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Abstract

Purpose is to analyze changes in shape and dimensions of a rock mass area, fortified with the help of a polymer, depending
upon the density of injection rock bolts as well as the value of initial permeability of enclosing rocks to substantiate optimum
process solutions to support roofs within the unstable rocks and protect mine workings against water inflow and gas emission.

Methods. Numerical modeling method for coupled processes of rock mass strain and filtration of liquid components of a
polymer has been applied. The model is based upon fundamental ideas of mechanics of solids and filtration theory. The
problem has been solved using a finite element method. Its solution took into consideration both the initial permeability and
the permeability stipulated by mine working driving, injection time of reagents and their polymerization, and effect of po-
lymer foaming in the process of mixing of its components. Changes in physicomechanical and filtration characteristics of
rock mass during polymer hardening were simulated. It has been taken into consideration that a metal delivery pipe starts
operating as a reinforcing support element only after the polymer hardening.

Findings. If three and five injection rock bolts are installed within a mine working section then stresses, permeability coef-
ficients, pressure of liquid polymeric composition, and geometry of the fortified area of rock mass have been calculated. It
has been shown that rock bolt location is quite important to form a rock-bolt arch. It has been demonstrated for the assumed
conditions that if five injection rock bolts are installed within the mine working roof then close interaction between rock-
bolt supports takes place; moreover, the integral arch is formed within the mine working roof.

Originality. Dependence of change in the polymer reinforced area upon a value of initial permeability of enclosing rocks has
been derived. It has been shown that in terms of low values of initial permeability, geometry of rock-bolt supports as well as
its size is identified only by means of a value of the unloaded zone around the mine working. In this context, initial permeabi-
lity increase results in the enlarged diameter of the reinforced rock mass area in the neighbourhood of the injection rock bolt.

Practical implications. The findings are recommended to be applied while improving a method to support the mine work-
ing roof and decrease water inflow as well as gas emission from the rocks, being undermined, into the working.
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1. Introduction

Injection rock bolts are applied to reinforce periphery
rock mass while driving mine workings within the heavily
disturbed unstable rocks [1]-[3]. An injection rock bolt is a
metal seamless pipe with a sealer to deliver fortifying solu-
tion into the fissured rock mass. After delivery, the metal
pipe is used as extra reinforcement facilitating high shear
strength. Generally, the delivered solution consists of two
liqguid components pumped separately through the hoses.
Then, the components mix in a blender, and deliver under
high pressure to the rock mass by means of rock bolt system
and a sealer. The reagent mixer is polymerized with 1.5-3.5
times increase in volume. Owing to high pressure, the
foamed composition gets even in small fissures of the rock
mass [4], [5]. After the hardening of a foamed elastic poly-

mer, a reinforced gas- and water-proof area is formed around
the rock bolt. Its shaping depends upon the configuration and
geometry of a filtration zone being a permeable space in the
neighbourhood of an injection rock bolt within which a mix-
ture of the delivered reagents spreads. The zone permeability
is identified by means of natural fracture pattern as well as
the technological one stipulated by an unloading degree of
peripheral rock mass for a period passed from the moment of
stope advance.

Numerical modeling is quite an expedient method to
evaluate rock consolidation effect on the mine working sta-
bility. However, rock consolidation is usually simulated
while assigning new characteristics to finite elements located
at definite depth [6]. Previous research did not take into
consideration the following:
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—temporal development of polymer pumping and hardening;

— geomechanics of the formation of filtration area of
liquid components of polymeric composition;

— operation of a steel delivery pump as an rock bolt;

—interaction degree of the reinforced zones around
each rock bolt.

While developing a mine working support pattern using
injection rock bolts, one should know how close is interac-
tion of the reinforced zones and whether they form the
integra-ted mechanical structure being a complete arch
capable of protecting the mine working against failure, gas
emission, and water inflows. If the reinforced zones are not
interconnected then breakdown of the arch and roof failure
are possible [7].

Consequently, the research is intended to study temporal
changes in shape and size of polymer reinforced area de-
pending upon the location of injection rock bolts as well as
value of the initial permeability of enclosing rocks.

To achieve the objective, following problems have been
formulated:

— develop numerical model of temporal rock mass strain
and filtration of liquid components of polymeric composition
in the mine working roof with several injection rock bolts;

—involve into modeling operation of a steel pipe as
an rock bolt starting from the moment when the polymer
starts hardening;

—analyze influence of the density of injection rock bolts
on the changes in the reinforced area size and geometry;

— derive dependence of changes in the reinforced area
dimensions upon the initial permeability of enclosing rocks.

2. Methodology

2.1. Mathematical model of rock strain
and liquid polymer filtration

The coupled processes of rock mass strain and filtration
of liquid components of polymeric composition are de-
scribed with the help of the equation system [8]:

6Ui

Cg = = . +Xi(t)+R(t);

2 2
@:L a_E+a_2p +q(t)’
ot u-pg-m\oxs oy

where:

cq — damping ratio, kg/(c-m?);

u; — shifts, m;

sijj — derivatives of strain tensor components in x and
y, MPa/m;

Xi (t) — projections of external forces acting on a volume
unit of a solid, N/m?;

P; (t) — projections of the forces stipulated by pressure of
the delivered composition within a fracture space, N/m3;

p — pressure of the delivered composition, MPa;

k — permeability, mDa;

1 — polymer viscosity, Pa-s;

3 — coefficient of polymer compressibility;

m — rock porosity, %;

q(t) — foaming function.

The problem is solved in elastoplastic formulation.
Mathematical description of rock transition into the dis-
turbed state involves Mohr-Coulomb failure criterion. It is

widely thought that when a mine working is driving, a field
of technological permeability ko, stimulated by the process, is
imposed on the initial permeability field kwch depending upon
stress tensor values [9] k = ko + Kiech.

The initial conditions and boundary conditions for the
formulated problem are as follows:

O-WL:O =7H; o4, =4rH; Pl =01MPa,
Ul =0 Uyl =00 ply =py Pl =0.1MPa,
where:

y— aggregate weight of the overlying rocks, N/m?;

H — mining depth, m;

A — horizontal stress ratio;

po — delivery pressure, MPa;

£ — vertical outer boundaries;

£ — horizontal outer boundaries;

£ —filtering share of a borehole surface;

£, — internal boundary (i.e. mine working).

The solution involves a finite element method [10]-[13].
Each iteration i (i ® 5 min) takes into consideration the
stress field influence on the filtration field shaping; influence
of changes in the polymeric composition on the stress state
of the rock mass; and changes in physicomechanical as well
as filtration characteristics of the rock mass during the pol-
ymer hardening. Roof bolting is simulated with the help of
axial finite elements. Such geomechanical parameters as
Q" = (01— o3) | ¥H, characterizing a degree of variety of the
stress field components, and P"= o3/ yH, characterizing a
probable rock failure mode, are applied to evaluate the stress
state. Paper [14] describes simulation of rock mass reinforce-
ment during polymeric composition delivering and hardening.

2.2. Formulation of the problem

Consider a rectangular cross-section mine working with
5.2 m width and 3.0 m height being driven through the soft
rocks (elasticity modulus is £ = 10* MPa; and compressive
resistance is o. =28 MPa). Analysis of geomechanical as
well as filtration parameters involves consideration of two
schemes helping install 2.5 m length injection rock bolts
within the mine working roof:

a) number of rock bolts is N, = 3; distance between them
isla=2.0m;

b) number of rock bolts is Na = 5; distance between them
isla=1.2m.

Suppose that the initial permeability of enclosing rocks is
ko =0.01 mD.

Start a delivery process from the second iteration i. A de-
livery period is four iterations (about 20 minutes, iterations
2-5). Suppose that the same time is required for strain poly-
mer hardening. Po = 6 MPa is the delivery pressure. Assume
that 10* MPa up to 1.7-10% MPa linear increase in the elasti-
city modulus of a finite element takes place during polymer
hardening within the finite components which fracture space
is filled with the polymer; compressive resistance o. experi-
ences its 1.5 times increase; ultimate tension os increases its
duplication; and permeability ratio of the finite element
drops linearly to zero. A metal delivery pipe starts its opera-
tion as a reinforcing component after durable fixation within
a borehole; hence, influence of the axial finite elements will
be taken into consideration from i = 6 time moment.
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3. Results and discussion
3.1. Changes in dimensions of the reinforced
area depending upon the rock bolt density

The computations have helped obtain distributions of
values of geomechanical and filtration parameters for itera-

(@)

1.2<Q*<1.6
0.8<Q*<1.2
0.4<Q*<0.8
0*<0.4

(b)

-
-

tions if Na=3 and Na=5. In Figure 1, red colour shows
nonelastic deformation zones and distributions of values of
the variety of the stress field components Q. Figure 2
demonstrates distributions of permeability coefficients k
within the studied area during the composition delivering

and hardening.
(©

Figure 1. Distribution of Q" parameter values and nonelastic deformation area if three and five rock bolts are installed within a mine

working roof: (@) i =4; (b)i=6; (c)i=10
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Figure 2. Distribution of the permeability coefficients while installing three and five injection rock bolts within the mine working roof

@i=4;(0)i=6;()i=10

In both cases, the areas of high component variety and
nonelastic deformations extend in the course of time (Fig. 1);
and rock mass releases gradually from lithostatic pressure.
However, if rock bolts are installed then a zone of high frac-
turing (0.8 < Q"< 1.2) within the mine working roof de-
creases (Fig. 1a). In such a way, strengthening influence on
the stress state of peripheral rocks starts manifesting despite
the rock bolts are still surrounded with a zone where
0.8<Q"<1.2 and roof rock permeability k have experi-
enced minor changes (Fig. 2a).

In terms of i =6, a delivery process is over, and the pol-
ymer has hardened partially. A metal pipe starts operating as

10

an rock bolt. Both elasticity modulus and strength limits of
the polymer-reinforced rocks increase. Decrease in the varie-
ty degree of the stress field components and the rock mass
permeability is the common result of such transformations.
Q" parameter values around the rock bolts reduce. In terms
of Na = 3, central rock bolt is surrounded with an area where
Q" <0.8. The same is true for three central rock bolts if
Na=5 (Fig. 1b). The values of permeability coefficients
drop down the initial permeability coefficients (Fig. 2b)
neutralizing changes caused by the mine working driving. If
Na = 5 then the greater rock amount is involved.
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After a hardening process in terms of i=10 is over
(Fig. 1c), the area of the reinforced rock around rock bolts
expands; diameter of a zone where 0.4 < Q" < 0.8 and Ny = 3
is 1.7 m. If Na=5 then the diameter is 3.2 m. The area of
uniform compression Q" < 0.4 arises around the central rock
bolts. Since the moment, each rock bolt is surrounded with a
zone of completely impermeable rocks with more than 0.6 m
diameter shown clearly in Figure 2c.

However, if Na = 3 then highly permeable rocks (in our
case, their permeability is more than 0.4 mD) occur between
the impermeable areas. Three monolith polymer-reinforced
rock-bolt supports are not linked; they are separated by
zones of the fissured disturbed rocks where 0.4 < Q" <0.8
and k> 0.4 mD.

In case 2 when N;=5, almost impermeable rock-bolt
arch is formed from five polymer-reinforced supports. The
Figure explains that the area with Q" < 0.8 parameter values
has spread towards the mine working walls occupying now
greater share of the rock bolted mine working roof.
Owing to the increased value of minimum component of the
basic stresses as well as the decreased maximum component,
the stressed condition of rocks went into volume compression
state and became stable. As a result, the system, consisting of
five injection rock bolts, has formed the high-strength uniform
arch blocking the potential for spontaneous failure.

Figures 3 and 4 demonstrate graphs of changes in P" pa-
rameter as well as rock permeability coefficients within the
mine working roof at a 1.2 m distance from its surface con-
cerning the two considered cases.
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Figure 3. Changes in P* parameter values within the mine working
roof where three and five rock bolts are available

In the graphs, x = 0 coordinate corresponds to the central
share of the mine working (i.e. location of the central rock
bolt). Coordinates of the mine working walls are 2.6 m. P
parameter characterizes a probable rock failure mode: the
closer P" value to a unit is, the more stable periphery rocks
are. Graphs in Figure 3 show that at the start of a delivery
process, P* = 0.15 for Na = 3 and N, = 5 if i = 4. Such low P”
values stipulates beginning of roof rock transition to unstable
state. P" values increase after the delivery is over and poly-
mer is hardened (i = 8-16). If N, =3 then average P",, is
0.51; and minimum value is P’min- 0.24 within the mine
working roof x € [-2.6; 2.6]. if Na=5 then P*,,=0.7, and
P’min=0.61. The increased density of injection rock bolts
results in 2.5 times increase of P* parameter supporting the
idea of roof stability improvement.
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Figure 4. Changes in the values of permeability coefficients
within the mine working roof where three and five rock
bolts are available

It follows from Figure 4 that at the initial delivery stage
(when i=4), the values of filtration permeability k achieve
0.23 mD for both bolting patterns at a 1.2 m distance from
the mine working roof. After the polymer delivery and its
hardening (i = 8-16) when Na =3, kmax value increases up to
0.27 mD between the rock-bolt supports (for the assumed
initial and boundary conditions). Deep in the rock mass at a
1.2 m distance from the mine working roof, the average per-
meability value is 0.08 mD. If Na=5 then Kmean =0.02 mD,
and kmax = 0.11 mD. Increase in the density of injection rock
bolts results in 4 time decrease of the average value of per-
meability coefficients within the mine working roof.

Figure 5 demonstrates the areas where fracture space of
the mine working roof are packed with the polymer at differ-
ent time moments for the considered support schemes.

The hardening composition is delivered through the per-
meable surface of a borehole. Starting from the sixth itera-
tion, the delivery stops. The polymer continues its harden-
ing; its pressure drops gradually. A filtration process of a
liquid polymer is restricted by the rock mass area with rather
developed fracture network. When the components of poly-
meric composition are being mixed, chemical reaction be-
haviour increases its volume. While increasing the volume,
the polymer generates extra pressure inside a pore-fractured
space of the rock. Under pressure, the foamed composition
gets even into small fractures of the rock mass.

In terms of the assumed initial and boundary conditions,
a diameter of one reinforced area is 1.5 m (Fig. 5¢). Never-
theless, in case one when N, = 3, the areas are not intercon-
nected; hence, they cannot protect a mine working against
failure, gas emission, and water inflow. If sufficient number
of rock bolts (five ones in the context of the case) are in-
stalled within the mine working roof then reinforced arch
with low permeability appears (Figs. 5b and 5c¢). Such an
arch is required for the mine working stability, and it be-
comes the barrier restricting water inflow and gas emission
from the rocks, being undermined, into the mine working
depth.

3.2. Changes in the reinforced area shape
depending upon the permeability of enclosing rocks

The abovementioned computations have been performed if
Na = 3 and initial natural rock permeability is ko = 0.01 mD. It
is quite obvious fact that other ko values will vary the diameter
of the reinforced area around the injection rock bolt (Fig. 6).
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In the context of three first cases (Figs. 6a-c), the poly-
mer-reinforced areas around the rock bolts are independent;
their diameters are almost similar (i.e. 1.5 m). In terms of
low initial permeability values (Figs. 6a and 6b), the upper
share of rock-bolt supports is not shaped completely. Proper
packing of a fracture space is possible only within the area,
influenced by a mine working zone, restricted by the filtra-
tion region (Fig. 2).

If ko>0.1 mD then the initial permeability starts in-
fluencing the reinforced area diameter: if ko = 0.4 mD they
contact (Fig. 6d); and if ko=1.0 mD they form monolith
arch (Fig. 6e). Generally, quite typical increase in the dimen-
sions of the hardening zone is observed along the increase in
the initial rock permeability. Figure 7 represents dependence
of changes in the reinforced area upon the value of initial
permeability of enclosing rocks for the mentioned conditions
of the mine working driving.

33
31
29
27
25
23
21
19
17

15
0 0.2 0.4 0.6 0.8

Initial permeability coefficient, mD

Reinforced zone area, m’

1.0

Figure 7. Dependence of changes in the reinforced area upon the
value of initial permeability of enclosing rocks

Hence, development of schemes for the mine working
support and computation of the polymer-reinforced area
around the injection rock bolt should take into consideration
the initial permeability of peripheral rocks.

4, Conclusions

A numerical model of the coupled processes of rock
mass strain and filtration of liquid components of polymeric
composition has been applied concerning certain changes in
geomechanical as well as filtration parameters of the mine
working roof depending upon the number of injection rock
bolts and value of natural permeability of the enclosing
rocks. The problem formulation takes into consideration the
initial permeability of enclosing rocks as well as the permea-
bility stipulated by the mine working driving, time of poly-
mer delivery and hardening, and foaming effect of the poly-
meric composition in the process of mixing of its compo-
nents. Certain changes in physicomechanical and filtration
characteristics of rock mass during the polymer hardening
have also been involved as well as the fact that a metal de-
livery pipe starts operating as a reinforcing element after
hardening of the polymeric composition is over.

The computations have been performed for the cases if
three or five injection rock bolts have been installed within
the mine working roof. Calculation results concerning
stresses, permeability, liquid polymeric composition, and
geometry of the reinforced area of rock mass have been
represented. It has been demonstrated that the location of
rock bolts is important to form the rock-bolt arch. In the
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context of the considered case, three to five increase in the
number of injection rock bolts results in 2.5 times increase
of minimum value of P* parameter within the mine working
roof; hence, its stability improves drastically, and average
value of permeability coefficient experiences its 4 times
decrease. The formed rock-bolt arch may serve as a barrier
controlling both water inflow and gas emission from the
rocks being undermined deep into a mine working.

Dependence of changes in the reinforced area upon the
value of initial permeability of the enclosing rocks has been
derived. If the values of initial permeability are low then size
of the rock-bolt supports and their shape are determined
using only a value of the unloaded zone around a mine work-
ing. In terms of ko > 0.1 mD, increase in the initial permea-
bility results in the increased diameter of the reinforced rock
mass area around the injection rock bolt.

It has been demonstrated that the development of a pat-
tern as for the mine working support with the help of injec-
tion rock bolts should involve following factors determining
formation of a permeable zone for a polymer filtration: time
from the moment of a stope advance; initial rock permeabil-
ity; and density of rock bolts. Consequently, to optimize
schemes of the mine working support by means of injection
rock bolts under specific mining and geological conditions,
it is quite expedient to perform early computations using the
proposed numerical model.
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B3aemozist nopoiHO-aHKepPHUX ONOP Y Npoueci 3MillHeHHS
cJI1a0KHX Nopif i’ ekuiliHUMHU aHKepaMHu

O. Kpykoscwkuii, B. Kpykoscrka, C. Ckinouka

Mera. [Jocnigutu 3MiHn Gopmu i po3mipiB 3MilHEHOI MOIIMEPOM 00JACTi MAaCHBY 3ale)KHO Bill IIUTHHOCTI YCTAHOBKH IH EKLIHHHX
AHKEpiB 1 BETMYUHU ITOYATKOBOI IPOHUKHOCTI MOPiJ, 0 BMIIIYIOTh BUPOOKY, sl OOIPYHTYBAaHHA ONTHUMAIBHUX TEXHOJOTIYHUX PIIIEHb 3
MiATPUMKH TOKPIBJi B HECTIMKHUX MOpOJax 1 3aXUCTy BUPOOOK BiJ BOJOIPUILUIUBY Ta ra30BUALICHHS.

Metoauxka. Y po60Ti BUKOPHCTaHO METOJ YHCETLHOTO MOJCTIOBAHHS 3B’ A3aHUX MPOLECiB 1eGopMyBaHHs MOPOIHOTO MacuBy 1 (inpTparii
PIOKHAX KOMITOHEHTIB noiiMepy. OCHOBY MOJIeNi CKIIafaroTh (hyHIaMEeHTAIbHI ITOJ0KEHHST MEXaHIK1 TBEpOTo Tiia Ta Teopii ¢insrpanii. 3amaga
PO3B’s13aHa i3 3aCTOCYBaHHSIM METO/y CKIHUCHHHX eJleMeHTiB. [Ipy BupileHHI BpaxoByBaslacsi HOYaTKOBa IPOHUKHICTG 1 IIPOHUKHICTH, 00YMOB-
JIeHa IIPOBEICHHAM BUPOOKH, Yac HarHITaHHS PeareHTiB Ta ixX moJiMepu3anii, epeKT CIiHIOBAaHHS IIOJIIMepY IPH 3MiITyBaHHi 10ro KOMIIOHEHTIB.
MogemoBanacs 3MiHa (Hi3UKO-MEXaHIYHUX 1 (ITBTpAIliiHUX BIACTHBOCTEH OPOJHOTO MAcUBY TIPH 3aCTHTaHHI MoniMepy. BpaxoByBaiocs, o
MeTaJleBa HarHiTaTbHa TPYOKa BCTyIa€ B pOOOTY B SIKOCTI apMYIOUOTO eJIEMEHTa KPIIICHHsI TUIBKH ITICJIS 3aCTUTaHHS MOJIMEpY.

PesyabTaTu. [l BUNagKiB yCTAaHOBKH B Mepepi3i BUPOOKH TPHOX 1 I’ATH iH €KIIMHNX aHKEPiB BUKOHAHO PO3PaxXyHOK HAIlpy>KeHb, KO-
eQilieHTIB MPOHUKHOCTI, TUCKY PIAKOTO TMOJIMEPHOrO CKIIaay, TeoMeTpii 3MilHeHOi obyacTi mopoaHoro MacuBy. IlokaszaHo, mo cxema
pO3TalIyBaHHS aHKEPiB Biirpae BaXXIUBY poib Y (opMyBaHHI OPOIHO-aHKEPHOTO MEPEKPUTTS. I MPUIHATHX B 3a4a4i yMOB MOKa3aHO,
II0 TIPH YCTAHOBLI B ITOKPIBIII BUPOOKHM IT’SITH iH €KUIHHNX aHKePiB MOPOJHO-aHKEPHI OMOPH TICHO B3a€MOJIIOTH MiXk cO0OI0, a B MOKPIiBIi
ripHHY01 BUPOOKH (POPMYETHCS LiNICHE ITEPEKPUTTSI.

HaykoBa nHoBu3Ha. OTpUMaHO 3aJI€XKHICTh 3MiHH ILTOLII 3MiI[HEHOT ToJIiMepoM 00JIacTi BiJl BETMYMHH ITOYaTKOBOI IPOHUKHOCTI TOPiz,
II0 BMINIAalOTh BUPOOKy. [loka3zaHo, 0 IpY HU3BKMX 3HAYEHHSAX [MOYAaTKOBOI IPOHMKHOCTI po3MipH 1 (hopMa MOpOIHO-aHKEPHUX OIOp BH-
3HAYAIOTHCSA TUIBKH BEIMYMHOIO PO3BAHTAXKEHOI 30HM HABKOJIO BUPOOKH, IPH I[bOMY 3POCTAHHS MOYATKOBOI MPOHHKHOCTI MPU3BOIUTH [0
30LTBLICHHS JiaMeTpa 3MIIHEHO1 00J1acTi MacHBY HaBKOJIO iH'€KLIHOTO aHKepa.

IpakTnyHa 3HAYNMicTb. Pe3ynpTaTi peKOMEHIYETHCS BUKOPUCTOBYBATH IPH BIOCKOHAIEHHI TEXHOJOTIi MATPUMKH TOKPIBIIi TipHH-
YUX BHPOOOK 3 METOIO MiIBUIIEHHS iX CTIMKOCTI, 3HIKCHHS BOJOTIPHUIIPUBIB 1 Ta30BUIUICHHS 3 MiAPOOICHUX MOPiA Yy BUPOOKY .

Knruosi cnosa: kpinnenis, supobKka, ankep, 2eOMeXaHiuhi napamempu, Qiibmpayiiini napamempu, MoOei08aHHs.

B3aumoneiicTBue MOPOAHO-AaHKEPHBIX OIIOP B IpoLeCcCEe YIIPOIUHECHUA
cJIadbIX nmopoa UHbEKIMHOHHBIMHU aHKEpaMu

A. Kpyxosckuii, B. Kpykosckas, C. Ckunouka

Hexas. Uccnenosars n3mMeHeHnne GOpMBI U pa3MepOB YIPOUHEHHOI MTOJMMEpOM 00JIaCTH MacCHBa B 3aBUCHMOCTH OT IUIOTHOCTH yCTa-
HOBKH MHBEKIIMOHHBIX aHKEPOB U BEJIMYMHBI HAYAIBHOH MTPOHUIIAEMOCTH BMEIIAIOIIUX OPOJI A1 000CHOBAaHHS ONTHMAaJIbHBIX TEXHOJIOIH-
YECKUX PEIIeHHH 10 TOAAEPKAHUIO KPOBIH B HEYCTOHYMBBIX TOPOAX M 3aIIUTH BEIPAOOTOK OT BOAOIPUTOKOB M Ta30BBIACICHUH.

Metoauka. B paGoTe rcnons30BaH METO/] YHCICHHOTO MOJIEIUPOBAHNUS CBSI3aHHBIX MIPOIIECCOB Ae(hOPMUPOBAHMUS TOPOTHOTO MACCHBA U
(UIBTpAIMY JKUIKHX KOMIIOHEHTOB monmMepa. OCHOBY MOJETH COCTAaBISIOT (hyHAAMEHTAIbHbIE MOJIOKEHHS MEXaHUKH TBEPJIOTO Tesla W
Teopun GUIBTpanyu. 3amada pemieHa ¢ IPHIMEHEHHeM MeToJa KOHEUHBIX 371eMeHTOB. [Ipu penreHnn yduThIBanach HadanbHas IPOHHIAe-
MOCTb U HPOHHIIAEMOCTh, 00YCIIOBJIEHHAs! IPOBE/ICHUEM BBIPAOOTKH, BpeMsl HATHETaHHsI PEareHTOB U MX IOJIMMepu3aliy, 3G(eKT BCIeHH-
BaHUs MOJMMEpa NPU CMEUIMBAaHUM €r0 KOMIIOHEHT. MOJeInpoBanoch W3MEHeHHe (U3MKO-MEXaHHYECKUX U (QUIIBTPALMOHHBIX CBOWCTB
MOPOJTHOTO MAaCCHBA MPY 3aCTHIBAHHUH MOJIMMepa. Y YUTHIBAIOCH, YTO METAJUIMYECKasl HarHeTaTelibHas TpyOKka BCTymaeT B paboTy B KauecTBe
apMUPYIOLIETO 3JIEMEHTA KPEIHU TOJIBKO II0CIIE 3aCThIBAHMS IIOJMMEDA.

Pe3yabTatsl. 714 cilyqaeB yCTAaHOBKH B CEUEHUH BHIPAOOTKH TPeX U ISITH HHBEKIIMOHHBIX aHKEPOB BBITIOIHEH PAacdeT HAINPsIKEHHI, KO-
3¢ QHUIMEHTOB MPOHNIIAEMOCTH, JABIECHHS XHUIKOTO TTOJMMEPHOTO COCTaBa, TE€OMETPUH YIPOUYHEHHOIT 001acTn mopoaHoro maccusa. [Toka-
3aHO, YTO CXEMa PACHOJIOKEHH aHKEPOB UTPaeT BXKHYIO POJIb B (JOPMHUPOBAHIN OPOJHO-aHKEPHOTO IEPEKPHITHS. [/l IPHHATHIX B 3a/a-
4e YCIIOBHH ITOKa3aHO, YTO NPH yCTAHOBKE B KPOBJIE BEIPAOOTKHU IISITH MHBEKIMOHHBIX aHKEPOB MOPOJHO-aHKEPHBIE ONOPHI TECHO B3aHMO-
JEHUCTBYIOT MEX/y CO00iA, a B KPOBIIE TOPHOIT BHIPAOOTKH (HOPMHUPYETCS LIEIOCTHOE TIEPEKPHITHE.

Hayunasi HoBu3Ha. [loyueHa 3aBUCHUMOCTh M3MEHEHHMS IUIOLIAIM YIPOYHEHHOH MOJIMMEPOM O0JacTH OT BEIMYHMHBI HAuyaJIbHOW Ipo-
HHUL[@EMOCTH BMEIIAIOMIKX MopoJ. [loka3aHOo, YTO MpPU HU3KMX 3HAUCHMSIX HAYaJbHOW MPOHMIAEMOCTH pa3Mepsl U (opmMa MOPOIHO-
AQHKEPHBIX OINOp ONpPENeAIOTCA TOJIbKO BEIMUMHON pasrpyKeHHON 30HBI BOKPYT BBIpaOOTKH, MPH 3TOM POCT HayaJIbHOH MPOHHUIIAEMOCTH
TIPUBOANT K YBEIMUECHHUIO AUAMETpa YIPOYHEHHOH 001acTH MacCHBa BOKPYT HHBEKIIMOHHOTO aHKepa.

IIpaxkTHYeckass 3HAYUMOCTD. Pe3ybTaThl peKOMEHIYETCs HCIIONB30BATh MIPH COBEPLICHCTBOBAHUM TEXHOJIOTUH MOAEPKAaHUsI KPOBIIM TOp-
HBIX BEIPAOOTOK C IENBIO OBBIIICHNUS MX YCTOHYINBOCTH, CHIDKEHHS BOJIOTIPHTOKOB 1 TA30BBIIEIIEHNS M3 MO/IPadaThIBAEMBIX TIOPO B BEIPAOOTKY.

Kniouesvie cnosa: xpennenue, 8bipabomka, ankep, 2eomMexanuiecKue napamempel, Quibmpayuontvle napamempsl, MoOeIUposanue

14


https://doi.org/10.1051/e3sconf/-201910900041

