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ABSTRAKT

The Lake Most is located in the central part of the Most Basin (Czech Rep.), which is a geomorphological
part of Eger graben. The lake was created by flooding of Most-Lezaky residual pit between October 2008
and September 2014. Like in rest of Europe, the safety and the security of mine lakes is one of the priorities
of flooding and post-flooding period. One of the main hazards identified is the slope stability of lake banks.
To develop a reliability methodology for assessing the long-term stability of flooded open pit mines, a large-
scale numerical model of the lake was carried out and was applied on Lake Most. The large-scale numerical
model was built, based on the site observations, large scale LiDAR data and geotechnical data. The results
highlighted the reliability of the methodology to combine the geometric model with the geological model
to create a large-scale numerical model, and to identify local and potentially instable zones.

Jezero Most se nachazi v centralni &asti Mostecké panve (Ceska republika) a je geomorfologickym celkem, ktery je sou&asti
Oherského riftu. Jezero vzniklo fizenym zatopenim zbytkové jamy lomu Most-Lezaky v obdobi fijen 2008 az zafi 2014.
Stejné jako ve zbytku Evropy, je i zde bezpecnost lokality jednou z priorit jak v prabéhu, tak po zatopeni. Jednim z hlavnich
identifikovanych rizik jsou svahové deformace postihujici svahy a bfehy jezera. Pro vypracovani metodiky spolehlivosti
hodnoceni dlouhodobé stability byl zpracovan rozsahly numericky model, ktery byl kalibrovan na jezefe Most. Na zakladé
monitoringu lokality, rozsahlych dat z LiDARového prizkumu a geotechnickych dat byl sestaven rozsdhly numericky 3D model
celé lokality. Vysledky zdGraznuji spolehlivost metodologie vyuzivajici kombinaci geometrického modelu s geologickym
modelem pro vytvoreni rozsahlého numerického 3D modelu, ur¢eného pro identifikaci potencialné nestabilnich zén.

Der See Most befindet sich im Zentralteil des Moster Beckens (Tschechische Republik) und ist eine geomorphologische
Ganzheit, die ein Bestandteil des Eger Riftes bildet. Der See entstand infolge der geregelten Beflutung des
Tagebaurestloches Most-Lezaky im Zeitraum Oktober 2008 bis September 2014. Gleich wie im Rest Europas, gehdrt auch
hier der Standortssicherheit eine der Prioritaten sowohl im Verlauf als auch nach der Beflutung. Ein der grundlegenden
identifizierten Risiken sind die Boschungsdeformationen betreffs Seebdschungen und Seeufer. Fur die Erarbeitung der
Zuverlassigkeitsmethodik bei der Bewertung der langfristigen Stabilitat, wurde ein umfangreiches numerischen Modell
ausgearbeitet, das an dem See Most kalibriert wurde. Auf Basis Monitoring des Standortes, der umfangreichen Daten aus
der LiDAR-Untersuchung und aus den geotechnischen Daten wurde ein umfangreiches numerisches 3D Model des ganzen
Standortes zusammengesetzt. Die Ergebnisse hervorheben die Zuverlassigkeit der Methodologie, die eine Kombination
eines geometrischen Modells mit einem geologischen Modell fur Bildung eines umfangreichen numerischen 3D Modells
nutzt, das fur die Identifikation potenzial unstabilen Zonen bestimmt ist.
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1| INTRODUCTION AND OBJECTIVE Patnow ([1]), Zulpich Mitte and Concordia Lake near
Nachterstedt ([2]). Back analysis is generally carried
out to understand the cause of these phenomena

and to suggest mitigation strategies.

Almost all post exploitation open-pit mines in
Europe and in the world are shaped as a final reser-
voir intended to be filled with water. These artificial

lakes are currently (and in the future) dedicated The Lake Most site (Czech Republic) was selected,

to recreational purposes, including energy insta-
llation purposes (SUMAD RFCS project). To ensure
safe utilization of these localities by the public, it is
necessary to assess their potential risk of instability.
Slope instability is the major long-term hazard. The
RFCS RAFF project aimsto research issues related to
pit lakes. The stability of pit lake slopes after flooding
remains an area of uncertainty. Examples of geo-
technical failures in slopes and banks of pit lakes
are well documented, for example, those at pit lake
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as a case study, to perform a large-scale stability
analyses based on in-situ observation, a 3D geo-
metric model and a large-scale numerical model
using strength reduction method. Lake Most
(oelow the hill Hnévin) was formed on the site of
the former town of Most, which had to give way
to brown coal mining in the second half of the 20t
century. Coal mining was ended in August 1999. The
lake was established in the open pit mine and the
dumps. The flooding up began in October 2008 and
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Figure 1: 3D geological model of lake Most (11,826,069 elements); rectangular limit: area where the FoS is minimal.

was finished in September 2014 (surface = 309 ha,
volume =70 hm?; [3]).

2 | LONG-TERM SLOPE STABILITY

To develop a reliability method for assessing the
long-term stability of flooded open pit mines,
a slope stability study of the lake area was carried
out with a large-scale 3D can model complex soil
and rock behaviours. The 3D model is based on the
site observations, large LIDAR data, geological, hyd-
raulic and geotechnical data.

2.1 | GEOMETRIC AND GEOLOGIC DATA

A 3D numerical model is time-consuming, how-
ever, the study area must, at least, integrate the
areas of ground movement already identified and

Figure 2: Stfimice dump forms the entire eastern slope of lake
Most.

must consider the height of geometric anomalies
(valleys or hills). The maximum depth of the lake is
71,1 m, the highest hill in the immediate vicinity of
the lake has a height of 70 m and the boundaries
of the 3D model was positioned at over 6 times 70
+ 75 m from the shores of Lake Most. Additionally,
a large LIiDAR campaign was carried out in August
2019. The final data point cloud was used to create
the digital terrain model to build the 3D volumetric
mesh. To avoid too many meshes and therefore pro-
hibitive calculation, a finer mesh corresponding to
5 m was adopted based on 2D calculation for the
area of interest whose horizontal perimeter includes
all records and observed ground movements in the
Most Lake slopes. The elements at the boundaries
are cubes of 50 m edge. The 3D geometric model
thus, designed has 11,826,069 elements. In total,
14 non tabular geologic formations are identified,
and faults are present. The geology of the site
is based on thousands of boreholes (carried out
between 1867 and 2018) that have been used to
build DMT of the interfaces of the different formati-
ons. Since the spatial distribution of these boreholes
is not homogeneous and does not always extend to
the limits of the model, it was necessary to interpo-
late and extrapolate the position of these interfaces.
The analysis of the numerous data of this campaign
has helped to determine both the position of these
interfaces as well asthe values of the geomechanical
parameters. Figure 1 represents the different geolo-
gic units used for building the 3D numerical model.

2.2 | GEOTECHNICAL DATA

The geotechnical data are based on 2 groups ([3]): the
data relating to geological formations and the data
characterizing the dump units. The first group con-
cernsalltheunitsdescribedin Figure 3except NS-TV1
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and TV2 anthropogenic units. Among these geolo-
gical units, the 3 least resistant units (quaternary
gravel, JIL1 = plastic soft clays and PJIL = sandy clays:
52 kPa < o_ <143 kPa) will play a role in the calcula-
tion of slope stability, especially in areas where these
units are near the topographic surface. The second
group of datais very rich in geotechnical information
due to a recent measurement campaign (CPT).
There are 9538 CPT measures available, including
pore pressure (u2), sleeve friction (fs), depth, cone
resistance (qc), corrected cone resistance (q,), soil
weight (y), density (p), pore water pressure (u), total
stress (ov) and Young's modulus (E). The last
6 parameters are classically calculated from the
data recorded every 10 cm and parameters charac-
terizing the used cone (net area ratio: a = 0.8 and
penetrometer diameter B = 0.0357 m). As materials
are assumed to have a Mohr-Coulomb elastoplas-
tic constitutive model, the cohesion (C) and the
friction angle (p) was calculated from these data.
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The CPT data interpretation theory manual gives 3
empirical relationships ([4-6]) for assessing ¢. The
disadvantage is that these relationships do not give
access to cohesion and that their validity is limited
to sands or to fine-grained soils. Therefore, we pre-
ferred to use the system of 2 equations proposed
by Motaghedi & Eslami ([7]) which gives access to C
and ¢ after numerical resolution.

The parameters of the CPT campaign were re-
corded for 23 exploitable penetrometric profiles
whose depth of investigation varies between 10 m
and 101 m. This depth was calibrated to the esti-
mated thickness of the mining deposits. These 23
profiles have been statistically analysed with an
automated method based on the evolution of the
coefficient of determination (between depth and
cohesion). The position of the interface between dif-
ferent dump units is got by analysing the cohesion
profiles (Figure 3). This completes the determination
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Figure 3: (a) Cohesion and friction angle computed for profile P1_2. (b) Linear variation of cohesionand friction angle for all CPT pro-
files for NS-TV1 unit; minimum and maximum limits in red and mean value in cyan.
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Table 1: Statistical properties of dump units. N, LN & BS dist: Normal, Log-normal and Birnbaum- Saunders distributions; d: depth.

Dump Unit/Property NS +TV1

TV2 Contact Layer

mean: 4.59 d + 46.15

cohesion: C (kPa) min: 3.5+ 10

LN dist € [0.6, 650]: pyy = 0.0324 d +4.034
o = —0.0063 d + 0.598

mean: 247.4
min: 4d — 60 6.0
LN dist € [6, 1098]: ppy = 5.31 & oy = 0.626

mean: —0.323 d + 30.69

Friction: & () min: —0.13 d + 20

LN dist € [7, 4] wn = —0.241d + 28.73
oin = —0.071d + 6.074

mean: 22.7
min: 16.8 6.0
BS dist € [8.2, 38.6]:  =22.019 &y =0.244

mean: 3.67 d + 18.51

mean: 193.9

, min: 2.96d + 5 min: 3.6d — 52
Young's modulus: E (MPa) LN dist € [1, 354]: ury = 0.037 d + 3.577 LN dist € [29.6, 636.5]: wx = 3.855 4 + 32.046 70
oin = —0.004 d + 0.377 oin = 0.6195 d + 28.295
mean: 0.0124 d + 1.739 (d < 12.5 m)
0.0035 d + 1.869 (d > 12.5 m) mean: 2.023
saturated density: p (t/m?) min: 0.0035d + 2.0 min: 0.0017 d + 2.079 2.0

N dist € [1.3,2.2]: ©=0.0053 d + 1.813
o =—0.0008 d + 0.0919

of the geological model shown in Figure 1 with a
homogeneous structured mesh. To gain accuracy
in the areas of interest, this mesh will be replaced by
a heterogeneous unstructured mesh. In addition,
an assumption was made concerning a contact
layer. This layer was not detected in the CPT cam-
paign measurements. This layer may play a major
role in the slope stability and in situ observations.
Two calculation scenarios have been built from the
average values and the minimum bounds of C, ¢, p
and E. A third scenario is possible by modelling the
properties with the most representative distribution
of the measurements. For the TV2 unit (properties
not very sensitive to depth), we considered all the
data attributed to this unit (2 843 measurements)
to find the best distribution. To account for the vari-
ation of the statistical parameters with the depth in
the NS-TV1 unit, we gathered the measurements in
2 m depth. The measurements are many enough
for this unit (population = 6 629) to have enough
individuals to analyse. The criterion for selecting the
best distribution is a minimization of the square of
difference of the theoretical and measured frequen-
cies.Asone oftheaimsofthe RAFF projectistodeve-
lop an operational methodology, we have chosen,

NNW

Fo5=1.53

N dist € [1.55, 2.285]: 1 =2.023 & o = 0.098

for modelling, only the easily implementable dis-
tributions: normal distribution, log-normal and
Birnbaum-Saunders. The results of this statistical
analysis are reported in Table 1. Note that the log-
normal distribution is the one that best represents
variations in cohesions and Young's modulus. The
same is true for the friction angle except for the
TV2 unit, which correlates better with a Birnbaum-
Saunders distribution. The normal distribution is
the best fit for the spatial distribution of the density
masses in the 23 CPT profiles. The probability den-
sity function of Birnbaum-Saunders distribution is
described by in equation (4).

2.3 | HYDRAULIC DATA

Typically, the position of the water table is poorly
known, and it is often determined by a few points
where the pore pressure is known, by the hydro-
mechanical properties of the studied layers (per-
meability, porosity, Biot coefficient, dynamic
viscosity) and by boundary conditions (null fluid
flux, prescribed pore pressure field, inflow, outflow,
leakage). Fortunately, the Lake Most site is very
well instrumented: the piezometric heights of the

Fo5=2.9
(a) SSE
FoS=1.55
PR - S

FQS=2.3

(b)

Figure 4: FoS contours for the 4 629 m length NNW-SSE cross section with distributions of C, E, and r in the dump units (a) without

contact layer. (b) with contact layer.
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water table have been recorded for 93 wells since
2014. The water table DMT has been built from 93
piezometric water levels and lake surface. For slope
stability calculations, the position of the water table
has been used to calculate the pore pressure and
effective stress fields.

3 | RESULTS

Using the strength reduction method produces
one global minimum stability state per simulation.
This method is applied to the Mohr-Coulomb failure
criterion ([8]) by progressively reducing the shear
strength of the material to bring the slope to a state
of limiting equilibrium. However along a complex
slope profile (as the profile of the NNW-SSE cross
section: Figure 4), it is interesting to compute multi-
ple minimum states. Instead of excluding different
regions of the slope when performing the strength
reduction calculation, we have used the ability
of Flac3D ([9]) to compute multiple local stability
surfaces in a single simulation.

Six calculations were made to estimate the safety
factor of the Most site in its current (short-term)
situation. The 6 calculations were established from
the scenarios of geomechanical properties of dump
units (mean values, minimum bounds or statistical
distribution) and the presence or not of the contact
layer at the bottom of the dump bodies. The contact
layer is characterized by very low geomechanical
parameters (c = 6 kPa and ¢ = 6°). Some results of
these scenarios are shown in Figure 4. First, the
3 scenarios without contact layer produce the same
isovalues of FoS because these 6 scenarios differ
onlyinthe properties of the dump unitsand because
dump units are not the weakest geologic units.
On the other hand, the 3 scenarios including the
contact layer change the stability of all dump units
(NS-TV1, TV2 and contact layer). This is explained by
the very low properties of the contact layer. Areas
with FoS of 2.75 (NNW) and 2.9 (SSE) without contact
layer have a safety factor of between 1.14 and 1.53 at
NNW and between 1.5 and 1.6 at SSE when contact
layer is present. The 3D calculations give results
compatible with this 2D cross section: FoS = 2.2 and
1.38 without or with contact layer respectively. The
global 3D FoS is located on the north bank of Lake
Most (Figure 4) at the location where the majority
of slope failure stabilization operations took place in
the past. In those zones earth and stabilization work
were carried out to insure long-term stability.

4 | CONCLUSIONS

In order to establish a reliability method for asses-
sing the long-term stability of flooded open pit
mines, a large-scale numerical model of Lake Most
was carried out with Flac3D. The model integrated
the complex geology of the mine and the dumps,
as well as the surface of the water table interpolated
from 93 piezometric levels. The results of the 2D and
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3D numerical modelling were analyzed as a large
scale by calculating global and local safety factors.
The results highlighted the reliability of the metho-
dology to combine the geometric, geological and
hydraulic models to create a large-scale numerical
model, and to identify local and potentially unstable
zones. The hypothesis of the presence of a very weak
contact layer (at the bottom of the dump bodies)
is therefore a strong hypothesis, capable of ques-
tioning the stability of the slopes of the site (Most
Lake). It should be noted that the contact layer was
not detected by the CPT campaign measurements.
But neither the absence nor the presence of the
contact layer can be confirmed because only
2 profiles are deeper than the dump unitsin an area
to be investigated of more than 8 km?2 The most
realistic hypothesis is probably to consider a partial
presence of the contact layer. These new calcu-
lations could show whether the reality lies between
the minor (with contact layer) and major (without
contact layer) scenarios. In this case, the Lake Most
site could then be concluded to be stable in the
short to medium term.
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SUMMARY

Témeér vSechny zbytkové jamy povrchovych lomd
v Evropé a ve svété jsou koncipovany jako hydrické
rekultivace, spocivajici v jejich zatopeni vodou. Tato
umeéla jezera jsou v soucasnosti (@ v budoucnu)
urcena k rekreacnim uceldm, ale také k alternativ-
nimu energetickému a pramyslovému vyuziti (fesi
projekt SUMAD RFCS). Pro zajisténi bezpecného
vyuzivani téchto lokalit je nutné vyhodnotit poten-
cialni riziko nestability svahu, které je zaroven rizi-
kem dlouhodobym — trvajicim i po vlastnim zato-
peni zbytkové jamy. Touto problematikou se na
Evropské Urovni zabyva mezinarodni projekt RFCS
RAFF. V rdmci tohoto projektu bylo detailné ana-
lyzovano jezero Most, které bylo pro svij rozsah
a dostupnost vstupnich dat vybrano jako mode-
lova lokalita pro tvorbu velkorozmeérového geotech-
nického 3D modelu. Vytvoreni 3D geotechnického
modelu v takovém meéfitku byl naro¢ny a slozity
ukol, ktery vychazel z digitédlniho modelu terénu,
sestaveného béhem podrobného LiDARového pru-
zkumu v srpnu 2019. Geologicky 3D model lokality
byl vytvofen v 50 m gridu, zahrnuje 14 geologickych
jednotek, v€etné antropogennich vrstev a zlomu -
rozsahly 3D model je tvoren 11 826 069 prvky (viz
obrazek €. 1). Geotechnické vstupy modelu vycha-
zeji z vysledkl geotechnického prizkumu prove-
deného tézkou statickou penetraci. Vlastni stabilitni
vypocet byl zalozen na metodé redukce efektivnich



parametrd pevnosti zeminy ¢ a e. V ramci této
metody je stupen stability definovan jako parametr,
kterym je nutno redukovat skute¢né hodnoty para-
metrd c a @ vedouci ke ztraté stability. Vysledky byly
kalibrovany s dlouhodobymi vysledky monitoringu
lokality.

Hladina podzemni vody byla v modelu interpolo-
vana z 93 monitorovanych piezometrickych urovni.
Geotechnické udaje tykajici se geologickych Utvart
in-situ vychazeji z rozsahlé reSerSe historickych
laboratornich a polnich zkousek provedenych v lo-
kalité. Stabilitné jsou rozhodujici geotechnické
typy zeminy oznacené jako Q = primarné kvar-
térni stérky, JIL1 = plastické mékké jily a PIJIL =
pisc¢ité jily. Zejména v oblastech, kde jsou blizko
topografického povrchu, fundamentalné ovliviuji
vysledky vypoctu stability svahu. Velka pozornost
byla vénovéna vysypkovym geotechnickym typdm
zemin, které byly detailné popsany diky masivni
kampani penetracnich meéreni (CPT). K dispozici
je 9 538 meéreni CPT, véetné podrovych tlakd (u2),
plastového treni (fs), odporu na hrotu (gc), kori-
govaného odporu na hrotu (g,), objemové hmot-
nosti (y), hustoty (p), efektivniho pdrovitého tlaku
(u), celkového napéti (ov) a Youngova modulu (E).
Poslednich 6 parametrt bylo klasicky vypocitano
z dat zaznamenanych v kroku 10 cm a parametru
charakterizujicich pouzity kuzel (pomér netto plo-
chy: a = 0,8 a primér penetrometru B = 0,0357 m).
Protoze se predpoklada, ze materidly maji Mohr-
Coulombuyv elastoplasticky konstituéni model, byly
Z téchto dat dale vypocteny treci Uhel ¢ a soudrz-
nost c (obrazek ¢. 3).

Redukce parametrl pevnosti zeminy pfi vypo-
Ctu vytvari jeden globalni minimalni stav stabi-
lity na simulaci. Tato metoda se aplikuje na Mohr-
Coulombovo kritérium poruseni ([8]) postupnym sni-
zovanim smykové pevnosti materialu tak, aby se
svah dostal do stavu mezni rovnovahy.

Avsak podél slozitého geotechnického profilu
(jako je profil pficného fezu SSZ-JJV: obrazek €. 4) je
zajimavé vypocitat vice meznich stavu. Pfi provadéni
vypoctu redukce pevnosti jsme pouzili funkci geo-
technického softwaru Flac3D ([9]), umoznujici mo-
delovat vice smykovych ploch v jediné simula-
ci. Vybrané vysledky téchto simulaci jsou znazor-
nény na obrazku &. 4. Obrazek ilustruje klicovy
vliv oslabené kontaktni vrstvy na bazi vysypky
(c = 6 kPa and ¢ = 6°) na dlouhodobou stabilitu
svahu. Tato vrstva nebyla zjiSténa u vsech pene-
tracnich sond. Pokud tato vrstva neni ve vypo-
Ctu zohlednéna, pohybuji se zjisténé hodnoty F_
od 2,26 (NNW) do 2,9 (SSE). Pokud vsak kontaktni
vrstvu na bazi vysypkovych téles do vypoctu zahr-
neme, klesaji hodnoty F. 22,75 na 1,53 (NNW) az 29
na 1,55 (SSE). 3D vypocty poskytuji vysledky kom-
patibilni' s timto 2D fezem: F_ = 2,2 a 1,38 bez nebo
s oslabenou zénou.
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