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METO/I, YUCJIEHHOI'O MOJIEJIUPOBAHUS
PEOJIOTUYECKUX ITPOLIECCOB HA KOHTYPE
OIVMHOYHO T'OPHO! BBIPABOTKU
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Annomauus: TlpencrasjieH aHaau3 BIIMASHUS TIAPAMETPOB UMC/AEHHOM MOIEM COJISIHBIX IO-
POI Ha pesyJbTar MMPOrHO3a HaIlPsSsKeHHO-Ie(hOpPMMPOBAHHOIO COCTOSIHMSI B 3aBUCUMOCTU OT
reoMeTpui BbIPaOOTKM B YCJIOBMSIX MCITOJIb30BaHMSI Momeu monsydectu JIpykepa-ITparepa.
Peaym3ariyst MOz BBITIOJIHEHA METOIOM KOHEUHBIX 3JIEMEHTOB, B ITPOrPAMMHOM KOMILIEKCE
Simulia Abaqus ¢ MCITONIb30BaHMEM BSI3KO-YIIPYTO-TIJIACTMYECKON TeoMexXaHNYeCcKo MOIesn
KaMeHHOM coju. UmciieHHass MOfiesib BBINOJIHEHA B MMOCTAHOBKe TUIOCKOM medopmaiu — 2D
C AMCKpeTu3alyen pacCMaTpMBaeMoii 06/1aCTy Ha YeThIPeXyroJibHbIe 3jIEMEHThI. PaccmaTpu-
BaJINCh YCPeJHEHHbIe [OPHO-TEOJIOTMYECKME YCIOBMS MPOXOAKM TPAHCIIOPTHOTO IITpPEKa B
MOACTUIIAIONIEN KaMeHHOM coy Ha [lananiepckom yuacTke BepXHEKaMCKOTO MeCTOPOKAEHNUS
KaJIMiiHbIX coJieii. [TapameTpuyeckoe obecriedeHne peosiornuecKoli MO BITIOTHEHO Ha OC-
HOBE Pe3y/IbTaTOB MHCTPYMEHTA/JIbHbIX HaOJIONEeHMIT 3a KOHBEPreHIeil TOPOTHOro KOHTYpa
OIMHOYHOJ TOPHOJ BBIPAOOTKM B CXOKMX yCI0BUSIX. OmicaH MeTO[ MOCTPOeHMsT UMCAeHHOM
MO[IEJIM, 06eCIIeUMBAOILEN OTCYTCTBIE MCKaXKEHMI B IPOrHO3€ HAIPSKEeHHO-Ie(OpPMIMPOBaH-
HOT'O COCTOSIHMSI TIOPOIHOIO MacCHBa Ha KOHTYPEe TOPHON BbIPaOOTKM, IIPOVZIEHHOM B IIOPOIaX,
CKJIOHHBIX K ITPOSIBJIEHNIO PEOJIOTMYUECKIX CBOMCTB. YCTaHOBJIEHO, YTO MUHMMAJIbHbIE Pa3Mepbl
UVICJIEHHOM MOJIE/IV TOJIKHBI ONPeesIiThCsI TI0 HanbOJIbIIMM JIMHEHBIM pasMepaM BbIpaboTK
U TIPEBbIIIaTh €ro He MeHee yeM B 16 pa3. Pasmep KOHEYHOrO 3jieMEHTa UMCJIEHHON MOZeJn
JOJDKEH OTIPEIEJIATHCS M0 HaVMEHbILEMY PafMyCy KPUBUSHBI TOBEPXHOCTM ¥ COCTABJISATh HE
60J1ee OHOM 1IeCTOV ero BesiMurHbl. CeTKa KOHEYHbBIX JJIEMEHTOB B OKPECTHOCTY TOPHON BBI-
PaBOTKM IOJIKHA COCTOSITh U3 CTPYKTYPUPOBAHHBIX YETHIPEX Y3/IOBBIX IEMEHTOB, a X pedpa
JIOJI’KHBI OBITH OPMEHTHPOBAHBI HOPMAIbHO OTHOCHUTEIHHO ITOBEPXHOCTM.
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kepa-IIparepa.
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Abstract: An analysis of the numerical model's parameters for saliferous rocks influence on the
result of the stress-strain state prediction depending on the geometry of mine working under the
conditions of using the Drucker-Prager creep model is presented in this paper. The model was
realized by finite element method in Simulia Abaqus software package using visco-elastic-plas-
tic geomechanical model of rock salt formations. The numerical model was carried out in the
2D plane deformation formulation with discretization of the considered area into quadrilateral
elements. The study considered the averaged mining and geological conditions of transporta-
tion drift sinking in the underlying rock salt at the Palashersky section of the Verkhnekamsk
potassium salt deposit. The parametric support of the rheological model is based on the results
of instrumental observations of the convergence of the rock contour of a single mine working
in similar conditions. The method of building a numerical model that ensures the absence of
distortions for the stress-strain state prediction of the rock mass on the contour of the rock
excavation made in rocks prone to the manifestation of rheological properties is described. It
is established that the minimum size of the numerical model should be determined by the larg-
est linear dimensions of the excavation and exceed it at least 16 times. The size of the finite
element of the numerical model should be determined by the smallest radius of curvature of
the surface and should be no more than one-sixth of its value. The finite element mesh in the
vicinity of the rock excavation should consist of structured four nodal elements, and their edges
should be oriented normal to the surface.

Key words: saliferous bedrock, creep, numerical modeling, rheological model, finite element
method, rock contour convergence, Drucker-Prager model.
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Introduction

The rheological properties of saliferous
bedrock are crucial in predicting the stabil-
ity of mine workings. Under the influence
of stresses, both time-independent elastic
deformations and time-dependent creep
deformations appear in them [1—3]. The
works [4—6] show the necessity of ap-
plication of measures to preserve the bear-
ing capacity of mine workings at the final
stages of operation of salt deposits. The
main tool for solving problems related to
the prediction of displacements of the con-
tours of mine workings and the host rock
mass and the development of the stress-
strain state (STS) of the support caused

by displacements of the rock massif is the
geomechanical description of the mecha-
nisms of deformation of saliferous rocks
[7, 8].

At present, numerical modelling by fi-
nite element method is widely used [7, 9].
The most common software products with
the ability to describe creep deformations
are Plaxis and Abaqus [10]. Brief charac-
teristics of the implemented models are
presented in [7, 11, 12]. Most geomechani-
cal models are based on the description of
the steady-state stage of crawling, which
is due to the long-time frame of predic-
tion [13—15]. Since the operating period
of the mine is very long, and the main de-
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velopment of deformations is within the
steady-state creep, it is possible to use the
Drucker-Prager creep model to describe
long-term deformations by selecting its
correct parameters [7, 16 —18].

It is necessary to study the possibility
of applying the considered model for pre-
dicting the STS of the rock salt mass and
long-term deformations of the rock outline
[19—21]. The current research is aimed at
studying the correct use of the Drucker-
Prager model, as well as at developing a
technique for building a numerical model
of the saliferous massif, which provides a
relatively accurate prediction of rock con-
tour displacements, on the basis of which
it is possible to predict the operation of un-
derground structures, the stability of mine
workings and the STS of the underlying
strata [22 — 24].

Numerical modelling’s main stages

The prediction of geomechanical pro-
cesses occurring in the vicinity of the
chambers was performed in the Simulia
Abaqus software package using the finite
element method [25—28]. The numerical
model was performed in the 2D plane de-
formation formulation with discretisation
of the considered area into quadrangular
elements. Calculation of the stress-strain
state of the bedrock massive in the vicin-
ity of a single mine shaft was performed in
two steps. At the first step, the boundary
conditions were set and the initial hydro-
static stress field in the intact rock mass
was modelled [1, 7, 29]. In salt or clay lay-
ers, the stress state is close to hydrostatic
due to their viscoelastic properties [19, 29].
In the second step, the excavation was mo-
delled by «removing» the finite elements
from the model [30].

The numerical model reflects the min-
ing and geological conditions of the trans-
port drift sinking at the Palashersky sec-
tion of the Verkhnekamsk potash deposit.
The boundary conditions in the model are
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as follows: the lateral faces of the design
scheme were limited in horizontal dis-
placement, the lower and upper faces are
limited in vertical displacement, which
ensures displacements of the excavation
surface due to instantaneous and creep de-
formations [31—33]. In the model, a hyd-
rostatic stress field corresponding to the
excavation depth of 425 m is specified. The
generalised calculation scheme is shown
in Fig. 1, a. The Drucker-Prager model is
used to describe the behaviour of rock salt.
The model combines visco-elastic-plastic
deformations of the material (1), a sche-
matic representation of the rheological
model is presented in Fig. 1, b. The mate-
rial is plasticised along an equivalent creep
surface, which coincides with the yield
surface [34—37].

i, - (Ao, Y [(m+2)e, T @

where ¢ — rate of relative crawling de-
formation; o_ — equivalent creep stress;
& — relative creep deformation; A, m,n —
creep parameters of the material given as
functions of temperature and stress state.
One of the longest observation periods
for the convergence of the single excava-
tion rock contour in saliferous bedrock is
40 years and is presented in [29]. In ad-
dition to the characteristic intervals of av-
erage convergence velocities presented in
[29], the values of average vertical conver-
gence velocities of a single rock excava-
tion measured at the observation stations
at the Palashersky site were also taken
into account to determine the rheological
parameters of the rock salt model. It can
be seen from (Fig. 1, c) that over time the
results of instrumental observations nu-
merically approach the values obtained in
the model. In (Fig. 1, d), the plot of rock
contour displacements in the model is
compared with the characteristic one. On
the prediction time plot of 40 years, the
model shows a fairly good convergence,
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Fig. 1. Verification of the rheological model for rock salt: estimated scheme for multivariate modeling;
1 — rock salt massif; 2 — single mine excavation (a); schematic representation of the Drucker-Prager rheo-
logical model; ¢, Ep &, — elastic, plastic and viscous deformations, respectively (b); graph of the depend-
ence of the average rate of convergence of the rock contour of the single mine excavation (c); horizontal
displacements of the single excavation lateral surface (d)

Puc. 1. Bepugukaums peonorndeckor Mogeny KaMeHHOM COM; pacyeTHasi CXxema K MHOroBapuaHTHOMY Moze-
AmpoBaHuio; 1 — maccuB KaMeHHOU conu; 2 — OAMHOYHas ropHas BbipaboTka (a); cxemaTuyeckoe npeacrasse-
Hue peosiornyeckosi mosean ipykepa — llparepa; €, €,, €, — YNpyrue, Inactuyeckue u Baskue AegopmaLmm
cooTBeTCTBEHHO (6); rpagpmk 3aBUCUMOCTYM CPEAHEN CKOPOCTH KOHBEPreHLMI MopoaHOro KOHTYpa OAMHOYHOM
BbIpabOTKM (B); ropU30HTasIbHble CMeLLieHUs1 BOKOBOM MOBEPXHOCTH OAMHOYHOM BbipaboTKu (r)



Table 1

Rheological Drucker-Prager model’s parameters for rock salt
MapameTpbl peonoruyveckori Mogesin KaMeHHow conu [pykepa-lparepa

Angle of shear | Fluidity factor, K | Dilatancy angle, A n m
friction, 3, deg. ¢, rpaa
54 1 5-10-%° 0.7 -0.59

with an error of 3.1%. Rheological rock
salt model’s parameters (Table 1) provides
displacements of the rock contour of a sin-
gle excavation with a steady constant ve-
locity, which is in the range of velocities
characteristic of the given conditions and
the rocks under consideration — rock salt,
from 0.02 to 0.05 mm/day [29].

The rheological model of rock salt ser-
ves as a tool for determining the influence
of the model boundaries and its geometri-
cal parameters on the result of predicting
the STS of the host rock mass with rheo-
logical properties [19, 31, 38]. Due to the
small amount of data on the convolution
of the rock contour of the excavation, it is
possible to determine the model parame-
ters based on the convergence of the inten-
sity of displacement development over a
sufficiently large prediction time interval,
up to 40 years [29].

In order to analyse the influence of mo-
del parameters on the forecast results, the
method of multivariate modelling was
used. The results obtained in the models with
different distances from the mine workings
to the model boundaries, from 3 to 38 di-
ameters were considered. Finite element
sizes varied from 0.125 to 1 m. The models
consider circular cross-sections with a dia-
meter of 3.1 m and elliptical cross-sections,
with the ratio of the larger diameter to the
smaller diameter ranging from 1.1 to 1.75.

Initially, the results of the circular min-
ing model were analysed to identify pat-
terns in the results. Having identified the
distance interval of interest between the
excavation contour and the model bounda-
ries, the elliptical cross-sectional mining
models are considered at the second stage.
Due to the axisymmetric formulation of the
problem, the results obtained in the circu-

Fig. 2. Example of prediction results distortions: models with element size 0.5 m (a); models with element
size1m (b); 1 — displacements; 2 — creep deformations; 3 — plastic deformations; 4 — maximum stresses
Puc. 2. lMpumep vckaxxeHW¥i pe3ynbTaToB MporHo3a: Mogenu ¢ pasmepom 3nemeHTos 0.5 m (a); moaenu ¢ pas-
mepom 3nemeHToB 1 m (6); 1 — cmewyeHuns; 2 — aegopmaumm nonzyyHectu; 3 — nnactudeckue gegopmanmu;

4 — MakcumasibHble Harnps>xeHns
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Fig. 3. Example of stress-strain state prediction with one row of structured elements of the first order; maxi-
mum stresses (a); displacements of the excavation contour (b); 1 — distance from the excavation contour to
the model boundaries of 8 diameters, element size 0.125 m; 2 — distance from the excavation contour to the

model boundaries of 26 diameters, element size 1 m

Puc. 3. Mpumep nporHoza HAC ¢ ogHUM psaomM CTPYKTYpUpOBaHHbIX 31EMEHTOB MEPBOro MopsAKa; MakCUMallb-
Hble HanpskeHWs (a); CMeLLeHnsl KOHTypa BblpaboTku (6); 1 — paccTosiHue oT KOHTYpa BblpabOTKM [0 rpaHuL
mogenu 8 anameTpos, pasmep snemeHTa 0.125 m; 2 — paccTosiHue OT KOHTypa BbIpaboTKu A0 rpaHUL, MO4ENU

26 guameTpos, pa3mep ssemeHTa 1 m

lar-section mining models are identical in
all radial directions. In the case of the ellip-
tical cross-section model, the distribution
of stresses and displacements on the con-
tour is formed in accordance with the ori-
entation of the main diameters of the mine
working.

During the modelling results' process-
ing, distortions in the element nodes on the
mine contour and in its vicinity, which are
not peculiar to elastic-plastic models, were
revealed. They are reflected in the predic-
tions of displacements of the rock contour,
creep deformations, plastic deformations
and stresses. Examples of distortions of
the prediction results and the finite element
contour are shown in Fig. 2, which allows
to correlate the distortions and the element
grid. It can be seen from the presented epu-
ries that elements orientated not normal to
the deformed surface result in non-uniform

stress distribution. Consequently, it can be
concluded that for correct prediction of the
STS of rocks prone to rheological proper-
ties, it is necessary to break the model in
the vicinity of the deformed surface with a
structured mesh of quadrangular finite ele-
ments of the first or second order. The ele-
ments should be normally orientated to the
deformed surface. From the results of the
STS prediction, Fig. 3, we can see that one
row of structured finite elements on the
deformed contour is sufficient to exclude
local stress extremes on it.

To determine the sufficient distance to
the model boundaries and finite element
dimensions, 45 models were calculated.
Considered sizes of finite elements, A: 1,
0.75, 0.5, 0.25, 0.125 m, considered dis-
tances to the model boundaries: 3, 5, 8, 10,
16, 19, 26, 32 and 39 diameters of mine
workings (3.1 m).
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Fig. 4. Displacement values on the mine contour based on the multivariate modeling results: resulting dis-
placements (a); relative error in the prediction results, color indicates the error value (b)

Puc. 4. BennunHbl cMeLLeHUA Ha KOHTYpe BblpaboTKu M0 pe3ynbTaTaM MHOIrOBapUaHTHOIO MOLENMPOBAHUS:
pe3ynbTupyroLumMe CMeLLeHMs (a); OTHOCUTENIbHAS MOrPeLIHOCTb B Pe3y/IbTaTax MporHo3a, LUBETOM yKasaHa Be-

AmumHa norpetuHocty (6)

Let us consider the resulting displace-
ments on the mine contour at the end of the
prediction (Fig. 4, a). Here we can see a
more distinct convergence in the results as
the size of the finite elements decreases. At
a distance of 16 mine diameters, the differ-
ence in the predicted displacement of the
mine contour in the models with 0.125 and
0.25 m elements is 0.15%. This distance to
the model boundaries is characterised by a
flattening of the graph.

Taking into account the above men-
tioned, the most rational parameters of the
numerical model will be the size of the
finite element 0.25 m, (0.8 diameters of
the excavation) and the distance from the
deformed surface to the model boundari-
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es 16 diameters of the excavation. Charac-
terising these parameters as recommend-
ed, it is possible to calculate the relative
error in the prediction results in models
with different parameters (Fig. 4, b).
Thus, certain parameters of the model
provide sufficient accuracy in predicting the
STS of rocks prone to rheological proper-
ties and exclude the occurrence of distor-
tions in the vicinity of the deformed surface.
To verify the defined model param-
eters, we consider elliptical cross-section-
al excavations. Let us assume the sizes
of finite elements, 0.5, 0.25, 0.125 m,
distances to the boundaries of the model,
0.5, 0.25, 0.125 m.: 10-D,, 16-D,, 16-D,,
20-D,, where D,, D, — main diameters of



the excavation, equal to 4 and 7 m, respec-
tively. The prediction of deformations and
displacements in the vicinity of the mine
in the areas where it has the largest linear
dimensions depends on the values of these
values. Thus, the optimal distance from
the deformed surface to the model bounda-
ries is determined by the largest linear size
of the mine.

Let us consider the model region in the
vicinity of the smaller linear dimension of
the mine — the sides of the mine and the
larger — the roof. In (Fig. 5, a, b) the re-
sulting displacements on the contour of the
mine workings at the end of the prediction
are presented. They show similar conver-
gence of the results as in the case of a cir-
cular cross-section mine. The convergence
of the displacement prediction results for

a) 1.015
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._.
=3
S
wn

1.000
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resulting displacements, mm

0.980

b) 341

340

|

the finite element sizes of 0.125 m and
0.25 m is comparable to the previously
discussed results, as well as the error in the
prediction of creep deformations.

Let us analyse the influence of the finite
element size on the results of massif STS
prediction in the vicinity of the excavation
contour depending on the ratio of excava-
tion width to height, in the model — larger
and smaller diameter. We consider excava-
tions with the following diameter ratios: 1:1;
1:1.2; 1:1.33; 1:1.67 and 1:1.75, the sizes
of finite elements ranging from 0.05 to 0.68
smaller than the radius of the excavation.

The results of the rock contour dis-
placements prediction and values of long-
term creep deformations lie on exponen-
tial approximating curves (2), connecting
them to form a surface (Fig. 6, a). Relative
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Fig. 5. Resulting displacements on the mine contour: zone of larger linear size (a); zone of smaller linear size (b)
Puc. 5. PeaynbTupytoLme cmeLLeHus Ha KOHTYpe ropHOM BbIpaboTKM: 30Ha 6O/bLUErO IMHENHOro pa3mMepa (a);

30Ha MeHbLLero MHesiHoro pasmepa (6)
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deviations in the prediction results from
those in the models adjusted according to
the recommended parameters are present-
ed in the form of a surface (Fig. 6, b)

dl
“zA[ﬁj'e o
d2
where u — displacements of the mine wor-
kings rock contour for the end of forecast
period, mm; A — finite element dimensi-
ons, smaller radius of excavation; A(d,/d,),
B(d,/d,) — coefficients reflecting the ratio
of the main diameters of the excavation.
The results show that as the difference
between the main diameters of the exca-
vations increases, the influence of the fi-
nite element size increases. Increasing the
finite element size leads to a decrease in
the displacements of the rock contour in
the region of larger diameter and to an in-
crease in the displacements in the region
of smaller diameter. The effect of harden-
ing of the material is manifested, because
in the conditions of the considered models
vertical displacements in the roof of the
excavation due to the geometry of the cal-
culation scheme prevent the progression
of horizontal displacements in the sides of
the excavation. The recommended size of
the finite element ensures the absence of
these errors in the prediction.

Conclusions

The study considered the mining and
geological conditions of a transport tunnel
in rock salt at the Palashersky section of
the Verkhnekamsk potassium salt deposit.
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