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Abstract:

Aim of this work is the Baths with Heliocaminus, a special and unique architectural building in the complex of the
Hadrian’s Villa in Tivoli. This research is carried out with a multidisciplinary approach combining physical-mechanical
to petrographic-mineralogical characterization. 30 samples were investigated for composition and physical properties
(density, porosity, water absorption, mechanical strength, particle-size distribution of aggregate, etc.), representative of
eight mortar groups: cubilia mortar, brick bedding mortars, floor-coating and wall-coating bedding mortars, floor
(rudus) and wall conglomerates (trullisatio), vault concretes, plasters (arriccio).

Physical parameters, together microscopic analysis and binder/aggregate ratio determined in three ways using image
analysis (on thin sections and on specimens) and weight-data from dissolution of binder, have shown interesting
relationship between the physical and compositional characteristics and the function of mortars within the structure of
the Heliocaminus baths.

To identification the primary compounds, the reaction phases between binder and aggregate and hydraulic degree, the
samples were analysed also with XRD methodology, thermo-gravimetry (TGA) and differential scanning calorimetry
(DSC). The results highlight a correlation between the pozzolanic characteristics and physical-mechanical properties of

the mortars (i.e., punching strength index).

Keywords: Hadrian's Villa, Binder, Aggregate, Thermal Analysis, XRD Analysis Pozzolanic, Ancient mortars.

1. Introduction

Built close to the area of the Republican residence of the Emperor from the year 118 A.D. (Fig. 1), the baths with
Heliocaminus (Figs. 1, 2) are the oldest spa building of Hadrian's Villa. Its name derives from the identification of the
imposing circular room with Heliocaminus, a particularly warm environment, as well as from sunlight, even from a
traditional system with hypocaust (Mac Donald and Pinto 2006). Recently, this room has been recognized as a sudatio,
for the presence of bakery openings that could supplement the warm derive from the floor and the wall necessary for the
sauna (Salza Prina Ricotti 2000). The hall, covered by a coffered dome with central eye, was equipped with large
windows, now fully collapsed, facing to the south-western side, where are located all the heated rooms of Villa Adriana.
This orientation reflects faithfully the requirements dictated by architect Vitruvio (Pollione 15 BC; Verduchi 1975;
Cicerchia 1985; Giuliani Cairoli 2006). The building with Heliocaminus presents innovative architectural features that

were given by the same Emperor Hadrian (Mac Donald and Pinto 2006). The construction materials such as marble
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coating (Attanasio et al. 2009, 2013; Columbu et al. 2014a; Lapuente et al. 2012; Pensabene et al. 2012), the stone
filling of the curtain walls and the not decorated mosaic in the corridors of floors are rather similar to those used in
other buildings of the Villa and confirms the relevance of the complex to the noble zone (Cagnana 2000; Adam 2006).
For laying all several kind of construction materials several type of aerial and hydraulic mortars were used in Hadrian's
Villa for bedding bricks, cubilia small ashlars, marble slabs and plaster (Fig. 2). The mortars present a variable
composition and hydraulic degree according to their function in building: e.g., for improve the physical-mechanical
strength (i.e., wall structure, foundations, raised floors, etc.) or as waterproofing (i.e., cisterns, etc.). For these reasons,
their use was especially done in medium or high humidity environments such as Roman baths. In hydraulic mortars the
degree of pozzolanicity is conferred by the chemical reaction between glassy acid volcanic aggregates (e.g.,
pyroclastites) or by articial pozzolans (i.e., cocciopesto).

The compositional characteristics of the mortars are fundamental to define the construction phases of ancient building
and to trace the technologies used in the historical periods (Miriello et al. 2010a, 2010b, 2015; Columbu et al. 2015;
Crisci et al. 2001, 2002; De Luca et al., 2013; Maravelaki-Kalaitzaki et al. 2003; Moropoulou et al. 1995, 1999, 2000,
2002, 2003a, 2003b, 2004; Paama et al. 1998; Palomo et al. 2002; Riccardi et al. 1998; Smith and Smith 2009; Vola et
al. 2011), especially when in combination with 3D laser-scan relief methods of the monument structures (Columbu and
Verdiani 2011, 2014; Verdiani and Columbu 2010; Lezzerini et al. 2016).

Also the physical properties (porosity, bulk density, mechanical strength, etc.) are significant for study the alteration
processes (Columbu et al. 2014b) and consequently to address the conservation and restoration interventions (Callebaut
et al. 2001; Moropoulou et al. 2013).

The following paper is a work started by Columbu et al. (2015). It proposes the study of the bedding mortars,
cocciopesto-conglomerates and concretes from Heliocaminus Baths through an archaeometric multidisciplinary
approach characterized by mineralogical-petrographic-physical-mechanical analysis, including particle size of the
aggregate. 30 samples from main sectors of the theater (i.e., tribunalia vaults, cavea tiers, stage walls, vaults, brick walls
of external niches, structure masonry) were analysed.

The analysis are addressed to define the mixture technologies of raw material according to ancient Roman mode and
uses (Miriello et al. 2010; Miriello et al. 2011; Bultrini et al. 2006; Fly et al. 2011; Stanislao et al. 2011; Adriano et al.
2009).

By polarizing microscope analysis the mineralogical composition and petrographic characteristics of mortars were
determined. The petrographic study, together image analysis on thin sections and on bulk mortar specimen faces, can
provide significant data about: a) preparation of mortars and different mixing ratios of binder and aggregate; b)
geological origin of raw materials used as aggregate (e.g., volcanic scoria, leucitites); c) selection method of raw
materials in relation to the function of mortar in the building.

Then, to define the hydraulic degree of mortars, thermo-gravimetric and differential scanning calorimetry analysis (TG
and DSC) together XRD analysis were also made on enriched powered of binder, according to well-known
experimental methods (Bultrini et al. 2006; Drdécky et al. 2013; Ricciardi et al. 1998; Maravelaki-Kalaitzaki et al 2003;
Miriello et al. 2010; Miriello et al. 2011; Moropoulou et al. 2003a; Moropoulou et al. 2003b; Moropoulou et al. 1999;
Maravelaki-Kalaitzaki et al., 2004; Babini and Fiori 1996; Bakolas et al. 1998; Topgu and Isikdag 2012; Bultrini et al.
2006; Moropoulou et al. 1995; Ortega et al. 2008; Palomo et al. 2011). Analytical data were compared to the physical-
mechanical properties (i.e., point load strength) for define their relationship (Topgu and Isikdag 2012; Papayianni et al.
2013).

Furthermore, the analysis of other physical properties (water absorption and saturation) allows us to verify the building

and production quality of mortars.
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2. Materials and methods

2.1 Materials

30 samples collected from the Heliocaminus Baths of mortars were analysed (Fig. 3). The samples are representative of
mortars with different functions in the baths (according to 8 groups, Columbu et al. 2015), such as: 7 brick bedding
mortars (Opus Testaceum), 3 Cubilia bedding mortars (Opus Reticolatum), 4 floor-coating bedding mortars (Marmor
pavimentum), 3 wall-coating bedding mortars (Harenata marmor), 5 floors conglomerates with (Opus Signinum of
Rudus), 3 wall conglomerates (Opus Signinum of Trussillatio or rinzaffo layers), 3 concretes of collapsed vaults (Opus
Caementitium), and 2 plasters (arriccio layers).

4 lime lumps of mortars were also analysed to understand their composition and modality of formation. The mortars
with the same function were sampled according to different heights in the structure and/or in diverse environments.
Samples of mortars and stones regard the superficial portions of material, having maximum volumes of about 25 cm3,
compatibly with the limits imposed by the Superintendence of Cultural Heritage of Lazio Region, which has imposed a
maximum number and quantity of samples. However, the size of the material taken from the baths is representative and
suitable for determine the compositional and physical characteristics of the mortars studied.

The mortars with the same function are related to different sampling heights in the structure and/or in diverse room of
baths.

2.2 Analytical methods

Petrographic determinations of mineralogical composition were carried out by optical polarised microscopy on polished
thin sections on 38 samples (30 of consolidated by epoxy resin mortars, 3 lateritious, 5 volcanics). Modal analysis of
mortars has been determined with "points counter” on about 300 points for each thin section.

The binder/aggregate ratio (B/A) of mortars was calculated through image analysis (by ImageJ 1.47v) in two different
ways: i) on photographs taken on 6 faces of the cubic specimens of mortars on which the physical-mechanical tests
have been determined; ii) on thin section photographs detected with the flatbed scanner. The binder/aggregate ratio
(B/A) was calculated also with weight data from acid dissolution of mortar binder for determine the particle size of
aggregate (see text and figure captions of manuscript).

A Seifert X3000 apparatus in the Bragg—Brentano geometry was used for X-Ray Powder Diffraction. It was operated
using the CuKa radiation in the range of 8-40 (2J degrees) with step of 0.05 277, with an opportune counting time to
optimize the signal/noise ratio. JCPDF-2 databasel was used for the identification of the phases.

Regarding the thermo-gravimetric analysis, two grams of each mortar (without the coarse aggregate) were ground by
Giuliani 1G colloidal mill. W2/E/S. to enrich the sample in the binder fraction, the powder was treated with Frantz
magnetic separator for the removal of the iron-magnetic mineral fraction present in the sample. The analysis (TGA)
measurements were carried out at atmospheric pressure using a Perkin Elmer instrument model TGA7. The
measurements were performed under Ar flow (60 mL min-1). Samples of 10 mg were placed in platinum crucibles and
scanned in the temperature range of 30-900 °C with a heating rate of 10 °C min-1. The calorimeter was calibrated by
measuring the melting temperature of metallic Indium and Zinc (99.999 mass% purity) and the temperature was
obtained with an accuracy of + 0.5 °C.

The physical tests were determined on 82 cubic specimens (with an average size of 15¢15¢15 mm) extracted from
unaltered portion of samples after removing the exterior part of mortar. The physical properties analysis was made also

on small fragment (only for some mortar samples) of volcanic and cocciopesto aggregates extracted from mortars.
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The specimens were dried at 105 + 5°C and the dry solid mass (mp) was determined. The solid phases volume (Vs) of
powdered rock specimens (on 5-8 g and with particle size less than 0.063 mm) and the real volume (with Vg = Vs+ V,
where V¢ is the volume of pores closed to helium) of the specimens were determined by helium Ultrapycnometer 1000
(Quantachrome Instruments).

Then, the wet solid mass (mw) of the samples was determined after water absorption by immersion for ten days.
Through a hydrostatic analytical balance, the bulk volume Vg (with Vg = Vs+ Vo + V¢, where Vo = (Ve-VR) is the
volume of open pores to helium) is calculated as:

Ve = [(Mw-Mhy )/ pwT2s:¢]*100

where muy is the hydrostatic mass of the wet specimen and pwT2sec is the water density at a temperature of 25°C.

Total porosity (®t), open porosity to water and helium (®oH20; ®cHe, respectively), closed porosity to water and
helium (®cH,0; ®cHe), bulk density (ps), real density (pr), solid density (ps) were computed as:

@7 = [(Ve-Vs)/Vs]*100

DoH0 = T [(mw-mp)/CwTx]/Ve[1+100

®oHe = [(Ve-VR)/VE]+100

DcH,0 = O - DoH0

OcHe = @1 - doHe

ps = Mp/Vs; pr = Mp/Vr; ps = Mp/Vs

The weight imbibition coefficient (ICw) and the saturation index (SI) were computed as:

ICw = [(mw-mp)/mp]+100

S| = (@oH0/PoHe) = I [(mw-mp)/pwTx]/Vo +100

The punching strength index was determined with a Point Load Tester (mod. D550 Controls Instrument) according with
the ISRM (1972, 1985) on the same pseudo-cubic rock specimens used for other physical properties. The load was
exerted via the application of a concentrated load with two opposing conical punches.

The resistance to puncturing (Is) was calculated as P/D¢?, where P is the breaking load and D. is the "equivalent
diameter of the carrot” (ISRM, 1985), with De = 4A/x and A = WD, where W and 2L are the width perpendicular to
the direction of the load and the length of the specimen, respectively. The index value is referred to a standard
cylindrical specimen with diameter D = 50 mm for which Is has been corrected with a shape coefficient (F) and
calculated as:

Isso) = Is*F = Is*(De/50)%4

The simple compression resistance (Rc) and the traction resistance (Rt) of the mortar were indirectly calculated
(according to ISRM 1985) using the value of normalized punching resistance, each of them as:

Rc=KelIssy  Rr=Is50/0,8

where K (multiplication coefficient) = 14 (Palmstrém 1995).

To proceed with the particle-size analysis, the mortars were first disaggregated with the use of a mortar and pestle, dried
at 105 + 5 ° C, weighed to measure the dry mass (mam), and then attached with acid solution (HNO3, 13% vol.) for a
period of immersion of 48 hours, so as to eliminate the carbonate binder matrix of the mortar. The samples were then
filtered with Whatmann 41 paper, washed in distilled water, placed in an oven at 105 + 5 ° C to determine the dry mass
of the residual aggregate (mgr) and, indirectly, the bulk mass of the binder (as: mgs = mam-mgr). Then, the particle-size
distribution was performed using sieves series UNI 2131, with mesh opening of 4000, 2000, 500, 250, 125, 63 ] with
sifter Giuliani 1G3.
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3. Results and discussion

3.1 Mineralogical and petrographic characteristics

Based on the observation macroscopic, the binder matrix of samples shows a colour from greyish to whitish (on fresh
cut). The surfaces exposed directly to the weathering, due to the alteration (decarbonation, sulfation) show different
colour, from ochre to grey more intense. In the zones of building exposed to the north, where not arrive the sun
radiation, biological patinas are present, with a variable colour as function of species present (e.g., molds, mosses,
lichens). In all mortar there are often lime lumps with different dimensions (from <1 to 7 mm), in some cases with
radial fissuring or fractured.

The mineralogical and petrographic characteristics of the mortars (aggregate compaosition, binder reactivity with
aggregate, aggregate/binder ratio) were defined by microscopic analysis in thin section, reported in Table 1.

The binder matrix is mainly constituted by microcrystalline calcite (Fig. 4), in which it is observed the presence of
microporosity finely distributed in the paste.

In the aggregate of mortars different natural and artificial materials as natural gravel, sands or crushed were employed:
volcanic rocks (and subordinately marble), crystal-clasts, cocciopesto fragments resulting from the grinding of various
ceramic materials (bricks, tiles, pottery). These latter were used mainly in the wall and floor conglomerates.

In Table 2, irrespective of the composition, circularity data of aggregate are reported, determined with image analysis
on thin section photographs by software ImageJ1.47v. Substantial differences in the circularity between the various
types of mortar were not detected. It must be stressed that the data refer mainly to the aggregate component with size
statistically <8 mm. They are therefore not counted coarse fragments, frequently found in the vault concretes (frequent
size range: 30-150 mm, e.g. caementia) and cocciopesto conglomerates of walls and floors (frequent size range: 10-30
mm). Counting this part coarse aggregate (impossible due to the size limitation of the samples) in the latter surely the
circularity value would considerably lower.

The volcanic aggregate is made from two kind of rocks: leucitic basalt and leucitites, belonging to the alkaline rocks of
ultrapotassic serie (HKS) from the Roman Magmatic Province (Morbidelli 2003; Peccerillo 2005).

The first is represented mainly by two kind of scoria clasts (Fig. 4) with different colour: grey-black and grey-red. It has
normally sub-spherical shape with porous and glassy appearance. Both types of leucitic basaltic aggregate are present in
all mortar samples with high amounts (>65%; Tab. 1) with respect to total aggregate. It shows great similarity with the
volcanic scoria outcropping around the Hadrian’s Villa.

The texture of leucitic basalt is afiric. The paragenesis consists of clinopyroxene (Fig. 4), leucite, hornblende, opaque
minerals (i.e. Ti-magnetite, magnetite), + plagioclase. Rare biotite and olivine, often altered in iddingsite, are present.
Having a glassy matrix, show edge of pozzolanic reaction with the binder (Fig. 4).

The leucitite agregate (Fig. 4) has a lower presence in the mortars with respect to leucitic basaltic scoria. It represents <
8% of total aggregate (Tab. 1). It has a greyish colour with shape normally subspherical (Tab. 2), show a low porosity
and is frequently altered. The paragenesis is composed mainly by leucite, clinopyroxenes and opaque minerals, while
the feldspars are rare or absent.

The crystal-clasts present in the aggregate of mortars consist essentially of hornblende, clinopyroxene, rare biotite.

The cocciopesto aggregate (Fig. 4; Tabs. 1, 2) has variable size of fragments with angular shape. It has a variable colour
from yellow-ochre to pink-orange to rust-red, due to different compositions and fire conditions. As consequent, these
ceramic products show variable physical characteristics (porosity, mechanical strenght; Columbu et al. 2015).
Cocciopesto aggregate shows typical edge reaction with binder (Fig. 4). Observing the matrix, crystals of quartz and
plagioclase are present immersed into the matrix. Rare leucitic basaltic fragments (< 5% on the total) and Fe-oxides (e.g.

hematite) are present.
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The mortar samples show the occasionally presence (in low amount) of white marble aggregate, normally with sharp
edges. This aggregate is present mainly in the finishing plasters and, subordinately, in the bedding mortars of cubilia,
brick walls and vault concretes.

In some samples, local pyroclastic rocks (belonging to Hadrian's Villa area) were used as coarse aggregate (4-10 mm)
or caementia in the concretes (with frequently size: 5-20 cm). This rock is characterized by a glassy groundmass, lithic-
clasts of varying particle-size with composition from leucitic-basaltic to leucititic, xenoliths (Fig. 4). Occasionally show
typical alterations in zeolites and clay minerals (Peccerillo 2005). The accessory phases are iron and titanium oxides.
Due to volcanic glass, these materials were used probably also as pozzolanic aggregate. In the aggregate of mortars it
has been frequently detected the presence of the same crystal-clasts observed in the same pyroclastic rock (i.e., green

hornblende, clinopyroxene, biotite) as well as the leucitic basalt and leucitites.

3.2 Binder / aggregate ratio

According to Columbu et al. (2015) the ratio of binder and aggregate was initially calculated through image analysis on
the six faces of the cube specimens. In Table 3 (first three columns) are reported the values.

The results show that this ratio varies depending on the specific function of the mortar in the spa. The average values
for mortar group are higher in conglomerates in earthenware wall (trullisatio) (0.70; Tab. 3), and the brick mortars
(0.68). The mortars and concretes of cubilia earthenware floor (rudus) have values of 0.62 ratio 0.59, respectively.
Concretes of vaults show a lower average (0.54).

However, this ratio also varies within the individual samples of populations, thus showing a clear uniform due in the
preparation of mortars.

For comparison, the mixing ratio between binder and aggregate has also been obtained through image analysis of
photographs taken under a microscope (Tab. 3; Fig. 5). The values are always higher than those obtained by image
analysis of cubic specimens (Tab. 3), due to different volumes of samples analysed in two cases.

In both cases, the values are higher than the values indicated by Vitruvio (Pollione 15 BC). According to his
recommendations, the aggregate percentage in a mortar is a function mainly of particle-size distribution and the
thickness of the mortar-cast. So, thickness of 1-2 cm provides an aggregate percentage of 65-70 vol.%, while
thickness >2 cm provides an aggregate percentage of 70-80 vol.% (Cagnana 2000).

Based on the results obtained with both methods, the percentage of aggregate more similar to the recommendations of
Vitruvio is the one obtained by image analysis on cubic specimens, but this is not perfectly correct because it does not
detect the presence of aggregate with very small size (< 100 um) undetectable by the image analysis.

Further values were calculated using weight ratio data (Tab. 4) after binder dissolution of the mortars made for
determinate the particle size of aggregate, where is counted all aggregate fraction, also those less than 100 um diameter.
Data, as volume % of aggregate (Tab. 4) is very close to those recommended by Vitruvius (Tab. 5). This is mainly due
to the different volumes of the samples (Tab. 6) with which the data were determined in three different ways, as shown

in Fig. 5.

3.3 Composition of binder

The diffraction (XRPD) and thermo-gravimetric (TG/DSC) analysis on the fractions enriched in binder have provided
information on the materials used and the secondary phases, allowing us to define the composition and hydraulic degree
of the mortars.

Selected samples were analysed by X-ray Powder diffraction and patterns are shown in Fig. 7. In all samples the main

Bragg reflections match with the database values for calcite (CaCO3) phase. For ADTH 12C sample in addition, peaks
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(at 20.50, 21.63, and 23.29 20 degrees) due to tridymite, peaks (at 21.96 and 28.42 20 degrees) due to cristobalite and
peaks due to quartz were also observed. Tridymite and cristobalite phases were not observed in the XRDP of the other
samples. In these samples leucite (KAISi»Os), muscovite (KAI,SizAlO19(OH);) phases were also observed. Others
minor phases syngenite (K.Ca(SO4)2*H>0) and quartz are also present. Quartz, leucite and mica (i.e., muscovite)
belong to the phases of aggregate, from volcanic rocks (scoria and leucitite) and crystal-clasts.

In the XRDP patterns of ADTH 7 and ADTH 15 samples, peaks due to gypsum (CaSO4+2H,0) phase were present: in
ADTH 7 sample peaks due to gypsum are very intense. Gypsum is due to sulfation processes, facilitated by the high
open porosity calculated on the binder matrix.

Owing to the reactions between the binder and the pozzolan materials, between the hydraulic phases of new formation
only small amount of an Ca/Al-silicate [i.e.: vuagnatite (CaAlSiO4(OH))] and ettringite (CasAi2(SO)a(OH)12226H,0
have been identified by X-ray diffraction. The products of the pozzolanic reaction probably are present mainly as
amorphous phases (gel-like C-S-A-H). Ettringite is formed as consequence of the chemical reaction between the
sulphates and aluminates usually present in the hydration products of portland cement. Its formation depends on
different factors: a) aluminates content), b) amount and origin of sulphates, ¢) quality of the mortar. Then, ettringite
crystallisation involves a high increment of volume due to an expansive process with mortar disintegration (cracking
and loss of mass).

The curves obtained with the TG/DSC simultaneous analysis (Figs. 8, 9) have typical trend of pozzolanic mortars
(according to Branda et al., 2001). The curves show an initial loss of weight due to hygroscopic water below 120°C
(Tab. 7). The observed gypsum phase in these XRDP patterns is in agreement with TGA result, where a net jump at 122
-150° C due to crystallized water loss of this phase is present in TGA curves of this samples. A following weight loss is
present at temperatures between 480-500°C, probably associated with the reaction between calcium silicates and
carbonates which liberate carbon dioxide according to the following chemical reaction:

CaCO; + XSiO, => CaXSiO; + CO, (where X =K, Al, F)

The loss in weight more extensive is recorded on the decomposition curve at temperatures between 550-600° and 800-
830°C and is linked to the decarbonation reaction of Ca-carbonate (CaCO3; => CaO + CO;). From the curves it is
observed that not all the samples have similar extension of the weight loss, showing a discrete compositional
heterogeneity. The losses in weight percentages relative to the elimination of H,O and CO, compounds (evaporation
and decarbonation) are useful to trace pozzolanic activity of the sample analyzed.

The endothermic peaks (Fig. 9) of calorimetric curves (DSC) coincide to temperatures at which losses in weight in the
TG curves are observed. Although the general meaning of different trends in thermic curves has not yet been clarified
exhaustively, the losses in weight from low temperatures (~400°C) are due to reactions between calcium carbonate and
silicates with formation of calcium silicates and production of CO2.

In DSC curves it is noteworthy that in the samples containing gypsum (wall-coatings mortars ADTH7, ADTH52; floor
cocciopesto conglomerates ADTH15, plaster ADTH18 and ADTH58) it's observed an endothermic sharp peak due to
dehydration of gypsum.

In some sample, in the range 480-500 °C it's observed a broad endothermic peak (evident in ADTH28 sample) due to
the reaction between calcite and silicate to form Ca-silicate with develops carbon dioxide. This reaction may be also
due to the presence of newly cement mortar residues of the restoration interventions in the last decades.

Finally, at higher temperatures (>600°C) in all the samples, the DSC curves have showed an increasing upward
behaviour due to the incipient endothermic decomposition of calcite.

According to temperature ranges with characteristic losses in weight identified by Bakolas et al. (1995, 1998) and

Moropoulou et al. (2000), in Fig. 10 have been reported CO; versus CO»/H.0O ratio, where CO; is weight loss between
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600+800°C and H.O is weight loss of bond water in the range of 200+600°C (Tab. 8). Samples with the greater
hydraulic degree are the mortars of marble flooring (CO, = 9.79%), followed by the vault concretes (CO, = 11.25%),
arriccio plasters (CO, = 11, 65%), brick bedding mortars (CO, = 12.34%), and the coating bedding mortars (CO; =
12.74%). The lime-lumps being mainly compounds of Ca-idroxide/carbonate, have much higher values. The diagram

shows an exponential correlation of data (R?= 0.95; Fig. 10).

3.4 Particle size analysis of aggregate

The cumulative distribution curves, obtained by sieving of the aggregate fraction (Tab. 9), demonstrate similar
characteristics according to each mortar group (Figs. 11a, b, ¢, d, e, f, g, h, i). These curves shows how the aggregates
used in the packaging of mortars derive in most cases from very fine gravel aggregate (also call granule) (Wentworth
1922), where the histograms of hold masses record the highest percentages at about 4000 and 2000 pm grain size sieves
(Columbu et al. 2015). In other cases, where the frequency histogram recorded the highest held percentages on 2000
and 1000 um these aggregates are defined as very coarse sand (Wentworth 1922). The morphology of the cumulative
curves and the analysis of determinants diameters D10 and Dgo, Where possible, shows, in most of mortar groups a not
uniform particle size and, in 2 cases, varied particle size (Figs. 11a, b, c, d, e, f, g, h). The non-uniform particle sizes are
identified in bedding mortars of masonry elements such as bricks and cubilia (Figs. 11 a, b) where the ADTH4 and
ADTH 42 samples deviate from the trend of other distribution curves. In these samples, the histograms indicate a modal
class of 1000 and 2000 um. The wall coating and floor coating mortars (Figs. 11a, b, ¢, d) show uniform grain sizes
with similar cumulative curves with the exception of ADTH 28 and ADTH 37 samples that deviate slightly from the
trend of the other group of samples. In these samples, the histograms indicate a modal class of 2000 and 1000 pum.
Floors conglomerates (Fig. 11e) show a fairly similar morphology of the distribution curve as the plaster (Figs. 11h)
However, for both groups the absence of determinant diameter Dgo does not allow the classification according to the
uniformity of particle’s aggregate. The walls conglomerates are characterized by cumulative curves that showing a non-
uniform particle sizes for the sample ADTH 18 and varied particles size for sample the ADTH26 (Figs. 11f). In vault
concretes there is a great similarity of the cumulative curves that appear superimposed (Figs. 11g). The histograms of
ADTH 12 and ADTH 50 samples presents a modal class of 2000 and 1000 um, and cumulative curves presents a varied
grain size for ADTH 50 sample. The sample ADTH 53 instead presents the classic characteristic particle size of most of

the mortars with modal class to 4000, 2000 um and not uniform grain size.

3.5 Physical-mechanical properties of mortars

3.5.1 Porosity, density and water absorption

Following physical and mechanical properties of bulk mortar samples (according to Columbu et al. 2015) were reported
in Tab. 10: solid, real and bulk density, open and closed porosity to helium and water, weight imbibition coefficient,
saturation index, punching strength index. Physical properties of binder and aggregates were reported on Table 11.

The physical properties show value dispersion, due to the different binder / aggregate mixture and relation between the
size of aggregate and dimensions of bulk mortar specimens.

The porosity and bulk density, normally well correlated are good parameters to recognize the degree of compactness of
a mortar, and also a good lay on the site. He open porosity varies from 34.14% to 51.19%, bulk density from 1.21 to
1.57 g/cm?. In the diagram of Fig. 12a is possible to observe the different physical behaviour of the main mortar groups
analysing the correlation coefficient (R?).

The vault concretes, that not including the coarse aggregate (>15 mm, e.g., Caementia), bedding mortars of marble

coatings, and bedding mortar of cubilia and bricks show coefficients medium-high (0.99, 0.81, 0.56, respectively),
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while the cocciopesto conglomerates show a lower value (0.31) due to the presence of the sample ADTH 58 with
anomalous porosity.

Great variability of He open porosity and bulk density in the mortars is affected by also the binder and aggregate (Fig.
12a; Tab. 11), which show a large variability of these properties, ranging from 15.8 to 51.1% and from 0.38 to 1.61
g/cm? in the binder, from 13.7 to 48.0% and from 1.4 to 2.2 g/cm? in the aggregate.

Considering the mean values (Tabs. 10, 11), the less porous samples belong to the plaster (38.14%) and cocciopesto
conglomerates (42.12 and 42.99%), which have low average values than other mortars (45-48%). These differences are
evidently due to the different degree of compaction executed by the Romans (usually through the maces) in relation to
mortar function in the building, as shown by the porosity data of binders, closely correlated with those of the porosity of
the bulk mortar samples. Moreover, the presence of cocciopesto improves the hydraulic characteristics of the binder
making it less porous.

Inside the group, the conglomerates of floor and wall show different value of these two parameters: 1.50 + 0.07 g/cm?®
and 1.34 = 0.13, respectively. Then, the first have a greater homogeneity also with respect to other mortars, resulting
from a good homogeneity of the binders, with values of 0.77 + 0.17 and 1.46 + 0.48 and 0.64 * 0.04 g/cm?, respectively.
Considered the structural function of the floor conglomerates. The binder homogeneity of floor conglomerates is
probably due to a greater compaction (considered the structural function) and a use of cocciopesto aggregate with
higher quality, characterized from lower porosity and greater bulk density.

However, the binders of mortars have a high variability of real density (Figs. 12b; Tab. 11) mainly influenced by the
closed porosity and less by the solid density. In fact, it is conceivable that this latter remains unchanged (about 2.80
g/cmd) in the samples analysed.

Contrary, the vault concretes and the bedding coating mortar show, for two different reasons, high porosity values. In
the first case, since the thickness of the casting, it is due to a lower compaction or high amount of mixing water in the
production of mortar. In the second case is due to the technical need to soft lay of the paving marble slabs.

In regard to the characteristics of water absorption, the imbibition coefficients (Clw), closely related to weight He open
porosity, highlight greater incidence of binder porosity (with coefficient correlation R? = 0.75, Fig. 13b; Tab. 11) with
respect to the bulk mortar porosity (R? = 0.71, Fig. 13a; Tab. 10), including also the porosity created by aggregate
immersed into the binder matrix. This is highlighted also by high imbibition coefficient of the ADTH 26 and 52
samples, which show great porosity (50% and 48%, respectively).

Saturation index (SI) of all mortar samples is always under the line of 100% (Fig. 14), forming a circumscribed sample
population. Observing binder data, it's note the higher variability of saturation index with some samples near or over the
line of 100%. This indirectly indicates: i) the presence of hygroscopic minerals (phyllosilicate, etc.) as evidenced by
XRD analysis on enriched binder samples, ii) high heterogeneity of binder matrix, due to complexity geometry of
porous network.

The volcanic aggregates (leucitic basalt and leucitites) show a saturation index close to 100% while the cocciopesto
aggregates and lateritious fragments (bricks, tiles and crushed pottery) show lower average values of saturation index
(Fig. 14; Tab. 11), probably due to a lower radius of porous (or greater tortuosity) with respect to the binder matrix and
the bulk mortar samples.

For to understand better the physical-hydraulic behaviour of bulk mortars, in the Fig. 15 were reported the water
absorption kinetic (Tab. 12).



O©CoO~NOOTA~AWNE

3.5.2 Strength index and hydraulic degree of mortars

The physical mechanical characteristics (Tab. 13) of mortars and aggregate are shown in the Fig. 16a, where reported
the punching strength index (lsso) versus He open porosity, which show the well-known negative correlation.

The low punching index (with value <1 MPa) and the very low correlation (R?= 0.20) with helium open porosity
indicate that the resistance of mortars is affect by different factors: i) the porosity of bulk mortar sample; ii) small
dimensions of the specimens respect to aggregate size; iii) characteristics of the binder (i.e., cohesion degree, porosity,
etc.). However, it's possible made some evaluations. Except the plasters, the floor conglomerates and bedding mortars
show the greater mechanical resistances (0.53 + 0.26 and 0.49 + 0.24 MPa, respectively; Tabs. 10, 13) with respect to
other mortars (range 0.25-0.28), probably due to a presence of an aggregate with high quality, as evidenced by physical
data of the lateritious samples from Heliocaminus Baths and "Grandi Terme" Baths (Columbu et al. 2015). The higher
resistance of the plasters respect to other mortars can be explained with a lower helium open porosity (38.14 + 2.13%;
Tab. 10) and a higher bulk density (1.54 + 0.01 g/cm?), probably due to better mixing of binder-aggregate.

The diagram of Fig. 16b, where reported strength index versus CO2/H.O (which represent a good parameter inversely
correlated with hydraulicity), highlight a negative correlation between the hydraulic degree of mortars and mechanical
resistance, as evidenced by correlation coefficient (R? = 0.57; Fig 16c¢) in which were excluded the mortars with coarse
aggregate.

Overall, the physical-mechanical tests show that the strength of mortars depends on: i) porosity of bulk mortar sample,
represented by discontinuities between aggregate and binder, and porous binder matrix; ii) hydraulic degree of mortar;
iii) sorting degree and particle size of the aggregate (see samples ADTH 4, 42, 54, from bedding mortars of brick and
cubilia, characterised by higher sorting with modal class between 2000 and 1000 microns, than other mortars with
modal class on class 4000 microns). Subordinately, the mechanical resistance depends on: i) size ratio of aggregate /
specimen; ii) thickness of mortars, as evidenced by low values in the vault concretes and high strengths in the arriccio

plasters.

4. Conclusions

The results highlight that the construction of the Heliocaminus baths respects the general architectural and structural
issues of Roman period. This ancient building was constructed using mainly bricks and volcanic stones (i.e., cubilia for
ashlars) outcropping within the area of Hadrian’s Villa.

For aggregate of mortars were used volcanic rocks, cocciopesto and crystal-clasts. Volcanics consist mainly of red and
black leucitic basaltic scoria and subordinately leucitites belonging to the alkaline rocks of ultrapotassic series of the
Roman Magmatic Province, outcropping around the area of the Hadrian’s Villa. Only basaltic scoria aggregate reacted
with binder, while the leucitites did not show reactivity, because is not present glass in the matrix.

For conglomerates (trullisatio and rudus) and plasters (arriccio) was used also the cocciopesto, with medium-coarse
particle-size (frequenty range: 6-30 mm), while in the floor marble-coating mortars was used a cocciopesto aggregate
with smaller size (<8 mm). As evidenced by different physical properties, the cocciopesto show different quality, as
function of kind and quality of ceramic material crushed (e.g., bricks, pottery, tiles). In any case, as shown by reactions
borders with the binder, the cocciopesto, together the glassy volcanic scoria, gives good pozzolanic characteristics to
the mortars.

The diffraction (XRPD) and thermal (TG/DSC) analysis on the fractions enriched in binder highlight that the binder
consists mainly of calcite. Quartz, leucite and mica (i.e., muscovite), are all present as residual phases of aggregate.
Owing to the pozzolanic reactions, the hydraulic phases of new formation have not been identified by X-ray diffraction,

due to their small amount and, therefore, because probably are amorphous phases (gel-like C-S-A-H).
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Gypsum and ettringite are sporadically present, indicating an advanced alteration degree. The first is due to sulfation
processes, facilitated by the high open porosity calculated on the binder matrix. Ettringite is formed as consequence of
the chemical reaction between the sulphates and aluminates present in the hydration products.

The use and mode of mixing of aggregate and binder in the production of mortar are made according to the Roman
standard methods known at the time, with different mixtures in relation to the function in the masonry as well as
suggested by Vitruvio.

Despite this, the physical-mechanical analysis show low values of punching strength index with respect to the standards
of other Roman mortars. The low values depend mainly on high porosity of bulk mortar, due to a evident chemical -
physical decay by: i) dissolution of the binder; ii) hydration / dehydration / crystallization of gypsum, ettringite, etc. that
involves a high increment of volume with mortar disintegration (cracking and loss of mass). Except for the mortars of
the cocciopesto-conglomerates, the low mechanical resistance can also be due to an occasional not perfect lay of
mortars or completely mixing of aggregate with binder. Despite the low values, using CO2/H,0 ratio data of TG/DSC
analysis a good positive correlation (R? = 0.57) between hydraulic degree and mechanical strength was found, showing
the important function of pozzolanic aggregate in the mortars.

The high variability of some physical properties (bulk density, porosity, particle size of aggregate), in some cases within
groups of samples, together the short time of baths construction, show that the production and processing of the mortars
were made quickly, probably also in discontinuous ways with changes of the workforce.

This latter lets to imagine that that there may have been many small construction phases. Then, considering that the
complex represents an “experimental building”, with an attempt to test new solutions in re-invention of architectonic
spaces, these several construction phases can would related to rethinking during the design and organization of various
spaces or the functionality of the baths (e.g., heating system, where the furnaces beneath the sudatio room have never
been used for significant periods).

These construction evidences were highlighted by an accurate digital survey (Columbu et al. 2015) that supports the
theory of a building of new conception, with advanced technical solutions, in some cases with poor results, with

numerous changes in technical and building solutions.
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Captions of Figures

Fig. 1 (a) Photo-overwiew of 3D model of Hadrian’s Villa (made by Italo Gismondi, 1956), where highlights the

Heliocaminus bath (on the central-left); (b) View of Heliocaminus room; (c, d) Natatio room.

Fig. 2 Heliocaminus Baths: (a) mortar of brick wall; (b) wall of Natatio masonry room with cubilia bedding mortar; (c)
internal view with mortars of floor (down) and wall (in front) coating for slab marble; (d) detail of sample ADTH 7 od
wall coating mortar; (e) floor conglomerates with cocciopesto (suspensura); (f) wall coating and conglomerates with

cociopesto of Frigidarium room; (g) vault concretes of collapsed vault; (h) wall with plaster (sample ADTH 14).

Fig. 3 Map of Heliocaminus Baths with sampling points of mortars.

Fig. 4 Micro-photographs on thin section of mortars and aggregates: (a) cross Nicol: phenocrysts immersed in
microcrystalline ground mass in the leucitic basalt; (b) plain polars: leucite crystals in the leucitites; (c, d) plain polars:
vesicular black and red scoria with binder reaction border; (e, f) plain polars: vesicular black scoria and cocciopesto
fragments with reaction border with binder; (g, h) vesicular black scoria with obvious reaction border with binder

(inside scoria fragment there are two leucite crystals).

Fig. 5 Microphotographs on mortar thin section realised with binarization and filling holes options by image analysis
with software ImageJ 1.47v. (a) brick mortar; (b) cubilia mortar; (c) floor coating mortars; (d) wall coating mortar; (e)

floor conglomerate; (f) wall conglomerate; (g) vault concrete; (h) plaster.

Fig. 6 Comparison of three different methods (by image analysis on thin section and on cubic bulk mortar specimens,
and using weight data from acid dissolution of binder mortar for determinate the particle size analysis) to calculate the

binder / aggregate ratio as vol% using different sample volume.

Fig. 7 Qualitative mineralogical analysis of binder (XRPD): diffractograms of aerial and hydraulic mortars.

XRDP pattern for selected samples. The dotteds curves are the experimental data. The lower vertical bars represent
reflection positions of major and common components: calcite (PDF card 5-586), gypsum (PDF card 21-816), leucite
(PDF card 71-1147), muscovite (PDF card 7-25) and ettringite (PDF card 41-1451) phases.

Abbreviations: Cc = calcite; Qz = quartz; Crd = cristobalite; Trd = tridymite.

Fig. 8a Thermo-gravimetric analysis on the enriched binder fraction of mortars. TG curves: mass loss (%) versus

temperature in celsius degrees. (a) brick mortar; (b) cubilia mortar; (c) floor coating mortars; (d) wall coating mortar.

Fig. 8b Thermo-gravimetric analysis on the enriched binder fraction of mortars. TG curves: mass loss (%) versus

temperature in celsius degrees. (e) floor conglomerate; (f) wall conglomerate; (g) vault concrete; (h) plaster; (i) lump.

Fig. 9 Differential scanning calorimetric (DSC) curves related to the enriched binder fraction of mortars. Heat flow

versus temperature.
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Fig. 10 Diagram CO; versus CO/H,0 ratio for mortars of Heliocaminus Baths, where CO- is weight loss (%) between
the temperature range of 600+800°C and H,O is weight loss of bond water in the range of 200+600°C (from
Moropoulou et al. 2000, modified).

Fig. 11 Particle-size distribution (Log grain diameter versus cumulative passing %) of each mortar group with different
function in the Heliocaminus Baths.

Fig. 12 Physical properties of mortars, binders and aggregates: (a) helium open porosity (®oHe) versus bulk density

(pe); (b) real density (pr) versus helium closed porosity (®oHe).

Fig. 13 Physical properties of mortars, binders and aggregates: (a) helium open porosity (®oHe) versus imbibition
coefficient (Clw) of mortars; (b) helium open porosity (®oHe) versus imbibition coefficient (Clw) of binders and

aggregates.

Fig. 14 Physical properties of mortars, binders and aggregates: helium open porosity (®oHe) versus water open

porosity (®oH20), reporting the line of saturation index at 100%.

Fig. 15 Physical properties of mortars: absorption kinetics for each mortar group, where reported Time (h) versus water

absorption (progressive Clw).

Fig. 16 Physical properties of mortars, binders and aggregates: (a) helium open porosity (®oHe) versus Point Load
Strength index (Isso) of all mortars; (b) CO2 / H,O versus Point Load Strength index (Isso) of all mortars and lumps; (c)

CO; / H20 versus Point Load Strength index (Isso) of bedding mortars and lumps.

Captions of Tables

Table 1. Compositional characteristics by microscopic analysis of the mortars from the Heliocaminus Baths, where

reported: localization, sampling height, % distribution of different aggregates.

Table 2. Circularity data of mortar aggregate of mortars determined by image analysis on thin section, where reported:

circularity variation range, average, mean of average circularity data, standard deviations, variation coefficient.

Table 3. Comparison data of binder / aggregate ratio of all mortars determined on three different methods: by image
analysis on thin section and on cubic bulk mortar specimens, and using weight data from acid dissolution of binder

mortar for determinate the particle size analysis. Abbreviations: B = binder, A = aggregate.
Table 4. Data for calculate the aggregate ratio using the compositional distribution, determined by microscopic analysis,

and weight data after dissolution of binder used for made the particle size analysis. Abbreviations: B = binder, A =

aggregate.
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Table 5. Comparison data of aggregate vol% of all mortars determined on three different methods with mortar

thickness and values of B / A recommended by Vitruvio. Abbreviations: B = binder, A = aggregate.

Table 6 Data used for made the graphic of Fig. 6, where reported bunder / aggregate ratio (determine by vol.) and

specimen volume (in cm?).

Table 7 Thermo-gravimetric analysis: weight % difference data of enriched binder samples in the following
temperature ranges: 25-120°C, 120-200°C, 200-400°C, 400-600°C, 600-850°C.

Table 8 Thermogravimetric analysis data of the mortars, where reported mass losses (%) for temperature ranges. The
CO; (and HO) values were obtained using the TG curves, considering the temperature range in which the

decarbonation reaction occurs.

Table 9 Particle size analysis of aggregate: data of cumulative passing % with cumulative passing masses (%) to
following sieve series: 63, 125, 250, 500, 1000, 2000, 4000 pm.

Table 10 Physical properties of mortars (from Columbu et al. 2015, modified).
Abbreviations: S.D. = standard deviation; pr = real density; ps = bulk density; ®oHe = helium open porosity; ®oH>0 =

water open porosity; Clw = water imbibition coefficient; SI = water saturation index; Isso = Point Load strength index.

Table 11 Physical properties of binders and aggregate (from Columbu et al. 2015, modified). The physical properties
were determined indirectly using the physical properties of the mortars and composition percentages of aggregates
determined by modal analysis (Table ESM2), according to the following general formula:

Xn (B) = [Xn (M) - (Xn @*% @) - (Xn ©)*%w) - (Xn ©*%(©) - (Xn @*%@) - (Xn@)*%@) - (Xn m*%m)] / % (A)
Abbreviations: S.D. = standard deviation; X = physical properties; (M) = mortar; (B) = binder; (A) = aggregate; n =
number from 1 to 6 of different physical properties. with X1 = real density; Xz = bulk density; X3 = He open porosity;
X4 = Hy0O open porosity; Xs = He closed porosity; Xes = imbibition coefficient; pr = real density; pg = bulk density;
®doHe = helium open porosity; ®cHe = helium closed porosity; @t =total porosity; ®oH,O = water open porosity; Clw
= water imbibition coefficient; SI = water saturation index; (a) = scoria; (b) = leucitite; (c) = cocciopesto; (d) = marble;
(e) = clinopyroxene; (e) = green hornblende; (f) = biotite. The saturation index of binders is calculated as: Sl =

(PoH20/DoHe) +100. The solid density of binder is assumed to 2.80 g/cm? as average of literature data.

Table 12 Kinetic water-absorption curves determinate for total immersion on cubic bulk specimens with weight

measurements of sample every 24 hours.

Table 13 Data of Point Load Test for determination of punching strenght index (Isso) on cubic bulk specimens of
mortars. Abbreviations: Distance between two punches (higher of specimen); W = specimen width; 2L = specimen
length; P = ripture load; A = WD = section of rupture, of the specimen; De = equivalent diameter; Issq = PLT strength
index; Rc = theoretical compression strength; Rt = theoretical tensile strength (according to ISRM, International Society
For Rock Mechanics, 1985).
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Table 1

Mortar Sample Room of Height Fragrgigzsi,o Crystal-clasts
typology baths (cm) Scoria  Leucitite -pesto Marble Cpx Hnb Bt
ADTH4  Calidarium -98 99.5 0 0 0.5 0 0 0
ADTH6  Calidarium -35 99.1 0.7 0 0.2 0 0 0
Brick ADTH 11  Fire room -85 98.2 15 0 0 0.3 0 0
bedding ADTH 21 Natatio 90 99.8 0 0 0.2 0 0 0
mortars ~ ADTH 35 Sudatio -16 94.3 3.8 0 0 1.9 0 0
ADTH 42 Sudatio -98 96.8 1.1 0 0.1 0.9 1.1 0
ADTH 43 Sudatio 7 99.4 0 0 0.6 0 0 0
Cubilia  ADTH 23 Natatio 58 99.9 0 0 0.1 0 0 0
bedding ADTH 46 Sudatio -23 97.8 0.8 0 0.2 1.2 0 0
mortars ~ ADTH 54 Apodyterium 107 95.7 2.1 0 0.3 1.2 0.7 0
Floor- ADTH 24 Natatio -25 95.4 0 4.3 0 0 0.3 0
coating ~ ADTH 28 Natatio -138 87.9 1.0 5.1 0 1.0 4.0 1.0
bedding  ADTH 34 Sudatio -4 95.2 0 4.8 0 0 0 0
mortars ~ ADTH 37  Laconicum -64 95.1 0 4.5 0 0.4 0 0
Wall- ADTH7  Calidarium 28 98.0 0 0 0 1.0 1.0 0
coating ADTH 31 Laconicum 25 98.3 0.8 0 0 0 0.9 0
mortars ~ ADTH 52 Apodyterium 20 99.3 0 0 0 0.7 0 0
ADTH 3  Calidarium -10 85.7 0 13.8 0 0.5 0 0
Floor ADTH 15 Tepidarium -12 87.9 0 12.1 0 0 0 0
conglomer. ADTH 25 Natatio -28 79.8 3.2 15.2 0 18 0 0
(rudus) ADTH 32  Laconicum -7 78.7 5.1 16.2 0 0 0 0
ADTH 33 Laconicum -5 81.0 2.1 15.3 0 0 1.6 0
Wall ADTH 18 Frigidarium 30 73.1 7.7 17.7 0 0.9 0.6 0
conglomer. ADTH 26 Natatio -109 76.5 2.7 204 0 0 0.4 0
(trullisatio) ADTH 58 Apodyterium 26 85.1 1.1 13.8 0 0 0 0
vault ADTH 12 Calidarigm 0 98.5 0.9 0 0.1 0 0.5 0
concretes ADTH 50 Apodyter!um 52 98.7 0 0 0.1 12 0 0
ADTH 53 Apodyterium 58 99.8 0 0 0.2 0 0 0
Plasters ADTH 13  Tepidarium -7 84.4 5.2 8.2 0 0 2.2 0
ADTH 14 Calidarium 40 81.7 0 16.6 0 1.4 0.3 0




Table 2

Circularity Mean of .
Sample Mortar tipolo variation range Average average Standard  Variation
P pology . g circularity . g deviation  coefficient
(min - max) circularity

ADTH 4 0,02 - 0,99 0.67
ADTH 6 0,08- 0,99 0.57
ADTH 11 0,04-1 0.50

ADTH 21 Brick bedding mortars 0,05 - 0,96 0.45 0.57 0.07 0.12
ADTH 35 0,01-0,99 0.59
ADTH 42 0,05-0,99 0.61
ADTH 43 0,06 - 0,98 0.58
ADTH 54 0,01-1 0.64

ADTH 46 Cubilia bedding mortars 0,04-1 0.58 0.59 0.05 0.09
ADTH 23 0,03-1 0.54
ADTH 24 0,04 -0,98 0.53

ADTH 28 - i i -

Floors-coating beding 0,05-1 0.48 0.54 0.04 0.07
ADTH 34 mortars 0,03-1 0.56
ADTH 37 0,01-1 0.58
ADTH 7 Wall-coating beddi 0,03-1 0.64

all-coating bedding

ADTH 31 MOrtars 0,04 - 0,99 0.45 0.52 0.11 0.21
ADTH 52 0,01 -0,99 0.46
ADTH 3 0,03-0,99 0.58
ADTH IS Floor cocciopesto 0,03 - 0,99 050

ADTH 25 conglomerates (rudus) 0,07-0,99 0.52 0.54 0.04 0.07
ADTH 32 0,02-1 0.52
ADTH 33 0,02-1 0.59
ADTH 18 Wall et 0,01-1 0.58

all cocciopesto

ADTH 26 conglomerates (trullisatio) 0,06 -0,99 0.61 0.59 0.02 0.04
ADTH 58 0,01-0,97 0.57
ADTH 12 0,03-0,99 0.59

ADTH 50 Vault concretes 0,02 - 0,99 0.56 0.58 0.02 0.03
ADTH 53 0,04-1 0.59

ADTH 13 -

Plasters 0,04-1 0.56 0.57 0.01 0.02

ADTH 14 0,02 - 0,97 0.58




Table 3

by image analysis on cube by image analysis on thin by binder dissolution

Mortar tipology ~ Sample specimens (vol.%) section (vol.%) method (vol.%)
Aggregate Binder B/A  Aggregate Binder B/A  Aggregate Binder B/A
ADTH 4 63.31 36.69 0.58 63.15 36.85 0.58 76.64 23.36 0.32
ADTH 6 65.37 34.63 0.53 55.04 44,96 0.82 76.15 23.85 0.33
Brick bedding ADTH 11 48.95 51.05 1.04 63.90 36.10 0.56 82.05 1795 0.23
mortars ADTH 21 59.08 40.92 0.69 60.68 39.32 0.65 78.82 21.18 0.28
ADTH 35 72.09 2791 0.39 61.95 38.05 0.61 81.30 18.70 0.24
ADTH 42 50.95 49.06 0.96 40.19 59.81 1.49 80.06 19.94 0.26
ADTH 43 60.14 39.86 0.66 52.05 47.95 0.92 79.42 20.58 0.27
Cubilia ADTH 54 60.73 39.27 0.65 48.69 51.31 1.05 83.66 16.34 0.35
bedding ADTH 46 57.77 42,23 0.73 48.35 51.65 1.07 77.50 22.50 0.30
mortars ADTH 23 67.04 32.96 0.49 48.87 51.13 1.05 74.66 2534 0.21
Floor-coating ADTH 24 63.35 36.65 0.58 46.60 5340 1.15 81.71 18.29 0.23
bedding ADTH 28 69.35 30.65 0.44 44.55 5545 1.24 80.69 19.31 0.24
mortars ADTH 34 65.04 34.96 0.54 35.61 64.39 181 77.57 2243 0.29
ADTH 37 47.62 52.38 1.10 37.10 62.90 1.70 78.36 21.64 0.28
Wall-coating ADTH 7 59.50 40.50 0.68 38.66 61.34 1.59 75.22 24.78 0.33
mortars ADTH 31 54.62 45.39 0.83 40.12 59.88 1.49 79.22 20.78 0.26
ADTH 52 60.80 39.20 0.64 40.04 59.96 1.50 80.38 19.62 0.25
ADTH 3 66.29 33.71 051 62.27 37.73 0.61 80.16 19.84 0.25
Floor ADTH 15 58.62 41.39 0.71 59.81 40.19 0.67 80.53 19.47 0.24
conglomerates ADTH 25 65.60 34.40 0.52 45.46 5454 1.20 84.12 15.88 0.19
(rudus) ADTH 32 62.41 37.60 0.60 50.50 49.50 0.98 81.51 18.49 0.23
ADTH 33 62.27 37.73 0.61 48.55 51.45 1.06 83.57 16.43 0.20
Wall ADTH 18 59.73 40.27 0.67 49.03 50.97 1.04 83.51 16.49 0.20
conglomerates ADTH 26 53.87 46.13 0.86 52.19 4781 0.92 84.12 15.88 0.19
(trullisatio) ~ ADTH 58 64.17 35.83 0.56 60.97 39.03 0.64 78.76 21.24 0.27
ADTH 12 62.80 37.20 0.59 36.02 63.98 1.78 80.58 19.42 0.25
Vault concretes ADTH 50 67.87 32.13 047 32.62 67.38 2.07 85.60 14.40 0.18
ADTH 53 64.05 35.96 0.56 37.44 62.56 1.67 82.81 17.19 0.22
Plasters ADTH 13 60.48 39.52  0.65 53.40 46.60 0.87 81.68 18.32 0.22

ADTH 14 61.49 38.51 0.63 49.39 50.61 1.02 80.01 19.99 0.25




Table 4

Sample

B/

Aggregate fragment / crystal weights (g)

Aggregate fragment / crystal volumes (cmq)

wt ()

(wt)

wt (%)

Sc

Le CP Mbl Cpx Hnb Bt

Total

(©)

Sc Le CP Mbl Cpx Hnb Bt Total

(cm®)

B/

(vol)

B

A

vol (%)

ADTH 4

ADTH 6

ADTH 11
ADTH 21
ADTH 35
ADTH 42
ADTH 43

22.55
22.39
24.24
23.24
24.00
23.64
23.42

7.45
7.61
5.76
6.77
6.00
6.36
6.58

0.33
0.34
0.24
0.29
0.25
0.27
0.28

75.17
74.63
80.80
77.45
80.01
78.79
78.08

24.83
25.37
19.20
22.55
19.99
21.21
21.92

2244
2219
23.80
23.19
22.63
22.88
23.28

0.00 0.00 0.11 0.00 0.00 0.00
0.16 0.00 0.04 0.00 0.00 0.00
0.36 0.00 0.00 0.07 0.00 0.00
0.00 0.00 0.05 0.00 0.00 0.00
0.91 0.00 0.00 0.46 0.00 0.00
0.26 0.00 0.02 0.21 0.26 0.00
0.00 0.00 0.14 0.00 0.00 0.00

22.55
22.39
24.24
23.24
24.00
23.64
23.42

7.45
7.61
5.76
6.77
6.00
6.36
6.58

8.98 0.00 0.00 0.04 0.00 0.00 0.00 09.02
8.87 0.07 0.00 0.02 0.00 0.00 0.00 8.97
952 0.17 0.00 0.00 0.02 0.00 0.00 9.72
928 0.00 0.00 0.02 0.00 0.00 0.00 9.29
9.05 043 0.00 0.00 0.13 0.00 0.00 9.62
915 0.12 0.00 0.01 0.06 0.08 0.00 9.43
931 000 0.00 0.05 0.00 0.00 0.00 9.37

2.75
2.81
2.13
2.50
221
2.35
2.43

0.30
0.31
0.22
0.27
0.23
0.25
0.26

23.36
23.85
17.95
21.18
18.70
19.94
20.58

76.64
76.15
82.05
78.82
81.30
80.06
79.42

ADTH 23
ADTH 46
ADTH 54

24.76
22.83
21.94

5.24
7.17
8.06

0.21
0.31
0.37

82.53
76.10
73.12

17.47
23.90
26.88

24.73
22.33
20.99

0.00 0.00 0.02 0.00 0.00 0.00
0.18 0.00 0.05 0.27 0.00 0.00
0.46 0.00 0.07 0.26 0.15 0.00

24.76
22.83
21.94

524
7.17
8.06

9.89 0.00 0.00 0.01 0.00 0.00 0.00 9.90
893 009 0.00 0.02 0.08 0.00 000 09.12
840 0.22 0.00 0.02 0.08 0.05 0.00 8.77

1.93
2.65
2.98

0.20
0.29
0.34

16.34
22.50
25.34

83.66
77.50
74.66

ADTH 24
ADTH 28
ADTH 34
ADTH 37

2412
23.84
22.81
23.07

5.88
6.16
7.19
6.93

0.24
0.26
0.32
0.30

80.41
79.48
76.03
76.89

19.59
20.52
23.97
23.11

23.01
20.96
21.71
21.94

0.00 1.04 0.00 0.00 0.07 0.00
024 122 0.00 024 095 0.24
0.00 1.09 0.00 0.00 0.00 0.00
0.00 1.04 0.00 0.09 0.00 0.00

2412
23.84
22.81
23.07

5.88
6.16
7.19
6.93

921 000 046 0.00 0.00 0.02 0.00 9.69
838 0.11 054 0.00 0.07 030 0.08 9.49
869 000 049 0.00 0.00 0.00 0.00 9.17
8.77 000 046 0.00 0.03 0.00 0.00 9.27

2.17
2.27
2.65
2.56

0.22
0.24
0.29
0.28

18.29
19.31
22.43
21.64

81.71
80.69
77.57
78.36

ADTH 7
ADTH 31
ADTH 52

22.13
23.36
23.73

7.87
6.64
6.27

0.36
0.28
0.26

73.78
77.87
79.11

26.22
22.13
20.89

21.69
22.96
23.57

0.00 0.00 0.00 0.22 0.22 0.00
0.19 0.00 0.00 0.00 0.21 0.00
0.00 0.00 0.00 0.17 0.00 0.00

22.13
23.36
23.73

7.87
6.64
6.27

8.68 0.00 0.00 0.00 0.07 0.07 0.00 881
9.19 0.09 0.00 0.00 0.00 0.07 0.00 9.34
9.43 0.00 0.00 0.00 0.05 0.00 0.00 9.48

2.90
2.45
2.31

0.33
0.26
0.24

24.78
20.78
19.62

75.22
79.22
80.38

ADTH 3

ADTH 15
ADTH 25
ADTH 32
ADTH 33

23.58
23.70
24.83
23.94
24.65

6.42
6.30
5.18
6.06
5.35

0.27
0.27
0.21
0.25
0.22

78.60
79.00
82.75
79.81
82.17

21.40
21.00
17.25
20.19
17.83

20.21
20.83
19.81
18.84
19.97

0.00 325 0.00 0.12 0.00 0.00
0.00 2.87 0.00 0.00 0.00 0.00
0.79 3.77 0.00 0.45 0.00 0.00
122 3.88 0.00 0.00 0.00 0.00
052 3.77 0.00 0.00 0.39 0.00

23.58
23.70
24.83
23.94
24.65

6.42
6.30
5.18
6.06
5.35

8.08 0.00 145 0.00 0.03 0.00 0.00 9.57
833 0.00 1.28 0.00 0.00 0.00 0.00 9.61
792 038 168 0.00 0.13 0.00 0.00 10.12
754 058 1.73 000 0.00 0.00 0.00 9.85
7.99 025 168 0.00 0.00 0.13 0.00 10.04

2.37
2.32
191
2.24
1.97

0.25
0.24
0.19
0.23
0.20

19.84
19.47
15.88
18.49
16.43

80.16
80.53
84.12
81.51
83.57

ADTH 18
ADTH 26
ADTH 58

2457
24.79
23.12

5.43
521
6.88

0.22
0.21
0.30

81.91
82.62
77.06

18.09
17.38
22.94

17.96
18.96
19.67

189 435 0.00 0.22 0.15 0.00
0.67 5.06 0.00 0.00 0.10 0.00
0.25 3.19 0.00 0.00 0.00 0.00

2457
24.79
23.12

5.43
521
6.88

719 090 194 0.00 0.07 0.05 0.00 10.14
758 032 226 0.00 0.00 0.03 0.00 10.19
787 012 142 0.00 0.00 0.00 0.00 941

2.00
1.92
2.54

0.20
0.19
0.27

16.49
15.88
21.24

83.51
84.12
78.76

ADTH 12
ADTH 50
ADTH 53

23.78
25.39
24.49

6.22
4.61
551

0.26
0.18
0.23

79.28
84.62
81.63

20.72
15.38
18.37

23.43
25.06
24.44

0.21 0.00 0.02 0.00 0.12 0.00
0.00 0.00 0.03 0.30 0.00 0.00
0.00 0.00 0.05 0.00 0.00 0.00

23.78
25.39
24.49

6.22
4.61
551

937 0.10 0.00 0.01 0.00 0.04 0.00 9.52
10.02 0.00 0.00 0.01 0.09 0.00 0.00 10.12
9.78 0.00 0.00 0.02 0.00 0.00 0.00 9.79

2.29
1.70
2.03

0.24
0.17
0.21

19.42
14.40
17.19

80.58
85.60
82.81

ADTH 13
ADTH 14

24.06
23.53

5.94
6.47

0.25
0.27

80.21
78.44

19.79
21.56

20.31
19.23

125 1.97 0.00 0.00 0.53 0.00
0.00 391 0.00 0.33 0.07 0.00

24.06
23.53

5.94
6.47

812 0.60 0.88 0.00 0.00 0.17 0.00 09.77
769 000 174 000 010 0.02 0.00 9.55

2.19
2.39

0.22
0.25

18.32
19.99

81.68
80.01




Table 5

AGGREGATE DATA (by volume)

by specimen l?y thln k?y blnd_er Mortar  Vitruvio's
Mortar tipology Sample image analysis section Image dissolution thickness values
analysis method
vol% vol% vol% cm vol%
ADTH 4 63.31 63.15 76.64
ADTH 6 65.37 55.04 76.15
ick beddi ADTH 11 48.95 63.9 82.05
B“fnorfars'“g ADTH 21 59.08 60.68 78.82 1.5-2 65-70
ADTH 35 72.09 61.95 81.30
ADTH 42 50.95 40.19 80.06
ADTH 43 60.14 52.05 79.42
ili . ADTH 23 67.04 48.87 83.66
Cubilia bedding  ADTH 46 57.77 48.35 77.50 1525 6570
ADTH 54 60.73 48.69 74.66
ADTH 24 63.35 46.6 81.71
Floor-coating ~ ADTH 28 69.35 44.55 80.69 356 70-80
bedding mortars ADTH 34 65.04 35.61 77.57 '
ADTH 37 47.62 37.1 78.36
I . ADTH 7 59.50 38.66 75.22
W?n oftoa"its'”g ADTH 31 54.62 40.12 79.22 1.5-3 70-80
ADTH 52 60.80 40.04 80.38
ADTH 3 66.29 62.27 80.16
Floor ADTH 15 58.62 59.81 80.53
conglomerates  ADTH 25 65.60 45.46 84.12 12.5-20 70-80
(rudus) ADTH 32 62.41 50.5 81.51
ADTH 33 62.27 48.55 83.57
Wall ADTH 18 59.73 49.03 83.51
conglomerates ~ ADTH 26 53.87 52.19 84.12 2.5-5 70-80
(trullisatio) ADTH 58 64.17 60.97 78.76
ADTH 12 62.80 36.02 80.58
Vault concretes  ADTH 50 67.87 32.62 85.60 >20 70-80
ADTH 53 64.05 37.44 82.81
ADTH 13 60.48 53.4 81.68
Plasters ADTH 14 61.49 49.39 80.01 1525 6570




Table 6

Binder / aggregate ratio (by volume)

Specimen volume (cm?)

Sample t{y CUb.'C by thin section by dissolution . . . . dissolution
specimen image . - - cubic specimen thin section
- image analysis binder sample
analysis

ADTH 4 0.58 0.58 0.30 4.73 0.05 15.62
ADTH 6 0.53 0.82 0.31 4.73 0.35 15.59
ADTH 11 1.04 0.56 0.22 4.09 0.20 15.96
ADTH 21 0.69 0.65 0.27 4.97 0.35 15.76
ADTH 35 0.39 0.61 0.23 2.80 0.35 15.92
ADTH 42 0.96 1.49 0.25 451 0.22 15.85
ADTH 43 0.66 0.92 0.26 5.51 0.25 15.80
ADTH 23 0.49 1.05 0.20 4.44 0.25 16.10
ADTH 46 0.73 1.07 0.29 3.06 0.33 15.71
ADTH 54 0.65 1.05 0.34 3.48 0.22 15.53
ADTH 24 0.58 1.15 0.22 3.85 0.46 15.84
ADTH 28 0.44 1.24 0.24 4.80 0.65 15.78
ADTH 34 0.54 1.81 0.29 4.34 0.25 15.57
ADTH 37 1.10 1.70 0.28 4.27 0.43 15.63
ADTH 7 0.68 1.59 0.33 4.54 0.49 15.57
ADTH 31 0.83 1.49 0.26 3.92 0.25 15.82
ADTH 52 0.64 1.50 0.24 4.40 0.40 15.90
ADTH 3 0.51 0.61 0.25 2.49 0.28 16.10
ADTH 15 0.71 0.67 0.24 4.46 0.41 16.12
ADTH 25 0.52 1.20 0.19 3.42 0.13 16.37
ADTH 32 0.60 0.98 0.23 4.76 0.23 16.18
ADTH 33 0.61 1.06 0.20 4.87 0.29 16.32
ADTH 18 0.67 1.04 0.20 3.93 0.50 16.42
ADTH 26 0.86 0.92 0.19 5.73 0.05 16.47
ADTH 58 0.56 0.64 0.27 5.01 0.69 16.11
ADTH 12 0.59 1.78 0.24 4.02 0.18 15.93
ADTH 50 0.47 2.07 0.17 3.82 0.17 16.26
ADTH 53 0.56 1.67 0.21 2.77 0.25 16.07
ADTH 13 0.65 0.87 0.22 5.77 0.65 16.32
ADTH 14 0.63 1.02 0.25 5.92 0.12 16.20




Table 7

ﬁgg‘lg';; A(25-120°C) A (120-200°C) A (200-400°C) A (400-600°C) A (600-850°C)
ADTH 43 2.3 17 2.8 16 1.1
ADTH 6 25 0.9 2.2 2.8 11.1
ADTH 11 2.1 12 2.2 17 10.9
ADTH 42 17 1 2.1 1.9 14.4
ADTH 21 2.1 0.9 25 2.9 0.8
ADTH 4 25 1.9 2.4 18 10.2
ADTH 35 25 2.3 3 18 10.3
ADTH 54 23 18 35 2.7 12.4
ADTH 46 4 1.4 3 2.3 14.4
ADTH 22 21 11 2.2 2.4 15.6
ADTH 34 26 1.9 25 13 9.5
ADTH 37 2.4 18 25 15 9.9
ADTH 24 3.2 2.2 3.4 2.1 10.6
ADTH 28 17 1.9 2.4 1.9 6.8
ADTH 15 35 18 2.7 3.3 7.6
ADTH 33 1.9 16 2.6 2.9 12.7
ADTH 3 1.9 16 2.7 2.6 12.3
ADTH 25 17 13 2.2 22 21.7
ADTH 32 5 15 3.9 4.6 12.2
ADTH 18 2.4 23 2 15 10.7
ADTH 26 3.1 2.3 2.9 2.1 105
ADTH 58 23 2.7 18 18 123
ADTH 50 2.2 2 3.2 2.7 105
ADTH 12 2.7 22 3 17 11
ADTH 53 17 0 16 3.2 9.3
ADTH 52 23 26 2 17 123
ADTH 7 17 4.2 1.9 3.3 113
ADTH 31 3.2 23 3 21 118
ADTH 13 2.9 2.1 2.7 18 14.6
ADTH 14 35 17 25 15 16.1
ADTH 52¢ 0.7 0.5 13 15 38.8
ADTH 12¢ 0.7 05 16 21 25.9
ADTH 21c 15 3.4 16 17 20.5
ADTH 29¢ 14 0.8 18 2 27.4




Table 8

Mortar Weight loss for temperature range (%)

typology Samples 200-5200C (H,0) 520 -800°C (CO;)  COZH0

ADTH 4 3.80 13.49 355

ADTH 6 3.46 12.55 3.63

. . ADTH 11 2.90 10.89 3.76

B”fr']‘o?tea‘i‘:'“g ADTH 21 3.84 11.17 2.91

ADTH 35 3.35 11.01 3.29

ADTH 42 2.93 15.33 5.23

ADTH 43 351 11.93 3.40

Cubilia ADTH 23 3.32 16.91 5.09

bedding ADTH 46 4.42 14.39 3.26

mortars ADTH 54 4.98 13.51 2.71

Floor-coating  ADTH 24 4.44 11.35 2.56

bedding ADTH 28 1.99 7.45 3.74

s ADTH 34 3.42 9.86 2.88

ADTH 37 3.22 10.50 3.26

coati ADTH 7 3.68 13.00 353

W"’r‘]'q oft();ts,lng ADTH 31 3.85 12.97 3.37

ADTH 52 3.23 12.24 3.79

ADTH 3 3.69 13.01 3.77

Floor ADTH 15 4.02 9.38 2.33

conglomer. ADTH 25 3.09 13.67 4.42

(rudus) ADTH 32 5.86 14.24 2.43

ADTH 33 3.61 14,51 4.02

Wall ADTH 18 5.96 9.46 1.59

conglomer ADTH 58 3.18 12.78 4.02

(trullisatio). ~ ADTH 26 371 12.71 3.43

Vault ADTH 12 3.89 11.59 2.98

conaretes ADTH 50 452 11.82 2.62

ADTH 53 3.46 10.35 2.99

Dlasters ADTH 13 3.56 15.44 434

ADTH 14 6.83 16.10 2.36

ADTH 12 ¢ 2.64 26.86 10.17

Lumps ADTH 52 ¢ 2.18 39.33 18.04

ADTH 29 ¢ 2.57 28.35 11.03




Table 9

Sieve opening (um)

Samples tipology Samples
4000 2000 1000 500 250 125
ADTH 4 81 62,9 40,8 20,2 10,9 4,2
ADTH 6 50,9 37,6 26,9 17,4 9,4 2,7
ADTH 11 42 26,2 15,1 8,1 4,5 15
Briks bedding mortars ADTH 21 64,9 35,4 22,9 13,1 7,2 2,7
ADTH 35 39,2 25,8 15 8,4 2,5 0,8
ADTH 42 81,1 44,2 24,7 15,7 7,7 2,8
ADTH 43 58,5 40,1 26,8 17,5 8,7 2,3
ADTH 23 45 23 8,7 5,6 3,2 1,4
Cubilia bedding mortars ADTH 46 24 141 9,9 6,1 2,7 1
ADTH 54 73,9 53,2 32,8 14,3 6,7 2,6
ADTH 24 66,4 49,7 36 22,6 12,6 4,2
. . ADTH 28 88,5 67,7 50,9 35,2 19,2 4,1
Floor-coating bedding mortars
ADTH 34 69,9 42,9 26,8 15,7 6,2 1,9
ADTH 37 94,1 59,1 35,7 19,6 10 3,8
ADTH 7 39,9 28,1 18 10,4 5 1,5
Wall-coating bedding mortars ADTH 31 72,0 48,1 26,8 15,3 7,5 2,9
ADTH 52 68,4 38,2 21,9 12,1 6,4 2,5
ADTH 3 29,5 15,9 9,4 5,6 3 1,3
ADTH 15 37,5 23,1 11,6 57 3,1 11
Floor conglomerates (rudus) ADTH 25 43,4 28,2 15,8 6,9 3,9 1,3
ADTH 32 34,6 22,3 15,8 10,6 57 2,4
ADTH 33 42,6 29,5 19,2 11,2 7,0 3.1
ADTH 18 61,7 42,1 28,3 20 11 4,2
Wall conglomerates (trullisatio) ADTH 26 65,8 42,3 26,7 15,5 7,6 2,8
ADTH 58 40,8 26,2 16,6 9,8 4,7 1,6
ADTH 12 76,9 43 27 16,2 8,3 3,2
Vaults concretes ADTH 50 77,1 46,8 30 19,8 10,4 31
ADTH 53 67,8 44,3 29,8 17,6 9,3 33
ADTH 13 41,4 19,1 10 55 2,1 0,8
Plasters
ADTH 14 31,8 20,9 14,7 9,5 4,7 1,5




Table 10

Mortar PR pB doHe ®oH20  Clw Sl Iss0
typology Sample

(g/em3) (g/lem®) (%) (%) (%) (%)  (MPa)

ADTH 4 266 136 4882 4291 3132 8790 0.35

ADTH 6 265 142 4621 3833 2680 8295 0.1

ADTH 11 271 149 4513 4173 2794 9246  0.14

. _ ADTH 21 240 135 4382 4012 2849 9155  0.15
Brick bedding

morars ADTH 35 243 151 3770 37.00 2436 9815 0.5

ADTH 42 261 157 3983 3565 2261 8951 055

ADTH 43 248 149 3996 3765 2519 9421 0.8

Mean 256 146 4307 39.06 2667 9096 0.26

S.D. 012 008 401 263 290 484 015

ADTH 23 269 136 4959 4186 3063 8441  0.37

Cubilia bedding ADTH 46 270 151 4412 3679 2420 8337  0.32

Mortars ADTH 54 250 147 4102 3953 2656 9635  0.77

Mean 263 145 4491 3939 2713 8805  0.49

S.D. 011 008 434 254 325 721 024

ADTH 24 252 138 4530 4380 3144 9670  0.18

ADTH 28 275 157 4323 3719 2363 8603 0.11

Floor-coating ADTH 34 260 127 5119 4701 3668 91.83  0.37

bedding mortars  ADTH 37 251 139 4472 4117 2950 9206  0.45

Mean 260 140 4611 4229 3031 9166 0.28

S.D. 011 012 350 416 539 437 0.6

ADTH 7 2.64 140 4717 3753 2671 7956  0.08

, ADTH 31 2.68 149 4448 3741 2504 8412  0.37
Wall-coating

bedding mortars -ADTH 52 261 125 5198 4556 3599 8764 031

Mean 2.64 138 4788 4017 2924 8377 0.25

S.D. 003 012 380 467 590 405  0.15

ADTH 3 267 156 4137 4014 2548 97.04  0.95

ADTH 15 259 149 4270 3673 2463 86.02 047

Floor ADTH 25 248 140 4357 3956 2696 90.78  0.57

conglomerates  ADTH 32 2.54 1.47 4199 36.72 2480 87.44 0.41

(rudus) ADTH 33 2.65 157 4098 3636 2311 88.73  0.26

Mean 259 150 4212 3790 2500 9000 053

S.D. 008 007 104 180 140 431  0.26

ADTH 18 262 135 4843 39.06 2866 8064 0.1

Wall ADTH 26 225 121 4638 4494 3696 9689  0.47

conglomerates ADTH 58 221 1.46 34.14 3281 22.31 96.08 0.57

(trullisatio)  \jean 236 134 4299 3893 2931 9120 0.38

S.D. 023 013 772 607 735 915  0.24

ADTH 12 256 146 4279 37.80 2565 8833 0.25

ADTH 50 266 136 4902 4455 3258 90.88  0.23

co\@ges ADTH 53 263 137 4783 4207 3035 8793 033

Mean 262 140 4655 4147 2953 89.05 0.7

S.D. 005 006 330 341 354 160  0.05

ADTH 13 244 155 3664 3619 2328 9879  0.64

Plasters ADTH 14 254 153 3964 37.82 2459 9540 0.71

(arriccio)  Mean 249 154 3814 3701 2394 97.09 0.68

S.D. 007 001l 213 115 092 240  0.05




Table 11

Binder and PR ps ®oHe ®cHe @1  @oH.0 Clw si
aggregate Sample
typology (g/cm®)  (glcm?) (%) (%) (%) (%) (%) (%)
ADTH 4 167 058 3961 1388 5349 3152 2639 79,57
ADTH 6 152 060 3317 1819 51,35 2237 1794 6744
ADTH 11 267 128 4949 216 5165 4420 3086 89,31
Brick bedding  ADTH 2L 153 071 3657 2100 57,58 31,55 2508 86,25
ortar binders ADTH 35 081 048 1577 4153 5730 1608 11,50 101,94
ADTH 42 257 147 4143 474 4617 3446 2181 8317
ADTH 43 159 090 2899 2439 5338 2638 1883 91,00
Mean 177 0,86 3500 17,99 5299 2951 21,77 8553
S.D. 065 038 1068 13,21 390 9,03 637 10,66
ADTH 23 190 066 4402 1120 5523 3253 2726 73,90
Cubilia bedding  APTH 46 213 101 3932 1135 50,67 27,85 1913 70,84
rgor't;? bfn dé?sg ADTH 54 118 058 2458 2864 5323 2360 17,19 9599
Mean 174 0,75 3597 17,07 5304 2800 21,19 80,24
S.D. 050 023 1014 1003 228 447 534 1372
ADTH 24 144 059 3425 1995 5420 3324 26,80 97,07
| . ADTH 28 142 060 2740 20,79 4819 2001 1273 73,05
bFe dodc}:gﬁg:‘tgr ADTH 34 147 038 41,37 1217 5354 3632 3353 87,78
binders ADTH 37 243 116 51,14 632 5746 4548 3548 88,95
Mean 169 068 3854 1481 5335 3377 2713 86,71
S.D. 049 034 1015 686 384 1054 1030 10,00
ADTH 7 190 0,74 4237 1262 5498 2738 22,16 64,61
Wall-coating  ADTH 31 236 1,13 4419 750 51,69 32,50 22,96 73,54
bedding mortar ADTH 52 176 048 4810 10,12 5822 3876 36,16 80,59
binders Mean 201 0,78 4489 1008 5497 32,88 27,09 7291
S.D. 031 033 293 25 326 570 786 801
ADTH 3 149 0,77 2588 2393 4981 2566 1626 99,13
ADTH 15 1,90 095 3603 1619 5222 2742 1963 7611
CongFlc')?;’errate ADTH 25 123 050 30,86 2269 5355 2643 1971 8564
(rudus) ADTH 32 153 0,74 31,34 2220 5353 24,65 1824 78,66
binders ADTH 33 171 089 3006 20,12 50,18 2432 1556 80,90
Mean 157 0,77 30,83 2103 51,86 2569 17,88 84,09
S.D. 025 017 362 303 179 127 191 911
ADTH 18 183 060 4609 1153 57,62 3223 2723 69,92
Cong‘l’\éﬁr']'erate ADTH 26 164 063 5031 1579 66,10 4947 4719 98,34
Trulisatio) -ADTH 58 092 068 1663 49,72 6635 1619 12,62 97,33
binders Mean 146 0,64 3768 2568 6336 3263 2901 8853
S.D. 048 004 1835 2092 497 1665 17,35 16,12
ADTH 12 154 0,75 3080 21,87 52,67 2409 1790 7822
Vault concrete ADTH 50 138 041 3504 1493 4997 2968 2512 84,69
bindere ADTH 53 158 057 3708 1577 5286 2932 2424 79,07
Mean 150 057 3431 1752 51,83 27,70 2242 80,66
S.D. 010 017 321 379 1,62 313 39 352
o ADTH 13 258 161 4149 500 4649 4208 2753 101,40
(arffégirg) ADTH 14 158 087 2860 2390 5249 27,31 1828 9550
iders Mean 208 124 3505 1445 4949 3469 2291 9845
S.D. 070 052 912 1336 424 1044 655 417
ADTH 33 b 240 146 3928  nd. nd. 3801 2607 96,90
ADTH 18 b 253 153 39,74  nd. nd. 3907 2563 9844
ADTH 50 b 256 157 3854  nd. nd. 3793 2418 9855
Volcani _ ADTH11b 258 167 3542  nd. nd. 3520 21,13 9955
Oagg'r‘;; ;‘;‘;”a ADTH 34 b 256 163 3627  nd. nd. 3615 22,16 99,81
ADTH 14 b 253 161 3626  nd. nd. 3621 2247 100,01
ADTH 12 b 251 155 3821  nd. nd. 3246 2069 84,96
Mean 253 157 37,67 nd nd. 3643 2319 96,89
S.D. 006 007 1,68 n.d. n.d. 220 213 537
ADTH 35| 287 2,16 2468  nd. nd. 2366 10,94 9589
Leucitite ADTH 58 | 288 206 2852  nd. nd. 2611 12,66 9157
aogregates  ADTH 251 287 218 2568  nd. nd. 2087 956 8748
Mean 287 213 2629  nd. nd. 2355 11,05 91,65
S.D. 001 006 1,99 n.d. nd. 262 155 421
ADTH 18 ¢ 285 158 4449  nd. nd. 3839 2411 86,30
ADTH 25 ¢ 230 192 1661  nd. nd. 1227 749 7386
Cocciopesto  ADTH 3 ¢ 292 152 47,97 nd nd. 4252 2782 88,65
aggregates ADTH 11c 1,95 1,68 13,67 n.d. n.d. 13,44 7,02 98,29
Mean 251 168 3068  nd. nd. 2665 1661 86,78
S.D. 046 017 1804  n.d. nd. 1603 1091 10,05







Table 12

Water absorption (%)

Mortar tipology Samples

24h 48h 72h 96h 120h 144h 168h 192h 216h 240h
ADTH4 2853 2944 2991 3053 30.86 30.94 3110 3128 31.31 31.32
ADTHG6 2316 2420 2499 2544 2594 2611 2626 2646 26.69 26.80
ADTH11 2497 2553 2603 26.74 2724 2733 2755 2749 27.95 27.94
Briks bedding mortars ADTH?21 2544 2587 2630 2671 27.00 27.32 27.62 27.92 2849 28.49
ADTH35 2279 2326 23.34 2388 2425 2429 2415 2407 2436 24.36
ADTH42 1953 2038 2121 2177 2203 2246 2261 2235 2261 22.61
ADTH43 2217 23.03 2339 2421 2415 2447 2484 2477 2519 25.19
ADTH23  27.86 27.95 28.08 28.78 29.14 2970 29.96 30.03 30.35 30.63
Cubiliabedding mortars ~ ADTH46  21.86 2240 2259 22.86 2304 2318 2331 2368 2420 24.20
ADTH54 2445 2370 2392 2522 2541 2500 2544 2564 2656 26.56
ADTH 24 2743 27.95 2832 2901 2955 3024 3057 3075 3144 3144
Floor-coating bedding ADTH?28 2144 21.97 2213 2235 2246 2275 2295 2311 23.63 23.63
mortars ADTH34 3228 32.89 3361 33.78 3439 3465 3508 3554 36.68 36.68
ADTH37 2675 27.14 27.67 2827 2838 2850 2854 2852 2950 29.50
ADTH7 2493 2497 2509 2541 2573 2591 2631 2651 2671 26.71
Wa"'cffl‘gﬂgrgedding ADTH31 2383 23.99 2406 2425 2446 2465 2486 2495 2502 2504
ADTH52 3149 33.03 33.39 3387 3445 3458 34.690 3504 3599 35.99
ADTH3 2278 23.67 24.16 2431 2447 2487 2505 24.88 2548 2548
ADTH15 2340 2347 2351 2371 2390 2410 2331 2451 2463 24.63

Floor conglomerates
(rudus) ADTH25 2414 2521 2623 2653 2672 2686 2693 2696 2696 26.96
ADTH32 2033 21.04 2220 2319 2332 2369 2398 2434 2480 24.80
ADTH33 1024 19.93 2009 2105 2151 21.95 2223 2260 2311 23.11
ADTH18 2435 2637 2656 27.33 27.44 27.76 27.80 28.05 28.66 28.66
Wa"(tcrﬂ?l?s'gﬂs)rates ADTH?26 3447 3518 3538 3532 3550 3563 3596 36.08 36.96 36.96
ADTH58  20.66 2048 2069 2120 2114 21.60 21.66 2152 2231 22.31
ADTH12 2273 2322 2376 2420 2420 2475 2523 2501 2565 25.65
Vaults concretes ADTH50 2837 20.18 29.98 30.98 31.83 31.67 3170 3191 3258 32.58
ADTH53 2621 26,69 27.16 27.94 2841 2877 2932 2981 3035 30.35
ADTH13 2119 2175 2217 2238 2264 2271 22.83 2292 2329 23.28
Plasters ADTH 14 2215 2279 2317 2383 2400 2403 2408 2414 2459 2459




Table 13

A=WD
Mortar Samples D (mm) W (mm) 2L (mm) P(N) (mm?) De’(mm?) De (mm) Issp(Mpa) Rc(Mpa) Ry (Mpa)
ADTH4 1350 16.50 10.6 160 222.75 283.62 16.84 0.35 4.84 0.43
ADTH6  14.00 16.00 11 50 224.00 285.21 16.89 0.11 151 0.13
rick bedding ADTH11 1400 15.00 10.25 60 210.00 267.39 16.35 0.14 1.90 0.17
D ADTH21 920 15.50 10.5 50 142.60 181.57 13.47 0.15 2.14 0.19
ADTH35  14.10 16.90 10.5 120 238.29 303.41 17.42 0.25 3.45 0.31
ADTH42 1530 16.50 10.75 280 252.45 321.44 17.93 0.55 7.69 0.69
ADTH43  16.10 17.10 10.35 150 275.31 350.55 18.72 0.28 3.85 0.34
Cubilia _ ADTH23 1340 14.00 105 310 187.60 238.87 15.46 0.77 10.71 0.96
bedding ~ ADTH46  13.80 16.10 115 150 222.18 282.90 16.82 0.32 455 0.41
mortars  ADTH54  14.30 14.30 9.55 160 204.49 260.37 16.14 0.37 517 0.46
Floor-coating ADTH24 1200 17.40 105 80 208.80 265.86 16.31 0.18 254 0.23
bedding _ ADTH28 1590 16.50 10.45 60 262.35 334.04 18.28 0.11 1.60 0.14
e ADTH34 1280 16.20 10.75 160 207.36 264.03 16.25 0.37 5.12 0.46
ADTH37  14.10 16.10 95 210 227.01 289.05 17.00 0.45 6.26 0.56
. ADTH7  15.00 15.50 10.25 40 232.50 296.04 17.21 0.08 117 0.10
W"’;r']'of;arts'”g ADTH31  13.40 14.00 10.5 150 187.60 238.87 15.46 0.37 5.18 0.46
ADTH52 1350 16.00 11.15 140 216.00 275.03 16.58 0.31 434 0.39
ADTH3  14.00 15.90 95 440 222.60 283.43 16.84 0.95 13.32 1.19
Floor ADTH15  13.80 16.20 10.05 220 223,56 284.65 16.87 0.47 6.64 0.59
conglomer. ADTH25  12.50 17.50 10.75 260 218.75 278,53 16.69 0.57 7.98 0.71
(rudus)  ADTH32  14.90 15.00 10.5 190 223,50 284.58 16.87 0.41 573 0.51
ADTH33 1550 11.60 10.4 100 179.80 228.94 15.13 0.26 357 0.32
Wall ADTH18  14.10 16.20 9.75 50 228.42 290.84 17.05 0.11 1.48 0.13
conglomer  ADTH58  14.10 16.10 10.95 220 227.01 289.05 17.00 0.47 6.56 0.59
(trullisatio). ~ ADTH26  14.40 17.50 10.5 290 252.00 320.87 17.91 0.57 7.97 0.71
Vault ADTH12  13.40 15.80 95 110 211.72 269.58 16.42 0.25 3.46 0.31
conaretes  ADTHS50 12,00 17.20 10.5 100 206.40 262.80 16.21 0.23 321 0.29
ADTH53  13.90 15.70 10.45 150 218.23 277.87 16.67 0.33 461 0.41
olasers  ADTH13 1650 16.70 13 350 275.55 350.85 18.73 0.64 8.98 0.80
ADTH14  16.20 17.10 10 390 277.02 352.72 18.78 0.71 9.96 0.89




