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Among thermal insulation solutions for historic walls, thermal renders and plasters appear to be a very feasible
option. Thus, this work analyses commercially available thermal mortars suitable for the scope.

An extensive experimental campaign showed that testing single materials only, which is the standard require-
ment for thermal mortar-based systems, is in fact not sufficient for understanding the potential impact of the
intervention on walls: whole-systems should also be examined. This study provides a detailedcharacterization of
materials and systems, useful as a database for forthcoming investigations on compatibility and efficacy for
application on historic walls, via numerical hygrothermal simulations.

1. Introduction

Climate change has become so serious that it is believed to be one of
the defining issues of the current century [1,2]. For this reason, the
European Union is pursuing an ambitious policy on climate actions,
urgently calling for an acceleration in the transition towards net-zero
emissions [3]. In this scenario, the strategic importance of energy-
efficient renovations in the existing building stock is evident [4,5],
and increasing attention has been paid to the specific context of historic
constructions [6-9]. Furthermore, retrofits of historic buildings not only
offer the chance to reduce their carbon footprints, but also improve their
preservation and durability. Indeed, energy-efficient interventions can
enhance indoor comfort [10] while lowering operational costs [11].
These two factors are fundamental in ensuring the continued use of
historic buildings over time, which in turn leads to regular maintenance
and better preservation of the constructions [12], in accordance with
integrated conservation strategies [13].

One of the energy-efficient interventions discussed in the literature
consists of improving the thermal resistance of historic walls by means
of thermal insulation solutions [14]. For this purpose, thermal mortars
represent a very feasible option for several reasons. They are typically
easy to remove [15], which is important for the reversibility of the
intervention [16], and they require no anchoring points [17]. They offer

great flexibility for the thickness, which can be easily adapted to the
dimensional restriction required in the intervention [18]. Furthermore,
thermal mortars guarantee adaptability to uneven surfaces and gap-
filling ability [19], thus allowing for continuous contact between the
insulation layer and the substrate even in the case of irregularities,
cracks and other damages which are quite commonly found in historic
components.

The nomenclature “thermal mortar” indicates a mortar with thermal
insulation properties, namely a thermal conductivity lower than 0.2 W/
(m.K) at 10 °C, according to standard EN 998-1:2017 [20]. Thermal
mortars can be applied to the external or internal side of building
components, and they may be referred to as thermal renders [21] or
thermal plasters [22], respectively in the former and latter cases.
Thermal mortars are generally obtained using lightweight aggregates in
the mix design. For instance, several studies have considered mortars
with Expanded Polystyrene (EPS) and/or cork aggregates [23 -26],
while other investigations have analysed the thermal benefits provided
by the addition of hemp [27], expanded clay [28], silica aerogel [29,30],
expanded glass and perlite [31]. Additionally, some authors have
accounted for the environmentally-friendly nature of reusing waste in
building materials [32,33] by incorporating olive stones [34] and plastic
waste [35] in energy-efficient mortars. In the context of heritage
buildings, Walker and Pavia [36] adopted lime plasters containing cork
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and hemp in a field investigation on historic walls, while other authors
have analysed the use of mortars containing aerogel [17], expanded
glass [37] and perlite [38,39]. Thermal mortars have also been
considered in several studies investigating thermal retrofit solutions for
historic buildings via numerical simulations [40-45].

This work takes into analysis a set of thermal insulation solutions
based on thermal mortars which are commercially available and
designed for interventions on historic or masonry/stone walls. The
experimental campaign investigates the hygrothermal behaviour of
single materials and whole insulation systems. The properties consid-
ered are open porosity, dry bulk density, thermal conductivity (dry and
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Fig. 1. Materials considered in the study. Two thermal mortars with hydraulic
lime and cork-aggregates (Al, A2), and one with mixed binders and EPS-
aggregates (A3). Two regularization mortars, one based on air lime (B1) and
one based on mixed hydraulic binders (B2). A lime-paint (C1) and a potassium
silicate paint (C2).

Table 1

Construction and Building Materials 315 (2022) 125640

moisture-dependent), specific heat capacity, sorption isotherm, resis-
tance to water vapour diffusion (via dry and wet-cup) and capillary
water absorption coefficient. Testing procedures and samples charac-
teristics are defined following two regulations: the European specifica-
tions for mortars for masonry — EN 998-1:2017 [20] and the Guideline
for European technical approval of External Thermal Insulation Com-
posite Systems (ETICS) with rendering — ETAG 004 [46]. The first
standard sets the requirements for commercial mortars in Europe and it
is the one adopted by manufacturers to certify and classify thermal
mortar-based insulation systems. This standard accounts for tests on
samples of single or painted materials. ETAG 004 is the guideline
adopted to certify (CE marking) other types of composite insulation
systems that are not covered by harmonized European standards,
namely ETICS. ETAG 004 accounts for samples of complete multi-
layered systems. The results obtained with standard samples of single
materials and composite samples of complete systems are compared and
discussed. This analysis aims to evaluate whether and how the layered
structure of the systems and the presence of inter-layer interfaces affects
the performance of composite insulation solutions based on thermal
mortars.
Overall, this study has the following goals:

e providing an exhaustive hygrothermal characterization of the
selected materials and systems, useful as a database for forthcoming
investigations on compatibility and efficacy for application on his-
toric walls, via numerical hygrothermal simulations;

discussing the appropriateness of standard EN 998-1:2017 for the
characterization of insulation solutions based on thermal mortars,
considering that it neglects the behaviour of complete insulation
systems as whole units.

2. Materials

This study investigates thermal insulation systems based on thermal
mortars which are commercially available and designed for application

Materials and systems considered in the study. Manufacturers’ declared values of vapour resistance factor and capillary water absorption coefficients of the materials,
and the declared thermal conductivity of thermal mortars. The missing values are not declared in technical sheets or disregarded.

Producer  Identification Code p[-] A,, [kg/(m*min®®)] A [W/(mK)]
*Declared vapour resistance *Declared capillary water absorption *Declared Thermal
factor coefficient conductivity

Materials (main binders and lightweight aggregates)

1st Thermal mortar 1 Al 4 0.4 0.045
(Hydraulic lime and Cork
aggregates)
Thermal mortar 2 A2 4 0.63 0.08
(Hydraulic lime and Cork
aggregates)
Regularization Mortar B1 <15 >0.40 /
(Air lime)
Paint (Lime-based) — Indoor use Cl “breathable” / /
Paint (Potassium silicate-based) Cc2 “breathable” “Water-repellent” /
— Outdoor use

2nd Thermal mortar 3 A3 <5 <0.2 0.05
(Mixed binders and EPS aggregates)
Regularization and finishing Mortar ~ B2 <5 <0.2 /

(Mixed Hydraulic binders)

*All properties reported in the technical sheets of thermal mortars were determined according to the indications of EN998-1 [20] (i.e. test methods referred in standards EN 1015-19 [49], EN
1015-18 [53], EN 1745 [54] for y, A,, and ). For thermal mortar A3, the manufacturer further specifies the additional use of standard EN 12664 [96], which is the one designated by EN1745

for tests involving guarded hot plates and heat flow meters.

Systems
Ist S1: Al + B1 + C1 (Indoor use) S1
S2: Al + B1 + C2 (Outdoor use) S2
S3: A2 + B1 + C1 (Indoor use) S3
S4: A2 + B1 + C2 (Outdoor use) S4

2nd S5: A3 + B2 (Indoor and outdoor use) S5
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on historic or traditional masonry walls. The three thermal mortars
considered can be described as having low water absorption coefficients
and high vapour permeability, according to the classification proposed
in a previous study on the compatibility of thermal insulations for his-
toric buildings [47] (manufacturers’ declared properties:

Ay < 0.11 kg m%s 2 8, > 17.9 1072 kg m ! 57! Pa™!). Their
declared values of thermal conductivity are in the range of 0.045-0.08
W/(m.K), and they are developed by two different manufacturers. From
the first manufacturer, two lime-cork mortars (Al, A2) are analysed.
These materials are designed to be covered with a regularization mortar
(B1) and a final layer of paint: a lime-based one (C1) for indoor-exposed
systems and one with potassium silicate (C2) for external solutions, both
of which are declared to be “breathable” finishings. Hence, 4 systems
(S1, S2, S3, S4) are considered from the first manufacturer: two based on
the first thermal mortar (S1: A1 + B1 + C1, S2: A1 + B1 + C2) and two
on the second one (S3: A2 + B1 + C1, S4: A2 + Bl + C2). From the
second producer, a mortar based on mixed binders and Expanded
Polystyrene (EPS) aggregates is considered (A3). This material is used in
combination with a regularization mortar that also works as a finishing
layer (B2) and the system (S5) is suitable for both interior and exterior
interventions (S5: A3 + B2).All in all, 7 materials and 5 systems are
tested, as shown in Fig. 1 and Table 1.

3. Methods

For each type of sample, three specimens were prepared and tested
for the sake of taking potential irregularities into account [39]. Test
results are expressed as the average of the measurements performed on
the three specimens, and an estimation of the error is provided by using
the Standard Error of the Mean (SEM, with 2 significative digits), i.e. the
standard deviation (o) divided by the square root of the number of
measurements (SEM = 6//3).

3.1. Samples preparation and geometry

To assess the hygrothermal properties of hardened materials and
systems, different types of specimens were considered. The character-
istics of the samples and the properties tested are summarized in Table 2,
while the moulds adopted are shown in Fig. 2. The first three types (a, b,
cin Fig. 2) were used to prepare standard samples aligned with EN 998-1
by pouring in fresh mortars, storing them in a conditioned room (23 °C
+ 5°C, 50% =+ 5% RH), and demoulding after 5 days. The samples were
left in the same conditions for a further 85 days, reaching a 90-day
curing time. After that, some samples were finished with paint and left
to dry under the same controlled conditions for 15 days more. The last
type of mould, (d in Fig. 2), was used to prepare thicker tile samples that
better represent real applications, following the indications of ETAG
004. In these moulds, large tiles (550 mm x150mm x40mm) of thermal
mortars were prepared with two successive layers, each one 20 mm
thick, as required in the materials technical sheets. In further detail, the
first layer of mortar was poured and left for 24 h at “normal indoor
conditions” (free-floating indoor microclimate, 13-20 °C and 40-80%
RH were registered). Then, the mortar surface was moistened, and a new
layer of fresh material was applied. After 5 days of drying under “normal
indoor conditions”, the hardened samples were demoulded, and they
were put under controlled conditions (23 °C + 5 °C; 50% + 5% RH) until
reaching a 90-day curing period. Thereafter, the tiles were cut into
smaller specimens. Some of these smaller samples were covered with a
layer of regularization mortar and left to cure at controlled conditions
for a further month. Part of them were then finished with paint and put
to dry under controlled conditions for 15 days more. The tile samples of
thermal mortars created with this method have a thickness of about 40
mm, while the ones to which also regularization mortar was applied,
with or without paint, have an average thickness of 42 mm.

The timing adopted for curing and demoulding the samples was
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chosen for several reasons. A period of 5 days was adopted for the
demoulding to comply with the minimum time prescribed by standard
EN 1015-11:2019 [48], i.e. 2 to 5 days depending on the binder. Thus,
the maximum time was adopted for all mortars to homogenize
demoulding schedules, while avoiding the risk of mortars with longer
setting times breaking in the process. A 90-day curing time was chosen
to allow the specimens of mortars to reach a high level of carbonation,
while complying with the minimum reference time referred to in norm
1015-19 (28 days) [49]. Moreover, 90 days is a curing period often
adopted for testing lime-based materials [50,51]. A curing period of 30
days was selected for the regularization layer applied on tiles of thermal
mortars to comply with the minimum time period of standard 1015-19.
It was considered sufficient for carbonation because of the very reduced
thickness of this layer (about 2 mm). A curing time of 15 days was
defined for the paints applied on samples to comply with the minimum
time required in standard EN1062-3 [52] for finishings (7 days).

3.2. Test procedures

The methods and standards adopted for the experimental campaign
are presented in Table 3 and they are described in detail in the following
sections. The main European standard for product qualification of
thermal mortars, and all mortars in general, is EN 998-1:2017 [20]. It
provides some indications concerning the classification of the materials,
based on their physical, mechanical and hygrothermal properties, as
well as other characteristics such as fire resistance and durability.
Moreover, it indicates minimum performance requirements and refer-
ence standards for testing procedures. In terms of hygrothermal prop-
erties, standard EN 998-1 accounts for capillary water absorption,
resistance to water vapour diffusion and thermal conductivity, recom-
mending standards EN1015-18 [53], EN1015-19 [49] and EN1745 [54]
for the corresponding test methods. Commercial thermal mortar-based
systems are required to comply with the indications of standard EN
998-1 for single materials. On the contrary, other insulation solutions,
such as ETICS (External Thermal Insulation Composite Systems), must
comply with the requirements defined by the European Guidelines
ETAG 004 [46]. This last standard accounts for tests performed on
samples of complete insulation solutions, thus considering the behav-
iour of each system as a whole. In this work, both regulations are
accounted for in the test procedures. Standard samples of single and
painted materials are tested with consideration of the European speci-
fications EN 998-1, while tile samples of single and combined materials,
as well as complete systems, are evaluated accounting for the indications
of ETAG 004.

In regards to capillary water absorption and resistance to water
vapour diffusion, the European Committee for Standardization (CEN)
also provides some specifications for testing materials for interventions
on heritage buildings: standards EN15801:2009 [57] and
EN15803:2009 [59]. These two regulations are thus taken into account
in the testing procedures and in the analysis of results. Concerning dry
bulk density, even though standard EN 998-1 recommends adopting a
test of full immersion in water as in EN1015-10 [60], the testing pro-
cedure FE Pa 44 [55] is hereby preferred because it defines the mea-
surement of both dry bulk density and open porosity, by means of the
same test of immersion in water under vacuum conditions. Standard
998-1 and Guidelines ETAG 004 do not consider properties related to the
hygroscopic behaviour of materials and systems, such as the sorption
isotherm. For this reason, the international standard ISO 12571 [56] is
adopted. Finally, thermal properties are measured with a Modified
Transient Plane Source (MTPS). Hence, in addition to standard EN1745,
also ASTM D7984:2016 [58] is considered since it specifically addresses
the use of MTPS equipment.

3.2.1. Open porosity and dry bulk density
The dry bulk density and open porosity of hardened mortars were
determined using the testing procedure FE Pa 44 — “Determination of
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Table 2
Summary of the specimens adopted.
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Samples Size Material

Properties tested

Standard samples: single materials and applied paints. Based on EN 998-1:2017

Al-Thermal mortar

A2 - Thermal mortar

B1- Regularization mortar
A3 - Thermal mortar

B2- Regularization mortar

Prism 160 mm x 40 mm x 40 mm

Disk ¢ 200 mm x 20 mm Al - Thermal mortar

A2 - Thermal mortar

B1- Regularization mortar

Bl + C1- Reg. m + Finishing 1
B1 + C2- Reg. m. + Finishing 2
A3 - Thermal mortar

B2- Regularization mortar

Small disk Al - Thermal mortar

A2 - Thermal mortar

B1- Regularization mortar

B1 + C1- Reg. m. + Finishing 1
B1 + C2- Reg. m. + Finishing 2
A3 - Thermal mortar

B2- Regularization mortar

¢ 70 mm x 10 mm

Dry bulk density and open porosity
Capillary water absorption

Resistance to water vapour diffusion

Sorption isotherm

Tile samples: thermal mortars, addition of regularization layer, and complete systems. Samples prepared by layers to better represent real applications, based on ETAG 004 guidelines

for composite insulation systems.

Tile* 150 mm x 150 mm x *40 mm Al
Al + B1
S1 (=A1 + B1 + C1)
S2 (=Al + B1 + C2)
A2
A2 + B1
S3 (=A2 + B1 + C1)
S4 (=A2 + B1 + C2)
A3
S5 (=A3 + B2)

Tile* 110 mm x 150 mm x *40 mm Al
Al +B1
S1 (=A1 +B1 + C1)
S2 (=A1 + B1 + C2)
A2
A2 + Bl
S3 (=A2 + B1 + C1)
S4 (=A2 + B1 + C2)
A3
S5 (=A3 + B2)

Tile* 90 mm x 50 mm x *40 mm S1 (=A1 + B1 + C1)
S2 (=Al1 + B1 + C2)
S3 (=A2 + B1 + C1)
S4 (=A2 + B1 + C2)

S5 (=A3 + B2)

Tile 150 mm x 150 mm x 40 mm Al, A2, A3

Capillary water absorption

Resistance to water vapour diffusion

Sorption isotherm

Thermal conductivity

Specific heat capacity

*In these samples, 40 mm thickness refers to the layer of thermal mortar. The average thickness of samples where regularization mortars B1 or B2 were applied, with

and without paint, is on average 42 mm.

open porosity and bulk and real densities” [55]. For each hardened
mortar, three prism specimens (160 x 40 x 40 mm) were cut into two
halves and only one of them was tested. The specimens were dried to
constant mass (Mqyy) in a ventilated oven (40 & 5 °C) and then put under
vacuum conditions for 24 h (+2h) in a desiccator (400 mbar, Fig. 3a).
The desiccator was then filled with distilled water to keep the specimens
full-immersed, under vacuum conditions, for a further 24 h (4&-2h). The
samples were then removed from the desiccator and their mass was
measured via hydrostatic (My) and gravimetric (Mg,) weighing. Open
porosity (P,) and dry bulk density (pary) were then defined according to
Egs. (1) and (2):

P():

M\'ut - Mdrv 1 Msal B Mdry
- 100% = 100 1
v % Msat - Mh % ( )

Py

— L 2
P ary % 2

3.2.2. Thermal conductivity and specific heat capacity

Measurements of thermal conductivity in building materials may be
performed through a variety of methods, which are broadly classified
into two categories: steady-state methods and transient methods [61]. A
transient method was chosen in this study (Modified Transient Plane
Source, MTPS), because of the several benefits it offers [27,62,63].
Transient methods measure both thermal conductivity and specific heat
capacity within the same test. Moreover, they require smaller samples,
their results depend less on the operator, they are more appropriate for
measurements on moist materials and easier to perform than the steady-
state tests.
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c.u

Fig. 2. Moulds used for (a) prism, (b) disk, (c) small disk and (d) tile samples.

Table 3

Summary of the test methods and standards adopted in the experimental campaign.

Samples Property

Standards/Test procedures Method

Tests on physical properties
Standard samples - Open porosity

- Dry bulk density

Tests on hygric properties
Standard samples - Sorption isotherm

- Resistance to water vapour diffusion
- Capillary water absorption

Tile samples - Sorption isotherm

- Resistance to water vapour diffusion

- Capillary water absorption

Tests on thermal properties
Tile samples of Thermal mortars - Thermal conductivity (M o°c,dry)

- Specific heat capacity (cqry)

- Thermal conductivity, moisture dependent (at 23 °C)

FE Pa 44 [55] Water saturation under vacuum conditions

Climatic chamber

Dry-cup

Wet-cup

One-direction absorption by partial immersion

ISO 12571:2013 [56]
EN 1015-19 [49]

EN 15803:2009 [59]
EN 1015-18:2002 [53]
EN 15801:2009 [57]
ISO 12571:2013 [56]
ETAG 004 [46]

Climatic chamber
Dry-cup
Wet-cup

ETAG 004 [46] One-direction absorption by partial immersion

EN 1745 [54]

ASTM D7984:2016 [58]
Test procedure
explained in the text

MTPS (Modified transient plane source)

Specimens of thermal mortars (150 x 150 x 40 mm) were tested
with an ISOMET 2114 (MTPS, Applied Precision, Ltd), as shown in
Fig. 3b, and the test was based on the indications of standards
EN1745:2020 [54] and ASTM D7984:2016 [58]. The thermal conduc-
tivity and specific heat capacity of the samples were first determined at
dry, standard conditions (10 °C) [54]. Then the thermal conductivity of
moist samples was measured, which is a very important piece of infor-
mation for evaluating their thermal performance at realistic in-situ
conditions [64,65]. Specifically, the samples were soaked with liquid
water, and then left to dry under controlled conditions (23 °C £+ 5 °C,
50% =+ 5% RH). During this time, their thermal conductivity was
determined at three different moisture states, similar to in Parracha et
Al.[66]. The water content of tested samples was defined as the average
between the initial and final amounts during the MTPS measurement
performed, while potential inhomogeneities in moisture distribution
through the sample were disregarded. Thermal properties were
measured only for thermal mortars because these are the only insulation
materials adopted in the solutions considered, thus they are the ones
whose properties determine the thermal performance of the systems.

3.2.3. Sorption isotherm

Porous materials exposed to constant conditions of temperature and
relative humidity tend to exchange moisture with the environment until
reaching a state of equilibrium [67]. The sorption isotherm describes the
relationship between relative humidity and equilibrium moisture con-
tent of a material in the hygroscopic range [68], at a constant temper-
ature. Sorption isotherms are necessary in analysing the moisture
condition of structures [67], especially when multi-layered systems with
no capillary-breaking separations are analysed, which is the case of
mortars applied on masonry components [69].

The determination of moisture content in the hygroscopic range is

based on the climatic chamber method defined in ISO 12571: 2013 [56].
All thermal mortars were tested, as well as the regularization mortars
with and without the finishing paints (small disks in Fig. 3c) and samples
of complete systems (tiles in Fig. 3c). The lateral surface and base of each
sample were sealed, then the specimens were dried to constant mass
(Mqry) and put in the climatic chamber, where the environment was kept
at a constant Temperature (T) of 23 °C, while the Relative Humidity
(RH) of the air was periodically increased through the following steps:
30%; 50%; 70%; 80% and 95%. The mass of the samples was weighed
every 24 h until reaching the equilibrium state (mass Mgy ;) and the
corresponding moisture content (wgy ;) was obtained as:

ey = Mrei = Moy ®)

\%4

where V indicates the volume of each sample, which was geometrically
determined. Sorption isotherms were finally obtained by plotting equi-
librium water contents against relative humidity during the absorption
process.

3.2.4. Resistance to water vapour diffusion

The test was based on EN 1015-19 [49] and ETAG 004 [46]. It was
performed in a climatic chamber, at 23 °C and 50% RH, with the cup
method, for disk samples of single and painted materials, and for layered
tile samples of single and combined materials (Fig. 3d). As vapour
permeability depends on the conditions of humidity taken into account
[701, two types of tests were performed, with the dry-cup and wet-cup
settings. The dry-cup test was performed by using a desiccant
(aqueous solution saturated with calcium chloride, CaCly) to create a 0%
RH environment inside the cup. On the other hand, in the wet-cup test
the indoor environment was kept at 100% RH by using liquid water
[71]. These conditions of extreme RH were chosen to take into account
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Fig. 3. Experimental campaign: apparatus for testing open porosity (a), thermal properties (b), sorption isotherm (c), water vapour permeability (d) and capillary

water absorption (e, f).

the suggestions of standard EN 15803:2009 [59] for materials for
application in cultural property, which recommends considering very
low and/or very high RH inside the cup (namely around 0% RH and 93%
RH in the standard).

To ensure that vapour flux would pass only through the horizontal
surfaces of the samples, their lateral areas were sealed. Once the
experimental setup was ready, periodic weighings were performed until
constant vapour flux was reached in 5 successive measurements. At that
point, the water vapour permeability of the sample was quantified ac-
cording to Fick’s law as suggested in ISO 12572:2016 [72]:

_ G kg
6=d (A-Apv> [msPa} ’ “)

where d is the thickness of the specimen [m], G is the average vapour
flux in the last 5 measurements [kg/s]; A is the exposed area of the
sample [ m?] and Ap, is the difference in vapour pressure between the
horizontal faces of the sample [Pa]. Vapour pressure was derived from
the temperature and relative humidity in the test:

e Pvy = 0.00 Pa, at 23 °C and 0% RH (interior surface in the dry-cup);

e Pvgy = 1403.91 Pa, at 23 °C and 50% RH (facing the controlled
environment in the climatic chamber);

e Pvigo = 2807.81 Pa, at 23 °C and 100% RH (interior surface in the
wet-cup).

Finally, the water vapour resistance factor was defined as the ratio
between the vapour permeability of still air (§,) and the permeability of
the sample (6):

611
H="% (5)
with 8,~ 195 1012 kg/(m s Pa) at 23 °C and atmospheric pressure.

For systems and paints, guidelines and standards consider the water-
vapour diffusion-equivalent air layer thickness, sq, instead of p, which is
defined as:

Sq = ﬂ‘d (6)

The sq of paints and single layers of mortars were calculated by
difference (between specimens with more and fewer layers), applying
Fick’s law to multi-layered samples, as shown in Ref. [73]:

Sa.5 = Sd_air_i ~+ Sa substrate sd_rop_layer+sd_air_ea (7)

where $d,S> Sd_air_i> Sd substrate, Sd_top_layers Sd_air_e AT€ the Sd of the whole

sample, of its interior surface (inside the cup), of the substrate (sample
without top layer), of the top layer and of the exterior surface of the
sample (the one exposed to 50% RH), respectively. The resistance of the
surfaces are evaluated following the indication of Ref. [74]:

1

67 + 90v ®)

Sdairm] =
with v[m/s] indicating the air velocity at the surface of the sample,
which is considered to be negligible inside the cup (vi~ 0 m/s, sq_gir_; ~
0.015 m) and equal to the air velocity in the chamber at the exterior
surface, (Ve ~ 0.3 m/s, Sq_gir.e ~ 0.011 m). The air velocity in the
chamber was estimated by means of a hot-film anemometer (CaTec-air
velocity transmitters EE65, working range: 0-10 m/s, accuracy: +0.2
m/s).

3.2.5. Capillary water absorption

3.2.5.1. Capillary water absorption curves. Tests on single materials
were based on EN 1015-18:2002 [53] and EN 15801:2009 [57]. For
each material, prism specimens (160x40x40mm) were cut into two
halves and only one of them was tested. The face resulting from the cut
was regularized with sandpaper and its area was geometrically deter-
mined (A). The samples were sealed along their lateral surface (to pre-
vent evaporation during the absorption test [39,53]) and left for 24 h at
controlled conditions (23 °C + 5 °C, 50% =+ 5% RH). Their initial mass
was then measured (M) and they were positioned in a tray filled with
water, on lateral supports, so that the level of water was 5-10 mm above
the tested surfaces, as shown in Fig. 3e. The mass of the specimens (M;)
was periodically measured and the change of water content per unit
area, (M;-My)/A, was plotted versus the square root of time, 2 to
obtain the water absorption curves of the materials.

The testing methodology adopted for tile samples was based on
ETAG 004 [46]. The procedure followed was very similar to the one
adopted for prisms, except that tile samples were not cut in the process.
Tile samples were sealed along their lateral surfaces, left for 24 h at
controlled conditions, and then put in the trays, on lateral supports, with
the tested surface 5-10 mm under the water level, as shown in Fig. 3f.
The specimens were periodically weighed, and the water absorption
curves were determined as for prism specimens.

3.2.5.2. Capillary water absorption coefficient. The water absorption
curves can be separated into two parts. The first part describes the
capillary-dominated absorption, and it can be approximated with a
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Open porosity, dry bulk density and thermal conductivity of hardened mortars (measured and declared). Specific heat capacity measured for thermal mortars.

Material Properties declared by the manufacturers. Experimental Results (Average + SEM)
Open por. Dry bulk density Th. Cond. Open porosity Dry bulk density Th. Conductivity (10 °C, dry) Sp. Heat Capacity (dry)
Py [%] pary [kg/m®] A [10® W/m K] Po [%] pary [kg/m3] A 1oec, dry Cpary
[10° W/m K] [J/kg K]
Al 71.64 370 +10% 45 34.16 +0.18 612.8 +5.4 97.83 +0.72 843 + 50
A2 71.64 440 + 10% 80 30.72 + 0.26 724.2 + 6.2 126.90 + 0.84 848 + 60
A3 — 350 + 50 50 28.83 +0.46 342.3 +6.1 65.4 +238 919 + 146
B1 — 1350 + 10% / 30.654 +0.074 1616.5 +1.8 / /
B2 — 1450 + 100 / 31.11 + 0.25 1315.5 + 75 / /

— : not declared; /: disregarded; Por.: Porosity; Th.Cond.: Thermal Conductivity.

straight line [75] whose slope is represented by the capillary water
absorption coefficient (Ay) [76]. Standard EN 1015-18:2002 approxi-
mates this coefficient to be the rate between 10 min (weight M1) and
1.5 h (weight M2) of absorption. Whereas, Standard EN 15801:2009
accounts for the slope of the regression line through the first 5 mea-
surements, and ETAG 004 considers the rate between the starting point
and the water absorption at 24 h. The three coefficients were determined
to allow for a comparison aimed to define what type of A, to adopt in
forthcoming numerical simulations.

4. Analysis of experimental results
4.1. Open porosity and dry bulk density

The results obtained for open porosity (Pg) and dry bulk density
(pary) of hardened mortars are reported in Table 4, together with the
values declared by the manufacturers.

All mortars have similar values of porosity, around 29-34% for
thermal mortars and about 31% for regularization mortars. The values
obtained with regularization mortars are in line with the Py experi-
mentally observed by other authors [23,24,39], i.e. 26%-38% for plas-
tering/rendering mortars made with cement, hydraulic lime and mixed
binders. On the other hand, the open porosity observed in thermal
mortars appears quite low for industrial mixes containing air-entraining
admixtures, considering that other authors obtained about 70% for a
lime-perlite thermal render [39] and 46-47% for commercial lime-cork
mortars [24]. Similar results were instead obtained in an experimental
study on cement-cork mortars where no admixtures were considered (Pg
= 38% [24]). These outcomes suggest a lack of efficacy of the air-
entraining admixtures adopted in the thermal mortars analysed. This
concern is further confirmed, in the case of mortars A1 and A2, by the
fact that the experimentally obtained Py is less than half the declared
value.

The dry bulk densities measured are very similar to the design values
for mortars A3 and B2, and comparable for mortar B1 (with a difference
of about 20%). On the contrary, the results obtained for cork-based
mortars (Al, A2) are 65% higher than declared. This outcome is
coherent with the reduced open porosity obtained for the two cork-
mortars in comparison with the value declared in their technical
sheets, which indicates a limited presence of voids in the materials and
higher compactness than originally designed for. The three thermal
mortars have a dry bulk density lower than 1300 kg/m3, which is the
maximum value admitted for lightweight mortars in standard EN 998-1.

The discrepancy observed in the measured and declared dry bulk
density for lime-cork mortars Al and A2 appears very relevant. For this
reason, the accuracy of the measurements was investigated by repeating
the test with another method and different samples. Three tile specimens
of thermal mortars Al and A2, stabilized at 23 °C + 5 °C and 50% =+ 5%
RH, were considered. Their volumes were geometrically determined,
and their mass measured by gravimetric weighing. The results obtained,
Pary ALLsile = (567.4 + 2.2) kg/m® and pary a2 sile = (695.6 % 3.9) kg/m®,
are in the same order of magnitude as those observed with prism

samples, thus indicating that the dry bulk densities presented in Table 4
are in fact representative of the samples of hardened mortars A1 and A2
obtained in the laboratory.

4.2. Thermal conductivity and specific heat capacity

The thermal properties of dry thermal mortars, at 10 °C, are reported
in Table 4. The measured specific heat capacity is around 850 J/(kg K)
and 920 J/(kg K) for the two cork-based mortars and the one with EPS,
respectively: a difference that does not seem significant, given the high
variability in the Cqyy of the EPS-mortar (high SEM). These results are in
line with the value observed by Walker and Pavia [36] for a lime-cork
mortar (866.50 W/kg.K) and with the ones measured by Horma et al.
[77] for EPS-cement plaster composites (1000-1150 W/kg.K).

Also the results obtained for thermal conductivity are similar to the
ones observed in previous studies on thermal mortars. The thermal
conductivity of A3 is in line with the results obtained by Maia, Ramos,
and Veiga [23] for lime and mixed-binders mortars containing EPS,
which were in the range of 0.049-0.078 W/(m.K). The results of lime-
cork mortars Al and A2 are similar to those presented by Gomes et Al
[65] for lime and cement mortars containing cork aggregates, i.e. values
between 0.07 and 0.10 W/(m.K). These values are also aligned with the
ones observed by authors studying thermal mortars for adoption in
historic buildings, such as lime-based solutions with hemp, cork and
perlite, i.e. 0.07 — 0.10 W/m.K [36,39]. Furthermore, the thermal con-
ductivities detected are more promising than those obtained in studies
considering plasters based on gypsum and EPS[78] (A = 0.12-0.22 W/
(m.K)) or lime and expanded glass [37] (A = 0.35 W/(m.K)), while they
offer lower performance than solutions based on lime and advanced
insulation materials such as aerogel [29] (thermal conductivity as low as
0.025 W/(m.K)).

All mortars showed higher thermal conductivities than the ones
declared by manufacturers. The A3 mortar was found to be 30% higher
than declared and A2 was more than 60% higher, while A1 had more
than twice the declared value. For A3, the discrepancy may be related to
differences in preparation and conditioning of the samples, or to a dif-
ference in the application method adopted, as observed by Govaerts
et al. [39] who obtained a 50% higher thermal conductivity than
declared when studying lime-perlite thermal mortars. On the contrary,
for thermal mortars A1l and A2, the results are probably affected by the
reduced open porosity experimentally obtained.

According to the European standard EN 998-1 [20], thermal mortars
Al and A3 can be classified as T1, i.e. thermal conductivity (A) < 0.10
W/(m.K), whereas A2 belongs to thermal class T2 (A < 0.20 W/(m.K)).
Nevertheless, considering the values declared by the manufacturers,
they would all be classified as T1. ETAG004 guidelines for composite
thermal insulation systems set stricter requirements, defining a
maximum threshold value of Ayax = 0.065 W/(m.K) for the insulation
layer of ETICS. Thus, the thermal mortars considered only offer mod-
erate thermal insulation capacity in comparison to typical ETICS solu-
tions (such as EPS and mineral wool-based ones), since they exceed the
Amax defined by ETAG004. However, they still seem to be of interest for
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adoption in climates with moderately cold winters because they comply
with the requirements set by EN 998-1 for thermal mortars, and they
offer much better thermal performance than traditional renders and
plasters based on gypsum, lime and cement, whose thermal conductiv-
ities are typically in the range of 0.4 — 1.0 W/(m.K) [79].

The results obtained with thermal mortars at different moisture
contents are shown in Fig. 4. As expected, thermal conductivity rele-
vantly increases when moving from lower to higher water contents.
Furthermore, a strong exponential correlation (R? > 0.97) is found be-
tween the moisture content (mass by mass) and the thermal conduc-
tivity, normalized by its value at 23 °C, 50% RH, as suggested in
standard EN ISO 10456:2007 [80].

4.3. Sorption isotherm

4.3.1. Standard samples: small disk samples of single materials and applied
paints

Fig. 5a and 5b show the Sorption isotherms obtained via laboratory
testing, in comparison with some results found in the literature. Cork-
based mortars (Al, A2) show very similar curves while EPS-based
mortar (A3) has a lower moisture absorption at all steps of relative
humidity. This difference is probably due to the difference in open
porosity between the first two mortars and A3, and to the hydrophobic
nature of EPS. The literature indeed indicates that EPS has a lower
moisture content than cork along the whole sorption curve (Fig. 5a).
Regularization mortars B1 and B2 have similar moisture absorption at
all steps of RH, with small but noticeable differences at 70% and 80%
RH. The effect of paint C1 on regularization mortar Bl is to lower its
moisture content to a very small extent, which appears to be relevant
only at 95% RH. On the contrary, silicate paint C2 noticeably reduces
the moisture absorbed by the sample, from 70% RH on. The results
obtained for cork-based mortars are in agreement with the water content
measured for a lime-cork mortar at 23 °C, 80% RH by Walker and Pavia
[81]. Similarly, the moisture contents obtained for thermal mortar A3
and regularization mortars B1 and B2 are close to the values observed at
80% and 90% RH by Maia, Ramos, and Veiga [23] for a mixed binder

mortar with and without EPS aggregates, respectively. Detailed results
obtained with single materials and regularization mortars finished with
paints are reported in Table 5 and they are the ones which are adopted
for the database for numerical simulations.

4.3.2. Tile samples: Samples of complete systems

Sorption isotherms of complete systems are reported in Fig. 5Sc.
Systems S1 (Al + B1 + C1) and S3 (A2 + B1 + C1) present very similar
behaviour, which was expected since they are regularized and finished
with the same materials, and their base thermal mortars also have very
similar sorption isotherms. Likewise, systems S2 (Al + B1 + C2) and S4
(A2 + B1 + C2) present comparable moisture contents along all their
sorption curves, as readable in Table 5. Furthermore, systems finished
with paint C1 have higher sorption isotherms than the ones painted with
C2, and S5 has the lowest equilibrium moisture content throughout the
whole test.

4.4. Resistance to water vapour diffusion

4.4.1. Standard samples: Disk samples of single materials and applied
paints

The vapour resistance factors obtained with standard disk samples
are shown in Fig. 6 and Table 6. The results obtained with the wet-cup
method are lower than with the dry-cup. This outcome is characteristic
of hygroscopic materials, as they experience an increase in moisture
transport at high relative humidity, because of the contribution of liquid
transport effects [69,82]. With each method, thermal and regularization
mortars show similar vapour resistance factors, all in the order of
magnitude 10-20, which is coherent with the fact that they have com-
parable open porosities.

With the wet-cup settings, all thermal mortars (A1, A2, A3) comply
with the restriction of EN 998-1:2017 [20] that defines a maximum
vapour resistance factor of 15 for thermal mortars. For other rendering
and plastering mortars, the standard only requires that materials have a
u that is equal to or lower than the one declared by the manufacturer. In
this regard, mortar B1 shows, at wet testing conditions, a resistance
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Fig. 5. Sorption isotherms of (a) thermal mortars, (b) regularization mortars with and without paints and (c) whole systems, compared to other results from the

literature: cork and EPS [67], ME, MB [23] and LC [81].

Table 5
Sorption isotherms, experimental results.

Volumetric water content, w [kg/m®]

AtRH : 30% 50% 70% 80% 95%

Al 1.643 + 0.0060 3.98 + 0.041 9.0 + 0.1 18.4 =+ 0.25 35.3 + 0.56
A2 1.66 =+ 0.034 3.87 + 0.038 8.7 =+ 0.16 17.9 =+ 0.35 37.5 =+ 0.91
A3 0.74 + 0.031 1.53 + 0.033 4.16 + 0.075 14.3 + 0.22 33 + 1.1
Bl 111 + 0.015 2.29 + 0.018 4.92 + 0.082 12.2 =+ 0.21 34.1 + 0.92
B1C1 1.20 =+ 0.058 2.49 + 0.079 5.4 =+ 0.21 11.4 =+ 0.46 29 =+ 1.4
B1C2 0.92 + 0.018 2.09 + 0.018 4.64 + 0.051 6.7 + 0.13 15.7 + 0.38
B2 1.06 + 0.037 2.29 + 0.031 5.99 + 0.034 16.0 + 0.25 34.6 + 0.75
S1 1.23 + 0.038 3.5 + 0.10 7.3 =+ 0.22 12.4 =+ 0.32 22 + 1.8
S2 0.85 =+ 0.045 2.7 + 0.12 5.8 =+ 0.22 10.2 =+ 0.30 17.3 =+ 0.48
S3 1.31 + 0.019 3.76 + 0.048 7.96 + 0.090 13.2 + 0.15 22.3 + 0.32
sS4 0.87 + 0.051 2.79 + 0.091 6.0 £ 0.15 10.6 =+ 0.12 18.8 + 0.15
S5 0.80 + 0.015 1.86 + 0.023 3.87 =+ 0.039 6.75 =+ 0.091 11.4 + 0.18

factor that agrees with the value declared by the manufacturer, i.e.
u<15. On the contrary, mortar B2 and all thermal mortars have resis-
tance factors which are more than double the declared value (udeclared <
4-5), at wet conditions.

Even though paints C1 and C2 are both declared to be “breathable”,
they give very different results when applied on samples of regulariza-
tion mortar. C1 has a negligible effect (a maximum of 5% increase in p of
the finished sample) while C2 causes a strong increase of the resistance
factor of the samples, especially at dry conditions (5 times higher u than
in the unfinished specimens). Hence, silicate-paint C2 shows much

higher resistance to vapour diffusion than lime-paint C1.

The results obtained for regularization mortars are aligned with a
previous study on cement-based mortars, where industrial and tradi-
tionally prepared mixes gave p-values of about 8.2-14 and 18, at wet
testing conditions [83]. Furthermore, the results obtained have the same
order of magnitude of the resistance factors observed by Veiga et al. [50]
with mortars based on cement and air lime, i.e. p-values in the range of
4.6-6.0. The vapour resistance factors obtained with the specimens of
thermal mortars are similar to those observed in previous studies, i.e.
7.5-13.5 for cork and EPS thermal renders [23] and around 10-20 for
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Fig. 6. Resistance to water vapour diffusion, experimental results.

Table 6
Resistance to water vapour diffusion, experimental results.

Standard samples of single materials and applied paints

Direct measures Indirect measures (difference with substrate)
Vapour resistance factor, u [-] Equivalent air thickness of paints, Sd [m]
Dry - cup Wet - cup Dry - cup Wet - cup
Al 17.8 + 0.97 12.1 + 0.19
A2 19.1 + 0.68 14.3 + 0.06
A3 13.3 + 0.82 10.7 + 0.98
Bl 13.6 + 0.36 11.1 + 0.07
Bl + C1 14.3 + 0.46 11.2 + 0.91 — 8d_C1 0.020 + 0.0090 0.01 + 0.010
Bl + C2 90 + 14 30.4 + 2.2 — §d_C2 1.5 + 0.26 0.38 + 0.041
B2 13.2 + 0.18 10.1 + 0.18

Tile samples - thermal mortar, addition of regularization and complete systems.

Direct measures Direct* and Indirect measures (difference with substrate)

Equivalent air thickness, Sd [m] Vapour resistance factor of mortars, u [-]
Equivalent air thickness of paints, Sd [m]

Dry - cup Wet - cup Dry - cup Wet - cup
Al 0.58 + 0.014 0.47 =+ 0.016 — pAl* 14.6 + 0.29 12.0 =+ 0.49
Al 4 B1 0.633 + 0.0092 0.533 + 0.0044 — u_B1 20 + 2.4 12 + 1.8
S1 0.642 + 0.0013 0.519 + 0.0008 — 8d_C1 0.058 + 0.0042 0.035 + 0.0016
S2 0.98 + 0.037 0.84 =+ 0.019 — 8d_C2 0.41 + 0.039 0.37 =+ 0.022
A2 0.747 + 0.0090 0.584 =+ 0.0080 — p_A2* 18.8 + 0.26 14.7 =+ 0.22
A2 + Bl 0.759 + 0.0080 0.60 + 0.013 — u_B1 16 + 1.8 15 + 2.7
S3 0.75 + 0.017 0.59 =+ 0.026 — 8d_C1 0.048 + 0.0071 0.04 + 0.019
sS4 1.04 + 0.058 0.84 =+ 0.018 — 8d_C2 0.33 + 0.062 0.28 =+ 0.024
A3 0.44 + 0.020 0.37 + 0.016 — p_A3* 11.0 + 0.52 9.2 + 0.44
S5 0.48 + 0.010 0.40 + 0.014 — p_B2 16 + 3.0 14 + 3.5

*For Al, A2, and A3, the vapour resistance factor is directly measured from the results obtained with tile samples made of thermal mortars. For regularization mortars
(B1, B2) and paints (C1, C2) the results are obtained indirectly.
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hemp-lime plasters [27], at dry testing conditions.

On the other hand, the experimentally observed results are worse
(higher resistance to vapour diffusion) than the ones obtained in a study
[35] on thermal mortars made of various binders, glass fibre reinforced
polymer powder (GFRP) and air-entraining additives, i.e. p-values in the
range of 1.2-6.6. In this case, the authors inferred that the combined use
of additives and GFRP powder improved the level of entrapped air in the
mortars, which is probably why they obtained much better results than
the ones hereby observed with thermal mortars which have a moderate
open porosity.

The sq measured for paints is in agreement with the results obtained
in other studies where various silicate-paints were tested at wet condi-
tions (sq around 0.4-0.6 m) [84] and lime-paints were analysed with the
dry-cup method (sq of about 0.01-0.03 m) [85].

4.4.2. Tile samples: Samples of thermal mortar, addition of regularization,
and complete systems

The water-vapour diffusion-equivalent air layer thickness (sq)
measured with tile samples is reported in Fig. 6. The results obtained
with both the dry and wet-cup show that the addition of regularization
mortars (B1, B2) and lime-paint C1 leads to very small increases of sgq,
with a maximum difference of about 10% between the samples of
thermal mortars and the ones completed with B1 and C1. By contrast,
the use of silicate-paint C2 causes a high increase of s4: systems S2 and
S4 have about 40% to 50% higher sg4-values than unfinished samples.
Nonetheless, all systems do comply with the threshold value indicated
by ETAG 004 [46], i.e. sq < 1.0 m at wet conditions (wet-cup with 93%
RH in the guidelines).

It is worth highlighting that ETAG004 does not set a requirement on
the vapour permeability of complete systems, but it does for the sq of the
rendering systems applied on ETICS. Thus, this is the threshold value
hereby adopted as a reference. Furthermore, the maximum sgq recom-
mended by ETAG004 depends on the type of insulation material adopted
in the system, namely cellular plastic or mineral wool. In this study, the
value considered is the one set for mineral wool-based insulation as it is
a vapour-permeable material, similarly to the thermal mortars hereby
considered.

The detailed results obtained for tile samples, as well as the resis-
tance of the paints indirectly measured, are reported in Table 6. The sq
obtained for paints confirms that C2 is much less permeable than C1:
according to EN 1062-1:2004 [86], the vapour permeability of the two
paints can be respectively classified as medium (Vs: 0.14 < sq < 1.4) and
high (Vy: sq < 0.14). The magnitude of the results is consistent with the
outcomes of previous studies: sq values in the range of 0.4-0.6 m were
measured for various silicate-paints in Ref. [84] and increases of
0.01-0.03 m in the s4 of samples were detected when two types of lime-
paints were applied to them, in Ref. [85].

Similar but not completely compatible results are observed with
paints applied in different systems. On one hand, the results obtained for
the sq of paint C1 from samples of system S1 and S3 are compatible. On
the other hand, the results obtained for C2 from samples of S2 and S4 are
compatible only at dry conditions. This fact can be related to the higher
uncertainties that are involved in the wet-cup method, which is
considered less reliable than the dry-cup because of the sensitivity of the
results to changes in relative humidity and surface resistance at the
inside-exposed surface of the samples [82].

The results obtained for the systems are similar to those observed in a
previous study on insulation solutions based on thermal mortars with
EPS and cork aggregates [23]. In this study, the authors obtained sq of
about 0.4-1.2 m and 0.4-1.0 m, at dry and wet test conditions,
respectively (results approximatively converted from the original values
referring to 20 mm-thick samples, by adopting a conversion factor of 2).
Comparable results were also obtained in a study on an aerogel render-
based solution [87], where the equivalent air thickness of the whole
system, finished with impermeable epoxy paint, was about 1.0 m at dry
conditions (value roughly converted from the original result referring to
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25 mm-thick samples). Finally, it is worth highlighting the scarcity of
literature considering the vapour permeability test on complete insu-
lation systems based on thermal mortars, which is probably a conse-
quence of the standard requirements of EN 998-1, which does not
account for the behaviour of complete systems, but only single mortars.

4.4.3. Standard and tile samples: Comparison of results and values selected
for the database for numerical simulations

The vapour resistance factors of mortars, obtained from tile and
standard samples, are provided in Table 6. Results show that the resis-
tance factors have some variability according to the type of samples
adopted. In particular, the results obtained with tile specimens of ther-
mal mortars were very similar to the ones resulting from testing disk
samples (2%-18% differences at dry conditions). Thus, the difference in
geometry and construction of samples via double layering does not
appear to have affected the results to a relevant extent. For regulariza-
tion mortars, the differences are more important, with tile samples
giving 20-30% higher sq than standard ones. In this case, the application
of the mortars on a porous support and the definition of the results by
indirect measurement had a more evident influence on the test out-
comes; however, results are still comparable. A much more important
difference is found between the results obtained for paints applied on
disk and tile supports, especially for paint C2, whose sq is about 4-times
higher with disk samples than with tile ones.

In summary, the different samples adopted (standard disks and
layered tiles) gave quite comparable results for the resistance to water
vapour of mortars and very different results for paints, especially C2.
This outcome appears coherent with the observations presented in
previous studies which stated that:

e the permeability to water vapour of paints can noticeably depend on
the substrate adopted [70];

o the use of layered samples of mortars can affect the porosity of the
specimen, because of the suction that the first hardened layer
(porous support) may exert on the water contained in the fresh
mortar applied on it [88].

Thus, samples obtained from moulds (standard samples) and from
the application of successive layers of mortars (composite tile samples)
can show differences in their physical properties, potentially leading to
different vapour permeability of the paint-layer applied to them. The
geometry of the samples may have also played a role in leading to
different results with different types of samples. However, given that
specimens of the same material (thermal mortars) gave quite compa-
rable results, regardless of the shape of the samples (disks and tiles), the
influence of the geometry is considered of minor importance.

Even though the results obtained with standard disk samples offer
higher accuracy, thanks to the direct measurements performed, the
values obtained indirectly for single materials, from tile samples, are
selected for the database for numerical simulations. Indeed, layered tile
samples, and the results obtained with their use, are considered to be
more representative of real applications. For B1, C1 and C2, the resis-
tance to water vapour selected for the database for numerical simula-
tions is the average of the results obtained from the application on
different supports (supports Al and A2 for application of B1, supports
Al + B1 and A2 + B1 for paints C1 and C2).

4.5. Capillary water absorption

4.5.1. Standard samples: Prism samples of single materials

The capillary water absorption curves obtained for single materials
are presented in Fig. 7a and 7b. Lime-cork mortars Al and A2 have
absorption rates that are in line with their open porosities, meaning that
the higher the open porosity, the faster the water absorption. Concern-
ing thermal mortar A3, it shows a different behaviour, having a higher
water content than mortar A2 in the first hours of the test. This result
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ABSORPTION CURVE (PRISM-SPECIMENS)
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Fig. 7. Capillary absorption curves of single materials (prism specimens).

suggests that even though A3 has a lower total volume of interconnected
pores than A2, it has a higher share of them in the large capillary range
[89]. After 3 h of absorption, A3 has a lower moisture content than A2.
This behaviour is clearly readable in the capillary water absorption
coefficients reported in Fig. 7c, where A3 has a higher absorption rate
than A2 in the first 5 measurements and a lower one at 24 h. From 24 h
on, A3 shows the lowest water content among the tested materials,
which is probably the result of both the reduced porosity of the material
and the hydrophobic nature of EPS aggregates. In addition, this outcome
is aligned with the results obtained by Gomes et Al. [24], who observed a
significantly higher reduction of water absorption in mortars containing
EPS than in those containing cork aggregates.

Regularization mortars B1 and B2 have similar open porosities, i.e.
around 31%, but they have very different absorption rates: at 24 h, the
water content of mortar Bl is almost four times higher than in mortar
B2. The reduced water absorption of the latter material can be explained
by the presence of hydrophobic agents, which is very likely since B2 is
designed for direct exposure to outdoor climate.

The capillary water absorption coefficients determined with the
three different methods specified in EN 15801, EN 1015-18 and ETAG
004 are presented in Fig. 7c. In all cases, the value obtained with the first
5 measurements (Ay Regs) is the highest, and the value that accounts for
the average absorption rate at 24 h is the smallest (Ay24). This result
clearly shows that the absorption curves have slopes that flatten with

time, meaning that the absorption rate decreases while passing from dry
to saturated conditions. Furthermore, it emerges that the coefficient
obtained at 24 h is not representative of the materials analysed, as some
of them (A3 and B1) reach saturation before this time.

The coefficients Ay, regs and the coefficient of determination of the
regression lines are also reported in Fig. 7c. According to these results,
mortars A2, A3 and B2 have an absorption coefficient lower than 0.40
kg/(mz.minl/ 2), and thus they belong to the absorption class W1, while
Al and B1 belong to the class WO of standard EN 998-1 [20]. Mortar Al
does not comply with standard requirements as the coefficients deter-
mined with the three methods are all above the reference threshold
value recommended for thermal mortars (0.40 kg.mfz.minfl/ 2). This
result is likely to be related to the low open porosity experimentally
obtained, which suggested a lack of efficacy of the air-entraining ad-
mixtures, with consequent reductions of the macropores in the mortar,
as well as of their effect on lowering the capillary water absorption
coefficient of the material [35].

Standard 998-1 does not indicate restrictions on the water absorption
of mortars for general renders and plasters, like B1 and B2, allowing all
types of absorption coefficients for them. Regularization mortar B1 has
the highest capillary absorption coefficient among the analysed mate-
rials, as expected. It is in fact declared to be above 0.4 kg/ (m2 min!/ 2) in
its technical sheets.

Mortars A3 and B2 have a declared capillary absorption coefficient of
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less than 0.2 kg/| (m? min'/?), which is not far from the Ay Regs Obtained
and, additionally, it is in strong agreement with the Ay, 10 9o determined,
which is the type of coefficient declared in technical sheets, according to
standard EN998-1 and EN1015-18.

The absorption coefficient obtained for Al is higher than the man-
ufacturer’s declared value, while the coefficient obtained for mortar A2
is lower. These discrepancies are imputable to a different method of
preparation of the samples between this study and the one carried out by
the manufacturers (e.g. spatula or spray application of mortars) with
consequent differences in physical properties, as already observed when
analysing the results of open porosity.

The results obtained for the mortars analysed are similar to the ones
observed by Maia, Ramos and Veiga [23]. The authors reported co-
efficients of 0.1-0.23 kg/ (m? min'/?) for thermal renders with cork and
EPS aggregates and 0.05-1.6 kg/(m? min'/?) for regularization mortars.
Other authors observed great variability in the results obtained with
industrial thermal mortars with cork and EPS [24], namely 0.2-1.0 kg/
(rn2 min!/ 2). Also in this case, the values obtained in aforementioned
study are in the same order of magnitude as the values hereby presented
for mortars Al, A2 and A3.

4.5.2. Tile samples: Samples of thermal mortars, addition of regularization,
and complete systems

Water absorption curves obtained for tile specimens of whole sys-
tems are presented in Fig. 8a and 8b. Results show that systems S2 and
S4 have much smaller water content than S1 and S3, throughout the
whole test. This difference is clearly related to the different use of paints:
C2 in S2 and S4, C1 in S1 and S3. This outcome confirms the water-
repellent nature of C2, which is indeed designed to finish outdoor-
exposed components. Regarding S5, the system is designed for both
indoor and outdoor exposure. It shows a high water content in the first
45 min of the test, which is similar to the moisture content in systems S1
and S3. From that point on, S5 has a lower water content than S1 and S2,
and it reaches saturation before 24 h, with the lowest saturation water
content per unit area of all the systems. Hence, S5 shows a very reduced
moisture content in the long run, but not in the first hour of wetting. For
this reason, it is a system that may experience high water absorption
when subjected to short periods of rain.

ABSORPTION CURVE OF WHOLE SYSTEMS (TILE-SPECIMENS)

24 hours

10 min
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w
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In Fig. 8c, the coefficients obtained at 24 h for whole systems are
presented (Ay 24). All systems designed for outdoor exposure, i.e. S2, S4
and S5, exceed the limitations recommended by ETAG 004, which is an
Ay 24 lower than 0.013 kg/(m2 min?/ 2), explicitly indicated in the
guidelines as a maximum water content of 0.5 kg/m? at 24 h. The co-
efficients obtained at 24 h for the systems indicate that C1 can be ranked
as highly water permeable (A, 24 > 0.065 kg.m 2 min~/?) and C2 as
mediumly permeable (0.065 kg.m 2min~ /2 > Ay 24 > 0.013 kg.m 2
min~'/2), according to standards EN 1062-1:2004 [86] and EN 1062-3:
2008 [52] for paints and varnishes.

The capillary absorption contents obtained with the regression line
through the first 5 measurements (A regs) with all tile samples (thermal
mortars, thermal mortar and regularization, and whole systems) are
reported in Fig. 8c as well, and they are discussed in comparison with the
results obtained for standard prism samples in the following section. It is
worth highlighting that the Ay regs reported in Fig. 8c for mortar A3 was
calculated considering only the first three points of the absorption curve,
due to the fact that tile samples of A3 appeared to get close to saturation
after the third measurement.

Results obtained with complete systems designed for outdoor expo-
sure (S3, S4 and S5) appear to perform worse than the solutions
considered in previous studies on thermal rendering systems, where
much lower capillary absorption coefficients were measured. Indeed,
Maia, Ramos and Veiga [23] observed water absorption coefficients as
low as 0.012 kg/(m2 min'/?) with solutions based on industrial thermal
renders with cork and EPS, while a coefficient of 0.010 kg/(m2 min'/?)
was observed by Pedroso et Al. [87] with an aerogel render-based so-
lution finished with impermeable epoxy paint.

Finally, it is worth highlighting the scarcity of literature considering
the capillary water absorption test on complete insulation systems based
on thermal mortars. Also in this case, the lack of literature is considered
to be a consequence of the standard requirements of EN 998-1, which
does not account for the behaviour of complete systems, but only single
mortars.

4.5.3. Standard and tile samples: Comparison of results and values selected
for the database for numerical simulations
The coefficients obtained for thermal mortars with tile samples

FIRST PART OF THE CURVE

©-S4 oS5 10 min 1.5 hours

Waterabsorbed perunitarea[kg/m2]
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Fig. 8. Capillary water absorption, results obtained with tile samples.
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(Aw regs) are noticeably smaller than the ones obtained with prism
specimens (35-75% reductions). This result reflects the differences in
the geometry of the samples and their construction, as the tile-shaped
ones are prepared with two successive layers of thermal mortar, a con-
struction that tends to reduce water absorption according to a study of
Silveira et Al. on cement mortars [90]. With this type of preparation,
each layer (from the second one on) is applied on a previously hardened
one, which acts as a porous substrate. As explained by different authors
[88,90], the suction exerted by a porous substrate on the water con-
tained in the layer of fresh mortar causes a pore tightening in this ma-
terial, which has an effect on its water absorption capabilities. The
authors also indicate that the higher the porosity of the substrate, the
stronger it affects the applied mortar, which is consistent with the result
hereby presented. Indeed, Al has the highest open porosity and the
strongest decrease of absorption coefficient from prism to tile samples, i.
e. about 75%, followed by A2 and A3 with reductions of around 55% and
35%. Furthermore, the construction by successive layers gives rise to the
presence of interfacial hygric resistances in-between, which can further
reduce liquid water transport [91,92].

A similar reduction of capillary absorption is likely to affect also the
performance of regularization mortars. Indeed, although a high ab-
sorption coefficient is observed with prism samples of B1, the applica-
tion of this mortar on samples of thermal mortars A1 and A2 does not
imply an increase in the water absorption coefficient of the samples, but
quite the opposite. This result suggests a reduction in the absorption
capabilities of B1, due to the application on a porous support, together
with the presence of interfacial hygric resistances between successive
layers in the assembly.

The capillary water absorption coefficients considered for the data-
base for numerical simulations are those obtained from the regression
line through the first five measurements. This choice is taken to avoid
underestimating the absorption of liquid water during short periods of
rain. This aspect is indeed very relevant as moisture is the most
important in-service degradation agent [83], and it can lead to serious
damage in the walls [93]. For thermal mortars, the results obtained with
tile samples are the ones selected, as they appear more representative of
real applications. For regularization mortars, the A,, can not be
extrapolated from the results obtained with tile-layered samples, thus
the value adopted is the Ay regs of standard specimens. For paints, the
results obtained with the application of the two finishings on tile sam-
ples (complete systems) are adopted. In particular: for C1 the value is
obtained from the average Ay regs of systems S1 and S3, and C2 is taken
as the average of systems S2 and S4.

Construction and Building Materials 315 (2022) 125640
5. Synthesis and discussion of experimental results

5.1. Performance of materials and systems in comparison with standard
requirements

The results experimentally obtained are summarized in Table 7, in
comparison with the standard threshold values set in the standards EN
998-1 and ETAG 004. In the table, “V” and “X” are adopted to indicate if
the requirements were fulfilled or not, respectively.

5.2. Synthesis of results: database for numerical simulations

The extensive experimental campaign presented in this study
allowed the definition of a complete hygrothermal characterization of
materials and systems to be used in numerical simulations. The data
obtained is synthesized in Table 8. The database provided can be of great
help to future studies focused on the efficacy and compatibility of
thermal mortar-based systems for application on historic walls, as shown
in a preliminary study presented by the authors [95].

5.3. Discussion of results

5.3.1. Results obtained with different types of samples

Different types of specimens were adopted for the experimental
campaign: standard samples of single and painted materials and tile
samples, prepared by layers, which better represent real applications
and complete systems. The first typology is based on the European
specifications for mortars for masonry EN 998-1 and the second one is
aligned with the requirements of the European guidelines for external
thermal insulation composite systems ETAG004. The results obtained
led to the following observations:

e the use of layered-tile and standard samples did not result in relevant
differences in terms of vapour permeability of mortars, but it did
for paints, especially for C2 at dry conditions. In the latter case, the sq
obtained with standard samples was 4-times higher than the one
obtained with tiles. This outcome is coherent with a previous study
[70] which observed that the resistance of paints to vapour diffusion
can noticeably depend on the substrate adopted;

relevant reductions of capillary water absorption were obtained
with tile layered samples of thermal mortars, with A,, coefficients
75%-35% lower than in standard samples. Similar differences have
been observed also in previous studies [88,90] which indicate that
sample preparation can affect the physical properties of mortars,
especially when they are applied on porous supports (for example the
previously hardened layer) that can absorb water from the fresh
mortar applied. Furthermore, in samples prepared by successive
layers, the effect of hygric resistances at the interfaces [92] between

Table 7
Compliance of mortars and insulation systems with standard requirements (EN 998-1, ETAG004).
Standard requirements materials systems
Al A2 A3 Bl B2 S1 S2 S3 S4 S5
- Resistance to water vapour diffusion
EN 998-1: p-value (wet-cup) < 15 for TM A% \% \% - - — - — _ _
ETAGO004: sq4 (wet-cup) < 1.0 m - - — _ _ v
- Capillary water absorption
EN 998-1: Aw < 0.40 kg.m~2.min"/2 for TM X \% \% - - - 7 - _ _
ETAGO004: Aw 54 < 0.013 kg.m %.min /2 - - - - _ _* X _x
- Thermal conductivity
EN 998-1: A < 0.20 W/(m K) for TM A% \% \4 - - - - — _ _

ETAGO004: A < 0.065 W/(m K) - -

TM: thermal mortars, V: verified, X: failed, -: not applicable, -*: not considered for internal insulation systems.
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Table 8

Characteristic of thermal insulation systems and properties of the materials for numerical simulations.

Construction and Building Materials 315 (2022) 125640

Thermal insulation systems:

Systems Side of insulation Composition of the system
S1 based on cork-mortar Al INTERIOR th.m. A1 (4 cm) + reg.m. B1 (2 mm) + paint C1 (0.5 mm)
S2 based on cork-mortar Al EXTERIOR th.m. A1 (4 cm) + reg.m. B1 (2 mm) + paint C2 (0.5 mm)
S3 based on cork-mortar A2 INTERIOR th.m. A2 (4 cm) + reg.m. B1 (2 mm) + paint C1 (0.5 mm)
sS4 based on cork-mortar A2 EXTERIOR th.m. A2 (4 cm) + reg.m. B1 (2 mm) + paint C2 (0.5 mm)
S5 based on EPS-mortar A3 INTERIOR/EXTERIOR th.m. A3 (4 cm) + reg.-finishing m. B2 (2 mm)
th. = thermal, m. = mortar, reg. = regularization
Materials adopted in the insulation systems:
Al A2 A3 B1 B2 C1 C2

DRY BULK DENSITY [kg/ms] 612.8 724.2 342.3 1617 1316 1617 1617
OPEN POROSITY [m®/m?] 0.342 0.307 0.288 0.307 0.311 0.307 0.307
VAPOUR RESISTANCE For layers of paint
FACTOR [-] 0.5 mm thick:
dry conditions 14.6 18.8 11.0 18.3 15.6 106 737
wet conditions 12.0 14.7 9.17 13.4 13.7 72.5 648
CAPILLARY WATER ABSORPTION 0.044 0.022 0.034 0.181 0.034 0.017 0.005

COEFFICIENT [kg/(m? s°-%)]
FREE WATER SATURATION 300.0 215.9 66.2 276.7 128.6 276.7 276.7
Wsat [kg/ms]
MOISTURE STORAGE FUNCTION/SORPTION

ISOTHERM (w [kg/m’])
at RH 30% 1.64 1.66 0.74 1.11 1.06 1.20 0.92
at RH 50% 3.98 3.87 1.53 2.29 2.29 2.49 2.09
at RH 70% 8.97 8.71 4.16 4.92 5.99 5.40 4.64
at RH 80% 18.42 17.91 14.30 12.18 16.02 11.42 6.69
at RH 95% 35.27 37.52 32.84 34.07 34.58 28.57 15.71
at RH 100% 300.0 215.9 66.2 276.7 128.6 276.7 276.7
REFERENCE WATER CONTENT wg, [kg/ms] 18.42 17.91 14.30 12.18 16.02 11.42 6.69
SPECIFIC HEAT CAPACITY
[J/kg K] 843 848 920 *850 *850 *850 *850
THERMAL CONDUCTIVITY
Dry [W/mK] 0.098 0.128 0.065 *0.7 *0.7 *0.7 *0.7
THERMAL CONDUCTIVITY
moisture dependent AL(w) Al A2 A3

w A w A w A

at w0 (50% RH) 33.0 0.107 59.7 0.142 31.7 0.067
at wl 171 0.175 133 0.190 75.9 0.076
at w2 210 0.226 148 0.224 105 0.111
at w3 280 0.315 181 0.300 171 0.171
**at saturation 342 0.325 307 0.498 288 0.249

with A [W/mK] and w [kg/m3]

*assumed from typical values found in lime-mortars from Wufi database [94]. **extrapolated from the exponential correlations A-w.

Sd (wet-cup) [m]

2.0

1.5

1.0

0.5

S2 S4
* S5 °

S3

S1

0.25 050 0.75 1.00 125 150 1.75 2.00

Aw [kg/(m2h0.5)] at 24hours

Fig. 9. Ay, (at 24 h) and sq (wet cup) obtained for the complete systems.
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layers may have further contributed to reducing the capillary water
absorption coefficient of the specimens.

These outcomes show that complete insulation systems may have
very different moisture transport properties than expected from the
characterization of single materials. Thus, it would be beneficial to add
some information concerning the behaviour of complete systems, as
whole units, in the technical sheets of thermal mortar-based insulation
solutions: namely the sq for all systems, and also the A,, for those
designed for outdoor exposure. This additional information would allow
designers to make a much more informed choice and to better forecast
the realistic impact of the system on the moisture dynamics of the wall,
potentially leading to reduced degradation risks and improved dura-
bility of the retrofitted components.

5.3.2. Properties of complete systems
In terms of the properties of complete insulation systems, the
following information was obtained:

e systems intended for external application showed a lower capillary
water absorption than those designed for interior exposure (S3, S1),
due to the reduction of water intake provided by the finishing layer:
paint C2 (in system S2, S4) or mortar B2 (in system S5). Nonetheless,
the three systems (S2, S4, S5) did not comply with the maximum
capillary water absorption defined by the European Guideline for
external thermal insulation composite systems with rendering -
ETAG 004;

regularization and finishing may strongly impact the hygric perfor-
mance of the systems, resulting in characteristics that are very
different from those of the insulation layer. For instance, systems that
differ only in the finishing layer (S1-S2 and S3-S4) resulted in having
40%-60% higher Sd (at wet conditions) when paint C2 was used
instead of C1, even though they were both declared to be “breath-
able” finishings. This outcome is clearly observable in Fig. 9, where
the capillary absorption coefficient and resistance to vapour diffu-
sion of the complete systems are synthesized;

the sorption isotherms obtained with samples of complete systems
showed that the use of different finishings can noticeably affect the
sorption isotherm of the solutions: the use of paint C1 (in systems S1
and S3, designed for internal interventions) resulted in the highest
moisture content along the whole range of RH considered (30%-
95%). This feature appears positive for systems adopted on the
interior side of walls as it can help to improve indoor hygrothermal
comfort [14].

5.3.3. Thermal performance and dependency on water content

The thermal mortars analysed complied with the restrictions set by
EN 998-1 for the thermal conductivity of thermal mortars, while they
exceeded the maximum value allowed by ETAG 004 for ETICS. Thus,
while they have lower thermal insulation capacity than typical ETICS,
they still offer much better performance than traditional plasters and
renders based on gypsum, lime and cement, and so they appear to be
promising for application in climates with moderately cold winters.

Experimental results showed that the influence of water content on
thermal conductivity was very significant. This aspect appears to be
relevant, and it should be indicated and quantified in the technical
sheets of thermal mortars, especially if they are designed for external
insulation systems, as they may experience relatively high water content
during some periods of the year, which could lead to poor thermal
performance. However, the moisture content of exterior systems may be
controlled by the use of an adequately water protective paint or coating
[37], and this could also be stated in the technical sheets.

5.3.4. Differences between declared and measured properties
Relevant differences were found between declared and measured
properties of lime-cork mortars (A1, A2), especially in terms of thermal
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conductivity, which ranged from 60% higher to more than twice the
declared value. The increase observed is considered to be the result of
the following circumstances:

e the lack of efficacy of the air-entraining admixtures, which resulted
in reduced porosity in the tested materials. Indeed, thermal mortars
Al and A2 were found to have less than half of the declared open
porosity. This reduction is concerning because the materials were
carefully prepared following the manufacturer’s instructions. Thus,
if this low porosity was obtained in the laboratory, it is very likely to
re-present itself when the materials are prepared in-situ, with pre-
sumably much less attention and time given to the preparation;

o the application of mortars by spatula. Thermal mortars are sensitive
to manipulation, and it is expected that they provide better perfor-
mance when applied by mechanical spraying. It is indeed expected
that spray application does improve the entrance of air into the fresh
mortar, resulting in higher porosity and, consequently, lower ther-
mal conductivity of the hardened materials. A high amount of
entrained air may also reduce the capillary water absorption [35], as
large voids (above capillary range) work as water barriers. If strong
differences are systematically found between the properties of ther-
mal mortars applied by mechanical spraying and by spatula, it would
be useful to provide some correlated indications in the technical
sheets of the materials, when they are designed to be applied with
both techniques.

6. Conclusions

The experimental campaign provided an extensive hygrothermal
characterization of a selection of thermal mortars and thermal mortar-
based insulation systems, useful as a numerical database for forth-
coming numerical hygrothermal simulations. The thermal conductivity
obtained in the experimental campaign was higher than designed by the
manufactures in the case of all the thermal mortars analysed, probably
due to the variability introduced by the application conditions. None-
theless, all solutions appeared to be potentially beneficial for application
in moderately cold climates (measured A < 0.20 W/m.K). Furthermore, a
strong dependency was observed in the thermal conductivity of thermal
mortars on water content, AM(w).

Experimental results showed that the use of standard samples of
thermal mortars can lead to much higher water absorption coefficients
than layered samples, as up to 75% higher A, coefficients were
observed. Moreover, the permeability to water vapour of the paints was
found to vary noticeably depending if samples of single materials or
complete systems were adopted. In particular, the sq of paint C2 was
found to be 4-times higher in the latter scenario, at dry conditions. These
outcomes showed that the effect of layered constructions and interfacial
phenomena can have a relevant influence on the hygric behaviour of
complete systems. Thus, testing single materials only, which is the
standard requirement for thermal mortar-based systems (EN 998-1), is
in fact not sufficient for understanding the behaviour of composite
insulation solutions based on thermal mortars.

For this reason, it would be beneficial to introduce some information
concerning the hygric behaviour of complete systems into the technical
documentation of thermal mortar-based insulation solutions. This
additional data would help designers to better forecast the impact of
thermal plastering and rendering systems on the moisture dynamics of
walls, which is extremely important when dealing with historic
constructions.
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