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The mud/debris flow of the Stava (ltaly) tailings dams break

R. Genevois?, P.R. Tecca?

!Department of Geosciences, University of Padova, Padova, Italy,
rinaldo.genevois@unipd.it

%Research Institute for Geo Hydrological Protection, National Research Council (CNR-
IRPI), Padova, Italy, pia.tecca@irpi.cnr.it

The wastes resulting from the chemical and mechanical processes of mining extraction
(tailings) are mostly accumulated in basins retained by a dam that usually, after the
construction of the starter dam, are raised sequentially as the impoundment fills with an
upstream or downstream or centerline method. Tailing dams are particularly vulnerable to
failure mainly due to: (i) poor quality of local material used for the starter dam; (ii) dam
construction with solid material mixed with high quantity of water; (iii) lack of specific
design criteria; (iv) lack of extensive and continuous monitoring; (v) high cost of
remediation works, after the closure of mining activities. The assessment of tailings
facilities has mainly concentrated on the stability of tailings dams, while relatively few
studies have investigated the flow of tailings released from a dam failure due to the its
complex rheological behavior. Furthermore, as many changes in the rheological values
along the run-out path have been observed, different interpretations of the flow behavior
exist. On July 19, 1985, a fluorite tailings dam failed at Stava, Trento, Italy. About 180,000
m3 of tailings flowed 4.2 km downstream killing 268 people and destroying 62 buildings.
The tailings dams consisted of two partially overlapped basins built on a slope. The failure
started at 12.22:55 with the collapse of the up-slope basin that caused the overtopping and
subsequent collapse of the lower basin. The resulting slurry wave travelled along the Stava
Creek reaching a speed as high as 100 km/h, until it reached the Avisio River. Different
Authors [e.g.: R.J. Chandler and G. Tosatti, 1995; R. Genevois ant P.R. Tecca, 1993]
concluded that the dams were constructed with an unacceptably low factor of safety and
that the failure probably was triggered by a blocked decant pipe located within the tailings.
In particular, the main causes of instability were found to be: (i) the under-consolidation
state of the deposited material; (ii) the spreading of the upper dam on the lower basin; (iii)
the excessive height and slope of the dams; (iv) the use of the upstream method, which is
the cheapest, but also the most dangerous one; (v) the wrong installation of the drainage
pipes. This paper, after a short history of the dams, will present a geotechnical analysis of
the dam’s failure and an analysis of the flow along the Stava valley.

tailings ponds, dam failure, mud flow, finite element analysis
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Otxompl, oOpasyromuecss B XBOCTOXpPAHWIMIIAX B pe3ylabTaTe XHUMHYCCKHX U
MEXaHUYECKHUX MPOIIECCOB TOOBIUM MOJIE3HBIX UCKOIAEMbIX, B OCHOBHOM HAKAILINBAIOTCS
B OacceliHax, yJepKMBaeMbIX IJIOTHHOH, KOTOpas OOBIYHO TIOCJE CTPOUTEIHCTBA
CTapTEepHOH IJIOTHHBI IIOCTEIICHHO TTOJHUMAETCS, 110 MePe 3aMOJHEHHUsI BOIOXPaHMIIHIIA.
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CeneBble NOTOKM: kaTacTpodobl, PUCK, NPOTHO3, 3aLLuTa

XBOCTOXpaHUIHIIA OCOOCHHO YS3BUMBI K MPOPBIBY JaM0, TIaBHBIM oOpasom m3-3a: (i)
HHM3KOTO KavecTBa MECTHOTO MaTrepHalia, HUCIOJb3YeMOro Ajis riiaBHOW rutotuHa; (ii)
CTPOUTENBCTBA IIOTHHBI M3 TBEPIOTO MaTepHaa, CMELIAHHOTO C OOJIBIIUM KOJTHYECTBOM
Bozbl, (iii) OTCYTCTBHS KOHKPETHBIX KPUTEpHEB MpOeKTUpoBaHus; (iV) OTCYTCTBHS
MacmTabHOrO W HENpephIBHOIO  MOHMTOpHMHTA; (V)  BBICOKOW  CTOMMOCTH
BOCCTaHOBUTEJBHBIX pabOT TMOC/Ie OKOHYAaHUS TOPHONOOBIBAIOLICH IEATEILHOCTH.
OreHKa XBOCTOXPaHWIMIIL B OCHOBHOM ObllIa COCPEI0OTOYEHA Ha UX YCTOWYHUBOCTH, B TO
BpeMsl Kak OTHOCHUTEIHHO HEOOJIBIOE KOJMYECTBO HCCICIOBAHMN OBIJIO MOCBSIIEHO
U3yUYCHHIO MTOTOKOB, 00Pa3yIOIINXCs BCIEACTBUE pa3pylieHus miotuH. [Ipuunna 3Toro B
CIIO)KHOCTH PEOJIOTUYECKUX CBONCTB JaHHBIX NOTOKOB. Kpome TOro, BcCieacTBue
3HAYUTEJIbHBIX M3MEHEHUI PEOJIOTMUECKHX XapaKTEPHCTHK IOTOKa, OOHAPY)XKEHHBIX B
pe3ysbTaTe HAOJIOCHMH, CYLIECTBYIOT pa3Hble BapUAaHTHl MHTEPIPETAIMH TOBEICHHUS
JaHHBIX MOTOKOB. 19 wmrons 1985 roma B Tpenro, Hramms, nposamuiach IIOTHHA
(IIH0OpPUTOBOTO XBOCTOXpaHUIMINA Baib-1u-Crase. Okono 180 000 M3 MaTepuana 6bL10
BbIHECEHO Ha 4.2 KM BHH3 [0 TEYCHHUIO, YTO IPHUBEIO K TuOenn 268 dYenoBek U
YHUYTOXKEHUI0 62 3maHuil. [IMOTHHBI XBOCTOXpaHMIIMI COCTOSUIM M3 JABYX YaCTHYHO
MEePEKPBITHIX 0acCeHOB, MOCTPOEHHBIX Ha CKJIOHE. PaspylieHue namObl Hadanoch B
12.22:55 ¢ mpopsiBa BepxHEro OacceiliHa, YTO BBI3BAJIO MEPETOJHCHHUE U MMOCICTYOIINI
npopsIB HIbKHero. OOpazoBaBLIascs B pe3ysbTaTe BOJHA [IUIaMa MPOJIeTesa BIOJIb PEKU
Cragsl, gocturas ckopoct q0 100 KM/, moka He JOCTUrIA peku ABu3no. Pasznmunbie
asTopsl, Hanpumep, [Chandler and Tosatti, 1995; Genevois and Tecca, 1993] npunutu k
BBIBOJ1Y, Y4TO IUIOTUHBI OBIIIM CKOHCTPYHUPOBAHBI C HEMIPUEMIIEMO HU3KUM KO3 (PHIIMEHTOM
0e30MacCHOCTH U YTO MpPOPBIB, BEPOSATHO, OBLT BBI3BAaH OJIOKMPOBAHUEM TPYOBHI,
pacIooKeHHOW B XBOCTOXpaHWIMINAX. B uwacTHOCTH, ObUIM OOHApY)KEHBI OCHOBHBIC
OpUYHUHBI HecTaOMIBHOCTH: (i) COCTOSIHHE KOHCOMHIAINN JICTIOHUPOBAHHOTO MaTepHaa;
(ii) pacnpocTpanenue BepxHeil MIOTHHBI Ha HIKHEM Oacceiine; (iii) upe3mepHas BrIcOTa
U YKJIOH MIOTHH; (IV) MCIOIb30BaHUE METOJa BOCXO/IAIIECTO MOTOKA, KOTOPBIH SIBJISETCS
caMbIM JEUIeBBIM, HO TaKKe M CaMbIM oOHNAacHeIM; (V) HeNpaBWIbHAas YCTaHOBKa
JIPEHAXKXHBIX TPYO. DTa CTaThsl MOCIE KOPOTKOTO OMUCAHUS UCTOPUU JAHHOTO COOBITHS
COJICPXKHUT T'eOTEXHUYECKUI aHAIN3 Pa3pyLICHHs IUIOTHH U aHAJIU3 IIOTOKA BIOJIb TOJIHUHBI
CraBsl.

X60CmMoxXpanuiuwa, paspyuienue aaM6bl, 2pﬂ3€80ﬁ nomok, Memoo KOHEUHbIX DNeMEeHMO8

Introduction

Tailings are mixtures of crushed rock and processing fluids from mining operations that
remain after the extraction of metals, minerals, mineral fuels or coal from the mine resource
[Kossoff et al. 2014]. These wastes are commonly deposited as slurry behind earthen dams,
built with steep slopes using the coarse fraction of the tailings. Tailings dams are often raised
in upstream/downstream valleys, or in ring impoundments. These containment facilities are
vulnerable to failure because of the following reasons [Rico et al., 2008a]: (i) dam construction
with residual materials from the mining operations; (ii) sequential dam raise along with an
increase in effluents; (iii) lack of regulations on specific design criteria; and (iv) high
maintenance cost also after the closure of mining activities.

Tailings dams have a very long history of flow failures; in the last 50 years, major failures
causing fatalities and severe properties damages are known to have taken place in Buffalo Creek
(USA), 1972; Bafokeng (South Africa), 1974; Taoshi (China), 2008; Karamken (Russia), 2009
and Kolontar (Hungary), 2010, (WUP, 2018).

Although the major percentage of failures is related to natural hazards, in particular to
meteorological causes [Rico et al., 2008b], failures due to poor management accounted for 30%
[Azam S. and Li Q., 2010]. Many flow failures are associated with high water pools stored on
tailings, which might cause: (i) breaching of containment embankment, resulting in release of
water and tailings erosion; (ii) loss of containment embankment, resulting in rapid loss of lateral
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containment of tailings combined with excess pore pressures in tailings mass, liquefying the
tailings mass.

This paper presents a well-documented case of the failure of two tailings dams of a
fluorite mine, occurred in 1985, at Stava (North-Eastern Italy) (Fig. 1). The failure produced a
catastrophic flow slide and consequent mud flow, which wiped out or buried two villages and
claimed 268 lives, completely destroying 3 hotels, 53 homes, and six industrial buildings; 8
bridges were demolished and 9 buildings were seriously damaged.

Previous contributes dealing with the Stava debris flow include: description of the event
[Berti et al., 1988]; failure mechanism [Genevois and Tecca, 1993; Berti et al., 1997; Chandler
and Tosatti 1995] and flow kinematics [Takahashi, 1991; Pirulli et al., 2017].

This paper, after a short history of the dams, will show the two stages of the event, the
earlier flow slide and the consequent debris/mud flow, and the geotechnical analyses of both
the dams failure and the flow along the Stava valley.

Fig. 1. Aerial view of the area impacted by the mudflow and location of the tailing dams (Aerial photo:
Permit of the general staff of the Italian Air Force No. 01-120 and No. 01-121 of March 22, 1995)

Chronicle of the event

On July 19, 1985 at 12.22.55, the upper dam collapsed first, slumping in the subjacent
one and triggering the collapse of the lower dam. The resulting mudflow caused one of the
worst industrial catastrophes in the world, second in Italy only to the Vajont tragedy, producing
155 million Euros in damage. A volume of 185.000 cubic metres of silt, sand and water were
released toward the village of Stava and, from here into the Stava valley and at a speed up to
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37 m/s (estimated from the seismogram recorded at the nearby Cavalese station, 4.1 km from
the tailings dams), with an estimated volumetric solids concentration of 0.48 [Takahashi, 2007].
The flow reached the village after 100 seconds, crashing through the buildings, the flow then
continued for three minutes until it reached the Avisio River, 4.2 km away, engulfing and
destroying everything in its path. Eventually, a layer of mud, between 20 and 40 centimetres
thick, covered an overall 435,000 square meters over a 4.2 km route.

Characteristics and development of the tailing dams

The Prestavel mine had been in operation since the 16th century [Perna, 1964] for
exploiting argentiferous galena. In 1934 mining at Prestavel was redirected to the extraction of
fluorite. To isolate and to concentrate the fluorite, the Prestavel mine in 1961 shifted from the
simple gravimetric procedure to the more effective flotation-process, where a mixture of water,
rocks and foaming agents are used to extract the fluorite from the rock debris.

For this purpose, two basins were constructed on a small tributary of the Stava Creek, at
an elevation ranging from 1330 to 1380 m a.s.l.., on a slope between 12° and 16°. The lower
basin was located about 120 m above the Stava valley floor, in a distance of 800 m to the small
village of Stava. Fig. 2 shows the aerial view of the two basins photographed in September
1982.

Fig. 2. Aerial view of the two tailings dams in 1980 [Archivio multimediale Fondazione Stava 1985
Onlus. http://multimedia.staval985.it/search.html]

The impoundments were founded on fluvio-glacial deposits covering a marly-arenaceous
formation. The local geological features have an important significance because of the different
permeability of the formations and the consequent possible existence of confined aquifers. The
lower dam was raised on natural ground using the “upstream method”: centreline of the
embankment moved upstream, in relation to the starter dam, so that the upstream wall was built
on the tailings beach. The upper dam was initially raised using the “centreline method”
(embankment crest shifted upwards in the same position, in relation to the starter dam), so that,
as the dam grew higher, its sandy front rested partly on the lower pond silty sediments (Fig. 3);
from 1975 the upper dam was raised using the “upstream method”.

pond

sand S
sand and silt —Y
silt starter dam/ 0 g'om

Fig. 3. Schematic cross section of the tailings dams
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Two systems of tailings slurry disposal were employed: on-dam cycloning and central
cycloning [USEPA, 1994]. A pool of clarified water accumulates upstream from the tailings
sand beach and the dam crest was formed by cycloned sands.

Table 1 shows the development history of the two tailings dams and the sequence of the
most important events which led to the failure.

Table 1. History of the Prestavel tailings basins

Time Tailings basins

1961 First lower basin constructed; starter dam of gravelly natural soil, founded on
natural ground reinforced by concrete soil-nailing; 9 m high and gradient 40°

Late 60° Lower dam reached a height of 26 m [upstream method] and gradient 32°

1979 Second upper basin constructed; starter dam of gravelly compacted natural soil,
no reinforcement of foundation soil; 5 m high

Early 70’ Upper dam reached a height of 10 m [centerline method] and gradient 39°

1975 Turning to upstream method, upper dam reached a height of 19 m; construction
of a berm 4 m wide providing the dam a mean gradient 35°

1978 Upper dam reached a height of 26 m and gradient 39°; high water levels in the
basins

1980-1982 Basins not used for different enriching fluorite method

1982 Floatation processing resumes; upper basin used; Upper dam reached a height of
28m

Jan 1985 Small slump on the right side of the Upper dam [blockage by freezing of the
decant pipe and consequent leakage]

Early June 1985 | Sink hole 30 m wide and 4 m deep is formed in the lower basin (breakage of its
decant pipe)

July 15 1985 Decant pipes restored; lower basin refilled; Upper dam reached a height of 30 m

July 19 1985 Tailings dams fail

The geotechnical properties of the tailings and of the embankment soils were investigated
after the disaster by means of laboratory and field tests. Grain size distributions clearly
differentiated the embankments materials, defined as silty-sands (Pl between 4 and 7), from the
sediment of the impoundments, defined as clayey silts (Pl between 10 and 20).

In order to calculate the shear strength of soils, laboratory triaxial and shear box tests
(drained and undrained conditions) and field tests (SPT and CPT) were carried out both on
undisturbed and recompacted remoulded samples taken from the ponds and dams remnants.

The sandy tailings were found in a medium dense state, showing in situ resistances
slightly increasing with depth, and average relative densities decreasing from 50% to 40% at
depths greater than 6 m. The drained and effective angles of shear strength were estimated
ranging between 37°-51° on undisturbed samples, and between 29°-40° on the recompacted
ones, quite close to the gradient of the outer slope (34° and 39°).

The shear strength of the silty tailings showed values of the undrained cohesion ranging
from 3 to 60 kPa, with a ratio s./c’vo ranging from 0.15 to 0.22 (s, measured strength; ¢’vo
effective vertical stress).

Consolidation tests evaluated compression indexes from 0.15 -0.28 for undisturbed
samples and from 0.20-0.37 for remoulded samples, characterizing these sediments with an
average degree of consolidation of 50%, with minimum values of 20-22%. The coefficient of
consolidation, calculated for vertical stress of 200 kPa, showed values generally equal to 2x10-
2 cm?/s.

The dams failure analysis

While many Authors have analysed the dynamics of the flow all along the valley [e.g.,
Takahashi, 1991; Pirulli et al., 2017], not too much attention has been given to the initial failure
of the dams, probably as a consequence of the insufficient knowledge of the different material
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geotechnical characteristics and space distribution, besides the uncertainty and debatable of the
choice between total or effective stress analysis.

The causes of the Stava dams failure are generally attributed to the chronic instability of
the embankments, mainly consequence, inter alia of the incomplete consolidation of the silty
slime and the excessive height and slope of the embankments. Among the others, Genevois and
Tecca [1993].

Considering a range of possible piezometric surfaces within the sandy shell, Genevois
and Tecca [1993] carried out stability analyses using a two-dimensional non-linear finite
difference code [FLAC, Itasca Consulting Group 1992]; the Drucker-Prager plasticity model
was implemented on a simplified geometry of the tailings dam (Fig. 4), considering a range of
possible piezometric surfaces within the outer sandy shell. The input geotechnical parameters
are showed in Table 2.

Fig 4. Geotechnical model of the 1985 Upper dam. 1- natural soil; 2- sands; 3- very soft alternating soils;
4- soft to medium alternating soils; 5- unconsolidated slimes; 6- very soft slimes; 7- soft slimes; 8-
medium consolidated slimes

Table 2. Geotechnical parameters

Soil | T (kN/md) ¢’ ) | cu(kPa) E(MPa) |v

1 206 40 - 150 0.25
2 18.6 42 - 35 0.30
3 17.2 36 - 15 0.35
4 18.1 37 - 25 0.35
5 13.7 - 7 3 0.35
6 16.2 - 15 6 0.35
7 17.7 - 25 9 0.35
8 186 - 35 12 0.35

vy - specific weight; ¢’ - friction angle; ¢, undrained cohesion; E - Young modulus; v - Poisson coefficient.
Material numbers are referred to Fig. 4.

The results of the analyses showed that the stability of the upper dam is mainly influenced
by the dam height and by the position of the phreatic surface within the sandy shall and.

The safety factor displayed an initial increase due to the progressive consolidation of the
slimes and a significant decrease after 1982, when the instability condition was reached for high
piezometric levels.

The influence of the height increase of the upper dam was evaluated implementing the
Lade [1992] procedure, identifying a region of potential instability. A local zone of instability
already existed in 1975, and it extended more and more upwards and inwards as the dam height
increased, eventually engaging the silty sands alternating layers and part of the silty tailings

(Fig. 5).
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7/'77]

Fig. 5. Progressive extension of the instability zone during the upper dam building

The upper dam, however, was stable as long as drained conditions were secured: any
pore pressure build up would have resulted into the enlargement of the unstable region, the
engagement of progressively larger volumes of unstable tailings and finally into the dams
failure by static liquefaction.

Event analysis: the flow slide and the mud/debris flow

Aerial photo interpretation, eyewitness accounts, and field observations indicate the most
probable temporal sequence of the failure: (i) collapse of the sandy shell of the upper dam onto
the silty tailings of the lower basin; (ii) liquefaction of the silty tailings of both the lower basin
(undrained loading) and the upper basin (undrained unloading); (iii) flow of the sandy tailings
down to the valley.

The Stava event has been subdivided into two different processes (Fig. 6): a flow slide
from the tailing dams to the Stava village, where significant depositional processes took place,
and a mud/debris flow along the Stava valley, where only erosional phenomena occasionally
occurred [Berti et al. 1997]. The distinction in two processes is also confirmed by the
interpretation of the seismogram recorded at Cavalese, 4.1 km from the Prestavel basins.

- = flOw slide
mud/debris flow 0 100 200m

Fig. 6. The flow slide area with remnants of the dams and the upper part of the mud/debris flow a few
hours after the disaster [photo Aeron. Mil., conc. S.M.A. no. 623, 19 July 1985].

The main phases composing the whole Stava event are visible in the time domain of the
induced seismogram (Fig. 7). It lasted approximately 600 s, showing a magnitude between 2
and 3 in the Richter Scale. Amplitudes were rather low, showing peaks mostly lower than 1.5
um/s with peak values up to 2 um/s.

Different interpretations of the seismogram have been performed using different
approaches [e.g. Takahashi 1991; Pirulli et al., 2017].

Our analysis, on the basis of both amplitudes and frequencies, identifies 6 different
phases of the whole event, punctuated in time by a sequence of events, displayed in Table 2.

The phase (1), characterized by increasing amplitudes of the seismic wave, lasts about
60 seconds and corresponds to the upper dams failure and lower dam collapse. In phase (2),
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characterized by amplitudes roughly homogeneous for about 100 s, mean velocity is about 6.0
m/s. The peak amplitude registered at 12:24:50 is related to the impact with the buildings closest
to the lower dam.

Stava - 19/07/1985 - Station CAV - Channel Z - Distance 4 km

o

Amplitude (um/s)

»

-

12:22:30 12:32:30

12:30:30

12:24:30 12:26:30 12:28:30

Time (hh:mm:ss)

Fig. 7. Seismogram of the Stava event. Numbers are referred to the six distinct phases of the event
indicated in Table 3.

Table 3. Sequence of events composing the Stava disaster

Phase | Time interval Event Process Partial Mean
[hh:mm:ss] distance velocity
[m] [mi/s]
1 12:22:55- Upper and lower basins Dams failure | — -
12:23:55 collapse
2 12:23:55 - Slide path to upper Stava Flow slide 600 6.0
12:25:35 houses
* 12:24:50 Impact to buildings closest | Flow slide
to the dams
3 12:25:35- Wrecking of Stava Village | Mud/debris | 270 10.8
12:26:00 flow
4 12:26:00- Propagation along Stava Mud/debris | 2950 22.7
12:28:10 valley to the Roman bridge | flow
in Tesero
5 12:28:10- Propagation from the Mud/debris | 480 4.8
12:29:50 Roman bridge to the Avisio | flow
River
6 12:29:50- Deposition in the Avisio Deposition - -
12:33:00 River valley

* - single event

In phase (3), lasting about 25 s, the emerging peaks at 12:25:35 correspond to the impact
and total wrecking to Stava village; flow velocity increased up to 10.8 m/s. The next phases (4)
and (5), characterized by greater amplitude roughly homogeneous, correspond to the
propagation of the mass along the Stava valley. In phase (4) mean velocity reached 22.7 m/s
for about 130 s until the impact to the Roman bridge of Tesero at 12:28:10; in phase (5), lasting
110 s, the flow reached the Avisio River and mean velocity falls to 4.8 m/s. In phase (6) the
amplitudes drop, indicating the deceleration of the mass and eventually the deposition of the
material in the Avisio valley.

The analysis displays a significant change of the velocities observed all along the flow
path.
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The strong and fast increase of the mean velocity in phases (2), (3) and (4) has been
interpreted as a variation of the flowing material characteristics. The collapsed material is
mostly made by slightly to medium plastic silts (the impoundments material) and by nonplastic
sands (the dam material).

Based on the Classification of Landslides of the Flow Type [Hungr et al., 2001], the
initial process, composed by phases (1) and (2), may be classified as a flow slide of liquefiable
silts and sands. The flow slide is characterized by medium to high mean velocity due to the
high pore pressures induced by the previous undrained loading and unloading: this material
accumulated at the end of the slope in a tongue-like form at the Stava village (see Fig. 6).

Downstream of the village, during the propagation phases (4) and (5), the mixture,
mainly composed by sands and secondarily by silts, was channelled into the Stava valley, and
the mass movement turned into an extremely rapid mud/debris flow (see Fig. 6).

Conclusions

The failure of the Stava basins has been here reconsidered as regards mainly the
dynamics of the flow. As matter of facts, different interpretations of the flow dynamics exist
[e.g. Takahashi 1991; Berti et al. 1997; Pirulli et al. 2017], mainly depending on the rheological
behavior attributed to the flowing mass, but only Berti et al in 1997 considered the event as
composed by two different processes: an initial flow slide and a following mud/debris flow.

The careful analysis of the seismic record indicates a sudden acceleration of the flowing
mass when it entered the Stava valley, differentiating the previous flow of mainly silty
materials, identified as a flow slide, from the following faster flow of mainly sandy material,
considered a mud/debris flow, as confirmed also by the field surveys after the disaster.

As regards the initial failure of the upper dam, the causes should be referred in general
to the poor engineering of the construction and, in particular, to the raising of the upper dam
with a steep downwards slope. As a conclusion, the dam was only marginal stable and it would
have in any case collapsed.
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