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Abstract. Groundwater represents one of the key factors affecting the stability and safety of tunnels, particularly
during the early stages of construction, when temporary support and lining have not yet been installed. Delays at this
stage may lead to increased rock mass deformation, widening of the permeable zone, opening of fractures, and signifi-
cant groundwater inflows, potentially resulting in structural hazards and adverse environmental impacts. To address
these challenges, this study develops a finite element model to investigate the coupled processes of rock mass defor-
mation and groundwater flow into a tunnel excavated in hard rocks with different degrees of disturbance.

The results show that intact rock masses at a depth of 50 m undergo purely elastic deformations, with negligible
tunnel wall displacements and minimal changes in permeability, indicating a stable geological environment. In contrast,
disturbed zones exhibit significant hydro-mechanical coupling effects. With increasing disturbance, rock strength de-
creases, the relative principal stress differential is reduced, and susceptibility to brittle or plastic failure rises. Intense
fracturing causes block separation, while saturated kaolinized zones undergo plastic deformation due to clay softening.
These conditions result in pronounced tunnel wall displacements, enhanced permeability near the excavation boundary,
and, in highly fractured rocks, the development of a wide depression zone in pore pressure. Such alterations in the hy-
drogeological regime can lower groundwater levels, impact aquifers and natural springs, and trigger soil settlement due
to loss of pore pressure.

The findings emphasize the importance of minimizing the time between excavation and support installation, espe-
cially when tunneling through disturbed geological zones. Since unpredicted fault zones and fracture networks may not
be fully identified during site investigation, tunnel support design should include adaptive reinforcement strategies to
ensure safety and environmental protection. The study provides novel insights into the short-term interaction between
rock mass disturbance and groundwater flow, contributing to improved risk assessment and design optimization in un-
derground construction.

Keywords: tunnel, fractured rock, groundwater flow, hydraulic influence of unsupported tunnel, numerical simula-
tion.

1. Introduction

The increasing utilization of underground space for transportation systems and
other industrial and public needs has necessitated more detailed investigations into
the problems associated with ensuring the long-term stability and operational safety
of such structures under various geological conditions.

Groundwater is one of the key factors threatening stability and safety already dur-
ing construction, and therefore groundwater control is of great importance [1-3]. Re-
liable prediction of groundwater inflow can lead to significant cost savings for future
tunneling projects, as well as prevent negative impacts on the environment and sur-
face infrastructure [3—5]. Notable examples of hazards related to the interaction be-
tween a water-bearing environment and an underground structure include the
Romeriksporten railway tunnel in Norway, which caused a lowering of the ground-
water table and surface subsidence [6], and the Milan Metro tunnel network in Italy,
which faces a flooding threat due to a rising groundwater table [7].

The study of fluid flow through hard rock masses remains challenging, as the pro-
cess depends on the hydraulic properties of complexly structured rock masses, which
vary under stress changes [8, 9]. The main groundwater inflow paths during tunnel
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excavation are: diffuse inflow (originating from a network of distributed fractures
along the tunnel) and concentrated inflow along certain tectonic faults [10]. Hydrau-
lic conductivity or permeability is the most complex and important factor in estimat-
ing tunnel groundwater inflow [11], with an extremely wide variability exceeding ten
orders of magnitude (10°-1071° m/s) [10], as shown in Table 1.

Table 1 — Empirical relationships between permeability determined from testing
and rock mass condition [10]
Hydraulic conductivity K, m/s Rock mass condition and hydraulic resistance
Compressed rock mass with numerous tight, closed fractures —

<10* ) )
impervious rock
10— 3.10°6 Unloaded rock mass with numerous closed and open fractures —
diffuse permeability
= 3.10 Unloaded to loosened rock mass with open and large fractures —

high, continuous permeability

> 107 High groundwater inflows along the tunnel

- 105 Inflows can cause severe problems during works and for the
surrounding environment

Detailed knowledge of fault properties enables the most accurate assessment of
hydraulic flow in a rock mass hosting a tunnel [10, 12]. However, geological condi-
tions may vary drastically. Construction of the Laliki Tunnel in Poland, near the
Polish—Slovak border, demonstrated that fracture and fault patterns, as well as other
hydraulic characteristics, changed almost with every advance of the tunnel face, mak-
ing prediction and assessment ineffective [13]. A similar situation was observed dur-
ing construction of the Dnipro Metro. Therefore, it is impossible to fully reproduce
the geological structure of the rock mass with all its property variations when calcu-
lating groundwater inflows.

Ensuring tunnel stability is equally complex. At shallow depths, where tunnels are
usually constructed, the rock mass is blocky and fractured. Stability problems here
are related to wedge falls from the crown and sidewalls of the tunnel under gravity
[14]. Depending on the degree of rock disturbance — ranging from intact continuum
to highly fractured mass — stabilization measures vary from no support to rockbolts,
steel sets, reinforced concrete lining, and various combinations thereof [14]. Cement
grouting is also frequently applied for tunnel support [15, 16].

The choice of support is crucial for ensuring tunnel stability and maintaining the
host rock in an undisturbed, impermeable state for gas and water [17-19]. The influ-
ence of different types of support on underground structure stability was investigated
by numerous researchers worldwide [2, 13, 14, 20-25]. The studies addressed the ef-
fect of rockbolt parameters on the formation of a strong rock—bolt structure [20], rock-
bolt behavior in block-structured rock masses [21], the influence of rockbolt installa-
tion density on surrounding rock deformation and plastic zone radius [22], rock mass
reinforcement using grouted rockbolts [23, 24], the influence of the grouting ring
thickness on tunnel groundwater inflow [2], and the effect of steel corrosion on the
long-term performance of metallic support under increased groundwater inflows [25].
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Tunnel support is installed sequentially according to geological and technological
conditions at different construction stages: rock excavation at the face, installation of
initial support, and installation of final lining. Due to unforeseen circumstances, in-
cluding wartime conditions, significant delays may occur at any preparatory stage —
as seen in the construction of the second line of the Dnipro Metro, where the first
construction stage has already lasted several years [26]. Delays in installing initial or
final support contribute to further deformation of the rock mass, expansion of the
permeable zone, and opening of individual fractures and faults, which stimulate
groundwater inflows with destructive consequences.

Early investigation of these processes helps prevent environmental problems, such
as long-term impacts on the groundwater table, aquifers, and water quality [14]. In
this context, the aim of this study is to investigate groundwater seepage into a tunnel
excavated in fractured rock during the first construction stage, in the period between
rock excavation and installation of the initial support.

To achieve this aim, the following objectives were set:

« to develop a mathematical and numerical model of coupled processes of rock
deformation and groundwater seepage into an underground tunnel excavated in frac-
tured rock;

« to investigate the time evolution of rock deformation and groundwater seepage
into an unsupported tunnel constructed outside fault zones;

« to examine the influence of rock mass disturbance on rock deformation and
groundwater seepage into an unsupported tunnel.

2. Methods
The coupled processes of rock mass deformation and groundwater seepage are
described by the following system of equations [17]:

ou,
C, 8; =0, +X,()+F();
2 2
sP _g|op, P
ot ox~ Oy

where ¢, — damping coefficient, kg/(m?'s); ¢ — time, s; u; — displacement, m; o;;; — de-
rivatives of stress tensor components with respect to x, y, Pa/m; X;(¢) — projections of
external forces acting on a unit volume of solid, N/m?; P; () — projections of forces
caused by water pressure in the fracture—pore space, N/m?; S — specific storage, m™,
S = pg(m-Bw + Br); p — water density, kg/m?; g — gravitational acceleration, m/s* m —
rock porosity, %; Bw — water compressibility, Pa!; B, — rock compressibility, Pa’!; p —
water pressure, Pa; K — hydraulic conductivity, m/s.

The problem is solved in an elastoplastic formulation. The Mohr—Coulomb failure
criterion is used to describe the transition of rock into a disturbed state [27, 28].

The initial and boundary conditions for the problem are:
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where y— average unit weight of overlying rocks, N/m?; H — tunnel depth, m; A4 — lat-
eral rock pressure coefficient; 4 — piezometric head, m; yp — coordinate of the central
point of the FEM mesh, m; Q; — vertical boundaries of the external contour; Q, — hor-
izontal boundaries of the internal contour; (23 — tunnel contour.

To assess the stress state, the following dimensionless parameters are used: the
relative principal stress differential Q= (61— o3)/yH, and unloading index
P f= (0} 3/ YH .

Hydraulic conductivity K = kpg/p, where k — permeability coefficient, m?; p — dy-
namic viscosity of water, Pa-s. Rock mass permeability coefficients & is determined
both by geological factors [29] and by tunneling and support installation methods.
Excavation causes redistribution of the initial stress field, leading to the formation of
new fracture systems in the rock mass. The initial permeability field ko is superim-
posed with the technological permeability field ki.ch, which depends on the stress ten-
sor components [25]:

k=ky+ke (1, O, P7).
0,ifQ" <0.4;P" >0.4;
A,if0.4<Q <0.6; P <0.4;
"0 4 4 if0.6<Q <1.0; PT<0.4;
k..,ifQ >1.0; P <0.4,

tech

where A = kinax-(1-2.5-P%); kmax— permeability of completely fractured rock, m?.

The strength and hydraulic conductivity Ky-of strong rocks (such as granite) are
significantly affected by fracturing: fractures reduce strength and increase hydraulic
conductivity [30], even if the granite material itself is very strong. For example, along
the Dnipro Metro tunnel alignment, zones of non-uniformly fractured granite, strong-
ly and intensely fractured granite, crushed and mylonitized zones, and intensely kao-
linized zones occur (Figure 1).

Non-uniformly fractured granite, where most of the rock mass is strong but con-
tains isolated or poorly cemented fractures, can still bear loads but requires caution.
Strongly and intensely fractured granite is typically found in fault zones, where it los-
es monolithic structure, becomes weak (like compacted gravel), and exhibits high
permeability. The strength and filtration properties of various disturbed zones are
shown in Table 2.

Zones of crushing and mylonitization are characterized by intense tectonic shear-
ing and pressure, which grind the rock into a fine-grained mass, but some foliation
may remain and residual strength can be preserved. Mylonite is a strongly deformed,
crushed rock. Compressive strength: strongly mylonitized rocks — o, = 5-10 MPa;
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weakly mylonitized — up to 30—50 MPa. Strength is much lower than that of the orig-
inal rock but generally higher than in kaolinized zones, since clay minerals are absent.
Hydraulic conductivity varies widely depending on fracture density and compaction:
Ko= 1071~ 1077 m/s. Highly fractured or loosened mylonite approaches Ko = 1071%—
1077 m/s; compacted mylonite is nearly impermeable (Table 2).
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SN strongly and intensely fractured rocks;
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W — zones of intense kaolinization.
Figure 1 — Disturbed zones along the Dnipro Metro tunnel alignment
Table 2 — Strength and hydraulic properties of granite in disturbed zones
Main Compressive Initial hydraulic .
Zone type mineral | strength 6., MPa |conductivity Ko, m/s Properties
Intact rock Granite 100-250 10711107 High strength, almost
impermeable
Non-uniforml Partially strong, isolated
Y1 Granite 30-80 10%-10°¢ weak zones; permeability via
fractured e
individual fractures
Strongly Granite 5_30 10-5_10~4 Reduped bearing capgglty,
fractured noticeable permeability
Intensel Easily disintegrates, loses
Y Granite 1-10 104-1072 monolithic structure, high
fractured 10
permeability
Quartz,
Mylonitized micro- 5.30 1077 (fractured) | Residual strength possible;
zone crystalline 107'° (compacted) permeability variable
minerals
Kaolinized | Kaolinite 109-107 Unstable when wet; low
Jone (clay) 0.5-5 10521076 (wet) strength; permeability
fracture-dependent
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Zones of intense kaolinization exhibit mechanical and hydraulic properties that
differ greatly from intact rock. Strongly kaolinized rock has compressive strength
o. = 0.5-5 MPa (sometimes < 0.5 MPa if almost pure kaolinite). For comparison, in-
tact granite has o, = 100-250 MPa. Strength drops sharply due to the decomposition
of cementing minerals and formation of clay aggregates that swell when wetted and
disintegrate under load. Hydraulic conductivity: dry K, = 10°-10"7 m/s; wet (after
structural collapse) Ko = 107°-107° m/s. Although kaolinite has low intrinsic permea-
bility, fractures or macroporosity may temporarily increase flow rates. Such zones are
unstable, easily soften, have low strength, and can cause significant problems during
excavation, drilling, or underground construction (Table 2).

Approximate relationships between strength and initial conductivity Ky of strong
rocks versus rock mass fracturing are shown in Figure 2.
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Figure 2 — Relationship between strength and initial hydraulic conductivity of strong rocks and
rock mass fracturing

In this study, the tunnel cross-section is 6.1 m high and 6.0 m wide, at a depth of
50 m. The groundwater table is located 3 m below the surface. The mechanical and
hydraulic properties of the rock used in the calculations are listed in Table 3.

Table 3 — Strength and hydraulic properties of rock in disturbed zones

Compressive | Modulus of Cohesion C Hydraulic
Zone | Rock mass disturbance strength o, elasticity E, MPa ’ | conductivity
MPa MPa Ko, m/s
No. 1 | Intact granite 100 12000 30 10710
No. 2 | Non-uniformly fractured 50 7500 10 1077
No. 3 | Strongly fractured 10 5000 3 1074
No. 4 | Intensely fractured 1 2500 0.3 102
No. 5 | Mylonitized, crushed 5 2500 1.5 1077
No. 6 | Kaolinized (wet) 0.5 2000 0.28 10°°

The finite element method (FEM) was used to solve the problem [31, 32]. At each
time step i (A¢ = 3 h), the influence of the stress field on the formation of the seepage
zone and the effect of changes in water pressure on the rock stress state were taken
into account.
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It should be noted that although FEM considers a continuum rather than a discrete
rock mass, it allows approximation of the hydraulic effect of fluid flow through rock
fractures by using hydraulic conductivity for the rock mass. This approach has been
widely applied to groundwater flow problems in tunneling [14]. Discrete element
analysis is sometimes difficult to implement because it requires detailed input param-
eters, such as joint positions, joint spacing, joint connectivity, joint hydraulic aper-
tures, and normal and shear stiffness. Without adequate input data, discrete element
analysis results are unreliable [14]. Moreover, FEM has been repeatedly used to ob-
tain useful and reliable results in assessing tunnel stability for excavations in both
continuous and discrete rock masses [33].

3. Time evolution of deformation and groundwater flow

The time evolution of deformation and groundwater flow processes was studied
over an 8-day period, during which these processes largely stabilise and transit into a
quasi-steady regime. Figure 3 shows the distributions of geomechanical and seepage
parameters for case No. 1 (intact granite) at different time moments.

a) parameter Q"; b) hydraulic conductivity K, m/s; ¢) water pressure p, MPa.

Figure 3 — Distributions of parameters at = 1 day; ¢t = 3 days, and ¢ = 8 days
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An intact rock mass at a depth of 50 m is subjected to loading from the overbur-
den and is under a pressure of 1.25 MPa. Existing isolated fractures are tightly closed,
and hydraulic conductivity is practically absent. During tunnel excavation, the con-
fining stress at the tunnel boundary is removed, and the compressed rock mass begins
to unload. The relative principal stress differential Q in the near-contour zone in-
creases with time (Figure 3a), reaching values Q" > 1.6 in some sectors by day 8. The
locations of these peaks are controlled by the irregular circular shape of the excava-
tion.

Figure 4a shows that the depth of the zone with elevated differential stress at
t =1 day is 5 m, gradually propagating deeper into the rock mass over time. Strong,
intact rock with high compressive strength deforms elastically. At ¢t = 1 day, the dis-
placement of the central point in the tunnel crown is u = 0.016 mm, increasing to
u= 0,032 mm at = 8 days (Figure 4b). This is a very small value, allowing the host
rock to be confidently classified as stable.
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Q —t=2 days S
5 —t =73 days = -0.00005
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0.5 t=28days Z'-0.0002 L
a —t=
-0.00025 —trs ggz
0 } t = 6 days
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0 1 2 3 4 5 L
-0.00035 t=8days
a) Distance to the tunnel crown, m b) Distance to the tunnel crown, m
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E —t=1day 6‘3 | _
= ——t =2 days E e ————
2 0015 t=3 days - 04
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c) Distance to the tunnel crown, m d) Distance to the tunnel crown, m

a) parameter Q"; b) displacement of the central crown point; ¢) hydraulic conductivity of crown
rock; d) water pressure.

Figure 4 — Variations of deformation and seepage parameters in the tunnel crown along the vertical
line passing through its centre

During unloading, previously closed fractures open, and the permeability of near-
contour rock increases (Figures 3b, 4c). However, it remains too low to sustain sig-
nificant groundwater flow. The water pressure around the excavation changes only
minimally over the analysed period (Figures 3c, 4d).
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4. Influence of rock mass disturbance on deformation and groundwater flow

The deformation and groundwater flow parameters were further calculated for
disturbed zones: non-uniformly fractured, strongly fractured, and intensely fractured
rock, as well as for the crushed mylonitised zone and the kaolinised zone in a wet
state (Table 3). The results at = 8 days are shown in Figures 5 and 6.

The average value of Q" within a 12x12 m area around the tunnel increases with
time in all six analysed cases (Figure 6a). Figure 5 shows that, as rock strength de-
creases, both the area of elevated differential stress (O > 0.4) around the tunnel and
the values of Q" within that area decrease. In non-uniformly fractured rock, Q" ex-
ceeds 1.2 near the tunnel boundary (Figure 5a), whereas in strongly fractured rock
Q" < 1.2 (Figure 5b), and in intensely fractured rock Q" < 0.55 (Figure 5¢).

Weaker rock cannot sustain high differential stress and begins to fail; thus, in cas-
es No. 4 (Figure 5¢) and No. 6 (Figure 5e) a 1.2—1.5 m-thick near-contour layer un-
dergoes inelastic deformation. Intensely fractured granite in case No. 4 fails in a brit-
tle manner through block separation, whereas wet kaolinite in case No. 6 deforms
plastically.

Accordingly, the largest normal displacements of the tunnel contour occur in in-
tensely fractured rock (No. 4) and in the kaolinised zone (No. 6), where inelastic de-
formation zones are present (Figure 6b). Interestingly, the contour displacement is
quite non-uniform: maximum contour displacements occur at the bottom (node 100)
and at the sidewalls (nodes 47 and 153), due to the large radius of curvature and near-
linear geometry of the surface in these areas.

In the second column of Figure 5, the hydraulic conductivity distributions on day
8 after tunnel face advance are shown for cases No. 2—No. 6. The difference in initial
rock mass permeability and its significant increase in the immediate vicinity of the
tunnel contour with deterioration of rock quality is clearly visible. The average per-
meability around the tunnel increases with time (Figure 6¢) and reaches the highest
values in intensely fractured rock with a large inelastic zone.

The permeability level controls the intensity of seepage; thus, in case No. 1, the
pore water pressure in the fracture network around the tunnel changes little over time
(Figure 3c). At t= 8 days, in non-uniformly fractured (No. 2), strongly fractured
(No. 3) rock, and in the mylonitised zone (No. 5), pore water pressure is noticeably
lower in the near-contour zone. In intensely fractured granite (No. 4) and in the kao-
linised zone (No. 6), a wide area develops around the tunnel where p < 0.4p, which is
significantly below the hydrostatic pressure at this depth.

Looking at the last column in Figure 5d, which shows water pressure distributions
at a smaller scale, it can be seen that in case No. 4, unlike the others, a local pressure
depression develops: the isobars p = 0.32, p = 0.4, p = 0.56, and p = 0.64 are bent to-
ward the tunnel. Thus, under conditions of high rock mass permeability, as in case
No. 4, there is a significant hydraulic influence of an unsupported tunnel on the natu-
ral groundwater regime, with changes in both pressure and flow direction.

The formation of a local, limited-size depression cone by day 8 after tunnel face
advance may subsequently lead to a lowering of the groundwater table, potentially
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Figure 6 — Variations of deformation and seepage parameters

affecting water intakes, natural springs, soil drainage, and ground settlement due to
pore pressure loss.

5. Conclusions

Groundwater is one of the key factors threatening tunnel stability and safety al-
ready at the construction stage. Delays in installing support and sealing the tunnel
lining, which may occur under unforeseen circumstances, represent a particular haz-
ard. This study addressed groundwater inflow to tunnels at the initial construction
stage — in the period between excavation and installation of support. For this purpose,
a mathematical and numerical model was developed to analyze the coupled processes
of rock mass deformation and water filtration in rock masses of varying degrees of
disturbance.

The main findings of the study are as follows.

1) For intact rock masses with high compressive strength, tunnel wall displace-
ments remain minimal, the rock deforms elastically, and the permeability of the near-
tunnel zone increases only slightly, insufficient to produce significant groundwater
flow.

2) With increasing disturbance of the rock mass, its strength decreases, which re-
duces the relative principal stress differential and increases susceptibility to failure. In
intensely fractured zones, brittle block separation occurs, whereas in kaolinized zones,
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plastic failure develops due to saturated kaolinite. These cases also exhibit the largest
tunnel wall displacements.

3) Increased permeability of disturbed zones intensifies groundwater flow: pore
water pressure decreases significantly in near-tunnel zones, and in intensely fractured
rock a wide depression zone is formed, altering the natural hydrogeological regime.
This may lead to groundwater level decline, affect water intakes and natural springs,
and cause soil desiccation and settlement due to pore pressure reduction.

The results confirm that minimizing the time interval between excavation and in-
stallation of temporary support and sealing is crucial, particularly in intensely dis-
turbed zones. Furthermore, since not all geological discontinuities along the tunnel
alignment can be predicted in advance, tunnel support design should incorporate the
possibility of local reinforcement when encountering unforeseen geological structures.

These results provide new insights into the short-term interaction between rock
mass disturbance and groundwater flow and can assist in improving the design and
risk management of tunnels constructed in fractured rock environments.
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®INbTPALIA NIASEMHUX BOA A0 TYHENIO, WO CMOPYIXYETLCA B TPILUUHYBATUX CKANIBHUX
NOPOJAX
Kpykoscbka B.B., Kpykoscskut O.[1., BuHogpados O.O.

AHoTauis. ['pyHTOBI BOAV € OHIM i3 (haKTOpIB, L0 3arpoXyIoTh CTabinbHOCTI Ta 6esnewi Bxe nia yac byaiBHMLTBa
TyHeniB, 0coBMBO 3 OrNsAY Ha Te, WO 3a HenepeabadyBaHux 06CTaBMH MOXYTb CTAaTUCA TPUBASi 3aTPUMKM Y BCTAHOB-
NEeHHi KpinneHHst i repmeTu3adii nig3emHoro ob’exkty. Tomy B po6oTi po3rnsaaeTbes GinbTpayis nig3eMHuX Bog A0 TyHe-
N0 B Nepiog Yacy Mix BUIMKOK NOPOAX | YCTAHOBKOK MOYATKOBOMO KPIMAEHHS.

Byno pocnimKkeHo BNAWB CTYNEHIO NOPYLUEHOCTI NOpig Ha ix AeopMyBaHHs i GinbTpaLiio Bogu Ta 3pobreHo Ha-
CTYMNHi BUBOAYW. 3i 3HWKEHHAM MILHOCTi MOPOaAM NIoLa 30HM MigBMLLEHOT Pi3HOKOMMOHEHTHOCTI NONS HAMPY»eHb HaBKoO-
N0 TYHEI0 3MEHLLYETLCA. B iHTEHCWMBHO TpiLLMHYBATOMY MacwBi BinOYBaETLCS KpUXKE PYHYBAHHS MPUKOHTYPHUX NOpig,
LUMISAIXOM PO3[iNeHHs Ha BfoKM, B 30HAX iHTEHCWBHOI KaoniHisalji — NnacTUiHe pyWHYBaHHS 3@ PaxyHOK 3BONIOXEHOro
KaoniHiTy. B LUux BMunagkax CnocTepiraloTbCs i HaBInNbLUi HOpMarbHi NEPEMILLEHHS KOHTYPY TYHENIO.

PiBeHb NPOHUKHOCTI BU3HAYAE IHTEHCUBHICTb (iNbTPALIHOMO NpoLecy, TOMY TUCK BOAW B TPILLMHHOMY MPOCTOPI
HernopyLUEHNX CKarbHWX NOPIA NPaKTUYHO HE 3MIHIOETLCS 3 YacoM. B MOMeHT yacy t = 8 fib, B HEpiBHOMIPHO i CMMbHO
TPILLMHYBATMX NOPOAAX TUCK BOAM MOMITHO HWXYWA B MPUKOHTYPHIN 0BnacTi, a B IHTEHCMBHO TPILLMHYBATOMY IPaHITi
HaBKOJIO TYHEN0 YTBOPEHO LWMPOKY 06nacTb, e TUCK € 3HAYHO MEHLUMM 3a rigpocTaTyHuin. ToBTo 3a YyMOBW BMCOKOI
MPOHWKHOCTI CKEMbHOTO MacuBy Mae MiCLe 3HAYHWN FiAPaBIiYHANA BNAWB HE3AKPINIIEHOTO TYHENIO Ha NPUPOLHWIA CTaH
nig3eMHUX BOZ, LU0 Y NOAAMbLUOMY 3arpOXYe 3HKEHHSM PIBHS FPYHTOBWX BOZ i MOXE BNAMHYTW Ha Bogo3abopw, npu-
POLHI [Kepena, OCYLIEHHS PYHTIB Ta OCidaHHSA IPYHTY Yepes BTpaTy NOPOBOrO TUCKY.

Tomy npu cnopymKkeHHi TyHeniB Tpeba MiHiMi3yBaTh Yac BCTAHOBMEHHS! TUMYACOBOrO KpinneHHs i repmeTusadii ko-
HTYpPY, 0COBNMBO B iHTEHCUBHO NMOPYLUEHUX 30HaX. KpiM TOro, OCKINbKM He 3aBXan MOXNMBO NepeadaunTit yci reonorivHi
MOPYLUEHHS | CTPYKTYPM NO Tpaci CnopymKeHHs Nig3eMHOro 06’ekTy, Npu NPOEKTYBaHHI KPINIeHHs BaXueo nepeadavu-
T MOXIMBICTb CUTYaTUBHOTO NOCUIEHHS KPINNEHHS, Y BUNAAKY NepeTMHy HENPOrHO30BaHOIO re0sOrYHOM0 NOPYLUEHHS.

Knto4oBi cnoBa: TyHenb, TPiLLMHYBATUIA NOPOAHMIA MacuB, inbTpaLlis IPYHTOBUX BOA, riapaBniYHMiA BNIVB HE3akK-
PINIEHOrO TYHENH), YnCEerbHE MOAEOBAHHS.
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