30ipHuk HaykoBHX npanb. ['amxy3eBe MammHoOy1yBaHHS, Oy 1iBHHIITBO
Academic journal. Industrial Machine Building, Civil Engineering
http://journals.nupp.edu.ua/znp
https://doi.org/10.26906/znp.2022.58.3083

UDC 624.1
Assessment of the technical condition of cave complexes

Korzachenko Mykola!"

! Chernihiv Polytechnic National University  https://orcid.org/0000-0002-5674-8662
* Corresponding author E-mail: korzachenko 87@stu.cn.ua

The study of artificial caves and underground complexes, as well as their protection and preservation, remains a pressing
problem of modern scientific research. Ancient dungeons, which are located not only in the territories of major cities (mainly
in places where there were castle fortifications, trading rows, and monasteries), but also in small towns, cities, and villages, are
in unsatisfactory condition. The work is devoted to the analysis of cave complexes and underground premises for historical
purposes. Special attention should be paid to the operating conditions. The methods of surveying underground premises are
given, in particular, attention is paid to the creation of 3D models. The results of the study of brick on water absorption result.
The article pays attention to methods of strengthening damaged structures in operation conditions with modern composite
materials based on basalt and carbon fibers
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JlocnikeHHs INTYYHUX NedYep Ta MiA3eMHHX KOMIUICKCIB, a TAKOXK X 3aXHCT Ta 30epeKCHHS 3aIMIIAETHCS aKTYaJIbHOIO MPO-
6J1eMOI0 Cy4acHHX HAyKOBUX JIOCIiKeHb. CTapoaaBHi Mig3eMeIuts, sSIKi pO3MILIYIOTECS HE JINIIE Ha TEPUTOPISX BEIUKUX MICT
(IepeBaXXHO B THX MICIAX JI¢ ICHYBAJIH 3aMKOBI YKPIIICHHS, TOPTOBI PAJM, MOHACTHPI), a H y MaJIUX MICTaX, MiCTEeUKax Ta
celiax, 3HaXO/IThCsl y He3aJ0BUIbHOMY cTaHi. JlocuTh 6araTo 3 HUX He AOCTIPKEeHI Ta HE BHSBIICHI, TaKi 00 €KTH CTaIOTh BiO-
MMM JIMLIE MicJI 4aCTKOBOTO iX OOBAJICHHS Ta yTBOPEHHS NPOBALIA Ha TepuTopisx. ToMy okpeMy yBary IpHALICHO BHUSB-
JICHHIO TaKUX 00’€KTiB HepyHHIBHUMU MeToJaMu. Po0OOTa mpUCBsYeHa aHai3y MEeYePHUX KOMILUICKCIB Ta MiJA3EMHUX MPUMi-
IIEHb ICTOPUYHOTO TPHU3HAYCHHs. PO3MISIHYTO SIK 3arajJbHOBIIOMI MEYEPHI KOMIIEKCH, TakK 1 Ti, sIKi HEBiOMIi Ta MOTPeOyIOTH
obcTexeHHs. BukianeHo GpakTopy BIUIMBY Ha CTaH IEYEPHUX 00’ €KTIB, 30KpeMa Mepe3BOJI0KEHHS IPYHTOBOTO MacHBY, OPY-
LICHHSI TEMIIEPAaTYPHO-BOJIOTICHOTO PEKMMY, TEXHOT'CHHE HaBaHTA)XXCHHS HA MPHJIETIY TEPUTOPit0. POSIISIHYTO YMOBH €KC-
Iutyaranii He4epHUX KOMIUICKCIB, TOPYIICHHS X YMOB Ta BIUIMB 30BHIIIHBOIO CEPEIOBHIIA. BCTaHOBICHO, 1110 OKpiM pYiHY-
BaHHsI [ICYCPHUX KOMIUICKCIB BiJl IPUPO/IHIX YHHHHUKIB: pYIlHYBaHHS, 10 BUKJIMKAHI THCKOM IPYHTY; MiJAHATTSAM Ta OIyCKaH-
HSIM PIBHS ITiI3€MHOTO BOJOHOCHOTO TOPH30HTY, TOIIO — ICHYIOTh TaKOX (haKTOpPH, SIKi HAIpsiMy TOB’s13aHi 3 HErATHBHUMH
IisIMHU JTIOJIeH, 30KpeMa: TUIaHyBaHHs TepUTOpii mia 3a0yaoBy, MPOKJIaJaHHs KOMYyHiKalii i xaoTnuHa 3a0yq0Ba, sika MOXKe
CIPUYMHUTH 301IbIICHHS HABAHTAXXCHHS HA MiA3eMHi 00’ €KTH, 91 3MiHUTH (i3HKO-KITIMAaTHYHI YMOBH ITiI3EMHUX KOMILJICKCIB.
HagezneHni MeTou 0OCTEKEHHS ITi3EMHUX NPHUMILEHb, 30KpeMa MPUJIJIEHO yBary cTBopeHHIo 3D-monerneii 3a 10momorozo
3D-ckanep CR-Scan 01 na npuxiani AuronieBux nedep B UepHirosi. HaBeneHo pesynsraTtu KOCiKeHHS LETIIH, IO Bitio-
paHa IIijl 4ac HayKOBHX JOCII/DKEHb, Ha BOJONONIHHAHHS. [IpHiieHo yBary crocobam IiJICHICHHS MOIIKOIKEHUX KOHCTPY-
KIiif B yMOBax eKCILTyaTanii CydacHIMH KOMIIO3UTHIMH MaTepiajlaMy Ha 06a3i 0a3aJbTOBHUX 1 BYIJIEEBHX BOJIOKOH

Kimrouogi ciioBa: neuepa, mig3eMHa cropyaa, 00CTe)KeHHs, TEXHIYHUI CTaH, MiICHICHHS
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Introduction

The study of artificial caves and underground com-
plexes, as well as their protection and preservation, re-
mains an actual problem of modern scientific research.

Cave complexes and dungeons exist not only in the
territories of large cities (mainly in places where there
were castle fortifications, trade rows, monasteries,
etc.), but such structures are found in small towns,
towns, and villages.

Review of the research sources and publications

Certain questions concerning the problems of preser-
vation of underground complexes are reflected in [1, 2].

Proposals on the assessment of the stability of slopes
and the use of geotechnical information modeling
technology, in particular, are devoted to the articles
Vynnykov Yu., Kharchenko A., Yagolnik A. and
Lystopad S. [3].

The analysis of the most common damage of brick,
reinforced concrete, and wooden fencing structures of
buildings from the impact of moisture is analyzed in the
work of Semko A., Mahas N., Mishchenko A. and
Mishchenko R. [4].

The consolidation of findings (catacomb) and moni-
toring issues in the performance of work is devoted to
the work of Mytynskyi V., Chepelev V. etc. [5].

Definition of unsolved aspects of the problem

There are many and relatively few ancient dungeons,
many of which have not been studied or even identified.
Such objects become known only after their partial col-
lapse and the formation of a gap in the territories. It
should be noted that identifying the underground struc-
ture - is only part of the troublesome work. The main
task is to explore and save the monument.

However, there are significant difficulties in main-
taining such objects. Most of them are located on
slopes, which are periodically exposed to landslides.
Funds for their research are not provided either by state
programs or local budgets. Such structures are usually
left for gradual destruction. Domestic legislation does
not contain materials on the study, preservation, and
use of such complexes and structures.

Problem statement

Therefore, the purpose of the work is to identify and
summarize information on cave complexes and under-
ground premises of historical significance in the Cher-
nihiv region and develop methods for their examination
and preservation measures.

Basic material and results

Among the underground sacred structures are tombs
(burial chambers or crypts with a ritual chapel); temples
(underground structures of various shapes and large ar-
eas, large-section chambers, containing an altar and a
place for believers); monasteries (housing for the serv-
ants of the cult and believers in the temple or separately
from it) and complexes of sacred structures, combining
these objects in a single underground space. Saint An-
thony in Chernihiv are well known, and although there

are many more studies to come, the results of the work
are constantly published. However, in the territory of
both Chernihiv and Chernihiv there are still many un-
derground structures, little or no explored and in poor,
and sometimes destroyed condition.

So about the dungeons of the Yelets Monastery in
Chernihiv information is quite small, and all of them
are in an emergency condition and access to them is
closed. In addition to the underground structures of the
Ilyinsky and Yeletsky monasteries in Chernihiv, there
are many other cave complexes and underground struc-
tures: "Siveryanski" and "Onufriyevsky" caves, secret
underground passages and dungeons of Chernihiv Deti-
nets, which, unfortunately, have not yet been explored.
Much is unknown about the Baturinese underground
passages. There are some publications about the cave
complexes of Lyubech, but archaeological research on
these complexes is not completed.

Numerous sinkholes that occur in various sections of
the old Sednev and some records of underground gal-
leries and cellars also remained unexplored. After the
formation of the precipice in 2002, underground tun-
nels and premises (some 4 m high) were discovered
near the All Saints Church in Nizhin, with an area of
about 200 m?. In 2021, during the reconstruction of
Gogolya Street, the basement of the former building of
the noble assembly at the end of XVIII was discovered
while observing the laying of a drainage well (Fig. 1).

There are no publications about the cave structures in
Sribne village, and no results of cave research on the
outskirts of Polonky village, on the bank of the Uday
River have been printed. There is evidence of ancient
underground structures in the village of Saltykova
Divytsia, Kulykivsky district, an underground passage
in the village of Sokoryntsi in the Sribnyanshchyna,
and the underground of the former manor in the village
of Petrusheno. Archaeologist V. Rudenok in his works
mentions underground passages and underground
structures in the central part of Sosnytsia; on the shore
of the Seym river in the village of Osich, Bakhmach
district; in the village of Ladan, Pryluts'kyi district; the
village of Irzhavets, Ichnia district. In addition to this
list, there are many other ancient dungeons, most of
which are not investigated and not detected, such ob-
jects become known only after their partial collapse and
the formation of a gap in the territories.

The caves are divided into those that have a natural
origin and were partially modified by man for certain
purposes, and those that from beginning to end were
created by man for a certain purpose of their use.
Underground structures, except caves, can be attributed
to galleries, underground passages, premises, churches,
tombs, crypts, root cellars, and cellars.

Underground complexes are located in difficult engi-
neering and geological conditions, which are caused
by: the location in landslide and landslide zones; the
presence of significant masses of cover soot rocks ca-
pable of erosion; the placement of underground prem-
ises in the ground massifs with different physical and
mechanical properties; the presence of aquifers above
and below the layers containing the caves.
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The preservation of underground complexes requires
large-scale, labor-intensive, and extremely complex en-
gineering works, usually consisting of ensuring the
general stability of the slopes; observance of optimal
operating conditions; regulating the humidity, both in-
side the premises and the soil environment; control of
man-made load [6].

Figure 1 — Dungeons in Nizhyn:
a — failure to the underground premises
https://cutt.ly/pXahO6K;
b — one of the underground premises
https://cutt.ly/2XahS7v;
c- GPR control https://cutt.ly/bNmMMhv

The main factors of influence the state of cave objects
can be attributed to:

- waterlogging of the soil massif;

- violation of temperature and humidity conditions;

- technogenic load on the surrounding area.

Particular attention should be paid to the operating
conditions of these facilities. For example, during ob-
servations of the microclimate of the Antoniev caves, it
was found that the air temperature in them ranges from
7.6 to 13.3 degrees, and the relative humidity of the air
during the year varies between 75% and 100% (mainly
varies from 86% to 95%).

Temporary wooden fasteners were used in various re-
pair and restoration works, which are replaced with per-
manent reinforced concrete or metal fasteners, if neces-
sary, after completion of the works.

In 1890, one of the galleries was strengthened with
metal arcs, in 1950-1960 repair and conservation works
were carried out with the help of bricks, in 1998-1990
an arched fastener made of metal was used, in 1992 the
entrance opening was strengthened by metal-rein-
forced-concrete structures, in 1993 metal-brick fasten-
ers were installed at emergency sites (fig. 2).

Figure 2 — Metal fasteners of Saint Anthony Caves:
a — Photo from the archive of Viktor Koshmal
https://cutt.ly/L.XahJ60;
b, ¢ — https://cutt.ly/9Nm24bk
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However, it is not always possible to use temporary
wooden elements, sometimes when they are installed
they are joined by a method of cutting, and the struc-
tures crush the walls and vault of the cave, which de-
forms the latter and leads to destruction.

Also, when replacing temporary elements with per-
manent ones, rock crumbling can occur, which some-
times causes emergency situations, and in conditions of
high humidity, the wood quickly deteriorates.

Therefore, during certain restoration works, perma-
nent metal fastenings were immediately used in the
Saint Anthony caves. The measures used to strengthen
metal elements need constant monitoring and updating
of corrosion protection, and such elements distort the
historical appearance of underground structures.

Now there are ways to strengthen damaged structures
under operating conditions of modern composite mate-
rials based on basalt and carbon fibers. An example
of such strengthening is the work of Belov I,
Vabishchevich M. and Dedova O. on the preservation
of the Church of the Nativity of Christ of the Holy Dor-
mition Kyiv-Pechersk Lavra, where composite materi-
als are introduced for reconstruction and restoration [2].

However, this method has been proposed to
strengthen the soil environment, and how it will work
if it is necessary to strengthen underground premises
having brick, metal, and reinforced concrete structures
- a question that still needs to be explored.

In addition to the destruction of cave complexes by
natural factors: destruction caused by soil pressure;
raising and lowering the level of the underground aqui-
fer, etc. - There are also factors directly related to neg-
ative actions of people, in particular: planning of the
territory for construction, laying of communications
and chaotic development, which can lead to an increase
of the load on underground objects, or change the phys-
ical and climatic conditions of underground complexes.

Drilling wells near or even above the facilities destroys
underground structures by bringing moisture from the
surface and upper horizons. Therefore, the detection of
underground structures should be done in non-destruc-
tive ways of research. In modern practice, space and aer-
ial photography materials and georadar techniques are
increasingly being used. They allow you to predetermine
the location and overall plan of an object.

The geological method of exploration of cave com-
plexes is the most technologically advanced and allows
not interfere with the structural elements and soil dur-
ing the execution of works. A georadar is a device that
can do the following functions: forming pulses emitted
by an antenna, processing signals coming from the re-
ceiving antenna, and synchronizing the operation of the
entire system.

To obtain data from different depths, antenna blocks
operating at different frequencies are used.

A decrease in the operating frequency of the antenna
increases the depth of the penetration signal but de-
creases the resolution of the antenna and vice versa.

Therefore, multiple antennas can be used. For exam-
ple, Leica-Geosystems AG (Switzerland) uses two an-
tennas with frequencies of 250 MHz and 700 MHz in
the DS2000 radar.

It should be borne in mind that in the presence of ob-
stacles under the surface of the earth (construction de-
bris, reinforcement, road clothing, etc.), the maximum
depth of research can be reduced. Considering that the
research is mainly conducted in the old parts of the city
which are full of construction debris and layers of pre-
vious years of buildings, the depth of deciphering the
data of the georadar reaches about 5 m.

Another feature is that it is almost impossible to dis-
tinguish on the profile the remains of the walls and the
heat of the collectors [7].

As for the methods of the survey of underground
complexes, in addition to using georadar to detect
voids, currently widely used methods of scanning and
creating 3D images to analyze how underground prem-
ises are located in space. Scientists of NU "Chernihiv
Polytechnic" together with the National Architectural
and Historical Reserve of "Ancient Chernihiv" began
work on creating a 3D model of Saint Anthony Caves
in Chernihiv (Fig. 3).

C

Figure 3 — Scan of Saint Anthony Caves
in Chernihiv:
a— 3D- scanner CR-Scan 01;
b — fragment of the scanned corridor;
¢ — 3D-model of the underground church
of Antoniy Pecherskyi
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In addition, underground complexes can contain var-
ious structural elements: brick masonry, metal, wooden
structures, etc.

Therefore, in addition to methods for determining and
locating underground facilities, it is necessary to assess
the technical condition and level of reliability of such
structures (Fig. 4).

Figure 4 — Visual inspection of the grotto
in the village Sedniv:
a — corresponding member of the Academy
of Construction of Ukraine Bulat V. V.

and the author of the article;
b — the author of the article and Honored Builder
of Ukraine A.I. Sergeev

There are also certain difficulties, taking into account
the imperfections of the existing normative documents
and their absence in certain directions.

However, it should be noted that the correct use of
existing regulatory documents in assessing the tech-
nical condition of underground complexes is an im-
portant factor in their preservation, and the develop-
ment of special regulatory documents for such objects
is a very relevant area.

Given that the structures of underground complexes
are in humid conditions in most cases, special attention
should be paid to the protection of such structures from
excessive humidification.

To do this, it is necessary to understand how certain
designs and materials that were made mainly more than
half a century ago behave, and continue to be used in a
moist environment, experiencing constant moisture.

For this purpose, work was started on the study of wa-
ter absorption of brick materials, because the water ab-
sorption of brick is one of its most important technical

characteristics. Water absorption is directly related to
the strength and ability to withstand the load.

The higher the water absorption rate, the lower the
strength of the structure and consequently the re-
sistance to low temperatures.

The studies were conducted on samples of bricks se-
lected from the brickwork of the beginning of the XX
century and from a brick, which is used at present in
masonry (Fig. 5).

In the course of the study, whole products were used,
without damage.

The results of the water absorption of the products are
presented in Table 1.

After the restoration of structures and materials un-
derground complexes need to be adapted to use, this
will help to preserve and keep them [8].

Most of the underground complexes are in an aban-
doned state and are not used, some buildings are
adapted for museum complexes.

Figure S - Investigation of bricks
on water absorption

An example of the concept of museum complexes, as
well as the organization of engineering support, can be
the museums of Europe, primarily Paris, London, and
Madrid. For example, the Louvre in Paris has a multi-
level underground space with a total area of about 200
thousand m2, and the Musée d'Orsay, despite its loca-
tion underground, with the nearby Seine River, has dry
rooms at a depth of more than 20 m.
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Table 1 — The results of water absorption of bricks

Brick WeighF i.n dry Soak in the bath, h 'Water absorption|
Ne sample condition, by volume,
Name g 1 12 24 48 %

1 375 410 421 422 423 16,8
s 2 473 515 520 521 521 17,9
% 3 449 474 485 486 486 17,7
= 4 410 457 459 460 460 24,8
5 407 441 445 446 446 18,4
o 1 4078 4424 4591 4598 4615 19,9
§ 2 4078 4419 4569 4569 4587 18,8
E 3 4065 4386 4524 4524 4554 18,1
. 1 3099 3562 3584 3584 3607 26,3
_Z: g 2 3211 3529 3557 3562 3585 19,0
2 3 3178 3455 3482 3483 3508 16,3
3 1 2899 3419 3453 3456 3479 30,1
E S 2 2980 3489 3515 3519 3537 28,1
= ° 3 3102 3599 3632 3657 3660 26,8

The modern development of underground space in
such cities as Kyiv, Kharkiv, Lviv, Odesa significantly
lags behind such world cities as London, Montreal,
Osaka, Beijing, Singapore, Tokyo, Shanghai, etc., and
its development in Ukrainian cities is chaotic, without
any plan with insufficient legislative and regulatory
support.

Quite often, historic underground structures are de-
stroyed, and in their places buildings with a maximum
of one or three levels of underground parking are built.
Taking into account recent events and commitments
from developers to build bomb shelters during the con-
struction of new buildings, it is necessary to develop a
comprehensive program for the city with the creation
of an underground environment.

Special attention should be paid to existing under-
ground structures, including them in the general envi-
ronment, and for this, it is necessary to examine and
perform restoration work.

The issue of restoration should take into account the
system "base-foundation - construction”, and for under-
ground complexes, the foundation is the habitat of the
object, the soil not only perceives the load from the
foundation but also creates auxiliary loads on the struc-
tures. The precondition for the loss of bearing capacity
of structures in underground complexes can be not only
cracks or displacement of structures but also the de-
struction of the material.

In the XI - early XX century buildings, the following
types of foundations can be distinguished by design so-
lutions: ribbon, columnar, slab, and piled.

According to the material, it is mainly - brick, stone,
wood, concrete, and reinforced concrete. The solutions
used clay and lime, sometimes with cemyank impuri-
ties (burnt and the ground mixture of ceramic crumbs
and flour) (Fig. 6).

A characteristic feature of the construction equipment
of the Kh-XIII century is the laying of artificially made
ceramic bricks — plinths on lime mortar. In addition to
the decorative effect, the cement solution received also
hydraulic properties.

The metal was used mainly in tightening and beams
of the floor.

Quite often there is no waterproofing in the monu-
ments, as well as the mechanical properties of bulk
soils, within which foundations were arranged without
proper penetration [9].

If the protection of the building from excessive mois-

ture can be done by disconnecting the above-ground
part from the underground by creating insulating barri-
ers, then with underground complexes the difficulty lies
in the fact that they border the entire area with the
ground, and in addition to the use of waterproofing
methods, it is also necessary to create a system for
draining water from the object.
The structures should be subjected to the slightest in-
terference and choose the methods of waterproofing,
which least require the effort of their construction [10].
Such measures may include: the installation of hidden
trenches along the perimeter of the structure separating
the wet soil from the structures; the replacement of bulk
soils, working as filters; organized drainage from struc-
tures, the use of special devices based on magnetic
pulses and changing the direction of surface tension in
the capillaries of the walls.

The methods of strengthening include the expansion
of the sole of the foundation, cementing, silicatization,
strengthening with piles, replacing part of the founda-
tion, or relocation.
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Figure 6 - Research of building solutions:
a — microscope MBS-10, MMU-3

and samples of solutions of the XXI-XX centuries.;

b — a sample of the solution of the house
of the manor Yatskiv, village Nove,
Chernihiv region. (1892);
¢ — photo of the solution under the microscope
(increase of 100 times)

However, it should be borne in mind that such
elements should be considered underground elements-
underground  structures-above-ground  elements.
With mandatory modeling of the stress-strain state of
both the soil environment and structural elements.

The masonry can be restored using MAPET's designs,
in particular the Eco-Pozzolan material, which can ini-
tiate the process of hardening lime much faster than in
the past. Solutions based on this material gain high re-
sistance to the effects of soluble salts a few days after
application. TM MAPETI also uses materials for fixing
sandy soils or soils with low permeability [11].

Conclusions

Thus, the results of the studies have established the
following.

1. Cave complexes and underground premises not
covered by previous works have been identified.

2. The method of scanning and creating 3D images of
cave complexes has been tested.

3. A method of strengthening underground com-
plexes based on the use of composite materials is pro-
posed.

4. A material has been prepared for the use of compo-
site materials in strengthening cave complexes in the
Chernihiv region.

5. The necessity of development of the normative
base on research, preservation, and use of historical un-
derground complexes and constructions has been
proved.
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