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1. Introduction

The underground space, where there are historical
structures of the Kyiv Pechersk Lavra (Near, Far and
Variazhski caves) is constantly exposed to active envi-
ronmental influences. Neutralization of the influence is
significant difficulties due to tight operating conditions
and the need to carry out restoration work under per-
manent loads.

Variazhski caves are part of the Far Caves of the Lavra
(Kyiv, Ukraine). Cave passages dug in a layer of brown-
gray and brown-yellow Poltava sandstone. The thickness
of the sandstone layer varies from 2-3 to 6—8 m. Poltava
sandstone overlaps the sands of the Kharkov Formation,
represented in the cave area with greenish-gray glauconite
fine-grained sands, partially loam and sandy loam. The
thickness of the sand layer ranges from 1-2 to 5-8 m.

The current state of Variazhski caves can be called
critical. In connection with 100 % air humidity and the
lack of basic care in the dungeons in recent years, more
than ten large and small landslides of sections of walls
and arches of caves have occurred [1, 2]. Most of them
occur due to the progressive destruction of materials [3, 4].
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A similar situation is observed in certain areas of the
Near and Far Caves. However, due to regular maintenance
and local reinforcement, emergency damage was localized.
Some sections of the Far Caves: the Church of the Nati-
vity of Christ and the exit corridor from the caves were
reinforced by reinforcing the inner surface of the soil vaults
with nets from basalt reinforcement [5, 6]. On the basis of
the Kyiv National University of Construction and Architec-
ture (KNUCA), to confirm the effectiveness and in order
to study the features of the specified amplification method,
numerical and experimental studies [7] of the soil model of
a fragment of the cave passage built on a scale of 1:1 are
carried out. It should be noted that the questions the use of
non-metallic rods for reinforcing concrete products has been
repeatedly raised in publications of domestic authors [8, 9].

The results of tests and non-linear calculation of the
finite element model of the structure confirmed the ef-
fectiveness of using meshes with basalt reinforcing bars
as elements for strengthening the soil arch.

However, given the significant geometric heteroge-
neity of Variazhski caves, the great complexity of res-
toration in difficult and dangerous conditions, as well
as the requirement to preserve the authenticity of the
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object, the use of reinforcing meshes becomes impossible.
Therefore, it is relevant to study the modified methodo-
logy for strengthening basaltic reinforcement considered
in the article by replacing the nets with individual rods,
anchoring into the soil mass using an adhesive mixture.
Similar methods of amplification are found in the literature
only for above-ground, in particular, stone structures [10].

Thus, the object of research is the soil model of the
cave site, which approximates part of the underground
structure of the Kyiv Pechersk Lavra (Kyiv, Ukraine). And
the aim of research is determination of the behavior of the
soil model of a fragment of the cave passage with defects
such as cracks, reinforced by individual basalt reinforcing
bars, under the action of a static load.

2. Methods of research

Experimental studies were conducted on a prototype,
which for seven years was in the open air under the
influence of the environment, which caused significant
damage (Fig. 1):

— development of the root system due to the germi-

nation of plants on the curved arch;

— deep soil perforation by insects from all sides of the

model;

— erosion of the soil by precipitation.

a

Fig. 1. Soil model of a fragment of the cave passage:
a-2012; b - 2018

The condition of the sample was assessed as unsuitable
for normal operation, has a stable tendency to emergency,
due to:

— losses of about 30 % of the cross section;

— destruction of the arched part by tree roots;

— through small-scale massive damage to the base with

a diameter of 4-5 mm.

The tests were carried out in two stages — the first was
to determine the residual bearing capacity of the model
after a seven-year stay in the open air. The load of the
sample occurred until 1/10 of the distance between the
points of fastening from the plane of the exposed vertical
rod of the lattice of the reinforcing cage bending (Fig. 2).

When the value of the limit bending of the rod (1.2 cm)
was reached, the loading of the sample was stopped and
the soil mass, which was in a stressed state, was strengthe-
ned by additional, inclined basalt rods, not connected with
the reinforcing cage. Rods with a diameter of 10 mm and
a length of 300 mm were installed in the middle of the inte-
rior of the model in two rows with a pitch of 240x 120 mm.
To exclude from the work a pre-installed frame, the verti-
cal rods of the mesh were cut.

Fig. 2. Ultimate bending of the rod (1.2 cm)

After amplification was completed, the loading process
was continued. The condition for stopping the experiment
was determined by two criteria: either the appearance of
signs of destruction of the model, or achievement by the
load of the values maximum permissible for the power
equipment of the stand.

Simultaneously with full-scale tests, a numerical study
of the elemental model of the experimental sample, modi-
fied in accordance with the given scheme, was completed.
Static analysis of the structure was performed in a physi-
cally nonlinear formulation using the Lira CAD system,
based on the use of the finite element method.

Approximation of the soil massif was performed using
spatial 8-node finite elements of type No. 276. Rein-
forcing bars are approximated by rod finite elements.
The limiting kinematic conditions (fixing) were adop-
ted in accordance with the model parameters, and was
tested: lateral faces were fixed from horizontal move-
ments along the «X» axis; supporting ends were rigidly
restrained.

3. Research results and discussion

During field tests of the first stage of the experiment,
the appearance and opening of new hairline cracks in the
main soil mass, as well as the gradual bending from the
plane of the extreme rods of the reinforcing mesh that
were not unfastened by the soil, were observed. When
the value of the limit bending of the rod reached 1.2 cm,
the loading of the sample was suspended. The recorded
value of the total vertical load was 11.8 tf or 3.5 tf/m?

At the second stage, after the introduction of addi-
tional basalt reinforcement rods into the soil mass, the
tests were continued by gradually loading the model to
a value of 17.5 tf (5.6 tf/m?). A further increase in load
caused damage to the power equipment of the stand. In
this case, new deformations and damage on the surface
of the soil mass are not recorded.

The results of a numerical analysis of the mathematical
model of the sample (Table 1) by the criterion of verti-
cal displacements (along the Z axis) also confirmed the
increased rigidity of the reinforced model.

The maximum values of displacements of the nodes of
the finite element model nodes in the presence of amplifica-
tion are almost three times less than in the initial model.
In addition, the forms of deformations are significantly

different (Fig. 3).
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Tahle 1
Extreme displacements of finite element model nodes (FEM)
Model without reinforcement | Model with reinforcement
Parameters
positive negative positive negative
Ax, mm 7.11 -7.35 9.1 -9.42
Ay, mm 12.3 -12.3 7.03 -5.66
Az, mm - -995 - -30.1
Y

a b

Fig. 3. Forms of deformation of the finite element model nodes (FEM):
a — without reinforcement; b — taking into account reinforcement

4. Conclusions

During field tests of the soil model, sections of the
cave approximating part of the underground structure of
the Kyiv Pechersk Lavra, the features of the work of two
options for strengthening basaltic reinforcement with grids
and individual inclined rods were first identified.

The results of field and numerical studies have con-
firmed the effectiveness of the use of individual basalt
rods, anchored into the soil mass on adhesive mixtures,
as reinforcing elements of underground structures such as
artificial caves. The obtained data may be interesting for
organizations and specialists specializing in the restoration
and strengthening of architectural monuments.
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