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Abstract
Introduction. The research aims to study concentrating mill tailings dam protecting dike soil
consolidation on the example of a mining enterprise of the Kola Peninsula.
Research methodology. The research is based on 4D modeling (taking into account a time factor) using
PLAXIS software solution. The computer hydro-geomechanical 3D model of the concentrating mill
tailings dam fragment has been developed allowing to investigate both geomechanical and filtration
processes, and their collateral influence on protecting dike and alluvial beach soil consolidation.
The following options of tailings dam hydro-geomechanical condition development are considered:
a reference state at the current parameters of operation, increase in the level of water-saturated tail
deposits and the subsequent consolidation of bulk and alluvial soils within 1, 2, 3, 5, 10, 15, 20, 30, 50
and 80 days.
Research results and analysis. The received results have been analyzed on the dynamics of the tailings
dam hydro-geomechanical condition therefore revealing its behavior in time. It has been established
that the nature of bulk and alluvial soils consolidation is identical, however, differs significantly in terms
of quantity.
Conclusions. Dependences of bulk and alluvial soils consolidation of the tailings dam hydraulic
engineering construction on consolidation time are established providing a scientific and technical
basis for its mechanical state and stability assessment, and for engineering recommendations about the
terms of the following stage of dams building.

Key words: tailings storage; hydro-geomechanical 3D model; 4D modeling; soil; consolidation;
sustainability.

Introduction. As a rule, concentrating mill tailings dams of Kola enterprises were
constructed on relatively soft ground in ravines or river basins [1, 2]. As concequence,
the hydrogeological conditions of tailings dams operation due to both high natural
groundwater level and regular storage of water-saturated pulp tailings from concentrating
mills, conditions increased pore water pressure in soils of all hydrotechnical structures
of the tailings dam. As a result, effective stress in soils turns out to be low requiring the
adopted time periods for intermediate soil compaction due to consolidation in order to
ensure reliable operation of a tailing storage and dam stability [3—5]. Due to soil
consolidation, excess pore water pressure disperses and reduces, and soil can acquire
“skeletal” rigidity providing shearing strength required for dam operation [6, 7].
Therefore, the research aims to study concentrating mill tailings dam protecting dike
soil consolidation on the example of a mining enterprise of the Kola Peninsula.

Research methodology. The research is based on 4D modeling (taking into account
a time factor) using PLAXIS software solution [8]. To assess soil consolidation degree
and determine the dependences in their consolidation due to excess pore pressure
dispersion in water-saturated soil of a tailing storage as a function of time (automatic
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time discretization), computer modeling of deformation-filtration processes has been
carried out (soil consolidation) by the example of the concentrating mill tailings dam of
a mining enterprise on the Kola Peninsula.

For PLAXIS environment, a hydro-geomechanical 3D model for a tailings dam
fragment located at the subjacent geological base has been created including the
protecting dike and alluvial tail deposits; the model is equivalent to geometric
dimensions from fig. 1. The parameters of physicomechanical characteristics of dam
soils, alluvial deposits and basement rocks of the geological basis used for calculations,
are shown in table 1.
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Fig. 1. Hydro-geomechanical 3D model of the tailings dam fragment (the 1-6th — types of soils and rock
according to table 1)
Puc. 1. I'maporeomexannyeckas 3D-mozaens pparmenta xBoctoxpanuiniia (1—6 — THUIIBI TPYHTOB U
MIOpOJI corylacHo Tadi. 1)

Consolidation processes were modeled with PLAXIS software units, which make it
possible to simulate the realistic process by means of introducing various boundary
conditions for stresses and pore pressure, and by setting an extra parameter of time
interval [8-10], so, 4D modeling of soil consolidation was in fact carried out. The
regularities in hydro-geomechanical state change were studied of a hydrotechnical
system of the tailing dam in time, within the periods from 1 to 80 days. In total, 12
variants of tailings dam hydro-geomechanical state were modeled: a reference state at
the current parameters of operation (1), increase in the level of water-saturated tail
deposits (2), and the subsequent consolidation of soil within a day (3), 2 days (4),
3 days (5), 5 days (6), 10 days (7), 15 days (8), 20 days (9), 30 days (10), 50 days (11)
and 80 days (12).

While modeling it is assumed that in the process of soil consolidation, the filtration
ratio remains constant.

Research results and analysis. As a result of modeling, the patterns of soil
movement and hydro-geomechanical state of the tailings dam have been obtained
making it possible to trace the dynamics of their change in time. Fig. 2 shows the most
contrasting patterns of soil consolidation in the model illustrating the trends of tailings
dam hydro-geomechanical state variation. Within the first day, soil consolidates in
practically whole bulk part of the protecting dike with gradual attenuation until the
10th and further until the 50th day. However, general increments of soil movements are
related to alluvial tailing deposits to a greater extent, which are highly water-saturated.
Soil consolidation here is intensive within 10 days with further stabilization.
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Based on the results of the variants of filtration-deformation computer simulation,
the dependences between tailings dam soil movement and consolidation time have
been determined [10—12]. It has been stated that the most active soil consolidation takes
place in the first day, the values of movements may increase by 1.5-2 times. After that
within subsequent 8—10 days, deformational processes attenuate gradually and the
hydro-geomechanical situation stabilizes.

Table 1. The parameters of physicomechanical characteristics of dam soils, alluvial deposits and
basement rocks of the geological basis used for calculations
Ta6auua 1. [lapameTpsl pu3MK0O-MeXaHHYECKUX XaPAKTEPUCTUK IPYHTOB 1aM0bl, HAMBIBHBIX
OTJI0’KEHHIi U MOJCTHIAIOLINX NOPO/I I'e0I0rHYeCKOr0 OCHOBAHNS, HCIIOJIb3yeMble /ISl pacyeToB

Rock, soil*
Parameter Moraine®* | Oneissoid Stzongi d Gravel-cobble Gravelly Tailings
granite*** g%ar?if:(’)“** soil*** sand** deposits**
Yunsat (SPGCiﬁC
weight of soil),
KN/m® 18.7 253 25.8 22.5 19.8 18.0
Yeat (Specific weight
of saturated soil),
KN/m’ 19.2 25.5 26.7 235 20.0 19.0
k. (X-direction
filtration ratio),
m/day 10 0.01 0.05 5 1 20

k, (Y-direction
filtration ratio),
m/day 10 0.01 0.05 5 1 20
k. (Z-direction
filtration ratio),

m/day 10 0.01 0.05 5 1 20
E (modulus of

deformation),

kN/m? 25000 40 000 500 000 30 000 30 000 56 000
v (Poisson’s ratio) 0.3 0.25 0.2 0.3 0.3 0.4
Crer (cohesion),

kN/m® 2 6 37 4.4 2 5
¢ (angle of shear

resistance), degrees 25 34 37 26 30 38.5
v (dilatancy angle),

degrees 0 4 7 0 0 3.5

* Model type — Mohr Coulomb; ** soil behavior type — drained; *** soil behavior type — undrained.

Note that the expected values of the absolute movements of the tailings dam alluvial
part make up 0.10-0.15 m; it is actually a proper vertical shrinkage which may reach
0.08-0.12 m. For the alluvial part (crest and the downstream slope) of the protecting
dike, total soil movements make up 0.27-0.32 m, soil compaction up to 5 cm may be
vertical, and horizontal up to 2 cm. Such consolidation processes distribution is
explained by the fact that water is “displaced” more intensely out of the alluvial soils
reducing pore pressure and soil particles consolidate more actively in a vertical
direction, while the alluvial part of the protecting dam is under the subhorizontal
pressure from the alluvial tailing deposits [13].

Taking into account the compression speed being an important feature of soil
consolidation, the calculations have been made; the results are presented in fig. 3.
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Based on the analysis it has been determined that the speed of consolidation of the
protecting dam crest, alluvial beach, and the downstream slope of the protecting dam
have practically identical character with higher intensity in the crest and the alluvial
part of the dam. Soil consolidation speed in the downstream slope of the protecting dam
where the compression was initially lower, is significantly lower. According to the
results of the three simulation variants and the curves in fig. 3, it can be stated that
the basic consolidation of soil will take place within first 10 days with further general
attenuation to the 80th day. The revealed regularities lay groundwork for some practical
recommendations on the time of further stage of dikes’ build-up. The next level of the
dike is to be built up not earlier than 80 days after the alluviation (pulp flush) of tailings
deposits.

Time until
consolidation

1 day

5 days

10 days

20 days

50 days

Fig. 2. Trends in the overall increments of soil movements over time due to their consolidation
Puc. 2. TenneHy n3MeHEHUs OOIIUX NPUPAILCHUI TIePEMEIIEHNUI IPYHTOB C TEYSHHEM BPEMEHH
BCJIC/ICTBUE UX KOHCOJIHUAAINN

Conclusions. A computer hydro-geomechanical 3D model of a fragment of mining
enterprise concentrating mill tailings dam protecting dike has been developed which
makes it possible to study both geomechanical and filtration processes and their joint
effect on the state of bulk soil and alluvial tailings deposits. Based on the computer 4D
modelling (with the account of the time factor) the dependences have been determined
between the filtration-deformation processes in the tailings dam hydrotechnical system
and soil consolidation time, representing the deterministic basis for the assessment of
protecting dikes stability and the reliability of the hydraulic engineering structures of a



60 "Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal". No. 7. 2020 ISSN 0536-1028

tailings dam as a complex water-saturated natural-technical system. It has been revealed
that the main compression of soil takes place within the first 1-5 days when compression
speed of structural particles falls from 3-6 to 1 cm/day with further attenuation of
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Fig. 3. Dependences of soils consolidation speed on time
Puc. 3. 3aBucuUMOCTH CKOPOCTH KOHCOJIUIALUU ITPYHTOB OT BPEMEHHU

filtration processes. It has been determined that filtration and deformation totally
attenuate up to 80 days predetermining the basis for engineering recommendations
about the terms of the following stage of dams building.
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4D-moaeMpoBaHNe KOHCOJIUAALMN FPYHTOB Orpaskaaoumieii 1aMmobl
XBOCTOXPAaHUJIHIIA 000TaTUTENbHOI (adpuKu

Kanamunk H. A.!
' Topueiit uactutyt KHL] PAH, Anarutsl Mypmasckoit 00i., Poccust.

Pecpepam
Beeoenue. Ilenvio pabomul A61A710Ch UCCIEO08AHUE NPOYECCO8 KOHCONUOAYUU SPYHMOE 02padxcoaiouyeli
0amoObl X60CMOXPAHUIUWA 0002aMUMETLHOU PadPUKU HA npUMepe 00HO20 U3 20PHOPY OHBIX NPEONPUSMULL
Konwckozo nonyocmposa.
Memoodonozus uccnedosanuii. Hccnedosanus 6vbinoiHeHvl Ha OcHose 4D-molenuposanus (¢ yuemom
paxmopa epemenu) ¢ ucnonbzosanuem npoepammnozo komniexkca PLAXIS. Paspabomana komnviomepHas
euopoeeomexanuyeckas 3D-modenv @pacmenma xe6ocmoxparunuwya o0boeamumenvHol  pabpuxu,
NO360NAI0OWAA UCCIE008AMb KAK 2COMEXaHUuecKue, maxk u QuibmpayuoHHbie npoyeccyl, a makxice ux
cogmecmHoe GIUsAHUE HA COCMOAHUE SPYHIMO8 HACLINHOU 02padcoaiowell 0amobbl U HAMbIBHO20 NAAICA
omcmotinuka. Paccmompensi cnedyiowjue 6apuanmvl pazeumus UOPO2EOMEXAHUYECK020 COCHOAHUS
X8OCMOXPAHUNUWA: UCXOOHOE COCMOSIHUE NPU MEKYWUX Napamempax SKCIyamayuil, nogbluleHue yposHs
6000HACLIUEHHBIX X60CNOGbIX OMIOJICEHUT U NOCIe0VIouas KOHCONUOAYUS HACLINHLIX U HAMbIGHbIX
epyumos 6 meuenue 1, 2, 3, 5, 10, 15, 20, 30, 50 u 80 oueil.
Pesynomamur uccneooganuii u ux ananus. Ilonyuennvie pe3yibmamol npOAHATUIUPOGAHBL NO OUHAMUKE
2UOPO2EOMEXAHUYECKO20 COCMOAHUS X80CMOXPAHUTUWA, 8 Pe3VIbIName 4e20 BbisGIeHbl MEeHOeHYUU e20
UBMEHeHUsl 60 BpPeMeHU. YCMAaHOGIeHo, Ymo Xapakmep KOHCONUOAYUlY HACLINHLIX U HAMbIEHBIX 2PYHINOE
uoeHmuueH, Ho KOTU4eCmBeHHO CYueCmEeHHO Pa3Iuiaemcsi.
Buwigoowt. Ycmanosnenul 3agucumocmu yniomHeHus HACbINHLIX U HAMbIBHBIX 2DYHIMOE 2UOPONEXHULECKO20
COOPYIHCEHUsL XBOCMOXPAHUIUWYA O 8PEMEHU KOHCOUOAYUU, YMO NPe0OCMAasisen HaAyYHO-MeXHUYEeCKyI0
OCHOBY OJlAl OYEHKU €20 MEXAHUHECKO20 COCMOAHUS U YCIMOUUUSOCU, U OIS UHIHCEHEPHBIX PEKOMEHOAYUT
10 CPOKaM cledyioue2o Imana Hapawusanus oamo.

Knwuesvie cnosa: xsocmoxpanunuwge; euopozeomexanmuveckas 3D-moodenv; 4D-modenuposanue;
SPYHMbL, KOHCOMUOAYUS, YCIMOUYUBOCb.
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