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ABSTRACT

The availability and workability of limestones resulted in their extensive use throughout history for the
construction or decoration of buildings, while their sensitivity to the aggressive environmental conditions
initiated its degradation, leading to a loss of monumental integrity. Belgrade fortress was predominantly
built of Badenian autochthonous corallinacean limestones, called “Leitha limestones” or “Lithotamnium
limestones”. Since they contain red algae (Lithotamnium ramisissimum) fossils, molluscs, snails, sea ur-
chins, corals, bryozoa and foraminifera, as well as clastic components, they are very heterogenous. This
results in an uneven appearance and colout, but also mechanical properties and porosity. The mentioned
features of limestones in conjunction with the influence of external factors - environmental and anthropo-
genic, results in their high degree of degradation. In this paper, the lithological mapping of six fortress gates
dating from 15th to 18th century is shown. This determined the dominant existence of microfacies — grain-
stone and algal rudstone, but also the rare use of impure rudstone. Through field research and later labora-
tory studies, the petrological, chemical, physical and mechanical properties of these stones were examined.
The results were used for the correlation of these features as intrinsic factors of decay with present weath-
ering forms, and environmental influences as extrinsic factors. It enabled us to define the physicochemical
degradation processes of limestone microfacies - cyclic dissolution, wetting/drying and freezing/thawing
over a long period of time, causing the continuous progression of the intensity of decay and resulting in the
present state of the studied limestone, which is in urgent need of conservation.

KEYWORDS: LITHOTAMNIUM (LEITHA) LIMESTONES, BELGRADE FORTRESS, INTRINSIC PROPERTIES,
DEGRADATION, WEATHERING.
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INTRODUCTION

The use of stone in construction is widespread
throughout human history. From the moment of
the extraction from the rock mass to the placing of
the stone in a building, along process of adaptation
to the new environment begins. Physical-chemical
processes that take place on the surface, but also
inside the stone, can manifest themselves after a
short or a very long time. The durability of the
stone is reflected in its ability to resist decay over
time and retain its original size, shape, hardness
and appearance over a longer period of time (Bell
1993: 187-200).

The term “weathering” denotes changes in the
physical-mechanical and chemical properties of
stone under the influence of natural atmospher-
ic agents (Vergés-Belmin 2008: 78). Weathering
rate, on the one hand, depends on the intrinsic
properties of the stone: mineral and chemical
composition, structure and physical-mechanical
properties. On the other hand, the degree and
type of damage depends on the exposure of the
stone to numerous extrinsic factors of the envi-
ronment in which it is located. Within the group
of extrinsic factors that aggressively affect the du-
rability of the stone, the environment in which the
building is located is of primary importance. The
aggressiveness of the environment, regardless of
the lithotype of the built-in stone, depends on the
parameters that are defined as degradation fac-
tors: climatic, i.e., microclimatic parameters and
composition of the atmosphere, with an empha-
sis on the presence of air pollutants, water, flora
and fauna in the environment, effects of natural
hazards (earthquakes, landslides, floods, etc.), but
also equally significant anthropogenic influences.
All these factors act synergistically on the stone
and, depending on the intrinsic properties of the
petrographic type, initiate certain processes of its
weathering (McCabe et al. 2007: 77-86).

The manner in which intrinsic factors affect
the durability of built-in stone is determined by
its petrographic characteristics — mineral and
chemical composition and structure, and then by
its physical-mechanical properties, which are a re-
flection of the structure, texture, characteristics of
the pore network, etc. The structural and textural
heterogeneity of the stone results in its different
reactions to extrinsic factors and, thus, also in dif-

ferent forms of decay (Mckinley et al. 2006: 1-12;
Mckinley and Warke 2007: 950-969; Esbert et al.
2008: 87-95). The susceptibility of the stone to de-
cay over time depends on all the discontinuities
that exist in it, as well as on the heterogeneity in
terms of shape, size and manner of interfusion
of the constituents (Siegesmund and Torok 2014:
11-96), which are, all together, reflected in the po-
rosity of the stone.

Porosity, as a textural parameter of stone, is the
result of depositional and post-depositional pro-
cesses and, as a physical property, it reflects the
volume of pore space in the stone, type of pores
(open/closed), pore size distribution, pore surface,
and their interconnection and connection with
the external environment (Fort 1996: 481-492).
Bearing in mind the importance of the mentioned
data, as well as the fact that porosity conditions
the mechanical properties of the stone and deter-
mines its relationship to water, it is considered that
porosity is a direct indicator of stone’s sensitivity
to physical, chemical and biological decay fac-
tors, even more significant than the mineral and
chemical composition (Ordonez 1996; Esbert et
al. 2008: 87-95).

Water, in any form, has a destructive effect on
stone, by way of the crystallisation of salt or ice,
biological colonisation and/or the process of dis-
solution of mineral components with a simultane-
ous decrease of hardness due to the loss of the co-
hesive bonds between minerals (Benavente 2006;
Bell 2000). The degree of roughness of discontin-
uous stone surfaces (pore walls and microdiscon-
tinuities) directly affects the level of fluid reten-
tion and adhesion of all components introduced
into the stone by that fluid (soluble salts, aerosol,
etc.). Greater roughness of the surface is directly
proportional to a greater solution retention and,
therefore, greater dissolution intensity, as well as
a greater adhesion of all types of plants, from mi-
croorganisms to more complex rooted varieties.
(Tomaselli et al. 2000: 251-258; Prietro and Silva
2005: 206-215; Scardino et al. 2006: 55-60, 2008:
45-53; Korkanc and Savran 2015: 279-294; Miller
etal. 2012: 1-12).

Since the petrographic composition and struc-
ture of every type of stone has its own special
interaction with the extrinsic factors of the envi-
ronment in which it is located and, thus, different
sensitivity to the physical and chemical decom-
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Fig. 1. Position of the gates of Belgrade fortress subject to research (photo from Google Earth version 9.176.0.0 - Web
Assembly, Belgrade, 44°49'30"N 20° 27'40"E, elevation 79 m, [online] available through: https://earth.google.com/web/,
from November 10, 2022, modified by M. Frankovi¢).

position processes, a detailed study of its internal
nature is of extreme importance as a prerequisite
for a correct selection and planning of the conser-
vation treatment.

Among the numerous petrographic types of
stone, limestones are rocks very suitable for ex-
ploitation and processing, which is why a signifi-
cant number of buildings that are protected today
as cultural monuments were built precisely from
these rocks. While the high level of availability and
workability of limestones resulted in them being
abundantly used throughout all epochs of the de-
velopment of civilizational heritage, their sensitiv-
ity to the aggressive environmental conditions, on
the other hand, would initiate the decay process of
the built-in limestone, damaging the integrity of
monuments to a greater or lesser extent.

The subject of this research is the limestone
used for the construction of Belgrade Fortress,

which is categorised as a cultural monument of
exceptional importance for the Republic of Serbia.
Belgrade Fortress is located in Belgrade’s old town,
within Kalemegdan Park, forming a spatial cul-
tural and historic ensemble with it. Because of its
strategically important position on the border, the
tumultuous history of Belgrade Fortress resulted
in richness of cultural and historical layers that
testify to the development of European military
architecture from Antiquity to the end of the 18th
century (Popovi¢ 2006: 335).

Within the architecture of Belgrade Fortress,
its gates are prominent, due to their strategic func-
tion in communication routes within the fortress
and as links with the main roads outside the for-
tress. Today, 26 gates have been preserved within
Belgrade Fortress, dating from different periods
of construction (Vulovi¢ 1972: 157-212). Their
architecture is conditioned by their position and
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function within the fortifications, but also by the
fortification styles that were current at the time of
their construction. Considering the high frequen-
cy of circulation and the prominent placement
within the fortification, aside from the utilitarian
aspect, the gates also have a distinct aesthetic as-
pect. Special attention was paid to the decorative
design of their facades, especially those on main
communication routes and entrances into the
fortified city. Due to the aforementioned features,
the gates of Belgrade Fortress have an exceptional
monumental value today and occupy a prominent
place within the preserved parts of the fortifica-
tion. The desire to preserve their authenticity, both
stylistically and in terms of the materials they were
built with, originated from the need to present
them in a manner which would highlight their
cultural and historical significance.

The aim of the research was to identify the
main degradation processes of the limestone
built into the buildings of Belgrade Fortress and
to examine the role of the intrinsic properties of
limestone on the form and intensity of their deg-
radation. The research included six representative
gates from different periods of construction, dat-
ing from the 15th up to the 18th century: Zindan
Gate, Leopold’s Gate, King Gate, Gate of Karl VI,
Inner Stambol Gate and Dark Gate (Fig. 1).

In all construction phases of the fortification,
mostly Badenian Lithotamnium limestones were
used, the so-called Leitha limestonesl (Pantic¢
1988: 91-102). These are carbonate reef forma-
tions, deposited on the edges of coral reefs of the
warm Pannonian Sea and, as such, represent a
transition zone between coral reefs to non-reefal
coral communities (Wiedl et al. 2013: 232-246).
The former unique reef, which was later divided
into smaller blocks by tectonic movements, ex-
tends from Tagmajdan to the northwest, emerging
on the surface in the Kalemegdan section. These
limestones have been exploited since ancient
times, first at the site of the construction of the
fortress, and later from the quarry of Tasmajdan.
Today, the open profiles of Leitha limestones are
visible at TaSmajdan, where they are massive, on
Kalemegdan, under the monument of The Victor

1 The term “Leitha” comes from the German
name Leitha kalk for the Vienna Basin rocks. They were
named after Leitha Hills, where they were first discovered
and studied.

(Pobednik), in the form of banks, and near Bel-
grade Zoo, above the former Hammam, in the
form of slabs or layers (Stevanovi¢ 1977: 107-162).

Due to the different nature of building organ-
isms and variable participation of the clastic com-
ponent, limestones are heterogeneous in compo-
sition and structure. This heterogeneity, as well
as weak consolidation, are reflected in the physi-
cal-mechanical properties of the stone and affect
the creation of different weathering forms. Ac-
cording to their spatial distribution and intensity,
the most dominant registered weathering forms
are crusts, both white calcite and black gypsum,
followed by scaling, flaking and granular disinte-
gration, which is especially present on newly ex-
posed surfaces following crust detachment. The
weathering processes result in the loss of material
in the forms of backweathering and various forms
of erosion. Depending on the lithotype, erosion
manifests as rounding, loss of matrix, alveolisa-
tion or differential disintegration.

METHODOLOGY

The methodology of examining the intrinsic
properties of the stone consisted of field surveys
of selected gates of Belgrade Fortress with the aim
of identifying the type of rocks (in situ mapping
of the lithology of built-in stone blocks) and lab-
oratory examinations: analyses of petrographic
properties, chemical and X-ray analyses, determi-
nation of pore structure parameters by mercury
intrusion porosimetry (MIP), and testing of phys-
ical and mechanical properties.

Considering the fact that the goal of this re-
search is the understanding of the physical-chem-
ical processes that lead to the degradation of
limestone, samples for laboratory analyses were
selected based on their susceptibility to degra-
dation, i.e. sampling was done on stone blocks
which were already affected by degradation pro-
cesses. This is an important aspect for the inter-
pretation of the results obtained. Samples were
taken from the gates themselves, from blocks
where the stone material had already detached,
in the amount required for the preparation of pe-
trographic thin-sections and a chemical analysis:
eight samples of limestones built into the facades
of the Dark Gate, four samples from the fagade
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Fig. 2. Location of sampling points on facades: a) Southeast facade of the Dark gate; b) Inner Stambol gate (Frankovi¢
2021: 48).

of the King Gate and one sample from both the
Leopold’s Gate and the Inner Stambol Gate (Fig.
2). For the testing of the physical and mechanical
properties, it was necessary to take larger stone
blocks from which the test specimens would be
obtained, and they were selected from the dis-
posal area for stone blocks at Belgrade Fortress.?
Initially, a total of 33 stone blocks were sampled.
Following identification of their petrographic
characteristics, an analogy was made with the
limestones built into the facades of the gates, af-
ter which seven blocks were selected to form test
bodies for the purpose of testing of the physical
and mechanical properties.

The mapping of the lithology of the built-in
stone blocks was carried out by macroscopic ob-
servation of their structural characteristics with
the application of Dunham’s classification (Dun-
ham 1962: 108-121).

The mineralogical-petrographic analysis in-
cluded optical examinations of petrographic
thin-sections on a Leica DMLSP Transmitted
Polarizing Light Microscope connected to a Lei-
ca DFC 290HD digital camera. On the basis of
the obtained results of the petrographic analysis,
a structural/genetic classification of the type of
limestone was carried out using FolK’s classifica-
tion (Folk, 1959: 1-38).

The chemical analyses included complex-
ometric determination of CaO and MgO con-
tent by using 1 M-EDTA complex (Ethylene-

2 At Belgrade Fortress, which has been subject to
continuous renovation for the past few decades, a dispos-
al area for stone blocks used for restoration purposes was
formed. The origin of the blocks is twofold: from the ram-
parts of the fortress that underwent restoration phases or
from archaeological excavations at Belgrade Fortress.

diaminetetraacetic acid), and separation of the
carbonate phase — by using HCI 1:3. For the test,
0.5 g of the test sample was used (if the sample
showed a violent reaction with HCI) or 1 g (if the
sample did not show a reaction). On the basis of
the obtained contents of Ca and Mg oxides, the
contents of CaCO,and MgCO, were recalculated
and the rock type was determined. The content of
organic matter was determined colourimetrically,
by titrating the solution with KMnO, (IN), with
the addition of oxalic acid.

Rock samples where an elevated MgO content
was identified complexometrically, were subjected
to X-ray analyses. The determination of the phase
composition of the limestone samples was per-
formed by means of an X-ray analysis of the pow-
der, with the use of a Philips PW-1710 diffractom-
eter. The samples were analysed in the imaging
range from 50° to 750° 20 by using radiation ob-
tained from a copper anticathode CuKa (1.54178
A). The current was 30 mA and the voltage was 40
kV. Recording was performed at a step of 0.02° 20
(2.45°/min) and a time delay of 0.5 s. The X-ray
analysis of the powder can identify only the phases
that occur in the examined material in amounts
greater than 2%. The analyses were performed in
the Laboratory of Crystallography at the Faculty
of Mining and Geology, University of Belgrade.

Examinations of the physical properties of the
stone were carried out in accordance with stan-
dardised methods (defined by national standards
SRPS EN) with a correction of the number of test
specimens due to the limited amount of sampled
material (tests were performed on four instead
of six samples). The following physical proper-
ties were determined: bulk and real density, open
and total porosity (SRPS EN 1936:2006), water
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absorption at atmospheric pressure — immersion
method (SRPS EN 13755:2009) and capillary wa-
ter absorption (SRPS EN 1925:2009).

In order to determine the parameters of the
pore structure of limestone, the mercury intru-
sion porosimetry (MIP) method was used, carried
out on an AutoPore 9500 device (Micromeritics,
USA), with the maximum applied pressure of
mercury intrusion of 228 MPa in the range of pore
diameter sizes from 150 to 0.005 pm. The measur-
ing was carried out at the Laboratory for Materials
in Cultural Heritage of the Faculty of Technology,
University of Novi Sad. Due to the limited possi-
bilities of the scope of the research, the examina-
tion was only conducted on four samples.

The determination of pulse velocity and ultra-
sonic elastic constants was performed according
to the SRPS B.B8.121:1990 standard. The mea-
surement of pulse velocity of longitudinal and
transverse waves — Vp and Vs was performed on
two samples, on three cube-shaped test bodies (50
+ 5), with previously known values of bulk density
(pb). Measurements were performed on a SONIC
viewer — MODEL 5210 device (reading accuracy
of the smallest time unit 0.10 ps).

The determination of uniaxial compressive
strength (SRPS EN 1926:2010) was performed in
the Laboratory for Stones and Stone Aggregates
of the Highway Institute, Belgrade. The test was
carried out on cube-shaped stone samples (50 £ 5
mm) in a dry state, at a constant pressure increase
of 1 £ 0.5 MPa/s.

RESULTS

During the field lithological mapping of the
fagades, a macroscopic differentiation of the rocks
was carried out on the basis of structural proper-
ties, size of the constituents and dominant type of
allochem (Dunham’s classification), as well as the
colour of the built-in stone. Built-in lithological
types were classified into three limestone facies:
grainstone (Fig. 3a), algal rudstone (Fig. 3c), and
impure rudstone (Fig. 3e). The overall results of
the lithological mapping of the gates show an al-
most equal representation of grainstone and algal
rudstone microfacies. Impure rudstone is rarely
present, suggesting that it might have been used
in the reconstruction phases of the fortress. The
precise lithological determination of the exam-

ined limestones was carried out by means of an
optical analysis of petrographic samples with the
application of FolK’s classification.

Grainstone is the dominant lithotype built into
the fagades of the gates of Belgrade Fortress. These
are bioclastic limestones of arenitic character,
with a medium to densely packed allochem made
of fragments of various microfauna, mainly algal
fragments, foraminifera, shells, gastropods and
other types of organic detritus bound by micro-
sparite and, rarely, sparite orthochem. Aside from
bioclasts, ooids and intraclasts occur in this lime-
stone microfacies, and according to their com-
position, algal biomicrosparites, oobiosparites,
biosparites, intrabiosparites, as well as all transi-
tional forms, can be distinguished. In addition to
the mentioned allochems, the rocks often contain
a terrigenous component in the form of quartz,
mica, feldspar and rock fragments. The size of
the allochem gives the rocks an arenitic character
(Fig. 3b). According to their textural properties,
they are characterised by occasionally noticeable
thin layering, a pronounced difference in the
coarseness of the allochems and regularly present
porosity of the type: intergranular, intragranular,
or mould-type porosity, but also secondary poros-
ity in the form of cracks and cavities.

Algal rudstone is characterised by a porosity
texture with poorly consolidated coarse allochem
— algal fossil fragments with round to nodular
cross-sections, measuring over 2 mm, which give
the rock a rudite character. Bioclasts of other types
of macro- and microfauna are usually intergrown
with the algal fragments, but they are all poorly
consolidated with microsparite to sparite cement,
which affects the high porosity of the type of cav-
ities, channels and cracks (Fig. 3d). Additionally,
primary inter- and intragranular porosity and po-
rosity linked to skeletal growth are also regularly
present. According to the type of allochem pres-
ent, these rocks are characterised as algal biospar-
rudites, rarely biolithites.

Impure rudstones are characterised by an in-
creased content of the terrigenous component
(> 10%), the size of which varies from arenite to
rudite. The identified authigenic constituents, of
sandy to gravelly fractions, are quartz, feldspars,
muscovites, and rock fragments dominated by
quartzites (Fig. 3f).

The results of the chemical characterisation of
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Fig. 3. Limestone microfacies: a) grainstone of the northern facade of the King’s Gate; b) photomicrograph of
grainstone - oval to ellipsoidal forms of algal fragments, with chambers filled with sparry calcite, sample 34 of the
southeast facade of the Dark Gate; c) algal rudstone of the southern facade of the Karl VI Gate with visible algal
macrofauna; d) photomicrograph of algal rudstone - algal skeleton in weakly consolidated rudstone, sample 41 of
the Inner Stambol Gate; e) impure rudstone of the southwest facade of the Dark Gate; f) photomicrograph of coarse
lithoclast with bioclasts of impure rudstone - sample 36 of the southern facade of the Dark Gate (Frankovi¢ 2021: 70,
73,75, 76).

the examined limestones show that chemically pure
limestones, with a carbonate content (CaCO,) of
91.41 % to 96.27 %, dominate among the examined
samples. The content of insoluble residue in the
four tested samples varies from 11.12 % to 23.75 %,

classifying these rocks in the group of sandy lime-
stones (the prefix “sandy” was assigned based on
the results of the optical analysis, which confirmed
the presence of a terrigenous — sandy component).
Only one sample was classified as impure dolomite
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Sample p, (Mg/cm?®) | p (Mg/cm®) | Po (%) | Pt(%) | Ab (%) g /mcz.s_o_s)
Grainstone
S-3 1.88 2.68 / 29.8 11.05 /
34 1.84 2.68 24.30 31.21 11.61 527
37 1.84 2.70 24.69 31.85 13.44 /
42 1.68 2.70 27.84 37.42 16.90 997
1325
43 1.90 2.70 21.17 29.70 11.17
1395
44 1.87 2.70 21.85 30.46 11.68 255
1.83 2.70 23.97 31.74 12.64 500
min 1.68 2.68 21.17 29.70 11.05 255
max 1.90 2.70 27.84 37.42 16.90 997
Stan.Dev. 0.08 0.01 2.64 2.90 2.25
KV 433 0.38 11.03 9.14 17.85
Algal rudstone
Z-1 1.95 2.68 / 28.05 7.39 /
Z-2 1.50 2.59 / 41.00 14.11 /
K-4 1.84 2.71 25.17 32.10 13.60 /
K-5 1.81 2.74 23.60 33.90 13.00 /
K-7 1.94 2.75 20.76 29.50 10.70 /
K-9 1.80 2.74 26.97 34.30 15.13 /
38 1.98 2.72 18.42 27.10 9.29 /
S-1 1.75 2.67 / 3440 12.52 /
S-2 1.82 2.70 / 32.80 11.20 /
41 1.76 2.70 27.96 34.99 15.94 415
8 1.85 2.71 21.90 31.33 11.85 215
11 1.74 2.69 24.08 35.40 13.86 513
15 1.79 2.70 25.83 33.57 14.40 434
23 1.89 2.69 23.57 29.71 12.48 219
1.82 2.70 23.83 3273 12.53 359
min 1.50 2.59 18.42 27.10 7.39 215
max 1.98 275 27.96 41.00 15.94 513
Stan.Dev. 0.12 0.04 2.89 3.54 2.32
KV 6.50 1.44 12.14 10.84 18.52
Key: — mean value; min — minimal measured value; max — maximal measured value; Stand.Dev. —
standard deviation; KV - coefficient of the variation.

Table 1. Physical properties of grainstone and algal rudstone samples (according to Frankovi¢ 2021: 97, 108)

limestone, due to the high presence of MgO, i.e., The presence of dolomite was also confirmed
dolomite mineral (12.72 %). In all the examined by an X-ray analysis. Diffractograms indicate that
samples, the content of organic matter is extremely calcite is the main mineral phase (078-4615; ICDD
low and varies from 0.03 % to 0.08 %. PDF Standard), and that, aside from the presence
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Sample P (%) Vp (ml/g) | PP(m?g) | D(um) | D_(um) | S (%) | D, (um) | S (%)
Grainstone
34 33.12(24.3) 0.189 0.728 1.04 29 31.24 40 9.59
42 35.01 0.205 1.149 0.71 38 20.32 60 7.69
Algal rudstone
41 32.54 0.184 1.127 0.65 40 36.76 60 20.88
8 29.51 0.162 1.219 0.53 18 27.94 50 5.83

Table 2. Parameters of the pore structure for grainstone and algal rudstone samples (according to Frankovi¢ 2021: 100)

Pore volume (%)
Macro-pores D > 0.05 um Meso-pores D = 0.05-0.002 um
Sample
Large pores | Pores Large capillaries Medium capillaries Small capillaries
1000-100 100-10 10-0.05 0.05-0.01 0.01-0.002
Grainstone
34 2.52 58.22 38.40 0.85 0.00
42 3.26 62.09 32.98 1.67 0.00
Algal rudstone
41 6.36 56.81 35.54 1.28 0.00
8 2.92 37.01 58.38 1.68 0.00

Table 3. Volumetric distribution of the pores by their size in the grainstone and algal rudstone samples (according to
Frankovi¢ 2021: 101)

of dolomite (074-7800) in sample 34 and Mg-cal-
cite (089-1304) in sample 37, the rocks regularly
contain quartz (087-2096) and feldspar-albite
(009-0466). 1t is important to point out that the
presence of a small amount of the gypsum mineral
(076-8728) was registered in both samples, which
is certainly a secondary product of limestone deg-
radation.

The results of the physical properties (bulk den-
sity — pb, real density — pr, open porosity — Po, total
porosity — Pt and water absorption — Ab) of the ex-
amined limestone samples are shown in Table 1.

The results of the testing of parameters of the
pore structure using the MIP technique on the
grainstone and algal rudstone samples are ex-
pressed in the values of open porosity (Pom), total
pore surface (PP), mean pore diameter (D), criti-

3 The open porosity value of 33.12% is signifi-
cantly different from the value of 24.3% obtained by the
laboratory test procedure using the immersion method
according to the SRPS EN 1936:2006 standard (all other
samples have close values). The difference is due to the tex-
tural heterogeneity of sample 34.

cal pore diameter (Dc), entry pore diameter (Du),
volumetric content of pores with diameters larger
than the critical diameter (Sc) and larger than the
entry pore diameter (Su), and distribution of de-
fined pore size classes (Tables 2 and 3).

The grainstone samples are characterised by
close values of Pom (33.12 % and 35.01 %, Table
2), PP shows small variations in the examined
samples, i.e., it is slightly higher in sample 42 com-
pared to sample 34, which is consistent with the
size ratio of the mean pore diameter. Differences
are also evident in the pore size distribution, i.e.,
the representation of the defined classes of the
corresponding range of pore diameters (Table
3). The grainstone samples have a unimodal pore
size distribution with a dominant presence of the
10-100 um pore diameter size class and the almost
twice as small presence of the 0.05-10 pm pore
diameter size class (Table 3). The content of large
pores (100-1000 pm) is extremely small (2-3%),
and the content of pores <0.05 pm is almost neg-
ligible (0-2%). The range of variation of Dc values
also shows uniformity in the examined grainstone
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Fig. 4. Curves of capillary water absorption: a) grainstone; b) algal rudstone. (according to Frankovi¢ 2021: 109, 111)

samples (22-50 pum), with an average value of 34
um for all analysed samples.

Algal rudstone samples have close Pom values,
little difference in PP values, and close mean pore
diameter values (Table 2). However, differences
are prominent in the pore size distribution (Table
3). Both samples have a unimodal pore distribu-
tion, but with different modes. While the domi-
nant population of pores in sample 41 has a size of
100-10 pm (56.81 %), sample 8 is in the 10-0.01
pm size class — 58.38 %. Both samples are charac-
terised by a small presence of medium capillaries
and an absence of small capillaries. Despite the
similarity in mean pore diameter values, the size
of the critical pore diameter varies from 50 pm in
sample 41 up to 15 um in sample 8, indicating a
difference in the pore network available for fluid
movement.

The mode and trend of capillary water absorp-
tion are represented by diagrams of the ratio of the
mass of absorbed water per unit area as a function
of the square root of time (Fig. 4). In addition to
the graphical presentation of capillary absorption
curves, the results are also shown by the capillary
absorption rate, expressed by the capillary absorp-
tion coefficient (C) (Table 1). For the sample with
pronounced thin layering (43), test results are
shown in parallel, or perpendicular to the anisot-
ropy plane. Capillary absorption curves, of both
limestone varieties, initially have asymptotic flow
that, after a certain time, passes into a stationary
absorption mode. The capillary uptake curves are
linear, which indicates that the pore network is ho-
mogeneous (Beck et al., 2003: 1151-1162), while
the C values indicate different kinetics of capillary
absorption. The high value of C — 997 g/m?-+%3

in sample 42 indicates extremely fast absorption,
while the values of the other samples vary from
225 to 527 g/m*s%3. In algal rudstone, C varies
from 215 to 513 g/m?*%3 and the curve shows a
slight increase in the last time interval, indicating
the process of extrusion of air trapped in the pores
(Beck et al., 2003: 1151-1162).

Based on the measurement of the velocity of
propagation of longitudinal and transverse waves,
the values of the dynamic elasticity module (Edyn)
and Poisson’s coefficient (udyn) were calculated as
parameters representing the hardness of the porous
stone, especially its internal structure. Grainstone
has ~26% lower propagation values for both types
of waves compared to algal rudstone (Fig. 5). The
difference is twice as great if we compare the mean
values of the dynamic elasticity module, which is
3.19 GN/m? for grainstone, and 6.74 GN/m? for al-
gal rudstone, which is in agreement with the porosity
results of the examined samples (the open porosity
of sample 42 is higher than the open porosity of
sample 8 — see Table 1). The volumetric presence
and pore size did not affect the value of Poisson’s
coefficient, which is 0.35 for both the microfacies.
Based on the results of compressive strength mea-
surements of the selected representative samples, it
is concluded that the grainstone and algal rudstone
samples have low, but similar, uniaxial compres-
sive strength values (7.2 MPa grainstone and 6.35
MPa algal rudstone), which is in agreement with
the close values of other properties such as, for
example, total porosity. It is characteristic for all
tested samples that the fractures were subtle, with-
out any special sounds, and the form of destruction
was along the cracks that intersect the axis of the
sample at an angle.
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Fig. 5. Histograms of the results of measuring the velocity
of longitudinal waves of grainstone and algal rudstone
samples

DISCUSSION

Limestones built into the gates of Belgrade
Fortress show signs of weathering in various in-
dividual decay forms: granular disintegration
and scaling, alveolisation, flaking and splintering,
the appearance of light and black crusts, biolog-
ical colonisation and others. The observation of
the mentioned decay forms and correlation with
petrological and physical-mechanical properties
established the influence of intrinsic factors of
built-in limestone on the representation of indi-
vidual decay forms, without major differences in
the intensity of degradation.

The results of petrological analyses and lith-
ological mapping of stone blocks built into the
facades of the gates at Belgrade Fortress quan-
titatively showed the distribution of limestone
microfacies. From the aspect of the genetic type
of rock, i.e., the dominance of limestone as the
building lithotype used, the gates of the fortress
are petrologically and mineralogically homoge-
neous. From a chemical point of view, the most
common type are pure limestones (CaCO, con-
tent ~95%) and less common impure limestones
with variable CaCO, content (76-89%). Dolomitic
limestones were also identified, rather sporadical-
ly, in which the dolomite component is prominent
(12.72% MgCO,). When it comes to the structure,
however, the heterogeneity of the incorporated
limestones is notable. These are allochemical sed-
iments, classified into three microfacies according
to the ratio, packing and size of allochem: grain-
stone, algal rudstone and impure rudstone.

Although structurally different, the physical
properties of the examined grainstone and algal

rudstone are very similar. According to the val-
ues of the bulk and real density, both varieties
of limestone are medium-heavy rocks, i.e., soft
limestones with a coarse-porous texture. The total
porosity values classify them as extremely porous
rocks. Both limestone lithotypes have almost the
same values of open porosity and mean pore di-
ameter (G-0.9 pm, AR-0.6 pm), very close values
of critical pore diameter (G-34 pm, AR-29 pm),
with the inlet pore diameter in the range of 40-60
pum. The grainstone pore network is homogeneous
with a unimodal pore size distribution, a dominant
class of pores with the size of 10-100 pm (~60%)
and a significant participation of large capillaries
(30-40%). Algal rudstone shows heterogeneity in
the pore structure, with pores and large capillaries
alternating as dominant classes.

According to the pore structure, the examined
lithotypes are characterised by high water ab-
sorption, with a high capacity for capillary water
absorption. Grainstone samples have an average
coefficient of capillary water absorption of 376 g/
m2-s-0.5,4 while in algal rudstone it is 359 g/m2-s-
0.5, which can be defined as a high coefficient of
capillary absorption, and at the same time an in-
dicator of the rock’s susceptibility to decay (Sneth-
lage 2005; Graue et al. 2011: 1799-1822).

A large amount of capillary pores with a un-
imodal character of distribution, as well as the
small difference between total and open porosity
in both lithotypes, indicate a good interconnec-
tion of pores, capable of absorbing and retaining
water and enabling its transport through the inte-
rior of the built-in limestone. Pore size is a crucial
parameter that regulates fluid movement through
the stone pore system. While pore sizes of 1 mm
- 1 pm enable a high degree of water absorption,
pore sizes below 1 um and their interconnections
are considered critical for the stone’s susceptibility
to decay. They enable easy capillary movement of
fluids, and when they are additionally well con-
nected, they facilitate the diffuse movement of
solutions along with a simultaneous increase in
the intensity and surface of stone dissolution. A
high content of capillary pores conditions a larg-
er specific surface, which represents, at the same
time, the surface available for capillary conden-
sation and moisture retention and, thus, the ag-

4 The extreme value of sample 42 was excluded
from the statistical analysis.
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Fig. 6. Differential weathering of the same damage category — manifestation according to structural characteristics of
the microfacies: a) grainstone; b) algal rudstone (Frankovi¢ 2021: 70, 81).

gressive action of all components that enter the
stone with the fluids. Additionally, when it comes
to pores with sizes of 0.1-1 pm, the crystallisation
and hydration pressure of ice and salt represent a
regular destructive factor to the stone (Benaven-
te 2006; Bugani et al 2007: 316-320; Benavente
2011: 41-42). High coefficients of capillary water
absorption indicate the ability of both lithotypes
to absorb water in an amount that enables long-
term moisture retention and consequent dissolu-
tion and migration of soluble salts (Graue et al.
2011: 1799-1822). The overall pore network of the
examined limestones enables unhindered water
circulation and consequent chemical dissolution,
primarily of the orthochem. Therefore, the pore
structure of both lithotypes enables the physical
and chemical decomposition processes to take
place, which led to the present state of the built-in
limestones.

According to their mechanical properties,
both varieties of limestone can be characterised as
soft rocks with a low propagation velocity of ul-
trasonic waves and very low to low compressive
strength. Since it has been proven that the com-
pressive strength of porous limestone decreases
significantly in a water-saturated state compared
to the values in a dry state (Vasarhelyi 2005: 69-
76; Torok and Vasarhelyi 2010: 237-245), and the
pore network of the examined limestones enables
long-term water retention, it can be considered
that the mechanical resistance of the limestones
built into the gates of Belgrade Fortress is very
weak, which makes them sensitive to all types of
physical destruction.

When considering the morphology of the deg-
radation in relation to the lithotype, the petrolog-
ical (structural-textural) influence on the decay
forms is evident in the manifestation of individual
decay forms. Cavities and the presence of coarse
allochem in algal rudstone favours biological
colonisation, as well as the formation of deposits
on surfaces. The higher content of the limonite
component in grainstone, under the influence of
high temperature, causes chromatic changes. The
textural characteristics of the grainstone cause
the detachment of centimetre-thick scales, which
has not been observed in the algal rudstone. The
thickness of the crust corresponds to the differ-
ence in the size and packing of the allochem, the
position of structurally different layers, which fur-
ther affects the movement of the drying and wet-
ting fronts, and the generation of hydration and
crystallisation pressures of salt or ice. All of the
above leads to scaling. Backweathering of grain-
stone occurs with greater intensity precisely due
to scaling, compared to algal rudstone, where it is
a consequence of the crust detachment or splin-
tering. Erosion, in the form of alveolisation and
differential weathering, is a more common char-
acteristic of grainstone. Differential weathering is
a consequence of the existence of areas with hard-
er, firmer and more compact constituents, which
are, thus, more resistant to decay over time. While
this form occurs in grainstone due to the existence
of structurally different layers and/or locally de-
posited secondary calcite, when it comes to algal
rudstone, especially biolithite, Lithotamnium al-
gae remain prominent due to the granular disin-
tegration of softer parts of the limestone (Fig. 6).
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Granular disintegration and flaking mostly
occur with equal intensity and, therefore, in the
same damage categories in both lithotypes. The
different intensity that can occur even within one
block of stone is, on the one hand, a consequence
of the heterogeneous microstructure of the ex-
amined limestone blocks, and on the other, the
intensity of the degradation processes. Granular
disintegration is intense in those parts where the
cement binder has been washed away or mechan-
ical microdamage has occurred due to the action
of hydration and crystallisation pressure, on newly
opened surfaces after the detachment of the sur-
face crust/ scale. In the zones of surface crusts, this
weathering form has not been registered, due to
the compaction of intergranular spaces with dis-
solved calcite and/or gypsum.

In contrast, significant differences in the inten-
sity of individual weathering forms in relation to
the lithotype have not been recorded. The pres-
ence of all damage categories on both lithotypes,
with great similarity of physical-mechanical prop-
erties, generally indicate their equal susceptibility
to weathering processes, while the degree of dam-
age on individual stone blocks is related to their
exposure to extrinsic decay factors.

CONCLUSIONS

Based on everything presented previously,
in the complex mechanism of weathering of the
limestone at Belgrade Fortress, key intrinsic fac-
tors have been identified that enable the physi-
cal-chemical weathering processes to take place.
The carbonate composition, i.e., the presence of
mineral calcite, which is soluble in water and weak
acids, enables the chemical dissolution of lime-
stone. The diagenesis of the studied limestones
caused weak cementation, which results in low
mechanical strength and high porosity. The pore
network allows for an unhindered circulation of
water and the consequent chemical dissolution of
poorly cemented algal rudstone and sparite grain-
stone cement, weakening the stone from within.
Dissolved calcite recrystallises on the surface in
the form of a thin white crust, while black gypsum
crusts form on protected stone blocks, created by
the chemical reaction of calcite with atmospher-
ic pollution. The porosity of the limestone, and
the type and distribution of the pores also allow

for unhindered freeze/thaw cycles, which result
in physical damage in all forms of detachment.
The repeating of dissolution, wetting/drying and
freezing/thawing cycles over a long period of time
causes a continuous progression of the intensity of
decay and the appearance of very prominent dam-
age in various forms of loss of the stone material.
The simultaneous action of the mentioned prin-
cipal decay mechanisms on built-in limestones,
otherwise susceptible to decay, results in the pres-
ent condition and is a clear indicator of the urgent
need for conservation.
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KLJUCNE RECI: LITOTAMNIJSKI (LAJTOVACKI)
KRECNJACI, BEOGRADSKA TVRPAVA, INTRIN-
ZICNA SVOJSTVA, DEGRADACIJA, ATMOSFERSKO
RASPADANJE.

Predmet ovog istrazivanja su litotamnijski
(lajtovacki) kre¢njaci kori$éeni za izgradnju Beo-
gradske tvrdave, koja je kategorisana kao spome-
nik kulture od izuzetnog znacaja za Republiku
Srbiju. IstraZivanje je imalo za cilj identifikaciju
glavnih procesa raspadanja ugradenih kre¢njaka
i ispitivanje uloge intrinzi¢nih svojstava kre¢nja-
ka na formu i intenzitet njihovog raspadanja. Is-
trazivanjem je obuhvaceno $est reprezentativnih
kapija iz razlic¢itih perioda gradnje, datovanih od
XV do XVIII veka: Zindan, Leopoldove, Kralj ka-
pije, kapije Karla VI, unutrasnje Stambol kapije i
Mracne kapije.

Metodologija ispitivanja intrinzi¢nih svojstava
kamena sastojala se od terenskog rekognosciran-
ja odabranih kapija Beogradske tvrdave sa ciljem
identifikacije vrste stena (in situ mapiranja li-
tologije ugradenih kamenih blokova) i laboratori-
jskih ispitivanja: ispitivanja petrografskih karak-
teristika, hemijskih i rendgenskih ispitivanja,
odredivanja parametara porne strukture Zivinim
porozimetrom (MIP), te ispitivanja fizickih i me-
hanickih svojstava.

Rezultati petroloskih analiza i litoloskog mapi-
ranja kamenih blokova ugradenih u fasade kapi-
ja Beogradske tvrdave, kvantitativno su pokazali
distribuciju izdvojenih mikrofacija kre¢njaka. Sa
aspekta genetske vrste stene, odnosno dominacije
kre¢njaka kao ugradenog litotipa, kapije tvrdave
su petroloski i mineraloski homogene. Hemijs-
ki posmatrano, najzastupljeniji su ¢isti kre¢njaci
i manje prisutni necisti kre¢njaci sa varijabilnim
sadrzajem CaCO, (76-89 %). Sasvim sporadi¢no
su identifikovani i dolomitski kre¢njaci u kojima
je markantno uce$¢e dolomitske komponente.
Strukturno posmatrano, medutim, izraZena je
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heterogenost ugradenih kre¢njaka. To su alohemi-
jski sedimenti koji su prema odnosu, pakovanju i
veli¢ini alohema svrstani u tri mikrofacije: grain-
stone, algalni rudstone i neCisti rudstone.

Iako strukturno razli¢iti, fizicka svojstva
ispitivanih grainstone i algalnog rudstone su veoma
slicna. Prema vrednostima prividne i stvarne
zapreminske mase oba varijeteta kre¢njaka su
srednje teske stene, odnosno mekani kre¢njaci
gruboporozne  teksture. Vrednosti ukupne
poroznosti svrstavaju ih u ekstremno porozne
stene. Porna mreza grainstone je homogena
sa unimodalnom distribucijom veli¢ine pora,
dominantnom klasom pora veli¢ine 10-100 pm
(~60 %) i znacajnim uces¢em velikih kapilara (30-
40 %), dok algalni rudstone pokazuje heterogenost
u pornoj strukturi gde se kao dominantne klase
smenjuju pore i velike kapilare. Saglasno pornoj
strukturi, ispitivane litotipove karakterie veliko
upijanje vode, sa velikom sposobnos$c¢u kapilarne
apsorpcije vode. Prema mehanickim svojstvima,
oba varijjeteta kre¢njaka se mogu okarakterisati
kao meke stene sa niskom brzinom prostiranja ul-
trazvu¢nih talasa i vrlo niske do niske ¢vrstoce na
pritisak.

U slozenom mehanizmu raspadanja kreénja-
ka Beogradske tvrdave, identifikovani su klju¢ni
intrinzi¢ni faktori koji omogudéavaju odvijanje
fizicko-hemijskih procesa raspadanja. Karbonatni
sastav, odnosno prisustvo minerala kalcita koji je
rastvorljiv u vodi i slabim kiselinama, omogucava
hemijsko rastvaranje kre¢njaka. Dijageneza ispi-
tivanih kre¢njaka uzrokovala je slabu cementaci-
ju, $to za posledicu ima nisku ¢vrstocu i veliku
poroznost. Porna mreza omogucava nesmetanu
cirkulaciju vode i posledi¢no hemijsko rastvaranje
slabo cementovanog algalnog rudstone i sparitnog
cementa grainstone, slabe¢i kamen iznutra. Rast-
voreni kalcit rekristali$e na povrsini u formi tanke
bele kore, dok se na zasti¢enim kamenim blokov-
ima formiraju crne gipsane kore, nastale hemijs-
kom reakcijom kalcita sa atmosferskim zagaden-
jem. Poroznost kre¢njaka, tip i distribucija pora
omogucavaju i nesmetano odvijanje ciklusa mrzn-
jenja/otapanja koje rezultira fizickim ostecenjima
u svim oblicima odvajanja. Ponavljanje ciklusa
rastvaranja, vlaZenja/su$enja i mrznjenja/otapanja
tokom duzeg vremenskog perioda,
kontinuiranu progresiju intenziteta raspadanja i
pojavu veoma jakih o$teéenja u razli¢itim formama

izaziva

gubitka kamenog materijala. Simultano delovanje
navedenih glavnih mehanizama raspadanja na
ugradene krec¢njake, inace podloZne raspadanju,
rezultira dana$njim stanjem i jasnim indikatorima
urgentne potrebe za konzervacijom.
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