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SUMMARY

The National Preserve "Sophia of Kyiv" unites a number of landmarks of Ukraine, built in difficult
geotechnical conditions and exposed to the influence of natural and man-made factors. To preserve
them, the Preserve has introduced complex scientific and technical monitoring based on non-
destructive research methods, a systems approach and long-term observation. Monitoring activities
include geodetic, geotechnical, hydrogeological, ecological and structural research and analysis
methods that allow assessing the condition of monuments, predicting deformations and preventing
destruction. The research results are used to develop effective protection measures. The use of
high-precision geodetic methods and structural monitoring has proven to be particularly effective,
allowing us to determine the dynamics of changes and adapt conservation strategies in accordance
with international standards for the protection of cultural heritage.
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Introduction

The National Reserve "Sophia of Kyiv" includes famous architectural landmarks of Kyiv - St. Sophia
Cathedral of the 11th century with an ensemble of nearby buildings of the 18th century, the Golden Gate
of the 11th century, St. Cyril's Church of the 12th century, St. Andrew's Church of the 18th century and the
Sudak Fortress of the 13th-16th centuries, which is located in the temporarily occupied territory in Crimea
(Kukovalska, 2009). All the landmarks were built at different times in difficult soil conditions - on
subsidence soils or on sloping areas exposed to natural and man-made factors, such as rising groundwater
levels, uneven deformations, suffusion and erosion processes, changes in microclimate, vibration, etc.

In accordance with the statutory activities, the main task of the reserve is to study, preserve and protect
monuments and the protected area. This requires monitoring their condition, long-term forecasting of the
development of dangerous situations, and the development of effective protective measures. Separate
geotechnical studies have been carried out by the reserve since the 1960s. Later, new geotechnical methods
were increasingly used in the study of architectural monuments. The results of integrating these
technologies into the research and restoration processes of the reserve's monuments made it possible to
collect and systematize not only technical information, but also to determine the directions and basic
principles of monitoring. They formed the basis of the comprehensive scientific and technical monitoring
of the reserve, which is advanced among museum institutions in European countries.

Method and Theory

The basis for comprehensive monitoring of architectural monuments is based on the following principles:
- Priority use of non-destructive research methods

- Systems approach - consideration of all possible factors affecting the preservation of the object.

- Complexity of research - use of geodetic, geotechnical, hydrogeological, geophysical and other methods
of analysis.

- Duration and continuity of observation - monitoring should be carried out over a long (preferably the
entire life) cycle of the monument.

- Forecasting - development of models of deformation and destruction development for the development of
protective measures.

Based on the analysis, methods of complex monitoring were selected that are directly and practically aimed
at the physical preservation of architectural monuments of the national heritage monuments.

1. Engineering and geodetic methods: a) high-precision leveling - monitoring of subsidence, tilt and
deformation of monument structures; b) use of satellite (GNSS) measurements - assistance in determining
horizontal and vertical displacements; c) laser scanning and photogrammetry - obtaining three-dimensional
models of buildings for a comprehensive analysis of their deformed state.

2. Geotechnical and geophysical methods: a) deformation markers - monitoring the formation of cracks and
changes in the width of their opening using special monitoring stations; b) periodic seismic studies -
conducting measurements using seismic stations both on monuments and in adjacent territories.

3. Engineering and geological methods: a) drilling and laboratory analysis of soils - determination of their
physical and mechanical properties; b) ground penetrating radar studies - identification of underground
voids, communications and soil anomalies.

4. Hydrogeological methods: a) monitoring the level, temperature and chemical composition of
groundwater - assessment of their aggressive impact on the foundations of structures; b) piezometric
observations - study of aquifers; c) hydrodynamic modeling - forecasting the impact of groundwater on the
territory and structures.

5. Environmental monitoring: a) control of atmospheric and microclimatic parameters using meteorological
and microclimatic equipment both inside and outside the monuments (temperature, humidity of air and
structures, lighting level, noise, air quality and speed); b) analysis of biological activity — study of the
microbiological state to protect the monumental painting of Sophia from biological damage

6. Structural monitoring of buildings: a) scheduled inspections of monuments with documentation of their
technical condition (description, photography, diagrams, cartograms); b) thermal imaging inspection to
identify hidden defects, cracks and damp structures in hard-to-reach places.
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7. Modeling: creation of digital models of buildings and structures to analyze their stress-strain state under
the influence of natural and man-made factors, in particular explosive loads in wartime.

8. Information technology and management systems: use of automated sensors and specialized software for
prompt collection and analysis of complex monitoring data.

They are recessed deep benchmarks, observation ground and basement marks on buildings, for which 1-2
measurement cycles are carried out annually.

Examples

1. Engineering and geodetic methods and geotechnical methods. Geodetic leveling networks were created
on the territory of most of the monuments of the reserve in the early 2000s. They are embedded deep
benchmarks, observation ground marks and wall and basement marks on buildings, according to which 1-
2 measurement cycles are made annually. During the emergency repair and restoration works on St.
Andrew's Church and the strengthening of the hill in 2009-2011, geodetic observations were carried out
monthly.

This made it possible to control uneven deformations of the monument, avoid further opening of cracks in
the building, and also increase the spatial rigidity of the structure to avoid tilting of the stylobate part. If on
most monuments of the St. Sophia Cathedral ensemble we observe rather small and uniform deformations
of buildings up to +2 mm over 20-30 years, then on St. Cyril's Church and the Bell Tower of St. Sophia
Cathedral we observe uneven deformations. In the first case, this is due to long-term deformations of
underground passages filled in the 60s of the 20th century, breakthroughs of old water-bearing
communications, the stability of the hill on which the church is located under the influence of geotechnical
processes and vibration loads. In the second case, we believe that the main factor in the occurrence of
uneven deformations of the Bell Tower is the presence of an unstable groundwater level, the presence of
perched water and imperfect drainage from the walls of the structure. Also in 2004-2006, observation
networks were created to monitor the width of the opening of existing cracks. These networks covered the
St. Sophia Cathedral, the Bell Tower, St. Andrew's and St. Cyril's Churches. Marks in the form of small
metal buttons with a recess in the middle for the use of a manual comparator were placed on characteristic
cracks in the walls of the monuments, which made it possible to track the dynamics of development and
seasonal fluctuations in the opening of cracks.

2. Engineering-geological and geophysical methods. All monuments of Kyiv are located in the central part
of the city on the Kiev loess plateau. The thickness of forest soils is 10-12 m. Forest soils, which are very
strong when dry, lose their structural bonds when soaked and can subside (Krutov, 1982). At the same time,
buildings on these soils can be subject to uneven (possibly destructive) deformations, so it is very important
to know the physical-mechanical, deformation and strength characteristics of the soils of the foundation
base. For this purpose, engineering-geological studies are regularly carried out in the reserve, primarily at
sites where repair and restoration work is planned.

3. Hydrogeological methods. To carry out hydrogeological monitoring on the territory of the ensemble of
St. Sophia Cathedral and St. Andrew's Church, a network of piezometric wells was drilled to monitor the
groundwater level (GWL). GWL measurements are taken evenly at least once a month (Saprykin et al.,
2022). At the same time, hydrophysical posts have been set up to study the soil moisture content directly
next to the Cathedral and the Bell Tower. The posts include wells of different depths (1, 2, 3, 4 and 10 m),
into which automatic soil moisture sensors were lowered.

Data from the sensors is sent to the loggers 4 times a day. The temperature of the groundwater and
periodically the chemical composition are measured in all wells. Although the groundwater levels in the
territory of the St. Sophia Cathedral ensemble are quite low — at a depth of 15-17 m, there is a risk of a
rapid rise in the RGS due to the combined influence of natural and man-made factors. This has been
repeatedly observed over a 25-year observation period. Thus, in 2005-2006, the groundwater level rose by
2.9 m in a year in the southwestern part of the territory and almost reached the sole of the forest subsidence
soils. Considering the rapid rate of rise of groundwater in the territory of the ensemble — 5-7 m over the last
100 years (Koklik, 1909), fluctuations of groundwater are not safe for the monuments of the reserve and
require constant monitoring and development of engineering methods of protection of the territory in case
of danger of flooding of loess soils.
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To predict a dangerous situation in the reserve’s security zone, hydrogeological modeling was carried out
on a fairly large territory — about 64 hectares. The initial conditions for the model were taken from the data
of observations of the groundwater level in the reserve’s regime and exploratory wells and archival data of
engineering and geological surveys of almost 100 wells in the adjacent territory. External boundary
conditions are set to I (H=const) or Il (Q=const) kind. In accordance with the adopted schematization, a
series of inverse problems (22 pcs.) of stationary filtration for a single-layer formation on a horizontal
aquiclude was solved. The MODEFLOWS program developed by the US Geological Survey was used for
the solution (Rybin et al., 2017). Modeling made it possible to determine the boundaries of the
hydrogeological protection zone of the reserve, approved by regulations Fig. 1. (Ministry of Culture, Youth
and Sports of Ukraine, 2020).
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Figure 1 Scheme of the hydrogeological protection zone of the National Conservation Area “St.

Sophia of Kyiv”.
4. Also, ground penetrating radar and other studies are conducted in the reserve to detect underground
cavities and passages. In the last 20 years alone, about 10 sinkholes have been observed on the territory of
the St. Sophia Cathedral ensemble, most of them between the Cathedral, the Bursa and the Brotherhood
Building. There were sinkholes up to 5-6 m deep, when entire lilac bushes went underground. Targeted
studies of voids began to be carried out on the territory of St. Sophia at the beginning of the 20th century,
when a group of engineers and architects led by A. Ertel manually explored passages up to 20 m long
(Kukovalska et al., 2018). With the development of geotechnical research methods, it became possible to
study the soil base in more detail and at a lower cost using non-destructive methods. Some of the latest
studies were conducted by the NPK Kurs to study the voids near the Bursa and the Refectory of St. Sophia
Cathedral company). As a result of the research using the DS2000 ground penetrating radar manufactured
by Leica-Geosystems AG (Switzerland) with two antennas with frequencies of 250 MHz and 700 MHz, a
network of disconnected underground passages was discovered, most reminiscent of separate cellars for
storing food and wine in the 17th century. Some of the passages may not have been explored, as they are
located at a considerable depth.
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5. Environmental monitoring. Considering that the reserve is located in the center of the capital, surrounded
by dense urban development and active transport traffic, the monuments of the reserve require careful
microclimate control. Perhaps due to the outdated heating system and the lack of air conditioning, the air
humidity indicators in the cathedral may differ significantly from the standard values recorded by the
automated microclimate system. About 10 years ago, restorers discovered darkened point spots in the lower
part of the walls of the cathedral, sometimes on the painting. Microbiological examination revealed that
these spots are a cluster of a rare type of fungi and bacteria that are very difficult to treat and change color
to a more aggressive one when attempts are made to remove them. Microbiological studies are ongoing at
the level of studying the DNA and RNA of these harmful formations.
6. Structural monitoring. It is carried out on the basis of constant observation and scheduled inspections.
Photographic recording of defects, crack cartograms, comparison and analysis of technical indicators of
structures are carried out, and decisions are made for further operation and, if necessary, repair, restoration
and conservation work.
7. To calculate and analyze the stress-strain state of buildings and analyze the impact of all possible adverse
factors on the structures, digital calculation models of the Cathedral and the Bell Tower were developed.
Such models make it possible to foresee and develop a set of measures to protect monuments.
8. Information technology. In 2019, a project for an automated monitoring system was developed for the
monuments of the St. Sophia Cathedral ensemble to control and quickly respond to all hazardous situations
that may damage the national heritage monuments.
Conclusions
Comprehensive monitoring of monuments built in complex engineering-geological and hydrogeological
conditions requires the use of traditional and new methods, as well as continuous analysis and forecasting
of changes. Modern technologies and a systematic approach allow us to minimize risks and increase the
reliability of architectural structures in unfavorable geological zones. The main influence on the operational
reliability of structures is exerted by natural and man-made processes in the soil base. Over the past decades,
man-made loads on the geological environment have reached significant proportions, which entails
irreversible changes in the main components of the surrounding natural environment. At the same time, it
is undergoing changes due to global climate change. In such conditions, the need to maintain the operational
reliability of architectural and historical objects becomes even more urgent.
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