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ABSTRACT 

 

The evaluation of risk is often performed assuming static conditions when in reality, 

conditions are continually evolving. In the following dissertation, the evaluation of risk 

with changing conditions over time is considered for a specific project – placing 

overburden into an active, open pit mine. The research focuses on the geotechnical 

components of risk with the goal of identifying whether and to what extent it is possible 

to place overburden on mined out portions of the open pit slopes. The relevant factors,  

which change with time or impact risk, are first identified and an evaluation is performed 

to estimate a probability of failure at various stages of the project life. Potential damages 

are then assessed by first evaluating the run out distance and post failure geometry of a 

slope failure and then estimating the percentage of material that would have to be 

removed to continue extraction of ore. To convert the uncertainty into economic terms, 

unit values for savings that result from placing overburden in the pit and costs associated 

with cleaning up failure debris are estimated. The probability of failure, potential for 

cleanup, and unit values are combined to produce estimates of the likely costs and 

benefits associated with dumping overburden in the open pit.  

 

The results of the analysis indicated that risk varies considerably with time. However, it 

is possible to place overburden in the central portion of the open pit up to a limit of 

approximately 80 million tons while maintaining a positive net value of expected costs 

and benefits. 
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1 INTRODUCTION 

 

The purpose of this research is to evaluate the geotechnical aspects of risk associated with 

placing overburden material into an operating industrial minerals open pit mine. The 

study will focus on the Rio Tinto Minerals – Boron Operations borate mine, located in 

Boron, California. The evaluation will be for the years 2010 through the end of the mine 

life at approximately 2038 and evaluate how risk changes over that time period.  

 

While overburden could be placed across the entirety of the northern slope of the mine, 

the research will focus on risk associated with placing overburden in the central portion 

of the mine as this location represents the highest potential for slope failure. As well, 

although a number of design options are available for placing waste in this sector of the 

mine, the research will focus on dumps that are sited above a low strength contact, with 

no buttressing below the contact as this again, represents the configuration with highest 

potential for slope failure. The purpose of evaluating these extremes in site location and 

dump design is to investigate how risk changes with time in an area where it is expected 

that certain combinations of dump volume and foundation conditions will be undesirable. 

As well, the purpose is to identify if any combination of dump volume and foundation 

condition is feasible in this area and if so, what that combination is. And finally, the 

results from an evaluation of these extreme conditions will be used in the evaluation of 

more favorable sites in order to more quickly and accurately determine the potential for 

site-wide in-pit dumping.  
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The geotechnical risk associated with loading the slope with overburden, in the most 

basic sense, is a function of the potential for failure of the underlying foundation 

materials (Figure 1-1). The potential for failure of the foundation materials is, in turn, a 

function of variables for which there is a degree of spatial uncertainty, a degree of 

temporal variation and a degree of variation in overburden load.  

 

Figure 1-1 Geotechnical Risk Associated with In-Pit Dumping 

Loading overburden on
slope to the north

Increases potential for failure of
combined foundation and overburden
as mine advances to the south

Ex: potential failure associated 
with a 50 million ton overburden 
dump at year 2020

Resulting in potential
burial of ore zones

1 2

3
 

overburden

clay
ulexite
basalt Tropico

Tropico clayarkose
faultsborax

GEOLOGIC UNITS

 

 

The borate ore zones were deposited as a lenticular body that was subsequently tilted and 

offset by faulting. The open pit mine was initiated in the higher elevations of the ore zone 

and the mine is currently advancing down-dip to the south and across dip to the east. 
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Overburden material would be dumped on the northern, mined out section of the 

operation. A slope failure, potentially resulting from loading the mined out areas with 

overburden, would incorporate not only a significant portion of the dumped overburden 

but, more importantly, would incorporate a considerable extent of the underlying 

foundation materials. The combined volume of failed material could run out to the south 

and cover the active mining operation in the southern portion of the pit, resulting in 

economic loss.  

 

Evaluating the risk associated with such a failure is not a matter of simply assessing the 

stability of the slope at some point judged to be the worst case scenario. Many of the 

variables necessary for such an analysis change with time. Some increase the potential for 

slope failure; some decrease the potential for slope failure – all interact to such a degree 

that predicting a worst case scenario based on engineering judgment alone would be 

difficult, at best. As such, the following research evaluates the risk associated with in-pit 

dumping at several points in time, over the lifetime of the project to determine the impact 

of the combined effect of the input variables.  

 

This research provides a unique contribution to the general body of geological 

engineering knowledge in that: 

 

1) It addresses the temporal nature of a number of variables associated with 

stability analysis and the subsequent risk assessment based on the outcome of 
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those analyses. Many stability analyses are conducted for a single point in 

time and do not consider the impact of a change in underlying conditions. 

2) Unlike in-pit dumping as is commonly employed at coal mines, where the 

stability of the dumped material is addressed, this research addresses the 

potential for failure of the underlying foundation as a result of in-pit dumping 

and seeks to determine whether there is a balance between the potential 

economic gain from dumping overburden material in the pit (due to reduced 

haulage costs) and the potential economic loss from a large-scale slope failure 

potentially caused by the dumped overburden. 

3) The work quantifies the variables that control risk with time with regards to 

dumping overburden in the Boron open pit and converts that risk into 

economic terms such that a decision can be made as to if, when, and how 

much overburden can be placed in the pit. 

 

For this study, risk will be quantified by estimating a probability of an outcome (a slope 

failure) through the use of limit equilibrium analysis and statistical sampling from 

analysis inputs, and then applying that probability to costs (cleaning up a percentage of 

the failure debris) and benefits (savings associated with short-dumping overburden) 

associated with dumping overburden in to the open pit. A net value of benefits and costs 

greater than zero implies that the outcome has a desirable level of risk (although to what 

degree a positive net value is desirable is also addressed), while a net value less zero 

implies that the outcome has an undesirable, risk.  
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It is important to stress that while safety is a crucial component of slope design, this 

research does not explicitly consider safety as part of the evaluation of risk. There are 

three reasons for this: 

 

1) Safety is considered implicitly in determining what constitutes an acceptable 

dumping limit. Given the difference between the unit value of dumping a ton 

of overburden in the pit and the unit value of cleaning a ton of failure debris, 

the only viable designs will generally be ones with a low probability of failure 

– one which coincides reasonably well with an adequate factor of safety. 

2) The focus of the research is on risk due to the physical parameters of the site 

(geologic structure, mining direction, etc.). While it is important to consider 

safety, the risks associated with the loss of human life or equipment, along 

with the valuation of a human life or equipment and the probability for loss of 

either are considered to be beyond the scope of this work. There are other 

elements to the total risk that are likewise not considered as part of this 

analysis. Among other elements, these include risks associated with the 

structure of the borate market should an interruption in supply occur, risks 

associated with changes in the pricing structure of borates (especially near the 

end of the mine life as the resource nears exhaustion), risks associated with a 

change in the mining method, and risks due to associated systems that would 

affect the ability to mine borates (tire supply, fuel costs, ability to dispose of 

wastewater, etc.).   
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3) Slope failures at Boron have been observed to occur with sufficient warning 

and over long enough time spans that personnel and equipment can be moved 

away from the run out zone of a failure. Furthermore, slope monitoring 

systems are being upgraded to provide enhanced ability to detect imminent 

failures and provide adequate warning for personnel.  

 

To address this question of dumping overburden material into an active mining operation 

there are a number of components. These include estimates for failure tons and 

probability of failure (Section 6.0), estimates for runout configuration of the combined 

overburden and foundation materials (Section 7.0), an evaluation of the liquefaction 

potential of the overburden (Section 8.), the amount of failure debris that needs to be 

cleaned up (Sections 9.0) in the event of a slope failure, and estimates for unit values 

associated with benefits and costs (Section 10). The three components are brought 

together to evaluate risk with time (Section 11.0) and the results are discussed (Section 

12.0). 

 

The remaining sections cover: a description of the site (Section 2.0) and a general 

discussion of risk as well as a specific discussion of risk at it applies to the site (Section 

3.0) in order to provide the necessary background; a discussion of the limit equilibrium 

method used to generate the probability of failure (Section 4.0) and a discussion of the 

inputs to the limit equilibrium model (Section 5.0) to provide a background on the 

methodology and a description of the inputs; and recommendations for future work 

(Section 13.0) to discuss areas that bear further investigation.  
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2 BACKGROUND AND SITE CHARACTERIZATION 

 

The Boron open pit mine is located near the town of Boron, California in the Mojave 

Desert Geologic Province (Figure 2-1). The Mojave Desert Geologic Province 

(depending on the author and the size of the region under consideration) is either a 

separate physiographic province, or a part of the much larger Basin and Range Province 

that encompasses portions of California, Nevada, Arizona, Utah, and northern Mexico. In 

either case, the region is characterized by extensional tectonics that results in mountain 

ranges separated by valleys filled with alluvium derived from erosion of the ranges. 

Drainage is typically internal. During wetter historic periods, large inland lakes formed 

resulting in the extensive playas evident today. Currently though, the Mojave Desert is 

one of the most arid portions of the United States. Average precipitation is approximately 

five inches, but precipitation amounts from year to year are highly variable.  

 

Figure 2-1 Location Map 
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The combination of internal drainage and extreme aridity created a number of evaporite 

deposits. Perhaps one of the more well-known of these was the surface deposits of 

colemanite in Death Valley. Ore from these deposits was refined at the Harmony Borax 

works in Death Valley and shipped out on the iconic 20 Mule Team borax wagons in the 

late 19th century. Ironically, the wagons passed within a few tens of miles of the future 

site of the Boron open pit on their way to the railroad depot located in the town of 

Mojave, California. 

 

Borates associated with the Boron mine were not discovered until the 1920’s. As the ore 

does not outcrop at the surface, the discovery was serendipitous and occurred during 

drilling for a water well. Borates were first mined at the site in the late 1920’s via a series 

of underground operations that were generally centered on the northern (and shallower) 

portions of the deposit. The mines were owned by a variety of companies, but over time 

the individual holdings were acquired and consolidated by the Pacific Coast Borax 

Company (a predecessor of U.S. Borax, which is now wholly owned by Rio Tinto). The 

deposit was eventually acquired completely by U.S. Borax and underground mining was 

slowly phased out when an open pit was started in the late 1950’s.  

 

The open pit was initially an elliptical excavation in the northwest portion of the deposit 

and problems with slope stability began almost immediately. While many failures were 

relatively small (in the range of a few tens of thousands to a few hundreds of thousands 

of tons) and could be addressed through normal operations (by creating multiple accesses 

around the failure and mining out the failure debris in subsequent cuts) there were several 
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failures in excess of ten million tons that threatened the ability to economically extract 

borates from the deposit. As such, stability of the open pit slopes has continually 

constituted a significant risk for the operation and there is a long history of the study of 

the causes of, monitoring for, and remediation of slope failures. 

 

Part of the nature of that risk is short-term in that Operations is affected and there are 

additional costs associated with cleaning up failures. These are relatively immediate (and 

quantifiable) impacts, which are evaluated as part of this research. Part of the risk is 

longer term though in that if failures are of a significant enough size, the ability to supply 

ore could be jeopardized, which in turn could result in loss of market share. This aspect 

of risk is not covered in this research as; again, it is not a component of the geotechnical 

risk (in a direct sense). As well, such a risk is not readily quantifiable in the scope of this 

research (although it may be quantifiable in other types of marketing analysis).  

 

The following sections provide additional detail on how the geology and mining method 

combine to produce the potential for slope instability and how that risk has historically 

been mitigated. The final section discusses the nature of the risk that the in-pit dumping 

presents and how this research seeks to mitigate that risk.  

 

 2.1 Operational Impacts due to Slope Stability 

Understanding the operational impacts due to slope instability requires some 

understanding of the geology and geologic structure of the deposit, as well as some 
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understanding of the mining history. The following sections discuss each of these aspects 

and how they combine to impact operations.  

 

  2.1.1 Geology of the Site 

The Tertiary-age borates are an evaporite deposit and form a lenticular orebody encased 

in layers of low permeability claystone. The clay and borate sequence is bounded on the 

bottom by a layer of basalt, which is in turn underlain by feldspar-rich sandstone (arkose) 

with interbeds of clayey sand (the Tropico Formation). Poorly to moderately consolidated 

and cemented arkose covers the borate and clay sequence. An intrusive body, composed 

primarily of quartz monzonite, bounds the deposit to the south. Uplift and erosion of the 

quartz monzonite body along the Western Borax Fault (an east-west trending fault zone 

that is the boundary between the volcanics and sediments to the north and the intrusive to 

the south) likely provided a source for much of the arkose that covers the orebody.  

 

The sequence of Tropico-basalt-evaporites-sediments has been tilted and dips moderately 

(5° to 15°) to the south. Faulting has offset the orebody into three primary components 

and a number of sub-blocks. There appear to be three primary fault sets in the vicinity of 

the mine (Figure 2):  

 

1) An east-west trending set, which includes the Western Borax Fault. Offset 

along this structure appears to be mostly normal. 

2) A north-northwest – south-southeast trending set, which occurs most 

frequently within the orebody and is the fault set that divides the orebody into 
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the three primary components – a western block, a central block and an 

eastern block. Movement along faults in this orientation also appears to be 

normal, but scissoring is not uncommon with offsets tapering from hundreds 

of feet near the southern end of the ore body to a few tens of feet near the 

northern portions of the orebody 

3) A northwest - southeast trending set that occurs less frequently than the NNW 

- SSE trending set. Movement along faults in this set appears to be normal and 

generally tends to drop southern fault blocks down relative to northern fault 

blocks. Offset of this manner accentuates the overall dip of the orebody to the 

south. 

 

Figure 2-2 Principal Fault Orientations and Locations 
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  2.1.2 An Abbreviated Mining History 

The borate deposit was originally mined via a series of underground workings (usually 

underhand stoping) by a series of companies that owned portions of the total deposit. 

Mining focused on the hydrated sodium borate ore (borax). After the individual holdings 

were consolidated, an open pit was initiated and underground mining has phased out. 

Mining the borates by open pit methods began in the northern reaches of the deposit and 

has progressed down-dip to the south (to extract kernite – a dehydrated sodium borate) 

and across dip to the east or to the west (to continue extracting borax). The deposit is 

currently mined with a fleet of trucks and shovels for both ore and overburden. 

 

Mining to the east has, historically, been performed by advancing a north-south oriented 

pushback up to several hundred feet wide. Recently, the orientation of the mining cuts 

was changed to a NE-SW orientation such that mining advances approximately 

perpendicular to the NNW-SSE oriented fault set (Molloy and Oliphant 2007)..Individual 

cuts have been also widened in order to allow operational flexibility when mitigating 

hazards due to the underground workings. The result of the re-orientation and other 

design changes is that while failures may still occur along the final wall, they will not 

have as significant an impact to on-going ore extraction 

 

Mining to the south is typically performed by advancing a semicircular pushback, also up 

to several hundred feet wide, across portions of the south wall. Mining to the south, 

which necessitates more stripping than mining to the east, is necessary to extract kernite 
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ore. Kernite is dehydrated version of the borax ore and is used in the production of boric 

acid.  

 

Mining to the west is not as straightforward as it is for the south or the east for two 

reasons – the ore zones are separated to a larger degree, in places, by faulting, which 

necessitates significant amounts of stripping. As well, the location of the ore and the 

slope designs necessary to reach the ore result in the open pit encroaching upon portions 

of the processing plants. The shape of the mining cuts is dictated, in general, by the ore 

block that can be extracted and the limitations imposed by the presence of plant 

infrastructure. 

 

Unless on-going slope optimization studies dictate otherwise, eventually a considerable 

portion of the established processing plant infrastructure near the western side of the pit 

will have to be moved at some point in the future in order to mine out the remaining 

portions of the west end of the deposit. For the immediate future though, the advance of 

the open pit is limited and the underlying ore will be deferred until late in the mine life.  

 

  2.1.3 Mining Direction and Slope Stability 

Figure 2-3 is a schematic that shows how the initial pit was expanded and how expansion 

in any direction has associated slope stability problems. Following the figure is a 

discussion of the failure mechanisms that are associated with mining in each direction. 

For mining to the east, the discussion focuses on historic mining practices that have since 

been changed to mitigate (but not wholly eliminate) the potential for failure. 
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Figure 2-3 Mining Direction and Slope Stability Hazards 
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When mining to the east (historically - and where applicable, to the west), the 

combination of either the NW-SE or the WNW-ESE fault sets coupled with the low rock 

mass strength of the clay that encapsulates the borates (or the low strength of the 

interbeds of clayey material within the other sedimentary units) sets the stage for large 

scale slope failures. Localized fluctuations in the bedding dip of sediments often occur 

due to the extensive faulting and while the overall dip of the sediments is to the south, 
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there are numerous areas where there is either a significant apparent dip to the east or 

west or a true dip (if sufficient drag folding has occurred) to the east or west. When the 

contact dip exceeds the shear strength of the clay and pore pressure gradients and pore 

pressures along the contacts are high, slope failure is highly likely. This is readily 

evidenced in that mining to the east has been plagued by continual and regular slope 

failures created by the combination of NNW-SSE trending faults and interbeds of low 

strength material in the arkose. 

 

When mining to the south there are two potential slope failure hazards – one for the south 

wall that is being advanced and one for the north wall that is left behind. For the south 

wall, the primary hazard is due to the Western Borax Fault Zone (or similarly oriented 

faults) in combination with the bedding of the low strength clay and ulexite units. 

Generally, these units dip monotonically to the south, but in some cases the units have 

been folded near the Western Borax Fault Zone and form a broad, shallow bowl that, in 

conjunction with the zone of broken and weathered material in the Western Borax Fault 

Zone, approximates a circular shear failure zone through weak material. For the north, the 

hazard is due to areas where the localized dip of the sediments exceeds the fracture shear 

strength of the low strength sediments. The bedding provides a lower bound to the failure 

and the NW-SE trending faults can act as backplanes (failure through intact ground is 

possible though).  

 

Thus, the combination of bedding or weak rock units and faults creates the potential for 

stability hazards no matter what the mining direction is. Extracting the borate resource 
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via open pit methods, while resulting in maximum recovery of borates, has subjected and 

will continue to subject the operation to considerable risk due to slope instability. 

 

 2.2 The Borate Market 

While this research does not address the risk associated with loss of market share, it is 

important to discuss the nature of the market for borates and how an interruption in 

supply (via a large scale slope failure) could have impacts beyond the immediate costs 

associated with cleaning up the failure. 

 

Borates occur and are mined in a number of places in the world (the United States, 

Turkey, Russia, China and Argentina are the main sources), but two deposits satisfy the 

vast majority of worldwide demand – the Rio Tinto Minerals – Boron Operations mine in 

the United States and a series of less contiguous, but nevertheless extensive borate 

deposits and mines in Turkey (operated by the state-controlled Eti Mine). The two 

companies (Rio Tinto Minerals and Eti Mine) each satisfy a fluctuating, but 

approximately equivalent percentage of the worldwide demand and form a dualopoly for 

the market. There are minor differences in the quality of the borates supplied by the two 

operations, but essentially, the products are equivalent. Demand for borates is relatively 

fixed and tied to a number of markets that do not radically shift over short term time 

frames (production of fiberglass, agriculture chemicals, detergents, glassware, etc…). 

 

Producing an oversupply of borates by either company would only serve to drive prices 

down, while producing an undersupply by either company, in an attempt to increase 
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prices according to classic supply-demand theory, would likely result in loss of market 

share. Market share is therefore generally maintained by the ability to service clients 

through reliability in providing consistent output and high quality for the various borate 

products. Given the size of the Boron deposit relative to other sites (with the exception of 

the Eti Mine deposits), if a slope failure occurred that interrupted supply at Boron, it 

would generally not be possible for Rio Tinto to make up the deficit by calling on 

supplies from other sites and the company would be forced to lose sales. Short-term loss 

of the ability to provide borates has thus generally been considered to equate to long-term 

loss of market share.  

 

2.3 History of Risk Mitigation 

In light of the nature of the slope stability risk, both due to the unique market for borates 

and the geology of the site, a number of strategies have been employed to mitigate risk 

((Cooper, 1962, 1963, 1964, Cooper and Paulsen 1963, 1965, Eisenbraun 1970, Siefke 

1970, 1982, Maddocks 1981, 1992). Some of the earliest slope failure risk management 

strategies were to increase the number of active ore faces, so that if one face was buried 

by a failure, ore could still be produced from another face. Along with increasing the 

number of active faces, maintaining an extensive ore exposure inventory gradually 

evolved as a strategy. Upwards of one and a half years of ore would be exposed so that if 

a failure covered a significant portion of exposed reserves, borates could still be supplied 

to the market from other exposed areas while the failed material was cleaned up.   
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With time, mine planning, in recognition of the high probability for slope failure, became 

more sophisticated. The pit was expanded primarily to the east to take advantage of the 

relatively shallow reserves along the northern portion of the ore body, and early 

evaluations by site geologists quickly linked the larger scale slope failures with the 

approach to one of the faults in the NNW-SSE set. In recognition of this correlation, the 

‘phased’ approach to mine design was initiated. Phasing is a modification of pre-

stripping, (or at the most basic level - simple slope flattening) in that it involves 

unloading material at the top of the slope while mining progresses towards the bottom 

and through the ore. Significant stability analyses were conducted during the late 1990’s 

and early 2000’s by Call and Nicholas, Inc. and internally by RTM-Boron (Mattern and 

Pryor 2005) to refine the phase designs. The result was a set of design criteria that 

dictated an interramp angle for the phase, a phase height and a phase width. The mining 

sequence was therefore a function of restrictions dictated by phase dimension. For 

example, when a new pushback was initiated, mining progressed until the phase height 

limitation was reached, then a second phase was started behind that initial pushback and 

the two were brought down until the second reached the phase height limitation. At that 

point, a third phase was initiated and the process was repeated. The process resulted in 

overall working slope angles of less than 20° in many cases but had the advantage of both 

limiting the potential for large scale slope failures (due to unloading) and limiting the 

impact such failures can have on the operation (by containing failure debris within one 

phase). 
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 2.4 In-Pit Dumping and Risk Management 

The gradual dip of the deposit to the south and the advance of the pit to the south and the 

east have created a broad, shallowly dipping north wall of the mine. In general, this broad 

expanse of barren (from an ore perspective) ground presents an ideal location for 

dumping overburden (much like would be done in a coal mine). However, due to the 

structure of the deposit, there is the potential for low strength contacts to be exposed at 

later stages of the mine life. Exposing these contacts does not appear to result in an 

unstable slope configuration, so the risk of slope instability is relatively minor.  

 

Placing overburden on the slope results (generally) in a reduction of the factor of safety 

and an increase in the probability of failure. To a degree, such a proposal therefore 

increases the risk associated with slope failure and would appear to contradict the history 

of risk mitigation at the site, which has focused on strategies that increased ore exposure 

(creating numerous mining faces, exposing large ore volumes) or reduced the potential 

for failures to occur (phasing).  

 

However, reducing risk by increasing ore exposure essentially ignores all but the most 

basic geotechnical input (though in fairness to the engineers responsible for planning 

such for multiple faces, no geotechnical engineering department existed at the site until 

after several years after the 1997-1998 slope failures). In other words, the potential for 

slope failure was accepted as a given and mitigation was ex post facto.  
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Phasing was an improvement in that significant efforts were made to understand the 

potential for failure such that preventative measures could be taken to reduce both the 

occurrence of failures and the impacts on ore extraction. The analysis that went into 

creating the phase designs represented a significant advance in the understanding of the 

structure and rock mass strength of the deposit and represents ex ante mitigation of the 

risk associated with slope failures. The analysis focused on slope designs and assumed 

that all overburden would be removed from the pit. Furthermore, the analysis was 

performed in wake of the catastrophic 1997-1998 failures and it is likely that there was an 

emphasis on significantly reducing the size and occurrence of slope failures. 

 

While it can be argued how effective each of the strategies described above was at 

mitigating risk, what is inarguable is that the creation of multiple faces, exposing large 

volumes of ore and phasing all dictated that a significant amount of overburden stripping 

was necessary. Furthermore, as the pit has widened and deepened, that overburden must 

be trucked longer and longer distances. A total of approximately 1.6 billion tons of 

overburden is currently scheduled for extraction, with the potential to add several 

hundred million additional tons should extraction of all the borates with open pit methods 

prove feasible (currently, there is a limitation on the overall slope height of the mine, 

which means that borates below the 1,500-foot elevation cannot be extracted with open 

pit methods). Dumping in the pit presents an alternative that reduces costs considerably 

but, as stated above, presents a risk to the remaining ore reserves.  
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This research seeks to build on the history of risk mitigation at the site by first evaluating 

the factor of safety and probability of failure associated with placing various volumes of 

overburden on the north wall. Updates and improvements in the geotechnical data for the 

analyses will be used in place of previous assumptions that were necessary due to a lack 

of data.  It is anticipated that updates will not always result in an increase in the factor of 

safety. It is more a matter that improvements in the geotechnical data will represent an 

increase in the reliability of the answer.  

 

It is also anticipated that many of the overburden volumes evaluated will result in a 

combined failure of the underlying foundation materials and dumped overburden. While 

this is contradictory to the phasing approach, what is considered here is the impact to 

mining operations. Given the expanse of the north wall, failures could occur that may 

have little impact on the ore reserves. If there is significant benefit in slightly increasing 

the potential for a slope failure, but only a small potential for costs should one occur, then 

an opportunity exists to improve the economics of the mining operation. There is an 

upper limit, of course, to how much overburden can be placed on the north wall before 

the combined failure does start to create significant costs and it is precisely this limit that 

this research seeks to identify. 

 

Furthermore, due to the combined effects of changes in stability and value over time, this 

research expands on the history of risk mitigation by evaluating risk over time. It seems 

obvious to evaluate the combination of probability of failure, failure run out and ore 

location at the present day or near the end of the mine life but just looking at those 
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endpoints may not be sufficient to evaluate a time period when probability of failure is 

high and ore is located close to the toe of the potential failure.  

 

Thus, while it appears that the proposal to place overburden in the pit is contradictory to 

the history of risk mitigation at the site (in that it increases the probability of failure or the 

potential to bury reserves), in reality this research is a significant extension of previous 

work in that it builds upon the geotechnical database, considers potential benefits as well 

as potential costs and examines risk over the anticipated lifetime of the mine.  
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3 RISK ASSESSMENT 

 

Risk, risk assessment and risk analysis have a number of meanings across a range of 

disciplines. At the most fundamental, risk is simply a combination of uncertainty in an 

outcome and consequences for that outcome. Risk analysis or risk assessment is the 

process of identifying, quantifying, and communicating those uncertainties and outcomes.  

 

Numerous authors expand on these fundamentals to some degree and there are a 

multitude of tools available to assess, quantify and communicate risks. Vose (2004) and 

the U.S. Army Corps of Engineers (1999) both provide good summaries of various 

methodologies such as event or fault trees, Monte Carlo simulation, mathematical 

methods (primarily Rosenblueth’s point estimation method, but other first-order, second 

moment (FOSM) methods as well), and sensitivity analysis, among others. Despite the 

wide range of methods, in general, there are a number of common elements to each 

definition which must incorporate both the uncertainty associated with the problem and 

the variability in the inputs. The focus of this research is a risk assessment associated 

with a geological engineering problem. The following sections discuss risk assessment 

within the field of geological engineering in general and the elements that will 

specifically be employed in this work. 

 

3.1 Risk Assessment in Geological Engineering 

In geological engineering, risk has traditionally been tied to the calculation of a factor of 

safety of a slope or potential failure geometry. A higher factor of safety generally implied 
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a lower risk and a lower factor of safety, a higher risk. Advances in the computational 

power of stability analysis software programs have set the stage for more quantitative 

assessments. Many stability analysis software packages allow the variation of several 

inputs, from which a probability of failure can be estimated by running thousands of trials 

from a randomly sampled distribution. Most often the probability of failure is associated 

with variation in material shear strength properties - the angle of friction and cohesion - 

but these are not the only inputs that can vary. Depending on the scale of the slope under 

evaluation and given the variation inherent in earth materials in general, almost every 

input can be considered to vary over a range of potential values – earthquake loads 

(Glass, Savely and Call 1978), the orientation of discontinuities (Call, Savely, and 

Nicholas 1977), pore pressures or groundwater elevation (Hachich and VanMarcke 

1983), reinforcement, material density, and even slope geometry. 

 

The use of probability methods in stability analysis as a function of the distribution in 

material shear strength parameters is fairly well established (A-Grivas and Harr 1979, 

Call, et al 1977, Chowdhury and A-Grivas 1982, Chowdhury 1984b, Fell 1994, Heslop 

and Milne 2003, Krahn 2004, Marek and Savely 1978, McMahon 1971, Miller, Whyatt 

and McHugh 2004, Morriss and Stoter 1983, NRC 1995, USACE 1995, and Vanmarcke 

1980, among others). In most cases, Monte Carlo methods are used to sample from the 

distribution of values for both the angle of friction (phi) and cohesion (c) for several 

thousand trials. A resulting distribution of associated factors of safety for the given slope 

configuration are generated and the percentage that are less than 1.0 are regarded as an 

indication of the reliability of the slope, or the probability of failure for the slope. There 
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has been some work done on refining this basic analysis. Latin Hypercube sampling 

methods have been used instead of Monte Carlo methods, in recognition of the fact that 

Monte Carlo methods can over sample extreme values (Kautt and Wieland 2001). 

Nguyen and Chowdhury (1985) have suggested that phi and c values can be correlated 

and that sampling methods have to account for this relationship. Sampling that does not 

recognize this relationship can result in a higher percentage of outcomes with an 

unsatisfactory factor of safety.  

 

There has also been some work that recognizes that the stability condition of a slope 

changes with time as a function of increasing strain, with strain defined as total 

movement of the slope divided by total height of the failure (Brox and Newcomen 2004, 

Stacey, et al 2003, Zavodni 2001). In these publications, the element of time is 

recognized, but only to the extent that progressive movement of the slope does not 

happen instantaneously. The relationships between stages of failure and degree of strain 

are ex post facto, rather than estimated changes in input variables such as material 

strength (strain softening) or pore pressure condition (a drop due to expansion of the rock 

or soil mass). Chowdhury has pioneered the evaluation of the progressive deterioration of 

a slope with time once a failure initiates (Chowdhury and Derooy 1985), but the 

methodology has met with criticism (Li 1991b, Li 1991c) for some of the assumptions 

used in the analysis regarding the re-distribution of strain once driving forces exceed 

resisting forces along a localized section of the failure path.  Numerous studies, of course, 

recognize the element of time with respect to the occurrence of a specific event (such as a 

seismic event of a certain magnitude over the design life of a structure or slope) in a 
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given time frame (USACE 1999, among others), but do not necessarily quantify the 

change in risk with the non-occurrence of that event (for instance, the decreased expected 

seismic load with progressively shorter exposure times for a structure or a slope). 

 

 3.2 Risk in the Framework of the Current Research 

The focus of the current research is a risk assessment associated with dumping 

overburden into mined out areas of an active, open pit mine.  The risk over time is a 

function of the fact that the open pit mine was initiated in the higher elevations of the ore 

zone, expanded to mine out the elevated borates on north side of the pit, and is currently 

advancing down-dip to the south. Eventually the mine will reach an east-west trending 

fault that significantly lowers the ore zone to the south and requires excavation through 

the basalt, exposing the contact between the basalt and the underlying arkose. The contact 

between the basalt and arkose is a potential failure plane with shear strengths similar to 

contact between the basalt and overlying clay that bounded the large scale failures that 

occurred at the mine in the late 1990’s. As mining approaches this contact, the probability 

for a slope failure will increase until a maximum value is reached when the contact is 

exposed.  

 

Once the contact has been exposed, changes in risk are a function of the quantity of 

overburden that is dumped above the contract (which affects both the run-out distance 

and the probability of failure), the distance that separates the exposed basalt-arkose 

contact and the active mining areas, the pore pressure in the slope, and the run out 

distance of a failure. The change in some of these factors increases the risk, while the 
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change in others decreases the risk. For instance, increasing the quantity of overburden 

dumped above the basalt-Tropico contact increases the volume of material that could be 

incorporated into a failure, which would increase the risk. Mining ore, on the other hand, 

increases the distance between the toe of the dump and the ore contact. The increased 

distance reduces the amount of material that would have to be mined in the event of a 

failure, which would decrease the risk.  

 

3.3 Definitions Associated with Risk for this Research 

In light of the nature of this study, the emphasis on geological engineering methods, and 

the problems being evaluated, the following definitions for the components to risk and 

risk assessment will be used: 

 

Factor of Safety – in slope stability analysis, the factor of safety is the ratio of 

resisting forces to driving forces. 

Probability of Failure – in limit equilibrium analysis, the probability of failure is 

the percentage of total trials that have a factor of safety less than 1.0. The total 

number of trials is generally a function of Monte Carlo sampling of rock mass 

strength values. 

Expected Costs – these are probabilistic costs associated with a slope failure and 

are estimated as the probability of failure times the unit cost per ton for clean up 

times the number of tons incorporated in a failure times the percentage of tons 

that need to be cleaned up following a failure. 
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Expected Benefits- these are the probabilistic benefits incurred from dumping 

overburden in the pit. Expected benefits are derived from one minus the 

probability of failure times the unit value per ton of overburden dumped in the pit. 

Risk – net value of expected benefits and expected costs. 

 

 3.4 Summary of Input Uncertainty 

Following is a brief summary of the various inputs to the research. For each input, there 

is a subjective assessment of the degree of uncertainty, the source of the uncertainty and 

the methods used to reduce that uncertainty. The subjective assessment of the degree of 

uncertainty is based (where applicable) on the number of samples available, the range of 

values, the precision of the methods used to generate the value and the quality or 

reliability of the data used to generate the value, among other factors. While a more 

formal analysis is undoubtedly possible for each of these aspects, an informal assessment 

is provided more as the purpose of the discussion is to highlight the variation in the 

degree of variation. 

 

Rock Mass Strength – moderate uncertainty – most uncertainty is due to the spatial 

variability of the rock and the degree to which sufficient samples have been obtained 

within each sub-domain. Moderate number of Monte Carlo trials attenuates this 

uncertainty to some degree.  

 

Pore pressure – moderate to high uncertainty – the site is cut by a number of faults that 

compartmentalize the hydrology and it is not always possible to install instrumentation in 
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each fault block. Several open standpipe and vibrating wire peizometers have been 

installed in the fault blocks evaluated in this research but more would be required to 

reduce uncertainty. Use of 100% pore pressure levels throughout analysis attenuates this 

uncertainty to some degree but is overly conservative. 

 

Seismic load – moderate uncertainty – the seismic load is a function of both the 

magnitude of the earthquakes and the attenuation of the seismic energy. The seismic 

record in California is only on the order of two to three hundred years long which makes 

estimating recurrence intervals difficult. The assumptions for attenuation are based on 

average mechanical properties of the rock and soil. Given the considerable distance 

between the site and the seismic source, the variation in mechanical properties has the 

potential to create uncertainty in the degree of attenuation.   

 

Contact/Fault orientation –moderate to high uncertainty – there are not a large number of 

drill holes used to define the contact and fault orientations. Modeling the Tropico clay 

and the faults as 20-foot and 10-foot wide zones attenuates this uncertainty to a large 

degree.  

 

Probability of seismic event – low uncertainty – this parameter is more of a mathematical 

construct and has been used in a manner that applies the largest certainty of a seismic 

event to the largest potential failures. 
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Probability of failure – moderate uncertainty – this parameter was generated from inputs 

that have moderate to high degrees of uncertainty.  However, the resulting value is a 

product of 6,000 samples of rock mass strength under three different pore pressure 

assumptions and should attenuate the uncertainty of the inputs to some degree. 

 

Runout distance – moderate uncertainty – as the runout distance is a primarily a function 

of the rock mass strength estimates, the pore pressure and the seismic load and each of 

those estimates has moderate or moderate to high uncertainty, it follows that this 

parameter should have moderate uncertainty as well. Use of empirical relationships 

between runout distance and failure volume attenuates the uncertainty associated with 

this parameter to some degree. 

 

Clean up percentage – low to moderate uncertainty – the clean-up percentage is ratio of 

the failure debris that has to be mined versus the total failure debris and is therefore 

subject to minimal uncertainty. However, the clean-up percentage is determined based on 

the run-out configuration, which is subject to moderate to high uncertainty. Therefore the 

value of the parameter is likewise subject to some degree of uncertainty. The uncertainty 

associated with this parameter was attenuated by an evaluation of run-out distances as a 

function of failure volume. 

 

Value of dumping – low uncertainty – although a more detailed analysis could be 

conducted to determine the value of in-pit dumping, the value used in this analysis was 
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based on overburden that would be moved to one of three potential sites and the 

differential represents a fairly accurate estimate of the value of in-pit dumping. 

 

Value of cleaning up debris – low to moderate uncertainty – an example from a large 

scale failure at the site was used to generate this estimate and should be fairly 

representative. However, the inclusion or exclusion of numerous elements was the 

subject of considerable debate. As well, only the costs from one set of large scale failures 

were used.  
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4 PROBABILITY OF FAILURE: LIMIT EQUILBRIUM METHODS 

 

Issues in slope stability risk analysis appear to center around the uncertainty associated 

with analytical methods and the simplifying assumptions, as well as the in-situ material 

variability. The risk assessment for this research models this variability such that 

decisions can be made that reflect the state of knowledge for both the model and the 

material conditions. To evaluate the factor of safety of the slope and the probability of 

failure for this research, limit equilibrium methods are proposed, using the software 

package Slope/W (Krahn 2004). As this analytical method is a cornerstone of the 

research, some background on the method is presented. 

 

Limit equilibrium analysis has a long history in the field of geological engineering. The 

methods date back to the early 1900’s and there have been numerous modifications since 

then. About ten widely accepted variations on the basic methodology exist today with 

each having a slightly different method to resolve the forces and moments. The more 

rigorous methods, such as Spencer’s solve for both force and moment and will be used 

for this research. Table 4-1 summarizes the details of the various methods. 

 

It should be noted that limit equilibrium analysis is a two-dimensional analysis and that 

forces out of the plane of the section are not included in the calculations for factor of 

safety. This generally results in an underestimation of the stability of the slope in that 

there are various types of confining forces that act to stabilize the slope. To some degree, 

the magnitude and orientation of these confining forces depend on the type of material 
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the slope is composed of and the geologic structure. Confining forces could include such 

things as the frictional force along boundary faults (or other large-scale, planar features), 

the arching effect in granular materials, and the interlocking effect of blockier material 

but all act in the same general manner. While some work has been done to determine the 

effect of confining forces out of the plane of section (Harr, 2007) the magnitude of their 

impact on the factor of safety is not well understood. 

 

Table 4-1 Summary of Limit Equilibrium Methods 

Method 
Equations of Statics Satisfied Interslice Force Characteristics 

Moment 
Equilibrium 

Force 
Equilibrium 

Interslice Normal Interslice Shear 

Ordinary or Fellinius Yes No No No 
Bishop’s Simplified Yes No Yes No 
Janbu’s Simplified No Yes Yes No 
Spencer Yes Yes Yes Yes 
Morgenstern-Price Yes Yes Yes Yes 
Corps of Engineers - 1 No Yes Yes Yes 
Corps of Engineers – 2 No Yes Yes Yes 
Lowe-Karafiath No Yes Yes Yes 
Janbu Generalized Yes Yes Yes Yes 
Sarma Yes Yes Yes Yes 
(after Krahn 2004) 

 

Although out-of-slice forces impact the stability of the cross section and there are limit 

equilibrium software programs that can solve three dimensional problems, three 

dimensional effects and analyses were not undertaken as part of this research. This was 

done for two reasons. 

1) The uncertainty associated with the magnitude and effect of three dimensional 

forces.  

2) Neglecting the stabilizing effect of three dimensional forces results in a 

slightly more conservative analysis. 



 47

 4.1 Basic Methodology 

The fundamental technique in each method is similar and involves the division of a two 

dimensional slope profile into a series of slices. Each slice is bounded on the sides by 

imaginary lines demarcating the slice, on the top by the geometry of the slope and on the 

bottom by the potential or actual slide plane. Material properties are assigned to each 

geologic unit and, if pore pressure exists, one of the following methods is used to assign 

pressure values to various points within the slice.  

1) Most commonly, a potentiometric surface is established and a hydrostatic 

 gradient is assumed to exist below the surface.  

2) Alternatively, discrete pressures can be used to establish a pore pressure 

 distribution. 

3) Or, pore pressure ratios can be employed.  

 

The slice is treated as a rigid body and decomposed into either forces destabilizing the 

slice (seismic loads, weight of the slice in shear, pore pressure, etc…) or forces 

stabilizing the slice (shear strength along the failure plane, weight of the slice normal to 

the failure plane, reinforcement, etc…). The forces for each slice are summed and the 

ratio of the stabilizing forces (resisting forces) to the destabilizing forces (driving forces) 

is the factor of safety for that slope configuration. Figure 4-1 shows a typical slice. 
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Figure 4-1 Slice for Limit Equilibrium Analysis 
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 4.2 Limit Equilibrium Methods and Probability of Failure 

Given the intensive computations involved in dividing a slope into slices, calculating 

weights based on material densities, resolving weight into shear and normal forces, 

determining loads, and summing resulting totals, for many years, limit equilibrium 

analysis was conducted using mean values for many of the inputs and only a single factor 

of safety was produced. The development of computing power capable of performing 

similar calculations hundreds or thousands of times is a relatively recent development and 

has allowed another dimension to limit equilibrium analysis – determining a probability 

of failure. 

 

For the probability of failure assessment, numerous trials are run on a single slope 

geometry. Generally, the values for rock mass strength are varied, while other inputs are 

held constant. Monte Carlo methods are generally employed to generate random 
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numbers, which are in turn used to sample from the distribution of rock mass strength 

properties for each geologic unit. Although sampling the rock mass strength properties is 

the most common approach to generating a probability of failure, any other input could 

potentially be varied – pore pressure gradient, reinforcement load, seismic load, slope 

geometry, contact orientation, material density, and potentiometric surface elevation. 

While software programs that allow users to readily incorporate such variability are not 

yet available, other methods, such as sensitivity analysis can be used as a proxy. Krahn 

(2004) reports that the effect of varying inputs other than the rock mass strength is that 

the distribution of factors of safety is flattened and widened, resulting in a larger 

percentage of factors of safety below 1.0 and a higher probability of failure. This result is 

to be expected in that a larger number of extreme event scenarios would be modeled. 

Instead of high or low material strengths merely being modeled with mean values for all 

other inputs, high and low material strengths would be coupled with a range of values for 

each of the other inputs – resulting in a broader distribution of factors of safety. The 

broader distribution of the factor of safety values may or may not change the mean value 

of the factor of safety, but will definitely affect the associated probability of failure.  

 

The ability to determine a factor of safety and probability of failure has created another 

method for evaluating the stability of the slope – by calculating the reliability index. The 

reliability index is defined as the ratio of the mean factor of safety for a slope minus one 

to the standard deviation associated with the distribution of the factors of safety (El-

Ramly, et al. 2002). The reliability index, in conjunction with the factor of safety, gives 

an indication of spread of the distribution of safety factors. The advantage of using a 
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reliability index is that factors of safety for various failure paths can be compared to 

indicate, not which path has a higher ratio of stabilizing to destabilizing forces, but rather 

which failure path has the lower amount of uncertainty associated with the input 

parameters. 

 

 4.3 Limitations of the Method 

Limit equilibrium methods treat the slice as a rigid body and do not allow for 

deformation within the slice (Krahn 2004). Furthermore, the factor of safety is merely a 

ratio of stabilizing to destabilizing forces and gives no indication of the magnitude of 

expected movement. A factor of safety less than 1.0 could indicate nothing more than a 

slight shift in the slope mass or could indicate the potential for a catastrophic failure. 

Furthermore, the use of mean values for rock mass strengths ignores the autocorrelation 

of spatially distributed rock mass properties. Part of this latter issue can be overcome by 

subdividing the rock mass for any one rock type into finer divisions that are cognizant of 

geologic controls on spatial correlation (such as a weaker rock mass strength around a 

fault zone), but the other issues are inherent to the nature of the analysis itself. 

 

To overcome the limitations of the static nature of the analysis, numerical models are 

often suggested. Numerical models allow for deformation of the rock mass and give some 

indication of the magnitude of movement. Despite this, numerical models will not be 

used in the probability of failure assessment portion of this research for the following 

reasons: 
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1) This work is primarily a risk assessment based on a probability of failure. The 

probability of failure is generated by running thousands of trials on a slope 

configuration with variable quantities for nearly all model inputs. It is simply 

impractical to run a similar number of numerical models to produce the 

factors of safety. 

2) Numerical models will indicate where excessive movement in a slope is 

expected, or if a slope is stable, but do not produce what is generally 

considered a factor of safety – i.e. ratio of resisting to driving forces 

(numerical methods do provide a de facto factor of safety via the shear 

strength reduction technique, whereby the ratio of the strength provided, 

versus the strength needed to result in failure can be determined). 

3) Prior stability analysis using both limit equilibrium and numerical models has 

already been completed for the site along four sections on the south wall of 

the pit (CNI 2007). The results of those studies indicated that the magnitude of 

movement expected for the south wall (three to six feet) correlated with 

approximately a 1.1 to 1.2 factor of safety. While other research by Hammah, 

et al. (2005) also indicates general agreement between limit equilibrium and 

numerical modeling methods, it is recognized, that the agreement between 

numerical modeling methods and limit equilibrium methods may be limited to 

a certain set of geologic conditions. 

 

Numerical models will, however, be used in the run out analysis portion of this research 

to estimate the post failure run out configuration. 
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5 PROBABILITY OF FAILURE: SAMPLING FOR ANALYSIS INPUTS 

 

There are three sampling methods that were incorporated in the limit equilibrium 

analysis. The choice and use of these sampling methods is primarily a function of the 

ability of the software to generate variation, but is also influenced by the nature of the 

inputs themselves. The three methods used include Monte Carlo methods, simplified 

Latin Hypercube methods (which could be considered analogous to sensitivity analysis) 

and search algorithm methods. By using a combination of the three, upwards of 750,000 

trials per section were generated.  

 

In general, Monte Carlo methods were used when a statistical distribution for an input, 

based on a reasonable number of samples, existed - for example, the rock mass strength 

values.  Such a method is well suited for working with statistical distributions in that 

Monte Carlo methods generate a random number, which is normalized to a value between 

0 and 1. The value is mapped to the cumulative distribution function of the probability 

density function and is translated into a value within the distribution, which is used in the 

subsequent analysis.  

 

Simplified Latin Hypercube sampling (LHS) methods were used for inputs like pore 

pressure where a continuum of values could potentially exist but for which adequate 

samples were not available. Latin Hypercube sampling works in a similar manner to 

Monte Carlo sampling, but instead of taking a random sample from the entire 

distribution, LHS methods take only the number of samples that should statistically occur 
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within a certain portion of the distribution. For this work, samples were obtained or 

extrapolated from the upper, lower and middle portions of the spectrum (as such, the 

method follows the LHS theory, but instead of a normal or triangular distribution, a 

uniform distribution is used).  

 

Search algorithm methods were used for both sampling and optimizing potential failure 

paths. Search algorithm methods essentially are comparative in that two options are 

compared and the less desirable value is discarded. The process is repeated until the 

limits of the search (whether those limits are search area or number of trials) are reached, 

at which point, the most desirable value (whether that is shortest path, lowest factor of 

safety, etc.) is displayed. The location and shape of potential failure paths are not an input 

to the model like rock mass strength is, but it is nonetheless important to consider the 

sampling method used to determine the final failure path configuration. 

 

Table 5-1 summarizes how each of the six inputs to the limit equilibrium models used in 

this study will be modeled in the analysis. These inputs include the pore pressure 

distribution (for the foundation materials), material density, rock mass strength, seismic 

load, failure plane orientation, and surcharge load (dumped tons). The sections following 

the table provide additional detail for each of these parameters. 
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Table 5-1 Summary of Analysis Inputs 

Input Parameter How Modeled 
Pore pressure distribution Grid of pressure heads (100%, 90%, 80% of base values) 
Material density Constant – average value based on testing 
Rock mass strength Average values, Monte Carlo methods to sample 
Seismic load Two boundary values – seismic load and no seismic load 
Failure plane orientation Weak material modeled as a zone 
Surcharge load A range of values 
 

 5.1 Pore Pressure Gradient and Potentiometric Surface 

To create the values for pore pressure input, it was necessary to first establish a baseline 

pore pressure distribution within the foundation materials (the overburden material was 

assumed to drain and be dry). A distribution (or grid) of pore pressure values was used 

based on previous work at the site (Yost 2006, 2007 and 2008a, and Girdner 2008) which  

established that the groundwater is highly compartmentalized and perched and that 

hydrostatic gradients cannot be assumed. 

 

To establish the grid of values, it was necessary to extrapolate from measurements taken 

from a number of open standpipe piezometers (OSPs) and vibrating wire piezometers 

(VWPs) in the vicinity of the cross sections. There were a total of six OSPs and eight 

VWPs in the vicinity of the two cross sections. Hydrographs for the 14 instruments are 

presented in Appendix A. 

 

For the VWPs the pore pressure reading at the instrument elevation was used as a known 

grid value. For the OSPs, the elevation of the static water level was used as a known grid 

value. Several of the OSPs had become blocked at depth and measurement of the static 

water level was not possible. In such instances, the OSP was used to establish a depth 
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over which the hole was still dry. From these known values, all other grid values were 

extrapolated based on generalized gradients observed in other VWP installation around 

the site. To determine a generalized pressure gradient, pairs of VWP measurements 

measured within and between rock types from the area around the pit were used. The 

gradient is simply the difference in pore pressure divided by the vertical separation 

between the instruments. Given the extensive network of VWPs, it is possible to establish 

average gradients within rock types and between rock types. These average gradients 

were used to fill in unknown areas between known points on the sections. The most 

commonly used gradients were within the arkose/Tropico (0.19 psi/ft), across the basalt-

Tropico contact (0.29 psi/ft) and across the arkose-lakebed contact (0.35 psi/ft).  

 

Once a sufficient number of known and extrapolated points were established, values were 

entered into the limit equilibrium software package as x, y coordinates with a pressure 

value and the resulting distribution of pore pressures were contoured according to the 

methods detailed in Krahn (2004).  This distribution of pore pressure values for the 2010 

pit was based on current pore pressure and water level readings. To establish a pore 

pressure distribution for the foundation materials in the remaining pit designs, it was 

necessary to adjust the contours to fit the location of the pit topography while maintaining 

approximate gradients within and across each material type. As a result of this 

methodology, in parts of the southern (right) half of the sections, there are significant 

decreases in pore pressure at depth over the course of the mine life. This reduction in 

pore pressure represents both the expected reduction due to pumping and the expected 

reduction due to the removal of saturated material.  
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As most of the overburden extraction will occur to the south, the pore pressure contours 

did not change for the northern (left) half of the sections. This likely represents a degree 

of conservatism in the analysis in that some degree of pore pressure reduction in the 

foundation materials is likely over the remaining mine life due to either pumping or 

natural seepage and evaporation.  

 

Once the pore pressure contours were created, a series of nodes was established at 

various inflection points along the contour line. The initial value assigned to the node was 

considered to be the 100% of possible pore pressure. The pore pressure values at each 

node were then reduced systematically by 10% and 20% to create the variation in pore 

pressure that would be used in for the analysis. Figure 5.1 shows how the process was 

applied to Section 8.  

 

It should be noted that the location of the contours was unchanged, which does not affect 

the analysis except for the area immediately beneath the zero contour. A reduction in 

pore pressure would reduce the elevation of the zero contour, but for ease in data entry, 

the gradient was reduced slightly instead.  This results in slight increases in pore pressure 

near the zero contour where there should be no pore pressure. Such differences do not 

materially affect the resulting factor of safety or probability of failure estimates, but do 

add a small measure of conservatism to the analysis. 
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 5.2 Material Density and Rock Mass Strength 

There are over ten distinct material types represented at the site, but only four will make 

up the bulk of any failure debris. These include the Tropico (an arkose), the Tropico clay, 

basalt and overburden dump material. The material properties for the geologic units have 

been established through an extensive testing program over the past ten years. A total of 

342 tests have been conducted on the various rock units. Tests typically include small-

scale and large-scale direct shear, uniaxial compressive strength, triaxial compressive 

strength, and disk tension. Material density of the sample tested is generally determined 

as a part of the test procedure. Table 5-2 summarizes the number of tests by material and 

test type.  

 

Table 5-2 Summary of Rock Strength Tests 

Material Disk Tension 
Test 

Uniax. Comp. 
Tests 

Triax. Comp. 
Tests 

Direct Shear 
Tests 

Arkose/Tropico 19 14 25 23 
Lakebeds/Tropico Clay 9 12 15 29 
Ulexite 6 7 9 7 
Tincal/Kernite - 6 23 2 
Basalt 24 13 16 10 
Quartz Monzonite 13 9 10 4 
Faults Contacts - - - 26 
Dumps - - - 7 
 

There are a number of ways to generate estimates for the rock mass strength failure 

envelopes. Perhaps the most widely used is the Hoek-Brown method (Hoek and Brown, 

1988, 1997, Hoek, 2001, Hoek, et al. 2002) which combines the uniaxial compressive 

strength of the intact rock, a material constant for the rock type and an estimate of the 

Geologic Strength Index (GSI, which is a function of the structure of the rock mass and 

the quality of the rock mass) to produce estimates for the rock mass strength.  
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Despite the wide use of the Hoek-Brown method, linear and bi-linear envelopes for the 

various rock types, which were created and modified over the past ten years through a 

methodology developed by Call and Nicholas, Inc (CNI) were used. CNI had done much 

of the preliminary geotechnical analysis and slope design work at the Boron operation in 

the late 1990’s and performed much of the testing upon which they based their rock mass 

strength estimates. As their method, in a general sense, also modifies intact rock strength 

as a function of rock quality, it was judged reasonable (in most cases – more discussion 

to follow) to use the values they have developed with their methodology. Beyond the 

historical development and practice of using the methodology and strengths developed by 

CNI there are several practical reasons for using their estimates as well. 

 

1) In order to use the Monte Carlo sampling routines in the Slope/W software, 

 only linear or bi-linear rock mass strength failure envelopes can be used (Krahn 

 2004).  

2) While it is possible to develop a Mohr-Coulomb constitutive model from 

 Hoek-Brown parameters, the result is a deterministic value (i.e. there is no 

 associated standard deviation). The standard deviation of the phi and cohesion 

 values associated with either the linear or bi-linear envelope is necessary in order 

 to generate the probability of failure upon which much of this research is based. 

3) The CNI method is based entirely on measured values whereas the Hoek-

 Brown method involves a subjective assessment of the GSI value (or of 

 components of the RMR value). The standard deviation that results from the CNI 
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 method (which, as above, is critical in developing the probability of failure 

 estimates) is therefore a product of variation in rock properties (RQD, uniaxial 

 compressive strength, etc.) as opposed to variation in rock properties and 

 variation in subjective judgment. 

 

Figure 5-2 shows the comparison between the Hoek-Brown strength estimates and the 

CNI estimates for three of the more common or critical rock types (the arkose/Tropico, 

the basalt and the lakebed clay). For the clay, the Hoek-Brown strength is slightly lower 

than the CNI estimate but for the arkose and basalt the Hoek-Brown strength is 

considerably higher than the CNI estimate.   

 

Figure 5-2 Comparison between Hoek-Brown and CNI for Three Rock Types 
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For the CNI method, rock mass strength is estimated from combination of the fracture 

shear strength (determined from small-scale and large-scale direct shear tests) and the 

intact rock shear strength (determined from a combination of the disk tension tests, 

uniaxial compressive strength tests and triaxial tests). Average Rock Quality Designation 

(RQD) values for each rock type are used to weight the intact and fracture shear strengths 

to produce a rock mass shear strength envelope (Call and Nicholas 2001, 2006). The 

following equations are used for generated a linear fit based on estimated fracture shear 

strengths and estimated intact rock shear strengths. 

 

PRS = Percent Rock Substance (the weighting for the intact component) 

PRF = Percent Rock Fracture (the weighting for the fracture component) 

 

PRS (phi) = [0.3775e0.0075*RQD] 2 

PRS (coh) = [0.2250e0.0131*RQD] 2 

PRF (phi) = 1 - PRS (Φ) 

PRF (coh) = 1 - PRS (c) 

 

The weight values are then multiplied by the phi and cohesion values of the intact and 

fracture shear strength to produce the rock mass strength.  

 

Rock Mass (phi) = PRS (phi) * Intact (phi) + PRF (phi) * Fracture (phi) 

Rock Mass (coh) = PRS (coh) * Intact (coh) + PRF (coh) * Fracture (coh) 
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Higher RQD values result in a rock mass strength closer to intact strengths and lower 

average RQD values result in a rock mass shear strength closer to fracture shear 

strengths. It should be noted however, that 0% RQD does not imply that the rock mass 

strength is equal to the fracture shear strength, nor does 100% RQD imply that the rock 

mass strength is equal to the intact shear strength. For instance, at 0% RQD, the PRS 

(phi) weight is 14.2% and the PRF (phi) weight is 85.8%. Conversely, for 100% RQD, 

the PRS (phi) weight is 63.8% and the PRF (phi) weight is 36.2%. Figure 5-2 shows this 

concept schematically. 

 

Figure 5-3 Schematic of Call and Nicholas Rock Mass Strength Estimation 
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It has been recognized recently however, that the CNI method may not be applicable to 

some of the softer sedimentary units (clay, arkose, Tropico) given the bedded nature of 

these deposits and the lack of strong cementation (Yost 2008b, Yost 2008c). In light of 

this development, recent stability modeling at the site has employed anisotropic strengths 

with fracture shear strengths along the direction of bedding and intact strengths in all 

other orientations. The parameters of the intact strength envelope are based on triaxial 
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testing (with the σ3 value determined from the post-peak portion of the graph), To model 

these anisotropic strengths with the Slope/W software, an ‘Add-In’ function was 

developed (Girdner and Yost 2008) that applies the appropriate strength based on the 

orientation of the failure plane. The Add-In function works by determining the x-value 

along the section, referencing a table constructed of x-values versus bedding dip, and 

creating the appropriate anisotropic window at that x-value location. This function, 

however, does not allow for Monte Carlo sampling and is not used in this research. 

 

Although the sedimentary units exhibited anisotropic strengths with a bi-linear envelope 

and such strengths could not be used in the analysis, the effect of not using anisotropic 

strengths on the results was minimal. This is due to the fact that, of the four main material 

types that would be incorporated in a slope failure, the two that would make up the bulk 

of the failure, basalt and dump material, are considered to be essentially isotropic in terms 

of strength characteristics. The dumps can be considered to have some degree of 

anisotropy based on their construction method, but this is neglected.  The basalt is 

likewise bedded to a slight degree, but it is observed to generally be massive and display 

no consistent or preferential fracture pattern. Of the remaining units - the Tropico clay is 

bedded, but as the shear strength is already low and the failure planes are forced to follow 

bedding, no further adjustments are considered necessary. For the Tropico Formation, 

which is a sedimentary unit, the strength was modeled with an anisotropic function based 

on a linear (rather than bi-linear) function fit to the intact (residual) strength curve. In the 

bedding orientation, the cohesion and friction values of the linear are adjusted by 

independent percentage values such that a second strength envelope, one approximately 
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equivalent to fracture shear strengths, is created. Using a linear fit to the data 

overestimates the strength at low normal values, but the effect is minimal on the analysis 

in that the Tropico is only encountered at depth and at normal values were the linear fit is 

appropriate. 

 

For each of the rock mass strengths, a mean and standard deviation is determined for both 

phi and cohesion values. It is assumed that both are normally distributed (A-Grivas and 

Harr 1979, Chowdhury and A-Grivas 1982, Chowdhury 1984b, Fell 1994, Heslop and 

Milne 2003, Krahn 2004, McMahon 1971, Miller, Whyatt and McHugh 2004, Morriss 

and Stoter 1983, USACE 1995, and Vanmarcke 1980, among others). This distribution of 

values is sampled using Monte Carlo methods to generate 2,000 trials per run. For each 

analysis, phi and cohesion values are assumed to be uncorrelated to add a degree of 

conservatism to the analysis. Recent research has indicated that there can be some degree 

of correlation between the two values and that such correlation tends to minimize the 

influence of the extreme values. 

 

Material density is treated as a constant for any one rock type given that values obtained 

in the testing program for density have relatively low variance (especially as compared to 

variability for rock mass strength). As well, the variability in material density does not 

have a large effect on the factor of safety and probability of failure in that any one rock 

type is treated as a homogenous material and the effect of a higher or lower density tends 

to be compensated for along different parts of a failure path. For instance, if a higher 

density were used, higher driving forces would be generated along steeper portions of the 
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failure path, but higher resisting forces would be generated along shallower portions of 

the failure path. The net effect is likely minimal as compared to the net effect of varying 

other inputs. Table 5-3 summarizes the rock mass strength properties that will be used in 

this study. Figure 5-3 shows a schematic of the bi-linear envelope. 

 

Table 5-3 Rock Mass Properties 

Rock Type Density 
(pcf) 

C1 

(psf) 
S.D. 
(psf) 

ΦΦΦΦ1 

(deg) 

S.D. 
(deg) 

BP 
(psf) 

ΦΦΦΦ2 

(deg) 
S.D. 
(deg) 

Arkose 138 2,218 835 22.1 2.4 30,446 17.3 2.4 

Lakebeds 131 3,110 1,483 11.8 0.3 13,797 6.5 0.1 

Ulexite 131 4,824 2,534 18.4 3.3 14,946 13.4 3.4 

Tincal 111 7,690 4,147 38.0 3.7 15,541 32.9 3.6 

Basalt 147 11,621 4,925 23.0 2.3 31,206 20.7 2.0 

Tropico 138 2,592 1,094 23.2 3.7 30,440 18.2 3.0 

Quartz Monzonite 156 8,208 2,376 28.4 1.8 32,179 25.8 1.7 

Dumps 124 150 - 36 - - - - 

Faults 138 527 - 7.5 - - - - 
C1 – cohesion for first part of bi-linear fit 
S.D. – standard deviation 
ΦΦΦΦ1 – phi value for lower portion of bi-linear fit 
BP – breakpoint between lower and upper portion of bi-linear fit 
ΦΦΦΦ2 – phi value for lower portion of bi-linear fit 
 
 

Figure 5-4 Bi-linear Envelope 
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For all rock types and for fault strengths, values are based on the material testing and 

RQD values (i.e. the CNI method). For the dump strength, although testing was 

conducted, values are assumed based on the approximate angle of repose of the material 

in the dumps around the site and a minimal amount of cohesion. The minimal value for 

cohesion was selected to prevent the program from finding a critical surface along a 

dump face. The testing that was conducted was for dumps that were composed of high 

clay content material or gangue and the samples are not representative of the materials 

that would be used to construct the in-pit dumps. It is likely that the dump material has a 

slightly higher cohesion value than the one used in the analysis, but for the purpose of 

adding a degree of conservatism to the evaluation, the cohesion value was assumed to be 

approximately one pound per square inch. 

 

5.3 Seismic Load 

For estimates of the seismic load, a report prepared by Glass (1997) was used. In his 

study, he evaluated the historic record of seismicity in the vicinity of the site, reviewed 

the sources of seismicity and generated expected seismic loads per time interval. Results 

were presented for three major faults in the area – the San Andreas Fault (which he 

considered most likely to rupture), the Garlock Fault (which he considered less likely to 

rupture) and the Lockhart-Lenwood faults (which he considered very unlikely to rupture 

and which is therefore not considered further in this research). For the San Andreas Fault 

the range of peak horizontal accelerations over a 40-year window is from 1.2% g to 5.9% 

g with and expected value of 3.6% g. For the Garlock Fault, the range over a 40-year 

window is from 1.6% g to 7.6% g with an expected value of 4.6% g.  
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There are differences in the likelihood of rupture on the two faults, but the total range of 

values for horizontal acceleration (excluding the Lockhart-Lenwood fault(s)) is 1.2% g to 

7.9% g. Selecting a value from this range to use in the stability analysis is not a 

straightforward process though. Seed and Idriss (1983) list 11 different parameters to take  

into account when selecting seismic input for an analysis. Abramson et al. (2002) notes 

that using the peak ground acceleration value is overly conservative. They list typical 

accelerations either used in various parts of the world or recommended by various 

authors (for California, values range from 5% g to 15% g). Zavodni (2008) states that in 

stability analysis ‘where liquefaction or strain softening is not likely’ typically one half of 

the value of the design horizontal acceleration is used. Wyllie and Mah (2001) also 

recommend using 50% of the peak horizontal acceleration. 

 

It has been the practice at Rio Tinto Minerals in stability analysis to use the expected 

value associated with rupture of the San Andreas Fault (3.6% g over a 40-year window). 

This value is approximately equal to half of the upper value of the range listed above 

(7.9% g). As there is minimal difference between the two values, the historic practice of 

using the 3.6% value was continued for this research. The value of 3.6% g was used as a 

horizontal load in the analysis. No component of vertical acceleration was used. 

 

As the work by Glass was completed in 1997, there was some question about the 

continued validity of his expected values in light of a recent publication by the 2007 

Working Group on California Earthquake Probabilities (WGCEP). In the document, the 

WGCEP estimates that there is a 97% probability of a magnitude 6.7 (or larger) 



 68

earthquake occurring in the Los Angeles area over the next 30 years (USGS 2008) from 

all seismic sources combined. As Los Angeles is approximately 100 miles from the 

project site, it is reasonable to assume that this prediction would have some impact on the 

seismic load previously estimated.  

 

To evaluate the potential impact, both the WGCEP report and the Glass report were 

evaluated. The WGCEP report was reviewed to determine which fault in the vicinity of 

the project site has the greatest potential to rupture over the next 30 years and the Glass 

report was reviewed to determine if a similar magnitude event was evaluated for that 

same fault such that the expected seismic load would reflect that component of energy 

release and attenuation. 

 

According to the WGCEP report, the fault with the greatest potential to rupture is the 

southern portion of the San Andreas Fault, with a 30-year probability of 59% for 

producing a magnitude 6.7 or larger event. The southern San Andreas has been divided 

into five zones, each of which exhibits unique behavior. In his analysis, Glass evaluated 

four of the zones and the potential impact to the mine site. Table 5-4 summarizes his 

work. 

 

Table 5-4 Summary of San Andreas Impact on Boron Mine Site (Glass 1997) 

Segment Characteristic Earthquake 
(Moment Mag.) 

Distance to Site 
(miles) 

Mean Acceleration 
(% g) 

Cholame Not evaluated due to large distance to site 
Carrizo 7.63 82 1.30 
Mojave 7.53 37 3.33 
San Bernardino Mountain 7.30 48 2.32 
Coachella Valley 7.45 94 1.04 
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As the acceleration used in the analysis is greater than the site accelerations expected 

from the four relevant segments of the San Andreas (which are based on events of 

magnitudes ranging from 7.30 to 7.63) there does not appear to be a need to revise the 

work by Glass in light of the work by WGCEP.  

 

 5.4 Failure Plane Orientation 

The failure plane orientation is primarily a function of the contact between the basalt and 

the Tropico, as well as the orientation of a fault that serves as a back plane for the 

potential failure. The orientations of both of these discontinuities could be modeled in 

two ways. The first method that could be used to model the fault or contact orientation is 

to review the drilling and surface mapping that has been done over the life of the mine, 

collate the orientation measurements, and generate a mean and standard deviation. The 

model can then be constructed with a number of orientations for each discontinuity to 

capture the potential combinations and potential variability in orientation. This method 

has the drawback of requiring a large number of trials to evaluate even a limited set of 

orientations. For instance, if there were five orientations for the back plane and five 

orientations for the basalt-Tropico contact, a total of 25 runs would be necessary for 

every combination of the other inputs in order to test the full range of variability in 

contact orientation. Another limitation to this method is that the basalt-Tropico contact 

has not yet been exposed and orientations measurements are only possible from 

interpretation of drill hole contacts. Approximately 40 drill holes have been advanced 

through the basalt-Tropico contact and at times it is feasible to correlate one drill hole to 
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two others such a three-point problem can be defined and an orientation generated. More 

often, however, the contact between the Tropico and the basalt is poorly defined and 

consists of interbedded and faulted sequences of clayey arkose, weathered basalt, sandy 

arkose and fault gouge. Definitively correlating sufficient multiple sequences between 

drill holes is difficult. 

 

A second method would be to model both a contact and fault zone that would encompass 

the range of orientations. The Slope/W software includes a search algorithm that first 

generates a circular failure plane through a slope, and then adjusts segments of the failure 

path until a minimum factor of safety is established. When the search algorithm has been 

used on other stability analyses at the Boron mine, the resulting failure paths are 

generally non-circular and follow the bedding and fault contact orientations to a large 

degree (unless, of course, the failure is through isotropic, homogeneous slopes – then 

failure paths are generally circular). Using the search algorithm in the software package 

has the effect of generating a large number of trials, which adds confidence to the results 

of this study (the absolute number of trials depends on the number of initiation points and 

the length of the segments in the failure path - based on established analysis protocols at 

Boron, the number of trial failure paths is typically between 1,000 and 1,500) in that the 

failure paths used are not subjectively derived. The disadvantage to this method is that 

the lowest factor of safety is generally going to correlate with the steepest failure path 

possible through the contact or fault zone. This has the negative effect of biasing the 

analysis towards the upper range of potential fault and contact orientations, but the 

positive effect of adding a degree of conservatism to the modeling process and removing 
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a significant portion of the uncertainty associated with the model by virtue of the fact that 

the likely worst case scenario will be used. 

 

This second method was used in the analysis. Although the geologic model that the cross 

sections were based on indicates isolated pockets of Tropico clay between the Tropico 

and basalt, a continuous 20-foot wide zone was assumed to exist along the contact in the 

area of interest (the area that potential failure planes will pass through). The 20-foot 

thickness was based on a review of the drilling logs that pierced the contact and indicated 

thicknesses of Tropico clay that ranged from 0 feet to approximately 50 feet with an 

average thickness in 21 holes of 12.8 feet. Table 5-5 summarizes the holes that pierce the 

basalt-Tropico contact in the study area along with the logged thickness of Tropico clay 

in each. Summary boring logs for each of the drill holes are presented in Appendix B. 
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Table 5-5 Summary of Logged Thickness of Tropico Clay in Drill Holes 

Hole ID 
Collar Coordinates Tropico Clay 

Thickness (feet) Northing Easting Elevation 
MD 0958 8451 24699 2418 33.7 
MD 0967 7817 21348 2526 1.5 
MD 0968 9125 24376 2528 0.0 
MD 0970 7535 23849 2256 10.0 
MD 0983 7154 23722 2176 4.8 
MD 1020 5118 25066 2237 50.0 
MD 1072 6950 23652 2138 16.3 
MD 1073 6945 23651 2138 10.2 
MD 1075 7817 22802 2346 25.6 
MD 1077 8184 23338 2354 34.6 
MD 1078 7585 24245 2265 10.6 
MD 1090 7768 23579 2296 12.4 
MD 1314 7477 22405 2252 0.0 
MD 1315 8004 24762 2201 3.0 
MD 1316 7297 23206 2150 8.0 
MD 1317 7587 24617 2150 26.0 
MD 1318 7382 24585 2151 6.8 
MD 1337 6802 24388 2099 0.0 
MD 1579 6696 23979 2002 4.0 
MD 1580 6638 22849 2000 0.0 
MD 1582 5478 22760 1944 11.0 

 

 5.5 Surcharge Load (Dumped Overburden Tons) 

The surcharge load in a stability analysis can be treated as a variable or a constant in 

stability analysis. In many cases, the surcharge load is treated as a constant, even though 

the actual surcharge load may vary (for example, a road built above a retaining wall will 

have a variable load applied to the slope below as a function of the change in vehicle size 

passing over the road, but the stability analysis would evaluate the case with the heaviest 

load as a constant). In this case, the surcharge load (the quantity of tons dumped) on the 

slope is not a variable in the strictest sense of the term (i.e. – as having inherent 

differences in some fundamental property) but is rather an input that has a controlled 

range of potential values. In other words, the range for the value for the dumped tons is 
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controlled by how many, or few, tons are dumped on the slope and not by some inherent 

variability internal to the input. The value is treated as a variable in this case as well, in 

that one purpose of the research is to determine the quantity of material that could 

potentially be dumped on the slope.  Section 6.1 discusses the methods used to determine 

the total tons and the range of tons in greater detail.  
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6 PROBABILITY OF FAILURE: ANALYSIS RESULTS 

 

The purpose of the limit equilibrium portion of the analysis was to use the inputs 

described in the previous sections to establish values for a probability of failure through 

time for a range of dump volumes under a range of conditions. All limit equilibrium 

analyses were conducted with the Slope/W software program by Geo-Slope (Krahn 

2004).  

 

One of the key aspects of this portion of the research involved the combination of the 

results from independent analyses into a master distribution from which a probability of 

failure could be generated. While the software program used for the limit equilibrium 

analysis, Slope/W, allows variability for several inputs (rock mass strength, seismic load, 

density, etc.) there are key aspects for this research that the program cannot treat as a 

distribution (pore pressure, etc.). As such, it was necessary to run independent trials and 

then combine the results into one master distribution of factor of safety results. 

 

The following sections describe the selection process for the cross sections that were 

evaluated, how the geometry of the dumps was created for each dumped tons quantity, 

how the analysis was constructed in order to evaluate the various dumped tons quantities 

and time steps, the results of the limit equilibrium analyses and how those results were 

weighted to either combine several outputs into a single value for probability of failure.  
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 6.1 Cross Section Selection Criteria and Location 

In selecting a cross section to evaluate for this research, a number of variables were 

considered. First and foremost was that the cross section had to be located in the central 

portion of the pit, where a combination of NNW-SSE and east-west faults have created a 

structural block with a down dropped ore zone at the southern extent of the ore body. 

This configuration necessitates steepening the north wall near the current center of the pit 

to recover the deeper ore. Steepening the north wall (as opposed to just following the dip 

of the basalt layer) results in excavating through (in some places) the basalt that underlies 

the sedimentary units and daylighting the contact between the Tropico and the basalt. 

Daylighting the low strength contact tends to create more unstable wall geometry. 

Secondary considerations for cross section selection took into account the dip of the 

basalt-Tropico contact (steeper dips are generally more unstable), the topography of the 

pit surface (both at the current ultimate pit design and a preliminary, but unproven 1,300-

foot design), and the presence or absence of clay at the basalt-Tropico contact (even 

though, as described previously, a 20-foot thickness was assumed to exist across the 

contact).  

 

Two series of cross sections were generated across the north wall at different orientations. 

The geologic contacts and structure for all sections were based on the Rio Tinto Minerals 

2005 geologic model in Vulcan. Of these two series of cross sections, nine sections were 

located in the central portion of the wall and from these nine sections; two were selected 

for this research - Section 8 and Section 11. Figure 6-1 shows the location of these 
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sections along the design for the ultimate 1,000-foot deep pit. Figures 6-2 and 6-3 show 

Sections 8 and 11 respectively, with the maximum overburden dump profiles slope 

design at the relevant time steps for Section 8 and Section 11 respectively. 

 

Figure 6-1 Cross Section Locations in the 1,000-foot Ultimate Pit Design 
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Figure 6-2 Section 8 at Time Step 2010 with 50 Million Ton Dump 
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Figure 6-3 Section 11 at Time Step 2015 with 180 Million Ton Dump 
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Given that a number of variables interact to produce a stable or unstable slope 

configuration, there is considerable engineering judgment that must be exercised in 

selecting a critical section (i.e. the section that represents the most unstable portion of the 

slope). In reviewing the potential cross sections, Section 8 was selected as it appears to 

represents a worst-case scenario for the entire central block of the north wall as the 

section cuts through one of the few areas where the Tropico-basalt contact is daylighted.  
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Furthermore, the dip of the Tropico-basalt contact is moderately steep (in comparison to 

the average dip of the ore body). Section 11 was selected as it represents a slightly better 

case (in that the contact has not been daylighted) but one that still represents considerable 

stability concern. Only a minimal thickness of basalts exists between the contact and the 

ground surface near the ultimate toe of the slope and the dip of the Tropico-basalt contact 

is moderately steep (as compared to the average dip of the contact over the remainder of 

the ore body). 

 

 6.2 Dumped Tons Quantity 

Prior to starting an analysis of the stability of the sections, it was necessary to establish 

both a maximum overburden dump volume for each cross section and any time 

constraints on when material could be placed on the overburden dump. The goal in both 

evaluations was to simplify the design and timing of the dump in order to both reduce the 

total number of limit equilibrium analyses and allow for comparison of results between 

sections. Basic dump designs were assumed to determine the earliest date that a volume 

of material could be placed on a section of mined-out slope.  

 

To determine the maximum volume of a dump, it was first necessary to evaluate the 

location of a dump toe as mining progressed. Dump toes were generally offset some 

distance from the crest of a subsequent cut, but no consistent rule was used as the offset 

was generally dictated by the slope geometry.  Furthermore, it is recognized that even 

though adequate space was available, maximum dump volumes could not always be 

placed up to the dumping limit as overburden production did not always equal the rate at 
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which space was created. For example (using 2010 as a base year), in the year 2010, there 

would be over 100 millions tons of dump space available on the north wall (assuming it 

was stable throughout the mine life). However, the mine will produce only about 20 to 30 

million tons of overburden in a single year that could be dumped in that area.  It could 

take until 2015 to fill that volume even though the volume is all available as of 2010. The 

position of the final toe is therefore somewhat irrelevant as it is unlikely that the creation 

of a dump toe will coincide with the excavation of an ore crest at any one time step.  

 

Once the dump toe was established, a 25° overall slope was established to the 2,600 

elevation. The 25° slope was assumed based on both the construction method (the dumps 

will be built from the bottom up in 50-foot lifts with stepouts for access), environmental 

constraints (although the current mining permit does not address in-pit overburden 

dumps, it has been assumed that such dumps will need to be remediated in a fashion 

similar to the ex-pit dumps) and on design work that was done on some smaller in-pit 

dumps by Rio Tinto Minerals personnel (Garwood, 2008). Given these constraints, the 

25° slope likely represents an upper design limit for purposes of calculating a maximum 

volume of overburden that can be placed on each section.  

 

To determine a volume, the average width of the area over which the dump would be 

placed was estimated by dividing the total area that the dump would cover by the distance 

along the center section from the northern to southern limit of the dump. The width was 

multiplied by the area of the overburden dump on the cross section (sq. feet) to determine 
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total cubic feet. To convert volume to tons an average density of 124 pounds per cubic 

foot was assumed for the dump material.  

 

The maximum number of tons was then divided into approximately equal smaller 

volumes so that an incremental increase in dump size could be evaluated. For Section 8 

the maximum number of tons was approximately 50 million, which was subdivided into 

five increments of 10 million tons each. For Section 11, the maximum conceivable 

number of tons was approximately 180 million, which was subdivided into six 

increments of 30 million tons each. For Section 8, all 50 million tons could be placed as 

of 2010. For Section 11, 60 million tons could be placed as of 2010 and the remaining 

120 million tons could be placed as of 2015.  

 

  6.2.1 Overburden Dump Geometry 

In the research proposal, evaluating an optimal dump configuration was included in the 

scope of work as it has been recognized in other limit equilibrium analysis conducted at 

the site (Girdner and Yost 2008) that the geometry of the material stacked on top a failure 

plane – whether that material is intact ground or a dump – can influence the resulting 

factor of safety (and by association, the probability of failure). However, early in the limit 

equilibrium portion of the research, it became apparent that altering the size of the dump 

altered the distribution of weight along the potential failure plane in the foundation and 

that increasing the dump size would serve as a rough proxy for evaluating the distribution 

of weight. The result, however, is that for some dump volumes (for example 10 million 

tons on section 8 versus 20 million tons) the smaller dump volume is more unstable than 
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the larger dump volume. This is due to the fact that the larger volumes were placed 

further to the south along each section, which served to increase the resisting force 

disproportionably to the added weight.   

 

Based on this observation, further optimization of the dump geometry was not performed 

for this research. There were two reasons for this: 

 

1) The purpose of the research was to evaluate the geotechnical risk associated 

with loading the foundation with overburden – not to optimize the configuration 

of the overburden. As such, an optimization analysis for volume is presented in 

Section 11 as part of the recommendations for further work that can be performed 

outside of this research. 

2)  By dividing the total amount of overburden into increments, it is possible to 

bracket the amount and location of the overburden for later optimization. One of 

the key outcomes of this research is to determine if and approximately how much 

overburden can be placed on the slope and this methodology both addresses and 

answers those questions. 

 

 6.3 Structure of the Analysis 

Once the maximum and incremental (but not necessarily optimized) quantity of dumped 

tons was determined for each section, it was possible to determine the structure of the 

limit equilibrium analyses. The first step was to plot a series of progress plots for the 

mine life on each of the sections. The time steps were selected at five to ten year 
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intervals, or at appropriate development stages. While the excavation progresses in a 

slightly different manner for each section, time steps for both Section 8 and Section 11 

were selected for an identical sequence of years to facilitate later economic evaluation. 

Time steps selected include 2010, 2015, 2020, the ultimate pit at 1,000 feet 

(approximately 2032) and the ultimate pit at 1,300 feet (approximately 2036). At the time 

this research was conducted, it was not known if an ultimate pit at 1,300 feet is feasible 

but the evaluation was nonetheless conducted as the location of the 1,300-foot pit impacts 

the location of the dump toe. 

 

Using a combination of the dump volumes (five for section 8 and six for Section 11) that 

applied to each time step and the time steps (four unique steps for Section 8 and five 

unique steps for Section 11) it was possible to determine the number of limit equilibrium 

analyses that needed to be set up to evaluate the change in stability over time both for 

each section and for each dump size. Table 6-1 summarizes the combination of time steps 

and dump sizes that resulted.  

 

Table 6-1 Summary of Time Steps and Dump Sizes 

Section Time Step 
(year) 

Dumped Tons 
(millions) 

8 2010 10, 20, 30, 40, 50 
8 2015 10, 20, 30, 40, 50 
8 2020 10, 20, 30, 40, 50 
8 2032 10, 20, 30, 40, 50 
8 2036 10, 20, 30, 40, 50 
11 2010 30, 60 
11 2015 30, 60, 90, 120, 150, 180 
11 2020 30, 60, 90, 120, 150, 180 
11 2032 30, 60, 90, 120, 150, 180 
11 2036 30, 60, 90, 120, 150, 180 
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For each combination of time step and dumped tons, six analyses were performed so that 

a range of pore pressures and seismic load could be evaluated. Table 6-2 summarizes the 

combinations for one example. 

 

Table 6-2 Analysis Combinations for Section 8, Year 2010, 10 Million Ton Dump 

Section Time Step 
(year) 

Dump Volume 
(tons) 

Pore Pressure 
% maximum 

Seismic Load 
(% g) 

8 2010 10 100 0.036 
8 2010 10 100 0.000 
8 2010 10 90 0.036 
8 2010 10 90 0.000 
8 2010 10 80 0.036 
8 2010 10 80 0.000 

 

A total of 342 limit equilibrium analyses were conducted between the two sections. For 

each analysis, 1,331 trial, circular failure surfaces were generated by Slope/W (the value 

1,331 comes from the way that the search routine is set up – the entry and exit zones and 

the failure path are all divided into ten segments, the segments are bounded by a total of 

11 nodes from which the failure originates, terminates or is modified, 11 x 11 x 11 

combinations equals 1,331 surfaces). The circular surface with the lowest factor of safety 

was subjected to a further 1,500 modifications to optimize the failure path. For the 

optimization routine, individual segments of the circular failure path are steepened or 

flattened and the failure path is run again. If the new path results in a lower factor of 

safety, the process is repeated until the factor of safety no longer increases in the 

direction of movement. The optimization process, while not always robust, generally 

results in a failure path that follows low strength units, or parallels directions of material 

strength anisotropy (if present).  
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The optimized failure path was then evaluated with 2,000 samples of rock mass strengths 

for the various units to generate a probability of failure.  For each of these analyses, the 

failure path generated during the optimization process is used, but various combinations 

of cohesion and angle of friction are used. Samples are generated (as per Section 5 above, 

with Monte Carlo methods).  

 

For Section 8, approximately 425,000 failure surfaces were evaluated by Slope/W for all 

time steps combined and a total of 360,000 samples of rock mass strength combinations 

were generated to determine the probabilities of failure. For Section 11, approximately 

544,000 failure surfaces were evaluated by Slope/W for all time steps combined and a 

total of 384,000 samples of rock mass strength combinations were generated to determine 

the probabilities of failure. 

 

6.4 Results of Limit Equilibrium Analysis 

For each limit equilibrium analysis, three quantities were recorded; the factor of safety, 

the probability of failure and the failure volume (which represented a slice one foot wide 

along the section). To generate the quantities necessary for subsequent economic 

analyses, several calculations to consolidate these results were necessary. The goal of 

consolidating the results was to produce a weighted value for the failure tons that would 

result from a range of conditions along with a probability of failure. The calculations to 

accomplish this result had to merge the results of the variation in rock mass strength 

(which is obtained from the internal workings of the software) with the variations in 

seismic load and pore pressure (which are determined by running numerous analyses) by 
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three different weighting assumptions and are therefore not always analogous to simple 

averages. 

 

For the rock mass strength, the output values are weighted via the Monte Carlo methods 

used to select the various combinations. Values close to the average should be sampled 

more frequently and values much lower or higher than the average should be sampled 

less frequently so that the factor of safety and probability of failure should be primarily a 

function of rock mass strength values near the average. For the seismic load, the values 

were weighted by a linear function of the probability that a seismic event would occur. 

For the pore pressure, the output values were equally weighted for the three values of 

pore pressure that were used in the analysis.  

 

The steps involved in obtaining the expected value of failure tons and the probability of 

failure for each combination of time step and dump size were as follows:  

  

1) Merge the analysis results for the variation in pore pressure for runs with and 

for runs without a seismic load for each combination of dump volume and 

time step. 

2) Estimate the probability of a seismic event at that time step. 

3) Weight the merged analysis results for pore pressure by the probability of a 

seismic event to determine the expected value for both the probability of 

failure and the failure volume. 

4) Determine total failure volume in three dimensions. 
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The following sections describe how each of these processes was completed. 

 

6.4.1 Merging the Analysis Results for Pore Pressure 

Three pore pressure conditions were evaluated for each combination of time step, dump 

size and seismic load. To determine a probability of failure for the combination of these 

runs for the variation in pore pressure, it was necessary to average the results in some 

manner (a discussion on how the results with respect to seismic load follows in the next 

section). Initially, it was assumed that it would be necessary to plot the distribution of 

factor of safety values, merge the three distributions mathematically and determine the 

resulting probability of failure.  

 

However, during the course of the research, it became evident that a much simpler 

method was possible. The probability of failure represents the number of factor of safety 

values less than one that resulted from the Monte Carlo sampling of the rock mass 

strength distributions divided by the total number of Monte Carlo trials. Since the 

probability of failure is the value reported by the program, determining the number of 

samples with a factor of safety less than 1 is simply a matter of multiplying the 

probability of failure by the number of Monte Carlo trials. Once the number of trials that 

resulted in a factor of safety less than 1 were known, it was possible to combine them in a 

number of ways based on an assessment of probable pore pressure conditions.  
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It is expected that some degree of drawdown in pore pressure will occur beyond what 

happens as saturated or semi-saturated overburden is excavated. It is also expected that 

additional pumping from within the pit will be required in order to achieve future pit 

designs. However, the pore pressure profiles were developed assuming that neither of 

these two aspects will occur. As such, it would seem reasonable to weight the analysis 

towards the 80% of base case to 90% of base case values. However, the pore pressure 

distributions developed for this research are arguably based on a significant degree of 

uncertainty and as such, it would seem reasonable to weight the analysis towards the 90% 

to 100% of base case values.  

 

To capture both of these potential cases, the values from the 80%, 90% and 100% cases 

were equally weighted. To determine the probability of failure for the merged results, the 

number of samples with a factor of safety less than one from each of the three cases was 

summed and divided by the total number of Monte Carlo samples from those runs (6,000 

for runs performed with a seismic load and 6,000 for runs performed without a seismic 

load). 

 

POF = (POF@100%PP * 2,000 MC samples) + (POF@90%PP * 2,000 MC samples) + 

(POF@90%PP * 2000 MC samples) / 6,000 MC samples 

 

Essentially, this is the same as merely taking the average value of the three probabilities 

of failure, given that each was based on the same number of Monte Carlo samples. 

However, a wider range of variation is obtained rather than just running the 90% of base 
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value case and using those results. Similarly, for the average failure volume for the three 

pore pressure cases, an average value of the failure volumes for the 100%, 90% and 80 of 

base case was calculated. 

 

6.4.2 Estimating the Probability of a Seismic Event 

The probability of a seismic event occurring was estimated based on a 40-year window of 

time during which the dumps will be exposed to seismic events and mining will be active 

below. Given that seismic energy builds with time, seismic events during any one 

sampling period are not independent of one another. Therefore, for any one year that a 

seismic event does not occur, the probability that it will occur the following year 

increases.  

 

There are a number of ways that the probability of a seismic event occurring could be 

modeled. The probability could be assumed to be 1.00 in any given year, for instance, 

and zero during the remaining years. If the seismic event was assumed to occur early in 

the life of the project, this would have the effect of introducing a large probability of 

incurring small costs (due to smaller expected failure volumes before the Tropico-basalt 

contact was exposed) at high costs (no discounting with time). If a seismic event occurred 

late in the project, it would have the effect of introducing a large probability of incurring 

large costs late in the project but at discounted costs.  

 

Alternatively, a seismic event can be treated as a probability in any given year with a 

peak probability occurring at any point in the life of the project. As it would be difficult 
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to justify a peak probability at one point in time, the most basic assumption would be to 

assume that with each passing year the probability increases and reaches 1.00 at the end 

of 40 years. As such, the probability of a seismic event occurring in any one year is 

treated as a simple ratio of the years that have passed (with 2008 as the baseline) over the 

40-year seismic window. This was the method used for this research. For the 1,300-foot 

ultimate pit, the completion date was estimated as a function of the completion date of the 

ultimate 1,000 foot pit given that no mine schedule yet exists for excavating that design. 

 

6.4.3 Weighting the Results 

At this point, for each time step, a number of values have been estimated or calculated. 

These include: a probability of a seismic event, an average failure volume and probability 

of failure associated with a seismic event occurring (merged from three pore pressure 

cases), and an average failure volume and probability of failure associated with no 

seismic event occurring (merged from three pore pressure cases). To determine the 

weighted failure tons (the volume of material that would fail under all pore pressure, 

seismic and rock mass strength conditions evaluated) and weighted probability of failure 

(the value for the probability of failure associated with all pore pressure, seismic load and 

rock mass strength conditions evaluated) for each combination of time step and dump 

volume it is necessary to combine the individual values by using the probability that a 

seismic event will occur.  This was performed with the following equation in a manner 

similar to that described by Raucher (1996). Figure 6-4 displays the process 

schematically. 
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WFT = PSE * FTwith seismic load + (1 – PSE) * FTwithout seismic load 

WPOF = PSE * POFwith seismic load + (1 – PSE) * POFwithout seismic load 

where; 

WFT – Expected failure tons 

WPOF – Weighted probability of failure 

PSE – probability of a seismic event during the year 

FT – failure tons  

POF – probability of failure 

 

Weighting the failure volumes and probability of failure by a monotonically increasing 

probability of a seismic event results in larger expected volumes of failure and larger 

expected probability of failure late in the mine life. This adds a conservative element to 

the overall analysis in that the failures near the end of the mine life are typically the 

largest and are most expensive to clean up.  
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Figure 6-4 Averaging and Weighting Process 
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6.4.4 Average Failure Volume 

The volumes used thus far in the analysis were simply the volumes reported from 

Slope/W, which represent the volume in a one-foot thick slice of material in the plane of 

the section. To estimate the failure tons in three dimensions, it is necessary to multiply 

this value by the width of the potential failure. For Section 8 the average width of the 

fault block/dump was 1,582 feet. For Section 11 the average width of the fault 

block/dump was 2,038 feet.  
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The three dimensional geometry of slope failures is highly variable and a function of a 

number of factors, including material properties, structural controls, cementation, 

weathering profile, and rock type among other aspects. At the Boron Mine, slope failures 

are typically narrower near the top and wider near the bottom but no consistent rule 

appears to govern shape. Some are controlled by small scale structure, some are 

controlled by large scale structure and bedding, and some are controlled by a combination 

of geology and wall orientation. The most conservative assumption is that the two 

dimensional volumes indicated in the analysis would fail across the entire block in the 

same manner. To obtain the three-dimensional volume of the failure, the average cross-

section area was then multiplied by the average width of the fault block to estimate the 

total volume in cubic feet. The total volume in cubic feet was then multiplied by a factor 

of 0.0666 tons per cubic foot, which represents the weighted average density of the 

failure debris. 

 

The assumption that the full width of the block would fail adds another degree of 

conservatism to the analysis in that the resulting estimated failure volume is likely larger 

than the actual failure volume that would result if the slope did fail.  

  

 6.4.5 Final Results  

Table 6-3 summarizes the results for Section 8 and Table 6-4 summarizes the results for 

Section 11. The tables have been set up to display results first by time step, then by 

surcharge load. It would be equally valid to reverse the order though. In sorting by year 

first, then volume, in order to evaluate the results chronologically for particular dumping 
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quantity, it is necessary to locate the quantity desired (for example, 20 million tons for 

Section 8) for the year 2010, then skip down several lines to the group of results for 2015, 

2020, etc.  

 

It should be noted that the logic used to sort and present the results doesn’t preclude 

evaluating a scenario where 10 million tons (for instance) is dumped early in the project 

life, then later in the project life, an additional tonnage is placed on the slope (as long as 

the total tons are less than 50 million for Section 8 or 180 million for Section 11). To 

evaluate such a case (if, for example, 10 million tons is dumped early in the project life 

and an additional 20 million tons is dumped at 2020), it would be necessary only to look 

at the 10 million ton results for years 2010 and 2015 and then the 20 million ton results 

for 2020, 2032 and 2036. 
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Table 6-3 Summary of Section 8 Results 

Year 

Dump 
Tons 

(millions) 
Seismic 
Prob. 

Tons w/o 
Seismic 

Tons w/ 
Seismic 

POF 
w/o 

Seismic 
POF w/ 
Seismic WFT 

2010 10 0.050 131,188,742 137,436,661 0.0043 0.0818 1,102,405 
2010 20 0.050 116,964,980 119,086,252 0.0025 0.0388 509,018 
2010 30 0.050 100,615,380 101,158,342 0.0032 0.0367 488,142 
2010 40 0.050 91,336,219 89,418,646 0.0088 0.0610 1,039,190 
2010 50 0.050 98,382,074 100,693,348 0.0463 0.1702 5,187,184 
2015 10 0.175 136,758,838 136,168,815 0.0038 0.0787 2,307,091 
2015 20 0.175 128,804,067 112,789,165 0.0053 0.0423 1,402,318 
2015 30 0.175 102,446,558 95,726,972 0.0087 0.0220 1,101,042 
2015 40 0.175 91,017,677 89,670,108 0.0072 0.0468 1,273,063 
2015 50 0.175 79,053,913 94,369,568 0.0168 0.1717 3,932,880 
2020 10 0.300 134,430,355 135,649,033 0.0037 0.0780 3,519,225 
2020 20 0.300 129,892,799 112,989,351 0.0063 0.0135 1,033,465 
2020 30 0.300 104,588,200 98,080,390 0.0070 0.0258 1,272,605 
2020 40 0.300 89,637,446 90,040,628 0.0060 0.0523 1,790,115 
2020 50 0.300 95,459,706 94,543,063 0.0438 0.1545 7,311,093 
2032 10 0.600 134,430,355 135,649,033 0.0037 0.0780 6,545,539 
2032 20 0.600 129,892,799 112,989,351 0.0063 0.0135 1,244,276 
2032 30 0.600 104,588,200 98,080,390 0.0070 0.0258 1,813,093 
2032 40 0.600 89,637,446 90,040,628 0.0060 0.0523 3,042,406 
2032 50 0.600 95,459,706 94,543,063 0.0438 0.1545 10,437,869 
2036 10 0.700 105,115,708 108,002,254 0.0075 0.1192 9,245,698 
2036 20 0.700 80,978,862 76,848,703 0.0093 0.0798 4,521,303 
2036 30 0.700 145,809,365 146,848,929 0.3560 0.7852 96,283,059 
2036 40 0.700 130,314,244 121,116,211 0.1857 0.9995 91,997,461 
2036 50 0.700 65,582,781 128,122,731 0.2530 0.9915 93,901,315 

 
Seismic Prob. – probability of a seismic event occurring 
Tons w/o Seismic – estimated failure tons without a seismic load added 
Tons w/ Seismic – estimated failure tons with a seismic load added 
POF w/o Seismic – Probability of Failure without a seismic load added 
POF w/ Seismic - Probability of Failure with a seismic load added 
WFT  – expected failure tons (weighted average of Tons w/ Seismic and w/o Seismic) 
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Table 6-4 Summary of Section 11 Results 

Year 

Dump 
Tons 

(millions) 
Seismic 
Prob. 

Tons w/o 
Seismic 

Tons w/ 
Seismic 

POF 
w/o 

Seismic 
POF w/ 
Seismic WFT 

2010 30 0.050 103,143,645 115,339,509 0.0000 0.0000 0 
2010 60 0.050 112,185,578 112,952,005 0.0000 0.0000 0 
2015 30 0.175 74,329,806 155,909,446 0.0000 0.0000 0 
2015 60 0.175 110,539,616 107,781,114 0.0000 0.0000 0 
2015 90 0.175 118,312,466 118,195,738 0.0000 0.0000 0 
2015 120 0.175 209,048,054 209,676,940 0.0000 0.0212 776,678 
2015 150 0.175 198,375,089 232,832,614 0.0000 0.0837 3,409,058 
2015 180 0.175 271,506,844 274,578,884 0.0000 0.0000 0 
2020 30 0.300 120,462,895 159,307,240 0.0000 0.0000 0 
2020 60 0.300 109,916,612 173,273,939 0.0000 0.0025 129,955 
2020 90 0.300 205,157,104 217,535,753 0.0182 0.8557 58,450,342 
2020 120 0.300 230,308,021 231,221,942 0.6817 0.9628 176,683,769 
2020 150 0.300 200,542,257 230,832,847 0.3033 0.7833 96,827,525 
2020 180 0.300 141,055,972 140,517,573 0.0103 0.4138 18,465,562 
2032 30 0.600 120,462,895 159,307,240 0.0000 0.0000 0 
2032 60 0.600 109,840,150 173,043,197 0.0000 0.0027 276,869 
2032 90 0.600 205,157,104 219,666,727 0.0182 0.8175 109,237,338 
2032 120 0.600 245,749,662 254,305,227 0.2865 0.7455 141,913,639 
2032 150 0.600 254,983,881 246,079,940 0.0052 0.0652 10,148,692 
2032 180 0.600 145,512,466 146,408,290 0.0112 0.4987 44,455,316 
2036 30 0.700 132,355,627 159,560,604 0.0000 0.0000 0 
2036 60 0.700 110,038,769 172,826,028 0.0000 0.0332 4,012,444 
2036 90 0.700 188,308,388 188,851,311 0.0242 0.0152 3,370,207 
2036 120 0.700 191,163,259 212,848,516 0.1827 0.9195 147,475,694 
2036 150 0.700 268,624,826 267,882,831 0.9797 0.9998 266,435,565 
2036 180 0.700 304,444,184 305,566,226 0.7560 0.9822 279,129,814 

 
Seismic Prob. – probability of a seismic event occurring 
Tons w/o Seismic – estimated failure tons without a seismic load added 
Tons w/ Seismic – estimated failure tons with a seismic load added 
POF w/o Seismic – Probability of Failure without a seismic load added 
POF w/ Seismic - Probability of Failure with a seismic load added 
WFT  – expected tons (weighted average of Tons w/ Seismic and w/o Seismic) 
 

For both sections, the results show a somewhat predictable pattern in that both the 

changes in failure tons and the changes in the probability of failure are somewhat 

consistent between time steps (such as is the case for 10 million, 20 million and 30 

million tons for Section 8 and 30 million and 60 million tons for Section 11). For several 

cases though, there does not appear to be a linear relationship between the change in the 
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time step and the change in either tons or probability of failure. This is most evident in 

the 40 and 50 million ton case for Section 8 for both expected tons and probability of 

failure and for the 120, 150 and 180 million ton case for Section 11 for probability of 

failure and the 180 million ton case for Section 11 for tons. There are also cases where 

the results for the runs without a seismic load indicate larger failure volumes than runs 

with a seismic load (for example, Section 8, year 2010, 40 million ton dump). There are 

two likely interrelated reasons for these phenomena. The first has to do with the 

sensitivity of the slope to slight changes in weight distribution, pore pressure, or slope 

configuration. The second is associated with the search algorithm employed in Slope/W 

for optimizing the configuration of the failure surface. 

 

In regards to the sensitivity of the slope, in many cases, it is a matter of the analysis 

indicating that the combination of the maximum or near maximum quantity of dumped 

tons along with daylighting or coming close to daylighting the Tropico-basalt contact is 

inherently unstable. In other words, even though it is possible to fit 40 to 50 million tons 

on Section 8, or 120 to 180 million tons on Section 11, those amounts of weight 

destabilize the slope. The analysis could have been stopped, of course, at the first sign 

that a dumping amount was unstable at some point in the life of the project, but all values 

were nonetheless run as the potential cost is not only a function of the probability of 

failure, but also the run out distance and clean up percentage. As well, the distribution of 

the weight can have a significant effect on the probability of failure and the failure tons. 

Overburden tons placed over top of a section of the Tropico-basalt contact that is steeply 

dipping will tend to have a greater effect on the probability of failure than tons placed 
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over a section of the Tropico-basalt contact that dips more shallowly. Thus, if the 

incremental increase in the dump size coincides with significant changes in the dip of the 

contact, the resulting POF and tonnage values will significantly change as well. This 

latter behavior is evident in a number of sequences of increasing tonnages being placed 

on a slope at a particular time step. One that illustrates the behavior fairly well is the 2020 

time step for Section 11. The POF (without a seismic load in all cases) is 0.00 for the 60 

million ton case, increases slightly to 0.02 for the 90 million ton case, increases 

substantially to 0.68 for the 120 million ton case, decreases substantially to 0.30 for the 

150 million ton case, then drops to almost zero (0.01) for the 180 million ton case. 

Figures 6-4 through 6-10 illustrate the sequence. 

 

Figure 6-5 Section 11 - 60 Million Ton Dump – Year 2020 
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Figure 6-6 Section 11 - 90 Million Ton Dump – Year 2020 
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Figure 6-7 Section 11 - 120 Million Ton Dump – Year 2020 
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Figure 6-8 Section 11 - 150 Million Ton Dump – Year 2020 

 

overburden

clay
ulexite
basalt Tropico

Tropico clayarkose
faultsborax

GEOLOGIC UNITS

 

Figure 6-9 Section 11 - 180 Million Ton Dump – Year 2020 
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As the figures show, the progressive overburden load on the steeply dipping portion of 

the Tropico basalt contact (the portion just to the right of the faults in the center of the 

section) results in an increase in the probability of failure. Once the dump advances 

further to the south (the right of the figure) and the overburden begins to load the 

(slightly) more shallowly dipping portion of the Tropico-basalt contact (acting, in a sense, 

as a buttress to the portion of the dump that is over the more steeply dipping portion of 

the contact), the probability of failure drops back down. 
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In regards to the search algorithm, the order in which the program searches for a failure 

plane can influence the location of the failure plane and the resulting factor of safety and 

probability of failure. The program is set up to fit circular failure paths through the 

section from a series of entry and exit points. The circular path with the lowest factor of 

safety is then broken into segments and each segment is adjusted until an optimized 

failure path is located or the number of iterations is achieved. If the limits of the entry and 

exit zones are changed, the location of the critical circle and subsequent optimized failure 

path can change. Usually, the change is just slight and the resulting factor of safety and 

probability of failure are approximately equal. However, it has been noted in other limit 

equilibrium work with Slope/W that sometimes slight changes in the limits of the entry-

exit zones can produce substantial changes in the factor of safety and probability of 

failure – on the order of 20%. To reduce the potential for such differences to occur, the x 

values of the entry and exit zones were maintained to the extent possible when defining 

entry and exit zones for each time step (the elevation values decreased as portions of the 

slope were mined out). No other effort was made to evaluate sensitivity though to avoid 

biasing the results in one direction or the other and in recognition of the fact that once a 

certain probability of failure value was exceeded, the absolute value was irrelevant to the 

outcome. 

 

The effect of changes in the entry-exit coordinates as a result of excavating sequential pit 

is illustrated most markedly for the 150 million ton dump case for Section 11. The POF 

(without a seismic load in all cases) is 0.00 at 2015, then increases to 0.30 at 2020, then 

drops back to 0.01 at 2032, then increases again to 0.97 at 2036. Figures 6-4 through 6-7 
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illustrate the differences in failure location and shape as a result of how changes in the 

slope configuration can affect the search algorithm. 

 

Figure 6-10 Section 11 – 150 Million Ton Dump – Year 2015 
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Figure 6-11 Section 11 – 150 Million Ton Dump – Year 2020 
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Figure 6-12 Section 11 – 150 Million Ton Dump – Year 2032 
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Figure 6-13 Section 11 – 150 Million Ton Dump – Year 2036 
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For the time steps at 2015, 2032 and 2036, the location of the crest of the failure is 

relatively consistent and it appears that the location of the toe of the failure is driving the 

changes in the probability of failure. In addition to the location of the toe, the three 

sections also show slight differences the failure path – i.e. whether or not it passes 

through the Tropico or the Tropico clay – and these differences likely contribute to 

changes in the probability of failure as well. The significant increase at 2036 is likely due 

to the fact that the slope design nearly daylights the Tropico-basalt contact and there is 
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little of the higher strength basalt remaining to resist the driving force of the combined 

weight of the foundation material and dump material. In contrast, for the time step at 

2020, there are differences in the location of the crest and the toe, as well as the shape of 

the failure. If the shape of the failure plane were changed to mimic that of the time step 

before or after, it is likely that there would be a more consistent progression in the 

changes in probability of failure with changes in the slope design. 
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7 RUNOUT ANALYSIS 

 

The limit equilibrium methods used to establish the factors of safety and probability of 

failure only indicate the relative stability of a slope. If the factor of safety is less than 1.0, 

the slope is unstable and failure is implied. However, to what degree the slope displaces 

is not known from the analysis (although empirically, there should be a negative 

correlation between factor of safety and displacement with lower factors of safety 

correlating to larger displacements). 

 

It is necessary therefore, to use other analyses to determine both the extent to which the 

slope displaces (run out) as well as the configuration of the post failure debris. Both are 

necessary to subsequently determine the percentage of potential failure debris that would 

have to be removed in order to re-establish access to the ore zones. To estimate run out 

and post failure geometry a combination of empirical evaluation and numerical modeling 

with the software program FLAC (Fast Lagrangian Analysis of Continua) by Itasca, was 

used. 

 

FLAC version 6.0 was used in the research due to the fact that this version can model 

large scale deformation of the slide mass by automatically regenerating the mesh as the 

program cycles. While the initial assumption was that the results of the analysis should 

approximate the profile of the post-failure mass, actual results indicated that there were 

additional aspects to the modeling that affected the result. As such, reliable estimates of 

the post-failure topography from FLAC could not be generated. As such., empirical 
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methods, based on data from actual failures, were used instead to correlate the angle of 

repose (a general proxy for the post failure topography) of the failures with the failure 

tonnage.  

 

The following sections discuss the research done to generate estimates of the run out and 

post-failure geometry. For the modeling with FLAC, there are sections on the inputs to 

the FLAC model, the structure of the model, and the results. For the empirical data, there 

are sections on the data and how the information was used to estimate post-failure 

topography.  

 

 7.1 FLAC: Inputs to the Model 

FLAC is a finite difference model that solves a set of differential equations for a series of 

elements based on initial conditions and/or boundary conditions (Itasca 2005). The 

elements are used to define a solid body that is being analyzed and can be any shape 

(generally composed of four sides though). To find a solution in an analysis, FLAC 

repeatedly goes through a calculation cycle that starts with the equations of motion to 

derive velocity and displacement from stresses and forces. Strain rates are determined 

from the velocity and then stresses are determined from strain rates. New stresses are 

then used to start the cycle again. Solving a model generally requires repeating the cycle 

until unbalanced forces and velocity drop below a threshold value.   

 

Inputs to the FLAC model include the physical properties of the section under analysis 

such as material properties, water level, slope/dump geometry, and geologic contacts, as 
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well as the modeling assumptions used to generate the analysis such as mesh size and 

boundary conditions. The physical properties of rock mass strength, material density and 

geologic contacts were the same as those used in the limit equilibrium portion of the 

analysis. For the bulk and shear moduli, values were obtained from Call and Nicholas, 

Inc.. These values were estimated from a subset of the uniaxial compression tests used in 

the development of the rock mass strength.  

 

Values for the bulk and shear moduli are estimates of the rock mass values and are 

obtained from the following values for Young’s Modulus and Poisson’s ratio. Table 7-1 

summarizes the values for the bulk and shear modulus. 

 

Em = Ei * (PRS (c) 0.5) 

νm = 1 – sin Φm / 2 – sin Φm 

where: 

Em – Young’s modulus for the rock mass 

Ei – Young’s modulus for the intact rock 

PRS – Percent Rock Substance 

C - cohesion 

νm – Poisson’s ratio for the rock mass 

Φm – angle of friction for the rock mass 

 

 



 107

The bulk (K) and shear (G) modulus values are derived from Young’s modulus and 

Poisson’s ratio via the following formulas: 

K = E / 3 * (1 - 2ν) 

G = E / 2 * (1 + ν) 

 

Table 7-1 Summary of Bulk and Shear Modulus Values 

Material Type Bulk Modulus 
(psf) 

Shear Modulus 
(psf) 

Arkose 1.14 e+07 2.44 e+06 
Basalt 3.17 e+08 7.53 e+07 
Dump 3.50 e+06 1.21 e+06 
Fault 3.93 e+07 2.40 e+06 
Lakebed Clay 3.03 e+07 2.40 e+06 
Quartz Monzonite 4.38 e+08 1.45 e+08 
Tincal 2.05 e+07 1.12 e+07 
Tropico Clay 3.03 e+07 2.40 e+06 
Tropico 1.14 e+07 2.44 e+06 
Ulexite 1.44 e+07 1.80 e+06 

 

As sufficient samples have not been tested to obtain modulus values for the Tropico and 

Tropico Clay, the modulus values for the arkose and lakebed clay (respectively) were 

used. 

 

No seismic load was added in order to simplify the analysis. For the pore pressure, a 

potentiometric surface corresponding to the 100% pore pressure gradient was assumed to 

reduce the effort in setting up the FLAC models. This assumption has the effect of 

increasing the pore pressure with depth and likely results in failures that incorporate 

greater amounts of material and hence have the potential to run out farther. As this 

assumption adds a degree of conservatism to the analysis with the benefit of reducing set-
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up time, it is judged to be reasonable, even though the input is different than what was 

used in the limit equilibrium portion of the analysis. 

 

For the mesh, in the area of interest (the pit slope) an approximate 25-foot by 25-foot 

mesh was used. For all other areas, an approximate 50-foot by 50-foot mesh was used. 

The limits of the mesh were set at approximately three pit diameters from the area of 

interest in the horizontal direction and approximately four pit diameters in the vertical 

direction (Itasca, 2008). The mesh was adjusted to conform to the various pit designs, 

dump designs and the Tropico clay layer. In all other areas, the mesh was left as a series 

of approximately square zones. As a result, the geologic contacts in the model were only 

approximations of the actual contacts. However, given that no interfaces were modeled 

(faults, bedding, joints, etc.) and that the goal of the modeling was to estimate the 

deformation of the overall slope (rather than movement at an isolated location) this was 

judged to be a reasonable assumption. The vertical boundaries of the model were fixed in 

the x-direction and the lower horizontal boundary of the model was fixed in the y-

direction.  

 

 7.2 FLAC: Structure of the Model 

Once the model was generated, it was necessary to first bring it to equilibrium at the 

current configuration of mine topography and ex-pit dumps and then start forward 

modeling to estimate the impact of the proposed in-pit dumps. For this second stage, 

unlike the limit equilibrium modeling where each time step and dump configuration 

could be evaluated as a separate analysis, the FLAC analysis had to be structured to 
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capture the effect of the presence of the dump throughout the mine life. As such, it was 

necessary to develop a mining and dumping history that would correspond to an 

approximate series of events that would occur in the mine life. 

 

7.2.1 Bringing the Model to Equilibrium 

To bring the model to equilibrium, the topography was restored to pre-mining elevations 

(essentially a flat surface at an elevation of 2,500 feet). Materials were modeled using 

elastic properties and the model was cycled for 30,000 steps to bring it to elastic 

equilibrium (as defined by a decrease in unbalanced force to a value less than 10-6). The 

material model was then switched to a Mohr-Coulomb model. Ex-pit dumps were added 

back in and a small pit was excavated. No attempt was made to correlate actual mining 

steps with modeled mining steps as the goal of the analysis was to bring the model to a 

reasonable approximation of the current stress condition rather than duplicate the precise 

stress history.  

 

The initial excavation was expanded in a series of stages. After each stage, the model was 

solved. By evaluating the total number of cycles to solve the model it was possible to 

check that the model was performing as expected. Generally, models required between 

15,000 and 25,000 cycles to achieve a solution. A total of five stages were used to build 

the ex-pit dumps and excavate the pit to the 2010 pit design for Section 8 and a total of 

six stages where used to build the ex-pit dumps and excavate the pit to the 2010 pit 

design for Section 11. 
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7.2.2 Forward Modeling 

 Once the model had been brought to equilibrium at 2010, it was possible to begin 

constructing dumps on the surface and evaluating the effect on the underlying slopes. For 

Section 8, this was a relatively straightforward process since the entire 50 million ton 

dump that could fit on the surface (regardless of whether the result was stable or not) 

could be placed on the surface as of 2010. For Section 11, the process was slightly more 

complicated since the 2010 slope design would only allow up to 60 million tons. The 

remainder of the total possible tons could not be placed until 2015.  

 

To model each dump volume for Section 8, the appropriate configuration of zones was 

added to the 2010 topography and the model was brought to equilibrium once again. 

Then zones were removed to simulate mining to the next time step. For small changes 

between time steps, all the zones would be removed in one stage. For larger changes, 

zones would be removed in multiple stages. Prior to adding any dumps or removing any 

further stages, history points were established at several points in the mesh. To be able to 

track which portion of the history corresponded to each stage of mining or dump 

construction, the model was cycled 50,000 times for each stage. The unbalanced force 

was checked at the end of each stage to determine whether the model had come to 

equilibrium. Modeling a 10 million ton dump for Section 8 was therefore a matter of 

adding the zones for the dump at 2010, cycling the model 50,000 times, then 

progressively removing zones to correspond to the mine design at later time steps. 
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For Section 11, the sequencing was slightly more complicated. The same process of 

adding zones corresponding to a given dump volume and subsequently removing zones to 

simulate mining at later time steps was used for the 30 million ton and 60 million ton 

options. For the 90, 120, 150 and 180 million ton options however, the sequence involved 

building a 60 million ton dump at the 2010 time step, excavating to the 2015 design, then 

adding an additional 30, 60, 90 or 120 million ton dump and proceeding with the 

remainder of the excavation sequence. 

 

 7.3 FLAC: Results  

For the FLAC modeling, 46 runs were evaluated – one for each relevant dump volume at 

the five time steps (the slope configuration at the ultimate 1,000-foot pit is the same as 

the slope configuration for the slope at the year 2020, hence the analysis was not run for 

the ultimate 1,000-foot pit). As limit equilibrium analysis indicated that many of the time 

steps and dump volumes would be stable (i.e. kinematic analyses resulted in a high factor 

of safety), it was not anticipated that evaluation with numerical modeling methods would 

result in considerable deformation. An evaluation of the history points for displacement 

in sections with high factors of safety established confirmed this expectation.  

 

However, there were several time steps and dump volumes that the limit equilibrium 

analysis indicated would be unstable.  It was expected failures of these models would 

behave as Hungr (1995) describes in that they would have some characteristics of 

continuous deformation, like fluids, and some characteristics of dislocation, like solids. 

Instead, the initial FLAC runs showed the creation of a large-scale circular shear failure 
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with some degree of rotational movement. There was deformation at the toe of the slope 

and slumping near the crest, but only a moderate amount of dislocation (generally less 

than 50 feet) and nothing on the order of what has occurred historically at the site. 

 

7.3.1 Modified Geology 

The lack of significant deformation that was expected (based on the historical failures) 

was thought to have been due to the differences in material properties between the 

Tropico, Tropico clay and basalt. There is an order of magnitude difference in the bulk 

and shear modulus values between the Tropico clay and basalt. Bulk modulus values for 

the Tropico and the Tropico clay are similar, but shear modulus values for the Tropico 

are 2.7 times as high as shear modulus values for the Tropico clay. Phi values for the 

Tropico are also more than twice as much as phi values for the Tropico clay. As a result, 

much of the potential for deformation of the elements is constrained to a relatively thin 

band of material and the basalt may have been acting as a large, relatively stiff beam that 

resists deformation. 

 

To determine if the limited area over which substantial deformation could occur was 

indeed reducing the amount of deformation, the strength properties of the Tropico were 

changed and made equivalent to those of the Tropico clay. As a result, all of the material 

below the basalt was modeled as a low strength, deformable unit. One dump volume for 

each section was selected for analysis with the lower Tropico strength properties (50 

million tons for Section 8 and 120 million tons for Section 11). In selecting the dump 

volume, it was important to select a dump volume that previous analysis had indicated 
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would deform, but not one that was so unstable that ‘bad geometry errors’ (an error 

reported by FLAC when the shape of the element become so distorted that continuing the 

computation cycle is not possible) would quickly occur. 

 

The result of this analysis was that the degree of deformation and amount of translation 

increased significantly but that a similar pattern of circular shear rotation occurred. 

Deformation occurred primarily at the toe of the slope and along the failure path, but the 

basalt encapsulated by the failure zone was relatively unaffected. This behavior is 

exemplified in Figure 7-1, which shows the grid from the 2020 time step for Section 8 for 

a 50 million ton dump and 7-2, which shows the grid from the 2020 time step for Section 

11 for a 120 million ton dump.  

 

Figure 7-1 FLAC Grid from Section 8, Time Step 2020, 50 Million Ton Dump 
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Figure 7-2 FLAC Grid from Section 11, Time Step 2020, 120 Million Ton Dump 

 

 

For both sections, the models were cycled until the bad geometry error message occurred 

with each cycle, at which point the run was terminated. FLAC 6.0 is supposed to ‘rezone’ 

the elements to prevent bad geometry errors from occurring. Bad geometry errors can 

also be fixed manually by adjusting the grid points of the elements. While additional 

efforts could have been made to continue working with the program to more effectively 

use these tools to reduce or eliminate the number of bad geometry errors, the use of 

FLAC for estimating the post-failure run-out configuration was halted due to the 

discrepancies in modeled versus anticipated failure mechanisms. 

 

Although these results indicated a different failure mechanism than what was expected 

and the geology had to be modified in order to produce large-scale deformation, there are 
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aspects of the output of interest - namely the displacement histories associated with the 

failures.  The factor of safety that resulted from the limit equilibrium analysis at each 

time step gives no clue to displacement but with the displacement history, it is possible to 

track how the slope responds to loading and excavation over time. As well, the 

displacement history is continuous (in a sense – i.e. the displacement is a product of the 

removal of small increments – the model is cycled to equilibrium and the next increment 

is removed).  

 

To create the displacement history of the slope in response to loading and subsequent 

excavation, a number of zones in the FLAC model were selected. Figure 7-3 shows the 

location of the zones for Section 8 for the 50 million ton overburden dump (histories 

were also developed for Section 11 for the 120 million ton dump, but a greater number of 

bad geometry errors occurred, which makes correlating displacement to time steps more 

difficult – as such, the remainder of this discussion focuses on Section 8 for the 50 

million ton dump).  The history points were all established in the basalt foundation 

material as deformation and displacement of the foundation was of interest, rather than 

displacement of the dumped overburden materials. The grid shown in Figure 7-3 is a 

closer view of the post-failure geometry that is shown in Figure 7-1. 
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Figure 7-3 Location of History Points in FLAC Model 
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For each point, four histories were recorded – x displacement, x velocity, y displacement 

and y velocity. The histories were initiated after the model had been brought to 

equilibrium at the 2010 time step without any dumped overburden. To be able to 

correlate displacement with a change in the slope (either due to loading overburden or 

excavating a portion of the slope), the model was cycled for 30,000 steps between each 

change. Figures 7-4 though 7-9 show the x and y displacement for three of the history 

points (zone 151,95 near the top of the slope, zone 223,85 near the middle of the slope 

and zone 276,72 near the toe of the slope – all displacements are in feet). The figures 

have been annotated to show the approximate points at which a change was made. Only 

approximate locations within the time step history can be shown though given the fact 

that when a bad geometry error occurs, the program stops. The program can be re-started 

by modifying the zone (or eliminating it), but then the program proceeds to the next line 
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of instructions (if it is being run from a series of commands listed in a .dat file) and some 

amount of cycling is eliminated. Additional lines of code were manually entered to 

continue cycling the model after bad geometry errors occurred but the end result was 

often that the program cycled more than or less than 30,000 steps between changes in the 

slope.  

 

Figure 7-4 History for Zone 151,95 Y-displacement 
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Figure 7-5 History for Zone 151,95 X-displacement 
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Figure 7-6 History for Zone 223,85 Y-displacement 
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Figure 7-7 History for Zone 223,85 X-displacement 
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Figure 7-8 History for Zone 276,72 Y-displacement 
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Figure 7-9 History for Zone 276,72 X-displacement 
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The displacement histories for each of the three zones show relatively consistent patterns. 

There is some displacement associated with construction of the 50 million ton dump at 

the 2010 time step, but then the slope remains stable during excavation of the upper 

portion of the 2015 pit. There is significant displacement associated with cutting the 

lower portion of the 2015 pit (although it is difficult to tell exactly when displacement 

begins to occur due to need to periodically eliminated bad geometry errors). Significant 

displacement occurs when the 2020-2032 pit is excavated. Only the upper one-third of 

the 2038 pit could be excavated until the number and frequency of bad geometry errors 

necessitated terminating the run. 

 

While these results have to be considered in light of the modifications made to the 

material properties, it is nonetheless interesting that the slope was relatively stable until 
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the 2020 – 2032 pit was excavated. Excavation of that pit exposed the Tropico-basalt 

contact, allowing significant displacement of the foundation materials. This confirms the 

expected behavior of the nature of the risk associated with in-pit dumping – i.e. that the 

negative risk would be low until the Tropico-basalt contact was exposed.  

 

7.3.2 Summary Discussion 

Difficulties in modeling the runout with FLAC were to be expected to some degree, 

based on work by Mountjoy and Pettinga (2006), Crosta, et al. (2003), Campbell (1989) 

and Calvetti, et al. (2000). Crosta, et al. summarizes a number of factors that must be 

known in order to use numerical modeling techniques to model run out. Among other 

factors, these include the size and volume of both the unstable mass and of the moving 

mass, the time and intensity of the movement along the runout area, the geometry of the 

run out area and the triggering mechanism.  

 

As well, it is to be expected that the post-failure strength properties of the basalt and 

Tropico would be different than the pre-failure strength, but no allowance was made for 

this in these models. It is possible, of course, in FLAC, to create strain softening 

constitutive models. If the basalt does deform (and likely break apart given the fractured 

nature of the material), it is thought that it would assume the characteristics of a coarse, 

granular medium (i.e. – Mohr-Coulomb behavior with moderate to high phi values and 

low cohesion values). Results based on such assumptions however, would be empirical at 

best, at this point, since there are no large-scale basalt failures to model the predicted 

output against.  
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While the FLAC model did not show the expected failure mechanism and the geology 

had to be modified in order to produce significant displacement, the resulting model did 

show the anticipated displacement history. However, in light of 1) the changes in the 

material properties in the Tropico necessary to produce large-scale failure, 2) the issues 

with post-failure material properties of the basalt, it was concluded that while version 6.0 

of FLAC can model large deformations of a potential failure, analysis with the program 

would not produce acceptable post-failure runout estimates or a post-failure debris 

topography. 

 

 7.4 Empirical Method: Data  

Given that fact that the predictive ability of the numerical model was limited, an 

empirical data to generate the post failure topography was used. The empirical data 

consisted of measurements taken from historical slope failures at the site. Data was only 

collected for north wall failures to reduce the variability associated with changes in wall 

orientation and structure or any other characteristic that would vary by spatial location. 

Data for a total of 13 failures on the north wall was located through a search of the 

topographic records of mining progression. 

 

For each failure a number of measurements on the physical parameters of the failure were 

collected. These included: elevation at the toe of the scarp, elevation at the toe of the 

failure, distance from scarp to failure toe and width and the dip of the basal failure plane. 

The first three parameters could me measured or read directly from the topographic maps.  
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The fourth parameter, the basal failure plane dip (alpha), was estimated from the contacts 

shown in the three dimensional Vulcan geologic model. The values reported for alpha are 

only approximate though given the level of precision in the Vulcan model (which is a 

function of the distance between known points from drilling, smoothing, and assumptions 

on the presence or absence of geologic structure).  

 

From these four parameters, a number of other parameters (run out distance, volume and 

approximate angle of repose (beta) for the post-failure debris) could be estimated. For the 

run-out distance, it was generally not possible to determine the pre-failure slope 

configuration from the topographic maps, such that an actual run-out distance could be 

determined. However, the scarp to toe distance functions was assumed to be a reasonable 

proxy, given that the failures all occur on the north wall under relatively similar 

geological conditions (discounting differences in pore pressure and seismic load at time 

of failure, which are unknown). For the beta angle, the elevations for the crest of the 

failure debris (the toe of the failure head scarp) and the toe of the failure debris where 

combined with the run out distance to calculate the beta angle. To estimate volume, the 

basal failure plane dip was used in conjunction with run out distance and the beta angle to 

estimate a cross sectional area of the failure mass. The cross sectional area was multiplied 

by the width of the failure and then by 0.066 tons/cubic foot to obtain an estimate of the 

total failure tons. Failures ranged in size 130,000 tons to 18 million tons. Table 7-2 

summarizes the data collected. Figure 7-10 shows the relationship between the measured 

and derived values. 
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Table 7-2 Summary of Run-out Angle and Tons 

Date Location 
Magnitude 
(M tons) 

Alpha 
(deg) 

runout 
(ft) 

crest 
(elev) 

toe 
(elev) 

beta 
(deg) 

1970 E-17, N. Wall 5.20 9 1,310 2,400 2,030 15.8 
1974 E-19, N. Wall 0.33 11 250 2,400 2,340 13.5 
1979 N. Wall 22250 0.15 13 380 2,430 2,310 17.5 
1982 N. Wall 23250 5.12 11 1150 2,375 2,035 16.5 
1984 N. Wall 20900 0.37 7 320 2,150 2,000 25.1 
1984 N. Wall 19500 0.19 10 270 2,275 2,150 24.8 
1986 N. Wall 20500 2.22 10 700 2,260 2,000 20.4 
1992 N. Wall 2.25 11 960 2,200 1,840 20.6 
1995 N. Wall 19500 0.33 10 320 2,290 2,150 23.6 
1996 N. Wall (1992 cont.) 4.38 11 1,350 2,220 1,800 17.3 
1997 Central N. Wall 18.70 10 2800 2,415 1,825 11.9 
1997 West N. Wall 11.00 8 1250 2,390 2,010 16.9 
1998 East N. Wall 13.20 7 2,500 2,450 1,825 14.0 

alpha – dip of the underlying failure plane 
runout  – length of the failure from scarp to toe 
crest – elevation of the toe of the failure scarp 
toe – elevation of the toe of the failure 
beta - angle of repose of the post-failure debris flow 
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Figure 7-10 Relationship Between Measured and Derived Parameters 
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 7.5 Empirical Method: Modeling Runout  

Modeling the runout distance or configuration based on the empirical data collected from 

historic failures relies on relationships that can be established between failure tons and 

some measurable parameter (or combination of parameters) associated with the failure 

debris (Barlett, et al. 1995, Hungr, 1995, Legros, 2002, Scheidegger, 1973). Estimating 

either the run out distance or the configuration as a function of the failure volume would 

require considerable extrapolation of the relationships between any one of the historical 

data parameters (where the upper limit to the size of failures is ~ 20 million tons) to the 



 126

magnitude of failures considered as part of this research (where the upper limit to the size 

of failures is ~300 million tons).  

 

It is possible, of course, to use a Newmark analysis to estimate the likely runout distance 

(Newmark, 1965) if a seismic load were added. However, the run out distance is only a 

part of the answer. It is also necessary to estimate an approximate post-failure 

topography. There are a number of factors that significantly affect the resulting post-

failure topography (the geometry of the run out zone often dictated the run out 

topography), as well as limitations to just how far the failure debris can run out. For these 

reasons, a Newmark analysis was not conducted. 

 

To overcome the uncertainty associated with extrapolating data and the lack of post-

failure topography if a Newmark analysis was performed, a different approach was 

required. The approach was based on an observation made during a review of the 

topography maps and the three dimensional Vulcan model - that there appears to be a 

relationship between the difference in the beta and alpha angles and the failure tons.  

 

Figure 7-11 shows the alpha and beta angles relative to failure tonnages. Both the alpha 

and beta angles appear to decrease with increasing failure tons. As well, the difference 

between the alpha a beta angles decreases with increasing failure tons. The key to using 

the difference between the alpha and beta angles is that in no case observed was the beta 

angle less than the alpha angle. What this implies is that if the alpha angle is known 
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(which it would be from an evaluation of the failure surface from the Slope/W results), a 

small differential can be added to the alpha angle to obtain the beta angle.  

 

Figure 7-11 Alpha and Beta Angle vs. Tons 
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Determining the magnitude of that differential at the larger failure tonnage volumes is 

somewhat subjective. However, the empirical data can once again be used as a guide. The  

difference between the alpha and beta angles for failures in the 0 to 5 million ton range is 

approximately 10° and the difference for 5 to 20 million ton range is approximately 6°, 

therefore, the difference between the alpha and beta angles for much larger failures was 

assumed to be in the range of 3° to 4°. As well, the empirical data implies that the beta 

angle decreases with increasing failure tons. As such, beta angles for failures larger than 

the largest shown on Figure 7-11 should be less than or equal to the beta angle associated 

value with the largest failure shown on Figure 7-11 (13.5°). These two findings (the beta 
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angle should be 3° to 4° larger than the alpha angle and no more than 13.5°) can be used 

to bracket the configuration of the post failure debris topography. 

 

There are, of course, a number of other factors that influence the post failure topography 

and constructing a post-failure surface based on alpha angles, beta angles and the 

difference between the two measurements is not a straightforward exercise. Beyond the 

mechanical properties of the slide mass (water content, strength properties, viscosity, 

etc…) which could only be guessed at currently (and which are assumed to be relatively 

constant given that all the failures occurred on the north wall), there are such factors as 

the geometry of the run-out area to consider, as well as the geometry of the slide mass. 

 

The geometry of the run out area is known from the mine designs and the geometry of the 

potential failure mass is known from the limit equilibrium analysis. Based on an 

evaluation of the potential failures relative to the potential run-out zones, it was observed 

that there appeared to be four general cases. These are illustrated in Figure 7-12. 

 

Figure 7-12 General Cases for Post-Failure Topography 
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For the cases on the left, the failure plane is curved upwards just prior to emerging at the 

surface. It is likely that runout distance is decreased and beta angles are increased due to 

the fact that the concavity of the failure surface has to be overcome before the failure can 

travel further down the slope. For the cases on the right of the figure, the failure plane is 

monotonically dipping towards the slope. For the upper case, it is expected that the 

difference between the alpha and beta angle should be large given that the slope of the 

runout zone can influence the configuration of the post-failure debris to a significant 

extent. For the concave configuration, the beta angle and run out distance would be 

affected by the fact that the movement of the debris is contained by the upward slope of 

the opposite wall.  

 

For the purposes of this research, the influence of the failure plane orientation was not 

considered in that the run out distance for failures with this type of failure plane 

orientation were not reduced or adjusted in any manner. Disregarding the influence of the 

failure plane orientation was purposefully done in order to add a degree of conservatism 

to the analysis in that failures were estimated to run out farther than they actually might, 

given that there is a difference in the amount of resistance that must be overcome prior to 

translation of the failure debris.  

 

7.5.1 Modeling Post Failure Topography 

To generate the post failure topography, the output from the limit equilibrium analysis 

was evaluated. The output consisted of a cross section of the slope with the failure (and 

failure path) defined by a series of slices. Only the potential failure paths from the limit 



 130

equilibrium runs corresponding to 100% of the pore pressure distribution in the 

foundation materials and a seismic load were used. Although the potential failure paths 

from 100%, 90% and 80% pore pressure distribution in the foundation materials both 

with and without a seismic load could have been used, the process of estimating the post 

failure topography was not judged to be sufficiently exact as to justify the precision that 

would been obtained by calculating all of those run out configurations and weighting the 

results.  

 

The first step in generating the post failure configuration was to determine the alpha 

angle associated with the potential failure path. For the sake of consistency, the alpha 

angle was measured from the inflection point on the left side of the potential failure path 

to the point at which the potential failure path emerged from the slope Figure 7-13). This 

resulted at times in relatively flat alpha angles, especially where the lowest elevation of 

the potential failure path was considerable below the elevation of the point at which the 

potential failure daylighted into the slope. However, such a method not only allowed 

consistency in the analysis but also captured important difference between potential 

failure paths that had consistent alpha angles, versus ones that were more bi-linear. 
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Figure 7-13 Selecting the Alpha Angle 
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Once the alpha angle was measured, the beta angle was determined by adding 3° to 4° to 

the measured alpha angle. An attempt was made to maintain a consistent difference 

between the alpha and beta angle, but this was not always possible given the influence of 

the run out geometry. Once the beta angle was determined, it was used to define a post-

failure cross sectional area, as shown on Figure 7-14. The post-failure topography shown 

on Figure 7-14 is actually composed of two distinct beta angles, which was sometimes 

necessary in order to account for the geometry of the run out area. In most cases though, 

the post-failure topography was composed of a single line. 

 

Figure 7-14 Using the Beta Angle(s) to Define the Post Failure Cross Sectional Area 

potential failure volume
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Once a beta angle was fit to the combination of the slide and the run out zone, the volume 

of the area within the pre- and post- failure zones was calculated (using AutoCAD). 

Adjustments were made, first in the elevation of the post-failure debris surface, and then 

in the beta angle until a reasonable match was obtained (within 5%) between the two 

cross sectional areas. It should be noted that the evaluation ignored the effect of bulking 

given both the inherent imprecision of the evaluation method and the fact that for the 

calculation of failure tons, the same density (0.066 tons/cubic foot) was used to convert 

pre-failure and post-failure volumes to tons.  

 

7.5.2 Discussion of Results 

The alpha and beta angles, scarp to toe lengths and run out geometry shapes for Section 8 

are summarized in Table 7-4 and in Table 7-5 for Section 11. 
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Table 7-3 Failure Run-out Parameters for Section 8 

Year 
Dump 
Tons alpha beta Length 

Runout 
Geo 

2010 10 4 10 3,780 CNV 
2010 20 3 8 3,490 CNV 
2010 30 3 8 3,140 CNV 
2010 40 4 10 2,830 CNV 
2010 50 4 10 2,950 CNV 
2015 10 5 10 4,220 UH 
2015 20 3 10 3,810 UH 
2015 30 3 10 3,460 UH 
2015 40 4 10 3,500 UH 
2015 50 4 10 3,530 UH 
2020 10 5 10 4,000 UH 
2020 20 3 10 3,210 UH 
2020 30 3 11 2,800 UH 
2020 40 4 13 3,400 CVX 
2020 50 4 13 3,240 CVX 
2032 10 5 10 4,000 UH 
2032 20 3 10 3,210 UH 
2032 30 3 11 2,800 UH 
2032 40 4 13 3,400 CVX 
2032 50 4 13 3,240 CVX 
2036 10 9 13 4,600 UD 
2036 20 8 13 3,820 UD 
2036 30 10 13 4,760 UD 
2036 40 10 14 3,870 UD 
2036 50 11 13 4,210 UD 

 
alpha – dip of the underlying failure plane 
beta – angle of repose of the post-failure debris flow 
length – length of the failure from scarp to toe 
Runout Geo – geometry of the runout area (see Figure 7-6) 
 UH – uniform – horizontal 
 UD – uniform – downward sloping 
 CVX – convex 
 CNV - concave 
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Table 7-4 Failure Run-out Parameters for Section 11 

Year 
Dump 
Tons alpha beta Length 

Runout 
Geo 

2010 30 - - - - 
2010 60 - - - - 
2015 30 - - - - 
2015 60 - - - - 
2015 90 - - - - 
2015 120 3 10 3,790 CNV 
2015 150 3 10 3,790 CNV 
2015 180 - - - - 
2020 30 - - - - 
2020 60 6 10 4,180 CNV 
2020 90 5 10 4,370 CNV 
2020 120 5 10 4,140 CNV 
2020 150 3 10 3,600 CNV 
2020 180 1 8 3,360 CNV 
2032 30 - - - - 
2032 60 6 10 4,340 UH 
2032 90 5 10 4,480 UH 
2032 120 4 10 4,810 UH 
2032 150 4 10 5,170 UH 
2032 180 1 10 3,720 UH 
2036 30 - - - - 
2036 60 7 10 4,460 CNV 
2036 90 6 10 4,460 CNV 
2036 120 6 10 4,620 CNV 
2036 150 6 10 5,150 UH 
2036 180 6 10 5,360 UH 

 
alpha – dip of the underlying failure plane 
beta – angle of repose of the post-failure debris flow 
length – length of the failure from scarp to toe 
Runout Geo – geometry of the runout area (see Figure 7-6) 
 UH – uniform – horizontal 
 UD – uniform – downward sloping 
 CVX – convex 
 CNV - concave 
 

In constructing the post failure topography, it was noted that for the uniform – horizontal 

run out geometry, it was generally possible to maintain the 4° difference between alpha 

and beta angles. The scarp to toe lengths were generally moderate (3,500 to 4,500 feet) 

and the beta angles were consistently 8° to 10°. For the uniform – downward sloping, it 
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was also possible to maintain the 4° difference between alpha and beta angles, but scarp 

to toe distances were slightly longer (3,800 to 4,600 feet), as would be expected. For the 

convex run out geometry, it was difficult to maintain the 4° difference between alpha and 

beta angles. Generally, it was necessary to create a bi-linear profile with an upper part of 

the post-failure geometry at a flatter angle and a lower part at a steeper angle that 

approximated the geometry of the underlying slope.  Convex run out geometries 

generally resulted in moderate scarp to toe distances but steep beta angles (13° to 14°). 

For the concave run out geometry, it was possible to maintain the 4° difference between 

alpha and beta angles but the scarp to toe distance was slightly reduced as a function of 

material piling up in the concavity.  
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8 LIQUEFACTION EVALUATION 

 

In assessing the geotechnical risk associated with loading the mined out slopes with 

overburden, this research has focused on the stability of the foundation units underlying 

the proposed dumps (to establish a probability of failure) and the combined foundation 

and overburden volumes (to establish a run out volume and distance). To cover the 

geotechnical risk associated with placing overburden material on the slopes it is also 

necessary to evaluate the stability of the overburden dump.   

 

 The stability of the dump material has been addressed by previous studies at the site 

(CNI 2000, Garwood, 2008a) with static and pseudo-static methods and the results of 

these studies indicate that a dump constructed at a 25° slope angle should be stable under 

prevailing seismic conditions. However, there has been limited work at the site that 

addresses the potential for liquefaction of the dump beyond a very basic study performed 

by WZI (WZI, 2004) as part of the Environmental Impact Report (EIR).  

 

The proposed in-pit dumps will be composed of relatively unconsolidated material with 

an assumed moderate to high permeability and, as the site is proximate to a number of 

faults that are capable of creating large and sustained seismic events, there are, at least, 

many of the necessary conditions for liquefaction. In the EIR, WZI concluded that the 

potential for liquefaction was ‘less than significant’ based on (among other things) the 

depth to groundwater (WZI 2004) below the dumps. It does not appear though that WZI 

considered liquefaction due to saturation within the dumps either during or after 
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construction. This should not necessarily be considered an omission on their part as most 

rainfall evaporates in the desert climate before infiltrating (Stonestrom, et. al 2007). 

However, the site is subject to periodic El Nino events that have the potential to saturate 

portions of the dump. 

 

To investigate the potential for such occurrences, a dump at the site was selected for 

evaluation. The dump is located to the southeast of the pit and is composed of a material 

that is similar to material the proposed in-pit dumps will be constructed from – primarily 

arkose with minor amounts of lakebed clay and basalt. Construction records for the dump 

could not be located, but it is known that the dump was finalized no later than 1998. 

Assuming that the dump was under construction for at least 10 years before that would 

mean that the dump has been subject to 20 years of rainfall and two to three El Nino 

events. 

 

 8.1 Scope of the Investigation 

The purpose of the investigation of the existing ex-pit overburden dump was to assess 

potential for liquefaction by evaluating the moisture content within the dump, assessing 

the material properties of the overburden (grain size distribution) and assessing the 

permeability of the dump materials. To obtain the necessary samples and data, two 

shallow trenches were excavated on the surface of the dump and one drill hole was 

advanced through the dump to the approximate elevation of the dump foundation.  
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From the two trenches, soil samples were obtained from two intervals below the surface 

of the dump – the first interval was approximately 5 feet below the surface and the 

second interval was approximately 15 feet below the surface of the dump. These samples 

were sealed in plastic bags and submitted to a soil and rock mechanics laboratory for 

sieve analysis to determine grain size distribution and moisture content analysis. 

 

For the drill hole through the existing dump, Standard Penetration Tests (SPTs) were 

conducted on approximate 20-foot intervals, three falling head tests were conducted at 

various intervals and a vibrating wire piezometer was installed near the base of the dump. 

Several of the soil sample from the Standard Penetration Tests were submitted to a soil 

and rock mechanics laboratory for sieve analysis to determine grain size distribution and 

moisture content analysis. The falling head test data was processed to estimate 

permeability. The SPTs were evaluated to determine an N-value, which was corrected for 

depth. The VWP was read at periodic intervals to determine if a static water level existing 

within the dump. 

 

Each of these elements is discussed in further detail in the sections below. Data sheets 

from the sieve analysis and the falling head tests are presented in Appendix C. The results 

for the sieve analysis and moisture tests are summarized in Table 8-1. 
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Table 8-1 Percent Passing and Moisture Content 

Sample 
Depth 

(ft. bgs) 

Sieve 
Moisture 

(%) Gravel 
(%) 

Sand 
(%) 

Silt/Clay 
(%) 

USCS 

SPT-2 16.3 – 17.8 28.25 37.64 34.11 SM 1.98 
SPT-3 41.0 – 42.5 2.15 66.19 30.86 SM 4.63 
SPT-5 82.0 – 83.5 16.61 52.59 30.80 SM 5.69 
SPT-6 102.0 – 103.5 - - - - 5.77 
SPT-7 121.5 – 123.0 - - - - 6.45 
SPT-8 142.0 – 143.5 17.55 59.94 22.51 SM 4.76 
SPT-9 162.0 – 163.5 - - - - 10.72 
SPT-10 182.0 – 183.5 7.61 47.43 44.96 SM 8.17 
TP08-01 4.0 – 5.0 2.78 65.13 32.09 SM 10.51 
TP08-01 15.0 – 16.0 2.50 55.83 41.67 SM 7.58 
TP08-02 5.0 – 6.0 7.94 48.34 43.72 SM 8.47 
TP08-02 16.0 – 17.0 7.72 62.82 29.46 SM 11.34 

 

 8.2 Consolidation Results 

The Standard Penetration Test is a measure of the relative density of a soil and has a long 

history of use in soil mechanics. The basic test consists of dropping a standard weight 

from a standard height onto a series of drill rods that are connected to a hollow tube of a 

standard diameter. The test is conducted by repeatedly dropping the hammer until the 

tube is driven 18 inches into the ground (or meets refusal). The number of hammer blows 

to drive the tube for each of the three 6-inch intervals is recorded. The sum of the blows 

required to drive the tube for the second and third six-inch interval is termed the N-value. 

 

For all the standardization of the test however, the test is subject to considerable 

variability. Tests have historically been conducted with a rope and cathead system, which 

has gradually given was to automatic trip hammers. Automatic trip hammers improve the 

efficiency with which energy is delivered to the sampling tube, which theoretically would 

reduce the N-value as compared to a test in similar material at a similar depth, but 

conducted with the rope and cathead system. Other changes in basic equipment have 
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occurred through the years but at the present day, a wide variation exists for ‘standard’ 

equipment for a Standard Penetration Test. As such, SPT results generally need to be 

corrected to account for differences in equipment so that they can be compared to historic 

values that have been used to develop empirical evaluations of liquefaction potential. As 

well, penetration resistance is also a function of confining pressure due to the depth of the 

boring in which the test is conducted as well as the material type and corrections are 

necessary for both of these elements (Seed and Iddriss, 1983). 

 

In the evaluation for the consolidation of the dump materials at the Boron site, a total of 

eight SPTs were conducted using a 140-pound, automatic trip, down-hole hammer. N-

values for six of these tests were corrected based on the hammer efficiency, the depth 

below ground surface and the silt content of the soil (Seed and Idriss, 1983). The 

following equations were used to correct for each of these aspects: 

Hammer efficiency correction to compare with historic values: 

 

N60 = 1.33 * Nraw 

where: 

Nraw – N value recorded for the current test 

N60 – corrected N-value  
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Confining pressure correction: 

N1 = CN * N60 

where: 

N1 – N-value corrected for confining pressure 

CN – correction factor relative to depth (see figure 47 in Seed and Idriss, 1983) 

 

Material type correction (based on silt content listed in Table 8-1): 

Ncorrected = N1 + 7.5 

 

Table 8-2 summarizes the raw and corrected N-values. For SPT-11, it is likely that a 

boulder was encountered and the test is not considered a valid estimate of material 

density or compaction. 

 

Table 8-2 Summary of SPT Results 

Test Depth (ft. bgs) Raw N-Value Corrected N-value 
SPT-1 0.0 – 1.5 -  - 
SPT-2 16.3 – 17.8 22 32 
SPT-3 41.0 – 42.5 13 17 
SPT-4 - - - 
SPT-5 82.0 – 83.5 37 27 
SPT-6 102.0 – 103.5 - - 
SPT-7 121.5 – 123.0 - - 
SPT-8 142.0 – 143.5 25 20 
SPT-9 162.0 – 163.5 33 24 
SPT-10 182.0 – 183.5 36 26 
SPT-11 202.0 - 202.3 50/0.3 inches - 

 

To determine the liquefaction potential, the corrected N-values have to be plotted against 

the cyclic stress ratio (Figure 8-1), which is a function of the maximum expected 
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acceleration at the site from an earthquake, the effective overburden pressure and a stress 

reduction coefficient. The following formula is used to determine the cyclic stress ratio: 

 

τh/σ’o = 0.65 * amax/g * σo/σ’o * rd 

where 

τh/σ’o – cyclic stress ratio 

amax – maximum acceleration at site due to earthquake 

g – gravity 

σ’o/σ’o – ratio of overburden pressure to effective overburden pressure 

rd – stress reduction coefficient (from Figure 40 in Seed and Idriss, 1983) 

 

All data points for the corrected N-values and the calculated cyclic stress ratios plotted 

well to the right of the lines for the range of likely earthquake magnitudes at the site 

indicating that the consolidation of the material was adequate to preclude liquefaction. 
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Figure 8-1 Cyclic Stress Ratio versus Modified Penetration Resistance (after Seed and 

Idriss, 1982, plot is from Garwood, 2008b) 

 

8.3 Water Content and Permeability 

The assessments related to water content and permeability were conducted to determine, 

1) if the dump materials had a permeability within the range generally associated with 

having a liquefaction potential, 2) to determine moisture content throughout the dump.  

 

For the first assessment, a series of falling head tests were conducted during the drilling 

of the borehole through the dump. A falling head test is conducted by pumping water into 

the borehole, recording a starting elevation of the water level and then recording the 
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elevation of the water over time as water percolates into the ground. The volume of water 

that percolates into the ground is a measure of the permeability. A total of three falling 

head tests were conducted as the boring was advanced through the dump. The 

permeability estimated from the tests ranged from 1.2 x 10-1 cm/sec near the surface of 

the dump to 6.7 x 10-3 cm/sec at a depth of approximately 200 feet. Data sheets for each 

test are presented in Appendix C. The results indicate that the dump materials are not 

susceptible to liquefaction from a permeability standpoint.  

 

To evaluate the moisture content throughout the dump, the samples obtained from the 

trenches and the SPT samples were tested for moisture content. Moisture percentages 

ranged from approximately 2% to 11%. When the samples are evaluated together there 

does not appear to be a consistent relationship between moisture content and depth 

(Figure 8-2). 

 

Figure 8-2 Moisture Content versus Depth 
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This is partly due to the mixing of samples and partly due to contradictory results from 

the test pit samples. Of the two test pits one showed a higher moisture content nearer the 

surface and a lower moisture content at depth. The other showed a lower moisture 

content near the surface and a higher moisture content with depth. For the four test pit 

samples, the moisture content ranged from 7.6% to 11.3%, which is in contrast to the 2% 

value obtained from the SPT sample near the surface. If just the moisture contents from 

the SPTs are evaluated, there does appear to be a gradual trend towards higher values at 

the bottom of the boring. There is the one low value near the surface, then a series of 

values ranging from approximately 4% to 6% at depths ranging from approximately 50 to 

150 feet, then values between approximately 8% and 11% at depths ranging from 

approximately 150 to 200 feet.  

 

To further evaluate the presence of moisture near the base of the dump (where 

presumably, water would collect as it percolated down through the dump), a VWP was 

installed. The three readings taken since the time of installation over the summer of 2008 

have consistently indicated that no water is present (negative pore pressure values were 

recorded).  

 

 8.4 Potential for Liquefaction 

All of the evaluations for liquefaction indicated that there is little to no potential for 

liquefaction to occur. The results of the permeability testing indicate that the dumps are 

too permeable for liquefaction to occur. The moisture content evaluations indicated that 

despite the potential for infiltration and saturation of dump materials, there is little 
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entrained moisture in the dump and no ponded water at the base for the dump that was 

evaluated. The material characteristics evaluation indicated that the dump material 

consolidates to a degree that precludes liquefaction (although this is partly a function of 

the lack of water within the dump as well).  

 

As such, although there are nearby seismic sources to generate the ground motion 

necessary to produce liquefaction, the liquefaction potential is judged to be low.  

Furthermore, it is anticipated that the dumps will be constructed with a de facto 

underdrain system composed of angular basalt that will be end-dumped on each bench 

prior to constructing the in-pit dump. The presence of coarse, angular basalt fragments at 

the base of the dump should allow water that does percolate through the dump to freely 

drain to a discharge point and evaporate.  
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9 CLEAN UP PERCENTAGE 

 

Although large-scale failures may occur during the life of the project, remediating a 

failure to restore access to the ore zone does not always entail extraction of all the failure 

debris. Much of the debris can, in fact, be left in place, as long as it does not represent a 

hazard to personnel and equipment working below the failure mass. Estimates for the 

percentage of the slide mass that needed to be removed were based on post-failure 

geometry of the slide mass (as developed per Section 7.0) as well as the geometry of the 

run out zone and the mine design.  As each of these parameters was slightly different for 

each section, it was not possible to use a consistent methodology to estimate the 

percentage of the failure that would have to be removed. At times, the mine design 

dictated where the clean-up was necessary and at times, the geology dictated the limits. 

As such, estimating the percentage of failure debris that would need to be removed was 

likely the most subjective aspect of this research. 

 

 9.1 General Rules 

In order to add a measure of objectivity to the process, there were two general rules that 

were applied in determining the amount of material that would need to be removed.  The 

first was that a 300-foot distance had to be maintained between the toe of the slide debris 

and the crest of the slope above the active mining area. The 300-foot distance was 

selected to allow for re-adjustment of the slide debris since material from the toe area was 

going to be removed. The second rule was that a 25° slope excavation angle in the failure 

debris was used. 
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The 300-foot distance is based partially on the necessary operating width (250 feet – 

Corsale 2009) for the equipment that would likely be used to excavate the failed material 

(one of the current P & H 4100 shovels), partially on estimates of the maximum runout 

(300 feet) from remobilization of the November 1997 failure (Crouse, 1998b), and 

partially on monitoring results from the 1997-1998 north wall failures (Crouse, 1998d, 

1999, 1999b).  In limiting the distance to 300 feet, it was understood that remobilization 

of the slide debris could potentially result in movement in excess of 300 feet. In other 

words, that the removal of material from the toe area of a failure would result in 

remobilization of the previously failed material to a point that even more slide debris 

needed to be removed. While it would be possible to iteratively go back and forth 

between generating a post-failure topography and assessing the stability until a stable 

post-failure topography was obtained, from which a step out distance could be generated 

that would contain all possible run out, it was recognized that such efforts were generally 

unnecessary. For potential failures with the highest possibility of generating post-

excavation run out in excess of 300 feet, the costs based on extracting the minimal 

amount of tons were assumed to be sufficient to cancel any benefits and make the 

proposed dump size uneconomic. Increasing the amount of clean-up tons by increasing 

the step out distance in such cases would only serve to make the proposed dump size 

more uneconomic. 

 

The slope design of 25° in the failed material was assumed for several reasons – 1) to 

mimic the slope design of the intact dump in that it was expected that the material would 



 149

eventually have to be graded to that approximate slope for reclamation purpose, 2) to 

stabilize the slope to some degree rather than allowing a slope nearer to an angle of 

repose that could ravel, 3) to allow for equipment access for excavation, and 4) to add a 

degree of conservatism to the analysis by removing a larger amount of waste that might 

be necessary for stability, but an amount that would account for reasons 1), 2) and 3).  

There is also empirical evidence from the excavation of the 1997-1998 failure debris that 

supports the use of a 25° slope design in the failure debris. In a 1999 site visit memo for 

purposes of evaluating clean-up of the 1997-1998 failures, Call and Nicholas 

recommended flattening the ‘slide debris cut-slope’ to 27° due to the ‘continued role of 

the “remnant structures” within the slide debris’ (CNI, 1999). The remnant structures 

referred to in the site visit report are defined as ‘geologic contacts, bedding and faults that 

separate relatively intact blocks of ground found within the slide debris’ (CNI 1999). 

These relict structures provided preferential pathways for smaller scale failures within the 

larger mass of failure debris. The excavation of the failure debris would often be 

interrupted when a block of ground defined by such a structure would move 

independently of the larger slide mass. While it is not anticipated that remnant structures 

would exist in a failure that would likely incorporate mostly basalt and overburden, the 

25° slope design would nonetheless account for the possibility. 

 

9.2 Estimating Percentage 

Based on the run out topography generated for each section, the geometry of the run out 

zone and the slope design, the cross sectional area of the material that would have to be 

removed was determined. It was initially assumed that determining the area would be 
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function of the location of the ore, but in evaluating the cross section, it became apparent 

that determining the area was a more a function of the mine design. In most cases, it was 

a relatively straightforward matter of establishing a 300-foot wide platform between the 

crest of the bench immediately below the failure and the toe of the excavated slope within 

the failure mass. Complications would arise when it was necessary to determine which 

slope design should dictate the start of the 300-foot offset. In general, for such decisions, 

the more conservative approach was used – i.e. – the choice that resulted in a greater 

volume of overburden needing to be excavated. Figure 9-1 shows a typical example. 

 

Figure 9-1 Clean-up Percentage 

post-failure volume
clean up volume

300 ft. offset
from crest

25  slope

material already planned to
be mined that is included in clean-up
percentage as it is in failure zone

material already planned
to be mined that is not 
included in clean up percentage
as it is outside of failure zone

crest that has to be
re-estabilished

 

To estimate a value for the clean-up percentage the cross sectional area for the clean up 

was divided by the cross sectional area bounded by the post failure topography, the intact 

slope and the failure plane. Table 9-1 summarizes the results for Section 8 and Table 9-2 

summarizes the results for Section 11. No percentages were estimated for cases where the 

probability of failure was zero since any value for percentage would be multiplied by the 

zero percent probability.  
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Table 9-1 Clean-up Percentages for Section 8 

Year 
Dump Tons 

(million) Clean % 
Runout 

Geo 
2010 10 7.8% CNV 
2010 20 15.6% CNV 
2010 30 18.5% CNV 
2010 40 21.5% CNV 
2010 50 27.8% CNV 
2015 10 7.9% UH 
2015 20 11.9% UH 
2015 30 15.9% UH 
2015 40 25.8% UH 
2015 50 31.7% UH 
2020 10 10.8% UH 
2020 20 14.1% UH 
2020 30 16.8% UH 
2020 40 26.9% CVX 
2020 50 33.2% CVX 
2032 10 10.8% UH 
2032 20 14.1% UH 
2032 30 16.8% UH 
2032 40 26.9% CVX 
2032 50 33.2% CVX 
2036 10 20.7% UD 
2036 20 40.2% UD 
2036 30 22.5% UD 
2036 40 36.5% UD 
2036 50 47.2% UD 

 
clean % - percentage of the failure debris that would need to be cleaned up to re-establish access to the ore 
Runout Geo – geometry of the runout area (see Figure 7-6) 
 UH – uniform – horizontal 
 UD – uniform – downward sloping 
 CVX – convex 
 CNV - concave 
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Table 9-2 Clean-up Percentages for Section 11 

Year 
Dump Tons 
(millions) Clean % 

Runout 
Geo 

2010 30 - - 
2010 60 - - 
2015 30 - - 
2015 60 - - 
2015 90 - - 
2015 120 12.7% CNV 
2015 150 17.5% CNV 
2015 180 - - 
2020 30 - - 
2020 60 5.6% CNV 
2020 90 9.2% CNV 
2020 120 13.0% CNV 
2020 150 19.8% CNV 
2020 180 33.4% CNV 
2032 30 - - 
2032 60 6.5% UH 
2032 90 9.0% UH 
2032 120 14.3% UH 
2032 150 21.5% UH 
2032 180 30.2% UH 
2036 30 - - 
2036 60 12.8% CNV 
2036 90 17.9% CNV 
2036 120 20.8% CNV 
2036 150 27.7% UH 
2036 180 31.0% UH 

 
clean % - percentage of the failure debris that would need to be cleaned up to re-establish access to the ore 
Runout Geo – geometry of the runout area (see Figure 7-6) 
 UH – uniform – horizontal 
 UD – uniform – downward sloping 
 CVX – convex 
 CNV - concave 
 

Estimating the clean-up percentage as the ratio between the two two-dimensional areas 

ignores the fact that the width of the failure likely changes near the distal end of the run 

out. However, no adjustments were made in the clean-up percentage to account for this 

likely change. This was done to add a measure of conservatism to the evaluation in light 
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of the degree of subjectivity necessary to produce the estimated clean-up percentage 

values.  

 

The percentages show fairly consistent changes with each time step, unlike the 

probability of failure and failure ton values. This is likely the result of using a relatively 

consistent methodology to determine the extent of failure debris that would need to be 

excavated. One exception is for the difference between 2032 (at the 1,000 foot pit limit) 

and 2036 (at the 1,250 foot pit limit) for Section 8 for 20, 40 and 50 million tons. This 

significant change is likely due to differences in the geometry of the run out zone. At the 

2032 time step, the run out zone was horizontal, whereas at the 2036 time step the run out 

zone is downward sloping. 
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10 UNIT VALUES 

 

For the economic assessment of risk, it is necessary to establish unit values for the benefit 

of dumping overburden in the pit as well as unit values for the costs associated with 

cleaning up failure debris. For both the benefit and cost, values are expressed in dollars 

per ton, as the magnitude of the benefit is a function of the number of tons of overburden 

that can be placed on the slope and the magnitude of the cost is the number of tons of 

failure debris that has to be removed.  

 

Values for the unit cost and unit benefit are dependent on a number of variables 

(differences in the length of haulage for the benefits, for instance, or determination of 

which types of damages can be included in costs associated with slope failure). Rather 

than perform a detailed analysis of which variables are justifiable however, for the 

assessment of both costs and benefits, an upper unit value and a lower unit value were 

determined.  

 

In the following sections the values for the benefits and the costs are established. It is 

important to note that although test values were established based on specific dollar 

values they only represent values at the Boron site and do not represent a general cost or 

benefit magnitude across the mining industry in general. 
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10.1 Cost of Failure Clean-Up 

The unit cost (in terms of tons) of the failure clean-up is, in theory, the total cost of 

cleaning up any one failure divided by the number of tons that were removed as part of 

the failure mitigation. In practice, there is considerable debate about what costs can be 

included in the mitigation of a failure and how many tons removed can be counted as tons 

of failure debris removed. To establish the cost of failure clean-up for this research, 

records from the 1997-1998 north wall failures were reviewed. Although the site has a 

long history of slope failures and failure clean-up efforts, the slides that occurred during 

the 1997-1998 time period were exceptionally well documented with respect to failure 

volume and failure remediation costs due to litigation that ensued between the insurer and 

the mining company.  

 

It is evident in the extensive documentation associated with the 1997-1998 slope failures 

that there is still considerable variation in what constitutes ‘clean-up’ costs. On one end 

of the spectrum (representing the interests of the insurer), the costs can be merely the 

labor and equipment charges associated with removing the portion of failure debris 

necessary to re-establish access into a mining area or to uncover buried ore reserves. On 

the other end (representing the interests of the mining company), the clean-up costs can 

include the previously mentioned charges along with a range of charges associated with, 

among other things, consulting services, monitoring cost charges, additional equipment, 

accelerating stripping to continue mining in other parts of the site, overtime charges, 

contractor charges and leased equipment charges.  
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In an internal Rio Tinto presentation following the 1997-1998 slides, company personnel 

estimated that approximately 15 million tons of debris would have to be removed at a 

cost of approximately $22 million dollars.  This estimate includes labor, equipment, 

rentals, consultants, depreciation and incremental equipment costs. Although it is not 

indicated, this estimate did not appear to include material that would have to be removed 

to re-establish a stable wall. The approximate cost per ton based on these figures is 

therefore $1.406 (2000 dollars, approximately).  Subsequent documentation between the 

company, the insurer, and external consultants tracked a complex history of defining 

what constituted costs and tons that could be attributed to the slide. In a memorandum 

late in the negotiation process, a representative for the insurer, GAB Robins (2000), 

estimated that the per ton cost was $0.786 under one set of conditions and $1.169 under a 

second set (2000 dollars, approximately).   

 

Based on a review of the associated documentation, the $0.786 cost per ton appears 

overly restrictive due to the elimination of costs that appeared valid, but for the purposes 

of the estimate, were considered invalid. Therefore, it would appear that the clean-up cost 

is somewhere between $1.169 and $1.406 per ton (year 2000 dollars). As such, the 

analysis will be conducted at these two bounding estimates of costs per ton to determine 

the sensitivity of the analysis.  

 

10.2 Benefit of Dumping Overburden Tons in the Pit 

The value of dumping overburden tons in the pit is a function of both reduced horizontal 

haul distances and reduced vertical profile. The magnitude of the value per ton is the 
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difference between the average cost to haul overburden to the ex-pit dumps versus the 

average value to haul overburden to the in-pit dumps. However, it is not easy to 

determine such a difference given the way that a mine operates. Reducing the haul 

distance generally means that additional truck hours are available. These truck hours are 

either used to haul additional overburden, or, if enough truck hours are offset by the short 

hauls, a truck or trucks could be parked. The difference in either case (additional tons 

hauled or trucks parked) is reflected by overall lower haulage costs. The problem lies in 

translating these generalized lower overall costs into what the specific unit cost difference 

is for dumping a portion of the overburden in the pit versus hauling all overburden 

outside of the pit.  

 

To accomplish this, it was first necessary to estimate a unit value of hauling overburden 

by reducing the haul costs to a unit that accounted for both the difference in horizontal 

and vertical travel distances associated with hauling to a site outside of the pit versus 

hauling to a site inside the pit. The value used was the equivalent ton mile (ETM), which 

assumes a difference in hauling effort for moving a unit of overburden vertically versus 

horizontally. The ratio between vertical and horizontal effort that is used at the site is 25 

to 1, or, in other words, it is assumed that it requires as much effort to haul a unit of 

overburden 25 feet horizontally as it does to move it 1 foot vertically (Murphy 2008a). 

The same 25 to 1 ratio is used whether the vertical is up or down, based on the 

assumption that the energy for braking is supplied by the combustion of fuel, just as 

energy for hauling. 
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The benefit associated with an in-pit overburden dump is the difference in ETM realized 

by dumping material closer to the source and with a lower vertical profile. As such, it was 

necessary to first establish what the total ETM would be to haul to either of two potential 

ex-pit dump locations for a unit amount of overburden (~110 million tons) versus what 

the total ETM would be to haul the same amount to an in-pit dump.  Figure 9-1 is a 

schematic of the relevant factors that affect the ETM to each site. 

 

Figure 10-1 ETM Calculation for Potential Dump Locations 
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FROM EO4 - E06 CUTS

NORTH DUMPS (A)
LONG HORIZONTAL HAUL
MODERATE VERTICAL HAUL

EAST DUMPS (B)
MODERATE HORIZONTAL HAUL
MODERATE VERTICAL HAUL

IN-PIT DUMPS (C)
SHORT HORIZONTAL HAUL
MINIMAL VERTICAL HAUL

ETMs TO DUMP
LOCATION A

ETMs TO DUMP
LOCATION BETMs TO DUMP

LOCATION C

 

As ETM is sensitive to the location of where the overburden is generated and where it is 

placed, to make the evaluation relevant to this research, the 110 million tons were 

scheduled to come from the approximate mining cuts that the overburden would be 

drawn from should in-pit dumping prove feasible (the E_02 through E_06 cuts). Once 

these cuts were established, approximate haul routes were generated and overburden was 

scheduled to go to either to a north ex-pit dump, an east ex-pit dump or the in-pit dump. 

Total ETMs for each of these destinations were then calculated based on the centroids of 
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the mining cuts and the approximate centroid of each lift that would be used to construct 

either an ex-pit or in-pit overburden dump. To determine an approximate unit ETM 

value, the total ETMs from 2005, 2006, 2007 and the first half of 2008 were summed and 

each was divided by the total haul budget for each of these periods (Murphy 2008b).  

 

Once the ETMs and the ETM unit costs were known, the unit value of moving 

overburden to an in-pit dump could be estimated by taking the difference in the ETM to 

the north dump versus the in-pit dump (which represents a likely upper boundary value) 

and the difference in ETM for hauling to the east dump versus the in-pit dump (which 

represents a likely lower boundary value). Multiplying the difference by the unit value of 

the ETM produces the total value difference. Dividing the result by the 110 million tons 

produces an estimate of the per ton value of dumping material in the pit. 

 

[(ETMnorth – ETMin-pit) * $/ETM]/110 million tons = 

average unit value realized by hauling to in-pit dump versus north dump 

[(ETMeast – ETMin-pit) * $/ETM]/110 million tons = 

average unit value realized by hauling to in-pit dump versus east dump 

 

Based on the methodology described above, a unit savings of $0.4100/ton was estimated 

as the value of dumping in the pit as opposed to hauling to the north dumps and will be 

used as an upper bound in the subsequent analysis. A unit savings of $0.2711/ton was 

estimated as the value of dumping in the pit as opposed to hauling to the east dumps and 

will be used as a lower bound in the subsequent analysis.  
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An argument could be made that the 25 to 1 ratio overestimates the difference between 

horizontal and vertical haul effort. It should be noted though that the analysis is 

somewhat insensitive to the exact ratio as long as the same ratio used to determine ETMs 

for the mine site for the year is the same as that used to determine differential ETMs for 

hauling overburden to ex-pit versus in-pit dumps. This is due to the mathematics involved 

in converting ETMs to a dollar value. If lower ratio were to be used, the total ETMs for 

the year would be less and would therefore have a higher unit value. The differential 

ETMs for hauling overburden to an ex-pit or in-pit dump would also be less, but the total 

value would be similar to that obtained from the 25 to 1 ratio given that the unit value for 

ETMs using a lower ratio was higher. Since the total value would be similar, once it was 

divided by the same amount of total tons to obtain the unit value per ton, the resulting 

unit value per ton should be similar. Despite this, it is recognized though that all ratios of 

horizontal to vertical haul effort do not produce this same result and that at some point 

the analysis is sensitive to the ratio (the analysis is also sensitive to the ratio of horizontal 

feet moved versus vertical feet moved – as the number of vertical feet increases and the 

number of horizontal feet decreases, the influence of the 25 to 1 ratio for effort has more 

of an impact). 

 

Further work could be done to assess the impact of the horizontal to vertical ratio. For the 

purposes of this research though, it was judged sufficient to assess the average cost 

associated with the drill-blast-load-haul cycle. Exact values for a unit ton cost are not 

available, but are estimated by mine personnel to range between $1.00 and $1.30 per ton 
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based on total mining costs per year divided by total tons moved per year (whether or not 

maintenance for equipment was included in that figure, as it was for estimating ETM unit 

value, is unknown). That haulage costs could represent one sixth to one third of the total 

cost of overburden excavation does not seem unreasonable. 
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11 RISK WITH TIME 

 

In this section, the various components of the research are brought together to estimate 

the risk with time associated with loading the north wall slopes with dumped overburden. 

The general structure of the assessment involved generating expected values for benefits 

associated with dumping overburden and expected values for failure clean-up at each 

time step and then evaluating the difference between the two quantities. The expected 

values for the benefits are a product of the quantity of dumped tons (which varies by 

section from 10 million to 50 million for Section 8 and from 30 million to 180 million for 

Section 11), the probability of failure (established in Sections 5.0 and 6.0), and the unit 

values of the benefit of dumping overburden in the pit (established in Section 10.0). The 

expected values for the costs are a product of the probability of failure and expected 

failure tons (established in Sections 5.0 and 6.0), the run-out configuration (established in 

Section 7.0), the clean-up percentage (established in Section 9.0), and the unit costs for 

cleaning up failure debris (established in Section 10.0) 

 

 11.1 Unit Values with Time 

Since there is a time element involved between when the benefit is realized (generally 

early in the project life) versus when cost may be realized (at any point in the project life, 

but generally towards the latter periods), it was necessary to project the values for unit 

costs and unit benefits forward from the base year to the respective time steps. 
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To project values for both unit costs and unit benefits, an interest rate of 7% (the 

currently approved Rio Tinto rate (Guzenske 2008)) was used with the following formula 

for both the upper and lower bound values: 

 

UFV = UCV x (1 + IR)YRS 

where: 

UFV – unit future value 

UCV – unit current value 

IR – interest rate 

YRS - years 

 

11.2 Risk = Expected Benefit – Expected Cost 

Calculation of the unit future values of the unit benefit per ton of dumped overburden and 

the unit cost of failure clean-up was the final component of information necessary to 

complete the evaluation of the geotechnical risk associated with loading the north wall 

with dumped overburden. The risk (in an economic sense) of this proposal can now be 

calculated from taking the difference between the expected benefits from overburden 

dumping and the expected costs of failure clean-up. 

 

Determining the magnitude of the expected costs and expected benefits requires slightly 

different formulas and different combinations of the values generated in previous sections 

of the research. For the expected benefits, the equation is: 
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DT * (1 – WPOF) * UFVBEN = E(BEN) 

where: 

DT - dumped tons 

WPOF – weighted probability of failure (from Section 6.0) 

UFVBEN - unit future value of benefit (from Sections 10.0 and 11.1) 

E(BEN) – total expected value of the benefit 

 

For the costs, the equation is: 

 

(WFT * C%) * UFVCST = E(CST) 

where: 

WFT – weighted expected failure tons (from Section 6.0) 

C% - clean up percentage (from Sections 7.0 and 9.0) 

UFVCST = unit future value of cost (from Sections 10.0 and 11.1) 

E(CST) – total expected value of the cost 

 

Two estimates were created for the total expected benefits and total expected costs – one  

based on the upper value for unit benefit or cost and one based on the lower unit benefit 

or cost. With upper and lower values for both costs and benefits, four differences between 

benefit and cost are possible – upper expected benefits minus upper expected costs, upper 

expected benefits minus lower expected costs, lower expected benefits minus upper 

expected costs and lower expected benefits minus lower expected costs. Of these four 

combinations, the difference between the upper expected benefits – lower expected costs 
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and lower expected benefits – upper expected costs provide the boundaries of the risk in 

that the differences represent the upper and lower limits of the cost difference. Table 11-1 

summarizes the results for Section 8 and Table 11-2 summarizes the results for Section 

11. Negative values are in red. 

 

Table 11-1 Summary of Results for Section 8 

YEAR 

DUMP    
( M 

TONS) WPOF 

E(BEN) MILLIONS E(CST) MILLIONS DIFF - MILLIONS 

UPPER LOWER UPPER LOWER 
U(B) - 
L(C) 

L(B) - 
U(C) 

2010 10 0.0082 $4.35 $2.88 $0.19 $0.03 $4.33 $2.69 
2010 20 0.0043 $8.74 $5.78 $0.17 $0.02 $8.71 $5.61 
2010 30 0.0048 $13.10 $8.66 $0.19 $0.03 $13.07 $8.47 
2010 40 0.0114 $17.35 $11.47 $0.48 $0.06 $17.28 $10.99 
2010 50 0.0525 $20.78 $13.74 $3.10 $0.42 $20.36 $10.64 
2015 10 0.0169 $6.05 $4.00 $0.55 $0.07 $5.97 $3.45 
2015 20 0.0118 $12.16 $8.04 $0.50 $0.07 $12.09 $7.54 
2015 30 0.0110 $18.26 $12.07 $0.53 $0.07 $18.18 $11.54 
2015 40 0.0141 $24.26 $16.04 $0.99 $0.13 $24.13 $15.05 
2015 50 0.0439 $29.41 $19.45 $3.76 $0.51 $28.91 $15.69 
2020 10 0.0260 $8.41 $5.56 $1.60 $0.22 $8.19 $3.96 
2020 20 0.0085 $17.11 $11.32 $0.62 $0.08 $17.03 $10.70 
2020 30 0.0127 $25.56 $16.90 $0.90 $0.12 $25.44 $16.00 
2020 40 0.0199 $33.83 $22.37 $2.03 $0.27 $33.56 $20.34 
2020 50 0.0770 $39.83 $26.33 $10.27 $1.39 $38.44 $16.06 
2032 10 0.0483 $18.50 $12.23 $6.71 $0.91 $17.59 $5.52 
2032 20 0.0106 $38.46 $25.43 $1.67 $0.23 $38.23 $23.76 
2032 30 0.0183 $57.24 $37.85 $2.90 $0.39 $56.85 $34.95 
2032 40 0.0338 $75.12 $49.67 $7.78 $1.05 $74.07 $41.89 
2032 50 0.1102 $86.47 $57.17 $33.04 $4.46 $82.01 $24.14 
2036 10 0.0857 $23.29 $15.40 $23.85 $3.22 $20.07 -$8.45 
2036 20 0.0587 $47.96 $31.71 $22.66 $3.06 $44.90 $9.05 
2036 30 0.6564 $26.26 $17.36 $269.94 $36.43 -$10.17 -$252.57 
2036 40 0.7554 $24.93 $16.49 $418.74 $56.52 -$31.59 -$402.26 
2036 50 0.7700 $29.30 $19.38 $552.92 $74.63 -$45.32 -$533.54 

 
WPOF – weighted probability of failure 
E(BEN) – expected benefit 
E(CST) – expected cost 
DIFF  – difference between benefit and cost 
U(B) – U(C) – upper estimate of benefit minus lower estimate of cost 
L(B) – U(C) – lower estimate of benefit minus upper estimate of cost 
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Table 11-2 Summary of Results for Section 11 

YEAR 

DUMP    
( M 

TONS) WPOF 

E(BEN) MILLIONS E(CST) MILLIONS DIFF - MILLIONS 

UPPER LOWER UPPER LOWER 
U(B) - 
L(C) 

L(B) - 
U(C) 

2010 30 0.0000 $13.16 $8.70 $0.00 $0.00 $13.16 $8.70 
2010 60 0.0000 $26.32 $17.40 $0.00 $0.00 $26.32 $17.40 
2015 30 0.0000 $18.46 $12.21 $0.00 $0.00 $18.46 $12.21 
2015 60 0.0000 $36.92 $24.41 $0.00 $0.00 $36.92 $24.41 
2015 90 0.0000 $55.38 $36.62 $0.00 $0.00 $55.38 $36.62 
2015 120 0.0175 $72.55 $47.97 $0.30 $0.04 $72.51 $47.67 
2015 150 0.0690 $85.92 $56.81 $1.80 $0.24 $85.68 $55.02 
2015 180 0.0000 $110.75 $73.23 $0.00 $0.00 $110.75 $73.23 
2020 30 0.0000 $25.89 $17.12 $0.00 $0.00 $25.89 $17.12 
2020 60 0.0018 $51.69 $34.18 $0.03 $0.00 $51.68 $34.15 
2020 90 0.6044 $30.72 $20.32 $22.81 $3.08 $27.65 -$2.49 
2020 120 0.8785 $12.58 $8.32 $97.45 $13.15 -$0.57 -$89.13 
2020 150 0.6393 $46.69 $30.87 $81.24 $10.97 $35.72 -$50.37 
2020 180 0.2928 $109.86 $72.64 $26.06 $3.52 $106.34 $46.58 
2032 30 0.0000 $58.31 $38.55 $0.00 $0.00 $58.31 $38.55 
2032 60 0.0011 $116.49 $77.03 $0.17 $0.02 $116.47 $76.86 
2032 90 0.3379 $115.82 $76.58 $94.06 $12.70 $103.12 -$17.48 
2032 120 0.4701 $123.59 $81.72 $193.45 $26.11 $97.48 -$111.73 
2032 150 0.0292 $283.04 $187.15 $20.79 $2.81 $280.23 $166.36 
2032 180 0.2062 $277.72 $183.64 $127.73 $17.24 $260.48 $55.91 
2036 30 0.0000 $76.43 $50.54 $0.00 $0.00 $76.43 $50.54 
2036 60 0.0100 $151.34 $100.07 $6.43 $0.87 $150.47 $93.64 
2036 90 0.0215 $224.37 $148.36 $7.53 $1.02 $223.35 $140.83 
2036 120 0.4037 $182.30 $120.54 $382.34 $51.60 $130.69 -$261.80 
2036 150 0.9857 $5.46 $3.61 $922.60 $124.52 -$119.07 -$918.99 
2036 180 0.8239 $80.78 $53.41 $1,079.55 $145.71 -$64.93 -$1,026.14 

 
WPOF – weighted probability of failure 
E(BEN) – expected benefit 
E(CST) – expected cost 
DIFF  – difference between benefit and cost 
U(B) – U(C) – upper estimate of benefit minus lower estimate of cost 
L(B) – U(C) – lower estimate of benefit minus upper estimate of cost 
 

 

 

 

 

 



 167

In order for a dumped tons quantity to be a feasible option, the difference between the 

expected benefit and the expected cost has to be positive for all time steps. For Section 8, 

all time steps are positive with the exception of 2036, when all but the 20 million ton case 

is negative. This implies that while there is a desirable risk associated with dumping up to 

the maximum limit 50 million tons of overburden on the slope through most of the 

project life, in the last four years, there is a very undesirable risk for all but the 20 million 

ton case. For Section 11, the 30 million ton and 60 million ton cases have positive 

differences throughout the mine life. The 90 million ton, 120 million ton, 150 million ton 

cases show variable positive and negative differences at time steps throughout the mine 

life. The 180 million ton case shows a positive difference up until 2032 and then at 2036, 

the difference is negative. This implies that all four of these larger dump volumes are 

unacceptable and that the maximum dumping limit is 60 million tons. 

 

The results from Section 11 for the 90 million ton, 120 million ton and 150 million ton 

cases perhaps best illustrate the intent of this research and demonstrate how risk changes 

with time. For the 90 million ton and 120 million ton case, the difference in expected 

benefit and expected cost is positive for 2015, negative for 2020, negative for 2032, but 

then once again positive at 2036. For the 150 million ton case, the difference in expected 

benefit and expected cost is positive for 2015, negative for 2020, positive for 2032, and 

then once again negative for 2036. 

 

The difference in the 10 million ton and 20 million ton cases for Section 8 illustrate 

another expected result from the research – that the distribution of weight from the 
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dumped overburden on the Tropico-basalt contact would influence the stability of the 

section. The negative difference between expected benefits and expected costs for the 10 

million ton case at 2032 and the positive difference for the 20 million ton case 

demonstrates that where the overburden is placed controls the stability of the slope to 

some degree. This result does not preclude, of course, placing 10 million tons of 

overburden lower down the slope and generating a dump design that results in a stable 

configuration. It merely implies that stacking 10 million tons of overburden on a steeply 

dipping portion of the Tropico-basalt contact results in an adverse outcome. 

 

As in Section 6.0, it should again be noted that the logic used to sort and present the 

results doesn’t preclude evaluating a scenario where 10 million tons (for instance) is 

dumped early in the project life, then later in the project life, an additional tonnage is 

placed on the slope (as long as the total tons are less than 50 million for Section 8 or 180 

million for Section 11). To evaluate such a case (if, for example, 10 million tons is 

dumped early in the project life and an additional 20 million tons is dumped at 2020), it 

would be necessary only to look at the 10 million ton results for years 2010 and 2015 and 

then the 20 million ton results for 2020, 2032 and 2036. 

 

The weighted probabilities of failure associated with each time step and dumping volume 

have been included in the table to show the relationship between probability of failure 

and expected difference. Generally, for there to be a positive difference between the 

expected benefit and expected costs, the probability of failure is less than approximately 

7.5%. There are a few exceptions however – for Section 8, at 2032 for the 50 million ton 
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case the probability of failure is ~11%, and for Section 11, at 2020 and 2032, for the 180 

million ton case, the probability of failure is ~29% and 21% respectively. Furthermore, a 

review of Table 9-1 and 9-2 indicates that the clean-up percentages are relatively high – 

between ~30% and ~33% for all three cases. Tables 6-3 and 6-4 show that the likely 

cause of these results is that the expected failure tonnage for all three cases is relatively 

low relative to the size of the dumped volume. For the 50 million ton case at 2032 for 

Section 8, the weighted expected failure volume is ~ 10 million tons. For the 180 million 

ton case at 2020 and 2032 for Section 11, the weighted expected failure volume is 18 

million tons and 44 million tons, respectively.  

 

On the opposite end of the spectrum, for there to be a negative difference between the 

expected benefit and expected costs, the weighted probability of failure is greater than 

30%. There is an exception to this as well though. For the 10 million ton case at 2036 for 

Section 8, the probability of failure is a ~8%. Table 9-1 indicates that the clean-up 

percentage is moderately high (~21%), but once again it is Table 6-3 that indicates the 

likely reason for such a result – the weighted expected failure tonnage is ~9 million tons 

relative to only a 10 million ton overburden dump.  
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12 CONCLUSIONS 

 

This research consisted of three main components – estimating a probability of failure 

based on limit equilibrium analysis methods, determining a post-failure run-out geometry 

and estimating the percentage of the failed material that would need to be cleaned up, and 

determining a range of values for the unit benefit of dumping overburden in the pit and a 

unit cost for cleaning up failed material that were subsequently used to determine total 

expected benefits and total expected costs. The results from these three components were 

combined and used to determine if, and how much overburden could be placed in the 

open pit. Results from each of the principal elements in addition to results from the 

combination of the three elements are discussed below. 

 

12.1 Probability of Failure Results 

Although limit equilibrium analysis has limitations in the applicability to stability 

assessment, it does allow for the rapid calculation of numerous runs from which a 

distribution of factors of safety can be obtained. For this research, the distribution of 

factors of safety included variation in rock mass strength, which was a function of Monte 

Carlo sampling internal to the program, variation in pore pressure, which was handled by 

running multiple cases of the same cross section, the application of a seismic load, which 

was handled by running multiple cases of the same cross section and variation in both the 

slope geometry and the overburden quantity. The resulting distribution of factors of 

safety was subsequently used to determine a weighted average probability of failure. 
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That probability of failure formed the foundation for the subsequent analysis in that it 

was used to determine expected values for costs and benefits.  

 

It was noted that changes in the probability of failure as a result of changes in time step 

were not always linearly related – i.e. a five year change in time step did not always 

result in the same change in probability of failure. This was due to several factors that 

were discussed in Section 6.0. The difference in the change in probability of failure 

versus time step was not unexpected given the sensitivity of the slope to changes in the 

input parameters. Further sensitivity analysis to refine those probabilities is likely not 

warranted however, given that the high probabilities of failure that were reported for the 

later time steps or higher dump volumes preclude the construction of such dumps based 

on subsequent economic analyses. 

 

 12.2 Run-out Analyses and Clean-Up Percentage 

Two methods were used to address the question of how far the failure debris would run 

out should a potential failure occur. The first method relied on numerical methods 

(FLAC) and while some of the results of that analysis were useful and indicated areas for 

further research, in general the method did not produce the necessary estimates for 

runout. The second method relied on empirical data derived from historic failures at the 

site. By using this empirical method it was possible to estimate run out geometries for 

potential failures by using the difference between the estimated basal failure angle and 

the angle of repose of the failed material. It was noted that the geometry of the run out 



 172

zone significantly influenced the angle of repose of the failed material, which in turn 

influenced the amount of material that needed to be cleaned up. 

 

The run out geometry was subsequently used for estimating the percentage of the 

material that would need to be cleaned up. The clean-up percentage was significantly 

influenced by the assumptions made about parameters for the debris removal – namely 

the width of the step-out between the toe of the debris and the crest of the ore and the 

slope design angle in the failure debris. The basis for these assumptions is principally a 

variety of observations and some equipment and reclamation limitations, but otherwise 

there is little that is definitive upon which to base the design assumptions. Given the lack 

of definitive design parameters, attempts were made to be conservative in the 

assumptions. Further refinement of failure cleanup design assumptions is likely 

warranted given that larger dumping volumes could potentially be justified if expected 

costs could be lowered by relatively minor amounts.  

 

The research to develop the probability of failure, run out geometry and clean up 

percentage was all based on the potential for failure of the foundation material as a result 

of dumping overburden on the mined out slope. Stability of the dumped overburden 

material was assumed to be adequate given the material characteristics and dump design. 

However, it was necessary to assess the potential for liquefaction of the dump material 

given the location of the site relative to several seismic sources. The results of the 

evaluation indicated that there was no potential for liquefaction – primarily due to the 

lack of water within the dumped overburden material. As there was no potential for 
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liquefaction of the dumped overburden, no estimate of the run out of the overburden was 

performed. 

 

 12.3 Unit Values for Cost and Benefits 

Establishing unit values for costs and benefits (per ton) required two very different 

analyses. For the costs, research into company records on previous slope failures was 

conducted. An insurance claim related to slope failures in the late 1990’s provided a 

wealth of documentation, but it most be noted that for all the data, the resulting upper and 

lower bound estimates were essentially drawn from only one instance of slope failure. 

Clean-up costs can potentially be influenced by a number of factors – namely, which 

costs associated with a failure can be included in the unit cost of cleaning up the failure. 

Undoubtedly, the size of the failure influences the unit value of the clean-up cost as well 

and while it is anticipated that the clean up costs for small failures would be 

approximately equivalent to normal mining costs, it is unknown how the increase in costs 

relates to the increase in failure size.  

 

For the benefits, the focus of the research was on the difference in haul effort and the 

concept of Equivalent Ton Miles was used to establish both a value for ETMs and a 

difference in ETMs for hauling to ex-pit versus in-pit dumps. By using a pre-defined 

quantity of overburden, it was possible to divide the total value by total tons to produce a 

unit value per ton. The ETM method has been used to estimate a value per ton, but it was 

developed to compare different haulage options. The effort to haul a unit of waste 

vertically is assumed to be 25 times the effort to haul it horizontally. Arguments can be 
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made that this ratio overestimates the difference in haul effort, but the resulting unit value 

appears reasonable in light of total unit mining costs. 

 

Values for unit benefits focused on haulage costs, but there were other benefits that were 

not considered. These include such factors as reduced water usage (a minimal financial 

benefit, but substantial environmental benefit) for dust control on haul routes, reduced 

area of disturbance (necessitating fewer permitting costs, fewer acres that have to be 

purchased to offset mining impacts and reduced costs associated with protecting native 

and endangered species) and reduced shovel idle time. The unit values that were 

estimated were used to generate estimate for the total expected benefits and costs 

associated with a series of dumping volumes at each time step.  

 

12.4 Summary of Results 

From the summary tables presented in Section 11.0, it is evident that the difference in 

benefits to costs (i.e. the risk) associated with dumping overburden in the pit changes 

with time. These changes are driven by a number of factors – among others; the 

increasing probability of a seismic event, the exposure or near exposure of a critical 

contact in the foundation materials, changing pore pressure regimes, the changing 

location of the overburden/ore contact and the changing geometry of the pit slope. 

Although all of the evaluated dump sizes show an initial acceptable level of risk (i.e. a net 

positive difference between expected benefits and expected costs) for many, the risk 

becomes quite unacceptable in the later stages of the mine life.  
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For the difference between the high expected benefits and the low expected costs, a 20 

million ton dump has a net positive difference for Section 8 throughout the mine life and 

a 90 million ton dump has a net positive difference throughout the mine life for Section 

11. For the difference between the low expected benefits and the high expected costs, a 

20 million ton dump has a net positive difference throughout the mine life for Section 8 

and a 60 million ton dump has a net positive difference throughout the mine life for 

Section 11. There are no other larger dump sizes that have a consistent positive value for 

these two differences. 

 

One interesting result is the difference for the 10 million ton dump for Section 8. The 

dump has a negative value, likely resulting from the placement of the overburden over a 

steep section of the underlying Tropico Clay. The adverse orientation of the contact, in 

conjunction with weight placed in a zone where primarily driving force is generated, 

appears to have resulted in a situation where a smaller dump is less stable than a larger 

dump. For the 20 million ton case, the weight placed further down the slope appears to 

generate resisting force sufficient to stabilize the 10 million ton dump.   

 

 12.5 A Note on Safety 

It was stated in the introduction that safety would not be considered explicitly because 1) 

the focus of the research was on geotechnical based risk, and 2) safety would be 

considered implicitly in the economics of overburden dumping. The implicit 

consideration for safety stems from the probability of failure and the ratio of costs to 

benefits. The value for the benefit of dumping a unit of overburden in the pit is 
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approximately one fourth that of the value of cleaning up a unit failure debris. To balance 

these two quantities to reach an expected value of zero would mean that the probability of 

failure could be no more than 20%.  

 

0.80 x 4 (costs) = 0.20 x 1 (benefit) 

 

The 20% probability of failure would only result in a zero sum if the quantity of 

overburden dumped is approximately equal to the quantity that would have to be cleaned 

up. In many cases, the quantity that would have to be cleaned up exceeded the quantity 

that would be dumped, necessitating an even lower probability of failure to result in a 

zero sum. In addition to that, it is unlikely that Rio Tinto would risk the potential for a 

failure based on the potential to reap zero benefits. As such, an additional decrease in the 

probability of failure is necessary to produce a net positive sum of expected costs and 

benefits. This is evident in the results in Tables 11-1 and 11-2, which show that positive 

differences between expected benefits and expected costs are associated with a 

probability of failure less than ~7.5% (with a few exceptions). 

 

A probability of failure less than 10% generally corresponds well (for this research) with 

a factor of safety greater than or equal to 1.2. A minimum factor of safety of 1.2 is the 

design basis for most slopes at the site, thus determining the positive economic risk, in 

this case, implicitly determines what is also an acceptable slope design. In other words, 

the economics of in-pit dumping dictate that the slope has to be acceptably safe - i.e. have 
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a high enough factor of safety and low enough probability of failure – in order for the 

expected benefits to outweigh the expected costs. 

 

To check the relationship between factor of safety and probability of failure though, it is 

necessary to examine the factors of safety associated with the dump sizes that appear to 

have a consistently positive economic value (20 million tons for Section 8 and 60 million 

tons for Section 11). Table 12-1 and 12-2 present the individual runs for the each of these 

dump volumes. Had the 50 million ton case for Section 8 and the 180 million ton case for 

Section 11 shown consistently positive differences between the expected benefits and 

expected costs throughout the mine life, the results of the individual runs would likewise 

be examined. However, these potential dumping volumes were not considered valid 

based on one or more time periods of a negative difference in the expected benefits and 

expected costs. The high probability of failure associated with certain time periods of a 

positive difference between expected benefits and expected costs highlights the 

importance of evaluating the full range of results that the final analysis is based on. 
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Table 12-1 Summary of Factor of Safety and Probability of Failure Values for Section 8 

SEC YEAR 
TONS 
(M) 

PIEZO 
 (% BASE) 

SEISMIC 
LOAD FOS POF 

8 2010 20 100 Y 1.21 0.0625 
8 2010 20 100 N 1.41 0.0040 
8 2010 20 90 Y 1.26 0.0350 
8 2010 20 90 N 1.44 0.0020 
8 2010 20 80 Y 1.28 0.0190 
8 2010 20 80 N 1.44 0.0015 
8 2015 20 100 Y 1.30 0.0185 
8 2015 20 100 N 1.32 0.0070 
8 2015 20 90 Y 1.35 0.0950 
8 2015 20 90 N 1.33 0.0060 
8 2015 20 80 Y 1.36 0.0136 
8 2015 20 80 N 1.41 0.0030 
8 2020 20 100 Y 1.29 0.0195 
8 2020 20 100 N 1.32 0.0085 
8 2020 20 90 Y 1.34 0.0115 
8 2020 20 90 N 1.32 0.0060 
8 2020 20 80 Y 1.35 0.0095 
8 2020 20 80 N 1.36 0.0045 
8 2032 20 100 Y 1.29 0.0195 
8 2032 20 100 N 1.32 0.0085 
8 2032 20 90 Y 1.34 0.0115 
8 2032 20 90 N 1.32 0.0060 
8 2032 20 80 Y 1.35 0.0095 
8 2032 20 80 N 1.36 0.0045 
8 2036 20 100 Y 1.17 0.0875 
8 2036 20 100 N 1.33 0.0115 
8 2036 20 90 Y 1.18 0.0805 
8 2036 20 90 N 1.34 0.0085 
8 2036 20 80 Y 1.19 0.0715 
8 2036 20 80 N 1.35 0.0080 

 
FOS – Factor of Safety 
POF – Probability of Failure 
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Table 12-2 Summary of Factor of Safety and Probability of Failure Values for Section 11 

SEC YEAR 
TONS 
(M) 

PIEZO (% 
BASE) 

SEISMIC 
LOAD FOS POF 

11 2010 60 100 Y 1.42 0.0000 
11 2010 60 100 N 1.51 0.0000 
11 2010 60 90 Y 1.45 0.0000 
11 2010 60 90 N 1.53 0.0000 
11 2010 60 80 Y 1.41 0.0000 
11 2010 60 80 N 1.57 0.0000 
11 2015 60 100 Y 1.37 0.0000 
11 2015 60 100 N 1.49 0.0000 
11 2015 60 90 Y 1.40 0.0000 
11 2015 60 90 N 1.55 0.0000 
11 2015 60 80 Y 1.42 0.0000 
11 2015 60 80 N 1.54 0.0000 
11 2020 60 100 Y 1.13 0.0025 
11 2020 60 100 N 1.50 0.0000 
11 2020 60 90 Y 1.15 0.0025 
11 2020 60 90 N 1.53 0.0000 
11 2020 60 80 Y 1.17 0.0025 
11 2020 60 80 N 1.53 0.0000 
11 2032 60 100 Y 1.13 0.0030 
11 2032 60 100 N 1.50 0.0000 
11 2032 60 90 Y 1.15 0.0025 
11 2032 60 90 N 1.53 0.0000 
11 2032 60 80 Y 1.16 0.0025 
11 2032 60 80 N 1.53 0.0000 
11 2036 60 100 Y 1.07 0.0515 
11 2036 60 100 N 1.53 0.0000 
11 2036 60 90 Y 1.08 0.0305 
11 2036 60 90 N 1.53 0.0000 
11 2036 60 80 Y 1.10 0.0175 
11 2036 60 80 N 1.53 0.0000 

 
FOS – Factor of Safety 
POF – Probability of Failure 
 

For the 20 million ton dump in Section 8, all factor of safety values are above 1.2 with 

the exception of the values at the 1,300-foot ultimate pit time step at 100%, 90% and 80% 

of base case pore pressure values. The factor of safety values of 1.17, 1.18 and 1.19 are 

close enough to 1.2 that it is likely that with some additional work to re-distribute the 

weight of the dump, the values could be increased to 1.2. 
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For the 60 million ton dump on Section 11, all values for the analyses without a seismic 

load were greater than 1.40. Values for the analyses conducted with a seismic load are 

initially high and then drop as low as 1.07 (which is still acceptable from a design 

standpoint). This is an interesting result in that it highlights a potential pit fall in using the 

expected value methodology to determine risk. The low probability of failure associated 

with the high factor of safety for the runs without a seismic load combined with the low 

factor of safety and moderate probability of failure result in a situation where 

economically it is justifiable to pursue the construction of a dump. The relatively low 

clean-up percentage accentuates the economics in that although a failure might have a 

high probability of occurrence, only small damages result.  

 

Although this research was conducted based on values of tons dumped and tons cleaned 

up, it is recognized that economics cannot wholly disregard safety. However, the reverse 

holds true (to a degree) as well. Safety cannot wholly disregard economics. Given the 

uncertainty inherent in the evaluation of earth materials, as well as a design philosophy 

based on the probability of failure or factor of safety, some amount of failure in mining is 

not only expected, but even planned. It is the role of geotechnical engineering in mining 

to (among other things) anticipate and manage these failures such that the economic 

benefits of mining at steeper angles (or dumping overburden into a pit) can be realized 

while attenuating the potential for injury or loss of human life, or damage or loss of 

equipment.  
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Stability monitoring programs play an important role in anticipating and managing 

failures. The current monitoring systems at Boron include a network of VWPs and OSPs 

for tracking pore pressure, a series of inclinometers in known failure areas for tracking 

subsurface movements, tiltmeters and monument survey for tracking subsidence, and a 

pit-wide network of survey prisms that are read continually by a dedicated total station.  

 

 12.6 A Note on the Impacts of Other Types of Risk 

In the introduction it was stressed that the focus of this research was on assessing the 

geotechnical risk for the proposal to place overburden in the open pit and that other 

elements of the total risk would not be considered. While these other elements were not 

incorporated in the analysis, some discussion on their potential impacts to the results and 

conclusions presented herein is necessary.  

 

Safety and the impacts to the borate market have been discussed in other sections. The 

remaining elements to risk that were discussed in Section 1.0 were 1) risks associated 

with changes in the pricing structure of borates (especially near the end of the mine life as 

the resource nears exhaustion), 2) risks associated with a change in the mining method, 

and 3) risks due to associated systems that would affect the ability to mine borates (tire 

supply, fuel costs, ability to dispose of wastewater, etc.).   

 

With regards to changes in the pricing structure of borates closer to the end of the mine 

life (assuming that other sources of borates are not located and the perception of the 

resource is one of scarcity) – it is likely that the unit value of a ton of borate ore would 
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increase. However, the unit values of a ton of borate ore were not included in the analysis 

and as such there would not be any changes in the expected cost and benefit values and 

calculated differences. However, there may be some change in the corporate willingness 

to engage in an activity that puts an increasingly scarce resource at risk of burial due to 

slope failure. Quantifying such a change, however, is beyond the scope of this discussion. 

 

With regards to risks associated with changes in the mining method – it is assumed that if 

the mining method were to change from the current truck and shovel operation to some 

other method (for example, conveying ore or waste out of the pit) that the unit cost of 

moving ore or overburden would decrease (as it would make little sense to convert to a 

more expensive method). Unit costs for overburden removal (assuming that a substantial 

portion of the overburden would be removed) would therefore decrease but there would 

still be a difference in the unit value of moving overburden to the ex-pit dumps versus in-

pit dumps. The difference might be small enough that there is little benefit in dumping in 

the pit given even a small probability of failure.  

 

With regards to risks due to associated systems that would affect the ability to mine 

borates – it is assumed that any changes that resulted in a shortage or other type of 

restriction in the ability to move overburden would increase the overburden removal costs 

(for example, there has recently been a shortage of tires for 240-ton haul trucks. Tire 

prices have increased as a result. Subsequently, unit values for moving ore and 

overburden have increased). Increasing the unit costs to move overburden would increase 

the benefit associated with dumping overburden in the pit. Increasing the unit cost to 
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move overburden would also increase the value of cleaning up failure debris, so it is 

likely that the net effect would be negligible. 

 

12.7 Recommendations 

Based on the results of this research, it is recommended that RTM pursue the 

construction of a combined 80 million ton in-pit overburden dump over the areas 

evaluated for Sections 8 and 11. Prior to dumping in these areas, further design work 

should be performed to optimize the weight distribution of the overburden material. 

 

It is also recommended that Rio Tinto monitor both the stability of the dump and the 

stability of the underlying foundation materials as mining progresses. Although the 

factors of safety for potential failure paths through the foundation material are greater 

than approximately 1.2, slope failures are still possible. Monitoring has been successful 

to date in providing adequate warning for slope failure and the enhanced system currently 

being installed at the site should be expanded to include the ability to evaluate the 

stability of the in pit dumps.  
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13 RECOMMENDATIONS FOR FUTURE WORK 

 

The focus of this research has been to evaluate how risk changes with time and to 

evaluate whether, and to what degree, it is feasible to dump material back into the open 

pit at the Boron site. The results of the analysis indicate that there is an approximate limit 

of 80 million tons that can be dumped into the central portion of the pit.  

 

To develop this result, a number of assumptions were made. Additional work would 

include further evaluation of some of these assumptions – namely those that result in the 

greatest degree of uncertainty - such as the run out behavior. Although an attempt was 

made to model the run out behavior with FLAC, the lack of data to carry out a back 

calculation makes the use of the results from this numerical modeling questionable. Work 

to develop appropriate strain softening models could potentially result in less 

conservative predictions for post failure topography, reduced clean-up percentages and a 

larger allowable dump volume.  

 

Further sensitivity analysis is always possible as well to determine the potential for a 

further reduction in benefits or an increase in costs. As current estimates for benefits are 

at least 40% greater than the costs for the 20 million ton dump and 15 times as great for a 

60 million ton dump, it is not anticipated that a sensitivity analysis will produce negative 

values for either of these options. However, there is the potential for larger volumes to be 

considered economic if sufficient justification exists for using different inputs. 
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As well, there is some work that can be done to potentially optimize the configuration of 

the dumped material so that a larger quantity of material can be placed in pit. For the 90 

million ton dump in Section 11, there is only one difference in expected benefits and 

expected costs that is negative and if it is possible to reconfigure the dump geometry to 

reduce the probability of failure (and to therefore reduce the expected costs and increase 

the expected benefits), which would allow placement of additional material in the pit. 

 

Along with optimization of the configuration of the dumped overburden material, 

additional work can be done to evaluate other dumping scenarios for the central portion 

of the pit. This work has focused on an evaluation of what is considered the worst case 

scenario where all the overburden would remain above the point where the Tropico-basalt 

contact would be daylighted or would come close to being daylighted. Depending on 

mine scheduling, it may be possible to mine below the contact, then buttress the contact 

with overburden placed below, then place additional overburden above and over the 

contact. Such a configuration would likely allow far greater volumes of overburden to be 

placed in the central portion of the pit.   

 

Lastly, the methods used in this research can be applied to evaluating the potential to 

place overburden in other portions of the pit. It was recognized at the outset of this work 

that the risk associated with placing overburden in the eastern and western portions of the 

pit posed a far lower risk than in the central portion of the pit. The central portion of the 

pit was chosen for this research for the express purpose of evaluating what was judged to 

be the maximum risk at the site due to in-pit dumping and developing an analysis 
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methodology that adequately evaluated that risk. The unit values for costs and benefits 

and the requirements for low probability of failure values can be used to more quickly 

assess the potential for larger scale in-pit dumping over the entire open pit. 
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 APPENDIX A 
 

HYDROGRAPHS FOR VIBRATING WIRE PIEZOMETERS AND OPEN 
STANDPIPE PIEZOMETERS IN THE VICINITY OF SECTION 8 AND SECTION 11 
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APPENDIX B 
DRILL HOLE SUMMARY LOGS FOR MINE DEVELOPMENT HOLES THAT 

PIERCE THE TROPICO-BASALT CONTACT IN THE VICINITY OF SECTION 8 
AND SECTION 11 
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APPENDIX C 
 

FALLING HEAD CALCULATION SHEETS AND 
SIEVE ANALYSIS LABORATORY DATA SHEETS 
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FHT-1    
    
Casing stick up 3.7 ft   
Testing interval 26.3-36.3 ft BGS  

Input water flow 
100 
gal/min   

Outer casing 
diameter 9 5/8"   
    
NOTES: Didn't get water to casing surface  
 Stabilized water below top of casing at 15.5 ft 
    

 Time 
Water Depth below casing 
(ft) 

Water depth BGS 
(ft) 

 Stable 15.5 11.8 
 11:27:10 17.2 13.5 
 11:27:45 21.6 17.9 
 11:28:07 24 20.3 
 11:28:20 25 21.3 
 11:29:00 26.6 22.9 
 11:29:30 27.4 23.7 
 11:30:00 27.8 24.1 
 11:30:30 28 24.3 
 11:31:00 28 24.3 
 11:31:30 28 24.3 
 11:32:00 28 24.3 
 11:32:30 28.01 24.31 
 11:33:00 28.02 24.32 
 11:33:30 28.04 24.34 
 11:34:00 28.04 24.34 
 11:34:30 28.04 24.34 
       
   ** Heard cave-in in bottom 

of hole for last 4 readings 
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FHT-2    
    
Casing stick up 3.7 ft   
Testing interval 101.5-111.5 ft  
Input water flow 100 gal/min  
Outer casing 
diameter 9 5/8"   
    

 Time 
Water Depth below casing 
(ft) 

Water depth BGS 
(ft) 

 10:06:35 10.2 6.5 
 10:07:00 12.02 8.32 
 10:07:30 17.8 14.1 
 10:08:00 22.65 18.95 
 10:08:30 27.05 23.35 
 10:09:00 30.95 27.25 
 10:09:30 34.8 31.1 
 10:10:00 38.2 34.5 
 10:10:30 41.2 37.5 
 10:11:00 43.9 40.2 
 10:11:30 46.6 42.9 
 10:12:00 48.8 45.1 
 10:12:30 50.9 47.2 
 10:13:00 52.75 49.05 
 10:13:30 54.55 50.85 
 10:14:00 56 52.3 
 10:14:30 57.38 53.68 
 10:15:00 58.62 54.92 
 10:15:30 59.62 55.92 
 10:16:00 60.62 56.92 
 10:16:30 61.45 57.75 
 10:17:00 62.15 58.45 
 10:17:30 62.75 59.05 
 10:18:00 63.45 59.75 
 10:18:30 64.1 60.4 
 10:19:00 64.7 61 
 10:19:30 65.28 61.58 
 10:20:00 65.82 62.12 
 10:20:30 66.44 62.74 
 10:21:00 67.02 63.32 
 10:21:30 67.55 63.85 
 10:22:00 68.13 64.43 
 10:22:30 68.66 64.96 
 10:23:00 69.15 65.45 
 10:23:30 69.66 65.96 
 10:24:00 70.17 66.47 
 10:24:30 70.66 66.96 
 10:25:00 71.2 67.5 
 10:25:30 71.57 67.87 
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 10:26:00 72 68.3 
 10:26:30 72.43 68.73 
 10:27:00 72.9 69.2 
 10:27:30 73.3 69.6 
 10:28:00 73.68 69.98 
 10:28:30 74.05 70.35 
 10:29:00 74.5 70.8 
 10:29:30 74.9 71.2 
 10:30:00 75.3 71.6 
 10:30:30 75.65 71.95 
 10:31:00 76 72.3 
 10:31:30 76.4 72.7 
 10:32:00 76.8 73.1 
 10:32:30 77.19 73.49 
 10:33:00 77.55 73.85 
 10:33:30 77.82 74.12 
 10:34:00 78.15 74.45 
 10:34:30 78.48 74.78 
 10:35:00 78.78 75.08 
 10:35:30 79.08 75.38 
 10:36:00 79.37 75.67 
 10:36:30 79.7 76 
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FHT-3    
    
Casing stick up 5.625 ft   

Testing interval 
194-204 
ft   

Input water flow 100 gal/min  
Outer casing 
diameter 9 5/8"   
    

 Time 
Water Depth below casing 
(ft) 

Water depth BGS 
(ft) 

 15:13:12 156 150.375 
 15:13:30 163.9 158.275 
 15:14:00 176.1 170.475 
 15:14:30 183.3 177.675 
 15:15:00 186.2 180.575 
 15:15:30 187.7 182.075 
 15:16:00 189.9 184.275 
 15:16:30 189.2 183.575 
 15:17:30 191.5 185.875 
 15:18:00 191.6 185.975 
 15:18:30 191.8 186.175 
 15:19:00 191.8 186.175 
 15:19:30 192 186.375 
 15:20:00 192.2 186.575 
 15:20:30 192.6 186.975 
 15:21:00 192.7 187.075 
 15:21:30 192.6 186.975 
 15:22:00 192.8 187.175 
 15:22:30 192.8 187.175 
 15:23:00 192.9 187.275 
 15:23:30 193.05 187.425 
 15:24:00 193.2 187.575 
 15:24:30 193.5 187.875 
 15:25:00 193.65 188.025 
 15:25:30 193.65 188.025 
 15:26:00 194 188.375 
 15:26:30 194.1 188.475 
 15:27:00 194.15 188.525 
 15:27:30 194.2 188.575 
 15:28:00 194.3 188.675 
 15:28:30 194.45 188.825 
 15:29:00 194.5 188.875 
 15:29:30 194.51 188.885 
 15:30:00 194.65 189.025 
 15:30:30 194.69 189.065 
 15:31:00 194.72 189.095 
 15:31:30 194.89 189.265 
 15:32:00 194.95 189.325 
 15:32:30 192.05 186.425 



 223

 15:33:00 195.1 189.475 
 15:33:30 195.15 189.525 
 15:34:00 195.35 189.725 
 15:34:30 195.4 189.775 
 15:35:00 195.55 189.925 
 15:35:30 195.6 189.975 
 15:36:00 195.7 190.075 
 15:36:30 195.7 190.075 
 15:37:00 195.7 190.075 
 15:37:30 195.7 190.075 
 15:38:00 195.7 190.075 
 15:38:30 195.7 190.075 
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