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JUSTIFICATION OF PARAMETERS FOR COMBINED SUPPORT OF DEEP
UNDERGROUND EXCAVATIONS BASED ON THE ASSESSMENT OF THE SYNERGISTIC
EFFECT OF THEIR INTERACTION

Abstract. The object of the study is the processes of ensuring the geotechnical stability of deep preparatory and
capital mining excavations operating under conditions of intense rock pressure at depths exceeding 600-800 meters. A
complex synergistic system is considered, which includes a structurally heterogeneous rock mass and combined multi-
level support consisting of short steel rock bolts and long flexible cable anchors.

The problem solved in the work is due to a sharp decline in the efficiency of traditional support schemes when mov-
ing to deep horizons. Under high stress conditions, the individual load-bearing characteristics of support elements are
unable to ensure the integrity of the excavation contour. The main disadvantage of existing approaches is the lack of
coordination in the operation of different types of anchors, leading to their step-by-step failure and significant deformation
of the mass.

This required quantitative assessment of the interaction of support elements to create a unified protective system.
The essence of the results lies in establishing fundamental regularities of the joint operation of short and long anchors
and introducing the scientific concept of the "synergy coefficient." The authors justified the rational support parameters:
installation step 0.8x0.9 m, bolt length 2.4 m (tension 60-80 kN), and cable anchor length 7.3 m (tension 300 kN). Relia-
bility of the results was confirmed by field tests at the Xin’an mine (horizon -600 m), where the error between numerical
modeling and monitoring did not exceed 8.5%, and excavation convergence significantly decreased.

Maximum efficiency is achieved when the effective action boundary of short bolts exactly coincides with the begin-
ning of the long cable anchors' fixation zone. This forms a continuous reinforced zone of large thickness, which trans-
forms the surrounding rock mass from a source of load into a self-supporting structure, preventing rock stratification at
the boundary of different support types. The balanced configuration provides a 67% reduction in convergence compared
to the unsupported state at a material cost of approximately 380 USD per meter of advance.

The practical use of the results covers the design and construction of underground structures at coal and ore mines
at depths over 600 m. The proposed solutions are effective for massifs with complex stress states and a tendency to-
ward large plastic deformations.

Keywords: deep mining excavations, rock bolt, cable anchor, synergistic interaction, numerical simulation, material
cost optimization MathCAD, rock mass stability.

1.Introduction

Due to the limited availability of easily accessible coal deposits, mining opera-
tions are forced to move deeper into the earth's interior. Many coal mines in China
are currently extracting resources from depths exceeding 800 meters. It is expected
that mining depths will exceed 1,000 meters within the next ten years [1, 2, 3]. As
depth increases, the mechanical environment shifts from relatively safe shallow-level
conditions to a highly complex scenario known as "three highs and one disturbance."
This includes high geostress (typically ranging from 20 to 40 MPa), high geothermal
temperature (usually exceeding 35°C), high karst water pressure in certain geological
formations, and stress disturbances caused by mining activities, which can double or
triple the initial in-situ stress values [4, 5, 6, 7]. Under such unfavorable conditions,

Received: 13.01.2026 Accepted: 04.04.2026 Available online: 31.05.2026
@ OO0 © Publisher M.S. Poliakov Institute of Geotechnical Mechanics of the National Academy of Sciences of Ukraine, 2026

TECTECTN This is an Open Access article under the CC BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode.en



https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode.en
https://doi.org/10.15407/geotm2026.177.159
https://www.google.com/url?sa=E&q=https%3A%2F%2Forcid.org%2F0000-0002-1716-1447
https://www.google.com/url?sa=E&q=https%3A%2F%2Forcid.org%2F0000-0002-6593-0255
https://www.google.com/url?sa=E&q=https%3A%2F%2Forcid.org%2F0009-0003-1450-2175
https://www.google.com/url?sa=E&q=https%3A%2F%2Forcid.org%2F0009-0002-3714-9821
https://www.google.com/url?sa=E&q=https%3A%2F%2Forcid.org%2F0009-0004-7458-9468
https://www.google.com/url?sa=E&q=mailto%3Ashaidetska.liubov%40lll.kpi.ua

160 ISSN 3083-6271 (Print), ISSN 3083-628X (Online) Geo-Technical Mechanics. 2026. 1ss.177

the rock mass around deep roadways behaves quite differently. The plastic zone is
extensive and continuously expanding. The roof may sag, the floor may heave, and
the ribs may converge, potentially leading to the failure of the excavation (Fig. 1). If
these issues are not addressed, the effective cross-sectional area can decrease by near-
ly 50% just a few months after excavation [8, 9].
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Figure 1 — Field observations of primary support performance in a ventilation roadway after
installation. Yellow lines and arrows indicate the main deformations of the excavation contour

Following the excavation and under the influence of rock pressure, the surround-
ing rock mass undergoes intensive deformation, manifesting as roof subsidence, floor
heave, and rib convergence. These deformation processes indicate stress redistribu-
tion in the boundary zone and a gradual loss of stability of the exposed rock surfaces.

Fig. 2 presents the results of field observations of excavation deformations as a
function of the distance from the face. The x-axis represents the distance from the
working face (m), and the y-axis represents the deformation value (convergence,
mm). Curve 1 characterizes rib-to-rib convergence, Curve 2 represents roof subsid-
ence, and Curve 3 represents floor heave.

Analysis of the graph shows that rib-to-rib convergence reaches the highest val-
ues. Curve 1 increases most intensively and reaches approximately 570-580 mm at a
distance of about 80-100 m from the face. This indicates that the decisive manifesta-
tion of stability loss under the studied conditions is the lateral compression of the ex-
cavation; furthermore, rib deformations develop faster and exhibit significantly high-
er intensity compared to roof and floor deformations.

Floor heave is more pronounced than roof subsidence. Specifically, the defor-
mation values according to Curve 3 reach approximately 150-160 mm, while for
Curve 2, roof subsidence is about 110-120 mm. This indicates a significant role of
floor deformations; however, their intensity remains lower compared to rib-to-rib
convergence.
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It has been established that deformations accumulate as the distance from the face
increases. In the immediate vicinity of the face, the values are negligible; however,
they gradually increase as the mining front advances and stress redistribution devel-
ops within the rock mass. The most intensive growth in deformations is observed
within the range of approximately 10-70 m from the face. After 80 m, all curves
gradually reach a plateau, indicating the completion of the primary deformation stage
and the transition of the excavation into a state of relative stabilization. At the same
time, this stabilization is achieved in the presence of significant residual defor-
mations.
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blue curve — rib-to-rib: rib convergence; green curve — floor heave;
red curve — roof subsidence

Figure 2 — Excavation deformation curves as a function of distance from the face

The obtained field observation results indicate the insufficient efficiency of the
primary support system under the considered mining and geological conditions. Sub-
stantial rib convergence, floor heave, and roof subsidence confirm that the existing
primary support does not ensure adequate excavation stability and requires improve-
ment through the justification of a more effective combined support system.

2. Methods

The integrated "bolt-cable™ support system is currently the most widely used
method for stabilizing deep excavations. There are numerous reasons why this meth-
od is superior to traditional passive support methods, such as U-shaped steel arches
and concrete lining (Fig. 3). This is achieved through the use of prestressed reinforc-
ing elements to transfer the self-supporting capacity of the rock to deeper, more sta-
ble layers [10, 11].

The core idea of synergistic support lies in the simultaneous provision of two
support types. The first zone is a shallow compression area created by rock bolts.
This enhances the strength of the surrounding rock and makes it less prone to dis-
placement.
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(a) bolt pull-out/fallout; (b) steel strap rupture under excessive deformation

Figure 3 — Typical failure modes in support systems of deep excavations

The second zone is a deeper anchoring region where cable anchors transfer heavy
loads to stable strata unaffected by the excavation. This renders the structure signifi-
cantly stronger than its individual components [12, 13]. Although engineers frequent-
ly employ both bolts and cable anchors, the mechanism of their joint performance is
not yet fully understood. This is particularly crucial for the quantitative evaluation of
mutual reinforcement effects, identifying the optimal bolt layout for maximum syner-
gy, and investigating how various geometric and mechanical factors influence the
efficiency of composite support [6, 7].

Understanding the interaction between bolts and cables in deep excavations is
challenging due to numerous factors: nonlinear bond-slip properties at the "bolt-
grout™ and "grout-rock" interfaces, gradual damage accumulation within the rock
mass under prolonged high stress, rheological deformation of soft rocks, and dynamic
stress redistribution caused by mining activities in adjacent faces [10, 8]. While tradi-
tional analytical methods provide fundamental insights into support mechanisms,
they struggle to adequately capture the complexity of interrelated processes due to
necessary simplifications regarding material homogeneity and boundary conditions
[12]. Numerical modeling, specifically the finite difference method in FLAC3D and
the discrete element method in PFC, has demonstrated high efficiency in predicting
the mechanical behavior of anchored rock masses [8].

Recent advances in the numerical simulation of anchor behavior have focused on
improving the constitutive representation of interface mechanics [12]. In FLAC3D,
CABLE and PILE elements typically treat the interface as a perfectly elastic-plastic
material. This fails to account for critical post-peak softening properties and residual
strength [8]. Researchers have successfully integrated trilinear and biexponential
bond-slip models using the FISH programming language. These models help align
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numerical predictions with real-world observations, particularly regarding interface
debonding and load redistribution [10].

When determining the optimal support parameters, it is essential to simultaneous-
ly consider efficiency, cost, and ease of installation [13]. Selecting parameters based
solely on empirical experience can lead to either excessive material consumption or
insufficient stability [12]. Modern optimization techniques, such as genetic algo-
rithms, particle swarm optimization, and response surface methodologies, enable the
identification of optimal parameter combinations [8]. The objective of this project is
to utilize the results of numerical modeling and field studies to optimize support pa-
rameters for deep excavations at the -600 m horizon of the Xin’an mine (Shandong
Province, China).

Preliminary modeling was conducted using FLAC3D software. Short rock bolts
were treated as active reinforcement elements for the near-surface zone. Their prima-
ry function is to limit local stratification and rock shear, create a ring of increased
stiffness around the excavation, and reduce the development rate of plastic defor-
mations. Long cable anchors were modeled as deep reinforcement elements that
transfer loads to more stable layers beyond the zone of intensive rock mass disturb-
ance. Crucially, short bolts and long cable anchors are analyzed not in isolation but as
interconnected elements of a unified support system.

A synergy coefficient was introduced for the quantitative analysis of mutual rein-
forcement between support elements. Its essence lies in comparing the effect of the
system’s joint performance with a linear superposition of the individual effects creat-
ed by bolts and cable anchors separately. In practice, the synergy coefficient was de-
termined by changes in average compressive stress, the increase in the thickness of
the effective stress arch, and the reduction in excavation contour deformations com-
pared to individual reinforcement schemes.

Table 1 — Calculated mechanical parameters of the main rock types

Rock tvpe Density, Deformation | Poisson's | Cohesion, | Friction Tensile

P kg/m?3 modulus, GPa ratio MPa angle, deg | strength, MPa
Medium 2650 12.5 0.23 3.8 35 2.1
sandstone
Siltstone 2580 8.3 0.26 2.5 32 1.4
Coal 1400 2.1 0.32 0.8 28 0.3
Sandy 2520 6.5 0.28 2.0 30 1.0
argillite
Argillite 2450 4.2 0.30 1.2 26 0.6

Mechanical parameters of the rocks were assigned based on the results of geolog-
ical and laboratory studies of the rock mass in the excavation area. The calculations
included the primary lithological varieties forming the roof, surrounding rocks, and
floor. Parameterization accounted for density, deformation modulus, Poisson’s ratio,
cohesion, internal friction angle, and tensile strength. Such detailed property assign-
ment allows for the accurate reproduction of load heterogeneity and the character of
plastic zone development.
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The provided set of parameters reflects the contrast between the high-strength
sandstones of the roof and the significantly weaker coal and argillites. This distinc-
tion is fundamentally important for the accurate reproduction of non-uniform stress
redistribution and the formation of plastic zones. All parameters were utilized in a
series of baseline and parametric numerical experiments.

3. Results and discussion

According to previous numerical modelling performed using FLAC3D software
[1,3], it was found that short rock bolts form a near-contour zone of increased com-
pressive stresses and reduced fracturing, extending to approximately 0.9 of the bolt
length from the excavation contour. Within this specific zone, the most significant
effect of pretensioning is observed: rock compaction is enhanced, the intensity of
bedding separation is reduced, and the development of the plastic zone is decelerated.
However, beyond the effective action limit of the short bolts, the stressing effect dis-
sipates rapidly.

In contrast to rock bolts, long cable anchors have almost no effect on the stress
state directly near the excavation contour. However, a stress redistribution zone is
formed within their anchorage area. This zone becomes the load-bearing zone for the
entire support system, as it ensures load transfer to more stable rock layers that have
not been significantly weakened by excavation.

When both systems operate jointly, a zone of coordinated load transfer is formed
between them. Within this zone, short bolts stabilize the weakened near-surface strata
and create a stiffer medium for transferring the reaction from the cable anchors. In
turn, the cable anchors prevent the bolt-reinforced near-surface zone from losing sta-
bility due to shear or excessive inward displacement. This dual-action mechanism
constitutes the physical essence of the synergistic effect.

The synergy coefficient reached its maximum in the transition region between the
effective action zone of the short bolts and the beginning of the long cable anchors'
anchorage zone. For rational schemes, this coefficient ranged from 0.28 to 0.32, indi-
cating a system efficiency increase of approximately 30% compared to a simple line-
ar superposition of individual effects. The spatial distribution pattern of the synergy
coefficient resembles an elongated shell around the excavation, most pronounced in
the roof and the upper sections of the ribs.

Consequently, it has been established that the mechanism of joint performance be-
tween short rock bolts and long cable anchors is systemic in nature. It is realized
through a combination of three processes: the formation of a near-surface compacted
zone, the creation of a deep support region in the cable anchor anchorage zone, and
continuous load transfer between them. This conclusion served as the basis for the
subsequent optimization of support parameters.

The optimization of parameters for the combined support of a deep excavation
was performed as a multi-criteria search for a rational configuration of short rock
bolts and long cable anchors within the MathCAD environment. The objective of the
optimization was to determine a set of support system parameters that ensures mini-
mum excavation contour convergence, an acceptable support cost per 1 m of ad-
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vance, and the maximum thickness of the effective compressive stress arch. This
formulation allows for the simultaneous consideration of geomechanical efficiency,
cost-effectiveness, and the structural feasibility of the system.

The decision variable vector was defined as:

X:[Sblsr'Lb’Pb’Sc’Lc’La'Pc]T’ (1)
where sy is the bolt spacing along the perimeter; s; is the row spacing of bolts; Ly is
the rock bolt length; Py is the bolt pretension; s, is the cable anchor spacing; L. is the
cable anchor length; L, is the cable anchorage length; and P is the cable pretension.

The decision variables and their respective bounds are presented in Table 2, re-
flecting the practical ranges of support parameters for deep coal mines.

Table 2 — Decision variables and bounds for support parameter optimization

Variable Symbol | Unit | Lower Upper bound
Bolt spacing along the perimeter Sh m 0.6 1.2
Spacing between rows of bolts Sy m 0.7 1.2
Bolt length Ly m 2.0 3.0
Bolt pretension Pp kN 40 100
Cable anchor spacing Se m 1.2 2.4
Cable anchor length L. m 6.0 9.0
Anchorage length La m 1.5 3.5
Cable pretension Pc kN | 200 400

The optimization process is subject to the following constraints:

Stability constraint: Op.y < where Saow=150 mm for the investigated class
y max —Qallow g

of excavations, Omax > 0.

Synergy constraint: #mue» > 0.2 which ensures optimal interaction between the
rock bolt—cable anchor system, where #eq, 1S the mean value of the synergy index, or
synergy coefficient.

Spacing constraint: s. > 2 s; reflecting typical installation practices.

Length constraint: L. — L, > L, , which guarantees that the cable anchorage zone
begins beyond the active zone of the rock bolts.

The optimization problem was formulated as the minimization of the objective
function vector:  min F(x) =[ f,(x), f,(x), f,(x)] where:

L) =Um(x), ,00=C(x), f(x)=-H(x),

and umq 1s the maximum predicted excavation convergence; C is the support cost per
I m of advance; and H is the thickness of the effective compressive stress arch.

The use of a negative value for H is necessitated by the fact that the overall prob-
lem was formulated as a minimization task, whereas the thickness of the stress arch
required maximization.



166 ISSN 3083-6271 (Print), ISSN 3083-628X (Online) Geo-Technical Mechanics. 2026. 1ss.177

In MathCAD, the multi-criteria problem was reduced to the minimization of a
generalized objective function, represented as a weighted sum of normalized criteria:

) - 0 U, SO HOY

=0 @

ref ref ref

where o, w,,», are the weighting coefficients of the criteria, and u,,C,H,, are the

reference normalization values. This approach allows for the analysis of variants with
different criterion priorities within a single computational environment, generating
solutions with a balanced, safety-oriented, or cost-effective emphasis.

The following constraints were accounted for during the problem-solving process:

Upax (X) <120 mm u,,,, (x) >0
U(X) Z Moiny S <Sp, Lc - La 2 Ong J

where 7(x) is the synergy index characterizing the combined performance of the sup-
port elements; 7. is the minimum allowable value of the synergy index.

The first constraint ensured excavation stability relative to the allowable conver-
gence level. The second guaranteed significant synergistic interaction between the
bolts and cable anchors. The third reflected the technological requirements for the
anchor layout scheme. The fourth ensured that the cable anchorage zone begins out-
side the effective reinforcement zone of the short bolts.

In the practical MathCAD implementation, optimization was conducted using ap-
proximating response functions derived from prior numerical data, rather than direct-
ly executing full FLAC3D simulations at each iteration. To achieve this, an array of
parameter variants x was established, for which the values of u_,,C,H,and » were

determined from FLAC3D results. Subsequently, second-order approximating de-
pendencies were constructed in MathCAD: u,,, = f,(x),C = f.(x),H = f, (x),n=f_(x)In

the form of polynomial response surface models.
The general form of the response surface model was defined as:

f(x):a0+Zn:aixi +Zn:a”xf +anzn:aijxixj , 3)

i=1 j=i+l
where f(x) denotes the approximated value of the target criterion; a, is the intercept

term; a, are the coefficients of the linear terms; «; are the coefficients of the quadrat-

ic terms; a;; are the coefficients of the interaction terms between pairs of variables; X;
and x; are the design variables; and n is the total number of variables.

The model coefficients were determined using the least squares method in matrix
form:
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B=(AA)AY(4),

where A is the factor matrix, Y is the response vector, and f is the vector of regression
coefficients. These dependencies were subsequently employed for the rapid calcula-
tion of criterion values during the optimization procedure.

Based on the optimization results obtained using the presented equations in
MathCAD, Table 3 shows the rounded values of the recommended support parame-
ters for excavations at depths of 600-800 m. The recommended support layout pa-
rameters provide a 67% reduction in excavation convergence compared with the un-
supported state, with material costs of approximately USD 380 per metre of advance.

Analysis of the obtained solutions shows that reducing bolt spacing and increas-
ing the pretension level ensure the best control over deformations but are accompa-
nied by a significant increase in cost. Conversely, increasing the spacing and reduc-
ing the length and tension of the cables decrease material consumption but lead to a
deterioration in the condition of the surrounding rock mass and a reduction in the
thickness of the compressive stress arch. The balanced variant occupies an intermedi-
ate position and provides the optimal ratio between reliability and cost, justifying its
recommendation for practical application.

Table 3 — Recommended support parameters based on optimization results

Recommended Safety Economy
Parameter . - L
anchoring parameters Priority Priority

Bolt spacing (m) 0.80 0.70 1.00
Row spacing (m) 0.90 0.80 1.00
Bolt length (m) 2.40 2.60 2.20
Bolt pretension (kN) 65 80 50
Cable spacing (m) 1.60 1.40 2.00
Cable length (m) 7.30 8.00 6.50
Anchorage length (m) 2.50 2.80 2.20
Cable pretension (kN) 300 350 250
Predicted convergence (mm) 68 52 95
Support cost (USD/m) 380 520 290
Arch thickness (m) 5.8 6.4 4.9

Engineering validation of the results. The Xin’an mine is located in the North
China Coal Basin. The working horizons are at a depth of — 600 m, which corre-
sponds to a vertical stress of approximately 15 MPa and a horizontal stress of 18 MPa
(determined by the hydraulic fracturing method). The main roadway was driven
through layers of medium-grained sandstone (12 m roof), siltstone (3 m immediate
roof), a coal seam (5.8 m), and argillite (4 m floor). The roadway cross-section is 5.0
m wide and 3.8 m high.

The support system was installed in accordance with the balanced configuration:
roof bolts @22x2400 mm (spacing: 800x900 mm, tension: 60—65 kN); rib bolts with
similar parameters; and roof cable anchors @21.8x7300 mm (spacing: 1600x1800
mm, tension: 280-300 kN). W-shaped steel straps were also used to enhance surface
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support. The support system was installed at a distance of no more than 20 m from
the face.

Monitoring data over a six-month period (Table 4) showed a high degree of corre-
lation with numerical predictions. The maximum roof subsidence was 62 mm, which
Is only 8.8% less than the predicted 68 mm. The slight underestimation of the predic-
tion in the model is attributed to conservative estimates of the rock mass strength pa-
rameters, which establishes a necessary safety margin during the design process.

Extensometer data confirmed that approximately 75% of the roof displacements
occurred within the first 3 meters (the bolt-reinforced zone). This validates the effec-
tiveness of the selected scheme: the rock bolts stabilize the immediate surrounding
rock, while the cable anchors reliably tie this zone to the deep stable strata.

Table 4 — Comparison of monitoring and predicted values

Parameter Prediction Measured Difference
Roof subsidence (mm) 68 62 -8.8%
Floor heave (mm) 45 51 +13.3%
Rib convergence (mm) 85 78 -8.2%
Max. bolt load (kN) 125 118 -5.6%
Max. cable load (kN) 420 385 -8.3%
Roof delamination at 3 m (mm) 12 9 -25.0%

To evaluate the advantages of the optimized combined support system, the per-
formance indicators of the experimental excavation were compared with an adjacent
section where standard support parameters based on empirical design were employed.
Prior to the study, the standard support involved bolt installation with a 1.0 mx1.0 m
grid (40 kN tension) and cable anchors with a 2.0 mx2.0 m grid (200 kN tension).

The comparison demonstrated that the optimized system provides significantly
better deformation control. Roof subsidence was reduced by 67.3% (from 189 mm to
62 mm), rib convergence by 58.9% (from 190 mm to 78 mm), and floor heave by
43.2% (from 90 mm to 51 mm). These improvements were achieved with a material
cost increase of only 32%, indicating substantially higher economic efficiency of the
optimized configuration compared to the standard one (Table 5).

Table 5 — Generalized results of support parameter optimization

Configuration Convergence, mm | Cost, USD/m | Arch thickness, m
Balanced 68 380 5.8
Safety priority 52 520 6.4
Economy priority 95 290 4.9

4. Conclusions

Quantitative regularities of the synergistic interaction between short rock bolts
and long cable anchors in the support system of deep excavations have been estab-
lished. Based on numerical modelling in FLAC3D and multi-criteria optimization in
MathCAD, a rational support configuration was determined for great-depth condi-
tions of 600—800 m.
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The main result is the solution of the optimization problem for selecting anchor-
Ing support parameters, based on maximizing the synergy coefficient while minimiz-
ing deformation and cost.

The high efficiency of the system is attributed to the mechanical integration of
"nested" rock mass reinforcement zones. Short bolts improve the properties of the
immediate surrounding rock, creating a bearing base for load transfer to the long ca-
ble anchors, which in turn secure the entire reinforced zone deep within the massif.
The highest synergy coefficient (0.28-0.32) is achieved at "zero overlap," where the
reinforcement limit of the short bolts coincides with the beginning of the cable an-
chor's anchorage zone. This ensures continuous and uniform stress transfer without
excessive over-reinforcement or ruptures within the rock mass.

This study expands the geomechanical understanding of combined support sys-
tems by introducing a mathematical framework for evaluating the interaction between
different anchor types. Future development vectors have been identified, including
the integration of rheological processes and machine learning methods for real-time
optimization.

Mining engineers are provided with ready-to-use design solutions for deep hori-
zons. Parameter sensitivity analysis allows for a focus on the most critical factors
(bolt spacing and tension) to control convergence while simultaneously optimizing
economic indicators (cable anchor expenditures). Field validation at the Xin'an mine
confirmed the reliability of the predictions, with an error margin of less than 10%.

Future research directions will involve expanding the optimization framework to
account for time-dependent rheological behavior under prolonged high stress, inte-
grating dynamic load effects resulting from mining-induced seismicity, and develop-
ing surrogate machine learning models to facilitate real-time support design optimiza-
tion based on continuously updated monitoring data.
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OBI'PYHTYBAHHA NAPAMETPIB KOMBIHOBAHOIO KPINNEHHA MMUBOKUX BUPOEOK HA OCHOBI
OL|HKWU CUHEPTETUYHOI O EQEKTY iXHbOI CYMICHOI POBOTH
3yeecbka H.B., LLlatideybka J1.B., J1i Cao, Qapmocmyk [.I"., Anekcees LLA.

AHortauisa. Ob’'ekToM [OCRimKeHHs € npouecn 3abesneyeHHs reOTEeXHIYHOI CTIMKOCTI rmubOoKMX NigroToBYMX i
KaniTanbHUX ripHUYMX BUPOBOK, L0 eKcryaTyoTbCs B YMOBAX IHTEHCMBHOTO FpCbKOro TUCKY Ha rmbuHax noHag 600-
800 m. Posrnspaetbes CknagHa CUHEpreTuyHa cucTema, Sika BKMKYAE CTPYKTYPHO HEOZHOPIOHWA TipChKUA MacuB i
kombiHoBaHe GaraTopiBHEBE KpiMmneHHs, WO CKNagaeTbCs 3 KOPOTKMX CTaneBUX MOPOLHWX aHKEpiB i JOBIUX THYYKMX
KaHaTHWX aHKepiB.

Mpobnema, poss’sasaHa B pobOTi, 3yMOBNEHA Pi3KUM 3HIKEHHAM ehEKTUBHOCTI TPaaULiHUX CXEM KpIiMneHHs npu
nepexogi OO rMuUBOKWUX rOPU3OHTIB. B ymOBax BUCOKMX HaNpyXeHb iHAMBIAYanbHi HECYYi XapaKTEPUCTUKM ENEMEHTIB
KpinneHHs He 3gaTHi 3a6e3neunTy LiniCHICTb KOHTYPY BUPOOKK. OCHOBHUM HELOMIKOM iCHYHOUMX MigXOAIB € BiACYTHICTb
Y3romKeHoCTi B pobOTi pisHWX TWMIB aHKEPIB, WO NPU3BOAWTL 4O iX MOETANHOMO PYyWHYBaHHSA Ta 3HaYHMX gedopmaLin
MacuBy.

Lle 3ymoBuno HeOBXIgHICTb KiNbKICHOI OLiHKM B3aEMOLii €NeMeHTIB KpinNeHHs ANnsl CTBOPEHHS EAMHOI 3aXMCHOI

cuctemu. CyTHICTb OTpUMaHWX pesynbTaTiB Momnsirac y BCTAHOBMEHHI (DYHOAMEHTANbHUX 3aKOHOMIPHOCTEN CRiMbHOI
poboTH KOPOTKMX | JOBIMX aHKEPIB Ta BBEAEHHI HAYKOBOrO MOHATTS «KOedillieHT CuHeprii». ABTOpami 06rpyHTOBaHO
paLioHanbHi mapameTpu KpinneHHs: kpok BcTaHoBneHHs 0,8x0,9 m, posxuHa aHkepa 2,4 m (Hatar 60-80 kH) Ta
JOBXMHA kKaHaTHoro aHkepa 7,3 M (Hatar 300 «kH). [ocToBipHICTb pe3ynbTaTiB MigTBEPAKEHO HATYPHUMM
BMNpoOyBaHHAMK Ha waxTi Xin'an (ropu3oHT —600 M), ae noxubka Mix YMCNIOBUM MOLENIOBAHHAM i MOHITOPMHIOM He
nepesuLyBana 8,5%, a 36rkeHHs KOHTYPY BUPOBKM CYTTEBO 3MEHLLMIIOCS.
NOYaTKOM 30HK 3aKPIiNneHHs JOBMUX KaHaTHWX aHKepiB. Lle (opmye cyuinbHY apMoBaHy 30HY 3HaYHOI NOTYXHOCTI, ska
NepeTBOPIOE HABKOMMULLHIN TPCbKAA MacuB i3 mxepena HaBaHTaXEHHS Ha CaMOHECYYy KOHCTPYKUio, 3amobiratouu
pO3lapyBaHHI0 Mopid Ha Mexi i pisHMX TUMIB KpinneHHs. 36anaHcoBaHa KOHAirypauis 3abesnevye 3MEHLUEHHS
30nKeHHs KOHTYPY Ha 67 % MopiBHAHO 3i cTaHOM 6e3 KpinneHHs 3a MaTepianbHux BuTpaT 6nusbko 380 gon. CLUA Ha 1
M MPOXOZKM.

[MpaKT4He BUKOPUCTAHHS Pe3ynbTaTiB OXOMIoE NPOEKTYBaHHS Ta OyAIBHALTBO NA3EMHUX CNOPYA Ha BYTINbHUX i
PYAHMX WaxTax Ha rmubuHax noHag 600 M. 3anponoHOBaHi PilleHHS € e(EKTMBHUMM AN MAacMBIB 3i CKNagHUM
Hanpy>XEHUM CTaHOM i CXWUITBHICTIO A0 BEMNWKMX NNacTUYHUX gedopmalin.

Kntouosi cnoBa: rmuboki ripHuyi BUPOOKW, NOPOAHI aHKEPW, KaHATHI aHKepu, CUHEpPreTUYHa B3aEMOfis, YMCIIOBe
MOZENOBaHHS, onTuMisaLlis MatepianbHux Butpat, MathCAD, CTiltkiCTb ripcbkoro macuBy.
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