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Abstract The aim of this work is the physical and
mineralogical-petrographic characterization of the mortars
from the Baths with Heliocaminus, a special and unique ar-
chitectural building in the complex of the Hadrian’s Villa in
Tivoli. Thirty samples were investigated for composition and
physical properties (density, porosity, water absorption, me-
chanical strength, particle size distribution of aggregate, etc.),
representative of eight mortar groups: cubilia bedding mortar,
brick bedding mortars, floor-coating and wall-coating bedding
mortars, floor (rudus) and wall conglomerates (trullisatio),
vault concretes, and lime plasters (arriccio). Physical param-
eters, together with the 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 an interesting relationship
between the physical-compositional characteristics and the
function of mortars within the structure of the Heliocaminus
baths. To identify the minerals and the reactant phases be-
tween binder and aggregate, as well as the hydraulic degree,
selected samples were analyzed with x-ray powder diffraction,
thermogravimetry, and differential scanning calorimetry tech-
niques. The obtained results provide a close relation between

pozzolanic characteristics and physical-mechanical properties
of the mortars (i.e., punching strength index).

Keywords Hadrian’s Villa . Binder . Aggregate . TGA-DSC
thermal analysis . XRPD analysis . Pozzolanic . Ancient
mortars

Introduction

The personal baths of the Emperor Hadrian were built
within the area of its Republican residence since 118 AD

(Figs. 1 and 2). The baths were characterized by an impos-
ing circular room, called Heliocaminus, warmed by sun-
light and a traditional system with hypocaust (Mac Donald
and Pinto 2006). This room has been recognized as a
sudatio because of the presence of bakery openings that
could supplement the heat derived 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 the south-western side, where all the Hadrian Villa
heated rooms were located. This orientation reflects faith-
fully the requirements dictated by architect Vitruvio
(Cicerchia 1985; Giuliani Cairoli 2006; Pollione 15 BC;
Verduchi 1975). 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 coating, already
studied by several authors with various methods (Antonelli
et al. 2013; 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
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buildings of the Villa and confirms the relevance of the com-
plex to the noble zone (Adam 2006; Cagnana 2000).

In many buildings of Hadrian’s Villa, volcanic rocks (i.e.,
pyroclastites) outcropping in the same area of the residence
were frequently used. The pyroclastic rocks have been fre-
quently used in historical times in both mortars and as a build-
ing material in the masonry or as tool (e.g., Antonelli et al.
2014; Bertorino et al. 2002; Coroneo and Columbu 2010;
Columbu et al. 2011, 2013, 2014c, 2015c; Columbu and
Guccini 2013; Macciotta et al. 2001; Melis and Columbu
2000). In the Heliocaminus Baths, these materials are primar-
ily used as construction element in the walls (i.e., cubilia), and
considered their mainly matrix glass, even as pozzolanic
aggregate.

For laying all several kinds of construction materials, dif-
ferent types of aerial and hydraulic mortars were used in

Hadrian’s Villa for bedding bricks, stone ashlars, marble slabs,
and plaster (Fig. 2).

The mortars show a variable composition and hydraulic
degree according to their function in building, e.g., to improve
the physical-mechanical strength (i.e., wall structure, founda-
tions, raised floors, etc.) or as waterproofing (i.e., cisterns).

The hydraulic mortars were especially used in moist envi-
ronments such as Roman spa. In these cases (e.g.,
Heliocaminus Baths), the pozzolanicity is generally conferred
by cocciopesto or glassy volcanic aggregates (e.g., scoria).

The compositional characteristics of the mortars are funda-
mental to define the construction phases of ancient buildings
and to trace the technologies used in the historical periods
(Columbu et al. 2015b; Crisci et al. 2001, 2002; De Luca
et al. 2013; Maravelaki-Kalaitzaki et al. 2003; Miriello et al.
2010a, b, 2015; Moropoulou et al. 1995, 1999, 2000, 2002,

Fig. 1 a Photo-overview of 3D
model of Hadrian’s Villa (made
by Italo Gismondi in 1956),
where it highlights the
Heliocaminus bath (on the central
left); b view of Heliocaminus
room; c, d Natatio room
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2003a, b, 2004, 2005; 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, 2012, 2014; Lezzerini et al. 2016; Verdiani and
Columbu 2010, 2012).

Also, the physical properties (porosity, bulk density, me-
chanical strength, etc.) are significant for the basic character-
ization of geomaterials (Columbu et al. 2015a), to 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.
(2015b). It proposes the study of the bedding mortars, con-
glomerates, and concretes from Heliocaminus Baths through
an archaeometric multidisciplinary approach characterized by
mineralogical–petrographic–physical–mechanical analysis,
including particle size of the aggregate. Thirty mortar samples
from main sectors of the theater (i.e., tribunalia vaults, cavea
tiers, stage walls, vaults, brick walls of external niches, struc-
ture masonry) were analyzed. The analysis are addressed to
define the mixture technologies of raw material according to
ancient Roman mode and uses (Adriano et al. 2009; Bultrini
et al. 2006; Miriello et al. 2010, 2011; Stanislao et al. 2011).

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 (wall coating mortar); e floor
conglomerates with cocciopesto
(suspensura); f wall coating and
conglomerates with cocciopesto
of Frigidarium room; g vault
concretes of collapsed vault;
h wall with plaster
(sample ADTH 14)
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By polarizing microscope analysis, the mineralogical
composition and petrographic characteristics of mortars
were determined. The petrographic study, together with
image analysis on thin sections and on bulk mortar spec-
imen faces, can provide significant data about (1) prepa-
ration of mortars and different mixing ratios of binder
and aggregate, (2) geological origin of raw materials
used as aggregate (e.g., volcanic scoria, leucitites), and
(3) selection method of raw materials in relation to the
function of mortar in the building.

To define the hydraulic degree of mortars, on enriched
binder powdered samples, thermogravimetric and differential
scanning calorimetry (TG and DSC) and XRD analysis were
made, according to well-known experimental methods
(Babini and Fiori 1996; Bakolas et al. 1998; Bultrini et al.
2006; Drdácky et al. 2013; Maravelaki-Kalaitzaki et al.
2003; Miriello et al. 2010, 2011; Moropoulou et al. 1995,
1999, 2003a, b; Ricciardi et al. 1998; Ortega et al. 2008;
Palomo et al. 2011; Topçu and Isıkdag 2013). Analytical data
were compared to the physical-mechanical properties (i.e.,

point load strength index) to define their relationship
(Papayianni et al. 2013; Topçu and Isıkdag 2013).

Furthermore, the analysis of other physical properties (wa-
ter absorption and saturation) allows us to verify the produc-
tion quality of mortars.

Materials and methods

Materials

Thi r ty samples o f mor t a r s co l l ec t ed f rom the
Heliocaminus Baths were analyzed (Fig. 3). The samples
are representative of mortars with different functions in
the baths (according to eight groups, Columbu et al.
2015b; Table 1), such as (see Fig. 3 and its caption) seven
brick bedding mortars (Opus Testaceum), three Cubilia
bedding mortars (Opus Reticolatum), four floor-coating
bedding mortars (Marmor pavimentum), three wall-
coating bedding mortars (Harenata marmor), five floor

Fig. 3 Map of Heliocaminus Baths with sampling points of mortars.
Sample codes referring to mortar groups (according to Table 1): seven
brick bedding mortars = ADTH 4, 6, 11 (fire room), 21, 35, 42, 43; three
Cubilia bedding mortars = sample ADTH 23, 46, 54; four floor-coating
bedding mortars = ADTH 24, 28, 34, 37; three wall-coating bedding

mortars = ADTH 7, 31, 52; five floor-conglomerates = ADTH 3, 15,
25, 32, 33; three wall-conglomerates = ADTH 18, 26, 58; three vault
concretes = ADTH 12, 50, 53; two plasters (arriccio layers) = ADTH
13, 14
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conglomerates (Opus Signinum of Rudus), three wall con-
glomerates (Opus Signinum of Trussillatio or rinzaffo
layers), three concretes of collapsed vaults (Opus
Caementitium), and two plasters (arriccio layers).

Four lime lumps of mortars were also analyzed to under-
stand their composition and modality of formation. The mor-
tars with the same function were sampled according to differ-
ent heights in the structure and/or in diverse environments.

Samples of mortar and stone were taken from the superfi-
cial portions of monument material, with a maximum volume
of about 25 cm3, compatibly with the limits imposed by the
Superintendence of Cultural Heritage of Lazio Region.
However, the size of the material taken from the baths is
representative and suitable to determine the compositional
and physical characteristics of the studied mortars.

Analytical methods

Petrographic determinations of mineralogical composition
were carried out by optical polarized microscopy on polished
thin sections on 38 samples of which 30 mortars consolidated
by epoxy resin, 3 lateritious, and 5 volcanics. Modal analysis
of mortars has been determined with Bpoints 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: (1) on photographs taken on six faces of the cubic
specimens of mortars on which the physical-mechanical tests
have been determined and (2) on thin-section photographs
detected with the flatbed scanner. The binder/aggregate ratio
(B/A) was calculated also with weight data from acid

Table 1 Compositional characteristics by microscopic analysis of the mortars from the Heliocaminus Baths, where localization, sampling height, and
percentage distribution of different aggregates are reported

Mortar typology Sample Room of baths Height (cm) Fragments (%) Crystal-clasts (%)

Scoria Leucitite Cocciopesto Marble Cpx Hnb Bt

Brick bedding mortars ADTH 4 Calidarium −98 99.5 0 0 0.5 0 0 0

ADTH 6 Calidarium −35 99.1 0.7 0 0.2 0 0 0

ADTH 11 Fire room −85 98.2 1.5 0 0 0.3 0 0

ADTH 21 Natatio 90 99.8 0 0 0.2 0 0 0

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 bedding mortars ADTH 23 Natatio 58 99.9 0 0 0.1 0 0 0

ADTH 46 Sudatio −23 97.8 0.8 0 0.2 1.2 0 0

ADTH 54 Apodyterium 107 95.7 2.1 0 0.3 1.2 0.7 0

Floor-coating bedding mortars ADTH 24 Natatio −25 95.4 0 4.3 0 0 0.3 0

ADTH 28 Natatio −138 87.9 1.0 5.1 0 1.0 4.0 1.0

ADTH 34 Sudatio −4 95.2 0 4.8 0 0 0 0

ADTH 37 Laconicum −64 95.1 0 4.5 0 0.4 0 0

Wall-coating mortars ADTH 7 Calidarium 28 98.0 0 0 0 1.0 1.0 0

ADTH 31 Laconicum 25 98.3 0.8 0 0 0 0.9 0

ADTH 52 Apodyterium 20 99.3 0 0 0 0.7 0 0

Floor conglomerates (rudus) ADTH 3 Calidarium −10 85.7 0 13.8 0 0.5 0 0

ADTH 15 Tepidarium −12 87.9 0 12.1 0 0 0 0

ADTH 25 Natatio −28 79.8 3.2 15.2 0 1.8 0 0

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 conglomerates (trullisatio) ADTH 18 Frigidarium 30 73.1 7.7 17.7 0 0.9 0.6 0

ADTH 26 Natatio −109 76.5 2.7 20.4 0 0 0.4 0

ADTH 58 Apodyterium 26 85.1 1.1 13.8 0 0 0 0

Vault concretes ADTH 12 Calidarium 0 98.5 0.9 0 0.1 0 0.5 0

ADTH 50 Apodyterium 52 98.7 0 0 0.1 1.2 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
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dissolution of mortar binder to determine the particle size of
aggregate (see text and figure captions of manuscript).

A Seifert X3000 apparatus in the Bragg–Brentano geome-
try was used for x-ray powder diffraction. It was operated
using the CuKα radiation in the range of 8–40 (2ϑ degrees)
with step of 0.05 2ϑ, with an opportune counting time to
optimize the signal/noise ratio. JCPDF-2 database was used
for the identification of the phases.

Regarding the thermogravimetric analysis, 2 g of eachmor-
tar (without the coarse aggregate) were ground by Giuliani IG
colloidal mill W2/E/S. To enrich the sample in the binder
fraction, the powder was treated with Frantz magnetic separa-
tor for the removal of the iron-magnetic mineral fraction be-
longing mainly to the volcanic aggregate.

Thermogravimetric analysis (TGA) measurements were
carried out at atmospheric pressure using a Perkin Elmer in-
strument model TGA7. The measurements were performed
under Ar flow (60 mL/min). Samples of 10 mg were placed

in platinum crucibles and scanned in the temperature range of
30–900 °Cwith a heating rate of 10 °C/min. TGA7 instrument
was calibrated with Curie points of Alumel, Nickel, Perkalloy,
and Iron standard samples, and the temperature was obtained
with an accuracy of ±2 °C. Differential scanning calorimetry
(DSC)measurements were carried out at atmospheric pressure
using a Perkin Elmer instrument model DSC7. The measure-
ments were performed under Ar flow (60 mL/min). Samples
of 5 mg were placed in platinum crucibles and scanned in the
temperature range of 30–650 °C with a heating rate of
10 °C/min. DSC7 instrument was calibrated by measuring
the melting temperature of metallic indium and zinc
(99.999mass% purity) and the temperature was obtainedwith
an accuracy of ±0.5 °C.

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 a small

Fig. 4 Micro-photographs on
thin section of mortars and
aggregates: a cross Nicol:
phenocrysts immersed in
microcrystalline groundmass in
leucitic basalt; b plain polars:
leucite crystals in 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)
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fragment (only for some mortar samples) of volcanic and ag-
gregates extracted from mortars. Specimens were dried at
105 ± 5 °C and then the dry solid mass (mD) 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 VR = VS + VC, where VC 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 deter-
mined after water absorption by immersion for 10 days.
Through a hydrostatic analytical balance, the bulk volume
VB (with VB = VS + VO + VC, where VO = (VB − VR) is the
volume of open pores to helium) is calculated as

VB ¼ mW−mHYð Þ=ρwT 25$C½ &⋅100

where mHY is the hydrostatic mass of the wet specimen
and ρWT25°C is the water density at a temperature of
25 °C.

Total porosity (ΦT), open porosity to water and
helium (ΦOH2O and ΦOHe, respectively), closed poros-
ity to water and helium (ΦCH2O, ΦCHe), bulk density
(ρB), real density (ρR), and solid density (ρS) were
computed as

ΦT ¼ VB−VSð Þ=VB½ &⋅100
ΦOH2O ¼ mW−mDð Þ=WTX

! "
=VB⋅100

ΦOHe ¼ VB−VR=VBð Þ½ &⋅100
ΦCH2O ¼ ΦT−ΦOH2O
ΦCHe ¼ ΦT−ΦOHe
ρS ¼ mD=VS; ρR ¼ mD=VR; ρB ¼ mD=VB

Table 2 Circularity data of mortar aggregate of mortars determined by image analysis on thin section, where circularity variation ranges, averages,
means of average circularity data, standard deviations, and variation coefficients are reported

Mortar typology Sample Circularity variation
range (min–max)

Average
circularity

Mean of average
circularity

Standard
deviation

Variation
coefficient

Brick bedding mortars ADTH 4 0.02–0.99 0.67 0.57 0.07 0.12
ADTH 6 0.08–0.99 0.57

ADTH 11 0.04–1 0.50

ADTH 21 0.05–0.96 0.45

ADTH 35 0.01–0.99 0.59

ADTH 42 0.05–0.99 0.61

ADTH 43 0.06–0.98 0.58

Cubilia bedding mortars ADTH 23 0.03–1 0.54 0.59 0.05 0.09
ADTH 46 0.04–1 0.58

ADTH 54 0.01–1 0.64

Floor-coating bedding mortars ADTH 24 0.04–0.98 0.53 0.54 0.04 0.07
ADTH 28 0.05–1 0.48

ADTH 34 0.03–1 0.56

ADTH 37 0.01–1 0.58

Wall-coating bedding mortars ADTH 7 0.03–1 0.64 0.52 0.11 0.21
ADTH 31 0.04–0.99 0.45

ADTH 52 0.01–0.99 0.46

Floor cocciopesto conglomerates (rudus) ADTH 3 0.03–0.99 0.58 0.54 0.04 0.07
ADTH 15 0.03–0.99 0.50

ADTH 25 0.07–0.99 0.52

ADTH 32 0.02–1 0.52

ADTH 33 0.02–1 0.59

Wall cocciopesto conglomerates (trullisatio) ADTH 18 0.01–1 0.58 0.59 0.02 0.04
ADTH 26 0.06–0.99 0.61

ADTH 58 0.01–0.97 0.57

Vault concretes ADTH 12 0.03–0.99 0.59 0.58 0.02 0.03
ADTH 50 0.02–0.99 0.56

ADTH 53 0.04–1 0.59

Plasters ADTH 13 0.04–1 0.56 0.57 0.01 0.02
ADTH 14 0.02–0.97 0.58
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The weight imbibition coefficient (ICW) and the saturation
index (SI) were computed as

ICW ¼ mW−mDð Þ=mD½ &⋅100
SI ¼ ΦOH2O=ΦOHeð Þ ¼ mW−mDð Þ=ρWTX½ &=VO⋅100

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

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

Mortar typology Sample By image analysis on
cubic specimens (vol.%)

By image analysis on thin
section (vol.%)

By binder dissolution
(vol.%)

Vitruvio’s
recommended values

Aggregate Binder B/A Aggregate Binder B/A Aggregate Binder B/A Aggregate
vol.%

Mortar
thickness

Brick bedding mortars ADTH 4 63.31 36.69 0.58 63.15 36.85 0.58 76.64 23.36 0.30 65–70 1.5–2
ADTH 6 65.37 34.63 0.53 55.04 44.96 0.82 76.15 23.85 0.31

ADTH 11 48.95 51.05 1.04 63.90 36.10 0.56 82.05 17.95 0.22

ADTH 21 59.08 40.92 0.69 60.68 39.32 0.65 78.82 21.18 0.27

ADTH 35 72.09 27.91 0.39 61.95 38.05 0.61 81.30 18.70 0.23

ADTH 42 50.95 49.06 0.96 40.19 59.81 1.49 80.06 19.94 0.25

ADTH 43 60.14 39.86 0.66 52.05 47.95 0.92 79.42 20.58 0.26

Means 59.98 40.02 0.69 56.71 43.29 0.80 79.21 20.79 0.26

Cubilia bedding mortars ADTH 23 67.04 32.96 0.49 48.87 51.13 1.05 74.66 25.34 0.34 65–70 1.5–2.5
ADTH 46 57.77 42.23 0.73 48.35 51.65 1.07 77.50 22.50 0.29

ADTH 54 60.73 39.27 0.65 48.69 51.31 1.05 83.66 16.34 0.20

Means 61.85 38.15 0.62 48.64 51.36 1.06 78.61 21.39 0.28

Floor-coating bedding mortars ADTH 24 63.35 36.65 0.58 46.60 53.40 1.15 81.71 18.29 0.22 70–80 3.5–6
ADTH 28 69.35 30.65 0.44 44.55 55.45 1.24 80.69 19.31 0.24

ADTH 34 65.04 34.96 0.54 35.61 64.39 1.81 77.57 22.43 0.29

ADTH 37 47.62 52.38 1.10 37.10 62.90 1.70 78.36 21.64 0.28

Means 61.34 38.66 0.67 40.97 59.04 1.48 79.58 20.42 0.26

Wall-coating mortars ADTH 7 59.50 40.50 0.68 38.66 61.34 1.59 75.22 24.78 0.33 70–80 1.5–3
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 0.24

Menas 58.31 41.70 0.72 39.61 60.39 1.53 78.27 21.73 0.28

Floor conglomerates (rudus) ADTH 3 66.29 33.71 0.51 62.27 37.73 0.61 80.16 19.84 0.25 70–80 12.5–20
ADTH 15 58.62 41.39 0.71 59.81 40.19 0.67 80.53 19.47 0.24

ADTH 25 65.60 34.40 0.52 45.46 54.54 1.20 84.12 15.88 0.19

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

Means 63.04 36.97 0.59 53.32 46.68 0.90 81.98 18.02 0.22

Wall conglomerates (trullisatio) ADTH 18 59.73 40.27 0.67 49.03 50.97 1.04 83.51 16.49 0.20 70–80 2.5–5
ADTH 26 53.87 46.13 0.86 52.19 47.81 0.92 84.12 15.88 0.19

ADTH 58 64.17 35.83 0.56 60.97 39.03 0.64 78.76 21.24 0.27

Means 59.26 40.74 0.70 54.06 45.94 0.87 82.13 17.87 0.22

Vault concretes ADTH 12 62.80 37.20 0.59 36.02 63.98 1.78 80.58 19.42 0.24 70–80 >20
ADTH 50 67.87 32.13 0.47 32.62 67.38 2.07 85.60 14.40 0.17

ADTH 53 64.05 35.96 0.56 37.44 62.56 1.67 82.81 17.19 0.21

Means 64.91 35.10 0.54 35.36 64.64 1.84 83.00 17.00 0.21

Plasters ADTH 13 60.48 39.52 0.65 53.40 46.60 0.87 81.68 18.32 0.22 65–70 1.5–2.5
ADTH 14 61.49 38.51 0.63 49.39 50.61 1.02 80.01 19.99 0.25

Means 60.99 39.02 0.64 51.40 48.61 0.95 80.85 19.16 0.24

Vitruvio’s values of binder/aggregate ratio and mortar thickness are also reported

B binder, A aggregate
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of a concentrated load with two opposing conical
punches.

The resistance to puncturing (IS) was calculated as P/De
2,

where P is the breaking load and De is the Bequivalent diam-
eter of the carrot^ (ISRM 1985), with De = 4 A/π and
A = W × D, where W and 2L are the width perpendicular to

the direction of the load and the length of the specimen, re-
spectively. 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

IS 50ð Þ ¼ IS⋅F ¼ IS⋅ De=50ð Þ0:45

Fig. 5 Microphotographs on
mortar thin section realized 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
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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 ¼ K⋅IS 50ð Þ RT ¼ IS 50ð Þ=0:8

where K (multiplication coefficient) = 14 (Palmström 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 (mdM), and then
attached with acid solution (HNO3, 13 % vol.) for a period of
immersion of 48 h, so as to eliminate the carbonate binder
matrix of the mortar. The samples were then filtered with
Whatman 41 paper, washed in distilled water, and placed in
an oven at 105 ± 5 °C to determine the dry mass of the residual
aggregate (mdR) and, indirectly, the bulk mass of the binder
(e.g., mdB = mdM − mdR). Then, the particle-size distribution
was performed using sieves withmesh opening of 6300, 4000,
2000, 500, 250, 125, and 63 μm with a Giuliani IG3 sifter.

Results and discussion

Mineralogical and petrographic characteristics

At the macroscopic observation, the binder matrix of samples
shows a color from grayish (CIELAB 89*-1*4) to whitish
(CIELAB 89*0*0) (on fresh cut). The surfaces exposed di-
rectly to the weathering, due to the alteration (decarbonation,
sulfation), show a different color, from ochre (CIELAB
74*9*12) to gray more intense (CIELAB 51*1*5).

In the zones of the building exposed to the north, without
sun radiation, biological patinas are present, with various spe-
cies (e.g., molds, mosses, lichens).

In all mortars, there are often lime lumps with different
dimensions (from <1 to 7 mm), in some cases with radial
fissuring or fractured.

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

Different gravel, sands, or crushed rocks were employed in
the aggregate of mortars such as volcanic rocks (and subordi-
nately marble), crystal-clasts, and cocciopesto fragments of
bricks, tiles, and pottery. The latter were mainly used in the
wall and floor conglomerates.

The mineralogical composition of the aggregate was de-
fined by microscopic analysis in thin section, reported in
Table 1.

In Table 2, irrespective of the composition, circularity data
of aggregate are reported, determined with image analysis on
thin-section photographs by software ImageJ 1.47v. The cir-
cularity of the aggregate with size <8 mm is substantially

similar in the various kinds of mortar. Therefore, they were
not counted as coarse fragments, frequently found in the vault
concretes (e.g., caementia, with main size range 30–150 mm)
and cocciopesto conglomerates of walls and floors (size range
10–30 mm). Counting this coarse aggregate, surely the circu-
larity value would be considerably lower.

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

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

The texture of leucitic basalt is afiric. The paragenesis con-
sists 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 glassymatrix, they show edge of pozzolanic reaction
with the binder (Fig. 4).

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

Fig. 6 Comparison of three different methods to calculate the binder/
aggregate ratio (vol.%) using different sample volumes by image
analysis on thin section and on cubic bulk mortar specimens, and using
weight data from acid dissolution of binder mortar to determine the
particle size analysis
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Table 4 Comparison data of the aggregate ratio using the compositional distribution, determined by microscopic analysis, and weight data after dissolution of binder used for making the particle size
analysis

Sample Aggregate Binder B/A (wt) Aggregate Binder Aggregate fragment/crystal weights (g) Aggregate fragment/crystal volumes (cm3) Binder volume (cm3)

wt (g) wt (%) Sc Le CP Mbl Cpx Hnb Bt Total Sc Le CP Mbl Cpx Hnb Bt Total

ADTH 4 22.55 7.45 0.33 75.17 24.83 22.44 0.00 0.00 0.11 0.00 0.00 0.00 22.55 8.98 0.00 0.00 0.04 0.00 0.00 0.00 9.02 2.75

ADTH 6 22.39 7.61 0.34 74.63 25.37 22.19 0.16 0.00 0.04 0.00 0.00 0.00 22.39 8.87 0.07 0.00 0.02 0.00 0.00 0.00 8.97 2.81

ADTH 11 24.24 5.76 0.24 80.80 19.20 23.80 0.36 0.00 0.00 0.07 0.00 0.00 24.24 9.52 0.17 0.00 0.00 0.02 0.00 0.00 9.72 2.13

ADTH 21 23.24 6.77 0.29 77.45 22.55 23.19 0.00 0.00 0.05 0.00 0.00 0.00 23.24 9.28 0.00 0.00 0.02 0.00 0.00 0.00 9.29 2.50

ADTH 35 24.00 6.00 0.25 80.01 19.99 22.63 0.91 0.00 0.00 0.46 0.00 0.00 24.00 9.05 0.43 0.00 0.00 0.13 0.00 0.00 9.62 2.21

ADTH 42 23.64 6.36 0.27 78.79 21.21 22.88 0.26 0.00 0.02 0.21 0.26 0.00 23.64 9.15 0.12 0.00 0.01 0.06 0.08 0.00 9.43 2.35

ADTH 43 23.42 6.58 0.28 78.08 21.92 23.28 0.00 0.00 0.14 0.00 0.00 0.00 23.42 9.31 0.00 0.00 0.05 0.00 0.00 0.00 9.37 2.43

ADTH 23 24.76 5.24 0.21 82.53 17.47 24.73 0.00 0.00 0.02 0.00 0.00 0.00 24.76 9.89 0.00 0.00 0.01 0.00 0.00 0.00 9.90 1.93

ADTH 46 22.83 7.17 0.31 76.10 23.90 22.33 0.18 0.00 0.05 0.27 0.00 0.00 22.83 8.93 0.09 0.00 0.02 0.08 0.00 0.00 9.12 2.65

ADTH 54 21.94 8.06 0.37 73.12 26.88 20.99 0.46 0.00 0.07 0.26 0.15 0.00 21.94 8.40 0.22 0.00 0.02 0.08 0.05 0.00 8.77 2.98

ADTH 24 24.12 5.88 0.24 80.41 19.59 23.01 0.00 1.04 0.00 0.00 0.07 0.00 24.12 9.21 0.00 0.46 0.00 0.00 0.02 0.00 9.69 2.17

ADTH 28 23.84 6.16 0.26 79.48 20.52 20.96 0.24 1.22 0.00 0.24 0.95 0.24 23.84 8.38 0.11 0.54 0.00 0.07 0.30 0.08 9.49 2.27

ADTH 34 22.81 7.19 0.32 76.03 23.97 21.71 0.00 1.09 0.00 0.00 0.00 0.00 22.81 8.69 0.00 0.49 0.00 0.00 0.00 0.00 9.17 2.65

ADTH 37 23.07 6.93 0.30 76.89 23.11 21.94 0.00 1.04 0.00 0.09 0.00 0.00 23.07 8.77 0.00 0.46 0.00 0.03 0.00 0.00 9.27 2.56

ADTH 7 22.13 7.87 0.36 73.78 26.22 21.69 0.00 0.00 0.00 0.22 0.22 0.00 22.13 8.68 0.00 0.00 0.00 0.07 0.07 0.00 8.81 2.90

ADTH 31 23.36 6.64 0.28 77.87 22.13 22.96 0.19 0.00 0.00 0.00 0.21 0.00 23.36 9.19 0.09 0.00 0.00 0.00 0.07 0.00 9.34 2.45

ADTH 52 23.73 6.27 0.26 79.11 20.89 23.57 0.00 0.00 0.00 0.17 0.00 0.00 23.73 9.43 0.00 0.00 0.00 0.05 0.00 0.00 9.48 2.31

ADTH 3 23.58 6.42 0.27 78.60 21.40 20.21 0.00 3.25 0.00 0.12 0.00 0.00 23.58 8.08 0.00 1.45 0.00 0.03 0.00 0.00 9.57 2.37

ADTH 15 23.70 6.30 0.27 79.00 21.00 20.83 0.00 2.87 0.00 0.00 0.00 0.00 23.70 8.33 0.00 1.28 0.00 0.00 0.00 0.00 9.61 2.32

ADTH 25 24.83 5.18 0.21 82.75 17.25 19.81 0.79 3.77 0.00 0.45 0.00 0.00 24.83 7.92 0.38 1.68 0.00 0.13 0.00 0.00 10.12 1.91

ADTH 32 23.94 6.06 0.25 79.81 20.19 18.84 1.22 3.88 0.00 0.00 0.00 0.00 23.94 7.54 0.58 1.73 0.00 0.00 0.00 0.00 9.85 2.24

ADTH 33 24.65 5.35 0.22 82.17 17.83 19.97 0.52 3.77 0.00 0.00 0.39 0.00 24.65 7.99 0.25 1.68 0.00 0.00 0.13 0.00 10.04 1.97

ADTH 18 24.57 5.43 0.22 81.91 18.09 17.96 1.89 4.35 0.00 0.22 0.15 0.00 24.57 7.19 0.90 1.94 0.00 0.07 0.05 0.00 10.14 2.00

ADTH 26 24.79 5.21 0.21 82.62 17.38 18.96 0.67 5.06 0.00 0.00 0.10 0.00 24.79 7.58 0.32 2.26 0.00 0.00 0.03 0.00 10.19 1.92

ADTH 58 23.12 6.88 0.30 77.06 22.94 19.67 0.25 3.19 0.00 0.00 0.00 0.00 23.12 7.87 0.12 1.42 0.00 0.00 0.00 0.00 9.41 2.54

ADTH 12 23.78 6.22 0.26 79.28 20.72 23.43 0.21 0.00 0.02 0.00 0.12 0.00 23.78 9.37 0.10 0.00 0.01 0.00 0.04 0.00 9.52 2.29

ADTH 50 25.39 4.61 0.18 84.62 15.38 25.06 0.00 0.00 0.03 0.30 0.00 0.00 25.39 10.02 0.00 0.00 0.01 0.09 0.00 0.00 10.12 1.70

ADTH 53 24.49 5.51 0.23 81.63 18.37 24.44 0.00 0.00 0.05 0.00 0.00 0.00 24.49 9.78 0.00 0.00 0.02 0.00 0.00 0.00 9.79 2.03

ADTH 13 24.06 5.94 0.25 80.21 19.79 20.31 1.25 1.97 0.00 0.00 0.53 0.00 24.06 8.12 0.60 0.88 0.00 0.00 0.17 0.00 9.77 2.19

ADTH 14 23.53 6.47 0.27 78.44 21.56 19.23 0.00 3.91 0.00 0.33 0.07 0.00 23.53 7.69 0.00 1.74 0.00 0.10 0.02 0.00 9.55 2.39

B binder, A aggregate
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The crystal-clasts of mortar aggregate essentially consist of
hornblende, clinopyroxene, and rare biotite.

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

The mortar samples show the occasional presence (in low
amount) of white marble aggregate, normally with sharp
edges. This aggregate is mainly present in the finishing lime
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 or
caementia in the concretes (with frequent size 5–20 cm).
This rock is characterized by a glassy groundmass, lithic-
clasts of varying particle size with composition from
leucit ic-basalt ic to leucit i t ic xenoliths (Fig. 4).
Occasionally, it shows typical alterations in zeolites and
clay minerals (Peccerillo 2005). The accessory phases are

Table 5 Data used for making the graphic of Fig. 6, where binder/aggregate ratio (determine by volume) and specimen volume (cm3) are reported

Mortar typology Sample Binder/aggregate ratio (by volume) Specimen volume (cm3)

By image
analysis
on cubic
specimens

By image analysis
on thin section

By binder
dissolution

Cubic
specimen

Thin section Dissolution

Brick bedding mortars 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 4.51 0.22 15.85

ADTH 43 0.66 0.92 0.26 5.51 0.25 15.80

Cubilia bedding mortars ADTH 23 0.49 1.05 0.34 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 0.20 3.48 0.22 15.53

Floor-coating bedding mortars 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

Wall-coating mortars 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

Floor conglomerates (rudus) 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

Wall conglomerates (trullisatio) 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

Vault concretes 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

Plasters 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
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iron and titanium oxides. Due to volcanic glass, the
pyroclastites were probably used also as pozzolanic ag-
gregate. In the aggregate of mortars, the presence of the
same crystal-clasts, observed in the same pyroclastic
rock, has been frequently detected (i.e., green hornblende,
clinopyroxene, biotite) as well as the leucitic basalt and
leucitites.

Binder/aggregate ratio

According to Columbu et al. (2015b), the ratio of binder and
aggregate was initially calculated through the image analysis
on the six faces of the cubic specimens. The values are report-
ed in Table 3 (first three columns).

The results show that this ratio depending varies on the
specific function of the mortar in the baths. The average
values for mortar group are higher in mortars with low
thickness: wall cocciopesto conglomerates of trullisatio
layer (0.70; Table 3) and brick mortars (0.68). Instead,
in the mortars of vault concretes and floor cocciopesto
conglomerates (rudus), the average values are lower
(0.54 and 0.59, respectively) due to higher presence of
medium-coarse aggregate.

However, this binder/aggregate ratio also varies within the
sample groups, showing a certain compositional inhomogene-
ity 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 (Table 3;
Fig. 5). The values are always higher than those obtained
by image analysis of cubic specimens (Table 3) due to
different volumes of samples analyzed in the two cases
(Fig. 6).

In both cases, the values are higher than the values indicat-
ed by Vitruvio (Pollione 15 BC). According to his recommen-
dations (Table 3), the aggregate percentage in a mortar is
mainly a function of particle size distribution and the thickness
of the mortar cast. So, a thickness of 1–2 cm provides an
aggregate percentage of 65–70 vol.%, while a 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 recommenda-
tions of Vitruvio is the one obtained by image analysis on
cubic specimens (Table 3), but this is not perfectly correct
because it does not detect the presence of aggregate with
very small size (<100 μm) undetectable by the image
analysis.

Further values were calculated using weight ratio data
(Table 4) after binder dissolution of the mortars made to
determine the particle size of aggregate, where all ag-
gregate fraction is counted, even those less than 100 μm
in diameter. Data (Table 4) are very close to those

recommended by Vitruvius (Table 3). So, the latter
method shows higher reliability than the other due to
a larger volume of the samples (Table 5), as shown in
Fig. 6.

Composition of binder

XRPD and TG/DSC analyses on the fractions enriched in
binder have provided information on the materials used and
the main, secondary, and reactant phases between binder and
aggregate, allowing us to define the composition and hydrau-
lic degree of the mortars.

Fig. 7 Qualitative mineralogical analysis of binder. XRPD patterns of
selected samples of aerial and hydraulic mortars. The dotted curves are
the experimental data. The reflection positions of major components are
shown: Tridimite (PDF card 18-1170), Crystobalite (PDF card 71-785),
Quartz (PDF card 79-1906), Calcite (PDF card 5-586), Gypsum (PDF
card 21-816), Leucite (PDF card 71-1147), Muscovite (PDF card 7-25),
Ettringite (PDF card 41-1451), and Vuagnatite (PDF card 29-289) phases.
Mineral abbreviations: Cc calcite, Qz quartz, Crd cristobalite, Trd
tridymite, Gp gypsum, Lc leucite, Ms muscovite, Etr ettringite, Vy
vuagnatite
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Selected samples were analyzed by x-ray powder dif-
fraction, 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 ad-
dition, peaks (at 20.50, 21.63, and 23.29 2ϑ degrees) due
to tridymite, peaks (at 21.96 and 28.42 2ϑ 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
(KAlSi2O6) and muscovite (KAl2Si3AlO10(OH)2) phases
were also observed. Other minor phases of syngenite
(K2Ca(SO4)2·H2O) 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 (CaSO4·2H2O) 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 pozzo-
lan materials, between the hydraulic phases of new formation,
only a small amount of an Ca/Al-silicate [i.e., vuagnatite
(CaAlSiO4(OH))] and ettringite (Ca6Al2(SO)4(OH)12·
26H2O) have been identified in all samples (excluding
ADTH 12C) by x-ray diffraction. The products of the pozzo-
lanic reaction probably are mainly present as amorphous
phases (gel-like C-S-A-H). Ettringite is formed as a con-
sequence of the chemical reaction between the sulfates
and aluminates usually present in the hydration products
of Portland cement. Its formation depends on different
factors: (1) aluminates content, (2) amount and origin of
sulfates, and (3) quality of the mortar. Then, ettringite
crystallization involves a high increment of volume due
to an expansive process with mortar disintegration (crack-
ing and loss of mass).

Fig. 8 Thermogravimetric analysis on the enriched binder fraction of
mortars. TG curves: mass loss (%) versus temperature in degrees
Celsius. a Brick mortar; b cubilia mortar; c floor coating mortars; d
wall coating mortar. Thermogravimetric analysis on the enriched binder

fraction of mortars. TG curves: mass loss (%) versus temperature in
degrees Celsius. e Floor conglomerate; f wall conglomerate; g vault
concrete; h plaster; i lump
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The curves obtained with the TG/DSC simultaneous anal-
ysis (Figs. 8 and 9) have a 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
(Table 6). The observed gypsum phase in these XRDP pat-
terns is in agreement with the TGA result, where a net jump at
122–150 °C due to crystallized water loss of this phase is
present in TGA curves of these samples. A following weight
loss is present at temperatures between 480 and 500 °C, prob-
ably associated with the reaction between calcium silicates
and carbonates which liberate carbon dioxide according to
the following chemical reaction:

CaCO3 + XSiO2⇒CaXSiO3 + CO2(where X =K, Al, F)

The more extensive loss in weight is recorded on the de-
composition curve at temperatures between 550 and 600 °C
and 800–830 °C and is linked to the decarbonation reaction of
Ca-carbonate (CaCO3 ⇒CaO +CO2). 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 related to the elimination of
H2O and CO2 compounds (evaporation and decarbonation)
are useful to trace pozzolanic activity of the analyzed sample.

The endothermic peaks (Fig. 9) of calorimetric curves
(DSC) coincide with 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

Fig. 8 (continued)
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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 produc-
tion of CO2.

In DSC curves, it is noteworthy that in the samples con-
taining gypsum (wall-coating mortars ADTH 7, ADTH 52;
floor cocciopesto conglomerates ADTH 15, plaster ADTH 18,
ADTH 58), an endothermic sharp peak due to dehydration of
gypsum is observed.

In some samples, in the range 480–500 °C, it is ob-
served that there is a broad endothermic peak (evident in
ADTH 28 sample) due to the reaction between calcite
and silicate to form Ca-silicate that develops carbon di-
oxide. This reaction may be also due to the presence of

new cement mortar residues of the restoration interven-
tions in the last decades.

Finally, at higher temperatures (>600 °C) in all the
samples, the DSC curves have shown an increasing up-
ward behavior due to the incipient endothermic decom-
position of calcite.

According to temperature ranges with characteristic
losses in weight identified by Bakolas et al. (1995,
1998) and Moropoulou et al. (2000), CO2 versus CO2/
H2O ratio has been reported in Fig. 10, where CO2 is
weight loss between 600 and 800 °C and H2O is weight
loss of bond water in the range of 200–600 °C (Table 7).
Samples with greater hydraulic degree are the mortars of
marble flooring (CO2 = 9.79 %), followed by the vault

Fig. 9 Differential scanning
calorimetric (DSC) curves related
to the enriched binder fraction of
mortars. Heat flow versus
temperature
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concre tes (CO2 = 11.25 %) , arr icc io plas te r s
( CO 2 = 11 , 6 5 % ) , b r i c k b e d d i n g m o r t a r s
(CO2 = 12.34 %), and the coating bedding mortars
(CO2 = 12.74 %). The lime lumps, being mainly com-
pounds of Ca-hydroxide/carbonate, have much higher
values. The diagram shows an exponential correlation
of data (R2 = 0.95; Fig. 10).

Particle size analysis of aggregate

The analysis of determinant diameters D10 and D60 in
cumulative distribution curves, obtained by sieving of
the aggregate fraction (Fig. 11; Table 8), shows that

77 % of the analyzed mortars present a poorly sorted
particle size distribution, 13 % of mortars present a varied
particle size distribution (samples ADTH 6, 43, 18, 50),
and the last 10 % present a sorted particle size distribution
(samples ADTH 23, 3, 13).

According to size classification (Wentworth 1922), cu-
mulative curves (Fig. 11a–h) show how the aggregates
are used in the mortars derived in most cases from very
fine gravel aggregate (also call granule), where the his-
tograms of hold masses record the highest percentages at
about 4000 and 2000 μm grain size sieves (Columbu
et al. 2015b). In other cases, where the frequency histo-
gram recorded the highest held percentages on 2000 and

Table 6 Thermogravimetric analysis: percentage weight difference data of enriched binder samples in the following temperature ranges: 25–120, 120–
200, 200–400, 400–600, 600–850 °C

Mortar typology Sample Δw (%)
25–120 °C

Δw (%)
120–200 °C

Δw (%)
200–400 °C

Δw (%)
400–600 °C

Δw (%)
600–850 °C

Brick bedding mortars ADTH 4 2.5 1.9 2.4 1.8 10.2

ADTH 6 2.5 0.9 2.2 2.8 11.1

ADTH 11 2.1 1.2 2.2 1.7 10.9

ADTH 21 2.1 0.9 2.5 2.9 9.8

ADTH 35 2.5 2.3 3.0 1.8 10.3

ADTH 42 1.7 1.0 2.1 1.9 14.4

ADTH 43 2.3 1.7 2.8 1.6 11.1

Cubilia bedding mortars ADTH 23 2.1 1.1 2.2 2.4 15.6

ADTH 46 4.0 1.4 3.0 2.3 14.4

ADTH 54 2.3 1.8 3.5 2.7 12.4

Floor-coating bedding mortars ADTH 24 3.2 2.2 3.4 2.1 10.6

ADTH 28 1.7 1.9 2.4 1.9 6.8

ADTH 34 2.6 1.9 2.5 1.3 9.5

ADTH 37 2.4 1.8 2.5 1.5 9.9

Wall-coating mortars ADTH 7 1.7 4.2 1.9 3.3 11.3

ADTH 31 3.2 2.3 3.0 2.1 11.8

ADTH 52 2.3 2.6 2.0 1.7 12.3

Floor conglomerates (rudus) ADTH 3 1.9 1.6 2.7 2.6 12.3

ADTH 15 3.5 1.8 2.7 3.3 7.6

ADTH 25 1.7 1.3 2.2 2.2 21.7

ADTH 32 5 1.5 3.9 4.6 12.2

ADTH 33 1.9 1.6 2.6 2.9 12.7

Wall conglomerates (trullisatio) ADTH 18 2.4 2.3 2.0 1.5 10.7

ADTH 26 3.1 2.3 2.9 2.1 10.5

ADTH 58 2.3 2.7 1.8 1.8 12.3

Vault concretes ADTH 12 2.7 2.2 3.0 1.7 11.0

ADTH 50 2.2 2.0 3.2 2.7 10.5

ADTH 53 1.7 0.5 1.6 3.2 9.3

Plasters ADTH 13 2.9 2.1 2.7 1.8 14.6

ADTH 14 3.5 1.7 2.5 1.5 16.1

ADTH 12C 0.7 0.5 1.6 2.1 25.9

Lumps ADTH 29C 1.4 0.8 1.8 2.0 27.4

ADTH 52C 0.7 0.5 1.3 1.5 38.8
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1000 μm, these aggregates are defined as very coarse
sand.

Granule aggregate is used in 74 % of the mortars. The
remaining 26 % show an aggregate of very coarse sand.

The aggregate particle size is a function of mortar’s
thickness and percentage of inert aggregate used in the
casting, parameters that are constant within the same
group of mortars.

According to Columbu et al. (2015b), the slight varia-
tions in grain size within a same group would be attribut-
able to unintentional different mixing of raw materials or
different packaging modality probably due to the change
of workers.

Some variations, such as those mentioned above, occur in
the ADTH 53 sample (vault concretes) that shows granule
particle size different from very fine gravel of ADTH 50 and
ADTH 12 samples.

On the basis of cumulative curve morphology, each
mortar group reflects a particular pattern even though
in some cases it is different due to slightly dissimilar
particle size characteristics (Fig. 11a–h). This is the ex-
ample of brick bedding mortars (Fig. 11a) where the
ADTH 4 and ADTH 42 samples deviate from the trend
of other distribution curves. In these samples, the histo-
grams indicate a modal class of 1000 and 2000 μm. The
same behavior occurs in the wall coating and floor coat-
ing mortars (Fig. 11c, d) where ADTH 28, ADTH 37,
and ADTH 7 samples slightly deviate from the trend of
the other mortars. In these samples, the histograms indi-
cate a modal class of 2000 and 1000 μm.

Floor conglomerates (Fig. 11e) show a fairly similar
morphology of the cumulative curves with the exception
of the ATDH 3 sample, which is characterized by a
slight gap.

In vault concretes, there is a great similarity of the cumu-
lative curves that appear superimposed (Fig. 11g).

The same morphological homogeneity of cumulative
curves characterizes the plasters.

Physical-mechanical properties of mortars

Porosity, density, and water absorption

The following physical and mechanical properties of
bulk mortar samples (according to Columbu et al.
2015b) are reported in Table 9: solid, real and bulk
density, open and closed porosity to helium and water,
weight imbibition coefficient, saturation index, and
punching strength index. Physical properties of binders
(calculated in a theoretical way) and aggregates are re-
ported in Table 10.

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 are normally well correlated
between them in inverse proportion, and they are good param-
eters to recognize the compactness degree of a mortar and also
a good lay on the monument. Helium open porosity of mortars
varies from 34.1 to 52.0 % and bulk density from 1.21 to
1.57 g/cm3 (Table 9).

As highlighted in Fig. 12a, the great variability of helium
open porosity and bulk density in the mortars is also affected
by variable incidence of the binder and aggregate (Table 10).
These properties range from 15.8 to 51.1 % and from 0.38 to
1.61 g/cm3 in the binders, respectively, and from 13.7 to
48.0 % and from 1.40 to 2.20 g/cm3 in the aggregate samples
(Table 10). The binders also show a high variability of real
density (Fig. 12b, Table 10). Considering that the solid density
of binder (about 2.80 g/cm3, corresponding to carbonate-lime
phases) remains unchanged, it follows that the real density is
influenced by the closed porosity present in the binder matrix
and less by its solid density.

Observing the mean values (Tables 9 and 10), the
samples of plasters and cocciopesto conglomerates of
wall and floors show low values of open porosity
(38.1 % and 42.1–43 %, respectively) than other mortars
(ranging from 45 to 48 %). Bulk density shows values
of 1.54 ± 0.01 g/cm3, 1.50 ± 0.07 g/cm3, and
1.34 ± 0.13 g/cm3 in the plasters and in the conglomerates
of floor and wall, respectively.

In the case of plasters (arriccio layer) and wall conglomer-
ates (trullisatio layer), considering the low thickness (about 1
and 3 cm, respectively), the low porosity and high bulk den-
sity are due mainly to the pressing and working with plaster-
ing trowel during the laying. Moreover, in the plaster, this is
also due to the use of a fine aggregate with respect to other
mortars.

Fig. 10 Diagram of CO2 versus CO2/H2O ratio for mortars of
Heliocaminus Baths, where CO2 is weight loss (%) between the
temperature range of 600 and 800 °C and H2O is weight loss of bond
water in the range of 200–600 °C (from Moropoulou et al. 2000,
modified)
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In the case of floor conglomerates, considering their struc-
tural function, the low porosity and more high bulk density
with respect to wall conglomerates are due to a high and better
compaction of mortar through the use of maces, as highlighted
by different characteristics of the binders, with bulk density
and total porosity of 0.77 ± 0.17 g/cm3 vs. 0.64 ± 0.04 g/cm3

and 51.8 ± 1.8 % vs. 63.4 ± 4.9 %, respectively (Table 10).
These different physical properties of floor conglomerates are
also due to a probable use of cocciopesto aggregate with
higher quality, characterized by lower porosity and greater

bulk density (Fig. 12a; samples ADTH 25C and ADTH 11C
in Table 10).

Differently from other mortars described above, the vault
concretes and the floor and wall bedding coating mortars
show high He open porosity values (46.5 ± 3.3 %,
46.1 ± 3.5 %, and 47.8 ± 3.8 %, respectively; Table 9). In
the first case, the thickness of the casting is probably due to
a lower compaction or high amount of mixing water in the
production of mortar, while in the case of coating mortars, it is
due to the need to have a soft bedding mortar (therefore highly

Table 7 Thermogravimetric
analysis data of the mortars,
where mass losses (%) for
temperature ranges are reported

Mortar typology Samples Weight loss for temperature range (%) CO2/H2O

200–520 °C (H2O) 520–800 °C (CO2)

Brick bedding mortars ADTH 4 3.80 13.49 3.55

ADTH 6 3.46 12.55 3.63

ADTH 11 2.90 10.89 3.76

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 3.51 11.93 3.40

Cubilia bedding mortars ADTH 23 3.32 16.91 5.09

ADTH 46 4.42 14.39 3.26

ADTH 54 4.98 13.51 2.71

Floor-coating bedding mortars ADTH 24 4.44 11.35 2.56

ADTH 28 1.99 7.45 3.74

ADTH 34 3.42 9.86 2.88

ADTH 37 3.22 10.50 3.26

Wall-coating mortars ADTH 7 3.68 13.00 3.53

ADTH 31 3.85 12.97 3.37

ADTH 52 3.23 12.24 3.79

Floor conglomerates (rudus) ADTH 3 3.69 13.91 3.77

ADTH 15 4.02 9.38 2.33

ADTH 25 3.09 13.67 4.42

ADTH 32 5.86 14.24 2.43

ADTH 33 3.61 14.51 4.02

Wall conglomerates (trullisatio) ADTH 18 5.96 9.46 1.59

ADTH 58 3.18 12.78 4.02

ADTH 26 3.71 12.71 3.43

Vault concretes ADTH 12 3.89 11.59 2.98

ADTH 50 4.52 11.82 2.62

ADTH 53 3.46 10.35 2.99

Plasters ADTH 13 3.56 15.44 4.34

ADTH 14 6.83 16.10 2.36

Lumps ADTH 12C 2.64 26.86 10.17

ADTH 29C 2.57 28.35 11.03

ADTH 52C 2.18 39.33 18.04

The CO2 (and H2O) values were obtained using the TG curves, considering the temperature range in which the
decarbonation reaction occurs
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Fig. 11 Particle-size distribution
of each mortar group with
different functions in the
Heliocaminus Baths. Log grain
diameter versus cumulative
passing percent
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porous) on which to lay carefully the marble slabs in the floors
or walls.

In regard to the water absorption, the imbibition coeffi-
cients (CIW), closely related to weight He open porosity
(Fig. 13a), highlight greater incidence of binder porosity (with
coefficient correlation R2 = 0.75; Fig. 13b, Table 10) with
respect to the bulk mortar porosity (R2 = 0.71; Fig. 13a,
Table 9), including also the porosity created by aggregate
immersed into the binder matrix. This is highlighted also by
ADTH 26, ADTH 34, and ADTH 52 mortar samples which
show high imbibition coefficients (37.0, 36.0, and 36.7 %,
respectively; Table 9) and great He open porosity in the binder
(50.3, 41.4, and 48.1 %, respectively; Table 10).

Saturation index (SI) of all mortar samples is always
under the line of 100 % (Fig. 14) with average means
ranging between 83.8 and 97.1 % (Table 9). Observing
binder data, there is a higher variability of saturation in-
dex, ranging between 72.9 and 98.4 % (Table 10). This
depends on high heterogeneity of binder matrix character-
ized by a variable open porosity (Table 10) and probably
the complex geometry of porous carbonate network that
affects the absorption and saturation processes. Some
samples of binders are near or over the line of 100 %
(Fig. 14), indicating the presence of hygroscopic minerals
(e.g., phyllosilicates, etc.) as evidenced by XRD analysis
on enriched binder samples.

Table 8 Particle size analysis of aggregate: data of percentage cumulative passing to the following sieve series: 125, 250, 500, 1000, 2000, 4000,
6300 μm

Mortar typology Sample Cumulative passing (%)

6300 μm 4000 μm 2000 μm 1000 μm 500 μm 250 μm 125 μm

Brick bedding mortars ADTH 4 100 81.0 62.9 40.8 20.2 10.9 4.2

ADTH 6 100 50.9 37.6 26.9 17.4 9.4 2.7

ADTH 11 100 42.0 26.2 15.1 8.1 4.5 1.5

ADTH 21 100 64.9 35.4 22.9 13.1 7.2 2.7

ADTH 35 100 39.2 25.8 15.0 8.4 2.5 0.8

ADTH 42 100 81.1 44.2 24.7 15.7 7.7 2.8

ADTH 43 100 58.5 40.1 26.8 17.5 8.7 2.3

Cubilia bedding mortars ADTH 23 100 45.0 23.0 8.7 5.6 3.2 1.4

ADTH 46 100 24.0 14.1 9.9 6.1 2.7 1.0

ADTH 54 100 73.9 53.2 32.8 14.3 6.7 2.6

Floor-coating bedding mortars ADTH 24 100 66.4 49.7 36.0 22.6 12.6 4.2

ADTH 28 100 88.5 67.7 50.9 35.2 19.2 4.1

ADTH 34 100 69.9 42.9 26.8 15.7 6.2 1.9

ADTH 37 100 94.1 59.1 35.7 19.6 10.0 3.8

Wall-coating bedding mortars ADTH 7 100 39.9 28.1 18.0 10.4 5.0 1.5

ADTH 31 100 72.0 48.1 26.8 15.3 7.5 2.9

ADTH 52 100 68.4 38.2 21.9 12.1 6.4 2.5

Floor conglomerates (rudus) ADTH 3 100 29.5 15.9 9.4 5.6 3.0 1.3

ADTH 15 100 37.5 23.1 11.6 5.7 3.1 1.1

ADTH 25 100 43.4 28.2 15.8 6.9 3.9 1.3

ADTH 32 100 34.6 22.3 15.8 10.6 5.7 2.4

ADTH 33 100 42.6 29.5 19.2 11.2 7.0 3.1

Wall conglomerates (trullisatio) ADTH 18 100 61.7 42.1 28.3 20.0 11.0 4.2

ADTH 26 100 65.8 42.3 26.7 15.5 7.6 2.8

ADTH 58 100 40.8 26.2 16.6 9.8 4.7 1.6

Vault concretes ADTH 12 100 76.9 43.0 27.0 16.2 8.3 3.2

ADTH 50 100 77.1 46.8 30.0 19.8 10.4 3.1

ADTH 53 100 67.8 44.3 29.8 17.6 9.3 3.3

Plasters ADTH 13 100 41.4 19.1 10.0 5.5 2.1 0.8

ADTH 14 100 31.8 20.9 14.7 9.5 4.7 1.5
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Table 9 Physical properties of mortars (from Columbu et al. 2015b, modified)

Mortar typology Sample ρR ρB ΦOHe ΦOH2O CIW SI Is50
(g/cm3) (g/cm3) (%) (%) (%) (%) (MPa)

Brick bedding mortars ADTH 4 2.66 1.36 48.82 42.91 31.32 87.90 0.35

ADTH 6 2.65 1.42 46.21 38.33 26.80 82.95 0.11

ADTH 11 2.71 1.49 45.13 41.73 27.94 92.46 0.14

ADTH 21 2.40 1.35 43.82 40.12 28.49 91.55 0.15

ADTH 35 2.43 1.51 37.70 37.00 24.36 98.15 0.25

ADTH 42 2.61 1.57 39.83 35.65 22.61 89.51 0.55

ADTH 43 2.48 1.49 39.96 37.65 25.19 94.21 0.28

Mean 2.56 1.46 43.07 39.06 26.67 90.96 0.26

SD 0.12 0.08 4.01 2.63 2.90 4.84 0.15

Cubilia bedding mortars ADTH 23 2.69 1.36 49.59 41.86 30.63 84.41 0.77

ADTH 46 2.70 1.51 44.12 36.79 24.20 83.37 0.32

ADTH 54 2.50 1.47 41.02 39.53 26.56 96.35 0.37

Mean 2.63 1.45 44.91 39.39 27.13 88.05 0.49

SD 0.11 0.08 4.34 2.54 3.25 7.21 0.24

Floor-coating bedding mortars ADTH 24 2.52 1.38 45.30 43.80 31.44 96.70 0.18

ADTH 28 2.75 1.57 43.23 37.19 23.63 86.03 0.11

ADTH 34 2.60 1.27 51.19 47.01 36.68 91.83 0.37

ADTH 37 2.51 1.39 44.72 41.17 29.50 92.06 0.45

Mean 2.60 1.40 46.11 42.29 30.31 91.66 0.28

SD 0.11 0.12 3.50 4.16 5.39 4.37 0.16

Wall-coating bedding mortars ADTH 7 2.64 1.40 47.17 37.53 26.71 79.56 0.08

ADTH 31 2.68 1.49 44.48 37.41 25.04 84.12 0.37

ADTH 52 2.61 1.25 51.98 45.56 35.99 87.64 0.31

Mean 2.64 1.38 47.88 40.17 29.24 83.77 0.25

SD 0.03 0.12 3.80 4.67 5.90 4.05 0.15

Floor conglomerates (rudus) ADTH 3 2.67 1.56 41.37 40.14 25.48 97.04 0.95

ADTH 15 2.59 1.49 42.70 36.73 24.63 86.02 0.47

ADTH 25 2.48 1.40 43.57 39.56 26.96 90.78 0.57

ADTH 32 2.54 1.47 41.99 36.72 24.80 87.44 0.41

ADTH 33 2.65 1.57 40.98 36.36 23.11 88.73 0.26

Mean 2.59 1.50 42.12 37.90 25.00 90.00 0.53

SD 0.08 0.07 1.04 1.80 1.40 4.31 0.26

Wall conglomerates (trullisatio) ADTH 18 2.62 1.35 48.43 39.06 28.66 80.64 0.11

ADTH 26 2.25 1.21 46.38 44.94 36.96 96.89 0.57

ADTH 58 2.21 1.46 34.14 32.81 22.31 96.08 0.47

Mean 2.36 1.34 42.99 38.93 29.31 91.20 0.38

SD 0.23 0.13 7.72 6.07 7.35 9.15 0.24

Vault concretes ADTH 12 2.56 1.46 42.79 37.80 25.65 88.33 0.25

ADTH 50 2.66 1.36 49.02 44.55 32.58 90.88 0.23

ADTH 53 2.63 1.37 47.83 42.07 30.35 87.93 0.33

Mean 2.62 1.40 46.55 41.47 29.53 89.05 0.27

SD 0.05 0.06 3.30 3.41 3.54 1.60 0.05

Plasters (arriccio) ADTH 13 2.44 1.55 36.64 36.19 23.28 98.79 0.64

ADTH 14 2.54 1.53 39.64 37.82 24.59 95.40 0.71

Mean 2.49 1.54 38.14 37.01 23.94 97.09 0.68

SD 0.07 0.01 2.13 1.15 0.92 2.40 0.05

SD standard deviation, ρR real density, ρB bulk density, ΦOHe helium open porosity, ΦOH2O water open porosity, CIW water imbibition coefficient, SI
water saturation index, Is50 point load strength index
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Table 10 Physical properties of binders and aggregate (from Columbu et al. 2015b, modified)

Binder and aggregate typology Sample ρR ρB ΦOHe ΦCHe ΦT ΦOH2O CIW SI
(g/cm3) (g/cm3) (%) (%) (%) (%) (%) (%)

Brick bedding mortar binders ADTH 4 1.67 0.58 39.61 13.88 53.49 31.52 26.39 79.57

ADTH 6 1.52 0.60 33.17 18.19 51.35 22.37 17.94 67.44

ADTH 11 2.67 1.28 49.49 2.16 51.65 44.20 30.86 89.31

ADTH 21 1.53 0.71 36.57 21.00 57.58 31.55 25.08 86.25

ADTH 35 0.81 0.48 15.77 41.53 57.30 16.08 11.50 101.94

ADTH 42 2.57 1.47 41.43 4.74 46.17 34.46 21.81 83.17

ADTH 43 1.59 0.90 28.99 24.39 53.38 26.38 18.83 91.00

Mean 1.77 0.86 35.00 17.99 52.99 29.51 21.77 85.53

SD 0.65 0.38 10.68 13.21 3.90 9.03 6.37 10.66

Cubilia bedding mortar binders ADTH 23 1.90 0.66 44.02 11.20 55.23 32.53 27.26 73.90

ADTH 46 2.13 1.01 39.32 11.35 50.67 27.85 19.13 70.84

ADTH 54 1.18 0.58 24.58 28.64 53.23 23.60 17.19 95.99

Mean 1.74 0.75 35.97 17.07 53.04 28.00 21.19 80.24

SD 0.50 0.23 10.14 10.03 2.28 4.47 5.34 13.72

Floor-coating bedding mortar binders ADTH 24 1.44 0.59 34.25 19.95 54.20 33.24 26.80 97.07

ADTH 28 1.42 0.60 27.40 20.79 48.19 20.01 12.73 73.05

ADTH 34 1.47 0.38 41.37 12.17 53.54 36.32 33.53 87.78

ADTH 37 2.43 1.16 51.14 6.32 57.46 45.48 35.48 88.95

Mean 1.69 0.68 38.54 14.81 53.35 33.77 27.13 86.71

SD 0.49 0.34 10.15 6.86 3.84 10.54 10.30 10.00

Wall-coating bedding mortar binders ADTH 7 1.90 0.74 42.37 12.62 54.98 27.38 22.16 64.61

ADTH 31 2.36 1.13 44.19 7.50 51.69 32.50 22.96 73.54

ADTH 52 1.76 0.48 48.10 10.12 58.22 38.76 36.16 80.59

Mean 2.01 0.78 44.89 10.08 54.97 32.88 27.09 72.91

SD 0.31 0.33 2.93 2.56 3.26 5.70 7.86 8.01

Floor conglomerate (rudus) binders ADTH 3 1.49 0.77 25.88 23.93 49.81 25.66 16.26 99.13

ADTH 15 1.90 0.95 36.03 16.19 52.22 27.42 19.63 76.11

ADTH 25 1.23 0.50 30.86 22.69 53.55 26.43 19.71 85.64

ADTH 32 1.53 0.74 31.34 22.20 53.53 24.65 18.24 78.66

ADTH 33 1.71 0.89 30.06 20.12 50.18 24.32 15.56 80.90

Mean 1.57 0.77 30.83 21.03 51.86 25.69 17.88 84.09

SD 0.25 0.17 3.62 3.03 1.79 1.27 1.91 9.11

Wall conglomerate (trullisatio) binders ADTH 18 1.83 0.60 46.09 11.53 57.62 32.23 27.23 69.92

ADTH 26 1.64 0.63 50.31 15.79 66.10 49.47 47.19 98.34

ADTH 58 0.92 0.68 16.63 49.72 66.35 16.19 12.62 97.33

Mean 1.46 0.64 37.68 25.68 63.36 32.63 29.01 88.53

SD 0.48 0.04 18.35 20.92 4.97 16.65 17.35 16.12

Vault concrete binders ADTH 12 1.54 0.75 30.80 21.87 52.67 24.09 17.90 78.22

ADTH 50 1.38 0.41 35.04 14.93 49.97 29.68 25.12 84.69

ADTH 53 1.58 0.57 37.08 15.77 52.86 29.32 24.24 79.07

Mean 1.50 0.57 34.31 17.52 51.83 27.70 22.42 80.66

SD 0.10 0.17 3.21 3.79 1.62 3.13 3.94 3.52

Plasters (arriccio) binders ADTH 13 2.58 1.61 41.49 5.00 46.49 42.08 27.53 101.40

ADTH 14 1.58 0.87 28.60 23.90 52.49 27.31 18.28 95.50

Mean 2.08 1.24 35.05 14.45 49.49 34.69 22.91 98.45

SD 0.70 0.52 9.12 13.36 4.24 10.44 6.55 4.17

Volcanic scoria aggregates ADTH 33 b 2.40 1.46 39.28 n.d. n.d. 38.01 26.07 96.90

ADTH 18 b 2.53 1.53 39.74 n.d. n.d. 39.07 25.63 98.44
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The volcanic aggregates (leucitic basalt and leucitites)
show a saturation index close to 100 % (Fig. 14), while the
aggregates and lateritious fragments (bricks, tiles, and crushed
pottery) show lower average values of saturation index
(Fig. 14, Table 10), probably due to a lower radius of porosity

(or greater tortuosity) with respect to the binder matrix and the
bulk mortar samples.

To observe the physical-hydraulic behavior of bulk mor-
tars, the water absorption kinetic (Table 11) is reported in
Fig. 15.

Table 10 (continued)

Binder and aggregate typology Sample ρR ρB ΦOHe ΦCHe ΦT ΦOH2O CIW SI
(g/cm3) (g/cm3) (%) (%) (%) (%) (%) (%)

ADTH 50 b 2.56 1.57 38.54 n.d. n.d. 37.93 24.18 98.55

ADTH 11 b 2.58 1.67 35.42 n.d. n.d. 35.20 21.13 99.55

ADTH 34 b 2.56 1.63 36.27 n.d. n.d. 36.15 22.16 99.81

ADTH 14 b 2.53 1.61 36.26 n.d. n.d. 36.21 22.47 100.01

ADTH 12 b 2.51 1.55 38.21 n.d. n.d. 32.46 20.69 84.96

Mean 2.53 1.57 37.67 n.d. n.d. 36.43 23.19 96.89

SD 0.06 0.07 1.68 n.d. n.d. 2.20 2.13 5.37

Leucitite aggregates ADTH 35 l 2.87 2.16 24.68 n.d. n.d. 23.66 10.94 95.89

ADTH 58 l 2.88 2.06 28.52 n.d. n.d. 26.11 12.66 91.57

ADTH 25 l 2.87 2.18 25.68 n.d. n.d. 20.87 9.56 87.48

Mean 2.87 2.13 26.29 n.d. n.d. 23.55 11.05 91.65

SD 0.01 0.06 1.99 n.d. n.d. 2.62 1.55 4.21

Cocciopesto aggregates ADTH 18 c 2.85 1.58 44.49 n.d. n.d. 38.39 24.11 86.30

ADTH 25 c 2.30 1.92 16.61 n.d. n.d. 12.27 7.49 73.86

ADTH 3 c 2.92 1.52 47.97 n.d. n.d. 42.52 27.82 88.65

ADTH 11 c 1.95 1.68 13.67 n.d. n.d. 13.44 7.02 98.29

Mean 2.51 1.68 30.68 n.d. n.d. 26.65 16.61 86.78

SD 0.46 0.17 18.04 n.d. n.d. 16.03 10.91 10.05

The physical properties were calculated in a theoretical way using the physical properties of the mortars and composition percentages of aggregates
determined bymodal analysis (Table ESM2), according to the following general formula:Xn (B) = [Xn (M) − (Xn (a) ×% (a)) − (Xn (b) ×% (b)) − (Xn (c) ×%
(c)) − (Xn (d) × % (d)) − (Xn (e) × % (e)) − (Xn (f) × % (f))]/% (A)

SD 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, X2 = bulk density, X3 = He open porosity, X4 = H2O open porosity, X5 = He closed porosity, and X6 = imbibition coefficient; ρR real density; ρB
bulk density; ΦOHe helium open porosity; ΦCHe helium closed porosity; ΦT total porosity; ΦOH2O water open porosity; CIW 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 SI = (ΦOH2O/ΦOHe) × 100. The solid density of binder is assumed to be 2.80 g/cm3 as average of literature
data. SD standard deviation, n.d. not determined

Fig. 12 Physical properties of
mortars, binders, and aggregates:
a helium open porosity (ΦOHe)
versus bulk density (ρB); b real
density (ρR) versus helium closed
porosity (ΦOHe)
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Strength index and hydraulic degree of mortars

The physical mechanical characteristics (Table 12) of mortars
and aggregate are shown in Fig. 16a, where the punching
strength index (Is50) versus He open porosity reported is nor-
mally well negatively correlated.

The low punching index (with value <1 MPa) and the very
low correlation (R2 = 0.20) with helium open porosity indicate
that the resistance of mortars is affected by different factors:
(1) the porosity of bulk mortar sample, (2) small dimensions
of the specimens with respect to aggregate size, and (3) char-
acteristics of the binder (i.e., cohesion degree, porosity,
etc.). However, it is possible to make some evaluations.
Except for the plasters, the floor conglomerates and bed-
ding mortars show greater mechanical resistances
(0.53 ± 0.26 MPa and 0.49 ± 0.24 MPa, respectively;
Tables 9 and 12) with respect to other mortars (ranging
between 0.25 and 0.28 MPa), probably due to a presence
of an aggregate with high quality, as evidenced by

physical data of samples ADTH 25C and ADTH 11C
(Table 10) and those of the lateritious samples from
Heliocaminus Baths and BGrandi Terme^ Baths
(Columbu et al. 2015b). The higher resistance of the plas-
ters with respect to other mortars can be explained by
lower helium open porosity (38.14 ± 2.13 %; Table 9)
and higher bulk density (1.54 ± 0.01 g/cm3), probably
due to better mixing of binder-aggregate and pressing of
arriccio layer.

The diagram of Fig. 16b, which reports strength index ver-
sus CO2/H2O for all mortars and lime-lumps (generally in-
versely correlated with hydraulic degree), highlights a nega-
tive correlation between the hydraulic degree and mechanical
resistance, as better evidenced by correlation coefficient
(R2 = 0.57) of Fig. 16c, in which the mortars with medium-
coarse aggregate were excluded (i.e., vault concretes, floor,
and wall conglomerates).

Overall, the physical-mechanical tests show that the
strength of mortars depends on (1) porosity of bulk mor-
tar sample, represented by discontinuities between aggre-
gate and binder and porous binder matrix; (2) hydraulic
degree of mortar; and (3) sorting degree and particle size
of the aggregate (see samples ADTH 4, 42, 54, from
bedding mortars of brick and cubilia, characterized by
higher sorting with modal class between 2000 and
1000 μm than other mortars with modal class of
4000 μm). Subordinately, the mechanical resistance de-
pends on (1) dimensional relationship between aggregate
and specimen, and (2) thickness of mortar, as evidenced
by low values in the vault concretes and high strengths
in the arriccio plasters.

Conclusions

The results highlight that the construction of theHeliocaminus
baths respects the general architectural and structural issues of
the Roman period. This ancient building was mainly con-
structed using bricks and volcanic stones (i.e., cubilia for

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

Fig. 14 Physical properties of mortars, binders and aggregates: helium
open porosity (ΦOHe) versus water open porosity (ΦOH2O), reporting the
line of saturation index at 100 %
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ashlars) outcropping within the area of Hadrian’s Villa, and
hydraulic mortars.

Volcanic rocks, cocciopesto, and crystal-clasts were used as
aggregate of mortars. Volcanics mainly consist of red and
black leucitic basaltic scoria and subordinately leucitites be-
longing to the alkaline rocks of ultrapotassic series of the
Roman Magmatic Province, outcropping around the area of
Hadrian’s Villa. The basaltic scoria aggregate reacts with
binder while the leucitite does not show reactivity, probably
due to high crystallinity and near absence of glass in the
matrix.

In the conglomerates (trullisatio and rudus) and plas-
ters (arriccio), the cocciopesto was also used, with
medium-coarse particle size (frequency range 6–30 mm),

while in the floor marble-coating mortars, a cocciopesto
aggregate with smaller size (<8 mm) was used. As evi-
denced by different physical properties, the cocciopesto
shows different quality, as a function of the kind and
quality of ceramic material crushed (e.g., bricks, pottery,
tiles). In any case, as shown by reaction borders with the
binder, the cocciopesto aggregate gives good pozzolanic
characteristics to the mortars.

The diffraction (XRPD) and thermal (TG/DSC) anal-
yses on the fractions enriched in binder highlight the
main presence of calcite. Quartz, leucite, and mica
(i.e., muscovite) are also present as residual phases of
aggregate. Owing to the pozzolanic reactions, the hy-
draulic phases of new formation have not been

Table 11 Kinetic water-absorption curves determined for total immersion on cubic bulk specimens (weight measurements every 24 h)

Mortar typology Sample Water absorption (%)

24 h 48 h 72 h 96 h 120 h 144 h 168 h 192 h 216 h 240 h

Brick bedding mortars ADTH 4 28.53 29.44 29.91 30.53 30.86 30.94 31.10 31.28 31.31 31.32

ADTH 6 23.16 24.20 24.99 25.44 25.94 26.11 26.26 26.46 26.69 26.80

ADTH 11 24.97 25.53 26.03 26.74 27.24 27.33 27.55 27.49 27.95 27.94

ADTH 21 25.44 25.87 26.30 26.71 27.00 27.32 27.62 27.92 28.49 28.49

ADTH 35 22.79 23.26 23.34 23.88 24.25 24.29 24.15 24.07 24.36 24.36

ADTH 42 19.53 20.38 21.21 21.77 22.03 22.46 22.61 22.35 22.61 22.61

ADTH 43 22.17 23.03 23.39 24.21 24.15 24.47 24.84 24.77 25.19 25.19

Cubilia bedding mortars ADTH 23 27.86 27.95 28.08 28.78 29.14 29.70 29.96 30.03 30.35 30.63

ADTH 46 21.86 22.40 22.59 22.86 23.04 23.18 23.31 23.68 24.20 24.20

ADTH 54 24.45 23.70 23.92 25.22 25.41 25.00 25.44 25.64 26.56 26.56

Floor-coating bedding mortars ADTH 24 27.43 27.95 28.32 29.01 29.55 30.24 30.57 30.75 31.44 31.44

ADTH 28 21.44 21.97 22.13 22.35 22.46 22.75 22.95 23.11 23.63 23.63

ADTH 34 32.28 32.89 33.61 33.78 34.39 34.65 35.08 35.54 36.68 36.68

ADTH 37 26.75 27.14 27.67 28.27 28.38 28.50 28.54 28.52 29.50 29.50

Wall-coating bedding mortars ADTH 7 24.93 24.97 25.09 25.41 25.73 25.91 26.31 26.51 26.71 26.71

ADTH 31 23.83 23.99 24.06 24.25 24.46 24.65 24.86 24.95 25.02 25.04

ADTH 52 31.49 33.03 33.39 33.87 34.45 34.58 34.69 35.04 35.99 35.99

Floor conglomerates (rudus) ADTH 3 22.78 23.67 24.16 24.31 24.47 24.87 25.05 24.88 25.48 25.48

ADTH 15 23.40 23.47 23.51 23.71 23.90 24.10 23.31 24.51 24.63 24.63

ADTH 25 24.14 25.21 26.23 26.53 26.72 26.86 26.93 26.96 26.96 26.96

ADTH 32 20.33 21.04 22.20 23.19 23.32 23.69 23.98 24.34 24.80 24.80

ADTH 33 19.24 19.93 20.09 21.05 21.51 21.95 22.23 22.60 23.11 23.11

Wall conglomerates (trullisatio) ADTH 18 24.35 26.37 26.56 27.33 27.44 27.76 27.80 28.05 28.66 28.66

ADTH 26 34.47 35.18 35.38 35.32 35.59 35.63 35.96 36.08 36.96 36.96

ADTH 58 20.66 20.48 20.69 21.20 21.14 21.60 21.66 21.52 22.31 22.31

Vault concretes ADTH 12 22.73 23.22 23.76 24.20 24.20 24.75 25.23 25.01 25.65 25.65

ADTH 50 28.37 29.18 29.98 30.98 31.83 31.67 31.70 31.91 32.58 32.58

ADTH 53 26.21 26.69 27.16 27.94 28.41 28.77 29.32 29.81 30.35 30.35

Plasters ADTH 13 21.19 21.75 22.17 22.38 22.64 22.71 22.83 22.92 23.29 23.28

ADTH 14 22.15 22.79 23.17 23.83 24.00 24.03 24.08 24.14 24.59 24.59
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Fig. 15 Physical properties of mortars: absorption kinetics for each mortar group, where time (h) versus water absorption (progressive CIW) is reported
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identified by x-ray diffraction due to their small amount
and, therefore, because these are probably amorphous
phases (gel-like C-S-A-H).

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 a consequence of the
chemical reaction between the sulfates and aluminates which
are present in the hydration products.

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

Nevertheless, 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
an evident chemical-physical decay by (1) dissolution of
the binder and (2) hydration/dehydration/crystallization
of gypsum, ettringite, etc. that involves a high incre-
ment of volume with mortar disintegration (cracking
and loss of mass). Except for the cocciopesto conglom-
erates, the low mechanical resistance can also be due to
an imperfect production and laying of mortars or incom-
plete mixing of aggregate with binder. Despite the low
values, using CO2/H2O ratio data of TG/DSC analysis,
a positive correlation (R2 = 0.57) between hydraulic

Table 12 Data of point load test for the determination of punching strength index (Is50) on cubic bulk specimens of mortars

Mortar typology Sample D
(mm)

W
(mm)

2L
(mm)

P
(N)

A = WD
(mm2)

De
2

(mm2)
De

(mm)
Is50
(MPa)

RC

(MPa)
RT
(MPa)

Brick bedding mortars ADTH 4 13.50 16.50 10.6 160 222.75 283.62 16.84 0.35 4.84 0.43

ADTH 6 14.00 16.00 11.0 50 224.00 285.21 16.89 0.11 1.51 0.13

ADTH 11 14.00 15.00 10.25 60 210.00 267.39 16.35 0.14 1.90 0.17

ADTH 21 9.20 15.50 10.5 50 142.60 181.57 13.47 0.15 2.14 0.19

ADTH 35 14.10 16.90 10.5 120 238.29 303.41 17.42 0.25 3.45 0.31

ADTH 42 15.30 16.50 10.75 280 252.45 321.44 17.93 0.55 7.69 0.69

ADTH 43 16.10 17.10 10.35 150 275.31 350.55 18.72 0.28 3.85 0.34

Cubilia bedding mortars ADTH 23 13.40 14.00 10.5 310 187.60 238.87 15.46 0.77 10.71 0.96

ADTH 46 13.80 16.10 11.5 150 222.18 282.90 16.82 0.32 4.55 0.41

ADTH 54 14.30 14.30 9.55 160 204.49 260.37 16.14 0.37 5.17 0.46

Floor-coating bedding
mortars

ADTH 24 12.00 17.40 10.5 80 208.80 265.86 16.31 0.18 2.54 0.23

ADTH 28 15.90 16.50 10.45 60 262.35 334.04 18.28 0.11 1.60 0.14

ADTH 34 12.80 16.20 10.75 160 207.36 264.03 16.25 0.37 5.12 0.46

ADTH 37 14.10 16.10 9.5 210 227.01 289.05 17.00 0.45 6.26 0.56

Wall-coating mortars ADTH 7 15.00 15.50 10.25 40 232.50 296.04 17.21 0.08 1.17 0.10

ADTH 31 13.40 14.00 10.5 150 187.60 238.87 15.46 0.37 5.18 0.46

ADTH 52 13.50 16.00 11.15 140 216.00 275.03 16.58 0.31 4.34 0.39

Floor conglomerates (rudus) ADTH 3 14.00 15.90 9.5 440 222.60 283.43 16.84 0.95 13.32 1.19

ADTH 15 13.80 16.20 10.05 220 223.56 284.65 16.87 0.47 6.64 0.59

ADTH 25 12.50 17.50 10.75 260 218.75 278.53 16.69 0.57 7.98 0.71

ADTH 32 14.90 15.00 10.5 190 223.50 284.58 16.87 0.41 5.73 0.51

ADTH 33 15.50 11.60 10.4 100 179.80 228.94 15.13 0.26 3.57 0.32

Wall conglomerates
(trullisatio)

ADTH 18 14.10 16.20 9.75 50 228.42 290.84 17.05 0.11 1.48 0.13

ADTH 26 14.40 17.50 10.5 290 252.00 320.87 17.91 0.57 7.97 0.71

ADTH 58 14.10 16.10 10.95 220 227.01 289.05 17.00 0.47 6.56 0.59

Vault concretes ADTH 12 13.40 15.80 9.5 110 211.72 269.58 16.42 0.25 3.46 0.31

ADTH 50 12.00 17.20 10.5 100 206.40 262.80 16.21 0.23 3.21 0.29

ADTH 53 13.90 15.70 10.45 150 218.23 277.87 16.67 0.33 4.61 0.41

Plasters ADTH 13 16.50 16.70 13.0 350 275.55 350.85 18.73 0.64 8.98 0.80

ADTH 14 16.20 17.10 10.0 390 277.02 352.72 18.78 0.71 9.96 0.89

Distance between two punches (higher of specimen);W specimen width, 2L specimen length, P rupture load, A =WD section of rupture of the specimen,
De equivalent diameter, Is50 PLT strength index, RC theoretical compression strength, RT theoretical tensile strength (according to ISRM, International
Society For Rock Mechanics, 1985)
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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 with the short
time of bath construction, show that the production and
processing of the mortars were made quickly, probably
also in discontinuous ways with changes of the
workforce.

The latter allows us to imagine that that there may
have been many small construction phases. Then, con-
sidering that the complex represents an Bexperimental
building^ to test new solutions in re-invention of archi-
tectonic spaces, several construction phases can be re-
lated 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. 2015b) that sup-
ports 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.

Acknowledgments Thanks to Dr. Benedetta Adembri of the
BSoprintendenza per i Beni Archeologici del Lazio^ for the support and
collaboration, and Giorgio Verdiani, Dipartimento di Architettura of
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