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ABSTRACT 
The seismic risk for mine tailings dams is largely associated with freeboard loss, particularly for dams constructed on sites 
or built with potentially liquefiable soils. In this paper the results from an evaluation are presented, in which a stochastic-
deterministic framework was combined with the explicit finite-difference code FLAC to investigate dam crest vulnerability 
to earthquake-induced permanent ground deformation. Considerations were given to geotechnical modeling uncertainties 
from local site effects associated with statistical variations in the soil properties. The adopted numerical approach relied 
on Monte Carlo (MC) simulations for estimating the probability distribution of the engineering demand parameter based on 
ground motions compatible with the probabilistic seismic hazard for the maximum earthquake at the site. While MC 
simulations typically require a large sample size to increase the accuracy at small probability estimate, for this project the 
critical local site parameters were determined based on a single parameter, ( ) , in order to reduce the number of 
random variables in the MC simulations. The results from a case study of a selected reference structure are presented to 
demonstrate the merits of the proposed approach, from both a theoretical perspective and also through the use of real 
data obtained from a mine tailings dam site subjected to earthquake loading. 
 
 
1 INTRODUCTION 
 
In many cases of mining operations, tailings are one of the 
primary waste products that are frequently stored in tailings 
dams. Failure of these dams has major consequences and 
risks to populations as well as adverse effects on the 
environment. From past historical tailings dam failures, the 
major contributors to the failure mechanisms are loss of 
stability (e.g., Stava Tailings Dams, Italy, 1985), 
liquefaction (e.g., Las Palmas Tailings impoundment, 
Chile, 2010), and internal and external erosion (e.g., 
Kingston Fossil Plant storage impoundment, USA, 2008). 
In fact, the highest three causes for tailings dams failure 
are slope instability, earthquakes and overtopping (ICOLD, 
2001). During seismic shaking, the primary cause for 
overtopping or the loss of the freeboard due to the vertical 
settlement of the dam crest, if occurred, is usually the 
surface manifestation of liquefaction from either the 
foundation soil, the dike tailings of the dam structure, or 
from both. While a similar failure mechanism has been 
observed in conventional earth fill and rock fill dams used 
for water retention, the uncertainties in tailings dams are 
higher due to the processes involved in their construction, 
which involves crushing, flotation, and cycloning that 
ultimately results in spatially variable soil properties rather 
than homogenous structure (Villavicencio et al., 2011). 
Therefore, to account for these uncertainties, a 
nondeterministic treatment for the soil properties is 
considered a more appropriate approach for predicting the 
variability of the vertical settlement of these structures.  
Recently, modeling uncertainties received considerable 
attention, and have been used in many geotechnical 
engineering problems related to the variability in the soil 
properties. The most relevant to this paper are the studies 
by Popescu et al. (1997, 2005) and Fenton et al. (2008) to 

estimate the seismically induced soil liquefaction. In the 
seismic performance of the mine tailings dams, one 
common engineering demand parameter (EDP) is the 
inelastic vertical settlement of the dam crest due to soil 
liquefaction in the dike of the dam and the foundation soils. 
In this paper, a probabilistic evaluation of freeboard loss of 
mine tailings dams using random finite difference method 
(RFDM) is presented considering the spatial variability in 
the soil properties of a reference structure selected for the 
study. The primary objectives are: (1) estimate the mean 
and the coefficient of variation (COV) of the crest 
settlement due to spatial variability of the soil properties, 
and (2) estimate the probability of nonperformance by 
exceeding a given threshold as the maximum allowable 
settlement for the tailings dam crest at the end of a strong 
shaking event.  

 
2 PROBABILISTIC FRAMEWORK 
 
The Pacific Earthquake Engineering Research (PEER) 
center provides a convenient framework (Deierlein, 2004) 
for a comprehensive probabilistic evaluation of engineering 
structures to assess its ability to function after an 
earthquake. According to this methodology, the probability 
of exceeding a specified threshold is related to: (1) seismic 
hazard, (2) engineering demand parameters, (3) damage 
states, and (4) decision variables. These four basic 
components are general and could be simplified for the 
evaluation of other engineering systems of interest, such 
as the freeboard loss of mine tailings dams. In this case, 
the performance evaluation can be carried out with 
reduced components that requires input from the seismic 
hazard and the engineering demand parameter. 
Accordingly, the application of the PEER methodology in 
this study is focused on computing the seismic demand 



 

 

hazard curves from integrating the conditional 
complementary cumulative distribution function of the EDP 
and the seismic hazard curve. Thus, the annual rate of 
exceedance  can be conceptually expressed as (Tothong, 
2007):  
 ( ) = [ > | = ]. | ( )|           [1] 

 
where [ > | = ] is the probability of exceeding 
a specified  level  given the intensity measure  of 
the hazard curve equal a specified level , and  is the 
differential of the ground motion hazard curve in terms of 
the . The  considered in this study is the peak ground 
acceleration (PGA) of the input ground motion. 
 
3 METHOD OF ANALYSIS       
 
3.1 Deterministic Model 
 
The formal treatment of the uncertainty in the settlement 
from the variability in the soil properties can, in principle, be 
viewed as the variation in the response of the EDP in 
repeated simulations of a deterministic model, each 
incorporating a spatially variable soil property. Thus, the 
deterministic model is a fundamental component in the 
overall process for evaluating the uncertainty. The 
essential requirement for the deterministic model in the 
seismic performance evaluation of tailings dams is its 
ability to realistically reproduce the soil behavior from the 
drop in resistance when liquefaction occurs during 
undrained cyclic loading. Over the past several decades, 
many constitutive soil models have been developed to 
reproduce the inelastic strains observed from soil 
liquefaction. The sophistication of the solution technique in 
these models ranges from simple densification plasticity 
models (e.g., Pastor and Zienkiewicz 1986, Byrne 2004) to 
complex bounding surface plasticity models (e.g., 
Cubrinovski and Ishihara 1998, Dafalias and Manzari 2004, 
Boulanger and Ziotopoulou 2015). In a geotechnical 
seismic risk analysis, which involves a large number of 
simulations, the densification plasticity models offer more 
benefits over the bounding surface plasticity models 
because of their simplicity and the cost savings in the 
computational efforts. It is believed that even with the 
highly nonlinear behavior of the liquefied soils, the 
densification plasticity models can reasonably simulate the 
response and predict the associated deformation. Thus, 
the deterministic model in this study utilized a densification 
plasticity model in a 2-dimensional finite difference (FD) 
grid to define the stiffness and strength behavior of the soil 
during cyclic loading. As will be discussed later, one 
desirable feature the selected densification plasticity model 
has is the ability to produce the target cyclic resistance ratio 
(CRR) consistent with the earthquake magnitude, by 
correlating the stiffness and the strength parameters to the 
penetration resistance index ( ) . 

 
3.2 Stochastic Model 
 
When spatial variability of the soil properties is involved in 
estimating the EDP for large and complex systems with 

multiple non-linear interactions, the probability distribution 
of the EDP becomes mathematically intractable and cannot 
be predicted using simplified model. This situation applies 
to tailings dams if the dike of the dam, the upstream tailings 
and the foundation soil have spatial distribution of 
liquefiable regions. For this case, the probability distribution 
of the vertical settlement can be predicted through a 
process called Monte Carlo simulation. In this process, the 
stochastic nature of the vertical settlement is estimated 
statistically from the histogram of the response of the 
system where random fields are used as inputs to multiple 
runs in the deterministic model. This approach, which is 
referred to as RFDM, is used in this study as discussed 
later. The fundamental difference between the RFDM and 
the deterministic model discussed above is that soil 
properties are no longer represented by constant value but 
rather as continuously varying random fields. It is noted 
that the RFDM is not the same as the stochastic FD method 
because the statistical properties of the soil are directly 
involved in the field discretization to represent the spatial 
averages over the FD elements (Vanmarcke, 1977; 
Vanmarcke and Grigoriu, 1983). While the adopted 
approach for the study has the disadvantage of the 
computational cost associated with the multiple runs, it 
provides more accurate predictions particularly as the 
variability of the EDP increases.  
 
4 REFERENCE STRUCTURE 

       
4.1 Geometry 
 
The dam structure selected for the current study is an 
existing low retention dike located in Canada used for 
storing mine tailings (Golder 2004, KCC 2006). The dike 
was constructed from compacted tailings with a pervious 
fill drainage blanket on the downstream side to a height of 
8m above the ground surface, and at a slope of 2H:1V. 
Tailings were deposited on the upstream side of the dike 
and raised on several stages by crest discharge to a 
surface approximately 2m below the crest of the dike. This 
depositional pattern typically results in coarse fraction (i.e., 
fine sand) tailings placed immediately upstream of the dike 
crest while pushing the fine fraction (i.e., slimes) into the 
central area of the impoundment. The tailings at this site 
were obtained from lead-zinc mining operations. The dike 
foundation consists of alluvial deposits comprised of 
boulder, sand with silt, and gravel over shallow bedrock. 
Figure 1 illustrates a cross section for the ground profile at 
the site of the reference structure. The potentially 
liquefiable layer in the foundation soil is layer 3 located 
between the dense sand and the very dense silty gravel, 
roughly from profile elevation 0-6m. 
 
4.2 Characterization of Tailings and Foundation Soil 
 
The general characteristics of the tailings and the 
foundation soil at the site of the reference structure were 
obtained from conventional ASTM standard laboratory 
tests. Table 1 shows the index properties for two 
reconstituted samples representative of fine fraction and 
coarse fraction tailings. In addition, consolidation tests 
conducted on these samples indicate that the saturated 



 

 

 
 

Figure 1. Ground profile at reference structure site 
 

Table 1. Index Properties of Tailings. 
 

Characteristic Sample 1     Sample 2 Average 
USCS Classification ML SM SM 
Specific Gravity 3.97 4.48 4.23 
Grain size – D10 (mm) 0.005 0.05 0.028 
                    D50 (mm) 0.050 0.10 0.075 
                    D60 (mm) 0.065 0.12 0.093 
Coefficient of Uniformity Cu 13 2.4 7.7 
Fines Content (%)1 66.2 30.1 48.20 
Maximum Void Ratio emax 0.837 0.556 0.70 
Minimum Void Ratio emin 2.017 0.990 1.50 
Compression index Cc 0.155 0.068 0.111 

1percent passing No. 200 sieve size. 
 
hydraulic conductivity kSAT varies from 6.61x10-5 cm/s in 
sample 1 to 5.59 x10-3 cm/s in sample 2. These properties 
are generally in reasonable agreement with the properties 
reported for other tailings obtained from a gold mine 
located in western Quebec (James, 2011), particularly for 
sample 1. However, the average value for the compression 
index Cc is in more agreement with the reported value than 
the actual Cc for sample 1. Also, the ( )  for the tailings 
of the reference structure appear to be quite variable and 
falls within 3-41 on the upstream side, and within 21-54 in 
the dike structure, as shown in Figure 2. Layer 3 in the 
foundation soil is typically classified as sand with silt (SP-
SM) with a water content of 13%, non-plastic fines between 
7-14%, coefficient of uniformity Cu between 13-61, and ( )  between 11-49. All the ( )  values for Layer 1, 2 
and 4 are greater than 30. The typical distribution of the ( )  at the site of the reference structure, which includes 
tailings and foundation soils is shown in Figure 2.  

 
5 SITE VARIABILITY 
 
The main source of the site variability is the uncertainties 
associated with the properties of the soil layers, even when 
it is nominally homogenous (Vanmarcke, 1977). In the case 
of mine tailings, additional uncertainty arises from the 
stratified structure resulting from the depositional pattern 
constituting the site, or the procedures used during  

 
Figure 2. Penetration resistance index profile 

 
construction. More specifically, uncertainties here refer to 
the spatial variability from the dispersion of soil properties 
and stratigraphy in space. In many cases, it is not possible 
to consider the site variability from these sources in a 
deterministic sense, because it implies statistical analysis 
of large numbers of soil properties obtained from large 
numbers of boreholes. However, it is possible to quantify 
the variability reasonably if uncertainties are included in a 
probabilistic treatment for the important soil parameters at 
the site. It is widely known that ( )  is the most 
convenient index parameter that could be used as an 
indicator for estimating the liquefaction resistance of sandy 
soils during cyclic loading. This is supported by the 
empirical SPT clean sand curve developed from case 
histories of sites with soil liquefaction by Idriss et al. (2010) 
that directly relates CRR to the ( ) . Moreover, 
experimental observations from the cyclic direct simple 
shear (CDSS) tests on reconstituted tailings samples 
classified as non-plastic silt and sand have shown stiffness 
and strength degradation behavior under cyclic loading 
fairly similar to that of clean sand (James, 2011). Based on 
the experimental observations noted above, it is assumed 
in this study that the CRR for tailings is also correlated to 
the ( ) . On the other hand, densification plasticity 
models do not directly use ( )  as an input to completely 
define the cyclic response of the soil, but rather use several 
parameters that lacks rigorous statistics on transformation 
uncertainty. This limitation makes the site variability 
assessment by treating the parameters of the densification 
plasticity models as random variables difficult to evaluate. 
Thus, a simpler approach is used in this study by treating 
the ( )  as the only random variable to represent the site 
variability, and assuming perfect correlation between the 
parameters of the densification plasticity model and the ( ) . In practice the ( )  is related to the field Standard 
Penetration Test (SPT)  by using the overburden 
correction factor  proposed by Liao and Whitman (1986) 
as: 
 ( ) = . =                                                    [2] 
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The above expression provides reasonable estimate for ( )  at effective vertical stress  that do not vary 
significantly from 1 atm (Idriss, 2008). Moreover, the 
dependence of the ( )  on  makes it difficult to use the 
available prior engineering estimates for  given by 
Phoon et al. (1999) for estimating the prior engineering 
estimates of ( ) , which then could be used in a 
Bayesian updating technique (Wang, 2015) to estimate the 
statistics of ( ) . Thus, in view of this restriction, the 
statistics of ( )  in the current study are based on a 
combination of engineering judgement and a review of the 
limited ( )  values reported in the literature from the 
statistical analysis of dams constructed from copper mine 
tailings in Chile (Villavicencio et al., 2011), and the ( )  
values from the SPT-based liquefaction case history data 
(Idriss, 2010). In many instances, this approach may be 
sufficient for practical purposes to  provide reasonable 
estimates and capture the site variability in a probabilistic 
liquefaction evaluation.  
 
6 NUMERICAL MODEL DESCRIPTION 
 
6.1 Random Fields 
 
An efficient characterization of a process that has random 
properties continuously changing in space is best 
described by random fields, and can be completely defined 
by its mean, variance and scale of fluctuation. For the case 
study, these fields are a collection of random variables for ( )   in tailings and soil layers susceptible to liquefaction 
in the foundation zones of the reference structure. The 
random variables for ( )  are assumed to have a log-
normal distribution since they are strictly non-negative 
values. These variables are generated using the local 
averaging subdivision (LAS) method (Fenton, 1990). The 
correlation distance for the random fields in the horizontal 
and the vertical direction are produced by exponentially 
decaying function that has the form: 
 

( ) ( , ) =  − 2| | − 2| |                       [3]
 
where  is the correlation function,  is the point variance, 

 and  are the scale of fluctuation in the horizontal and 
vertical directions for the separation distance  and , 
respectively. A large value of the scale of fluctuation 
implies the ( )  are highly correlated within that distance 
and becomes uncorrelated outside, and if =   the 
correlation structure becomes isotropic. A reasonable 
estimate for  is approximated as 0.8 times the average 
distance between the mean crossing of the 
fluctuating ln( )  (Vanmarcke, 1977). Table 2 shows the 
characteristics selected for the random fields in the 
reference structure. Note that there are no information in 
the literature for  of the ( )  is available. However,  
for SPT field measurements (i.e., ) is typically more than 
one order of magnitude larger than  (Phoon et. al., 1999) 
and generally falls within the range of 10-20 times , and 
could be as high as 40 times  as estimated for the soil 
layers at the Wildlife site by the U.S. Geological Survey 
(Bennett et al., 1984). 

  Table 2. Characteristics of ( )  Random Fields. 
 

Random                 
Field 

Probability 
Distribution 

Mean  
Value 

COV               
(%) 

Scale of 
Fluctuation1   

(m) 
Tailings - Dike Log-normal 8 37.5 0.40 

          - Upstream Log-normal 10 50 1.83 
Foundation Layer Log-normal 25 44 0.91 

1Scale of fluctuation in the vertical direction. The horizontal 
direction is assumed 20 times the vertical. 
 
6.2 Finite Difference Method 
 
The deterministic model in the RFDM is developed using 
the explicit Fast Lagrangian Analysis of Continua (FLAC) 
version 7.0 (Itasca, 2012). Each zone in the deterministic 
model is assigned to one of two constitutive models in the 
analysis, the UBCSAND for zones with potential for 
liquefaction (Layer 3), and elasto-plastic constitutive law 
with Mohr-Coulomb failure criterion and modulus reduction 
curves for zones with sufficient liquefaction strength 
(Layers 1, 2 and 4). UBCSAND is a densification plasticity 
model developed at University of British Columbia (Byrne, 
2004) to simulate the undrained response of sandy soils 
during cyclic loading. The full documentation for the details 
of stress-strain relationships, the response of the model, 
implementation in FLAC, and the generic input parameters 
as a function of ( )  can be found elsewhere (Beaty, 
2011). There are several parameters in UBCSAND which 
require input to define the elastic stiffness, the shear 
stiffness during plastic flow, and the peak strength of the 
soil. However, detailed laboratory tests and advanced field 
measurements to calibrate the UBCSAND model input 
parameters for a specific pore-pressure generation 
behavior are usually not available in practical applications. 
Alternatively, the generic set of inputs have been used in 
the UBCSAND model based on correlations to the ( )  
to approximate the NCEER 1996/1998 SPT clean-sand 
based curve given by Youd (2001). Figure 3 illustrates the 
CRR curve predicted by the UBCSAND model for normally 
consolidated tailings in CDSS with ( )  equal to 7 
blows/300 mm, which compares favorably with the 6 blows/ 

 
Figure 3. Tailings CRR versus number of uniform cycles
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Figure 4. FD grid of the reference structure 

 
300 mm estimated for the CDSS test based on correlation 
with the simplified method (James, 2011). Although the 
curve for the CRR versus the number of uniform cycles to 
cause a peak shear strain of 3.75 percent predicted by 
fitting a power function to the UBCSAND simulations in 
Figure 3 is generally in good agreement with the test 
results, the exponent of the power function ( = 0.26) is 
greater than the 0.19 reported for this tailings. 
Nonetheless, it is still within the 0.14-0.34 range 
determined by regression against the experimental data for 
clays and clean sands (Idriss, 2010). However, the peak 
effective friction angle derived from the ( )  correlation 
used in the UBCSAND model required a lower value than 
the reported test value. Furthermore, the potential role of 
the fines content, the significant angularity and hardness of 
the particles on the CRR of tailings is not fully clear at this 
time. For example, experimental tests shows the CRR 
decreases with the increase in the fines content for copper 
tailings (Verdugo, 2009)  while the CRR is not significantly 
affected by the fines content for tailings from a gold mine 
(James, 2011). These behaviors are not consistent with the 
influence of the fines content for sands which typically 
increases the CRR with increased fines content as noted 
in the original development by Seed et al. (1985). Thus, in 
view of these observations and the simplified SPT clean-
sand criterion adopted in the UBCSAND for evaluating 
liquefaction resistance, no adjustment has been made to 
the ( )  from the effect of fines on the cyclic strength 
behavior of tailings in this paper. 
 
6.3 Deterministic Model Initial State Setup  
 
The FD grid used in FLAC analyses of the reference 
structure is shown in Figure 4. The grid consists of plane 
strain zones for modeling tailings and foundation soil. The 
tailings block is configured for two independent random 
fields (i.e., the dike and the upstream tailing), and the 
foundation block is configured with one random field 
between layers of deterministic soil zones. For each set of 
random fields and deterministic soil parameters in Monte 
Carlo simulations, initial stresses from gravity loads and 
boundary conditions in the FD grid are calculated for the 
static in-situ state before applying the input ground motions 
at the base of the model. The initial in-situ state is 
calculated by restraining the boundaries along the sides of 
the FD grid in the horizontal direction and the boundary 
along the base in the horizontal and vertical directions. The 
ground surface and the groundwater level at this initial 
stage are assumed horizontal at the toe elevation of the 

dike. Then, construction of the reference structure in the 
numerical model proceed incrementally by placing soil 
layers for the dike and the upstream tailings. At the end of 
construction, the initial steady-state solution for the 
saturation and the pore-pressure distribution for the 
phreatic line is calculated by raising the water level to the 
top surface of the upstream tailings and solving for static 
equilibrium. After the initial static stress state is calculated, 
the low-strain shear modulus is assigned to soil zones, the 
displacements and velocities for the FD grid points are set 
to zero to define a reference for the seismic deformation, 
and quiet boundary (Lysmer and Kuhlemeyer, 1969) 
conditions are specified on the side boundaries of the FD 
grid to allow for an effective transmission of the outgoing 
waves. In all MC simulations, the large strain logic was 
turned on for the seismic analysis. 
 
7 PROBABILISTIC SEISMIC DEMAND ANALYSIS 
 
The objective of this analysis is to obtain the 
nonperformance probability of the freeboard loss for the 
seismic hazard at the site of the reference structure. For 
this purpose, the uniform hazard spectra for SB/C site 
conditions has been defined for probability levels of 0.002 
to 0.0001 per annum, corresponding to average return 
periods (ARP) of 500 to 10,000 years (Atkinson and 
Assatourians, 2013). Figure 5 illustrates the uniform hazard 
spectrum for five ARP adopted in the study, from which the 
differential of the ground motion hazard curve in Eq. 1 is 
obtained, using the annual hazard function given by 
 

 
Figure 5. Uniform Hazard Spectra (Atkinson, 2013) 
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Figure 6. Acceleration time-histories for 1-in-10,000 years ground motions  

 
Cordova et al. (2000), as: 
 ( ) =  −  . ( )( )                                                   [4] 
 
Where the constants = 1.715 and = 1 ×  10  are 
obtained by curve fitting to approximate the hazard curve 
as a linear function on a log-log scale. Time-history records 
from three major earthquakes were selected and scaled to 
bring the average spectrum above the target spectrum for 
the 1-in-10,000-year in the frequency range from 0.5 to 20 
Hz. Figure 6 shows the acceleration time-history for the 
ground motion records used in the probabilistic seismic 
demand analysis, and Figure 7 shows the scaled records 
to match the maximum earthquake for the safety limit (SL) 
state considered in this study. In the RFDM, ground 
motions records are applied at the base of the model as 
acceleration time-history, with equal weight assigned to 
each record in the seismic demand estimations. For each 
ground motions record, Monte Carlo simulations are 
performed by mapping input random fields for ( )  of the 
three layers considered to the FD grid in each simulation, 
and repeated many times until the statistics of the response 
becomes stable. While the selection of the sample size in 
MC simulations is subjective, Figure 8 shows that 200 
simulations were sufficient to give reasonable estimate for 
the probability distribution of the crest settlement. In fact, 
after 100 simulations the statistics showed no significant 
difference, thus, confirming the adequacy of the selected 
number of simulations. The statistical analysis of the 
results from these simulations indicate the response of the 
EDP follows a log-normal distribution, and the mean and 
the standard deviation of ln  (i.e.,  |  and  |  ) can be estimated. Then, the probability of an 
EDP exceeding a given displacement  at a given intensity 
level  is computed as: 
 [ > | = ] = 1 −  Ф ln −  |   |              [5] 
 
where Ф[ . ]  is the standard Gaussian cumulative 
distribution function. At the end of this process, a total of 

1200 simulations were completed in the seismic demand 
analysis of the reference structure.  
 
8 RESULTS AND DISCUSSION 
 
The procedure described above was carried out using 
random fields simulated by a single log-normal variable,  

 
Figure 7. Elastic Response Spectra for SL state 

 

 
Figure 8. Crest Settlement COV in MC simulation 

 

-0.5

-0.25

0

0.25

0.5

Ac
ce

le
ra

tio
n 

(g
) Hector Mine (1999)

Station: Twentynine Palms, Component : 29P090

-0.5

-0.25

0

0.25

0.5

Ac
ce

le
ra

tio
n 

(g
) Irpinia, Italy-01 (1980)

Station: Rionero In Vulture, Component: VLT000

0 10 20 30 40 50 60 70 80
Time (sec.)

-0.5

-0.25

0

0.25

0.5
Ac

ce
le

ra
tio

n 
(g

) Chi-Chi, Taiwan-06 (1999)
TCU076E

-0.5

-0.25

0

0.25

0.5

Ac
ce

le
ra

tio
n 

(g
) Hector Mine (1999)

Station: Twentynine Palms, Component : 29P360

-0.5

-0.25

0

0.25

0.5

Ac
ce

le
ra

tio
n 

(g
) Irpinia, Italy-01 (1980)

Station: Rionero In Vulture, Component: VLT270

0 10 20 30 40 50 60 70 80
Time (sec.)

-0.5

-0.25

0

0.25

0.5

Ac
ce

le
ra

tio
n 

(g
) Chi-Chi, Taiwan-06 (1999)

TCU076N

Shown with 5% damping

0

0.2

0.4

0.6

0.8

1

1.2

0.01 0.1 1 10

Sp
ec

tra
l A

cc
el

er
at

io
n 

(g
)

Period (sec.)

Target
Chi-Chi, Taiwan-06
Hector Mine
Irpinia, Italy-01
Average

VLT000
VLT270

29P090

29P360

TCU076E
TCU076N

0

0.1

0.2

0.3

0.4

0.5

0.6

0 50 100 150 200

Co
ef

fic
ie

nt
 o

f V
ar

ia
tio

n 

Sample Size



 

 

( ) , as an indicator for the liquefaction resistance to 
cyclic loading. It is clear the procedure has the advantage 
of simplicity to estimate the conditional probability 
distribution for the crest settlement considering the spatial 
variability in the liquefaction potential of tailings and the 
foundation soils. Since the variability of the ( )  is log-
normally distributed, the probability density function (DF) of 
the crest settlement should also be log-normally distributed 
(Ang, 1975). Figure 9 illustrates the histogram plot of the 
crest settlement from the ground motions of the 360 
component of Hector event, as an example to show the 
computed distribution by the proposed procedure. To verify 
the validity of the probability DF of the crest settlement, 
Chi-Square (CS) and Kolmogorov-Smirnov (KS) 
goodness-of-fit tests were used to compare the fitted 
histogram against the theoretical log-normal DF. At 5 
percent significance level, both tests do not reject the 
hypothesis that the histogram of the crest settlement follow 
log-normal distribution, thus, suggesting the distribution 
obtained from the MC simulations is indeed log-normal. 
Table 3 shows the statistics of the crest settlement 
obtained from the RFDM in MC simulations.  
 
Table 3. Statistical properties of crest settlement 
 

Event 
Probability 
Distribution Max. 

(cm) 
Min. 
(cm) 

Mean 1  
       

(cm) 
COV               
(%) 

Irpinia – VLT000 Log-normal 210 68 121 24 
              VLT270 Log-normal 241 89 146 22 
Hector – 29P090 Log-normal 246 75 144 28 

           29P360 Log-normal 267 53 118 39 
Chi-Chi – TCU076E Log-normal 117 47 74 18 

    TCU076N Log-normal 171 63 107 17 
1Predicted mean of normal variate. 
 
In Table 3, it is observed the values of the crest settlement 
has a wide range between 53-267 centimeters (cm), with 
the mean  ranging between 74-146 cm. It is worth 
mentioning that most of the liquefaction-induced settlement 
mean magnitude is contributed from the settlement of the 
dike tailings in comparison to the magnitude from the 
foundation soil.  Table 3 also shows the predicted 
magnitudes of the COV generally increases with the 
increase in the mean values. Furthermore, the comparison 
between the COVs, while similar between the two 
components from the same event, indicate not only the 
spatial variability uncertainties of the ( )  affect the 
predictors of the crest settlement but also the 
characteristics of the ground motions particularly from 
Hector and Chi-Chi events. 

Finally, for the trade-off analysis involved in the decision 
making, the probability of the free board exceeding a given 
threshold  in a time exposure -years is assumed to follow 
Poisson process and estimated as: 
 [ >    ] = 1 −  ( )                                        [6] 
 
where ( ) is the annual rate of exceedance given by 
equation 1. Figure 10 illustrate the predicted probability of  

 
Figure 9. Crest settlement DF, Irpinia-VLT270 

 

 
Figure 10. Probability of exceeding specified end of 

shaking displacement 
 
exceeding a specified level for the end of shaking 
displacement at various exposure times considering the 
uncertainties from the spatial variability of (N1)60 at the site 
of the reference structure. From this figure, the probability 
of the free board to be greater than an established criteria, 
i.e. > 2  for the maximum hazard level at the site is 
predicted to be about 0.12 percent in 50-years and 2.3 
percent in 1000-years. It should be recognized the 
predicted probability of freeboard loss involves a single-
mode non-performance probability defined by a single limit 
state; and other possible potential modes, such as loss of 
lateral stability, should also be considered in the global 
safety evaluation of the reference structure.    
 
9 SUMMARY AND CONCLUSIONS 
 
A probabilistic framework is proposed to evaluate the 
seismic risk associated with the freeboard loss of tailings 
dikes. A single parameter, ( ) , is used to generate two-
dimensional independent random fields to capture the 
effect of the spatially variable uncertainties in the tailings 
and the foundation soils on the crest settlement of a 
reference structure. The probabilistic framework utilized 
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these random fields in standard MC simulations, treated 
the bedrock motions from three earthquakes as a 
deterministic input for the excitation at the site, and 
selected the bedrock peak ground acceleration as the 
intensity measure for the EDP. Based on the result of the 
analysis, it was found the vertical crest settlement at the 
end of shaking of the reference structure has a log-normal 
distribution with mean value ranging between 74-146 cm, 
and COV ranging between 17-39 percent. While the 
excitation is treated as deterministic input in the analysis, it 
was also found that the characteristics of the ground 
motions affects the predictors of the crest settlement. 
Furthermore, given the statistics of the ( )  and the 
correlation structure selected for the random fields, the 
predicted probability of the free board to exceed 2 m for the 
maximum hazard level at the site was found to be less than 
2.5 percent for exposure time up to 1000-years.  
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