0 
and sandy siltstones predominate, all of which have been highly comminuted by subsequent folding 

CP 
and faulting, contain numerous shear surfaces, and are locally deeply weathered (TAG, 199 1). 
Specific bedrock formations are the Butario Sandstone, Vaqueros Sandstone, San Lorenzo 
Formation and Purisima Fonnation; whilst minor lithologies include the Zayante Sandstone, 
Highland Way Shale, and Sierra Azul Sandstone (Figure 2.7 & Table 2.2) (Diblee & Brabb, 1978; 
Clark et al., 1989). The Butano, Vaqueros and Purisima Sandstones represent deep-sea fan 

sedimentation, the San Lorenzo Formation and Hi Wand Way Shale f ine-grained bathyal 

sedimentation, and the Zayante Sandstone represents non-marine alluvial fan deposition (Nilsen, 
1984a; Graham et aL, 1989). 

Overlyin- the bedrock are deposits of highly weathered regolith and a mantle of colluvium. 
These materials are relatively unconsolidated and range from loose to medium dense (Cole et aL, 
1991). Colluvial deposits generally consist of a heterogeneous mixture of gravel, sand, silt and 
organic debris, whilst the regolith is composed of coarse angular blocks of highly weathered 
bedrock material. The active tectonic uplift, associated oversteepening of slopes by stream incision, 

and the presence of a layer of colluvium over much of the area, indicate that downslope movement 
of the hillslope is a continual evolutionary process and that many of the slopes are only marginally 
stable and are thus susceptible to failure given a triggering event (Cotton & Associates, 1990a). 
Further evidence for active hillslope degradation is provided by the presence of slanting trees and 
trees with curved trunks. Shallow landsliding is abundant in both the colluviurn and residual soils 
that overly the bedrock (TAG, 199 1). 
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Lithologies Of The Summit Ridge Study Area, 
Northern Santa Cruz Mountains, California. 
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2.4.3 Structure 

Summit Ridge lies within the San Andreas fault zone and as such is dominated by 

northwest striking faults which include the San Andreas, Sargent, and Zayante faults. The San 
Andreas fault itself trends through the southeastern comer of the area, whilst the Sargent fault 
lies to the northeast and the Zayante fault to the southwest of the area (Figure 2.3). Whilst the 
San Andreas and Sargent faults relate to the Pliocene - Recent transform style tectonics of 
California, the Zayante fault, of Oligocene - Early Mocene age, is thought to have been a normal 
fault that structurally controlled the form of the La Honda Basin (Stanley, 1985). 

In addition to the faulting, rocks have been strongly folded, resulting in the major 
northwest - southeast trending folds of the Laurel Anticline, Summit Syncline and the Glenwood 
Syncline (Figure 2.7). The folding seen in the California Coast Ranges has been caused by 

movement of the Pacific plate in a northwestward direction relative to the North American plate 
(Wagner, 1990; Wallace, 1990), and the folding seen in Summit Ridge coincides with post-early 
Pliocene deformation of the region (Clark, 1981). 

The Laurel Anticline and Summit Syncline trend northwest - southeast across the centre 
and northeast of the area respectively, causing beds of the Butano Sandstone, Vaqueros 

Sandstone and San Lorenzo Formation to have steep dips to the northeast or southwest (Figure 
2.5b & Figure 2.6b) (Diblee & Brabb, 1978; Clark et aL, 1989). In places, the Laurel Anticlirie is 

overturned to the southwest causing beds on the southwestern limb to be overturned to the 

northeast (Clark et aL, 1989). Figure 2.5b and Figure 2.6b show three structural cross sections 
through two deep-seated landslides in the north of the area. It can be seen from the cross sections 
that due to the steep dips, much of the bedding is significantly steeper than the local topographic 

slopes. This is also true for the southern part of the area, where folding has produced the 
Glenwood Syncae which is dominated by rocks of the Lambert Shale and Purisima Formation 
(Diblee & Brabb, 1978). Bedding northeast of the synclinal axis generally dips steeply to the 

southwest but can be locally vertical or overturned to the northeast; bedding southeast of the axis 
dips predominantly steeply to the northeast (TAG, 1991). 
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2.5 Summary 

Subduction zone tectonics have controlled the geological development of the basement 

rocks in California. With the exception of the allocthonous Salinian Terrane, which is composed 

of Precambrian high-grade metasediments, all of the principal basement rocks have been 

attributed to forming in an Upper Jurassic - Lower Tertiary Andean-type subduction zone. 
Oblique subduction during the Upper Cretaceous and Lower Tertiary resulted in the 

emplacement of the Salinian Terrane along the subduction zone margin and led to the subsequent 
development of a series of continental-borderland basins. It was in one such basin, the La Honda 

Basin, that the sandstones, siltstones, and mudstones that comprise the Tertiary sedimentary 

cover in the Summit Ridge area were deposited. The interaction of an East Pacific Rise transform 
fault with the subduction zone in the Upper Oligocene led to the development of the Mendocino 

Triple Junction and later the development of transform fault tectonics. The San Andreas fault 

system dominates these tectonics. Rocks have been displaced along transform faults and continue 
to be displaced today. A summary of the development of these faults has been provided. The 

high seismic hazard present in California can be attributed to the continued movement of the 
Pacific plate past the North American plate which is being accommodated along these faults 

Summit Ridge is situated in the North Santa Cruz Mountains and evidence from the 
Tertiary and Quaternary deposits reveals that rapid tectonic uplift has occurred over the last 4.6 

million years. Deeply incised river gorges, along with raised and tilted coastal terraceg, testify to 
the rapid uplift of the region. This uplift has occurred as a result of the dextral movement of the 

region past a restraining bend in the San Andreas fault. The continued uplift, accompanied by the 

active undercutting of slopes by streams, leaves hillsides particularly susceptible to landsliding. 

The relationships between the geology, geomorphology, and active tectonics of the region and 
seismically triggered landslides will be discussed later. 
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CHAPTER 3 

EARTHQUAKE TRIGGERED LANDSLIDES 

3.1 Introduction 

The occurrence of landsliding during earthquakes is not uncommon (Keefer, 1984; Wilson 

& Keefer, 1985; Harp & Jibson, 1996). No other naturally occurring phenomena can cause, or are 

able to cause, rock movements so great in size, amount and area affected (Solonenko, 1977). 

Earthquake triggered landslides have caused significant economic losses (billions of US dollars) 

and tens of thousands of deaths world-wide this century, and the figures continue to grow (Wilson 

& Keefer, 1985). If the dynamic forces produced by an earthquake cause sufficient ground 
disruption, the factors that make a slope stable under normal conditions can be overcome, 

potentially leading to slope failure (Newmark, 1965; Seed, 1967; Wilson & Keefer, 1983; Hadj- 

Hamou & Kavazanjian, 1985; Jibson, 1987; Jibson & Keefer, 1993; Jibson & Harp, 1996). 

.,, e magnitude earthquakes that have caused major landsliding include: Examples of larg 

The 1964, MW 9.2, Alaskan earthquake. The majority of the $0.67 billion material damage, 

including 14 % (2.833 x 106 M2) of the city of Anchorage where 750 homes were destroyed, 

was caused by landslides (Coates, 1977). The largest landslides in Anchorage were located at 
Turnagain Heights (Seed & Wilson, 1967). 0c 
The 1970, MW 7.7, Peru earthquake caused a massive debris avalanche (50- 100 x 106m3) 

that initiated at the top of Mount Huascaran. This flowed down the mountainside averaging 

speeds of between 270 and 360 kmh-1, eventually overrunning the towns of Yungay and 0 
Ranrahirca and causing over 18,000 deaths (Plafker & Ericksen, 1978). 

C. 
/0 In addition to causing major damage to oil and gas facilities, the landslides triggered by the 

1994, Mw 6.7, Northridge earthquake in southern California, were unusual in that, although 0 LI 
they did not cause any direct fatalities, the dust created was contaminated with a fungus which 

caused an outbreak of respiratory illness known as Valley Fever (Jibson et aL, 1994; Harp & 

Jibson, 1996). 

By killing people, destroying structures, roads, powerlines, water pipes and gas mains, 
landslides have, a direct impact on the social and economic infrastructure of the areas affected. 
Further, a large earthquake in a mountainous region can trigger thousands of landslides in a few 

minutes which have an overall impact that is increased far beyond that of any single landslide 

(Wilson & Keefer, 1985). In addition to the above large magnitude events, more common, smaller 
magnitude earthquakes, although not as catastrophic, are also known to trigger landslides, and such 
earthquakes may be many times more frequent (Keefer, 1984). The extensive landsliding triggered 
during earthquakes, and the associated damage, means that there has been, and continues to be, a 
need for active research and mode) development in the assessment of earthquake triggered landslide 
hazards. 
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3.2 Classification of earthquake triggered landslides 

The classification scheme for earihquake triggered landslides utilised in the current 
research (Table 3.1) is that proposed by Keefer (1984) and which is based on the principles and 
terminolog of Vames (1978). Fourteen different types of failure are catEE2Eýýcording to the "y 
failed material and the type of movement involved and the resulting displaced masses play develop 

&. 6- 

any_oLthp Lqgtprgtdepjcte4ja,, Fj, (.., rLire 3Aa. Types of movement can be described as failing, 
11 ---------- 
toppling, rotational sliding, and translational or planar sliding: 
" Falls and top2les result from tensional failure within a rock mass. For falls, detached material 

from steep slopes or cliffs descends downslope predorninantly through the air by free fall, 
bounding and / or rolling (Figure 3.1 b). Topples are similar, except failure is initiated by 
forward rotation about a pivot point (base of topple slab or column) (Figure 3.1 c) (Vames, 
1978). 

" Rotational slides or slumps involve slope movements of initially intact masses of material on a 

well-defined basal rupture or slip surface that is curved (Figure 3.1 d) (Coates, 1977; Varries, 

1978; Keefer, 1984). This can be compared with translational slides that are characterised by 

slope movement along a more or less planar basal rupture surface (Figure 3. le & Figure 3.1 f) 

(Varnes, 1978; Keefer, 1984). Translational slides most commonly form in materials that have 

some form of planar discontinuity present such as bedding, foliation or fractures (Varnes, 
1978). 

All of the landslides in Keefers' (1984) classification can be described as having one or 
more of the above failure movements. This includes those failures that are liquefaction induced. 
Soil lateral spreads are characterised by lateral translational sliding. However, instead of failing 

along a defined basal shear surface, movement occurs on a zone of liquefied soil (Table 3.1). ýapid 

soil flows involve the entire liquefaction of the failing material which then flows downslope at rapid. 
to extremely rapid rates (Keefer, 1984). Although a single type of movement is defined for the 

majority of the landslides, it is far more common for movement to be a combination of more than 

one type (Varnes, 1978). 
From Keefers'(1984) classification (Table 3.1), it can be seen that for rock slopes the 

degree of weathering and the mass properties of the failing material (presence of discontinuities 

etc. ), contribute to the susceptibility of failure, whereas for soil slopes, the type of ground failure is 

strongly governed by the presence of weak layers that allow the development of preferential slide 
planes, or due to. slopes comprising .. materials that are susceptible to liquefaction. 
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Table 3.1. Earthquake triggered landslide classification scheme. (Modified from Keefer (1984)). 

Landslide type Type of material Slope 7l)-pe of movement DcpO 
(rel. abund. )t angle 
Rock fal Is Weathered, weak, and 400 Bounding, rolling, free Shallow 
(1) fractured rocks; closely fall. 

jointed rocks. 
Rock slides Rock mass with 350 Translational sliding on Shallow 
(3) discontinuities daylighting basal shear surface. 

in slopes. 
Rock avalanches Weakened rock exhibiting 0 Zt 2511 Sliding and / or flow as a Deep 
(14) significant weathering and stream of rock 

orjoinfing I fragments. 
Rock slumps Fractured rocks exhibiting 150 Translational sliding on 0 Deep 
(10) weathering, J ointin cy or 0 basal shear surface, 

weak cementation. some headward rotation. 
Rock block slides Rocks exhibiting ýt 15" Translational sliding on 0 Deep 
(13) conspicuous discontinuides basal shear surface. 

dipping out of the slope. 
Soil falls Weakly cemented sands, 2t 40" Bounding, rolling, free Shallow 
(8) gravels, or unlithified fall. 

clays. 
Disrupted soil Loose colluvium, sandy or 2t 15* Translational sliding on Shallow 
slides silty fill, alluvium, and basal shear surface, or 
(2) fault cou-e. zone of weakened 

sensitive clay. 
Soil avalanches Gravels, clays, fill, 25* Translational sliding Shallow 
(7) alluvium and volcanic ash. with subsidiary flow. 

Soil slumps Loose sand or silt, fill, and 101, Sliding on basal shear Deep 
(5) alluvium. surface with some 

headward rotation. 
Soil block slides Loose sand or siltý fill, and 2: 5" Translational sliding on Deep 
(6) alluvium. basal shear surface. 
Slow earth flows Clay, volcanic ash and Z! 101, Translational sliding on Shallow 
(12) colluvium. basal shear surface with deep 

minor internal flow. 
Soil lateral Silt, fine grained sands, Zt 0.30 Translational sliding on Variable 
spreads and clays. basal zone of liquefied 
(4) soil. 
Rapid soil flows Saturated sand, sandy silt, Zt 2.3" Flow. Shallow 
(9) loess soils, and fill. 
Subaqueous Saturated granular soils, 2: 0.5* Complex, generally Variable 
landslides deltaic sediments, and involving lateral 

lacustrine silt. spreading flow and 
I I slumping sliding. 

tRelative abundance, most abundant (1) to )east abundant (14). 
ýShallow: g 3 m, deep ý! 3 rn (approximately). 
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3.3 The effect of weathering on landslide potential 

Weathering affects both the rock mass and any discontinuities that are present. The 

weatherinc, process causes a deterioration of rock and soil materials and is brought about by 

various subaerial processes that cause either physical disintegration or chemical decomposition 

(Anon, 1995). A summary of the principal processes for each type of weathering is given in Table 
3.2. 

Table 3.2. The principal weathering processes for both rock disinteggration and rock C 
decomposition. (Modified from Fookes er aL, (197 1)). 

DISINTEGRATION 
Process Description 
Stress release The formation of joints caused by a reduction in the overburden pressure by 

the removal of material above. Particularly affects granite bodies. 
Frost wedging The freezing of water in a discontinuity can cause up to a9% increase in 

volume. This can create a tensile stress of up to 200 MPa in the joint. 
Crystallisation Expansion of pores and fissures by the crystallisation of minerals from 

solution. Exfoliation of the outer layers of the rock is caused by soluble salts 
in the pores of the rock moving towards the surface which then crystallise 0 
exerting a pressure between 100 - 200 MPa. 

Insolation In hot climates the wide diurnal range of temperature causes rocks to expand 
and contract leading to rupture and exfoliation of the outer layers of the rock. 

Moisture Diumal heating of the water in small capillaries and cracks can lead to water 0 temperature expanding and exerting a tensile stress on the rock. 
A temperature difference of 400C can develop pressures of 26 MPa. 

Biological Expansion of discontinuities through the growth of roots. 
DECOMPOSITION 

Process Description 
Hydration A reversible reaction with water. Water molecules are absorbed into the 

mineral structure that normally results in expansion. 
Hydrolysis An irreversible reaction with water. A mineral and water reaction leads to a 

replacement of mineral cations by hydrogen. The breakdown of rock forming 
minerals such as feldspar to clay results in an increase in volume. 

Oxidation 02 in the air combines with minerals to form oxides and hydroxides. 
Reduction Release Of 02 from a mineral to the surrounding environment. 
Solution Primarily affecting carbonate rocks, C02 in the air and, specifically in the 

pores, becomes dissolved in water to produce acid conditions (carbonic acid 
H2CO3) that lead to solution of the rock. 

Weathering alters the mineralogy and texture of a rock, both of which contribute to the 
overall strength (Fookes et aL, 1971). Each mineral type within a rock will have different strength 
properties that will contribute to overall behaviour. In addition to mineral strength properties, the 
size and orientation of the minerals will also have an impact on the physical behaviour of the rock 
(Bowles, 1984). 
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The influence of texture on the strength of a rock is principally concerned with the degree 

of interlocking of the minerals or grains. Failure is more likely to be intergranular rather than 
intragranular and, therefore, the more irregular a boundary is between grains the more difficult it is 

for failure to occur (Bell, 1992). However, it is far more common for failure in rock slopes to occur 

along any discontinuities that may be present, rather than through the rock mass itself (Fookes et 

aL, 1971) (Table 3.1). Discontinuities represent planes of weakness within the rock mass and are 

characterised by simple fractures, fissures, joints, bedding planes and lithological boundaries. 

The weathering of a rock is seen to proceed through stages until ultimately a residual soil 
is formed. One weathering classification used to describe this transition is based on the scheme of 
Fookes et aL, (197 1) as modified by Dearman (1976) (Table 3.3). Weathering leads to a drastic 

reduction in the compressive strength, and a reduction in both the tensile strength, elasticity and 

shear strength of the rock mass (Beavis, 1985; Bell, 1992). This is mirrored by an increase in the 

porosity and permeability within the rock material and a widening of discontinuities (Fookes et aL, 
1971). These increases enhance fluid flow and weathering rates, as well as increasing the pore 

volume within which pore water pressures can be generated. The reduction of the strength of the 

rock mass, the increase and enhancement of the number of potential sliding surfaces, and the 

admission of water, leads to the slope becoming increasingly susceptible to failure. However, when CC 
assessing slope stability the degree of alteration of the materials comprising a slope will not be Z' 00 

uniform and, therefore, cannot be readily dealt with by quantitative calculation techniques (Price, 

1995). 
In the current research the degree and extent of weathering made a contribution to the 

formation of shallow landslides, specifically the location of the basal shear surface. 

Table 3.3. The different rock grades of weathering. (Modified from Dearman (1976)). 

Grade TerTn Description 
IF Fresh rock. No indication of weathering. Slight discoloration 

on major discontinuities. Weathering on surfaces 
of major discontinuities. 

H SW Slightly weathered. Discoloration of rock material. Penetrative 
weathering on open discontinuities. 

III MW Moderately weathered. Weathering extends through rock mass but rock is 
not friable. Fresh or discoloured rock is present as 
a discontinuous framework. 

IV HW` Highly weathered. Weathering extends through rock mass and rock is 
partly friable. 

V CW Completely weathered. Rock is wholly decayed and disintegrated to soil 
but original texture and structure preserved. 

VI RS Residual soil. All traces of original rock texture and structure are 
completely destroyed. Large change in volume. 

J 
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3.4 Liquefaction induced ground failure 

Liquefaction is a commonly occurring phenomena during earthquakes, and can be a 

cause of ground failure (Table 3.1). For example, extensive ground failures were caused by 

liquefaction during the 1906, Ms 8.2 (MW 7.7)1 San Francisco, and MW 7.0 Loma Prieta 

earthquakes, and the 1964, MW 9.2 Alaska and ML 7.3 (MW 7.3) Japan earthquakes (Seed, 1970; 

Youd, 1984; Seed et al., 1991). Liquefaction can be attributed to the build up of pore water 

pressures within predominantly clay-free deposits, primarily sands and silts (Keefer & Tannaci, 

1981; Youd, 1984; Vick & Watts, 1993). During an earthquake alternating shear stresses 
develop. This, along with a degree of compaction which may occur, leads to a progressive 
increase in the pore water pressure. If this pressure is prevented from dissipating quickly, it will 

continue to increase and eventually lead to a loss of shear strength (liquefaction occurs). At this 

point, pore water pressures equal the applied confining pressure and load has been transferred 
from the grains to the interstitial pore water (Seed, 1968). This can be seen by considering the 
Mohr-Coulomb failure criterion for coliesionless soils (Equation 3.1). If the pore water pressure 

equals the normal stress, then the shear strength will be zero (Prakash, 1981). 

r= (a,, - u) tan 0 3.1 

Liquefaction is dependent on the magnitude of the cyclic stressies or strain, the number of 
cycles, the initial density, and the confining pressure acting on the soil (Seed & Lee, 1966). 
Dense sands are less susceptible to liquefaction than loose sands, whilst the uniformity of 
hydraulically deposited sands makes them particularly susceptible (Dowrick, 1987). 

An increase in the clay fraction of a soil reduces susceptibility to liquefaction, whilst 

cohesive soils and gravels generally do not liquefy during earthquakes (Dowrick. 1987). During 

the 1964 Japan (Niigata) earthquake, granular soils containing > 20 % cohesive material did not 
liquefy (Seed 1970). Again consider the Mohr-Coulomb failure criterion, however, this time 
incorporating cohesion (Equation 3.2). If the normal stress and the pore water pressures are 

equal, the shear strength will equal the cohesive strength (Prakash, 1981). Generally, the younger 

and looser the sediment, and the higher the water table, the more susceptible the soil is to 
liquefaction (Youd, 1984). 

r=e+(a,, -u)tano 3.2 

Gravels and other coarse granular soils do not liquefy due to their higher permeability. 
By allowing water to flow away there will be no significant rise in pore water pressure during an 
earthquake (Youd, 1984). However, such an assumption has recently been questioned and has led 

IAII event magnitudes, where possible, are reported as moment magnitudes (Mw). Where moment 

magnitudes were not available, the reported magnitudes were convened to moment magnitudes using Figure 

3.3 and are enclosed in parentheses after the reported magnitude. 
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to investigations into the liquefaction potential of gravels, particularly where drainage is impeded. 
for example, by a low-permeability cap (Evans, 1993). Therefore, it can be seen that the particle 
size distribution of a deposit will have an influence over liquefaction susceptibility (Figure 3.2). 

If it is not confined by adjacent deposits liquefaction of a soil layer within a slope leads to 

sliding of the mass as a lateral spread (Table 3.1). On flatter areas liquefaction may result in the 

ejection of sand and silt-laden water from vents, cracks and fissures in the ground as sand boils, or 

sand volcanoes (Seed, 1970; Seed et al., 199 1). 

As an example of the effects of liquefaction induced landslides, much of the damage during 

the 1964, MW 9.2, Alaska earthquake was caused by liquefaction phenomena (Coates, 1977). Over 

14 % of the city of Anchorage was destroyed with the majority of the damage being caused by a 

number of large landslides. The intensity of ground shaking in the area, deduced on the basis of 
damage, is estimated as being MM = VIII (Seed & Wilson, 1967) (see Appendix 1). The largest of 
these landslides was the Tumagain Heights lateral spread. The slide was - 2,600 m in width, had a 
length of - 275 m, an area of 5.26 x 105 M2, involved - 9.5 x 106 M3 of material, and was 

triggered by the liquefaction of sand lenses within the Bootlegger Cove Clay Formation (Seed & 

Wilson, 1967). 

The effects of soil liquefaction on level ground were dramatically illustrated in the town of 
Niigata (Japan) during the MW 7.3,1964, earthquake (Seed, 1970), and in the San Francisco Bay 

Area during the 1989, MW 7.0, Loma Prieta earthquake (Seed et al., 1991). Extensive liquefaction 

of the sand deposits underlying the low-lying areas of Niigata and in the Manna District of San 

Francisco led to the formation of ground cracks, sand volcanoes and the extrusion of water from 

the ground (Seed, 1970; Seed et aL, 1991). In addition, the settlement and tildng of dwellings and 

vehicles during both earthquakes, along with the buoyant rise of buried tanks in liquefying soil 
during the Nii-ata. earthquake, demonstrate the direct hazard posed by liquefaction. Where 

liquefacfion occurred in slope deposits, soil lateral spreads and rapid soil flows resulted (Seed, 

1970; California Division of Mines and Geology (CDMG), 1991). Due to this potential for causing 

extensive damage, the study and evaluation of liquefaction phenomena (Seed & Wilson, 1967; Seed 

et aL, 1983) has led to the production of maps depicting the results of liquefaction hazard 

assessments (Roth & Kavazanjian, 1984; Falls, 1986; Youd, 1991; Grant el aL. 1992; Youd, 

1993). 

3.5 Contribution of earthquakes to slope Instabil. ity 

The type, amount, and area affected by landslides during an earthquake is dependent upon 
the severity of seismic shaking or strong ground motion at a site (Keefer, 1984; Wilson & Keefer. 
1985; Harp & Wilson, 1995). Tberefore, accurate cbaracterisation of the variations in the strength 
of seismic shaking across a region is crucial to the prediction of earthquake triggered landslides 
(Wilson, 1993). Th the 
WLkqua ar -e. and by the the distance to the rupture zone, the source mechanisms of the e thquak 
contribution of any-local or site specific characteristics such as the geology and toR2jEMhX (Fin & 
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Nichols, 1987; Jibson, 19S7; Faccioli, 1991: Seekins &- Boatwright, 1994). 711crefore. commonly 
used empirical relationships used to quantify the ground motion experienced at a particular site 
during an earthquake, and their contribution to landslide hazard assessments. will be discussed. 0 

3.5.1 General magnitude relations 

One of the most commonly used methods to summajise the size of an earthquake is to 

report the event magnitude (Stover & Coffman, 1993; Yeats et aL, 1997). The magnitude of an 
earthquake is independent of the place of recording (Dowrick, 1987). There are in existence a 
number of different mac-mitude scales, each of which is obtained by the measurement of a specific 
type of seismic wave or phase that has propagated away from the seismic source. De Polo and 
Slemmons (1990), utilising Kanamoris'(1983) review of the different magnitude scales, reproduced 

a plot depicting the mean relationships between the different scales and the moment magnitude 
(Figure 3.3). The moment magnitude (Mw) represents the energy release of large earthquakes 
(Hanks & Kanamori, 1979). Since it is tied directly to physical parameters (fault rupture area, 
fault slip, and energ -e) rather than to the amplitudes of particular ,y released during an earthquak 

seismographic records (from where the local magnitude (ML), surface wave magnitude (M, ), and 
short period body wave magnitude (Mb) are derived), the moment magnitude represents the size of 
an earthquake at an infinite period and, therefore, does not have a level above which saturation 
occurs (de Polo & Slemmons, 1990; Yeats et aL, 1997). This differs from the other magnitude 
scales each of which reach saturation at a given moment magnitude (Figure 3.3). It can be seen that 
the various magnitude scales yield different values of magnitude. This can lead to several different 

values of magnitude being assigned to a single earthquake event (Stover & Coffman, 1993). 0 
There are general reported lower bound magnitudes above which certain types of landslide 

failure will be initiated (Table 3.4) (Keefer, 1984). However, the possibility of smaller earthquakes 
inducing failure cannot be discounted, especially if the local condition of the rock or soil has caused 

sufficient weakening for the slope to become unstable (Keefer, 1984; Jibson, 1996). 
Pý 

Table 3.4. Suggested generaf minimum earthquake magnitude necessary for particular landslides to 
result. (Modified from Keefer (1984)). 
Magnitude Landslide type 
ML - 4.0 Rock falls, rock slides, soil falls, disrupted soil slides. 

- ML - 4.5 Soil slumps Tx; d soil block slides. 
ML $5-0 Rock slumps, rock block slides, slow earth flows, soil lateral spreads, rapid soil 

flows and subaqueous landslides. 
Ms - 6.0 Rock avalanches. 
Ms - 6.5 Soil avalanches. 
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Keefer (1984) grouped the 14 types of earthquake triggered landslides (Table 3.1) into 

three main groups; coherent landslides, disrupted landslides. and lateral sprelds and flows. Data 

obtained from world-wide earthquake events was then used to generate charts depicting the 

maximum distance for each category of landslides from the fault rupture zone for various 

earthquakes of differing magnitude (Figure 3.4a). In addition to this, a chart was created displaying 

the relationship between magnitude and the maximum area to be affected by all types of landslides 

(Figure 3.4b). Results indicated that the maximum area likely to be affected by landslides in a 
seismic event increases from =0 km2 for a magn itude 4.0 event to 500,000 km2 at 1, -1W 9.2. Both 

of these charts (Figure 3.4) can be utilised during landslide hazard assessments to provide an 
indication of the likely maximum distance of different landslide groups from the fault rupture, and 
the maximum area to be affected by landsliding, for different postulated earthquakes. CI 

3.5.2 General intens4 relations 

The intensity of an earthquake is a measure of the severity of the seismic shaking at a 

particular site (Dorwick, 1987). One of the most frequently used intensity scales, and the one 

widely used in North America, is the Modified Mercalli (MM) scale. This has twelve grades of 
intensity denoted by Roman numerals I- XH (see Appendix 1). Post-earthquak-e observations of the 

. 
distribution and degree of structural damage, geologic effects (landiliding and other ground 
failures) and peoples'perceptions of the severity of shaking, are commonly used to produce 
isoseismal maps delineating areas of equal intensity (Stover & Coffman, 1993). 

Although landslide related observations are used within the MM scale to define specific 
levels of intensity, it has been found, by comparison of isoseismal maps with maps of landslide 
distribution for various earthquakes, that landslides are actually triggered at intensities one to five 
levels lower than indicated on the MM scale (Keefer, 1984). As a result of this a suggested revised 
ýriteria for landslide initiation on the traditional MM scale are that: 

shallow disrupted landslides on steel) slopes are common at MM = VI 

rapid soil flows, soil lateral spreads-and coherent deep-seated slides on gentler slop are 
common at MM = VII 
landslides of all types occasionally occur at intensities one to two levels lower than the levels at 
which they are common (Keefer 1984). 

In generaL stronger ground motion is required to produce coherent deep-seated failures in 

soils, rather than failures in rock masses (Wilson & Keefer, 1985; Harp et aL, 1985). Tberefore, 
by using the above criteria, indications of landslide type and distribution can be obtained from 
isoseismal maps of shaking intensities. 
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3ýeak ground acceleration 

Ile most commonly used measure to describe the severity of seismic shaking during an 
earthquake, and one that has been used in dynamic slope stability analyses, is the peak ground 

acceleration (PGA) (Jibson, 1996). The PGA is the maximum ground acceleration recorded during 

an earthquake and represents a measure of how quickly the speed of the ground is changing 
(Scheidegger. 1985; Somerville, 1996). It is reported either in physical terms as centimetres per 
second per second (cms, 2), metres per second per second (ms-2), or after it has been scaled with 

gravity (9.80 ms-2) and reported as an acceleration due to gravity. Ground acceleration reduces 

-w: ijh-dM'1anceA=ha-eýua "-. &=c9Xeats-"LL92U. This process of decay from source 
to site is known as attenuation (Krinitzsky et aL. 1988a; Yeats et aL, 1997). 

(29eak ground acceleration and earthquake magnitude 

Empirical relationships have been developed that calculate peak ground acceleration as a 
function of earthquake magnitude and distance. These include those of Joyner and Boore (1981) 

and Krinitzsky et aL, (1988a) (Figuie 3.5). 

Joyner and Boores'(1981) relationship (Equation 3.3) was developed using earthquake, 
data specific to Westem USA. 

log PGA =-1.02+0.249MW -lo(yr-0.00255r+0.26P 003.3 
I 

(d2 
+ 7.32ý2 5.00: 5 MW: 5 7.7 

Where PGA is the acceleration due to gravity (g), MW is the moment magnitude, r is the source 
rupture distance (in km), d is the minimum distance to the surface projection of the fault rupture 
and P=0 for 50 percentile values and P=I for 84 percentile values. 

Krinitzsky er al., (1988a) developed equations relating to the mean values of acceleration 
curves. They also made the distinction between accelerations on hard sites with those obtained on 
soft sites (Equation 3.4 & Equation 3.5 respectively). Hard sites correspond to rock or stiff soil, 
whilst soft sites are defined as deep cobesionless soil (; -> 16 m) and soft to medium stiff clay Q: 16 

M). 

log PGA = 1.23+0.385Mw- log r-0.00255r 3.4 

log PGA = 1.41+0.38SMw -log r-0.00255r 3.5 

Where peak ground acceleration (PGA) is in cms-2 and r is the source distance (in km) from the 
earthquake focus (or hypocentre). 
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Although Krinitzsky et aL, (1988a) make the distinction between hard and soft sites 

respectively, the relationships were derived using a world-wide data set. Conversely the 

relationship developed by Joyner and Boore (198 1) used data specific to the Western USA with 
the majority of the data coming from events in California. In respect to this, Joyner and Boores' 

(198 1) relationship was used to calculate PGA throughout the current research. 
Other Magnitude / distance / peak acceleration relationships include those reported by 

Esteva and Villaverde (1973) and McGuire (1974). 

(geak ground acceleration and Modified Mercalli Intensity 

Relationships of MM / peak ground acceleration (in cms-2) have also been developed. 

Murphy and O'Brian (1977) report the fbHowing expression (Equation 3.6). 

logPGA =0.14MM+0.24ML -0.68logr+, 6k 3.6 

Where r is epicentral. distance (in km) and the coefficient Ok for Western USA is 0.60. However, 

this relationship predicts unrealistically high near field ground motion (Dowrick, 1987). 

Krinitzsky et aL, (1988b) differentiated between the near-field and far-field recording locations, 

and hard and soft sites respectively (Equation 3.7, Equation 18 & Equation 3.9). 

Near field hard site log PGA = 1.05 + 0.198MM 3.7 

Near field soft site log PGA = 1.320 + 0.08MM 3.8 

Far field hard and soft site log PGA = 0.839 + 0.177MM 3.9 

Krinitzsky et aL, (1988b) report that the distinction between near-field and far-field is 

necessary because, in the near-field, complicated reflection and refraction of waves occur with 

resonance effects and mismatches that produce a large variation in the values for ground motions; 
whilst in the far-field, the wave patterns become more orderly and muted. Further, the near-field 

will also be dominated by high frequency waves that attenuate rapidly with distance. The 

definitions of hard and soft sites are the same as those used in the magnitude / distance / peak 

acceleration relationships (Equation 3.4 & Equation 3.5). Other MM / peak ground acceleration 

relationships include those developed by Gutenberg and Richter (1942), Neumann (1954) and 
Trifunac and Brady (1975). 

In seismic landslide hazard assessments the value of peak ground acceleration from an 
earthquake can be incorporated into dynamic slope stability analyses (Seed, 1967; Seed, 1979; 
Hadj-Hamou & Kavazanjian, 1985; van Westen et aL, 1993). However, although the peak ground 
acceleration may be large enough to cause instability in a slope, its duration may be too short for 
failure to occur and, therefore, analyses incorporating this ground motion parameter will be very 
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conservative (Wilson & Keefer, 1983, Mankelow & Murphy, in press). The problems associated 

with using peak ground acceleration values in dynamic slope stability analyses will be expanded 

upon later in this thesis (Chapter 6). 

S Intensity 

One final measure that is commonly used to describe the severity of seismic shaking and 

which has been used in the assessment of earthquake triggered landslides, is the Arias Intensity 

(Ia) (Equation 3.10) (Wilson & Keefer, 1985; Jibson & Keefer, 1993; Harp & Wilson, 1995). 

Developed by Arias (1970) this is proportional to the square of the ground acceleration over time 

and is expressed in meters per second (ms-1). 

7r id 
Ia =j (a(t» dt 

2g 0 
3.10 

Where a(t)2 is the square of the ground acceleration at time t, td is the total duration of the 

earthquake and g is acceleration due to gravity. Because the complete earthquake shaking history 

is used (rathet than just the maximum point in that history as reported by the PGA) the Arias 

Intensity represents a more quantitative measure of total shaking -intensity than the PGA (Jibson, 

1996). 
It has been found that the Arias Intensity correlates well with the distribution of 

earthquake triggered landslides (Harp & Wilson, 1995). The Arias Intensity for an earthquake of 

a given magnitude can be calculated using the log-linear relationships reported by Wilson and 
Keefer (1985) (Equation 3.11) and Wilson (1993) (Equation 3.12). 

log la =MW-2logr-4.1+ aP a=0.44 3.11 

log Ia =MW-2logr-3.99+ aP a=0.365 3.12 

Where MW is the moment magnitude, r is the source distance (in km) from the earthquake 
hypocentre, cr is the standard deviation, and P is the exceedance probability in terms of :t 

standard deviations, e. g., P=0 for the 50 percentile (50 % exceedance probability) and P=I for 

the 84 percentile (84 % exceedance probability). Figure 3.6a shows the close correspondence 
between these two relationships. 

Wilson and Keefer (1985) combined Equation 3.11 with the data set of magnitude and 
limiting distances from Keefer (1984) (Section 3.5.1) and calculated the minimum values of 
Arias Intensity required to initiate each of the three broad groups of earthquake triggered 
landslides. These are 0.5 ms-1 for both coherent landslides and lateral spreads and flows, and 
0.15 ms-1 for disrupted landslides. The Arias Intensity of 0.15 ms-1 necessary to begin triggering 
falls, disrupted landslides and avalanches has been subsequently reduced to 0.10 ms-1 by 
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Figure 3.6. a) T'he attenuation of Arias Intensity with distance for a M,, 4.5 (reported minimum 

magnitude for coherent landslides) and M, 7.0 (Loma Prieta) earthquake using the relationships 
derived by Wilson and Keefer (1985) (Curves A&C; Equation 3.11), and Wilson (1993) (Curves 

B&D; Equation 3.12). b) Comparison of the historical upper bound limit for coherent landslides 

with the magnitude distance relation for Arias Intensity (Equation 3.11) (Modified from Wilson 

and Keefer (1985) and Wilson (1993)). 

39 



Wilson (1993) who used Equation 3.12. 
Figure 3.6b (from Wilson and Keefer (1985)) depicts the historical limit of coherent 

landslides (slumps and block slides) for various magnitudes with the magnitude distance relation 
for Arias Intensity overlaid (Equation 3.11). For postulated earthquake events, such charts 
(Figure 3.6b) can be used to estimate the source distances for which the probability of the seismic 

shaking exceeding the threshold values of Arias Intensity necessary to trigger landsliding would 
be 50 % (Wilson, 1993). For example, for a MW 7.0 (Loma Prieta type) event the source distance 
for coherent landslides (Ia threshold 0.5 ms-1) corresponding to a 50 % exceedance probability is 

40 krn. 

3.5.5 Duration 

Although PGA is often used in seismic landslide hazard assessments it is important to 

note that damage may be occurring througýout the period of seismic shaking and hence the 

duration of strong ground motion has a significant influence on the degree of damage to both 

structures and soils (Dobry el aL, . 1978). An earthquake that generates large ground accelerations 

may only cause minor damage if the duration of shaking is short (Housner, 1975). It is common 

for the duration of ground motion at a site to incredse with both magnitude and distance from the 

source, and to also increase from rock to soil sites (Trifunac & Brady, 1975). The bracketed 

duration of a record, as defined by Bolt (1973), is the elapsed time (in seconds) between the first 

and last accelerations greater than a given level (commonly taken as 0.05 g or 0.1 g acceleration 
levels). The significant duration is the time taken (in seconds) to build up between 5% and 95 % 

of the total Arias Intensity (Dobry et aL, 1978). 

Dobry et aL, (1978) found that the significant duration (D) for rock sites in the Western 

USA could be described by the following relationship (Equation 3.13). 

logD=0.432MW-1.83 3.13 

Whilst Krinitzsky et al., (1988b) using data from world-wide events developed the following 

relationships for durations on hard (Equation 3.14) and soft sites (Equation 3.15) respectively, 
both of which incorporate the focal distance of the site from the earthquake source (r). 

log D= -2.36 + 0.43MW + 0.30log(r/ 10) 3.14 

log D= -2.06 + 0.43MW + 0.60log(r/ 10) 3.15 

From these equations it can be seen that the duration of strong motion is longer on soft 
sites than on rock sites, which corresponds with results reported by Trifunac and Brady (1975). 
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The increased duration on soft (soil) sites is attributed to the resonance of materials underlying 

such sites (Section 3.6.1). 

3.6 lle effect of local site characteristics 

The geological setting and geomorphic location of a site has an important influence on both 

the nature of the strong motions recorded there and on any slope failure that may occur. These 

effects are summarised here. 

3.6.1 Rock and soil sites 

The geology of a site has an effect on the ground motions experienced during an 

earthquake. One important soil / site specific effect, liquefaction, has already been described 

(Section 3.4). Other studies have shown that the geology of a site will have an influence on the 

., round acceleration (Krinitzsky et aL, 1988a), duration of ground motion (Trifunac & Brady, peak g 
1975;, Krinitzsky et aL, 1988b), and shaking intensities (Krinitzsky et aL, 1988b) experienced. 0 

Soils that have fundamental periods of vibration (natural frequencies) which are close to 

the frequencies of incoming earthquake waves (number of loading cycles acting upon a soil or rock 
mass) will begin to resonate through the soil column leading to longer durations and increased CP 
shaking at the surface (Seed & Idriss, 1969; Seed et aL, 1976; Trifunac & Brady, 1975; Ayala et 
aL, 1984). Such resonance effects were catastrophically demonstrated in Mexico City, 300 krn 

from the epicentre of the M 8.1 (MW 8.2), 1985, earthquake. Severe damage was confined to S Cý 
those parts of the city overlying soft lake bed deposits where the peak ground accelerations of the 
incoming rock motions were amplified up to five times, and the duration of strong shaking (up to 00 
three minutes) was unusually prolonged (Finn & Nichols, 1987). Such resonance effects also 0 

contributed to the distribution of damage in San Francisco during the MW 7.0,1989, Loma Prieta 

earthquake (Mahin, 1991; Seekins & Boatwright, 1994). 0 

3.6 2 Influence of topography 

During an earthquake, seismic amplification of ground motions may occur due to the 
presence of topographic irregularities (Boore, 1972; Davis & West, 1973; Castellani et aL. 1982; 
Jibson, 1987; Rial, 1996). The extent to which a topographic irregularity may affect ground 
motion, and the parameters of the topographic feature that influence ground motion, vary widely 
(Davis & West, 1973). However, it has been recognised that there is an increase in ground motion 
at the top of a topographic high relative to the base (Davis & West, 1973; Jibson, 1987) and that 
the centres of ridge lines are sites of maximum topographic amplification (Jibson, 1987). Ground 

motions may be amplified by as much as three to seven times (Davis & West, 1973; Jibson, 1987). 
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This increase in ground motion has been attributed to the resonance of the topographic irregularity 

or to the effects of reflection and refraction of seismic waves within it, and is particularly 
pronounced when the wavelength of the incoming waves is of the order of the dimensions of the 

anomaly (Davis & West, 1973; Castellani et aL, 1982; Rial, 1996). 

It can be seen that the possible increase in ground motions at topographic irregularities is 

clearly of importance during earthquakes. In addition to increasing the possibility of rock falls and 
landslides, such amplification of seismic waves at the ridge crests has been attributed to causing 
the development of sackungen (Morton et aL, 1989; Jibson, 1996). The development of sackungen 

structures is not fully understood, however, these are large, deep-seated, lateral spreads that occur 

predominantly along the crests of bedrock ridges in high mountainous terrains (Cotton et aL, 
1996). "Ibey are characterised by uphill-facing scarps and long graben structures that parallel the 

crests of ridges (Varnes et aL, 1989). The mechanics of these types of movements are not well 

understood, in part because no well-defined shear surface or zone of deformation has been 

observed (Cotton et aL, 1996). 

3.7 Summary 

ýroni the foregoing it has been shown that the degree of weathering has a strong 

controlling influence over the stability of rock slopes during- an earthquake. The various 

weathering processes and their effect can be seen to lead to an overall weakening of material, 

making it more susceptible to landsliding. In addition to reducing the strength of the material 
itself, weathering also leads to the initiation, widening and weakening of discontinuities and other 

planes of weakness. Observations by Harp and Keefer (1990), Harp and Noble (1993) and Harp 

and Wilson (1995) have shown that the more open the fractures are within a rock mass, the lower 

the shaking intensities (1a) need to be to trigger failure. 

The weathering of rock can be seen to proceed through stages until ultimately a residual 

soil is formed. The weathering classification presented, and the one used throughout this thesis, 
divides the stages of weathering into. six grades that range from fresh rock through to residual soil. 

The size of an earthquake and the subsequent severity of seismic shaking experienced at a 
site can be quantified in a number of ways. These include the event magnitude, ground 

acceleration, shaking intensity, and the duration of ground motion. Ile relationship between the 

various reported magnitude scales has been graphically depicted and empirically derived 

relationships between such earthquake parameters (magnitude, intensity, acceleration and 
duration) have been reported. 

Earthquake triggered landslides can be classified into 14 different types. Although failed 

material, and the type of movement involved are the principal controls over categorisation, both 

the slope angle and depth of failure exert an influence. 
Existing charts that have been produced relating both earthquake magnitude and Arias 

Intensity to landsliding have been reported. By grouping the 14 types of landslide into three broad 

groups (coherent landslides, disrupted landslides, and lateral spreads and flows), charts linking the 
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maximum distance from the fault rupture for the occurrence landsliding to magnitude have been 
developed. Further, a chart linking the maximum aerial extent of landsliding with magnitude has 

also been presented. Similar charts relating the same groups of landslides with magnitude distance 

relations for Arias Intensity have been produced. The chart for coherent landslides has been 

presented as an example of this relationship. Such generic charts can be used as a guide in the 

assessment of earthquake triggered landslide hazards to obtain an indication of the expected type 

and extent of landsliding for a postulated earthquake. 
The local geology and geomorphology of a site will have an influence on the ground 

motions experienced and any subsequent phenomena. One site dependent effect is liquefaction. 

The causes of this commonly occurring earthquake phenomena and the resulting desultory effects, 

such as sand volcanoes and soil lateral spreading, have been presented. In addition to influencing 

susceptibility to liquefaction, other effects the local geological and geomorphic setting may have 

on ground motions experienced have been summarised. 
Obviously in any attempt to assess, in a quantitative manner, the potential existing at a site 

for the occurrence of seismically triggered landslides during future probable earthquakes, the 

ground motions to be expected have to be incorporated into any slope stability analysis. In such 

situations the empirical relationships described provide useful estimates of the expected ground 

motions. However, the degree and type of landsliding is also strongly influenced by the local 

characteristics and mass properties of a site. 'These include material strength, slope configuration, 

and porewater pressures (Keefer, 1984). Therefore, all of these parameters have to be 

accommodated in any assessment of seismically triggered landslide hazard. 
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Cl-UPTER 4 

SEISMIC HAZARD ASSESSMENT 

4.1 The Loma Prieta earthquake 

Due to its tectonic setting (Section 2.3) California is one of the most seisn*ally active 

regions of the world (TAG, 199 1). The San Francisco Bay Area has been affected by five -- MW 

ý: 7.0 events in historical times (1836,1838,1868,1906,1989) (Table 4.1) (Stover & Coffman, 

1993). The most recent event was the Loma Prieta earthquake. This MW 7.0 earthquake (Table 

4.2) occurred on 18th, October 1989, and was the largest earthquake to affect the San Francisco 

Santa Cruz area since the 1906, MW 7.7, San Francisco earthquake (Stover & Coffman, 1993). 
The epicentre (37.04" N, 121.8811 W) was situated in the Santa Cruz Mountains 6.6 krn south of 
Summit Ridge. It was centred about a local bend in the San Andreas fault 16 km northeast of 
Santa Cruz and 33 kra southwest of San Jose (Figure 4.1). 

Table 4.1. Large magnitude events that have affected the San Francisco Bay Area in historical 

time. (Data obtained from Stover and Coffman (1993)). 

Fault Year Epiceutre location 
("North) ('West) 

Magnitude 
(Mw) 

Intensity 
(MM) 

Hayward 1836 37.8 122.2 7. Ot Vili 
San Andreas 1838 37.6 122.4 TO vm 
Hayward 1868 37.7 122.1 7. Ot Ix 
San Andreas 1906 37.67 122.48 7.7t xi 
San Andreas 1989 37.036 121.883 7.0 Ix 

tConverted from ML using Figure 3.3. 

Table 4.2. Reported magnitudes for the Loma Prieta earthquake. 

Scale Magnitude Reference 
mw 7.0 Seekins and Boatwright (1994) 
NIS 7.1 Stover and Coffman (1993) 
ML 6.7 Uhrhammer and Bolt (1991) 
Mb 6.5 Stover and Coffinan (1993) 

The mainshock rupture initiated at a depth of w 18 krn (Hough et aL, 1991; Pond & 
Wells, 199 1; Aydin et aL, 1992). For the next ten seconds rupture propagated ; ý% 35 km laterally 
(%ý 19 krn northwestward and w 19 krn southeastward) and se 12 km vertically without reaching the 
surface (Hough et aL, 199 1). Average total slip on the fault (2.8 rn based on geodetic data), was 
split almost equally between the strike-slip (; ts 1.6 m) and Teverse-slip (-- 1.2 m) components 
(Lisowski et aL, 1990). The two slip components occurred as a result of the left restraining bend 

and local 7011 westward dip in the San Andreas fault in the vicinity of the epicentre. This caused 
strike-slip displacement to be concentrated at the southern end of the rupture, whilst the reverse 
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Figure 4.1. Map showing the approximate area affected by landsliding during the Loma Prieta 

earthquake. The majority of landslides at the furthest distance fi7om the epicentre will be tensile 
failures (fall and topples) (Keefer, 1984). Also shown on the map is the Santa Cruz Mountains 

Landslide Zone within which the locations of landslides triggered by the earthquake were 
mapped by the California Division of Mines and Geology (1991). (Modified from Keefer, 

personal data). 
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displacement occurred at the northern end (Steidl el aL, 1991; Zobak & Beroza, 1993). 
The earthquake triggered extensive liquefaction in the Bay Area. Liquefaction occurred 

over a widespread area within the city of San Francisco and along the east San Francisco Bay 

shore in Oakland (Seed el al., 1991). Liquefaction primarily occurred in the loose, saturated, 
cohesionless soils that constitute hydraulically placed fill, or in the surrounding loose to medium 
dense beach and dune sands (Seed et al., 1991). The areas in east San Francisco affected by 

liquefaction are underlain by Recent, soft and compressible, clayey estuarine deposits which 

served to amplify ground shaking intensities (Seed et al., 199 1; Mahin, 199 1; Seekins & 

Boatwright, 1994). The amplification, or resonance effects (Section 3.6.1), which the local soil 
conditions had on the ground motions are evident when considering recorded peak ground 
accelerations. The peak ground accelerations on the soft soil sites (1.96 ms-2 - 2.94 ms-2) were 
much higher than the peak ground accelerations of around 0.98 ms-2 recorded on surrounding 
firrn. soil sites (Durkin et aL, 199 1; Mahin, 199 1). 

Analysis of geodetic data indicated that the earthquake caused calculated ground 

subsidence of P-- 0.15 m northeast of the San Andreas fault and st; 0.6 m of uplift southwest of the 
fault (Anderson, 1990; Marshall et al., 1991). Situated in the uplifted region, Summit Ridge 

experienced maximum calculated uplift of 0.56 m in the south east comer of the area, which 
decreased northward to 0.35 m (TAG, 1991). It is uplift during such Loma Prieta type earthquake 

events that contributes to the continued topographic development of the Santa Cruz Mountains 

and the surrounding region (Anderson, 1990) (Secfion 2.4.1). 

This chapter describes the type, location and quantity of landslides triggered in the 
Summit Ridge area by the Loma Pzieta earthquake. It also provides definitions that distinguish 
hazard from risk, before the results of a seismic hazard assessment are presented. 

4.2 Landslides triggered by the Loma Prieta earthquake 

Landslides form one of the most important secondary hazards resulting from earthquakes 
(Coburn & Spence, 1992). The primary hazard comes directly from the earthquake itself (fault' 

rupture, tectonic uplift and subsidence), whilst secondary earthquake hazards are those that are 
triggered by the seismically induced shaking (Murphy & Mankelow, in press). These include 

tsunamL liquefaction and landslides. With catastrophic earthquakes, 80 - 90 % of human 

casualties and material damage are associated not with the earthquake proper but with such 
subsequent phenomena (secondary hazards), primarily landslides and collapses (Solonenko, 
1977). The Loma Prieta earthquake was no exception, triggering extensive landsliding 

throughout the Santa Cruz Mountains and surrounding regions (Figure 4.1 & Table 4.3) 
(California Division of Mines and Geology (CDMG), 1991). In total, thousands of landslides 

occurred over an area of 14,000 kM2 (Figure 3.4b & Figure 4.1) (Plafker & Galloway, 1989). 
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Summit Ridge was situated in the meizoseismal area and experienced some of the highest 

ground accelerations generated by the earthquake. A ground acceleration of 6.27 ms-2, the 
highest acceleration recorded by the California Strong Motion Instrument Program (CSMIP) 

array, was recorded by the Corralitos station = 15 krn southeast of Summit Ridge (TAG, 199 1). 

Physical evidence of the high ground accelerations recorded for the area included the snapping of 
trees, destruction of houses by shaking, and movement of heavy vehicles, rocks and logs, some of 

which showed little evidence of transport by rolling (TAG, 1991). The high ground motions 
contributed not only to the triggering of extensive shallow landsliding (Figure 4.2, Plate 4.1 & 

Plate 4.2) but also 17 deep-seated landslides were either triggered or reactivated by the 

earthquake (Figure 4.3, Plate 4.3, Plate 4.4, & Plate 4.5). 

The most common types of landslide triggered in Summit Ridge and throughout the 

region were of shallow to intermediate depth. Rock falls, rock slides, soil falls and disrupted soil 

slides were most numerous (Table 4.3). Several had volumes greater than 1,000 m3. However, in 

Summit Ridge the majority had volumes less than 100 M3. The number of liquefaction induced 

slope failures (lateral spreads) was low (Table 4.3) and none occurred in Summit Ridge. This was 
because the Loma Prieta earthquake occurred at the end of the summer and also the mean annual 

rainfall had been below average for the previous three years (Cole et al., 1991). Therefore, 

ground conditions would have been unusually dry at the time of the earthquake (TAG, 1991). 

Of the 17 deep-seated slumps and block slides triggered in the Summit Ridge area, some 

with failure surfaces as deep as 70 m, the majority oc6urred along the southern flank of Summit 

Ridge itself (Figure 4.3) (TAG, 1991). Displacements across the scarps of some the largest deep- 

seated slides exceeded 1.0 m (TAG, 1991; Keefer, pers. conun. ). In addition to disrupting many 
of the roads throughout the area (Plate 4-4), many houses were heavily damaged by these 
landslides (Plate 4.5). 

From Figure 4.2 and Table 4.3 it can be seen that, in addition to the numerous shallow 
landslides, there are locations where ground cracking occurred. Although some of these may be 
indicative of limited shallow landsliding, they were discounted from the analysis because, 

depending on their location, such ground crack development can also be attributed to either 
flexural ridge top spreading along weak, near vertical bedding planes, or be related to deep- 

seated landsliding (Griggs et al., 199 1). 
Data on the location and type of landslide (obtained from CDMG (1991)) was used to 

assess the applicability and accuracy of the commonly used earthquake triggered landslide 

stability models available, as well to assess the new probabilistic landslide hazard techniques 
developed, before estimating the distribution and or levels of hazard posed by a probable future 
large magnitude event (Chapter 6& Chapter 7). 
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Plate 4.1. An example of one of the shallow soil slides that were triggered by the Loma Prieta 

earthquake. Highly weathered colluviurn and regolith have failed along a zone of less weathered 

material below. (Large arrow indicates failure direction). (Keefer, personal collection). 

Plate 4.2. A large rockslide comprising colluvial and extensive regolith material that blocked 

Northbound Highway 17. The two lane northbound carriageway is covered by landslide debris. 

(Large arrow indicates failure direction). (Keefer, personal collection). 
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the presence of one of the 17 deep-seated landslides that were triggered in Summit Ridge by the 

Loma Prieta earthquake. (Large arrow indicates principal failure direction). (Keefer, personal 

collection). 

Plate 4.4. Extensive damage to a road caused by the zone of ground cracks and scarps forming 

the main scarp of the Upper-Morrell Road Landslide. Total width of zone is approximately 3.65 

(Keefer, personal collection). 51 

flate 4.3. The Upper Schulteis Road Landslide showing some of the surface features indicating 
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Plate 4.5. The deep-seated landslides caused extensive damage to property. This photograph 

shows a house damaged by the Villa Del Monte Landslide. (Keefer, personal collection). 
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Table 4.3. Frequency and type of landslides and other geologic features triggered by Loma Prieta 

earthquake in the Santa Cruz Mountains Landslide Zone and in Summit Ridge. (Classification 
based on CDMG (199 1)). 

Earthquake generated feature Santa Cruz 
Mountains 

Landslide Zone 

Summit Ridge 

Rock Fall, Slide or Soil Fall, Slide 
Vol. > 1,000 M3 49 - 
Vol. > 100 < 1,000 M3 62 4 
Vol. < 100 M3 506 33 
Slump or Block Slide 218 70 
Liquefaction 
Lateral spread 24 - 
Sand boils or sand blows and other 
liquefaction 

19 

Ground cracks or fissures 233 59 
ýTotal 

1,111 166 

43 Hazard and risk assessments 

The assessment of hazard forms part of an overall risk assessment, where the actual socio- 
economic losses caused by the hazard are analysed. However, the terms hazard and risk are often 
used synonymously. This is because the terms hazard and risk do not have universally similar 
meanings (Varnes, 1984). Therefore, it will be of use to clearly defme these terms. Fell (1994) 

states that the following terms (proposed by the United Nations Organisations UNDRO and 
UNESCOI) should be used in a landslide hazard and risk assessments: 

Classification: Is the term used to describe the nature of the landslides or the nature of 
earthquake generation (normal, reverse, or strike-slip faulting). In the current research the 
modified Varnes Q 978) landslide classification adapted by Keefer (1984) for applicafion to 
earthquake triggered landslides is used (Table 3.1). 
Magnitude M: Is the volume (in m3) of the landslides, or the magnitude of an earthquake. 
Probability (P): Is the probability that a particular landslide or earthquake occurs within a 
given period of time (n). 
Hazard (H): Describes the magnitude and probability of occurrence of the landslide or 
earthquake within a specified period of time. For example, seismic hazard is the probability of 
an earthquake of a given magnitude (M) occurring within a specified period of time (n). 
Vulnerability M: Represents the degree of loss to a given element or set of elements within 
the area affected by the phenomenon Oandslidc or earthquake). Damage is expressed on a 
scale ranging from 0 (no loss) to I (total loss). 

Office of the United Nations Disaster Relief Coordinator (UNDRO) and United Nations Educational, 
Scientific and Cultural Organisation (UNESCO). 

53 



Specific risk (Rs): Is the hazard (H) x Vulnerability (V) for a given element. For example, 
landslide risk can simply be described as the relationship between the vulnerability of a 
particular element at risk and the hazard posed to that element 

0 Elements at risk (E): Are the population, properties, economic activities and infrastructure 

etc., in the area potentially affected by the earthquake or landslide(s). 

Total risk W: Is the expected number of lives lost, persons injured, damage to property, or 
loss of economic activity or environment. Therefore, it is the product of specific risk A) and 
elements at risk (E) affected by, for example, landslides and potential landslides (Equation 
4.1). 

Rt= Z (ExRs) =E (Ex HxV) 4.1 

Therefore, a risk assessment can broadly be surnmarised by three questions (Kaplan & 
Garrick, 1981): 

1. What can happen (Classification)? 

2. How likely (what is the probability) that it will happen in the next n years (Hazard)? 
3. If it does happen, what are the consequences (Risk)? 

Thus, the assessment of hazard is an attempt to answer the first two questions, the answers to 

which go on to form one of the important components in the overall risk assessment procedure. 
During a risk assessment, both the hazard and th6*desultory effects of the hazard, for example loss 

of life, are assessed. The process where decisions are made regarding the implementation of 
actions to reduce the risk is known as risk management (Department of the Environment (DOE), 
1995). 

Whilst it is recognised that other deftitions of hazard and risk exist (Health and Safety 
Executive, 1992; DOE, 1995), to keep the defmitions of hazard and risk consistent throughout this 
thesis, those listed above were used. 

4.4 Assessment of seismic hazard 

The assessment of landslide hazard in an area requires a detailed knowledge of the 

processes that are, or have been, active in the area and on the factors leading to the occurrence of 
the potentially damaging phenomenon (van Westen et aL, 1993). As the occurrence of seismically 
triggered landslides are dependent on the occurrence of an earthquake of a large enough magnitude 
to cause sufficiently high disrupting ground motions, this, in the present research, requires an 
assessment of the seismic hazard. 

With the San Andreas fault running through the southeastern edge of the area and the 
Calaveras, and Hayward faults all close by, Summit Ridge is located within a region of high 

seismic activity (Figure 4.4). Based on the observations (Figure 3.4a & Table 3.4) of Keefer 
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Figure 4.4. A map showing the location of the Sununit Ridge study area in the North Santa Cruz 

Mountains along with earthquakes of Mw 4.0 or greater for the period 1940 - 1990. The minimum 

magnitudes capable of triggering the various types of landslides are shown (based on the observations 

of Keefer (1984)). Earthquake locations marked with an asterisk represent those capable of triggering 

landslides in Sun-unit Ridge (using the magnitude-distance relationship of Keefer (1984)) (see Figure 

3.4a). The epicentre of the Mw 7.0 Loma Prieta earthquake (599343.25,4099246.00) is situated 

southeast of SumrWt Ridge. 
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(1984). Figure 4.4 depicts those earihquak-es in a 51 year period capable of triggering landslides. 

Those marked with an asterisk are those that were of a sufficient magnitude and were close enough 
to be able to trigger landslides in Summit Ridge (Figure 3.4a). From Figure 4.4, it can be seen that 
the majority of these earthquakes were only capable of triggering shallow rock and soil falls and 

slides. However, whilst being capable of triggering landslides (based on magnitude and distance 

relationships), local site conditions at the times of the earthquakes may have precluded any 

extensive landsliding, especially for the smaller magnitude events. However, previous large C, 

., nitude earthquak -es have triggered extensive landsliding in Summit Ridge and the surrounding mag &I 
area. Specific earthquakes include the 1868 (MW 7.0) Hayward fault event and the 1865 (MW 6.3) 

and 1906 (MW 7.7) earthquakes located on the San Andreas fault (documentary evidence is 

reported in Lawson (1969) and TAG (1991)). The fact that previous, more distal, large magnitude 
earthquakes (along with the possibility of closer, smaller magn itude, earthquakes) have, in addition 
to the proximal Loma Prieta event, triggered landslides in and around the Summit Ridge area Z. 0 

indicates that any future large magnitude earthquake located on any of the principal faults in the 
San Francisco Bay Area has the potential of triggering extensive landsliding in Summit Ridge. The CDC) 

probabilities obtained from a seismic hazard analysis will, therefore, form an integral part of the 
assessment of any ffiture landslide hazard. 

4.4.1 Regional seismic hazzard 

The seismicity for a 3' x 3" (36* - 39" N, 120* - 123"' W) region around the Loma Prieta 

epicentral region and the most probable magnitude and distance of events have been examined. Ibis 

region incorporates all of the principal faults in the Santa Cruz and San Francisco Bay Area, 
including the San Andreas, Calaveras, Hayward, and Rodgers Creek faults (Figure 4.5). 

As a result of the strike-slip tectonics, all of the earthquakes in California are shallow focus 

events with the seismogenic zone (the region capable of generating earthquakes) generally not 
exceeding 20 km in depth (Allen, 1975; Sykes & Nishenko, 1984). T'herefore, any large magnitude 
events (MW ý: 7.0) are capable of causing extensive damage. 

A graph of the cumulative number of earthquakes over time (Figure 4.6a) depicts the high 

regional seismic recurrence. It has been noted (Wesson & Nicholson, 1988; Keilis-Borok et aL, 
1988; Sykes & Jaum6,1990) that there is often an increase in intermediate magnitude seismic 
activity at relatively large distances and over the order of a few years prior to the occurrence of a 
large magnitude event. This marked increase in seismic activity can be quantitatively identified for 
both MW 4.0 (the minimum magnitude necessary to trigger landslides) (Figure 4.6b) and ML ý: 5.5 
(MW ý: 5.7) (Figure 4.6c) events for the period prior to the 1989 Loma Prieta earthquake. Such an 
increase in intermediate magnitude activity was also evident in qualitative tenTis for the period prior 
to the 1906 San Francisco earthquake (Ellsworth et aL, 198 1). It can be seen that the increase in 

seismic activity for MW ýt 5.7 prior to the Loma Prieta earthquake began nine years before the 
actual seismic event. In the period 1980 - 1989 there was roughly a six-fold increase in the amount 
of intermediate-magnitude events (Figure 4.6c), providing indications that the regional stress field 
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was becoming greater than the critical threshold for fracture (Knopoff et al., 1996). This was 

mirrored by a rapid decline in intermediate-magnitude activity after the Loma Prieta earthquake and 

aftershock sequence as a result of the reduction of the regional stress (Knopoff et al., 1996). 

The assessment of seismic hazard, which has the objective of ascertaining what magnitude 

earthquakes will affect an area within a particular period of time, is best undertaken using 

probabilistic techniques (GonzAlez de Vallejo, 1994). Two categories of technique utilised in 

probabilistic seismic hazard assessments can be distinguished depending on the approach adopted 
(McGuire, 1993): 

" Historical Methods. These attempt to derive an empirical relationship that replicates the 

occurrence of past earthquakes, taking into account their locations, magnitudes and the length 

of the historical record, and uses this to predict the occurrence of future hazardous events. 

" Deductive Methods. These utilise a combination of seismological, geological and tectonic 

evidence to deduce active faults, seismic sources and their associated parameters (length, width 

etc. ). 

Analysis in the current research utilised historical methods and thus was based on a study of the 
historical records and the spatial distribution of earthquake events. 

It was hot until the colonisation of California that records of earthquakes began to be kept. 

As a result of this the recorded earthquake history of California is relativ(ýly shor4 with records of 
large earthquakes dating back to the mid l8th Century and instrumental records to the early 19th 0 
Century (Stover & Coffman, 1993). The instrumental records for the period 1940 - 1990, obtained 
from the Northern California Earthquake Data Centre (NCEDC), University of Berkeley, were 
used in the following analysis. 

The seismicity that characterises the region was defined by obtaining the frequency- 

magnitude recurrence curve for the earthquakes that have occurred. This distribu6on (Equation 
4.2), defined by Gutenberg and Richter (1944). assumes that the number of earthquakes in a region 
decreases exponentially with magnitude, and are randomly distributed with regard to time and 
space. 

log, ON=a-bM 4.2 - 

Where N is the number of earthquakes for either a magnitude increment or cumulative total (Nc), M 
is the size of the earthquake in any magnitude scale, intensity scale or log of moment (Krinitzsky, 

1993), and a and b are constants (Gutenberg & Richter, 1944). As is evident from the analysis N 

pertains to a particular area and for a specified time interval (Speidel & Mattson, 1995). 
The assumption of an exponential magnitude distribution is based on empirical 

observations. Small earthquakes are far more common than large magnitude events (de Polo & 
Slemmons, 1990). Analysis of the seismic events within the region resulted in the derivation of the 
empirical relationship Equation 4.3. The earthquake data, and the cumulative frequency-magnitude 

recurrence relationship derived, are shown in Figure 4.7. 

log 10 N, = 4.036 - 0.791 Mw R2 = 0.98 4.3 
0 
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Once the cumulative magnitude recurrence relation had been obtained (Figure 4-7) it 
became possible to derive the frequency of recurrence, or return period T(M), for any event of 
MW 2-- n occurring. Using the derived Gutenberg-Richter relationship (Equation 4.3) T(M) for a 
MW 2t 7.0 earthquake is estimated as 32 years. This is consistent with the average recurrence of 
MW 2t 7.0 historical events (Table 4.1) and, therefore, the relationship derived provides a close 
approximation to the seismicity of the region and thus can be used to obtain useful estimates of 
the future seismic hazard. 

To obtain an estimate of the seismic hazard, the probability of a given event occurring 
within a specified time period was calculated. Analysis assumed that the distribution of 
earthquakes in time is Poissonian. For the assessment of the seismic hazard within the region the 

assumption of a Poisson process for the distribution of earthquakes in time is consistent with 
historical earthquake occurrence (Working Group on California Earthquake Probabilities 
(WGCEP), 1990; WGCEP, 1995). On a regional basis large shocks closely approximate a 
Poisson process, however, small shocks may depart significantly from a Poisson process 
(Algermissen, 1989). However, Rydelik and Sacks (1989) state that smaller magnitude 

earthquakes do follow a Poisson distribution, but the presence of a detection threshold between 
day and night observations introduces a bias to recording of events during the night (due to less 
human activity), thus giving the appearance that the smaller magnitude earthquakes are not 
Poissonian. The fact that small shocks may depart significantly from a Poisson process does not 
undermine the results of the regional haiard analysis. This is because the ground motions 
associated with small earthquakes are of only marginal interest (as they pose no real hazard) and 
consequently the Poisson assumption serves as a useful model (Comell, 1968). Assuming a 
Poisson process the probability of one or more events in a time interval, t, can be obtained 
(Equation 4.4) (WGCEP, 1995). 

P(EýM)=1-e" 4.4 

Where P(E Zt M) is the probability of an earthquake with a magnitude ýt M occurring and X is the 

average rate of earth ake occurrence. Figure 4.8 shows the calculated probability c . qu urves for 

given design periods. For a 30 year design period, P(E ýt MW 7.0) corresponds to a probability of 
0.61. The results of the hazard analysis indicate that there is a serious seismic hazard from large 

magnitude events in the coming years. 

4.4.2 Mine caveats 

From Figure 4.7, it is evident that Equation 4.2 overestimates the occurrence of extremely 
large and small events (noted by Gutenberg and Richter (1944)). Originally the deviation of small 
events from the b-line was attributed to incompleteness of the record due to the presence of a 
detection threshold for small magnitude events, and to a scarcity of large magnitude earthquakes 
(Krinitzsky, 1993; Rydelek & Sacks, 1989). However, recent studies have shown that some of the 
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reduction in the frequency of events at small magnitudes is a true feature (not entirely an artefact 

of the reporting process) and these studies have suggested the adoption of a non-linear fit to the 
data (Aki, 1987; Trifu et aL, 1993). This non-linearity becomes more pronounced when 
investigating specific seismic sources rather than large regions (Speidel & Mattson, 1995). 

Krinitzsky (1993) describes the assumptions used to obtained the b-value which, although 

essential for the workings of a probabilistic seismic hazard analysis, have limited validity. In 

addition to the assumption of the random distribution of earthquakes with regard to time and 

space, these assumptions are: 

" that b-values for a region can be used to model individual faults within that region; 

" the occurrence of earthquakes is independent between sources (a fault is not influenced by 

another fault); and that 

projected b-lines are successful predictors of earthquake occurrences through time. 
Recently all of the above assumptions have been shown to be lacking. It has become 

apparent that whilst use of the Gutenberg-Richter relationship is valid for a regional hazard 

analysis, earthquake occurrence on individual faults does not follow a Gutenberg-Richter 

distribution and, therefore, the b-values obtained for a region cannot be used to model individual 

faults within that region (Krinitzsky, 1993; Speidel & Mattson, 1995; Hofmann, 1996). Further, 

studies of stress changes on faults in the San Francisco Bay Area caused by the Loma Prieta. 

earthquake have shown that stresses were increased on the Peninsula segment (Figure 4.5) of the 
San Andreas fault north of the Loma Prieta rupture (moving it closer to failure), and stresses were 
decreased slightly on the Hayward fault (Reasenberg & Simpson, 1992). Finally, the traditional 

use of a single b-value assumes that earthquake properties scale uniformly in the same way from 

small to large earthquakes (self-similarity), however, this is not the case (Pacheco et aL, 1992). 

Kxinitzsky (1993) points out that b-lines can only predict future earthquake occurrence for events 
that are self-similar (boundaries of self-similarity are indicated on Figure 4.7). That is, small 

earthquakes and large earthquakes are self-similar but not with each other and, therefore, the 

statistics for the occurrence of small and large earthquakes are not the same. Thus, the seismicity 
for small earthquakes cannot be used to predict the occurrence of large earthquakes on a fault 

(Speidel & Mattson, 1995). All of the above investigations have cast doubts on the validity of 
using a single b-value to assess the seismic hazard from individual faults. 

4.4.3 Obtaining the design earthquake 

Analysis of the past seismicity in the San Francisco Bay area has shown that there is a 
high regional probability of not only intermediate magnitude landslide capable earthquakes, but 

also of large magnitude earthquakes occurring in future decades (Figure 4.8). However, recent 
studies (Section 4.4.2) have shown that whilst the use of the Gutenberg-Richter relationship is 

valid in regional hazard assessments, caveats in the method make it of limited use when assessing 
the seismic hazard from individual faults. However, in developing and assessing the technique 
that was used to assess the future hazard of shallow earthquake triggered landsliding, a likely 
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earthquake scenario (the design earthquake) had to be defined. The use of data specific to one 
earthquake is common in hazard assessments that attempt to incorporate seismic events 
(Dowrick, 1987). In respect to this, probabilities for the occurrence of a MW ý: 7.0 earthquake on 
likely fault sources were obtained from the WGCEP (1990). 

The approach adopted by the WGCEP (1990) incorporated a combined historical and 
deductive methodology. Individual fault segments that are expected to rupture in future 

earthquakes were delineated by investigating the locations of historic ruptures, and a time- 
dependent model was then utilised to obtain the future seismic hazard from these segments. The 

assumption of a time-dependent model differs from that of a Poisson renewal process in that a 
Poisson process implies that the distribution of the waiting times to the next event is not modified 
by the knowledge of the time elapsed since the last one, whereas in a time-dependent model the 

time to the next event decreases as the time since the previous event increases (WGCEP, 1995). 

Figure 4.5 depicts the location of the principal fault segments analysed by the WGCEP (1990) 

and Table 4.4 shows the expected magnitudes and estimated 30 year occurrence probabilities for 

earthquakes occuning on these segments. It can be seen from Table 4.4 that the 30 year 

probabilities of failure for the majority of the fault segments are similar, the two exceptions being 

those segments of the San Andreas fault that have failed this century (1906 and 1989) (Table 4.1 

& Figure 4.5). However, the probability of a MW 7.0 earthquake rupturing the Northern East Bay 

segment of the Hayward fault poses the greatest seismic hazard in & 
region. Further, two of the 

five historic ; tý MW 7.0 earthquakes (1836 & 1868 (Table 4.1)) that have occurred in the region 

were located on (1836) or at the southeastern boundary (1868) of this fault segment (Figure 4.5). 

Therefore, a MW 7.0 earthquake on this segment of the Hayward fault was chosen as the design 

earthquake for assessing the future shallow landslide hazard in the Summit Ridge area. A similar 
design earthquake has already been used to assess the effects such a large magnitude earthquake 

would have, specifically in the heavily urbanised areas surrounding San Francisco Bay, and the 

associated emergency response of various Bay Area organisations and governments (Earthquake 
Engineering Research Institute (EERI), 1996) 

In addition to estimating 30 year occurrence probabilities for events on the individual 

fault segments, the WGCEP (1990), using the same time-dependent model, estimated a combined 
0.67 probability of a MW 2: 7.0 earthquake occurring within the region. This is comparable to the 

probability obtained using the purely historical method (Section 4.4.1). 
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Table 4.4. Probabilities of earthquakes on the principal fault segments in the San Francisco Bay 

region. (After WGCEP (1990)). C: 
Segment Northwestern Southeastern Expected Probability 
(fault) boundary boundary magnitude 1990-2020 

("North)("West) fforth)('West) 0110 
S. Santa Cruz Mountains 37.20 122.02 36.97 121.73 7.0 -0.01 

(San Andreas) 
N. Santa Cruz Mountainst 37.33 122.18 37.20 122.02 6.5 0.18 

(San Andreas) 
San Francisco Peninsula 37.57 122.40 37.20 122.02 7.0 0.23 

(San Andreas) 
North Coast 40.28 124.50 37.63 122.02 8.0 0.02 

(San Andreas) 
Northern East Bay 38.12 122.42 37.73 122.13 7.0 0.28 

(Hayward) 
Southern East Bay 37.73 122.13 37.50 121.92 7.0 0.23 

(Hayward) 
Rodgers Creek fault 38.50 122.75 38.12 122.43 7.0 0.22 

tSubsegment of the San Francisco Peninsula SegMent. 

4.5 Summary 

Due to its position relative to surrounding faults, it has been shown that Summit Ridge and 
the surrounding region has a high level of seismic activity. Referenced documentary evidence 

report that extensive landsliding has occurred during previous large magnitude events. It has also 0 
been shown that although evidence for landslides being triggered by smaller mag de events has C Cý 0 , nitu 
not been conclusively found, such events (within a given distance from Summit Ridge for a given 
magnitude) cannot be discounted as to having caused landslides. A summary of the most recent 
large magnitude earthquake (the 1989 Loma Prieta event), and of the damage caused, has been 

provided. This event was the closest MW 2: 7.0 earthquake to affect the Summit Ridge area in 
historical times. However, from the previous reports of landsliding from other events, and as 
indicated by the magnitude distance relationship of Keefer (1984), a future large magnitude event 
on any of the principal fault segments in the Bay Area has a high potential of triggering extensive 
landsliding in Summit Ridge. 

The results of a Gutenberg-Richter magnitude-recurTence analysis on earthquakes for the 
period 1940 - 1990 predicts a high seismic recurrence rate for such MW ý: 7.0 events in the region. 
The predicted recurrence rate is consistent with events that have occurred in the historical past. 
However, although this analysis provides a useful descriptor of regional earthquake occurrence, 
recently described caveats that exist in the method show that the b-recurrence value obtained from 

a regional seismicity analysis should not be used when assessing the seismic hazard from specific 
faults and so obtaining design earthquakes. Other methods that can be used instead of the 
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Gutenberg-Richter relationship to assess the seismic hazard from individual faults or fault 

segments include: 

T'he fault displacement method. 
Here the maximum or average displacement obtained from palacoseismic studies is input into 

empirical rela6onships to estimate earthquake size (Bonilla et aL, 1984; Mang et aL, 1989). 

9 The fault rupture-length method. 
Here the measured length of an earthquake rupture is input into empirical rupture-length / 

magnitude relationships to estimate a design earthquake (Bonilla et aL, 1984; Freeman et aL, 
1986). 

& The fault rupture-area method. 
Here the length of a fault and an estimated rupture-area is used to predict potential earthquake 
size (Singh et A, 1980; Bonilla et A, 1984). 

e The strain rate method. 
Here fault length and slip rates are used to obtain estimates of the seismic hazard (Jones & 

Wesnousky, 1992; -Niemi & Hall, 1992; Anderson et aL, 1996). 

However, a comprehensive study by the WGCEP (1990) has already resulted in the 

publication of estimates of the probabilities of earthquake occurrence on each of the principal fault 

se, m, ents in the San Francisco Bay Area. Ile confidence levels associat9d with such estimates, 

which have as their basis a well documented case of segmentation, will be higher than those 

associated with other length-estimation techniques (de Polo & Slemmons, 1990). Therefore, the 

results of the study have been summarised and the most probable large magnitude event adopted as 
the design earthquake for the spatial assessment of shallow landslide hazard. 
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CHAPTERS 

DATA COLLECTION AND DATA ENTRY 

5.0 Introduction 

The ultimate aim of any spatial landslide hazard assessment is the creation of a map 
delineating those areas that are susceptible to landsliding from other areas that are not (Keaton er CP 
al., 1987; Brass et al., 199 1; van Westen et al., 1993). These maps are often the final product of 

an in depth analysis of many of the factors that contribute to the landsliding and include the 

,, y, engineering geolog , and seismic history. geology, geornorpholog, 
In this chapter, the different types of data that were required to undertake the assessment of 

the earthquake triggered landslide hazard present in Summit Ridge will be discussed. In addition to 
identifying the necessary data, the techniques used to input the data into a computer to create a 
digital spatial database will also be reported. This spatial database was created and stored within a 

geographical information system (GIS). 

A GIS incorporates a powerful set of tools for the input, storage, retrieval, transforming 

and displaying of data from the real world (Burrough, 1986), and as such provides a considerable 

potential to the assessment of earthquake triggered landslide hazards. Indeed, GIS are increasingly 

being utilised in natural hazard assessments (Mejia-Navarro & Wohl, 1994; Mejia-Navarro & 
Garcia, 1996) and have already been used to create hazard maps depicting areas prone to 
landsliding during an actual earthquake or future earthquake scenario (Brass et al., 199 1; van 
Westen et al., 1993). 

When such hazard assessments have attempted to quantify the landslide hazard (provide an 
absolute value for the hazard) they have normally involved the incorporation and utilisation of an 
existing limit-equilibriurn model of slope stability (expanded upon in Chapter 6) (Brass er aL, 
1991; van Westen et aL, 1993; Murphy, 1995). In limit-equilibrium analysis, slope stability is 

surnmarised by a single value, the factor of safety (F) (Bromhead, 1992). This is defined as the 

ratio of shear stress (driving force) to shear resistance (resisting force) and is obtained by inputting 0 
both slope and material parameters into a failure equation (Selby, 1985; Crozier, 1986). Failure 

occurs when the shearing resistance of a potential failure surface is exceeded by shearing stresses 
imposed on that failure surface. T'herefore, slope failure is assumed when the factor of safety. is 

equal to (the slope is at the state of limiting equilibrium) or less than one. 
The input parameters necessary to solve lirriit-equilibriurn equations relate not only to the 

geotechnical nature of the material involved (cohesion, friction angle, and unit weight), but also to 
the morphology of the landslide or potential slide being analysed (depth to the shear surface, 
geometry of the shear surface) and to the groundwater conditions in the slope (groundwater level). 
Tberefore, before any spatial assessment of slope stability, and subsequent derivation of landslide 
hazard maps for Summit Ridge could be undertaken, likely values for the necessary geotechnical 
parameters, and a characterisation of the shallow materials in the area, had to be obtained. Such a 
characterisation allowed for the adoption of suitable values for the geotechnical parameters 
required by the slope stability models. 
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5.1 Geotechnical characterisation of materials 

When attempting to undertake a quantitative spatial assessment of landslide hazard the 

area under study is likely to incorporate many different geologic units. As a result of this, the 0 
intensive sampling and testing required to obtain a significant indication of the material strength 
of each unit is often impractical (Wieczorek et aL, 1985; Aniya, 1985; Mora & Vahrson, 1994). 
For example, in their production of a landslide hazard map for San Mateo County (an area of _- 
1,300 kmý), Wieczorek et aL, (1985) had to accommodate 53 different geologic units, many of 
which were composed of two or more different lithologies. Instead, therefore, when such hazard 

maps are produced, average values for the parameters necessary for the stability analyses are often 
estimated for each geologic unit on the basis of inspection and description of the materials in the 
field, on the strengths of similar materials measured elsewhere, and on a limited characterisation 
of materials in the laboratory (Wieczorek et aL, 1985; Keaton et aL, 1987; Brass et aL, 199 1; Su 

et al., 1993). A similar approach was adopted in the current investigation. Average values for the 

shear strength parameters (c' and 0') and unit weight (y) were estimated for each lithology based 

on a characterisation of failing materials and landslides seen in the field (friction angles, material 

and landslide morphology descriptions), from further geotechnical information obtained from the 
U. S. Geological Survey (TAG, 199 1) and Cole et aL, (199 1), from a limited number of direct 

shear tests on materials from the principal lithologies (Section 5.1.2), and on the strength of 
similar soils reported elsewhere (Hoek & Bray, 1981; Hunt, 1984; Bowles, 1984). 

Much of the shallow landsliding triggered during the Loma Prieta earthquake (Section 
4.2) involved failure of the relatively unconsolidated layers of more weathered (Grade III -V 
(Table 3.3)) colluvium. and regolith comprising fractured materials derived from the stronger, less 

weathered (Grade I- II) bedrock below (Figure 5.1). Therefore, they comprise a heterogeneous 

mixture of material derived by weathering (both physical and chemical (Section 3.3)) and gradual 
downslope movement of material. This material has been derived from rock units that are all 
similar in age, depositional environment and lithology (Section 2.4.2 & Table 2.2). Such 
heterogeneity was evident in the collected samples and also those reported in the literature (Cole 

et al., 199 1; TAG9 199 1). The shear surface depths of the shallow landslides range irom 1 to 7 m, 
with the majority not exceeding 5 m. Landslides occurred in both natural and man-made slopes. 

Due to transportation limitations only a single disturbed sample was taken from landslides 

that occurred in each of the main geologic units. Whilst not being truly representative, the 

samples collected could still provide useful information obtained from soil classification, index 

and strength tests. The main aims of the testing program were to provide laboratory descriptions 

of the diversity of material types and to provide strength estimates of the materials in the slope. In 

addition to values for cohesion and angle of internal friction, information obtained also included 
index properties (plasticity and particle size distribution), which were determined to aid in the 
classification of the materials. These purposes are comparable with the aims of a more 
comprehensive investigation into the deep seated landslides that were triggered in the Upper 
Schulteis Road (Figure 2.5), Villa Del Monte (Figure 2.6) and surrounding areas (Cole et al., 
199 1; TAG, 199 1) but which was restricted to samples of materials taken from depth and from 
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limited lithologies. Reported strength parameters for the shallow depths of interest and slightly 4-- C C- 
deeper are summarised in Table 5.1 and Table 5.2. 

The samples collected for each of the geologic units can broadly be defined as material 

transitional between soil and rock. Tlhe comprised an-Ular particles of the underlying bedrock that yZ0 

ranged in size from 2 mm (fine gravel) through to 70 mm (cobbles). In the field, the slope forming 

materials contain even coarser particles of varying sizes up to boulders 500 mm across. Some 

localised areas of the colluvium and re-olith material are comprised almost exclusively of 

sandstone or shale cobbles and boulders. However, generally this coarser fraction is augmented by 

a finer grained soil matrix composed of sand, sandy silt, and sandstone or shale breccia depending 

on lithology. In appearance the materials had failed as coarse grained granular masses. 

5.1.1 Particle she distribution and Atterberg limits 

Grain sizeý analyses were performed on the samples to aid in their characterisation and to 
identify which samples, if any, would be susceptible to liquefaction during an earthquake. The 

procedure used for obtaining the particle size distribution is that reported in Part Two of BS 1377 C. 

(British Standards Institution, 1990a). The majority of the samples are well graded and are 

composed of fine grave) and medium to coarse sand (Figure 5.2). Tfie Vaqueros Sandstone sample 
differs in that it shows an appreciable amount of fine sand and coarse silt size particles. 

The coarse grained sandy nature of the shallow materials present in Summit Ridge means 

that all of them, with the exception of the Vaqueros Sandstone sample, plot outside of the fields of 
liquefiable soils (Figure 5.3). Therefore, any increase in pore water pressures during an earthquake 

would not be expected to be significant in these materials. Although the Vaqueros Sandstone 

provides an exception (in that it plots inside the field of liquefiable soils), the groundwater 

conditions at the time of the Loma Prieta earthquake (Section 4.2) would have precluded any 
liquefaction and related ground failures. Indications for this are provided in Table 4.3 which shows 

that there were no liquefaction related ground failures in Summit Ridge. 

Atterberg liquid and plastic limits were also determined, where possible, to aid in the 
distinction of the soil matrix (whether it is cohesive or cohesionless). These are summarised in the 

plasticity chart used for the classification of fine soils and the finer part of coarse soils (Figure 5.4). 

Also plotted on this chart are the results obtained for shallow borehole samples of comparable 
depths provided by the U. S. Geological Survey (TAG, 199 1). All of the collected samples plot 
below the A-line and can be classified using the Unified Soil Classification System (USC) as ML 

soils (silts, fine sands and silty or clayey silty sands with low plasticity) (American Society for 
Testing and Materials, 1985). It can be seen that all of the samples collected from the various 
lithologies have similar plasticity indices and are comparable to those obtained by TAG (1991) for 

shallow samples taken from the Upper Schulteis Road and Villa Del Monte landslide areas. 
However, by incorporating the information from the particle size distributions (Figure 5.2) where it 

can be seen that the proportion of clay in each sample is low, the material comprising the soil 
matrix can be classified as either silty sand, or sand. 
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Table 5.1. Shear strength parameters from laboratory tests on undisturbed Samples of Summit Zý 
Ridge slope materials (TAG, 199 1). c 

Boringt Depth 

(M) 

UnitT Material 

description 

Dry unit m-t. 
(kNm, 3) 

Wet unit m-t. 
(kNm, 3) 

co 
(kPa) 

SB-I 3.0-3.7 Thre Sandy clay 18.1 20.9 0 44 

ED-I 9.6-10.0 ThId Sandstone - 0 45 

ED-I 17.8-18.0 ThId Lean clay 17.6 20.8 0 28 

SR-2 23.9-24.2 ThId Sand 18.3 21.1 0 40 

SR-2 27.3-27.6 ThId Lean clay - - 0 28 

SB-IA 27.0-27.3 TbId Siltstone & 

shale breccia 

19.6 21.8 0 47 

DM-2 27.7-27.9 ThId 
I 

Soft siltstone 20.6 22.4 0 45 

tSee Figure 2.5 and Figure 2.6 for borehole locations. 
ýSee Table 2.2 for unit names, = re-olith, Id = landslide debris from unit involved. 

rg 0 

Table 5.2. Shear strength parameters from laboratory tests on undisturbed sam les of Summýit p 
Ridge slope materials (Cole et aL, 199 1). 

cý 

Boringt Depth unitý Material Dry unit mi. cl P 
VP cl r 

(M) description# (kNm, 3) (kPa) (c) (kPa) 

SR-5 6.7 TbTLr Dark silty clay 16.5 23.9 41.5 - 
SR-5 6.7 Tbr, ý Clayey sand 15.2 10.8 44 10.8 35 

w/ss fragments 

EB-2* 8.7 Tbrg Dark brown 18 14.4 48.5 - - 
sandy clay 

SR-5- 7.3 Tbrg Dark brown 18 2.0 46 

silty clay 

SR-6 7.3 Tbrg Dark tan silty 15 26 38 - 
clay 

DT-P 18 SIfId Dark brown 16 2.4 47 - - 
silt 

DT-I' 18 SIfId Sandy clay 15.5 26.8 29.5 8.4 29.5 

w/ss &s frags. 

tSee Figure 2.5 and Figure 2.6 for borehole locations. 
*See Table 2.2 for unit names, rg = regolith, Id = landslide debris from unit involved. 
Ivw/ss = with sandstone, w/ss &s= with sandstone & silt. 
" From boreholes on two landslides not shown in Figure 2.5 or Figure 2.6. 
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Figure 5.2. Particle size distribution curves for samples of failing surficial material. 
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expected not to liquefy during an earthquake. Envelope a) Seed and ldriss ( 1967), b) Kishida 

(1969), c) Lee and Fitton ( 1968). 
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5.1.2 Shear strength measurements 

The shear strength of a material is its maximum resistance to shear and is expressed as a 

stress (Bell, 1992). This stress is obtained from the Mohr-Coulomb failure criterion which 
defi. nes failure in terms of unit shear and stresses (Equation 5.1). 

,r= c'+(a - u) tan 5.1 

Where, r represents the shear stress (kPa) which is a function of the effective cohesion, c(kPa), 
the normal load, cy (kPa), pore water pressure, u (kPa), and the effective friction angle, 
(Head, 1986). 

In the current research shear strengths were measured by direct small shear box tests 

under consolidated drained conditions (Appendix 2). All of the tests were performed using the 

procedures outlined in Part Seven of BS1377 (British Standards Institution, 1990b). Free 

drainage was allowed throughout the test so that any increases in pore water pressures and 

corresponding decreases in shear strength remained low in order to exclude liquefaction 

phenomena. Excluding any increases in pore water pressure is justified only if the material is 

coarse enough and has a high enough permeability that any excess pore pressures are dissipated 

as quickly as they are generated (Section 5.1.1). 

The form of a typical stress displacement curve is shown in Figure 5.5 (the remainder are 

contained in Appendix 2) and the results for all samples presented in Table 5.3. It can be seen 

that the shear strengths of the materials are strain dependent, mobilising to the peak value at some 

small displacement between 3 mm, and 4 mm (Figure 5.5) and gradually declining to a residual 

value as the displacement increases. Figure 5.6 shows the failure envelope for the same specimen 

using peak and residual strength values. It is evident from Figure 5.5 and Figure 5.6 that there is 

little difference between the peak strength and the residual shear strength. This is because the 

samples were disturbed samples taken from material that has already undergone slope movement 

and so must be considered remoulded. This difference was even less pronounced in many of the 

samples. 
Also reported in Table 5.3 are the average fiiction angles for the materials observed in 

the field. These were obtained by investigating the natural angles of repose of recent landslide 

debris that had been produced by slope failures in steep slopes and slopes above road cuttings 
(Knoblich, 1975; Carson, 1977; Crozier, 1986; Blijenberg, 1995). The angles obtained represent 
the residual friction angle of the failed material (Allen, 1970; Carson, 1977; Blijenberg, 1995) 

and fall into the range of values observed for similar materials by other investigators. These 
include 39.5* (Chandler, 1973), 35* - 401 (Carson, 1977) and 38* - 40* (Francis, 1987) for coarse 
granular materials; 3411- 37" (Carson, 1977) and 33* - 40* (Blijenberg, 1995) for gravel sized 
material; and are slightly greater than the 32* - 36" obtained for sands reported by Francis (1987). 
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Sti-ess Displacement Curve For Weathered Zayantc Sandstone (Tz) Regolith. 
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Table 5.3. Soil properties for Summit Ridge shallow regolith and colluvium samples. Cý 

Unitt Mateiial 
desaiption 

cl p 

(kPa) 

Olp 

(0) 

ce r 

(kPa) 

0'r 

(0) 

Vrf :t 

(0) 

CY 

O(Vrf)ý 

n4t 

Slfl., ec 
(Tst) I 

Dark green / brown 

sand 

0 20 0 20 39 2.3 8 

TzTLyc Red / green sand 0 30 0 26 36 2.5 3 

Threc Yellow sand 0 22 0 22 42 4.0 42 

TvTLyc Yellow/graysand 0 18 0 16 40 3.3 31 

ThmTgc Brown/ yellow silty 

sand 

0 18 0 18 40 3.0 12 

Tsrrjzc Dark brown silty 

sand 

25 25 23 24 39 2.2 19 

Tmerec Light brown sand 0 21 0 21 40 5.0 16 

Kus T2C Gre /brown sand 0 37 0 30 43 1,5 5 

TpTL, c Blu. e / gray sand 38 2.4 42 

tSee Table 2.2 for unit names, rgc = failed regolith and colluvium. C, 
I: Field friction an-les. 0 
*n = number of slopes measured 

The colluvium and regolith materials comprising the shallow slopes in the Summit Ridge 

area are in a loose state (Cole et al., 1991). In this condition the peak angle of friction (O'P) is 

analogous to the residual friction angle (0. ) (Skempton, 1945; Bishop, 1966). Therefore, it was 
inferTed that ýýP for the coarse grained materials comprising the slopes would not be significantly 

greater than the field friction angles listed in Table 5-3. 

It is self evident that the angles of internal friction obtained from the laboratory shear 

strength tests of the soils are somewhat less than those obtained from analyses of landslide material 
in the field (Table 5.3) and those obtained by TAG (199 1) and Cole et al., (199 1) for undisturbed 

samples (Table 5.1 & Table 5.2 respectively). Such a reduction in shear strength seen in the 
disturbed samples can be attributed to the inability to reproduce any lost structure and the loss of 

any natural cementation in the sample, and the difficulties of consolidating the sample to the same 

as that evidenced in the field (Bowles, 1984). 
Another effect that was not accommodated for in the laboratory tests is that of the coarse 

fraction of the soil. The direct shear tests were carried out on what comprised the fine grained soil 
matrix of the failed material (2 mm fraction) and so the shear strengths obtained represent the 

minimum for the sample. However, set within this matrix are larger gravel (2 - 60 mm), cobble (60 

- 200 mm) and boulder (> 200 mm) sized particles (Plate 5.1 & Plate 5.2). The proportion of this 

coarse fraction in the majority of landslides in Summit Ridge varies from 40 %- 70 %. By 
increasing the angle of friction the presence of such coarse particles will have the effect of 
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increasing the overall shear strength of the material (Irfan & Tan-, 1992). Irfan and Tan- (1992) Cý Lý C4 L_ 
report that there is no practical increase in shear strength below a coarse fraction content of 20 

followed by a small increase in shear strength between 20 17c and 30 %. and beyond 30 % coarse 0 
fraction there is a rapid increase in shear strength. This increase in shear strength can be expressed 

as an increase in the friction angle. The friction angle can be expected to increase by - 4' for every 0 

10 % increase in coarse fraction content between 25 % and 60 % coarse fraction (Irfan & Tang, 

1992) (Figure 5.7). Therefore, it can be seen that the high proportion of coarse material present in 

Summit Ridge can be expected to have an effect on material strength. Such an increase in the 

fzicti'on angle due to the coarse fraction becomes evident when the average values obtained from the 

investigation of steep slope failures seen in the field are compared with those obtained from the 

shear box tests on the disturbed soil matrix (Table 5.3). 

From the laboratory tests of shear strength (Table 5.1, Table 5.2, & Table 5.3) it can be 

seen that where coarse silt or sand dominated the fine fraction of the soil there was no cohesion, but 

where fine silt and clay particles dominated, some cohesion was present. However, although some 

of the fine materials in the soil matrix are cohesive, because of the overall dominance of sand sized 

and coarser particles (gravel and cobbles) the effect this cohesion will have on the overall shear 

Dligible (Miller & Sowers, 1957; Holtz & Ellis, 1961). strength of the slope materials will be neg 
This is because when the coarse fraction dominates the composition of a soil, the coarse particles 

are in contact with each other (grain supported), and the shear strength of the soil mixture will be 

governed by the frictional resistance between the larger particles rather than by the finer grained 

soil matrix (Vallejo, 1989; Irfan & Tang, 1992). Therefore, because of the high proportion of 

coarse particles in the materials, it was assumed that the overall behaviour of the shallow failing 

materials in Summit Ridge will be controlled by the frictional behaviour of the materials. Any 

contribution to the overall shear streng ., 
th made by any cohesion present in the soil matrix will be 

minimal. Thus, for the landslide hazard assessments, the slope materials were assumed to be 

cohesionless. Such an assumption was also made by Wieczorek et aL, (1985) for their shallow 
landslide hazard assessment in San Mateo County. Of the 53 geologic units present, 37 were 

assumed to be cohesionless. These included the Purisima Formation, Lambert Shale, units of the 
Butano Sandstone, and the San Lorenzo Formation (Rices Mudstone Member and Two Bar Shale 
Member). Further, because they are comparable with the values (35* - 45*) obtained forgravel- 

sand mixtures elsewhere (Hoek & Bray, 198 1; Huntý 1984; Bowles, 1984) the higher friction 

angles were used in the production of the landslide hazard maps (taken as being more representafive 
of the failing materials). 

The dry unit weights of the undisturbed samples collected by TAG (199 1) and Cole et aL, 
(199 1) were in the range of 15 - 20 kNm-3 averaging 17 kNm-3. The moist unit weights obtained by 
TAG (199 1) were in the range 20.8 - 22.4 kNm-3 averaging 21.4 kNm-3, and Cole et aL, (199 1) 

reports average moist unit weights of 20.3 kNm-3 and 19.4 kNm-3 for colluviurn and regolith 
materials respectively. These values fall into the range of typical unit weights for such gravel-sand 
mixtures reported by Hoek and Bray (198 1), Bowles (1984) and Hunt (1984). These are 18 - 20 
kN'M-3 for dry unit weights and 19 - 22 kNIm-3 for moist unit weights. Therefore, a moist unit 
weight of 21 kNTm-3 was assumed in the analyses. This value is higher than the 15.7 kNm-3 
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assumed for all materials by Wieczorek et al.. 0 985). and is slightly less than the average unit 
weight of 22.8 kNIm-3 4- used by Hamel and Flint (1972) during their analysis of a failure of a 

colluvial slope with a similar composition. 
As is normal in slope stability analysis, due to the variable nature of the failing materials 

the use of such individual strength testing results on the samples will not be representative of the 

overall shear surface conditions (Cole er al., 1991). However, such homogeneity of data is required 
by limit-equilibrium models. Recognising the need for methods that can incorporate such 

uncertainty, which is introduced into the analysis due to a lack of sufficient geotechnical data 

constraining the natural variability of materials, has led to the development of probabilistic models 

of slope stability (Rosenbaum & Jarvis, 1985; Chowdhury et aL, 1987), and probabilistic methods 
that can be used for landslide hazard zonation (van Westen er aL, 1993). All of these concepts will 
be discussed further in Chapter 6. 

5.2 Vegetation effects 

The effect of vegetation on decreasing, or increasing, slope susceptibility to shallow 
failures is not fully pnderstood. This is because it is difficult -to make clear associations between 

failure and vegetation due to the many other complex, interrelated variables that contribute to slope 

stability. However, it has been demonstrated- that root systems tend to bind the soil mass together, 

effectively adding artificial cohesion to the profile and reducing erosion (Ziemer, 1981; Mulder & 

van Asch, 1988). Rice et aL, (1969) found empirical evidence for such an effect in the San Dimas 
Experimental Forest of Southern California, where vegetation size and density were found to be 
inversely related to the frequency of shallow debris slides. However, the reduction in erosion and 
run off, along with the disruption of the underlying material by root systems, can lead to increased 
infiltration and a more rapid saturation of the soil (Campbell, 1978). Chaparral and forest 

communities, with their dense root systems and well developed leaf canopies, combine many of the 

characteristics that tend to stabilise slopes (Cleveland, 197 1). This includes reducing the incidence 

of slope failures by intercepting a large proportion of precipitation before it strikes the gr6und and 
has a chance to infiltrate at depth (Roth, 1983). The roots of such vegetation can "tend through 
thin soils into the underlying bedrock typically found on ridges and side-slopes providing 
considerable strength, and which exerts a strong influence on slope stability (Dietrich et aL, 1994; 
Day, 1995). From the above investigations the overall effects of having dense vegetation would 
appear to be an increase in the stability of forested slopes. This seems to be the case in the Summit 
Ridge area where vegetated slopes are able to hold much higher angles. 

Unfortunately the total cohesion in a slope (provided by both the true cohesion and the 
artificial cohesion) is usually highly variable and is difficult to estimate (Sidle et al., 1985). Table 
5.4 shows the results of studies into the artificial cohesion added to soils by vegetation. It can be 

seen from the range of values in Table 5.4 that, although an artificial cohesion exists, there is great 
uncertainty as to the amount of cohesion the vegetation cover adds to the soil profile. Therefore, 
although the failing materials within the Summit Ridge were considered to be cohesionless (Section 



5.1.2), a cohesion of 5 kPa was input during the assessment of slope stability in an attempt to 

account for the unknown real increase in strength provided by the vegetation. Further, because of 
the uncertainty surrounding, this parameter (which is shown by the range of values in Table 5.4), a 
variance 25 kPa2 in the cohesion parameter was incorporated into the probabilistic analysis. 
Assuming a normal distribution, this means that although the average cohesion was taken to be 5 
kPa, in reality it could lie anywhere between 0 kPa and 20 kPa, thus covering the values listed in 

Table 5.4. The majority (95 %) will lie within 0- 15 kPa. It was also felt that the adoption of such 
values would not only accommodate any cohesion added to the soil profile by the vegetation, but 

also allow for the presence of any minor cohesion within the slope fon-ning materials themselves 

which had effectively been discounted through the assumption of all the materials being 

cohesionless. 

Table 5.4. Results of studies into the cohesion added to the shallow soil profile by the vegetation 

cover. (Modified from Sidle er aL, (1985)). 

Soil-vegetation situation Cohesion added Reference 

(kPa) 

Mountain till soils under conifers in 3.4-4.4 Swanston (1970) 

Alaska. 

Mountain & hill soils in west Ore., on & 3.10-17.5 Burroughs and Thomas (1977) 
Idaho under conifers. 

Mountain hill soils under conifers in 5.9 Wu et aL, (1979) 
Alaska. 

Sandy loam soils under conifers in Idaho. 10.3 Gray and Megahan (1981) 

Clay loams in containers growing pine 5.0 Waldron and Dakessian (1981) 

seedlings. 

Shallow ston loam hill soils under mixed y 3.3 OLoughlin et aL, (1982) 

evergreen forests, New Zealand. 

Stony mountain soils under conifers and 2.0 Sidle and Swanston (1982) 
brush. 

Clay loam over gravel growing five year 8.9-10.8 Waldron et aL, (1983) 

pine seedlings. 

Top soil over sand growing grass. 2.9-4.8 Day (1995) 

so 



5.3 Utilising geogr2phical information sYstenis in the spatial assessment of earthquake 

triggered landslide hazards 

Modem geographical information systems (GIS) have developed out of the earl attempts 0y 
at computerised mapping that began in the 1960's, and have become widely available since the 

early 1980's as the cost of hardware has reduced (Burrough, 1986; Star & Estes, 1990; Laurini & 
Thompson, 1992; Bonham-Carter, 1994). Today GIS exist as an organised collection of computer 
hardware, software and personnel, designed to efficiently input, store, update, manipulate, analyse 
and display spatially referenced information (Figure 5.8) (Burrough, 1986; Bonham-Carter, 1994). 
A GIS provides a toolbox of spatial functions which can be used to manipulate and analyse input 
data thereby adding value to the spatial database or solving spatial problems (Vitek et aL, 1996). It 
is this ability to query the data that distinguishes GIS applications (Figure 5.9). Table 5.5 

surnmarises the generic spatial querying capabilities within modem GIS. 

Table S. S. The five generic questions a GIS has the capabilities of answering. (Modified from 
ESRI (1994a)). 

Spatial query Utility Example 

What is at .... 9 Location What is at 122.1 "W 37.71' N? 

%ere is it.... 9 Condition Where are all the landslides > 1,000 M3-7 
What has chanaed since .... ? Trends Pre-earthquaJe landforms / post-earthquake 

landforms. 

What spatial patterns exist....? Patterns Is there an association between the distribution of 
landslides and the underlying geology? 

What if....? Modeffing 
I 

What would be the distribution of landslide hazard if 

a MW 7.0 earthquake occurred 20 km away? 
_j 

Conceptually, within a GIS thematically associated information are stored as data layers or 
coverages (Figure 5.10). The definition of these themes is application dependent and each coverage 
is composed of two types of data, the spatial data and the associated attribute data (ESRL 1994a). 
For example, the lithologies in Summit Ridge were initial] input and stored as a polygon data 0y 
coverage within the GIS ýFgure 5.10). the lithological (name and age etc. ), and geotechnical 
information (c'and O'etc. ), obtained for each lithology were then referenced to the lithology 

coverage as attribute data for each unit (Figure 5.11). Likewise, the Loma Prieta landslide localities 
were stored as a point coverage (Figure 5.10). with the associated attribute information being 
landslide size and landslide type. 

Due to the spatial nature of both earthquakes and any triggered landslides, it can be seen 
that GIS provide an ideal analysis tool in the study of earthquake triggered landslide hazards. 
Indeed it has become increasingly common, especially in areas prone to landsliding, to utilise GIS 
in the assessment of landslide hazard (Brass et aL, 1991; Carrara et aL, 1991. Mora & Vahrson, 
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Figure 5.10. Examples of the thematic data coverages and data types inpLit into the spatial 

database. 
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Figure 5.11. Example of how the associated attribute information for a coverage is stored within 

the spatial database. 

ATTRIBUTE 

Area Perimeter Lithology# Lithology-id 
757.632 22.281 1 40 
365.433 16.402 2 54 
954.226 2 1.334 3 6 
490.016 15.604 4 53 
69 17.197 19.657 5 54 

-8 
9 

-587.097 
16.837 6 6 
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1994). Such assessments are often complex requiring the integration of a large number of input 

parameters and, therefore, the approaches adopted in the production of landslide hazard maps have 

been varied. Hazard techniques that have been utilised include: 

a) The incorporation of existing slope stability models. 
Here a hazard map delineating areas that have a factor of safety less than one is produced by 

combining the necessary input parameter maps in the appropriate way (Brass et al., 1991; van 

Westen et aL, 1993; Murphy, 1995). 
b) Weights of evidence modelling. 

Here each parameter that contributes to slope stability is given a weightin These weights are 
then combined to produce hazard maps delineating areas of increasing landslide susceptibility 
(Huang et aL, 1992; Youd, 1993; Mora & Vahrson, 1994). C) 

c) Statistical analysis methods. 
Here statistical analyses are used to obtain predictions of landslide haza d (Aniya, 1985; 
Carrara et aL, 199 1; Jaeger & Wieczorek, 1994). 

d) Distribution analysis. 
Here a map is produced showing the locations of landslides that have occurred in the past 
(Wieczorek, 1984). 

There are several advantages to utilising GIS in the assessment of landslide hazard. By C0 
storing data digitally within i GIS the principal advantage is that as new data becomes available it Cý 0 

can be incorporated into the model and results can be rapidly updated. Further, because the data is 

stored within a spatial database, the GIS provides the capabilities of calculating results given 
different scenarios. This was specifically applicable in the current research where different 

earthquake event parameters were hypothesised. Finally, the GIS also provided the means for 
designing and printing clear and effective maps depicting the results of the landslide hazard 

assessments. 
The principal disadvantage of using GIS for assessing landslide hazard are the large 

amount of time needed for initial data entry, specifically digitising, and the danger of placing too 

much emphasis on the data analysis and results. For example, it is possible to use many different 

techniques of analysis but often the necessary data are missing (van Westen et aL, 1993). Further, 

when such hazard maps are produced, the limitations of the technique used to produce the map and 
the limitations of the map itself are often not discussed (Chapter 6). Tberefore, the approach 
adopted and the method of analysis which is going to be utilised should be decided upon early in an 
investigation. By assessing the results of using existing earthquake slope stability models to 
produce hazard maps, and subsequently deriving a quantitative probabilistic model, the current 
research falls into category a). A quantitative slope stability model approach was adopted instead 

of a subjective or statistical approach because it is widely applicable and because it allowed the 
utilisation models that are already used in geotechnical engineering. 
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5.3.1 GIS database development 

The assessment of the quantitative methods used for generating landslide hazard maps 
was initiated by constructing a workable database in ARC/INFO v7.0.2 (ESRIC, 1994b) 

operating on a UNIX SunSPARC workstation. The relevant data was acquired from various 

sources, converted to digital format, and processed in ARC/INFO to form a GIS database of 

spatial data linked to attribute information (Figure 5.11). Primary data included seismicity data 

(obtained from the NCEDC, UC Berkeley) and geotechnical information (Section 5.1), whilst 

secondary data included topographic and geologic information obtained from U. S. Geological 

Survey 1: 24,000 paper maps. 
The data sets were input into the digital spatial database in a number of ways: 

Contour information from 1: 24,000 topographic maps (Laurel & Los Gatos Quadrangles) was 

used to create a digital elevation model (DEM) of the area. The DEM was created by 

digitising contour and spot height information, which was subsequently used by the 
TOPOGRID routine within workstation ARC/INFO for the interpolation. The DEM was used 

to derive slope angles and aspect directions for stability analyses and slope failure 

investigations and to aid in visualising the geomorphology of the area (Figure 2.4). 

The distribution of lithologies and faults were obtained from a geological map of the area 
(Diblee & Brabb, 1978; Clark et aL, 1989). 

" The location of lancfslides triggered during the Loma Prieta earthquake were obtained from 

1: 24,000 maps published by the California Division of Mines and Geology (CDMG, 1991). 

" The fault segment boundaries for the 50 km long Northern East Bay Segment of the Hayward 
fault (Figure 4.5) were obtained from WGCEP (1990) and are listed in Table 4.4. 

" Contextual information such as hydrography, road networks, and building locations were 
digitised from the 1: 24,000 scale digital topographic maps used in the generation of the 
DEM. 

Earthquake data were input into ARCANFO and a point coverage of earthquake positions 

generated. Once generated this information could be used to derive event magnitude and 
distance parameters, and to calculate the likely levels of ground shaking to be experienced at 

any site for a given earthquake. 
All digitising was carried out on an Altek 300 digitising table linked with PC ARC/INFO 

v3AD (ESRIC, 1990). Once created the coverages were exported and transferred to the 

workstation. 
After initial data input, information within the database required further processing such 

as coverage registration (conversion to a common referencing system), error identification and 
correction, topology construction and data attribution. Coverages were checked for: 

" data completeness and / or erroneous extra data, 

" data accuracy (position and shape), 
" connectivity (polygons are closed, lines intersect properly) and 
" labelling (one label point per polygon) (ESRI, 1994a; San Juan & Kolm, 1996). 
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Once the data had been input and stored in the GIS, those necessary to undertake the 
landslide hazard assessments had to be converted from polygon (e. g., lithology) and line (e. g., 
faults) coverages into raster format (Figure 5.10). This then allowed the input and application of 
the necessary slope stability and earthquake ground motion algorithms within ARC/INFOs'GRID 

module. GRID provided the facilities to input and perform mathematical computations within and 
between grids (rasters), tables, and numbers, and between valid combinations of them. 

The selection of the cell resolution or pixel size (the smallest square element of the 

coverage or grid (Figure 5.10)) was based principally on the objectives of the study, data 

resolution, and possible future data sources. Although disk space requirements and speed of 

processing were also factors that had to be considered. For example, by choosing a small grid cell 

resolution for a DEM, a closer approximation of the terrain surface will be achieved (within the 
limits and scale of the data source) (Figure 5.12). However, the finer the resolution of the pixels, 
the more there are within a coverage and, therefore, the slower the speed of processing 
(ARC/INFO GRID online help (ESRI, 1994b)). 

For the current research a grid cell resolution of 30 rn was chosen. This was because the 

topographic information used in the derivation of the DEM was obtained from 1: 24,000 

topographic maps. The same maps have been used by the U. S. Geological Survey to create their 

series of 7.5 minute DEM's that are now freely available and which have a cell resolution of 30 

m. Therefore, it was felt that as these DEM's are most likely to provide the principal data source 
for many future environmental studies within the U. S., the same grid cell resolution should be 

used in the current research. Further, a 30 m grid cell resolution was still fine enough to allow 
incorporation of significant hydrologic and geornorphic features (Maidnient, 1996). This was of 

particular relevance because many of the shallow landslides in natural slopes triggered by the 
Loma Prieta earthquake involved failure of the steep drainage channel slopes (Figure 4.2). 

Once such DEM's have been produced no increase in the accuracy or representation of 
the ground surface will be achieved by re-interpolating to a smaller cell size (as was done by 

Mejia-Navarro & Garcia, 1996). This is because of the generalisation of the surface during 

gridding which results in the filtering or smoothing of the terrain surface (Figure 5.12) (USGS, 

1993) and, therefore, re-interpolating to a cell size finer than the input resolution will not produce 

a more accurate terrain representation than the input DEM. 

The DEM was used to obtain the slope angle data necessary for the slope stability 

analyses. As this formed one of the principal variables required by the slope stability algorithms, 

and due to the fact that, whatever the cell size of the input grids, ARCIINFO always operates at 
the coarsest cell size, no increase in accuracy was to be obtained by having a finer cell resolution 
for the lithology coverage. Therefore, data on lithology and fault distribution were also converted 
into grids with a resolution of 30 m. 
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Figure 5.12. The finer the grid cell resolution of the digital elevation model the closer it 

approximates the true terrain surface. 
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5.4 Summary 

To undertake a quantitative assessment of the stability of an individual slope during an 
earthquake requires the adoption of values pertaining to the shear strength parameters (c' and 0) of 
the materials involved. This is usually achieved by taking representative samples from the slope and 
testing their strength within the laboratory. The results obtained, taken as being characteristic of the 

entire strength of the materials in the slope, are then used in any subsequent stability analysis. 
However, such a specific approach for obtaining the shear strength values of slope materials is 
difficult when undertaking a spatial assessment of landslide hazard. The area under investigation 

will usually contain many different geologic units, some of which may comprise more than one 
lithology. Therefore, the collection and testing of the large number of samples necessary to 

characterise fully the strength of each lithology is unfeasible. Instead, representative values for the 

shear strength parameters of the materials involved are adopted. The choice of thesevalues is not, 
however, unfounded as they are usually based on limited local investigations, and investigations 

into similar materials by other researchers. The methodology and reasoning behind the adoption of 
values for the shear strength parameters of shallow slope materials in Summit Ridge has been 

reported. As will be shown later in this thesis, the use of generic, but typical, strength values for the 

materials within the area under study will not greatly undermine the results of a spatial landslide 
hazard assessment. This is because the aim of such an assessment is not to evaluate the stability of 
an individual slope at a specific location, but instead to produce a map delineating those areas that 
are most likely to be susceptible to landsliding. Therefore, the adoption of typical values for 

parameters obtained from the literature is a practical approach in the calculation of landslide 
baza d maps (Su et aL, 1993). 

The information on the geotechnical nature of the materials comprising the slopes within 
Summit Ridge formed one of the principal data sets input into a GIS to be subsequently used in the 
assessments of landslide hazard. A brief description of GIS and the concepts behind the data 

storage and spatial analysis capabilities within them has been provided. 
The design and creation of a digital spatial database which contained all of the relevant 

data necessary to assess the stability of slopes during an earthquake was important to the success of 
the curTent research. The sources of these data sets and the processes by which they were input into 

the GIS have been reported. Once the data had been input and stored within the GIS the existing 
functionality of the GIS, specifically the GRII) module, was used to input and store (as models) the 
mathematical algorithms required to assess seismic slope stability. The use of GRID necessitated 
the conversion of certain data sets into a raster or grid cell format. The reasoning behind the choice 
of the chosen grid cell resolution has been discussed. By taking the time to store the data in an 
accurate, simple, clear and coherent manner allowed for easy access when applying the models and, 
therefore, the effective assessment of the shallow landslide hazard in Sumnýt Ridge during seisrriic 
events to be undertaken. 
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CRAPTER6 

SHALLOW LANDSLIDE HAZARD ASSESSMENT 

6.0 Introduction 

Quantitative models that can be used for assessing the stability of slopes during 

earthquakes have been developed (Newmark, 1965; Seed, 1967; Sarma, 1975; Hadj-Hamou & 
Kavazanjian, 1985; Jibson, 1987). Such models have traditionally been used to assess the seismic 
stability of individual slopes (Wilson & Keefer, 1983; Cole et A, 1991; Jibson & Keefer, 1993; 
Jibson & Harp, 1996; Rial, 1996). However, some of these models have recently been 

incorporated into natural hazard assessments in an attempt to predict either limiting distances for 

the occurrence of landslides that could be triggered by a postulated earthquake (Wilson & Keefer, 

1985; Wilson, 1993), or to predict the spatial distribution of unstable slopes and summarise them 

as degrees of hazard (Wieczorek et aL, 1985; Keaton et aL, 1987; Brass et aL, 1991; van Westen 

et aL, 1993). 
Normally when such landslide hazard maps have been produced no indications of model 

prediction success, or relevant applicability, has been given. Examples include those used by 

Keaton et aL, (1987) and Youd (1993) for earthquake triggered landslides and liquefaction 

phenomena; Mejfa-Navarro and Wohl (1994) for rainfall induced instabilities; Brass et aL, (1991) 

and van Westen et aL, (1993) for both earthquake and rain induced landslides; and Gupta and 
Joshi (1990) in their assessment of the contribution general ground terrain factors make to 
landslide potential. Examples of the few studies that do report the success of the models used to 

predict the locations of instabilities include those of Carrara et aL, (199 1) in their statistical 

analysis of landslides within a small drainage basin in Central Italy, and Hammond et aL, (199 1) 
in their assessment of landslide hazard associated with a new road construction. 

The lack of any published reports that assess the results of the underlying models used in 

the hazard assessments can be attributed to the fact that often such assessments are attempting to 

predict the distribution of hazard expected from a likely future event. For example, such 

assessments have been carried out in areas where the pressures of an expanding population is 

causing urban development on steep, marginally stable, slopes that are becoming increasingly 

vulnerable to landsliding as they become more heavily settled (Mejfa-Navarro & Wohl, 1994). 
Therefore, because such assessments are attempting to predict instability in areas where previous 
conditions may have precluded any extensive landsliding, or because there were originally no 
elements at risk in the area and so the hazard would have been of no consequence (Section 4.3), it 
is only with hindsight that any indications of the relative success of the models being used can be 

obtained (as was achieved by Hammond et aL, (199 1)). Further, where studies have attempted to 
delineate zones of future landslide hazard in areas of known previous landsliding, problems of 
identifying those landslides that were triggered by a single earthquake (thereby obtaining the 
necessary magnitude and distance parameters required for analysis), or precipitation event 
(thereby obtaining the amount and intensity of rainfall for the precipitation event), often 
compounded by the high rates of vegetation growth that can conceal landslide scars, makes any 
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validation of the assessment with a convincing body of field data difficult (Youd & Perkins, 

1978; Brass et aL, 1991; van Westen & Terlien, 1996). Finally, in any quantitative assessment of 

slope stability, the estimation of the geotechnical inputs (Section 5.1) and the groundwater level 

at the time of landsliding further compound the problems of predicting likely levels of hazard, 

and thus the ability to form some form of opinion over the success of the model used (libson & 

Keefer, 1993; Murphy, 1997). 

By extensively mapping the localities of the landslides triggered by the Loma Prieta 

earthquake the California Division of Mines and Geology (CDMG) (199 1) provided a useful data 

set which could be used for a direct comparison of the results obtained when two of the most 

commonly used models of seismic slope stability analysis were incorporated into a spatial 
landslide hazard assessment. These are the pseudo-static limit-equilibrium and the Newmark 

displacement (sliding block) models (Matasovic, 1991). By using both models to calculate 
landslide hazard maps for the Loma Prieta earthquake and then comparing their success at 

predicting the actual locations of the landslides triggered, a very useful insight into the 

capabilities of each model was obtained. Such an assessment is important because by 

summarising the success of the models used in the production of landslide hazard maps, 
indications of the likely reliability and confidence that can be attached to such maps could be 

provided. 
Traditionally, quantitative earthquake triggered landslide hazard maps have beerf 

produced by applying deterministic slope stability models (Wieczorek et al., 1985; Keaton et al., 
1987; Brass et al., 1991). Single average values, or point estimates, for parameters are input into 

the model to estimate an average or'best guess' at an output (Figure 6.1). This value is then used 

as an indicator of stability. However, within geology much of the data can be considered as 

random variables where parameters such as the angle of internal friction do not have a single 
fixed value, but may assume any number of values (Mankelow & Murphy, 1996). This random 

variability is described by a parameters'probability density function (PDF) which describes the 

relative likelihood that a random variable will assume a particular value. For this reason there has 

been a move away from such deterministic assessments and a move towards more probabilistic 

analyses (Hammond et aL, 199 1; Yegian et aL, 199 1; van Westen et aL, 1993). Instead of using 
just the average value of an input parameter, the complete range of possible values for input 

parameters are utilised to estimate the range of possible outcomes. From this the probability of a 

slope being unstable is obtained (Figure 6.2). Such probabilistic analyses allow for the 
incorporation of the likely variability of each parameter and, therefore, a more intimate 

assessment of slope stability. 
Parameter variability is introduced into stability analysis by both error and uncertainty in 

the input parameters. Here error is defined as any systematic variation in observation (inaccurate 

measurement) or calculation (inaccurate estimation), whilst uncertainty describes the natural 
variation (scatter) in a parameter that exists in the real world (Murphy & Mankelow, in press). 

By assessing the results of a spatial landslide hazard assessment using the. traditional 
deterministic models, the relative merits and use of extending these models into probabilistic 
spatial analyses could be identified. This is because for many probabilistic models the underlying 
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z=5m, 
Figure 6.1. Concept of a traditional deterministic method of analysis. (Modified from Murtha 

(1993)). 
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Figure 6.2. Concept behind the emerging probabilistic (or stochastic) methods of analysis. 
(Modified from Murtha (1993)). 
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conceptual model is a deterministic one (Moss & Steffan, 1978, Priest & Brown, 1983; 
Rosenbaum & Jarvis, 1985; Chowdhury et aL, 1987). Therefore, an analysis of the deterministic 

models is required because if the accuracy or reliability of the underlying conceptual model is 

minimal then the results of extending analysis into the probabilistic arena, thereby attempting to 

accommodate parameter variability, must be interpreted with some care. 
This chapter will report the results of such an investigation of the two deterministic slope 

stability models. It will then highlight the problems behind the use of, and possible levels of 
overconservatism introduced into, an existing probabilistic method by the underlying 
deterministic model. However, the theory and statistical approach behind this probabilistic 
method is mathematically sound (Sharkey, pers. comm. ), and as such a similar approach was used 
to create a probabilistic method of the more accurate deterministic model. This method was then 

used to predict the distribution of the landslide hazard in Summit Ridge that would result if the 
design earthquake chosen in Section 4.4.3 strikes the San Francisco Bay Area. To undertake this 

analysis the spatial functionality of a geographical information system (GIS) has been utilised 

. 
(Section 5.3). 

6.1 Eliminating a structural control to the occurrence of landslides 

Before any assessment of the prediction success and thus applicability of the use of eithet 
deterministic slope stability model could be undertaken, the possibility of there being a structural 
control to the occurrence and distribution of the shallow landslides triggered by the Loma Prieta 

earthquake had to be assessed. This was achieved by investigating the aspect direction of the 
landslides relative to the underlying geologic structure of the bedrocks. 

Regionally the rocks have a general structural trend of northwest - southeast (Figure 2.7) 

and beds are steeply dipping or near vertical (Figure 2.5b & Figure 2.6b). By creating a rosette 
plot of landslide incidence versus slope aspect (Figure 6.3), an indication of the likely influence 

the rock structure had on landslide activity can be given. 
Aspect directions for each cell within the digital elevation model (DEM) were calculated 

wid-iin ARC/INFO and from these the aspect directions of cells that contained landslides were 
obtained. For the purpose of analysis slope aspect was grouped into eight categories (N, NE, E, 
SE, S, SW, W, and NW). If there were a strong structural control to landslide incidence one 
would expect the majority of landslides to have an aspect direction perpendicular to the general 
strike (parallel to the direction of dip). It can be seen that there is a large variation in aspect 
directions with no real concentrations, and whilst some landslides did occur in the direction of 
dip, the majority (74 %), occurred in other aspect directions (Figure 6.3). Further, due to the steep 
dips of much of the bedding, which is significantly steeper than the local topographic slopes 
(Figure 2.5b & Figure 2.6b), even landslide movement that was parallel to the dip directions was 
probably not controlled by true dip-slope conditions. This plot helps to confirm that shallow 
landslide occurrence was not strongly controlled by the regional geologic structure of the 
underlying bedrock. 

92 



Aspect Directions For The Shallow Slope Failures 
Triggered By The Loma Prieta, Earthquake. 

I: 

Figure 6.3. Rosette plot showing landslide incidence (as a percent) for different slope aspect 
directions. 
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Figure 6.4. Static stresses acting in a soil with a planar shear surface and subsequent derivation 

of the infinite slope model (Equation 6.1). (Information obtained from Selby (1985)). 
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6.2 Landslide hazard assessment using the traditional deterministic seismic slope stability 

models 

From the descriptions of the shallow landslides triggered by the Loma Prieta earthquake 
(Section 4.2 & Section 5.1) and the slope profile shown in Figure 5.1, it can be inferred that 

movement of these landslides was essentially translational in nature. Therefore, the model chosen 

to assess the landslide hazard was the limit-equilibrium infinite slope model (Figure 6.4 & 

Equation 6.1). 

FSTAT +[(y - my,,, )z Cos 
2 

a) tan 6.1 
)z sin acos a 

Where FSTAT'S the static factor of safety, c'is the effective cohesion (kPa), ý'is the effective 
friction angle (*), y is the unit weight of the soil (kNm-3)' yw is the unit weight of water (kNm73 

m is a pore water pressure parameter (zaz), z is the depth to the shear surface (m), z,, is the 

height of the groundwater level above the shear surface (m), and cc is the inclination of the shear 

surface ("). All of the hazard models utilised in the current research have as their basis this 

model. 
In addition to approximating the failure morphology of the shallow landslides triggered 

by the Loma Prieta earthquake, the infinite slope model also lends itself to the spatial assessment 

of slope stability within a GIS. This is because of the assumptions that both the shear surface and 

groundwater level are parallel to the ground surface, and that the depth to failure is constant 

along the entire length of the slope (Figure 6.4). The infinite slope model has been used by 

numerous authors to assess earthquake slope stability (Hadj-Hamou & Kavazanjian, 1985; 

Wilson & Keefer, 1985; Jibson, 1987) and has already been used to calculate maps of slope 
instability (Brass et aL, 1991; Murphy, 1995). 

The infinite slope model (Equation 6.1) was used to assess the static stability of those 
localities which suffered failure during the Loma Prieta earthquake (to assess the stability that 

existed before the earthquake struck). The geotechnical parameters adopted have already been 

reported in Chapter 5 but are reiterated in Table 6.1. The groundwater level (zw) was taken to be 

zero metres to simulate the dry slope conditions prior to, and during, the Loma Prieta earthquake 
(Section 4.2). 

Using these parameters, all of the Loma Prieta landslide localities had an FSTAT greater 

than one. The majority of them (95 %), had an FSTAT > 1.5 (Table 6.2 & Figure 6.5). Of the 

complete study area only a very small proportion was predicted as being unstable under static 

conditions. These areas are located at the bend in Soquel Creek (see Figure 2.7) in the southwest 

comer of the hazard map (Figure 6.5a). It is here that the steepest slope angles are located (Figure 

2.4) and where active shallow landsliding was evident in the field. From Figure 6.5 and Table 6.2 
it can be seen that when dry and under static conditions, the slopes that experienced landsliding 

during the Loma Prieta earthquake can be considered to be stable. 
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I Calculated Static Factors Of Safety xz For The Sunurjit Ridge Area. 
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Figure 6.5. a) Classified static factor of safety map for shallow landslides in the Summit Ridge 

area for dry slope conditions, thus simulating conditions prior to the Loma Prieta earthquake. 
b) Distribution of calculated static factors of safety for the landslides triggered by the Loma 

Prieta earthquake. 
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Table 6.1. Values adopted for the paranieters required by the infinite slope model used in the 

spatial assessment of slope stability. 

Parameter Value Basis Unit 

co 5- Literature kPa 

Variest Field Obs4 

Literature 

0 

21 Literature kNTW3 

7W 9.807 Literature kNM-3 

z 5 Field Obs. M 

zw I Literature M 

a Varies DEMIt 0 

tSee, Table 5.3. 
ýField Observations. 
4tCalculated from DEM. 

Table 6.2. Static factors of safety as a percentage of the complete study area, those cells containing 
.a house, and those cells containing Lorýa Prieta landslide localities. 

Factor of safety 

(FSTAT) 

Area 

M 

House 

M 

Landslide 

M 

: 51.0 0.4 0.0 0.0 

* 1.0 -: 5 1.5 3.7 0.2 4.7 

* 1.5 -: 5 2.0 13.0 2.4 18.7 

* 2.0 -: 5 2.5 17.5 7.4 20.6 

* 2.5 -: 5 3.0 15.2 9.1 15.0 

> 3.0 -: 5 3.5 12.1 10.9 7.5 

* 3.5 --. 5 4.0 8.6 11.3 9.3 
r>4.0 

29.5 58.6 24.3 

6.2.1 Deterministicpseudo-static seismic slope . stability analysis 

Clearly any attempt to model the stability of a slope subjected to earthquake loading has to 
take into account the ground motion produced. To incorporate the effects of earthquake ground 
motion a horizontal force, the seismic coefficient (K., ), is commonly introduced into a static slope 
stability model to simulate the earthquake loading (Seed, 1966; Matasovic, 1991; Bromhead, 
1992). Such an extension of a limit-equilibrium model is known as the pseudo-static approach and 
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results in the calculation of a dynamic factor of safety, FDyN. Equation 6.2 shows the 

pseudo-static equivalent of the infinite slope model. 

FDYN 
e +[(zycos 2a- zpK, cos asin a-y,,, z,, cos 2 a)] tan 6.2 

Iz sin acos a+ zpK, cos 2a 

Where p is the bulk density of the soil (kgrrr3), and K. is the horizontal component of earthquake 

acceleration or fraction of it (ms-2) (modified from van Westen et aL, (1993)). 
Sarma (1975) and more recently van Westen (1993) both incorporated the peak 

horizontal ground acceleration (PGA) into their assessments of seismic slope stability (Ks,,: PGA) 
However, it is more normal to make K. some fraction of the PGA recorded during an earthquake 
Crable 6.3). This is because the PGA, already defined as the maximum or peak value of shaking, 
is only experienced once during an earthquake (Section 3.5.3). Therefore, although it will cause 
deformation on susceptible slopes, the duration of this peak acceleration is usually too short to 

overcome the shear strength of a slope, thus allowing failure to occur (Jibson, 1996). Therefore, 

methods that utilise values Of PGA are, by definition, overconservative in their assessment of 

stability. 

Table 63. Seismic coefficients (Ks) as a traction of peak ground acceleration (PGA) suggested by 

various authors. 

Seismic coefficient Author 

0.1-0.2 Lambe and Whitman (1969) 

0.05-0.25 Lee (1977) 

0.10-0.15 Chowdhury (1978) 

0.05-0.15 Seed (1979) 

0.33-0.50 Marcuson (1981) 

0.27 Huang (1983) 

0.65 Taniguchi and Sasaki (1985) 

0.15-0.2 Cole et aL, (199 1) 

One major drawback of the pseudo-static approach is in the selection of the value of Ks 
for use in the analysis. As there are no real guidelines for the choice of a particular Kst often 
being left to the judgement of the investigator, numerous suggested values of Ks exist (Table 6.3). 
For example, in the USA seismic coefficients have typically ranged from 0.05 - 0.15 (Seed, 
1979), and the California Division of Safety of Dams (CDSD) currently advocates the use of a 
seismic coefficient of 0.15 (Cole et aL, 199 1). The wide range of typical values of K, that have 
been suggested by various authors are shown graphically in Figure 6.6. It can be seen that there is 
a great diversity in the values of K. used. Such a diversity has been attributed to reflecting the 
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Figure 6.6. The relationship between peak ground acceleration (Pcj and suggested seismic 

coefficients (Y,. ) for use in pseudo-static slope stability analysis. 
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uncertainty of investigators conceming the pseudo-static approach and / or the selection of design- 

level earthquakes (Cole et oL. 1991). Therefore, when a choice of Ks is made, it often leads to an 

overly conservative assessment of a slopes stability and, because there is no reasonable basis for 

the adoption of a particular Ks, the validity of their use can not be determined and is thus 

questionable (Seed, 1979). Despite these problems, the pseudo-static method of analysis remains 

one of the most commonly used methods of seismic slope stability analysis (Seed, 1967; Seed, 

1979; Brass et aL, 1991; Matasovic, 1991; van Westen & Terlien, 1996) 

Clearly in order to utilise the pseudo-static method of analysis, estimates of the peak 

ground accelerations experienced at a site have to be obtained. In the current assessment the seismic 

input to the model was calculated using the empirical magnitude / distance / PGA relationship 

developed by Joyner and Boore (198 1) using data specific to Western USA (Equation 3.3). 

Although Summit Ridge suffered extensive shallow landsliding during the Loma Prieta 0 1P 

earthquake, the actual percentage of the entire area that failed was minimal (Figure 4.2). However, 
Z 

the aims of producing an earthquake triggered landslide hazard map for such an area as this is to 
identify those areas that are likely to be susceptible to slope failure. Because of the assumptions 

necessary in the production of such a map (for example those already mentioned for input 

geotechnical parameters) (Section 5.1) the maps cannot be exýected to be 100 % accurate 
(expanded upon later in Section 6.2.3). What they do accomplish, however, is the delineation of 

those are4s (given the input assumptions) which may fail and, therefore, may warrant further and 

more specific local geologic and geotechnical investigation. Despite this, it would still be very 

useful to be able to attach (quantitatively) relative indications of the reliability of using a particular 

slope stability model in the production of such maps. To achieve this, the locations of landslides 

tri-Crered by a single seismic event need to be known. By knowing these locations and then using the CýZ 

gnitude and distance parameters for that earthquake, a landslide hazard map for that particular ma, cr 

event can be calculated. By finding out how successful the seismic slope stability model was at 

predicting the actual locations of the landslides, similar levels of success of prediction for a 0 
different earthquake can be expected. By supplying information on the localities of Loma Prieta 

landslides, the CDMG (1991) have provided just such-a data set. In the current investigation the &P 
success of each method can only really be relative because only the locations of the shallow 
landslides were mapped and not their actual aerial extents. However, this problem will only be 

minimal because only the largest of the shallow landslides will have aerial extents exceeding the 30 

m grid cell resolution (go M2) used to store the data within the GIS (Section 5.3.1). 

Figure 6.7a shows the landslide hazard map for the Loma Prieta earthquake that resulted 
from applying the pseudo-static method of analysis (Equation 6.2) with a K, of 0.15 (as advocated 
by the CDSD), and using the same values for the geotechnical parameters as used in the calculation 
of static slope stability (Table 6.1 ). A graphical summary of the map is presented in Figure 6.7b 

and numerically in Table 6.4. This table not only reports the proportion of the actual Loma Prieta 
landslides successfully predicted as being unstable, but also summaries for the entire study area, 
and the proportions of those cells containing buildings for each FDYN category. From Figure 6.7b 

and Table 6.4 it can be seen that only 0.9 % of the area contains slopes that are indicated as failing 

and 11.8 % of the area as being marginally stable. The remainder of the area 87.3 % was assessed 
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a) 

Calculated Dynamic Factors Of Safety For The 
M,,, 7.0 Loma Prieta Earthquake. 

(0.15 x Peak Ground Acceleration). 
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Figure 6.7. a) Classified landslide hazard distribution for the Loma Prieta earthquake as 

calculated using the pseudo-static slope stability model and a seismic coefficient (K, ) of 0.15. 

b) Distribution of calculated dynamic factors of safety using the pseudo-static slope stability 

model with a seismic coefficient (K, ) of 0.15 for the landslides triggered by the Loma Prieta 

earthquake. Also shown are the distributions for houses and for the complete study area. 
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as being safe from landsliding. However. looking at the proportions of the Lonia Prieta landslide 0 cl -- 
localities, whilst 18 % were assessed as being marginally stable, only I% were successfully 

predicted as actually failing. The remaining 81 % were calculated as being stable locations. 

Clearly, had the lower bound Ks suggested for use in California been used as a basis for the 

production of a landslide hazard map of the area for such an earthquake, it would have greatly 

underestimated the levels of hazard. The results of using the upper bound K. suggested for use in 

California (0.2) are not significantly different (Table 6.4). 

Table 6.4. Numerical summaries of the Loma Prieta. earthquake triggered landslide hazard maps 
calculated using the detem-dnistic pseudo-static slope stability model and various seismic Cý 

coefficients (Y.. ). 

ICS 0*15 X PGA 0-2 X PGA 0.4 X PGA 
FDyN Area House Slide Area House Slide Area House Slide 

M M M M M M M M M 

: 51.0 0.9 0.1 0.9 1.3 0.1 0.9 6.6 0.3 10.3 
1.0-1.5 11.8 1.1 17.8 15.7 2.5 24.3 38.6 15.7 46.7 
1.5-2.0 25.5 10.4 27.1 29.1 14.0 30.8 33.2 36.5 29.9 
2.0-2.5 22.5 17.1 22.4 22.9 22.8 17.8 13.0 25.4 10.3 
2.5-3.0 14.9 19.1 15.0 12.9 19.2 16.8 5.3 12.3 0.9 
3.0-3.5 8.4 15.1 9.3 6.7 13.8 3.7 2.4 7.5 1.9 
3.5-4.0 4.8 9.8 2.8 3.9 8.5 2.8 0.7 2.4 

> 4.0 11.1 27.4 4.7 7.4 1 19.2 2.8 0.1 
Ks 0.6 x PGA 0.8 X PGA PGA 

FDyN Area House Slide Area House Slide Area House Slide 

M M M M M M M M M 

: 51.0 23.5 4.5 33.6 50.2 18.7 63.6 75.9 46.1 . 87.9 1 
1.0-1.5 52.7 42.8 53.3 42.6 61.7 34.6 23.3 52.2 12.1 
1.5-2.0 18.3 37.5 11.2 6.9 19.4 1.9 0.9 1.7 - 
2.0-2.5 5.0 14.4 1.9 0.2 - - - 
2.5-3.0 0.5 0.8 - - 
3.0-3. - - 
3.5 - 4.0 

> 4.0 

Figure 6.8 and Table 6.4 summarise the distribution of hazard predicted using increasing 

values of Ks (0.2,0.4,0.6,0.8 and IX PGA respectively). By increasing Ks the proportion of the 
Loma Prieta landslides successfully predicted as being unstable increases. However, this is also 
accompanied by a very rapid increase in the percentage of the complete study area predicted as 
undergoing slope failure. Wbilst the aims spatial landslide hazard assessments are to delineate those 
areas that have the potential to fail given a triggering event, the levels of overconservatism 
introduced into the analyses must be kept to an acceptable level. For example, by increasing the Ks, 
in an attempt to increase the success of correctly predicting the Loma Prieta landslide localities, the 
levels of overconservatism in the resulting hazard maps drastically increases. As would be 
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M. 7.0 Loma Prieta Earthquake. 
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Figure 6.8. Classified landslide hazard distribution for the Loma Prieta earthquake as calculated using 

the pseudo-static slope stability model and increasing values of seismic coefficient (K. ). 

F, = 0.2, b) Ký = 0.4, c) K., = 0.6, d) Y,, = 0.8, e) Ký = 1.0. 
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expected, even being very conservative and using actual values Of PGA the pseudo-static model only 
predicts 88 % of the Loma Prieta landslides correctly. However, to do this it has to predict 76 % of 
the entire study area as failing and the remainder as being marginally stable. Even though Summit 0 C, 
Ridge was in the immediate vicinity of the Loma Prieta fault rupture, suffering high ground 
accelerations, it did not suffer such catastrophic amounts of shallow failure. Obviously such a 
hazard map is too conservative and would be treated with much scepticism. 

Although the inability of the model to predict successfully all of the Loma Prieta landslide 

localities, even at the most extreme and overconservative modelling of ground motions, may be 

attributable to the choice of values for the geotechnical materials, this was thought to exert a 
minimal influence over the maps. This is because the values chosen for the input parameters were 
characteristic for the type of materials present in Summit Ridge. Instead, the principal sources of 
weakness in the resulting hazard maps come from the assumptions of the models (see Newmark, 

1965; Matasovic; 1991), due to inaccuracies of the DEM, and to the interference of local site 

specific parameters (Section 6.2.3). 

In summary, both Figure 6.8 and Table 6.4 highlight the problems in the choice of which 0 
particular Ks should be used in the production of future landslide han d maps. If a Ks of 0.15 does 

not provide the best approximation of earthquake ground motions the question remains of exactly 
which value of Ks should be used? Fýpm this discussion it can be seen that methods utilising the 
PGA or fractions thereof (Ks) do not provide the best measure of forces likely to trig er landslides og 
during earthquakes and, therefore, it is difficult to justify their use in the calculation of landslide 
hazard maps. 

6.2.2 Deterministic Newmark displacement analysis 

In respect to the problems associated with choosing a particular Ks, and because it is 
increasingly being found to be a more realistic method of analysis, the dynamic displacement model 
developed by Newmark (1965) is being used instead of pseudo-static seismic slope stability models 
in some assessments of earthquake triggered landslides (Wilson & Keefer, 1983; Wieczorek et aL, 
1985; Jibson, 1987; Keaton et aL, 1987; Jibson & Keefer. 1993). 

In the Newmark displacement method, a landslide is modelled as a rigid friction block 

resting on an inclined plane (Figure 6.9). Analysis calculates the displacement of a slope as it is 

subjected to an earthquake, and the significance of the cumulative displacement on stability is 

assessed (Figure 6.10). Slope failure will be initiated and movements occur when the critical 
acceleration (Ad of the slope is exceeded. The critical acceleration represents the acceleration 
required to overcome frictional resistance of the slope and initiate sliding. Newmark (1965) showed 
that Ac is a function of FSTAT and landslide geometry and can be calculated using Equation 6.3. 

Ac = (FSTA 7. - 1) g sin a 6.3 
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L= Loact = mg. sm a 
R= Resistance =T,. A 

r, c'+(mg. tanO?. co? q) 
A Area of shear surface 

Figure 6.9. The sliding of a rigid friction block assumed by the Newmark displacement model. 
(Modified from Wilson and Keefer (1983)). 
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Figure 6.10. Concept behind the Newmark displacement model. a) depicts a strong motion 

record with a hypothetical A. superimposed. To the left of X, the accelerations are less than A. 

and no landslide displacement occurs. To the right of X, A, is exceeded and the blocks velocity 
increases to point Y and so displacement occurs. At Y, the ground acceleration falls below A, 

but the block continues to move because of its inertia until frictional resistance and ground 
motion in the opposite direction decelerate the block until it comes to rest at point Z. All pulses 
of ground motion exceeding A, will result in displacement. (After Jibson and Keefer (1993)). 

a 

............ 

5s 

104 

A. = (F. ��-1)gsina 

II C 



Where g is the acceleration due to gravity (g) and cc is the thrust angle (*) of the landslide block. 

The thrust angle is the direction the centre of gravity of the landslide mass first moves which, for 

a translational landslide, will correspond to the slope angle (Jibson, 1996). 

The seismic input to the Newmark analysis is simplified by calculating the Arias 

Intensity (Ia). Developed by Arias (1970), the Arias Intensity (in ms-1) is calculated by integrating 

the square of the ground acceleration with respect to time (Section 3.5.4). As the complete 

earthquake shaking history is used, Ia represents a more quantitative measure of shaking intensity 

than the peak ground acceleration and has been found to correlate well with the distribution of 

seisrnically triggered landslides (Harp & Wilson, 1989; Harp & Wilson, 1995). In the current 

research, the empirical relationship between Ia, earthquake moment magnitude, MW, and source 
(hypocentral) distance, r, (Equation 3.11) developed by Wilson and Keefer (1985) was used to 

predict values Of la experienced at each site. 
Jibson and Keefer (1993) incorporated Arias Intensity, combined with the concept of 

critical acceleration (Ac), into the calculation of the total Newmark displacement (DN, in cm) of a 

slope (Equation 6.4). 

log DN =1.46 log I,, -6.642Ac +1.546 a=0.409 6.4 

The resulting Newmark displacement (DN) provides a valuable index to the dynamic performance 

of slopes having any range of FSTAT and during any level of earthquake shaking (Jibson, 1987). 

By establishing the amount of displacement on an existing landslide Equation 6.4 has 

already been used in palaeoseismic landslide analysis to determine the likely magnitude and 
distances of possible triggering seismic events (Jibson, 1996; Murphy, 1997). Conversely, 

Equation 6.4 can be used in a deterministic assessment of landslide hazard to predict slope 
displacements that would occur given a future earthquake scenario. 

In summary, by knowing the static factor of safety, the critical acceleration of a slope can 
be calculated. The dynamic stability of the slope can then be assessed in relation to the ground 

motions produced during an earthquake (through the use of the Arias Intensity) to calculate the 

mean Newmark displacement of the slope. If this calculated displacement exceeds the critical 
displacement for the landslide being modelled, then the slope is considered to have failed. One of 

the principal advantages of this method is that finite displacements are determined for forces that 

would imply total failure by using a pseudo-static force in a limit-equilibrium method (Hencher, 

1980). 

The significance of the Newmark displacement must be judged in terms of probable 

effect on the potential landslide mass (Jibson, 1996). This is because small irreversible slope 

movements during an earthquake do not necessarily result in a landslide (Hencher, 1980; 

Wieczorek et aL, 1985). Depending on the materials involved, and the type of landslides being 

modelled, values used to represent the point at which there will be permanent (macroscopic) 

deformation of the slope (critical displacement) and damage to overlying structures have ranged 
from 20 mm for rock falls (Wilson & Keefer, 1985), through 50 nun for translational slides, block 

slides and slumps (Wieczorek et aL, 1985), to 100 mm for deep-seated and coherent rotational 
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slides (Keefer & Wilson, 1989; Jibson & Keefer, 1993). The range in these values for different 

landslide types is because different materials will respond differently to displacements. Deep- 

seated coherent slides in clay rich materials will undergo some plastic deformation during sliding 

and, therefore, limited movements can be accommodated within the landslide mass (Jibson, 

1987). Thus, more movement is needed before notable displacement occurs (Wilson & Keefer, 

1985; Langdon pers. comm. ). Such an effect was evidenced for some of the deep-seated 

landslides in Summit Ridge. Nearly all of the headwall movement in the upper parts of the 
landslides were accommodated within the landslide mass so that surface features marking a toe 
(Figure 3.1) are not fully developed and recognisable (TAG, 199 1). Conversely, only small 

amounts of displacement are needed for brittle-tensile failure to take place in a rock face (Wilson 

& Keefer, 1985). In between these two extremes lies the amount of displacement that is needed 
for permanent (macroscopic) failure to occur in brittle granular material sliding on a more 
inclined plane. In respect to the translational nature of the shallow landslides in Summit Ridge, 

the brittle granular nature of the shallow materials present, and because Wieczorek et aL, (1985) 

were attempting to model similar failures, in similar materials in San Mateo County, California, a 
Newmark displacement of 50 nun was chosen to signify the critical displacement of slopes in the 

current study. 
Keeping all of the geotechnical (Table 6.1) and event magnitude and distance parameters 

the same as those used in the pseudo-static assessment (Section 6.2.1), the Newmark 

displacement model (Equation 6.4) was used to calculate a landslide hazard map for the Loma 

Prieta earthquake (Figure 6.11). A numerical summary of this map is provided in Table 6.5. It can 
be seen that the proportion of the complete study area that is predicted as containing slopes which 

are safe from failure is high (-- 82 % safe, 18 % unsafe). In addition, 49 % of all Loma Prieta 

landslide localities are correctly predicted as unsafe (48 % more than that predicted using the 

pseudo-static approach and a Ks of 0.15 (Table 6.4)). Comparing this with the results obtained 

using the pseudo-static model and various values of Ks (Table 6.4) it can be seen that no value of 
Ks will produce a result that has the same proportional success as that using the Newmark 

displacement model. For example, by attempting to obtain a similar overall hazard distribution 

(82 % safe, 18 % unsafe) would require a Ks just less thp 0.6. However, in using this value, the 

proportion of actual landslide localities successfully predicted reduces from 49 % (Table 6.5) to 
less than 34 % (Table 6.4). Conversely, attempting to obtain the same success of Loma Prieta 

landslide prediction (49 % correct) would require a Ks of around 0.7 (which predicts 50 % of the 
landslide localities successfully). However, in doing this the overall area that is predicted as 
being unsafe dramatically increases from 18 % for the Newmark displacement model (Table 6.5) 

to 37.5 % using the pseudo-static model. 
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Figure 6.11. Classified landslide hazard distribution for the Loma Prieta earthquake as calculated 

using the deterministic Newmark displacement model. 
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Table 6.5. Numerical summary of the Loma Prieta earthquake triggered landslide hazard map 
calculated using the deterministic Newmark displacement model. 

DN ýý 50 mm Area 
M 

House 
M 

Landslide 
(%) 

<50 81.6 93.7 51.2 
2! 50 -: 5 100 6.0 3.1 13.3 

100 12.3 3.2 35.5 

From the above discussion, it can clearly be seen that, compared to the pseudo-static 
method of analysis (Section 6.2.1), the Newmark displacement model is a more successful 
predictor of the likely distribution of the landslide hazard that existed during the Loma Prieta 

earthquake. Even with the aid of hindsight, and utilising the concept of the successful prediction 
of Loma Prieta landslides localities to choose a relevant value of Ks for use in future calculation 

of landslide hazard maps, the relative proportions of 49 % Loma Prieta landslide prediction 
success with 82 % overall aerial slope stability calculated by the Newmark displacement model 
cannot be obtained. 

6.2.3 Foibles in the deferminiýic landslide hazard maps 

Clearly the results of an investigation such as this, where the locations of actual 
landslides triggered by an earthquake have been used to assess the capabilities of slope stability 
models to summarise slope stability in a spatial context, will not result in 100 % success of 
prediction. This is evident when the results of using PGA values are studied (Table 6.4 and Figure 
6.8e). Even when the worst case scenario for earthquake ground motions was adopted, the model 
did not successfully predict 100 % of all Loma Pzieta landslide localities, even though 76 % of 
the entire area was predicted as failing, including slopes with angles < 10* (Figure 6.12). There 

are several reasons for such a lack of success. The first could be attributable to the choice of 
values for the geotechnical inputs. However, it can be seen (from Section 5.1) that the approach 
taken to choose the values are comparable to, and in accordance with, those used by other 
investigators for the spatial analysis of landslide hazard, and that the values used were also 

representative of the materials involved. Had other values been adopted the results would not 
have drastically changed. For example, by removing any possible vegetation effects, therefore, 

reducing the cohesion to 0, did not greatly alter the distribution of FSTAT for the Loma Prieta 

landslide localities (Table 6.6) nor for the entire study area (Figure 6.13). Increasing the shear 
depth and / or decreasing the angles of internal friction would also have had the effect of 
decreasing slope stability. However, doing either of these would result in an unjustifiable 
movement away from the values seen and collected in the field. Therefore, weaknesses in the 

maps are introduced by other parameters. 
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Figure 6.13. a) Classified static factor of safety map for shallow landslides in the Summit Ridge 

area assuming dry slope conditions and coliesionless materials. b) Distribution of calculated 

static factors of safety for the landslides triggered by the Loma Prieta earthquake assuming 

cohesionless materials. 
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Table 6.6. Static factors of safety (with c'= 0) as a percentage of the complete study area, those 
cells containing, a house, and those cells containing Lorna Prieta landslide localities. 

Factor of safety 

(FSTAT) 

Area 

M 

House 

M 

Landslide 

M 

:51.0 0.6 0.0 0.0 

* 1.0 -: 5 1.5 5.8 0.2 7.5 

* 1.5 -: 5 2.0 15.6 3.8 21.5 

* 2.0 -: 5 2.5 18.3 8.9 19. 

* 2.5 -: 5 3.0 14.7 10.2 11.2 

* 3.0 -: 5 3.5 11.1 13.8 11.2 

* 3.5 -: 5 4.0 7.7 9.2 5.6 

> 4.0 26.2 53.9 23.4 

Where both models showed some of the greatest inaccuracies in assessing Loma Prieta 

ggered slope instability was along road cuttings (Figure 6.7a & Figure 6.11). The reason for this trico ap Cý 
is that slope angle data, obtained from the digital elevation model (DEM), would reflect natural 
slope angles rather than the increased slope angle of a road cutting. By removing those landslides 00 CP 

triggered by the Loma Prieta earthquake that are adjacent to a road, the predictive success of both 

models would increase. For example, the percentage of Loma Prieta landslide localities successfully 
predicted by the Newmark displacement model increased by 7% if all landslides within 20 m of a 
road were ignored. Therefore, it is likely that both models would have achieved a better assessment 
of the stability of slopes along roads had the increased slope angle of the cuttings been 

accommodated into the analysis. In order to do this data on the size, location and angles of these 
cuttings was required. Unfortunately such data was unavailable. Further, as described in Section 
5.3.1 (Figure 5.12), the grid cell resolution of the DEM would have had the effect of smoothing the 
natural slope angles and, therefore, increasing stability. 

Another reason for not successfully predicting the locations the Loma Prieta slope failures 

could also be due to the presence of a local structural control. For example, the failure aspect 
versus bedding direction analysis (Section 6.1 & Figure 6.3) only pertained to the general regional 
strike and dip of the strata. However, it is more than likely that, due to the intense folding (Section 
2.4.3), localised areas of irregularities exist that may differ from the more regional dip directions. 
This may have resulted in the presence of local dip-slope orjoint conditions more favourable to 
shallow, translational, sliding. 

The above weaknesses would have been having the same effect on the hazard maps 
calculated using both models as the same data sets were used in the production of both. Therefore, 
the analyses of the two models (Section 6.2.1 & Section 6.2.2) has still provided a useful insight 
into the reliability of using either of the two models in the production of deterministic earthquake 
triggered hazard maps. Recognising the above, and all else being equal, in the current investigation 
into the production of a probabilistic technique that can be used to assess future seismic landslide 
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hazard, it can be seen that a method that has as its basis the Newmark, displacement model could be 

expected to produce a more realistic and accurate distribution of landslide hazard than one which 
has as its basis the pseudo-static model. 

63 Probabilistic assessment of earthquake triggered landslide hazards 

The hazard assessment so far has concentrated on identifying and assessing the relative 0 
merits or weaknesses when using either of the two most commonly used existing slope stability 00 

models in a spatial assessment of seismic landslide haza d (Section 6.2.1 & Section 6.2.2). 

However, both models are deterministic in nature. That is, a single average value for each 

parameter was input into the stability equations and the resulting output value was used to 

summarise the stability of a slope (yes it will definitely fail, no it will definitely not fail). For 

example, applying Equation 6.4 to slopes within the study area resulted in a single deterministic 

value of Newmark displacement being calculated (Figure 6.11). If this displacement exceeded the 

critical displacement then the slope was considered to have failed. The problem of using such 
deterministic models is that any parameter variability is not accounted for in the analysis, thus 
implying that the input parameters required for analysis are known with precision. However, in 

reality this is untrue. 
By their very nature the geotechnical parameters incorporated into hazard assessments 

" 
are 

often complex, varying spatially, and in some cases, temporally, and with scale (Roberds, 1990). In 

addition to these, parameter uncertainty and error are also introduced into the analysis. It is because 

of the necessit of overcoming these complexities (the uncertainties associated with insufficient y C. 

data collection, and the errors associated with inaccurate measurements) that assumptions are 

made. For example, in the stability analysis of landslides, the level of the groundwater at the time of 
the sliding is, more often than not, unknown and, therefore, estimated (Murphy, 1995). 711is often 
leads to slopes being analysed under worst case, or overly conservative, conditions rather than the 

most probable or likely conditions (Christian 
- 
et aL, 1992; Mostyn & Li, 1993; Miller; 1995). Such 

a methodology wiU result in wastage of economic and social resources in the final design of slopes, 
mitigation measures, and expensive building zoning etc. This especially occurs if ultra-conservative 
assumptions have been incorporated into the analysis producing a summary of a slope which has 
been assessed to a level of hazard that doesn't actually exist (Murphy & Mankelow, in press) 

In an attempt to incorporate the variability associated with the input data, there has been an 
increase in the development and use of probabilistic techniques in slope stability analysis (Priest & 
Brown, 1983; Rosenbaum & Jarvis, 1985; Dai et al., 1993). Such techniques have the final aim of 
estimating the probability of failure for a slope. However, the incorporation of such models into a 
spatial assessment of seismic hazard is often difficult. This is because many of the models utilise 
Monte-Carlo simulation techniques. Here the distribution of input parameters are defined and are 
then iteratively sampled in a random manner to produce a distribution of likely output values 
(Figure 6.2) (Rosenbaum & Jarvis, 1985; Dai et aL, 1993; Murphy, 1997). The problem of using 
such simulation techniques when assessing the landslide hazard across an area is that the simulation Z 



and storage of the many different possible outcomes can be time consuming and memory 
intensive. However, despite this, Monte-Carlo techniques have recently been successfully used in 

a spatial landslide hazard assessment (Hammond et aL, 1991). 

Realising the problems associated with data storage, van Westen et aL, (1993) developed 

a probabilistic method of seismic slope stability analysis that did not require iterative sampling. 
The technique has as its underlying conceptual model the pseudo-static method of stability 

analysis (Equation 6.2) and uses actual values Of PGA as the seismic input. However, as has 

already been highlighted, there are foibles with such an approach. The principal ones being the 
fact that use of actual values Of PGA leads to an overconservative assessment of stability and the 

subsequent choice of which Ks to use instead is difficult and fraught with uncertainty (Section 

6.2.1). However, because the technique developed by van Westen et al., (1993) follows standard 

probability theory, the mathematical basis behind the method is sound (Sharkey, pers. conini. ). 

Therefore, it was developed further to produce a probabilistic method that can be used to 

calculate the probability of exceeding a critical Newmark displacement. 

6.3.1 Development of a probabilistic Newmark displacement method 

In the current analysis it was assumed that no parameter variation was introduced from 

the calculation of Arias Intensity (Equation 3.11) or from Newmark displicement (Equation 6.4). 

As they are empirically derived equations, this will be untrue. However, the relationship between 

Arias Intensity, critical acceleration and Newmark displacement is very well modelled by 

Equation 6.4 with the coefficients all being significant above the 99.9% confidence level and 
there being a small standard deviation of 0.409 (Jibson, 1996). The standard deviation of the 

expected Arias Intensity (Equation 3.11) is also small (0.44) (Wilson & Keefer, 1985). Therefore, 

although there is some variation introduced when using these equations the principal source of 

variability in the derivation of the Newmark displacement will come from the geotechnical 

parameters used to calculate the static factor of safety (Equation 6.1). Such uncertainty in the 

values of the soil properties is the major contributoý to the uncertainty in the stability of slopes 
(Christian et aL, 1992). 

In addition to the naturally occurring uncertainty (scatter) there will also be measurement 

error introduced in the estimation of a parameters mean value. Such systematic error will be 

introduced due to the small number of tests performed to obtain several of the parameters (c' and 
ý') and due to the discrepancy between the shear strengths measured in the tests and the actual in 

situ values (Chowdhury et aL, 1987). This discrepancy can be minimised through precise 
laboratory work and careful field study (Murphy, 1997). Whilst not entirely eliminating this form 

of error in the current analysis, the discrepancy (between laboratory values and field values) was 
minimised by using mass friction angles obtained from observations in the field (Section 5.1.2). 
However, variability in the input values will still exist. This variability in input geotechnical 
parameters will contribute to variation in the final FSTAT, Sensitivity analysis using the infinite 

slope model has shown that FSTAT is most sensitive to variation in c, z, and cc, and is moderately 
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sensitive to changes in groundwater height (z,, ), and ý'(Gray and Megahan, 1981; Murphy, 
1997). 

The probabilistic method developed by van Westen et aL, (1993) is based on quantifying 
the variance of the pseudo-static factor of safety (Var(FDyN)) as created by variance in the 

cohesion, var(e), shear depth, var(z), and friction angle, var(taný') (Equation 6.5). Any variance 
in groundwater depth and seismic acceleration are not taken into account. 

var(FDyN) = Bf var(e )++, q var(tan 6.5 
(z2z4 

where 

BI =e26.6 
z(ysinacosa+pPGAcos a) 

B2 = 
tan 0 z(ycos 

2 a-pPGAcosasina- ywM COS2 a) 6.7 
z(ysinacosa+pPGAcos 2 a) 

By using the FDyN obtained from a pseudo-static analysis (Equation 6.2) (calculated by 

using the actual PGA), along with the variance in FDyN obtained from Equati. on 6.5, van Westen 

et aL, (1993) calculated Z-scores (from a standardised normal form) to obtain the probability for 
having an FDyN: 9 I for a postulated earthquake. 

By removing the seismic acceleration component from the equations (effectively making 
PGA equal to zero), BI and B2 become the cohesion, B3, and frictional, B4, components of the 

static infinite slope model (compare Equation 6.8 & Equation 6.9 with Equation 6.1) (Mankelow 

& Murphy, in press). This becomes equivalent to assessing a slope that was so far from an 
earthquake source that all of the ground accelerations had fully attenuated and thus Equation 6.10 

would just be calculating the variance of FSTAT. 

B3 - 
cp .- 

z(ysin acos a) 
6.8 

B4 = 
tan 0 z(ycos2 a- ywm COS2 a) 6.9 

z(ysin acos a) 

r var(FSTAT) 2-- ý§ 
( var(d ++ B42 var(tan 01 6.10 (Z2Z4 

By obtaining FSTAT and the variance of FSTAT, a series of linked stages can be used to 
derive the probability of exceeding a critical Newmark displacement. Consider the following 

example. 
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Figure 6.14 and Table 6.7 shows a summary of the calculation of the probability of a 
slope exceeding 50 mm Newmark displacement in a hypothetical earthquake. By using the 
infinite slope model (Equation 6.1), the mean FSTAT for a slope is calculated (FSTAT '2 1.567). 
Given the variation in cohesion, depth, and friction angle, Equation 6.10 is used to calculate the 
variance in FSTAT. From this the standard deviation of FSTAT is obtained (a= -ýIvar(FSTA T) "2 

0.316) (Figure 6.14a). Assuming that the distributions of FSTAT and Ac are normal (logDN values 
are, by definition, normally distributed), 68 % of all possible values will lie within one standard 
deviation of the mean, and only 5% of values will lie outside of two standard deviations (Figure 
6.15). Therefore, the mean and standard deviation describe the entire distribution of possible 
values. The assumption of a normal distribution to describe parameter variability is common in 

such probabilistic studies of slope stability (Priest & Brown, 1983; Rosenbaum & Jarvis, 1985; 

Sidle et aL, 1986; Chowdhury et aL, 1987; Mostyn & Li, 1993; van Westen et aL, 1993). This is 

because studies have shown that the input parameters (c' and ý' etc. ), have normal distributions 

(Pender, 1976; Ward et aL, 198 1). However, a recent investigation by Murphy (1997) has 

indicated that the geotechnical parameters used in slope stability analysis may be better 

represented by a lognormal distribution. Despite this observation, the assumption of a normal 
distribution was used in the current research to conform to that used by previous investigators. 

By inserting mean FSTAT and mean FSTAT: ý-l standard deviation (a) values into the 

relationship used to calculate the Ac (Equation 6.3) will result in a distribution of possible critical 

acceleration values (Figure 6.14b). Likewise, by inserting the relevant Ac values (mean = 0.284, 

cr = 0.15 8) into the equation for calculating Newmark displacements (Equation 6.4) results in 

obtaining the distribution of logDN values (Figure 6.14c). By obtaining the difference between 

mean logDN (0.06 1) and either the mean ±I cr (-0.987 or 1.109 respectively) the standard 
deviation of logDN (1.048) is obtained. Now that the mean logDN and standard deviation of 
logDN are known, the probability of exceeding a given logDN, and thus Newmark displacement 

(DN), can be calculated by following the statistical procedure incorporated by van Westen et aL, 
(1993) in their probabilistic pseudo-static analysis (Mankelow & Murphy, in press). 
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Figure 6.14. Stages involved in calculating the probability of a slope exceeding a given critical 

Newmark displacement during an earthquake. 
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Figure 6.15. Standard normal distribution of factor of satety values characterised hy a mean and 

standard deviations. (Modified from Davis (1986)). 
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Table 6.7. Values used to describe the distribution of static factors of safety (FSTAT), critical 
acceleration (Ac), log Newmark Displacement (logDN), and Newmark displacement (DN) for the 
hypothetical slope. 

FSTAT Ae LogDN DN (MM)t 

2c; 0.935 -0.032 2.157 1435.49 

X- la 1.251 0.126 1.109 128.53 

X 1.567 0.284 0.061 11.51 

«5z + icr 1.883 0.441 -0.987 1.03 

3Z + 2a 2.199 0.599 -2.036 0.09 

cr 0.316 0.158 1.048 

tDN values have been converted from cm to 

Figure 6.14c shows the distribution of logDN values. Somewhere along the x-axis logDN 

0.69897 (corresponding to the critical displacement of 50 mm). If it is to the right of 'R (logDN) 

then X (logDN) < 0.69897 (DN < 50 mm), whilst if it is to the left of X (logDN) then X (logDN) 

0.69897 (DN > 50 mm). 
To be able to calculate the probability that (logDN) :50.69897 the distribution of logDN 

has to be standardised so that the position of logDN 0.69897 can be said to be n standard 
deviations away from (logDN). To do this a Z-value is calculated. The Z-value represents the 
distance between the mean value and ordinates (values along the x-axis) which are Z-standard 

deviations away (Figure 6.16a) (van Westen et aL, 1993). The Z-value is obtained by calculating 

the standardised normal form (Equation 6.11) reported by Davis (1986). 

Xi - avg(X) 
a 

6.11 

Where Zi is the Z-score for the value of interest (Xi), X is the mean of the entire distribution and a 
is the standard deviation of the distribution. 

. 
In the current example, the location of the logDN "' 0.69897 (DN = 50 mm) value along 

the x-axis is required and so Xi = 0.69897 and the formula becomes (Equation 6.12). 

Z= 
0.69897-Y(IogDv) 

= 
0.69897-0.061 

= 0.61 6.12 
«logDN) 1.048 

By standardising the distribution, the curve represents the corresponding probability 
distribution (PDF) for logDN and, therefore, the total area under curve is equal to one (Figure 
6.15d). If (109DN) is smaller than logDN = 0.69897, then all the shaded area under the curve 
represents the cumulative probability that logDN: 5 0.69897 and will, therefore, be larger than 0.5 
(Figure 6.16b), whereas if R(logDN) is larger than logDN = 0.69897, then all the shaded area, 
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Figure 6.16. a) A standardised normal distribution-, the Z-value represents the distance between 

the rilean and ordinates which are Z-standard deviations away. For b) and c) the shaded area 

under the curve represents the probability that logD, :! ý 0.69897 (equivalent to 110), !ý 50 inin)). 

(Modified from van Westen et al., (1993)). 
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representing the cumulative probability that IogDN: 5 0.69897, will be smaller than 0.5 (Figure 
6.16c). In the current example Z=0.61. The Z-value is converted into this area, or probability, by 

reading directly off standard Z-statistical tables. This area represents the probability (P) that 
logDN: 5 0.69897 (and thus DN-, 5 50 mm) for the postulated earthquake. In the current example 
P(logDN: 5 0.69897) = 0.7291, and thus P(IogDN ý: 0.69897) =I-0.7291 = 0.2709. In summary, 

using the method described above for the hypothetical slope and earthquake there is a 27 % 

chance that the Newmark displacement wiH exceed 50 mrn (Mankelow & Murphy, in press). 
Once developed, the probabilistic model was input and stored within ARC/INFO and 

used to calculate probabilistic landslide hazard maps of Newmark displacement. Such maps 
delineated those areas that had increasing probabilities of slope movement exceeding a given 
displacement. A summary of how this procedure was followed within ARC/INF0 to calculate the 
landslide hazard maps is provided in the flow diagrams of Figure 6.17a and Figure 6.17b. 
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Figure 6.17a. Data coverages comprising the digital spatial database used for the Newmark 

displacement stability computations and production of the landslide hazard maps. 
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Figure 6.17b. Methodology followed within the GIS for the Newmark displacement stability 

computations and production of the Newmark displacement landslide hazard maps. 
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6.3.2 Testing the method. Analysis using the Loma Pricia landslide distribution 

Before utilising the probabilistic Newmark displacement method to predict the landslide 
hazard from a future seismic event, it was used to predict the landslide hazard that was present 
during the Loma Prieta earthquake. The resulting map was then compared with the actual 
distribution of landslides obtained from the known mapped landslide localities. The average values 
used for input parameters were the same as those used during the deterministic assessments (Table 
6.1) whilst the values used to describe the variance in c' and zwere 25 kPa2 and 2.25 M2 
respectively. The variance for cohesion was chosen so that it would cover the range of values 
sho, Am in Table 5.4 (see Section 5.2) and the variance in depth allowed 95 % of all the possible 
shear surfaces of the shallow landslides to lie between 2m and 8 m, thus covering the range of Z) 4ý 
depths seen in the field. The variances adopted for var(tano') depended on lithology and are listed in 

Table 6.8. 

Table 6.8. Values used to describe the variance in friction angles for the lithologies present in 

Surmnit Rid, (,,, e. 

Unitt vrý Cy(ýIrf) TanaWrd NlarTana(Vrf) 

SifrLIC 39 2.3 0.0402 0.0016 

Tzrec 36 2.5 0.043f 0.0019 

Throc 42 4.0 0.0699 0.0049 

Tvrec 40 3.3 0.0577 0.0033 

TmbrRc 40 3.0 0.0524 0.0027 

Tsrroc 39 2.2 0.0384 0.0015 

Tmer, vc 40 5.0 0.0875 0.0077 

Ku s ac . --rl, c 43 0.0262 0. L 

, TP T rc Emc 
m 

38 2.4 0.0419 0.0018 

tSee Table 2.2 for unit names, rgc = failed regOlith and colluvium. 
lReld friction anales. Cp 

Incorporating the variability in the geotechnical parameters by way of the probabilistic 
model resulted in a far wider distribution of landslide hazard (Figure 6.18a & Table 6.9). 
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Figure 6.18. a) Classified landslide hazard distribution for the Loma Prieta earthquake as 

calculated using the probabilistic Newmark displacement method. b) Distribution of Newmark 

displacement failure probability classes for the landslides triggered by the Loma Prieta 

earthquake. Also shown is the distribution for the complete study area. 
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Table 6.9. Numerical summary of the probabilistic landslide hazard map for the Loma Prieta 

earthquake. 

P(DN 2ý 50 nun) Area 
M 

House 
M 

Landslide 
M 

:90.01 27.4 55.4 11.1 

* 0.0 1-0.25 41.5 36.9 42.6 
* 0.25 - 0.50 12.7 5.4 15.7 
* 0.50 - 0.75 8.6 1.5 12.0 
> 0.75 - 1.00 9.7 0.8 18.5 

Comparing Figure 6.18a with its deterministic counterpart (Figure 6.11), not only does 

the map delineate those areas predicted as failing with the deterministic model as areas having a 
very high probability of failure, it also delineates those areas which were predicted as safe by the 
deterministic model as actually having a distinct possibility of failure occurring. Figure 6.18b 

shows a graph of the distribution of mapped landslide localities within each hazard class. From 

the hazard map (Figure 6.18a) and graph (Figure 6.18b) the probabilistic method indicated that 

there was a high probability of landslides occurring for the majority of mapped slope failure 

localities. However, while the majority of landslides (71 %) not adjacent to a road (located in 

natural slopes) have probabilities of failure > 30 %, the opposite is true for those that are located 

adjacent to a road (66 % having probabilities of failure < 30 %). 

Where landslides occurred in areas where the method indicated low probabilities of 
failure could be attributed to the assumptions of the underlying deterministic slope stability 
model. However, it was felt that the infinite slope model provided the closest approximation to 
the landslide types and geometry of failures seen in the field and, therefore, would have provided 
the best indicator of static stability. It is more than likely that the inaccuracies in prediction are 
instead the result of the intercedence of a more site specific parameter, and / or the resolution of 
the input data. For example, the high incidence of roadside failures in the lower probability 
categories is likely to be a result of the increased slope angle not accommodated for within the 
DEM, due to the presence of a local structural control, or some other inaccuracy in describing the 
insitu coriditions (Section 6.2.3). 

It is difficult to compare in a specific (quantitative) manner the results from this 

probabilistic assessment with those from the deterministic assessment. This is because whilst the 
deterministic map divides the area up into those areas where failure will occur and those areas 
where it will not, the probabilistic map is divided up into areas that have an increasing likelihood 

of experiencing failure. However, by incorporating parameter variability (uncertainty and error) 
into the assessment of hazard will have resulted in a more intimate assessment of stability 
(Chowdhury, 1988) and, therefore, led to a better representation of the landslide hazard over the 
area. 
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6.3.3 Hazard distribution given a future high magnitude event 

After finding the probabilistic Newmark displacement method provided a useful 

summary of the hazard distribution that existed during the Loma Prieta earthquake, it was used to 
derive maps depicting the distribution of landslide hazard for the chosen design earthquake 
(Section 4.4.3). This is a MW 7.0 earthquake occurring on the Northern East Bay Segment of the 
Hayward fault. Although this segment of the Hayward fault is not the nearest seismic source 
(Figure 4.5), with a 28% chance of occurrence, it is the one that has the highest probability of 

producing such a high magnitude event in the Bay Area within the next 30 years (Table 4.4). In 

addition to calculating the landslide hazard that would be present should the earthquake strike, 
hazard maps incorporating the temporal probability of the earthquakes occurrence were 

calculated to show the likelihood of slope failure over the next 30 years, thus forming a complete 
landslide hazard assessment. 

With the exception of groundwater level, the average values adopted for the geotechnical 

parameters are listed in Table 6.1. With regard to groundwater level, whilst it was known to be 

below the shear depth of the shallow landslides for the Loma Prieta earthquake (therefore 

removing one of the most problematic variables to obtain in any stability analysis), it will not be 

known at the time of the design earthquake. It could lie anywhere from below the shear surface 

up to the ground surface. However, because the possible variability of the groundwater level 

throughout the area is not accomm6dated for by the variation model (Equation 6.10) (and was 
thus treated deterministically) and because it will be unknown at the time of the earthquake, 

assumptions had to be made. This led to the production of two sets of hazard maps. 

0 The first set were calculated using best case scenario (no groundwater) conditions, therefore 

signifying possible groundwater levels at the end of the summer. 
The second set were calculated using worst case scenario (groundwater coincident with the 

terrain surface), therefore signifying the worst possible levels at the end of the winter, or 
during prolonged and heavy rainfall. 

The first maps produced (Figure 6.19 & Figure 6.20) depict landslide hazard as 

calculated using the traditional deterministic Newmark displacement model. Figure 6.19 was 

produced using dry slope conditions (best case scenario) as was the case for the Loma Prieta 

earthquake. From the landslide hazard map (Figure 6.19) and Table 6.10 it is evident that only a 

very small proportion of the area may be susceptible to landsliding. The potentially unstable areas 

are located on the flanks of a few of the steepest gullies. The majority of potentially unstable 

areas are located in the southeast comer of Summit Ridge (Figure 6.19) where the very steep 
slopes adjacent to the tight bend in Soquel Creek (see Figure 2.4 & Figure 2.7) result in the 

prediction of high Newmark displacements. In view of the small localised areas of potential 
instability, 99.9 % of all housing are estimated as being in stable locations (Table 6.10). 
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Calculated Newmark Displacements For A Postulated 
M, 7.0 Earthquake On The Northern East Bay 

Segment Of The Hayward Fault. 
(Loma Prieta Groundwater Conditions). 
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Figure 6.19. Classified best case scenario landslide hazard distribution calculated using the deterministic 

Newmark displacement method for a future earthquake scenario on the Hayward fault. 

Calculated Newmark Displacements For A Postulated 
M, 7.0 Earthquake On The Northern East Bay 

Segment Of The Hayward Fault. 
(Groundwater Height = 5m). 
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Figure 6.20. Classified worst case scenario landslide hazard distribution calculated using the 

deterministic Newmark displacement method for a future earthquake scenario on the Hayward fault. 
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Table 6.10. Numerical summaries of the deterministic Newmark displacement landslide hazard 

maps calculated for a postulated MW 7.0 earthquake on the Northern East Bay Segment of the 
Hayward fault. 

Best case scenario Worst case scenario 

(GIN'. height 0 m)t (GW. height 5 m)t 
DN (nlm) Area House Area House 

M M M m 

<50 99.0 99.9 77.3 94.2 
50 -: 5 100 0.4 0.1 8.3 3.6 

14100 0.6 0.0 14.4 2.3 

tGroundwater height (z, ) above potential failure surface. 

As would be expected, increasing the groundwater level to a worst case scenario had a 0 
drastic effect on the distribution of potentially unstable slopes (Figure 6.20). Susceptible areas are 

concentrated along the gully side-slopes and along the flanks of Skyland Ridge (which trends 

n6rthwest - southeast through the centre of the area). Comparing this with Figure 6.19, the 

proportion of potentially unstable areas increased from I% jo 23 %. Despite this increase, the 

proportion of housing estimated to be in stable areas remained high (94 %) (Table 6.10) 

By not incorporating the increased angles of road cuttings means that the interpretation of 

stability along any particular section of road must be undertaken with considerable caution. Clearly 

any section of a road that has been predicted as having the potential for high slope displacements 

must be interpreted as being an area of high landslide hazard. This is because if the area is 

predicted as failing, using the natural slope angles from the DEM. then should a cutting be present, 
the potential for landsliding will actually be greater. However, this does not warrant interpreting 

other sections of road (predicted as having low Newmark displacements) as being potentially safe 
from landsliding. As the increased slope angle of any cutting is not incorporated in the analysis 
(Section 6.2.3), considerable landslide hazard may exist along many of the roads. Unfortunately, 

the same underestimates of the potential hazard along roads will apply for the probabilistic maps. 
After the deterministic assessment, the analysis was extended to incorporate the variation in 

some of the input parameters through the use of the probabilistic technique. Ibis resulted in the 

calculation of hazard maps that delineate areas of increasing probabilities of failure (Figure 6.21 & 
Figure 6.22). 

Comparing Figure 6.21 with its best case scenario deterministic counterpart (Figure 6.19), 
it can be seen that in addition to those areas which have a very high (> 75 %) chance of failure, at 
the bend in Soquel Creek and along the steepest gully flanks (as predicted as being the locations of 
failure by the deterministic assessment) there is a wider distribution of hazardous slopes, all be it at 
medium and lower probabilities of failure. These slopes were not highlighted by the traditional 
deterministic model as being areas of potential instability. Despite this, 89 % of the area and 98 % 

of the houses can be considered as having a very low probability of failure should the design 0 
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Mw 7.0 Earthquake On The Northern East Bay 

Segment Of The Hayward Fault. 
(Loma Prieta Groundwater Conditions). 
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Figure 6.21. Classified best case scenario landslide hazard distribution calculated using the probabilistic 

Newmark displacement method for a future earthquake scenario on the Hayward fault and Loma Prieta 

groundwater conditions. 
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Figure 6.22. Classified worst case scenario landslide hazard distribution calculated using the 

probabilistic Newmark displacement method for a future earthquake scenario on the Hayward fault. 
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earthquake strike during a period when groundwater conditions were similar to those which 

existed at the time of the Loma Prieta event (Table 6.11). 

Table 6.11. Numerical summaries of the probabilistic Newmark displacement landslide hazard 

maps calculated for a postulated MW 7.0 earthquake on the Northern East Bay Segment of the 
Hayward fault. 

Best case scenario Worst case scenario 
(GW. height 0 m)t (GW. height 5 m)t 

P(DN ý: 50 mm) Area House Area House 
M M M M 

:50.01 89.1 98.2 43.8 69.0 
* 0.01 - 0.25 8.9 1.6 25.0 21.4 

*. 0.50 1.0 0.1 8.5 4.5 

* 0.50 - 0.75 0.4 0.0 6.8 2.8 

* 0.75- 1.00 
1- 

0.6 0.1 15.9 2.4 

tGroundwater height (z,, ) above potential failure surface. 

Comparing the worst case scenario probabilistic map with both its deterministic counter 

part (Figure 6.20), and the best case scenario probabilistic hazard map (Figure 6.21), it can be 

seen that there is a drastic increase in those areas that are likely to be susceptible to failure. Not 

only are the hazardous areas confined to the river channels, but should the earthquake strike 
during a period of very wet ground conditions, extensive hazardous areas can be expected along 
both flanks of Skyland Ridge (trending northwest - southeast through the centre of the area) and 

within the small sub-basins that are drained by Amaya Creek and Fern Gulch respectively (see 

Figure 2.4 and Figure 2.7). These areas, specifically the flanks of Skyland Ridge, were not 

extensively predicted as being potentially unstable areas by the deterministic model, specifically 

_the northeastern flank. 

From Table 6.11 it can be seen that for high groundwater conditions the proportion of the 

area that can be categorised as having very low probabilities of failure has drastically reduced by 

approximately 50 % to 43.8 %. The proportion of cells contained in each of the other failure 

categories has drastically increased. Concentrating on the worst case scenario hazard maps (Figure 

6.20 & Figure 6.22) the traditional deterministic method predicted only 6% of houses being 

affected by landsliding (Table 6.10). The remainder would be considered to be in locations that 
will not undergo catastrophic ground displacements. However, when the variability in the 
geotechnical parameters is incorporated into the analysis, the proportion of buildings that can be 

expected to be safe from catastrophic ground movements (having very low probabilities of failure) 

reduces from 94 % (Table 6.10) to 69 % (Table 6.11). 
Figure 6.21 and Figure 6.22 show the distribution of hazard to be expected when the 

earthquake actually occurs. What is not shown is theAistribution of hazard to be expected within a 
given design period. To calculate this (i. e., what is'. the probability that the Newmark displacement 
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for a slope will exceed 50 mm within n number of years), the temporal probability of the 

earthquakes recurrence has to be accounted for (see van Westen et a/., 1993). 

Using standard probability theory the occurrence of a landslide is conditional on the 

earthquake actually occurring and can be ten-ned P(BIA) (The probability of event B occurring 

given that event A has occurred). Tberefore, the probability of both events A and B occurring, 
P(AB), is equal to the probability of B, given that event A has occurred, multiplied by the 

probability of event A occurring in the first place (Newendrop, 1975). In the current investigation 

event A represents the probability of the MW 7.0 earthquake occurring in the next 30 years and 

event B represents the probability of landsliding occurring in a particular area for a MW 7.0 

earthquake. Such an analysis represents the multiplication theory of probabilities and is 

summajised by Equation 6.13 (Newendrop, 1975). 

P(AB) = P(BIA). P(A) 6.13 

Therefore, to obtain the final landslide hazard map for the Summit Rid, (,,, e area, the probabilities 

obtained from the transformation of the Z-values are multiplied by 0.28 (the earthquake recurrence 
probability) (Figure 6.23, Figure 6.24 & Table 6.12). From the hazard maps (Figure 6.23 & Figure 
6.24) and Table 6.12 it can be seen that whilst for low groundwater conditions the majority of the 

area and houses can be considered to be relatively safe (having a low probability of failure), there is 
a marked increase in hazardous areas for the worst case scenario map. Here (Figure 6.24) it can be 

seen that in the next 30 years there is a high distribution of hazard with many slopes having more 
than a 20 % chance of failure (Mankelow & Murphy, 1996; Mank-elow & Murphy, in press). 

Table 6.12. Numerical summary of the probabilistic Newmark displacement hazard map calculated 
for a postulated MW 7.0 earthquake on the Northern East Bay Segment of the Hayward fault and a 
design period of 30 years. 

Best case scenario 
(GIV. height 0 m)t 

Worst case scenario 
(GW. height 5 m)t 

P(DN ý-'50 mm) Area 
M 

House 
M 

Area. 
M 

House 
M 

: 50.01 96.7 99.8 74.2 89.3 
> 0.01 - 0.10 2.5 0.1 14.4 9.0 
>0.10-0.20 0.4 0.0 6.0 1.5 

> 0.20 0.4 0.1 5.4 0.2 
tGroundwater beigbt (z,, ) above potential failure surface. 
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Thirty Year Failure Probability Classes For A Postulated 
M,, 7.0 Earthquake On The Northern East Bay 

Segment Of The Hayward Fault. 
(Groundwater Height =0 n-1). 
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Figure 6.23. Thirty year failure probability map for the Sununit Ridge area given a hypothetical Mw 

7.0 earthquake located on the Northern East Bay Segment of the Hayward fault and low groundwater 

conditions. 
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Figure 6.24. Thirty year failure probability map for the Summit Ridge area given a hypothetical Mw 

7.0 earthquake located on the Northern East Bay Segment of the Hayward fault and high groundwater 

conditions. 
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6.4 Map limitations 

Whichever method (deterministic or probabilistic) is used to predict the distribution of 
landslides hazard, the resulting map, although useful, has a number of limitations. Table 6.13 

reports the uses and limitations of a 1: 62,500 deterministic landslide hazard map produced by 

Wieczorek et aL, (1985). It can be seen that a landslide hazard map at such a regional scale can 

only be used as a guide to activities ranging from land-use planning to the preliminary 
investigations of transportation corridors. It should not be used for more detailed site specific 
investigations. 

The hazard maps in the current investigation were produced at a larger scale (1: 24,000) 

and, therefore, can be assumed to represent a more realistic distribution of input parameters (e. g., 

geology), and thus provide a more specific representation / distribution of hazard. However, even 
at this larger scale, the assumptions required to be taken in the calculation of the maps were 

similar to those taken in the production of hazard maps at smaller scales and, therefore, the 

recommendations in Table 6.13 are still applicable. However, despite assuming average values for 

the lithologies from the literature when undertaking such regional landslide hazard assessments 
does not detract from the usefulness of the hazard maps produced. Such maps, by themselves, are 
by no way meant to be definitive and as such should never be used solely in future decision 

making. 

Table 6.13. Suggested uses and limitations for landslide hazard maps. (Modified from Wieczorek 

ef aL, (1985)). 

Maps appropriate for the following uses: Maps not recommended for the following 

uses: 

A comparative guide to seismically triggered A basis to determine the absolute risk of 
landslide susceptibility. seismically triggered landslides at any specific 

site. 

One of several elements in regional land use The sole justification for zoning or rezoning 
planning (transportation corridors, open space of any specific site. 
etc. ). 

Input for preliminary routing of lifeline or Detailed design of routing or transportation 
transportation corridors that could be corridors. 
seriously damaged by seismic landsliding. 

To prepare emergency response plans for a Specific site planning to reduce hazards. 
future earthquake e. g., selecting emergency 
transportation routes, planning for lifeline 
disruptions etc. 
Guide to estimate losses from seismically The sole justification to set or modify 
induced landsliding in a future earthquake. earthquake insurance rates. 
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Due to their larger scale the current hazard maps will be of use in the more detailed design 

of the routing of lifeline transportation corridors, the location of structures and further development 

of the Summit Ridge area than any produced at a smaller scale. Despite their increased usefulness 
for planning disaster response initiatives and landslide mitigation measures, they should still not be 

the sole basis or justification for the adoption of any particular strategies. The reason for this is that 

even at this scale the assumptions commonly adopted in the production of hazard maps have still 

had to be adopted, and because of these limitations of data (Section 5.1), as well as those 

introduced by scale (Section 5.3) and analysis (Section 6.2.3), they are not appropriate for the 

adoption of a particular initiative at a specific site. However, despite these limitations, by 

highlighting those areas where landsliding during an earthquake could pose a substantial hazard 

and which, therefore, require more detailed site investigation and anal sis, the maps do provide a 0y 
very useful added resource to informed decision makers. 

Despite the need for the adoption of certain assumptions, landslide hazard maps are 
increasingly being produced and utilised not only by disaster mitigation planners (Einstein, 1988; 

Kingsbury et aL, 1991), but also to aid the insurance industry (Youd, 1993), urban development 

planners (Mora & Vahrson, 1994; Mejia-Navarro & Garcia, 1996) and those members of the 

general public who are concerned with identifý, ing those areas susceptible to landsliding either 
during eartbquakes or precipitation events (Krinsley, 1984). 

6-5 Summary 

Assimilation of the diverse types of data necessary to carry out a shallow landslide hazard 

assessment for the Summit Ridge area within an ARCANFO spatial database has been 

accomplished. Two of the most commonly used models for assessing seismic slope stability 
(pseudo-static and Newmark displacement) were used to predict the distribution of landslide hazard 

for the Loma Prieta earthquake. The hazard maps were then compared with the actual mapped 
locations of landslides to provide an indication of the reliability of each model. As the earthquake 

occurred at the end of the summer, and after a period of drought, the necessity of locating or 

assuming a groundwater level was removed. This, therefore, removed one of the most problematic 
parameters to obtain in an investigation such as this which has attempted to identify the best slope 
stability model to use in spatial landslide hazard assessments. By undertaking this investigation, not 

only was the more successful model highlighted, but the relative advantages and disadvantages 

when using either model in spatial earthquake triggered landslide hazard assessments were 
indicated. Analysis has shown that the empirical relationship developed by Jibson and Keefer 
(1993), which is used to calculate the amount of Newmark displacement a slope will undergo 
during an earthquake, proved most accurate at predicting the locations of unstable slopes. Thus, it 

can be assumed that the Newmark displacement model will be better at assessing the degree and 
distribution of hazard given future seismic events. In view of this, and the weaknesses associated 
with the pseudo-static method of analysis, it is suggested that the Newmark displacement model be 

used when undertaking a deterministic assessmentof landslide hazard distribution for future 

132 



earthquake events. Maps were produced for just such an event occurring in the San Francisco Bay 
Area. 

Should a simple deterministic analysis be all that is required, an advantage of the Newmark 
displacement model is that it calculates the amount of finite displacement a slope will undergo 
during an earthquake. Therefore, it need not just be limited to producing simple fail / no fail hazard 

maps. By categorising the displacements in relation to the functionality and or resistance to 
deformation of the structures in the area, or just to slope displacement itself, a hazard map 
depicting increasing levels of hazard could be produced. However, it must be noted that the 

underlying assumptions and weaknesses associated with the use of the deterministic models, 
highlighted in the current investigation, would still be present. 

The necessity of assuming that aH the input parameter are exact and correct is a weakness 

of a deterministic approach, and it is this reason which has led to the increasing development of 

new probabilistic methods. Such methods attempt to incorporate the variability of input parameters 
introduced by both error and uncertainty. Given the great natural variability in the shallow 

materials present within Summit Ridge, a new method that calculates the probability of a slope 

exceeding a given Newmark displacement, and thus failing, has been derived. The advantage of 

utilising an existing slope stability model is that, where geotechnical data is scarce, values for the 

parameters can be obtained from available information contained in existing literature. 

Analysis through the use of this probabilistic technique has resulted in the production of 
hazard maps that incorporate parameter variability. However, whereas the groundwater level during 

the Loma Prieta earthquake was known to be below the shear plane depths of the shallow 
landslides, it would be unknown for the future event. This led to the production of both worst case 
and best case scenario hazard maps, where groundwater level was concerned. Therefore, in 

addition to the inherent assumptions made when using the infinite slope model (Section 6.2), the 

principal weakness of the approach used was having the groundwater level either below the shear 

surface or coincident with the ground surface. Such best case / worse case scenario modelling could 
be overcome by obtaining rainfall data which could be incorporated into a groundwater model to 

predict the likely groundwater levels, within slopes at different times of the year. Despite the 

assumptions over likely groundwater levels the production of landslide hazard maps usiýg the new 

probabilistic technique can be expected to produce more realistic hazard maps because it takes into 

account the uncertainty in the input parameters. 
Recognising and describing earthquake triggered landslide hazards is a necessary first step 

to reducing potential losses and forms an integral part of risk assessment procedures. The results of 

a scientific and technological assessment (such as this one), have been presented in a format that 

can be understood and is useful to both the local populace and those responsible for investigating 

and mitigating landslide hazard. The maps conform to Keatons'(1987) recommendations for hazard 

maps in that they show both hazardous locations on a map at a suitable scale and they provide some 
sense of when the hazardous event (in this case a landslide) is likely to occur. As landslide hazard 
has been defined as the probability of landslides within a specified period of time and within a 
given area (Vames, 1984), the final hazard maps, which take into account the temporal probability 
of occurrence, can be considered to form a complýte landslide hazard assessment. 
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CHAPTER 7 

DEEP-SEATED LANDSLIDE HAZARD ASSESSMENT 

7.0 Introduction 

The Loma Prieta earthquake (MW 7.0) triggered 17 deep-seated landslides (all with areas 

in excess of 4.047 x 103 M2) in the Summit Ridge study area (Figure 4.3). Although displacements 

across the landslides were not large enough to cause widespread devastation, extensive damage to 

houses situated on the landslides did occur (Plate 4.5) (Cole er al., 1991). However, the occurrence 

of larger landslide displacements and associated increase in the levels of damage to houses during 

future earthquakes cannot be discounted and thus needed to be analysed. The results of such an 

assessment of the future landslide hazard need to be known to allow for future safe land-use 

practices in Summit Ridge. Recogriising this, two of the 17 landslides were subsequently chosen by 

Cotton and Associates (I 990a) for extensive subsurface exploration and monitoring. These were 

gure 2.5) landslides. Ilis program was the Villa Del Monte (Fi pre 7.1) and Schulteis Road (Fig 

undertaken with the aims of obtaining an accurate characterisation of the subsurface lithologies, 

indications of likely groundwater conditions during the earthquake, and to investigate the locations 

of landslide shear planes (Cotton & Associates, 1990a; TAG, 1991). The findings of the 

subsurface investigation are reported in Cotton and Associates (I 990b) and TAG (199 1). 

T'his chapter will report the results obtained when geotechnical data from the Villa Del 

Monte Landslide were used to assess the stability of the landslide during both the Loma Prieta 

earthquake and potential future seismic events. 
A traditional deterministic analysis was initially used to assess how successfully the actual 

displacement of the landslide induced by Loma Prieta earthquake ground motions could be 

modelled using Jibson and Keefers'(1 993) relationship for Newmark displacement (Equation 6.4). 

By accurately modelling the effects of the Loma Prieta earthquake on the stability of the landslide, 

attempts could then be made to estimate the likely levels of landslide movement that might occur 
duong future seismic events. To achieve this, two approaches were utilised. The first was a 

traditional deterministic seismic landslide hazard assessment. Here, the maximum source distances 

to different magnitude earthquakes, all capable of causing displacement of the landslide, were 
determined and, therefore, the potential hazardous faults sources identified. Subsequent to this, a 

semi-probabilistic approach, which accommodated the uncertainty in the location of earthquakes on 

the most hazardous faults, was developed. For this, the design magnitudes and recurrence 

probabilities for each fault segment deterrnined by the Working Group on California Earthquake 

Probabilities (WGCEP, 1990) were used. However, whilst the new approach treated the seismic 

parameters in a probabilistic manner, the geotechnical inputs were still deterministic in nature. This 

was due to limitations in the geotechnical data, which prevented the accurate definition of 

representative probability distributions to describe the variability in the geotechnical parameters. 
Despite this, such variability can be incorporated into a probabilistic hazard assessment by 

assuming similar probability distributions to those used b other researchers and by using y 
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engineering, judgernent. Therefore, a final description and example of how a truly probabilistic 
assessment micht be undertaken usin- assumed distributions for the geotechnical parameters is 

provided. 
To undertake the probabilistic hazard assessments the statistical modelling techniques 0 

available within @RISK (PalisadeO, 1994) were utilised. This software provided the capabilities of 

undertaking both Monte-Carlo and Latin-Hypercube simulations within Excel (1, *Iicrosofto, 1994) 

spreadsheets. Incorporating such simulation techniques in the assessment of earthquake triggered 
landslide hazards was found to provide a very useful way of combining the variability of 

geotechnical parameters, identified during the investigation and modelling process, with the 

uncertainties surroundin- the seismic in ut. 0p 

7.1 ]Me Villa Del Monte Landslide 

The Villa Del Monte Landslide is located on the south flank of Summit Ridge and lies 

between the Ralls Drive Landslide and Taylor Gulch (Figure 7.1). It is bounded to the east by 

Taylor Gulch, to the southeast by Laurel Creek and to the southwest by Bums Creek. 

The topography is characterised by numerous gently sloping benches which alternate with 

steeper stretches of slope (Figure 7.2). Profiles surveyed by TAG (199 1) show average slope 
inclinations of between 12"- 150, although the slopes immediately upslope from Laurel Creek are 

particularly steep. It is the presence of the gently sloping benches that has resulted in the area being 
developed for housing (TAG, 199 1) 

ne bedrock underlying the landslide consists of sandstones, mudstones, siltstones and 
shales of the Butario Sandstone and San Lorenzo Formation (Figure 7.2 & Table 2.2). The majority 
of the area affected by landsliding during, the earthquake had previously been mapped as a probable 
large landslide deposit (Cooper-Clark & Associates, 1975; Clark et aL, 1989). The axis of the 
Laurel Anticline trends through the southwestern part of the landslide (Figure 7.2). Rocks northeast 
of the axis dip steeply into the slope, whilst southwest of the axis the dip may be steeply to the 

southwest or locally overturned to the northeast (TAG, 1991). 
The area affected by landsliding during the Loma Prieta earthquake has ýn overall length of 

975 in (extending downslope from Sunset Drive to Laurel Creek) and is 914 m wide (with the 
Deerfield Road area forming the western margin, and the Ppper Skyview Terrace area forming the 

eastem margin). Thus, the landslide has an overall area of 8.9 x 1()5 M2 (Figure 7.1). 
Whilst the crown and flanks were characterised by intense zones of ground cracking which 

showed lateral displacement, the interior of the landslide had few ground cracks (TAG, 1991). The 

presence of such a zone with few ground cracks is consistent with the interpretation of this 
landslide being a large block slide, characterised by translational movement of material downslope 
(TAG, 1991). This can be seen from the cross section where the landslide morphology closely 
approximates an infinite slope. 
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The Villa Del Monte Landslide was chosen for the current landslide hazard assessment 
because the Villa Del Monte neighbourhood (built on the landslide) contains approximately 165 

homes and is identified by TAG (1991) as the most densely populated part of the Summit Ridge 

area. 

71 Landslide investigation, and characterisation using conventional limit-equilibrium slope 

stability analysis 

The Villa Del Monte Landslide was the focus of a comprehensive subsurface exploration 
(Cotton & Associates, 1990a) and material testing program (TAG, 1991). The locations of the 
boreholes on the Villa Del Monte Landslide are shown in Figure 7.1. The aims of this program 
were to obtain an accurate characterisation of the subsurface lithologies, and to investigate the 
locations of the landslide shear planes and groundwater levels (TAG, 199 1). The inferred locations 

of likely shear planes and groundwater levels resulting from the investigation (Figure 7.2) were 
interpreted by Cotton and Associates (1990a) and TAG (1991) using the data obtained from the 
boreholes and reports of damaged water wells. 

From the cross section through the Villa Del Monte Landslide it can be seen that the 

morphology of the shear surfaces strongly suggest translational movement (Figure 7.2). There is a Z 00 
slight curvature of thie shear surfaces near the toe of the landslide where they begin to shallow and 
are interpreted as daylighting out onto the side slopes of Laurel Creek. The shear surfaces are 
characterised by a zone of intensely fractured clayey siltstone and rainor sandstone (Cotton & 
Associates, 1990b). For the probabilistic hazard assessment, and to allow comparison with the 
deterministic stability results obtained by TAG (199 1), the deeper shear surface (z = 50.7 m) was 
analysed. However, TAG (1991) also note that in addition to the deep basal shear surfaces, 
shallower zones of soft, crushed, sheared or highly fractured rock, which contain clay seams were 
encountered in the boreholes and so the presence of additional shallow, and more localised, shear 
zones cannot be discounted. 

From the morphology of the shear surface (Figure 7.2), if was felt that the infinite slope 
model would provide an adequate summary of the stability of the landslide. To confirm this the 

cross sectional data of the landslide (Figure 7.2) was input into the stability assessment computer 
program SLOPE (Borin, 1994). Slope stability was then analysed using Janbus'model for non- 
circular slip surfaces (Janbu, 1973). This model is now accepted as the general routine method for 

analysing non-circular slip surfaces (Whitlow, 1995). The results of the analysis using Janbus' 

model were then compared with the results obtained from the infinite slope model and those 
obtained by TAG (1991) who utilised the UTEXAS3 (Wright, 1990) slope stability computer 
application. 

The geotechnical parameters adopted by TAG (1991) for their static stability analysis of 
the landslide were used for the analysis. These were c'= 0,0'= 23", and y= 21.1 kN'm-3. For the 
infinite slope model the average gradient along the straightest section of the shear surface (A -B on 
Figure 7.2) provided an average angle (a) of 12.9*,. 
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7.2.1 Groundwater levels 

As the aim of the analysis was to calculate the static factor of safety (FSTAT) of the 
landslide prior to the Loma Prieta earthquake, the groundwater surface interpreted as existing 

prior to the earthquake was used (Pre-18/10/89 on Figure 7.2). This surface was estimated by 

Cotton and Associates (1990a) using data obtained from piezometers installed in the boreholes 

and from a survey of water levels in wells and averaged 30.5 m deep (TAG, 1991). In the infinite 

slope model the groundwater is assumed to be at a height (zw) above the shear surface (Figure 

6.4). Therefore, z, prior to the Loma Prieta earthquake was 20.2 m. 
During the winter following the earthquake (1989 - 1990), groundwater levels rose in 

response to the winter rain (TAG, 199 1). Early in the spring of 1990, groundwater levels rose still 
further when a period of heavy rainfall resulted in 660.4 mm of rain during a 29 day period 
(26/02191 - 26/03/91) (TAG, 1991). Cotton and Associates (1990a) interpreted the resulting 
increased groundwater level within the landslide (Figure 7.2). This groundwater level 

(zW = 35.5 m) was used during the later stability analyses of the landslide to represený likely 

levels of groundwater during wet conditions. 

As the materials in the slope were assumed to be cohesionless, the infinite slope model 
(Equation 6.1) could be simplified (Equation 7.1, after Whitlow (1995)). This simplified model 
(Equation 7.1) was usedto calculate FSTAT for the Villa Del Monte Landslide. Table 7.1 shows 
the results of the comparative analysis. 

it 
FSTAT I-L--Z)tanoý 7.1 

tan a 

Table 7.1. Comparison of static factor of safety values obtained for the Villa Del Monte 

Landslide using Janbus' stability model for non-circular slip surfaces and the infinite slope model. 

Groundwater level 

TAG 

FSTAT 

Janbu 

FSTAT 

Infinite slope 

FSTAT 

Loma Prieta (z, = 20.2 m) 1.62 1.70 1.73 

Raisedt (z, = 35.5 m) - 1.25 1.29 

3.048 in Below Terrain Surfacet 

(zW = 47.7 m) 

1.01 1.01 1.04 

Level With Terrain Surface 

(z,, = 50.7 m) 

0.96 0.99 
I 

tAverage groundwater depth after heavy rain, (Figure 7.2). 
ýCorresponds to maximum level of groundwater after which failure occurred (TAGs' 
(199 1) groundwater depth of I Oft). 
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It can be seen that there is a close correspondence between the values of FSTAT calculaied 
by both models for a variety of groundwater conditions (Table 7.1). Nowhere does one model 

predict the slope as being safe whilst another predicts the slope as being unsafe. It is evident that 

either model could be used to effectively characterise the stability of the landslide. However, due to 

its ease of incorporation into Excel spreadsheets, thus allowing application of the probabilistic 

simulation techniques, and due to the morphology of the landslide, the infinite slope model was used 

to calculate static stability throughout the hazard assessments. 

73 Deterministic assessment of dynamic slope stability during the Loma Prieta earthquake 

Before attempting to assess the future stability of the Villa Del Monte landslide, its 

dynamic stability during the Loma Prieta earthquake was analysed to see how accurately Jibson 

and Keefers' (1993) empirical relationship (Equation 6.4) calculated Newmark displacements. To 

achieve this, the static factors of safety of the landslide had to be used. However, the values of 
FSTAT obtained in Section 7.2 were calculated using static strengths. During an earthquake there is 

usually some degradation in the strength of materials during the dynamic loading of the slope, 

which is caused by the cyclic earthquake stresses (Makdisi & Seed, 1978; Idriss, 1985; Seed, 

1987). -As a result of the finer grained nature ofithe materials along the shear surface, an increase in 

pore water pressures in the material would have led to a reduction in the available shear strength - 
against sliding (Seed, 1987). Slope displacement may well occur as a result of such ore water 00p 
induced strength degradation during an earthquake, after which the material may retain the original 
strength (Makdisi & Seed, 1978). In addition to the effects of increased pore water pressures, there 

would also be a reduction in the shear strength as the displacement of the landslide increased. This 

results from strain softening, with material reducing from its peak to residual strength (Jibson & 
Keefer, 1993; Jibson, 1996). 

As it is difficult to quantify any increase in pore water pressure during an earthquake,, the 

overall strength degradation experienced by the landslide could be back calculated and quantified as 

a dynamic strength in the friction angle (TAG, 1991). This represents the resistance to sliding 

under dynamic conditions. Based on the displacements for the Villa Del Monte Landslide, TAG 
(1991) (utilising the stability charts of Makdisi and Seed (1978)) calculated an average dynamic 
friction angle along the entire shear surface of 20". Therefore, in the assessment of the slope 

stability during the Loma Prieta earthquake a friction angle of 20* was used to accommodate the 

effects induced by the seismic loading of materials along the shear surface. Excluding the Teduction 
in friction angle, the values adopted for all other geotechnical parameters remained the same as 
those used in the static slope stability analysis (Section 7.2). 

The procedure for calculating the Newmark displacement of a landslide has been described 
in Section 6.2.2 and, therefore, is just summarised here. 
1. FSTAT for the Villa Del Monte Landslide was calculated (Equation 7.1 & Table 7.2). 
2. FSTAT and the shear surface angle of the landslide (12.9") were then used to calculate Ac 

(Equation 6.3 & Table 7.2). 
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3. The Dynamic ground motions experienced at the site during an earthquake were surnmarised by 

calculating the Arias Intensity, I., (Equation 3.11 & Table 7.3). 0 
4. The values of Ac and la were then input into the empirical relationship (Equation 6.4) used to 

calculate the Newmark displacement of the landslide (Table 7.3). 

Table 7.2. Static factors of safety calculated using dynamic friction angles, and the corresponding 

critical accelerations for the Villa Del Monte Landslide. 

Groundwater FSTAT Ac 

Loma Prieta (zW = 20.2 m ) 29 

ff 

0.07 

Raised (zW = 35.5 m) 1.07 0.02 

Given the Loma Prieta magnitude (MW 7.0) and source distance (20.6 km), and the 

groundwater conditions in the slope at the time of the earthquake (z, = 20.2 m), a Newmark 

displacement of 0.32 m was calculated for the Villa Del Monte Landslide (Table 7.3). This is in 

close agreement to the actual 0.36 m displacement reported by TAG (1991). Therefore, it can be 

seen that this approach provided a good approximation of the average displacement experienced by 

the landslide during the Loma Prieta earthquake. As a result of this, the model was used to provide 

an indication of how much displacement could havd occurred had the earthquake struck during a 

period of high groundwater levels. The calculated displacement using the higher groundwater level 

was 0.69 m (Table 7.3). Clearly, hid the earthquake occurred when groundwater levels in the slope 
were much higher, the resulting displacements would have caused far more extensive damage to the 
houses situated on the landslide. 

Table 7.3. Calculated Newmark displacements for the Villa Del Monte Landslide during the Loma 
Prieta earthquake. 

Groundwater Magnitude 

(MW) 

Distance 

(Ian) 

la 

(Insll) 

DN 

(m) 

oma eta (z, = 20.2 m) 7.0 20.6 1.87 0.32 
Raised (z, = 35.5 m) 7.0 20.6 1.87 0.69 

Due to the magnitude of displacements it was considered useful to attempt to identify: 
How far from the landslide the Loma Prieta event have had to be before the expected 
displacement of the landslide fell below 0.10 m; 

and 
* Given the Loma Neta. source distance, what is the minimum magnitude that would have been 

required to trigger 2: 0.10 rn of displacement of the landslide? 
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To resolve these statements the level of ground motion, la, required to tri eger 0.10 rn of 
displacement on the landslide needed to be derived. This was achieved by rearranging the 

relationship used to calculate Newmark, displacement (Equation 6.4) to derive an equation that 

could be used to calculate the la needed, for a slope with a given Act to trigger a chosen amount of 
displacement (Equation 7.2). 

log 1. = 
log DAr - 1.546 + 6.642 Ac 7.2 

1.46 

Where DN'S in cm. 
By rearranging Wilson and Keefers'(1985) relationship used to calculate Arias Intensity 

(Equation 3.11), the Ia required to trigger 0.10 m of displacement (obtained from Equation 7.2) 

could be input and used to calculate either the minimum magnitude required to cause the calculated 
level Of la for a given source distance (Equation 7.3), or the maximum source distance to an 

earthquake of a given magnitude before Ia falls below the required value (Equation 7.4). The results 

obtained for both groundwater levels are summarised in Table 7.4. 

gla +2]oc, R+4.1 M= 10,0; 42 7.3 

lo-R= M- (log 1,, +4.1) 7.4 
2 

Table 7.4. Calculated maximum source distance from the Villa Del Monte Landslide before 
Newmark displacement falls below 0.10 m, and the lower bound magnitude required to trigger 0.10 

m of Newmark displacement. 

Groundwater Magnitude 

(MW) 

Distance Ia DN 

(m) 
Loma Prieta. (z.,, = 20.2 m) 7.0 30.7 0.84 0.10 

Loma Prieta. (z,, = 20.2 m) 6.7 20.6 0.84 0.10 

Raised (zW = 35.5 m) 7.0 39.9 0.50 0.10 

Raised (z,, = 35.5 m) 6.4 20.6 0.50 0.10 

Interpreting the results of the analysis, it can be seen that given the Loma Prieta 

groundwater conditions the Loma Prieta event could have had a source distance up to 30.7 km 
before triggered Newmark displacement on the landslide fell below 0.10 m. Had the earthquake 
struck during a period of raised groundwater conditions, this distance increases to 39.9 km. Finally, 

given the Loma Prieta source distance and Loma Prieta groundwater conditions, a lower bound 

142 



event of MW 6.7 would have caused landslide displacement >- 0.10 m. Had the groundwater levels 

in the slope been higher (e. g., z, = 35-5), then this magnitude reduces to MW 6.4. 

7.4 Deterministic future seismic slope stability assessment for the Villa Del Monte Landslide 

In the previous analysis (Section 7.3) a Newmark displacement of 0.10 rn was the 

modelled displacement. Although this amount of displacement was taken as signifying the point 

of critical ground displacement, such deep-seated landslides are capable of accommodating a 

significant amount of displacement before complete mobilisation of the basal rupture surface and 

catastrophic ground failure occurs. For example, all of the displacement on the Villa Del Monte 

Landslide was accommodated by the body of the landslide and there was no significant 
displacement near the landslide toe (TAG, 199 1). Such limited movement on a landslide is 

termed partial mobilisation or incipient landsliding (Cole et aL, 1991). Depending on the type of 
landslide and the material involved, significant lateral displacement can be accommodated within 

the landslide mass before catastrophic ground failure occurs (Idriss, 1985). As a result of this, 

amounts of displacement can be categorised and used to summarise the increasing levels of 
hazard associated with slope displacement during future earthquakes. - 

In the State of Alaska, Newmark displacements have been categorised and summarised as 
increasing levels of ground adjustment (Table 7.5). From this rating it can be seen that the Villa 

Del Monte Landslicfe experienced displacement in the moderate ground adjustment category. 
Using Equation 7.2, the la required to trigger each category of displacement for both groundwater 
levels were obtained (Table 7.6). If an earthquake on any particular fault segment causes the 
Arias Intensities experienced by the landslide to equal or exceed the calculated levels (Table 7.6), 

then it can be expected to cause the corresponding category of Newmark displacement. The 

Newmark displacement stability criteria (Table 7.5) were used to aid in surnmarising the hazard 

posed by potential earthquakes to the Villa Del Monte Landslide. 

Table 7.5. Stability criteria and associated amount of permanent ground displacement for the 

Newmark displacement analysis. 

Faflure category DN 

(m) 
- 

Minor Ground Adjusunentt 0.10 

Moderate Ground Adjustmentt 0.30 

Major Ground Adjustmentt 0.90 

Catastrophic Ground Failuret 3.00 

tWilson and Keefer (1985). 
$State of Alaska Geotechnical Evaluation 

criteria Committee failure criteria based on the 
1964 Great Alaskan earthquake (Idriss, 1985). 
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Table 7.6. Arias Intensity required for the Villa Del Monte Landslide to suffer increasing amounts 

of Newmark displacement. (DN required pertains to each of the stability criteria listed in Table 

7.5). 

Groundwater DN required 
(M) 

la required to DN 

(ms*, ) 

Loma Prieta (zw = 20.2 m) 0.10 0.84 

Loma Prieta (zw = 20.2 m) 0.30 1.79 

Loma Prieta (zw = 20.2 m) 0.90 3.79 

Loma Prieta (zw = 20.2 m) 
=3.00 

8.65 

Raised (zw = 35.5 m) 0.10 0.50 

Raised (zW = 35.5 m) 0.30 1.06 

Raised (zw = 35.5 m) 0.90 2.25 

Raised (zW = 35.5 m) 3.00 5.14 
-. U 

The values Of Ia required to trigger each category of Newmark displacement were input C- 
into the rearranged relationship for Arias Irnensity (Equation 7.4) to calculate the maximum source 
distances for different magnitude earthquakes before I fell below the modelled value (Table 7.1). 0a 
From the analysis it can be*seen that for dry slope conditions a MW 7.0 event up to 30.7 km away 
could be expected to trigger slope displacements equalling the 0.10 m displacement required to 
induce minor ground adjustment (Figure 7.3). This corresponds to an earthquake located anywhere 
on the Southern Santa Cruz Mountain Segment of the San Andreas fault, the majority of the 
Northern Santa Cruz Mountain Segment (forming part of the Peninsula Segment) of the San 

Andreas fault and the southeast extension of the Hayward fault (Figure 7.3). Should such an 
earthquake occur during a period of higher groundwater conditions this source distance increases to 
39 km andý therefore, in addition to the segments named above, a MW 7.0 earthquake located on 
lengthy sections of the Calaveras fault, San Gregorio fault, and Peninsula Segment of the San 
Andreas fault can be expected to trigger calculated displacements. > 0,10 m (Figure 7.3). However, 

not all of these faults are expected to generate earthquakes of such a high magnitude (Table 7.8). 
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Figure 7.3. A map showing the maximum distance from the Villa Del Monte Landslide for a M" 

7.0 event before calculated Newmark displacement falls below the values shown. The principal 
faults in the San Francisco Bay region (dotted where inferred) are shown. (Fault segment 
boundary data obtained from the Working Group on California Earthquake Probabilities (1990) 

and Frankel et al., (1996)). 
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Table 7.7. Results of the analysis undertaken to identify the maximum source distance (in kni) to 

eanhquakes of a given magnitude required to trigger the corresponding amounts of displacement on 

the Villa Del Monte Landslide. 

Loma Prieta groundwater level (z, = 20.2) 

DN ý: n (m) INIW 5.0 NIw ;. 5 Mw 6.0 MW 6.5 MW 7.0 1%1jV 8.0 

0.10 3.1 5.5 9.7 17.3 30.7 97.1 

0.30 2.1 3.7 6.7 11.9 21.1 66.7 

0.90 1.4 2.6 4.6 8.1 14.5 45.8 

3.00 1.0 1.7 3.0 5.4 9.6 30.3 

Raised groundwater level (z, = 35.5) 

DN 2: n (m) MW 5.0 MW 5.5 MW 6.0 MW 6.5 MW 7.0 MW 8.0 

0.10 4.0 7.1 12.6 22.4 39.9 126.0 

0.30 2.7 4.9 8.7 15.4 27.4 86.5 

0.90 1.9 3.3 5.9 10.6 18.8 59.4 

3.00 1.2 2.2 3.9 7.0 12.4 39.3 

Table 7.8. Expected earthquake magnitudes from principal fault segments in the5an Francisco 

Bay Area. (Data from WGCEP (1990) and Frankel er aL, (1996)). 

Segment Expected magnitude 

(fault) (MW) 

S. Santa Cruz Mountains 7.0 

(San Andreas) 

N. Santa Cruz Mountains 6.5 

(San Andreas) 

San Francisco Peninsula 7.0 

(San Andreas) 

North Coast 8.0 

(San Andreas) 

Southern Calaveras 6.2 

(Calaveras) 

N. San Gregorio, 7.3 

(San Gregorio) 

Hayward Southeast 6.4 
Extension 

(Hayward) 
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In addition to large magnitude earthquakes, smaller events located closer to the landslide 

can also be expected to trigger displacement. Obviously, the nearer an event and the larger the 

magnitude, the vreater the calculated displacement will be. However, whilst a significant hazard 

exists from high magnitude events located on several faults within the San Francisco Bay region 

(Figure 7.3), the source distances required for smaller events to trigger hazardous displacements 

means that they are limited to the principal segments of the San Andreas fault. The shortest 

distance from the Villa Del Monte Landslide to the San Andreas fault is -I km (Figure 7.3) and, 

therefore, all of the earthquake magnitudes listed in Table 7.7 can be expected to pose a hazard to 

the landslide. It can also be noted that whilst a large (MW 7.0) event located on several of the 

principal faults in the area can be expected to trig er displacements within the minor ground rIg 
adjustment category, earthquakes expected to trigger displacements within (and exceeding) the 

moderate ground adjustment category are also almost exclusively restricted to the San Andreas 

fault (Figure 7.3). 

The deterministic hazard map derived (Figure 7.3) is in essence the converse of 

investi crations undertaken by Wilson and Keefer (1985). who used their relationship for I. 

(Equation 3.11) to calculate hazard maps delineating the maximum distance of landsliding from a 

fault. Ile current research has instead resulted in delineating the potential earthquake sources 

which may trigger increasing amounts of displacement of the Villa Del Monte Landslide. 
C)Z C) 

7-5 Incorporating the uncertainty in earthquake locations 

The above results (Section 7.4) were the product of a deterministic assessment of the future 

dynamic stability of the landslide. What the assessment did not incorporate is the uncertainty in the 
location of likely earthquakes. For example, the principal Bay Area faults have been divided into 

segments where there is an equal probability of an event of MW n occurring. For example, there is 

an equal probability (P(O. 23)) of a MW 7.0 event occurring anywhere along the San Francisco 

Peninsula Segment of the San Andreas fault (Table 4.4). Results from the deterministic assessment 
have shown that if such an event occurs at the southeastern end of this particular segment during a 

period of high groundwater conditions, then it can be expected to trigger displacements of between 

0.30 m and 3.00 m (Table 7.7 & Figure 7.3). However, it is just as likely that the earthquake will 

occur nearer to the northwestern end of the segment where it is expected to trigger no significant 
displacements of the'landslide. This is a result of the earthquake being of a sufficient distance away 
that the ground motions experienced by the Villa Del Monte Landslide will be too low to trigger 

slope displacements; -> 0.10 m. In respect to this, it is normal in deterministic hazard assessments to 
locate the design earthquake on the part of the fault where it is expected to cause maximum 
disruption to the area under investigation (EERI, 1996). 

To obtain a more realistic representation of the seismic hazard the uncertainty in 

earthquake location could be incorporated into the landslide hazard assessment through the use of 
probabilistic simulation methods. In the current research the levels of landslide hazard from the 
four San Francisco Bay Area segments of the San Andreas fault were assessed. These segments 

I 
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were chosen because it was evident from the deterministic hazard assessment that these are the 

principal faults which are likely to generate earthquakes of sufficient magnitude and distance to 

cause significant displacement of the Villa Del Monte Landslide. 

The distance of each fault segment boundary from the Villa Del Monte Landslide was 

obtained using ARCfINFO (Table 7.9). The coordinates used for each segment boundary (with 

the exception of the North Coast Segment) are those reported by WGCEP (1990) (Table 4.4 & 

Figure 7.3). With regard to the North Coast Segment, when the coordinates provided by WGCEP 

(1990) were overlaid onto the fault map, the southeastem boundary plotted over the end of the 

southeastem extension of the Hayward fault. Clearly this was in error and, therefore, boundary 

data for the North Coast Segment (northwestem end 40.251, -124.4 11, southwestem end 
36.8211, -121.5 1") obtained from Frankel et A, (1996) was used instead. With the exception of the 
North Santa Cruz Mountain Segment (MW 6.5) and North Coast Segment (MW 8.0) the design 

earthquakes used in California are for MW 7.0 events occurring on these faults (WGCEP, 1990) 

(Table 7.8). 

Table 7.9. Distances from the Villa Del Monte Landslide to the segment boundaries of the San 

Andreas fault. 

Segment Boundary Distance from 

Villa Del Monte Landslide 

(km) 

S. Santa Cruz Mountains Northwest 9.7 

S. Santa Cruz Mountains Closestt 0.9 

S. Santa Cruz Mountains Southeast 25.7 

S. Santa Cruz Mountains Furthestt 32.57 

N. Santa Cruz Mountains Northwest 29.9 

N. Santa Cruz Mountains Southeast 9.7 

N. Santa Cruz Mountains Furthestt 35.97 

Peninsula Northwest 62.8 

Peninsula Southeast 9.7 

Peninsula Furthestt 65.91 

North Coast Northwest 217.5 

North Coast Closestt 0.9 

North Coast Southeast 13.3 

North Coast Furthestt 218.42 

tSbortest distance from the Villa Del Monte Landslide to the fault trace if 

not a segment boundary. 
*Geometrically the furthest source distance an earthquake focus can be 
from the Villa Del Monte Landslide (see Figure 7.4) 
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Figure 7.4. A strike-slip fault segment along which there is an eLltial prohahility ol a M, TO 

event occurring anywhere on the fault plane. For the San Francisco Peninsula Segment (11' the 

San Andreas fault this means that there is an equal probability of [lie source distance Ivino 

anywhere between the shortest distance (9.70 km) and the furthest distance (65.91 kno from the 
Villa Del Monte Landslide. 
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The probability of an earthquake occurring at any point along a particular segment is equal 
(WGCEP, 1990). Therefore, there is an equal probability of an earthquake being a certain source 
distance (along the fault plane) away from the Villa Del Monte Landslide. The shortest source 
distance will be the distance from the landslide to the surface trace of the fault, whilst the largest 

source distance will be to the base of the fault plane under the furthest boundary of the fault trace 

(Figure 7.4). For these calculations it was assumed that these strike-slip fault segments dipped at 

90" (Harp, 199 1) and that the seismogenic zone did not exceed 20 km in depth (Allen, 1975; Sykes 

& Nishenko, 1984). By calculating the closest and furthest source distances it is self evident that 

all other possible source distances will lie between these two end members (Figure 7.4). The 

uncertainty in earthquake location could thus be described by a uniform distribution function. 

Figure 7.5 shows the uniform distribution function defined for the San Francisco Peninsula 

Segment. Such a distribution assigns equal weights to possible values whether at the extremes or 

near the mean of the input data (Murtha, 1993). 

By defining the input distributions, within @RISK, and then sampling them in an iterative 

manner, likely source distances for earthquakes occurring along a parýticular segment could be 

simulated. Each simulated value could then be used to calculate the 1. (Equation 3.11) experienced 

by the landslide for that particular distance. This value (of Ia) could then be incorporated into the 

calculation of the Newmark displacement (Equation 6.4) of the landslide before another source 

distance was sampled (Figure 7.6). Such an approach resulted in the productibn of output 

probability distributions of the range of Newmark displacements likely to be experienced by the 

landslide given the variation in possible earthquake locations (Figure 7.6). 

For the simulations, a Latin-Hypercube sampling method was used instead of a simple 
Monte-Carlo approach. The difference between the two is that for a Monte-Carlo simulation the 

input distribution functions are sampled in a random manner and so (especially if clustering of the 

random values occurs) it takes more iterations to obtain an accurate reflection of the distribution of 

possible input values (Figure 7.7a). This compares with the Latin-Hypercube sampling strategy 

where the input probability distribution is divided into n number of sub-intervals and the 

distribution is sampled in a stratified manner (Figure 7.7b). Within @RISK the number of 

subintervals depends on the chosen number of iterations. For example, if 100 iterations have been 

specified, the starting interval (y-axis) is divided into 100 non-overlapping subintervals (0 - 
0.009999,0.01 - 0.019999, ..... n) (Palisade, 1994). Such a sampling strategy results in an accurate 

representation of the input distribution being obtained for much fewer iterations (approximately 

0.333 those needed using Monte-Carlo simulation) and prevents the clustering of values (Murtha, 

1993) (Figure 7.7). In the current research the maximum number of sampling iterations was set at 
10,000. However, the simulations were also set to stop automatically after statistics calculated on 

each output distribution had converged. 
When a simulation is run, @RISK can be set to calculate three statistical parameters that 

are used to describe the output probability distribution (the average percent change in a) the 

percentile values, b) the mean, and c) the standard deviation). These are used by @RISK to 

monitor the stability of the output distributions created during a simulation (Palisade, 1994). These 

statistics can be calculated for output distribution after every n iterations. In the current research 
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Uniform Probability Density Function Describing Possible Source Distances 
To The Villa Del Monte Landslide For Earthquakes Located On The 

San Francisco Peninsula Segment Of The San Andreas Fault. 
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Figure 7.5. An example of a uniform distribution function. There is an equal probability of a M, 

7.0 earthquake occurring anywhere between 9.70 km and 65.91 km from the Villa Del Monte 

Landslide. 
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Figure 7.6. Conceptual diagram showing how the uncertainty in earthquake location was 
incorporated in a probabilistic manner into the assessment of the landslide hazard. (The 

geotechnical input remained deterministic). 
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c) Move horizontally to the CDF. 
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Figure 7.7. A diagram highlighting the differences between a) Monte-Carlo (with an example of 

clustering) and b) Latin-Hypercube sampling methods. 
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the default setting of after every 100 iterations was used. As the number of iterations increases the 

percentage change between each of the statistics and those previously calculated will reduce as the 

output distribution becomes more stable (the statistics describing each output distribution change 
less and less with additional iterations). By setting @RISK to stop sampling the input distributions 

when the output distributions had converged prevented unnecessary iterations (Palisade, 1994). 

Effectively, the time spent for any additional iterations would have been wasted because the 

statistics generated were not significantly changing. Therefore, in the current research, once this 

., 
ven level, the simulation was stopped as there was nothing to be gained from change fell below a .6 

completing the full number of iterations. For the current analyses the default setting of a 1.5 % 

change in the statistics was used. Due to the simple nature of the input distributions convergence 

was fairly rapid, occurring after 5,500 iterations. 

For each simulation undertaken, the same sequence of random numbers was generated. 
This was achieved by setting the seed value for the random number generator to one and ensured 

that any observed changes in the results were a result of changes made to the model and not a result 

of the randomness of the sampling (Vose, 1996). 

An example of the output cumulative probability distributions of Newmark displacement 

obtained for each of the fault segments is shown in Figure 7.8. From the output distributions the 

probability of equalling or exceeding the Newmark displacement for each stability criteria, outlined 
in Table 7.5, could be obtained (Table 7.10). For example, to obtain the probability of the landslide 

experiencing (during a period of high groundwater) Newmark displacements of; -> 
0.30 m for a MW 

7.0 earthquake located on the Peninsula Segment, a value of 0.30 is entered into the x-axis and the 

corresponding probability of exceedance (0.3144) is read off the y-axis (Figure 7.8). The 

probabilities for different values of DN can be read in the same manner. 

Table 7.10. Estimated probabilities of exceeding chosen Newmark displacements for the Villa Del 
Monte Landslide for design earthquakes on different segments of the San Andreas fault. 

Loma Prieta groundwater level (zý, = 20.2) 

P(DN ýt n) (m) S. Santa C7ruz N. Santa Cruz Peninsula North Coast 

P(DN ý: 0- 10) 0.9422 0.2923 0.3762 0.4448 

P(DN 0.30) 0.6509 0.0836 0.2030 0.3055 

P(DN 0-90) 0.44555% 0.0000 0.0848 0.2065 

P(DN 2: 3.00) 0.2849 0.0000 0.0000 0.1359 

Raised groundwater level (zw = 35.5) 

P(DN ýt n) (m) S. Santa Cruz N. Santa Cruz Peninsula North Coast 

I P(DN ý! 0- 10) 1.0000 0.4843 0.5388 0.5787 

P(DN 2t 0.30) 0.8442 0.2196 0.3144 0.3968 

(DN a 0-90) 0.5789 0.0347 0.1611 0.2710 

P(DN ý: 3.00) 0.3781 0.0000 0.0515 0.1773 
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Cumulative Probability Density Function Of Likely D,, Triggered By 
Earthquakes Located On The San Francisco Peninsula Segment 

Of The San Andreas Fault. 
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Figure 7.8. Output cumulative probability distribution for Newmark Displacement experienced 
by the Villa Del Monte Landslide obtained by incorporating the uncertainty in the location of a 
M,, 7.0 earthquake along the San Francisco Peninsula Segment of the San Andreas fault. (Results 

for the other fault segments are contained in Appendix 3). 
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Interpreting the results from Table 7.10. it can be seen that should a M\N, 7.0 earthquake 
occur on the Peninsula Segment of the San Andreas fault during a period of expected low 

groundwater conditions (summer), the probability of exceeding 0.30 m of displacement (P(DN 

0.30 m)) is 20 %. However, should the earthquake occur during a period of raised groundwater 

conditions (winter or after a prolonged period of rain), this probability increases to 31 %. 

A MW 7.0 event located on the Southern Santa Cruz. Nlountains Segment of the San 

Andreas fault results in the highest probabilities of obtaining any of the ground displacement 

categories. This is followed by a MW 8.0 earthquake located on the North Coast Segment of the 
San Andreas fault. Such high probabilities occur despite the fact that the range of possible source 
distances for the North Coast Segment is large (Table 7.9). This is because a MW 8.0 event a large 

distance (up to 126 km) away is still capable of triggering displacement of the landslide (Table 

7.7). This compares with only 40 km for a MW 7.0 event (Table 7.7). However, what has not yet 
been taken into account is the temporal probability of the earthquakes occurrence (Section 6.3.3). 

The probability of such a large magnitude event occurring on the North Coast Segment in the next 
30 years has been estimated as being exceedingly low (P(O. 02)) (Table 4.4). The probability for a 
MW 7.0 event on the Southern Santa Cruz Mountains Segment is even'lower (P(O. 01)). Therefore, 

to obtain an indication of the fault se-Ment most likely to trigger further displacement on the Villa 

Del Monte Landslide, the temporal (30 year) probability of the design earthquakes occurring along 

a particular fault segment bad to be accommodated. This was achieved by multi lying the p I, 
probabilities shown in Table 7.10 by the probability of the earthquake actually occurring (Table 

4.4) using Equation 6.13. The resulting, 30 year displacement probabilities are shown in Table 

7.11. It can be seen that for the 30 year period 1990 - 2020, a MW 7.0 earthquake occurring on the 
Peninsula Segment of the San Andreas fault is the most likely to trigger further displacements on 
the Villa Del Monte Landslide. 
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Table 7.11. Thirty year hazard probabilities for increasing amounts of Newmark displacement on 

the Villa Del Monte Landslide. 

Loma Prieta groundwater level (z,,, = 20.2) 

P(DN; -> n) (m) S. Santa Cruz N. Santa Cruz Peninsula North Coast 

P(DN ý! 0- 10) 0.0094 0.0526 0.0865 0.0089 

P(DN ý: 0.30) 0.0065 0.0150 0.0467 0.0061 

P(DN ýt 0-90) 0.0045 0.0000 0.0195 0.0041 

P(DN 3.00) 0.0028 0.0000 0.0000 0.0027 

Raised groundwater level (z,, = 35.5) 

P(DN n) (m) S. Santa Cruz 
I 

N. Santa Cruz Peninsula North Coast 

P(DN 2! 0- 10) 0.0100 0.0872 0.1239 0.0116 

P(DN; -> 0.30) 0.0084 0.0395 0.0723 0.0079 

P(DN; -> 0-90) 0.0058 0.0062 0.0371 0.0054 

P(DN ý: 3.00) 0.0038 0.0000 0.0118 0.0035 

7.6 Complete probabilistic seismic landslide hazard assessment 

The analyses undertaken in Section 7.5 can effectively be described as a semi-probabilistic 
hazard assessment. This is because only the uncertainty in the location of an earthquake along a 

particular segment of fault, and the temporal probability of that earthquakes occurrence, were 
treated in a probabilistic manner. Incorporating FSTAT, the Ac that had to be exceeded for slope 
displacement to occur was calculated via standard deterministic analysis (Section 7.4). Tberefore, 

any variability of the input geotechnical parameters was not incorporated into the hazard 

assessment (Figure 7.6). This could be overcome by quantifying the variability associated with 

each geotechnical parameter within @RISK. 

By defining probability density functions which described the geotechnical variability, 
@RISK could be used to calculate the variability in FSTAT. By simulýting the variability in FSTAT, 

the associated variation in Ac required to trigger Newmark displacement could be calculated. By 

quantifying this variation and incorporating the uncertainty in earthquake location (as outlined in 

Section 7.5), the distribution of possible Newmark displacements could be derived (Figure 7.9). 
The results would thus represent a truly probabilistic approach to seismic landslide hazard 

assessmentý incorporating both the variability in geotechnical parameters and the uncertainty C) 

surrounding earthquake location (compare Figure 7.6 with Figure 7.9). 
The problem of adopting such an approach in the current research was that sufficient 

geotechnical data was not available to describe the form of the associated distribution for any 
particular parameter. Due to this, a normal distribution was defined for all of the varying 
freotechnical parameters. However, as has already been noted (Section 6.3.1), the parameters may 
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Figure 7.9. The probabilistic approach to landslide hazard determination where both the 

geotechnical input and seismic parameters were modelled stochastically. 
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Figure 7.10. Cumulative probability distribution of Newmark displacement for a M., 7.0 

earthquake located on the San Francisco Peninsula Segment of the San Andreas fault. Results 

obtained after both the uncertainty in event location and the variability in the geotechnical 
parameters were incorporated into the analysis. (Results for the other fault segments are 
contained in Appendix 3). 
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not be normally distributed. Despite this, and for the purpose of illustrating the technique, input 

distributions were defined for several of the geotechnical parameters required by the infinite 

slope model. 
For the analysis three of the parameters used in the calculation of slope stability were 

allowed to vary within prescribed limits. These were friction angle (ý'), unit weight (y) and 

groundwater height above the failure surface (z,, ). 

The average back calculated dynamic friction angle obtained by TAG (1991) was 20*. 

However, friction angles obtained ranged between 18* - 22" and, therefore, these provided 

the limits on the defined input distribution. 

The unit weight (of 21.1 kNM73) adopted by TAG (1991) bad been well constrained from 

laboratory tests on the materials comprising the basal shear surface of the landslide. Despite 

this, values obtained ranged between 19.9 and 22.3 kNM73. Tberefore, the defined input 

probability distribution allowed @RISK to simulate any value between these two end 

members. 
The third parameter that was allowed to vary was the groundwater height. For the 

deterministic analysis of landslide stability two possible groundwater conditions were 

analysed, low and high. This was because the groundwater conditions at the time of a future 

earthquake will be unknown and, therefore, the results effectively represent best and worst 

case scenario modelling conditions respectively. However, in riality the groundwater level 

could be expected to lie anywhere between these two limits. Therefore, for the probabilistic 

analysis of FSTAT, the groundwater was allowed to fluctuate between the two end members 

used in the deterministic hazard assessment. 
Any quantified variability in other geotechnical parameters could have been incorporated 

in the same way. However, for the purpose of analysis, all other parameters were kept static. This 

was because both the shear plane angle and shear surface depth were very well defuied on the 
landslide cross section (Figure 7.3) and the lack of any reported values of cohesion for materials 

at these depths necessitated the continued assumption of a coliesionless shear plane. This was 
despite the fact that although TAG (199 1) assumed zero cohesion for the materials along the 

shear plane, they described these surfaces as being confined to zones of intensely fractured clayey 

siltstone and minor sandstone (Section 7.1) and, therefore, some of the materials along the shear 

surface could be expected to exhibit some degree of cohesion. 
By simulating the stability (FSTAT) of the slope, the range of critical accelerations 

required to trigger displacement of the slope were obtained. Concurrent to this, the seismic 

parameters were treated and analysed in the same probabilistic manner as in Section 7.5. 

Incorporating these variations into the analysis resulted in an associated distribution of Newmark 
displacements (Figure 7.10) from which the probability of obtaining a chosen Newmark 
displacement could be obtained (Table 7.12). Due to the more complex nature of the simulation 
convergence did not occur until after 6,100 iterations. 
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Table 7.12. Estimated probabilities of exceeding the Newmark displacement associated Nvith C 
stability criteria, given the uncertainty in earthquake location and the variability in the input 4, 

geotechnical parameters. 

PODN 2! n) (m) I S. Santa Cruz I N. Santa Cruz Peninsula North Coast 

P(DN ; -> 0- 10) 0.9825 0.3912 0.4507 0.5124 

P(DN 0.30) 0.7359 0.1474 0.2545 0.3598 

P(DN 0-90) 04981 
1 

0.0086 0.1260 0.2460 

P(DN Z! 3.00) 0.3191 1 0.0000 0.0252 0.1591 

After this, the temporal probability of the design earthquakes' occurrence was also 
incorporated into the analysis, and the final results are presented in Table 7.13. A MW 7.0 

earthquake located on the San Francisco Peninsula Segment of the San Andreas fault poses the 

most hazard to the landslide during the next 30 years. This is followed by a MW 6.5 event on the 
North Santa Cruz Mountains Segment. As might be expected the probabilities obtained lie between 

the two end member (best case and worst case) scenarios modelleý in the semi-probabilistic 

analysis (Figure 7.11). This is because the variability in the geotechnical parameters outlined above 

was minimal. However, had there been far greater uncertainty surrounding the input geotechnical 

parameters then probabilities may well have lay outside of the scenarios modelled in the semi- 

probabilistic analysis. 

Table 7.13. Thirty year failure probabilities for increasing amounts of Newmark displacement on 
the Villa Del Monte Landslide obtained after incorporating the uncertainty in earthquake location 

and the variability in the input geotechnical parameters. 

P(DN ý: n) (m) S. Santa Cruz 
I 

N. Santa Cruz Peninsula North Coast 

P(DN; -> 0-10) 0.0098 0.0704 0.1037 0.0102 

P(DN 0.30) 0.0074 0.0265 0.0585 0.0071 

P(DN 0-90) 0.0050 0.0015 0.0290 0.0047 

P(DN 3.00) 0.0032 0.0000 0.0058 0.0031 
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Figure 7.11. Thirty year Newmark displacement probabilities for the Villa Del Monte Landslide 

given a Mv 7.0 earthquake on the Peninsula Segment of the San Andreas fault. The graph 

compares the results obtained when just the uncertainty in earthquake location was treated in a 

probabilistic manner with those obtained when both the uncertainty in earthquake location and 
the variability in the geotechnical parameters were treated stochastically. (Results for the other 
fault segments are contained in Appendix 3). 
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7.6.1 Sensitivity analysis 

As has been explained, the variability in the input parameters are incorporated in a 

probabilistic analysis to obtain a realistic indication of the range of possible outcomes that can be 

expected from a model. However, in such probabilistic analyses it is useful to quantify the 

contribution that each input parameter makes to the uncertainty in the output. This can be 

achieved by undertaking a sensitivity analysis. Here a number of simulations are run, where in 

each simulation, the variability of one parameter is removed and replaced by its expected value 
(Vose, 1996). In the current research there were four variable parameters and, therefore, five 

simulations were run. One simulation with all the parameter variability left intact and four 

simulations where each parameter had its variability replaced by a single point value (its mean). 
Each simulation was run for 6,500 iterations to allow for convergence of the output and the 

standard deviation of the output distribution was then recorded as a measure of the uncertainty of 

each simulations result. By calculating the reduction in the outputs uncertainty and then 

normalising the result (by dividing each reduction by the sum of all the reductions), an estimate 

of the percentage contribution of each variable parameter to the outputs uncertainty was provided 
(Table 7.14). 

Table 7.14. Results of the sensitivity analysis for the Peninsula Segment of the San Andreas 

fault. 

Parameter set to mean a of model 
output 

Change in a Normalised change 
M 

None 78.14 

Friction angle 75.06 3.08 3.82 

Unit weight 77.92 0.22 0.27 

Groundwater height 76.31 1.83 2.27 

Source distance 2.60 75.54 93.64 

Total . 80.67 

It can be seen (Table 7.14) that whilst the variability in the geotechnical parameters 

contributes to the uncertainty in calculated Newmark displacements, the majority comes from the 

uncertainty surrounding the location of the earthquake. This was to be expected in the current 

research as the variability defined for the geotechnical parameters was minimal. However, the 

magnitude of the contribution made by the uncertainty in earthquake location means that it can 
almost certainly be expected to be the most important parameter in any such assessment of 
landslide hazard. Therefore, if similar assessments are to be carried out it is very important that 

attempts are made to constrain the seismicity parameters tightly. 
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7.7 Summary 

During the Loma Prieta earthquake the location of triggered landslides and the 
displacements associated with them were consequences of both the severity of seismic ground 
shaking and the local site conditions. One of these landslides, the deep-seated Villa Del Monte 

Landslide, was chosen for further investigation and analysis in an attempt to incorporate 

probabilistic simulation techniques which could then be used to quantify the hazard of further 

landslide displacement during future seismic events. 
An existing detern-iinistic model that can be used to calculate the amount of Newmark 

displacement a landslide will suffer during an earthquake was found to characterise adequately 
the displacement suffered by the landslide during the Loma Prieta earthquake (given the 

groundwater conditions that existed in the slope at the time). Using the same model it was also 
found that had the Loma Prieta earthquake occurred during a period of higher groundwater 

conditions the associated displacement of the landslide would have been significantly greater. As 

a result of this it can be inferred that the damage to struptures situated on the landslide would 
have been far greater and more widespread. Analysis has also shown that although there are 

several potential large magnitude fault sources which, should such an event occur, are capable of 
triggering Newmark displacements of ý: 0.10 m, those capable of causing moderate (DN ý: 0.30 m) 
to catastrophic ground displacements (DN ; -> 3.00 m) are almostexclusively confined to segments 

of the San Andreas fault. However, even on these segments, not all large magnitude events can be 

expected to trigger displacement of the Villa Del Monte Landslide. Some earthquakes will be of a 
sufficient distance from the landslide that no slope displacement will occur. Such uncertainty in 

earthquake location was incorporated into the hazard assessment in a probabilistic manner, thus 

allowing probabilities of different amounts of displacement of the landslide to be quantified. 
Results show that, whilst the probabilities of landsliding given the low groundwater conditions 
that existed during the Loma Prieta earthquake are small, should the design earthquake for a 
particular segment strike when groundwater levels in the slope were high, the probability for 

larger displacements and more extensive damage, become much greater. After accommodating 
the 30 year temporal probabilities of occurrence for the design earthquakes for the analysed fault 

segments, it was found that a MW 7.0 event located on the San Francisco Peninsula Segment of 
the San Andreas fault produces the highest levels of landslide hazard. 

Finally, for illustrative purposes, an example of how simulation techniques may be used 
to combine both the variability in geotechnical parameters and the uncertainty of earthquake 
location in a complete probabilistic landslide hazard assessment has been described. 

For the hazard assessment the probabilities of exceeding the Newmark displacements 

associated with an existing ground adjustment categorisation scheme have been estimated. 
However, the cumulative probability density functions that have been produced can be used to 

obtain the probability of exceeding any chosen amount of displacement. Further, the charts can 
also be used to obtain the probability of landslide displacement lying between two values. For 

example, if a structure is capable of accommodating between 0.5 rn - 1.0 m of displacement, this 
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probability can be obtained. Using the truly probabilistic curve for the San Francisco Peninsula 
Segment (Figure 7.10), the probability of the Villa Del Monte Landslide undergoing between 

0.5 - 1.0 m of displacement is P(DN a 0.50 m) - P(DN ýý 1.0 m) = 0.1879 - 0.1145 = 0.0734. 

Therefore, there is a 7.34 % chance of the Villa Del Monte suffering between 0.5 m and 1.0 m 
displacement if a MW 7.0 earthquake occurs on this fault segment. The production and use of 

such charts is clearly important (and useful) if the future development of a potentially unstable 

area is to be investigated. 

Sensitivity analysis has shown that whilst the variability of geotechnical parameters 

contributes to the uncertainty in calculated Newmark displacements, this is minimal when 

compared with the contribution made by the uncertainty surrounding the earthquake location. 

The current chapter has shown that probabilistic simulation techniques can make a 

positive contribution to the assessment of the levels of landslide hazard existing during 

earthquakes. Whilst the results of a traditional purely deterministic analysis can only be 

qualitative (if a MW 7.0 event occurs at the southern end of the Peninsula Segment of the San 

Andreas fault it can be expected that slope displacements in ýxcess of 0.30 m will occur); the 

results obtained from the probabilistic analyses are quantitative (there is a 10.4 % chance of the 
Villa Del Monte Landslide suffering displacements equal to or in excess of 0.10 m in the next 30 

years as a result of a MW 7.0 earthquake located on the Peninsula Segment of the San Andreas 

fault). The results of such a quantitative hazard assessment are clearly more useful as they allow 
-themselves to be readily incorporated into the overall risk assessment procedure. 
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CHAPTER 8 
DISCUSSION, CONCLUSIONS AND FURTHER RESEARCH 

8.0 Discussion and conclusions 

The effective evaluation and presentation of the results from landslide hazard assessments 
is vital in planning and construction work if the users of the information (home owners, planners 

and developers) are to make full competent use of the resource. The use of traditional deterministic 

models in the assessment of landslide hazard has proved adequate. However, several problems with 

predicting slope behaviour during earthquakes exist when such approaches are utilised. Specifically 

these pertain to the selection of values for the geotechnical parameters used by the slope stability 

equations, and the estimation of the seismic loading of the slope. A deterministic approach assumes 
that the slope and seismic properties can be characterised accurately; something that is rather 

subjective, due to the variability associated with the input parameters. Such variability is 

introduced through both errors of measurement and the uncertainty (natural scatter) of a parameter. 
Such inherent parameter variability cannot be accommodated by deterministic approaches and 
hence probabilistic modelling techniques have been developed. Such probabilistic approaches aim 
to accommodate the error and uncertainty associated with any particular parameter value. 

This research has presented two techniques that can be used to asshs the probability of 

slope failure during seismic events. The first of these was developed for the spatial assessment of 
shallow landslides. It has shown how modem geographical information systems have provided the 

capabilities for incorporating both the necessary data and slope stability models, and then of 

producing effective landslide hazard maps depicting the results of the assessment. The second 
technique utilised stochastic simulation software to produce charts estimating the probability of 
deep-seated landslide movement during likely future earthquake events. Displacement probability 
charts were produced for one of the deep-seated landslides triggered during the Loma Prieta 

earthquake for design earthquakes located on four of the Bay Areas'principal fault segments. Both 

of the techniques developed provide an objective framework for the probabilistic assessment of 

seismically triggered landslide hazard. 

By considering the variability of input parameters both techniques provide more 
comprehensive quantitative output, critical for incorporation into risk assessments. For example, 
the location of critical facilities such as hospitals and schools etc., could be overlaid onto such 

probabilistic landslide hazard maps to identify those most at risk of landslide damage. Then risk 
avoidance and mitigation measures could be proposed and tested. The displacement probability 
charts estimated, and presented, for several earthquakes likely to effect a deep-seated landslide also 
provide a useful addition to risk assessment procedures. They provide home owners, planners and 
developers an objective insight regarding the long-term stability of the landslide. The production of 
such charts would provide a valued information source during the potential development of an area, 
and the design of structures to be situated in such areas. By calculating the probabilities associated 
with Newmark slope displacements the potential for adverse effects on any potential structures can 
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be determined. The amount of displacement and associated probabilities could thus be utilised to 

see if the associated risks, for example of public and private properly damage costs are 

unacceptable. 
As with many such investigations, problems of insufficient data existed. This was of 

particular relevance to the landslide hazard maps. The principal problem associated with the spatial 

assessment of slope stability during a potential earthquake was connected with the selection of 

representative shear strength parameters. In such investigations it is most unlikely that sufficient 

samples will be collected and tests undertaken to characterise adequately every lithological unit 

within an area. However, by adopting commonly used assumptions for the geotechnical parameters, 

the hazard maps produced were of sufficient quality to summarise the distribution of landslide 

hazard. The use of such assumptions does not detract from the analysis because such maps are not 
designed to provide indications of site specific slope stability. They are produced to provide 

comparative indications for an area, highlighting those slopes that are more susceptible to 
landsliding over those slo es that are less susceptible to landsliding thus aiding in the planning of 0p C)l 00 
potential hillside development. They are intended to allow investigators to identify the most 

problematic areas, leading to effective decisions as to where more detailed site specific studies 

should have priority. Such probabilistic hazard maps could also provide an excellent guide to 
disaster response planning. 

The approach usedto produce the probabilistic charts of displacement on a deep-seated 

landslide could, however, be utilised in a more specific study of the potential for shallow 
landsliding at any particular site. Therefore, by integrating both of the methods developed in this 

research, a comprehensive contribution to landslide hazard assessment could be made. Generic 

hazard maps could be used to identify those areas most susceptible to landsliding during potential 
future earthquake event scenarios. After highlighting these areas, a more site specific evaluation 

could be undertaken using the simulation software to assess the probability of specific amounts of 
displacement. Both of the techniques developed could also be used to assess the effect of potential 

mitigation measures. It is this ability to estimate the hazard for different alternatives that is of 

principal importance. 

Both of the probabilistic techniques developed in this research have as their basis 

detenninistic relationships that have already been extensively utilised in landslide hazard 

assessments. The new techniques attempt to incorporate the variability in the parameters required 
by these relationships. The incorporation of this parameter variability into the hazard assessments 

resulted in a considerable improvement of the conventional methods of slope stability analysis. Two 

relationships were specific to the research. These were the relafionship developed by Wilson and 
Keefer (1985), which can be used to calculate the Arias Intensity a site will be subjected to during 

an earthquake, and that derived by Jibson and Keefer (1993) for calculating the Newmark 
displacement of a slope. It has been shown that the Newmark displacement predicted by the 

relationship of Jibson and Keefer (1993) provides a useful index of seismic slope stability and the 
results obtained from the hazard assessments show that these relationships are very versatile. 
Through simple rearrangement they can be applied just as well to problems of identifying levels of 
hn7-q d at individual sites as to more holistic problems of spatial hazard analyses. 
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It is felt that the improvement in the evaluation of landslide hazard provided by the 
techniques utilised in this research provide an important contribution towards overall risk reduction 

procedures. Both provide output critical for economic studies and risk assessments. Therefore, 

whenever the consequences of landslides during earthquakes need to be quantified the techniques 

outlined in this thesis will be of use. 
It must, however, be recognised that no definitive conclusions can be drawn from a single 

research investigation such as that which has been undertaken. This is because only landslides from 

a single earthquake have been studied. The methods developed and the conclusions derived here 

require further examination by analysing landslides triggered by other earthquake events to derive 

better more definitive conclusions on the applicability of the methods. Such a widespread 

application is of importance in demonstrating the advantages and weaknesses of each of the 

methods. Despite this, it is felt that the results obtained from the techniques provide an extremely 

useful resource in assessing the hazard of landsliding during seismic events. By undertaking further 

research improvements in the analysis capabilities of both methods could be made. 

8.1 Further research 

As with any research several areas require further ifivestigation to develop the techniques 

and to overcome some of the weaknesses which became apparent. Problems still exist with regard 
to evaluating the future seismic stability of slopes. There are also other areas of seismic hazard 

research where the probabilistic techniques developed may have potential and are, therefore, 

worthy of investigation. These are discussed here. 

8.1.1 Groundwater levels 

The principal drawback of the shallow landslide hazard maps was the lack of any coherent 

groundwater model. As a result of ihis, two sets of hazard maps were produced, one effectively a 
best case scenario and one a worst case scenario modelling of this parameter. As the objective of 

any probabilistic analysis is to avoid such best case / worst case scenario modelling the technique 
developed could be greatly improved by incorporating an effective groundwater model. Research 

has been undertaken into developing models which can be used to predict groundwater levels 

(O'Loughlin, 1986; Wilson, 1989; Moore et aL, 199 1; Wilson & Wieczorek, 1995). Such models 
have the potential of being incorporated within geographical information systems and being utilised 
in landslide hazard assessments. The model developed by Wilson (1989) and Wilson and 
Wieczorek (1995) has significant potential in that it is designed to predict the critical groundwater 
level needed in a slope before it will fail as a debris flow. Therefore, by incorporating rainfall data, 

this model could be utilised by ARCfINFO to predict the likely levels of groundwater in a slope, 
thus allowing more specific and representative hazard maps to be produced. For example, for 
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a typical summer or after heavy %vinter rains. Alternatively the model could be continuously 

updated xvith real-time rainfall data therefore, modelling the day to day probability changes. 

8.1.2 Better terrain modelling 

During the assessment of shallow landslide hazards it was identified that an increase in the 

predictive accuracy of the method could be achieved if those landslides immediately adjacent to a 

road (and, therefore, assumed to be failures of road cuttings) were ignored. This was identified as 
being a problem in the digital elevation model (DEM) which would reflect natural slope angles 

rather than the increased angle of a road cutting. Therefore, it has been suggested that a better 

assessment of the landslide hazard alone a road would be achieved if a map showing the extent and 

angles of road cuttings were available. This could be input and used to update the cells of the DEM 

to obtain a better representation of slope an ales along the transportation routes and, therefore, a 

more accurate modelling of potential slope instabilities. 

An additional problem is that topographic resolution will always be limited by the cell size 

of the DEM. For example, any geomorphic featpre smaller than the grid spacing will be smoothed. 
However, despite this DEM's are very good at representing topographic features and as such 

represents a very useful data source for use in any spatial assessment of landslide hazard. 

8.1.3 Fault plane angles 

Vertical fault planes were assumed for each of the segments analysed during the 

probabilistic investigation of the deep-seated landslide. This was because the faults analysed were 

strike-slip faults and overall can be assumed to be vertical. Assuming such a steep dip aided in the 

calculation of potential source distances. Although a slight change in dip will not significantly alter 
the distances and resulting probabilities, should potential fault sources dip at shallow angles 
(normal and thrust faults) then obviously Pythagoras' theorem cannot be used to calculate source 
distances. Instead the cosine rule should be utilised. Therefore, investigation of the potential ground 

motions from shallow dipping faults is required. 

8.1.4 Deep-seated landslides with non planar slip surfaces 

As a result of the morphology of the failure surfaces, the infinite slope model has been 

utilised throughout this research. Such an analysis is particularly of relevance when assessing 
shallow landslides where the length of the slope is greater than the depth. However, for deep-seated 
landslides rotation of the slide on the basal shear surface can occur. It is for such rotational failures 

that a different static slope stability model needs to be utilised. Specific computer programs of 
slope stability have been developed to assess such rotational landslides. These rely on several 
iterations to find the shear surface with the lowest static factor of safety and often involve dividing 
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the slope up into a series of individual slices. Therefore, the), do not readily allow themselves to be 

incorporated within a GIS and so a spatial analysis of the hazard present from deep-seated 

rotational failures cannot be undertaken. The main reason for this is that at present GIS do not 

provide the capabilities for modelling circular slip surfaces. However this could be overcome by 

utilising the approach adopted by Miller (1995) in his static assessment of deep-seated failures. The 

principal data source was the DEM. This was used to provide slope angle and topographic profile 

data across an area. This information was then utilised by an external slope stability computer 

application to calculate the stability along each profile. The results were then input into the GIS and 

used to produce hazard maps depicting areas of potential deep-seated instability. A similar loose 

coupling procedure, where the GIS is used to obtain the data required by the stability model and 

then exported to that model for analysis before being input back into the GIS for display of the 

results, could be undertaken for producing hazard maps of deep-seated landslide potential during 

earthquakes. 

8.1.5 Palaeoseismic analysis 

Finally, such probabilistic techniques may also have an application in palaeoseismic 
landslide investigations. This is where the triggering of a landslide is linked to a palaeo-earthquake rý 00 

and attempts are made to identify the possible magnitude and location of this earthquake. Such an 

approach is useful because the landslides triggered during earthquakes are a geomorphic record of 

the shaking history of a site from all seismic sources. These landslides can be used to obtain an 
indication of the frequency of strong shaking events which, in many cases, may be more critical 

than knowing the behaviour of any individual fault (Jibson, 1996). In such assessments the static 

stability of a landslide is non-nally analysed under worst case scenario conditions, groundwater 
flowing over the terrain surface (Jibson & Keefer, 1993; Jibson, 1996). If the landslide is stable 

under these conditions then it is more than likely that the landslide has a seismic origin and the task 

of identifying the event that triggered the landslide can begin. However, as noted by (Jibson, 1996), 
0 

in many cases ruling out aseismic triggering will often be impossible and, therefore, the level of 

confidence in any resulting palaeoseismic interpretation will be limited. By utilising probabilistic 
techniques such limitations could at worst be quantified. For example, by incorporating engineering 
judgement, the most likely groundwater levels in the landslide which existed in history may be 

interpreted, as in the current research, and if necessary still be modelled between a most likely 

subsurface level and a worst case scenario flow over the surface level. The probability of static 
failure could then be obtained. If this probability is considered low enough then the palaeoseismic 
analysis can begin. The palaeoseismic analysis can also then be undertaken stochastically to 

quantify the most probable magnitude and location of triggering events. Initial attempts have 

already been undertaken by Murphy (1997). As Jibson (1996) indicates, palaeoseismic landslide 

studies have been extremely useful where applied successfully, and they hold great potential in the 
field of palaeoseismology. By utilising probabilistic techniques the confidence that can be attached 
to the results could be quantified and this potential may be further realised. 
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APPENDIX I 
THE MODIFIED MERCALLI INTENSITY SCALE 

The intensity of an earthquake is a value assigned to the effects on people (number 

affected, frightened etc. ), manmade structures (toppled chimneys, collapsed walls, etc. ), and the 

earths surface (landslides, faulting, etc. ) (Stover & Coffman, 1993). Although numerous intensity 

scales have been developed, the one currently used in the United States is the Modified Mercalli 

(MM) Intensity Scale. This scale is composed of 12 increasing levels of intensity (designated by 

Roman numerals) that range from imperceptible shaking to catastrophic destruction. The scale is 

used to produce isoseismal maps depicting the maximum extent of the felt area of an earthquake 

and delineating areas of different levels of intensity. 

The following (modified from Stover & Coffman (1993)) provides a summary of the MM 

Scale. 

Not Felt, 

except rarely by a very few under especially favourable conditions. 

Felt indoors by few, 

especially on upper floors. 

III. Felt Indoors by several, especially on the upper floors of buildings. 

Hanging objects may swing slightly and standing motor cars may rock slightly. 

IV. Felt indoors by many, outdoors by few during the day. 

At night, some awakened. Rattling of dishes, windows and doors. Creaking of walls. 
Hanging objects swung. Standing motor cars noticeably rocked. 

V. Felt by nearly everyone. 
Many awakened and ftightened. Dishes broken and windows cracked. Small or unstable 

objects overturned. 

VI. Felt by all, 
indoors and outdoors, many ffightened. Some heavy furniture moved. Cracked and falling 

plaster. 

VII. All frightened / general alarm. 
Damage negligible in buildings of good design and construction; slight to moderate in 

well-built ordinary structures; considerable damage in poorly built or badly designed 
buildings. Cracked walls to some extent and chimneys to considerable extent. 



VIII. Damage slight in structures designed especially to withstand earthquakes; 
considerable damage in ordinary substantial buildings and partial collapse. Damage great 
in poorly built structures. Fall of walls, monuments, chimney stacks, columns and factory 

stacks. Heavy furniture overturned. Changes in flow of springs and wells. Ejected sand 
and mud in small amounts. Cracks in wet ground and on steep slopes. 

IX. General panic. 
Damage considerable in specially designed structures; well-designed frame structures 
thrown out of plumb. Damage great in substantial buildings, some partial collapse. 
Buildings shifted off foundations. Conspicuous cracked ground. 

X. Cracked ground with widths up to several centimetres. 
Severe damage to well built structures and bridges, some destroyed. Most masonry and 
frame structures and their foundations destroyed. Severe damage to dams, dikes and 

embankments. Railroad rails slightly bent. Open cracks and wavy folds in pavements and 

asphalt road surfaces. Changed water levels in wells. Sand and mud on beaches and flat 

land shifted horizontally. Landslides considerable from river banks and steep coastal 

Cliffs. 

XI. Disturbances in ground many and widespread. 
Few, if any structures remain standing. Great damage to dams, dikes, and embankments, 

often for long distances. Railroad rails bent greatly. Large well-built bridges destroyed by 

the wrecking of supporting piers, or pillars. Ejected water in large amounts charged with 

sand and mud. Broad fissures, earth slumps and landslides in soft wet ground. 

XIL Damage total. 
Practically all works of construction greatly damaged or destroyed. Objects thrown into 

the air. Disturbances in ground great and varied, numerous shearing cracks. Noticeable 

fault rupiure. Water channels disturbed and greatly modified. Waves seen on ground 

surface. Numerous landslides and falls of significant character, slumping of river banks. 
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APPENDIX2 
LABORATORY TESTS OF SHEAR STRENGTH 

A2.0 Introduction 

This appendix reports the results obtained from limited small direct-shear box tests on the 

shallow samples collected in the Summit Ridge area. Due to the highly comminuted, variably 

weathered and heterogeneous nature of the materials comprising the slopes, and the fact thatý at 

surficial depths, slope movement has occurred, only disturbed samples were collected. Samples 

obtained from the field investigation were placed into re-sealable plastic bags and airtight plastic 

containers for transport (in accordance with the procedures for the collection of disturbed 

samples in BS5930 (British Standards Institution, 1981)). 

The main aim of the direct shear testing program was to provide individual strength 

estimates of the materials affected by shallow landsliding during the Loma Prieta earthquake 

which could then be used for comparison with values estimated in the field and those reported 

elsewhere in the literature for undisturbed samples. The material descriptions and the results of 

other laboratory testing (Particle size distribution and Atterberg limits) used to characterise and 

classify the samples have been reported in the main body of the thesis and will not be repeated 
here. 

A2.1 Direct shear tests 

To undertake the direct shear tests a Wykeham Farrance Engineering Limited small shear 
box was utilised (Figure A2.1). Sample preparation and all of the shear box tests were undertaken 
following the procedures contained in Part Seven of BS1377 (British Standards Institution, 

1990). All of the tests were carried out under saturated, consolidated, drained (CD) conditions 

mirroring the approach used by Cole et aL, (1991) and Irfan and Tang (1992). 

The choice of normal stresses (100 kPa, 200 kPa, and 250 kPa) were based on attempts to 

mimic probable normal loads around the depths of failures of interest (a = y. z. Figure 6-4) and are 

also comparable to the 96 - 277 kPa range used by TAG (199 1) for the shear box testing of 

samples :5 15 in deep. The gear ratios were chosen to obtain a rate of displacement of 
0.6 mmmin-1. This rate lies at the lower end of the 0.5 - 2.0 mmmin-1 range of displacement rates 

specified by Bowles (1992) for the shear box testing of coliesionless soils and was chosen to be 

slow enough to ensure the dissipation of any increases of pore water pressures. However, if 

coliesionless soils are tested within these displacement rate limits there should be no increase in 

pore water pressures (Bowles, 1992). The chosen rate of 0.6 mmmin'l was subsequently found to 
be less than that used by Cole et aL, (1991) (1.27 mmmin-1). 

The test data was automatically collected and calculated using an ELE Datalogger, three 
linear displacement transducers and ELEs'Datasystem 6 software. The movement transducers fed 

I 



data directly into a fully automated Data Acquisition Unit (ADU). From here the data could be 

viewed during the test and after the completion of the test downloaded into a computer. The 
location of the three transducers and a schematic of the data collecting system are shown in 
Figure A2. I. Due to the limited number of tests the results of calculations made by the software 
for the eight tests could be (and were) subsequently validated by hand. The results of all eight 
tests are surnmarised in Figures A2.2 - A2.9. 

A2.2 Limitations of the laboratory investigations 

The principal disadvantage encountered whilst undertaking the testing program was that, 
due to limitations in sample quantity, only one test was conducted on each specimen. Had 

repeated tests been possible the natural variability of the materials (reported as parameter 

uncertainty in the main body of the thesis) could have been constrained and any possibly 

erroneous data highlightpd and reanalysed. However, as has been discussed in Chapter 5 

(Section 5.1), given the great heterogeneity in the materials present in Summit Ridge attempting 
to constrain the, variability in shear strengths of materials across the whole of the area would have 

required intensive sampling and testing beyond the scope of the current research. Instead, 

assumptions were made about pahmeter strength based on average values for similar materials 

measured elsewhere. Due to the generic nature of spatial landslide hazard assessments the use of 

such assumptions, which were pertinent to the materials involved, would not have undermined 
the analyses made (Langdon, pers. comm. ). 
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Figure A2.2. Surrirriarý- of direct shear test results I*or the \\cat hcred S ierra AAII Sa ndstone (Kiis) 

regolith sample. 
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Angle of Shear Rcsis=ce (0) 26 

Figure A2.5. Summary of direct shcar test results for die weathered Za\arite Sandstone (1'/) 

recolith sample. 
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Horizontal Disp lacement (nim) 

sununar) Of Dired Shear Box Test Results 
Vertical Stress kPa 100 150 200 

Rate Of Displacement nimmin' 0.61 0.59 0.59 

Peak Stress kpa 32.2 56.0 70.7 

Displacement mm 11.92 12.15 10.78 

Residual Stress kPa 32.2 55.3 69.7 

Displacement film 11.92 12.97 14.00 

Final Height nun 30.51 30.89 31,65 

Sample Area mm 3600 3600 3600 

Bulk Densitv mvn, 1.91 1.90 1.92 

Moisture Content 0,6 30.6 30.2 31.2 

Dry Density Mgm 1.46 1.46 1.46 

Particle Densitv Mgm' 2.66 2.66 2.66 

Void Ratio c 0.8 0,9 0.8 
Saturation 99.5 98.1 101 6 
Porositv 45.0 45.0 45.0 

Cohesion (c') Peal, K Pa 0 
Angle of Shear Resistance (0) 20 

Cohesion (c') Residual Ua 
Angle ofShcar R. %istance (0) 20 

Figure A2.6. Surriniary of direct Shear test results 1`6 r the NNc athercd TN%o Bar Sha le Member of' 

the San LorCrizo Forriiation (SII) reLolith Salliple, 
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Horizonlal Displacement (11,111) 

Sununary Of Direct Shear Box Test Results 
Vertical Stress kPa 100 

Rate Of Displacement mmmin' 0.60 
Peak Stress kPa 31.0 
Displacement min 4.23 
Residual Stress kPa 28.9 

Displacement nun 5.43 

12 14 

150 200 
0.57 0.57 
44.5 68.3 
2.79 3.32 
42.0 58.1 
12.83 13.20 

Final Height min 33.306 33.498 33,375 
Sample Area " 111111. 3600 3600 3600 
Bulk Density mgm, 1.92 1.90 1 90 
Moisture Content 00 32.3 3LI 308 
Dry Density Mgm, 1.45 1,45 1.45 
Particle Density Mgm, 2.65 2.65 2.65 
Void Ratio e 0.8 0.8 0.8 
Saturation 103.6 ')98 98.9 
Porositv 011 45.2 45.2 45 2 

Cohesion (c') Peak k Ila% 

. Angle of Shear Resistance 18 

Cohesion (c) Residual Pa 
Angle of Shear Resistance 

Figure A2.7. Summarý- of d1reCj shear test results for the \%C; Itllcrcd Vaqueros Sandstone (T\ 

rcgollth Sample. 
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Horizontal Displacement (m m) 
Summar) Of Direct Shear Box Test Results 
Vertical Stress kPa 100 150 200 
Rate Of Displacement mminin 0.56 0.59 0.58 
Peak- Stress kPa, 33.6 51.5 65.8 
Displacement 111m 12.30 13.77 12.16 
Residual Stress kPa 33.3 51.1 65.8 
Displacement mm 12.50 13.97 12.16 

Final Height nim 31.235 30.504 3L397 

SampleArea mm 3600 3600 3600 
Bulk Density 1 Mgm 1.90 1.91 1.98 
Moisture Content 01 31.4 31 8 29.7 
D7)- Density Mgm, 1.45 1.45 1.45 
Particle Density Mgm, 2.69 2.69 2.69 
Void Ratio e 0.9 0.9 0.9 
Saturation 98.6 99's 98.2 
Porositv ('0 46.2 462 46.2 

Cohesion (C) Peak k Pa 
Angle of Shear Resistance (Of) 11 18 

Cohesion (C) Residual k Pa 0 
Angle of Shear Resisiance (0) 1 18 

Figure A2.8. Summary of direct shear test results flor the \\eath ered Butano Sandstonc 

Mudstone Jbin) regolith sample. 
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Horizontal Displacement (mm) 

Summary Of Dirtct Shear Box Test Results 
Vertical Stress kPa 100 150 20b 
Rate Of Displacement mmmin' 0.59 0.58 0.59 
Peak Stress kPa 37.2 55.4 78.8 
Displacement nim 7.07 6.11 13.06 
Residual Stress kPa 31.8 53.6 77.8 
Displacement mm 13.67 12.16 13.06 

Final Height MITI 33.727 31,511 32 084 

Sample Area mmi 3600 3600 YAW 
Bulk Densily mgm, 1.90 1.90 1.91 
Moisture Content 0" 31.1 31.3 31,6 

Dry Densiiý MgIn 1.45 1.45 1.45 
Particle DcrLsity Mgm, 2.77 2.77 2.77 
Void Ratio e 0.8 Oý8 0.8 
Saturation (Io 98.3 99.0 99.9 
Porosity 45.9 45ý9 45.9 

Coliesion (c') Peak k I'a 
Angle ofSliear Resistance (0) 1 21 

Cohesion (c') Residual K Pa 
Angie of'Slicar Resisliu-c (40 21 

Figure A2.9. Summary of direct shear test result s for the N%ca llicred Highland Waý Shale (I'mc) 

regolith sample. 
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APPENDIX 3 

PROBABILISTIC SLOPE DISPLACEMENT CHARTS 

A3.0 

Contained within this appendix are the probabilistic Newmark displacement charts for 

the Villa Del Monte Landslide as estimated using the procedure outlined in Chapter 7 of this 

thesis. There are two charts on each page showing: 

a) Output cumulative probability distribution for Newmark displacement experienced by the 
Villa Del Monte Landslide obtained for a given design earthquake located on each particular 
fault segment. With the exception of the North Santa Cruz Mountain Segment (MW 6.5) and 
North Coast Segment (MW 8.0) the design earthquakes used in California are for MW 7.0 

events occurring on these faults (WGCEP, 1990) (Table 4.4). 

b) Associated thirty year Newmark displacement probabilities for each of the design 

earthquakes. Thirty year probabilities obtained from (WGCEP, 1990) and are listed in (Table 
4.4). 

Shown on each graph are the results of a best case scenario analysis and a worst case 
scenario analysis (where only the uncertainty in earthquake location was accommodated in the 

analysis), and a truly probabilistic approach (where both the variability in geotechnical 

parameters and the uncertainty in earthquake location were treated as random variables). 
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a) 

Cumulative Probability Density Function Of Likely D, Triggered By 
Earthquakes Located On The South Santa Cruz Mountains Segment 

Of The San Andreas Fault. 
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b) 

Thirty Year Cumulative Probability Density Function Of Likely D, Triggered By 
Earthquakes Located On The South Santa Cruz Mountains Segment 

Of The San Andreas Fault. 
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a) 

Cumulative Probability Density Function Of Likely D, Triggered By 
Earthquakes Located On The North Coast Segment 

Of The San Andreas Fault. 
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b) 

Thirty Year Cumulative Probability Density Function Of Likely D, Triggered By 
Earthquakes Located On The North Coast Segment 
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