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Chile has 173 abandoned tailings dams with unknown seismic vulnerability levels due to uncertainties in their
design, construction, operation, and closure stages. The physical stability of these geo-structures concerns the
local communities and authorities in areas with high seismic hazard, given their deficient performance during
past mega-earthquakes. This work develops fragility curves to estimate the expected damage as a function of the
spectral acceleration Sa(0.3 s), based on dynamic analyses of a representative 2D FEM model, subjected to
ground motion records of interface earthquakes, following a Multi-Stripes Analysis. The proposed fragility curves

provide the probability of attaining three damage levels for different yield seismic coefficients. Results indicate
that abandoned tailings dams in Chile have significant probabilities of severe earthquake-induced damage for Sa

(03s)>1g.

1. Introduction

The 2010 Mw 8.8 Maule, Chile Earthquake caused severe damage to
five tailings dams [1], four of which were abandoned [2], increasing the
interest of the mining industry, the authorities, and the society on the
failure risk of these abandoned geotechnical structures. Abandoned
tailings dams are geotechnical structures designed and operated more
than twenty years ago by small- and medium-size copper and gold
mining companies that currently lack an identifiable responsible owner.
For this reason, the National Geology and Mining Service (Sernageomin)
is currently responsible for the oversight of these structures with a
limited budget, compared to that required for an exhaustive evaluation
of their physical stability. Chile is the third country with most tailings
dams, behind China and the United States. From the 757 tailings dams in
Chile, 15% are active, 62% inactive, and 23% abandoned [3]. Therefore,
the physical stability evaluation of the 173 abandoned tailings dams is
difficult due to inherent regulatory difficulties, budget limitations, and
lack of information regarding their design, construction, operation, and
closure stages [4].

Several abandoned tailings dams are near to populated areas, wa-
terways, roads, and productive activities, causing financial and admin-
istrative problems for the territorial authorities, the discontent of the

neighboring communities, risk of contamination, and concerns associ-
ated with the physical instability of these structures. In this context, the
seismic hazard has a fundamental role in the physical instability,
considering that 82% of the 38 historical failures of tailings dams re-
ported in Chile have been triggered by earthquakes [2].

Evaluating the seismic stability of abandoned tailings dams is a
complex task due to the uncertainty in the seismic process, in the ma-
terials that compose the structure, and in the decisions adopted during
their design and construction stages. A proper analysis requires a
detailed characterization of the stored tailings, the dam materials, and
the foundation soil, which is costly considering the number of aban-
doned tailings dams. For this reason, this study develops a tool that can
help the estimation of the seismic physical stability and a first-order
estimate of the seismic risk of these geo-structures while site-specific
data is obtained by the authorities. The results can inform decisions of
investment in further geotechnical characterization or reinforcement of
the most vulnerable dams that can threaten the neighboring commu-
nities and ecosystems.

Performance-Based Earthquake Engineering (PBEE) provides a
probabilistic framework that helps to improve the stakeholders’ seismic-
risk decision-making based on objective and scientifically rigorous
methodologies [5]. One of the elements of the PBEE framework is the
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fragility curve that allows estimating the probability of attaining
different damage states in a structure conditioned on a seismic intensity
measure.

Few fragility curves have been developed for geotechnical structures
compared to those created for structural engineering applications. Some
curves have been developed mainly for components of road systems
such as cuts, embankments, and cantilever retaining walls [6-8]. These
curves are not applicable for estimating the stability of abandoned
tailings dams in Chile because: (1) these curves have been mainly cali-
brated with seismic records of shallow-crustal earthquakes, which have
different characteristics compared to the megathrust earthquakes pro-
duced in the Chilean subduction zone; and (2) the proposed damage
states are based on serviceability aspects. In contrast, abandoned tailings
dams do not present relevant levels of serviceability.

This study seeks to generate a methodology for developing analytical
fragility curves for abandoned tailings dams in North-Central Chile
through the analysis of nonlinear 2D numerical models subjected to sets
of scaled Chilean seismic records. The study evaluates the efficiency of
different seismic intensity measures and proposes a probabilistic rela-
tionship between damage states and the seismic response, given by the

-73 =72

-73 -72

Fig. 1. Location of the 136 abandoned tailings dams in North-Central Chile.
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residual stress state of a representative numerical model.
2. Characterization of abandoned tailings dams

In Chile, an abandoned tailings dam can store from 100 m® up to
600,000 m® of tailings materials. These structures total 173 in the
country and 136 are primarily distributed within the North-Central re-
gion, between the parallels 28°S and 34°S. The potential collapse of one
of these structures could affect the population, environmental systems,
economic activities, and roads [3]. Fig. 1 shows a map with the location
of the abandoned tailings dams in the study area.

North-Central Chile is a highly active seismic area, given the sub-
duction margin between the Nazca and South American tectonic plates.
Historically, the zone has been affected by megathrust interface earth-
quakes, such as the 1730 Central Chile Earthquake, with an estimated
magnitude over Mw 9.0, the earthquakes in the Illapel zone in 1880,
1943, and 2015, and the 1971 Mw 7.8 La Ligua Earthquake. The area
has been also hit by intermediate-depth intraplate earthquakes, such as
the 1997 Mw 7.1 Punitaqui Earthquake. Estimates of the rupture length
of megathrust interface earthquakes and the epicenter of the 1997
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Punitaqui Earthquake are shown in Fig. 1 [9,10].

An exploration campaign was carried out in the study area to char-
acterize these abandoned tailings dams [11], which allowed us to esti-
mate the parameters that control the dynamic behavior of our numerical
models. In general, the materials of the dams do not differ from the
stored tailings. The materials are mostly dry or with low water contents
due to the long-term loss of water favored by the arid weather where
these dams are located. The dam slopes are usually around H:V = 2:1,
and they are founded over stiff soils or directly on rock outcrops.

One of the surveyed structures is the Delirio A tailings dam (Fig. 2a),
with a height of approximately 21 m, adjacent to the Delirio B tailings
dam. The Delirio B dam is composed of sandier materials than those of
the Delirio A, and shows a collapse on its northwest slope, presumably
caused by flow failure during the 1997 Punitaqui Earthquake. Fig. 2a
shows a satellite image of both structures.

We performed a geophysical characterization of 6 abandoned tail-
ings dams in the Coquimbo Region in order to obtain representative
shear wave velocity profiles of the tailings materials and their structural
predominant vibration frequencies. In the Delirio A dam, Tromino
seismographs were installed, according to Fig. 2a, to record two 40-min
sets of seismic ambient noise.

Fig. 2b shows the spectral amplifications obtained from two pro-
cedures: (1) the Horizontal-to-Vertical Spectral Ratio method (HVSR

Amplitude (-)
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[12]), and (2) the Standard Spectral Ratio method (SSR, [13]). For the
first method, four seismographs were placed over the tailings dam. The
spectral ratios between the horizontal and vertical Fourier spectra were
calculated considering 25-s windows. The HVSR curve shown in Fig. 2b
is the geometric average of the 80-min records in each of the 4 seis-
mographs. For the calculation of the SSR, two seismographs were
located over the structure and two over the foundation soil at the dam
toe. The ratios between the smoothed Fourier spectra of the horizontal
components recoded over the dam and at the dam toe were computed,
also considering 25-s windows. The SSR curve shown in Fig. 2b is the
geometric mean of all possible combinations between sensors’ compo-
nents. The signal processing was performed with the Geopsy software
[14]. We identified that Delirio A presents a predominant vibration
frequency of 3 Hz. The similarity of the results obtained with both
methods suggests the high stiffness of the foundation soil in the studied
tailings dam.

Fig. 2¢ shows the estimated shear wave velocity profile of the Delirio
A dam, obtained using the cross-correlation method described in
Ref. [15]. The tailings material can be associated to a nearly constant
shear wave velocity of 250 m/s. There is also a high-velocity contrast at
the interface between the tailings and the stiff foundation soil at a depth
similar to the dam height (i.e., 21 m).

The mean shear wave velocity of the six surveyed abandoned tailings
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Fig. 2. (a) Satellite image of the Delirio A and Delirio B abandoned tailings dams and the position of the Tromino seismographs for measurements of seismic ambient
noise. (b) Estimates of predominant vibration period from the HVSR and SSR methods. (c) Representative shear wave velocity profile of the Delirio A tailings dam.
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dams is 205 m/s, with a standard deviation of 31 m/s. On the other
hand, the predominant vibration frequency f, was found to be consistent
with the value predicted by the one-dimensional wave propagation
theory, fo = Vs/(4H), where Vs is the average shear wave velocity and H
is the tailings dam height.

The tailings stored in these abandoned deposits are mainly sands
with variable fine content. The shear strength parameters of the tailings,
cohesion (c¢’) and friction angle (¢'), were inferred from results of lab-
oratory simple shear tests performed on tailings materials on dry con-
ditions from the Delirio A and Delirio B tailings materials [11]. We
adopted an internal friction angle ¢ = 30° and cohesion ¢ = 7 kPa. As the
cohesion has a high intrinsic variability [16], additional analyses
considering different cohesion values were performed and presented in
Section 5. Field estimates show that the slope angles of these structures
vary between 28° and 35°, which are mainly defined by the upstream
deposition method [17]. In this study, we adopted a constant repre-
sentative slope angle of 30°.

According to the analysis of 70 abandoned tailings dams in the study
area [11], 45 dams are smaller than 10 m height, 22 dams are between
10 and 20 m height, and only 3 dams are larger than 20 m height.
Considering these heights, we assumed that 15 m is a representative
height of a tailings dam whose physical instability could cause severe
consequences to the neighboring communities and ecosystems. Note
that these dams are considerably smaller than active tailings dams of
large-scale mines that can reach hundreds of meters height.

3. Numerical model

The information summarized in the previous section was used to
define a representative 2D numerical model of the abandoned tailings
dams in North-Central Chile. The model was implemented in the Plax-
is2D finite-element method (FEM) software [18].

The model is a homogeneous, 15 m high slope with an inclination
angle of 30°, discretized into 15-nodes plane-strain finite elements with
12 integration points. The slope consists of tailings material founded on
an elastic 30 m depth layer with a shear wave velocity of 800 m/s
(Fig. 3).

A water table was not considered inside the slope since the materials
are mostly dry or with low water contents due to the long-term loss of
water favored by the arid weather in North-Central Chile.

The input motion at the model base is obtained from a deconvolution
process using the DeepSoil v7 software [19] in order to obtain the target
ground-motion record at the Free Field control point (see Fig. 3). The
lower boundary condition is “None” and considers a kinematic input,
corresponding to an acceleration time-history record, through the
“Prescribed displacement” condition. The lateral boundaries of the
model are "Free Field," which prevents reflection of seismic waves while
preserving the input motion at the base [18]. Different control nodes are
defined inside the model domain in order to follow the kinematic
response of the interest zones (C1, C2, C3, and C4 in Fig. 3).

The foundation of the model is assumed linear-elastic with param-
eters shown in Table 1. The assigned properties are consistent with the
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Table 1

Properties of the linear elastic model defined for the foundation soil.
Property Units Value
Specific weight, y kN/m® 20
Young's modulus, E MPa 3392
Poisson’s ratio, v/ 0.3
Shear wave velocity, Vg m/s 800
a of Rayleigh Damping - 1.38
S of Rayleigh Damping - 6.43010*

high impedance contrast between the tailings and the foundation soil,
evidenced during the geophysical field campaign. Additionally, a Ray-
leigh damping fraction is included according to considerations in
Ref. [20].

The tailings mechanical behavior is captured with the Hardening Soil
with Small Strain (HSS) constitutive model (Schanz et al., 1999), defined
as an isotropic hardening model with stiffness degradation at small
strains that describes the hysteretic behavior of soils. Since the model
shear modulus is a function of the effective confinement, the model can
capture the increase in shear wave velocity with depth. Table 2 shows
the values adopted for the HSS model parameters. The shear wave ve-
locity of the model ranges from 125 m/s at the slope crown to 245 m/s at
the slope base, which is slightly conservative compared to the shear
wave velocity profile shown in Fig. 2, but compatible with the average
Vs = 205 m/s calculated from various abandoned dams.

The stiffness degradation and damping curves predicted by the HSS
constitutive model are equivalent to the curves proposed by Ref. [21] for
granular materials with low-medium plasticity, as shown in Fig. 4. Fig. 4
also shows the range of stiffness degradation proposed by Ref. [22], used
to represent the behavior of copper tailings and slimes. A small Rayleigh
damping fraction is included to capture non-hysteretic energy dissipa-
tion mainly at very small strains.

Table 2
Properties of the Hardening Soil with Small Strain (HSS) model defined for the
tailings material.

Property Units Value
Dry specific weight, y kN/m® 17
Reference deviatoric deformation modulus, Eg%c MPa 6
Reference oedometric modulus, Efe{; MPa 4
Reference discharge and reload modulus, E,rf,f MPa 36
Power parameter, m - 0.5
Cohesion, ¢’ kPa 7
Friction angle, ¢’ ¢ 30
Dilatancy angle, i’ ° 0
Elastic Poisson ratio, vy, - 0.2
Stress ratio, Ry - 0.9
Reference stress, ps kPa 100
Reference shear modulus, Ggf MPa 80
Reference value of shear strain, y,, - 30107
a of Rayleigh Damping - 0.3456
S of Rayleigh Damping - 1.607¢10~*
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Fig. 3. Numerical model of abandoned tailings dams in the North-Central Chile.
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Fig. 4. Proposed stiffness degradation curve compared with curves obtained by
Refs. [21,22].

The material properties and the mesh size allow proper simulation of
wave propagation up to 40 Hz in the foundation layer and 20 Hz in the
tailings, according to the criterion by Kuhlemeyer and Lysmer [23].

The numerical model accumulates shear strains when subjected to a
dynamic seismic loading. Residual deformations are then referred to as
permanent seismic displacements, commonly used to evaluate the
seismic performance of earth slopes [24]. Fig. 5 shows the evolution of
the vertical displacements of nodes C1, C2, C3, and C4, as a ground
motion is applied at the base. The target ground motion considered in
this example was recorded by the Chilean National Seismological Center
(CSN) at the station PB06 (—22.7, —69.6) in the EW direction during the
2007 Mw 7.7 Tocopilla Earthquake. The record was scaled by a factor of
3.0. In Fig. 5, the vertical displacement increases with the largest ve-
locity pulses of the ground motion. Fig. 6 shows the final state of the
slope in terms of permanent displacements in the vertical and horizontal
directions. These contours are complemented with the critical surface
obtained from a pseudo-static limit equilibrium analysis performed in
the GeoStudio SLOPE/W software [25], using the Morgenstern-Price
method [26] for a horizontal seismic coefficient k;, = 0.201.

Soil Dynamics and Earthquake Engineering 164 (2023) 107637

In the PBEE framework, the seismic response is condensed into En-
gineering Demand Parameters (EDP). We selected the average between
the permanent vertical displacements of control nodes C1 and C2, Uy, as
the EDP of the tailings dam. This choice is consistent with the fact that
the vertical settlement of the crest is commonly related to damage in
dams [27,28] and that the critical pseudo-static failure surface mainly
compromises the displacement of nodes C1 and C2 (Fig. 6). Therefore,
Uy can represent the permanent vertical displacement of the critical
failure wedge. As shown in a later section of the present article, the
plastified zone also starts developing between nodes Cl and C2,
consistently with the critical surface obtained through pseudo-static
limit equilibrium analysis.

4. Preliminary stage and selection of ground motions

Fragility curves define the probability of structural damage condi-
tioned on a ground-motion parameter, known as Intensity Measure (IM).
For selecting an optimal IM, three characteristics are usually evaluated:
efficiency, sufficiency, and predictability. Efficiency is related to the
certainty with which IM estimates the EDP [29]; sufficiency refers to the
independence between the adopted IM and other ground motion pa-
rameters [30]; and predictability refers to the uncertainty in predicting
the IM at the site of interest [31].

In this work, the focus is on studying the efficiency of different IMs to
estimate the seismic displacements in the numerical model. For this
purpose, we performed a Cloud Analysis to assess the correlation be-
tween different IMs and Uy in the slope model subjected to 169 instru-
mental seismic records of interface earthquakes with moment
magnitudes larger than Mw 7.7 recorded in the Chilean territory: the
1985 Mw 8.0 Valparaiso, the 2007 Mw 7.7 Tocopilla, the 2010 Mw 8.8
Maule, the 2014 Mw 8.2 Iquique, and the 2015 Mw 8.3 Illapel Earth-
quakes [9].

Only high-magnitude earthquakes are tested due to the combined
effect of the frequent occurrence of high-magnitude interface earth-
quakes in the study area [32] and the importance of the ground motion
duration on the accumulation of seismic slope displacements, for which
the magnitude is a proxy [33]. In fact, several simplified models that
estimate seismic slope displacements consider the earthquake magni-
tude to capture the effect of duration [24,33,34].

We obtained the slope displacements as a function of ten IMs
calculated in the free field of the model (see control point in Fig. 3) for
the 169 dynamic model simulations. Fig. 7 shows examples of the

Horizontal velocity (m/s)

T T T T
Ground motion at free field |

30

40
Time (s)

80

——Node C4
——Node C3
——Node C2
— Noge C1

Vertical displacement (m)

T T

| 1 1 |

10 20 30

40 50 60 70
Time (s)
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Fig. 5. Seismic response of the tailings dam model when subjected to the ground motion recorded in the EW direction at station PB06 during the 2007 Tocopilla
Earthquake, scaled by a factor of 3.0. (a) Ground motion velocity time-history recovered at Free Field control point (Fig. 2). (b) Evolution of the vertical displacement
at control nodes C1, C2, C3 and C4 (Fig. 3). Uy is the mean of the vertical permanent displacements in C1 and C2.
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Fig. 6. Contours of permanent (a) horizontal, and (b) vertical nodal displacements. The crest control points (C1, C2, C3, and C4) and the critical surface from a
pseudo-static limit equilibrium method (LEM) analysis with a horizontal seismic coefficient ky = 0.201 are also shown.

(a) (b) (c)
10 ‘ : ‘ 10" 10° .
o Individual Simulation o Individual Simulation o Individual Simulation
Power fit Power fit Power fit
o o

100F 100F
E

107 <107
5

102} 102

Tinuy) 1A~ 0.26 Tinuy) | PGA 0.38 Tin(uy) | PGV 041
10—3 ' L ' 1 10—3 L L 10—3 L s
10° 102 10" 10° 10 10? 107 10" 10° 10 107 10°
Al (m/s) PGA (9) PGV (m/s)

Fig. 7. Correlation between the permanent vertical displacement (Uy) of the abandoned tailings dams and three seismic Intensity Measures (IM) in the free field: (a)
Arias Intensity Al, (b) peak ground acceleration PGA, and (c) peak ground velocity PGV for the169 dynamic simulations.

correlations between the permanent vertical displacement Uy and the
Arias Intensity, AI [35]; Fig. 7a), the Peak Ground Acceleration, PGA
(Fig. 7b), and the Peak Ground Velocity, PGV (Fig. 7c). A linear
regression of the natural logarithm of Uy and each IM was performed to
evaluate the standard deviation of the regression error, o, uy)m»
calculated as the Root Mean Square Error (RMSE) of the regression. The
lower the o,(yy)m» the higher the efficiency of the IM in predicting Uy.

Fig. 7 shows that the Al has the highest efficiency (i yy)m = 0.26),

Fig. 8. (a) Dispersion of the permanent vertical displacement U, conditioned to spectral accelerations with 5% damping ratio at different periods Sa(T). (b) Summary

which is consistent with the findings of [24] for slopes with a funda-
mental vibration period of 0.3 s, based on the analysis of a nonlinear
fully-coupled stick-slip sliding block.

The efficiency of the 5%-damped spectral acceleration at different
periods Sa(T) is quantified through the dispersion oy, yy)(sq(r) in Fig. 8a.
In the figure, the dispersion decreases for periods close to the funda-
mental vibration period of the slope, Typ = 0.3 s, and remains relatively
constant up to 0.5 s, which corresponds to 1.67 times the fundamental
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period. This range of high efficiency (i.e., low dispersion 6},(yy)sq(r)) may
be associated with the resonance of the slope and stiffness degradation
that occurs in the finite-element model.

Fig. 8b summarizes the efficiencies of the ten tested IMs: Incremental
Velocity (IV [36]), Destructiveness Potential (Pq [37]), Peak Ground
Velocity (PGV), permanent displacement estimated with the [34]
method (BMT2018), Peak Ground Acceleration (PGA), Spectral Accel-
eration at 0.3 s [Sa(0.3 s)], Average Spectral Acceleration (Saquy,, average
of 10 values of spectral acceleration equispaced between 0.2 and 3 times
the fundamental period of structure [38]), Optimized Average Spectral
Acceleration (Sagyg op, average of 10 values of spectral acceleration
equispaced between 0.6 and 1.8 times the fundamental period of
structure), Optimized Filtered Incremental Velocity at 0.3 s [FIV3y (fc
= 6.67 Hz, o = 0.2), [39]], and Arias Intensity (Al [35]). We computed
the parameters for the optimized IMs FIV3,,; and Sagyg op: by minimizing
the dispersion 6inuy)|m- Fig. 8b indicates that Al and FIV3,, are the most
efficient IMs for estimating Uy in this model. Sagyg gpr, SAavg and Sa(0.3 s)
are also efficient alternatives.

The total uncertainty in a probabilistic seismic demand analysis does
not depend only on the efficiency of the IM, but also on its predictability.
In this context, PGA and spectral accelerations at different periods of
vibration Sa(T) can be estimated within the Chilean subduction zone
with the ground motion models (GMM) developed by Refs. [40,41].
These GMMs have logarithmic standard deviations between 0.64 and
0.91 in the period range between 0 and 10s. On the other hand, the Arias
Intensity Al can be estimated with the GMM developed by Ref. [42],
which has a logarithmic standard deviation of 1.19. In summary,
although AI has higher efficiency than the spectral acceleration at a
period of 0.3 s (see Fig. 8b), it also has a much lower predictability.
Finally, PGV can be estimated using the model recently developed by
Ref. [43] for the Chilean subduction zone, but the efficiency of PGV is
lower than the other analyzed alternatives (see Fig. 8b). Considering
that the rest of the considered IMs lack a GMM calibrated for the Chilean
territory, the 5%-damped spectral acceleration at 0.3 s [Sa (0.3 s)] is
chosen as the IM for the subsequent Multiple Stripe Analysis.

4.1. Ground motion record selection

We selected a set of 30 ground motion records to perform a Multiple-
Stripe Analysis [44] at five different intensity levels. The database of
ground motions consisted of 169 pairs of horizontal records of interface
earthquakes with magnitudes larger than Mw 7.7 in Chilean territory,
and the selected set was chosen by using the Conditional Spectrum, CS
[45,46]. The conditioning period of the CS T* was the fundamental
period of the slope:T* = 0.3 s. We calculated the target spectrum with
the [40] GMM, evaluated for a characteristic interface earthquake
magnitude Mw 8.0, rupture distance of 50 km, average shear-wave ve-
locity in the top 30 m Vg3p = 800 m/s, and soil type I (i.e., H/V spectral
amplitude lower than 2 in the entire period range). We also used the
interperiod correlation model for spectral accelerations developed by
Ref. [47]. We set the parameter ¢(T*) =1 to select the set of ground
motion records. This choice limits the scale factor applied to the selected
ground motions to less than 4 when scaled to the largest intensity level,
as recommended by Ref. [48], in order to avoid a significant bias in the
seismic response.

The selection of the ground motion records that match the target CS
was performed with the optimization algorithm developed by Refs. [49,
50]. Seismic stations installed over stiff soils and rock were preferred
due to the characteristics of the foundation soils of the abandoned
tailings dams. The spectra of 30 selected ground motions are shown in
Fig. 9. The median and the dispersion (shown by the 2.5 and 97.5th
percentiles) of the set of ground motion records closely match the target
CS.
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Fig. 9. Thirty selected ground motion records and their match to the target
Conditional Spectrum.

5. Development of fragility curves

The fragility curves developed in this article present the probability
of exceeding a given damage state, conditioned on a ground shaking
intensity level, P(DS|IM). These curves can be obtained through Equa-
tion (1), which is an application of the Total Probability Theorem.

P(DS|IM) = [ PIDSIEDP) fuoe(edplih) d(ed) )

where P(DS|EDP) is the probability of a given damage state conditioned
on a value of EDP, and fgpp(edp|IM) is the probability density function of
the EDP conditioned on a ground motion intensity.

The seismic response of the tailings dam, characterized by fgp.
p(edp|IM), is obtained through a Multiple Stripe Analysis (MSA, [44]).
For this study, five ground shaking intensity levels were considered, Sa
(0.3s) =0.3,0.6,0.9, 1.2 and 1.5 g.

Due to the large variability of the cohesion parameter, c, in this type
of structures, we developed three models with different cohesions to
study the sensitivity of the results: the base level ¢ = 7 kPa, a lower level
¢ = 4.76 kPa, and an upper level ¢ = 10.29 kPa. These lower and upper
values represent the 16th and 84th percentiles of c, considering a
lognormal distribution with a median of 7 kPa and a lognormal standard
deviation of 0.4 [16].

Results of the MSA are shown in Fig. 10, where each point represents
the permanent vertical displacement Uy of a numerical simulation per-
formed with one of the ground motion records scaled to a given spectral
acceleration Sa(0.3s). The mean and the dispersion of Uy increase with
increasing the ground shaking intensity. These trends exacerbate as the
cohesion decreases due to lower shear strength.

The distribution of Uy at each stripe is parameterized through a
lognormal distribution, as follows:

BN S B | In(x) — In(Ty) \*
et (055) ) =yt LY g

where l/]} is the median of Uy, and f is its logarithmic standard devia-
tion. These values are shown in Table 3.

The probability of reaching a damage state conditioned on a value of
EDP, P(DS|EDP) in Equation (1) can be determined by analyzing the
serviceability state of the analyzed structure. For the case of abandoned
tailings dams, performance states associated to serviciability levels have
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Fig. 10. Multiple Stripe Analysis performed with nonlinear dynamic simulations of models with (a) ¢ = 4.76 kPa, (b) ¢ = 7.00 kPa, and (c) ¢ = 10.29 kPa.

Table 3
Parameters of lognormal distributions of Uy as a function of Sa(0.3s) and c,
obtained from the Multiple Stripe Analysis.

Cohesion, ¢ (kPa) Sa(0.3s) (g) Median, Uy (m) Log. standard deviation, f
4.76 0.3 0.111 0.326
0.6 0.245 0.404
0.9 0.423 0.478
1.2 0.651 0.533
1.5 0.910 0.553
7.00 0.3 0.095 0.296
0.6 0.198 0.356
0.9 0.325 0.411
1.2 0.481 0.468
1.5 0.666 0.505
10.29 0.3 0.080 0.279
0.6 0.161 0.317
0.9 0.254 0.361
1.2 0.359 0.398
1.5 0.483 0.434

not been defined, except for an extreme collapse state. For this reason,
we propose to evaluate the structural integrity and physical stability of
the tailings dam by analyzing the final stress field of the numerical
model.

The permanent vertical displacement, Uy, used to evaluate the
seismic response of the dam is a consequence of plastic strains at mul-
tiple integration points of the finite-element model. These points have a
shear strength, given by the Morh-Coulomb failure criterion adopted in
the HSS model. The number of points in this ultimate stress state reflects
the incursion of the dam into large displacements and highlights the
slope zones unable to sustain larger shear stresses. Fig. 11a shows with
red dots the integration points that reached their shear strength when
the dam model is subjected to the ground motion described in Section 3
and shown in Fig. 5a. Displacement localization indicated by the shear

Shear strain, 7 (-)
0.12 0.16 0.2

B ]

C1 C2 C3C4
A s

Height (m)

Pseudo-static LEM critical surface
FoS = 1.0, con k,=0.201

strains contours concentrates around the pseudo-static limit-equilibrium
method (LEM) critical failure surface.

The failure area ratio, FAR, is introduced to account for numerical
model plastification, and it is defined as follows:

FAR= (ZA,) /A, (3)

where Ay is the equivalent area of integration points reaching the ulti-
mate shear strength, calculated as the total area of the corresponding
finite element divided by the number of integration points (i.e., 12), and
A;is the total area of interest, as shown in Fig. 11b. Some elements inside
A, are unlikely to reach a plastic state. However, we just considered A, as
normalization area, understanding that FAR cannot necessarily range
from O to 1.

Fig. 12 shows the permanent vertical displacement, Uy, as a function
of failure area ratio FAR of the 450 dynamic analyses (i.e., 3 models o 5
stripes o 30 ground motions per stripe). The clear relationship between
Uy and FAR is used to estimate the model damage states. The trend of the
point cloud is fitted with the following rational function:

n+1 .
ZP:"(UY)HH
FAR(Uy)=—“L1 — ©)]

Uy + > g Uy

i=1

where n and m are constants (n = m = 5) and the values of the model
coefficients p; and q; are shown in Table 4. The regression is character-
ized by a R? = 0.97 and RMSE = 0.035.

Three zones characterize the relationship between Uy and FAR
(Fig. 12a): (1) FAR is almost negligible for Uy < 0.25 m, (2) FAR in-
creases at a high rate for 0.25 m < Uy < 0.6 m, and (3) FAR increases at a
lower rate for Uy > 0.6 m. These three zones are used to define three
damage levels: slight, moderate, and severe damage, respectively.

These damage states are consistent with the contours of shear strains

(b)

Area of interest \

Fig. 11. (a) Contour of residual shear strains after dynamic loading, highlighting the integration points that reached their ultimate shear strength (red dots) and the
critical surface from a pseudo-static LEM analysis. (b) Definition of the area of interest (A, in Equation (3)).
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Fig. 12. (a) Relationship between failure area ratio FAR and permanent ver-
tical displacement Uy. (b) Parameterization of the probability of reaching a
damage state DM given Uy, P(DM|Uy).

Table 4
Coefficients for the rational function fitting the relationship between Uy and FAR
(see Equation (4)).

Coefficient Value () Coefficient Value (-)
p1 1.209 @ 5.137

D2 2.636 q2 0.846

D3 1.433 qs 3.098

D4 -1.104 q4 —2.746
Ps 0.185 qs 0.777

De —0.008 - -

and failure points in the executed models:

e Slight damage corresponds to the beginning of slope failure and

slight increase in FAR.

Moderate damage corresponds to a high rate of FAR development

and the beginning of the concentration of plastic deformations in the

vicinity of the pseudo-static LEM critical surface.

e Severe damage is characterized by a lower rate of FAR development,
strong stress concentration, and pronounced strain localization
around the pseudo-static LEM critical surface. The rate of FAR
development decreases due to stress redistribution. In this stage,
extensive slope areas reach their ultimate shear strength, which
compromises the global physical stability.

The three levels of damage are parameterized with a lognormal cu-
mulative function (Equation (5)), which characterizes the transition
between the zones defined by the rational fit (see Fig. 12a) and repre-
sents the probability of reaching or exceeding a specific damage state DS
conditioned on a value of permanent vertical displacement, Uy:
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)

P(DS|Uy) =@ <M>

B

where @ is the standard normal cumulative density function, 0 is the
function median, and f is the logarithmic standard deviation. These
functions are defined with the coefficients in Table 5 and depicted in
Fig. 12b.

Once the probability density function of Uy and the cumulative
distribution functions of the different damage states are obtained,
Equation (1) is evaluated. The evaluation of Equation (1) results in a
scalar that indicates the probability of reaching or exceeding a certain
damage state for a given ground shaking intensity (squares in Fig. 13).
From these results, fragility curves can be obtained from a parametric fit
using various procedures [51]. In this study, we performed a
least-squares regression adjustment.

The curves in Fig. 13 are complemented with a 95% confidence in-
terval, obtained using a Bootstrap method [52], consisting of resampling
with replacement the set of 30 base seismic records and repeating the
entire fragility curve fitting procedure 20,000 times. Therefore, the in-
tervals’ limits correspond to the 2.5 and 97.5 percentiles of the empirical
fragility curves obtained for the 20,000 bootstrap samples. Fig. 13 shows
three sets of fragility curves for the models with different cohesions. We
argue, in the next section, that these curves could represent the seismic
vulnerability of slope models characterized by their horizontal yield
seismic coefficient k;,.

6. Sensitivity analysis

The horizontal yield seismic coefficient, ky, has been used to char-
acterize the seismic slope stability by numerous studies on seismic dis-
placements [24,33,34,53]. In this section, we study the feasibility of
using this parameter to select the proper set of fragility curves shown in
Fig. 13 through a sensitivity analysis. As Fig. 6 shows for the base case,
the yield seismic coefficient, under which the factor of safety is lower
than unity, is ky = 0.201.

The sensitivity analysis consists of simulating the seismic response of
models that differ from the cases analyzed in the previous section in just
one parameter. The parameters modified in this section are:

Slope angle: Two models with slope angles of 33.34° and 25.61°
were developed. For both models, the cohesion, the internal friction
angle, and the dam height were set at 7 kPa, 30°, and 15 m. The
horizontal yield seismic coefficients of these models are k, = 0.156
and k, = 0.260, respectively.

Internal friction angle: Two models with internal friction angles of
33.15° and 27.55° were developed. For both models, the cohesion,
the slope angle, and the dam height were set at 7 kPa, 30°, and 15 m.
The horizontal yield seismic coefficients of these models are k, =
0.260 and k;, = 0.156, respectively.

Dam height: Two models with dam height of 10 m and 20 m were
developed. For both models, the cohesion, the slope angle, and the
internal friction angle were set at 7 kPa, 30°, and 30°. The horizontal
yield seismic coefficients of these models are k, = 0.260 and ky, =
0.156, respectively.

Material stiffness: Two models with stiffness parameters reduced by
half and amplificated by 2 were developed. For both models, the

Table 5
Coefficients for the parameterization of Equation (5), which define the three
damage states.

Damage level Median, 6 Log. standard deviation,
Slight damage 0.25 0.20
Moderate damage 0.45 0.25
Severe damage 0.75 0.30
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(a) ¢ = 4.76 kPa; k,= 0.156 (b) ¢ = 7.00 kPa; k,= 0.201 (c) ¢ = 10.29 kPa; k,= 0.260
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Fig. 13. Fragility curves for abandoned tailings dams with different cohesions (a) ¢ = 4.76 kPa, (b) ¢ = 7 kPa, and (c) ¢ = 10.29 kPa. The shaded areas around the

mean curves are the confidence intervals obtained using Bootstrapping.

cohesion, the slope angle, the internal friction angle, and the dam
height were set at 7 kPa, 30°, 30°, and 15 m. As the limit equilibrium
method assumes the materials are rigid perfectly-plastic, the material
stiffness does not influence the factor of safety estimated with this
method. Then, the horizontal yield seismic coefficient of these
models remains at ky = 0.201. The stiffness is adjusted in the models

by changing the four moduli of the tailings material (E, E'Y, G},
ED.

These models were subjected to three ground motions scaled at in-
tensity levels Sa(0.3s) = 0.3, 0.6, 0.9, 1.2, and 1.5 g. These three seismic
records were selected to have three different spectral shapes in order to
account for the role of the input motion characteristics from the modi-
fied models. The sensitivity analysis aims at comparing the damage in
the additional models and that in the models shown in the previous
section that have the same horizontal yield seismic coefficients.

The permanent vertical displacement, Uy, is the result of strain
integration of multiple finite elements in the tailings dam model.
Therefore, when the Uy of a low-height slope is similar to that of a taller
slope, the elements of the former model have experienced larger strains.
This effect is captured in several studies that estimate dam damage by a
normalized settlement with respect to the total dam height (e.g., Refs.
[27,28].

The material damage is estimated in this study from the integration
points that reach their ultimate shear strength in the finite element
model. If two materials have the same strength, the more ductile one has
a larger deformation tolerance before reaching the shear strength.
Hence, the estimated damage depends on the material stiffness.

The normalized displacement Uy,, defined as follows, is proposed to
consider the combined effect of dam height and material stiffness:

0.8
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£

S

S 04}

@

o

©

o X

2 02| of

& Vel A Rational fit
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b A A Sensitivity stage results

0
0 0.5 1 1.5 2 2.5 3
Permanent vertical displacement, Uy (m)

UYn =7 (6)

where h is the dam height and ¢ is a reference strain at which a nu-
merical triaxial test confined at the average stress of the elements in the
area of interest, defined in Fig. 11b, reaches the shear strength.

The use of Uy, allows comparing models with different properties.
Fig. 14 shows the results obtained in the additional models simulated in
this section. Fig. 14a shows the failure area ratio FAR as a function of Uy
and the poor adjustment of the trend compared to the adjustment in
Fig. 12a. In contrast, Fig. 14b illustrates that the rational fit of the
simulated data improves when Uy, is considered.

In order to compare the results of different dam models, the
normalized error is defined as

s_ Uy — Uy,

=" 7
=0 @

where UyE is the normalized displacement of the Base Case models
characterized by k, and Uy; is the normalized displacement of the
sensitivity model characterized by the same value of k.

Positive ¢ values mean that the base case model experiences a larger
normalized displacement than the sensitivity model with the same k,.
Hence, the use of the proposed fragility curves in Fig. 13 for damage
assessment of the sensitivity model would be conservative. Fig. 15 shows
the normalized error for each sensitivity model, subjected to the 3
selected seismic records, and scaled to 5 intensity levels, so that each
stripe contains 15 dots. The Figure shows that the normalized errors are

less than 20% in all cases, indicating that k, can represent the overall
resistance of a slope.

(b)
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Fig. 14. Failure area ratio FAR as a function of (a) permanent vertical displacement, Uy and (b) normalized displacement Uy,
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Fig. 15. Results of sensitivity analysis for (a) slope angle $ (b) tailings friction angle ¢, (c) dam height h, (d) tailings stiffness.

7. Discussion

The validation of the proposed fragility curves is a complex task due
to the lack of geotechnical surveys that allow calculating the seismic
yield coefficient. Nonetheless, it is possible to perform some verification
exercises.

The first validation exercise is the case of the city of Andacollo,
where the seismic station C100 is installed and 13 abandoned tailings
dams are located within 1-km radius around this station. These struc-
tures were affected by the 2015 Mw 8.3 Illapel Earthquake, whose
rupture area is estimated to be approximately 90 km away from Anda-
collo (see Fig. 1; [54]). The recorded spectral acceleration for a vibration
period of 0.3 s at the station C100 was Sa(0.3 s) = 0.33 g. Evaluating this
spectral acceleration in all the fragility curves in Fig. 13 results in a
negligible probability of severe damage, even considering the 95%
confidence interval. The 13 abandoned tailings dams performed well
during this earthquake, with no damage being recorded or estimated
from visual inspection and satellite images, keeping consistency with the
proposed fragility model.

A similar exercise can be performed with the abandoned tailings
dams failures reported in Ref. [2], classified as slope instability with
seismically induced deformations. Table 6 presents the details of this
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validation exercise, where Sa(0.3 s) was estimated from the records of
the nearest seismic station and the maximum probability of severe
damage is the highest confidence limit of severe damage given by the
curve for ¢ = 4.76 kPa, that is, the worst-case scenario. In all these cases,
the fragility curve in Fig. 13a predicts a certain probability that the
tailing dam would show severe damage. Failures due to liquefaction
reported in Ref. [2] were not considered since our study does not
consider this phenomenon.

Although liquefaction is an important trigger mechanism of tailings
dams failures, Villavicencio et al. [2] determined that nearly 60% of
earthquake failures of abandoned tailings dams in Chile are due to the
mechanism slope instability with seismically induced deformations, in
which there was no evidence of liquefaction. This mechanism is believed
to manifest when the dams are in unsaturated conditions due to the
long-term loss of water content favored by the arid weather where these
dams are located. Nonetheless, it is important to estimate the degree of
saturation and the saturation profile in abandoned tailings dams, which
allows calculations of the potential development of cyclic mobility and
flow liquefaction.
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Table 6
Verification of fragility curves according to the seismic performance of aban-
doned tailings dams.

Tailings Earthquake  Nearest Sa Response  Max.
dam Station (0.3s) estimated
(Distance) ® probability of
severe
damage
Cobre No.4 Valparaiso Llay Llay 1.12 Failure 44%
1985 (30 km)
Tranque Maule Melipilla 0.69 Failure 8%
Planta 2010 (60 km)
Chacén
Veta del Maule Cabildo 0.89 Failure 22%
Agua 2010 (30 km)
No.5
Tranque Maule Cabildo 0.89 Failure 22%
No.1 2010 (40 km)
Minera
Clarita
Andacollo Illapel Andacollo 0.33 No 0%
dams 2015 (<1 km) damage
13)

Note: Failure of abandoned tailings dams previous to 2015 are reported in
Ref. [2] as “slope instability with seismically-induced deformations™.

7.1. The Delirio A tailings dam

The exploration campaign of the Delirio A abandoned tailings dam
determined that the parameters that represent the deposit are h = 21 m,
¢ = 25°, ¢ =17 kPa, and p = 36°. These parameters result in a critical
yield coefficient of k, = 0.148, a value slightly lower than k, = 0.156
(fragility curves in Fig. 13a). The [40] GMM is used to estimate Sa(0.3 s)
at the site of the tailings dam, due to the 2015 Illapel Earthquake,
considering a moment magnitude M,, = 8.3, a closest distance to rupture
area R = 62 km, Vg3 = 1200 m/s, and soil type I. Then, we compute the
probability of damage as follows:
P(DS) = / P(DM]Sa) -fa(sa)-d(sa) ®)
where P(DS|Sa) corresponds to the fragility curve for a given damage
state, and f,(sa) is the probability distribution of spectral accelerations
at a vibration period of 0.3 s estimated by the GMM. Results indicate that
the probability of presenting slight, moderate, and severe damage due to
the 2015 Illapel Earthquake are 31%, 17%, and 3%, respectively.

Fig. 16 shows aerial images of the Delirio A tailings dam where
longitudinal cracks are observed at the top of the wall, which could be
attributed to seismic deformation and considered as a state of slight-to-
moderate damage.

™
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In order to complement this analysis, a 2D model of the Delirio A
tailings dam was built, considering the parameters mentioned above (h
=21 m, ¢ =25,c =17 kPa, § = 36°). The other parameters of the HSS
constitutive model were assumed as those shown in Table 2. The model
was subjected to a ground motion record whose response spectrum
minimizes the sum of the squared errors with respect to the target
spectrum defined in Fig. 9, scaled to Sa(0.3 s) = 1.2g. We compared the
results of this model with the base case model with the nearest k, (k, =
0.156) subjected to the same ground motion.

Fig. 17 compares the base case model k, = 0.156 and the Delirio A
model in terms of residual shear strain and failure points. Although the
vertical displacement is Uy = 0.7 m in both cases, the base case model
shows significantly more damage. The extend of the damage is captured
by the normalized vertical displacement Uy, which is larger for the base
case model (Uy, = 0.5). Despite the differences in damage and the large
variation of model parameters, the probability of attaining moderate-
severe damage for both models is similar, as predicted by the fragility
curve in Fig. 13. Then, the fragility curve can be applied for a variety of
slope parameters if the yield coefficient of the slope is close to those
considered in the principal stage of this study.

The use of the proposed fragility curves along with seismic hazard
maps can support preliminary seismic vulnerability evaluation of a large
portfolio of abandoned tailings dams while site-specific data is gener-
ated by the authorities. The results can inform decisions of investment in
further geotechnical characterization or reinforcement of the most
vulnerable dams.

8. Conclusions

This work proposes a set of fragility curves for estimating the prob-
ability of damage in abandoned tailings dams in North-Central Chile as a
function of the spectral acceleration at a vibration period of 0.3s, Sa
(0.3s), and the seismic yield coefficient of the slope, k, The latter
parameter seeks to characterize the variables involved in the slope sta-
bility of the resistant structure and can be obtained through a pseudo-
static limit equilibrium analysis.

The ground-shaking intensity measure (IM) selected in this study, Sa
(0.3s), shows a lower efficiency than other evaluated intensities, such as
Al Sagyg, SAayg opr and FIV3,,.. However, Sa(0.3s) was finally selected due
to its high predictability when compared to the more efficient alterna-
tives. For example, the Arias Intensity was the most efficient IM to
predict seismic displacements in the proposed model at the intensity
values evaluated, but the available GMM presents a significantly larger
dispersion.

Damage states are estimated by interpreting the relationship be-
tween the failure area ratio FAR within the slope and the permanent
vertical displacement of the crest. This trend can be reproduced for

P
S

Longitudinal
crack patterfi

Fig. 16. Drone images of the Delirio A tailings dam, where the pattern of longitudinal cracks is observed along the crest of the southeast slope.
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Fig. 17. Shear strain contour comparison of two dynamic models subjected to the same seismic record: (a) base case model with k, = 0.156, (b) representative model
of the Delirio A dam. Red dots are the integration points that reached their shear strength.

models with different properties by normalizing the permanent vertical
displacement by the height of the slope and the principal axial failure
strain of the material. Therefore, the proposed fragility curves can be
extended to various slopes with different geometries and material
properties.

The fragility curves are consistent with the reported historical Chil-
ean tailings dam failures due to earthquake-induced deformation.
Likewise, they are compatible with the seismic performance of the
abandoned dams affected by the 2015 Mw 8.3 Illapel Earthquake, dur-
ing which abandoned tailings dams did not present visible damage. In
this context, it is essential to assess these fragility curves as additional
information becomes available in future studies.

For a horizontal yield coefficient k, = 0.201, the proposed fragility
curves predict approximately 10% probability of severe damage for Sa
(0.3s) = 1g, a spectral value that has been measured in 20 seismic sta-
tions of the Chilean strong-motion network in the last 12 years. For this
reason, it is crucial to continue the evaluation of abandoned tailings
dams and to carry out remediation actions in those that present unac-
ceptable risk levels.

It should be emphasized that the proposed fragility curves are
intended for a preliminary evaluation of the seismic vulnerability of
abandoned tailings dams and a tool for detecting those dams requiring
further studies and remediation measures. The scope is limited to small-
size abandoned tailings dams (h < 25 m) in a region with semi-arid
weather, which favors long-term loss of water, and subjected to inter-
face earthquakes. The model must be carefully applied, since several
assumptions must be verified, such as the slope height, the material
homogeneity, a low degree of saturation, and the absence of water table,
among others.
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