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ABSTRACT: In this study, centrifuge shaking table tests were conducted to characterize the failure mechanisms of tailings
impoundments subjected to seismic sequences. The ejection of tailings, mudflows along the downstream slope of the starter dam and
the topographic features observed in real tailings impoundments after earthquake-induced failure are reproduced in the tests. The
experimental results indicate that the initial earthquakes may only lead to localized deformation near the silty layers at shallow
depths, followed by lateral spreading of tailings between the silty layers at deeper locations. The continuous buildup of excess pore
pressure may lead to ejection of tailings during the subsequent earthquakes. After that, dissipation of excess pore pressure occurs in
the upstream side, while the tailings near slope crest become liquefied and flow along the slope surface. The slope profile keeps
changing with increasing the number of loading cycles until an extremely gentle slope with an angle of 1-2° emerges at the upper
surface of the tailings. Afterwards, the tailings at extremely shallow depths seem to be liquefied and then flow toward the downstream
direction layer by layer, leading to the release of tailings. In addition, due to the continuous lateral spreading or sliding of tailings at
deeper locations towards the downstream direction, the tailings eventually flow along the slope surface and then are released, which
contributes to a significant increase in the release rate. The salient findings can shed light on the associated failure mechanisms and
then improve the seismic design of tailings impoundments, and the unique and invaluable observations can also be used to validate
constitutive models, procedures and results of numerical methods.

RESUME : Dans cette étude, des essais sur table & secousses centrifuges ont été menés pour caractériser les mécanismes de défaillance
des parcs a résidus soumis a des séquences sismiques. L'éjection des résidus, les coulées de boue le long de la pente en aval du barrage
de démarrage et les caractéristiques topographiques observées dans les bassins de résidus réels aprés une rupture induite par un séisme
sont reproduites dans les essais. Les résultats expérimentaux indiquent que les séismes initiaux ne peuvent conduire qu'a une déformation
localisée prés des couches limoneuses a faible profondeur, suivie d'un étalement latéral des résidus entre les couches limoneuses a des
endroits plus profonds. L'accumulation continue d'une pression interstitielle excessive peut conduire a 1'éjection de résidus au cours des
tremblements de terre ultérieurs. Apreés cela, la dissipation de la pression interstitielle excessive se produit du c6té amont, tandis que les
résidus pres de la créte de la pente se liquéfient et s'écoulent le long de la surface de la pente. Le profil de la pente ne cesse de changer
avec l'augmentation du nombre de cycles de chargement jusqu'a ce qu'une pente extrémement douce avec un angle de 1-2° émerge a la
surface supérieure des résidus. Par la suite, les résidus a des profondeurs extrémement faibles semblent se liquéfier puis s'écouler vers
l'aval couche par couche, entrainant le relachement des résidus. De plus, en raison de I'étalement ou du glissement latéral continu des
résidus a des endroits plus profonds vers I'aval, les résidus finissent par s'écouler le long de la surface de la pente puis sont libérés, ce qui
contribue a une augmentation significative du taux de libération. Les résultats saillants peuvent faire la lumiére sur les mécanismes de
défaillance associés, puis améliorer la conception sismique des bassins de résidus, et les observations uniques et inestimables peuvent
également étre utilisées pour valider les modéles constitutifs, les procédures et les résultats des méthodes numériques.

KEYWORDS: Failure mechanisms, earthquake sequences, tailings impoundments, centrifuge shaking table tests, release of tailings.

1 INTRODUCTION Seismic loading is one of the main triggers of tailings

impoundment failures (Villavicencio et al. 2014). The most

Billions of tonnes of tailings are annually produced across the
globe by the extractive mining industry (Fyfe 1981; Adiansyah
et al. 2015; Owen et al. 2020). Storage of these produced tailings
in dammed impoundments is currently one of the main methods
to handle those tailings (Lottermoser 2007; Kossoff et al. 2014).
The failures of tailings impoundments can result in high-velocity
long-runout mudflows, leading to immediate fatalities and direct
economic losses. Moreover, the harmful emplaced materials can
contaminate soils, river sediments, floodplains, riverbanks and
water, thus causing long-term impacts on human health and the
environment (Hatje et al. 2017; Vergilio et al. 2020; Dong et al.
2020). As summarized by Santamarina et al. (2019), nearly 3000
people have been killed and nearly 270 Mm? of tailings have
been released in the associated failure events over the past
century. It is therefore of great importance to examine the
underlying failure mechanisms of tailings impoundments.
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disastrous failure occurred at El1 Cobre N° 1 dam, Chile, as a
result of the 1965 La Ligua earthquake (7.5 Richter magnitude),
the epicenter of which was 68 km away from the dam. An
enormous volume of tailings (1.9 million m?) has been released
after dam breach. The run-out distance of the mud-flow reached
12 km, and the flow velocity was estimated to be as high as 20
km/h; this caused an enormous destruction of a town in the flow
path and killed about 300 people (Dobry and Alvares 1967;
Blight and Fourie 2005). Failure of the tailings impoundments
may also occur during the aftershocks following a mainshock or
during earthquake swarms, i.e., sequences of small or moderate
magnitude earthquakes that occur in a relatively short period
without a specific mainshock (Tanner et al. 2020). As pointed out
by Agurto-Detzel et al. (2016), the small-magnitude seismic
sequence might have contributed to the failure of the Samarco
tailings dam in Brazil. The 1966 Matsushiro earthquake swarms



(Central Honshu, Japan) with an activity of up to ~7000 small
earthquakes per day lead to ground fissures, spring water and
numerous landslides (Zobin 2017). As the majority of the
associated studies only consider a main shock and do not account
for a seismic sequence (Khanal and Saygili 2019), the failure
mechanisms of tailings impoundments subjected to seismic
sequences remain unclear.

This study aims to characterize the failure mechanisms of
upstream tailings impoundments subjected to seismic sequences
by centrifuge shaking table tests. The centrifuge tests are more
efficient and advantageous than 1g tests as the in situ stress field
and soil properties can be reproduced in the centrifuge (Kim et
al. 2011; Madabhushi et al. 2018; Shi et al. 2019; Zhang et al.
2019). The experimental details are presented first, followed by
experimental results and discussions regarding soil deformation
and the pore pressure evolutions. The focus is put on how the
tailings impoundments deform and eventually lead to the release
of tailings under earthquake sequences. The salient findings can
shed light on the associated failure mechanisms and then improve
the seismic design of tailings impoundments. The unique and
invaluable observations can also be used to validate constitutive
models, procedures and results of numerical methods.

2  EXPERIMENTAL DETAILS

The model tests were conducted at the China Institute of Water
Resources and Hydropower Research (IWHR) by a horizontal-
vertical centrifuge shaking table installed on a beam centrifuge
with a capacity of 450 g-ton and a radius of 5.03 m. The
centrifuge shaking table can operate up to 100g with a payload
mass of up to 440 kg. It can simultaneously simulate horizontal
and vertical bedrock motions with peak accelerations of up to
30g and 20g at model scale, respectively. This study only used
horizontal dynamic excitation and the centrifugal acceleration
was set to 40g, i.e., N=40. As summarized in Table 1, the scaling
factors follow the well-established scaling laws for centrifuge
shaking table tests (Schofield 1981). In order to avoid the time
scaling conflict for consolidation and for the seismic motion, the
viscosity of the pore fluid was increased 40-fold by using an
aqueous solution of hydroxypropyl methylcellulose (HPMC),
which is commonly used in centrifuge shaking table tests (e.g.,
Stewart 1998).

Table 1. Scaling factors used in the centrifuge shaking table tests carried
out at Ng.

Item Scaling factor (model/prototype)
Length 1/N
Time /N
Acceleration N
Frequency N
Displacement 1/N
Coefficient of N
viscosity
2.1  Model configuration

Fig. 1 shows the centrifuge model of tailings impoundment. The
model was prepared in a rigid container with inner dimensions of
0.9 m (length) x 0.2 m (width) x 0.5 m (height), which was
equipped with a transparent perspex side window to facilitate the
image-based analysis. The model was mainly composed of a
starter dam with a height of 160 mm and a slope ratio of 1:1.5
(height : width) and a slope of tailings with a height of 260 mm
and a slope ratio of 1:3. The slope ratio is frequently used in the
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tailings impoundments both in China (Chen et al. 2007) and the
rest of the world (Villavicencio et al. 2014; Ishihara et al. 2015).
Since sub-dams had relatively small sizes compared with the
whole tailings impoundments, they were not separately
constructed in the model to facilitate preparation, which had also
been used in previous model tests (e.g., Jin et al. 2018). This
treatment has a minor effect on the seismic failure mechanisms
of tailings impoundments.

As shown in Fig. 1, the tailings impoundment had a laminar
structure. Two silty layers were sandwiched in the tailings slope
at heights of 230 mm and 180 mm, i.e., at 88% and 69% of the
total model height, respectively. This treatment is used to roughly
simulate the stratigraphic properties of real tailings
impoundments, e.g., the Mochikoshi tailings impoundment in
Japan (Ishihara 1984) and the Lixingou tailings impoundment in
China (Zhang 2006), where the soil profiles are characterized by
sandy tailings with weakly permeable silty interlayers. The
formation of this horizontal laminar structure can be attributed to
the sedimentation process of tailings. As indicated by the results
of field investigations, such a layered structure or stratification
also exists in the sand deposits that experienced similar
sedimentation processes, €.g., natural fluvial ground at the mouth
of rivers and reclaimed ground formed by hydraulic filling
(Kokusho and Kojima 2002).
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Figure 1. Schematic drawing of the centrifuge model of tailings
impoundment.

2.2 Model preparation

The starter dam was firstly prepared. Since typical starter dams
were usually constructed using natural soils and rock-fills, the
model material were chosen as coarse silica sand with particle
sizes of 2-4 mm produced in Fujian Province, China. The dry
sand was firstly placed to form a level-ground and then was
compacted layer by layer in the container until the dry density
reached 1.9 g/cm?, which was close to the value used in practice.
When the thickness of the sands reached 160 mm, a careful
excavation was conducted to expose the geometry of the starter
dam.

After constructing the starter dam, the dry tailings slope was
prepared using tailings collected from a real tailings
impoundment of a gold mine in Gansu Province, China. The
material was categorized as silty sand and had a maximum size
of 0.1 mm and contained 31.2% of fines with sizes smaller than
0.075 mm. The maximum dry density was 1.592 g/cm?, while the
minimum dry density was 1.136 g/cm’. The air pluviation
method was used to prepare the tailings slope, and the achieved
dry density was 1.40 g/cm?, corresponding to a relative density
of 66% after sample preparation. With regard to the silty layers,
silts were gently placed on the surface of the tailings at the
prescribed elevation to form a layer with a thickness of 5 mm,
and the achieved density was 1.44 g/cm?. The effective particle
size dio was 1~10um, which was close to the field value (e.g.,
Ishihara 1984). As the hydraulic conductivity is mainly
determined by d.o, this ensures the similarity of soil properties of
prototype and model silty layers.



Since the phreatic surface was only slightly lower than the
slope surface in practice and the tailings in the impoundments
were nearly fully saturated (Ishihara et al. 2015), the centrifuge
model was immersed in liquid to maintain the saturation
condition during the spin-up of the centrifuge and the subsequent
shaking process.

2.3 Instrumentation layout

As shown in Fig. 1, a series of vertically distributed miniature
pore pressure sensors were installed at various depths in the
upstream part to monitor the generation and dissipation of pore
pressure. In addition, two high-speed cameras (Model: Hero 8§,
GoPro Inc., USA) and particle image velocimetry (PIV)
techniques were used to capture the displacement field. The spin-
up process was monitored at a frame rate of 30 fps and a
resolution of 4000 x 3000 pixels, while a frame rate of 240 fps
and a resolution of 1280 x 960 pixels were used to monitor the
shaking process. Since the texture of tailings could hardly be
identified, silica fume (with a size of 48 um) was used to prepare
the trace markers distributed at several horizontally distributed
arrays to visualize motion. As shown in Fig. 2, a coordinate
system is used to indicate the initial locations of trace markers.
The origin is put at the initial slope crest, while xo and zo denote
horizontal and vertical distances from the origin to a particular
point. The discussions on soil deformation are mainly based on
the results of array 1 near upper surface and arrays 2 and 3
between the two silty layers. The average values of zo, i.e., initial
depths of array 1, 2 and 3 are 4 mm, 40 mm and 60 mm,
respectively.

2.4 Experimental procedures

The dry model was saturated under vacuum using an aqueous
solution of HPMC in a saturation box. The mass flux of the
aqueous solution was controlled to as low as 0.3-0.4 kg/h using
a peristaltic pump to prevent fluidization of the materials. Then,
the model was mounted on the surface of the centrifuge shaking
table. After completing all these preparation steps, the centrifuge
started to spin-up and the centrifugal acceleration gradually
increased to 40g. The model was then subjected to horizontal
seismic motions after a specific time of stabilization. As shown
in Fig. 1, the shaking direction was along the longitudinal
direction of the container and was perpendicular to the dam axis.

The total duration of the seismic sequence was 120 s,
corresponding to 80 min at prototype scale. The peak
acceleration in each cycle was 1-7.2g at model scale,
corresponding to 0.025-0.18g at prototype scale. The input
motion had high frequency components at 36 Hz, corresponding
to 0.9 Hz at prototype scale. The total number of loading cycles
was estimated to be in the range of 4000-5000. Therefore, the
model was subjected to a seismic sequence of hundreds of small-
magnitude earthquakes in a relatively short period, which
roughly simulated the real earthquake sequences (e.g., Zobin
2017; Tanner et al. 2020).

t=0

100 cm

Downstream side Upstream side
Figure 2. Picture of the tailings impoundment model before shaking.

3 RESULTS AND DISCUSSION

Fig. 3 presents the slope conditions after shaking at = 120 s,
where ¢ denotes time in model scale. The sandy tailings slope
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with silty interlayers failed, leading to a massive release of
tailings. The volume of released tailings is estimated to be about
20% of the total volume of those tailings initially located above
the crest of the starter dam. Due to such a release, the height of
the tailings impoundment is reduced to about 83% of its initial
value. The key features observed during shaking are further
elaborated in the following. It is worth noting that all results are
presented in model units unless otherwise indicated.

Figure 3. Picture of the tailings impoundment model after shaking at t =
120 s.
3.1 Ejection of tailings and dissipation of excess pore
pressure

For a sandy tailings slope with a laminar structure, the initial
earthquakes only lead to localized deformation near the silty
layers at shallow depths, followed by lateral spreading of tailings
between the silty layers at deeper locations. Those localized
deformations can be attributed to the rapid buildup of pore
pressure under silty layers (see Fig. 4). Although detachment and
translocation of tailings protrusions may occur at the slope
surface, the overall deformation of the tailings slope and the
release of tailings are limited.

The continuous buildup of pore pressure may lead to ejection
of tailings during the subsequent earthquakes. As shown in Fig.
5, ejection of tailings or sand boiling occurs at xo =250 mm, and
lasts nearly 1 sec from 17 to 18 s. This suggests that the tailings
directly below the silty layers might have reached the
liquefaction state, and the liquefied tailings are prone to ejection
onto the surface to form sand boils under the high hydraulic
gradient. This is consistent with the fact that many sand volcanos
have been observed at sites of earthquake-induced failures of
tailings impoundments, e.g., Mochikoshi No. 1 dike in Japan
(Ishihara 1984). In addition, as shown in Fig. 4, the excess pore
pressure (4u) turns to dissipate with increasing loading cycles in
the upstream part. This indicates that the ejection of tailings
might change the drainage conditions of the tailings and then
influence the pore pressure evolution.

40

359

30 A4

10 20 30 40 50 60 70 80 90 100 110 120
Time (s)

|
|
0

Figure 4. Evolutions of excess pore pressure (4u) at different depths with
time during shaking.



Figure 5. Snapshots of the tailings impoundment showing the ejection of
tailings.

3.2 Sliding of tailings above the second silty layer

After ejection of tailings, the horizontal displacements (dx) of
trace markers far exceed the vertical displacements in arrays 2
and 3, and the maximum value of di is observed near slope
surface, which follows the trend of lateral spreading observed
before ejection. Fig. 6 presents evolutions of horizontal
displacements of those trace markers. Since the particles in the
silty layers may move upwards through the interface between
tailings and the side window, thus hindering the identification of
some of the trace markers. As indicated by the legend, those trace
markers shown in Fig. 6 are located at xp =-144 to -12 mm in the
downstream side and at xo = 201-256 mm in the upstream side.
The trace markers in the downstream side move toward the
downstream direction in a larger speed after ejection of tailings.
The horizontal displacements of all the trace markers located in
the downstream side reach 20 mm at model scale or 0.8 m at
prototype scale after a duration of 40-50 s. With regard to the
upstream side, the trace markers start to move toward the
downstream direction after ejection, and then the values of di
reach a plateau at about 7 = 25 s, suggesting that horizontal
movement have already ceased in those tailings.

The relative displacements of those trace markers are further
calculated to investigate soil deformations at different locations.
The relative displacement in the downstream side is given by the
difference between the displacement at xp = -144 mm and at xp =
-12 mm, i.e., dn-144mm - dp-12mm. As shown in Fig. 7, the relative
displacement in the downstream side is only 0.5 mm at t=35s,
and the value increases to 3.3 mm at ¢ = 50 s. The difference
between displacements at xg =-12 mm and xo =201 mm, i.e., dx-
12mm - dn,201mm, 1s used to reflect the relative displacement in the
upstream side. The value continuously increases with time and
reaches 14.4 mm at 50 s, which is much larger than that in the
downstream side. This suggests that the tailings in the
downstream side move as a whole and slide along a failure plane
in the second silty layer or along the interface between the silty
layer and tailings.
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Figure 6. Evolutions of horizontal displacements of the trace markers in
arrays 2 and 3 with time during shaking.
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3.3 Liquefaction and flow of tailings at extremely shallow
depths

As shown in Fig. 8a, because of the extremely small confining
stress at extremely shallow depths near the upper surface, tailings
can be easily liquefied under seismic loading. Then, these tailings
flow along the slope surface and the downstream slope of the
starter dam, and eventually arrive at the deposition space
between the slope of the starter dam and the side walls of the
container. As the flow moves in extremely thin layers, it can
hardly be clearly identified in the slope surface via the images.
However, the accumulation of tailings in the deposition space
clearly demonstrates the occurrence of tailings flow.



Figure 8. Snapshots of the tailings impoundment collected at (a) =27 s,
(b)t=40s,(c)t=50s,(d)t=60s,(e) t=70sand (f) =84 s.

As shown in Figs. 8b and 8c, because of the continuous flow
of the liquefied tailings at extremely shallow depths, the slope
profile keeps changing with increasing time. An extremely gentle
slope with an angle of 1-2° emerges at # = 50 s. Afterwards, as
shown in Figs. 8d, 8¢ and 8f, the tailings at extremely shallow
depths seem to be liquefied and then flow toward the downstream
direction layer by layer. The height of the tailings impoundment
continues to decrease because of the continuous flow of tailings.
The collected images indicate that the model height at xo = 0 is
decreased by 14% at ¢t = 84 s, suggesting a significant release of
tailings. Such behavior can also be assessed by the measurements
from P1. The sensor P1, initially located at a depth of ~19 mm,
might gradually emerge with the flow of upper tailings. Then, the
value reflects the static liquid pressure at the current upper
surface. As shown in Fig. 8, the pressure at P1 increases with
time from 40 s to 70 s with a total increase of 6.2 kPa, which

corresponds to a model height reduction of 16 mm, i.e., ~6% of
the initial model height.

3.4  Flow of tailings above the second silty layer

Because of the continuous sliding of tailings as discussed in
section 3.2, the downstream end of those tailings gradually
moves downward and along the slope surface. As shown in Fig.
8f, those tailings arrive at the crest of the starter dam at # = 84 s,
and then flow along the downstream slope of the starter dam,
which is similar to the field observations (e.g., Ishihara 1984;
Ishihara et al. 2015). As shown in Fig. 9a, not only the tailings at
extremely shallow depths, but also those at larger depths above
the second silty layer, flow toward the downstream direction
along the slope surface. According to the deposition volume
estimated via images, the flow rate can be roughly determined.
The average flow rate from 60 s to 84 s was about 6.7 cm?/s,
while the average flow rate from 84 s to 120 s was about 16.7
cm?/s, which is about 2.5-fold of the previous value. This
suggests that the flow of tailings above the second silty layer
contributes to a significant increase in the release rate of tailings.

(2)
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(b)

Figure 9. Snapshots of the tailings impoundment collected at (a) t= 100
sand (b) r=120s.

3.5 Formation of terraces and scarps

As shown in Fig. 9, the flow of tailings seems to have ceased in
the upstream part, while the downstream part continues to spread
laterally. The tailings left in place exhibit a failure scarp at xp =
50 mm and a 378-mm wide terrace at the downstream side at ¢ =
120 s. Several small terraces and scarps can also be identified at
the upstream side. This topographic feature is similar to that
observed in real tailings impoundments after earthquake-induced
failure, e.g., Barahona No. 1 dam, Chile (Troncoso et al. 1993)
and El Cobre Viejo dam, Chile (Villavicencio et al. 2014; Blight
and Fourie 2005). The failure mechanisms observed in this study
can be used to explain this topographic feature. Due to the
liquefaction and flow of tailings at extremely shallow depths, the
height of the tailings slope decreases over time or with increasing
the number of loading cycles. The dissipation of pore pressure in
the upstream side makes the associated tailings more resistant to
earthquakes, while the tailings close to the slope surface slide
along a failure plane in the silty layer or the interface. This
eventually leads to the formation of terraces and scarps for the
tailings left in place.

4 CONCLUDING REMARKS

This study characterized the failure mechanisms of upstream
tailings impoundments subjected to seismic sequences based on
centrifuge shaking table tests. The ejection of tailings, mudflows
along the downstream slope of the starter dam and the



topographic features observed in real tailings impoundments
after earthquake-induced failure are reproduced in the tests. The
salient findings are summarized in the following.

For a sandy tailings slope with a laminar structure, the initial
carthquakes may only lead to localized deformation near the silty
layers at shallow depths, followed by lateral spreading of tailings
between the silty layers at deeper locations. Those localized
deformations can be attributed to the rapid buildup of pore
pressure under silty layers. Although detachment and
translocation of tailings protrusions may occur at the slope
surface, the overall deformation of the tailings slope and the
release of tailings are limited. The continuous buildup of pore
pressure may lead to ejection of tailings during the subsequent
earthquakes. After that, the excess pore pressure in the upstream
side turns to dissipation, while the tailings near slope crest
becomes liquefied and flow along the slope surface. The slope
profile keeps changing with increasing the number of loading
cycles until an extremely gentle slope with an angle of 1-2°
emerges at the upper surface of the tailings impoundment. After
that, the tailings at extremely shallow depths seem to be liquefied
and then flow toward the downstream direction layer by layer,
leading to the release of tailings. In addition, due to the
continuous lateral spreading or sliding of tailings at deeper
locations towards the downstream direction, the tailings
eventually flow along the slope surface and then are released,
which contributes to a significant increase in the release rate.
Those results shed light on how failure occurs and how the
tailings in the impoundments are released for a sandy tailings
impoundment with a laminar structure subjected to seismic
sequences.
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