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Microstructural and compositional analysis of historical mortars is an active research field, not only to guarantee
the use of compatible repair measures, but also to guide the design of novel efficient materials. Despite the
crucial role of Roman mortars in building history, there is a significant lack of knowledge of their pore system in
relation to building techniques and durability. From these premises, this research focuses on the structural
mortars of the Realillo aqueduct (Archaeological Site of Baelo Claudia, Spain). This construction is especially
interesting from a durability point of view, as in addition to being in a windy coastal area, the water-proof
potential of the material is a major issue. Complementary experimental techniques (petrography, computed
tomography, X-ray fluorescence, X-ray diffraction (micro and conventional), thermal analysis, pycnometry,
physisorption, Hg porosimetry, and SEM-EDS) are applied within a multidisciplinary approach, including the
Vitruvian guidelines and comparative analysis with coetaneous buildings. The size and shape of the pores and the
porous volume distribution have been linked to hydraulicity, and to cohesion and weathering resistance. Total
and open porosity can be related to waterproof worsening, and the entrapped air pores detected could indicate
inadequate placement. The shrinkage cracks can be related to the sea sand aggregate. Thermal analysis and C-A-
S-H gel indicate hydraulic phases, but with different hydraulicity levels. This variation could be related to the
non-high-purity limestone and/or to the recipe. The differences in binder/aggregate ratios and petrographic
classification confirm the distinct compositions. Non-standardized manufacturing or building stages could be
related to compositional variations. This research has provided significant insights into durability and
manufacturing issues by integrating a micro—macro pore structure study within multianalytical and interdisci-
plinary research. The method may be used as a complementary procedure to characterize historical mortars. As
upgrading/degrading durability factors were obtained, a conservation campaign could be designed. In addition,
knowledge about historical building techniques and materials has been enriched.

Durable materials

Pore structure

Heritage preservation
Computed Tomography
Multidisciplinary analyses

1. Introduction

In heritage structures, the nature of building materials, and espe-
cially mortars, plays a major role in ensuring and enhancing durability.
Durability is linked to the capability of a building material to resist
different damage mechanisms. Moreover, the static and dynamic
structural behaviour is strongly related to the mechanical, chemical, and
microstructural properties of mortars [1]. Microstructural characteris-
tics provide a relevant guide not only for selecting possible repair
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mortars [2], but also to enrich the knowledge about historical building
techniques, as well as the heritage value of structural materials.
Furthermore, the design of novel, durable, and eco-efficient materials
can be inspired by the properties of ancient mortars [3]. One of the most
critical properties of mortars from historical constructions is porosity
and its relationship to moisture content and water transport mecha-
nisms, as both play a relevant role in the degeneration phenomenon. In
addition to having a direct impact on moisture transport, mechanical
performance, durability, and compatibility of building materials, the
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pore structure can provide relevant information on how heritage
building materials were manufactured. The microstructure (in terms of
porosity, pore size, and distribution) is related to the carbonation rate
and to the dimensions of the calcite crystal and aggregates [4], and
therefore has an impact on hardening. The composition and size of the
raw materials (especially aggregates and binder) also have an impact on
the microstructure.

In the waterproof mortars of historic buildings (e.g., baths, cisterns,
etc.), it was common to use slaked lime and pozzolanic materials in the
binder matrix and crushed bricks of different sizes for aggregates [5].
The use of lime binders dates to the 6th millennium BC and, although
most ancient mortars in Europe are lime-based, those manufactured by
the Romans stand out by their quality and durability [6,7]. Thus, the
Romans were masters of using mortar as a control factor of cracking
phenomena, minimizing local collapse by adding the right amount of
elastic materials [6,7]. The addition of brick fragments within the lime
matrix, a common practice during that period, affects both hydraulic
reactivity and physical-mechanical behaviour (i.e., porosity, transpir-
ability, lightness, and adhesion) [8]. One of the most relevant differ-
ences between Roman mortars and modern mortars is the porosity and
pore structure (especially the fluid pathways within the matrix). The
relation between small pore size and high porosity is directly related to
the satisfactory durability of Roman mortars [9]. The singular pore
structure of Roman mortars can be attributed to the vesicular structure
of pozzolanic materials [10]. In these mortars, hydrated lime together
with natural pozzolan or brick dust generates a high hydraulic contin-
uous microcrystalline matrix [5], and the properties of the lime produce
a high microporosity level that enhances the carbonatation degree [11].
The mortar compressive strength depends on porosity and hydraulicity
[12] and is also related to the carbonation process, since, in lime mor-
tars, progressive carbonation increases the strength and decreases
porosity [13]. The morphology of the porous structure provides a clear
space for the secondary crystallization of calcite [5]. Thus, some mineral
phases settle in the pores of pozzolanic materials (e.g., C-A-S-H). This
chemical process, which occurs without cracking, provides an
improvement in compactness. The porous structure formed delays fluid
diffusion within the matrix [14], increasing strength, ductility, and
water resistance [10,15]. As mentioned above, porosity is also related to
the manufacturing technique. Therefore, under high burning tempera-
tures and long calcination periods, both shrinkage and density are high,
and porosity and chemical reactivity are low [16]. If during
manufacturing both the burning temperature and the duration are low, a
soft-burned mortar is obtained, the material has a lower density and
shrinkage, and the porosity and chemical reactivity are higher [16].
Furthermore, the more water is added to the mix, the higher porosity
obtained [11].

A comprehensive analysis of the pore system is required for a reliable
characterization of historical structural mortars, but taking into account
that, as stated by Thomson et al. [13], different techniques can provide
different values for the same sample, being essential the interpretation
of the results, as well as its influence on the entire material behaviour.

From the aforementioned, it is clear that, if the microstructure and
composition of the material are thoroughly analysed, it is possible not
only to detect weaknesses or select compatible repair materials but also
to enrich the knowledge about different heritage features, such as his-
torical building techniques. In that sense, different experimental tech-
niques can provide relevant data on pore system morphology and
physical-chemical properties. Computed tomography (CT) images and
microphotographs allow for analysing the microstructure from a quali-
tative point of view. Petrographic images can provide information on
the mineralogical and chemical composition, as well as manufacturing
features, such as the binder-aggregate ratio. Scanning electron micro-
scopy (SEM) together with energy dispersive spectroscopy (EDS) is
frequently used to obtain both morphological and compositional data,
including the feasibility of detecting calcium silicate hydrate (C-S-H)
and calcium aluminium silicate hydrate (C-A-S-H) [14,17,18]. Those gel
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phases improve durability, increasing resistance to environmental
damage [3]. Mercury intrusion porosimetry (MIP) can provide relevant
data on the microstructural characteristics of the mortar (pore size
distribution) within the mesopore and macropore ranges. In the
micropore and mesopore ranges, physisorption is a valuable technique
for use. X-ray fluorescence (XRF) and X-ray diffraction (XRD) are also
especially useful in the characterization of heritage materials. XRF is a
widely used technique to determine the elemental characterization of
heritage materials [19]. By using this type of analysis, the samples can
be examined with minimal preparation, and minimal or no pre-
treatment is necessary in most cases. This technique allows for obtain-
ing the results in a fast way -only a few minutes are required- being an
effective and advantageous procedure from a cost point of view
[11,19,20]. To characterize the crystalline phases of archaeological
samples, XRD is a commonly used technique with multiple applications
[20-22]. Micro X-ray diffraction (p-XRD) is a variant of XRD that pro-
vides a detailed analysis of solid sample areas, and neither material
transformation nor grinding are required. This non-destructive char-
acter has multiple advantages, especially in archaeometry studies
[23,24]. The use of 2D detectors provides additional information on the
size and shape of the crystallites. The reason for this is that, by studying
the rings, it is possible to obtain very fast results with a resolution higher
than that of the OD or 1D detectors [25,26]. Thermal analyses, such as
thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC), are also widely recognized as useful procedures to be used in the
characterization of heritage building mortars, providing a good under-
standing of their thermal behaviour, and showing different temperature
regions where decomposition processes are occurring [6,7]. These an-
alyses also provide information on the manufacturing process, on crys-
talline transitions (exo or endothermic) and on the main components,
including the aggregate type [8,27]. Thermal transformations such as
dehydration, dehydroxylation, oxidation, and decomposition can be
determined, and the reactions associated with controlled heating of the
mortar can be evaluated [28]. Those procedures are especially useful if
the main concern is to determine the hydraulic nature [29]. In addition,
thermal analyses are useful in the selection of repair materials, as they
must be compatible with the substrate in terms of reverse hydraulicity
index and CO5 loss [2].

It should be noted that although porosity characterization is well
established for cement-based materials, few studies focus on lime-based
materials [30]. As far as Roman mortars are concerned, it can be said
that the lack of knowledge on that issue is significant. In addition, the
evaluation should be performed using a multidisciplinary methodology
that links materials science, archaeology, geology, and architecture. As
Roman mortars are paradigmatic materials within the building history,
more research is required from updated approaches.

In this research, representative structural mortars from the Realillo
aqueduct, a water-related construction of the Archaeological Site of
Baelo Claudia, are analysed (Fig. 1). The mortars were obtained from the
water supply (aqueduct, drop shaft, and settling tank) and storage
structures (water tower) dated to the early Roman Empire (probably the
1st century CE and at least used until the 3rd century CE) which were
recently excavated (General Research Project directed by Laetitia Borau
(CNRS, France): Water management and construction techniques in the
territory of Baelo Claudia during the Antiquity) [31-33]. The archaeo-
logical site of the ancient Spanish-Roman city of Baelo Claudia is located
at the southernmost point of the Iberian Peninsula, in the Bolonia cove,
in the Strait of Gibraltar. This is a highly strategic place that conditioned
the location and construction of the city in ancient times. Being an un-
interrupted inhabited city since the 2nd century BCE to the 7th century
CE, it achieved the rank of Municipio during the 1st century CE. The city
became a commercial emporium, which was characterized by its prox-
imity to Africa, and by its large and well-developed salting “industry”
that was founded on the richness of the Strait waters. Archaeological
excavations carried out since the beginning of the twentieth century
have brought to light the best preserved monumental complex from the
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Fig. 1. General view of Baelo Claudia (left) and the location of the Realillo aqueduct (right).

High Imperial period in the Iberian Peninsula, a true paradigm of Roman
urbanism [34]. As a singular fact, it is possible to identify most of the
characteristic elements of an ancient city. The monumental area
(forensic zone and temples), together with a theatre, several thermal
complexes, a wall layout (with at least 25 towers and three monumental
gates), three aqueducts, and an orthogonal urban layout (perfectly
identified) shape this exceptional site. In addition, a large salting factory
area located south of the city can be partially identified.

The goal of this work is to provide microstructural and compositional
characterization of the selected materials, with a special focus on
building techniques and durability features. Furthermore, since the
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ensemble is located in a coastal area, the potential of environmental
conditions as damage factors should be considered [35]. The micro-
structure and physical-chemical properties are studied in terms of the
pore system, morphology, composition, density, and surface area using
different experimental techniques. In particular, significant insights
regarding material durability and manufacturing techniques are ob-
tained from a combined analysis of Computed Tomography together
with microstructure investigation, covering from the micropore to
macropore range. This, together with the interdisciplinary approach, is
one of the main novelties of this work and may be established as a
complementary method for characterizing historical mortars. In

=

Fig. 2. Location of the samples: (a) Bearing wall of the channel; (b) wall of the drop shaft of the aqueduct; (c) Inside view of the drop shaft; (d) south wall of the
settling tank; (e) channel of the Realillo aqueduct feeding the water tower; (f) east wall of the water tower; (g) west wall of the water tower.
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addition, to provide an adequate contextualization, a comparison
among the main properties of the analysed materials and Roman mortars
from water-related and/or coetaneous buildings analysed in recent
research works (last 10 years) is presented and discussed. The results
from this work will allow for: (i) enhancing the knowledge on the
building techniques from a heritage framework, (ii) increasing the
knowledge of the upgrading/degrading durability mechanisms of
Roman mortars located in aggressive environments (sea-water attack,
high humidity content, and sand erosion), and (iii) selecting compatible
repair materials for future retrofitting-strengthening-refurbishment
works.

2. Materials and methods
2.1. Materials

Mortar samples were obtained following the method proposed by
Binda et al. [36] under the supervision of the authority in charge. De-
tached or semi-detached fragments were removed from the main
structural parts (Fig. 2).

The mortars have been classified into five different groups,
depending on their use as building materials: (i) Group A, structural
mortar of the masonry bearing wall of the channel, (ii) Group B, struc-
tural mortars of the drop shafts, (iii) Group C, structural mortar of the
settling tank, (iv) Group D, mortar of the channel of the aqueduct, and
(v) Group E, structural mortars of the water tower.

2.2. Methods

The experimental campaign has been designed as depicted in Fig. 3.
A complete description of the experimental methods is provided in the
following paragraphs.

In the first stage, the main objective was to obtain general chemical
data, with a special focus on the hydraulic nature of the whole mortar
(stage 01 in the flow diagram, Fig. 3). To achieve this, XRF, p-XRD, and
DSC-TGA analyses were performed. From this preliminary step, the
higher hydraulicity level mortars are identified. The highest hydrau-
licity material is then selected and analysed by conventional XRD (stage
01b, Fig. 3). After grinding in agate mortar, both the whole mortar

[sampled specimen |
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(sieved fraction less than 100 pm) and the binder (fraction less than 63
pum) are studied. Phase identification is carried out using the Rietveld
method. A detailed description of the procedures and devices is provided
in the following paragraphs.

e XRF. A sequential wavelength dispersive X-ray fluorescence spec-
trometer, AXIOS model (PANalytical, the Netherlands) with a 4 kW
Rh tube was used. This equipment allows for quantitative chemical
analysis in a wide range of concentrations, from major components
to traces. By grinding in agate mortar, the powder was obtained from
small pieces of the samples and dried at 105° C. The fused beads were
prepared for major analysis, containing 0.8 g of pulverized sample
mixture with 7.2 g of lithium metaborate-tetraborate (34-66 %wt)
acting as flux. Loss of ignition (L.O.1.) was calculated after calcina-
tion of 1 g of sample at 1000 °C for 2 h.

e u-XRD. The equipment used was a D8 DISCOVER diffractometer
equipped with a 2D detector model VANTEC-500 (Bruker, Germany)
with a copper Ka radiation source (0.15405 nm wavelength); A 1 mm
capillary was used, obtaining three 2D frames for each point from
20° to 60° 26, with a step width of 20° and a time per step of 60 s,
with tube conditions of 40 kV and 40 mA. Each frame covered
approximately 30° 20. A video laser system allowed the adjustment
and position of the samples and analysis areas. The PDF-4 + 2020
database (International Centre for Diffraction Data (ICDD)) imple-
mented in the Bruker DIFFRAC.EVA 5.2 software was used to iden-
tify the crystalline phases. A semi-quantification using the RIR
method [40,41] allows for obtaining the phase wt %.

e XRD. Conventional X-ray diffraction (XRD) was performed using a
D8 ADVANCE powder diffractometer, equipped with a high resolu-
tion VANTEC-1 position sensitive detector (Bruker, Germany), and
complemented by a radial Soller slit system with a copper Ka radi-
ation source (0.15405 nm wavelength). XRD scans were performed
in a 10°- 70° 20 range (0.02° step and 0.2 s step time). The charac-
teristics of the X-ray tube were 40 kV and 40 mA. The powder
diffractometer was calibrated according to the manufacturer’s
specifications. Corundum, LaB6 and silicon standards were tested in
a wide range of 20 angles to verify the resolution and compute the
instrumental contribution for structural adjustments. Bruker Topas 6
software was used to fit the recorded diffractograms [42]. The
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Fig. 3. Method flow chart based on RILEM recommendations [37-39].
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relative content of the phases (in wt%) was obtained using the
Rietveld method [43,44]. Crystalline phases were identified by
applying the PDF-4 + 2020 database (International Centre for
Diffraction Data (ICDD)) with Bruker DIFFRAC.EVA 5.2 software. To
achieve the best fit, the fundamental parameters method was applied
with a detailed description of the diffractometer [42]. Zero error
(20) as well as absorption and lattice parameters were treated as
adjustable parameters. Lorentz polarization geometric factors were
used according to the configuration. Background adjustment was
made in fourth order.

e DSC-TGA. In thermal analysis, both the weight change (TGA) and
differential heat flow (DSC) were measured. Thermogravimetric
measurements (DSC/TGA) were performed with a SDT Q600 ther-
mobalance, with a temperature gradient of 10 °C/min up to 1000 °C
in an atmosphere of Ny (100 mL/min). The balance sensitivity was
0.1 pg, and the calorimetric precision was + 2%. Heat flow in-
tegrations were automatically normalized using the dynamic weight
at the start of each transition.

In the second stage (02 in Fig. 3), the microstructure and physical
properties analysis (pore system, morphology, density, and surface area)
was carried out in the samples that exhibit the highest hydraulic po-
tential. The analytical procedures are MIP, physisorption (Phy), helium
pycnometry (Pyc), X-ray CT, petrographic analysis, and SEM-EDS.

e MIP. The pore system within the meso-macropore range was ana-
lysed by means of the mercury intrusion porosimetry (MIP) tech-
nique, using an automated mercury porosimeter Poremaster 60GT
(Quantachrome Instruments). Measuring the Hg volume that was
intruded into the samples as a function of increasing pressure, it was
possible to determine the pore size and the pore volume distribution.
The pressure range was 0.2-60,000 psia, the pore size range was
1100-0.0036 pm, the volume precision was 1% fso of the volume of
the sample cell stem, and the volume resolution was + 0.0001 cm?.
Physisorption. A physisorption device (ASAP 2420 micromeritics)
was also used to obtain surface area and complementary pore data
within the micro and mesopore range (volume and size).

Helium pycnometry. The real density was determined using a helium
pycnometer (Pentapycnometer 5200E, Quantachrome) with a pres-
sure range of 1-20 psig and a resolution of 0.0001 g/cm>. The bulk
density was calculated from porosimeter analysis as follows: bulk
density = sample mass/(sample apparent volume), where the
apparent volume was determined as (mass/real density + intruded
volume).

e X-ray CT. X-ray computed tomography equipment (Y.Cougar SMT,
YXLON) was used to analyse the microstructure from a qualitative
point of view. The equipment has an open microfocus tube (multi-
focus optional, MFT) with tungsten as the target material, and the
detail detectability is less than 1 mm (<350 nm with MFT). The
maximum geometric magnification is 2,000x, and the total magni-
fication is 17,500x.

Petrographic analysis. A Nikon LV100ND POL/DS polarizing/disper-
sion microscope was used to obtain microphotographs of represen-
tative fragments. In the preparation of thin sections, to maintain the
samples as unaltered as possible, they were preconsolidated by
means of resin impregnation under vacuum. The sections were then
cut and polished to a standard thickness of 30 pm.

SEM-EDS. Micrographs and elemental composition were obtained
with a FEI Teneo field emission scanning electron microscope (SEM)
combined with energy-dispersive X-ray spectroscopy (EDS). The
AITM-0004 protocol and these key specifications were applied:
voltage 5 kV, angle 90°, ETD, and EDS detectors for semiquantitative
analysis and mapping, different magnifications related to Polaroid
57, 125 x 95 mm image size. A platinum sputtered coating (10 nm
thickness) was applied to the samples using a Leica AC600 sputter
coater.
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The procedure is completed with the heritage framework, by
providing a comparative analysis with coetaneous constructions, and
with the Vitruvian guidelines (stage 03 in Fig. 3).

It is worth highlighting that, in all stages, the analysis of properties
that are related to durability and manufacturing techniques is a main
issue. Fig. 4 provides a description of the mortars and the tests that have
been performed.

The tests were carried out with the support and equipment of “Ser-
vicios Generales de Investigacién- Universidad de Sevilla” in these de-
partments: Functional Characterization, Microscopy, and X-ray Lab.

3. Results and discussion
3.1. Compositional characterization and thermal analysis

X-ray fluorescence has provided the chemical composition in terms
of the major oxides (in wt%) (Table 1). High amounts of Si and Ca are
the main components, and small amounts of Al, Fe, and Mg are also
detected. From the high amount of Ca, it can be concluded that the
materials are lime mortars, and the presence of Si could be attributed to
the use of quartz sand in the mix [28,45]. An exception are samples 06
and 07 with a higher concentration of Fe, which, as later observed by
diffraction, should appear in an amorphous form. The high Mn content
of sample 06 is also an exception. The high Fe and Mn content could be
attributed to the aggregates. Furthermore, it can be related to the min-
eral profile of the area (high montmorillonite and iron oxide content, as
well as pyrolusite [46,47].

The micro-XRD results show that the samples are basically composed
of calcite and quartz, with a much higher proportion, in general, of
calcite. A semiquantification of the phase through the RIR method
[40,41] provides calcite and quartz (wt %). The p-XRD results are
consistent with those of XRF. Thus, it can be concluded that recarbo-
nated lime is detected in the materials. The observed recarbonated lime
is characterized by a microcrystalline structure and could also be related
to the thermal decomposition of carbonates from ceramic materials
[28,45]. The use of quartz sand and lime as raw materials can also be
asserted from these experimental results. In general, for the samples,
inhomogeneous rings are observed in the pu-XRD 2D frames [25,26], as a
result of large quartz crystallites. Texture is observed in many of the
samples, with peaks of much greater intensity in the diffractogram than
those of the pattern. This texturing phenomenon is normal in natural
samples where grinding has not been carried out for the XRD study [48].
In the XRD images (Fig. 5), the peaks of the 20 diffractogram obtained
from the integration of the 2D frames match the rings of the frames. The
laser-marked analysis areas are highlighted. Table 2 summarizes the
p-XRD results, where the calcite, magnesium calcite, and quartz phases
correspond to the standards PDF 04-012-0489, PDF 01-089-1304 and
PDF 00-005-0490 from the PDF-4 + 2020 database (International Centre
for Diffraction Data (ICDD)).

Fig. 6 shows the diffractograms of sample 05 for the whole mortar
(sieved < 100 um) and the binder fraction (<63 pm). The main Bragg
peaks of the detected phases are marked. Quartz phases (PDF 04-012-
0489) and magnesium calcite (PDF PDF 01-089-1304) phases are
detected, as well as montmorillonite (PDF 01-0003-014) and aragonite
(PDF 01-041-1475) in smaller quantities. It is remarkable how the
sieving clearly reduces the intensity and therefore the amount of quartz.
This could be simply explained from a physical point of view, as there is
greater difficulty for the hardest material (quartz) to be ground with the
sieve size. Qualitatively, Fig. 6 clearly shows a decrease in the quartz
content that would confirm that the aggregates were mainly quarzitic.

Phase percentages were also quantified in sample 05 (whole mortar
and binder) by Rietveld adjustment (Table 3). The goodness-of-fit (GOF)
and weighted profile R factor (Rwyp), as well as the RBragg obtained for
the different phases are also shown. Adequate values have been obtained
for adjustment [42,44]. A decrease in quartz (29.1-13.5 wt%) and a
decrease in aragonite (8.5-3.4 wt%) are observed depending on the
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Experimental technique
Group Image Code* Type and location DSC/ SEM-
XRF pXRD XRD TGA Pyc P CcT MIP  Phy EDS
B structural mortar of the
= masonry bearing wall of the
channel (North area)
~
X X X X X
<©«
B
= structural mortar of the
o - masonry bearing wall of the
- channel (North area)
=g -~
2 X X
b
6) o -
|«© -+
= structural mortar of the
— masonry bearing wall of the
channel (room Nol)
> X X X
=
=
[ B structural mortar of the
[— 1 dropshaft (Nol) that is
| connected to the bearing X X X X X X X X X
2_ ) wall of the channel
é‘.’. hd structural mortar of the
= dropshaft No2)
X X X X X X X
on
| B structural mortar of the
‘ — settling tank
~
Q || X X X X X X X X X X
S |leo —
2 |l x
O ||l [
[ R
:o-\ structural mortar of the
o settling tank X X X X X
| B mortar of the channel of the
a |— aqueduct
o, |
é’ I~ X X X X X
o |
g
r structural mortar of the
- water tower (North wall)
X X X X
~N
‘g_ w
e o structural mortar of the
O water tower (East wall)
on
X X X X X
o -

Fig. 4. Mortar samples: group, image, code, type, location, and applied techniques.

sieving. Quartz and aragonite are the main aggregate components.
Magnesium calcite increases (49.7-69-7 wt%) and the clay phase re-
mains between 12.7 and 13.9 wt%. The binder is mainly composed of
CaO, which would have been carbonated. Clay could be associated with
the aggregate, and no substantial changes are observed in the two sieve
sizes. The phases obtained are consistent with the mineralogical profile
of the location (rich content of montmorillonite and aragonite [46,47]).

Fig. 7 shows the Rietveld analysis of the XRD pattern obtained for

sample 05, depicting the experimental diffractogram (blue line) and the
Rietveld best fit (red). The bottom grey line shows the deviation between
the best fit and experimental diffractograms. The whole mortar
composition is: 29.1 wt% quartz, 49.7 wt% magnesium calcite, 12.7 wt
% montmorillonite, and 8.5 wt% aragonite. For the binder: 13.5 wt%
quartz, 69.2 wt% magnesium calcite, 13.9 wt% montmorillonite, and
3.4 wt% aragonite.

The weight loss percentages have been calculated from the TGA-DSC
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Table 1

XRF analyses of the major oxides in mortar samples (in wt%).
Sample SiOy Al,O3 Fe,03 MnO MgO CaO NayO K>O TiOy P,0s5 SO3 LO.L Total
01 45.42 1.30 0.70 0.39 0.66 27.93 0.09 0.29 0.05 0.20 0.18 22.78 100.00
02 63.03 1.85 0.66 0.05 0.99 17.00 0.11 0.38 0.07 0.12 0.12 15.60 100.00
03 50.44 2.12 0.98 0.16 0.65 24.25 0.13 0.46 0.11 0.19 0.11 20.39 100.00
04 35.27 8.83 2.80 0.56 0.82 25.92 1.11 2.19 0.22 0.28 0.10 21.88 100.00
05 53.58 2.27 1.07 0.15 1.40 21.65 0.12 0.34 0.14 0.10 0.10 19.06 100.00
06 31.15 7.03 5.66 1.17 2.87 27.36 0.30 0.62 0.44 0.30 0.10 23.01 100.00
07 42.12 11.29 5.04 0.36 2.06 19.16 0.86 1.68 0.51 0.18 0.11 16.64 100.00
08 50.94 0.94 0.75 0.16 1.11 25.26 0.12 0.20 0.06 0.06 0.28 20.13 100.00
09 42.16 0.65 0.49 0.11 0.36 28.86 0.08 0.14 N.D. 0.06 0.11 26.98 100.00
10 26.06 3.80 1.75 0.37 1.04 36.15 0.15 0.42 0.22 0.17 0.21 29.67 100.00

SAMPLE 01 SAMPLE 03

a) a)

SAMPLE 04 SAMPLED 05

SAMPLE 06 SAMPLE 10

o

i [

| |
.M"‘”’wa@.«wwm

oy 3y}
R R
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Fig. 5. p-XRD analysis (selected samples): a) p-XRD superposed 2D frames, b) area analysed highlighted with laser, and c) integrated diffractogram.
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Table 2
p-XRD results of mortar samples (*indicates different analysis points in the same
sample).

Sample  RIR method results composition comments
calcite quartz
(Wt%) (Wt%)
01 90 10 calcite + quartz quartz: non-homogeneous
rings (large crystallites)
02 calcite + quartz
03 calcite + quartz
04 calcite + quartz
05 magnesium
calcite + quartz
06 98 2 magnesium
calcite + quartz
07 90(p1*) 10(p1¥) magnesium

calcite + quartz
15(p2*) 85(p2*) calcite + quartz

08 98(p1*) 2(p1%) magnesium amorphous material with
calcite + quartz some crystalline calcite
®29) (2
09 52(p1*) 48(p1*) calcite + quartz
100 Calcite
(p2%)
10 100 Quartz
(1)
93(p2*) 7(p2*) calcite + quartz
(p3*) (p3%) calcite + reddish rock
magnesium
calcite

curves, analysing the following selected temperature ranges, as is usu-
ally done in similar studies (e.g., [2,28,29,49,50]): (i) 30-120 °C to
detect losses that are due to hygroscopic water, that is, physically
adsorbed water; (ii) 120-200 °C range, to detect weight loss related to
the water of hydrated salts or gypsum dehydration; and (iii) 200-600 °C
to detect the loss of chemically bound water of hydraulic products (i.e.

Intensity (arbitrary units)
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dehydration of calcium silicates and aluminates hydrates), if there are
no other compounds undergoing weight loss (e.g. calcium and magne-
sium hydroxide, hydromagnesite, organic compounds, etc. [8]); this is
the structural bound water (SBW). Above 600 °C, the weight loss could
be related to the CO5 content of carbonated lime, that is, the calcite
(CaCOs3) decomposition. And above 700 °C, the weight is not from pri-
mary calcite, but from re-carbonated lime [28]. Fig. 8. provides the TGA-
DSC curves of the mortars tested (01, 03-07, 09, 10) up to 1000 °C. The
TGA signal measures dehydration and the onset of higher temperature
decomposition. The DSC shows transitions associated with dehydration
and phase transitions.

Hydraulicity is inversely proportional to this ratio: decomposition of
carbonates (CO»-weight loss % above 600 °C) to structurally bound
water, SBW (HyO-weight loss% within the range 200-600 °C)
[2,5,28,50,51]. In hydraulic mortars, the SBW is greater than 3%, and in
nonhydraulic mortars (i.e. typical lime mortars) the value is less than 3%
(and the CO5 loss over 600 °C is greater than 32%) [27-29,47]. If the
CO2/H50 ratio is less than 10, the hydraulic nature could be asserted
[4,51]. A mortar sample could be classified as highly hydraulic if, after
analysing the binary diagram of CO/SBW vs. CO3, the CO2/SBW ratio is
less than 5 and COx is less than 15% [53]. If the ranges are 15-25% for
CO5 and 5-10 for CO,/SBW ratio, the compounds can be classified as
hydraulic or artificial pozzolanic mortars [28,51,53]. These data are
depicted in Fig. 9 and Table 4.

Thermal analyses of the whole mortar provide preliminary general
data on the hydraulic nature. The most significant weight loss (600 °C,
as shown in Fig. 9 and Table 4) could be related to recarbonated lime. It
is characterized by a microcrystalline structure and by the thermal
decomposition of carbonates from ceramic materials [52]. From the
binary diagram of CO5/SBW vs. CO, (Fig. 9, centre), it can be inferred
that one of the mortars has the highest hydraulic potential (sample 05),
and four samples meet the requirements of hydraulic or artificial
pozzolanic materials (01, 03, 09 and 10). As the CO5/H0 ratios are less
than 10, the hydraulicity can also be presupposed for six samples (01,

1 05 sieved <100 ym
1 05 sieved <63 ym

Q: QUARTZ
C: CAL