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ABSTRACT 

Among a few earthquake-induced failure instances in open pit mine slopes, none were significant 

enough to be recorded as causing operational interruptions or injuries.  However, there have been a 

significant number of intense earthquake-triggered natural slope and tailing dam failures which caused 

serious damages, injuries and death.  This research addresses this dichotomy through studies of earthquakes 

and associated geological parameters on 177 open pit mines, 95 natural slope failures and 37 tailing dam 

failures, all over the world. The earthquake parameters include magnitude, epi-central distance, focal depth 

and intensity, while the geological characteristics considered include failure type, water condition, rock 

type and topography. After analyzing these parameters, it was concluded that the natural slope failures are 

triggered mainly by earthquakes with depths and epi-central distances of less than 40 and 100 kilometers, 

respectively. Only 7 open pit mines in this study were subjected to such earthquakes. Studying the 

earthquake intensity shows that only 20 mines were subjected to shaking intensities of more than 6.0 in the 

last 25 years, while for natural slopes and tailing dam failures almost 90 percent were subjected to this 

range of intensities. Among the geological characteristics, water condition, failure type and topographical 

effect were found to separate open pit mines from the failed natural slopes and tailing dams due to 

earthquakes. Particularly, water condition plays a role in nearly all of the natural slope failures and 

obviously in all tailing dam failures, while open pit mines are relatively less affected due to natural or 

mechanical dewatering. Most recorded natural slope failures are shallow, which are not considered 

reportable in open pit mines, unless they cause injury or intense property loss. Natural slope failures are 

commonly triggered on the hill tops and ridges as a result of a topographical amplification phenomenon, 

while the absence of this effect due to one-face or valley-shape pit slopes increases the pit slope stability. 

The top soil layer of natural slopes and the unconsolidated layer of tailing dams are widely subjected to 

stiffness contrast amplification, whereas pit slope surfaces are frequently cut which reduces this effect. 

Numerical analyses performed in this research show that the topographical amplification on hill-shaped 

natural slopes is up to 4 times that of pit slopes. The coupled effect of topography and stiffness contrast 

may increase the amplification factor to 8 for the top soil layer of natural slopes compared to competent pit 

slopes.  

This research shows that the effect of earthquakes on open pit mines cannot be ignored due to the 

limited number of endured open pit mines in the vicinity of strong earthquakes. However, site 

characteristics of pit slopes make them less likely to fail compared to natural slopes and tailing dams. 
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CHAPTER 1  

INTRODUCTION 

1.1 Motivation for Research 

Stability of natural and man-made rock slopes during earthquakes is always a great concern 

for rock mechanic engineers. Natural slopes are usually stable when they are not disturbed by an 

external force. However, there are a significant number of instances where failures occurred on 

natural slopes during seismic activities [1-3]. Although most of these failures are reported to be in 

a small scale, there were a few cases in which large volumes of rock and soil are involved in the 

failure that could be a high threat to both buildings and life. Stability of man-made slopes 

excavated for highways, dams, open pit mines and power plants during earthquakes is also 

important in civil and mining engineering projects. Tailing dams as one type of the man-made 

slopes built close to open pit mines, are frequently disturbed by earthquakes due to liquefaction. 

The failure of tailing dams could lead to significant environmental issues. Stability of open pit 

mine slopes is crucial for economic and safety concerns, due to the presence of miners, expensive 

equipment, and production requirements in the mining process. In contrast with natural slopes and 

tailing dams, none of the earthquake activity observations on open pit mine slopes has been 

reported as significant interruption to the mining operation or a cause for a serious injury. This 

dichotomy raises a remarkable question “Why are open pit mine slopes considerably less likely to 

get affected by earthquakes, whereas a significant number of natural slopes and tailing dams 

failed?” Is it because the earthquakes in the vicinity of open pit mines were not strong enough to 

cause failure compared to those in the vicinity of natural slope? Or are there geological and 
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geomechanical parameters that make open pit mines more stable during earthquakes?” Although 

there was no reported failure so far in open pit mines, considering the effect of earthquakes on pit 

slopes should not be ignored due to new mining conditions. As such, advancements in monitoring 

systems allow the open pit designers to plan deeper and steeper pits, especially in large and deep 

porphyry deposits mostly located around subduction zones with high seismic activities [4]. These 

designs lead to lower safety factors in which a small external force (i.e. earthquake) could bring 

the safety factor to less than 1.0 and cause failures. Moreover, the new mining methods like 

highwall mining extend the final pit slope life which increases the probability of seismic activities 

during their life time [1, 2]. These circumstances cause debates about the necessity of performing 

seismic analysis for open pit slope stability [2]. In his 2016 study, Lorig addressed the effect of 

earthquakes on open pit mines compared to natural slopes using numerical analysis on the effect 

of topography and stiffness contrast as the two site effects [1]. However, the effect of earthquake 

parameters (i.e. epi-central distance and focal depth) and other geological and geomechanical 

parameters were not taken into account in his study. As according to previous studies there are two 

sets of parameters involved in earthquake triggered natural slope failures; internal parameters 

named as site characteristics; and external parameters known as earthquake parameters [5-18].  

Keefer and Bommer studied the effect of earthquake parameters such as epi-central distance and 

focal depth on several historical natural landslides during earthquakes [3, 5]. They found a 

meaningful correlation between the failure intensity and earthquake epi-central distance, 

magnitude and focal depth in which larger, closer and shallower earthquakes trigger larger 

landslides. The effect of site characteristics on seismic stability of slopes is also investigated by 

several researchers [8-16]. Havenith et al. studied the role of site effects in the rockslide triggered 

by an earthquake in 1911. His study shows that the greater ground amplification on the crest region 
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and the presence of the surficial low-velocity layer were the two key factors controlling the ground 

motion of the landslide [9]. McColl et al. deliberate the effect of stiffness contrast in glacial slopes 

using numerical analysis. He showed the increase in the topographical amplification on glacial 

erosion and deglaciation compared to ice capped slopes due to lower stiffness contrast of the 

former [14]. Gouveia et al. conducted a study on the effect of stiffness contrast on non-horizontal 

layered grounds using numerical analysis. The study shows that the amplification factor on dipped 

top soil layer is even more than horizontal layers [15]. The effect of water presence on the slope 

performance during seismic events was studied by Biscontin et al. [18] and Strasser et al. [19]. 

These studies show the excess pore pressure caused by seismic waves lowers the safety factor 

compared to the static safety factor [18, 19]. Derived from these studies, among site characteristics, 

water condition, topography and material stiffness contrast, are the two main geological 

dissimilarities of natural slopes and tailing dams against open pit mines. There are two commonly 

used approaches on the stability of slopes during earthquakes named Pseudo-static and Newmark’s 

method which are not able to realistically model the effect of these factors. These two methods are 

subjected to significant limitations and simplifications which makes them inappropriate to analyze 

complex slope conditions [1, 20, 21]. As such, Pseudo static as a quasi-static approach assumes 

earthquake shaking as a unidirectional permanent body force acting only in the direction that 

increases the slope instability leading to conservative design. The Newmark’s method considers 

the landslide as a rigid-plastic body force with no internal deformation sliding only downward at 

constant stress along a discrete basal shear surface when exceeding the constant critical 

acceleration. These limitations encourage the use of numerical analysis (i.e. distinct element 

method), with the capability of analyzing complex slope geometries and mechanical properties by 
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applying more realistic earthquake characteristics, to study these site effects on the stability of the 

three slope types [22, 23].  

1.2 Research Objectives 

The objective of this research is to provide a better understanding of the earthquake effects 

on slope stability in open pit mines. This will be done through the studies of the mechanisms 

involved during natural slope and tailing dam failures, and then comparing them to the earthquake 

effects on the open pit mine slope stabilities.   The parameters involved include earthquakes, 

geotechnical conditions, and geological properties. The tasks set to achieve this objective include: 

- Review past research on earthquake and geomechanical parameters involved in slope 

stability under earthquake loads, 

- Explore the analytical and numerical methods on analyzing the stability of slopes 

effected by earthquakes and select the most suitable one, 

- List and map all historical natural slope and tailing dam failures impacted by 

earthquakes, 

- List and map all large open pit mines around the world, 

- Map and study the characteristics of all the earthquakes triggered natural slope and 

tailing dam failures and those in the vicinity of open pit mines during their life time, 

- Geological and geomechanical properties of earthquake-triggered natural slope and 

tailing dam failures, 

- Study the earthquake parameters in the vicinity of open pit mines, such as epi-central 

distance and intensity using their location on the map, 



5 
 

- Compare the mechanisms involved in triggering earthquakes in natural slopes and 

tailing dams against those in open pit slopes, 

- Compare the geological and geomechanical parameters of natural slope and tailing dam 

failures against withstood open pit mines due to earthquakes, 

- Use discrete element method to study the most effective geological and geomechanical 

parameters, topographical and stiffness contrast effects, known as site effect factors, 

and 

- Summarize findings of the dissertation and provide recommendation for future work. 

1.3 Thesis Overview 

Chapter 2 presents a review on earthquake, geological and geomechanical parameters 

involved in slope failures during earthquakes, including their failure mechanisms and types. In 

addition, this chapter investigates the analytical and numerical methods on analyzing the stability 

of slopes under earthquake loads along with their advantages and limitations. 

Chapter 3 includes a comprehensive database developed on natural slope and tailing dam 

failures along with the large open pit mines all over the world. This database contains the location, 

earthquake parameters, and geological and geomechanical properties of triggered natural slope and 

tailing dam failures along with earthquake parameters in the area of endured open pit mines and 

their locations. The earthquake parameters include earthquake depth, epi-central distance, 

magnitude and intensity. The geological and geomechanical parameters are slope angle, water 

condition, failure mode and mechanism. 

The database presented in Chapter 3 is studied and analyzed in Chapter 4. In this study, the 

earthquake, geological and geomechanical parameters involved in natural slope and tailing dam 
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failures are compared with those in open pit mine slopes. This comparison is illustrated by 

presenting graphs and tables to show the effectiveness of each parameter on stability of natural 

slopes and tailing dams during earthquakes and their presence and role in open pit mine slopes. 

Chapter 5 analyses the two most effective geological and geomechanical properties 

involved in slope failures subjected to earthquakes, called topographical and stiffness contrast 

effects, using discrete element method. A discrete element software, Universal Distinct Element 

Code (UDEC), is used for these analyses. Several models were developed to investigate the effect 

of these two parameters on different slope types. These models include, several topographies and 

different material stiffness with various slope geometries are considered in faulted and continuous 

slopes, representing natural slopes and open pit mines. 

Chapter 6 concludes the remarks of the database investigation and numerical analysis 

found in Chapters 4 and 5 and presents recommendations for future work.  
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CHAPTER 2  

AN OVERVIEW OF SLOPE AND EARTHQUAKE PARAMETERS  

2.1  Introduction 

To investigate the effect of earthquakes on different slope types, it is important to initially 

study the effective parameters involved in slope behaviour and the role of each parameter in 

stability of slopes in response to earthquakes. This chapter gives an overview on the parameters 

governing the effect of earthquakes on different types of slopes and their consequences. The effect 

of earthquakes and their consequences may vary according to different slopes resulting in different 

types of failure modes due to the slope characteristics and earthquake parameters. First, the 

different earthquake-triggered failure modes and their characteristics are described for the three 

slope types. The earthquake parameters associated with slope failures such as magnitude, focal 

depth, epi-central distance and intensity, are then reviewed. In addition to earthquake parameters, 

slope characteristics controlling the intensity and type of failure are investigated by considering 

topography, stiffness contrast, and water condition [5-17, 24, 25]. Lastly, the methods which 

analyze the stability of slopes under earthquake loads are described with their limitations and 

advantages.  

2.2 Earthquake-Triggered Slope Failure Modes 

Natural slopes, tailing dams and open pit mine slopes potentially may fail in different 

modes during earthquakes. Natural slopes have the most variety of failure modes due to wide range 

of geological and geomechanical properties [3, 5, 26]. However, on man-made slopes, such as 

open pit mine slopes and tailing dams, failure modes are less variable because the materials 
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involved are relatively limited compared to natural slopes. For instance, tailing dam response to 

earthquake is mostly limited to liquefaction and soil slide [27, 28]. The definition of failure in open 

pit mines is different with respect to other slopes. Reportable failures in open pit mines are those 

threatening safety or interrupting production. The following presents common earthquake-

triggered failure modes for natural slopes, tailing dams and open pit mine slopes, and involved 

earthquake parameters. 

2.2.1 Natural Slopes 

Natural slopes fail in various modes during earthquakes. Keefer studied the failure modes 

and geological characteristics of natural slopes during earthquakes [26]. His study presents a 

summary of landslide characteristics and their relationship with the geological environment of 

these slopes (Table 2-1). 

Table 2-1 Summary of landslide characteristics and their relation with geological environment of 
the slopes [26]. 

Name Type of Movement Magnitude Abundance1 Slope Depth 

D
is

ru
pt

ed
 L

an
ds

lid
es

 

Rock Falls Bouncing, rolling, free fall ML ≥ 4.0 Very Abundant >40o Shallow 
Disrupted Rock 

Slides 
Translational sliding ML ≥ 4.0 Very Abundant >35o Shallow 

Rock Avalanches 
Complex, involving sliding, flow, and 

occasionally free fall 
ML ≥ 6.0 Uncommon >25o Deep 

Soil Falls Bouncing, rolling, free fall ML ≥ 4.0 
Moderately 
Common 

>40o Shallow 

Disrupted Soil 
Slides 

Translational sliding ML ≥ 4.0 Very Abundant >15o Shallow 

Soil Avalanches 
Complex, involving sliding, flow, and 

occasionally free fall 
ML ≥ 6.5 Abundant >25o Shallow 

C
oh

er
en

t 
La

nd
sl

id
es

 Rock Slumps Rotational sliding ML ≥ 5.0 
Moderately 
Common 

>15o Deep 

Rock Block Slides Translational sliding ML ≥ 5.0 Uncommon >15o Deep 
Soil Slumps Rotational sliding ML ≥ 4.5 Abundant >7o Deep 

Soil Block Slides Translational sliding ML ≥ 4.0 Abundant >5o Deep 
Slow Earth Flows Translational sliding and internal flow ML ≥ 5.0 Uncommon >10o Variable 

La
te

ra
l 

S
pr

ea
ds

 a
nd

 
F

lo
w

s

Soil Lateral 
Spreads 

Translation on fluid basal zone ML ≥ 5.0 Abundant >0.3o Variable 

Rapid Soil Flows Flow ML ≥ 5.0 
Moderately 
Common 

>2.3o Shallow 

Subaqueous 
Landslides 

Generally lateral spreading or flow; 
occasionally sliding 

ML ≥ 5.0 Uncommon >0.5o Variable 

Note: Shallow ≤3 m, Deep > 3m Very abundant: > 100,000 – Abundant: 10,000 to 100,000 – Moderately Common: 
1,000 to 10,000 – Uncommon: 100 to 1,000 in the 40 historical earthquakes. 
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This classification divides failures into disrupted landslides, coherent landslides, and lateral 

spreads and flows. Accordingly, failures are classified considering their abundance, slope angle 

and depth. To visualize each type of landslides, Figure 2-1 presents a schematic view for each 

landslide type [28]. It is significantly useful to know the mechanism, material type and schematic 

view of the landslide type as each will be cited frequently in this chapter. 

Figure 2-1 Schematic view of failure modes in natural slopes [28]. 
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According to Keefer and Boomer [3,5], the most common failure types in earthquake-

triggered natural slopes are rock falls, soil falls, rock and soil slides, rock and soil avalanches, rock 

and soil slumps, toppling, and soil flows [3, 5]. The main geological characteristics of earthquake-

triggered failure types presented in Table 2-1 are as follows: 

 Rock Falls  

Rock falls were the most abundant failure type in 76 historical cases between 1811 and 

1997 [3, 5]. The evidence collected on these 76 cases show that this failure type is primarily 

triggered in tuff, shale, siltstone, sandstone and conglomerate rock types. In well cemented rock 

masses, the rock falls are produced by closely fractured rock masses. Most of these joints are 

opened, weathered or filled with weak chemical-weathering material. Generally, the rock falls are 

triggered on steep to very steep slopes and mostly on crests, ledges and man-made cuts [3]. 

 Rock Slides 

Rock slides are generally defined as disorder movements within a rock mass on planar or 

gently curved surfaces, like joints and bedding planes. These types of failures mostly occurred on 

steep to very steep slopes with the same materials as rock falls [26]. 

 Rock Avalanches 

Rock avalanches are landslides that are disintegrated into streams of rock fragments that 

may travel on low-angle slopes. The speed of a rock avalanche often exceeds 100 km/h, and its 

volume is commonly greater than 1 × 106 m3. One of the best examples of this failure type took 

place during the 1970 Peru earthquake. This type of failure occurs in intensely fractured slopes in 

which the rock is fractured by several sets of joints spaced from a few centimetres to a few 
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decimetres. They are less common than the other types of failures. However, if the failure occurs, 

it is generally deep. This failure type may occur on shallow as well as steep slopes [3]. 

 Rock Slumps 

Rock slump is a coherent failure type that can be triggered by earthquakes in all types of 

rocks and on very shallow to very steep slopes [26]. Specifically, the rocks involved in slump 

failures are usually basalt with interbedded ash and breccia, pumice, andesite, granite, greenstone, 

slate, schist, amphibolite, shale, siltstone, and sandstone. These rocks are generally poorly 

cemented, closely jointed, weathered, or sheared [3]. 

 Rock Block Slides 

In this failures type, relatively large blocks of rock detach and slide or fall down the slope. 

Rock types involved in this failure type are commonly tuff, andesite, poorly cemented pumice, 

weakly cemented or intensely jointed mudstone, siltstone, sandstone and shale, and can be initiated 

on very shallow slopes [26]. 

 Soil Falls 

Soil falls were typically originated in coastal cliffs, canyon walls, terrace faces, stream and 

river banks, and cut slopes. Rock types involved in soil falls are generally weakly cemented sand 

or gravel and some occur in poorly cemented or unconsolidated clay [3]. Soil falls are often 

observed on steep slopes. 
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 Disrupted Soil Slides 

Disrupted soil slides were reported as the most common failure types after rock falls that 

take place on very shallow to steep slopes [3, 26]. This type of failure is mostly common in loose, 

unsaturated, residual or colluvial sand with little to no clay or saturated volcanic soil consisting of 

alternating layers of scoriaceous gravel and sensitive clay produced by weathering of fine-grained 

ash [3]. 

 Soil avalanches 

Soil avalanches can be initiated on moderate to steep slope angles in unsaturated sand, 

previous soil-avalanche deposits, and are similar to saturated volcanic soil, involved in disrupted 

soil slides [3, 26]. 

 Soil Slumps  

Sandy flood-plain alluvium and man-made fills are dominant slope materials involved in 

soil slump failures in historic earthquake-triggered landslides and are usually triggered on very 

shallow basins [3].  

 Soil Block Slides 

The majority of material involved in soil block slides was silty or sandy flood-plain 

alluvium or man-made fill located on flood plains. Minor amounts of till, volcanic ash, colluvium, 

clayey playa sediment, lacustrine sediment, terrace gravel, sandy eolian sediment, sandy alluvial-

fan sediment, and periglacial sediment, where also present in these soil block slides. Most block 

slides had a saturated basal shear surface due to the fact that the slides were in high water table 

areas. Many of the shear surfaces were nearly horizontal and almost flat [3]. 
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  Slow Earth Flows 

The slopes involved in slow earth flows had saturated basal shear surfaces.  The slope 

material were mostly clayey residual soil, clayey loam, till, volcanic ash, colluvium, and older 

earth-flow deposits triggered mostly on very shallow slopes [3, 26].  

 Soil Lateral Spreads 

Most soil lateral spreads occurred in granular man-made fill and flood-plain alluvium along 

river valleys. The materials in these slopes were mostly silt, silty sand, or fine-grained sand that 

may fail on almost flat surfaces [3, 26].  

 Rapid Soil Flows 

Rapid soil flows typically initiate in saturated slopes, due to the combination effect of 

earthquakes and heavy rain falls, high water tables and/or river valleys on gentle to very steep 

basins [3, 26]. 

2.2.2 Tailing Dam Slopes 

Tailing dams are built to contain waste materials from the mining process and are often 

designed to stand in perpetuity. A catastrophic failure of a large tailing dam usually results in 

significant financial liability associated with cleanup regularity consequences, social issues, and 

in some cases with fatalities. Earthquakes are known to have been one of the causes of tailing dam 

failures. The main failure mode associated with earthquakes is liquefaction due to the excess pore 

pressure which highly depends on the construction mode of these slopes. There are different 

methods of tailing dam construction which the main three types are upstream, downstream, and 

centerline. Figure 2-2 illustrates the schematic cross section of these three construction methods 

and Figure 2-3 shows the distribution of tailing dam failures from 1928 to 2000 for different dam 
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types [28, 29]. According to Figure 2-3, earthquakes were the second most common failure reason 

for tailing dams, and upstream construction method were the most failed tailing dam type. This 

method was basically designed for arid areas because of high susceptivity to liquefaction. 

Additionally, upstream embankments are not designed for active seismic areas as the risk of 

liquefaction increases as a result of the excess pore pressure built by dynamic loading and the 

insufficient compaction and improper drainage [27]. In some countries, as an example Chile, 

upstream construction is not permitted for this reason. Moreover, investigating tailing dams could 

be more important in this study because they are usually built close to the open pit mines as such 

would be subjected to the same seismic events. 

Figure 2-2 Schematic cross sections of upstream, centreline and downstream construction 
methods [29]. 
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Figure 2-3 The distribution of failures for tailing dam failures from 1928 to 2000 for different 
dam types [28]. 

2.2.3 Open Pit Mine Slopes 

The definition of failure in open pit mine slopes and natural slopes can be different. Not all 

failures in natural and civil slopes are considered as failures in open pit mines. For instance, 

shallow failures such as rock falls are not usually considered as “reportable” failure in open pit 

mines unless they fall into the “reportable” category. Generally, reportable failures are those that 

cause injury or interrupt the mining process and production. However, the failures triggered by 

earthquakes on open pit mines were mostly small scale rock falls rolling down the slope.  
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2.3 Earthquake Parameters Associated with Slope Failures 

The earthquake parameters investigated in this study that control the effect of earthquakes 

on slope sites are magnitude, intensity, epi-central distance and focal depth.  Figure 2-4 illustrates 

the schematic view of these four parameters. The influence of these parameters on slope stability 

is briefly discussed below. 

 Magnitude and Intensity 

Magnitude is a scale of the released energy at the earthquake source, i.e. fault or subduction 

plate, whereas the effect of earthquake on the slope site is defined by the earthquake intensity at 

the region. Earthquake Intensity depends on the location of the slope site in regards to the 

earthquake origin (epi-central distance) and the other two earthquake parameters, magnitude and 

focal depth.  

 Epi-central Distance 

Studies show that the epi-central distance has a direct effect on the shaking intensity at the 

slope site [30, 31]. Increase in the epi-central distance and the distance from the fault rupture 

decrease the shaking intensity significantly. Ghosh and Mahajan studied the intensity-epicentral 

relation for 14 strong earthquakes where a logarithmic relation was detected between earthquake 

epi-central distance and intensity (Figure 2-5) [30]. This relation shows that generally the shaking 

intensity decreases 50% in the epi-central distance of 100 km. 

 

 

 

http://link.springer.com/search?facet-author=%22A.+K.+Mahajan%22
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Figure 2-4 Schematic view of the earthquake parameters. 

Figure 2-5 Relation between the epi-central distance and intensity (MM) for 14 strong 
earthquakes in different regions of the world [30].  
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 Focal Depth 

Earthquakes are known to occur up to 700 km below the surface. The earthquake depth 

range is divided into three zones: shallow (<70 km), intermediate (70-300 km), and deep (300-700 

km). Studies show that, similar to epi-central distance, focal depth has also a reverse relationship 

with the shaking intensity meaning that the intensity decreases by increasing in focal depth [31-

33]. 

 Occurrence Frequency 

One of the differences between natural slopes and open pit mines is their life time period. 

Table 2-2 presents typical values for the frequency of earthquake occurrence [34]. According to 

this table, a number of large earthquakes that may occur during natural slope life is significantly 

greater than the ones subjected to open pit slopes. Natural slopes are hit by numerous strong 

earthquakes in their life time which results in damage accumulation and gradual reduction in 

stability and safety factor. 

Table 2-2 Frequency of earthquake occurrence in different magnitude ranges and their effects. 
Magnitude < 2.0 2.0-2.9 3.0-3.9 4.0-4.9 5.0-5.9 6.0-6.9 7.0-7.9 8.0-8.9 9.0-9.9 > 10 
Frequency 

of 
Occurrence 

Continual 1,300,000 
Per year 

130,000 
Per year 

13,000 
Per year 

1,319 
Per year 

134 
Per year 

15 
Per year 

1 
Per year 

1 
per 10 
years 

Extremely rare 
(unknown/ may 
not be possible) 

2.4 Water Condition  

The presence of water has a considerable effect on the stability of slopes. Water could 

affect the slope stability in different ways: 

- Water from rainfalls or snow melting increases the weight of the material because water is heavier 

than air pores of slope voids. This additional weight increases the driving force and can cause slope 

instability.  
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- Water surrounding the grain material in soil material decreases the friction contact between the 

grains. In this condition, the material tend to act like a fluid and can easily become a flow and 

make the slope unstable. 

- Water affects the mechanical performance of rock structures. Water filling the fractures and joints 

in rock mass produces a pressure acting upward to open the discontinuity. This effect is called the 

effective stress law. Water, under pressure of the discontinuity, decreases the normal effective 

stress between the discontinuity surfaces and therefore reduces the shear strength of the 

discontinuity.  

- Soil minerals may absorb or adsorb water. Minerals which absorb water take the water molecules 

into their structure. This absorbance causes an increase in the weight and, in addition to the 

absorption on the surface in which the friction of the grains could be lost and lead to losing the 

cohesion. Clay is a good example of this type of material. Figure 2-6 shows that the water 

absorbance of clay increases the clay weight and decreases the friction between grains. 

 

 

 

 

 

Figure 2-6 Schematic view of water absorbance in clay structure [35]. 
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- Dissolving the mineral cement holding the material is another effect of water. Highly dissolvable 

materials like calcite, gypsum or halite are common cement materials. Water dissolving these 

material leads to cohesion reduction between material grains and makes the slope instable. 

- External forces will affect the behaviour of water condition on the stability of the slopes. One of 

the main external forces stem from earthquakes. During an earthquake, the water pressure in the 

soil and rock structure will increase and this excess water pressure may cause liquefaction in the 

soil or decrease the effective stress on the discontinuity surfaces in the rockmass. Liquefaction is 

a phenomenon in which a saturated, or partially saturated, soil loses its strength and stiffness 

because of an external applied stress which is usually caused by an earthquake. Tailing dams 

commonly failed structures due to the liquefaction in response to large earthquakes. Figure 2-7 

shows the difference between saturated sediment before and after an external force like earthquake 

that produced by a result in liquefaction [36].  

 

Figure 2-7 Saturated sediment before (left) and after (right) earthquake force [35]. 
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Water plays a significant role in the instability of both natural slopes and tailing dams. 

Open pit mines are subjected to natural or mechanical drainage to decrease the water table level 

and pore pressure, and improve the pit slope stability. 

2.5 Site Effects 

Slope failures triggered by earthquakes, are not only dependent on the characteristics of the 

earthquake source such as magnitude, depth and epi-central distance, but also on the characteristics 

of the slope site. It has been commonly experienced that for a unique earthquake event, the shaking 

intensity at sites located in the same epi-central distance varies as a result of different local 

conditions. These local conditions are called site effects. 

Topographic conditions and the stiffness contrast of the material are the two main site effects 

involved in the seismic stability of slopes. The field measurements show that the topography of a 

structure that the wave is traveling through has a significant effect on ground shaking amplification 

[8, 9, 11, 13]. Furthermore, the contrast in the material stiffness changes the wave characteristics 

traveling through the material that may amplify or reduce the shaking amplitude [9, 11, 14, 15]. 

2.5.1 Topographical Conditions 

The surface topography is one of the important influential types of site effects. It has been 

observed that the power of ground shaking during earthquakes is amplified on the slope crests and 

steep slopes. There are three phenomena involved in the topographical site effect, including 

refracting and reflecting, focusing and defocusing, and seismic wave inclination. 
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- Refracting and Reflecting  

When the wave travels through a material with different layers, it will be reflected or 

refracted [37]. Once the wave angle of the input wave is altered in the same arrival angle after it 

arrives at different material layer to the direction of the arrival wave it is called reflection. Whereas, 

if the wave passes through the next layer it is called refraction. Figure 2-8 shows a schematic view 

of these two phenomena. 

 

Figure 2-8 Refraction and Reflection of the seismic waves. (i is the angle between the initial 
wave (V1) and the normal of the intersection of two layers and i’ is the refracted or reflected 

wave (V2) angle) [37, 38]. 

If the wave velocity in layer 2 is greater than the wave velocity in layer 1, the angle of 

refraction is greater than the initial wave angle, which is called critical refraction. A wave 

travelling from bedrock to top soil will cause this phenomenon; therefore, most abundant failures 

occur in soils (Table 2-5).  

This phenomenon widely occurs on natural slopes because of the top soil layer. Tailing 

dams are also subjected to this phenomenon due to the different material used in their construction 

considering hard core material and rock fill on the top. In contrast, open pit mines are less likely 
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to get affected by this phenomenon because of the top soil layer is usually excavated at the first 

mining stages. 

- Focusing and Defocusing (effect of hill and valley topographies) 

Focusing and defocusing is defined by the direction of the wave. Wave merging to a point 

is called focusing and scattering from a point is called defocusing. Focusing and defocusing 

phenomena can cause ground shake amplification, which depends on the topography curvature. 

Generally, the seismic waves will be trapped in hill shape topographies and scattered in valley 

topography features [39]. Figure 2-9 illustrates these two phenomena.  

The focusing phenomenon may also occur in tailing dams because of their geometry. It is 

observed that ground acceleration can amplify three times at the crest level of the dam tailing. In 

contrast to natural slopes and tailing dams which their topography causes focusing, open pit mines 

are subjected to defocusing phenomenon because of the valley-shape or one-face slopes. 

 

Figure 2-9 Focusing and defocusing effects of seismic waves interacted with topography [37]. 
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- Slope angle and seismic wave inclination 

Different slope angles create a variety of propagation patterns for the seismic waves, which 

is another aspect of topographical amplification or reduction [37]. Figure 2-10 shows the effect of 

different slope angles subjected to a same seismic wave direction. The steep slope (Figure 2-10(a)) 

makes the input wave incline toward the hill which amplifies the ground shaking on the hill top. 

In contrast, the shallower slopes (Figure 2-10(b)) scatter the input wave and attenuate the ground 

shaking. The relationship between slope angle and the direction of the seismic wave can cause an 

amplification on one side and reduction on the other side of the slope (Figure 2-10(c)). The 

amplification of an inclined wave could reach two times greater than a vertical wave [39, 40]. In 

open pit mines, by reaching the final stage of mining, the slope angle gets steeper [2].  The steeper 

pit slopes will incline the wave toward the slope top and decrease the stability of pit slopes. 

 

Figure 2-10 The effect of slope angle and seismic wave inclination on the wave propagation [37]. 

2.5.2 Stiffness Contrast 

The elastic properties of ground materials range from high to low stiffness. The seismic 

wave velocity depends on the stiffness of the materials in which the wave is traveling through. 

Seismic waves travel faster in stiff material and slower in soft material.  

The softness of the rock and the thickness of the sediment above the bedrock affect the 

earthquake wave. Softer and thicker sediments on top of the hard bed rock make greater wave 
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amplifications. As seismic waves travel though the ground, they travel faster through hard rock 

than soft soil. As a result, when the waves move from hard rock to soft soil, the amplitude of the 

waves needs to be increased in order to be able to carry the same amount of energy, creating 

stronger shaking. Moreover, the deeper sediment above the bedrock creates stronger amplifications 

[9, 11, 14, 27, 41].  

This phenomenon is widely observed on tailing dams, river and lake basins that may cause 

liquefaction. Open pit mines are less prone to the stiffness contrast effect because the slope 

materials are more uniform on these excavated slopes and the top soil layer is usually mined in the 

first stage of mining. The topographical and stiffness contrast site effects are further studied in 

Chapter 5 using numerical methods. 

2.6 Current Methods for Designing Slopes against Earthquakes 

There are two commonly used approaches in designing rock slopes against earthquakes. 

The early efforts, based on simply adding an earthquake force to a static limit-equilibrium analysis, 

were formalized by Terzhagi, and it is called the Pseudo-Static approach [42]. After that, Newmark 

proposed a method for estimating the displacement of slopes during earthquakes that addressed 

some of the crude assumptions of the pseudo-static analysis but was still quite simple to apply in 

practice, and thus it gives a less reasonable answer for complex situations [20, 21, 43]. In recent 

years, by computational enhancements, numerical methods are becoming more prominent in 

projects where they include more characteristics of the field behavior in the analysis. Recently, 

there have been several studies performed, using numerical modeling for evaluating the rock slope 

behavior during earthquakes [44-48]. The following is a brief description of these three methods. 
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2.6.1 Pseudo-Static Method 

Pseudo-static method is a simple quasi static approach typically performed to investigate 

the response of pit slope stability to earthquake loading, required by open pit mines regulations. 

This method models the seismic shaking as permanent body forces are added to the force-body 

diagram of a conventional static limit-equilibrium analysis; Figure 2-11 shows the horizontal ሺߙ�ሻ and vertical body forces ሺߚ�ሻ acting on a slope. Therefore, the safety factor will be 

calculated from Equation 2-1. 

�ܨ = ௥௘௦�௦௧�௡௚ ி௢௥௖௘௦ௗ௥�௩�௡௚ ி௢௥௖௘௦ = ௖�+(ሺ�−ఉ�ሻc୭ୱ�−ఈ�ୱi୬�−௨)୲a୬ఝሺ�−ఉ�ሻୱi୬�+ఈ�c୭ୱ�+జc୭ୱ� .       (Eq. 2-1) 

where, c is the cohesion, A is the sliding area, � is the friction along discontinuity, W is the weight 

of block; u and v are the water forces in the discontinuities and ߙ,  are earthquake horizontal and ߚ

vertical accelerations respectively. 

 

 

Figure 2-11 Pseudo-static slope stability analysis; stresses working on a block of rock with 
tension crack on a sliding plane and during an earthquake. The discontinuity is free draining at 

the toe of the slope [49]. 

Pseudo-static approach has some obvious limitations. Foremost among these limitations is 

that the approach considers the earthquake shaking as a permanent, unidirectional body force 
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which is extremely conservative. This assumption, considers the earthquake force constantly 

acting only in a direction that increases the slope instability, which is not realistic. 

2.6.2 Newmark Method 

Newmark method models a slope failure as a rigid block that slides on an inclined plane. 

The block has a known critical acceleration, which  may overcome the resisting frictional force 

and initiate sliding (Figure 2-12). The desired earthquake strong-motion record is selected, and 

those parts of the record that exceed the critical acceleration are integrated to get the velocity-time 

history of the block, then the velocity-time history is integrated to obtain the cumulative 

displacement of the landslide block (Figure 2-13).  

 

Figure 2-12 Acceleration (critical) required to overcome the resistance and initiate sliding 

The critical acceleration (ܽ௖), in its simplest form, can be estimated as Equation 2-2. 

ܽ௖ = ሺܨ� − ͳሻ݃���ߙ         (Eq. 2-2)   

where, ܽ ௖ is the critical acceleration in terms of g, the acceleration of gravity, FS is the static factor 

of safety (the ratio of resisting to driving forces), and α is the angle from the horizontal for the 

sliding surface. 
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Figure 2-13 Illustration of the Newmark integrations algorithm. A, an earthquake acceleration-
time history and a critical acceleration of 0.2g; B, the velocity-time of the shaded area from 

graph A; C, displacement of landslide versus time. Points X, Y, and Z are for reference between 
plots [49]. 

There are five main limitations to this approach which are [49]: 

1. A key assumption of Newmark's method is that it treats a landslide as a rigid-plastic body: the 

mass does not deform internally, experiences no permanent displacement at the accelerations 

below the critical level, and deforms plastically at constant stress along a discrete basal shear 

surface when the critical acceleration is exceeded, 

2. The critical acceleration is not strain-dependent and thus remains constant throughout the 

analysis, 

3. The upslope resistance to sliding is taken to be infinitely large such that upslope displacement 

is prohibited, 

4. Newmark assumes that the seismic force is applied parallel to the slope, and 
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5. The effects of dynamic pore pressure are neglected.  

2.6.3 Numerical Modelling 

The third approach, numerical analysis, has been recently used in the stability of slopes 

during earthquakes. Because the stability of the rock slopes is mostly controlled by the movement 

of joint-bounded blocks and/or intact rock deformation, discrete-element codes can be considered 

as a proper approach. Discrete element codes have been increasingly used in the analysis of rock 

slopes in recent years and are being used routinely in civil and mining engineering.  

Distinct Element Method is a type of the discrete element method that considers a 

discontinuous rock mass as deformable blocks interacting through deformable joints of definable 

stiffness. Therefore, numerical model represents two types of mechanical behavior for 

discontinuities and the solid material. 

Universal Distinct-Element Code (UDEC) is the method preferably used in previous 

studies [22]. This code has been used to investigate a wide variety of rock slope failure cases 

including those ranging from simple planar mechanisms to complex deep seated toppling 

instability and buckling [23]. These cases show the need for considering both intact rock and joint-

controlled displacements in the analysis of complex rock slope instabilities.  Therefore, the dual 

nature of distinct-element codes, such as UDEC, makes them particularly well suited to problems 

that involve jointed rock slopes. On one hand, they are highly applicable to the model 

discontinuity-controlled instabilities, and are capable of simulating large displacements due to slip. 

On the other hand, UDEC is also capable of dynamic analyses by applying seismic loads as a 

function of time. Due to these reasons, there have been several studies considering the effect of 

earthquake on the slope stability, using UDEC [44-47]. Later in this thesis (see Chapter 5), a 
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numerical method (UDEC) is used to study the effect of topographical conditions and stiffness 

contrast on the stability of slopes during earthquakes. 

2.7 Conclusion 

There has been a significant number of natural slope and tailing dam failures due to 

earthquakes. However, among some seismically induced failure instances in open pit slopes, none 

of those were significant by recorded as a cause for operational interruptions or injuries.  Studies 

show that earthquake parameters, along with geological characteristics, govern the response of 

slopes to earthquakes. Studying the effect of these parameters on earthquake-triggered natural 

slope and tailing dam failures will increase the understanding about the effect of earthquake on 

open pit mine slopes. The following chapters investigate the status of earthquake parameters and 

slope characteristics for the three slope types; natural slopes, tailing dams and pit slopes. The effect 

of these parameters will be analyzed by creating a comprehensive database for the three slope 

types. Moreover, numerical analysis is later performed to investigate the effect of topography and 

stiffness contrast in more detail on different slope types. 
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CHAPTER 3  

DATABASE  

3.1  Introduction 

A comprehensive database is built on open pit mine slopes, natural slopes, and tailing dams 

to study the effect of earthquake and geological parameters discussed in the second chapter. The 

database is developed on four main components, namely earthquake-triggered natural slopes and 

tailing dam failures, large open pit mines, and earthquakes. The developed database covers the 

location, earthquake parameters and geological characteristics of the three slope types. This 

information contains different aspects of slope failures, including failure location, failure type, 

depth of the failure, water condition, slope angle, material type; and corresponding earthquake 

parameters that include earthquake magnitude, depth, and epi-central distance. The data is 

imported into the world map to relate the earthquakes to slopes locations in order to study the 

effect of epi-central distance and intensity. These parameters are studied to find out if the 

earthquakes subjected to open pit mines were strong enough to trigger failure compared to those 

affected natural slopes and tailing dams. Moreover, the geological and geomechanical properties 

involved in natural slope and tailing dam failures are investigated and compared to those in open 

pit mines.   

3.2 Earthquakes Location, Magnitude and Depth 

The first step of creating the database is to include the earthquakes which are related to 

natural slope and tailing dam failures since 1800. In addition, earthquakes subjected to open pit 

mines during their life time period that is assumed 25 years are included in the database. This data 



32 
 

is derived from United States Geological Survey website database and added to the developed 

database. This section of database contains more than 4500 earthquakes along with their locations, 

magnitudes and focal depths.  

3.3 Earthquake and Slope Failure Parameters 

This section of the database contains the geological characteristics and earthquake 

parameters of earthquake-triggered natural slope and tailing dam failure cases. This information is 

collected from various sources, such as journal papers, conference papers, web sites, and news. 

Following sections present the procedure of creating the database and the utilized references for 

earthquake-triggered natural slope and tailing dam failures. 

3.3.1 Earthquake-triggered Natural Slope Failures  

There were a significant number of natural slope failures caused by earthquakes and many 

of these were reported with varying degree of details. Most of the reported failures come from 

those that caused loss of life, injuries or construction damages. There are two studies 

complemented each other which list the reported historical failure events from 1811 until 1997 [3, 

5]. The list of natural slope failure cases provided by these two studies is updated in this study 

until 2015 and each event is investigated in detail using the available information. A 

comprehensive database is developed based on these detailed information including landslides 

characteristics and earthquake parameters involved in each event.  The geological characteristics 

in the database consist of the name and date of failure, failure cause and mode, water condition, 

slope angle and material involved in the failure. And the earthquake parameters included in the 

database are the magnitude, depth and epi-central distance of the earthquake for each failure (Table 

3-1).  Figure 3-1 shows the location of these natural slope failures on the world map. 
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3.3.2 Earthquake-triggered Tailing Dam Failures  

Tailing dams are significantly important in this study because they are normally built close 

to the open pit mines and are subjected to the same earthquake as the open pit mines. In this study, 

37 reported tailing dam failures during earthquakes have been studied [124-126]. The earthquakes 

induced tailing dam failures are mostly located in California, Chile, and Peru. This is because of 

the high number of tailing dams in the vicinity of active seismic zones.  Figure 3-2 shows the 

location of earthquake triggered tailing dam failures in the world and particularly in these three 

areas. Similar to the natural slopes a database was created for tailing dams, including the name, 

location and date of failure, slope angle, construction method and failure type, and the magnitude, 

focal depth, epi-central distance and intensity of the corresponding earthquake. Table 3-2 presents 

the characteristics of the reported tailing dam failures triggered by the earthquakes since 1928.  
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Table 3-1 The characteristics of the historical natural slope failures triggered by the earthquakes since 1811. 

No. Name Country Year M Slope Angle (deg) 
Epi. 
Dis. 
(km) 

Depth 
(km) 

 
Int. 

Water 
(Y/N) 

Failure 
Cause & Mode Material Water Type Ref. 

1 New Madrid SC, USA 1811 7.8 >60 40 NA 9.1 Y RF, SSl  HWT, RV [3,50] 

2 Marlborough New Zealand 1848 7.5  15-30 10 9.0 Y Topo Al  RB, Co, Sat [3,51] 

3 Wairarapa New Zealand 1855 8.2 35-45 10-15 20 10.4 Y RAV, Topo, Cr, Lq   [3,51,52] 

4 Charleston SC, USA 1886 6.8 >60 21 NA 8.6 Y Sl, Lq WR, CL, Cl RV [3,53] 
5 North Canterbury New Zealand 1888 7.3   10 10.0 Y RAV, SAV, RF  RV [3] 
6 Cheviot New Zealand 1901 6.9 >30 85-90 10 6.5 Y RF, SF SiS, SS, LS Sat, RV [3] 
7 Costa Rica Costa Rica 1904 6.8   NA  Y   Rf [3,54] 

8 Cape Turnagain New Zealand 1904 6.8 ~ 90 (RF) 130-250 NA 4.8 Y Lq, RF, Topo  RV [3,55] 
9 Panama Panama 1913 6.7 >60  NA  Y Lq S RV, SM [3,54] 
10 Haiyuan China 1920 7.8  56 25 8.4 Y SFl  RV [3,56] 

11 Izu-Oshima Japan 1923 6.8 8-34 6 5 10.0 Y RAV  Rf [3,57] 

12 Arthur’s Pass, South Island New Zealand 1929 7.1 35-45 24 12 8.6 Y RAV GrWa, SS, Fr, Qu  [3,58] 
13 Murchison New Zealand 1929 7.8 15-50 4-120 10 7.4 Y Lq, RAV, RF W,Fr, SS, MS,Gr Co [3,51,58] 

14 Hawke's Bay New Zealand 1931 7.8 
11-20(Lq) 

30->50 (CoCl) 
17- 64 17 8.3 Y Lq, Sh, RF, Topo LS, MS, SS RB [3,51] 

15 Wairoa New Zealand 1932 6.9  10- 20 20 8.8 Y Sh, RS WR, MS, LS RV, Lq [3,51] 

16 Nepal–Bihar Nepal 1934 8.1  144 35 7.6 Y Lq Al  RV [3] 

17 Pahiatua New Zealand 1934 7.6   15 10.0 Y SSl, RS, Lq  RB [3,59] 
18 Vancouver Island Canada 1946 7.3 45 30 35 8.1 Y SF, Sl  LV  [3,60] 
19 Lake Coleridge New Zealand 1946 6.4   10 9.1 Y RF Fr LV  [3,61] 
20 Khait Tajikistan 1949 7.6  8 35 9.0 Y SFl Lo RV [3,62] 
21 Puget Sound WA, USA 1949 7  43 30 7.5 Y RF Fr, WR RV [3,63] 
22 Assam - Tibet India, China 1950 8.6 24-33 40 35 9.9 Y RF, SSl, RSl  RV [3,64] 
23 Daly City CA, USA 1957 5.3  2 15 6.8 Y   LV  [3,65] 

24 Alaska Alaska 1958 7.7 
70-90(RF) 

15 (RSl) 
70 15 8.1 Y RS, RAV, RSl, Sl  RV, Sn [3,66] 

25 Hebgen Lake MT, USA 1959 7.1  54 15 7.5 Y RF, RAV, SAV  RV [3,67] 
26 Valdivia Chile 1960 9.5 >60 64 33 9.6 Y SAV, Sl Gl Ice [3,68] 
27 Valdivia Chile 1960 7.4 >60 128 24 6.7 Y SAV, RAV Gl Ice, RV [3] 
28 Peria New Zealand 1963 3.2   10 4.3 NA    [3,69] 
29 Seward Alaska AL, USA 1964 9.2  142 6 9.3 Y   SM [3,70] 
30 Hope Slide BC. Canada 1965 3.2 45- 80 10 10 4.3 Y Topo, RS Fr, WR, W Rf, Sn [3,71] 
31 Inangahua New Zealand 1968 7.1 25- >65 4-17 46 7.7 Y RF, DFl Gr, GrWa, LS, W RB [3,51] 
32 Ancash Peru 1970 7.9  134 73 7.2 Y RAV, RF, RS, Sl, SSl Gl Ice [3,72] 
33 San Fernando Valley CA, USA 1971 6.5 >60 8 5 9.3 Y Topo, Cr Fr Sat [3,73] 
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Table 3-1 Continued. 

No. Name Country Year M Slope Angle (deg) 
Epi. 
Dis. 
(km) 

Depth 
(km) 

 
Int. 

Water 
(Y/N) 

Failure 
Cause & Mode Material Water Type Ref. 

34 Hawaii Hawaii, USA 1973 6.2  NA 41-50 6.4 NA LatDis, Sub Fr  [3,74] 
35 Hawaii Hawaii, USA 1975 7.1  24 2 8.8 Y DFl WR SM [3,75] 
36 Guatemala Guatemala 1976 7.5 20 -30 160 12 6.5 Y RF, RAV, RSl, Lo, Tu RV [3,76] 
37 Panama Panama 1976 7  18 17 8.6 Y Topo, Cr, Lq S, WR RV [3,54] 
38 Friuli Italy 1976 6.5 1- >30 60 8-26 6.4 Y  Cl SM [3,77] 
39 Khulm Afghanistan 1976 5.5  10 33 5.9 NA    [3] 
40 Khurgu Iran 1977 7 >60 48 31 7.4 Y  WR Sat [3,78] 
41 Miyagi-ken-oki Japan 1978 7.4 >45 85 52 7.1 Y RF, RS, Sl Sl, Fr RV [3,79] 
42 Mexico Mexico 1978 7.8 35-80 18 24 9.5 Y Sh,RS  Rf [3,54] 
43 Imperial Valley CA, USA 1979 7.1  75 8 7.1 NA    [3,80] 
44 Coyote Lake CA, USA 1979 5.4  2 10 7.6 Y   LV  [3,81,82] 
45 Mt Diablo CA, USA 1980 5.8  15-40 8 6.1 NA RF, Sl, SSl   [56] 
46 Mammoth Lakes CA, USA 1980 3.1  21 7 2.9 Y Lq Lo, SS HWT [3,83] 
47 Irpinia Italy 1980 6.9 5-40 0-15 12 8.9 Y  Carb, WR RV, HWT [5,84] 
48 Coalinga CA, USA 1983 6.2 >60 15-34 10 6.9 Y RF, RS, Lq SS, SiS, Sh Sat [5,85] 
49 Borah Peak ID, USA 1983 6.9  70 16 6.9 Y  WR, Lo HWT [5,86] 
50 Waiotapu New Zealand 1983 5.1   3 9.0 Y SF  LV  [51] 
51 Valparaíso Chile 1985 7.8   33 9.4 Y Lq, Sub SS, Fr Sat [5,87] 
52 San Selvador El Salvador 1986 5.7  16 7 7.2 NA    [5,88] 
53 El Napo Ecuador 1987 7.1  70 10 7.2 NA    [5] 
54 Whittier Narrows CA, USA 1987 6.1  3 -10 14 7.8 NA Sh, Cr   [5,89,90] 
55 Superstition Hills CA, USA 1987 6.2  27 1 7.3 Y Lq SiS, SS, RV [5,90] 

56 Edgecumbe New Zealand 1987 6.6 >40 25-30 6 7.7 Y Lq, RF, RS WR, SS RB [5] 

57 Nepal Nepal 1988 6.8  40 61 6.7 Y Lq, Rf  RV, Rf [5,91] 
58 Seguenay Canada 1988 5.8  180 26 3.8 Y Sh  Sat, Rf [5,92] 
59 Spitak Armenia 1988 6.8  85 6 6.4 NA    [5] 
60 Loma Prieta CA, USA 1989 6.9  120 11 6.1 Y Lq, RF  RV, Co [5] 
61 Soviet Tajik Tajikistan 1989 5.5   NA  NA    [5,93] 
62 Manjil Iran 1990 7.3 47-81 90 18 7.1 Y RF,Lq Cl RV, Dam [5,94] 
63 Luzon Philipines 1990 7.8  200 23 6.6 Y RF  Rf [5,95] 
64 Weber New Zealand 1990 6.4 ~60 10-15 11 8.2 Y Lq, RF MS, LS RB [51] 
65 Valle de la Estrella Costa Rica 1991 7.6  75 13 7.8 NA    [5,96] 
66 Erzincan Turkey 1992 6.8  60 25 6.9 Y RF, Lq S HWT [5,97] 
67 Cape Mendocino CA, USA 1992 7.1  25 18 8.4 Y RF, Lq Topo S RV [5,98] 
68 Suusamyr Kyrgutzstan 1992 7.3 55 45 13 8.1 Y Topo, RF Gl, W Gr Ice, RV [5,99,100] 
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Table 3-1 Continued. 

No. Name Country Year M Slope Angle (deg) 
Epi. 
Dis. 
(km) 

Depth 
(km) 

 
Int. 

Water 
(Y/N) 

Failure 
Cause & Mode Material Water Type Ref. 

69 Murindo Colombia 1992 6.7  < 100 10 6.0 Y Lq Fr, Tu SM, Rf [5,101] 

70 Kalamata Greece 1993 5.8   NA  NA    [5,102] 

71 Hokkaido–Nansei Japan 1993 7.6  <160 12 6.7 Y Lq S, WR Sat [5,103] 
72 Fiordland New Zealand 1993 7 >45 100 28 6.4 Y Sh, Topo, SSl, RS  LV  [5,104] 

73 Klamath Falls OR, USA 1993 5.8  30 9 6.5 Y   LV  [5,105] 
74 Ormondville New Zealand 1993 6.2  5-10 5 8.6 Y RF, SF, Lq, Cr, Topo  RV [5,51] 
75 Northridge CA, USA 1994 6.7   11 9.4 Y  CL RV [5,106] 
76 Paez Colombia 1994 6.8  50 6 7.2 Y Topo Ash, S Rf [5,107] 

77 Arthur's Pass New Zealand 1994 6.8 22-51 2-12 10 9.0 Y  
GrWa, SS, Fr, Qu. 

Cl 
RV [5,108] 

78 Hyogu-ken Nanbu Japan 1995 6.9  25 15 8.2 Y   HWT [5,109] 
79 East Cape New Zealand 1995 6.7  0-15 12 8.6 Y Lq  RB [51] 
80 Umbria–Marche Italy 1997 5.5  20 9 6.6 NA    [5,110] 
81 chi chi Taiwan 1999 7.3 12-14 23 31 8.4 Y   Rf [111] 
82 Planica Slovenia 2001 5.6  16 NA 7.2 Y RF, Sh  Rf, RB [112] 
83 El Salvador El Salvador 2001 7.6 >60  60 8.2 Y RS Tu, Ash RV [113] 
84 Denali Alaska 2002 7.9 >32 <10 19 10.0 Y RAV Gl Ice [114] 

85 Tecomán Mexico 2003 7.6 60-80 34 24 8.7 Y RF, Sh W, Fr Co [115] 
86 Veliki Lemež Mt Slovenia 2004 5.6  12 8 7.3 Y RF, Sh, SSl, DFl S, WR Rf, RB [112] 
87 Niigata Japan 2004 7.3 >50 5-10 16 9.5 Y RF, DFl SS, Congl, SiS, WR HWT [116] 
88 Kashmir Pakistan 2005 7.6  38 19 8.7 Y DFl SS, SiS, LS, MS. Dp RV [117] 
89 Wenchuan China 2008 8 30-50 80 19 8.3 Y Sh, Cr Carb, WJnt Rf [95] 
90 Sichuan China 2008 8  120 19 7.7 Y   RV [118] 
91 Papua New Guinea New Guinea 2012 5   10 7.0 NA    [119] 
92 Afghanistan Afghanistan 2012 5.5  43 15 5.4 NA    [120] 
93 Sichuan, Lushan China 2013 8 45-55 5-10 13 10.0 Y RF, Sh, DR W, Clvm Rf [121] 
94 Minxian–Zhangxian China 2013 5.9 5- 40 13 20 7.0 Y RF, TPL Congl, SS, W Rf [122] 
95 Kumamoto  Japan 2016 7.0 40-50 2 10 8.9 Y DFl SS RV [123] 

Note: Cells left blank in case of no available data; ‘Y’ is involvement and ‘N’ is the absence of water; other abbreviation are: 
RF: Rock Fall, SH: Shallow Failure < 3m, SSL: Soil Slide, DFl: Debris Flow, Tpl: Toppling, RAV: Rock Avalanche, SAV: Soil Avalanche, Lq: Liquefaction, Sl: Soil Slumps, RS: 
Rock Slide, SFl: Soil Flow, RSl: Rock Slump, SF: Soil Fall, Cr: Crest Failure, Topo: Topographical Effect, Dp: Deep Failure, Sub: Subsidence, Lat Dip: Lateral Displacement;  
WJnt: Weakly Jointed, WR: Weak Rock, W: Weathered Rocks, S: Soil, Carb: Carbonate, Congl: Conglomerate, SS: Sand Stone, Fr: Heavy Fractured Rock, Gl: Glacier, Al: Aluvial, 
Lo: Loose Material, Sl: Slate, Tu: Tuff, SiS: Silt Stone, Gr: Granite, GrWa: Greywake, LS: Loose Soil, CL: Cohesionless Material, Cl: Clay, MS: Mudstone, Qu: Quarts, Sh: Shale, 
Ash: Ash; Rf: Heavy Rainfall, RB: River Basin, Ice: Ice, RV: River Valley, HWT: High Water Table, LV: Lake Valley, SM: Submarine, Sat: Saturated, Sn: Snow, Dam: Dam, Co: 
Coast Cliff. 
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Figure 3-1 Location of the failed natural slopes triggered by earthquakes (Landslides are labelled as the numbers in Table 3-1)
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Table 3-2 Characteristics of the reported tailing dam failures triggered by the earthquakes since 1928. 
No. Name Year Construction Method M H:V Epi. Dist.(km) Depth (km) Int. Type 

1 Barahona 1 1928 US 8.3 2.0:1 95 20 8.5 LQ+FF 

2 El Cobre 1965 US 7.1    
 LQ 

3 Los Maquis 1 1965 US 7.4 1.7:1 15 70 7.1 SI+SID 

4 Los Maquis 3 1965 US 7.4 1.4:1 15 70 7.1 LQ+FF 
5 La Patagua 1965 US 7.4 1.4:1 25 70 7.1 LQ+FF 
6 Cerro Negro No. 3 1965 US 7.4 1.2:1 38 70 7.1 LQ+FF 
7 Bellavista 1965 US 7.4 1.7:1 55 70 7.1 LQ+FF 
8 Hierro Viejo 1965 US 7.4 1:01 63 70 7.1 LQ+FF 
9 El Sauce 1 1965 US 7.4 1.7:1 66 70 7.4 LQ+FF 
10 El Sauce 2 1965 US 7.4  66 70 7.2 SI+SID 
11 El Sauce 3 1965 US 7.4  66 70 7.6 SI+SID 
12 El Sauce 4 1965 US 7.4  66 70 7.6 SI+SID 
13 El Cerrado 1965 US 7.4 1.4:1 68 70 7.6 SI+SID 
14 El Cobre Viejo 1965 US 7.4 1.4:1 68 70 7.3 LQ+FF 
15 El Cobre Chico 1965 US 7.4 1.4:1 68 70 7.2 SI+SID 
16 El Cobre Nuevo 1965 US 7.4 3.7:1 68 70 7.2 LQ+FF 
17 Cerro Negro No. 1 1965 US 7.4 1.2:1 68 70 7.2 SI+SID 
18 Cerro Negro No. 2 1965 US 7.4 1.2:1 68 70 7.2 SI+SID 
19 San Fernando 1971  6.6  24 5 8.0 LQ 
20 Mochikoshi No.1 1978    45 12  LQ 
21 Veta del Agua No. 2 1981 US 6.5 1.2:1 85 65 5.6 LQ+FF 
22 Veta del Agua No. 1 1985 US/CL 7.8 1.5:1 80 50 7.8 LQ+FF 
23 Cerro Negro No. 4 1985 US/CL 7.8 1.7:1 105 50 7.5 LQ+FF 
24 Cobre No. 4 1985 US 7.8 4.6:1  50 8.8 SI+SID 
25 Soda Lake 1989  5.4  47 11 5.2 LQ 
26 Amatista 1996    70 33  LQ 
27 Algarrobo 1997 US 7 1.5:1 80 68 6.2 LQ+FF 
28 Tranque AntiguoPlanta LaCocinera 1997 US/CL 7 1.7:1 80 68 6.4 LQ+FF 
29 Almendro 1997 US 7 1.5:1 100 68 6.0 LQ+FF 
30 Maitén 1997  7 1.5:1 120 68 6.4 LQ+FF 
31 cuajone mine heap 2001  8.3  300 32 6.8 LQ 
32 quebrada honda 2001  8.4  313 32 6.9 LQ 
33 Las Palma 2010 - 8.8  96 35 7.8 LQ+FF 
34 Tranque Adosado 2010 DS 8.8 4.5:1 252 35 9.2 LQ+SI 
35 Tranque PlantaChacón 2010 - 8.8 1.8:1 290 35 7.6 SI+SID 
36 Veta del AguaTranque No. 5 2010 US 8.8 1.4:1  35  SI+SID 
37 Tranque No. 1 2010 US 8.8 1.2:1  35  SI+SID 

Note: H, horizontal; V, vertical; LQ+FF, liquefaction with flow failure; SI+SID, slope instability with seismically induced deformations; US: Upstream, DS: 
Downstream, CL: Centreline. 
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 Figure 3-2 Location of the failed tailing dams triggered by earthquakes (Landslides are labelled as the numbers in Table 3-2)
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3.4 Open Pit Mine Locations and Earthquake Parameters 

The open pit mine section of the database includes the large open pit mines (LOP) over the 

world and the earthquake parameters which endured each open pit mine during its life time. In 

order to create a comprehensive database containing all major open pit mines, different resources 

of data have been used. The main sources of data were the infomine.com and micla.ca websites 

listing the world major large open pit mines.  The mining websites for mining countries were also 

considered to complete this list [127-132]. According to this list there are 177 major open pit mines 

all over the world (Table 3-3). Because the relative location of open pit mines to earthquakes is 

essential to study the effect of earthquake parameters the exact location of each open pit mines is 

recorded on the world map. Figure 3-3 shows the world map of the open pit mines locations. In 

addition to open pit mine locations the parameters of earthquakes occurred in the vicinity of these 

open pit mines during their lifetime is considered in the database including their magnitude, focal 

depth, epi-central distance and intensity. It should be noted that there are open pit mines not located 

in active seismic zones, therefore there are no earthquakes associated with these mines in the 

database. 
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Table 3-3 Large open pit mines and the endured earthquake parameters. 
No. Name Commodity Country Year1 M 1 Epi1 Depth1 Year2 M 2 Epi2 Depth2 Year3 M 3 Epi3 Depth3 Int 1 Int 2 Int 3 

Max. 
Int 

1 Alumbrera Copper Argentina 1993 6.6 41.6 30 - - - - - - - - 6.9 - - 6.9 

2 Cerro Vanguardia Gold Argentina     - - - - - - - -  - - - 
3 Pirquitas  Argentina 1993 7.0 48.0 218.0 2005 6.8 148.8 154.0 2015 6.7 49.60 223 5.3 5.0 4.8 5.3 
4 Bengalla Coal Australia - - - - - - - - - - - - - - - - 
5 Blair Athol Coal Australia - - - - - - - - - - - - - - - - 

6 BMA Queensland 
(Peak Downs Mine) Coal Australia - - - - - - - - - - - - - - - - 

7 Clermont Coal Australia - - - - - - - - - - - - - - - - 
8 Hail Creek Coal Australia - - - - - - - - - - - - - - - - 
9 Hunter Valley Coal Australia - - - - - - - - - - - - - - - - 
10 Integra Coal Australia - - - - - - - - - - - - - - - - 
11 Isaac Plains Coal Australia - - - - - - - - - - - - - - - - 
12 Mt. Arthur Coal Australia - - - - - - - - - - - - - - - - 
13 Ulan Coal Australia - - - - - - - - - - - - - - - - 

14 
Mount Thorley 

Warkworth 
Coal Australia - - - - - - - - - - - - - - - - 

15 Mt. Owen Coal Australia - - - - - - - - - - - - - - - - 
16 Telfer Mine Copper Australia - - - - - - - - - - - - - - - - 
17 Cadia-Ridgeway Copper/Gold Australia - - - - - - - - - - - - - - - - 
18 Argyle Diamond Australia - - - - - - - - - - - - - - - - 
19 Super Pit Gold Gold Australia - - - - - - - - - - - - - - - - 
20 Boddington Gold Australia - - - - - - - - - - - - - - - - 
21 Sunrise Dam Gold Gold Australia - - - - - - - - - - - - - - - - 
22 Yilgarn South Gold Australia - - - - - - - - - - - - - - - - 
23 Brockman 2 Iron Australia - - - - - - - - - - - - - - - - 
24 Channar Iron Australia - - - - - - - - - - - - - - - - 
25 Eastern Range Iron Australia - - - - - - - - - - - - - - - - 

26 
Hamersley 

(Mt. Tom Price) 
Iron Australia - - - - - - - - - - - - - - - - 

27 Hope Downs Iron Australia - - - - - - - - - - - - - - - - 
28 Marandoo Iron Australia - - - - - - - - - - - - - - - - 
29 Mesa A Iron Australia - - - - - - - - - - - - - - - - 
30 Mesa J Iron Australia - - - - - - - - - - - - - - - - 
31 Nammuldi Iron Australia - - - - - - - - - - - - - - - - 
32 Paraburdoo Iron Australia - - - - - - - - - - - - - - - - 

 



42 
 

Table 3-3 Continued. 

No. Name Commodity Country Year1 M 1 Epi1 Depth1 Year2 M 2 Epi2 Depth2 Year3 M 3 Epi3 Depth3 Int 1 Int 2 Int 3 
Max. 
Int 

33 West Angelas Iron Australia - - - - - - - - - - - - - - - - 
34 Yandicoogina Iron Australia - - - - - - - - - - - - - - - - 
35 Ranger Uranium Australia - - - - - - - - - - - - - - - - 
36 Don Mario Gold/Copper Bolivia - - - - - - - - - - - - - - - - 
37 Sossego Copper Brazil - - - - - - - - - - - - - - - - 
38 Paracatu Gold Brazil - - - - - - - - - - - - - - - - 
39 Alegria Mine Iron Brazil - - - - - - - - - - - - - - - - 
40 Azul Manganese Brazil - - - - - - - - - - - - - - - - 
41 Morro da Mina Mangenes Brazil - - - - - - - - - - - - - - - - 
42 Onca puma Nickel Brazil - - - - - - - - - - - - - - - - 
43 Elkview Coal Canada - - - - - - - - - - - - - - - - 
44 Fording River Coal Canada - - - - - - - - - - - - - - - - 
45 Greenhills Coal Canada - - - - - - - - - - - - - - - - 
46 Line Creek Coal Canada - - - - - - - - - - - - - - - - 
47 Coal Mountain Coal Canada - - - - - - - - - - - - - - - - 
48 New Afton Mine Copper Canada 2014 6.6 499 11.4 2011 6.5 464 22 - - - - 3.5 3.4 - 3.5 

49 
Highland Valley 

Copper 
Copper Canada 2014 6.6 499 11.4 2011 6.5 432 22 - - - - 3.5 3.5 - 3.5 

50 Copper Mountain Copper Canada 2011 6.5 452 22 2001 6.7 288 54 2014 6.6 496 11.4 3.5 4.4 3.5 4.4 
51 Huckleberry Copper Canada 2012 6.2 341 9 2012 7.8 341 14 2012 6.3 374 9 3.4 5.8 3.4 5.8 
52 Gibraltar Copper Canada - - - - - - - - - - - - - - - - 
53 Ekati Diamond Canada - - - - - - - - - - - - - - - - 
54 Victor Diamond Canada - - - - - - - - - - - - - - - - 
55 Porcupine Gold Canada - - - - - - - - - - - - - - - - 
56 Carol Lake Iron Canada - - - - - - - - - - - - - - - - 
57 Endako Molybdenum Canada 2012 7.8 480 14 2012 6.2 486 9     5.3 2.9  5.3 

58 Voisey Bay Nickel Canada - - - - - - - - - - - - - - - - 
59 Horizon Oil Sands Oil Sand Canada - - - - - - - - - - - - - - - - 
60 Athabasca Oil Sands Canada - - - - - - - - - - - - - - - - 
61 Millennium Oil Sands Canada - - - - - - - - - - - - - - - - 
62 Lac des Iles PGM Canada - - - - - - - - - - - - - - - - 
63 McClean Lake Uranium Canada - - - - - - - - - - - - - - - - 
64 El Salvador Copper Chile 1993 6.5 146 23 2006 6.6 187 12 2011 6.1 318 20 5.2 4.9 3.4 5.2 
65 Collahuasi Copper Chile 2010 6.3 144 108 2007 7.7 184 40 2011 6.4 91.2 128 4.6 6.6 4.9 6.6 
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Table 3-3 Continued. 

No. Name Commodity Country Year1 M 1 Epi1 Depth1 Year2 M 2 Epi2 Depth2 
Year-

3 
M 3 Epi3 Depth3 Int 1 Int 2 Int 3 

Max. 
Int 

66 Candelaria Copper Chile 2011 6.7 75.2 20 2002 6.5 16.00 53 2006 6.6 107 12 6.4 6.6 5.8 6.6 
67 Quebrada Blanca Copper Chile 2010 6.3 144 108.4 2007 7.7 176 40 2011 6.4 96 128 4.6 6.7 4.9 6.7 

68 
Carmen de 
Andacollo 

Copper Chile 2013 6.6 60.8 10.7 97 7.1 68.80 62 2003 6.7 60.8 32 6.6 6.8 6.6 6.8 

69 Escondida Copper Chile 1996 6.6 100 47 1998 7.1 118 41  8 160 40 5.7 6.3 7.2 7.2 
70 El Abra Copper Chile 2005 6.8 107 154 2010 6.3 52.8 108 2007 7.7 113 40 5.2 5.2 7.3 7.3 
71 Radomiro Tomic Copper Chile 2007 7.7 102 40.00 2010 6.2 43.2 109 2010 6.3 56.00 108 7.4 5.1 5.1 7.4 
72 Chuquicamata Copper Chile 2007 7.7 100 40 2010 6.2 44.8 109.4 2010 6.3 57.60 108 7.4 5.0 5.1 7.4 
73 Maricunga Gold Chile 2002 6.5 112 53 2011 6.1 163 20 2010 6.1 166 41.4 5.4 4.4 4.3 5.4 
74 Pascua Lama Gold Chile 2012 6.1 120 63 1995 6.7 148 15.00 1998 6.5 165 41 4.7 5.4 4.9 5.4 
75 Los Pelambres Copper Chile 2015 8.3 72.0 22.4 - - - - - - - - 8.9 - - 8.9 

76 Yimin Coal China 2011 6.1 658 12 - - - - - - - - 2.3 - - 2.3 

77 Huolinhe Coal China 2010 6.9 944 573.7 - - - - - - - - 2.7 - - 2.7 

78 
Zhungeer 
Heidaigou 

Coal China - - - - - - - - - - - - - - - - 

79 Yuanbaoshan Coal China - - - - - - - - - - - - - - - - 
80 Tanjianshan Gold China 2001 7.8 448 15 - - - - - - - - 5.4 - - 5.4 

81 Cerrejon Coal Colombia 1997 7 988 9 - - - - - - - - 3.0 - - 3.0 

82 Angostura Gold Colombia 2015 6.2  157 - - - - - - - - 4.6 - - 4.6 

83 Moa Bay 
Nickel/ 
Cobalt 

Cuba - - - - - - - - - - - - - - - - 

84 Pueblo Viejo  Duminican 2010 7.0 256 15.0 2010 6.0 280 6.0 - - - - 5.1 3.4 - - 

85 Sukari Mine Gold Egypt 1995 7.2 432 12 - - - - - - - - 4.6 - - 4.6 

86 Iduapriem Gold Ghana - - - - - - - - - - - - - - - - 
87 Marlin Gold/Silver Guatemala 1993 7.2 118 34.0 2013 6.6 76.8 67.0 2014 6.9 94.4 60.0 6.5 5.9 6.2 6.5 
88 Fenix Project  Guatemala 2013 6.2 163 189 - - - - - - - - 3.9   3.9 

89 Omai Gold Guyana     - - - - - - - -  - - - 
90 San Andres  Honduras 2013 6.2 163 189 - - - - - - - - 3.9 - - - 
91 Hutti Mine Gold India     - - - - - - - -  - - - 

92 
J Resources North 

Lanut 
Gold Indonasia 2010 6.1 109 28 2014 6.2 125 30 - - - - 5.0 4.9 - 5.0 

93 Vale INCO Nickel Nickel Indonasia 2011 6.1 12.8 16 2012 6.3 200 10 - - - - 7.6 4.4  7.6 

94 Nickel Mine Nickel Indonasia 2014 6.5 112 38 2014 7.1 149 35 - - - - 5.5 6.0  6.0 

95 Batu Hijau Copper Indonesia 2007 6.5 176 20 2011 6.2 246 39 - - - - 4.9 3.9  4.9 

96 Grasberg Copper Indonesia 2013 7 160 66 2004 7.3 229 20 - - - - 5.7 5.7  5.7 

97 Sarcheshmeh Copper Iran 1998 6.6 165 17 2003 6.5 250 14 - - - - 5.1 4.4  5.1 
98 Gol Gohar Iron Iran 1990 6.6 104 10 2013 6.4 370 12 2011 6.2 360 10 5.8 3.6 3.4 5.8 
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Table 3-3 Continued. 

No. Name Commodity Country Year1 M 1 Epi1 Depth1 Year2 M 2 Epi2 Depth2 
Year-

3 
M 3 Epi3 Depth3 Int 1 Int 2 Int 3 

Max. 
Int 

99 Choghart Iron Iran   0.0  - - - - - - - - - - -  

100 Bama Zinc/Lead Iran 2014 6.2 365 10 - - - - - - - - 3.3 - - 3.3 

101 Kumtor Gold Kyrgyzstan 2013 6.1 150 15 - - - - - - - - 4.5 - - 4.5 

102 Morila Gold Mali - - - - - - - - - - - - - - - - 
103 Sadiola Gold Mali - - - - - - - - - - - - - - - - 
104 Yatela Gold Mali - - - - - - - - - - - - - - - - 
105 La Herradura Gold Mexico 2010 7.2 256 5.2 - - - - - - - - 5.4 - - 5.4 

106 Cerro San Pedro Gold Mexico 1995 8.0 496 25 2012 6.1 432 53 - - - - 5.6 2.9 - 5.6 

107 Oro Dolores Gold Mexico 1995 6.5 368 6.0 2013 6.4 346 1.0 - - - - 3.8 3.7 - 3.8 

108 Palmarejo Gold Mexico 1995 6.5 245 6.0 2013 6.4 213 1.00 - - - - 4.4 4.5 - 4.5 

109 Ocampo Project Gold/Silver Mexico 1995 6.5 309 6.0 2013 6.4 277 1.00 - - - - 4.0 4.1 - 4.1 

110 
Los Filos and 

Bermejal 
Gold/Silver Mexico 2011 6.5 32.0 54.2 2012 6.1 89.6 53.0 2014 7.2 128 24.0 6.5 5.1 6.4 6.5 

111 The Penasquito Gold/Silver Mexico - - - - - - - - - - - - - - - - 
112 Boroo Gold Gold Mongolia - - - - - - - - - - - - - - - - 
113 Navachab Gold Namibia - - - - - - - - - - - - - - - - 
114 Rossing Uranium Namibia - - - - - - - - - - - - - - - - 

115 Goro Nickel 
New 

Caledonia 
2014 7.1 291 19 2003 6.7 258 10 - - - - 5.0 4.6 - 5.0 

116 Martha Gold 
New 

Zealand 
2012 6.3 118 163 2014 6.7 339 22 - - - - 4.4 4.2 - 4.4 

117 Macraes Gold 
New 

Zealand 
2003 7.2 258 28 2007 6.8 232 18 - - - - 5.4 4.9 - 5.4 

118 la Libertad Gold Nicaragua 2011 6.0 104 177 2014 6.6 118 135 2014 6.1 133 13.0 3.9 5.0 4.7 5.0 
119 Porgera Gold Papua New 2000 6.5 173 17 2010 6 211 33.6 - - - - 4.9 3.8 - 4.9 
120 Lihir Gold Papua New 2000 8.0 104 27 2013 6.5 102 10 2010 6.5 122 28 7.9 5.7 5.4 7.9 
121 Cerro Corona Copper Peru 1990 6.5 178 17 2014 6.3 387 9.8 - - - - 4.9 3.4 - 4.9 

122 Tintaya Copper Peru 2013 6 94.4 7 - - - - - - - - 5.1 - - 5.1 

123 Antamina Copper Peru 2012 6 226 129 1996 7.5 302 15 - - - - 3.5 5.6 - 5.6 
124 Toquepala mine Copper Peru 2001 6.7 118 24 2001 7.6 144 14 2010 6.2 92.8 46 5.8 6.8 5.2 6.8 
125 Cuajone mine Copper Peru 2001 6.7 123 24 2001 7.6 141 14 2010 6.2 115 46 5.7 6.9 5.0 6.9 
126 Cerro Verde Mine Copper Peru 2001 7.6 117 14 2013 6.0 101 7 1999 6.8 97.6 88 7.2 5.0 5.8 7.2 
127 Toromocho Mine Copper Peru - - - - - - - - - - - - - - - - 
128 Lagunas Norte Gold Peru 2014 6.3 387 9.8 - - - - - - - - 3.4 - - 3.4 

129 Yanacocha Gold Peru 1990 6.5 178 17 2014 6.3 294 9.8 - - - - 4.9 3.8 - 4.9 

130 Pierina Gold Peru 2012 6 283 129 1996 7.5 248 15 - - - - 3.3 5.9 - 5.9 

 



45 
 

Table 3-3 Continued. 

No. Name Commodity Country Year1 M 1 Epi1 Depth1 Year2 M 2 Epi2 Depth2 
Year-

3 
M 3 Epi3 Depth3 Int 1 Int 2 Int 3 

Max. 
Int 

131 Constancia Copper Peru 1991 6.8 138 100 2013 6.0 128 6.6 2014 6.9 195 101 5.4 4.6 5.2 5.4 

132 Didipio Gold Philippines 1990 6.5 46.4 25  7.7 70.4 23 - - - - 6.7 8.0 - 8.0 

133 Sao Domingos Gold Portugal 2010 6.3 352 620 - - - - - - - - 2.5 - - 2.5 

134 Rovinari Coal Romania 1990 7 294 89 - - - - - - - - 4.8 - - 4.8 

135 Berbești Coal Romania 1990 7 238 89 - - - - - - - - 5.1 - - 5.1 

136 Roșia Poieni Copper Romania 1990 7 272 89 - - - - - - - - 4.9 - - 4.9 

137 Mirny Diamond Russia - - - - - - - - - - - - - - - - 
138 Udachnaya pipe Diamond Russia - - - - - - - - - - - - - - - - 

139 Venetia Diamond 
South 
Africa 

2006 7 453 11 - - - - - - - - 4.2   4.2 

140 Big Hole Diamond 
South 
Africa - - - - - - - - - - - - - - - - 

141 Jagersfontein Diamond 
South 
Africa - - - - - - - - - - - - - - - - 

142 
Marikana 
Platinum 

PGM 
South 
Africa - - - - - - - - - - - - - - - - 

143 Letseng Diamond 
South 
Africa - - - - - - - - - - - - - - - - 

144 Corta Atalaya Copper Spain 2010 6.3 285 620 - - - - - - - - 2.5 - - 2.5 

145 Sierra Menera Iron Spain 2010 6.3 440 619 - - - - - - - - 2.4 - - 2.4 

146 Rosebel Gold Suriname     - - - - - - - -  - -  

147 Geita Gold Tanzania 2005 6.7 488 16 - - - - - - - - 3.6 - - 3.6 

148 Buzwagi Gold Tanzania 2005 6.7 406 16 - - - - - - - - 3.9 - - 3.9 

149 North Mara Gold Tanzania     - - - - - - - - - - - - 
150 Kisladag Gold Turkey 2012 6 232 35 2014 6.9 376 10     3.7 4.3 - 4.3 

151 
Ffos-y-fran Land 

Reclamation 
Scheme 

Coal UK - - - - - - - - - - - - - - - - 

152 Penrhyn Quarry Slate UK - - - - - - - - - - - - - - - - 
153 Spring Creek Coal USA 1992 7.2 138 18 2010 6.5 162 20.6 2014 6.8 221 16.6 6.3 5.0 5.0 6.3 
154 Minorca Coal Coal USA - - - - - - - - - - - - - - - - 
155 Colowyo Mine Coal USA - - - - - - - - - - - - - - - - 
156 Cordero Rojo Coal USA - - - - - - - - - - - - - - - - 
157 North Antelope Coal USA - - - - - - - - - - - - - - - - 
158 Sierrita Copper USA 2010 7.2 392 5.2     - - - - 4.7   4.7 

159 Bagdad Copper USA 1999 7.2 293 5 1992 7.3 306 11 - - - - 5.2 5.3  5.3 

160 Bingham Canyon Copper USA - - - - - - - - - - - - - - - - 
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Table 3-3 Continued. 

No. Name Commodity Country Year1 M 1 Epi1 Depth1 Year2 M 2 Epi2 Depth2 
Year-

3 
M 3 Epi3 Depth3 Int 1 Int 2 Int 3 

Max. 
Int 

161 Chino Copper USA - - - - - - - - - - - - - - - - 
162 Morenci Copper USA - - - - - - - - - - - - - - - - 
163 Safford Copper USA - - - - - - - - - - - - - - - - 
164 Tyrone Copper USA - - - - - - - - - - - - - - - - 
165 Ruby Hill Gold USA 2014 6 563 7.8 - - - - - - - - 2.4 - - 2.4 

166 Cortez Gold USA 2014 6 533 7.8 - - - - - - - - 2.5 - - 2.5 

167 Round Mountain Gold USA 2014 6 461 7.8 - - - - - - - - 2.7 - - 2.7 

168 Goldstrike Gold USA 1992 7.2 650 18 - - - - - - - - 4.0 - - 4.0 

169 Fort Knox Gold USA 2002 6.6 160 19 - - - - - - - - 5.2 - - 5.2 

170 Bald Mountain Gold USA - - - - - - - - - - - - - - - - 

171 
Cripple Creek & 

Victor 
Gold USA - - - - - - - - - - - - - - - - 

172 Golden Sunlight Gold USA - - - - - - - - - - - - - - - - 
173 Climax Molybdenum USA - - - - - - - - - - - - - - - - 
174 Red Dog Zinc USA - - - - - - - - - - - - - - - - 
175 Nchanga Mines Copper Zambia - - - - - - - - - - - - - - - - 
176 Murowa Diamond Zimbabwe 2006 7.0 437 11  - - - - - - - 4.3 - - 4.3 

177 Zimplats PGM Zimbabwe 2006 7.0 453 11  - - - - - - - 4.2 - - 4.2 

Note: The blank cells are either for open pit mines not located in seismic areas or subjected to less than 3 earthquakes.  
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Figure 3-3 Location of major open pit mines (numbers refer to Table 3-3).  
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3.5 Conclusion 

To investigate the earthquake and geological conditions of slope failures a detailed 

database is created.  This database contains the earthquake parameters for three slope types, natural 

slopes, tailing dams and pit slopes and geological characteristics for natural and tailing dam slopes. 

Earthquake magnitude, epi-central distance, depth and intensity, are the earthquake parameters 

included in the database for each slope type. And the geological characteristics involved are water 

condition, failure mode, depth of the failure, slope angle and material type for natural slopes and 

slope angle, construction type and failure mode for tailing dam failures. The database is analysed 

in Chapter 4 considering each earthquake and geological aspect. 
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CHAPTER 4  

CHARACTERISTIC RESPONSE OF NATURAL SLOPES, TAILING DAMS AND OPEN PIT 

SLOPES TO EARTHQUAKES USING THE DATABASE 

4.1 Introduction 

This chapter investigates the characteristic response of natural slopes, tailing dams and 

open pit mines to earthquakes in order to discover the seismic and geological instability conditions 

for each slope type. As discussed in Chapter 2, there are two groups of factors governing the 

response of slopes to earthquakes: internal and external. Internal factors include site effects, water 

condition and material type while external ones are earthquake magnitude, focal depth, epi-central 

distance and intensity. This chapter analyzes the comparison of each of the mentioned parameters 

among each of the three slope types using the database presented in Chapter 3. 

4.2 Earthquake Parameters 

This section studies the earthquake parameters involved in the instability of natural slopes 

and tailing dams and their relationship with earthquake parameters subjected to open pit mine 

slopes.  This study shows whether the earthquakes occurred in the vicinity of open pit mines were 

sufficient to trigger pit slope failures, compared to those triggered natural slopes and tailing dam 

failures. According to the open pit mine database in Chapter 3, 85 of the 177 open pits mines are 

located in the active seismic zones while the rest are too far from the seismic regions to be affected 

by earthquakes. As discussed in Chapter 2, there are four earthquake parameters controlling the 

effect of shaking strength on the slope location: earthquake magnitude, epi-central distance, focal 

depth, and intensity. 
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4.2.1 Magnitude 

Natural slope and tailing dam failures are triggered by a wide range of earthquake 

magnitudes from 3.1 to 9.5 on Richter scale. To study the magnitude parameter on open pit mines, 

earthquakes with an epi-central distance of a 200-km radius for each mine is considered. This is 

because the number of slope failures decreased when the epi-central distance increased in all the 

natural slope failures, and more than 80 percent of the tailing dam failures were triggered by 

earthquake epi-centers of less than 200 km (Figure 4-1). In addition to epi-central distance, 

earthquake magnitude is also limited to more than 5.0 on Richter scale in this analysis, because 

there are only three natural slope failures and one tailing dam failure triggered by earthquake 

magnitudes of less than 5.0. The earthquake magnitudes that triggered failure in natural slopes and 

tailing dams are shown in Figure 4-2. 

Figure 4-1 Relation between cumulative percentage of natural slope failures and earthquake epi-
central distance. 
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Figure 4-2 Distribution percentage of natural landslides and tailing dam failures in different 
earthquake magnitude ranges (values on the bars represent the number of cases). 

According to Figure 4-2 natural slopes are mostly triggered by earthquakes with 

magnitudes of 5.0 to 8.0 with increase in the number of failures in higher magnitudes. There are 

only eight cases out of this range where three were in the range of 3.0 to 5.0 magnitude, and five 

were subjected to magnitudes of more than 8.0. Peria landslide in 1963 triggered by an earthquake 

magnitude of 3.2 (number 28 in Table 3-1) is an example of one of failures triggered by a relatively 

weak earthquake. The earthquake created a few rockfalls along the local road side slope which 

caused no injury. Figures 4-3 and 4-4 are pictures from this landslide showing the small scale 

failures. Another example of the landslides in this magnitude range is the Hope slide in 1965 

triggered by 3.2 earthquake magnitude (number 30 in Table 3-1). In contrast to the Peria landslide 

this one is a catastrophic landslide in which 22 Mm3 of material were relocated (Figure 4-5). This 

difference shows the involvement of other factors in addition to earthquake magnitude in the 

stability of slopes. The reason for this very large failure compared to the Peria earthquake was the 

different material properties. The material involved in Hope slide were very weak having a 
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Geological Strength Index of less than 40 with a low shear strength on a deep to very deep slope 

angle (45-80 degrees) [133]. Moreover, ongoing weathering and tectonic activity weakened the 

material to the point where it had reached the limit equilibrium. Observing only five cases for high 

earthquake magnitudes (M>8) is because of the significantly fewer number of earthquakes in this 

range, where only 92 events, compared to earthquake magnitudes of 5.0 to 8.0, which are more 

than 78,000 events since 1800.  Figure 4-6 shows the number of slope failures per number of 

earthquakes in different magnitude ranges. The figure shows that, although the number of 

earthquakes decreases by increase in the magnitude, the number of failures per number of 

earthquakes is increasing. For instance, there were four earthquakes with a magnitude of more than 

9.0 since 1900, where two of them caused historical natural slope failure. One of these high 

magnitude earthquakes events was the Seward Alaska in 1964 with a magnitude of 9.2 (number 

29 in Table 3-1). The earthquake triggered a 1500 meters long and 150 meters wide submarine 

landslide causing a tsunami that killed 131 people in the local coast towns. The other large 

magnitude earthquake is the Valdivia earthquake in 1960 with a magnitude of 9.6 (number 26 in 

Table 3-1), that was the largest ever recorded earthquake magnitude. The earthquake triggered 

abundant landslides mainly in the steep glacial valleys of the southern Andes. This event did not 

cause significant number of fatalities nor major economic losses as most areas were unpopulated. 

 

https://en.wikipedia.org/wiki/Landslide
https://en.wikipedia.org/wiki/Andes
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Figure 4-3 Material dislodged from an existing roadside slip at Kaingapipiwai, on the Pupuke 
Road [79]. 

Figure 4-4 Landslide on Akatere Trig. The scar of a landslide caused by the Peria earthquake is 
circled [79]. 
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Figure 4-5 East view of Hope Slide occurred under earthquake magnitude of 3.2 in 1965, British 
Columbia, Canada. 

Figure 4-6 Percentage of number of natural slope failures per number of earthquakes in different 
magnitude ranges. 
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According to Figure 4-2, all tailing dam failures triggered by earthquake magnitudes of 5.0 

to 9.0 were mostly located in Chile, Peru and western United States. Similar to the natural slope 

failures, the number of tailing dam failures increases by increase in the magnitude. Most tailing 

dam failures were in the magnitude range of 7.0 to 8.0 in which 19 (50% of events) were triggered 

by two specific earthquakes in 1965 and 1985. Eight failures (23% of events) were observed in 

tailing dams during earthquake magnitudes of more than 8.0 compared to the five events (5% of 

events) in natural slopes. However, it should be noted that only three earthquakes triggered eight 

tailing dam failures while there are five different earthquakes triggering the five natural slope 

failures in this magnitude range.  

Figure 4-7 shows the percentage of open pit mines subjected to different earthquake 

magnitude ranges. The figure shows that during the last 25 years (since 1990) there were only 31 

(18% of) open pit mines subjected to earthquake magnitudes of more than 5.0 and the increase in 

the earthquake magnitude is accompanied by decrease in the number of open pit mines. The figure 

shows that 137 (73% of) open pit mines are not located in seismic active regions. 

Figure 4-7 Percentage of open pit mines subjected to different earthquake magnitude ranges 
(values on the bars represent the number of cases). 
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This study also shows a significant difference in earthquake magnitudes triggered natural 

slope and tailing dam failures compared to those in the vicinity of the open pit mines. More than 

95 percent of natural slope and tailing dam failures were triggered by magnitudes of more than 5.0 

compared to the open pit mines that 18 percent were exposed to this magnitude range. 

4.2.2 Epi-central Distance 

As discussed in Chapter 2, epi-central distance has an inverse correlation with the shaking 

intensity that shows 50 percent decrease in shaking intensity reaching 100 km of epi-central 

distance. The analysis was performed to investigate the effect of epi-central distance on failed 

natural slopes and tailing dams, and endured open pit mines. Figures 4-8 to 4-10 show the 

cumulative frequency and number of cases, respectively, for the natural slope and tailing dam 

failures along with endured open pit mines in different earthquake epi-central distance ranges. 

Figure 4-8 Cumulative percentage of natural slope and tailing dam failures and endured open pit 
mines in different epi-central distances. 
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According to Figure 4-8, 83 percent of natural slope failures were in 100km epi-central 

distance and all were in the range of 200 km. Figure 4-9 shows that the failure frequency in natural 

slopes decreases significantly while the epi-central distance increases. This reflects a similar 

logarithmic trend discussed in Chapter 2, Figure 2-5, between epi-central distance and shaking 

intensity. With increasing distance from the earthquake epi-center, landslide failures were more 

likely to take place in weak material or become shallow failures in stronger material. The 

Guatemala earthquake of 1976 (M=7.5, number 36 in Table 3-1) was one of the events in which 

landslides occurred relatively far from the earthquake epi-center up to 160 km. Dominant failure 

types in this event were rockfalls and shallow debris flows on steep and weak material slopes with 

a relatively small landslide volume of less than 15,000 m3. The Luzan incident in 1990 (M=7.8, 

number 63 in Table 3-1) is another example where landslides were located in large epi-central 

distances (~200 km). The landslides that occurred in this event were in sand boils that where 

susceptible to liquefaction under seismic loads. In contrast, the landslides that occurred in short 

epi-central distances of about 20 km were mostly deep and in stronger material. A good example 

for these events is the Wairarapa landslide in 1885 (M=8.2, number 3 in Table 3-1) in which the 

earthquake triggered extensive landslides containing ~300,000 m3 of material. Another example 

is the Irpinia landslide in 1980 (M=6.9, number 47 in Table 3-1), which had an epi-central distance 

between zero and 15 km.  The failure types in this event, were earth flows that traveled up to 3 km 

and were relatively large in closer distances mostly rockfall in greater epi-central distances. The 

Wenchuan earthquake in 2008 (M=8.0, number 89 in Table 3-1) triggered thousands of natural 

and dam slope landslides.  The occurrence of landslides in this event extended to more than 100 

km, with a significant decrease in the number of events by distance. 
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Tailing dam failures are triggered with earthquake epi-central distance of up to 313 km, 

with most between 80 and 100 km. The expected trend for shaking intensity and epi-central 

distance observed for natural slope failures is not observed for this type of slopes. This is because 

the tailing dam locations are not scattered and are concentrated only in three locations that 

triggered by only 12 earthquakes which does not provide a decent distribution to see such a trend. 

Figure 4-9 Distribution of natural landslides and tailing dam failures in different earthquake    
epi-central distance ranges. 

Figure 4-10 shows the relationship between the number of open pit mines and epi-central 

distance in which there is no open pit mine located in the range of 10 km whereas 25 percent of 

natural slope failures occurred in this range of epi-central distance. The figure shows that 23% (40 

cases) of open pit mines are subjected to earthquakes with epi-central distance of less than 200 

km, where all natural slope failures and 85 percent of tailing dam failures were in this range. 

Furthermore, more than 85 percent of natural slope failures were in the range of 100 km of epi-
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central distance, whereas only 11% (19 cases) of open pit mines were located in this range. This 

shows that considering the epi-central earthquake parameters, 89% of open pit mines are not 

subjected to strong enough shaking intensities to produce slope failure. Comparing tailing dam 

failures and open pit mines, 85% of tailing dam, which are significantly more susceptive to failure 

due to liquefaction, were located in the range of 200 km epi-central distance. This shows that open 

pit mines located beyond 200 km from earthquake epi-center are not expected to be impacted. 

Figure 4-10 Distribution of open pit mines in different earthquake epi-central distance ranges. 

4.2.3 Focal Depth 

As discussed in Chapter 2, focal depth has a reverse correlation with shaking intensity. 

Shallower earthquakes with the same focal energy create more shaking intensity on surface 

compared to deep earthquakes. Figures 4-11 to 4-13 show the frequency and cumulative 

percentage of natural slope and tailing dam failures and enduring open pit mines in different 
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Figure 4-11 shows that natural slope failures except one (number 83 in Table 3-1, depth= 

73 km) are triggered by shallow earthquakes (<70 km). Figure 4-13 shows a similar logarithmic 

trend shown for epi-central distance relationship in which the number of failures decrease 

significantly with increase in the focal depth. More than 65 percent of the natural slope failures 

occurred at earthquake focal depths of less than 20 km, where 95 percent occur in less than 40 km. 

The depth of an earthquake is known to correlate with the earthquake source type in terms of fault 

or subduction and its location on these geological structures. Figure 4-14 shows the worldwide 

earthquake depth of magnitudes 7.0 and above from 1900 to 2013 [134]. The Nazca plate in South 

America is one of the subduction zones which generates shallow earthquakes on the west coast of 

Chile and Peru trench and progressively deeper earthquakes eastward as the subduction plate 

derives deeper. Figure 4-15 shows this subduction zone with the magnitude and depth of the 

generated earthquakes by the Nazca plate movements. The large natural slope failures occurred 

close to the coast edge are triggered by shallow earthquakes (numbers 26 and 51 in Table 3-1). 

New Zealand as a region with high seismicity is another example for the effect of shallow 

earthquakes. Figure 4-16 shows the Australia and Pacific subduction on the west and east borders 

of the New Zealand plate, respectively. The Pacific plate moves under the east side of the North 

Island generating shallower earthquakes around the east border of the North Island. The Australia 

plate moves under the west side of the South Island produce shallower earthquakes around the 

west border of the South Island. Figure 4-17 shows the natural slope failures and open pit mines 

in Central America subjected to the earthquakes generated by the subduction of Cocos plate 

beneath the Caribbean plate. Figures 4-18 and 4-19 show the natural slope and open pit mines in 

Iran and western Asia, respectively, which are in the vicinity of earthquakes generated by 

subduction zones and faults. It is observed from Figures 4-15 to 4-19 that the natural slope failures 
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are mostly triggered close to the large magnitude earthquakes with shallow depths and the larger 

failures occurred close to the coast edge triggered by shallower earthquakes (numbers 5, 26 and 

51 in Table 3-1). In New Zealand, 17 out of 19 landslides were triggered by less than 20 km deep 

earthquakes. In contrast, the El Salvador (number 83 in Table 3-1) and Ancosh (number 32 in 

Table 3-1) events, with depths of 60 and 73 km, are examples for deep subduction zones that 

generated relatively small landslides. Figure 4-11 shows that all tailing dams are triggered by 

shallow earthquakes (<70 km). However, the trend observed for natural slope failures is not seen 

for tailing dams and the number of failures fluctuate by the earthquake depth. This is because of 

the same reason mentioned in the epi-central distance analysis, such as limited number and local 

concertation of earthquakes triggering tailing dam failures.  

Figure 4-11 Frequency of natural landslides and tailing dam failures in different earthquake 
depth ranges. 
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Figure 4-12 Frequency of open pit mines in the vicinity of different earthquake depth ranges. 

Figure 4-13 Cumulative percentage of natural slope and tailing dam failures and endured open 
pit mines in different focal depths. 
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Figure 4-14 Earthquake focal depths of magnitude 7.0 and above from 1900 to 2013 [135]. 
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Figure 4-15 Natural slope failures and open pit mines subjected to earthquakes generated by the 
subduction of Nazca plate beneath the Peru-Chile trench with the produced earthquake 

magnitudes and focal depths from 1900 to 2013 (Modified USGS map [136]). 
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Figure 4-16 Natural slope failures and open pit mines subjected to earthquakes generated by the 
subduction of Australia and Pacific plate under New Zealand plate with the created earthquake 

magnitudes and focal depths from 1900 to 2010 (Modified USGS map [136]). 
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Figure 4-17 Natural slope failures and open pit mines subjected to earthquakes generated by the  
subduction of Cocos plate beneath the Caribbean plate along with the produced earthquake 

magnitudes and focal depths from 1900 to 2013 (Modified USGS map [137]). 
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Figure 4-18 Natural slope failures and open pit mines subjected to earthquakes generated in the 
middle east region by the subduction of Arabia plate beneath the Iran plate and the Talas fault 
along with the produced earthquake magnitudes and focal depths from 1900 to 2010 (Modified 

USGS map [138]). 

Analyzing the relation between open pit mines and focal depth shows that there are 69 open 

pit mines, exposed to shallow earthquakes (<70 km). However, among these 69 cases, 36 mines 

are located in 200 km epi-central distance in which the earthquakes would be effective based on 

the epi-central distance analysis. Figures 4-20 and 4-21 present the natural slope failure events and 

open pit mines that are located in high, medium and low risk zones, respectively. These risk zones 

are defined from the natural slopes analysis in which the high risk zone is the epi-central and focal 

depth ranges, where 90 percent of natural slope failures were triggered, and earthquake epi-center 

and depths of less than 40 and 100 km, respectively. The medium risk zone is the epi-central and 
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focal depth range where 10 percent of natural slope failures occurred, and epi-center and depths of 

less than 70 and 200 km, respectively. Finally, the low risk zone is the epi-central and focal depth 

range in which no natural slope failure was occurred, where depths of more than 70 km and epi-

central distance of more than 200 km. Table 4-1 defines the risk zones based on the focal depth, 

epi-central distance and percentage of natural slope failures. According to Figures 4-20 and 4-21, 

only seven open pit mines are located in the high risk zone. Table 4-2 presents open pit mines in 

the vicinity of earthquakes with less than 200 km epi-central distance and 70 km deep along with 

their corresponding earthquakes and risk zones.  

Figure 4-19 Natural slope failures and open pit mines subjected to the earthquakes generated by 
the  subduction of Pacific Ocean plate beneath the Coral Sea plate along with the produced 
earthquake magnitudes and focal depths from 1900 to 2010 (Modified USGS map [139]). 

Table 4-1 Definition of risk zones based on focal depth, epi-central distance and percentage of 
natural slope failures. 

Risk Zone Low Medium High 
Epi-central Distance >200 km 100 - 200 km <100 km 

Focal Depth >40 km 40 – 70 km <70 km 
Natural Slope Failures 0% 10% 90% 

Natural Slope Failure 

Open Pit Mine 
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According to Figure 4-16, the Martha and Macraes open pit mines in New Zealand are 

located far from the subduction zone (>200 km) which are subjected to deep (>70 km) earthquakes. 

However, Figures 4-15 and 4-17 show that among the open pit mines in Central and South America 

24 are located in shallow seismic zones that could be a concern for the mining engineers. There 

are 10 other open pit mines located in shallow depths in Iran, Philippines, Papua New, Indonesia, 

and Kirghizstan. 

Figure 4-20 Focal depth vs. epi-central distance of earthquakes triggered natural slope failures 
and defining high, medium and low risk zones considering the frequency of failures. 
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Figure 4-21 Focal depth vs. epi-central distance of earthquakes subjected to open pit mines and 
their risk zone according to natural slope failures (note: some open pit mines are defined by more 
than one point on the graph which shows that they were subjected to more than one earthquake). 
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Table 4-2 Open pit mines subjected to earthquake shallower than 70 km and epi-central distance 
of less than 200km and their risk zone distinguished by color  

(red: high risk; yellow: medium risk). 
No. Name Country Year1 M 1 Epi1 Depth1 Year2 M 2 Epi2 Depth2 Year3 M 3 Epi3 Depth3 

1 Alumbrera Argentina 1993 6.6 41.6 30 - - - - - - - - 
64 El Salvador Chile 1993 6.5 146 23 2006 6.6 187 12 - - - - 
65 Collahuasi Chile 2007 7.7 184 40 - - - - - - - - 
66 Candelaria Chile 2011 6.7 75.2 20 2006 6.6 107 12 - - - - 
67 Quebrada Blanca Chile 2007 7.7 176 40 - - - - - - - - 
68 Carmen de Andacollo Chile 2003 6.7 60.8 32 - - - - - - - - 
69 Escondida Chile 1995 8 160 40 - - - - - - - - 
70 El Abra Chile 2007 7.7 113 40 - - - - - - - - 
71 Radomiro Tomic Chile 2007 7.7 102 40.00 - - - - - - - - 
72 Chuquicamata Chile 2007 7.7 100 40 - - - - - - - - 
73 Maricunga Chile 2011 6.1 163 20 - - - - - - - - 
74 Pascua Lama Chile 1995 6.7 148 15.00 - - - - - - - - 
75 Los Pelambres Chile  8.3 72 22.4 - - - - - - - - 
87 Marlin Guatemala 1993 7.2 118 34.0 - - - - - - - - 
92 J Resources North Lanut Indonesia 2010 6.1 109 28 2014 6.2 125 30 - - - - 
93 Vale INCO Nickel Indonesia 2011 6.1 12.8 16 2012 6.3 200 10 - - - - 
94 Nickel Mine Indonesia 2014 6.5 112 38 2014 7.1 149 35 - - - - 
95 Batu Hijau Indonesia 2007 6.5 176 20 - - - - - - - - 
97 Sarcheshmeh Iran 1998 6.6 165 17 - - - - - - - - 
98 Gol Gohar Iran 1990 6.6 104 10 - - - - - - - - 
101 Kumtor Kyrgyzstan 2013 6.1 150 15 - - - - - - - - 
110 Los Filos and Bermejal Mexico 2011 6.5 32.0 54.2 2012 6.1 89.6 53.0 2014 7.2 128 24.0 
118 la Libertad Nicaragua 2011 6.0 104 177 2014 6.6 118 135 2014 6.1 133 13.0 
119 Porgera Papua New 2000 6.5 173 17 2010 6 211 33.6 - - - - 
120 Lihir Papua New 2000 8.0 104 27 2013 6.5 102 10 2010 6.5 122 28 
121 Cerro Corona Peru 1990 6.5 178 17 2014 6.3 387 9.8 - - - - 
122 Tintaya Peru 2013 6.0 94.4 7 - - - - - - - - 
123 Antamina Peru 1996 7.5 302 15 - - - - - - - - 
124 Toquepala mine Peru 2001 6.7 118 24 2001 7.6 144 14 2010 6.2 92.8 46 
125 Cuajone mine Peru 2001 6.7 123 24 2001 7.6 141 14 2010 6.2 115 46 
126 Cerro Verde Mine Peru 2001 7.6 117 14 2013 6.0 101 7 1999 6.8 97.6 88 
129 Yanacocha Peru 1990 6.5 178 17 - - - - - - - - 
131 Constancia Peru 2013 6.0 128 6.6 - - - - - - - - 
132 Didipio Philippines 1990 7.7 70.4 23 - - - - - - - - 
153 Spring Creek USA 1992 7.2 138 18 - - - - - - - - 
169 Fort Knox USA 2002 6.6 160 19 - - - - - - - - 

 

4.2.4 Intensity 

Intensity of an earthquake is a scale of ground shaking considered at a specific region which 

is a function of magnitude, epi-central distance, and focal depth. Studying this parameter could be 

very valuable because it considers all the previously discussed earthquake parameters at the same 

time. Various relations are presented for different regions to estimate the intensity [138, 139]. The 
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selected relation for this study is from the research on Central and South Eastern Europe 

earthquakes from 342-BC to 1990-AD due to its relatively more comprehensive database [140]. 

According to this study, intensity is a function of earthquake magnitude, epi-central distance, and 

focal depth expressed in the form of Equation 4-1. 

�� = ܾM − �log√∆ଶ + ℎଶ + ܿ                       (Eq. 4-1) 

where, Ii is the earthquake intensity in MM (Modified Mercalli)1, M is the magnitude, Δ is the epi-

central distance in kilometers and h is the focal depth in kilometers.  The symbols b, v, and c are 

statistical constants that can be determined for each region. 

The intensity values of earthquake-triggered natural slopes, tailing dams and open pit mines 

since 1990 are calculated using the generic values for constants as, b =1.5, v =3.5 and c =3 [141]. 

The shaking intensity could be equal for two events with different earthquake magnitudes, focal 

depths and epi-central distances. Guatemala and Klamath Falls (numbers 36 and 73 in Table 3-1, 

respectively) events are examples of this circumstance (Table 4-3).  

Table 4-3 Guatemala and Klamath Falls events with the same intensity and different magnitudes, 
epi-central distances and focal depths. 

No. Name Country Year M Epi-central Distance (km) Depth (km) Intensity (MM)  

36 Guatemala Guatemala 1976 7.5 160 12 6.5 

73 Klamath Falls OR, USA 1993 5.8 30 9 6.5 

                                                 

1- Modified Mercalli (The Modified Mercalli Scale is a qualitative measure of the strength of 
ground shaking at a particular site defined from 1 to 10, which the greater value shows a higher 
intensity). 
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Because there are no recorded failures for open pit mines, the intensity calculations 

consider all earthquakes in the vicinity of each open pit mine since 1990. To do this, a network 

was developed on the open pit mine and earthquake maps from the database that connects each 

open pit mine to all earthquakes around it up to 400 km distance since 1990. Figure 4-22 illustrates 

an example of the network created for three open pit mines in Chile, showing the parameters for 

each earthquake with respect to the mines.  Figure 4-23 shows the intensity values for natural slope 

and tailing dam failures, and earthquakes in the vicinity of open pit mine sites, individually. The 

graph depicts the significant intensity range contrast between the natural slopes and tailing dams 

compared to enduring open pit mines. The open pit mines are mostly subjected to the intensities 

of range 2.0 to 6.0, while natural slope and tailing dam failures are triggered by earthquake 

intensities of more than 6.0. There are no open pit mines located in the vicinity of earthquake 

intensities of less than 2.0 in the graph is because they were not in the range of 400 km epi-central 

distance to be considered in this analysis. Figure 4-24 and 4-25 graphs the earthquake intensity 

range of failed natural slopes and tailing dams, and withstood open pit mines. This figure shows 

that 83 cases out of 95 natural slope failure events have an intensity of more than 6.0 and only 

eight landslide cases triggered by intensities of less than 6.0. Considering the cases triggered by 

intensities of 8.0 to 10.0, in most of them a large volume of material is moved and an extensive 

area is affected (numbers 1, 3, 23, 27, 30). The material involved in landslides triggered by low 

intensity earthquakes (<6) were relatively weaker, and more fractured and weathered (numbers, 8, 

31, 59 and 93 in Table 3-1) with relatively less extended affected area.  
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Figure 4-22 Example of extracting earthquake parameters from the database map to calculate the 
earthquake intensity of El Abra, Ramomiro Tomic and Chuquicamata open pit mines in Chile. 
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Figure 4-23 Intensity distribution of earthquakes triggered natural slope and tailing dam failures 
and subjected to open pit mines. 

According to Figure 4-24, more than 90 percent of tailing dams failed during intensities of 

more than 6.0, and 75 percent were triggered by shaking intensities of more than 7.0. The reason 

that more than 60 percent (20 cases) failed between 6.0 and 7.0 intensities is because most of these 

tailing dam failures were triggered by the same earthquake and were located in the same region. 

More than 80 percent of failures were triggered in tailing dams constructed by the up-stream 

method which is the most susceptive to failure as described in Chapter 2.  

In contrast to natural slope and tailing dam failures, the earthquake intensities exposed to 

open pit mine slopes are significantly lower and are mostly located between 2.0 and 6.0.  There 

are 20 open pit mines (11%) located in seismic regions with intensities of more than 6.0, and only 

one open pit mine, Los Pelambres mine, has an intensity of more than 8.0 (see Table 4-4). This 

could be one of the reasons that even the open pit mines located in seismic regions are not mostly 
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subjected to strong enough earthquakes to observe failure. The effects of some of these earthquake 

events on open pit mines are reported in the news. Table 4-5 presents the reports for some of these 

mines by different news agencies. The reports state that there were no injury or operation 

interruption for these mines. This shows that other factors besides earthquake parameters are the 

reason why open pit mines have not failed during earthquakes. The following sections in this 

chapter discuss the effect of these other factors that may have been involved in natural slope and 

tailing dam failures compared to open pit mines. 

 

 

 

 

 

 

 

Figure 4-24 Frequency percentage of natural landslides and tailing dam failures in different 
intensity ranges (values on the bars represent the number of cases). 
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Figure 4-25 Frequency percentage open pit mines in the vicinity of different intensity ranges 
(values on the bars represent the number of cases). 

 
Table 4-4 Open Pit mine examples subjected to earthquake intensity of more than 6.0. 

No. Name Commodity Country Year M Epi-central 
Distance(km) 

Focal 
Depth (km) 

Intensity 
(MM) 

1 Alumbrera Copper Argentina 1993 6.6 41.6 30.0 6.9 
65 Collahuasi Copper Chile 2007 7.7 184.0 40.0 6.6 
66 Candelaria Copper Chile 2002 6.5 16.0 53.0 6.6 
67 Quebrada Blanca Copper Chile 2007 7.7 176.0 40.0 6.7 
68 Carmen de Andacollo Copper Chile 1997 7.1 68.8 62.0 6.8 
69 Escondida Copper Chile 1995 8.0 160.0 40.0 7.2 
70 El Abra Copper Chile 2007 7.7 113.0 40.0 7.3 
71 Radomiro Tomic Copper Chile 2007 7.7 102.0 40.0 7.4 
72 Chuquicamata Copper Chile 2007 7.7 100.0 40.0 7.4 
75 Los Pelambres Copper Chile 2015 8.3 72.0 22.4 8.9 
87 Marlin Gold/Silver Guatemala 1993 7.2 118.0 34.0 6.5 
93 Vale INCO Nickel Nickel Indonesia 2011 6.1 12.8 16.0 7.6 
94 Nickel Mine Nickel Indonesia 2014 7.1 149.0 35.0 6.0 

110 
Los Filos and 

Bermejal 
Gold/Silver Mexico 2011 6.5 32.0 54.2 6.5 

120 Lihir Gold Papua New 2000 8.0 104.0 27.0 7.9 
124 Toquepala mine Copper Peru 2001 7.6 144.0 14.0 6.8 
125 Cuajone mine Copper Peru 2001 7.6 141.0 14.0 6.9 
126 Cerro Verde Mine Copper Peru 2001 7.6 117.0 14.0 7.2 
132 Didipio Gold Philippines 1990 7.7 70.4 23.0 8.0 
153 Spring Creek Coal USA 1992 7.2 138.0 18.0 6.3 
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Table 4-5 Reports on the effect of earthquakes on a few open pit mines. 
Earthquake Open Pit Mine Consequence Reference 

July 30, 1995, M: 8.1 Escondida and Chuquicamata no damage New York Times [142] 

June 23, 2001, M: 8.4 Toquepala and Cuajone 
no damage, liquefaction on Cuajone 

Heap Leach Pads. 
Peer Research Center, Berkeley [143] 

November 14, 2007, M:7.7 
Chuquicamata 

no "relevant" damage, power outage, 
minor landslides 

Southeast Missourian News [144] 

Escondida power cut off Reuters [145] 

Candelaria and El Abra power outages Reuters [145] 

December 16, 2007, M: 6.7 Escondida running at full capacity Wordpress [146] 

February 27, 2010, M: 8.8 Candelaria 
no damage, temporary shutdown due 

to power outage 
Freeport McMoRan Copper & Gold 

Inc. [147] 

April 1, 2014 , M: 8.2 
Quebrada Blanca operating normally Bloomberg [148] 

Collahuasi 
didn’t damage installations or cause 

injuries, operating normally 
Buenos Aires Herald [149] 

September 16, 2015, M: 8.3 Carmen de Andacollo 
no obvious damage, full operation, 

no injuries 
Reuters [150] 

 

4.3 Water Condition 

As discussed in Chapter 2, water is an important parameter affecting the slope stability 

during earthquakes. Analyzing the natural slope database shows the presence of water in all the 

failures where data is available. These slopes were either close to an existing water source such as 

rivers, lakes and oceans or subjected to intense precipitation. Figure 4-26 presents the types of 

water condition affecting earthquake-triggered natural slope failures and their frequency which 

reveals that river valleys are the most commonly failed slope type. 

Figure 4-26 Water types distribution in earthquake-triggered natural slopes. 
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There is a typical mechanism for the impact of each water condition type on the stability of slopes 

under earthquake loads. The typical mechanism of failure in river, lake and ocean valleys is 

initiated when the water undercuts the valley slope by liquefaction and makes the slope unstable. 

Figure 4-27 gives a schematic view of this typical failure mechanism in river, lake and ocean 

valleys.  

Figure 4-27 Typical mechanism of failure in river valleys initiated by water undercutting the 
slope [31]. 

An example of this failure mechanism is one of the largest landslides in the database that 

was a consequence of the earthquake on October 8, 2005 in Kashmir, Pakistan. This earthquake 

triggered several thousand landslides (number 88 in Table 3-1, M=7.6) located in a tributary valley 

of the Jhelum River at southeast of Muzafarrabad [151]. During this landslide, 80 Mm3 of rock, 

mostly sandstone, mudstone, shale and limestone travelled approximately 1.5 km downslope as a 

debris avalanche. The landslide buried the village of Dandbeh and killed more than 1,000 residents. 

This landslide is called the Hattian Bala debris avalanche because the closest village to it was 

Hattian Bala. Figure 4-28 shows the debris which impounded the lake in the Karli stream drainage 

slope after the landslide. 

Another type of failed slope close to the water sources are ocean valleys. Another example 

for this mechanism is an ocean valley failure on Turnagain Heights in Alaska during the Good 
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Friday earthquake on March 27, 1964 (number 29 in Table 3-1, M=9.2). As shown in Figure 4-29, 

the sand and gravel were overlaying marine clay layers in which the upper layers were stiff and 

the lower parts were sensitive clays.  The slope broke into several slump blocks and slid about 610 

m toward the ocean. After 1.5 minutes of earthquake shaking, liquefaction occurred in the lower 

clay layer. The liquefaction extruded the clay layer from the bottom of the slope, and caused failure 

on the ocean cliff. However, the failure was prevented from further extrusion because the rotated 

failed blocks sealed the liquefaction zone. This landslide destroyed 75 houses on the coast because 

of the separation and movement of the slump blocks toward the ocean.  

The second contribution of water in the earthquake-triggered slope failures is the heavy 

rainfall prior to the earthquake. According to the database, this condition is observed in 14 events 

where the rain water decreases the strength of the loose material or saturates the slope, resulting in 

liquefaction. An example for the effect of heavy rainfall is Minxian–Zhangxian event (number 94 

in Table 3-1), where the earthquake occurred during the rainy season. Prior to the main shock, a 

continual moderate to strong rainfall of about 13 hours weakened the slope strength. This shows 

that heavy rainfalls may trigger failures after the earthquake when the earthquake weakens the 

discontinuities. This phenomenon is observed in Wenchan and Chi-Chi events (numbers 81 and 

86 in Table 3-1, respectively). 

River basins collapsed in seven earthquake events. Most of these failures occurred on steep 

basins (>40 degrees). The main factor of failure in river basin is the erosion caused by the water 

which makes the slope susceptive to failure during earthquake. Planica event (number 82 in Table 

3-1) is an example of an intense rockfall and debris failure in the Upper Soča River basin. 
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Figure 4-28 Debris impounds the lake in the Karli stream drainage slope after the Hattian Bala 
landslide [127]. 

Figure 4-29 Failure procedure of the Turnagain Heights Alaska cliff failed during Good 
Friday earthquake [31]. 
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Ice and snow are another type of water condition which were contributed in five natural 

slope failures triggered by earthquakes.  Ice content reduces the shear strength of the material by 

creating layers between the material contacts that can be triggered by external forces such as 

earthquakes. Nevados de Huascarán peak failure, located in the Peruvian Andes Mountains, is a 

good example for the water involvement in the glacier failure mode (number 32 Table 3-1, M=7.9). 

Geologically, the peak is made by vertically fractured granite covered by glacier ice. The peak had 

two historic failures. The first one was a debris flow initiated by falling of a huge slab of rock and 

glacier 2rock on January 10, 1962. There was no apparent triggering force involved in this failure. 

This shows that the peak was close to instability.  The debris flow moved rapidly to the valley and 

killed 4,000 residents of Ranrahirca town. The second failure was triggered by an earthquake on 

May 31, 1970 with a magnitude of 7.7 on Richter scale with an epi-centeral distance of 135 km. 

The earthquake vibrated the area for more than 45 seconds. During this shaking another large rock 

and glacial block, located between 5,500 and 6,400 meters elevation, fell down (Figure 4-30). This 

block initiated a debris avalanche sliding down the slope at 335 km/hr velocity. The debris made 

blocks the size of a house fell on the Yungay town and buried 18,600 residents. Figure 4-31 shows 

the plan view of the area including the initiated origin of the slide and the Yungay town location. 

As deliberated in Chapter 2, liquefaction is one of the main failure modes in tailing dams 

which is a result of water presence. Analyzing the database shows that liquefaction was the failure 

mode for 65 percent of the tailing dam failures and the reason for the rest of the failures was the 

seismic induce deformation (Figure 4-32).  

                                                 
2- A slowly moving mass or river of ice formed by the accumulation and compaction of snow on 
mountains or near the poles. 



83 
 

 

Figure 4-30 Cross section view of the debris and the glacier failure on Peruvian Andes 
Mountains [31]. 

Figure 4-31 The plan view of the glacier failure origin on Peruvian Andes Mountains, 
and the Yungay Town [31]. 
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One of the significant dam failures due to liquefaction was the lower San Fernando dam 

failure which was triggered by an earthquake on February 9, 1971 (number 19 in Table 3-2, 

M=6.6). The dam was constructed by hydraulic filling that includes fill soil with a large amount 

of water injected into the dam by pipelines and allowing the drainage of the excess water. The 

liquefaction is a result of earthquake shaking subjected to the loose filling. 

Figure 4-32 Number and percentage of tailing dam failure modes and their cause of failures. 

Sixteen tailing dams failed as a result of a 7.4 magnitude earthquake on March 28, 1965 in 

Chile (numbers 3 to 18 in Table 3-2) in which eight failed due to liquefaction. These tailing dams 

failed primarily because of the excess pore water pressures generated under seismic load. The 

excess pore pressures cannot be dissipated quick enough to prevent undrained loading conditions 

from prevailing. Therefore, the effective stress is reduced to nearly zero and thus in the 

cohesionless material, the shear strength reduces to zero.  

The first six water conditions in natural slopes and liquefaction in tailing dams occur less 

frequently in open pit mines. The reasons for this relationship include: 

24; 65%

12; 32%

Liquefaction with Flow Failure

Slope Instability with Seismically Induced Deformations
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• The open pits developed in high water table areas are generally subjected to a form 

of natural or active pore pressure control. As soon as the pit slope is excavated below the water 

table, the natural dewatering starts to take place. If the natural drainage is not enough to provide 

stability, different pore pressure reduction methods would be implemented, 

• Open pits are relatively less prone to seismicity induced liquefaction in saturated 

material because the pore pressure is maintained under a specific limit in these slopes, and 

• The effect of heavy rainfall is less in mine slopes in comparison to natural slopes 

due to the lower water table and drainage system. 

4.4 Failure Interpretations 

The definition of failure in open pit mine slopes and natural slopes could be different. Not 

all failures in natural and civil slopes are considered failures in open pit mines. For example, 

shallow failures (≤3m thick), such as rock falls, are not deemed a failure in open pit mines unless 

they are reportable. For instance, according to Mine Safety and Health Administration 

requirements, a reportable failure is the one that causes injury or production interruption. 

4.5 Failure Types 

Considering the aforementioned failure interpretation, deep failures in rock structures are 

the major concern for open pit mine operations. Therefore, the natural slope failure database is 

analyzed considering their failure modes, depth and material. According to Keefer’s study cited in 

Chapter 2, failure depths are classified as shallow (<3 m), deep (>3 m), and variable and each 

failure mode falls in one of these categories. Figure 4-33 shows the failure modes for natural slope 

failures regarding their failure depth and material type. To investigate the frequency of failure 

modes in natural slopes during earthquakes, Figure 4-34 presents the number of failures for 

https://www.msha.gov/
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different failure depths and materials. Studying these failures shows more than 70 percent 

classified as shallow. These shallow failures mostly occur within top soil or weathered, weak and 

highly fractured rock layers, however the open pit mine slope surface is frequently shaved off 

during the life of the mine which does not allow an intense weathering on the slope surface. 

Moreover, specifically in the rock section of Figure 4-34, the number of failures decreases from 

shallow to deep and there is the same trend for the soil section in which the frequency of failures 

decreases from shallow failures to variable depth failures with the exception of soil slump failure 

type. However, because of the absence of these top layers in pit slopes, such failures usually do 

not take place. In contrast to shallow failures, a large volume of material is involved in deep 

failures (>3m thick) and among 57 failures in rock structures, only 15 events were recorded to be 

deep (Figure 4-35). Deep failures in rock structures, which are the major concern for open pit mine 

slopes include rock avalanches, rock slumps, and rock block slides.  

Rock avalanches are generally uncommon. From the 11 recorded rock avalanche events in 

this study, seven were triggered on icy and river valley slopes and all were in rock; highly fractured 

rocks by several sets of joints spaced from a few centimeters to a few decimeters.  

There were three rock slump events (numbers 22, 24 and 36 in Table 3-1), where all were 

triggered on river valleys and in one case, snow was also involved in the failure. This shows a high 

water condition for all these events.  
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The last deep failure type in rock structures is toppling which was found only in one case 

(number 94 in Table 3-1), where the loess scarp material toppled on a deep (~ 60 degrees) slope. 

Heavy rainfall prior to the earthquake was also a factor involved in this failure. 

Figure 4-33 landslide classification for different failure modes regarding their failure depth and 
material type. 

The material involved in these deep failure types were mostly weak and highly fractured 

rock mass with a high water condition. However, these types of material are rarely the major host 

rock of a mineral and are often found over or around the ore and coal deposits. Moreover, 

metamorphic and igneous rocks with much higher strength are the host rocks for many minerals 

in open pit mines [2]. Figure 4-36 (see page 89) presents the distribution of open pit mine 

commodities from the database in which open pit mines are mostly (> 75%) metal mines with high 

strength metamorphic and igneous host rock. 
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Figure 4-34 Number of failures in different failure modes, failure depths and materials involved. 

Figure 4-35 Number of Shallow and deep failures in rock and soil structures and number of 
failure modes in deep rock failures. 

Shallow in  Soil, 20

Deep in Soil, 10
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Figure 4-36 Open pit mines commodities distribution. 

4.6 Site Effects 

As discussed in Chapter 2, in addition to earthquake parameters, site effects are known to 

control the shaking intensity of slopes. Studies done by researchers show that topographical profile 

and stiffness contrast of material are the two main site effects. These effects have a significant 

impact on amplifying the ground shaking on hills, slope ridges and top soil layers [12-15, 31, 127, 

151]. The database shows the existence of these two site effects in the natural slope and tailing 

dam failures.  Stiffness contrast phenomenon widely take place, causing failure on the top soil and 

weathered layer of natural slopes and the unconsolidated material of tailing dams. In contrast, open 

pit mines are less prone to be affected by this phenomenon because of the cut rock on their slope 

face. The effect of topography was observed in 12 natural slope events as the main instability 

factor and on most other failures as a complementary factor of failure. Tailing dams were affected 

by this phenomenon due to their typical hill shape geometry. In contrast, open pit mines are less 
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likely to be affected by the topographical effect because of their valley or one-face geometry. Later 

in Chapter 5, these two site effects are investigated using numerical analysis.  

4.6.1 Topographical Effect 

Generally, the power of ground shaking during earthquakes is amplified on the slope crests 

and steep slopes. This amplification is caused by wave focusing and defocusing phenomenon 

which is controlled by the curvature of the topography. Seismic waves are trapped in hill shape 

topographies and scattered in valley topography features causing ground shaking amplification 

and reduction, respectively [152]. A worldwide study by USGS shows that the ground acceleration 

could be amplified to the factor of 4.0 on slope hills and ridges compared to valleys [153]. 

According to the database (Table 3-1), topographical effect is one of the failure factors in most 

natural slope cases and the key factor in 12 of these events. Table 4-6 shows the natural slope 

failures in which topographical effect was the main instability factor.  

According to Table 4-6, New Zealand and California are the two regions that have been 

the most affected by the topographical shaking amplification as the key failure factor. A study has 

been done on detecting the topographical amplification factor in these two regions [153]. In this 

study, the average shear velocity is measured down to 30 meters (Vs
30), and correlated with the 

topographical relief of the region. The Vs
30 parameter is a factor that indicates the ground motion 

response at a particular site. Figures 4-37 and 4-38 show the correlation between topography and 

Vs
30 of California and New Zealand. The figures illustrate that the shear velocity (Vs

30) amplifies 

on sharp topographical geometries, where all natural slope failures are triggered in these 

topography zones with amplification factor of 2.0 to more than 4.0. 
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Studying the effect of topography on the stability of open pit mines shows that, because of 

the valley-shape or one-face slope geometry of pit slopes, there is a significantly less topographical 

amplification expected for this type of slope in contrast to natural slopes. The topographical 

amplification on different geometries of natural slopes and open pit mines is studied in Chapter 5 

using numerical methods. 

Table 4-6 Natural slope failures in which topographical amplification was the main instability 
factor. 

No. Name Country Year M Slope Angle (deg) Failure Material Water Type 

2 Marlborough 
New 

Zealand 
1848 7.5 - Topo Al  RB, Co, Sat 

3 Wairarapa 
New 

Zealand 
1855 8.2 35-45 

RAV, Topo, Cr, 

Lq 
- - 

8 Cape Turnagain 
New 

Zealand 
1904 6.8 ~ 90 (RF) Lq, RF, Topo - RV 

14 Hawke's Bay 
New 

Zealand 
1931 7.8 11-20(Lq) Lq, Sh, RF, Topo 

LS, MS, 

SS 
RB 

30 Hope Slide BC. Canada 1965 3.2 45- 80 Topo, RS 
Fr, WR, 

W 
Rf, Sn 

33 
San Fernando 

Valley 
CA, USA 1971 6.5 >60 Topo, Cr Fr Sat 

37 Panama Panama 1976 7 - Topo, Cr, Lq S, WR RV 

67 
Cape 

Mendocino 
CA, USA 1992 7.1 - RF, Lq Topo S RV 

68 Suusamyr Kyrgutzstan 1992 7.3 55 Topo, RF 
Gl, W 

Gr 
Ice, RV 

72 Fiordland 
New 

Zealand 
1993 7 >45 Sh, Topo, SSl, RS - LV 

74 Ormondville 
New 

Zealand 
1993 6.2 - 

RF, SF, Lq, Cr, 

Topo 
- RV 

76 Paez Colombia 1994 6.8 - Topo Ash, S Rf 
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Figure 4-37 Correlation between topography (left) and Vs
30 (right) showing the ground motion 

amplification of California, USA. 
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Figure 4-38 Correlation between topography (A) and Vs
30 (B) showing the ground motion 

amplification of New Zealand, North Island (top) and South Island (bottom). 
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4.6.2 Stiffness Contrast 

Studies show that when waves travel from hard rock to soft soil, the amplitude of the waves 

would be increased to carry the same amount of energy, creating stronger shaking intensity [9, 11, 

14]. Moreover, the deeper sediment above the bedrock, which means thicker soil layer, creates a 

stronger amplification [15]. The database shows that this phenomenon widely took place in the top 

soil layer and weathered material of natural slopes and the unconsolidated top layer of upstream 

tailing dams. New Zealand and California are the two regions with the most earthquake-triggered 

natural slope failures, 20 and 12 landslides, respectively. Investigating the geology of these two 

regions shows that most landslides were triggered in sedimentary rocks and in a few cases, igneous 

and metamorphic rocks (Figures 4-39 and 4-40). In New Zealand the material involved in all 

failures except three landslides (numbers 50, 56 and 72 in Table 3-1) were in sedimentary rocks.  

Generally, sedimentary rocks have a lower stiffness compared to the metamorphic and igneous 

rocks. These conditions show the significant effect of stiffness contrast in natural slope failures. 

Tailing dams can also be subjected to the stiffness contrast amplification effect. This effect is 

widely observed in tailing dam failures constructed by upstream method. This is due to the 

unconsolidated material on top of the stiff tailing dam core resulting stiffness contrast 

amplification during earthquake. 

In contrast to natural slopes and tailing dams, open pit mines are less prone to getting 

affected by this phenomenon because of the typical competent material of large open pit mines. 

Moreover, the top soil layer is mined in the first stages of mining process and after creating the pit 

slope, the slope face is cut frequently during mining procedure. The effect of stiffness contrast on 

ground shaking amplification will be discussed in Chapter 5 using numerical methods comparing 

natural slopes and open pit mine slopes. 
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 Figure 4-39 Corresponding geology of natural slope failures in California, US. 
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Figure 4-40 Corresponding geology of natural slope failures in New Zealand. 
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4.7 Conclusion 

  From the comprehensive comparison between earthquake-triggered natural slopes, tailing 

dams and earthquake-subjected open pit mine slopes, considering earthquake parameters and 

geological characteristics, the following conclusions may be drawn:  

 All natural slope and tailing dam failures except three cases were triggered by earthquake 

magnitudes of more than 5.0. Conversely, there were only 30 open pit mines subjected to this 

range of earthquake magnitudes, 

 Triggered natural slope failures are all caused by earthquakes that occur within a range of 

200 km epi-center and 70 km depth. Of the 177 open pit mines in this study, only 36 mines 

(20 percent) are located in such range, 

 Tailing dams as a slope structure close to open pit mines are susceptible to failure during 

earthquakes. In contrast to natural slope failures, number of tailing dam failures do not 

correlate with the earthquake parameters. This is because tailing dams are prone to 

liquefaction due to earthquake shaking and may be trigger by smaller shaking intensities, 

 According to the intensity analysis, 90 percent of natural slope and tailing dam failures were 

triggered by earthquake intensities of more than 6.0. Whereas, only 11 percent of open pit 

mines (20 open pit mine) were subjected to this range of intensities. As such, the response 

of open pit mines to higher intensity earthquakes in not known, 

 Equation 4-1 considers a similar effect for focal depth and epi-central distance on the 

intensity. However, the analyses on earthquake induced natural slope and tailing dam failures 

show the greater influence of focal depth compared to epi-central distance on the resultant 

intensity. 
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 Most triggered natural slope failures are shallow in thickness, typically less than 3 meters. 

Often, similar size triggered failures do not have to be recorded as “failure” in open pit mines 

unless they fall into “reportable” category, 

 The presence of water in almost all of the triggered landslides emphasizes the significance 

of water condition in slope stability. Dewatering of open pit slopes through mining and 

planned draining is known to increase slope stability, 

 Natural slopes are subjected to chemical and biological weathering and degrading during 

their life period, such as freezing and thawing, floods, earthquakes and winds. This leads to 

weakening slopes against an external triggering force such as earthquakes. Open pit mines 

are designed commonly after considering the effect of ice, water and local seismic activities,  

 Earthquake caused ground motions amplify on hill tops and ridges, which is a common 

phenomenon in natural slope failures. In contrast, ground motion reduces in open pit mines 

due to their one-face and valley geometry, and  

 The weak top layers on natural slopes are widely susceptible to failure due to ground motion 

amplification caused by stiffness contrast between the bedrock and top soil. Open pit mines 

are less prone to this amplification due to the absence of the top soil layer. 
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CHAPTER 5  

NUMERICAL ANALYSIS OF SITE EFFECTS 

5.1 Introduction 

As described in Chapter 4, in addition to earthquake parameters, site effects are known to 

play a significant role in earthquake-triggered natural slopes. This chapter investigates the effect 

of topography and stiffness contrast on stability of slopes during earthquakes. As discussed in 

Chapter 2, there are three approaches to analyze the effect of earthquakes on slope stability. 

However, the two traditional methods, Pseudo-static and Newmark, are subjected to limitations 

such as assuming a constant earthquake acceleration in Pseudo-static method and the assumption 

of non-deformable body in Newmark’s method. Therefore, the numerical approach is becoming 

more commonly used in analyzing the stability of slopes under earthquake loads [154-164]. The 

distinct element method (DEM) proposed by Cundall in 1971 is one of the best approaches to the 

dynamic analysis for the discontinuum mediums. UDEC is a two dimensional distinct element 

modelling program that is commonly used to model the behavior of slopes under dynamic loads 

such as earthquakes [157-164]. The focus of this chapter is to show the effect of topographical 

conditions and the stiffness contrast of the material as the two main site effects on the behavior of 

slopes subjected to earthquake loads. A study performed by Lorig in 2016 uses continuous 

numerical analysis FLAC to investigate the effect of heterogeneities and topography of slope on 

the peak ground acceleration [1]. However, this study did not consider the effect of faults and crest 

widths on earthquake induced pit slope stability.  

https://en.wikipedia.org/w/index.php?title=Peter_A._Cundall&action=edit&redlink=1
https://www.google.com/search?espv=2&biw=1424&bih=1145&q=continuous+numerical+analysis&spell=1&sa=X&ved=0ahUKEwjloeyTr-TNAhWLFj4KHZntApIQvwUIGSgA
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This chapter investigates the effect of topography and stiffness contrast, using a spectrum 

of natural slope geometries and material with different crest widths to simulate the behavior trend 

of slopes from natural slope to open pit mine geometries. As noted in Chapter 4 (Section 4.6), 

horizontal velocity is one of the well-defined factors which indicates ground motion response of a 

particular site to an earthquake. Moreover, Lorig shows that the peak ground velocity has the best 

correlation with the dynamic safety factor of slopes among other ground motion parameters (i.e. 

peak ground acceleration) [1]. As a result, models with different topographical geometries and 

stiffness contrasts are generated to investigate their effect on the horizontal velocity and the results 

are compared against the available real data derived by USGS (Section 4.6). 

Four sets of models were created for the analysis. Two sets of models were generated to 

investigate the effect of topography on the stability of slopes considering continuous and faulted 

rock mass. The third set of models was created to study the effect of material stiffness. The last set 

was designed to study the coupled effect of topography and stiffness contrast. 

5.2 Dynamic Analysis Considerations in UDEC  

For dynamic analysis, after verifying the stability of a model in static conditions, the first 

step is to apply the dynamic analysis requirements for boundary and damping conditions [22]. 

These requirements, if calibrated, ensure that the seismic waves travel through the medium in a 

realistic manner. After applying the dynamic analysis requirements, the last step is to apply the 

earthquake load on the model. 

- Boundary Conditions  

The fixed boundaries created in the static condition reflects the seismic waves reflect into 

the model while reaching the boundary. In order to prevent the seismic shear wave from reflecting, 
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the bottom of the model where the dynamic load is applied, is considered viscous. The other two 

sides of the model should be set free so that it allows the waves to pass through the boundaries. 

Figure 5-1 gives a schematic view of the boundary conditions used for the UDEC analysis in this 

study. 

Figure 5-1 Boundary conditions used for UDEC analysis. 

- Wave Transmission Through the Model 

Mesh dimension profoundly influences the wave propagation through the model. A large 

mesh dimension causes wave reflection in the model whereas infinitesimally small meshing leads 

to a considerable increment of the calculation time. Therefore, the maximum mesh dimension 

should be calculated in order to minimize the analysis time and prevent the wave reflection. 

Equation 5-1 proposes a relation between mesh dimension and wavelength in a way that the 

accuracy of the wave propagation is not adversely affected from the mesh size, �୫ax [22], which 

is given as: �୫ax = Csଵ଴௙max       (Eq.5-1) 

where, Cୱ is shear wave velocity taken as Cୱ = √�ீ  and ݂୫ax is maximum frequency of the waves 

carrying non-zero energy. 
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To calculate the maximum mesh dimension, the minimum shear velocity should be 

considered. Due to the involvement of different materials with different shear modulus (discussed 

later in the chapter), the minimum shear modulus, 4 GPa, is considered to calculate the maximum 

mesh dimension. Below is the calculation for the considered mesh dimension: 

Cୱ = �ܩ√ = √ Ͷ GPaʹ͸ͷͲ kgmଷ = ͳʹʹ8 ms  

�୫ax = Csଵ଴௙max = ଵଶଶ8 ୫/ୱଵ଴ሺ5ሻ Hz = ʹͶm  

Therefore, a mesh dimension of 20 m is used in the analysis. 

- Mechanical Damping 

In principle, natural dynamic systems have some degree of vibration energy damping inside 

their system, if not, the system would oscillate forever when subjected to a driving force. In order 

to simulate this phenomenon using numerical methods, artificial damping is considered in dynamic 

analysis. Damping commonly falls in the range of 2 to 5% of critical damping for geological 

materials [165]. In this analysis a 5% of critical damping at frequency of 5 Hz is assumed.  

- Seismic Wave Input 

In the analyses for this study a sinusoidal shear wave with velocity amplitude of 3 cm/s 

and frequency of 5 Hz is applied to the model base for one second. These earthquake properties 

are selected to fall into a typical range of an earthquake length, magnitude and frequency. 

5.3 Topographical Effect in Continuous Rock Mass 

As discussed in Chapter 4 (Section 4-6-1), the topography may amplify the shaking 

intensity in terms of horizontal velocity in sharp natural slope topographies compared to valleys 

and one-face slopes (Figures 4-33 and 4-34). To study this effect, two different models were 
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developed, each considering five different model geometries. In the first set, five models were 

generated with different crest widths. The geometry of these models varies from hill slopes with 

no crest to one-face pit slope, with gradual increase in the crest width. Figure 5-2 shows the 

geometry of these five models and Table 5-1 presents the properties considered for the material in 

these analyses. Model 1 simulates a typical natural slope which is commonly observed among 

natural slope failures. Intermediate models 2, 3 and 4 simulate the geometries of some natural 

slope failures which will show the behavior of models from typical natural slopes to open pit mine 

slopes, defined as Model 5 in Figure 5-2. A one second sinusoidal seismic velocity wave with 

magnitude of 3 cm/sec and frequency of 5 Hz is applied to the bottom of the model (Figure 5-3) 

and the horizontal velocity on the slope crest (point B) is recorded and presented in Figure 5-4. 

Figure 5-2 Geometry of five models generated with different crest widths. 

 Table 5-1 Mechanical properties of the slope material. 

Mechanical Property Density 
(kg/m3) 

Young’s Modulus 
(GPa) 

Shear Modulus 
(GPa) 

Bulk Modulus 
(GPa) 

Poison’s 
ratio 

Value 2650 50 20 33 0.25 
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Figure 5-3 Input horizontal seismic velocity applied on the bottom of the model (at Point A on 
Figure 5-2). 

The recorded horizontal velocities on the slope crest (Point B) show that they are amplified 

compared to the input horizontal velocity. This amplification decreases by increasing the crest 

width from the hill shape natural slope to the one-face open pit mine slope. The ratio between the 

recorded horizontal velocity wave (at Point B) and the input horizontal velocity (at Point A) is 

called the amplification factor. Figure 5-5 shows the mean amplification factor derived from the 

analysis, in which the velocity is amplified significantly on the hill shape natural slopes up to the 

factor of 9.0 compared to the open pit mine slopes with an amplification factor of two. These 

analyses show that the one-face open pit mine slopes are more stable due to the lower topographical 

amplification factor in comparison with natural slopes. The study done by Lorig, which compares 

hill, slope and valley topographies, shows an amplification factor of 2.2 and 3.2 for one-face slopes 

and hill geometries, respectively, in which the topographical amplification result of the one-face 

slope is very close compared to our results (Figure 5-5). It should be noted that the hill geometry 

in Lorig’s study has a 100 m crest width which is comparable to model 3 in the current analysis. 
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Moreover, the recorded velocities in the USGS studies for New Zealand and California (Figures 

4-33 and 4-34) show a horizontal velocity amplification from less than 180 m/s to more than 760 

m/s from valley to hill shape geometries. This gives an amplification factor of more than 4. The 

derived results from numerical analysis shows a good agreement with the USGS results and the 

horizontal velocity of hill geometry is 4.5 times more than the one-face pit slope. 

Figure 5-4 Horizontal velocities recorded at Point B on Figure 5-2 for different topographies. 

Figure 5-5 Horizontal velocity amplification factors for topographies presented in Figure 5-2. 
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5.4 Topographical Effect in Faulted Rock Mass 

According to the database, some of the natural slope failures were initiated on an 

outcropping fault on the slope face (i.e. numbers 11, 20 and 24 in Table 3-1). The numerical model 

developed in the previous section was revised to allow studies of daylighting discontinuity in 

natural slopes and open pit mine slopes. Figure 5-6 illustrates the models used for this set of 

analyses. The material properties are the same used for the models in Section 5.3 and the fault is 

considered cohesionless with a friction angle of 30 degrees. Figure 5-7 illustrates the results 

derived from these analyses. The results show a similar trend with the ones depicted in the previous 

section for the continuous models, however, there are two main differences between the results in 

these two analyses. First, the fault generates an amplified horizontal velocity in the downward 

direction rather than a symmetric amplification in both directions. Secondly, as shown in Figure 

5-8, the amplification factors for the five faulted topographies are less compared to those in the 

continuous models. These two differences are due to attenuation of wave magnitude propagating 

through the fault [166, 167]. Even though this attenuation decreases the amplification factor, the 

amplification factors are still significantly higher, up to 3.0 times, on faulted natural slopes 

compared to those on pit slopes. 

5.5 Stiffness Contrast Effect 

According to Chapter 4, a significant number of shallow failures occurred in the weak top 

layers of rock and soil. Figures 4-35 and 4-36 showed that the majority of failures in California 

and New Zealand, as regions with abundant failures, where subjected to stiffness contrast effect 

initiated on the weak top layers. In this section, the effect of stiffness contrast is investigated on a 

hill shape natural slope (Figure 5-9; see page 109). 
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Figure 5-6 Geometry of models considered for the faulted slope analyses. 

Figure 5-7 Horizontal velocities recorded at Point B on Figure 5-6 for different faulted 
topographies. 
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Figure 5-8 Horizontal velocity amplification factors for faulted slope topographies presented in 
Figure 5-6 

Figure 5-9 Model Generated for hill geometry with stiffness contrast. 

A 50 m thick top layer with 1/2 and 1/5 elastic modulus contrast with the bottom layer is 

considered to simulate a typical greywacke and altered granite material, respectively. These 
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properties of the material, the same seismic horizontal velocity for the topographical section is 

applied to the model bottom (Point A). The horizontal velocity is recorded at Point B for the two 

stiffness conditions and compared with the continuous model (Figure 5-10) Figure 5-11 shows the 

amplification factor for the three geology conditions. This figure shows that the horizontal velocity 

amplifies up to 16 times on lower stiffness top layers, which the amplification factor increases to 

11 and 16 for top layers Type 1 to Type 2. This shows how the stiffness contrast in natural slopes 

and tiling dams could cause failure in contrast to most non-layered and continuous open pit mine 

slopes. 

Table 5-2 Mechanical properties of the slope material with different stiffness contrasts. 

Mechanical Property 
Density 

(kg/m3) 

Elastic Modulus 

(GPa) 

Shear Modulus 

(GPa) 

Bulk Modulus 

(GPa) 
Poisson’s ratio 

Bottom Layer 2650 50 20 33 0.25 

Top layer Type 1 
(greywacke)  

2650 25 10 16.7 0.25 

Top Layer Type 2 
(altered granite) 

2650 10 4 6.7 0.25 

Figure 5-10 Horizontal velocities recorded at Point B on Figure 5-9 for layered hill geometry. 
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Figure 5-11 Horizontal velocity amplification factor of layered hill geometry. 

5.6 Coupled Topography and Stiffness Contrast Effect  

The coupled effect is studied to compare the open pit mines with natural slope conditions 
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this study, the top layer of five geometries modelled in the topographical effect analysis (Section 

5.4) are subjected to lower stiffness (Figure 5-12). The analyses are performed using the highest 

stiffness contrast ratio 1/5. Figure 5-13 depicts the horizontal velocity of Point B for five 

topographies and Figure 5-14 shows the amplification factor derived from each model. The 

coupled amplification factors show a significant contrast between a typical natural slope with hill 

shape topography and top weak layer against open pit mine slope geometry with continuous 

rockmass. The amplification factor on a hill shape natural slope could be up to eight times the 

amplification factor of a pit slope. 
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Figure 5-12 Coupled models for topographical and stiffness contrast effects. 

 

Figure 5-13 Horizontal velocities recorded at Point B on Figure 5-12 for different layered 
topographies and open pit mine slope. 
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Figure 5-14 Horizontal velocity amplification factor of coupled topography and stiffness contrast 
effect. 

5.7 Conclusions 

The effect of topography and stiffness contrast on the horizontal velocity amplification is 

studied to compare the site effect for open pit mine slopes with natural slopes. Four sets of 

geometries and material properties are considered to perform the analyses. The first two sets 

considered the topographical effect of continuous and faulted rock mass. The third set analyzes the 
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up to 12 and 16 times on natural slopes with a stiffness contrast of 1/2 and 1/5, respectively. This 

phenomenon commonly takes place in earthquake triggered natural slope failures with 

heterogeneous material, and is rare in competent material for most large open pit mine slopes. The 

results for the coupled effect of topography and stiffness contrast shows that the different site 

conditions in natural slopes and open pit mines could amplify the horizontal wave velocity up to 

eight times on natural slopes compared to the open pit mines. The results derived from the four 

sets of analyses show the significant influence of site effects on earthquake triggered natural slope 

failures, and describes how the pit slopes are less prone to these effects. 
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CHAPTER 6  

CONCLUSIONS AND FUTURE WORK  

6.1 Main Conclusions 

This research studies the potential effects of earthquakes on open pit mines addressing the 

dichotomy of significant number of natural slope and tailing dam failures versus no reported 

failures in open pit mines due to earthquakes. A comprehensive comparison of earthquake-

triggered natural slope and tailing dam failures against enduring open pit mines is conducted with 

earthquake parameters and geological characteristics being considered. Following conclusions 

may be drawn:  

 Open pit mines were mostly subjected to relatively distant and deep earthquakes compare to 

earthquakes that triggered natural slope and tailing dam failures. Natural slope failures are 

mainly triggered by earthquakes that occur within a range of 100 km epicenter, 40 km depth 

and magnitudes of more than 5.0. Of the 177 open pit mines considered in this study, only 7 

mines were in the vicinity of these earthquake. 

 Open pit mines are subjected to lower earthquake intensities than natural slopes and tailing 

dams that experienced earthquake-triggered failure. This research shows that 90 percent of 

natural slopes and tailing dam failures were triggered by earthquake intensities of more than 

6.0, however, only 11 percent of mines studied were subjected to these intensities. Therefore, 

the response of open pit mines to higher intensity earthquakes in not well known. 

 The equation presented by Barosh [140] in 1969 to predict the earthquake intensity considers 

an equal effect for epi-central distances and focal depth. However, the data analysis shows 

that the focal depth has a greater influence upon the resultant intensity.  
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 Most reported natural slope failures are shallow in thickness, typically less than 3 m. Often, 

similar size failures in open pit mines do not have to be recorded as “failure” unless they fall 

into “reportable” category. 

 The weak top layers on natural slopes are widely susceptible to failure due to ground motion 

amplification caused by stiffness contrast between the bedrock and top soil. Open pit mines 

are less prone to this amplification due to the absence of the unconsolidated top soil layer. 

 Presence of water in more than 85% of the triggered landslides emphasizes the significance 

of water content in slope stability. Dewatering of open pit slopes through mining and surface 

water control increases slope stability. 

 Natural slopes are subjected to chemical, mechanical and biological degradation. These 

processes reduce the stability of slopes against an external triggering force such as 

earthquakes. Open pit mines are usually designed considering the effect of water, rock mass 

strength and local seismic activities, thus increasing stability.  

 Earthquake caused ground motions amplify on hill tops and ridges, which is a common 

phenomenon in natural slope failures. In contrast, ground motion is reduced in open pit mines 

due to their geometry.  

6.2 Future Work 

This research was mainly focused on the involvement of earthquake parameters and 

geological characteristics on stability of the three slope types using the developed database. 

Although there are numerical analysis performed evaluating the effect of topography and stiffness 

contrast, further numerical analysis can be performed on other earthquake and geological 

parameters as listed below: 
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1. Compare the results from UDEC with the simplified Pseudo-static and Newmark’s methods 

for the faulted slope geometry. 

2. Evaluate the effect of different fault properties on stability of slopes subjected to 

earthquakes.  

3. Apply different joint set patterns to the numerical models to investigate the effect of 

orientation and density of joints on slope stability. 

4. Perform sensitivity analysis on earthquake frequency and magnitude parameters to 

investigate their effect on slope stability. 

5. Find the relationship between earthquake frequency and slope crest width and its effect on 

the stability of hill geometry slopes. 

6. Investigate the effect of different fault properties on wave intensity attenuation. 

7. Investigate the correlation between earthquake wave orientation and slope dip direction and 

its effect on slope stability. 

8. Study the effect of water and excess pore pressure on slope stability during earthquakes 

using numerical analysis. 

9. Repeat the performed numerical analysis on the faulted slope using strain softening behavior 

for the discontinuity. 

10. Evaluate the effect of different slope angles on topographical amplification. 
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APPENDIX A 

MODEL EXAMPLES FOR SITE EFFECT NUMERICAL ANALYSES 

This appendix includes the UDEC text file inputs used in Chapter 5 analyzing the effect of 

topography, stiffness contrast and the coupled condition on seismic stability of slopes.  Table A-1 

presents the material property units used in these UDEC analyses.  

Table A-1 Material properties units used in UDEC input text file 
Parameter Unit 

Density kg/cm3 

Distance m 

Young’s Modulus MPa 

Bulk Modulus MPa 

Shear Modulus MPa 

Stress MPa 

Time Sec 
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 Topographical Effect 

Figures A-1 is an example for the geometry used in UDEC topographical effect analyses 

continued with the input text file, discussed in section 5.3. 

Figure A-1 Hill geometry (model 3) and boundary conditions built in UDEC. 

;Title:Hill 100 m Crest 
; --- insitu stresses (k=0.5) 
; --- free-field (20 nodes) --- applied only in phase 3 
; 
; --- phase 1 --- gravity loading; x-fixed boundaries 
; 
round 0.5 
edge 1 
block -200,0 -50,0 0,100 100,100 150,0 250,0 250,-200 -200,-200 
gen edge 20 
; block properties 
zone model elastic density 2.65E-3 bulk 3.333E4 shear 2E4 
; boundary conditions : lateral : x-fixed ; bottom : y-fixed 
boundary xvelocity 0 range -201,-199 -201,1 
boundary xvelocity 0 range 249,251 -201,1 
boundary yvelocity 0 range -201,251 -201,-199 
; set gravity ; set in-situ stresses (total) 
set gravity=0.0 -9.81 
insitu stress 0.0,0.0,0.0 xgrad 0.0,0.0,0.0 ygrad 0.017885,0.0,0.02597 szz 0.0 zgrad 
0.0,0.017885 ywtable 0.0 range -200,250 -200,0 

    UDEC (Version 5.00)

LEGEND

   22-Aug-2016  10:45:02
  cycle     16074
  time  =  1.500E+00 sec
boundary plot
boundary plot
 x-boundary condition:
 S - Stress (force)
 B - Boundary Element
 V - Viscous
 F - Fixed velocity
 D - Dynamic free field

D D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
DVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVD

D
D
D
D
D
D
D
D
D
D
D
D
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D

boundary plot
 y-boundary condition:
 S - Stress (force)
 B - Boundary Element
 V - Viscous
 F - Fixed velocity
 D - Dynamic free field

D D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
DFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFD

D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D

zones in fdef blocks
User-defined Zone Groups

-2.500

-2.000

-1.500

-1.000

-0.500

 0.000

 0.500

 1.000

 1.500

(*10 2̂)

-1.750 -1.250 -0.750 -0.250  0.250  0.750  1.250  1.750  2.250
(*10 2̂)

JOB TITLE :  Hill 100m Crest

Itasca Consulting Group, Inc.
Minneapolis, Minnesota  USA
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solve ratio 1.0E-5 elastic 
 
;;;;;;;;;;;;;;;;;;;;;;;;;;Dynamic;;;;;;;;;;;;;;;;;;;;; 
; --- phase 3 --- dynamic loading: shear wave at base of model 
;  free-field lateral boundaries 
;  with constant domain pressures ; no fluid flow by setting flow off 
; 
damping 0.05 5.0 
boundary ffield 
boundary xvisc ff_bulk=33333.0 ff_shear=20000.0 ff_density=0.00265 range -201,251 -
201,-199 
boundary stress 0.0,0.4,0.0 history=sine(5,10) range -201,251 -201,-199 
boundary yvelocity 0 range -201,251 -201,-199 
reset history time disp vel 
history xvelocity -40.0,100.0 
history xvelocity 0.0,-200.0 
history xvelocity 0.0 100.0 
history yvelocity -40.0,100.0 
history xdisplace -40.0,100.0 
history ydisplace -40.0,100.0 
history ffxvel 0 1 
history ffxvel 0 2 
history xdisplace -31.765602,-29.082699 
history xdisplace -41.061577,100.286316 
history xdisplace -39.51225,75.49704 
history xdisplace -41.061577,52.25709 
history xdisplace -38.737583,23.594501 
history xdisplace -38.737583,1.9038887 
history xvel -41.061577,52.25709 
cycle  time 1.0 
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 Topographical Effect on Faulted Slope 

Developed geometry of faulted slope is shown in Figure A-3 continued with the input text 

file. 

Figure A-3 Geometry and boundary conditions for topographical analyses in faulted slopes. 

;Title:Faulted Hill 100 m Crest 
; --- insitu stresses (k=0.5) 
; --- free-field (20 nodes) --- applied only in phase 3 
; 
; --- phase 1 --- gravity loading; x-fixed boundaries 
; 
round 0.5 
edge 1 
block -200,0 -50,0 0,100 100,100 150,0 250,0 250,-200 -200,-200 
jregion id 1 -200,0 200,0 200,100 -200,100 
jset angle 30 spacing 200 origin -20,50 range jregion 1 
gen edge 20 
; block and joint properties 
zone model elastic density 2.65E-3 bulk 3.333E4 shear 2E4 
joint model area jks 1E3 jkn 1E3 jfriction 30 jcohesion 2 jperm 0 ares 5E-4 azero 1E-3 
; 
; boundary conditions : lateral : x-fixed ; bottom : y-fixed 
boundary xvelocity 0 range -201,-199 -201,1 
boundary xvelocity 0 range 249,251 -201,1 
boundary yvelocity 0 range -201,251 -201,-199 

    UDEC (Version 5.00)

LEGEND

   22-Aug-2016  10:57:29
  cycle     17020
  time  =  1.500E+00 sec
joint constitutive types
        jcons       2
boundary plot
block plot
boundary plot
 x-boundary condition:
 S - Stress (force)
 B - Boundary Element
 V - Viscous
 F - Fixed velocity
 D - Dynamic free field
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; 
; set gravity ; set in-situ stresses (total) 
set gravity=0.0 -9.81 
insitu stress 0.0,0.0,0.0 xgrad 0.0,0.0,0.0 ygrad 0.017885,0.0,0.02597 szz 0.0 zgrad 
0.0,0.017885 ywtable 0.0 range -200,250 -200,0 
solve ratio 1.0E-5 elastic 
 
;;;;;;;;;;;;;;;;;;;;;;;;;;Dynamic;;;;;;;;;;;;;;;;;;;;; 
; --- phase 3 --- dynamic loading: shear wave at base of model 
;  free-field lateral boundaries 
;  with constant domain pressures ; no fluid flow by setting flow off 
; 
damping 0.05 5.0 
boundary ffield 
boundary xvisc ff_bulk=33333.0 ff_shear=20000.0 ff_density=0.00265 range -201,251 -
201,-199 
boundary stress 0.0,0.4,0.0 history=sine(5,10) range -201,251 -201,-199 
boundary yvelocity 0 range -201,251 -201,-199 
reset history time disp vel 
history xvelocity -40.0,100.0 
history xvelocity 0.0,-200.0 
history xvelocity 0.0 100.0 
history yvelocity -40.0,100.0 
history xdisplace -40.0,100.0 
history ydisplace -40.0,100.0 
history ffxvel 0 1 
history ffxvel 0 2 
history xdisplace -31.765602,-29.082699 
history xdisplace -41.061577,100.286316 
history xdisplace -39.51225,75.49704 
history xdisplace -41.061577,52.25709 
history xdisplace -38.737583,23.594501 
history xdisplace -38.737583,1.9038887 
history xvel -41.061577,52.25709 
cycle  time 1.0 
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 Stiffness Contrast Effect 

Figure A-3 shows the geometry used for stiffness contrast analyses followed by the input 

text file for the different stiffness contrast ratios described in section 5.5. 

Figure A-3 Geometry and boundary conditions for stiffness contrast analyses. 

;Title:Hill 100 m Crest 
; --- insitu stresses (k=0.5) 
; --- free-field (20 nodes) --- applied only in phase 3 
; 
; --- phase 1 --- gravity loading; x-fixed boundaries 
; 
round 0.5 
edge 1 
block -200,0 -50,0 0,100 100,100 150,0 250,0 250,-200 -200,-200 
gen edge 20 
; block properties 
zone model elastic density 2.65E-3 bulk 3.333E4 shear 2E4 
group zone 'soft' range -200,200 50,100 
zone model elastic density 2.65E-3 bulk 0.33E4 shear 0.2E4 range group 'soft' 
; boundary conditions : lateral : x-fixed ; bottom : y-fixed 
boundary xvelocity 0 range -201,-199 -201,1 
boundary xvelocity 0 range 249,251 -201,1 
boundary yvelocity 0 range -201,251 -201,-199 

    UDEC (Version 5.00)

LEGEND

   22-Aug-2016  11:12:39
  cycle     11279
  time  =  1.000E+00 sec
block plot
boundary plot
boundary plot
 x-boundary condition:
 S - Stress (force)
 B - Boundary Element
 V - Viscous
 F - Fixed velocity
 D - Dynamic free field
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; set gravity ; set in-situ stresses (total) 
set gravity=0.0 -9.81 
insitu stress 0.0,0.0,0.0 xgrad 0.0,0.0,0.0 ygrad 0.017885,0.0,0.02597 szz 0.0 zgrad 
0.0,0.017885 ywtable 0.0 range -200,250 -200,0 
solve ratio 1.0E-5 elastic 
 
;;;;;;;;;;;;;;;;;;;;;;;;;;Dynamic;;;;;;;;;;;;;;;;;;;;; 
; --- phase 3 --- dynamic loading: shear wave at base of model 
;  free-field lateral boundaries 
;  with constant domain pressures ; no fluid flow by setting flow off 
; 
damping 0.05 5.0 
boundary ffield 
boundary xvisc ff_bulk=33333.0 ff_shear=20000.0 ff_density=0.00265 range -201,251 -
201,-199 
boundary stress 0.0,0.4,0.0 history=sine(5,10) range -201,251 -201,-199 
boundary yvelocity 0 range -201,251 -201,-199 
reset history time disp vel 
history xvelocity -40.0,100.0 
history xvelocity 0.0,-200.0 
history xvelocity 0.0 100.0 
history yvelocity -40.0,100.0 
history xdisplace -40.0,100.0 
history ydisplace -40.0,100.0 
history ffxvel 0 1 
history ffxvel 0 2 
history xdisplace -31.765602,-29.082699 
history xdisplace -41.061577,100.286316 
history xdisplace -39.51225,75.49704 
history xdisplace -41.061577,52.25709 
history xdisplace -38.737583,23.594501 
history xdisplace -38.737583,1.9038887 
history xvel -41.061577,52.25709 
cycle  time 1.0 
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APPENDIX B 

DATABASE ELECTRONIC FILE 

This Appendix includes the electronic format of the developed database described in 

Chapter 3. The electronic file is a KML file type which can be opened using mymaps.google.com 

website or Google Earth software downloadable from Google.com. As discussed in Chapter 3 the 

KML file includes the world map with the location of natural slope and tailing dam failure, open 

pit mines and their corresponding earthquakes. In addition, there is a table attached to each slope 

presenting the available data for failure characteristics (including figures) and corresponding 

earthquake parameters. The data presented in this appendix is used for the earthquake parameter 

analyses in Chapter 4 including, Magnitude, Epi-central distance, Focal Depth and Intensity 

analyses by creating the network which connects all related earthquakes to each slope. Also, the 

geological characteristics in this database was implemented in the geological characteristics 

discussed in Chapter 4, including, water condition, topographical and stiffness contrast effect. 

Table B-1 describes the organization of the KML database. 

Table B-1 Organization of the KML database 

Title Sections and Descriptions 

Open Pit Mines Location 

The locations open pit mines are used in the 

analysis of Chapter 4 on Magnitude, Epi-

central distance, Focal Depth and Intensity by 

relating earthquakes exposed to open pit mines 

(see Section 4-2) 
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Table B-1 Continued. 

 Commodity 

Commodities of each open pit mines are used 

to compare the failure type in open pit mines 

against natural slopes (see Section 4.5).  

Subjected Earthquakes 

The table attached to open pit mines section 

includes three largest earthquakes exposed to 

each mine which are used in all the earthquake 

parameter analyses (see Section 4.2). 

Natural Slopes and Tailing Dams Location 

This section includes, the location of all 

studied the natural slope and tailing dam 

failures and their available pictures. The 

location of these failures are used in all 

earthquake parameters analyses (see Section  

4-2) and site effect analysis (see Section 4-6). 

Geological Characteristics 

This section includes the slope angle, water 

condition and material type of natural slopes 

and tailing dam failures. These data are 

utilized to compare the geological conditions 

of natural slope and tailing dam failures 

against open pit mines (see Sections 4-3 to 4-

6) 
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Table B-1 Continued. 

 Earthquake Parameters 

This section includes, magnitude, focal depth, 

epi-central distance and intensity of the 

earthquake triggered failure in each natural 

slope and tailing dam. These data are used in 

Chapter 4 to compare the earthquake 

parameters triggered natural slope and tailing 

dam failures against those exposed to open pit 

mines (see Section 4-2). 

Earthquakes This section of the database presents the 

considered earthquakes for earthquake 

analyses in Chapter 4 (see Section 4-2) 

classified by date and magnitude as below: 

- M > 9.0 from 1900 to 2010 

- 8 < M < 8.9 from 1900 to 2010 

- 7 < M < 7.9 from 1900 to 2010 

- 6.5 < M < 6.9 from 1941 to 2010 

- 6.5 < M < 6.9 from 1900 to 1941 

- 8 < M < 8.9 from 1900 to 2010 

- M > 5 from 2015 to 2015 

 


