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ABSTRACT: Upstream Tailings Storage Facilities (TSFs) may experience slope instabilities
due to soil liquefaction, especially in regions known to be seismically active. In this study,
liquefaction susceptibility of an upstream-raised TSF in Western Australia was assessed using
two different approaches. The first approach assessed liquefaction susceptibility using Cone
Penetration Tests with pore pressure measurement (CPTu) as described by the National
Centre for Earthquake Engineering Research (NCEER). This assessment was based on the
four CPTu tests that were conducted on the perimeter embankment of the TSF. The second
approach used the Finite Element (FE) method with application of an equivalent linear model
to predict the undrained cyclic behavior, the pore water pressure and the liquefaction of the
materials. The tailings parameters were estimated from the CPTu profiles and from the
laboratory tests. The cyclic parameters were estimated from the literature where test results of
similar material were available.
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1 INTRODUCTION

The Liquefaction is one of the most important design criteria for Tailings Storage Facilities
(TSF) especially in upstream storage facilities. One of the most common methods of dis-
charging tailings material into a TSF is hydraulic deposition of slurry from the perimeter
embankments. During this process the coarser sandy materials, which are usually more sus-
ceptible to liquefaction than the finer materials that are transported toward the center of
the TSF, are deposited near the perimeter embankment. The most recent TSF failures in
Canada (Mt Polley, BC 2014), Brazil (Fundao 2015) and China (Luoyang 2016) show that
liquefaction of tailings facilities requires further research to mitigate the risk of such
disasters.
There are various experimental and numerical methods for estimation of liquefaction sus-

ceptibility. Among the available methods the NCEER (National Centre for Earthquake
Engineering Research) method, which is based on cone penetration testing (CPT) and Finite
Element (FE) methods are very common between practitioners.
The NCEER method uses two variables to evaluate the liquefaction resistance of soils:

(1) the seismic demand on a soil layer, expressed in terms of Cyclic Stress Ratio (CSR); and
(2) the capacity of the soil to resist liquefaction, expressed in terms of Cyclic Resistance
Ratio (CRR). The liquefaction evaluation presented in the NCEER summary report (Youd
& Idriss, 2001) was based on a review of case histories. The highest fines content that was
considered in the NCEER report was 35% while tailings slimes that have liquefied often
comprise a far higher fine fraction, for example at Merriespruit (Fourie, Blight, & Papa-
georgiou, 2001).
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One of the FE methods for liquefaction assessment under earthquake loading is a total
stress method. The equivalent linear model is one of the numerical models that are available
for use in predicting the undrained cyclic behavior of soil and may be used to estimate devel-
opment of pore pressure at different times during the application of a dynamic load.
In this study, liquefaction assessment of a TSF under an assumed earthquake loading

using the NCEER and FE methods was conducted and the results are compared. Four
CPTu profiles were obtained from the site and were used in the NCEER method. The tail-
ings parameters were estimated from the CPTu profiles and from the conducted laboratory
tests. The cyclic parameters were estimated from the literature, where test results of similar
material were available.

2 SITE INFORMATION

The gold TSF studied in this research is located in Western Australia and is an above ground
and paddock storage type facility comprised of an eastern and western cell as shown in
Figure 1. The TSF was constructed with a starter embankment of compacted mine waste with
subsequent upstream raises of compacted tailings. A typical section of the embankment is
shown in Figure 2. The raising utilized compacted dried tailings borrowed from within the
TSF, and mine waste (for the downstream capping) sourced from a borrow area downstream
of the TSF. Tailings are deposited sub-aerially and cyclically into the TSF via multiple spigots
located on the perimeter embankments of the facility.

Figure 1. Plan of the TSF of this study

Figure 2. Typical cross section of the perimeter embankment of the TSF and CPTu tests location rela-

tive to the embankment
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3 GEOTECHNICAL INVESTIGATION

Four cone penetration tests with pore pressure measurements (CPTu) were conducted on
the perimeter embankment of the eastern cell of the TSF. The approximate locations of the
CPTu tests are shown in Figures 1 and 2. All four CPTu tests were conducted through the
3.5m compacted tailings overlaying the deposited tailings. A typical position of the CPTu
tests relative to the perimeter embankment and the deposited tailings is shown in Figure 2.
The four CPTu profiles were approximately similar and therefore only one was considered
in the analyses. The tip resistance, friction ratio and pore pressure profiles are shown in
Figure 3.
In addition to the four CPTu tests, four disturbed samples were collected from different

depths and their fine contents, moisture content and plasticity limits were measured. Table 1
shows the specifications and laboratory results of these four samples.

Figure 3. Profiles of tip resistance, friction ratio and pore pressure from CPTu2 test

Table 1. Laboratory test results of deposited tailings.

Sample

Location

Depth (m) Material

Description

Fine

content (%)

Moisture

Content (%)

PL (%) LL (%)

CPTu2 1.5-3.0 Sandy Silt 72 - - -

CPTu2 5.0-6.5 Sandy Silt 68 14.5 3 20

CPTu2 11.5-13.0 Sandy Silt 62 - - -

CPTu2 21.0-22.3 Sandy Silt 76 21.6 3 21
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4 NCEER METHOD

To evaluate the resistance of the soil to liquefaction, two parameters are required: CSR and
CRR. Seed & Idriss (1971) presented equation (1) for calculation of CSR:

CSR ¼ 0:65
amax

g

� �

σv0=σv0ð Þrd ð1Þ

where amax = peak horizontal acceleration at the ground surface generated by the earth-
quake; g = acceleration of gravity; σv0 = total vertical overburden stresses; σ´v0 = effective ver-
tical overburden stresses; and rd = stress reduction coefficient.

An earthquake magnitude of 7.0 and maximum acceleration of 0.2g were assumed in the
analyses. However, the Maximum Credible Earthquake (MCE) of the site was less than the
assumed earthquake. It should be noted that, applying the actual MCE in the analyses will
not liquefy the material. Therefore, the higher maximum acceleration of 0.2g that deemed to
liquefy the deposited tailings was assumed in this study.
Calculation of CRR was conducted using CLiq software based on Robertson & Wride

(1998), which is a revised version of the original procedure published in NCEER-97-0022. The
factor of safety (FS) against liquefaction is written in terms of CRR, CSR, and Magnitude
Scaling Factors (MSF) (see equation 2).

FS ¼ CRR7:5=CSRð ÞMSF ð2Þ

The MSF was introduced by Seed & Idriss (1982) to adjust the clean-sand curves to magni-
tudes smaller or larger than 7.5. These factors are used to scale the CRR base curves upward or
downward on CRR versus qc1N. The MSF recommended by NCEER is shown in equation (3).

MSF ¼ 174=M2:56 ð3Þ

where M = earthquake magnitude
Equation (3) was based on the NCEER Workshops in 1996/97 (Youd & Idriss, 2001).
In this study the water table was assumed to be on the crest level of the embankment. However,

the actual water table during the site investigation was approximately 8.5m below the crest. Given
the actual water table and MCE of the site there was no liquefied zone in the analyses, therefore
this assumption was only made to allow comparison of the NCEER and FE methods.

Figure 4. Profiles of SBT, CSR Vs CRR and FS of CPTu2 test
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The plots of Soil Behavior Type (SBT) were obtained using CPeT-IT software based on
Robertson’s (2016) method. As it can be seen from the SBT plots in Figure 4 the tailings
behavior is like sandy silt and silty sand which is consistent with the soil type of the samples
taken from different depths at CPTu2. Calculations of CSR versus CRR and FS were
obtained using CLiq software and are provided in Figure 4. Also from these plots it is clear
that majority of the deposited tailings is liquefied under the abovementioned circumstances.

5 FE METHOD

The equivalent linear model which was used in the FE method is very similar to the linear-
elastic model. However, the shear modulus (G) is modified in response to the computed
strains during the analyses. Details of this method and how the QUAKE/W software runs the
analyses is explained in the software manual (GEO-SLOPE, 2007). Based on the equivalent
linear model a dynamic analysis with a specified soil stiffness is commenced. QUAKE/W iden-
tifies the peak shear strains at each Gauss numerical integration point in each element through
the entire earthquake record. The shear modulus is then modified according to a specified G
reduction function and the process is repeated. This iterative procedure is continued until the
required G modifications are within a specified tolerance. In the FE analyses the software
finds the cyclic number required for liquefaction (NL) from the CSR function, one of the
input parameters. Once the cyclic number (N) and NL are known, QUAKE/W identifies the
corresponding pore water pressure ratio (ru) from the ru function. This is another input char-
acteristic of the material. Once N/NL and ru are known, the pore-pressure is calculated from
the equation (4). In this method, every element in which the minor effective principal stress
(σ΄3) becomes zero is deemed as liquefied.

u ¼ ruσ
0
3 staticð Þ ð4Þ

A soil domain with a size of 42m x 22.5m was set up with the mesh as shown in Figure 5.
The mesh comprised quad elements with 4 nodes and 4 Gauss points. The boundaries were
fixed in both directions at the base and free at the surface. The side boundaries were fixed in
the horizontal direction and free in the vertical direction in the first stage of the analyses to
obtain the initial static stress distribution. These boundaries turned to free in the horizontal
direction and fixed in the vertical direction during the earthquake loading to allow the lateral
displacement.

Figure 5. Soil domain used in the FE analyses
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Similar to in the NCEER method, the water table was assumed to be at the crest level. The
soil domain that was considered in the analyses comprised of 3.5m compacted tailings overlay-
ing the 19m deposited tailings. Figure 5 shows the cross section considered in the FE analyses
which is slightly different from the actual cross section shown in Figure 2. In this cross section,
only the horizontal tailings layers that were considered in the NCEER method are taken into
account. Using a simplified cross section allowed for comparable analyses.

5.1 Earthquake loading

In Quake/W, horizontal earthquake records can be imported into a dynamic analysis. Once
the earthquake record data is imported, the peak acceleration and duration can be modified in
order to adjust the values used in the QUAKE/W analysis. In this study, time history records
of the San Fernando earthquake was used. However, the peak acceleration and duration were
modified to 0.2g and 5 seconds respectively. The modified time history record that was used in
the FE analyses is shown in Figure 6.

5.2 Material properties

The total unit weight of the compacted tailings and deposited tailings were estimated from the
CPTu results based on Robertson and Cabal’s (2010) correlation as shown in equation 5:

Y=Yw ¼ 0:27 logRf

� �

þ 0:36 ½log ð
qt

pa
Þ� þ 1:236 ð5Þ

where Ƴ = unit weight of soil; Ƴw = water unit weight; Rf = friction ratio; and pa = atmos-
pheric pressure.
Robertson & Campanella (1983) suggested a correlation to estimate the peak friction angle

(φ´) for uncemented, unaged, moderately compressible, predominately quartz sands based on
calibration chamber test results. This correlation is presented in equation 6.

tan ’0 ¼ log
qc

σ
0
v0

� �

þ 0:29

� �

=2:68 ð6Þ

where qc = cone resistence; and σ´v0 = effective stress.
The effective friction angle of the deposited tailings was estimated from Robertson & Campa-

nella’s (1983) correlation which gave an average number of 30ᵒ. This figure was consistent with
triaxial test results obtained from previous experience with similar materials. The effective fric-
tion angle of 35ᵒ was assumed for the compacted tailings while the estimated effective friction

Figure 6. Modified time history record of San Fernando earthquake
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angle from the abovementioned correlations was between 40ᵒ and 45ᵒ. It should be noted that
these correlations were established based on the experimental work on quartz sands while the
tailings material of this study had a high percentage of fine content.
The cohesion and poison ratio of 0 and 0.3 were assumed for deposited and compacted tail-

ings. The maximum shear modulus (Gmax) of the tailings materials of this study was estimated
from equation 7 (Seed & Idriss, 1970):
Gmax=1000 K2,max (σ´m)°

.5 (7)
(Units of Gmax and σ´m are in psf and K2,max is a constant value in this equation)
In this study K2,max of 34 and 70 were assumed for deposited tailings and compacted tail-

ings respectively. The Gmax value was assumed constant with depth at 50Mpa for deposited
tailings while it was a function of effective stress for compacted tailings.
In this research, the four cyclic parameters were obtained from the literature where the

majority of the tests were conducted on tailings material with similar properties. The G reduc-
tion function and Damping Ratio function of the deposited tailings are those proposed by
Ishibashi & Zhang (1993) with effective stress of 100kPa and PI=0. These are shown in Fig-
ures 7 and 8 respectively.
The ru function is the one conducted on sand with 60% silt and is shown in Figure 9 (Baziar

et al., 2011). Finally the CSR function of the deposited tailings in this study was extracted from
the test results conducted by James et al. (2011) on gold tailings and presented in Figure 10.

Figure 7. Shear Modulus reduction function

Figure 8. Damping Ratio Function
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6 COMPARISON BETWEEN NCEER & FE METHODS

To compare the NCEER method with FE method the same soil domain and same earthquake
but with two different durations (i.e. t=5s & t=10s) are considered in the analyses. Figures 11
and 12 show the Excess Pore Water Pressure (EPWP) contours with the liquefied zones (in
yellow) at the end of the analysis with earthquake duration of 5s and 10s respectively. Thick-
ness of the liquefied zone in Figure 11 is 4m only, while it is 19m in Figure 12. These results
showed that earthquake duration is a critical parameter in the FE analyses.

Figure 9. Pore Pressure Ratio Function (reproduced data)

Figure 10. Cyclic Stress Ratio Function (reproduced data)
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Comparison of Figures 4 and 11 shows a good agreement between the results of the
NCEER and FE methods, with earthquake duration of 10s, in terms of liquefaction suscepti-
bility of the material based on the above assumptions.

7 CONCLUSIONS

From this study the following conclusions can be derived:

1. There was a good agreement, in the liquefaction susceptibility of the tailings material,
between the results of the NCEER and FE methods with equivalent linear model and
earthquake duration of 10s.

2. Duration of the earthquake loading could have a major effect on the FE results, therefore,
considering a realistic earthquake based on the seismicity of the region is vital.

3. The SBT based on Robertson’s method shows that the tailings behaviour is like sandy silt
and silty sand. This is consistent with the soil type of the samples taken from different
depths at CPTu2.

Figure 12. EPWP contours and liquefied zones at the end of the analysis with earthquake duration of t=10s

Figure 11. EPWP contours and liquefied zones at the end of the analysis with earthquake duration of t=5s
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4. Further research with application of CPT and laboratory test works, especially Cyclic
Simple Shear and Cyclic Triaxial tests, is required for assessment of the NCEER method in
tailings material.
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