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Abstract: This paper addresses the study of renders and plasters’ physical and mechanical charac-
teristics from selected buildings awarded during the 20th century with a renowned architectural
prize in Lisbon, Portugal. The characterisation was done to understand mortars’ physical and me-
chanical properties and their evolution during the 20th century. These characteristics will also help
determine compatibility requirements for future conservation and restoration interventions. Since
these buildings have a heritage great interest status, the need to preserve them is a paramount issue.
Fifty-three samples from nine case studies were studied via capillary water absorption, drying rates,
open porosity, dynamic modulus of elasticity, and compressive strength. There were limitations in
sample collection due to the buildings being in service and technical constraints regarding sample
quantity for testing and separating layers of the multi-layer mortar system. Nevertheless, the results
showed different ranges of quantitative values for these tests, whether the mortars were lime, gypsum,
cement-based or had lime-cement blended formulations.

Keywords: mortars; renders; plasters; water absorption; drying rates; mechanical properties; open
porosity; air lime; lime—cement; Portland cement; 20th century; compatibility

1. Introduction

The 20th century Valmor Prize for Architecture award-winning buildings are testi-
monies of Lisbon’s cultural, architectural, and constructive heritage [1,2] that should be
studied and understood to be better preserved and valued. The knowledge of the character-
istics of the building materials in their historical context enables a more effective response
to the conservation and restoration issues that arise from ageing or lack of maintenance.
Designing mortars for restoration is critical in any conservation project [3,4]. Composite
materials, in particular mortars, are complex materials that depend on (i) the raw materials
used and (ii) the design parameters. In the case of monument protection and historical
buildings, it is essential to design mortars with the characteristics required to ensure their
compatibility with existing materials and their effectiveness in physical and mechanical
performance [3,5]. Although the rendering mortars and plasters of most of the studied
buildings have generally shown a reasonable to good state of conservation, as reported
previously by Almeida et al. [6], it is helpful for an in-depth study of their characteristics to
choose which materials should be used in case the original materials have to be replaced so
that they can be compatible with the substrate and with the background pre-existent mate-
rials. Any intervention that requires a partial replacement of the renders should consider
several requirements to be taken into account. These requirements mainly concern water
resistance and chemical and mechanical behaviour, besides aesthetic compatibility [7].
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The mechanical compatibility of the mortar means essentially that the flexural and
compressive strengths, as well as the elastic parameters, should be similar, or lower, in
order not to transmit tensions to the old ones over a level that can contribute thoughtfully
to their cracking, delamination, or rupture [7,8]. Thus, the modulus of elasticity of the
compatible materials must not be higher than that of the existing materials [9].

The hardening of the mortar, whether by hydration, carbonation, or other reactions, its
shrinkage and relaxation capacity, which is not characterised by the modulus of elasticity
or by instantaneous measurements of other characteristics, will influence the transmission
of stresses that occur over a certain period. Insofar as concerns physical characteristics,
namely water capillary absorption, adsorption, and diffusion, all these interactions with
liquid and vapour of water phases should also be identical (or higher), i.e., the compatible
mortar materials for restoration should not impair the water transport in vapour or liquid
state thus forcing it to circulate via the historic materials preferentially. This compatibility
should be verified to prevent the exposure of wall components to excess and/or long-term
humidification periods [10].

Besides physical and mechanical compatibility of new materials to pre-existing ones,
chemical compatibility is acceptable to meet the requirements set out above and prevent
the formation and/or contamination with non-desirable substances (e.g., soluble salts) [11].

The selection of raw materials used according to functional requirements has led, in
the past, to the application of techniques that allowed the differentiated use of aggregates
and binders mixed in different proportions. The use of successive layers (multi-layer
system), with different thicknesses and with the reduction of the average size of aggregates
and layer thickness towards the surface, particularly in lime mortars, was beneficial to
avoid the ingress of moisture into the structure [12] to minimise the shrinkage tendency
and to optimise the carbonation of lime [13]. Coating systems replaced these traditional
systems with artificial hydraulic lime of higher performance and, later, in the 20th century,
with Portland cement [13-15], optimised by single-layer systems, with pre-dosed mixtures
ready to be applied.

This paper presents the results of the physical and mechanical characterisation of
mortars and plasters from a set of nine Valmor Prize for Architecture award-winning
buildings in Lisbon constructed between 1903 and 2002. The Valmor Prize still has today,
since its first attribution in 1902, an annual base for its attribution to promote and encourage
architectural quality, which has invariably been reflected in the quality and constructive
solutions adopted. Its regulations were remodelled several times, and the Valmor Prize
was merged with the Municipal Prize for Architecture in 1982 after its establishment in the
1940s [1,2]. The construction of all the studied buildings began in the 20th century, and
they represent a sample of the best construction practices and features, highly relevant
for the study of the state of the art of 20th century construction in the city and the same
time in the country. For this reason, this work does not intend to study ordinary buildings.
Legal frameworks protect some of these buildings, which are generally recognised for their
architectural and aesthetic excellence. Studying them offers insights into what is considered
a high standard in design and urban planning. These buildings often feature a careful
selection of materials, according to the higher patterns of their lifetime, aligning with the
architectural design and technical requirements.

Many award-winning projects incorporate innovative and sustainable materials, con-
tributing to advances in the construction industry. Analysing the materials used in these
buildings provides valuable information on the performance of the materials and their
long-term durability in different environmental conditions. In order to gain a deeper under-
standing of the evolution of the materials used over a century, it was decided to choose at
least one award-winning building from each decade of the 20th century. However, not all
decades have award-winning buildings, and this study was not permitted in some cases.

The mineralogical, chemical, and microstructural characterisation, fundamental for
the knowledge of the binders and aggregates’ nature and other crucial aspects to determine
their state of conservation was already performed [16].
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The results will generate a significant set of critical elements for understanding the
evolution of mortar typologies and applications throughout the 20th century in Portugal.
The consistent data set should also be considered in the design of repair mortars compatible
with the original and still preserved ones. The information generated will also allow future
comparisons with similar materials from other countries/regions.

2. Materials and Methods
2.1. Materials

The physical and mechanical characterisation results of fifty-three samples of renders
and plasters from nine case studies will now be presented. Samples were mainly collected
by hammer and chisel, although some were collected by core drilling during a concrete
sampling campaign, whose study is not addressed in this paper. Table 1 refers to the
collected samples’ location, constructive element, and application technique. A sample’s
short description is presented in the same table.

The samples, mainly multi-layered (Figure 1), are often finished with smooth, white,
thin plasters (Figure 2) when it comes to indoor walls and stone-imitating mortars (Figure 3).
However, in several cases, the finishing layer is a painting coating. An alphanumeric sample
code identifies the layer position towards the surface (Table 1), which means the letter A
stands for the outermost layer.

Figure 1. Multi-layer sample set DN12ABCD. A paint finish layer (red arrow) can be seen covering
the most superficial layer (A). The sample layers are labelled A-D.

KODAK Colnr Conlrol &Qch.s

Figure 2. Multi-layered sample CVT1ABC: (a) sampling on a wall with pre-existing detachment;
(b) layers’ specimens A, B and C. The white finishing smooth thin plaster corresponds to layer A.
Red dots divide layers B and C.
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Table 1. Building location and general characteristics of the samples according to Almeida et al. [16].

Building Name and

Awa.

Location of the Samples/Sampled

Case Study (WGSSIZLOE%t(i)(r)ginates) Yr. Comp. Yr. Element/Application Technique Samples ID Samples Description Th. (mm)
Basemel?;ﬁnﬁfirllce halll/ I?ternal CVT1B White mortar with siliceous sand 5
Ventura Terra Building wa ult-layer plaster i ith li
CVT (1903) 1903 1903 Brownish mortar with lime lumps and
(38.72082, —9.15319) CVTIC siliceous sand 20
Ground floor-Adornment arch of the Entrance CVT3A Gypsum-air lime-based plaster 5
hall/Internal wall/Multi-layer plaster - - :
Orange-brownish, friable mortar with
CVT3B . o 20
lime lumps and siliceous sand
Courtyard access. Ground floor. AR49-6C Orange-brownish, friable mortar with 10*
Ceiling/External wall /Multi-layer render lime lumps and siliceous sand
AR49-8A Whitish mortar with fine siliceous sand 4
Balcony on the 5th floor. East facade/External o b ish. friabl ith
Ml iy i Aoy Opabowh ot
AR49 (1923) Luiz Rau Building 1923 1923 West-facing wall between 5th and 6th stair AR49-11A Gypsum-air lime-based plaster 3
(38.73872, =9.14668) floor landing/Internal wall/Multi-layer plaster AR49-11B White mortar with siliceous sand 5
AR49-15A Gypsum-air lime-based plaster 3
Window locaa;idS?il Hé%ls,t/i}ﬁtsel;ﬁzveen the 4th AR49-15B White mortar with siliceous sand 5
window-lintel/Multi-layer plaster . i i i
yer p AR49-15C Ora?ge brownish, frlfa\l?le mortar with 25
ime lumps and siliceous sand
Sacristy /Internal wall/Multi-layer plaster IRF1B Brownish mgﬂizgﬁf;;iﬁe fumps and 10
IRF2A White mortar with fine siliceous sand 5
Nossa Senhora da Piedade Chapel /Internal - th sili
wall/Multilayer plaster IRF2B Orange—browmshsgr;(gtar with siliceous 3
Nossa Senhora do Rosdrio IRF3A White mortar with fine siliceous sand 4
IRF (1938) de Fatima Church 1938 1938 Main chapel gallery (roof access)/Internal
(38.74005, —9.15051) wall/Multi-layer plaster Orange-brownish mortar with lime *
IRF3B s 5
lumps and siliceous sand
Interior access to the bell tower/Internal IRF4A Single-layer, grey-brown mortar with 10
wall/Monolayer plaster lime nodules and siliceous sand
Interior access to the bell tower/Internal IRF7A Brownish-grey mortars with lime 10
wall/Multi-layer plaster IRF7B lumps and siliceous sand )
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Table 1. Cont.
Building Name and ;
X Awa. Location of the Samples/Sampled .-
Case Study (WGSSIAJlOg:)t(I)?ginates) Yr. Comp. Yr. Element/Application Technique Samples ID Samples Description Th. (mm)
Basement. Staff room/Internal CBP1A Single-layer, whitish mortar with lime 15
wall/Monolayer plaster lumps and siliceous sand
1st floor activity’s room/Internal CBP4A Gypsum-air lime-based plaster 3
CBP (1939) Bernardo da Maia House 1930 1939 wall/Multi-layer plaster CBP4B Greyish mortar with siliceous sand 15
(38.73867, —9.16181) CBP6A Gypsum-air lime-based plaster 4
1st floor. Corridor to the activity’s CBP6B Whitish mortar with lime lumps and 15
room/Internal wall/Multi-layer plaster siliceous sand.
CBP7B Whitish mortar with lime lumps and 20 *
siliceous sand
Level 2. Technical rooms’ corridor/Internal DN9A ** Greyish mortar with siliceous sand 31
wall-column/Monolayer plaster DN10A ** Greyish mortar with siliceous sand 31
Level 2. Technical rooms.’ corridor/Internal DNI11A ** Greyish mortar with siliceous sand 20
wall-column/Multi-layer plaster DN11B ** Greyish mortar with siliceous sand 6
DN12A Greyish mortar with siliceous sand 20
DN12B Brownish mortar with lime lumps and 30
ili d
Diirio de Noticias Level 2. Warehouse room/Internal Stiiceous san —
DN (1940) Building 1940 1940 wall-column/Multi-layer plaster DN12C Compact grey mortar with fine 15
(38.72376, —9.14810) siliceous sand
DNI12D Whitish mortar with lime lumps and 15
siliceous sand
DN19A Gypsum-air lime-based plaster 4
DN19B Greyish mortar with siliceous sand 12
5th floor. Office room—North wall/Internal - —
wall/Multi-layer plaster DN19C Greyish mortar with siliceous sand 5
DN19D Light brownish mortar with lime lumps 20

and siliceous sand
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Table 1. Cont.

Building Name and

X Awa. Location of the Samples/Sampled .-
Case Study (WGSSIZLOE?(I)?Sinates) Yr. Comp. Yr. Element/Application Technique Samples ID Samples Description Th. (mm)
Rough, red-coloured t, ith fi
Side access to ground floor /External AACIA ough, re ;ﬁis:gfls ;Ialgé arwith fine 7
wall/Multi-layer render
AACIB Greyish mortar with siliceous fine sand 7
Stone-imitating mortar with projected
et ; 93 Ground floor outdoor render/External AAC2A li t f 5
AAC (1944) Crg;n;lg;g lli}g ?;;1;71)11 J 1944 1944 wall/Multi-layer render tmestone aggregates
) v AAC2B Greyish mortar with siliceous sand 15
Stone-imitating mortar “Marmorite”
Boiler room/Internal wall /Multi-layer render AAC3A with white and blueish limestone 5
aggregates
Step coating of inside stairs/Internal AAC4A Stone-imitating mortar “Marmorite” 5
wall/Multi-layer render with white limestone aggregates
Laboratories of Pasteur Chimney render/ EXteénal wall/Monolayer LIP1A Grey mortar with siliceous sand 20
LIP (1958) Institute of Lisbon 1958 1957 render
(38.75730, —9.10695) Ground floor. South building. west o
facade/External wall/Monolayer render LIP9A Grey mortar with siliceous sand 7
Stone-imitating mortar “Marmorite”
Common interior staircase wall. Third EUA53-2A with quartzite aggregates 10
floor/Internal wall/Multi-layer render EUA53-2B Grey mortar with siliceous sand 15
América Buildi Yellow stone-imitating mortar
EUA53 (1970) merica bullding 1970 1969 EUAS53-3A “Marmorite” with white limestone 8
(38.74877, —9.13695) Chimney render/External wall/Multi-layer aggregates
render PR
EUA53-3B Compact grey mortar with siliceous 50
sand
Corridor of the technical area/Internal s
wall/Multi-layer plaster EUA53-4B Grey mortar with siliceous sand 20
New University of . . . . .
UNL (2002) Lisbon Rectory 2002 2002 Air treatment unit room/ Internal UNL3A Single-layer greyish mortar with 15

(38.73440, —9.16026)

wall/Monolayer render

siliceous sand

Notation: Awa. Yr—Award year; Comp. Yr.—Year of completion of building construction; Th—Average thickness of the sample (mm); * Measurement performed directly on the sample

(lower than the total thickness of the corresponding layer); ** Samples of the plasters applied during a refurbishment action in 1998.
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Figure 3. Stone-imitating mortar applied on the rear fagade of the case study AAC 1944 (a), and a
sample render (AAC2A, see Table 1) was collected in the same building (b).

Mineralogical and microstructural characterisation [16] showed that the studied mor-
tars have different types of binders, from air lime and gypsum to Portland cement, as well
as blended binders, that is, air lime mixed with Portland cement (Table 2).

2.2. Limitations of the Study

The sample program was designed considering the preservation of the building’s
aesthetic meaning and value. Mortars were collected aiming to have enough material for
testing, which was only sometimes possible as most buildings were in service. Most of the
samples were collected indoors for several reasons, such as the building’s inaccessibility,
forbidden areas, or external facades having no rendering mortars.

In the multi-layered samples, attempts were made to carefully separate each layer
from the other mechanically, sometimes without success. Nevertheless, due to the inability
to preserve the integrity of the detached thin layers (e.g., thin, smooth layers) from the
whole set, it was decided to test the entire set when it was not possible to separate each layer
or when it was foreseeable that the layers would not have enough dimension to be tested
alone. When a limited number of samples was available, a methodology was adopted that
included phased testing of the same sample, starting with non-destructive tests, such as
ultrasound pulse velocity to evaluate the dynamic modulus of elasticity, and ending with
compressive strength. Some samples were fragmented or cut into several specimens, one for
each test; when an abundant sample was available, several specimens were tested. As the
samples have non-standard and irregular shapes, the laboratory characterisation required
adapted test methods that were developed and validated in previous works [17-19].

2.3. Experimental Work
2.3.1. Capillary Water Absorption and Drying Capacity Test

It is essential to ensure that after an intervention, the wall will have a similar hygric
behaviour as the wall with its original materials to achieve compatibility between the old
and the replacement mortar. The previous hygrometric characteristics should be maintained
or slightly modified, i.e., similar capillary and water vapour coefficients or higher [5].
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Table 2. Summary of results obtained for the analysed samples (by layer or by sets of layers).

Case Studies Samples Layers’ Set b1 b2 Cec UPv Eaus Po p cs Binder Typé)(Per b/a®@
kg.m~2.min~1 kg.m~2.min—0-5 m.s~1 MPa % kg.m—3 MPa Layer)
CVT1A () 0.0021 0.0539 0.39 GP ®)
CVT1AB Set A +B 1670.05 3155.11 M GP (A); AL (B) (b)
VT (1903) CVTIC ®) @) 122 33.80 1664.94 AL 178
CVI3A (®) 0.0024 0.0066 0.16 2011.49 4600.96 40.48 1263.48 GP o)
CVT3B (®) 0.0036 0.0144 147 1164.88 2073.30 30.77 1697.67 257 AL 143
CVI3AB  Wholeset 617 GP (A); AL (B) o)
AR49-6C (®) 0.0013 0.0225 0.69 32.05 1687.79 AL 158
AR49-8B ®) 26.89 1759.82 AL 1112
AR49-8AB  Whole set 0.0116 0.0798 0.83 172533 4606.04 26.83 1719.26 AL (A); AL (B) o)
AR49-11A ®) 47.44 129350 GP o)
AR49 (1923) RIS
AR Whole set 0.0009 0.0263 0.78 2166.51 4319570 GP (A); AL (B) ®)
AR49-15C () 0.0129 0.0294 1.68 AL 1.7.9
N Whole set 0.0030 0.1195 1.35 1476.89 3385.24 30.76 1724.46 177 GP (A); (‘% (B); AL ®)
IRF1B (®) 0.0057 0.1291 0.59 142756 3092.04 3112 1685.82 2.09 AL + OPC 117
IRF2AB Whole set 0.0050 0.1330 0.76 1868.21 5129.75() AL ®)
IRF3A (®) 0.0019 0.0459 0.28 830.50 1054.57 33.04 1698.83 AL 142
IRF (1938) IRF3B ®) 0.0068 0.1252 162 31.02 1706.65 AL 18
IRF4A (®) 0.0016 0.0749 0.54 1022.73 1814.01 22,68 1926.98 AL + OPC 1:54
IRF7AB Whole set 0.0023 0.0813 0.63 1477.76 3722.03 24.07 1893.78 1837 AL +OPC (A); AL + ®)

OPC (B)
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Table 2. Cont.

Case Studies Samples Layers’ Set D1 D2 Cee UrPv Edus Po p cs Binder TYP(;(Per b/a®@
kg.m~2.min~1 kg.m~2.min—0-5 m.s~1 MPa % kg.m—3 MPa Layer)
CBPIA ®) 0.0033 0.1176 1.25 1418 81 3077.71 2831 1698.79 227 AL 1:84
CBP4B ®) 0.0041 0.4590 2.05 25.97 1832.76 OPC 1203
CBP(1939)  CBP4AB Whole set 0.0043 0.1153 191 172622 4579.32 33.17 1602.72 5.48 GP (A); OPC (B) o)
CBP6AB Whole set 0.0016 0.0892 1.28 1437.19 2942.01 29.47 170752 2.69 GP (A); AL (B) o)
CBP7B ®) 0.0031 0.1099 222 1207.73 2359.58 25.92 1797.43 1.26 AL 1112
DN9A ®) 0.0016 0.0706 031 1994.65 7184.41 1834 2006.40 10.59 OPC 161
DN10A ®) 0.0023 0.0706 0.23 2109.27 8049.49 1825 2010.30 2239 OPC 17
DNI1IAB  Whole set 0.0023 0.0065 0.23 1984.13 7150.79 1843 201824 33.81 OPC o)
DNI12ABCD  Whole set 0.0012 0.0903 0.39 217391 7502.27 12.34 85%(1,”8?(%% ;ngc) (b)
DN12A ) 2057.60 7281.23 23.66 1910.91 OPC 1129
DN12B () 1848.02 5640.63 23.06 1835.15 AL + OPC 1:2.1:15.1
DN12C ) 2149.77 812051 17.58 195235 OPC 1:42
PNOA930) - 1aaB SetA +B © 0.55 OPC (A);(QL +OPC ()
DNI2CD  SetC +D © 0.42 OPC (C); AL (D) (o)
DN19A () © 0.70 1995.44 14495.09 1 GP (o)
DN19B ) © 0.50 2317.20 9346.00 2224 1933.82 PCC 1252
DN19C ) © 0.22 OPC 1:89
DN19D ) © 0.58 217077 7744.08 2676 1826.43 AL + PCC 1:1:6
DNI19ABCD  Whole set 0.0028 0.0861 0.21 9.71 GFC()/?XE &y (%I;C ®)
AACIA () © 053 AL + OPC 1:0.2:6.1
AACIB ®) © 035 AL + OPC 1:0.27
AACIAB  Whole set 0.0027 0.0083 037 1197.60 2233.14 31.20 1730.00 AL+ QI ((’;;; AL+ ()
AAC (1944)
AAC2AB  Whole set 0.0017 0.0255 0.19 2654.63 13369.52 14.11 2107.97 33.78 AL+ WP(%)(A)" OPC ()
AAC3A () 0.0008 0.0151 0.10 1863.35 638321 oPC 1:3.0
AAC4A ) 0.0015 0.0211 0.14 OPC 1:19
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Table 2. Cont.

Case Studies Samples Layers’ Set b1 b2 Cec UPv Edus Po P Cs Binder Typé)(Per bla®@
kg.m~2.min~1 kg.m~2.min—0-5 m.s~1 MPa % kg.m—3 MPa Layer)

LIPIA ®) 0.0020 0.0377 0.63 2281.79 14841.50 2,64 1919.64 1658 OPC 176

LIP (1958) LIP9A () 0.0013 0.0252 0.11 1533.74 6040.63 V OPC 1:6.6

EUA532A ®) 0.0013 0.0197 0.08 1580.61 5050.13 13.20 2246.00 65.15 WPC 137

EUA53-2B ®) 0.0069 0.009 0.64 1460.56 3764.49 20.13 1960.75 11.90 OPC 1:67

EUAS3 (1970) _ EUAS33B ®) 0.0039 0.0415 011 15.20 2066.00 28.72 OPC 1:49
EJASS- Whole set 0.0013 0.0310 0.07 1916.81 7024.69 WPC (A); OPC (B) ()

EUA53-4B ®) 1675.98 4843.92 21.92 1916.10 12.50 OPC 1115

UNL (2002)  UNL3A ®) 0.0025 0.0414 0.44 2336.09 9701.89 17.40 197530 18.62 OPC 1:102

Notation and remarks: (a) test stopped due to sample breakage; (b) not applicable; (c) layers could not be tested per se, nor partial sets of more than one layer could be tested.
Result for the whole set; @ The bulk density used in the calculation was obtained by dividing the mass of the specimen by the product of the average dimension of width, length
and depth; @ According to [16]; AL—Air lime; GP—Gypsum-air lime-based plaster; OPC—Ordinary Portland cement; PCC—Portland composite cement; WPC—White Portland
Cement; b/a—binder to aggregate ratio by mass [hydrated lime (HL)/OPC/aggregate—for air lime with by mixed ordinary Portland cement; HL /aggregate—for air lime mortars;
OPC/aggregate and WPC/aggregate—for cement mortars]. Blank fills to non-performed tests.
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Capillary water absorption was determined using a test procedure developed for
historic mortars [17]. All the capillary water absorption tests were performed in a controlled
environment (T = 20 &+ 2 °C and RH = 65 £ 5%) and using the capillary absorption by
contact technique (Figure 4a,b). For friable samples, this technique consists of placing
the samples in baskets with a bottom lined with a geotextile sheet to avoid material loss
during the test. In contrast, non-friable samples were placed directly in contact with water
(Figure 4a). Non-friable samples and the sets consisting of sample, basket, and geotextile
sheet were held on two narrow acrylic strips in a tub with enough water to keep the contact
samples’ surface or the geotextile sheets wet. The samples were weighed at 0, 2, 5,7, 10,
15, 20, 25, 30, 35, 40, 60, 90, 180, 300, 480, and 1440 min (24 h) and then every 24 h until
saturation. The capillary absorption coefficient by contact (Ccc in kg.m~2.min~??), which
refers to the initial rate of water absorption is measured by the slope of the initial phase of
the curve based on linear regression as determined by EN 15801 [20]. The baskets with the
samples were taken out of the tub after the samples reached saturation and were placed in
the same environment to dry on acrylic strips to prevent contact with any other surface
(Figure 4c). The drying rates (corresponding to the first drying phase D1 and the second
drying phase D2) were evaluated via the weighing procedure at 30, 60, 90, 270, 480, and
1440 min and every 24 h until the test specimens achieved constant weight, as determined
by EN 16322 [21].

Figure 4. Determination of the capillary water absorption by contact of non-friable (a) and friable
samples (b); and drying procedure (c).

2.3.2. Open Porosity and Bulk Density

The study of open porosity deepens the understanding of the pore structure, namely
the continuous network of pores that allows liquid and gas circulation inside the mate-
rial [22]. The determination of the open porosity and the bulk density by hydrostatic
weighing followed the EN 1936 standard [23]. This method consists of eliminating the air
in the pores, followed by filling them with water using a desiccator coupled to a vacuum
pump (Figure 5a), ending with the hydrostatic weighing (Figure 5b) and the determination
of the immersed and still saturated samples’ mass. The ratio between the volume of open
pores and the apparent volume of the sample obtains open porosity. It is calculated by
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Equation (1), while bulk density is obtained by the ratio between the mass of the dry sample
and its apparent volume (Equation (2)).

pozwxloo (1)
mg — my
mg
-4 2
Po = gy P 2)

where

Py—open porosity [%];

ms—mass of the saturated sample [g];
myz—mass of the dry sample [g];
my—mass of the immersed sample [g];
pp—bulk density [kg.m3];

pn—real density of water [kg.m3].

Figure 5. Determination of the open porosity and the bulk density: (a) air-to-water replacement
procedure and (b) hydrostatic weighing.

Due to the small number of specimens available to perform all the programmed
experimental campaigns, the open porosity test was performed in most cases on unaltered
and unaffected fragments provided after the compression test. Separating the multi-
layer samples into single layers made it unfeasible to test each layer, as it could crush or
significantly reduce the size during the procedure; in such cases, it was decided to perform
the test on the whole set.

2.3.3. Dynamic Modulus of Elasticity

When old mortars, especially the lime-based ones, are subjected to conservation inter-
ventions, the dynamic modulus of elasticity (E4) should be considered as the experimental
values obtained in characterisation must be respected to assure stiffness compatibility
between the old and the new substitution mortars.

The E4 was determined according to Equation (3), which is based on the measurement
of the ultrasonic pulse velocity (UPV—velocity of high-frequency sound waves) via the
material [24] and is expressed in Pa. Two measurement methods, namely direct and indirect
transmission methods were applied. In the direct transmission method, the transducers
with pointed ends are placed on opposite sides of the sample (Figure 6b). In contrast, the
transducers are placed on the same specimen surface in the indirect method. In this case, the
acquisition is made by fixing the transmitter transducer at a specific point. At the same time,
the receptor moves over a marked row at the surface of the specimen (Figure 6a,c) and at
different distances (with a 1 cm increment for each acquisition). To perform this test, based
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on measuring the speed of propagation of longitudinal ultrasonic waves in microseconds,
an Ultrasonic Tester Steinkamp BP-7 model was used. Equation (3) was applied.

E; = v*oK 3)

where

v—rvelocity of the ultrasound waves via the material or ultrasound pulse velocity (UPV);
o—bulk density;
K—constant depending on the coefficient of Poisson (¢).

Figure 6. Determination of the dynamic modulus of elasticity: (a) apparatus for the determination by
the indirect method; (b) direct method—the transducers are placed in sample’s opposite surfaces;
and (c) indirect method—sample marked with a line segment for the indirect method.

Bulk density (p) was obtained by Equation (2) for samples subjected to open porosity
and bulk density tests. For those where this property could not be obtained, a simple
mathematical approach was used to find the bulk density by dividing the mass of the
specimen by the product of the average dimension of the three directions: width, length,
and depth, measured with a calliper.

The value of 0.2 was assumed for the coefficient of Poisson (¢) of mortars since it has
yet to be precisely known. The constant K was calculated by Equation (4) as follows:

_ (1+9)(1-2¢)
K= (1-9)

The indirect method was used on the multi-layer samples, which are supposed to
express the UPV of the whole set and applied at the largest possible dimension over the
specimen’s surface. The direct method used the largest distance between the transducers to
characterise the single layers.

For calculating the dynamic modulus of elasticity considering the indirect method,
removing the influence of the remaining layers from the outermost one is impossible as
it is directly related to the bulk density. Despite being determined by adapted methods,
which proved to be adequate and reliable, the remaining layers contribute to the rise in the
overall bulk density of these types of samples and, consequently, the calculated values of
the modulus [8]. Thus, UPV could be a more reliable result in multi-layer samples since it
does not involve calculations using the bulk density.

4)
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2.3.4. Compressive Strength

The compressive strength (CS) test was carried out to establish the limits of strength that
must be respected to ensure compatibility between the old and the replacement mortars.

After the complete drying, the samples” surfaces were regularised with a high-
performance rotary tool, so they were entirely in contact with the load cell during the test.
A direct compression test was carried out (Figure 7), giving compressive strength values by
dividing the compressive force that produces rupture of the sample by a 40 mm x 40 mm
area of force application [18,19]. No samples that were less than 20 mm thick were tested.
An electromechanical testing device compliant with EN 1015-11: 1999 [25], ETI, model
HM-S with a load cell of 200 kN, was used. The load rate was adjusted so that failure
occurred within no longer than 90 s, varying between 50 N.s~! and 100 N.s~! and, in a few
cases, with a value of 200 N.s~ 1.

Figure 7. Compressive strength test.

3. Results and Discussion

This section presents and discusses the results of the physical and mechanical charac-
terisation. Table 2 summarises the results of the characterisation performed.

The results obtained for the whole sets should be analysed as indicative since the
layers have different binder/aggregate ratios and, in some cases, different binders [16],
which influences the results [26]. It should be noted that most of the mortars analysed were
collected in interior walls, where it was common to find in buildings constructed until the
1940s fragile finishing layers based on lime-gypsum whose separation was challenging to
perform per se.

3.1. Capillary Absorption and Drying of Absorbed Water

The pore system of old lime mortars is composed of a high proportion of wide
pores [27], which, associated with the reduced thickness of the samples (see Table 1),
leads to maximum absorption in the first few minutes. In general, and in most cases,
saturation is quick and takes place within the first 24 h (1440 min or 37.95 min®®), but a
substantial slope reduction can be observed between 6 min and 2 h, depending on the
sample (see Figure 8). To be meaningful as a rate of water absorption, the range of points
considered in the calculation of the Ccc must be in the straight part of the plot, as settled
in EN 16322 [21]; thus, it was adjusted on a case-by-case basis, considering that this is the
most significant stage of absorption. In the case of samples with hydraulic binders, the
Ccc are necessarily different from those of air lime mortars, theoretically lower due to the
slower absorption. The slower absorption is related to the volume and pore size of the
capillary porosity and its connectivity. The capillary pores that most affect the capillary
water absorption coefficient range between 0.1 um and 5 pum [28], while in lime mortars,
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there is an essential range of pores which are coarser than the capillary range, with a larger
diameter, up to 10 um or more [29].
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Figure 8. Capillary absorption curves of monolayer selected samples and respective slopes (Ccc).

Figure 8 shows the capillary absorption plots of three selected monolayer samples, each
with a different binder (CVT3B: air lime; IRF4A: air lime and Portland cement; UNL3A:
Portland cement) demonstrating typical water absorptions for that kind of binder. In
the case of the air lime sample, it is evident the fast water absorption until saturation
materialised by the highest Ccc (1.47 kg.m~2.min~??), which corresponds to maximum
absorption and consequent saturation after the first 5 min, unlike what happens with the air
lime-Portland cement and cement mortar samples, which, in turn, show lower absorption
values than expected. In the case of the two air lime-Portland cement monolayer mortars,
Ccc values vary between 0.35 kg.m_2.min_0'5 (AACI1B) and 0.59 kg.m_2.min_0'5 (IRF4A).
However, the higher proportion of cement in IRF4A did not contribute to reducing Ccc, as
other factors related to the aggregate and the w/b ratio may have a decisive influence. In
the case of Portland cement mortars, despite the poor correlation, the trend of Ccc reduction
over the analysed period is noticeable (Figure 9), probably due to the adjustment of the
water/cement ratio in the mix design and the increase of cement fineness that led to the
development of a less sorbing pore structure and eventually to the optimisation of the
particle size distribution of aggregates that influences compactness [28]. Although these
characteristics were not thoroughly investigated, it should be noted that in the case of the
stone-imitating mortar EUA53-2A, which presents the lowest Ccc (0.08 kg.m~2.min~09),
the contribution of a limestone filler, as reported by Almeida et al. [16] may have con-
tributed to the low absorption, which is also corroborated by the lowest value of the open
porosity (13.2%). These properties may also be related to another factor: the construction
technique. The technique of application of these mortars, also known by the Portuguese
term Marmorite, foresaw the tightening with metallic rollers still in the fresh state [30],
which might have produced a porosity reduction.
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Figure 9. Evolution of Ccc of Portland cement mortars regardless of the Portland cement type (orange
columns—marmorite samples). Y. C.—Building’s year of construction completion; (*) mortars from
the 1940 award-winning prize.

Sample CBP4B shows the highest Ccc amongst the Portland cement mortars
(2.05 kg.m~2.min~%) (Figure 9), which is a value more typical of lime mortars. It also
presents a high open porosity of approximately 26%, which suggests a high water-to-cement
ratio or can be justified by the meagre binder-to-aggregate ratio as shown in Table 2, which
also has influenced the mechanical performance, as demonstrated by the low compressive
strength. Although the result refers to the CBP4AB set, we can consider the influence
of the white, smooth, thin outermost layer as negligible for this parameter due to its
reduced thickness.

Figure 10 shows the plot of two selected multi-layer samples in which the phased devel-
opment of absorption is observed. It allowed separating the graphical events corresponding
to water absorption in distinct layers of the same set. In the case of the DN12ABCD set,
it was possible to separate the two absorption events by the inflexion zone. This zone
corresponds to the physical separation of the half assemblies (DN12AB plus DN12CD)
that were not fully bonded. The visual observation of the water rises during the test also
verified the resumption of the absorption event.
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Figure 10. Capillary absorption curves of multi-layer selected samples and respective slopes (Ccc).
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The multi-layer samples were tested with the exterior face of the outermost layer in
contact with water; still, only in some capillary water absorption tests was it possible to
verify the differentiated effect of the absorption. However, it was found that the layers
subjected individually to the test present higher Ccc values than the sample set to which
the respective layer belongs. Using as an example the sample CBP4AB, it was found that
layer A, a smooth lime-gypsum-based plaster, lowered the Ccc due to being in contact
with water. Its physical characteristics, namely the pore structure contributed to a delay in
water absorption, as expected for these thin layers [8]. The effect of the interface zones that
introduces some discontinuity may also contribute to reducing the absorption rate.

Among the air lime mortars, sample IRF3A has the lowest Ccc value. Still, it has a
high open porosity value (33.04%). These results do not match because this sample, which
has a low thickness, has a paint layer that was impossible to remove before the test. The
paint layer may have delayed the water percolation.

Excluding the previously mentioned sample because it is an isolated case, and once
the binder of the mortars is known, it is possible to establish ranges of Ccc values for each
type of mortars. Hence, based on the results for individual samples and monolayers, we
can group them as follows:

White smooth thin layers (gypsum-lime-based): 0.16 < Ccc < 0.70 (kg.m~2.min~0?);
Air lime mortars: 0.69 < Ccc < 2.22 (kg.m~2.min~%);

Air lime-Portland cement mortars: 0.35 < Ccc < 0.59 (kg.m~2.min~%9);
Portland cement mortars:

(a) Cementitious stone-imitating mortars—referred to as Marmorite:
0.08 < Ccc < 0.14 (kg.m~2.min"0?);
(b) Remaining mortars (excluding CBP4B): 0.11 < Ccc < 0.64 (kg.m~2.min~%?).

Figure 11 shows the typical drying curve from which it was possible to compute the
D1 rate, in this case, for the DN12ABCD set. For the same set, Figure 12 shows the curve as
a function of the square root of time from which the value for D2 was estimated.
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Figure 11. Drying curve and first drying phase D1 representation.
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Figure 12. Drying curve and second drying phase D2 representation.

Figure 13 shows the distribution of the drying rate by liquid water transport D1 and
the drying rate of the second phase by mixed liquid water and water vapour transport, D2,
in monolayer samples and samples’ individualised layers.
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Figure 13. Comparison of the two main drying phases (D1 and D2) of individualised and monolayer
renders (columns without colour fill) and plasters (coloured columns). Notation: a—white smooth
thin plasters (gypsum-air-lime-based plasters); b—stone-imitating mortars; AL—air lime; PC—
encompasses all types of Portland cement (ordinary; composite and white Portland cement); Y.
C.—Building’s year of construction completion or mortars” execution year; (*) mortars from the
1940 award-winning prize.

Lower D1 values were generally observed in Portland cement mortars, except for
sample EUA53-2B. The air lime mortars show higher D1, denouncing a higher capacity of
liquid water transport during the drying process to the surface of the sample followed by
evaporation with some variability, as shown by the D2 values, being, in general, higher
for air lime mortars which are consistent with their high Ccc and open porosity, possibly
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related to the predominance of macropores, typical for air lime mortars. Sample AR49-15C
presents a low D2 value, which points to a low evaporation rate, producing some retention
of vapour inside the pores. As there is no evidence of salts or other contaminants [16], it
cannot be said that they have influenced the vapour permeability. Mosquera et al. [31]
demonstrated that the porosity does not significantly influence the diffusivity. Instead, the
pore radius controls the diffusivity, which, in our case, is unknown and may explain the
reduced value of D2.

The same happens in the other air lime mortars built in 1903 and 1923 regarding water
vapour diffusion. However, the low thickness of the samples may imply that most water
is removed in the liquid phase, and the remaining humidity left for the phase related to
water vapour diffusivity is low. The air lime-Portland cement or simply lime-cement (also
labelled as AL + PC in some plots) samples analysed in the case study IRF (1938) show a
difference in the D1 value. The sample IRF1B presents less cement in the lime-to-cement
ratio than the sample IRF4A. Lime—cement mortars reduce both their pore volume and
their pore size as cement content in the mix increases [31], as expected in these mortars,
which present open porosity values of 31.12% and 22.68% (IRF1B and IRF4A, respectively).

As for the white smooth thin layer samples, they denote a very compact microstructure.
In the case of sample CVT3A, the capillary absorption coefficient is low, but the drying rate
D1 is high. This fact indicates the presence of some pores larger than the capillary range,
which facilitate liquid water drying but do not contribute to absorption.

Finally, Portland cement mortars, applied from the 1930s onwards, show lower D1
rate values for stone-imitating mortars, consistent with the lower Ccc. Between renders and
plasters, there are no considerable differences in terms of drying rates, which is also the
case for Ccc. Among all the samples with Portland cement binder, CBP4B has the highest
D2 ratio, and the sample EUA53-2B has the highest D1 ratio and the lowest D2 ratio. In the
first case, the sample shows simultaneously relatively high D1 and very high D2, indicating
high transport of liquid water to the sample’s surface, followed by very high evaporation,
consistent with their high Ccc and medium open porosity results. In the second case,
considering the open porosity result (20.13%) and the low Ccc value (0.64 kg.m~2.min %),
the high D1 rate should be related to the pore size and not to its volume.

The drying of the multi-layered samples, as observed in Figure 14, only demonstrates
the result for the whole set drying; not possible to individualise the drying effect for each
layer in the plot. Still, it is possible to observe that the AR49-8AB set has the highest D1,
which is consistent with the type of binder since both layers (A and B) have air lime as a
binder. Samples with at least one air lime layer show relatively high D1 values, unlike the
AR49-11AB set, as layer A, a lime-gypsum-based, has almost the same thickness as layer
B. Layers with gypsum-—air lime-based binders seem to produce the effect of lowering the
drying rates, particularly the D2 rate, as can be seen in the CBP4AB set by comparison to
sample CBP4B (Figure 13).

3.2. Mechanical Characterisation

The individualised (single layer) and monolayer dynamic modulus of elasticity results
are the lowest for the lime mortars (until the end of the 1930s) since these samples have
higher porosity, being more permeable to the fluid circulation, including air and, therefore,
with reduced UPV. In opposition, Portland cement mortars exhibit the highest values
(Figure 15) since they present higher compactness than air lime mortars. The white smooth
thin plasters present Eq values relatively close (ca. 4601 MPa—CVT3A; 4495 MPa—DN19A),
which indicates identical porosity values in both samples, although the porosity of sample
DN19A is not known. It is also evident that the influence of Portland cement content on
the compactness of the air lime-Portland cement mortars, in which the increase of Eq is
notorious for a lime-to-cement ratio above 1:1 (samples DN12B and DN19D). Although
sample DN12B presents a lower ratio than sample DN19D, i.e., a higher proportion of
Portland cement, the velocity of ultrasound wave propagation is lower. Regarding the
sample DN19D, which incorporates ground granulated blast furnace slag (GGBFS), as
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demonstrated in [16], once this kind of addition is finer than the Ordinary Portland cement
(OPC) clinker, it led to a less porous structure with fewer capillary pores. Consequently,
there would also be a finer distribution of pores [32].
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Figure 14. Comparison of the two main drying phases (D1 and D2) of multi-layer renders (columns
without colour fill) and plasters (coloured columns). Notation: Binder types per layer (layers A-D in
brackets)—GP: Gypsum—air lime-based plasters (white smooth thin plasters); AL: Air lime; OPC:
Ordinary Portland cement; WPC: White Portland cement; PCC: Portland composite cement; Y. C.—
Building’s year of construction completion or mortars” execution year; (*) mortars from the 1940
award-winning prize.
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Notation: a—white smooth thin plasters (gypsum-air-lime-based plasters); b—stone-imitating mor-
tars; Binder types—AL: Air lime; PC: encompasses all types of Portland cements (ordinary; composite
and white Portland cements); Y. C.—Building’s year of construction completion or mortars” execution
year; (*) mortars from the 1940 award-winning prize.

Regarding the E4, the most significant contrast is verified in sample LIP1A, relative
to its Portland cement counterparts by having the highest value. Compared with samples
DN19B and UNL3A, whose UPV values are of the same magnitude, LIP1A presents the
highest E4 value, which can be influenced by the aggregate content producing higher
compactness, as it is the smallest of the three samples. This one and LIP9A are both
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rendering mortars of the same building. However, this sample shows higher compactness,
which is inconsistent with its UPV result.

The bulk density calculation used may explain this discrepancy of values. The calcula-
tion of this property should be, whenever possible, performed via tests, avoiding the lack
of accuracy that is characteristic of calculations involving the size and mass of the specimen
directly, i.e., dividing the mass of the specimen by the product of the average dimension of
width, length, and depth. In these cases, the bulk density should only be considered an
approximate value to the real one and, consequently, an approximate value of the E4.

The remaining samples, whose binder is only composed of Portland cement, do not
show significant disparities in the E4 values, presenting higher ranges of values than the
lime mortars but sometimes lower than the mixed air lime and Portland cement samples.

Regarding the compressive strength results, the difference between lime and Port-
land cement mortars is clear. As expected, the open porosity (Figure 16) is consistent
with the type of mortars, i.e., lime mortars have higher open porosity and consequently
lower compressive strength. If the sample EUA53-2A is excepted, the average value of
the compressive strength of the Portland cement samples tested is approximately eight
times higher than that of the air lime mortars. Sample EUA53-2A is an outlier since its
compressive strength value is the highest (65.15 MPa). Besides having an average thickness
of 10 mm, which was an a priori condition to exclude it from being tested, it was found
that the rupture stress was conditioned by the size and nature of the quartzite aggregates,
some with the major axis dimension close to the thickness of the tested sample.
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Figure 16. Correlation between open porosity (Pg) and compressive strength (CS). AL—air lime;
PC—encompasses all types of Portland cement (ordinary; composite and white Portland cement).

Figure 17 shows the dynamic modulus of elasticity and compressive strength plots
for the multi-layer samples. Most sets containing Portland cement have the highest values
of the modulus of elasticity. A general tendency is observed for the dynamic modulus of
elasticity and compressive strength to increase over the period under analysis, influenced
by the introduction of Portland cement as in the case of individualised and monolayer
renders and plasters (Figure 15). The sets containing lime mortars maintain the trend
observed for the single layers tested, which is that of lower modulus of elasticity values for
renders until the 1940s. It must be mentioned that the application of the indirect method to
calculate the dynamic modulus of elasticity of each layer is, however, conditioned by the
presence of the successive layers, and it is not possible to quantify the influence of each
layer on this mechanical property results.

The compressive strength results show that the sets essentially composed of lime
as a binder present the lowest values (AR49-15ABC and CBP6AB). The presence of the
superficial white smooth thin layer, i.e., the lime—gypsum-based layer (A), should not
influence the results that much, as low values of compressive strength are expected for
these materials, as demonstrated by Freire et al. [8]. The authors reported average values for
compressive strength of 2.26 MPa, which is an intermediate value to those tested on samples



Buildings 2023, 13, 2468

22 of 26

AR49-15ABC (1.77 MPa) and CBP6AB (2.69 MPa). The Portland cement mortars show
compressive strength values above 30 MPa, except for the CBP4AB set, whose low result
directly correlates with the high porosity and the water absorption. The pore structure will
necessarily influence that result. A possible explanation for this performance may lie in
the water-to-cement ratio employed and either in the hydration or curing conditions of the
sample, which are unknown at this point.
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Figure 17. Dynamic modulus of elasticity (E4) and compressive strength (CS) plot of multi-layer ren-
ders (columns without colour fill) and plasters (blue-coloured columns). Notation: Binder types per
layer (layers A — D in brackets))—GP: Gypsum-—air lime-based plasters (white smooth thin plasters);
AL: Air lime; OPC: Ordinary Portland cement; WPC: White Portland cement; Y. C.—Building’s year of
construction completion or mortars’ execution year; (*) mortars from the 1940 award-winning prize.

The lime—cement sample sets, IRF7AB and DN12ABCD, show compressive strength
values between 12 and 19 MPa. These values are closer to Portland cement mortars. How-
ever, IRF1B, another lime—cement mortar, shows a value closer to lime mortars (2.09 MPa)
(Figure 15 and Table 2). Some authors have concluded that the presence of lime implies
variations in compressive strength; that is, the presence of lime in lime—cement mortars
reduces compressive strength [26,33], but also the binder-to-aggregate ratio and the type
of cement [34] can influence the result of compressive strength. In this case, not only
does the binder-to-aggregate ratio vary, but the type of cement used and its physical and
mechanical properties still need to be known. It is, however, known that the fineness of
older cement is higher than the current ones [35]. However, the combination of all these
different parameters makes it difficult to have a more consistent interpretation based on
the results obtained for these three samples.

4. Requirements for a Compatible Restoration

The requirements should be considered case-by-case since the plasters and renders
analysed are from buildings constructed in different periods throughout the 20th century.
The different types of binders, compositions and formulations require such an approach.
However, the work already carried out by other authors that established or analysed
compatibility parameters [8,11,36], whose application is more relevant in heritage buildings,
should be considered. Nevertheless, the parameters investigated in the laboratory should be
respected, advising the use of mortars with identical binder characteristics and proportions,
similar grain size distribution and aggregate mineralogy. In the case of Portland cement
mortars, since the specifications of cement used are not known, the use of OPC (and WPC in
the due cases) is proposed in all cases, despite evidence of the use of composite cement [16]
in two samples, provided that they do not exceed the quantified values for the physical
and mechanical characterisation.

Table 3 shows the ranges of values obtained for the assessed characteristics to be
considered in the compatibility requirements. The results are organised by binder and

coating type.
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Table 3. Ranges of values obtained for the assessed physical and mechanical characteristics to be considered in the compatibility requirements.

Quantitative Ranges Mortar Mix Design
Type of Binder Type of Mortar Case Study Physical Characteristics and Water Behaviour Mechanical Characteristics Agglif:;g }?atio
Ccc D1 D2 Py UPV Ed Cs
kg.m~2.min—05 kg.m—2.min—1 kg.m—2.min—05 % m.s—1 MPa (bia)
gypsum-air lime Plasters (ws.tl) _ CVT (1903) 0.16-0.39 0.0021-0.0024 0.0066-0.539 405 M 2011 ® 4601 © na.
DN (1940) 0.70 M 1995 1 4495 M) na.
CVT (1903) 1.22-1.47 0.0036 (1 0.0144 ® 308 M 1165 M 2073 M 260 1:0:4.3-1:0:7.8
AR49 (1923) 1.68 M 0.0129 M 0.0294 M 30.8 12) 1477 12 3385 (1:2) 1.8M 1:0:7.9 M
Air lime Plasters DN (1940) 0.58 M 23.1-26.8 M 1848-2171 M 5641-7744 1) 1:1:6-1:2:15.1
IRF (1938) 0.76-1.62 0.0050-0.0068 0.1252-0.1330 31.0-33.0 831-1868 @ 1055-5130 @ 1:0:4.2-1:0:8
CBP (1939) 1.25-2.22 0.0016-0.0033 0.0892-0.1176 28.3-29.5 1208-1419 2360-3078 1.3-2.7 1:0:8.4-1:0:11.2
Renders AR49 (1923) 0.69-0.83 0.0013-0.0116 0.0225-0.0798 26.9-32.1 1946 (12) 4463 (112 1:0:5.8-1:0:11.2
Lime_cement Plasters IRF (1938) 0.54-0.63 0.0016-0.0057 0.0813-0.1291 22.7-31.1 1023-1478 12 1814-3722 (12) 2.1-18.4 1:0.1:7-1:0.4:5.4
Renders AAC (1944) 0.35-0.53 0.0027 12 0.0255 1.2 31212 1198 112 2233 (12) 1:0.2:2.7-1:02:6.1
CBP (1939) 2.05® 0.0041 M 0.4590 M 33.17 12 1726 112 4579 (12) 5.5 12 0:1:20.3 12
Plasters DN (1940) 0.22-0.50 17.6-22.2 1984-2317 7151-9346 10.6-33.8 0:1:4.2-0:1:25.2
EUA (1970) 0.64 M 0.0069 0.0096 20.1-21.9 1461-1676 37644844 11.9-12.5 0:1:6.7-0:1:11.5
UNL (2002) 0.44 @ 0.0025 M 0.0414 M 17.4 @ 2336 () 9702 M 18.6 M 0:1:102 M
Portland cement ® ™ pjgrarg (s.im.) AAC (1944) 0.10-0.14 0.0008-0.0015 0.0151-0.0211 1863 6383 0:1:1.9-0:1:3
Renders (sim.)  EUAS53 (1970) 0.08 M 0.0013 M 0.0197 M 132 1581 M 5050 (M 0:1:3.7 M
AAC (1944) 0.19 12 0.0017 12 0.0255 (12) 14.1 12 2655 (1.2) 13370 12 33.8 12 na.
Renders LIP (1958) 0.11-0.63 0.0013-0.0020 0.0252-0.0377 260 1534-2282 6041-14842 16.6 M 0:1:6.6-0:1:7.6
EUA (1970) 0.07 @-0.11 0.0013 @-0.0039  0.0310 @-0.0415 152 M 1917 (12) 7025 (12 28.7 M 0:1:49 M

Notation: () Range of values not defined because only one sample or specimen was tested; ? Value obtained in a multi-layer sample set or average value of all sets tested in the same

case study. Applicable only when the characteristics of a single layer are not known or when only the sets of layers with the same type of binder were characterised, disregarding
the white smooth thin plaster and stone-imitating mortar layers (in this case the layer A from the set AAC2AB); ® according to [16]; *) encompasses all types of Portland cement;

b/a—binder to aggregate ratio by mass [hydrated lime: Portland cement (regardless the type): aggregate]; n.a.—not applicable.; w.s.t...—white smooth thin layers; s.i.m.—stone-imitating

mortar. Blank fills to non-determined characteristics.
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Chemical and mineralogical characterisation should be included in the context of
compatibility; however, these aspects do not fall within the scope of this manuscript.

5. Conclusions

This paper deals with the physical and mechanical characterisation of fifty-three
mortar samples from buildings built in Lisbon in the 20th century and awarded with one of
the most significant architectural prizes in Portugal. The results allow compatibility criteria
to be established if restoration or conservation actions are required.

The originality and value of this built heritage require developing preservation strate-
gies that involve proactive and routine maintenance, followed by occasional interventions
that do not de-characterise the surroundings. To this end, adopting new materials compati-
ble with the originals is essential. Constant monitoring of the state of conservation is also
essential to establish the basis for early detection of defects, thus minimising the need for
physical interventions.

Via physical and mechanical characterisation, the study made it possible to have a
better knowledge of the properties of mortars applied throughout the 20th century, in
a period that needs further research. With this study, it was possible to clarify how the
techniques evolved, knowing from the start the age of the case studies and, consequently,
the age of the samples studied. Despite the difficulty in obtaining samples of sufficient size
to perform all the programmed tests, it was still possible to characterise mortars with a
high degree of reliability.

The main conclusions are as follows:

e  The air lime mortars existing in the oldest buildings, between 1903 and 1944, have the
highest values of capillary absorption and simultaneously the highest drying rates and
present the lowest values of compressive strength and dynamic modulus of elasticity,
which is expected for this type of mortars.

e  Theblended lime—cement mortars in the buildings constructed between 1938 and 1944
have intermediate capillary absorption and drying rates. Compressive strength values
of blended lime—cement mortars and multi-layer mortars with different binders in
each layer are variable. In general, an increase in Ed values is due to the introduction
of Portland cement.

e  The Portland cement mortars applied in buildings erected after 1939 show the lowest
values of capillary absorption and the highest values of mechanical strength.

e  The results of lime-gypsum-based plasters align with those found in the literature for
white smooth thin layers applied in Portugal.

e  The stone-imitating mortars (Marmorite type) showed the lowest capillary absorption
and, consequently, the lowest open porosities, which points to the governance of the
construction technique on reducing these parameters, either by incorporating fillers or
by tightening the mortar during their application.

e No significant differences were found in the physical and mechanical characteristics
between the samples of renders and plasters; thus, being intended for internal or
external application was not a crucial parameter for the choice of the material.

e The physical and mechanical values obtained in this study constitute a basis for
the definition of compatibility requirements for restoration mortars in the group of
buildings studied.

e  For compatibility purposes, the range of values obtained on multi-layer samples, though
indicative, should be considered a good approximation of the whole coating properties if
there is no possibility of individualising each layer and testing them independently.

6. Future Research

Future research should encompass not only a broader range of mortars within the
buildings already under study, where feasible sample collection is possible but also extend
to other award-winning structures that remain unexplored, contingent upon the willingness
of property owners to grant access and authorisation.
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Moreover, the critical importance of including Portuguese standard buildings from
other regions in these research endeavours is worth noting. Comparing the mortars and
construction techniques employed in award-winning buildings to those found in standard
structures from the 20th century can yield valuable insights. This comparative approach
will contribute significantly to our understanding of the evolution of construction practices
and the materials used throughout this pivotal century in architectural history.

This expanded passage underscores the necessity of ongoing research and the po-
tential benefits of comparing award-winning buildings to standard constructions for a
comprehensive understanding of 20th-century mortar properties.
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