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Abstract
Introduction. Among the common support systems in tunnelling and mining, rock bolts have
been widely used to reinforce rock mass and also to reduce geological hazards. Furthermore
rock bolts can be applied under varying different geological conditions with cost-effectiveness.
Although different methods are developed for grouted rock bolts design until now, the
interaction mechanism of the rock bolts and rock mass is still very complicated issue.
Methods of research. The paper addresses a simple analytical model and numerical simulation
for the analysis and design of fully grouted rock bolts based on the reinforcement principle.
According to this concept the jointed rock mass reinforced by grouted rock bolts is considered
as composite material which includes rock mass, the grout material and the bolt shank. The
mechanical properties of this composite material depend on the ratio of the components.
The closed-form solution was developed based on the assumption that the rock mass around
a circular tunnel remained elastic after installing fully grouted rock bolts.
Results. The main parameters of the rock-bolt system (the diameter and length of bolt shank,
the space between the bolts) are then easily estimated from the obtained solution. For non-
circular tunnel, the numerical simulation is performed to show how the design of rock bolts
could be done by using numerical methods.

Keywords: grouted rock bolts; analytical model; rock reinforcement, bolt density, circular
tunnel.

INTRODUCTION. Rock bolts are nowadays an effective and widely used support
measure and an element of reinforcement in civil engineering and mining. Furthermore,
rock bolts can be applied under very different geological and technical conditions to
stabilize the rock mass. Rock bolts are cost effective because of their simple composition
and their relatively low labour and energy consumption.

Although a great number of empirical, experimental, analytical and numerical methods
have been developed to simulate bolting effects and at the end to design rock bolts as a support
means in underground excavations, informed and discussed in many published articles, the
interaction mechanisms of the rock bolts and the rock mass stay still a very complicated
issue and are not well understood. There isn’t a concrete theoretical concept for determining
all the parameters of a rock bolts system. Design of systematic rockbolt reinforcement in
tunnelling is normally done by application of empirical and rational approaches.

Several analytical models have been developed to study the interaction behavior of bolts
and rock mass, and to evaluate the effect of the bolts on stress and strain behavior of
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the rock around the underground opening (Hoek and Brown, 1980 [1]; Bieniawski, 1989 [2];
Indraratna and Kaiser, 1990 [3]; Li and Stillborg, 1999 [4]; Nguyen, 2001 [5]; Nguyen
et al., 2011 [6]; Oreste, 2003 [7]; Cai et al., 2004a [8], 2004b [9]; Fahimifar and Soroush,
2005 [10]; Bobet, 2006 [11]; Osgoui and Unal, 2009 [12]; Carranza-Torres, 2009 [13];
Osgoui and Oreste, 2010 [14]; Martin et al., 2013 [15]; Cao et al., 2013 [16]).
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Figure 1. The axisymmetric tunnel problem
Pucynok 1. OcecummeTpuuHas 3agada

Samit and Anand (1997) [17] proposed an analytical model using beam-column
theory to analyze the reinforcement by the rockbolts. They found that the critical buckling
load of the rock beam is influenced by the rock modulus. Another analytical model has
been suggested by Li and Stillborg (1999) [4] in order to describe the reinforcement
effect of rockbolts. Indraratna and Kaiser (1990) [3] have also developed an analytical
model using convergence - confinement method to analyze the effect of the bolt pattern
on the extent of the yield zone and tunnel deformation. Carranza-Torres (2009) [13]
has proposed an analytical model of rockbolt reinforcement around tunnels and found
that reinforcement can have a significant mechanical effect: increasing the confinement
and decreasing the convergences. A simple analytical method was proposed by Bobet
(2006) [11] for the analysis of the load on a single rockbolt. Those methods are based
on rock-support interaction theory or convergence-confinement approach or based on
composite material concept.

The analytical solutions for the composite element of the rock bolts and rock mass
have been found in elsewhere (Indraratna and Kaiser, 1990; Bernaud et al., 1995 [18];
Cai et al., 2004; Bobet, 2006 [11]; Buhan et al., 2008 [19]). A new analytical algorithm
for the interaction between the bolt and rock under a seismic load based on the bearing
mechanism of fully grouted rock bolts in underground caverns is proposed by Lui et al.
(2017) [25], but only considering shear damage on the anchoring interface.

An interesting parametric study was performed by Das R. et al. (2021) [26] to determine
the influence of different bolt parameters (bolt length and diameter) on the maximum
induced boundary displacements in jointed rockmass, using a numerical method based on
finite element code.
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However, such analytical models did not consider the material components of rock
bolt include the rock mass, steel bar and grout in detail.

Although rockbolt is the most widely used support element in support systems in
underground mines and civil tunnels. But according to Li C. C. (2017) [27] until now
rockbolting design is mainly based on experience and it appears that rockbolting design
is simply a business of selection of rockbolt types and the determination of bolt length
and spacing, but, one essentially uses, either explicitly or implicitly, a methodology in
a specific rockbolting design.

Table 1. The results for the length of rock bolts
Ta6auua 1. [1uHbI aHKepOB

a (m) 0.8 0.7 0.6
Ay 0.403 0.527 0.717

Honax 1.015 1.08 1.18
n 1 1 1

L (m) 2.9 1.1 0.5

It can be marked that Russian researchers are also underway aimed at the improving
the design methods for the rock bolts of mine workings [28-30].

The paper presents at first a simple analytical method for design of rock bolts based
on the reinforcement principle and proposes a procedure for design of rock bolts system.
Numerical simulation are carried out to demonstrate how rock bolts system could be
designed by using numerical methods, in these cases with FLAC 3D and 2D.
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Figure 2. Maximum principal stress distribution around the tunnel cross-
section:
a —reinforced rock bolts; b — interaction principle
Pucynok 2. PacrnpezeiieHHe MakCHMAaJbHOTO IJIABHOTO HANPSDKEHHS MO
MIONIEPEYHOMY CEYESHUIO BHIPAOOTKH:
a — apMHUPOBAHHbBIE AaHKEPBI; b — IPUHIMI B3aUMOJEUCTBUS

ANALYTICAL SOLUTION. Simplify model and concept. The problem to be
solved is a circular tunnel of radius R excavated at a depth H in a homogeneous,
isotropic and initially elastic rock mass. The tunnel is subjected to a hydrostatic stress
field o, = yH, where 7y is the ground unit weight. The rock mass in primary state
is elastic and the mechanical properties are described by the Young modulus E_,
Poisson’s ratio v_ and axial compressive strength . After excavation a plastic zone
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would be built around the tunnel perimeter, at a certain distance behind the face if no
support is installed. So a grouted rock bolts system is to be installed just in time in
order to keep the rock mass elastic based on the assumption that the rock bolts system
could improve the strength and decrease the deformability of the supported rock
mass as a composite material. There are two zones that exist around the tunnel now,
a zone of elastic rock composite and a zone of elastic rock mass (Figure 1).
The rock composite has then the Young modulus £, the Poisson’ratio v and axial
compressive strength o_ .. For simplification it’s assumed that v_ = v = 0.5
(Nguyen et al., 2018) [20].
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Figure 3. Maximum principal stress distribution around the tunnel in three-
dimensional:
a — reinforced rock bolts; b — interaction principle
Pucynok 3. Pacnpenenenne MakCHMaIbHOTO TJIABHOTO HAIIPSKEHHUST BOKPYT
BBIPAOOTKU B TPEXMEPHOM BHJIE:
@ — apMHUPOBAHHbBIC AHKEPBI; b — IPUHLIUIT B3aUMOICHCTBHSA

To evaluate the stability of the rock mass before excavation a stability factor 7, is
used in simple way based on the elastic solution for stress and displacement distribution.
The stability factor 7, is defined as the ratio between axial compressive strength of rock
mass ¢ and the maximal tangential stress on the perimeter 6, = 20, from the well-known
solution as followed:

o
n, = —<o, 1
0 20, )

The rock mass is stable if 7, > 1 and is not stable if < 1, and needs to support, in these
case, for example, with grouted rock bolts.

The grouted bolts with the length of L are placed along the radial direction around
the tunnel. The mechanical properties of the rock mass with bolts are characterized
by elastic modulus £, Poisson’s ratio v and axial compressive strength ¢, and are
calculated from the mechanical parameters of the rock mass, the grouted material, the bolt
rank and the geometrical parameters of the borehole, the steel bar and the opening based
on the homogenization theory at any point as a function of 7 as follows (Nguyen, 2001 [5]):

2 2
Erm-wb _ Gc-wb _ :1 Edbh(Egrt _Ermz—'—dsb(Esb _Egﬁ)ﬁ :1+ AOB (2)
E c 4 a'E r r

m c m

10
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Edlfh(Egrt _Erm)+dszb(Esb _Egrt)
4 a’E .

m

with 4, = 3)

Where: d,,, d, E_, E, a and a are the diameter of the borehole, the diameter of the

et . .
steel bar, the elastic modulus of the grout, the elastic modulus of steel bar, the distance

between the rock-bolts and the reinforcement factor respectively.
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Figure 4. The rock mass displacement after bolting:
a — reinforced rock bolts; b — interaction principle
Pucynok 4. CMemnieHrne ropHOTO MacCHBa MOCIIe YCTAHOBKH KPETIn:
a — apMUPOBAHHBIC AHKEPBI; b — IPUHIIUIT B3aUMOACHCTBUS

By the way, it is also noted that the effect of reinforcing the rock mass when anchoring
has also been confirmed by Wullschliager and Natau (1987) [21], Wullschldger (1988) [22]
and Sakurai (2010) [23] by their experiments.

The tunnel has then a support with uniform bolts on the perimeter of the tunnel, and
it is subjected to far-field stresses 6, = yH. The rock bolts system is to design so that the
supported rock mass will be stable and remain elastic.

Solving this boundary problem, we obtain the stress field distribution in the rock mass
zone with bolts surrounding the tunnel in polar coordinates as follows:

1 1 4 1 47
O =200 757 T35 TR TR

If1 24 1 4]
Co.wb 2200— F+—+ ;

+_
B 3 2R* 3R’
c =6,—|6,—0 1—;l R+L 2. @
r-wOb 0 0 0 (R+L)2B , )
B ] 2
1 1 R+L
Go.wob =O0p T| Gy — 0, 1_(R+L)ZB B .

Where: c_, is the radial stresses in rock mass with bolt-grout support; 6, . is the
tangential stresses in rock mass with bolt-grout support; o, is the radial stresses in rock

11
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mass without bolt-grout support; 6, is the tangential stresses in rock mass without bolt-

6-w0b

grout support;
2 2
A= T dbh(Egrt _Erm)2+ dSb(Esb _Eg”) R = AR,
4 a’E,,
353
R+L) —R
gL 2, (R+D) -R
R* 3 R(R+L)

The tangential stress at the perimeter of the tunnel is determined by substitution » = R
into equation (4):

1+ 4, (1+ 4,)(R+ L)
Opwbr = 200 3 =46, . (%)
2, (R+L) -R° (1+2A0) R+LY -2 4R
1+3A0 (R+L)3 3 ( ) 3

The normal displacement at the perimeter of the tunnel can be estimated by the
following equations:

R 1
:l/lo 2 R3 .
1424 1-—
34{ <R+L)3]

Where: u, is the normal displacement of the tunnel perimeter before bolting. And the

compressive strength of the rock mass after bolting is determined from equation (2) as
follows:

30,

n-wb»R:2E 3
”“1+3A0 1—}273
3 (R+L)

u

0cm—wb—R = (1 + AO)Gcm' (6)

The tangential stress and normal displacements at the perimeter of the tunnel before
bolting can be expressed by using elastic solution as follows:

Ggp = 20,5
360
=290 p.
Uo 2E

rm

Comparison of the stress and displacement in the rock mass with bolts and without
bolts, it is shown that:

Coubr > Opo AN Upywpr < Up.
This demonstrates that the displacement of the rock mass surrounding tunnel after
bolting is smaller than rock mass before bolting. But the stress is greater. Therefore, the

stability of the rock mass after bolting needs to be estimated carefully by calculating and
adjusting the bolt parameters.

12
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Assuming that n; and n are the safety factor in terms of the rock mass before and after
bolting on the perimeter of the tunnel respectively, defined as follows:

—Om _Oem.
n, = = ;
Gy 20,

n= cscm—wb-R . (7)

GO-Wb-R

If n, < 1, the rock mass surrounding tunnel is considered instable and needs to be
bolted to maintain stable with n > 1. Hence, if the safety factor n for the rock mass is
given, it is clearly that the bolt parameters (length, density, diameter of bolt, diameter of
borehole, etc.) can be easily determined in relation of the mechanical properties of the
rock mass and bolts.

After substituting the expressions (5) and (6) into equation (7), the safety factor of rock
mass on the perimeter of the tunnel after bolting can be presented as:

2 3 2 3
n:GCIﬂ-Wb_R:(1+A0)Gcm:(1+A0)6i(1+3A0j(R+L) _EAOR )

Go.wb-R Go.wh-R 20, (1+ 4, ) (R + L)3 ®
2 2 R’ (R+L)’ 2 an,
:(14—;140)”0—5140}10 Ril 3 = R3 = 23 .
(R+L) (1434 =
The length of bolt can be expressed from equation (8) as follows:
2
ngno
L=R| | —2——-1|. 9)

3 (1+§A0jn0—n

Because the length of the bolt must be greater than 0 (L > 0), so that means:

2 3
[1+§A0jn0—n>0 = A0>E(i—1]. (10)

n,

Combination of equation (3) and (10) leads to determine the distance between the
bolts at the perimeter of tunnel based on the diameter of bolt, diameter of borehole, grout
properties as follows:

(i d%h(Egrt_Erm)—i—dgb(Esb_Egrt)
— . (11)
4 3(n

—| —-1 Erm

2\ no

a<

13
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However, the distance between the bolts can be estimated also based on experience.
It can be seen from (10) that the safety factor n of the rock mass surrounding the tunnel
after bolting can be reached maximum value as following expression:

2
nmax :(1+§A0)n0‘ (12)

That means the safety factor n of the rock mass after bolting is varied in the range of:
I<n<n_ .

Calculation example. The case analyzed corresponds to a deep circular tunnel with
R =4.0 m, excavated at a depth H =300 m in a homogeneous rock mass. The rock mass
has following elastic properties: axial compressive strength, 6, = 60 MPa; unit weight,
vy = 27 kN/m?; rock mass rating index, RMR = 72; elastic modulus, E =05 GPa.
The support of the tunnel is provided by rock bolts uniformly distributed along the
perimeter of the tunnel. The properties of the rock bolts are: elastic modulus of steel bar,
E, =210 GPa; elastic modulus of grout, Eg . = 30 GPa; diameter of steel bar, d, =25 mm;

S

diameter of borehole, d,, = 42 mm.
The strength of the rock mass can be estimated according to Hoek-Brown criterion as

follows:
Gcm = Gcr \/;

Where:

s = exp(wj =exp (@j =0.0466 =

=6, =60:/0.0466 =12.96 MPa.

Assuming that the tunnel subjected to a hydrostatic stress field, the normal stress at the
perimeter of excavated tunnel is calculated as:

Gy =20, =2YH =2x0.027x300=16.2 MPa.
The safety factor of the rock mass before bolting is given as follows:

cm

py=Zen 21290 g
Gy 162

Substitute the given parameters into equation (11), it is obtained the distance between
bolts at the perimeter of the tunnel: a < 0.829 m.

Using the equations (3) and (12) to determine the values of 4 and n__with the distance
between bolts are 0.8 m; 0.7 m and 0.6 m. The safety factor of the rock mass requirement
after bolting is » = 1.0. The length of rock bolts can be estimated then by equation (9).
Table 1 lists the calculated results of rock bolts length with safety factor and distance
between rock bolts are given.

The calculated rock bolts parameters indicated that it is quite consistent with the reality
conditions and other methods.

14
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SOLVING COMPLEX PROBLEMS USING NUMERICAL MODELS.
The analytical solution proposed in the previous section is only appropriate for simple
problems. In practice, the problems are always associated with the complex geometry
conditions and nonlinear boundary conditions. Therefore, using numerical methods to
simulate problems with complex boundary conditions is needed. In this section outlines
the procedure to simulate reinforced rock bolts in the rock mass around tunnel using
FLAC program.

a b

Figure 5. Maximum principal stress and displacement of the rock mass before
bolting:
a — maximum principal stress; b — displacement
Pucynok 5. MakcumalibHOE TINIaBHOE HANPsHKEHUE U CMEILEHHE MacCHBa
TOPHBIX TIOPOJI IIEPE] YCTAHOBKOM KPETTH:
a — MaKCUMAITbHOE TJIaBHOE HAMPSDKEHHE; b — CMEIICHUE

Numerical simulation with FLAC3D. It can be easily seen that cannot be assigned
accurately rock mechanical properties according to the expression (1) and (2) when using
numerical methods to simulate reinforced rock bolts. Hence, to consider to the variation
of mechanical parameters, we need to divide the reinforced area into a smaller area and
assigned the mechanical properties to each area. The mechanical properties are mean
values and which are integral depending on the dividing of reinforced area.

a b
6

Figure 6. Rock bolts calculation scheme based on the interaction
principle — @ and the principle of reinforcement — b
Pucynok 6. Cxema pacyera aHKEpHOH Kpemu HO MPHUHLUITY
B3aMMOJCHCTBHS — @ U 110 IPUHLUILY apMUPOBAHUS — b

Circular tunnel. The problem is a circular tunnel reinforced by grouted bolts.
The rock bolts are modelled in two different ways:
(1) interaction between rock bolts and rock mass;

15
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(i1) rock mass reinforced by rock bolts, the mechanical properties of the reinforced area
and non-reinforced area is different.

The problem to be simulated is a three-dimensional horizontal tunnel of radius R=2 m,
excavated at a depth H = 60 m in a homogeneous and elastic rock mass. The mechanical
properties of the rock mass are: the rock unit weight, y = 2600 kg/m?; Poisson’s ratio,
v=0.3; elastic modulus, £_ =90 MPa; horizontal stress ratio, X = v/(1 —v). The mechanical
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Figure 7. Maximum principal stress distribution:
a — interaction principle; b — the principle of reinforcement
Pucynoxk 7. Pacnpenenenie MakcUManbHOTO TJIABHOTO HANpPSIKEHUS
@ — TIPUHIMI B3aUMOJICHCTBHUS; b — IPUHIMI apMUPOBAHUS

properties of the grouted bolts are: the length of bolt, L = 1.5 m; diameter of steel bar,
d, =20 mm; diameter of borehole, d,, =36 mm; the bolt spacing, @ = 1 m; elastic modulus
of steel bar, £, = 98 GPa; elastic modulus of grout, £ o 29 GPa; shear modulus of grout,
G, =9 GPa; compressive strength of grout, 6, =9 MPa; tension strength of steel bar,
o, = 0.5 MN.
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Figure 8. Minimum principal stress distribution:
a — interaction principle; b — the principle of reinforcement
Pucynok 8. PacnipesieneHie MUHUMAJIbHOTO TIABHOTO HATIPSKCHUSL:
@ — TIPUHIMI B3aUMOJICHCTBHUS; b — MIPUHIMI apMUPOBAHUS

Only quarter of the tunnel was modelled because of the symmetry of the analyzed
problem.

Simulation procedure. To solve this problem using FLAC3D program, here it can
consider to the bolt spacing according to reinforced rock mass and interaction principle.
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Case 1: Reinforced rock mass.
The reinforced rock mass is divided into 5 annular areas. The mean value of elastic
modulus of each annular is calculated by equation as follows:

E (r)= EO(H—éj;
,

Azﬁdgh(E _E )+d2(Esb_Egrt)R.

art rm sb

4 azErm

Case 2: interaction principle.
In FLAC3D, the grout shear stiffness, kg, is simply given by

= 2nG,,

8
10In 1+2
dsb

and neglecting frictional confinement effects, ¢, may then be obtained from:

¢, =n(dy +2t)1 0.50

Tpeak = g

peak >

Where: G, is the grout shear modulus, 7 is the grout thickness, d is the steel bar
diameter, Tk is the peak shear strength of grout, o, is the compressive strength of grout.

i = 271',ng 219

e ) ( 2-0.008
200 10In| 1+
IOIn(lerSb 0.02

=9.628 GPa.

¢, =n(dy, +20)1,,, =n(0.02+2-0.008)0.5-9 = 0.5 MPa-m.

Results and discussions. Using the three-dimensional program can be determined
the mechanical process of rock mass surrounding the tunnel considering the sequence of the
tunnel excavation. In this study introduce some basic results indicated the effectiveness
of the proposed model. The distribution of the maximum principal stress for the case of
the reinforced rock bolts (@) and interaction principle (b) are shown in Figure 2 and
Figure 3 shows the maximum principal stress distribution around a circular tunnel in
three-dimensional.

The rock mass displacement after bolting was estimated by reinforced rock bolts (a)
and interaction principle () is shown in Figure 4.

The numerical simulation results show that the maximum principal stress
distribution around a circular tunnel is in good agreement in both the reinforced rock
bolts and interaction principle. However, the input mechanical properties of rock
mass are a little a bit different, so the amplitude of the largest and smallest of the
output parameters is slightly different. It is important for both calculations indicated
that the rock mass properties after bolting are improved comparing to the rock mass

17
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before bolting. This is illustrated in Figure 5 for the maximum principal stress (a) and
displacement (b) of rock mass around tunnel before bolting
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FLAC (Version 5.00)

LEGEND

22-Jun-11 15:49

step 8604
-5.133E+00 =x= S.098E+00
-5.234E+00 =y= 4.996E+00

Boundary plot

[FFTRTIT PeveeTY |

i} D
Displacement vectors
max vector = 2.443E-01

N - — )
0 SE-1

QUANG PHICH
HUMG

Figure 9. The displacement vectors of reinforced rock mass
PucyHnok 9. BekTophI caBUra apMHpOBaHHOTO MaccuBa

The numerical simulation results for both reinforced rock bolts and interaction
principle are shown that the maximum principal stress distribution and displacement of
the reinforced rock mass around a circular tunnel is in good agreement. Using FLAC-3D
can be considered to be three-dimensional. However, it is not analyzed in more detail here.
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Figure 10. The displacement vectors calculated according to interaction
principle
Pucynox 10. BekTops! c/iBUra, pacCYMTaHHBIE 10 IPHHIHUITY B3aUMOICICTBUS

Numerical simulation with FLAC2D. The problem was simulated for both reinforced
rock bolts and interaction principle using FLAC2D.
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Figure 6, a shows the problem, the rock bolts are located in the roof and side wall of the
tunnel. The rock bolts calculation based on the principle of reinforcement is illustrated in
Figure 6, b. The reinforced area is divided into two smaller areas from the inside out with
the mechanical parameters are mean values for each areas. The mechanical parameters of
rock mass in side walls are constant because the rock bolts located in this area are parallel.

Simulation results. The maximum principal stress, minimum principal stress and
displacement of the rock mass surrounding tunnel for two cases are illustrated in Figure
7, 8,9 and 10.

CONCLUSION. The rock bolts are widely used as supporting system in mining
and tunnelling. Rockbolt systems are designed until now by application of empirical
and rational approaches. An analytical model and its theoretical solutions are presented
in this paper, and a procedure for design of fully grouted rockbolt system based on the
reinforcement principle is developed. The calculated rock bolts parameters based on this
method indicated that it is quite consistent with the reality conditions and other methods.
The numerical simulations by using Flac 3D and 2D shown that the results obtained from
the proposed model and the interaction principle model are very similar. Therefore, it is
completely possible to apply the proposed model for designing rock bolts system.
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KOHIIeHlIl/Iﬂ APpMUPOBAHUSA IIPH NPOCKTUPOBAHUH aPMOLICMECHTHLIX aHKEPOB:
AHAJIMTHYECKMH U YUCJIEHHbI MeTOAbl BBIYHCIEHHS

Hryen K. ®@.!, Hryen B. M.}, Hryen B. K.},

"Vuusepcurer Ban Jlanra, XomumuH, BoeTHam.

2 XaHOMCKU# YHUBEPCUTET TOPHOTO JeNa M TeOOrin, XaHoit, BeeTHam.
3 TynbCKHil TOCYapCTBeHHbIH yHIBepcuTeT, Tyina, Poccust.

Pegpepam

Beeoenue. Ipu npoxooxe 20pu30HmMaibHbIX 8bIPAOOMOK U Pa3pabomKe MeCmopoNCOeHUL HapsiOy
C 0OWENPUHAMbIMU MUNAMU 20PHOU KPENU OISl APMUPOBAHUSL 20PHO20 MACCUBA U YMEHbUICHUSL
BEPOSIMHOCIMU ~ BO3HUKHOBEHUSL ONACHbIX — 2€0N0SUYECKUX NPOYEcco8 U  SGNEHUL  UUPOKO
UCRONL3YEMCsl aHKepHasl Kpenb. [Ipumenenue aHKepHOU Kpenu Npu paziudHblX 2€0N02UHeCKUX
VCIOBUSIX NO36ONIAEN MAKJICe MUHUMUBUPOBAMb u30epdicku. J{o Hacmosuje2o epemenu Ovliu
paspabomansl paziuiHvie Memoobl NPOSKMUPOBAHUS APMOYEMEHMHBIX AHKEPO8, HO MeXAHUM
63AUMOOCUCMBUSL AHKEPO8 U 20PHO20 MACCUBA 6Ce euje OCAEeMCs KPAHe CILOMCHOU NPOOLeMOlL.

Memooonocusn. /[ns ananuza u NpOEKMUPOSAHUS APMOYEMEHMHBIX AHKEPO8, 3AKPENIeHHbIX
no 6cetl OnuHe Wnypd, Ha OCHOBE NPUHYUNA APMUPOBAHUS UCCIEOYIOMCs NPOCMAs paciemHast
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u yucienHas mooenu. B coomeemcmeuu ¢ amum nooxo0om mpewjuHo8amulili MAcCU8 20PHbIX
nopoo, apMupoOSaHHblll apMOYEeMEeHMHbIMU AHKEPAMU, PACCMAMPUBAEMCS KAK KOMNO3UMHbLI
mamepuan, 3aKToYAIoWUil 8 cebe MAcCcus 20PHLIX NOPOO, YEMEHMHbIL PACMEOP U CMepXHCeHb
ankepa. Mexanuueckue ceoticmea 3mo20 KOMHO3UMHO20 MAMEPUANA 3A8UCII OM COOMHOUEHUSA
KoMnoHenmos. IIpednonoscenue 0 mom, 4mo 20pHuIll MACCUB BOKPYe 6bIpADOMKU KPY2L020 CeHeHUs
coxpausiem ynpyaue ceolicmea nocie YCmaHo8Ku apMOYeMeHMHbIX aHKepos, 3aKPenieHHbIX No
cetl OnuHe Wnypa, 1e210 8 OCHOBY AHATUMUYECKO20 PEUleHU.

Pesynomamui. U3 nonyuennozo peuteHusi paccuumuléaromesi OCHOGHble NApamempul aHKepHOLU
Kpenu (Ouamemp u OIUHA CMEPHCHA AHKepd, PACCMOAHUe MexcOy wmarneamu). [nsa evipabomxu
HEKpPY21020 Ce4eHUs 8bINONHEHO YUCTIEHHOe MOOENUPOSaHLe, YmModbl NOKA3AMb, KAK NPOEKMUPYemcs
AHKEPHAsL KPenb ¢ UCRONb308AHUEM YUCTEHHBIX MEMOO0S.

Kniouesvie cnoga: apmoyemenmuulii aukep, pacuemudas Mooens, apMupoSanue 20pHbIX nopoo;
NIOMHOCMb YCMAHOBKU KPENU, 8bIpabOmMKA KPy2no2o cedeHusl.
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