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ABSTRACT: Petrographic and petrophysical characterization of aerial and hydraulic mortars allows their differentiation and
the establishment of their most suitable applications. Natural, aerial or hydraulic lime mortars as well as artificial cements
mortars present different physical properties. It shall be noted that physical characteristics, which depend on petrographic
characteristics, impact on its mechanical properties. Therefore, this comparative study with standardised techniques and
tests, has analysed these mortars from a petrographic, petrophysical and mechanical point of view. The chemical processes
and porosity originated during mortar production and subsequent curing phase explain mortar physical behaviour (hardness,
strength, as well as fluid access and retention). This study confirms that air lime mortars are the most porous and least
resistant while cement mortars are the most resistant and impermeable. Finally, natural hydraulic lime mortars, with
petrographic characteristics similar to cement mortars, have physical-mechanical properties close to aerial ones, although
they are more impermeable and resistant.
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RESUMEN: Caracterizacion petrogrdfica y petrofisica de los principales morteros aéreos e hidraulicos usados en los
sectores de la construccion y la rehabilitacion . La caracterizacion petrografica y petrofisica de los morteros aéreos e
hidraulicos permite distinguirlos y establecer sus aplicaciones mas adecuadas. Los morteros de cales naturales, aéreas
o hidraulicas, y cementos artificiales, presentan diferentes propiedades fisicas. Estas, dependen de sus caracteristicas
petrograficas y repercuten en sus propiedades mecanicas. Por ello, este estudio comparativo con técnicas y ensayos
normalizados ha analizado estos morteros desde un punto de vista petrografico, petrofisico y mecéanico. Los procesos
quimicos y porosidad originados durante la elaboracion y posterior curado de los morteros explican su comportamiento fisico
(dureza, resistencia, acceso y retencion de fluidos). Este estudio confirma que los morteros de cal aérea son los mas porosos
y menos resistentes, mientras que los de cemento son los mas resistentes e impermeables. Asimismo, los morteros de cales
hidraulicas naturales, con caracteristicas petrograficas semejantes a los de cemento, presentan propiedades fisico-mecanicas
similares a los aéreos, aunque son mas impermeables y resistentes.

PALABRAS CLAVE: Morteros hidraulicos; Morteros aéreos; Caracterizacion petrografica; Propiedades petrofisicas; Usos
adecuados.
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1. INTRODUCTION

Mortars are building materials made by mixing binders with aggregates and water (1). Since the
beginning of the construction activity, the main uses of this type of materials were to join structural
elements, to cover surfaces such as floors and walls as well as to act as waterproofing barriers (2).

Conglomerate stones were used even before natural stone due to the lack of outcrops and extraction tools
and have been evolving at the same time as the processing techniques of the binders (3, 4). Historically,
binders were geological materials such as clays to which water was added to increase their workability (5)
or bitumen, used in mortars in Mesopotamian times (6), but nowadays most binders (gypsum, limes and
Portland cement) are the result of a pyrotechnological process.

Ancient and modern binders can be grouped according to their setting mechanisms, which is more useful
for defining their construction times and applications. Thus, aerial binders, such as aerial lime, are those
in which the carbonation process can take years and only occurs in the presence of air when reacting with
atmospheric CO,. On the other hand, hydraulic binders, such as hydraulic lime and cement, harden by
partially reacting with water and also with CO,, taking place to much faster setting times (1 to 6 months or
2-4 days, depending on the degree of hydraulicity of the lime, and few hours in the case of cement (7, 8).

Aerial or hydraulic binders’ characteristics are due to the composition and required thermal processing
of their raw materials. In this manner, air lime is a binder that can be obtained from calcination at
800-1000 °C of pure limestones (CaCO;), giving rise to a fatty lime, or can also be obtained from dolomites
(CaMg(COs),) giving rise to a lean lime. Likewise, hydraulic binders, such as natural hydraulic limes
and Portland cements are the product of a series of processes with variable medium-high temperatures
(900-1450 °C) and low pressures, which result in chemical reactions and mineral phases (calcium silicates,
calcium aluminates and aluminum-calcium silicates), similar to those that occur geologically in contact
metamorphism.

Natural hydraulic limes come from the calcination of clayey or siliceous limestones (9) with impurities
of silica and alumina at temperatures below 1250 °C (10, 11). In contrast, ordinary Portland cement
is produced by calcining limestone and clays (20-25%) at high temperatures (> 1300 °C), which are
subsequently mixed with up to 3% of a setting retardant as gypsum (12).

In hydraulic binders, during calcination, the raw material decomposes into calcium, silicon, aluminium
and iron oxides and forms hydraulic phases (calcium silicates and/or aluminates, and calcium ferrite-
aluminates). These mineral phases, when hydrated, then define the hydraulic character and the ability of
the binder to set and harden under water (10). Finally, the manufacturing process, in vertical continuous
or discontinuous lime kilns or in horizontal rotary cement kilns and the addition of additives influence the
nature of the final products (2, 3, 11, 13, 14).

Traditionally, lime has been the most widely used binder throughout history until the appearance of
artificial cement in the early 19th century (1), a time in which the dominance of lime was transferred to
cement due to its good mechanical properties and fast setting times. However, in recent decades, it has
been noted that when Portland cement has been used for restoration purposes or in soft materials, it has
had negative effects by increasing the deterioration process of stone, mortar and other building materials
and causing irreversible damage even when it has been removed (15-20). Consequently, the above reasons
explain why Portland cement is currently discarded for restoration and rehabilitation purposes and other
binders are recommended for these uses.

In ancient and medieval monuments, mortars are an important part of the structures and contribute
significantly to their stability (21, 22), so the use of materials that are chemically or mechanically
incompatible compromises the construction integrity. Likewise, to restore historic materials without
causing incompatibilities or deterioration pathologies, it is important to know their intrinsic properties
(hardness, stiffness, impermeability, etc.) (3, 17, 23).

Thus, air lime offers an easy workability, slow hardening, high permeability to water and water vapour
and absence of soluble salts (1, 24, 25), which has multiple benefits in the restoration and conservation of
ancient buildings. However, due to its slow setting time, high deformation behaviour and low durability
against external agents, it is not always compatible with the timescales and mechanical strengths required
in the new construction sector.

Likewise, natural hydraulic lime mortars (NHL), are also used in historic building interventions for
structural works, to repair damaged mortars, replace harmful binders and to protect historic fabric
(4, 26-31). Nevertheless, NHL mortars are also currently used in construction and bioconstruction sectors
due to their features as sustainable building materials. These properties can be grouped into manufacturing
temperatures much lower than those used to produce other modern binders and the high-water vapour
permeability and breathability coefficients of their mortars (4, 17, 32-34).
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In the last decades, the characterization of artificial and natural binders in ancient and modern mortars
(18th-19th centuries) has increased because of the need to know their state of preservation, environmental
resistance, raw materials, manufacturing techniques, etc. (4, 7, 25, 29, 30, 35-39) to reproduce them in
new construction and restoration works. Similarly, assessing the compatibility and durability of mortars
with other building materials from an aesthetic, chemical-mineralogical and physical-mechanical point of
view is nowadays a pursued objective, which also makes it possible to avoid cost overruns and to control
inappropriate uses.

Due to the current interest on this topic, there are recent standards (e.g. EN 17187: 2020 (40)) that
provide guidance on tests and techniques for the characterization of mortars used in cultural heritage
(25, 39) and that can be extrapolated to the study of modern mortars to allow their intercomparison.

Thus, the aim of this work is to establish the basis for the characterization and distinction of
different types of mortars by using different analytical techniques and tests that are included in the EN
17187:2020 standard (40). For this purpose, the petrographic and petrophysical properties of four mortars
made with different current binders (air lime, natural hydraulic limes, and Portland cement) have been
evaluated and compared.

2. MATERIALS AND METHODS
2.1. Materials

The studied materials in this work are an aerial lime, two types of natural hydraulic lime and an
ordinary Portland cement. The air lime is a CL90-S PL (hydrated calcium lime in paste) from the company
PROIESCON S.L. and the natural hydraulic limes a NHL2 and NHLS5 (non-additivated, feebly, and
eminently hydraulic binders) from the Saint Astier company. The limestone-additivated Portland cement
(CEM 1I/ B-L 32.5 N) is an artificial hydraulic binder produced by Lafarge-Holcim. All types of limes
are regulated by EN 459-1: 2015 standard (9) while cement is regulated by EN 197-1: 2011 (41) and
RC-16 (2016) (42).

A total of 36 mortar samples were made with coarse siliceous sand aggregate (1-2 mm). Nine of each
type of binder: 3 prismatic samples of 10x10x4 c¢m, 3 prismatic samples of 16x4x4 cm and 3 square plates
of 5x5x1 cm. The binder: aggregate ratio was 2:3 and the curing period of the mortars prior to the start
of the tests was 90 days. The curing conditions for all mortars were > 80% RH for the first 7 days and
approximately 60% RH at a temperature of 20-25°C until 90 days. The 90-days curing period was selected
on the basis of previous studies on both air and hydraulic limes (43-46) and due to it was considered
sufficient time for further handling and evaluation of the physical and mechanical behaviour of the limes,
especially air lime.

The following abbreviations were used: CL90-S PL (air lime mortar), NHL2 (natural hydraulic lime
NHL2 mortar), NHL5 (natural hydraulic lime NHL5 mortar) and OPC (ordinary Portland cement mortar).

2.2. Techniques and tests

The techniques and tests used in this study have been considered the most appropriate for the evaluation
of the materials studied and are based on EN 17187: 2020 (40), allowing for further comparisons with
mortars used in cultural heritage.

2.2.1. Petrographic, mineralogical, and chemical characterization

This study includes a series of complementary techniques and tests to characterize texturally and
compositionally the four types of mortars studied. The petrographic study of the mortars from a
macroscopic and microscopic point of view allows a visual description of the materials at different scales,
highlighting the most influential textural and compositional characteristics in their physical-chemical
behaviour.

For the macroscopic description (components, colour, appearance, consistency, porosity, etc.) a
geologist's magnifying glass of x10 magnification was used. In addition, to check the visual level of
carbonation (CaCO,), a very alkaline pH indicator (phenolphthalein; EN 14630: 2006 (47)) was used.
Microscopic description was carried out on 3x2 cm and 30 pum thin sections of each mortar with an
OLYMPUS BX51 polarized light optical microscope (POM) with a 5 Mpx SC50 colour digital camera and
Olympus CellSens Entry V2.3 image acquisition software.

A JOEL JSM-820 scanning electron microscope (SEM) with an energy dispersive X-ray spectroscopy
(EDS) microanalyzer operating in back-scattered electron (BSE) mode was operated in vacuum conditions
at a pressure of 0.50 torr and a voltage of 20 kV. An Oxford ISIS-Link acquisition, processing and analysis
software was used to obtain higher accuracy and resolution. This equipment was used on the petrographic
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analysis thin sections, previously coated with graphite (Cressington 108Carbon/A metallizer), to make
them conductive to the electron beam. Semi-quantitative chemical microanalyses were performed on the
binder mineral aggregates and zonal microanalyses on the binder matrix.

The crystalline mineral phases of the four mortars were detected by X-ray diffraction (XRD) on
the powder fraction (< 53 pm) of 2 g total sample. The instrumental equipment was a BRUKER
D8 diffractometer, with Cuko anode and graphite monochromator. The measurements were taken in a
range between 2 and 65 [°20], with an interval of 0.02 °/min in continuous mode.

Fourier transform infrared spectroscopy (FTIR) was used to determine the chemical structure of the
inorganic components. For this test, 200 mg of BrK and 1.5 mg of the mortars powder samples were used.
The equipment was a Nicolet Nexus 670-870 spectroscope measuring in the 4000-400 cm™ range of the
infrared spectrum.

Thermogravimetry and differential thermal analysis (TG-DTA) were carried out to collect information
at different temperatures on the processes occurring in the mortars studied (dehydration (< 200 °C),
dehydroxylation (200-600 °C) y decarboxylation (600-900 °C)) and to interpret their carbonation and
hydraulicity degrees (25, 36, 39, 48, 49). An SDT-Q600 equipment with UA software from TA Instruments
and a nitrogen atmosphere with a flow rate of 100 ml/min and a heating up to 1000 °C at a speed of
10 °C/min was used. The amount of powder sample was 10-10.5 mg.

2.2.2. Petrophysical characterization

To determine the intrinsic characteristics of each type of mortar, different techniques and tests were
implemented. These were divided into four large groups according to the qualities to be studied: 1-surface
properties, 2-dynamic properties, 3-structural and hydric properties as well as 4-mechanical properties.

1-Surface properties: Tests which were carried out are listed as: 1) quantitative colour measurement (EN
15886: 2010 (50) and ASTM E313: 2020 (51)) using the parameters of the colour space CIE L*a*b*
and a Minolta CM-700d/600D spectrophotometer with D65 illuminant and SpectraMagic NX Colour Data
software (CM-100SW) as well as, 2) static contact angle measurement to evaluate the surface behaviour of
the materials with respect to water (EN 15802: 2009 (52)) using a Dino-Lite Edge digital microscope
model AM7915MZT, a x20-200 magnification and 5 MPx camera and a DinoCapture v2 software.
Both tests were performed with a total of 3 measurements per sample on the larger prismatic specimens
(10x10x4 cm).

2-Dynamic properties: Ultrasonic propagation velocity of P waves (Vp) (EN 14579: 2004 (53)) in
the three spatial directions (X, Y, Z) of the 10x10x4 cm prismatic specimens were determined. Thus,
3 measurements per direction were taken with a Pundit CNS Electronics LTS portable ultrasound system
with transducers of 1 MHz frequency and 1 cm diameter. Total anisotropy (dM, Equation [1]) was
calculated, by using Vp in 3 directions of space. In addition, relative anisotropy (dm, Equation [2])
considering only the maximum and mean velocities of the materials, and the complete anisotropy
(dMm=dM-+dm) (54-56) were calculated.

dM(%) = [1 - (Zmein/(meean + meax))] x 100 [1]
dm(%) = [(2 X (VPmax = VPmean)/ (VPmean + VPmax)] X 100 [2]

3-Structural and hydric properties: To define the internal structure of each type of mortar, tests to study
the geometry and pore system distribution by the presence of fluids (mercury and water) were carried out.

By means of mercury intrusion porosimetry (MIP) (ASTM D4404: 2010 (57)), the percentage, size,
and shape of the pores, as well as the porosity distribution in each type of mortar, were determined using
4 cylinders of 1.2x2 c¢m in size with 3 ¢m?® in volume. Measurements were taken with a Micromeritis
Autopore IV 9500 porosimeter.

To determine the hydric behaviour (fluid uptake, storage, and loss capacity), the following tests were
carried out: 1) saturation test (EN 1936: 2006 (58)) on the 10x10x4 cm prismatic specimens, to determinate
the real and apparent densities, the total and open porosities, the saturation and the compactness index,
2) water absorption test by immersion and water desorption test by evaporation at atmospheric pressure
(EN 13755: 2008, NORMAL 7/81 (59, 60)) on the 10x10x4 cm prismatic specimens, 3) capillary water
absorption test (EN 15801: 2009 (61)) on the 16x4x4 cm samples, 4) and water vapour permeability test
(EN 15803: 2009 (62)) on the 5x5x1 cm square plates using the wet tray method (high humidity conditions,
93%). In addition, TinyPerm II portable air permeameter, was used on 10x10x4 cm prismatic specimens, to
inject pressurized air into them for calculation of the absolute air permeability (K) in millidarcy (mD) using
Equation [3], where T is the value obtained by the equipment.

Materiales de Construccion 75 (357), January-March 2025, €367. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2025.379124


https://doi.org/10.3989/mc.2025.379124

Petrographic and petrophysical characterization of the main aerial and hydraulic mortars ... *5

T = —0.8206 — log1o(K) + 12.8737 3]

4-Mechanical properties: For the estimation of the resistance to deformation or fracture under different
stresses, mechanical tests were carried out on the 10x10x4 cm prismatic specimens. These are listed as
follows: 1) the Leeb surface hardness test (HLD) or micro-rebound resistance test (EN ISO 16859-1:
2015 (63)), with the PROCEQ Equotip 3 equipment (impact energy of 11.5 Nmm (probe D) and 3 mm
diameter tip to impact on binder), 2) the Schmidt surface hardness test (R) or rebound resistance test
(ASTM D5873-14: 2023 (64)), using a PROCEQ Digi Schmidt 2000 model N digital sclerometer with an
impact energy of 2.207 Nm and 1 cm diameter tip.

In addition, using the correlation of Deere and Miller (1966) (65), which uses the average rebound
strength value of the Schmidt hammer and the bulk density of the materials, the indirect uniaxial simple
compressive strength (UCS) was calculated using Equation [4]. This formula was used because of its high
correlation (R? = 0.94) with similar materials (66) and this work will determine whether it is also reliable
for use with mortars.

UCS(MPa) — 691000087 -p-R+0.16) )

Obtained UCS values were compared with the hardness grade classification or international UCS values
of the International Society for Rock Mechanics Commission (ISRM, (67)).

3. RESULTS AND DISCUSSION

3.1. Petrographic characterization

Macroscopically, all the mortars present a granular texture and a massive appearance, so their main
differences are the colour and the cohesion between their aggregates and the binder (Figure 1). CL90-S PL
is a white, not very dense, and nor competent mortar, which presents disaggregations or material losses on
its surfaces as well as irregular pores and cracks. Whereas NHL2 and NHL5 are whitish-greyish mortars
and dense and compact materials, also with rough surfaces. Their main differences are a higher cohesion
between the aggregate and the binder and a lower porosity in NHLS5 compared to NHL2. Finally, OPC
has a greyish-greenish colour and a high density and hardness, as it is the only mortar with low porosity
and smooth surfaces. Its porosity has a spheric morphology (vacuolar porosity), the same as in NHL2 and
NHLS5, but smaller in size.

CL90-S PL

F1GURE 1. Macroscopic appearance of the mortars.

Optical microscopy (POM) shows that all the mortars present a granular texture dominated by inert
siliceous aggregate (Figure 2). The aggregate is well selected and consisted of mono- and polycrystalline
quartz grains of subangular to subrounded morphology with a grain size of 0.7 to 1.4 mm (coarse to very
coarse sand).

In CL90-S PL, the binder consists of a microcrystalline mass which presents shrinkage cracks and
fissures because of the curing (hardening process). Porosity of irregular morphology is also identified due
to possible dissolution processes (Figures 2A-B). This binder is not carbonated (CaCO,), as it presents low
birefringence colours (grey colours in cross polarized light), which belong to portlandite (C-H, Ca(OH),)
(Figure 2B).
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In the binders of NHL2 and NHLS5, concentrated masses of carbonate in the form of nodules and
the increment of the birefringence colours in cross polarized light (ochre and brown, Figures 2D-F) are
observed. This indicates the advance of the carbonation process, larger in NHLS5 (2-3 cm depth). A greater
chemical interaction between the binder and the aggregate is also seen in NHLS5. The quartz grains show
diffuse and sinuous edges, due to strong chemical reactions produced by the high pH (pH > 10, portlandite)
reached during the hydration phase. Under these chemical conditions, the edges of the quartz grains
dissolve (pH > 9), while the carbonates of the binder precipitate (pH > 8) on those edges. This allows the
binder to adhere well to the aggregate, preventing its disintegration. It has been noted that in NHL2 there
are some shrinkage cracks, not present in NHLS5, and vacuolar porosity. This type of porosity, which is
dominant in NHL5 (Figures 2C-D), is due to fluid bubbles trapped during mixing. NHL5 also shows more
calcium silicates crystals than NHL2. These calcium silicates clusters appear poorly defined and have low
birefringence in cross-polarized light mode (Figures 2E-F).

500 pm

FIGURE 2. Polarized light optical microscope (POM) images, in parallel-polarized light (left) and cross-polarized light (right)
of: CL90-S PL (A-B), NHL2 (C-D), NHLS (E-F) and OPC (G-H). Marked by arrows in A: shrinkage cracks, in C and
H: vacuolar porosity, in D: diffuse and sinuous edges of the aggregate grains, in E and G: calcium silicates clusters.
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Lastly, OPC presents a heterogeneous binder with the most advanced degree of carbonation among
all the studied mortars (highest birefringence throughout the thin section). This mortar also shows
vacuolar porosity, quartz grains with very diffuse and dissolved edges and many calcium silicates clusters
(hatrurite/alite - C,S (Ca;SiOs) and larnite/belite - C,S (Ca,Si0,), Figures 2G-H). These calcium silicates
clusters appear well developed (70-180 pum), with various tones (alite - white and belite - brown, in
parallel-polarized light), and sometimes also surrounded by ferruginous films (brownmillerite or calcium
ferritoalumanite - C,AF (Ca,(Al, Fe**),0;) ( Felite - C,AF) (68, 69).

SEM results (Figure 3) confirm the observations made with POM. CL90-S PL presents a binder with
a very homogeneous calcium composition (90-100% of CaO, by semi-quantitative EDS) and a lot of
fissural porosity and microporosity (Figure 3A). The rest of the mortars, as they become more hydraulic,
present in their binders more calcium silicates, carbonate nodules (95-100% of CaO) and vacuolar porosity
(Figures 3B-D). In NHL2, monocalcium silicates (43% of SiO, and 57% of CaO ~ wollastonite - CS),
bicalcium silicates (30-35% of SiO, and 60-65% of CaO ~ larnite/belite - C,S) and some interstitial phases
(20% of Fe,0Os, 20% of ALO; and 50% of CaO ~ brownmillerite - C,AF) are abundant (Figure 3B).
In NHL5 and OPC, tricalcium silicates (20-25% of SiO, and 70-75% of CaO ~ hatrurite/alite - C;S)
also appear (Figures 3C-D), although in greater proportion in OPC, in which monocalcium silicates
(wollastonite) is no longer detected.

Regarding the chemical composition of the binder, it shows an enrichment in SiO, and Al,O; in the more
hydraulic mortars, as can be seen in the three-phase triangle (Figure 4, < 3% of SiO, and 1.5% of AlL,O,
for CL90-S PL, 11-12% of SiO, and (2% of AlL,O; for NHL2, 20-21% of SiO, and ~ 5% of Al,O; for
NHLS and 24-25% of SiO, and 7-8% of Al,O, for OPC).

Thus, a series of characteristics related to the different degree of hydraulicity of the binders can be
observed (Figure 5).

The higher the hydraulicity degree, the faster the carbonation, which explains that OPC, with well-
developed tricalcium silicates (alite), has the most advanced degree of carbonation. It also be noted that
as the hydraulicity degree increases, does the aggressiveness of the dissolution-precipitation chemical
reactions at the edges of the aggregate, which are due to the alkaline nature of the surrounding binder (7).

Furthermore, water that is not able to react chemically with the components of the paste and that is
used to increase the plasticity originates vacuolar pores, typical of hydraulic mortars. Natural hydraulic
lime mortars (NHL2 and NHLS) differ in the degree of development of this type of porosity and in the
aggressiveness of the alkaline reactions at the edges of the aggregate. Thus, the most hydraulic of them
(NHLY5) does not present shrinkage fissures, which impacts on a greater compactness and a less cohesion
loss. Finally, CL90-S PL is the mortar that both micro and macroscopically shows the lowest degree of
carbonation, which together with the high presence of shrinkage cracks results in high material losses or
disaggregation.

In general, all lime mortars (especially CL90S-PL) do not show an advanced state of carbonation, which
is explained by the curing time required by this type of materials (24, 70-72). This high portlandite/calcite
ratio was also confirmed by XRD, FTIR and TG-DTA analysis.

Thus, Figure 6 shows that all mortars present peaks of portlandite (4.90A) and calcite (3.03A) of variable
intensity depending on their state of hydration and carbonation, as well as high intensity peaks of quartz
(3.34A) due to the aggregate fraction.

After 90 days of curing, CL90-S PL shows the highest amount of portlandite (C-H), followed by NHL2,
NHLS5 and OPC. In CL90-S PL, in addition to calcite, one of its metastable polymorphs is also detected:
aragonite (3.39A, 3.27A, 2.71A). The presence of this mineral phase has been found very frequently in
fresh mortars in which carbonation occurs at relative humidities similar to the curing conditions of this
study (~ 60% RH) (48, 74, 75).

Regarding the characteristic phases of hydraulic binders (calcium silicates), they appear mainly in the
range of 30-35° [20] (2.98-2.56A). Although they are difficult to detect because of the overlap between
their peaks and those from the aggregate (Figure 6) (7, 48). The type of calcium silicates detected in all
hydraulic binders is larnite/belite (C,S), and only in OPC hatrurite/alite (C,S) is also found. Larnite (2.79A,
2.74A and 2.33A as distinctive peak) is the predominant hydraulic phase in natural hydraulic limes (76),
as the most suitable temperatures for its formation are around 1000-1100 °C (77), the considered ones as
optimal to produce this binder (78, 79).

On the other hand, hatrurite/alite is a characteristic mineral of higher hydraulicity binders, such as
cement, that appears in the 32-33° [20] range with their most distinctive peaks at 1.76 A (51.8° [260]) and
5.95A (14.9° [20]) (48). Although this type of calcium silicate can be also generated in natural hydraulic
limes if there are “hot spots” (~ 1250 °C) in the kiln (80) during the calcination of the raw materials.
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Ficure 3. SEM images and EDS spectra of the binders of A) CL90-S PL, B) NHL2, C) NHLS, D) OPC. The presence
of different calcium silicates stands out (wollastonite - CS, larnite/belite - C,S, hatrurite/alite - C;S, brownmillerite - C,AF).

In addition, OPC presents other phases such as (Figure 6): calcium ferritoaluminates (brownmillerite
or felite -2.65A and 7.19A- Ca,(Al,Fe*"),0;) and calcium aluminates (celite -2.69A- Al,0;-3Ca0; C;A)
(48, 81) as well as ettringite (9.16A; Ca,Al,(SO,);(OH),,-26H,0). It should be noted that the early/primary
ettringite that precipitates in this system is not dangerous, although under site conditions (once the mortar
has hardened and exposed to external agents: water, salts) it is susceptible to be transformed into delayed
or secondary ettringite (82), which does give rise to expansion phenomena and the generation of gypsum
(cracking, loss of mass and salt efflorescence pathologies) (83).
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FIGURE 4. Ternary phase diagram of the FIGURE 5. Diagram of the progression of the textural
Ca0-8i0,-Al,0, system showing the four characteristics as the degree of hydraulicity increases.

binders studied (modified from Taylor (32)).
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FI1GURE 6. Diffractograms of the mortars studied in the range of 8 to 65 [°20].
Abbreviations according to Warr (2021) (73): Arg (Aragonite), Bmlr (Brownmillerite), Cal (Calcite),
Ett (Ettringite), Hrr (Hatrurite-alite), Lrn (Larnite-belite), Por (Portlandite), Qz (Quartz). Celi: Celite.

Figure 7 shows the FTIR results. Thus, all mortars present a calcite stretching band domain
(1450-1420 cm™') due to the carbonation process (CO, %) and an asymmetric stretching band at
1070-1080 cm-! because of the quartz aggregate (Si-O-Si). Portlandite (3640 cm™) appears with higher
intensity in CL90-S PL and decreases progressively in NHL2 and NHLS5 but is not present in OPC. It
should also be noted that in CL90S-PL there are aragonite stretching (1470 cm™') and bending (855 cm™)
bands due to the early carbonation process under high humidity conditions (CO, ).

In NHL2, NHL5 and OPC, the vibration bands of the quartz aggregate (1080-1190 c¢cm™) mask the
vibration bands of the calcium silicates. This causes them to appear to the right of the main quartz band
(1070 cm™), at 990-1020 cm’!, in the range reported in the literature (900-1120 cm’'; (7, 48, 84, 85)). The
bands at 990-1020 cm™! and 515-520 cm! correspond mainly to belite/larnite (C,S), while the alite vibration
bands (C,S), at 880-950 cm! according to previous authors (48, 84, 85), are not detected.

The TG-DTA curves show four main weight loss regions: at < 120 °C, 120-200 °C, 200-600 °C and
600-900 °C (25, 36, 38, 39, 48, 49, 86). Table 1 shows the weight losses (%) in the different ranges.
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Ficure 7. FTIR spectra of the mortars studied.

The weight loss at < 120 °C in all lime mortars (CL90-S PL, NHL2 and NHLS, < 3%) is due to the
loss of water inside the mortars (T below 30 °C). While in OPC the dehydration of characteristic cement
minerals such as ettringite and tobermorite (C-S-H) also occurs (weight loss of 3.7% at 70-75 °C, Table 1).
Afterwards, in the range between 120 °C and 200 °C, in which the loss of crystallization water occurs, the
weight loss of all the studied mortars is < 1%. These two ranges correspond to the dehydration phase of the
samples (49, 86).

In the next region, at 200-600 °C, the weight loss is attributed to the loss of hydroxyl groups
(dehydroxylation) (25, 36, 85-87) and specifically to the thermal decomposition of portlandite at
400-415 °C, which is the major component of the lime mortars (19-23% of loss), as well as OPC (17%).

Afterwards, the weight loss between 600 and 900 °C corresponds to the loss of CO, because of the
decomposition of calcium carbonate, which enables the determination of the CaCO; content within the
sample (decarboxylation) (25, 36, 87). In this way, all lime mortars (CL90-S PL, NHL2 and NHLS;
11-16%) present the highest loss percentages and OPC the lowest (~ 8%). Therefore, the total weight loss is
higher in lime mortars (CL90-S PL, NHL2 and NHLS5, 19-23%) than in OPC (17%) (Table 1).

Finally, the hydraulicity degree was calculated on the basis of the CO,/H,O ratio, so as this ratio
decreases, the mortars are more hydraulic (25, 36, 39, 49); Table 1 and Figure 8).

TABLE 1. Temperatures and weight loss (%) in the different TG-DTA analysis ranges.

DEHYDROXYLATION DECARBOXYLATION

DEHYDRATION PHASE EASE PEASE
% of H,O loss % of OH % of CO,

Total 1 CO,/H,0
T (°C) T (°C) loss at T (°C) loss at ot 0% .
<120°C  120-200°C 200-600 °C 600-900°c ) )
CL90-S PL - 1.09 031 399.93 20.45 706.32 13.77 20.45 9.84
NHL2 27.96 228 0.54 401.01 23.44 714.63 15.51 23.44 5.50
NHL5 26.96 2.78 0.57 401.60 18.59 705.83 11.41 18.59 3.41
OPC 72.79 3.68 0.88 415.78 16.96 696.45 8.05 16.96 1.77
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3.2. Petrophysical characterization

Surface properties: Colour is an important factor to consider, especially if mortars are going to be used
on visible elements or facades. Based on the chromatic parameters, all the mortars are dull/matte (chroma
C* < 6, white-grey and a* and b* values close to zero, grey) with high lightness values (L* = 70-92) and
whiteness indexes (WI) greater than the yellowing ones (YI). CL90-S PL is the whitest mortar, followed by
NHL2 and NHLS5, while OPC is the most yellowish (Table 2). This is due to their mineralogy, in particular
the presence of iron and aluminium phases such as brownmillerite in OPC and not in the lime mortars.
Although there are other factors regarding the binders manufacturing process that impact on mortars colour,
such as their raw materials composition and calcination temperatures.

The static contact angle test measurements provide information on the hydrophilic character of the
mortars and therefore a first information on the behaviour of the mortar surface in relation to water.

Thus, CL90-S PL is classified as super-hydrophilic, that is, with a high affinity for water, as the droplet
is quickly absorbed and not even the contact angle can be measured. While the rest of the mortars are
hydrophilic, as they take longer to absorb the droplet and had 6 < 90°. Therefore, the higher the hydraulicity
of the binder and the droplet angle, the lower the hydrophilic character of the mortar. In consequence, OPC
is the least hydrophilic mortar and presents the lowest standard deviation of all the mortars (Figure 9).

Dynamic properties: Table 3 shows the P-waves propagation values (Vp) of the mortars, which have a
direct correlation with their hydraulic character.

On one hand, CL90-S PL and NHL2, as they present high porosities, shrinkage cracks and weak
reactions between the paste and the aggregate, show an attenuation of the waves, presenting low Vp values
(1258 m/s in CL90-S PL and 1352 m/s in NHL2). On the other hand, OPC presents a lower porosity
and a higher density as well as cohesion, which impacts on Vp values > 3500m/s. While NHLS5, with
characteristics in between, has Vp values of 1617 m/s, more similar to those of CL90-S PL and NHL2.
Thus, the differences in Vp values between lime and cement mortars reflects their different setting and
curing speed.

CL90-5 PL

@ NHL2

CO,H;0 (%)

14 16 18 20

8 10 12
CO; (%)

F1GURE. 8. Graph of CO, (%) vs CO,/H,0 (%) ratio of the mortars studied.

TABLE 2. Chromatic parameters of the mortars studied.

L* a* b* C* WI YI
CL90-S PL 91.76 £ 1.08 0.32+0.11 3.54+0.11 3.56+0.11 62.61 £1.59 5.62+0.11
NHL2 88.38 £0.81 0.48 +0.05 4.49+0.33 4.51+£0.33 51.80 £ 2.90 7.34 £ 0.60
NHL5 87.44 +0.83 0.45+0.08 5.27+£0.06 5.29+£0.06 46.62 +1.28 8.66+0.10
OPC 73.41 £3.83 0.42 +0.07 591+£0.38 5.92+0.39 26.10+5.46 11.28+1.19

CL90-S PL

FIGURE 9. Average values of the droplet angle in the mortars studied.

Materiales de Construccion 75 (357), January-March 2025, €367. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2025.379124


https://doi.org/10.3989/mc.2025.379124

12 « C. Parra-Fernandez et al.

TABLE 3. Mean values of P waves propagation velocity (Vp) and total (dM), relative (dm) and complete (dMm) anisotropies.

Vp (m/s) dM (%) dm (%) dMm (%)

CL90-S PL 1258.19 = 24.12 239+ 1.97 178 + 1.63 41743239
NHL2 1352.15 + 20.68 15.41+2.44 2,93+ 1.88 18.34+2.52
NHL5 1616.99 = 23.06 5.08+1.50 5.64+2.89 10.72 + 4.38
OPC 3542.68 + 89.38 6.97+4.51 0.69 = 0.58 7.66+4.03

Regarding the anisotropy, most of the mortars present a low complete anisotropy (dMm < 10) and
similar total (dM) and relative anisotropy (dm) values. NHL2 and NHLS5 are the most anisotropic mortars
(dMm > 10%), and NHL2 shows the most different values between dM and dm (dM = 15.41% and
dm = 2.93%), together with OPC (dM = 6.97% and dm = 0.69%). The latter denotes the existence of
preferential orientations in these mortars and, therefore, planes of structural weakness possibly due to the
manufacturing process. By contrast, CL90-S PL (dM = 2.39% and dm = 1.88%) is the least anisotropic
mortar and shows a greater homogeneity.

Structural and hydric properties: Average values of the structural and hydric properties of the mortars
studied are in Table 4. The real densities of all the mortars studied are high (~ 2460-2839 kg/m? by MIP),
and higher than their bulk densities (~ 1492-2026 kg/m? by saturation), showing the presence of important
percentages of porosity. Furthermore, the real and bulk density values obtained by MIP and by saturation
are similar in most of the mortars, even though they were performed with different fluids and in different
mortar samples.

TABLE 4. Average values of the structural and hydric properties studied.

CL90-S PL

NHL2

NHLS

OPC

Real density (kg/m*) by MIP
Real density (kg/m?®) by saturation
Bulk density (kg/m?) by MIP
Bulk density (kg/m®) by saturation
Total porosity (%) by MIP
Total porosity (%) by saturation
Open porosity (%)

Specific pore

surface area (m%/g)
Pore geometry
Average pore

diameter (um)

Average pore size (um)

Pore size Microporosity
RN
distribution (%) Macroporosity
Tortuosity

Compactness index (0-1)
Saturation (%)
Water absorption coefficient at P, (%)
Capillary absorption coefficient (kg/m?. s°%)

Water vapour
permeability coefficient (kg/m.s.Pa)

Water vapour flow rate (kg/s)
Water vapour transmission rate (kg/s'm?)
Water vapour penetration (kg/m?-s-Pa)

Air permeability (mD)

2480.8
2543.56 £5.94
1567.2
1491.96 £ 10.78
36.83
41.46 +£0.44
41.34
3.54

0.27

0.53
66.8
332
491
0.59
27.71£0.49
23.64 +0.37
0.15427 £ 0.00948
9.04-10° + 1.47-10°

9.58:10° £ 1.71-10”

5.52:10°+9.87-107

6.09-107 + 1.09-107
3717.00 £ 0.17

2838.8
2596.76 £ 1.66
1759.1
1612.72 £ 8.50
38.03
38.02+£0.29
37.89
6.62

0.13

0.79

93.6

6.4

8.15

0.62
23.50+0.30
21.62+0.47

0.16193 = 0.02474
4.37-10° £ 3.43-10°1°

4.58-10°+2.03-10°1°
2.64:10°+1.17-107
2.91-107 + 1.29-10°®

2459.8
2629.99 £ 1.97
1615.1
1605.85 £ 6.03
34.34
39.06 £ 0.26
38.94
9.71

0.09

1.13
95.7
43
2.86
0.61
2425+0.25
21.81+0.18
0.15276 £ 0.03060
4.30-10°+£2.73-10"

4.42-10°+2.47-101°
2.55:10° + 1.42-107
2.81-107+1.57-10%

2509.6
2644.73 £7.90
2004.2
2025.67 £ 5.41
20.14
23.56 +£0.37
23.41
8.92

0.05

0.36

96.9

3.1

3.10

0.76
11.56 +0.21
10.49 £ 0.07

0.03540 = 0.01001
2.17-10° £ 4.41-10°"°

2.63:10° + 6.34-10°°
1.52:10° + 3.65-107
1.67-107 +£4.03-10°®
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In terms of total porosities by both PIM and saturation, all lime mortars (CL90-S PL, NHL2 and NHLS5)
have a porosity of around 40%, while in OPC it is half that (~ 20%). The highest percentages correspond to
open porosity and Figure 10 shows the distribution curves of the different pore sizes of each mortar. In it,
it has been noted that all the mortars are microporous (< 5 um), with average pore sizes of 0.4 to 1.1 pm,
and that the most microporous ones (94-97%) are the hydraulic mortars (NHL2, NHLS5 and OPC). It should
be noted that microporous mortars may tend to degrade if they have a low desorption capacity, as salts may
precipitate inside them and the harmful effects are very difficult to detect, but very aggressive.

All the mortars studied have at least 3 pore-size populations in the microporosity range (0.01-0.1 pum,
0.1-1 um and 1-3 pum, Figure 10) with average pore sizes between 0.36 pm and 1.13 pm depending on the
mortar (Table 4).

The most remarkable intervals in NHL2, NHL5 and OPC are 0.1-1 ym and 1-3 um, whereas CL90-S
PL, in line with its appearance, presents a high percentage of macroporosity (> 5 um, at least 1/3 of its
total porosity). However, the value of the average pore size of CL90S-PL (0.36 um) is lower than the actual
average size, as the PIM technique does not consider pore sizes larger than 300 um.

The mortars percentages of porosity are in relation to their compactness indexes (Table 4), around 0.6 in
all lime mortars (CL90-S PL, NHL2 and NHL5) and 0.8 in OPC, the most dense and compact material.

Concerning the shapes of the pores, due to their large specific surfaces and small diameters (Table 4), all
the mortars, especially the most hydraulic (NHL5 and OPC), have irregular pores and low (< 10) tortuosity
values (capillary connections). This indicates straight connections that facilitate water ingress, so none of
the mortars seem to offer water resistance, as previously verified by the static contact angle test. It also
affects their water saturation capacity, absorption, desorption, capillary suction, and permeability.

As a result of the saturation test (Table 4), all lime mortars present similar values (28% of saturation in
CL90-S PL and 24% in NHL2 and NHL5), whereas OPC has the lowest percentage of saturation (12%).
This trend, in which lime mortars have a similar hydric behaviour while OPC does not, is also observed in
the rest of the hydric tests.

First, during the water absorption test (Figure 11), all samples experience 90% water absorption in
the first minutes. Their absorption coefficients are 24% (CL90-S PL), 22% (NHL2 and NHL5) and 11%
(OPC). Thus, all lime mortars have a high absorption capacity, while it is the desorption phase that makes
the difference between aerial and hydraulic mortars.

The CL90-S PL samples eliminate all their water content in approximately 24 hours, whereas the
hydraulic mortars, and especially OPC, show a more distended desorption slope (much slower water loss)
and leave a percentage of water retained inside. At the end of the test, NHL2 samples retain ~ 25%
absorbed water, NHL5 ~ 35%, and OPC ~ 50% (Figure 11).

In the second place, during the capillary test, the lime mortars (CL90-S PL, NHL2 and NHL5) show a
similar behaviour to the absorption test. The trend of their curves and their capillary absorption coefficients
are different from those of OPC (Figure 12, Table 4). Thus, OPC absorbs up to 3 times less water than
the lime mortars at the end of the test and shows a much slower and more distended absorption over time.
OPC presents averages of 15.55 kg/m? of water per unit area, whereas the lime mortars have much steeper
slopes and absorb the largest amounts of water (50.94 kg/m? - CL90-S PL, 56.18 kg/m? - NHL2, and
50.44 kg/m? - NHL5). The capillary absorption coefficients range from 0.15-0.16 kg/m?*s°3 in lime mortars
to (0,04 g/m*s% in OPC (Table 4), which is a significant difference regardless of the degree of hydraulicity
of the limes.

Finally, the higher the hydraulicity, the lower the water vapour permeability of the mortars, which is
directly related to the porosity (pore shape, average pore size, size distribution and capillary connections)
(Table 4). CL90-S PL is the most permeable mortar (9.04-10° kg/m-s-Pa) with the highest values of water
vapour flow rate, transmission rate and water vapour penetration, while NHL2 and NHLS5 are half as
permeable than CL90-S PL (4.37:10”° and 4.30-10”° kg/m-s-Pa). OPC is up to four times less permeable
(2.17-10”° kg/m-s-Pa) than CL90-S PL and half as permeable as NHL2 and NHL5.

Therefore, the only mortar sufficiently air permeable to perform the measurement with the air
permeameter was CL90-S PL, which obtained a value of 3717 mD on average because of its high
macroporosity (Table 4).

Mechanical properties: The mortars with the highest degree of hydraulicity show the highest hardness
values after 90 days of curing (Table 5). In all cases, OPC doubles the hardness and strength of NHL2 and
NHLS and triples those of CL90-S PL, being the most suitable material for high mechanical stresses.

Thus, CL90-S PL shows the lowest values of Schmidt hardness (7 R) and microhardness (Leeb hardness,
213 HLD), while NHL2 and NHL5 present hardnesses of 18-20 R and microhardnesses of 260-267 HLD,
although they are also classified as relatively soft materials. OPC, as expected, has the highest values with
moderate micro-rebound (~ 428 HLD) and rebound (~ 30 R) resistance.
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TABLE 5. Results obtained in the different mechanical tests.

Leeb hardness (HLD) Schmidt hardness (R) UCS (MPa)

CL90-S PL 212.8£26.5 7.33+£6.35 12.56 £2.24
NHL-2 267.0 £56.7 17.67 £ 3.51 17.72 £1.99
NHL-5 260.4 +£35.8 19.77+£1.53 18.85+£0.91

OPC 427.8£52.5 30.27 +3.59 3431+£5.18

Finally, the calculated UCS values (Table 5) for the lime mortars (CL90-S PL ~ 13 MPa,
NHL2 ~ 18 MPa and NHLS5 ~ 19 MPa) were equivalent in strength to a soft stone (5-25 MPa) and
for the OPC (~ 34 MPa) to a moderately hard stone (25-50 MPa).

In the case of CL90-S PL its UCS values are due to its high disintegration capacity, incomplete
carbonation state and high porosity and cracking. NHL2 and NHLS5 exhibit similar hardness and UCS
values due to their porosity characteristics and slight-moderate chemical reactions. And the high values
of OPC are mainly due to their higher curing speed (higher degree of carbonation) and lower porosity, in
addition to the strong chemical reactions between the aggregate and the binder.

4. CONCLUSIONS

After a curing period of 90 days, all the mortars, especially the lime mortars (aerial and hydraulic),
do not complete their carbonation process. The results of the petrographic and petrophysical techniques
showed clear differences between lime and cement mortars.

Thus, in the air lime mortar a high content of free lime (Ca(OH),) is detected, whereas in hydraulic
mortars, it decreases. In hydraulic mortars there is a development of hydraulic phases, changes in the

porosity morphology (high vacuolar porosity) and more aggressive alkaline reactions as the hydraulicity of
the binder increases.
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In terms of their petrophysical properties, all lime mortars (CL90-S PL, NHL2 and NHLS5) present high
porosities (34-41%), being twice as high as the porosity of the cement mortar (OPC, 20-23%). This results
in lower P-waves propagation velocities in lime mortars (< 2000 m/s) and > 3500 m/s in OPC.

The high porosity of the lime mortars also results in high water absorption, desorption, saturation and
capillary rise capacities. In consequence, the hydric values of CL90-S PL, NHL2 and NHLS5 are three to
two times higher than those of cement mortar, while their hardness and strength are lower (7-20 R and
13-19 MPa) than those of OPC (30 R, ~ 34 MPa). The evolution of strength and the acquisition of higher
hardness in lime mortars can take years, which represents its greatest weakness as a building material.

In this sense, the air lime mortar (CL90-S PL) is the most porous and hydrophilic material. It presents up
to 33% of macroporosity (> 5 um) as well as cracks and fissures that affect its binder, which together with
its incomplete setting process causes intergranular disaggregations. In addition, the slightly sinuous shape
of its pores favours its water vapour permeability, as well as its air permeability.

Given its petrophysical properties, the most suitable use of this material shall be recommended for
restoration or coating works in dry climates, in environments with low humidity or in construction elements
that do not require high mechanical stresses.

On the other hand, the cement mortar (OPC) is the hardest, densest and most competent material due to
its advanced state of carbonation, as it was the only mortar that rapidly reached this state. This material
doubles the hardness and strength of lime mortars with strength values similar to those of a moderately
hard stone. Mineralogically, it has a high content of hydraulic phases (C,S-larnite/belite and C,S-hatrurite/
alite), as well as aluminous phases such as C;A-celite, C,AF-brownmillerite and ettringite (hydrated Al-Ca
sulphate that can give rise to deterioration pathologies if transformed into secondary ettringite).

Furthermore, it should be noted that the cement mortar is the least porous and hydrophilic of all mortars.
The latter is related to its high microporosity (97%), average pore size (< 5 um) and very sinuous pore
morphology, which does not favour its water behaviour, nor its permeability to air or water vapour.

In fact, the disadvantages of cement mortar as a building material are its high stiffness and
impermeability, the recognised presence of harmful compounds (gypsum and alkalis) and its microporosity
with long water retention times that can favour dampness, a vehicle for associated pathologies such as
sanding and efflorescence).

Finally, natural hydraulic lime mortars (NHL2 and NHLS5) present petrographic characteristics similar
to each other and to OPC, as they all present calcium silicates (with variable complexity depending on
their hydraulic degree) and vacuolar porosity. In contrast, NHL mortars show similar petrophysical and
mechanical properties to air lime mortar (CL90-S PL) due to their high porosity (34-39%), which favours
their absorption, desorption and saturation of water, as well as their capillary rise. In addition, it should
be noted that the high microporosity (94-96%) and sinuous morphology of their pores (similar to OPC),
influence their water vapour permeability values (half that of CL90-S PL and double that of OPC), as well
as their low strength and hardness.

For all stated reasons above, the most suitable function of NHL mortars shall be for elements or
structures in contact with high humidity and not subjected to high stresses. In particular, the NHL2 mortar
shall be recommended as cladding mortar in order to take advantage of its less mechanical requirements
and high permeability and porosity (physical-mechanical properties similar to air lime).

Thus, the combination of petrographic and petrophysical techniques used in the EN 17187 (2020)
standard (40), especially POM, SEM+EDS and XRD, as well as the hydric tests, has made it possible to
characterize and highlight the most distinctive aspects of each of the four types of mortars studied.
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