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Abstract. This work attempts to show the usefulness of vibrational spectroscopy (i.e.,
FTIR and Raman) in the analysis of major components of the original structure materials of a
heritage monument (Tropaeum Traiani, Adamclisi). The features of materials and indoor
microclimatic variables (i.e., temperature and relative humidity), on the periods of the
monitoring campaigns, were considered. As the conservation must make sure about the
physicochemical and structural aspects of the materials, assessment of the environmental
impact, deterioration processes and characterization of ancient building materials are useful
to understand the chemical evolution in the past, predict the various trends in the future,
choose the suitable restoration methods to preserve their present state, and even to describe
the alteration process of materials and modification through time. The surface of original
structure materials used until present seems not to be affected at major scale by the indoor
microclimate variables. But even high recorded relative humidity levels promote the
occurrence of amorphous calcium carbonate, calcite, aragonite and vaterite highlighted by
vibrational spectroscopy data (i.e., FTIR and Raman), as a first effect, the development of
biological organism can be enhanced, depending on the characteristics of the substrate.
Second, atmospheric pollutants can be dissolved easier in the humidity existing in the porous
material, and lastly, if the waterflow inside the stone is not homogeneous, cracks could
appear due to differences in permeability.

Keywords: ancient monument; non-invasive analysis; FTIR; Raman spectroscopy;
temperature; relative humidity; degradation.

1. INTRODUCTION

Historical and cultural heritage assets are exposed to weather and submitted to
influence of environmental parameters. Physicals, chemicals and biological factors interact
with constitutive materials inducing changes both in its compositional and structural
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characteristics [1]. The decay of rocks and freshly exposed monumental stones is a complex
process in which physical and chemical mechanisms are usually considered the main factors,
it generally starts with alteration processes due to the synergetic action of rain, wind, sunlight
and freezing/thawing cycles. Moreover, the atmospheric pollutants form deposits of particles,
black encrustation and leave secondary reaction products on stone surfaces [2]. The
consequence of these combined actions is a loss of cohesion with dwindling and scaling of
stone material and with general weakening of the superficial structural strength [1-3].

An archeological complex of great significance, one of the most valuable ancient
Roman monuments on the Romanian territory, was discovered at the beginning of the
twentieth century; they are the ruins of the triumphal monument and of the fortress of
Tropaeum Traiani, located in the present locality Adamclisi, Constanta County [4]. It is not
known how long the triumphal monument has been unbroken. It seems that in the second and
third centuries A.D., it suffered degradation caused by earthquakes or human activity. He was
rebuilt in 1974-1977, after one of the hypothetical models of the old monument in ruins; parts
of the original can be found in the museum housed inside it. The monument was rebuilt with a
new technology using a metal structure clad with stone pieces from the same quarry exploited
2000 years ago [5]. All these stages of monument reconstruction are fully presented in papers
published after 1960 [6-10].

The weathering of stone particularly, due to the outdoor/indoor climatic conditions
and to particulate matters, has been studied by qualitative infrared analysis. On the other hand,
the reflection measurements were used to investigate the effects of temperature, relative
humidity (RH), and pollutants on marble. [2, 11-15]. Salt deposits, accretions and weathered
surfaces on stone sculptures and buildings were investigated by IR spectroscopy according to
different studies [16-19]. Calcium oxalate has been investigated as a weathering product
formed by the action of lichens on stone [20]. Other authors have quantitatively measured
calcium oxalate [21] or examined the stability of calcium oxalate hydration states [22] while
determining its potential for protecting underlying stone [23].

Fourier transform infrared spectroscopy (FTIR) is commonly applied to the
characterization of cultural heritage materials. More specifically, the FTIR non-invasive
technique was often used in architectural heritage conservation due to the minimal amount of
sample required and the rapid results of the analysis [24-26]. FTIR spectroscopy is required
not only to exactly characterize the nature of the compounds (e.g., organic/inorganic) from
original materials, but also to obtain precise chemical and physical information about ongoing
changes. Hence, these significant aspects for cultural heritage conservation are essential to
diagnose and to make the decisions on different processes of reconstruction/ rehabilitation/
preservation. [27]. Nowadays new opportunities are offered by ATR imaging spectroscopy as
well. In ancient Rome, “Roman mortar” known as hydraulic materials such as ground
volcanic ash, ceramic debris, and grinding bricks had been widely used in building materials
[23, 28, 29]. FTIR technique as the molecular analysis is presented in an integrated approach
with other analytical techniques including Raman spectroscopy.

Raman spectroscopy has proved to be a reliable technique that not only identifies
carbonates of calcite structure [30], but also the calcium carbonate polymorphs [31, 32], as it
can provide specific fingerprint spectra. There have been attempts to quantify mixtures
containing the three anhydrous polymorphs (calcite, aragonite and vaterite) with successful
application of Raman spectroscopy and X-Ray diffraction on mixture of the calcium
carbonate polymorphs [32, 33]. Moreover, Raman technique allows the detection of hydrated
amorphous and crystalline phases which are considered as precursors for the anhydrous
calcium carbonate polymorphs [30]. The use of Raman analysis provides molecular
characterization, which can aid in the inference of reactions taking place in the studied
medium; in the context of construction materials, this technique can identify both main
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components and trace elements of building stones and cementitious materials in addition to
common nitrates and sulphates and some of their degradation products [34]. On the other
hand, Raman spectroscopy is a non-invasive technique useful for the characterization of
architectural heritage due to its reliable, fast, sensitive, and non-destructive features.
Moreover, both FTIR and Raman spectroscopies, through their different mechanisms and
selection rules, measure different vibrational modes and therefore provide complementary
information on the analyzed materials [24].

As the conservation must make sure about the physicochemical and structural aspects of
the materials, assessment of the environmental impact, deterioration processes and
characterization of ancient building materials are beneficial for scientists or engineers to
understand the chemical evolution in the past, predict the various trends in the future, choose
the suitable restoration methods to preserve their present state, and even to describe the
alteration process of materials and modification through time.

This work attempts to show the usefulness of vibrational spectroscopy (i.e., FTIR and
Raman) in the analysis of major components of the original structure materials of Tropaeum
Traiani, triumphal monument, Adamclisi, Romania. The features of materials and indoor
microclimatic variables (i.e., temperature and relative humidity), on the periods of the
monitoring campaigns, were considered. Spectral results in terms of spatial resolution, data
quality, and chemical information obtained are presented in correlation with microclimatic
data obtained in monitoring campaigns conducted in the period of August 2018 to August
2020. In future studies, the spectral data will be correlated with further elemental analyses
(e.g., XRD, XRF, and ICP-MS) to characterize and estimate the stability of original structure
materials under indoor/outdoor climatic conditions in a well-established period.

2. MATERIALS AND METHODS
2.1. SAMPLING

The monument was imaginary divided into four sections in height so that the collected
samples to be spatial evenly distributed; at same points (Fig. 1) the microclimatic parameters
were also monitored by means of portable devices).

e Restauration hypotheses
IR Existing Roman Stone
mmeExisting Situation before

Figure 1. Tropaeum Traiani (Adamclisi) SV-NE cross-section from restored monument [39]; location of
the sampling and measurement (microclimatic monitoring) points (P1 — P4).
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The samples were collected on the same day and under same conditions (using
disposable gloves, plastic utensils and packaged in plastic bags for further analysis) from the
surface of the original structure. At the level of the four points, both rock and binder / mortar
samples were collected.

It is known that Romans successfully improved on masonry structures the use of
hydraulic lime mortars produced by combining lime with pozzolans [35-37]; hydraulic lime
mortars are made by mixing lime with pozzolans (finely powdered materials which can be
added to lime mortar to increase durability and to provide a positive set’ [38]) or by
developing hydraulic phases through the calcination of silica rich limestone directly quarried
or synthetically mixed [35].

2.2. MICROCLIMATIC VARIABLES RECORDING

The positioning of the microclimate parameters recording devices aimed to measure
the temperature and relative humidity (RH) in same points (Fig. 1) where sampling was
achieved. The data acquisition was made during August 2018 and August 2020, obtaining a
total of approximately 4200 records. Minimum and maximum values of the two variables
measured by mobile device and Weather Station are shown in Tables 5-6 and Figs. 6-10.

The Weather Station PCE-FWS 20 (PCE Instruments UK Ltd) allow to detect with
accuracy wind direction and speed, temperature, relative humidity and rainfall; the main
characteristics, related with the two variables involved in the study were: indoor temperature
range of 0+50°C (0.1°C resolution), relative humidity measuring range of 10+90% (1%
resolution). Data acquisition was achieved with a recording frequency of 10 minutes
continuously during monitoring period.

The mobile device used was a precision hygro-thermo-barometer GFB 200 (GSG
Geologie-Service GmbH, Germany) equipped with Pt1000 temperature and capacitive
polymer humidity sensor: temperature range of -25+70°C (0.1°C resolution), relative
humidity range of 0.0+100.0% (1% resolution). Data acquisition was achieved with a
recording frequency of 40 minutes during daytime.

2.3. FTIR AND RAMAN SPECTROSCOPY

The qualitative composition of stone and binder samples taken was characterized by
vibrational spectroscopy, attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR) and Raman spectroscopy. Spectral investigation of the compounds presents in
the samples was performed by ATR-FTIR using a Vertex 80v spectrometer (Bruker,
Germany), equipped with diamond ATR crystal accessory, for high refractive index bulk
sample. The diamond ATR had a sampling area of approximately 0.5 mm?, and the infrared
spectra were collected at 4 cm™ resolution over 22 scans. The important absorption
frequencies were noted in the range of 1600-400 cm™, as well as the fingerprint region of the
spectra, with a resolution of 0.2 cm™ and 0.1% accuracy (transmittance). Raman spectral data
were recorded with a portable Raman spectrophotometer Xantus-2-Rigaku (A = 1064 nm).
The samples were analyzed in triplicate, without previous treatment, being used the average
spectra.
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3. RESULTS AND DISCUSSION

3.1. INFRARED SPECTRAL ASSAY

FTIR and Raman data for stone slab samples have shown similarities concerning
spectra in the wavenumber range of 4000-400 cm™ and 2000-200 cm™ respectively, with
main spectral features in 1600-400 cm™ range (Tables 1-4, Figures 2-5); the observed peaks
were assigned to different bonds according with their chemical structures.

Table 1. Tentative assignments of significant peaks from FTIR and Raman spectra of construction
materials based on type and year of sampling — point P1.

Sample | Sample Year Wavenumber [cm™] and relative intensity?

type code

FTIR data

Stone P1-a-18 | 2018 [1796/1408/1086/873/800/712/464/443/420/400 wi/s/m/s/wi/s/wiw/wiw
slab P1-a-20 | 2020 [1796/1394/1085/872/712 wi/s/w/s/m

Stone P1-b-18 | 2018 |1639/1415/1054/873/795/780/712/695/517/445/436 | w/m/m/s/w/w/w/w/w/s/s
binder P1-b-20 | 2020 |1414/1068/874/795/712/455/418 s/s/siw/m/wiw
Raman data

Stone P1-a-18 | 2018 [1745/1426/1084/711/273 wi/w/s/w/m

slab P1-a-20 | 2020 [1737/1421/1085/709/276 wi/w/s/w/m

Stone P1-b-18 | 2018 |1947/1418/1304/1204/1084/953/825/693/273 s/w/w/w/m/w/w/w/w
binder P1-b-20 | 2020 [1850/1436/1292/1126/1085/770/710/490/451/230 | w/m/m/w/m/s/s/m/m/m

%(s) strong; (m) medium; (w) weak.

Table 2. Tentative assignments of significant peaks from FTIR and Raman spectra of construction
materials based on type and year of sampling — point P2.

Sample | Sample Year Wavenumber [cm™] and relative intensity?

type code

FTIR data

Stone P2-a-18 | 2018 [1793/1395/872/712/509/459/420/363 wis/s/m/wiwiw/s

slab P2-a-20 | 2020 |1395/1087/872/712/379/361 siw/s/s/wis

Stone P2-b-18 | 2018 3526/3400/1796/1682/1619/1421/1111/1040/873/796/} m/m/w/w/m/s/s/s/s/wiw

binder 781/712/672/600/457/393/380/361 /siwls/m/m/s/s

P2-b-20 | 2020 ]1415/1060/874/795/712/450/376/360 s/s/siw/m/wim/s

Raman data

Stone P2-a-18 | 2018 |1738/1426/1084/711/273 wi/w/s/w/m

slab P2-a-20 | 2020 |1737/1421/1085/709/276 w/w/s/wim
1857/1745/1320/1227/1084/961/944/764/711/584/423) s/wiw/wis/m/m/m/m/w/

Stone P2-b-18 | 2018 273 wim

binder P2-b-20 | 2020 1853/1744/1518/1421/1315/1222/1130/1085/970/780/) s/wiw/wiw/w/wisim/s/s
710/510/441/256 Iwiw/s

4(s) strong; (m) medium; (w) weak.

Typical spectra of calcite-group carbonates include some major absorption bands
between 4000-660 cm™ each of which may be identified with a particular deformational mode
of the carbonate ion. These bands have been related to an out-of-plane bending, an
asymmetric stretching and a planar bending of the carbonate radical [40, 41]. In the spectral
range 1400-1480 cm™, the broad vibrational band can be related to the presence of carbonate
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ion (symmetric stretching mode of carbonate ion); also the present peaks in this spectral range
can be related to amorphous calcium carbonate [35, 42].

The peaks from 1421/1428 cm™ (asymmetric stretching of carbonate radical), intense
peak around 873 cm™ (out-of-plane bending of carbonate radical) and 712 cm™ (planar
bending of carbonate radical) suggests the presence of both calcite and aragonite [35, 43]. The
differences may be partially assigned to modifications involving lattice structure (a change in
the coordination of the metal ion from six-fold in calcite to nine-fold in aragonite) and also to
a change in lattice symmetry [40].

Table 3. Tentative assignments of significant peaks from FTIR and Raman spectra of construction
materials based on type and year of sampling — point P3.

Sample | Sample

Year Wavenumber [cm™] and relative intensity?
type code
FTIR data
Stone P3-a-18 | 2018 [1796/1396/873/712/462/416/390/371 wi/s/s/m/w/w/m/s
slab P3-a-20 | 2020 [1796/1394/872/712/417/376/361 wi/s/s/m/w/m/s
S_tone P3-b-18 | 2018 f13;96/1413/1038/873/796/778/712/695/460/447/385/3 )/;//S/S/S/W/W/ITI/W/S/W/W
binder [ 20 [ 2020 |1415/1064787417997712/252/430/397/3697358 misIsiwim/wiwiwimls
Raman data
Stone P3-a-18 | 2018 |1760/1426/1084/711/283 w/w/s/w/m
slab P3-a-20 | 2020 |1737/1421/1085/709/276 w/wi/s/w/m
1920/1738/1588/1426/1312/1212/1084/945/782/711/6] s/wl/w/w/iwiw/m/m/s/m/
stone | 218 | 2018 f55)53 wim
binder P3-b-20 | 2020 1870/1744/1418/1310/1222/1126/1085/970/780/710/5| s/wiw/wiw/w/s/w/s/m/
82/460/256 wi/s/s

8(s) strong; (m) medium; (w) weak.

Table 4. Tentative assignments of significant peaks from FTIR and Raman spectra of construction
materials based on type and year of sampling — point P4.

Sample | Sample

Year Wavenumber [cm™] and relative intensity?
type code

FTIR data
Stone P4-a-18 | 2018 |2510/1796/1393/872/712/469/439/412/379/357 wiwi/s/s/s/w/w/w/m/s
slab P4-a-20 | 2020 |1796/1396/1074/872/712/449/430/393/371/361 wi/s/m/s/m/w/w/w/m/m
Stone P4-b-18 | 2018 |1795/1415/1062/873/797/780/712/694/452/378/362 | wi/s/s/s/wiwi/s/w/s/m/s
binder P4-b-20 | 2020 [1796/1414/1061/969/873/796/780/712/446/359 wi/s/m/w/s/wiw/m/w/w
Raman data

Stone P4-a-18 | 2018 |1084/711/284 s/w/m

slab P4-a-20 | 2020 |1737/1421/1085/709/276 wiw/s/w/m

Stone pa-b-18 | 2018 %330/1745/1426/1312/1204/1084/936/773/711/416/ S —

binder pa-b-20 | 2020 1870/1744/1428/1310/1222/1126/1085/955/780/710| wiw/w/w/w/w/s/w/s/m/w/
600/441/266 wi/s

¥(s) strong; (m) medium; (w) weak.

The transition is revealed by the appearance of an additional band (1393/1395 cm™, a
symmetric stretching mode characteristic of the carbonate ion but who does not ordinarily
give rise to absorption in spectra of calcite group minerals) and splitting of the planar bending
mode as well as by a shift in the wavenumber position of absorption bands common to both
minerals. However, spectral variations within each group cannot be explained on this basis
since the intra-group coordination remains constant. There are at least six different phases of
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calcium carbonate: three anhydrous crystalline polymorphs (calcite, aragonite and vaterite)
and three hydrated forms (crystalline monohydrate-monohydrocalcite, crystalline
hexahydrate-ikaite, and an amorphous calcium carbonate hydrate) [30, 44, 45]. The physical
properties of the material depend largely on the amount of each polymorph present [45].

The signals around 1395 cm™ suggest the formation of various coordinated
bicarbonate groups which overlap calcium carbonate absorption bands [42, 46]. The presence
of vaterite and calcite can be related with the peaks revealed around 1085 cm™ (medium/weak
signals in FTIR spectra and strong signals in Raman spectra) and 712 cm™ respectively
(medium/strong signals in FTIR and weak signals in Raman spectra) [33, 42, 47, 48]. Intense
signals around 1085 cm™ in Raman spectra also suggest an overlapping of spectral bands due
to the vaterite (1089 cm™), calcite and aragonite (1084 cm™) [33, 41]; also, other studies [30]
point out that a broad signal with a sharp peak with a maximum at 1083 cm™" indicates the
formation of crystalline calcium carbonates and amorphous calcium carbonate. Medium
intensity band from 1074 cm™ (symmetric stretching mode of carbonate ion) can be due to the
presence of strontianite (aragonite group) [40, 47].
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Figure 2. Overlaps of Fourier transform infrared (FTIR) and Raman spectra for construction materials
based on type and year of sampling — point P1: (a), (b) — FTIR spectra; (c), (d) — Raman spectra.

Amorphous calcium carbonate absorption bands can be assigned in the 1500-1400 cm’
! 1100-1000 cm™, 900-800 cm™ and close to 700 cm™ spectral region [35, 41, 48]. The weak
bands around 1796 cm™ and 1745 cm™ can be due to the combination of symmetric C-O
stretching and O-C-O bending vibrational modes [48]. In the FTIR spectra of some of the
stone slab samples (e.g. P1 and P2) also shows a medium/weak intensity band at 1085 cm™
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coincident with the Raman active symmetric C-O stretching mode of the COs* anion in
calcite [48]. The infrared and Raman active vibrations mode of the carbonate ion are also
present at 1408 (asymmetric C-O stretching mode), 872 (COj3 out-of-plane deformation mode)
and 712 cm™ (OCO bending, in-plane deformation mode); calcite combination bands are also
assigned by low intensity bands around 1795 cm™ [48].
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Figure 3. Overlaps of Fourier transform infrared (FTIR) and Raman spectra for construction materials
based on type and year of sampling — point P2: (a), (b) — FTIR spectra; (c), (d) — Raman spectra.

In the Raman spectra of the samples are observed sharp and narrow Raman bands at
1085 cm ™' and 284 cm™' corresponding to calcite [30, 34, 49]. This last peak at 284 cm ™' was
not observed at lower relative humidity, which may be due to an increase in the calcite
crystallinity at higher relative humidity. There are also portlandite signals around 356 cm™".
Raman bands from 709-712 cm™' could correspond to the presence of aragonite [30]. In the
Raman spectra of the sample exposed to high relative humidity (90%) the observed Raman
bands are located at 1085 cm !, 709-711 cm ' and around 280 cm ' (276-284 cm™), the three
of them corresponding to calcite which would mean an increase of the amount and
crystallinity of this phase in the sample [30, 49]. It is therefore possible in solutions saturated
with respect to vaterite that the crystallization rate of calcite becomes predominant; this could
partially explain that at a higher relative humidity values there is a higher precipitation of
calcite compared to the other metastable polymorphic phases. Besides calcite, quartz (a-SiO»,
Raman bands at 460 cm ') and gypsum (Raman bands at 416, 490, 617, 1135 cm™') were
found; the presence of both is common in mortars [34, 49]. As was Lopez-Arce et al. [30]
have mentioned, higher values of relative humidity (75%-90%) gives rise to amorphous
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calcium carbonate and monohydrocalcite, calcite, aragonite and vaterite, faster carbonation
and larger particles sizes with higher crystallinity compared to lower relative humidity (33%-
54%) that gives rise mainly to portlandite and vaterite, slower carbonation and smaller
particle sizes with lower crystallinity.
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Figure 4. Overlaps of Fourier transform infrared (FTIR) and Raman spectra for construction materials
based on type and year of sampling — point P3: (a), (b) — FTIR spectra; (c), (d) — Raman spectra.

In the stone binder FTIR spectra the presence of carbonate minerals overlaps silica /
silicates ones, still being noticed weak intensity bands around 800 cm™ (possibly due to
disordered silica) and 470 cm™ (deformation of tetrahedral SiO, in silica-containing minerals)
[35]. The presence of both calcite minerals and silica-containing minerals absorption bands
suggests that the limestone is composed of calcite crystals and amorphous silica originating
from the diatoms. The main calcium carbonate bands are present at 712, 874 and 1795 cm™.
In addition, Si-O stretching vibrations at 1111, 1054, 1060 and 969 cm™ and a weak single
common band for all samples at 795 cm™; doublet originating from Si-O-Si bending
vibrations that normally appears at 798-779 cm™ is overlapping with the in-plane bending
vibrations of carbonate ion. [35, 50, 51]. The presence of amorphous silica is suggested by the
presence of strong Si-O stretching band near 1050 cm™ that has a recognizable asymmetric
shape from a shoulder near 1200 cm™ [41, 52]. The strong unique absorption band (for
hydrated carbonates this absorption band is split) due to carbonate anion (C-O stretching
vibrations) in the 1550-1350 cm™ region coupled with sharp band in the region of 900-650
cm™ (carbonate bending vibrations), confirm the presence of anhydrous compounds [47, 53];
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the mentioned FTIR spectral features are present for both stone slab (intense bands around
1395, 872 and 712 cm™) and binder (intense bands around 1415, 873 and 712 cm™) samples.
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Figure 5. Overlaps of Fourier transform infrared (FTIR) and Raman spectra for construction materials
based on type and year of sampling — point P4: (a), (b) — FTIR spectra; (c), (d) — Raman spectra

The predominant presence of calcite in the binder could be an argument for
carbonation of the material, but since only the surface was analyzed, this is an expected result.
The first millimeters of even new binders/mortars would carbonate in a relatively young age
hence the old ones could even be completely carbonated. The normal vibrational modes of the
calcite structure are derived by inversion symmetry of the crystal and hence none of the
modes is simultaneously infrared and Raman active [53-55]. In the FTIR spectra of both stone
and binder samples, the out-of-plane bending, the symmetric stretching and the in-plane
bending modes of the carbonate ion group are found active. Besides the first order internal
modes, the combination modes have also been observed. The band positions of the Raman
and infrared active modes of calcite found in limestone match the values of calcite reference
bands [56-59]. The minor shift in positions may be due to the effect of trace metal contents
and natural impurities present in the samples. It is observed from the infrared and Raman
spectra of limestone that the symmetric stretching vibration gives rise to a very strong Raman
band at 1085 cm™, which is normally inactive in infrared but still noticed for P1 and P2 stone
samples as low intensity bands. Also as is pointed out by other studies [60-63] although
fundamental absorptions or vibrations are visualized as intense bands or peaks, the infrared

spectrum is complex due the presence of three types of bands: weak overtone, combination,
and difference bands [61].
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3.2. INDOOR MICROCLIMATIC MONITORING

The monument envelope is continuously exposed to the climatic conditions produced
by the natural environment. It is the outside temperature and humidity (Figs. 6-8, Tables 5-6)
that governs the loss and gain of heat and moisture; as other studies [63, 64] have mention,
the ability of the building/envelope to shield the interior climate against the exterior influence
depends on the location, the architectural design and the materials and thickness of the
structure. The air tightness of the envelope also has a significant influence on the climatic
stability because heat and humidity are exchanged by infiltration of air. A thorough analysis
and understanding of the hygrothermal performance of the envelope is also required to select
the right measures and to understand their consequences.

Table 5. Minimum and maximum values of indoor microclimatic variables (temperature and relative
humidity), recorded by mobile device.

Microclimatic variable Measurement point Time interval for data
PL [ P2 | P3 | P4 acquisition
August 2018%
MIN 22.6 22.8 22.9 23.0 .
(o]
Temperature [°C] MAX 348 351 349 350 Reco:gilggtgseg:;tr}geof 40
Relative humidity [9] |\ gjg ;gi ggg ;jg (09:00 — 19:40, time slot)
August 2020°
MIN 20.4 20.4 28.5 29.6 .
(o]
Temperature [°C] MAX 303 303 304 305 Reco:gilggt:rseg:;ggeof 40
. - MIN 83.0 80.0 80.0 81.0 :
o .00 _ 10
Relative humidity [%] MAX 970 95.0 95.0 96.0 (09:00 — 19:40, time slot)

“Data acquisition: 5-11 August 2018; "Data acquisition: 22-26 August 2020;
MIN, MAX — minimum and maximum value recorded on the monitoring period
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Figure 6. Indoor microclimatic variables recorded — mobile device — for 2018 year: (a) minimum and (b)
maximum temperature, (¢) minimum and (d) maximum relative humidity.
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Figure 7. Indoor microclimatic variables recorded — mobile device — for 2020 year: (a) minimum and (b)
maximum temperature, (¢) minimum and (d) maximum relative humidity.

Table 6. Minimum and maximum values of indoor microclimatic variables (temperature and relative
humidity), recorded by meteorological station.

. L . Time interval for data
Microclimatic variable acquisition

August 2018%

Temperature [°C] m,IANX gii Recording frequency of 10
MIN 75'0 minutes continuously during

Relative humidity [%] MAX 94'0 monitoring period

August 2020°

Temperature [°C] mg\lx gg? Recording frequency of 10
MIN 78.0 minutes continuously during

Relative humidity [%] MAX 96.0 monitoring period

“Data acquisition: 5-11 August 2018; "Data acquisition: 22-26 August 2020;
MIN, MAX — minimum and maximum value recorded on the monitoring period

The values of the indoor temperature recorded with the mobile device during the
monitoring period August 2018 indicate a small and constant difference at the level of the
four measurement points: 3.3+3.8°C (variation interval of the minimum temperature) and
4.1+7.0°C (variation interval of maximum temperature). There is also a constant difference
between the maximum and the minimum value (12.0+12.3°C) at the level of each point
during the monitoring (Fig. 9). The values recorded with the weather station are
approximately in the same intervals, 3.4°C (for the minimum value) and 3.5 (for the
maximum value) respectively with a difference of 11.5°C (between the maximum and the
minimum value) at the level of point P4.
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Figure 9. Variation range for maximum and minimum indoor microclimatic variables recorded during
August 2018 monitoring period.

During the monitoring period August 2020, the variation intervals recorded with the
mobile device the indoor temperature at the level of the four measurement points were:
3.7+3.8°C (variation interval of the minimum temperature) and 4.0+4.1°C (variation interval
of maximum temperature). There is also a constant difference (9.9°C) between the maximum
and minimum value at each point during monitoring (Fig. 10). The values recorded with the
weather station are approximately in the same intervals, 2.4°C (for the minimum value) and
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3.5°C (for the maximum value) respectively with a difference of 10.2°C (between the
maximum and the minimum value) at the level of point P4.
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“ Q@@ H
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Figure 10. Variation range for maximum and minimum indoor microclimatic variables recorded during
August 2020 monitoring period

The relative humidity (RH) registered increased values (76.5+94.2%) during the
monitoring period August 2018, variation intervals registered with the mobile device being
between 2.2+4.0% (minimum RH) and respectively 3.5+8.0% (maximum RH); the observed
difference (15.2-16.9%) between the maximum and the minimum of the values recorded
during the monitoring at the level of the four measurement / sampling points is also notable.
Variation intervals in the case of measurements made with the weather station were between
75+78% (minimum RH) and 93+94% (maximum RH), respectively.

During the monitoring carried out in August 2020 with the mobile device, RH also
recorded increased values (80-97%), the variation intervals recorded at the level of
measurement / sampling points being between 5+6% (minimum RH) and respectively 2%
(maximum RH) with a difference of 14+15% between the maximum and minimum of the
registered values. Variation intervals in the case of measurements made with the weather
station were between 78+82% (minimum RH) and 94-96% (maximum RH).

As regards the air RH, in both summer periods the highest values have been found in
the lower and the highest part of the structure (points P1 and P4, respectively). The lowest
values have been recorded in the same middle zone (points P2 and P3), changing in function
of the hour. In the case of the values of the maximum temperature registered in both
monitoring periods, a slightly increasing tendency is observed, the highest value being the one
corresponding to points P4 and P3. It is important in the circumstances of the monument to
consider that monitoring had established that the building had relative little thermal buffering.
Ventilation is often challenging in the context of historic structures: sealing a historic edifice
is both practically impossible and can actually accelerate damage through raising indoor RH;
at the other extreme, draughts created by open doors and windows can be equally deleterious,
as they provide for almost uncontrolled air exchange.

Building materials of cultural/historical monuments such as natural stones like
limestone, investigated in the present study, can undergo, over time, degradation of their
mechanical and petrophysical properties, particularly due to mechanical stress and long-term
environmental conditions. Other studies [65-67] on similar building material have pointed out
that micro-cracks may appear within the stone microstructure leading, under environmental
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cycles, to macro scale decay as scaling or fragmentation. Low-high temperature cycles
together with high constant RH levels can lead to such environmental stresses on stone
exposed surfaces even in case of those protected/enveloped like Tropaeum Traiani monument,
Adamclisi. Limestone degradation is accelerated under high humidity conditions.

It seems to be reasonable to assume a high moisture load of the structure, where
especially unfavorable indoor air humidity conditions must be supposed. Unfortunately, there
are hardly any measured data available for such cases so that it is difficult to decide, whether
the respective specifications of the WTA guideline 6-2 (International Association for Science
and Technology of Building Maintenance and Monument Preservation) or CSN EN 15026
(Hygrothermal performance of building components and building elements-Assessment of
moisture transfer by numerical simulation) are better suited.

4. CONCLUSIONS

The surface of original structure/construction materials used until present seems not to
be affected at major scale by the indoor microclimate variables. But even high relative
humidity levels recorded promote/gives rise to amorphous calcium carbonate, calcite,
aragonite and vaterite highlighted by vibrational spectroscopy data (FTIR and Raman), as a
first effect, the development of biological organism is enhanced, depending on the
characteristics of the substrate. Second, atmospheric pollutants can be dissolved easier in the
humidity existing in the porous material, and lastly, if the waterflow inside the stone is not
homogeneous, cracks could appear due to differences in permeability.

For decades and even more, the indoor climate was not controlled with respect to
conservation. Any object/material holds a memory of previous climate which may have
altered its appearance or reduced its lifetime. No matter how perfectly the future indoor
climate is controlled today, it will not heal the damages of failures in the past. Even a minor
adjustment in climate control will increase the expected lifetime of most cultural and
historical assets or reduce the need for conservation and maintenance. Often, indoor climate
control is a very cost-efficient tool for preventive conservation and furthermore, a better
understanding of the climate requirements will allow for an optimal use of energy.

With respect to the conservation of the original materials, the knowledge of traditional
binder technologies and stone-based materials coupled with the monitoring of local
environmental variables are very important to interpret their origin, time evolution and
perspectives. Nevertheless, investigations of characteristics of traditional mortars/binders
could clarify both preparation technologies of the mixtures and application procedures.
Degradation in the general state of conservation is made worse by interaction with
environmental agents and by interaction with atmospheric pollution and increases with time.
Any plan for conservation treatment on historic and cultural heritage assets must consider the
historical, stylistic-aesthetic, scientific, and technical aspects.
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of supports and coating layers on different substrates applied in biomaterials,
photoelectrochemicals catalysis and cultural heritage .
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