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Abstract: The popularity of natural cement (Roman cement) in buildings from the late 19th and the
beginning of the 20th century and the high diversity of characteristics of natural cement demand
research of mortar and binders used in the buildings of this period in Portugal. Understanding
the type of binder used in the historic buildings will help the project/intervention team to make
the best decisions in terms of the development of compatible mortars for historical conservation
purposes. Casa Barbot is one of the Art Nouveau examples of the beginning of the 20th century in
Portugal. The garden of this building is characterized by peculiar elements in terms of materials and
architecture. Full characterization of the mortars employed in the construction of this building as well
as identification of the used binder is the main objective of this study. The study comprises a wide
range of laboratory characterization techniques such as X-ray fluorescence (XRF), X-ray diffraction
(XRD), petrography, open porosity, density, water absorption by capillarity, and compressive strength.
The results show the diversity of compositional characteristics in the mortars used in the decorative
elements in the period garden of Casa Barbot. All mortars are composed of Portland cement with a
mix of additives such as blast furnace slag, limestone filler, air lime, and the occasional presence of
charcoal. The results raise doubt about the use of natural cement as stated in the historical documents.
This study will broaden the scientific knowledge of the materials of that period in Portugal to provide
a comprehensive plan for the preservation of historical buildings.
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1. Introduction

The preservation of heritage is an important action that must be performed in order
to maintain cultural assets for future generations. This encompasses the intervention on
renders and understanding the type of binder used in the historic mortar that helps the
material specialist undertake the best decisions in terms of the development of compatible
mortars for historical conservation purposes. The architecture of heritage buildings from
the late 19th and the beginning of the 20th century ranges from Art Nouveau and Art
Deco to Modernism. This period is characterized by the transition of the main construction
binder from air lime to Portland cement. In this context, the first cement used is known
as natural or Roman cement. Natural cement was patented in 1796 by Reverend James
Parker, by calcination of high clay content marlstones (750–1200 ◦C) without changes in
the composition after extraction [1,2]. This type of cement was extensively used all over
Europe simulating a cast stone in the execution of decorative elements and as a façade
rendering. Depending on the local natural cement production site and firing process, large
dispersion can be found in the composition of natural cement which reveals a need for
further research.

The nineteenth century witnessed the most important advances in the understanding
of hydraulic binders. Air lime, which was in use for many centuries all over the world was
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characterized by a very slow hardening and strength-gaining process despite its great long-
term performance as could be seen in Joanina Tower of Sra. da Luz fortress in Portugal [3]
and military forts in maritime environments [4], among a vastitude of others. Air lime
mortars were used in construction from immemorial times until at least the first decades
of the 20th century [5,6]. Since Roman times, there was an attempt to improve the water
resistance and durability of lime mortars by adding pozzolans [7]. However, a need for
quicker hardening and higher strength caused the discarding of air lime-based mortars in
the following centuries. Hydraulic lime was first produced by calcining blue Lias limestone
containing clay by James Smeaton. These hydraulic binders were obtained by mixing lime
with pozzolans, enabling hardening by the addition of water [8]. Lime-based mortars were
then overthrown in terms of use by the new hydraulic binders—natural or Roman cement.
The term “natural” in natural cement comes from the fact that all the necessary oxides
such as lime, silica, alumina, etc., can be found in a unique source material rather than in
a material mix from different sources, as is the case of Portland cement. Natural cement
received preference over the other hydraulic binders in that period for several reasons.
The use of natural cement was quickly spread all over Europe and many quarries were
discovered following the demand for fire-resistance and durable stucco-like finishes in the
façade resembling the natural stones in the 17th and 18th centuries. Moreover, the quick
setting was one of the major reasons why natural cement could fit adequately into the
20th-century demands, particularly for repair and running moldings [9].

The use of natural cement in Portugal dates back to the second half of the 19th century
and the beginning of the 20th century [10]. The effective industrial production of natural
cement began in 1866 in Alcântara, Lisbon [11]. However, there is a lack of well-documented
evidence about the production and use of natural cement in Portugal. During this period,
this cement was massively used in Europe to produce cast stone and decorative ornaments
to simulate natural stone due to their brownish color [12,13]. This period also coincides
with the invention and development of Portland cement. Portland cement was created
by Joseph Aspdin in 1824 and its name was taken from the Isle of Portland in Dorset,
United Kingdom. Following the rising interest in Portland cement and the improvement
of technology, the Portuguese industries started the production of Portland cement in
1894 [14], and the use of natural cement and hydraulic lime has been replaced gradually by
Portland cement.

Understanding the type of binder is a key step in the restoration of historic build-
ings. Consecutive previous attempts of renovations with improper high abrasion cleaning
methods and inappropriate use of Portland cement led to the loss of details on the façades
and aesthetical disfiguring. All these reasons lead to the complication of evaluation of the
used binder and eventually the current course of conservation [15]. Differences between
natural cement and Portland cement must be taken into account before any restoration
action. Indeed, the final properties of natural cement depend on the geological location
of marlstones yielding distinct characteristics in terms of color and chemical composition.
Natural hydraulic lime and natural cement are often required in restoration practice rather
than Portland cement, due to their favorable composition and physical properties that
make them more compatible with traditional construction materials such as natural stone.
The production of natural cement at lower temperatures avoids the formation of tricalcium
silicate (alite), which is responsible for the early age strength development in Portland
cement, and due to the high clay content, the main hydraulic phase is belite [15–17]. Fur-
thermore, the presence of calcium aluminate phases is also associated with early strength
development and rapid hardening in natural cement or with the hydration and hardening
of dehydroxylated clay minerals in the presence of hydrated lime [18]. For this reason,
natural cement was often used in exterior decorative elements such as ornaments that
require rapid setting and high weathering resistance.

In comparison to the lime-based ancient mortars [3,5–7,19–21], few studies have been
devoted to the characterization of binder in the period of the 19th and 20th centuries [16,22–27].
In Portugal, this is also the case as the first building to be evaluated in terms of 20th Century
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mortars’ characterization was Teatro Nacional de São João [28] and, for intervention purposes,
the development of compatible mortars [29] was a stepping stone towards the present study.
In the case of Teatro Nacional de São João natural cement, mortars were employed in a
cement–lime mix.

The paper aims at the characterization of mortars used in the construction of Casa
Barbot, a stylish building from the beginning of the 20th century in Portugal that may
represent according to art history the application of natural cement in the cast decorative
elements. Different techniques were used to characterize the historic mortars with the
main focus on their binder. Phase analytical tools, such as X-ray diffraction (XRD), provide
preliminary information on the type of binder used in the historic mortars. The mineral
components, textures, and microstructure of hydrated and anhydrous binder, the porosity
and type of aggregates used in the mortar, and their proportion in the mortar composition
are studied using petrography. The physical, mechanical, and water transfer properties
are also assessed in this paper in order to provide physical and mechanical characteristics,
mandatory for the compatibility assessment of replacing materials.

2. Description of Case Study

Casa Barbot, representing the only specimen of Art Nouveau in the Municipality of
Vila Nova de Gaia, near Oporto (Portugal), was built by Bernardo Pinto Abrunhosa in
1904 and is located in the Avenida da Republica which is nowadays considered as the
main artery of the city. The name “Casa Barbot” was given when the house was bought by
Ermelinda Vilano Barbot and her family in 1944. The building has all the elements such as
wrought iron, glass, and tile combined with stonework and thematic levels that characterize
Art Nouveau in terms of materials. The Art Nouveau building is also completed by a
typical garden, with greenhouses, a small lake, and caves. Casa Barbot and its gardens
constitute a unit impacting the historical, architectural, and artistic profile that needs to be
preserved with utmost importance. A general intervention in the garden was performed in
1988. Figure 1 shows the main façade of the building, the garden, and its cave-like structure
Casa Barbot.

Buildings 2023, 13, 232 3 of 19 
 

20th Century mortars’ characterization was Teatro Nacional de São João [28] and, for in-
tervention purposes, the development of compatible mortars [29] was a stepping stone 
towards the present study. In the case of Teatro Nacional de São João natural cement, 
mortars were employed in a cement–lime mix. 

The paper aims at the characterization of mortars used in the construction of Casa 
Barbot, a stylish building from the beginning of the 20th century in Portugal that may 
represent according to art history the application of natural cement in the cast decorative 
elements. Different techniques were used to characterize the historic mortars with the 
main focus on their binder. Phase analytical tools, such as X-ray diffraction (XRD), provide 
preliminary information on the type of binder used in the historic mortars. The mineral 
components, textures, and microstructure of hydrated and anhydrous binder, the porosity 
and type of aggregates used in the mortar, and their proportion in the mortar composition 
are studied using petrography. The physical, mechanical, and water transfer properties 
are also assessed in this paper in order to provide physical and mechanical characteristics, 
mandatory for the compatibility assessment of replacing materials. 

2. Description of Case Study 
Casa Barbot, representing the only specimen of Art Nouveau in the Municipality of 

Vila Nova de Gaia, near Oporto (Portugal), was built by Bernardo Pinto Abrunhosa in 
1904 and is located in the Avenida da Republica which is nowadays considered as the 
main artery of the city. The name “Casa Barbot” was given when the house was bought 
by Ermelinda Vilano Barbot and her family in 1944. The building has all the elements such 
as wrought iron, glass, and tile combined with stonework and thematic levels that char-
acterize Art Nouveau in terms of materials. The Art Nouveau building is also completed 
by a typical garden, with greenhouses, a small lake, and caves. Casa Barbot and its gar-
dens constitute a unit impacting the historical, architectural, and artistic profile that needs 
to be preserved with utmost importance. A general intervention in the garden was per-
formed in 1988. Figure 1 shows the main façade of the building, the garden, and its cave-
like structure Casa Barbot. 

 
Figure 1. The main façade, garden, and caves of the Casa Barbot in Vila Nova de Gaia. 

3. Sampling and Methods 
Mortar samples were collected from the decorative elements of Casa Barbot for com-

positional characterization. The samples included the detached pieces and those taken 

Figure 1. The main façade, garden, and caves of the Casa Barbot in Vila Nova de Gaia.

3. Sampling and Methods

Mortar samples were collected from the decorative elements of Casa Barbot for compo-
sitional characterization. The samples included the detached pieces and those taken from
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the cracked regions on the cave structure and gazebo in the period garden of this house by
means of chisel and hammer, see the location of collected samples in Figure 2.
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Figure 2. Samples identification and location in the garden and caves of the Casa Barbot in Vila Nova
de Gaia.

The visual inspection revealed the existence of several layers, including inner (denoted
as Int), outer (denoted as Ex), and interface layer (denoted as Ins). The description of the
taken samples and their stratigraphy are presented in Table 1. Biological colonization could
be observed in some samples. Efflorescence was observed on the surface of CB1 (taken from
the ceiling of the caves). The samples with embedded rebars show weathering degradation
and cracks due to the corrosion of reinforcement. All defects observed are related to the
water infiltration through the cave’s ceiling or corrosion of the reinforcement.

Tests adopted in this study include XRD, X-ray fluorescence (XRF), petrographic
analysis, compressive strength, open porosity, and capillary water absorption. Depending
on the type of test adopted, the samples were carefully extracted from each layer.

The samples collected from Casa Barbot were received wet because they have been
exposed to the rain and humid weather, thus they first dried in an oven at 100 ◦C for 24 h.
They were then disaggregated and ground (<106 mm) and after prepared as fused beads
The sample analysis was determined by XRF on a Philips X0Pert PRO MPD spectrome-
ter(Amsterdam, Netherlands).

The mineralogical composition of the samples was studied using X-ray diffraction
(XRD). The data were collected using X’Pert Pro MPD Panalytical diffractometer equipped
with Cu-Kα radiation (λ = 1.5405 Å) operating at 40 mA and 45 kV. The 2θ scanning
was conducted between 3◦ and 70◦ at a scan speed of 0.02 /s. Two types of fractions
were prepared for XRD: an overall fraction corresponding to the samples as collected and
obtained by grinding to pass through a 106 µm sieve, and a fine fraction, which has a
higher binder concentration and was obtained by extracting the fines passing a 106 µm
sieve directly from the bulk mortar. Fine fraction was only used for XRD analysis. The
qualitative mineralogical analysis was completed using the HighScore Plus software from
Malvern Panalytical. Semiquantitative XRD analysis was completed by Rietveld phase
analyses on the overall fraction and using the structural data from the Crystallography
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Open Database (COD) [30–36]. The mineralogical phases identified in this study and the
corresponding COD codes are presented in Table 2.

Table 1. The sample description.

ID Description Defects Stratigraphy

CB1
Coating of the ceiling

of the cave in
the garden

Efflorescence on
the surface
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Table 1. Cont.

ID Description Defects Stratigraphy

CB10 A piece of
unknown origin Rebar corrosion
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Table 2. Mineralogical phases identified and COD identification.

Phases Formulae COD Code

Quartz SiO2 9012601
Microcline KAlSi3O8 9004192

Albite NaAlSi3O8 1556999
Orthoclase KAlSi3O8 9006347
Muscovite KAl2(Si3Al)O10(OH,F)2 9004412

Biotite K(Mg,Fe2+)3AlSi3O10(OH,F)2 9000026
Kaolinite Al2Si2O5(OH)4 9009231

Clinochlore (Mg,Fe2+)
5Al(Si3Al)O10(OH)8 9013853

Hematite Fe2O3 9000140
Calcite CaCO3 9000966

Portlandite Ca(OH)2 1001769
Gypsum CaSO4.2H2O 5000040
Gehlenite Ca2Al2SiO7 9004072

Alite (C3S) Ca3SiO4O 1540705
Belite (C2S) Ca3SiO4 9012795

Aluminate (C3A) Ca3Al2O6 1000040
Ferrite (C4AF) Ca2(Al,Fe3+)2O5 9003354

Ettringite Ca6Al2(SO4)3(OH)12.26H2O 9015085
Hydrocalumite Ca2Al(OH)7.6.5H2O 9009354

Petrographic analysis was adopted as the most efficient tool for analysis of the mi-
crostructure of the binder and aggregates in the sampled materials and for identifying
its composition. Thin and polished sections of the samples were prepared with vacuum
impregnation with a yellow epoxy resin. These were observed on an Olympus BX60
polarizing microscope using transmitted light.

Due to the non-standard and irregular dimension of the collected samples, specific
test methods that are developed and validated in previous scientific works [37–39] have
been adopted in this study to characterize mechanical and physical properties of mortars.
Compressive strength following EN1015-11 [40] was carried out on the samples that were
carefully cut in specific dimensions between 20 and 40 mm based on the size of the extracted
sample from the case studies. They were then tested using SHIMADZU AG-IC 100 kN at
the rate of 500 N/s.

The water absorption by capillarity was performed according to the test procedure
described in the EN 15801 [41] which was adapted for irregular and friable samples [37].
The total open porosity and real density were evaluated through immersion and hydrostatic
weighing, based on EN 1936 [42].
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4. Experimental Results and Discussion
4.1. Chemical Composition

The chemical composition of samples collected from the caves and garden of Casa
Barbot are presented in Table 3.

Table 3. Chemical composition of samples from Casa Barbot (wt%).

CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O P2O5 Cl TiO2 Na2O

CB1-Ex 55.57 28.66 2.33 6.83 0.32 0.79 3.38 0.85 nd 0.74 0.04
CB1-2-Ex 63.07 22.14 2.18 6.27 0.23 0.96 3.08 0.70 0.05 0.64 nd
CB2-Ex 74.89 9.77 1.00 4.51 0.28 4.55 3.41 0.46 0.32 0.44 nd

CB3-Ex1 75.10 12.61 1.23 5.60 0.21 1.81 1.34 0.80 0.09 0.68 0.06
CB3-Ex2 75.76 13.05 1.29 5.46 0.26 0.76 1.68 0.51 0.03 0.58 nd
CB4-Ex 66.32 18.44 1.45 8.83 0.20 1.45 1.83 0.54 0.12 0.44 0.03
CB5-Ex 76.99 7.85 1.53 8.25 0.45 2.27 0.72 0.45 0.30 0.76 nd
CB6-Ex 54.81 26.44 2.55 7.12 0.15 3.20 3.74 0.66 nd 0.72 nd

CB10-Ex 67.13 18.03 1.47 8.10 0.18 0.18 1.45 0.53 0.09 0.66 nd
CB11-Ex 57.58 28.60 1.98 6.30 0.17 0.99 2.35 0.79 0.08 0.76 nd

CB1-Ins 63.33 22.42 2.33 6.50 0.34 0.42 2.91 0.67 nd 0.61 nd
CB6-Ins 56.07 27.16 2.46 7.78 0.13 1.35 2.76 0.74 0.23 0.80 nd
CB9-Ins 71.37 17.02 1.64 5.00 0.16 0.65 2.44 0.54 0.12 0.55 nd

CB1-Int 8.73 58.76 8.09 8.90 0.17 0.14 12.30 1.67 nd 0.62 0.04
CB2-Int 56.64 23.18 1.66 8.63 0.21 1.59 5.43 0.63 0.44 0.56 nd
CB3-Int 65.04 21.25 1.84 5.95 0.22 0.58 3.16 0.71 nd 0.63 nd
CB4-Int 62.05 22.53 1.73 7.72 0.19 0.57 3.01 0.60 0.03 0.51 0.03
CB5-Int 68.80 16.48 1.89 6.21 0.14 1.53 2.76 0.55 0.19 0.59 0.03
CB5-Int 67.63 16.92 1.85 6.46 0.16 1.69 2.72 0.99 0.18 0.57 nd
CB6-Int 40.27 36.64 5.35 7.35 0.12 0.59 6.94 1.45 0.03 0.73 nd
CB9-Int 73.58 14.81 1.45 4.54 0.17 0.66 2.48 0.71 0.45 0.53 0.04

CB10-Int 68.08 16.12 1.98 8.63 0.13 0.94 1.46 0.50 0.19 0.71 0.03
CB11-Int 54.64 29.48 2.36 7.35 0.51 1.24 2.30 0.64 0.24 0.75 nd

The studied mortars dominantly consist of calcium oxide (except for CB1-Int) ranging
from 40.27% in CB6-Int to 76.99% in CB5-Ex. A high level of CaO may imply the presence
of lime in the binder of these mortars. This will be discussed later in XRD and petrographic
analysis. CB1-Int shows the lowest content of calcium oxide and the highest percentage of
silica, alumina, and potassium oxide. A reason for such observation could be due to the
use of high content of K-feldspar. Complementary techniques such as XRD and optical
microscopy could help better understand the compositional characterization of CB1-Int.

The second main oxide composition in the CB mortars is silica. Interestingly, the
lowest silica content was observed in the outer layer of CB2 and CB5, both taken from the
same region inside the cave, which raises the hypothesis of the use of the same mortar in
the elements of this region.

In general, the mortars employed in the exterior layers show higher sulfates (expressed
as SO3) than those used in the interface and interior layers. This is well related to the direct
exposure of the outermost layer to atmospheric pollution which promotes the sulfate
attack [43–47]. The highest content of sulfates (4.55%) was observed in CB2-Ex.

Mortar samples present alumina contents ranging from 1.00% in CB2-Ext to 8.09% in
CB1-Int, and potassium oxide contents ranging from 0.72% in CB5-Ex to 12.30% in CB1-Int.
The presence of feldspars in the composition of the mortar may explain these observations.

All the samples show high content of ferric oxide (Fe2O3). One of the reasons can be
due to the corrosion of embedded rebars as was observed in Table 1. A more complete
explanation is given in Section 4.3.

Some samples present chlorine which can be attributed to the external environment.
The building is located about 6 km from the Atlantic Ocean and is therefore in a chloride-
rich environment.
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4.2. Mineralogy

Figures 3–5 illustrate the XRD diffractograms of the external, internal, and intersec-
tional layers of mortars (overall fraction), respectively. The main minerals identified are
quartz, calcite, and feldspars (k- and Na-). In mortars CB2-Ex and CB5-Ex the quartz peak
is lower than in the other samples, which is indicative of a lower content of siliceous sand.
On the other hand, portlandite was only observed in CB4-Ex and CB11-Int mortars. It can
be due to either the presence of air lime or Portland cement in the binder. Samples CB10
and CB11 contain ettringite, which coincides with the absence of gypsum, probably due to
the full consumption of gypsum with free alumina.
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Figure 3. XRD diffractograms of the external layer of CB samples (visible peaks that are not labeled
with any abbreviation are considered to have the same crystalline compound as the other samples in
the same location). Q = quartz, f = feldspar, kf = microcline, A′ = albite, E = ettringite, M = muscovite,
Bi = biotite, G = gypsum, Br = brownmillerite (C4AF), K = kaolinite, P = portlandite, Ge = gehlenite,
B = belite (C2S), A = alite (C3A), H = hematite, Cl = clinochlore, Hc = hydrocalumite, CA = C3A,
C = calcite.
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Figure 4. XRD diffractograms of the internal layer of CB samples (for the notation see the description
in Figure 3).
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It was only possible to prepare a limited quantity of samples for the analysis of the
binder-rich fraction. From the analysis of Figure 6, it is evident that the occurrence of
Portland clinker phases (C2S, C3S, C4AF) indicates the use of Portland cement in the binder
of CB mortars. In some samples, gehlenite (Ca2Al2SiO7), a mineral phase that can be
attributed to a natural cement [29] or to the use of slags [48], was also detected.
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Gypsum is mainly present in the exterior and intersectional layers of mortars which
can be attributed to their sulfation [43].

Table 4 shows the semiquantitative results obtained by Rietveld analysis and in
Figure 7 an example of XRD pattern fitting and the value of weight profile R-factor (Rwp)
is presented.
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Table 4. XRD composition of CB samples by Rietveld method (overall fractions; wt%).

C
B

1_
2-

Ex

C
B

1-
Ex

C
B

2-
Ex

C
B

3-
Ex

1

C
B

3-
Ex

2

C
B

4-
Ex

C
B

5-
Ex

C
B

6-
Ex

C
B

10
-E

x

C
B

11
-E

x

C
B

1-
In

s

C
B

5-
In

s

C
B

9-
In

s

C
B

1-
In

t

C
B

3-
In

t

C
B

4-
In

t

C
B

5-
In

t

C
B

6-
In

t

C
B

9-
In

t

C
B

10
-I

nt

C
B

11
-I

nt

Quartz (SiO2) 30.2 43.9 8.4 26.0 12.6 34.2 2.5 43.8 29.8 55.1 32.6 55.2 26.0 37.5 31.9 35.5 26.3 25.5 14.8 29.3 56.1
Feldspar—microcline

(KAlSi3O8) 11.8 11.9 1.2 4.6 1.9 10.8 0 12.0 16.9 9.2 12.7 3.4 8.6 11.6 10.7 12.0 9.2 6.6 9.8 16.4 16.6

Feldspar—albite (NaAlSi3O8) 3.7 3.9 0.9 2.7 1.2 11.7 0.6 6.3 1.5 2.4 1.3 4.2 2.0 38.4 3.7 1.5 1.8 41.7 5.6 8.7 6.9
Feldspar—orthoclase

(KAlSi3O8) 0.9 2.9 0.9 0 0.4 3.8 0.2 0 0 0 0 2.1 0 5.7 0 1.4 1.7 6.2 2.1 0 0

Mica—muscovite
(KAl2(Si3Al)O10(OH,F)2) 1.5 2.0 0 0 1.0 0 0.5 2.0 0 2.4 2.4 0 0.8 5.5 1.1 1.3 0 4.1 0 1.9 3.1

Mica—biotite
K(Mg,Fe2+)3AlSi3O10(OH,F)2

2.6 3.1 0 0 1.1 0 0.7 1.0 2.2 2.3 3.0 0 1.3 0 0.7 1.1 0 0 0 1.6 3.5

Kaolinite (Al2Si2O5(OH)4) 0 0 0 0 1.4 0 1.1 0 0 * 0 0 0 0 0 * 0.5 0 0 0 0 0 0 *
Clinochlore

((Mg,Fe2+)
5Al(Si3Al)O10(OH)8) 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 *

Hematite (Fe2O3) 0 0 0 0.1 0 0 0.1 0 0 0 0 0.1 0 0 0 0 0 0 0 0 0
Calcite (CaCO3) 47.5 31.2 75.5 56.3 76.2 34.0 61.2 34.0 43.8 26.5 45.9 29.9 58.4 1.2 49.7 45.7 57.4 15.8 64.2 39.1 8.5

Portlandite (Ca(OH)2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.7
Gypsum

(CaSO4.2H2O) 1.2 0.4 8.7 0 0 0 7.2
* 0 0 0 1.1 0 0 0 0 0 1.9 0 0 0 0

Gehlenite (Ca2Al2SiO7) 0 0.6 0 1.5 1.9 1.0 0 0 0 0 1.1 2.6 2.6 0 1.4 1.1 0 0 * 2.6 0 * 0 *
C3S (Ca3SiO4O) 0 * 0 * 0 * 2.4 0 * 0.4 8.5 0 * 2.1 0.2 0 * 0.3 0.1 0 * 0 * 0.2 0.2 0 0 0.2 0.2

C2S (Ca3SiO4) 0 * 0 * 2.2 3.2 0.3 1.3 12.9 0 * 0.4 0 * 0 * 1.6 0 0 * 0 * 0 0.9 0 * 0.5
* 0 * 0 *

C3A (Ca3Al2O6) 0 * 0.1 1.9 1.3 1.5 0 3.2 0.9
* 1 0.3 0 * 0.2 0.2 0 0.4 0.1 0.6 0 * 0.4

*
0.2
* 0.7 *

C4AF (Ca2(Al,Fe3+)2O5) 0 * 0 * 0.3 1.9 0.5 2.9 1.4 0 * 0 0.1 0 * 0.4 0 0 * 0 0 0 0 * 0 * 0 * 0 *
Ettringite

Ca6Al2(SO4)3(OH)12.26(H2O) 0 0 0 0 0 0 0 0 2.2 1.4 0 0 0 0 * 0 0 0 0 * 0 * 2.2 3.1

Hydrocalumite
(Ca2Al(OH)7.6.5H2O) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 * 0 0 0 0 0 * 0.4 0.6

* Indicates that the mineral exists in very low content and its quantification is doubtful.
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Figure 7. XRD diffractogram of sample CB2-Ex showing the fit result obtained by Rietveld refinement.

The XRD analysis shows that the predominant component is calcite. The calcite
content in the external and intersectional layers ranged from 26.5 to 76.2%. However,
lower calcite was found in the internal layers (from 1.2% in CB1-Int to 64.2% in CB9-
Int). The main minerals of the aggregates are quartz, felspars (namely microcline, albite,
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and orthoclase), mica (muscovite and biotite), and the occasional presence of kaolinite,
clinochlore, and hematite. According to the XRD results, the aggregates seem to be of
an igneous/metamorphic origin, which are the predominant types in the outcrops in the
area. Since the aggregates are siliceous, the high content of calcite can be attributed to the
presence of lime and to high binder carbonation (see Section 4.3). For the same reason, the
lower content of calcite in the internal layers is consonant with the lower CO2 penetration.

4.3. Petrography

The petrographic analysis was carried out on samples CB1, CB5, and CB11, considered
representative of the mortars used in the construction of Casa Barbot. A summary of the
main petrographic characteristics of the samples is presented in Table 5.

Table 5. Summary of the petrographic analysis (AL = air lime, PC = Portland cement, HL = hydraulic
lime, BFS = blast furnace slag).
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Particle
Size

AggreGate
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(Vol%)

Binder
Type

Lime
Lumps

Binder
Ratio
(Vol%)

Air
Void

(Vol%)
Observations

CB1 Outermost
paint layer Black 4

— —
4

— — <30 µm — AL, PC — — — Remnants of
the layer

CB1-Ext:
Mortar 2

splash plaster

Greyish
brown 4 4 4 4 4

Sub-
angular ≤1.8 mm 47 PC, HL,

AL 4 50 3 Very uneven surface,
fully carbonated

CB1-Int:
Mortar 1

Greyish
brown 4 4 4 4 4

Sub-
angular ≤5.2 mm 52 PC, HL,

AL 4 47 1 Partially carbonated,
Contains BFS

CB5 Outermost
paint layer 2 Orange — — — — — — — — AL — — — Remnants

Paint layer 1 Black 4
— —

4
— — <25 µm — AL, PC — — — —

CB5-Ext:
Mortar 3

Greyish
brown

— — — — — — — — PC, AL,
HL 4 99 1 Fully carbonated

CB5-Ins:
Mortar 2

Light
grey 4 4 4 4 4

Sub-
angular ≤2 mm 32 PC, HL,

AL 4 38 4 Fully carbonated

CB5-Int:
Mortar 1

Light
grey 4 4 4 4 4

Sub-
angular ≤1.6 mm 55 PC, HL,

AL 4 43 2 Fully carbonated

CB11 Mortar 3
splashes Grey 4 4 4 4 4

Sub-
angular ≤0.6 mm — PC — — — Fully carbonated

CB11-Ext:
Mortar 2 Reddish — — — — — — — — PC, AL,

HL 4 — — Fully carbonated

CB11-Int:
Mortar 1 Grey 4 4 4 4 4

Sub-
angular ≤3.2 mm 49 PC, AL,

HL 4 50 1 Partially carbonated,
Contains BFS

This analysis showed a variety of aggregates, confirming the XRD results (see Section 4.2).
All studied samples show aggregates mainly consisted of quartz and quartzite with a minor
amount of metasiltstone including mica (muscovite) and feldspar, as was confirmed by both
XRD and XRF techniques (where a high percentage of potassium was detected). Rounded
to sub-angular grains of bituminous sedimentary limestone (Figure 8) were observed in the
composition of all samples as a filler, except for the exterior layer of CB5 (labeled as “Mortar
3” in Figure 8). Small black charcoal-like particles with fragments of up to 0.08 and 0.1 mm
in size were observed in the composition of all mortars (Figure 8), accounting for less than
1 vol% of the binder.

As Table 5 shows, the binder of all the analyzed mortars is partial to fully carbonated.
This observation in conjunction with the presence of limestone filler grains explains the
high contents of CaO in XRF and calcite in XRD analysis.

A mix of different materials including Portland cement, hydraulic lime, air lime, blast
furnace slag, and limestone filler are observed in the binder paste of the internal layer of
CB1 (CB1-Int), see Figure 8b. While the external layer of CB1 was fully carbonated, the
internal layer showed only carbonated binder to a depth of less than 1 mm and up to 4 mm.
The presence of blast furnace slag, which is rich in silica and alumina was further proven by
XRF results, in which the content of silica and alumina was the highest among all mortars.



Buildings 2023, 13, 232 12 of 18

Buildings 2023, 13, 232 13 of 19 
 

Portland cement. The color of this render is due to a red iron oxide pigment. The inner-
most layer (CB11-Int) is grayish, and the binder is also a mix of Portland cement with lime 
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A frequent presence in all samples of sub-angular partially hydrated clinker minerals 
of alite (C3S), belite (C2S), and ferrite (C4AF) proves that the Portland cement was the main 
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black particles), and the binder presents a high content of Portland clinker grains (PC); (b) interior 
layer whose binder paste consists of a mixture of Portland cement (PC), grains of limestone (LS), 
blast furnace slags (BFS) and lime (not seen on the photo). Small fragments of charcoal (CC) give 
the mortar a rather dark color. Sand aggregates = Sa. The thin section was impregnated with yellow 
epoxy resin. 
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Figure 9. Micrographs in polarized light of CB5 sample: (a) the photo shows the paint layers on 
surface of the CB5-Ext (Mortar 3). The mortar is composed of Portland cement (PC) with a small 
amount of slaked lime added. The innermost paint layer (1) is of the same type as the carboniferous 
black paint layer in sample CB1. The outermost paint layer (2) consists of slaked lime and pigment 
of orange ochre; (b) the photo shows the contact between the CB5-Ext (Mortar3) and CB5-Int (Mortar 
2). Compared to Mortar 3, Mortar 2 has a relatively high content of lime. Air voids = AV. Particles 
of charcoal = CC. The thin section was impregnated with yellow epoxy resin. 

Figure 8. Micrographs in polarized light of CB1 sample: (a) external layer which shows remnants of a
black paint layer on the surface of the outermost layer of splash render (Mortar 2). The binder of the
paint layer consists of a mix of Portland cement and air lime. The mortar contains charcoal (CC-black
particles), and the binder presents a high content of Portland clinker grains (PC); (b) interior layer
whose binder paste consists of a mixture of Portland cement (PC), grains of limestone (LS), blast
furnace slags (BFS) and lime (not seen on the photo). Small fragments of charcoal (CC) give the
mortar a rather dark color. Sand aggregates = Sa. The thin section was impregnated with yellow
epoxy resin.

The binder of an uneven splash render mortar of CB1 (which can be seen all over
the ceiling of the cave) appears to be a mix of Portland cement and lime. Several types
of air and hydraulic lime lumps are present, namely rounded to sub-angular lumps of
microcrystalline lime without any impurities, light brownish to brownish rounded lumps
of microcrystalline lime with low content of impurities, and brownish to greyish lumps
and grains of lime with high content of impurities.

A black paint layer of carboniferous pigment is also present over the surface of the
splash render. The binder is a mix of air lime and Portland cement and is partly transformed
into gypsum.

A reason for the relatively high content of ferric oxide obtained by XRF analysis could
be explained by the presence of rounded lumps and grains of microcrystalline lime with
high content of impurities in the form of brownish iron-rich clay compounds. Grayish,
sub-rounded grains of partly hydrated C4AF were also seen in the composition of the
binder of CB1 mortar samples.

Sample CB5 (Figure 9) has two paint layers, an orange air lime paint on the exterior
over a black carboniferous layer made with a mix of air lime and Portland cement. The
interior mortar layer (CB5-Int) is a mix of Portland cement–air lime–hydraulic lime, with
limestone filler and black charcoal particles. The hydraulic lime was attributed to the
presence of lumps and grains of lime with high content of impurities in form of amorphous
to microcrystalline silicate phases. The intermediate (CB5-Ins) and external (CB5-Ext) layers
present the same type of binder, which is composed of a mix of air and hydraulic lime with
Portland cement. These mortar layers are fully carbonated.

Sample CB11 is stratigraphically very similar to CB5, although it has no layers of paint
(Figure 10). In terms of binder, the splashed layer (CB11-Ext) is a Portland cement mortar.
The second layer is a reddish render made by a mix of air and hydraulic lime with Portland
cement. The color of this render is due to a red iron oxide pigment. The innermost layer
(CB11-Int) is grayish, and the binder is also a mix of Portland cement with lime (air and
hydraulic), together with some blast furnace slag grains.
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surface of the CB5-Ext (Mortar 3). The mortar is composed of Portland cement (PC) with a small
amount of slaked lime added. The innermost paint layer (1) is of the same type as the carboniferous
black paint layer in sample CB1. The outermost paint layer (2) consists of slaked lime and pigment of
orange ochre; (b) the photo shows the contact between the CB5-Ext (Mortar3) and CB5-Int (Mortar 2).
Compared to Mortar 3, Mortar 2 has a relatively high content of lime. Air voids = AV. Particles of
charcoal = CC. The thin section was impregnated with yellow epoxy resin.
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 CB1-Ex 2482 (8.08) 21 (1.53) 0.47 
 CB1-Int 2419 (40.07) 11.82 (0.05) 0.04 
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Figure 10. Micrographs in polarized light of CB11 sample: (a) the photo shows three mortar layers in
the sample: Layer 1 (CB11-Int) is a Portland cement–lime mortar with blast furnace slags; Layer 2 is a
reddish pigmented Portland cement–lime paste; Layer 3 (CB11-Ext) is remnants of relatively modern
mortar with Portland cement.; (b) the photo shows the three mortar layers at a higher magnification
and taken by use of reflected light microscopy. The pigment for Mortar 2 is red iron oxide. Air
voids = AV. The thin section was impregnated with yellow epoxy resin.

A frequent presence in all samples of sub-angular partially hydrated clinker minerals
of alite (C3S), belite (C2S), and ferrite (C4AF) proves that the Portland cement was the main
binder of mortars used in the construction of Casa Barbot’s. Some Portland cement clinker
grains contain undifferentiated hydraulic calcium silicate phases and glass-like phases.

4.4. Mechanical and Physical Properties

The results of mechanical and physical tests are presented in Tables 6 and 7, respec-
tively. Due to the limitation in the number of samples, some were tested with no duplicates,
while those with more than one tested sample are also presented as an average value
together with the standard deviation (std).



Buildings 2023, 13, 232 14 of 18

Table 6. Compressive strength of Casa Barbot samples (std).

Sample Identification Compressive Strength
(MPa)

Mean Strength
(MPa)

CB1 15.44

CB2 55.70

CB3 21.17

CB4-1 17.98
14.25 (5.27)

CB4-2 10.52

CB9-1 10.59
27.01 (14.4)CB9-2 32.94

CB9-3 37.50

CB10-1 28.85

Table 7. Density, open porosity, and capillary coefficient of CB samples (std).

Sample Identification Real Density
(kg/m3)

Open Porosity
(%)

Capillarity Coefficient
(kg/m2.min1/2)

CB1-Ex 2482 (8.08) 21 (1.53) 0.47
CB1-Int 2419 (40.07) 11.82 (0.05) 0.04

CB2
CB2-2

2441 (9.96) 12.99 (0.85)
0.41

CB2-3 0.20
CB3-Int 2491 13.57 0.24
CB3-Ex 2501 (14.26) 16.84 (0.63) 0.30

CB4 2350 11.47 0.28

CB9
CB9-4

2478 (20.45) 21.43 (0.6)
1.51

CB9-5 0.66
CB10 2371 14.52 0.19

The real density of samples was in the range of 2350–2501 kg/m3. However, a large
discrepancy can be observed in the samples taken from different parts of Casa Barbot, even
in the duplicates, which hinders a decisive conclusion on the mechanical and physical
properties of the mortars. This is because each sample is composed of several layers
of mortars with different compositional, microstructural, and physical properties. CB2
possesses the highest strength among the others (55.7 MPa), due to the heterogeneous
structure of CB2 that consists of different mortars and shapes (i.e., tree knot-like shape),
see Table 1. CB2 also shows a relatively low capillary coefficient (0.3 kg/m2.min1/2) and
low open porosity (13%) which corroborates the results of the mechanical test. This can
be attributed to the high content of the binder in the composition of CB2, as was observed
from XRD and XRF tests. On the other hand, high calcite content ensures the calcination
of free lime during the lifetime of the sample and long-term strength gain. It seems that
the largest content of gypsum is due to the addition of modern Portland cement during
the intervention rather than its formation due to sulfation because the formed gypsum
during the sulfation can lead to the loss of strength and adhesion [49]. CB1-Int shows the
lowest capillary coefficient (0.04 kg/m2.min1/2) with a low open porosity of 11.82%. The
incorporation of different materials such as Portland cement, blast furnace slag, limestone
filler, and lime formed a compact structure (see Figure 8b) with lower capillary pores.

CB9 shows the highest open porosity among the mortars; however, it shows sensitivity
to the test direction in both capillary water absorption and compressive tests. Although
two samples of CB9 show high compressive strength (32.94 and 37.5 MPa), one of them reg-
istered the lowest value (10.59 MPa). Two distinct water absorption trends (Figure 11) and
capillary coefficient (Table 7) were observed in CB9 replicates (1.51 and 0.66 kg/m2.min1/2).
The longitudinal cracks in CB9-4 can be the main reason for the higher capillary coefficient



Buildings 2023, 13, 232 15 of 18

and lower compressive strength. This also accelerates the drying process in CB9-4, see
Figure 11. CB1-Ex and CB9-4 show a very fast initial drying in comparison with the other
samples. This can be well attributed to the high open porosity of these mortars (21% and
21.43%, respectively), accelerating the evaporation of absorbed water.
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Figure 11. The water absorption and drying of mortars.

In a study conducted by Veiga et al. [3], the air lime used in the renders and plasters
of Nossa Senhora da Luz, a fortress in Portugal, showed a compressive strength of as
low as 1.7 N/mm2, with large capillary pore diameters causing a capillary coefficient
of > \5.46 kg/m2.min1/2. However, the compressive strength of mortars produced only
with Portland cement (type I) was found to be about 62 MPa (at 28-day age) [50]. It was
also observed that the addition of air lime can reduce the water resistance of mortar, while,
the mix of cement and air lime leads to an increase in the strength of lime mortar from
about 1 MPa (without cement) to 4.9 MPa with 10% cement [51]. In another study, the
compressive strength of cement–lime (1:0.5:10, C:L:agg) was 19.6 MPa versus 1.8 MPa
obtained for air lime mortar with the proportion of 1:3 stands for lime to aggregate ratio. In
the same study, the capillary coefficient of cement–lime mortar was 4.6 kg.m−2.h−1/2.
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5. Conclusions

The compositional characteristics of mortars used in the construction of decorative
elements of the period garden of Casa Barbot, an Art Nouveau building in the Municipality
of Vila Nova de Gaia, Portugal, were studied in this work using different techniques such
as XRF, XRD, petrography, mechanical and physical tests. The results obtained allow the
following conclusions:

• Different mortars were used in the construction of the cave structure. The mortars
extracted from the different parts of the garden show diverse mineralogical and
microstructural properties.

• Portland clinker minerals were identified by XRD in all mortars suggesting the use of
Portland cement as the main binder employed, while other additives such as limestone
filler, charcoal, blast furnace slags, and lime were also detected by petrography in
some mortars. In addition to Portland cement, air lime and hydraulic lime seems to be
present in the samples analyzed by petrography; the hydraulic lime was attributed to
the presence of lumps and grains of lime with high content of impurities.

• Mortars of the external layers show higher levels of sulfation due to atmospheric
urban exposure.

• Petrography analysis shows that the siliceous aggregates employed are similar in the
analyzed mortars, which are mainly composed of quartz, quartzite, and feldspars.

• A large discrepancy was observed in the mechanical and physical properties of the
mortars. In terms of open porosity, the mortars used in the external layers show higher
porosity than those applied in the internal layers. Correspondingly, the capillary
coefficient of external mortars shows the lowest capillary coefficient.

• There are no mortars with signs of abnormal transformation or deterioration.

These conclusions point to the inexistence of natural cement in the cast decorative
elements of this construction, not confirming the suspicions of art historians that existed
about its use.
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