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Abstract. The Alexander Column as a compositional center of the architectural ensemble of Palace Square in Saint
Petersburg, Russia, has always been a matter of concern for both the public and specialists due to progressive deterio-
ration of its granite shaft caused by crack formation. The article examines previous studies related to the inspection and
restoration of the column's shaft and other parts above ground level, as well as reasons for crack initiation and propa-
gation in the column. An analysis was performed on the anomalies in the Fennoscandian Shield and the structural-
tectonic conditions at the Montferrand quarry site, revealing the presence of faults and circular features within the
studied area. The research considers N.Hast's measurements of excess tectonic stresses in anomaly zones (southeastern
Finland), which acted horizontally and resulted in the development of tensile cracks within the granite massif and later
in the column’s shaft after its installation. The most dangerous type of deformation for the Alexander Column is its tilt
in the northeast direction, recorded in 1937 and 2000. The article analyzes the construction features of the column's
foundations and additional underground elements, as well as soil and groundwater characteristics based on archival
data. The contamination history of the underground space is taken into account, and an analogy-based method is used
to assess the engineering-geological and hydrogeological conditions of the underground load-bearing structures within
the placement zone of the Alexander Column and the New Hermitage buildings. The results of visual observations on
the nature of deterioration and deformation of the pavement around the monument, as well as its pedestal, indicating
the development of uneven settlement of the foundation, are presented. The article concludes with general recom-
mendations for organizing and implementing comprehensive monitoring to forecast the deformation dynamics of
the Alexander Column.
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Introduction. Preserving the cultural heritage masterpieces of various countries, including ar-
chitectural and historical monuments in cities, is considered one of the top priorities and essential
tasks of our time [1, 2]. Addressing this global challenge involves engaging specialists from various
fields: architects, restorers, sculptors, builders, biologists, microbiologists, geotechnical engineers,
hydrogeologists, and experts in engineering geology [3, 4].

J.Kerisel (1908-2005), a prominent figure in the French geotechnical school, since 1975,
played a crucial role in establishing and developing the geotechnical approach to studying the long-
term stability and preservation of architectural-historical monuments. In memory of J.Kerisel, re-
gular “Kerisel’s lectures” are organized at almost all international conferences (e.g., International
Conference on Soil Mechanics and Geotechnical Engineering (ISSMGE), 2013, 2017, 2021) [5, 6].
Collaborating with A.Croce, J.Kerisel proposed and chaired the technical committee for preserving
historical landmarks within the International Society for Soil Mechanics, Geotechnical Engineering,
and Foundation Engineering (ISSMGE) [6]. Inspired by J.Kerisel’s initiative, the first international
symposium on engineering geotechnics was organized in Naples in 1996 in honor of A.Croce. Italian
specialists such as R.Jappelli, G.Viggiani, and others have actively contributed to the preservation of
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architectural treasures. Currently, G.Viggiani holds the Chair of the Italian Geotechnical Associa-
tion, which promotes integrating modern geotechnical achievements into the theory and practice of
reconstructing and restoring historical monuments. In Greece, Ch.Tsatsanifos and N.Psarropoulos
have been involved in similar endeavors, including programs for saving the Leaning Tower of Pisa
and a cathedral in Mexico City based on detailed studies of foundation characteristics and changes
in soil-bearing capacity over time.

In Leningrad (now St. Petersburg), efforts to preserve architectural-historical monuments were
led by Professor B.D.Vasiliev, Corresponding Member of the USSR Academy of Sciences
V.A.Florin, and other scientists. Today, this noble tradition continues with Professor V.M. Ulitsky,
General Director of the design institute “Georeconstruction” A.G.Shashkin, and others [7, 8]. No-
tably, researchers from the Department of Hydrogeology and Engineering Geology at St. Petersburg
Mining University have contributed to preserving the architectural heritage of 18th-19th-century
St. Petersburg. In 2013, at J.Viggiani’s invitation, a report was prepared for a symposium in Naples
on ensuring the long-term stability of certain cathedrals in Naples [9].

One of the most significant architectural-historical monuments, listed as part of the world her-
itage, is the Alexander Column located on Palace Square. This monument stands in the historical
center of St. Petersburg, characterized by complex engineering-geological and hydrogeological
conditions. These conditions arise from the presence of a deep buried valley, the development of
weak water-saturated and water-gas-bearing soils, and natural and natural-technogenic processes
such as quick-sand formation, biochemical gas generation, and high corrosion activity of under-
ground components to construction materials. Such conditions require non-trivial approaches to
assessing the long-term stability of the Alexander Column.

The monument was designed by Auguste de Montferrand to commemorate the victory of the
Russian army led by Emperor Alexander | in the War with Napoleon’s France of 1812. According
to one of the main researchers of Montferrand's work, N.P.Nikitin, the Alexander Column is con-
sidered his finest creation [10]. When designing and implementing the project (1829-1834), Mont-
ferrand drew inspiration from four world masterpieces: Trajan's Column (113 AD) and Antoninus
Column (161 AD) in Rome, Pompey's Column (298-303 AD) in Alexandria, and Vendome Column
(1806-1810) in Paris (Fig.1). The architect introduced new proportions between the diameters of

the granite shaft along its height, creating an
" "~ impression of lightness and elegance for the
entire Alexander Column [10].

Despite compositional similarities with its
prototypes, the Alexander Column is grander
and taller — the total height of the column,
including its pedestal and statue, reaches
47.5 m.

Structural features of the above-ground
part of the Alexander Column. Visual analysis
of this architectural-historical monument is
presented in Fig.2. A detailed description of
each fragment is provided in Table 1.

During the construction of the Alexander
Column, Montferrand demonstrated not only

: his talent as an architect and builder but also his

Fig.1. The general appearance of monumental columns . .. . .
from various epochs exceptional organizational skills. Successful in-
1 Alexander; 2 — Vendome; 3 — Trajan's; 4 - Pompey's; 5 - Antoninus [10]  Stallation of the monolithic shaft onto the lower
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pedestal occurred in 1832. Drawing on engi-

neering solutions developed by A.Betancourt i ;

for assembling columns at St. Isaac's Cathedral, % Q Statue of an angel holding
Montferrand improved the system of capstans g - VAR

and blocks. He first erected scaffolding on an G i ricptenicahio
above-ground brick structure since the mass of N yiindricaipedeste]

the granite shaft was comparable to that of six v Capital gz £P3CUS

columns at St. Isaac's Cathedral. Thanks to
these innovations, lifting and installing the
column’s shaft took only 100 min. The event
was so extraordinary and grand for St. Peters-
burg at that time that not only ordinary resi-
dents filled the square and roof of the General
Staff Building but also members of the imperial
family. Upon completing the installation of the
granite shaft, Emperor Nicholas I, addressing
Montferrand, remarked: “Montferrand, you
have immortalized yourself”.

Underground space components at the
base of the Alexander Column. Until now, re-
search on operational reliability of the Alexan-
der Column has been conducted only for its
above-ground part. Evaluating the stability of AL
this architectural monument requires thorough with bronze bas-reliefs
consideration of its underground load-bearing
structures, which include the foundations de-
signed and implemented by A.Montferrand.
Additionally, it is crucial to take into account
the unique engineering-geological and hydro-

Shaft

Granite base F!‘-w i’h,'

., - ¢ e -

Fig.2. Fragments of the above-ground part
of the Alexander Column (from albums by A.Montferrand

geological conditions at the monument's base. with additions by the authors) [10]
Table 1
Characteristics of the fragments of the above-ground part of the Alexander Column
Fragment name Material Height, m Mass, t
Top part:
Cross in the angel’s hands Bronze 6.40 37
Statue of the angle Bronze 4.26
Semispherical top Multilayer masonry (granite, brick, and 2 layers of granite),
faced with bronze
Cylindrical pedestal (upper part) | Brick masonry with bronze facing ~1.34
Abacus Brick masonry with bronze facing
Capital Bronze
Column’s shaft Monolith of granite rapakivi 25.50 612
Pedestal (lower part) 8 blocks of granite rapakivi on a lime mortar 7.62 704
Base (plinth) Monolith of granite rapakivi 2.38
TOTAL 47.50 1353

When justifying place for the construction of the Alexander Column, the architect conducted a
site survey using probing equipment (crowbar). As a result of this survey, a sandy “landmass”, ac-
cording to the terminology of A.Montferrand, was discovered. The authors propose the hypothesis
that Montferrand might have been aware of the original location of the monument to Peter | (designed
by B.C.Rastrelli), which was intended to be installed facing the Winter Palace. This assumption was
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confirmed during the foundation construction
work of the Alexander Column: workers discov-
ered 99 piles and a stone foundation, which was
later dismantled. A pit with a depth of 2 Russian
fathoms (4.26 m) and dimensions of nearly
30x30 m was excavated for the monument [11]. At
the bottom of the pit 1250 pine piles were driven
in, each measuring 3 Russian fathoms (6.4 m) in
length and ranging from 26 to 31 cm in diameter.
The distance between the centers of adjacent piles
reached 70 cm. Once the piles were driven in, the
pit was filled with water, and the tops of the piles
were cut to the level established by the water. Fol-
lowing this, a grillage was laid, consisting of indi-
vidual large granite blocks, each 0.5 m thick and
1.5 m long, arranged in 11 rows with a slight offset
in the shape of a “rigid core”, resembling a trun-
cated pyramid with a top base area of 12x12m
(Fig.3). To reinforce the granite grillage, smaller
granite blocks were laid on all sides using lime-
stone rubble from the Putylov’s Quarry on a lime
mortar. After the foundation for the Alexander
Column was constructed, temporary piles were
driven into the ground surface around the excava-
tion to facilitate the installation of scaffolding and
brickwork. These elements were necessary for the
i 1K subsequent lifting and assembly of the granite shaft
N R (Fig.3) [11]. These piles were not removed, as they
LLLLL DR provided additional stability to the underground
3 The view of e Alexander Colurm with und de part of the monument by reinforcing the soil
19.0. e view of the Alexander Column with undergroun around the foundation framework_
structures (from albums of A.Montferrand) [10] The territory of the Alexander Column is lo-
cated on the slope of a deep buried valley of the
pre-Neva, where a significant thickness of Quaternary deposits, reaching 70 m or more, is observed.
In terms of structural-tectonic features, according to the latest tectonic map of St. Petersburg compiled
by V.A.Yaduta, the territory of Palace Square is located within the zone of development of modern
block-forming faults [12].

The geological-lithological section of the monument's foundation is first shown based on the
data from the borehole N 20, drilled in 1929 by the Trust “Lenkanalizatsiya” near the northwest part
of the Alexander Column fence (Fig.4)".

Borehole N 20 was drilled to a depth of 25.18 meters, revealing a characteristic section for the
historical center of St. Petersburg composed of Quaternary-age sediments (from bottom to top): gla-
cial, lacustrine-glacial, lacustrine-marine, and technogenic (Fig.5).

From an engineering-geological perspective, the exposed soils are characterized as weak, water-
and water-gas-saturated deposits. Sand deposits exhibit fluid properties (quick-sand behavior), while
clay formations are in a quasi-plastic state and tend to thixotropy (similar to the soils previously
studied in the foundation of the General Staff building and the Winter Palace complex) [13, 14].

From Fig.5, it can be seen that the bearing horizon of the pile foundation of the Alexander’s
Column is water-saturated fine-grained gray sands of lacustrine-marine genesis. Below, weak

* Archival data was provided by the Committee for Urban Development and Architecture of St. Petersburg.
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Fig. 4. Layout plan of local sewerage system and geological-hydrogeological wells

1 - reference geological well; 2 — hydrogeological well; 3 — groundwater discharge direction;
4 — position of shallowly laid local sewerage system

clayey layers of lacustrine-glacial origin are traced. Studies of the physical and mechanical properties
of soils in 1929 were not carried out, since there were no laboratories for engineering-geological
study of soils in Russia.

Numerous studies of the historical center of St. Petersburg, conducted by the Department of
Hydrogeology and Engineering Geology at St. Petersburg Mining University, provide evidence of
the formation of a natural-technogenic groundwater regime in the conditions where active drainage
zones are absent within its territory due to the presence of impermeable structures along the em-
bankments of rivers and canals. Additionally, localized areas of inundation are formed due to losses
from the drainage systems, particularly in the vicinity of the Alexander Column, where aged local
sewage networks are present (see Fig.4). Such specifics of the natural-technogenic environment led
to the establishment of a stagnant hydrodynamic groundwater regime and the activation of their
contamination by organic and inorganic compounds of various origins [15, 16].

When assessing the hydrogeological conditions and analyzing the formation of the contemporary
engineering-geological and geotechnical specifics of the underground space within the studied area,
it is essential to consider the historical aspect of its contamination from the 17th to the 21st centuries.
During the pre-Petrine period (prior to 1703), according to cartographic materials from the late 17th
to early 18th centuries, the future Palace Square area was covered by marshes. Their influence in
terms of depth penetration reached up to 30 m or more due to the enrichment of the underlying water-
saturated soils with abiotic and biotic organic matter, including marsh microorganisms of anaerobic
and facultative forms, as well as the byproducts of their metabolism (enzymes, acids, biochemical
gases) [15]. An additional source of contamination to the underground environment in the surveyed
area was the agricultural activities of existing settlements, such as Gavgueva Village, which contrib-
uted to an increase in the concentration of both organic and inorganic pollutants in the subsurface
environment [16].
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Our research experience within the historical center of St. Petersburg demonstrates that sewage
system leaks during the city's operational period lead to an increase in the number and diversity of
microorganism taxa (with 107-108 CFU per 1 ml of wastewater). Additionally, there is an augmenta-
tion in the concentration of proteins, lipids, and carbohydrates, which serve as a nutritive and ener-
getic environment for indigenous microbiota. The inorganic fraction of the wastewater is enriched

£ s E
> |2|&8|38| 8<s Name of the soils and
— (5] L5 D= . -
= E - o L g% S their characteristics
o — =2 © o Q
S | 5|23 82"
& | 2|8 88| °F
| <5
tg IV |1.34]1.34] 1.46 Fill layer
Fine sand, gray, saturated with water
0.66| 2.00[ 0.80 from a depth of 1.70 m
2.10 7
1.5013.50] —0.70 @ Medium-grained sand, gray,
saturated with water
5 P o
s®e
4.4617.96] —5.16 Fine sand, with pebbles, from
ml IV @ a depth of 5.21 m with rare inclusions
| of organic residues, saturated with water
-3
0251821 541 ¥V / Al . .
Dusty loam, gray, moist, stiff
@
5
4.00[12.21 -9.41 [LOB81
¢ Fine sand, gray
3
17
Vv /H7
Ve Vs
17 14
e (V4
" v i
5.75[17.96| -15.16 " ~ |} # Silt sandy loam, gray
aivs &
/s P
/7
o4 | V4
Ig 1 s M7 A
0.50]18.46 ~15.66 /__ [f/_ Dusty loam, gray, moist, stiff
17112017 -17.37[ — Y- — :
et )l Silt sandy loam, gray i
.50{20.67| -17.87 4 .
0.5020.6 8 —£ 24 Dusty loam, brown, with layers of sand
1.96{22.63 —19.83 —
— Dusty clay, varved, brown, moist, stiff
%7
gl |2.55/25.18 —22.38 Dusty loam, gray, dense, semi-hard 4

Schematic image of structural features
of the Alexander Column

Started: 22.10.1929
Finished: 28.10.1929

Well head level: 2.80 m
Overall depth: 25.18 m
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Fig.5. Geological-lithological section of the base of the Alexander Column
(archive data of the Committee for Urban Development and Architecture of St. Petersburg)

with nitrogen, sulfur, and phosphorus compounds [15].

Groundwater sampling within the island part of St. Petersburg, conducted at the Department of
Hydrogeology and Engineering Geology of St. Petersburg Mining University, revealed that a high
content of organic compounds leads to a reduction in the redox potential (Eh) of groundwater to
negative values. This observation is supported by measurements of this parameter in field conditions

from monitoring wells [15].
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The chemical composition of groundwater at Palace Square reflects the intensity, nature, and
duration of subsurface contamination according to the results of well sampling conducted in close
proximity to the Alexander Column (see Fig.4, Table 2).

Table 2

Chemical composition of groundwater within the Palace Square
(archive data of the Trust of Geodetic Works and Engineering Surveys, 2002)

Quantity, mg/dm?®
Components
Well 431 Well 434
Ca?* 160.3 168.3
Mg?* 26.8 55.9
(K+Na)* 21945 2750.8
Sum of cations 2381.5 2975.1
S042 297.8 345.8
Cl 3309.7 4174.7
HCOs 311.2 396.6
CO#? 30.0 36.0
NOs 1.50 1.00
Sum of anions 3950.2 4954.2
Mineral residue 6176.1 7730.9
Total hardness, degree 28.6 36.4
Carbonate 14.3 18.2
Non-carbonate 14.3 18.2
Fe?*+Fe3* Traces Traces
pH 8.67 8.60
Permanganate oxidizability, mgO2/dm? 50 60
Humus 46.0 53.3

Note. Organoleptic properties: opaque, light-yellow color, odorless.

According to the chemical composition, groundwater within the Palace Square is chloride so-
dium. High values of mineralization are noted due to the content of potassium and sodium ions, chlo-
rides and sulfates, which indicates contamination of groundwater by leaks from operating sewer sys-
tems (see Fig.4). A large amount of calcium and magnesium ions is associated with the dissolution
and leaching of alkaline earth elements from underground bearing and enclosing structures of build-
ings of the Palace complex.

Many years of experience in scientific research of the Department of Hydrogeology and Engi-
neering Geology at St. Petersburg Mining University shows that the groundwater composition and
their contamination determine soils state and properties, as well as the formation of dangerous pro-
cesses, mainly due to activity of underground microorganisms that contribute to the formation of
biofilms on the surface of mineral soil particles, including sands and clay deposits. Such films consist
of living and dead cells of microbiota and products of their metabolism, which leads to a decrease in
the angle of internal friction in water-saturated sands, transferring them to a quick-sand state [15].
In addition, due to the activity of microorganisms, biochemical gas formation of hydrogen sulfide
(H2S), methane (CH4), molecular nitrogen (N2), hydrogen (Hz), ammonia (NH3) and carbon dioxide
(CO2) — the product of respiration of microorganisms — is observed, occurring mainly in anaerobic
conditions.

To predict the development and activation of natural and natural-technogenic processes, one
should consider the solubility of gases in water and their aggressiveness towards construction materials.
The deposition of poorly soluble gases, such as CHs, N2 and Hz, in the underground environment leads
to the loosening of soils and the formation of gas-dynamic pressure with a change in the stress-strain
state of the entire soil mass [15]. Well-soluble gases include H2S, NH3 and CO2, among which hydro-
gen sulfide is of the greatest importance, encountered within the section of the historical center of
St. Petersburg to a depth of 25 m, sometimes lower. It poses a danger for various construction materials —
natural stone (primarily carbonate rocks), concrete, reinforced concrete and metals. In addition, CO> is
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aggressive, forming carbonic acid aggressiveness. NHs in the aquatic environment exists as an ammo-
nium ion (NH4"), which contributes to the dispersion of clay soils, as well as has a weak aggressive
effect on concrete.

The specificity of the underground space conditions leads to the development of not only corrosive,
but also biocorrosive processes for underground structures and building materials. The analysis of the
nature and progress of biocorrosion should be based on evaluating the effects of metabolites from mi-
crobiota (enzymes, organic acids, gases), as well as the activity of microorganisms that create biofilms
on the surface of structures and extract missing elements from the crystal lattice of minerals in building
materials by breaking it down [15].

Methodology. A unified methodology, methods and techniques for analyzing the long-term sta-
bility of architectural and historical monuments, their survey, as well as designing reconstruction and
restoration projects for cultural heritage objects, especially in historical areas of megacities have not
been developed yet [7, 14].

The basis for our methodology of assessing the long-term stability of architectural and historical
monuments in St. Petersburg is a conceptual approach to studying underground space as a multi-
component system: dispersed soils that contain underground water, microorganisms, biochemical and
deep-earth gases, as well as underground load-bearing structures. We analyzed the condition and
causes of deformation development in the complex structure of aboveground part of the Alexander
Column, which has been undergoing preservation work since its first years of operation due to cra-
cking in its shaft made of granite-rapakivi. To identify the reasons for its disintegration, we evaluated
the structural-tectonic conditions in Montferrand’s quarries in southeastern Finland, where monoliths
for both the Alexander Column and St. Isaac’s Cathedral columns were extracted. Such an evaluation
has not been done before. For this purpose, we examined the works by Swedish rock mechanic N.Hast
who measured excess tectonic stresses in the upper part of this area’s section on the Fennoscandian
Shield. These stresses caused microcracking development in granites horizontally along the length of
each extracted monolith. We compared tensile strength values of granite-rapakivi samples with ex-
isting tectonic stresses according to N.Hast’s data. It is clear that placing the column vertically led to
gradual opening up tension cracks that were visually observed as vertical or subvertical ones.

We also performed an analysis for the first time on condition of underground structures of the
Alexander Column — its foundation combined with retaining elements under their interaction with a
multi-component underground environment: water-saturated sandy-clay soils, heavily contaminated
underground waters, microorganisms and biochemical gases. We applied an analogy method to assess
the condition of the Alexander Column foundations by comparing it with how underground load-bear-
ing structures were destroyed at the New Hermitage located nearby in similar engineering-geological,
hydrogeological and geoecological conditions. R.E.Dashko supervised studies on condition of under-
ground and aboveground structures of the New Hermitage at the end of the 20th and the beginning of
the 21st centuries. The methodology for analyzing causes of load-bearing structures destruction under
their interaction with multi-component underground space proved to be effective for predicting long-
term stability of various structures, including architectural-historical monuments, their reconstruction
and restoration, as well as for creating a comprehensive monitoring system [17].

Discussion of results. Analysis of aboveground part condition of the Alexander Column. The
Alexander Column was consecrated and officially opened in 1834, but lime runs were already noticed
on the surface of its granite shaft in 1836. After inspecting the shaft of the column, A.Montferrand
concluded that rainwater seeped through holes in the cylindrical (upper) pedestal and washed the lime
solution from brickwork out [18].

In 1838, the first cracks in the granite monolith of the column were recorded. The Commission for
the Construction of St. Isaac’s Cathedral concluded that these cracks resulted from an “optical illusion”
caused by granite-rapakivi’s structure — dark mica clusters forming “stripes”. By 1841, there was a need
for a repeated inspection of the column, based on which the commission recognized the existence of
real cracks, and studied the condition of the granite insert (dimensions 0.31x0.23%0.13 m), installed at
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the end of one of the cracks during the preparation of the monolith for the column shaft [19]. Table 3
describes restoration work done from 1836 to 1841. Despite clear visual signs of cracks forming and
developing on the surface of the shaft, St. Petersburg Gazette N 240 published an article in 1841 with
a semi-official report by the commission that “proved” that “the dark stripes seen on the column ...
are an optical illusion” [19].

Unfortunately, no reliable information exists about research done in the following 20 years, but
restoration work is well documented for eliminating defects in the lower pedestal from 1840 to 1850
(Table 3).

In 1861, Alexander Il established a Committee for Investigating the Damage to the Alexander
Column, which included: from Institute of the Corps of Transport Engineers (now — Emperor Alexan-
der I St. Petersburg State Transport University) — V.D.Evreinov, S.V.Kerbedis and V.P.Sobolevsky;
from Institute of the Corps of Mining Engineers (now — St. Petersburg Mining University) —
G.P.Helmersen; from the Academy of Sciences — E.l.Eikhvald, A.Ya.Kupffer; from the Imperial
St. Petersburg University (now — St. Petersburg State University) — A.A.Voskresensky; architects of
the highest court — K.A. Thon, A.P.Brullov, A.l.Stackenschneider, Y.A.Bosse, as well as A.Montfer-
rand’s former assistant — A.A.Poiraux, who personally participated in the inspection of the column in
1841. The new commission’s members concluded after inspecting the column that the destruction of
its shaft occurred due to cracks forming on its surface, once again contradicting the 1841 research
results [20].

The Mining Institute’s director (1856-1872) — G.P.Helmersen [19] presented a detailed report
on the inspection of the column in 1861. He personally conducted research on the shaft’s fracturing
and assessed its development features: thin hairline cracks ran through the entire shaft’s surface
from the capital to the pedestal’s edge; three crack systems were identified: south-southeastern,
north-northeastern and eastern; besides, on the south-southeastern side where the granite insert was
located, cracks of different lengths and openings were observed; the west-southwestern, western,
north-western and northern sides of the column had fewer cracks and damages than the south-eas-
tern and north-northeastern sides. The most serious defects were on the southern side where the
granite insert was located [19].

Another committee member — Major General V.D.Evreinov noted when inspecting the shaft that
“the set of cracks on both the south-western and north-eastern sides of the column formed a kind of
strip crossing the column from top to bottom”, which could eventually lead to the column’s collapse
due to the displacement of its upper part [20].

The committee members agreed that the shaft’s cracks existed before installing it on the lower
pedestal and were not detected in the first years of monument’s operation because they were skillfully
“plastered”. G.P.Helmersen also suggested that hairline cracks might have existed in granite-
rapakivi’s massif before monolith processing [19]. We will elaborate on this statement further.

Montferrand’s quarries are located in the southeastern part of Finland. The considered area is
associated with anomalous sections of the Fennoscandian Shield (submersion zones) and is charac-
terized by complex structural-tectonic conditions [21], as indicated by the data of the cosmotectonic
map (Fig.6) [22].

The presence of ring structures in combination with faults of different directions within the
quarry’s location determines the level of tectonic stresses [23], which is confirmed by studies carried
out on the Kola Peninsula [24].

As is known, tectonic stresses are most actively manifested in crystalline rocks of the foundations
of ancient platforms and folded belts. In the middle of the 20th century, N.Hast conducted field meas-
urements of horizontal tectonic stresses on the Fennoscandian Shield, which allowed him to establish
the nature of their change with depth z according to the dependence [25]

G: + oy= (19,1 £ 0,1) + (0,099 + 0,003)z.
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Table 3

Restoration work on the Alexander Column in 19-21 centuries [18]

Name of elements Change in element condition

Time and result of inspection

Figure of angel with cross Integrity damage of figure

Hemispherical top Leaching out lime solution from

brickwork by rainwater

Absence of several bolts in the
upper part of the sculpture, non-
tightness of the seams between
cylinder pedestal and capital,
leaks under capital

Cylindrical pedestal (upper)
Abacus
Capital

Column’s shaft Inspecting column for cracks and

assessing hazard of their further
development

Presence of cracks already existing
during column erection established

New plan of restoration work
mapped out based on inspection
of 1880

Increase in number, length and
opening of cracks on the column
shaft noted. Column tilt

Defects in seams, runs on shaft
detected

Appearance of new cracks

Column tilt

Pedestal (lower) _
Base (plinth) _

1963 Figure of angel restored
1991 Inspection carried out
2001-2003 Cracks in bronze figure of angel eliminated

1836 Fixed holes sealed; lime runs on column removed

1991 Inspection carried out

2001-2003 Destroyed brick (about 2.5 t) removed from under ab-
acus bronze coating during reconstruction process. Ventilation
and drainage system created to prevent repeated masonry
moistening

1950 Bolts replaced, damage from shell splinters sealed, seams
on abacus soldered

1963 Lime runs from rainwater leaching out abacus brickwork
removed

1991 Inspection carried out

2001-2003 Cracks and fissures in bronze along with abacus
brickwork restored, ventilation system created

1838 Causes of cracks formation on surface of granite monolith
analyzed

1841 Cracks filled with mastic, old granite insert replaced,
column surface polished

1861-1862 Causes of cracks appearance identified; map of cracks
drawn at a scale 1:14; existing cracks cleared from weathered
granite then filled with Portland cement

1911-1912 Old cracks cleared, filled with Portland cement,
and inserted with blocks (“dropouts”), “stalactite incrustations”
removed from under capital

1935-1937 Geodetic research carried out; displacement from the
column axis in north-east direction reaches 31 mm

1950 Seam between shaft and column base filled, traces of runs
from under abacus removed

1954 Quality of Portland cement in seams around the inserts —
“dropouts” — checked

1963 Scheme of cracks location on the shaft drawn; old granite
inserts strengthened

2000 Geodetic measurements of column vertical position carried
out; deviation from the axis by 65 mm towards the General Staff
building and the Moyka River embankment — Pevchesky Bridge

2001-2003 Some granite inserts in the column replaced; cracks
filled with mastic; column shaft polished

1840-1850 Damaged parts corrected, spalling restored, diverged
seams filled with lead, polishing done
1912 Restoration and polishing of granite elements carried out

1963 Pedestal reliefs and granite elements with lost parts restored

2001-2003 Granite base and pedestal restored; cracks between
blocks of steps and pedestal base eliminated
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explained by the location of the required
monolith between horizontal macrocracks,
which predetermined the initial diameter of A
the column [11]. Such cracks divide the mas- :
sif into layers, forming the so-called structure
of a “layered pie”, according to the termino-

Fig.6. Fragment of the cosmotectonic map
Iogy of M_'A' Ivanc_)v_ [26]' of the north-west of the Russian Plain [22]
Granlte-rapak|V| Samples Were teSted for 1-— tra.nsgressi\/& region§| and local ‘fau|ts7
compressive strength in mid-19th century at 2 ring structures; 3 — island elevations
B . (remnants of the Neogene lacustrine-marine terrace)
the mechanical Iaboratory of Institute of the 4 — island elevations: basement (A) and overlain by N-Q deposits (B)

Corps of Transport Engineers. The maximum
value of compressive strength did not exceed
58 MPa [27]. As is known, the tensile strength
of rock masses is on average 1/10 of compres-
sion, i.e., for the studied granite-rapakivi it does
not exceed 6 MPa.

After the column’s monolith was trans-
ported from the quarry to Palace Square where
it was processed, polished and mounted on a
pedestal, the microcracks in its granite shaft
took a subvertical direction. Under its own
weight, these microcracks transformed into
macrodefects. This process was accelerated by
additional pressure due to the fragments of the
column installed above (see Table 1). Temper-
ature stresses in the polymineral rock, as well
as wind loads contribute to the growth of exist-
ing and appearance of new cracks in the shaft.
The effect of these natural factors on the degra-
dation of granite-rapakivi was described by

c

Fig.7. Scheme of the fracture network of the granite core

G.P.Helmersen [19]. of the Alexander Column (data from M.A.Ivanov):
a — fractures of the south side of the column (1);
In 2021’_ P_rOfeSS(_)r M_'A' Ivan_ov from St. b — fractures of the north side of the column (2);
Petersburg Mining University studied the gran- ¢ — combined projections of a and b.
ite shaft using a binocular and digital imaging_ Cross-sections illustrate the location of the assumed
. fractures inside the column (3).
He created a scheme of fracturing for northern I-1, 1111, 111-111 — selected zones of fracturing:

and southern parts of the Aleksander column A, B, C, D - blocks that divide the column by fractures [26]
and their combined projection (Fig.7) [26].

M.A.Ivanov’s research showed that only vertical and subvertical tensile cracks that existed in situ
in granite-rapakivi massif before extraction continued to develop (Fig.7).

It is necessary to mention the research of St. Petersburg microbiologists who are engaged in
the problem of biogenic weathering of granite-rapakivi architectural monuments in urban conditions
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[28, 29]. Scientists have found that microbial colonization is confined to moist cracks in rocks, while
biomass growth contributes to their opening [30]. The most active biodestructors of granite-rapakivi
are actinomycetes, micromycetes, silicate bacteria, photoautotrophic and diatom algae [31]. However,
clarification is required for presence of these taxa of microorganisms in cracks in the granite shaft and
their activity aimed at accelerating destruction process. Microbiological studies were only done for
monuments the granite of which was in contact with ground or close to it. Microflora reached these
monuments through contaminated paving, precipitation, dust and capillary rise of groundwater that was
shallow (less than 2 m) in the historical center.

Crack formation is not the only problem that specialists face when studying the condition of the
aboveground parts of the Alexander Column. The problem of leaching of lime solution from the brick-
work was solved only at the beginning of the 21st century. In 188 years since the opening of the Alex-
ander Column, numerous surveys of its elements have been conducted by specialists and, at least, nine
cycles of complex restoration works have been performed (Table 3).

As can be seen from Table 3, the last comprehensive studies and restoration works of all above-
ground structures of the monument were carried out in 2001-2003, including acoustic study of the col-
umn’s shaft along its height to determine its condition and resource of the monolithic part [18].

During the visual inspection in 2022, the authors noted the following defects in the granite pedestal
and its base: spalling, cracks, divergence of the granite blocks forming steps in the base, salt efflo-
rescence on the surface, which was recorded as early as the 19th century (Table 3).

Despite the importance of the crack formation problem in the monolithic shaft of the column,
the most alarming, in our opinion, is the tilt of the monument, first recorded in 1937 and amounting
to 31 mm. Repeated geodetic measurements were made more than 60 years later, according to which
the deviation of the column from its vertical axis reached 65 mm (Table 3). According to the meas-
urements, the tilt is directed to the northeast towards Pevchesky Bridge [18]. Based on the results of
observations, the tilt rate was calculated, which was 0.5 mm/year. According to experts dealing with
safety of operation of buildings, including architectural and historical monuments, their reconstruc-
tion and restoration, such a value of tilt rate is considered dangerous. In an interview dedicated to the
condition of the Alexander Column, Honored Architect of Russia R.M.Dayanov noted that in 2003
a calculation was made of the maximum permissible tilt of the column, which was 60 mm. After 2000,
geodetic observations of the column were not carried out.

To assess the permissible value of tilt, we will conduct the following analysis. The Alexander
Column belongs to absolutely rigid structures, whose construction is analogous to smokestacks,
cooling towers and other similar objects. According to the instruction on erection of such structures
(VSN 430-82), deviation of the axis of a pipe from vertical line is allowed for pipes with height
H < 100 m not more than 0.002 times its height provided that this deviation does not exceed 150 mm.
The height of the Alexander Column is 47.5 m, accordingly for it the limit value of deviation is
95 mm. The calculated value requires adjustment — it is necessary to take into account the uniqueness
of this architectural monument and a significant period of its operation. Taking into account the meas-
ured value of deviation of the column from its vertical axis, equal to 65 mm, we can calculate the
existing relative deformation, which is 0.0014 (the ratio of tilt value to height of entire monument).
For ensuring stability of the monument under consideration, the excess of this value needs to be clar-
ified when conducting comprehensive monitoring, including geodetic observations, as well as per-
forming special calculations based on provisions of structural mechanics [32-34].

The current state of the underground part of the Alexander Column. As noted earlier, due to the
lack of complete information on the engineering and geological conditions of the underground space of
the Alexander Column, the method of analogies can be used to assess the current state of its under-
ground structures. This method compares the conditions in the foundation zone of the New Hermitage,
which is in close proximity to the Alexander Column (200 m to the northwest), has identical engineering
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and geological and hydrogeological conditions, as well as a similar history of contamination of the
underground space. R.E.Dashko studied how the foundations of this building were destroyed at the end
of the 20th century. Within the New Hermitage placement zone, there is a presence of contaminated
groundwater related to long-term contamination by sewage; presence in the foundation section of
quick clays, clayey soils characterized by extreme instability, as well as a large amount of hy-
drotroilite, which indicates a reducing environment in the underground space and formation of H»S.
In the course of studies conducted in the courtyards of the New Hermitage, low-soluble gases were
detected, the exhalation was observed in the form of bubbles of different sizes [15]. Such a state of
soils and gas generation are determined by high microbial infection of underground space compo-
nents. It is not considered when surveying architectural and historical monuments and evaluating
corrosion of building materials.

It is especially necessary to dwell on the state of the New Hermitage underground structures,
since its foundation was arranged as a distribution plate made of limestone from the Putilov’s Quarry
and pine wooden sleepers. The same materials were used when arranging the underground part of the
Alexander Column. During inspection, patchy destruction of limestone to a state of dolomite powder
was found. Sleepers were affected by bacteria and micromycetes. On some wooden piles serving as
foundation for bridge crossings near Palace Square, main damage was caused by lignin-degrading
bacteria characteristic for swamp microflora [15]. Most often biocorrosion of wood is expressed in
form of change in its color and structure, easy separation into individual fibers and release of water
when pressed. When dried, such wood takes on a “pseudo-stone-like” appearance due to proteins
(enzymes) that glue fibers [35, 36]. With an average density of pine 0.52 g/cm?®, density of wood
affected by lignin-degrading bacteria did not exceed 0.28 g/cm?, in some cases — lower, which indi-
cates loss of pile function as a bearing structure. It is quite understandable that leaching out carbonate
rocks and lime solution from masonry foundations, as well as destruction of wooden sleepers creates
conditions for development of additional and uneven deformations of underground bearing and en-
closing structures, which together with settlement of foundation soils lead to formation of cracks in
bearing walls of New Hermitage continuing to this day. Obviously, there is a need to study under-
ground bearing structures of the Alexander Column in order to assess their condition and the influence
of foundation destruction on the development of tilt [8, 37].

The possibility of developing a tilt will be determined by the total pressure under the base of the
“rigid core”, taking into account that the pine piles are destroyed by active biocorrosion of wood
within the considered area. In addition, it is necessary to note the eccentricity of the acting load due
to the displacement of the angel figure relative to the center of the hemispherical top in the northeast
direction (see Fig.2), within which the tilt of the Alexander Column is observed. According to the
provisions of soil mechanics, when a load with an eccentricity e < 0.25b (where b is the width of the
foundation) acts, a concentration of contact stresses occurs in the edge zone under the base of the
foundation in the direction of tilt. Stress values exceed more than twice the value of the total pressure
from the aboveground and underground parts of the monument.

The total load from the aboveground part of the Alexander Column is 1353 t (see Table 1).
The mass of the underground part, which is a truncated pyramid (“rigid core™), can be calculated
by the formula

m = Vp,

where V is the volume of a truncated prism, m3; p is the density of granite masonry from separate
slabs, assumed to be equal to 2.2 t/m*;

= %H(Sﬁ 55,+5,),
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H is the height, m (corresponds to the depth of the pit); Si is the area of the pyramid’s upper base,
S1=12x12 m?; Sz is the area of the pyramid’s lower base, S, = 20x20 m?;

v =%.4.26.(12-12+J(12-12)(20-20) +20-20)=1113.28 m’;

m=1113.28 - 2,2 = 2449.22 t.

The pressure from the aboveground part of the Alexander Column and the “rigid core” will be
equal to

P = Mot/ S,

where myt is the total mass of the aboveground part of the Alexander Column (see Table 1) and
“rigid core”;

_ 1353+-2449,22
20-20

Thus, the value of contact stresses under the base of the foundation in its edge part exceeds
0.19 MPa and for weak water-saturated soils will be considered as a force factor that contributes to
the growth of tilt over time.

The development of uneven deformations of underground bearing structures, as well as their
destruction due to physicochemical and biochemical processes, leads to a damage of the paving in-
tegrity on Palace Square in the zone of the Alexander Column influence. According to visual inspec-
tion, both deformations of lifting masonry and its subsidence are observed on the south side of the
monument. At the same time, on the north side, deformations of the pedestal and the staircase facing
are traced in form of divergence and displacement of the steps, which is associated with unevenness
of deformation processes of different signs.

Recommendations for conducting comprehensive monitoring of the Alexander Column. To con-
duct a comprehensive monitoring of the Alexander Column, we need to split the concept into two
parts, each addressing a common challenge: how to ensure the long-term stability of the monument
and how to develop effective and preventive actions to avoid negative outcomes that could put the
architectural heritage at risk.

The first block should include a comprehensive inspection and instrumental observations of
the condition of the aboveground part of the monument. The second block involves the use of low-
impact technologies to study the condition of the underground bearing structures, whose deformation
will largely affect the safety and functioning of the aboveground part, especially the tilt.

The first block should include geophysical and modern geodetic methods of observation.
It seems possible to apply acoustic technologies that are related to “illuminating” the state of all
elements of the column along its height. For the aboveground part, the main attention should be
paid to the shaft, especially the causes of crack formation in it. One of the priority research direc-
tions for assessing the stability of the Alexander Column is to determine the patterns of its tilt
development, which can be done by using 3D observations with terrestrial laser scanning, along
with measuring the deformation of the column and the surrounding area using surface and deep
benchmarks [33, 38-40].

The second block of observations is complicated by the impossibility of conducting standard
engineering-geological and geotechnical studies — drilling and static sounding, as well as using equip-
ment with dynamic impact [7, 8, 41]. The main information can be obtained from the results of elec-
trical tomography, which will reveal some negative aspects of the state of the “rigid core” and under-
ground structures [42-44]. The existing standards for reconstructing and restoring architectural and
historical monuments deem it safe for the object if the works are done at least 30 m away from it on

~9.51tnf/m? ~ 0.095 MPa.
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weak soils [45, 46]. Thus, it is possible to examine the state of piles, which were driven from ground
surface for brick masonry of temporary structures with purpose of installing lifting mechanisms on
them for subsequent installation of the shaft (see Fig.3). Examining such a pile along its full length
using low-impact methods will provide information about the state of wood — pine below level of
contaminated sewage groundwater, as well as identify main taxa of microorganisms from host soils
and water. This will enable us to determine the aggressiveness of microbiota towards the construction
materials of the monument underground part, their role in transforming dispersed soils and the bio-
chemical composition of groundwater, as well as the development processes of gas formation due to
the activity of microorganisms. Developing the concept and content of the monitoring should be con-
sidered as a separate topic of research.

Conclusions

1. Ensuring the safety of operation and long-term stability of the Alexander Column should
be regarded as one of the priority tasks for preserving the architectural and historical monuments
of St. Petersburg.

2. The greatest concern for the preservation of the aboveground part of the Alexander Column
is its granite shaft. The authors believe that the cause of cracking, recorded in the first years after its
installation, is related to the specificity and complexity of the structural-tectonic conditions of the
quarries, located in the areas of the Fennoscandian Shield (southeastern part of Finland), character-
ized by high tectonic stresses in the rocks, that began to be studied by geologists, geophysicists and
rock mechanics of Finland, Sweden, and the USSR only in the 60-70s of the last century. The con-
centration of tectonic stresses is observed on the earth’s surface and increases with depth according
to the regularity obtained by N. Hast. Tectonic stresses lead to the development of tensile stresses in
the massif of granite-rapakivi in situ. The analysis of the factors that induce the cracking of granites
in the body of the Alexander Column is presented.

3. For the first time, the structural features of the underground part of the Alexander Column are
considered and analyzed; a geological-lithological section of the monument base to a depth of 25 m
is given (archive data of the Committee for Urban Development and Architecture of St. Petersburg).
A qualitative analysis of groundwater contamination is given and the history of their pollution over
time is presented. The aggressiveness of groundwater towards construction materials is emphasized,
which was confirmed by the research on the state of underground structures of the Winter Palace
(New Hermitage) complex.

4. Based on the analysis of long-term surveys, including data acquired in the 20th and 21st cen-
turies, a conclusion is drawn about the danger of developing a tilt of the monument in the northeast
direction. The deviation rate of the Alexander Column from the vertical axis is a serious concern, and
the importance of studying its tilt is emphasized. By applying the analogy method with the founda-
tions of the New Hermitage, the direction and causes of degradation processes of underground bear-
ing structures of the Alexander Column are assessed. The tilt of monument is attributed to the eccen-
tric position of the angel figure relative to the top axis, which is supported by calculations of contact
stress concentration in the edge zone under the rigid base grillage.

5. The authors propose recommendations for the content, organization and implementation of
a comprehensive monitoring program for the Alexander Column: inspection and instrumental obser-
vation of the aboveground part of the monument, selection and application of low-impact technolo-
gies for studying underground bearing structures, as well as deformation monitoring, especially the
tilt, which will largely affect stability of the Alexander Column.
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