Factor of Safety? - Do we use it correctly?
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The principle of minimum acceptable factors of safety has been used to assess the stability of embankment
dams for decades. The commonly applied minimum acceptable factors of safety remain very similar to those
recommended in the early 1970’s, despite the development of new design tools and better understanding of
material behaviour.
The purpose of factors of safety is to ensure reliability of the dam design and to account for uncertainties
and variability of dam and foundation material parameters, uncertainties of design loads and limitations of
the analysis method used. The impact of uncertainties and reliability of input values into stability analyses
was recognised many decades ago, and the factor of safety was recommended depending on the loading
conditions and the consequences of failure or unacceptable performance. Interestingly, the minimum
recommended factors of safety used today do not take into account the potential consequences of dam failure
or the uncertainties in input values, and are based on the loading conditions only. Yet, several authors have
demonstrated that a higher factor of safety does not necessarily result in a lower probability of failure, as
the analysis also depends on the quality of investigations, testing, design and construction.
This paper summarises the history of the factor of safety principle in dam engineering, discusses the
calculation of the factor of safety using commonly used analytical tools, demonstrates the impact of
uncertainties using a case study and provides recommendations for potential improvements.
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Introduction
The term “Factor of Safety” (FoS) is commonly used to express the safety margin of slopes on embankment
dams. The minimum acceptable FoS for dam design were anecdotally determined in the USA in mid-20th
century by back-calculating the FoS of existing dams. It was found that the FoS of 1.5 provided sufficient
contingency and was generally considered acceptable. The minimum required FoS provides the basis for the
deterministic, fall-back method of analysing dams, and is the most common design method used in
contemporary dam engineering.
The minimum FoS for embankment dams in Australia were discussed in “Current Technical Practices for
Design, Construction, Operation and Maintenance of Large Dams in Australia” published by the Australian
National Committee on Large Dams in 1969 (ANCOLD, 1969). The FoS was noted to vary considerably
according to the type of analysis, pore water pressure assumptions, extent of investigations, anticipated
quality of construction and other factors. In recognising the many factors influencing slope stability, ANCOLD
(1969) provided the minimum FoS only when determined from the Swedish Slip Circle or Wedge analyses
and with reasonably conservative strength parameters. The recommended minimum FoS for the
downstream shoulder of dams under a steady state seepage condition was 1.5, while the minimum FoS for
end of construction, initial filling and rapid drawdown were somewhat lower. It should be noted that the
1969 ANCOLD publication documented the current (as of 1960’s) practice in dam engineering based on
responses from 19 organisations acting in the dams industry and was not in the form of a guideline as known
today.
A formal set of minimum FoS for various loading conditions was presented in the USACE Design Manual
(USACE, 1970) and the same FoS values, with minor modifications, appear to have been adopted by many
organisations including USBR (1987), Norwegian Geotechnical Institute (1992), BRE (1999), ANCOLD (2012)
(for tailings dams) and others.
The impact of uncertainties and reliability of input values was well recognised and USACE (1970)
recommended that these uncertainties be considered in selection of the appropriate FoS. The revised USACE

design manual (USACE, 2003) stated that “Two of the most important considerations that determine
appropriate magnitudes for factor of safety are uncertainties in the conditions being analysed, including
shear strengths and consequences of failure or unacceptable performance.” However, the minimum required
FoS published by USACE and other authorities in modern dam engineering do not take into account the
potential consequence of the dam failure or the uncertainties, but are solely based on the loading
conditions.
The potential increase of the FoS to account for a higher consequence or uncertainties is sometimes
discussed in text or additional notes. Fell et al. (2015) provides a table of FoS adjustments allowing for some
uncertainties, however the allowance for an increased consequence category is not included.
This paper attempts to find answers to the following key questions related to FoS:
• Does a higher FoS mean a safer dam?
• What are the uncertainties in a typical FoS calculation?
• Is the use of FoS consistent with the modern design approach?
The discussions and examples within this paper are related primarily to tailings dams, however the overall
principles of the paper could be extended to both tailings and water storage embankment dams.

Does a higher FoS mean a safer dam?
The FoS is defined as the ratio of the resisting and destabilising forces and/or moments, when calculated
using traditional limit equilibrium (LE) methods. When finite element (FE) or finite difference models are
used, the FoS is calculated as a ratio of the available shear strength and the shear strength at failure. A shear
strength reduction (SSR) procedure is commonly used in FE models to determine the shear strength at
failure, which can then be compared with the initial shear strength to determine the FoS.
The FoS = 1 condition in LE means that the shear resistance along a selected shear surface is in equilibrium
with the destabilising forces and/or moments. The FoS = 1 condition in FE means that that the shear strength
at failure is reached and the modelled slope is failing. Given that FE models are based on the stress/strain
soil behaviour concept, the slope failure criterion is frequently defined as the state of large (infinite) strains
resulting in non-convergence of the static FE model solution. In simple terms, the failure occurs when the
static FE mesh representing the soil mass is torn by the displacement.
Due the conceptual differences between LE and FE methods, the FoS calculated in each of these represent
different states although the FoS values may be very similar. The comparison of LE and FE methods are
detailed in numerous publications including Abramson et al (2002) and Aryal et al (2005) and further
discussion on the numerical stability assessment methods is beyond the scope and objectives of this paper.
As outlined earlier, the impact of uncertainties and reliability of input values was recognised many decades
ago and Smith (2003), Silva et al (2008) and others showed that a higher FoS does not necessarily mean a
lower probability of slope failure. Silva et al (2008) provided a guide for estimation of the probability of
failure of existing dams depending on the quality (“Category”) based on a historical database of
investigations, testing, design and construction from “real world projects” as shown in Figure 101. To
paraphrase Silva. et. al. (2008); Category I facilities are those designed, built and operated with state-of-thepractice engineering, Category II facilities are those designed, built and operated with standard engineering
practice, Category III facilities are those without site-specific design and sub-standard construction or
operation, and Category IV facilities are those with little or no engineering.

Figure 101 Probability of Failure vs. Factor of Safety (Silva et al, 2008)

As can be seen in Figure 101, a FoS of 1.5 , typically recommended as the minimum FoS by many authorities
can present an annual probability of failure between 1 in 10-1 and 1 in 10-6, depending on the dam
“Category”. Figure 101 also indicates that for all Category III and IV dams with a failure that could result in
more than 100 fatalities, the limit of tolerability as defined by ANCOLD Guidelines on Risk Assessment
(ANCOLD, 2003) would not be met, even with FoS of more than 2.
In summary, the FoS presents different states of embankment stability depending on the modelling
approach. A higher FoS does not necessary mean a safer dam due to various uncertainties as further
discussed in this paper.

What are the uncertainties in a typical FoS calculation?
General
As outlined earlier, the minimum FoS principle was introduced in dam engineering well before FE modelling
became readily available, and therefore was primarily applicable for well-established LE analyses. As a result,
similar minimum FoS values have been applied over almost 50 years despite the development of new
analytical approaches and advances in soil behaviour understanding.
This section illustrates, using a simplified example, the quantifiable uncertainties associated with estimation
of soil properties required for two-dimensional LE modelling, and the impact of these uncertainties on the
calculated FoS. Other uncertainties involved in an embankment slope stability are also discussed.
Uncertainties of key soil properties required for two-dimensional LE modelling
Key soil properties such as unit weight, shear resistance and others are determined from soil testing and
adoption of empirical relationships, which introduces some level of uncertainties and potential errors.
Undrained shear strength

The undrained shear strength (Su) of cohesive soils is commonly determined from Cone Penetrometer Tests
(CPTs) based on the bearing capacity theory proposed by Terzaghi (1943), and presented in Robertson &
Cabal (2015) as follows:
Su = (qt - vo) / Nkt ……………………….(Equation 1)
where qt = cone resistance, vo = total vertical stress and Nkt = correlation factor.

The cone resistance (qt) is directly measured by the CPT probe and Fell et. al. (2014) estimated that CPT
readings can have errors of 5% to 15%. These errors are likely to be “unbiased” or “averaged-out” over
depth. Therefore, for the purposes of estimating the average strength over a depth profile, the errors in qt
may be disregarded. However, such deviations will significantly affect the lower or upper bound estimation.
The total vertical stress (vo) is calculated by estimating the total unit weight () over a known depth. Unit
weights are best obtained by testing of undisturbed samples (e.g., thin-walled Shelby tubes; piston samples).
When this is not feasible or possible, the total unit weight can be estimated from CPT results (Robertson &
Cabal, 2015) based on the friction ratio. The accuracy in the unit weight estimation is dependent upon the
variability of the material and the frequency of sampling.
The correlation factor (Nkt) normally varies from 10 to 18 (almost 100% variability), and the uncertainty is
higher in over-consolidated clays (Robertson & Cabal, 2015). The value of Nkt has been researched by a
number of authors, and no reliable index has been determined. Robertson & Cabal (2015) recommend that
for deposits where little experience is available, the Nkt should range between 14 to 16. A potential error of
up to 30% is introduced for to the recommended range of Nkt of 14 to 16.
The published correlations are considered too variable for the CPT to be used alone for undrained strength
assessment in slope stability, other than for preliminary design with an appropriately selected FoS. In
practice, the CPT should only be used for assessment of undrained strength in slope stability assessments in
clay when it has been calibrated on site with good quality laboratory testing of undrained strengths (Fell et.
al. 2015).
Common errors in determining shear strengths from laboratory triaxial tests discussed in Fell et. al. (2015).
One such error of testing at too high a stress range “can overestimate strengths by 10% to 300%”. Other
errors can be introduced where the sample is disturbed during sampling, transport and preparation, or the
sample is not adequately saturated in the laboratory. Field shear vane testing can also be used as a
calibration method, however there are a number of assumptions are made in shear vane testing to calculate
undrained shear strength from torque measurements.
Effective shear strength

In the case where key soils are not considered to be contractive, an effective stress analysis is undertaken. In
this case, the shear strength of the soil is commonly modelled by the Mohr-Coulomb shear strength theory:
 = c + n’ tan(’)……………….. Equation 2
Where effectiveshear strengthc' = effective cohesion,n’ = effective normal stress acting on the shear
surface and ‘ effective angle of internal friction (or effective friction angle).
Effective normal stress (n’) estimation requires an understanding of the total normal stresses and the insitu
pore water pressures. Normal stresses are calculated (in LE modelling) from the vertical stresses. As
discussed above, the total vertical stress is calculated by estimating the total weight over a known depth,
with unit weights typically obtained by testing of undisturbed samples or estimated from CPT results. The
accuracy in the unit weight estimation, thereby the effective normal stress calculation, is dependent upon
the variability of the soil and the frequency of sampling.
Insitu pore water pressures can be measured by piezometers or estimated by CPT with dissipation testing.
The effective shear strengths, comprising the effective cohesion (c’) and effective angle of friction (‘) values,
are typically estimated using laboratory triaxial testing. Common errors in determining shear strengths from
laboratory triaxial tests strength testing are discussed in Fell et. al. (2015) and above.
Other uncertainties
The confidence in the results must also consider the inherent soil variability, both vertically and laterally, and
be judged on the extent of the geotechnical investigation and how “idealised” the geotechnical model is. The

effect on actual FoS from the quantity and accuracy of information obtained has been recognised by many
authors. Terzaghi & Peck (1967) commented, “The lack of accurate information concerning the subsoil
conditions (and) the gaps in the information obtained from the exploratory drill holes…. must be
compensated by the use of a liberal FoS in design”. Also, the “degree of reliability of the results of
computations depends entirely on the differences between the real and the ideal subsoil”.
The selection of computational method can, in some circumstances, have a notable effect on FoS. Hungr
(1997) demonstrated that for non-circular surfaces, different methods can provide very different results. The
example used was a simple bi-planar sliding block, defined by a flat basal surface and a steeper back scarp.
Where the back scarp is weak and the sliding body is supported by the toe plane, the results from the
different methods diverge by as much as 30%. Other errors can be introduced by factors such as incorrect
model geometry and internal zoning from lack of accurate survey, poor construction documentation, or by
neglecting three-dimensional effects. Fell et. al. (2015) provides a list of general errors that could be made
when undertaking embankment stability analyses.
Most conventional stability assessments are carried out using a two-dimensional cross section of the
analysed structure at its critical location. In this approach, the variability in geometry and materials in the
direction perpendicular to the selected cross section and the associated strain-stress distribution are
ignored. The assessment of three-dimensional effects using LE methods was researched in the 1960’s by
Morgenstern and Price (1965), Anagnosti (1969) and many others. Today, 3D models can be represented in
both LE and FE environments, and comparisons between the results of 2D and 3D analyses has been
captured in many published papers. Reyes and Parra (2014) provided a summary of numerous 2D and 3D
stability studies since 1969, which showed that all previous studies concluded that 3D analysis yielded higher
FoS than the 2D analysis for cohesive soils. However, several studies have also indicated that a 3D
assessment could result in a lower FoS for cohesionless materials compared to the 2D analysis. A 3D
assessment requires additional assumptions and inputs, which brings additional uncertainties into the
process.
The effect of uncertainties
The effect of the uncertainty of variables was analysed for Equation 1. Equation 1 shows that Su is inversely
proportional to Nkt and a change in the value of Nkt has similar inverse effect on Su. The effect of vo on Su is
dependent upon the respective values of qt and vo. In very dense/hard soils where qt >> vo, a change of vo
has a smaller effect on Su compared to soft, low density soils where vo present considerable proportion of
qt. As vo depends directly on , it is evident (from Equation 1) than reduction in will increase the estimated
Su. Where Su is expressed as the ratio over the effective vertical stress (v’ = vo – pore water pressure), the
uncertainty in is re-introduced through v’, propagating the uncertainty further. From Equation 1, it is
apparent that  plays a very important role in Su estimate in soft/low density soils.
The dependency of Su on and Nkt is shown in Figure 102, in which the Su values were calculated from
Equation 1 with and Nkt varying ±20% from the base case. The base case Su value was calculated for
normally consolidated fully saturated soils (Su/v’=0.25) and parameters presented in the black box in Figure
102. The greater change of Su values (>35%) in the area of negative variance of and Nkt compared to the Su
values change (<25%) in positive variance of and Nkt is caused by using the same % steps in both the
positive and negative variations.
The effect of the uncertainty of variables for Equation 2, shown in Figure 103, was calculated for an example
of a saturated soil with zero cohesion and shear plane in 45% to vertical. The τ values were calculated from
Equation 2 with and ф’ varying ±20% from the base case. The base case parameters are shown in the dark
box in Figure 103.
It must be emphasised that for both the undrained and effective strength calculations, it was assumed that
the soil is fully saturated and hydrostatic pressures exist throughout the soil column. The uncertainty related
to the pore water pressures, though they may be crucial for the slope stability, could not be captured in this

paper and the reader should refer to Fell et al. (2015 for a discussion on pore water pressures in stability
assessment. The pore water pressure changes during shearing are also beyond the scope of this paper as this
paper attempts to illustrate the impact on uncertainties in a simplified manner.

Figure 102 Dependency of Su on unit weight and Nkt

Figure 103 Dependency of τ on unit weight and ϕ’

An example– tailings dam with multiple upstream raises
An upstream raised tailings dam, with typical CPT qt profiles for soft to firm clay tailings, was analysed to
demonstrate the effect of the change of selected input variables to the calculated FoS. The typical section
and critical failure surface are shown in Figure 104 , along with the “base-case” parameters used in the
assessment.

Figure 104 Example - tailings dam cross section with base-case parameters

The analysed section included a starter embankment approximately 10 m high, with a series of upstream
raises to a total embankment height of 27 m. The foundations and starter embankment were assumed to be
competent and the critical failure surfaces would pass through the tailings and exit through the upstream
raised section of the external embankment. The phreatic surface was assumed to be as shown in Figure 104.
The sensitivity of the FoS on the input parameters Nkt and ‘ for the undrained and effective stress
analysis, for the embankment example shown in Figure 104, were carried out for the same range of ± 20%
and base case values as discussed in previous section. The dependencies of FoS on the selected input
parameters using undrained and effective stress analyses are shown in Figure 105 and Figure 106
respectively.

Figure 105 Dependency of FoS on unit weight and Nkt for undrained analysis

Figure 106 Dependency of FoS on unit weight and ‘ for drained analysis

In this example, a change of -20% to Nkt and can lead to approximately a 100% change in calculated FoS
using undrained shear strength analysis. However, a similar change of ‘ and  in an effective stress
assessment was found to result in a relatively modest change of FoS of less than 25%.
What does FoS allow for?
A clear explanation of FoS is difficult to establish from the review of guidelines and texts referenced in this
paper. Herza and Phillips (2017) describe the purpose of FoS for embankment slope stability as being “to
ensure reliability of the dam design and to account for uncertainties and variability of the foundation and the
dam components parameters, uncertainties of the design loads and limitations of the analysis used”.
The example presented in this paper shows that for the selected quantifiable uncertainties of ±20% in the
input data, a combined variability not more than 25% in the resultant FoS could result using a conventional
LE effective stress analysis. Therefore, adopting the minimum of FoS of 1.5 would reasonably account for the
uncertainty in the input data. In addition, a conservative lower bound, and lower percentile values (10, 25 or
30th percentile), are taken for the input variables, without clear guidance from the industry. The additional
conservatism only increases the actual FoS further and thus increases the reliability of the structure. In many
cases, the simplified 2D assessment also underestimates the overall stability of the dam as it ignores the 3D
redistribution of stresses. It is not clear whether the recommended minimum FoS are applicable for 2D and
3D assessments since there is limited commentary on the FoS for 3D assessments in ANCOLD or other
guidelines.
However, the undrained shear stress analysis indicated that for the selected quantifiable uncertainties of
±20% in the input values, a combined change of FoS of more than 100% could occur, and a FoS of 1.5 may
not account for the uncertainties. It is acknowledged that the example presented in this paper assumed
normally consolidated tailings and, if the tailings were heavily overconsolidated, the sensitivity of the
calculated FoS would be much smaller. Nevertheless, the presented example clearly demonstrates the
importance and potential dangers in selecting the Nkt value for the calculation of undrained shear strength
from CPT test results.

The recent tailings dam failures at Mt. Polley, Canada (2014) and the Fundão Dam, Samarco, Brazil (2015) are
examples where the actual failure mechanisms were not considered in the design at Mt Polley (Morgenstern
et al, 2015), or certain materials were misidentified at Samarco (Morgenstern et al, 2016). In these cases, the
calculated FoS for the considered failure mechanisms did not successfully account for unknowns, nor provide
sufficient reliability in the design.
Cooper et al. (1997) discusses an example where the use of conventional effective stress analyses
overestimated the FoS of an earthfill dam constructed with poorly compacted clay by about 50%. The
authors of this paper are aware of another example where the highest and most critical section of an
embankment was incorrectly modelled as 40% lower than its true height, subsequently resulting in failure
during construction on low-strength foundations. The difference between the FoS of the example shown in
Figure 104 calculated from the effective and undrained shear strength analysis was over 40%, demonstrating
the importance of a correct material behaviour model.
Although gross errors in the design and analyses certainly cannot be fully accounted for using FoS, the principle
of minimum FoS being dependant on the dam failure consequence and the overall uncertainties, as described in
ANCOLD (1969), USACE (2003) and others, should be reiterated. If a dam design is based on the fall-back
method, the minimum FoS could be adjusted for the uncertainties and the potential consequences of failure and
an example of such adjustment was provided in Herza and Phillips (2017) (Table 24). The FoS fall back
principle could also be replaced by a limit state approach, which is discussed in the next section of this paper.
Table 24 Modified minimum FoS (Herza and Phillips, 2017)

Level of uncertainties in data,
assessment, loading conditions etc.
Low
Medium
High

Consequence category
Low

Significant

High

1.3
1.4
1.5

1.5
1.5
1.6

1.5
1.7
Note 1

Note 1: High consequence dams with high uncertainties in the input data, assessments and loading conditions
should not be designed until the level of uncertainties is reduced.
A risk based design, accounting for the system and parameters uncertainties and incorporating the potential
consequence of the dam failure, presents an alternative to the fall-back method. Although it can be time
consuming and comparatively costly, the risk-based method detailed in ANCOLD (2003) may be the preferred
design method for high and extreme consequence dams.

Is the use of FoS consistent with the modern design approach?
The FoS principle has historically been used in many engineering disciplines however, the minimum FoS
method has been replaced by a limit state design in several disciplines. The application of the limit state
design method in structural engineering and piling design was investigated in this paper and is further
discussed below.
Structural design
The FoS based design used in structural engineering, also referred to as permissible stress principle
(AS1170.1:1981), was replaced by a limit state method in 1989 (AS1170.0:1989, revised in 2002). The limit
state design method was introduced earlier in other countries and, for example, the first UK ‘limit state’
code appeared in 1972.
There are multiple limit states applicable to structural design and AS1170.0:2002 groups these into either
Ultimate Limit States or Serviceability Limit States. Ultimate limit states are those “States associated with
collapse, or with other similar forms of structural failure”, notably strength and stability. Serviceability limit
states are “States that correspond to conditions beyond which specified service criteria for a structure or

structural element are no longer met.” typically deflection, vibration or aesthetic characteristics. The limit
state design replaced permissible stress design in structural engineering for the following reasons:
• Ultimate limit state design allows a designer to consider a large variety of loading scenarios and a large
variety of materials transferring load in a variety of modes in a singular statistical environment.
• In general, limit state design allows a designer to bring the design load and the design capacity to within near
parity with a high degree of confidence of acceptable performance.
• Limit state design allows for more economical use of materials by providing consistent safety and
serviceability criteria.
• A unified approach to design was required for the growing number and greater understanding of
considerations such as types of material, construction techniques, purpose of structures.
•
Ultimate limit state design applies a probabilistic approach to the design. Rather than applying a single FoS,
limit state standards apply load factors to increase the load, and capacity reduction factors to reduce the
strength of the materials, in individual steps of the analysis. The factors consider the level of uncertainty in
the loading conditions and capacity of the material.
In accordance with the probabilistic approach of limit state design, load factors are applied to loads to
account for the potential variability of actual loadings. Also, different load factors are applied depending on
whether the loading has a positive or negative influence on the outcomes. Load factors also consider both
the design life and importance level of the structure when determining the design probabilities. For example,
where structures have a long design life, the probability that the structure will experience an extreme
weather or seismic event increases.
While load factors increase the load so that the majority of statistical load cases will be below the factored
load, capacity reduction factors reduce the strength of materials so that the majority of all statistical samples
will exceed the reduced design strength. Similar to load factors, capacity factors are assigned based on the
level of confidence in the materials strength.
Pile design
The Australian Standard for Pile Design (AS 2159:2009) also follows limit state design principles. Rather than
applying a single FoS, the design actions are determined in accordance with AS1170:2002, and a pile is
designed such that the design geotechnical strength (to provide pile friction and end-bearing) is not less than
the design action effect. The design geotechnical strength is calculated as the design ultimate geotechnical
strength, multiplied by a geotechnical strength reduction factor, g. The geotechnical strength reduction
factor is determined as shown below:
g = gb + ( tf - gb).K >= gb……………….. Equation 3
where g = geotechnical strength reduction factor, gb = basic geotechnical strength reduction factor, tf =
the intrinsic test factor, K = testing benefit factor.
gb is calculated using a defined risk assessment procedure, which directs the designer to assign risk ratings
(1 to 5) against a list of weighted risk factors. The risk factors are based on the geotechnical complexities of
the site, the extent and quality of investigation and data, the experience of the designer, the method of
design and analysis, and the level of construction monitoring and control. Each of these risk factors would be
applicable to embankment dam design.
Each risk rating is assigned according to typical descriptions provided in a table, and the average weighted
average risk rating (ARR) is calculated. gb is then determined from the ARR, with a further consideration of
the redundancy provided in the piling system design. gb ranges from 0.40 to 0.76.
The intrinsic test factor ranges from tf = gb where no pile testing is completed, to a maximum value of 0.9
for static load testing. The testing benefit factor, K is dependent on both the pile testing method undertaken

and the percentage of total piles that are tested that meet the specified acceptance criteria. Whilst this is
applied for structural testing of manufactured or timber materials, similar factors could be applied to the
results of soil testing for embankment dam design.
Application of limit state approach to dam engineering
The application of the limit state design method to dam engineering may allow dams practitioners to
account for the limitations of the FoS method documented in this paper. In structural engineering, the
capacity reduction factors are used to account for the level of uncertainty for relatively “uniform” materials
which are manufactured in a relatively controlled manned, such as steel. The sources of uncertainty
discussed in this paper, and the statistical variability related to material properties in the dams context are
higher than materials manufactured in controlled conditions.
Loading conditions, especially dead loads and in some cases live loads, are known with a much higher degree
of certainty than loading conditions in the dams context, especially for undrained conditions as described
earlier. The relative level of uncertainty of materials and loading conditions in dams engineering compared
to structural engineering is higher, and could be addressed by load and capacity factors.
The Australian Standard for Pile Design aims to account for variabilities similar to those encountered in
embankment dam design with the application of strength reduction factors based on a number of risk
factors. The importance level used in structural engineering could also be applied to dams engineering by
considering ANCOLD consequence categories along with the defined risk assessment approach adopted for
pile design.
A limit state approach could include elements of risk assessment and thus could be considered as an
intermediate approach between the commonly used fall-back method and the detailed risk-based approach.
It could potentially address many uncertainties and risks outlined in this paper without requiring the
rigorous, time consuming and comparatively costly risk based design process. Similar to the Australian
Standard for Pile Design discussed earlier, the limit state approach could apply correction factors for the key
areas of the slope assessment to cater for the key uncertainties, risks and potential consequences of failure.

Conclusions
Smith (2003), Silva et al (2008) documented that a higher FoS of slope stability adopted in the design does
not necessary mean a safer dam. The minimum FoS values recommended in USACE (2003), ANCOLD (2012)
and other guidelines and manuals should allow for reasonable uncertainties associated with the input
parameters and the modelling methods, providing that the key materials were captured and the material
behaviour was understood and adequately represented. In this context, it is noted that ANCOLD do not
suggest minimum FOS values for water storage embankment dams and it is incumbent upon the design
engineer to make considerations and judgements on the selection of the minimum FOS.
However, the minimum FoS does not directly account for fundamental misunderstandings of the material
behaviour, omissions of critical materials and conditions or poor construction practices. It is the opinion of
the authors of this paper that these are the root causes of many of the dam incidents in the last several
decades. The tailings dam failures at Mt. Polley, Canada (2014) and the Fundão Dam, Samarco, Brazil (2015)
are confirmed examples, as reported by Morgenstern et al (2015) and Morgenstern et al (2016).
The tailings dam example presented in this paper showed the great importance and potential danger in
using unverified Nkt values and assumed unit weight of soil when the undrained shear strength is derived
from CPT data. The sensitivity of the calculated FoS on the unit weight and Nkt was found to be significant
and the minimum recommended FoS may not provide sufficient margin for error caused by uncertainties
associated with unverified Nkt values and assumed unit weights. However, the minimum typical FoS value of
1.5 appears to sufficiently account for the uncertainties in the selected input parameters in case of the
effective stress assessment. These findings support the comment made in Fell et. al. (2015) that “there is an
inherent greater uncertainty in the undrained shear strength than in the effective shear strength”.

ANCOLD (2012) and other similar guidelines do not provide clear description of what the minimum FoS for
slope stability allows for and the minimum FoS fall back design principles established several decades ago may
no longer be consistent with contemporary engineering methods. Several disciplines, including structural and
pile engineering as discussed in this paper, and also pit slope assessments, have evolved from the using
minimum FoS principles to using the limit state approach. The limit state approach could be applied to
embankment slope stability assessments and dam designs, as it could allow dams engineers to address many of
the uncertainties and risks outlined in this paper and improve the overall safety of embankment dam projects.
If the fall-back method with pre-defined FoS is maintained, the minimum FoS should be reviewed and
potentially modified for the uncertainties and the potential consequences of failure as recognised by ANCOLD
almost 50 years ago (ANCOLD, 1969).
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