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Purpose. Calculation of the stress-strain state of the concrete lining of a tunnel located at a depth
of 10 m in a soil mass under surface blast loading, and substantiation of a methodology for the correct
interpretation of the results taking into account dynamic effects.

Methodology. The calculation is performed using the ANSYS Explicit Dynamics software pack-
age with a fully coupled Eulerian—Lagrangian formulation. The behaviour of concrete C35/45 is de-
scribed by the dynamic Riedel-Hiermaier—-Thoma (RHT) model, and the behaviour of the soil is de-
scribed by the Drucker—Prager Piecewise model. The influence of the strain rate on the strength of
concrete is taken into account through the dynamic increase factor (DIF), defined as the ratio of the
dynamic strength to the static strength.

Findings. The maximum principal stress o1 in the concrete lining amounts to the following val-
ues, respectively: the peak level at the monitoring point — 3.82 MPa at the moment 7 = 43.5 ms; the
spatial maximum — 3.57 MPa at the moment ¢ = 50 ms. The maximum soil displacement at the epi-
centre of the explosion is 4.21 m, and at the level of the tunnel — 0.2—0.5 m. The dynamic tensile
strength of concrete is f,dyn =~ 6.27 MPa, and the safety margin is about 76%.

Originality. Relationships between the peak stress level in the concrete tunnel lining and the time
required for the shock wave to pass through the soil mass have been established; a two-stage scheme
for strength assessment has been substantiated — comparison of the calculated stresses with the static
strength, and then with the dynamic strength taking into account the actual strain rate € =~ 10* s™'. An
RHT-model parameter fi/fc = 0.171 is proposed for a homogenised model of reinforced concrete
(C35/45 with reinforcement ratio p = 0.5% using class A500C steel.

Practical value. The obtained calculation data make it possible to assess the residual service life
of tunnel linings under surface blast loading without the need to switch to computationally expensive
discrete modelling of the reinforcement, as well as to formulate substantiated requirements for the
thickness of the soil overburden and the concrete class for protective underground structures.

Keywords: physical and mechanical properties, stability safety factor, RHT model, ANSYS Ex-
plicit Dynamics, surface explosion, tunnel lining, dynamic increase factor, reinforced concrete.
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Introduction. Protecting underground structures — in particular metro tunnels,
hydraulic workings, utility tunnels, and mine openings — against short-duration blast
loads is one of the pressing problems of modern geomechanics and structural mechan-
ics. Such loads may originate from man-made accidents or technological blasting in
the mining industry, as well as from deliberate explosive actions associated with mili-
tary or terrorist threats. Under the conditions of the full-scale war on the territory of
Ukraine, the problem of ensuring the stability of underground structures has acquired
particular significance owing to the massive use of ballistic and cruise missiles, strike
unmanned aerial vehicles, and other precision-guided weapons in the vicinity of critical
infrastructure facilities. Under such circumstances, there is a need for rapid assessment
of the load-bearing capacity and safety of underground structures subjected to surface
explosions of varying intensity.

For the investigation of such processes, numerical methods based on the use of
hydrocodes — in particular the Explicit Dynamics module of the ANSY'S software pack-
age — have become widely adopted. These approaches make it possible to solve highly
nonlinear transient problems of continuum mechanics, accounting for shock-wave
propagation and the interaction of the "explosive — soil — concrete" system in a fully
coupled formulation. Particular attention is paid to the selection of a concrete material
model capable of correctly reproducing damage accumulation, the strain-rate depend-
ence of strength, and structural failure under a complex stress-strain state.

Analysis of previous research. Among the concrete models implemented in
modern commercial hydrocodes, one of the most widely used for dynamic and blast
loading problems is the Riedel-Hiermaier—Thoma (RHT) model [1, 2]. Its application
makes it possible to account for the complex nonlinear behaviour of concrete under
high-rate loading, including damage accumulation, strength degradation, and strain-
rate effects. The model is based on three limit-state surfaces: the failure surface Yz
(which defines the maximum equivalent stress that the intact material can sustain and
is specified as a function of pressure, the azimuthal angle in the deviatoric plane (the
Lode angle), and the strain rate), the elastic limit surface Y. (which bounds the region
of elastic behaviour of the material and 1s defined by scaling the failure surface through
the ratio of the elastic limit to the strength), and the residual strength surface Y., (which
describes the load-bearing capacity of the fully failed (cracked) material that retains
compressive resistance through friction between fragments but loses resistance), to-
gether with a p—a equation of state, which accounts for the initial porosity of the mate-
rial and its compaction under shock-wave action. The features of the RHT model im-
plementation in LS-DYNA and the results of its verification are presented in [3, 4],
whereas the determination of RHT model parameters for concretes of various classes
1s examined in detail in [5, 6].

One of the key factors governing the behaviour of concrete under blast loading 1s
the dependence of its strength on the strain rate. To describe this effect, the dynamic
increase factor (DIF) is used. Analytical relationships and generalisations of experi-
mental data for compression and tension are presented in [7]. According to the results
of [8], at strain rates on the order of 10>-10° s~! the DIF value for concrete in compres-
sion may exceed 2, while in tension it may reach 6, which substantially affects the
assessment of structural stability under short-duration impulsive loading.
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The response of underground structures to surface explosions has been considered
in a number of studies. In particular, box tunnels were analysed in [9—13]; the influence
of the type of soil medium was studied in [12]; the performance of tunnels with differ-
ent cross-sectional shapes was compared in [13]; and segmental tunnel linings account-
ing for longitudinal joints were investigated in [17]. A general overview of the effects
of blast loading on building structures is presented in [18]. The fundamentals of the
mechanics of crater formation in soil and the regularities of shock-wave propagation
are based on the classical works [19-21].

The nature of blast-wave propagation in an underground medium depends largely
on the physical and mechanical properties of the soil or rock mass. In highly compress-
ible soils, such as sandy loams and sandy clay loams, a significant portion of the blast
energy is expended on internal friction between grains, the destruction of structural
bonds, and the compaction of the pore space. As a result, a relatively wide blast crater
with gentle slopes is formed, and the wave amplitude decreases rapidly with depth.

Clayey soils are characterised by greater stiffness and lower compressibility;
therefore, blast craters have a smaller radius but a greater depth. Under such conditions,
the soil medium absorbs a smaller portion of the energy, as a result of which a consid-
erable impulse is transmitted directly to the tunnel lining.

In monolithic rock, structural deformations usually remain insignificant owing to
the high stiffness of the mass. At the same time, such rocks transmit elastic waves
practically without significant energy losses, which may cause spalling of the concrete
or rock from the inner surface of the tunnel. Comparative characteristics of the behav-
iour of different types of geomaterials under dynamic loading are presented in Table 1.

Table 1
Behaviour of geomaterials under surface blast loading

Type of Longitudinal wave |Surface blast Energy Main risk to the

geomaterial | velocity ¢, m/s crater parameters | dissipation |tunnel

Dry sandy |200—400 Wide crater with | Very high |Uneven settlement

clay loam a large radius, of the soil above
gentle slopes the tunnel

Water- 10001500 Medium radius, | Moderate |Crown deflection,

bearing signs of soil washout

sandy loam liquefaction through joints

Stiff plastic | 500-800 Narrow, deep Low Bending moments in

clay crater with steep the walls, shearing of
slopes bolted connections

Water- 1400-1600 Deep crater, Minimal [Sudden brittle

saturated slumping of collapse of the

clay walls crown

Weathered | 1500-2500 Localised slab- | High Localised rock

sandstone / type failures fallouts from the

granite crown

Monolithic | 4500-5500 Surface flaking, | None Spalling of the

granite fine crumbling concrete
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Despite the considerable body of research, the issues of interpreting simulation
results obtained with the RHT model still remain insufficiently systematised. In partic-
ular, in most works the assessment of the stress state of structures is carried out by
directly comparing peak stresses with the static strength of concrete, whereas the effect
of dynamic strength enhancement is not fully taken into account. Insufficient attention
has also been paid to practical approaches for the transition from a plain-concrete
model to an equivalent homogenised reinforced-concrete model, which is particularly
important for the analysis of typical tunnel linings in blast loading problems.

Statement of the unsolved part of the problem and the objective. The objec-
tive of this work 1s the numerical simulation of the response of the concrete lining of a
tunnel located at a depth of 10 m to surface blast loading, using the finite element
method and the RHT concrete model; the justification of the choice of model parame-
ters for concrete of class C35/45; and the analysis of the influence of the blast impulse
on the stress-strain state of the structure. Based on the simulation results, the work aims
to formulate recommendations for the correct interpretation of stress fields, taking into
account the strain-rate effect, the dynamic increase factor, and the transition from a
plain-concrete model to an equivalent homogenised reinforced-concrete model.

Main part (Results). The numerical simulation was performed in the ANSYS
Explicit Dynamics software package using a fully coupled Eulerian—Lagrangian for-
mulation, which makes it possible to account for the interaction between the blast
wave, the soil mass, and the concrete structure. The object of the study was a cylindrical
concrete tunnel lining located in a homogeneous sandy mass at a depth of H = 10 m.
The blast loading was specified as a surface point charge (surface burst). The duration
of the computational process was 5-1072 s (50 ms) after the moment of blast initiation.

To describe the behaviour of the soil medium, the DP4 (Drucker—Prager Piece-
wise) model from the ANSYS Explicit material library was used. The model parame-
ters were adopted on the basis of the results of experimental studies of sandy soils
presented in [21]. The main physical and mechanical characteristics of the soil mass
used in the calculation are given in Table 2.

Table 2
Parameters of the DP4 soil model (Drucker—Prager Piecewise)
No | Parameter Value Unit
1 | Density 1750 kg/m?
2 | Shear Modulus 2,3-107 Pa (23 MPa)
3 | Strength Drucker—Prager Piecewise | —
4 | Maximum Tensile Pressure |—1,0-10* Pa (-0.01 MPa)
5 | Equation of State Compaction (linear) —
6 | Solid grain density 2641 kg/m?
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The behaviour of the concrete lining was described using the RHT model [1-4],
which is widely applied for the analysis of dynamic and blast loading on concrete struc-
tures. The basic set of model parameters for concrete of class C35/45 is given in Table 3.
The adopted values of density 2314 kg/m?* and specific heat capacity 654 J/(kg-°C) cor-
respond to typical characteristics of heavy structural concrete. The compressive
strength f. = 35 MPa is consistent with the requirements for concrete of class C35/45
according to DSTU B V.2.7-176:2008 [20] and 1is typical for concretes used in the
construction of tunnel linings and protective underground structures.

Table 3
Main parameters of the RHT model for concrete C35/45
No. | Parameter Value Unit
1 Density 2314 kg/m?
2 Specific heat 654 J/(kg-°C)
3 Compressive strength, f. 3.5-107 Pa (35 MPa)
4 Tensile-to-compressive strength ratio, f/ f. 0.10 —
5 Compressive strain-rate exponent, a 0.032 —
6 Tensile strain-rate exponent, 0 0.036 —

The initial ratio f/f. = 0,10 corresponds to a concrete tensile strength of approxi-
mately 3.5 MPa, which is a typical value for ordinary structural concrete [11, 12]. The
parameters o = 0.032 and & = 0.036 characterise the effect of strain rate on the strength
gain of concrete in compression and tension, respectively. Their values are adopted in
accordance with the recommendations of the model [11], which is widely used to de-
scribe the dynamic behaviour of concrete materials under high-rate loading. The dy-
namic strength is calculated using the generally accepted relationship

o \9
ft,dyn _ & (1)
AN

where € — is the reference (static) strain rate; € — 1s the current strain rate in the concrete
[7, 11].

The object of the simulation was a reinforced-concrete arch-type tunnel lining
located in the soil mass at a depth of 10 m from the ground surface to the crown of the
arch. The computational scheme reproduced the combined effect caused by a missile
impact, accompanied by both kinetic action and blast loading, with the formation of a
blast crater and the propagation of a wave disturbance through the soil mass above the
structure.
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The assessment of the stress-strain state of the structure was carried out on the
basis of the maximum principal stresses o1, which is one of the key criteria for analys-
ing the behaviour of brittle materials, in particular concrete. Positive values of this pa-
rameter correspond to tensile stresses and make it possible to identify zones of potential
crack formation.

The field of total soil displacements, shown in Fig. 1, reflects the nature of the
deformations arising as a result of the surface explosion. The maximum displacements
are observed at the epicentre of the explosion at the ground surface and reach 4.21 m,
which corresponds to the formation of a classic blast crater. The zone of intense dis-
placements (>1.5 m) is limited to a radius of approximately 3—4 m from the centre of
the explosion.

2 e
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-1,6464e5
=1,9315e5
-2,2166e5
-2,5017e5 Min
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Fig. 1. Field of total displacements of the soil mass at the momentt=5-102s
(Total Deformation module, ANSYS Explicit Dynamics); the maximum
displacement of 4.21 m is localised at the epicentre of the explosion

The resulting crater has a radius of approximately 3—4 m and a depth of 2-3 m,
with a ratio »/h = 1.3—1.5, which is typical for the detonation of a charge of approxi-
mately 500 kg in soils with similar characteristics [16, 17]. At the depth of the tunnel
(10 m), the displacements are substantially smaller — about 0.2—0.5 m, which corre-
sponds predominantly to elastic deformations of the soil under the action of the com-
pression wave.

Analysis of the displacement distribution shows that the zone of the most hazard-
ous deformations is confined to the upper part of the mass and effectively does not
extend to the level at which the underground structure is located. This indicates a sub-
stantial attenuation of the blast-wave energy as it propagates deeper into the soil and
confirms the protective role of the soil layer above the tunnel.
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Analysis of the time history of the extreme values of o1 in the structural elements
of the tunnel showed that the development of the wave process has a clearly pro-
nounced stage-by-stage character (Fig. 2). At the initial stage, in the time interval from
0 to approximately 25 ms, a relatively low level of stresses 1s recorded in the structure.
This is explained by the fact that the shock-wave front requires a certain time to pass
through the ten-metre layer of soil. In this case, the soil mass acts as a natural damping
medium, which partially absorbs the energy of the explosion and reduces the intensity
of the impulse transmitted to the tunnel lining.

Maximum Principal Stress tunel

3

N

ipal Stress, MPa

Maximum Princi

—_ O = N W AN W

0 5 10 15 20 25 30 35 40 45 50
Time, ms

—— Maximum Principal Stress, [MPa]
- - = Static tensile strength, [MPa]
- - - Dynamic tensile strength, [MPa]

Puc. 2. Time dependence of the maximum principal stress o1
at the monitor point of concrete treatment; dashed lines are static and dynamic
(taking into account DIF) tensile strength

The further development of the process is characterised by a sharp increase in
stresses in the structure. In the time interval of approximately 2543 ms, the active
propagation of the compression wave and its transformation into a tensile wave fol-
lowing interaction with the reinforced-concrete lining take place. The maximum value
of the principal stresses at the monitoring point, o1 = 3.82 MPa, was recorded at ap-
proximately ¢ = 43.5 ms after the onset of loading. This moment corresponds to the
most hazardous phase of the dynamic action.

After the peak load has passed, a gradual decrease in the stress level is observed,
which indicates the onset of energy dissipation in the structure and the soil mass.

Spatial analysis of the stress distribution showed (Fig. 3) that the most hazardous
zones are localised in the haunch regions of the arch and in the invert area of the tunnel.
It is precisely here that the maximum tensile stresses are formed, o1 = 3.57 MPa, the mag-
nitude of which exceeds the design tensile strength of structural concrete (2.9-3.5 MPa).
In the upper part of the crown and on the outer contour of the arch, the stress level
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proved to be lower and predominantly corresponded to the elastic-plastic regime of the
material behaviour. At the same time, in the crown (key) region of the tunnel, com-
pressive stresses prevail (1, min = —0.26 MPa), which confirms the effectiveness of the
arch geometry, which ensures the redistribution of the vertical impact load into com-
pressive forces along the contour of the lining.

0,00 20,00 40,00 (m)
R ] I ]

10,00 30,00

Fig. 3. Field of the maximum principal stress o: in the concrete tunnel lining at the
moment ¢ = 5-1072 s; scale from o1,min = —264.5 kPa (blue, compression)
to o1,max = +3.57 MPa (red, tension)

The major part of the tunnel lining operates within the range of principal stresses
o1 =+1.0...4+3.0 MPa. The difference between the peak value at the monitoring point
(3.82 MPa at  =43.5 ms, Fig. 2) and the maximum value recorded in the spatial stress
field at the end of the calculation (3.57 MPa at r = 50 ms, Fig. 3) is explained by the
fact that the time history reflects the variation of stresses at a specific point of the model
throughout the entire loading process, whereas the 3D field characterises the instantane-
ous stress distribution over the whole volume of the structure at a given moment in time.

A formal comparison of the obtained stresses with the static tensile strength of
concrete shows that the maximum value of the principal stresses o1,max = 3.57 MPa
slightly exceeds the adopted strength limit f; = 3.5 MPa. From the standpoint of the
classical static approach, this would indicate the onset of crack formation and damage
accumulation in the material. Within the framework of the RHT model, such a situation
corresponds to the transition of the concrete to the stage of local damage with possible
formation of macrocracks in the most heavily loaded zones.
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However, for blast loading it is necessary to take into account the influence of the
strain rate on the mechanical characteristics of concrete. During short-duration dy-
namic action, the strain rate may reach 10>-10* s™!, whereas under static testing it is
about 107° s [7, 10]. The model used the following strain-rate parameters: for com-
pression a = 0.032 and for tension ¢ = 0.036, which characterise the strength increase
of the material under high-rate loading. Under such conditions, concrete exhibits a sub-
stantial increase in strength, which is taken into account through the dynamic increase
factor (DIF), described by the equation:

5

DIF =| = (2)
gO

where €0 = 107° is the static strain rate, s!; € 1S the current strain rate, s™; 6 = 0.036 1s
the strength enhancement coefficient under tension.

For the conditions of a surface explosion at a tunnel depth of 10 m, the strain rate
in the concrete lining is estimated at approximately € = 10*> s™'. Based on this,

102 0.036 0036
D[E:(l j =(10")"" ~1.8

075

Thus, the dynamic tensile strength of concrete increases by approximately 1.8
times compared with the static value and amounts to 7*" =1.8 - 3.5=6.27 MPa. Based

on this, the calculated peak stress o1.max = 3.57 MPa remains substantially below the
dynamic strength of the concrete (see fig. 2).

Thus, despite the formal exceedance of the static strength, under the conditions of
real blast loading the concrete lining does not reach a critical state of failure. The ma-
terial operates in a nonlinear regime with the development of local damage, yet it re-
tains a sufficient safety margin (=<76%) and overall structural stability.

The obtained result is of fundamental importance for assessing the serviceability
of the structure. Although, under a static approach, the recorded stress level could be
regarded as critical, taking into account the dynamic strength enhancement it turns out
to be approximately 43% below the actual dynamic strength of the concrete. A similar
effect of the increase in concrete resistance under high-rate loading is reported in [7, 9]
and is consistent with the provisions of [10].

At the same time, the limitations of the adopted numerical model should be taken
into account. In the calculation, the tunnel lining was considered as plain concrete, without
accounting for the influence of the reinforcement cage. Under real conditions, under-
ground structures are usually made of shotcrete or precast reinforced-concrete elements,
in which the reinforcement carries the major part of the tensile forces. Reinforced concrete
1s a composite material in which the concrete works effectively in compression, while the
steel reinforcement provides resistance to tension. It is precisely the combined action of
these components that determines the actual load-bearing capacity of the structure.

For the modelling of reinforced-concrete elements in dynamic problems, two
main approaches are used. The first involves discrete modelling, in which the concrete
and the reinforcement are described by separate finite elements. This method makes it
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possible to reproduce the interaction of the materials in detail; however, it requires
substantial computational resources. The second approach is based on the use of a ho-
mogenised model, in which the concrete and the reinforcement are treated as a single
equivalent material with averaged mechanical characteristics [13, 17].

For an equivalent model of reinforced concrete of class C35/45 with a reinforcement
ratio p = 0.5%, which is characteristic of tunnel linings and hydraulic structures, and with
reinforcement of class AS00C (f, = 500 MPa in accordance with DSTU 3760:2019 [20]),
the contribution of the reinforcement to the overall tensile strength can be estimated as p -
£ =0.005 - 500 = 2.5 MPa. In this case, the effective tensile strength of the equivalent
reinforced concrete amounts to: £ = f, + p- f, =3.5+0.005-500 = 6.0MI1a, which substan-

tially exceeds the corresponding value for plain concrete.
In Table 3, the parameter Tensile Strength f/f. is taken equal to 0.1; to obtain
equivalent reinforced concrete of class C35/45 with a reinforcement ratio p = 0.5%:

ef
J =@=0.171.

£ 35

By substituting this value into the corresponding parameter of the RHT model, an
approximate equivalent reinforced-concrete model can be formed without the need to
switch to discrete modelling of the reinforcement cage, which substantially simplifies
the calculation and reduces the computational cost.

The obtained results are in good agreement with the data of works [8—11], in which
it is noted that a soil overburden with a thickness exceeding 810 m above a tunnel
ensures a substantial reduction of peak loads from surface explosions of moderate inten-
sity. In addition, the calculated parameters of the blast crater — a radius of approximately
3—4 m and a depth of 2-3 m in sandy soil — correspond to the classification of surface
explosions [18] and are consistent with the empirical data given in [16, 18].

In contrast to the studies [9, 10], in which the concrete lining was considered
mainly in the form of structures with a rectangular cross-section, the present work in-
vestigates a tunnel lining of cylindrical shape, characteristic of structures constructed
by the shield or drill-and-blast method. Such a geometry is more typical for real under-
ground transport facilities and better corresponds to the conditions of current geotech-
nical practice in Ukraine.

The proposed approach to the assessment of the stress state is based on a two-stage
analysis: first, the obtained stresses are compared with the static strength of the concrete,
and then with the dynamic strength, determined taking into account the dynamic increase
factor calculated for the actual strain rate in the model. Such a scheme makes it possible
to avoid the common error associated with overestimating the level of concrete damage
when results are compared directly only with the static tensile strength.

Conclusions. As a result of numerical simulation performed in the ANSY'S Explicit
Dynamics environment using the RHT concrete model, it was established that, under a sur-
face explosion above a tunnel located at a depth of 10 m, the maximum principal stress in
the concrete lining reaches +3.57 MPa. In doing so, the character of the stress state of the
structure is determined predominantly by local tensile zones in the support (haunch) regions
of the lining, whereas the upper part of the arch crown works mainly in compression.
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Taking into account the strain-rate effect and the dynamic increase factor, the dy-
namic tensile strength of concrete of class C35/45 amounts to approximately 6.27 MPa.
Thus, the calculated stresses remain substantially below the dynamic strength, and the
safety margin of the structure is about 76%. This indicates the absence of critical failure
of the concrete lining under the blast loading considered.

The analysis carried out has shown that the use of the static strength criterion
alone for the interpretation of dynamic simulation results is incorrect, as it leads to a
substantial overestimation of the predicted level of structural damage. For an adequate
assessment of the performance of concrete under blast loading, the inclusion of the
dynamic increase factor is mandatory.

It has also been established that, for the approximate modelling of equivalent re-
inforced concrete of class C35/45 with reinforcement (p = 0.5%) using class AS00C
steel, it 1s sufficient to adjust the f/fc parameter in the RHT model from 0.10 to 0.171.
This approach makes it possible to account for the effect of reinforcement without re-
sorting to computationally expensive discrete modelling of the reinforcement cage.

The simulation results have confirmed the effectiveness of the 10-metre soil over-
burden in reducing the dynamic effect of the surface explosion. The main zone of failure
and significant soil deformations is confined to the upper layers of the mass at a depth
of approximately 2—-3 m and does not reach the level at which the tunnel is located.

Further research should be directed at analysing the influence of the explosive
charge mass, the physical and mechanical characteristics of the soil, and the reinforce-
ment ratio of the structure, as well as at verifying the obtained results against full-scale
experimental data and the results of other studies.
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AHOTAIIS

MeTta. Po3paxyHok HanpyxeHO-1e()OpMOBAHOTO CTaHy OETOHHOTO OMPABICHHS TYHEIIO, PO3Tallo-
BaHOTrO Ha rMOKMHI 10 M y TpyHTOBOMY MacuBi, IIPH J1ii MOBEPXHEBOI'0 BUOYXOBOTO HABaHTAXECHHS
Ta OOTPYHTYBAaHHS METOJIMKU KOPEKTHOI IHTEpIIpeTalii pe3ysbTaTiB 3 ypaXyBaHHAM JWHAMIYHUX
eeKTiB.

Metoaunka. PozpaxyHok BukoHaHo y nporpamHomy kommiekci ANSYS Explicit Dynamics i3 3a-
CTOCYBaHHSM IOBHICTIO 3B'sI3aHOI eiiyiepoBo-yarpankeBoi nmocraHoBku. [loeninka 6etony C35/45
ONuCyeThCsl TuHaMiuHO Moxemnio Pinens—Xipmaepa—Tomu (RHT), a moBeninka IpyHTy — MO-
nemmo Drucker—Prager Piecewise. BrumB mBuakocti aedopmariii Ha MiIIHICTb OETOHY BpaxOBaHO
gepe3 koedimienT auaamiynoro 3minHeHHs (DIF), skuilt BU3HaUa€eThCs K BiTHOIICHHS TUHAMIYHOI
MIIHOCTI JO CTaTUYHO].
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G 19 — byoignuymeo ma yusinoHa iHdceHepis

PesyabTaTn. MakcumanbHe TOJIOBHE HANpyKEHHS o1 y OETOHHOMY ONpAaBJICHHI CTaHOBHTH
BIJIMIOBITHO: MIKOBH piBEHb y TOULI MOHITOpUHTY — 3,82 MIla B MoMeHT yacy ¢ = 43,5 Mc; pocTo-
poBuii MakcumyMm — 3,57 MIla B MoMmeHT uacy ¢ = 50 mc. MakcumanbHe NepeMillleHHs IPYHTY B
emineHTpi BuOyxy craHoButh 4,21 M, a Ha piBHI TyHeno — 0,2—0,5 M. JluHamiuHa MilHICTH OETOHY
Ha pO3TAT CTaHOBUTH fr,dyn =~ 6,27 MIla, a 3amac MiHOCTI — 6;1U3bKO 76 %.

HaykoBa HoBH3HA. BCTaHOBJIEHO 3aJ€KHOCTI MK MIKOBUM pIBHEM HANpPyXeHb y OCTOHHOMY
OIpaBJICHHI TYHEJIIO Ta YaCOM MPOXOKEHHS yIapHOT XBUIII KPi3b IPYHTOBUI MacuB; OOIPYHTOBaHO
JIBOETAIHY CXEMYy OLIHKM MIIIHOCTI — MOPIBHSAHHS PO3PaxXyHKOBUX HANpyXeHb 31 CTaTHYHOIO
MIIHICTIO, @ TIOTIM 13 JTWHAMIYHOI0 MIIHICTIO 3 ypaxyBaHHAM (aKTUYHOI IMIBHIKOCTI nedopMariii
€~ 102 c™'. 3anpononosano napamerp RHT-monemni f#/fc = 0,171 nist romoreHizoBaHoi MO 3a1i30-
6erony C35/45 3 xoediuientom apmyBanus p = 0,5 % crammo kinacy AS00C.

IIpakTnyna 3HaunMicTh. OTpUMaHi PO3paxyHKOBI JIaHi JO3BOJIAIOTH OI[IHIOBATH 3AJIMIIIKOBUN pe-
CypC ONpaBJICHb TYHEIIB MPHU MOBEPXHEBOMY BHOYXOBOMY HaBaHTa)KE€HHI 0€3 HEOOXITHOCTI mepe-
X0y 10 0OYHMCIIOBAJIBHO BUTPATHOTO JUCKPETHOT'O MOJICIIOBAHHS apMaTypH, a TaKoX (OpPMYIIo-
BaTH OOIPYHTOBaHI BUMOTH JIO TOBIIMHU I'PYHTOBOT'O 3aXHMCHOTO IIapy Ta Kiacy OeTOHy IJis 3a-
XMCHHX T1I36MHUX CIIOPY/I.

Kniouogi cnosa: ¢hizuxo-mexaniuni eracmusocmi, xoeghiyiecum 3zanacy cmitikocmi, RHT-mooenw,
ANSYS Explicit Dynamics, nosepxneguil 6ubyx, onpasieHHs MyHelo, Koe@iyicHm OUHAMIYHO20
3MIYHEHHS, 3a1i300emOH.
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