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SHALLOW TUNNEL FACE STABILITY ANALYSIS USING FINITE ELEMENTS

Purpose. This work aims to study the tunnel face stability (Algiers subway Tunnel) and evaluate common numerical procedures
that are used for analyzing the tunnel face stability. Two-dimensional (2D) and three-dimensional (3D) Finite Element (FE)

modeling using PLAXIS programs.

Methodology. Tunneling is executed by the NATM method; two types of calculations are used. The first one is done by reduc-
ing the applied face pressure until the face is collapsed. The second calculation method involves the Phi-c (the angle of internal
friction and bonding) reduction method, which is based on calculating the safety factor of the shear strength of the soil. Both

methods are applied for 2D and 3D FE-modelling.

Findings. It is found that determining the applied face pressure is an important consideration to avoid face failure or excessive
deformations with numerical methods resulting in more precise findings than analytical methods.

Originality. The originality of this work is the use of both 2D and 3D modelling, combined with two approaches: structural
analysis of plastic state and Phi-c reduction method based on calculating the safety factor of the shear strength of the soil.

Practical value. This study illustrates that the reducing shear strength method is much better than the reducing applied face
pressure method. Moreover, the result of 3D FE-modelling gives a better prediction comparing with the 2D FE-modelling results.

Keywords: tunnel, numerical modelling, tunnel face stability, Plaxis 2D, Plaxis 3D tunnel, Algiers subway tunnel

Introduction. Determining the type of ground and its
strength is the most important factor in any tunnel project to
decide on the construction method. In soft ground, when face
failure is a problem, reducing the amount of deformation in
the tunneling process is the first criterion. The construction of
tunnels by the Crown/Bench & Base method is envisaged
when there is a quasi-elastic behavior of the ground after the
excavation; this is considered as a special case of the New Aus-
trian tunneling Method (NATM).

To avoid face failure, the applied face pressure must be
within the limits. Upper and lower limits determine the critical
conditions beyond which tunnel face failure may occur; so,
determining the applied face pressure is an important thing to
avoid excessive deformations.

Different analytical and numerical analyses have been es-
tablished to define the limits of face failure. [1] has studied the
minimum required support pressure at tunnel face, using dif-
ferent analytical equations and numerical simulation, and as a
result, it was found that numerical methods are more accurate
computation techniques than analytical methods.

Although the analytical methods are easy to use and give a
quick interpretation of the problem, the superiority of numeri-
cal methods cannot be ignored, especially when dealing with
complex three dimensional model with different layers of soil
in heterogeneity site [2].

There are different simulation procedures in numerical
modeling for an accounting of how failure in the face could
occur, as those simulations have differences in failure mode,
and they might give different safety factors concerning face
failure [3].

This paper focuses on the determination of the lower limit
for face stability by applying two different numerical proce-
dures. Those procedures were applied in 2D and 3D Finite
Element modelling (FE-modelling) to determine the mini-
mum required support pressure and the safety factor using
PLAXIS programs. The consideration is only for the calcula-
tion of the full failure of the tunnel face without taking into
account the displacement-stage relationship in the simulation
methods. It was found that it is very important to consider this
relationship for the shear-strength reduction method because
the mode of failure is obtained with a large amount of defor-
mation. Besides, drained condition was not taken into ac-
count.
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Theory. Many studies treated the case of materials gov-
erned by a Mohr-Coulomb criterion, from the perspective of
limiting analysis.

It was possible to identify lower and upper bounds of inter-
nal pressure limit values for the case of a circular tunnel in the
current section in rubbing materials. These bounds gave a sat-
isfactory framework for the experimental results.

Zizka, et al. [4] approached the case of the stability of the
tunnels dug in friction and coherent grounds. However, unlike
previous authors, who were interested in the stability of a tun-
nel in the current section, Zizka, et al. [4] studied the case of
an infinite width of mine size.

The work by Leca and Dormieux [5] made it possible to
obtain upper and lower internal pressure limits for ensuring
tunnel face stability. The results can be in the form

{QT =N;Q,+N;Q,

. n M
0, =N;0,+N;0,

where

0,=(k, —1)%“;

0 =(K,~1)2T+1;

0,=(K,~1)22,

where Qr is support stability limit; Q, is soil stability limit; Q,
is global stability limit according to volume weight; o, is soil
pressure; G is support pressure; v, is volume weight; o, is ver-
tical pressure; K, is the stop coefficient.

The exponents + and — represent coefficients N, and N,
correspond respectively to the upper or lower bounds. The val-
ues of the coefficients N; and N, result from the minimization
of the mechanisms proposed by Leca and Dormieux [5] for
the upper bound and from the stress fields for the lower bound.

The calculation of the tunnel face stability was based on
the estimation of the support pressure to be exerted on tunnel
face to be able to guarantee its stability. Among the methods
widely applied in soft ground and considered by the Mohr-
Coulomb type material is the Murayama method.

Murayama’s method is based on the estimation of the
ground pressure at the head of the tunnel and balance of the
groundmass located in front of the structure. The ground pres-
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sure can be calculated in the case of tunnels with low coverage
as equal to the geostatic stress [6].

The sliding surface used consists of a logarithmic spiral,
whose tangent makes an angle of /2 — ¢ with the vector radi-
us, 7, and which develops between the lower part and the head
of the tunnel (Fig. 1), the angle between the extreme radius r;
and r; being equal to /4 — ¢/2.

The geometric parameters of the spiral were deduced from
the expression of the spiral ry = r, exp (6tan ¢). We deduce the
expressions of the diameter D and the depth L,

D:r{sin(%+%)emnq{%_%)—sinq)}; 2)
L :rxcosq)—ricos[%Jr%). 3)

The support pressure at the face is obtained by writing the
equilibrium of the moments for the point O. We note that, be-
cause the tangent of the spiral makes an angle of ©/2 — ¢ with
the vector radius, any force applied to the sliding surface, and
making an angle ¢ with it, results in a zero moment. The bal-
ance of moments is written as follows

r2 2
R L =RL +R_ L -C1—, 4
c, o, R{ Y G, G, 2tan(p ( )

where L, L and L, refersto the lever arms of the different
resultants. The resolution of equation (4) leads to an estimate
of the pressure to be applied on the face. This method com-
bines two types of two-dimensional approaches, but in two
perpendicular directions.

Analytical solution. A face stability index (/) is the ratio
between the difference between the natural pressure and the
pressure applied to the tunnel face, and the undrained shear
strength to analyze tunnel face stability. The stability ratio was
devised based on cohesive ground (clay) and it was found that
the tunnel face would be stable when the index is less than six.

N:(85+yH—6r)
S b

u

&)

where H is the depth of tunnel axis; J; is surface surcharge; 9, is
tunnel support pressure; S, is undrained shear strength at tun-
nel axis.

Depending on the ratio between the depth of the tunnel
and its diameter (H/D), the stability ratio (V) is equal to be-
tween five and seven for H/D = 1.5.

Elastic and Plastic theories were often used to obtain the
tunnel radial response. In those cases, to compare analytical
and numerical results, the equation (6) is used to obtain the
analytical tunnel displacement [7].

U=(vH, )(1+V)D |
o 2E (6)
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Fig. 1. Diagram of Murayama’s method

where u is elastic displacement in the tunnel periphery; y is soil
specific weight; H, is depth from the ground surface to the cen-
ter of the tunnel; p, is soil radial stress in the tunnel periphery;
v is Poisson’s ratio; D is the tunnel diameter; F is soil elastic
modulus.

Moreover, the characteristic curve of the primary support
of the tunnel was obtained using equation (7) [8].

2
- P.D,,
4tE

c

, (7

where u is elastic displacement in the tunnel periphery; D,, is
annular medium diameter of the support; E. is elastic modulus
of the concrete.

The analytical results are represented in Tablel.

According to the analytical results, the tunnel diameter is
9 m and the primary support should have a thickness of 0.6 m
with concrete of 33 000 Kpa as elastic modulus.

Numerical simulations (FEM). General-purpose numerical
analysis techniques, such as finite element methods, were de-
veloped in the 1960s. The numerical simulation can be used to
follow the natural sequence of events involved in construction.

In this paper, a finite element program PLAXIS was used
for the analysis by application of the Mohr-Coulomb model.

PLAXIS is a finite element package, especially intended
for the analysis of deformation and stability in geotechnical
engineering projects. Different practical methods are imple-
mented to analyze the deformation that occurs due to the con-
struction of the tunnel. PLAXIS works with different soil
model types [9]. It is equipped with special features to deal
with the numerous aspects of complex geotechnical structures.
The minimum required support pressure at tunnel face was
calculated by applying a support pressure at the face, which is
equal to the total overburden pressure, and then it was reduced
until the face collapsed.

The Mohr-Coulomb model, being a robust and simple
non-linear model, is based on soil parameters that are known
in most practical situations. Not all non-linear features of soil
behavior are included in this model, however. The Mohr-
Coulomb model may be used to compute realistic support
pressures for tunnel faces, ultimate loads for footing, and so
on. It may also be used to calculate a safety factor using a ‘Phi-
¢ reduction’ approach.

This criterion, commonly used in soil mechanics, has the
following expression (8)

f(c) =sup{c(1 +sing) — o1 —sinp) — 2c cos ¢},
ihj=1,2,3.

In reality, the criterion used in our digital developments
differs slightly from the Mohr-Coulomb criterion presented
above. To fulfill the conditions of equivalence between static
and cinematic approaches, it was necessary to use a criterion
with maximum compression, the cohesion always being great-
er than zero. Smith, et al. [10] expressed it in equation (9).

®)

f(o) =sup{c(l +sine) — o1 —sing) —2c cos¢ — c;,— C},
. )]
i,j=1,2,3.

Digging a tunnel is a three-dimensional problem, espe-
cially in the front area. This was well demonstrated by Barla
[11] based on the analysis of the stress and displacement distri-

Table 1
Structural parameters for the tunnel primary support
Parameter value
support thickness 7 (m) 0.6
annular medium diameter of the support D,, (m) 9
elastic modulus of the concrete E (Kpa) 33000
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bution as well as the pacing path of the effort around the tun-
nel front. Numerical modeling in three dimensions is, there-
fore, necessary to study this phenomenon in all its complexity.
With this approach, the three-dimensional geometry of the
project, the state of the initial stresses (even anisotropic), the
digging method, the phasing of the works, the surface loads,
and others can indeed be taken into account. The constant
progress of computer tools and digital codes makes it possible
today to use this tool for the underground works project, with
the computing times becoming shorter and shorter [12].

However, the two-dimensional modeling approach, for its
speed and relative simplicity, is still the most widespread in the
common practice of tunnel project calculations. Among the dif-
ferent possibilities of 2D modeling, the two-dimensional analy-
sis in cross-section and plane deformations is the one most often
used. In the context of this type of 2D modeling, different meth-
ods have been studied to simulate the three-dimensional effects
of tunnel advancement (convergence-containment method,
GAP method, soil softening method, and so on).

The other method for stability analysis is the Shear
Strength Reduction (SSR-FEM). This method was applied to
slope stability analysis in two-dimensional situations as well as
in three-dimensional ones. It was used by reducing the shear
strength parameters in the weakest surface, and then a value of
the reduction for this parameter was obtained, which is de-
fined as a safety factor. In SSR-FEM, the factor of safety was
defined as the equation (10)

_ tan@real _ Creal
tan@min  Cmin’

(10)

where c is the cohesion of the soil, and & is the angle of the
internal friction of the soil; cmin and tan & min are minimum
values as needed for equilibrium.

0 00 5O L O —
Depth (m)

{7z

These values were obtained by reducing the real shear
strength parameters stepwise down to a failure in an elasto-
plastic FE-analysis.

The calculation was done by two methods, ‘Staged con-
struction” and ‘Phi-c reduction’. Staged construction is the
powerful Plaxis feature that enables a realistic simulation of
construction and excavation processes by activating and deac-
tivating clusters of elements, application of loads, changing of
water tables, etc. This procedure allows for a realistic assess-
ment of stresses and displacements as caused, for example, by
the excavation of the tunnel. A safety analysis in the Plaxis 3D
Tunnel program can be executed by reducing the strength pa-
rameters of the soil. When performing a safety analysis using
Phi-c reduction, no loads can be increased simultaneously.
This option is before a separate loading type that can be se-
lected from the loading input box.

When using Phi-c reduction in combination with ad-
vanced soil models, these models will behave as a standard
Mohr-Coulomb model, since stress-dependent stiffness be-
havior and hardening effects were excluded from the analysis.

Case Study. The studied section is a 120 m long part with an
external diameter of 10.20 m; the top ground layer is a superficial
recent limono-clay fill layer, mixed with gravel 1.5 to 2 m thick.

Underlain by three major layers, clay, marl and sand
(Fig. 2), the study area is excavated in the sand and marl for-
mations, characterized by light clayey yellow sand with alter-
nating fine to coarse pebbles with sandstone passage, the level
of the ground water table is 41 m. Table 2 represents the differ-
ent soil parameters along the study area, these data were ob-
tained from geotechnical surveys and laboratory test results
from reports of the company INGEO INTERNATIONAL
group of Algeria, according to Euro code standards.

Two-Dimensional finite element method. 2D block mesh us-
ing a 6-nodded triangular element was modeled with a plane

Sandstone

Red or Brown Clay
Yellow Clay

Sandy Clay

Yellow Marl
[
- Yellow Sand

7

o Tunnel line
-50-Ly — T T T T T _—
o 2\® ov22° ox2%° o 21° ox22° | o\® [ suildings
Length (m)
Fig. 2. Geological section of tunnel alignment
Table 2
Structural parameters for the tunnel primary support
Soil characteristics
Soil type thickness
Y(KN/m?) N ¢ () C(KPa) E(MN/m?)
Fill 1.5-2 19 0.3 28 5 6
Yellow Clay 8 20 0.3 26 30 20
Sandy Clay 4 21 0.35 32 10 33
Yellow Marl 8.8 20.8 0.33 25 40 35
Marl with Sandstone passages 4.85 21 0.33 27 15 40
Yellow Sand with Sandstone passages 5 21 0.33 27 15 40
Yellow Sand 12.5 22 0.33 35 10 40
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strain model (Fig. 3). The block dimensions are of a width of
40 m and a depth of 27.5 m.

Three-Dimensional finite element method. Fig. 4 shows a
three-dimensional mesh block modeled with an axi-symitrical
model discretized using a 15-nodes wedge element. This block
has a length of 30 m, a width of 30 m and a height of 27.5 m,
and was used for the analysis of face stability for the considered
case study. This model size is sufficient for analyzing face sta-
bility without the concern of boundary conditions. The depth
of the model was ended into a very stiff layer. The soil param-
eters of the model, drained ground behavior with the Mohr-
Coulomb (MC) Model, were listed in Table 2. The MC-Mod-
el was used because the influence is only coming from the
strength parameters of the soil without stiffness parameters
that concern ground deformation.

I:I Sandstone
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I:I Yellow Clay
- Sandy Clay
\:’ Yellow Marl
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m Tunnel line
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i
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Fig. 3. 2D mesh model
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Fig. 4. 3D mesh model

Results. The results of the two methods ‘Staged construc-
tion” or the plastic analysis and Phi-c reduction method are
discussed as follow.

2D FE-Modelling of Face Stability. The calculation of the
minimum support pressure using plastic analysis gives at the
failure a value of 0.498 as a factor of minimum support pres-
sure. The average minimum support pressure is equal to
165.68 KN/m?. This value is slightly more than the analytical
result.

Fig. 5 shows the total displacement when face failure oc-
curred. The figure shows more widespread deformation, when
comparing with 3D analysis,

By using the 2D Phi-c reduction analysis method, the fac-
tor of safety from the analysis is about 11.38. Fig. 6 shows the
total displacement of the deformed mesh when the tunnel face
collapsed. Again, the wedge shape failure appears in the figure,
and the width of the deformed zone is less than that appeared
in the 2D plastic analysis. The disturbed zone is fully trans-
ferred to the surface.

3D FE-Modelling of Face Stability. In 3D FE-modelling, the
factor of minimum support pressure of the applied pressure is
about 0.546 from the plastic analysis. This leads to the average
value of minimum support pressure of 162.15 kN/m?, and this

[%10°m]

>

Fig. 5. Total displacements (2D plastic analysis model)
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Fig. 6. Total displacements (2D Phi/c reduction model)
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result closely agrees with the results of the centrifugal test, which
is equal to 163.0 kN/m?. The difference is minus 1 %. Fig. 7
shows the total displacement of 3D mesh at failure in plastic
analysis; it is obvious that the deformed zone of the soil did not
reach the ground surface because of the soil arching effect.

From the Phi-c reduction method, the safety factor for the
failure of the model is 12.83, which is a very high value. Fig. 8
shows the total displacement of tunnel face failure and Fig. 9
shows their direction, both figures show the formation of the
soil silo. In front of the tunnel head, the wedge failure mode
has appeared.

The safety factor from the plastic analysis is about 1.43
while in Phi-c reduction analysis it is about 12.83. The huge
difference between these values is due to the reason that in the
Phi-c reduction method, a full soil silo was reaching the sur-
face. In addition, the maximum displacement was about
0.12 m in the phi-c reduction model, while in the plastic anal-
ysis it was about 0.026 m.
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Fig. 7. Total displacement values in the 3D plastic analysis
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Fig. 8. Total displacement values in the 3D Phi reduction model
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The higher value is explained with the non-consideration
of the support system in Phi-c reduction method, this dis-
placement decreases with the application of the support sys-
tem adequate to the tunnel. The plastic analysis method is
more accurate in this case and its results are more valid.

The factor of safety from the 2D Phi-c reduction method
is less than the one obtained from 3D. It is about a half. A
wider disturbed zone does not appear in the 2D safety analysis
as the one appearing in the 3D plastic analysis.

Due to the effect of the missing third dimension, the dis-
turbed zone became wider, the size of the wedge in the 2D
plastic analysis is bigger than for 3D plastic analysis, and the
rate of displacement is higher. When in 3D analysis, the curved
shape on top of the silo shows the arch effect and, the wedge
shape failure in front of the face appeared.

The difference between the time of calculation for 3D and
2D FEM for face stability was found to be not outside the
practical time as in the ground deformation analysis [13].

Analytical tunnel face stability analysis. Maximum plastic
deformation occurred at the bottom of the excavation face and
the face stability index (NV) is equal to 6 when the pressure (c,)
is 165.68 kN/m? in the 2D model.

While in 3D staged construction model the pressure is
greater than or equal to 162.15 kN/m?, the face stability index
(N) is 5.3, and the plastic strain at the front of the shield is
greater than 1 with a pressure of 163.0 kN/m?.

When the pressure is less than or equal to 161.18 kN/m?,
the index (V) is 7.34 and the plastic deformation is larger than
that at 162.15 kKN/m? in the Phi-c reduction model.

Conclusions. The result of 3D plastic calculation matched
well with the analytical result, and the difference was found to
be about 1 %. While in the result of the 2D plastic analysis, the
difference from the analytical result was found to be about 4 %.
In the plastic analysis, the 3D FE-modelling gave more accu-
rate results than the 2D FE-modelling, and this is because the
3D arching effect in the 3D model gives a better prediction
than the 2D model. The 2D results do not allow an entirely
accurate analysis, even that the results obtained by the pro-
posed 2D finite element model have a good agreement with
the field data. From this point of view, the employing of three-
dimensional (3D) software is more desirable to design.

The SSR-FE analysis gave a higher value of the safety fac-
tor compared to the one deduced from the plastic analysis.
This is because, in the SSR-FEM analysis, the safety factor is
obtained from the failure mode when the soil collapse reached
the surface. This showed that SSR-FEM is not applicable to
the tunnel heading stability problems and it might be more
useful in slope stability problems.

The analysis of the face stability index (N) results show
that the tunnel face stability is assured better during the Phi-c
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reduction phase than at the staged construction phase, and
this is confirmed with the values of the factor (). This can be
explained by the disturbance of the stress field around the tun-
nel during the digging process that affects the distribution of
the dynamic loads of the ground, which remodel after the end
of the construction phase to give a good front stability.
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Merta. PoGota cripssmMoBaHa Ha BUBUEHHS CTiIHKOCTi BU-
0010 TyHelo (TyHeJIb METPO AJDKMPY) Ta OLIIHKY 3arajibHO-
TIPUIHSITUX YUCETHHUX METOIB, 110 BUKOPUCTOBYIOTHCS TSI
aHaJti3y criiikocTi Bubo1o TyHemo. JIsoumipHe (2D) i Tpu-
BuMipHe (3D) MomemoBaHHS METOIOM KiHIIEBMX €JIEMCHTIB
(KE) 3 Bukopucranssim nporpam PLAXIS.

Metoauka. [Ipokiianka TyHesiB BUKOHYETbCS METOIOM
NATM (HoBuit aBCTpiiicbKMii METON MPOXOAKU TYHEJiB);
BUKOPUCTOBYIOTBCSI IBA TUIW PO3paxyHKiB. [lepmumii BuKko-
HYETBCS LIJISIXOM 3MEHIIEHHSI TUCKY, MPUKIAIEHOTO 10 BU-
0010, 10 TUX Mip, MOKU BUOiit HE 3pyHHY€EThCS. A pyruii miaxin
MOJISIra€ Y BUKOPUCTAHHI METOJY 3MEHILIEHHSI XapaKTepuc-
TUK Phi-c (KyTa BHYTpIillTHBOTO TEPTSI Ta 3UCTLICHHS ), 1110 3a-
CHOBaHUI Ha po3paxyHKy KoedilieHTa 6e3reKu Mpy OLiHIL
MIITHOCTi IpYHTY Ha 3pylieHHs. OO0uaBa MiIxoau 3aCTOCOBY-
1o1best it 2D i 3D MonentoBaHHSI METOIOM KiHIEBUX €Jie-
MEHTIB.

PesyabraTu. BcTaHoBieHO, 1110 BUBHAUEHHS PYHHiIBHO-
rO TUCKY Ha BUOIll € BaXKTMBUM MOMEHTOM, 1110 J103BOJISIE
YHUKHYTU PYWHHYBaHHSI BUOOIO ab0 HaaMmipHUX Aedopma-
Liif, MpU LILOMY BUKOPUCTAHHS YMCEJIbHOI MPOLELypU
MPU3BOIUTH 10 OiJIbII TOUHUX PE3YJIbTATIB, HiXX aHATITUYHI
METO[IHU.

HaykoBa HoBu3sHa. [lossirae y BUKOpUCTaHHI TBOBUMIp-
HOTO Ta TPUBUMIPHOI'O MOIEIIOBAHHS B MOEAHAHHI i3 1BO-
Ma TiAXOJaMu: PO3PaXyHKY KOHCTPYKILl i3 TMIaCTUYHUX
cTaHiB i MeTtoay 3MeHIIeHHs1 Phi-c, 3acHOBaHOTO Ha po3-
paxyHKy KoedillieHTa 6e3MeKH1 MPU OLLiHIL MilITHOCTi IPYHTY
Ha 3pyILLIEHHSI.

IIpakTiyna 3HauumicTh. JaHe nocimKeHHs MoKasye, 1110
METOJ, 3MEHILIEHHS OMopy 3pYILIEHHI0O HabaraTto Kpaiie, Hix
METOJl 3MEHIIEHHS TUCKY Ha BUOiil. biibul Toro, pesyabTart
3D MozenoBaHHSI METOAOM KiHIIEBMX €JIEMEHTIB Ja€ Kpa-
LM TPOTHO3 Y TOPiBHSHHI 3 pe3ysibratamu 2D MonentoBaH-
HSI METOZIOM KiHLIEBUX €JIEMEHTIB.

KimouoBi cioBa: myuenv, uuceavhe mMooeno8auHs, cmiii-
Kicmb euboro mynento, Plaxis 2D, Plaxis 3D tunnel, mynens me-
mpo Aaxcupy
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Leasb. PaGoTa HampaBieHa Ha U3YyYeHUE YCTOMUMBOCTU
3a00s1 TYHHeNsl (TYHHEJIb METpO AJIKUpa) U OLIEHKY OOIle-
MPUHSATHIX UYMCICHHBIX METOIOB, KOTOPBIE HCIIONb3YIOTCS
IJI aHajlu3a yCTOMYMBOCTU 3a00s1 TyHHesl. JIByxmepHoe
(2D) u tpexmepHoe (3D) MonennpoBaHue METOIOM KOHEY-
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HeIXx a2seMmeHTOoB (KD) ¢ wucnonp3oBaHueM MnporpamMm
PLAXIS.

Mertomuka. [Tpokiagka TyHHese BBIITOJHIETCS METO-
1noM NATM (HoBblit aBCTpUUCKKMIT METO TTPOXOAKHU TYHHE-
JIelt); UCTIOJIB3YIOTCS IBA TUTIA pacuyeToB. [1epBbIil BHITIOIHSI-
eTcs IMyTeM YMEHbIICHUs daBJCHUsI, TTPWIOKEHHOIO K 3a-
0010, 10 TeX Mop, MoKa 3aboit He pa3pyiuuTcs. Bropoit mon-
XOJ 3aKJII0YaeTcsl B MCIIOJIb30BaHUM METOAA YMEHBIIECHUS
xapakTepucTuK Phi-c (yria BHyTpeHHEro TpeHus U Clerlie-
HUs), KOTOPBIi OCHOBaH Ha pacueTe KoadduimeHra 6e30-
IMTACHOCTU TIPW OILIEHKe MPOYHOCTU TIpyHTa Ha cmsur. O6a
noaxona npumeHsitores st 2D u 3D MmoaenupoBaHusi METO-
JIOM KOHEYHBIX 3JIEeMEHTOB.

PesyabraTbl. YcTaHOBJIEHO, YTO ONpeleeHre pa3pyliia-
JOIIIETO JaBJICHUST Ha 3a00ii SIBJISICTCS BaXKHBIM MOMEHTOM,
MO3BOJISIONIMM M30eXaTh pa3pylieHusT 320051 UK Ype3Mep-
HBIX IedopMaiuii, Ipu 3TOM MCITOIb30BaHUE YMCICHHOM
MpoLeaypbl TPUBOAUT K Oojiee TOUHBIM pe3yjbTaTaMm, YeM
AHAIMTUYECKNIE METOIBI.

Hayunasa HoBu3Ha. 3akiitoyaeTcs B MCMOJIb30BaHUU JIBY-
MEpPHOTO M TPEXMEPHOTO MOJICIMPOBAHUS B COUYCTAHUM C
NBYMsI ITOIXOIAMU: pacy€Ta KOHCTPYKILIMHM T10 IIaCTUYECKUM
COCTOSTHMSIM M METOJa yMeHbIeHUs: Phi-c, 0CHOBaHHOrO Ha
pacuere Koa(dduiimeHTa 6e30MaCHOCTU MPU OLIEHKE IPOoY-
HOCTH IPYHTA Ha CIIBUT.

IIpakTHyeckas 3HaYMMOCTb. JlaHHOE MccieqoBaHUE TO-
Ka3bIBAET, YTO METOJ YMEHbBIIEHUS COIIPOTUBJIEHUS CIBUTY
HaMHOTO JIy4Ille, YeM METOJ YMEHBIICHUS TaBJIeHUsT Ha 3a-
ooit. Bonee toro, pesynbrar 3D MomenIMpoBaHUS METOLOM
KOHEYHBIX 3JIEMEHTOB JaeT JIYYIIHii TPOTrHO3 IT0 CPAaBHEHMIO
¢ pesyiabratamu 2D MomeaMpoBaHMST METOIOM KOHEUYHBIX
3JIEMEHTOB.

KioueBble cioBa: myHHeav, uucieHHOe MOOeAUPO8aHue,
yemouuugocms 3a60s myuneas, Plaxis 2D, Plaxis 3D tunnel,
myHHeAb Mempo Anxcupa
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