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ABSTRACT
The increase of the thermal resistance of building envelopes is a result from the growing
demand of energy efficiency. Several new materials and systems emerged in recent years as an
answer to that growing need. Thermal mortars applied in thermal rendering systems are an
example of how the research community and the building industry try to tackle that challenge.
A gap in the durability assessment of thermal rendering systems can however be observed. The
existing standardization for the durability assessment of mortars does not allow a consistent
evaluation of thermal mortars, especially in multilayer systems. As such, the main goal of the
present work consists in proposing a durability assessment methodology of thermal mortars
applied as multilayer systems. Accelerated ageing cycles, directly applicable to thermal
mortars, were developed through numerical simulation, taking into account material properties,
climatic conditions and consequent degradation mechanisms to which the system is subjected.
A theoretical methodology for the determination of heat-cold cycles that can represent specific

climatic conditions was developed. The implementation of the developed accelerated ageing



cycles and the obtained experimental results contributed to the definition of a new durability
assessment methodology. This methodology defines the accelerated ageing cycles that should
be performed in each climate zone, representative of the main degradation mechanisms. One of
the major advantages is the temperature adaption of the accelerated ageing cycles to the climatic
conditions. The new methodology contributes to the evaluation of new solutions, during their

development stage, and to their adequacy for specific climatic conditions.
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1. INTRODUCTION

The application of new products and systems in building envelopes can contribute to a
reduction of the building service life if there is a lack of technical knowledge. As such, the
durability assessment of new materials and systems during the product development stage is of
major interest. Durability consists of the “capability of a building or its parts to perform its
required function over a specified period of time under the influence of the agents anticipated
in service"[1] and could be affected not only material properties but also by environmental
agents and specific in-service conditions [2]. The improvement of the durability of the materials
and the increase of the service life of buildings is a step towards sustainability as it contributes
to the lowering of waste production and to the reduction of the emission of polluting gases into
the atmosphere [3].

The focus on the energy efficiency in European buildings [4] has led, among other
measures, to the development of building envelopes with growing overall thermal resistance.

As such, the reduction of the thermal conductivity of envelope materials is pursued by the



industry. In the case of thermal insulating mortars, the manufacturers the attempt to lowering
thermal conductivity and density (below 600 kg/m?®) [5]. The strategies to do so include using
lightweight aggregates such as EPS [6, 7], cork [6-9] or aerogel [10, 11] and matrixes of high
porosity. Nevertheless, the lack of experience in their application can result in undesired early
degradation, compromising the durability.

The durability of buildings in-service conditions is highly affected by environmental agents,
material properties, design and corresponding detail, workmanship and maintenance [2].
Materials can react differently to the degradation agents that they are subjected to, being the
selection of materials with properties that meet the durability requirements of great importance
[12]. The knowledge of these parameters is obtained through existing data, which may not
include all the relevant agents. In the case of new products, this knowledge does not exist.
Consequently, the durability evaluation should be an important aspect in their development.
The durability assessment of renders depends on the nature of the materials and the degradation
mechanisms to which the materials are subjected to [13]. In general, the durability assessment
could be carried out taking into account: (a) benchmark tests (usually accelerated ageing tests),
(b) reference materials/comparative tests (used to calibrate the test equipment and the test
materials and methodology, simulating the service environment by accelerating or intensifying
the environmental factors), (c) environmental/stress testing and (d) site testing (natural
exposure or “in situ” monitoring) [14].

According to Escobar and Meeker [15], “acceleration” is not a defined concept and could
have various definitions. Accelerated testing can be expressed as “compress time and accelerate
the failure mechanisms in a reasonable test period so that product reliability can be assessed”
[16]. The acceleration could be performed through several methods, such as the increase of the

rate of use and the level of stress of the testing equipment. Knowing that a large part of the



materials is sensitive to more than one degradation mechanism, the combination of models
should be applied. However, when the failure mechanisms are complex and have many
variables the implementation of physical models, by extrapolation, may not be useful, since
these models are applied for well-known mechanisms. When the degradation mechanisms are
highly complex, the application of empirical acceleration models is more adequate since they
use available data to evaluate the resulting deterioration [15]. The relevance of each degradation
mechanism depends on the climate as well as on the building materials and correspondent
behaviour to the climatic conditions. In general, it is difficult to simulate all the degradation
mechanisms and the way they interact together. In fact, a great amount of research studies
evaluate the effect of temperature and moisture to perform the long-term ageing of building
materials, since they are relevant parameters in the degradation of mortars [17-19]. Daniotti,
Spagnolo [20] developed a specific ageing cycle, considering the specific conditions of a
material/system application (as defined in Guidance Document 3 [21]). However, owing the
difficult to reproduce all the effects, the most representative cycle may be the assertive choice.
The authors state that there exist three different ways of pre-designing ageing cycles: (a)
through existing standards (existing hygrothermal tests could be assumed as the first
hypothesis), (b) applying climatic data analysis (statistical analysis of existing climatic data
combined with the determination of the main degradation mechanisms) and (c) developing a
preliminary degradation model (based on a preliminary degradation simulation model) [22].
The EN 998-1 [23] standard provides durability evaluation (freeze-thaw action) according
to the standard test method presented in EN 1015-21[24] but does not present any specific
requirements regarding the durability of thermal mortars. In addition to the thermal mortar
systems, there are other multilayer systems, such as the External Thermal Insulation Composite

Systems (ETICS). Regarding ETICS, the durability assessment is defined in ETAG 004 [25],



where hygrothermal and freeze-thawing ageing cycles are envisaged. Although existing
standards provide a frame for thermal insulating mortars - EN 998-1 [23] —, the durability
assessment of thermal mortars is not explored and no document refers to their application and
evaluation as a multilayer system. As such, a durability assessment methodology directly
applicable to thermal rendering systems does not exist, which highlights the need of its
development. As observed, the durability assessment is commonly performed through
accelerated ageing cycles that simulate specific climatic conditions. However, the climatic
variability in Europe and the lack of validated ageing cycles, considering thermal rendering
systems, emphasize the importance of developing specific accelerated ageing cycles taking into
account those variables. Directing the durability evaluation to the desired performance will
guarantee solutions that are more durable, raising the adequacy of this type of systems to the
climate where they will be applied.

The objective of this article is to propose a durability assessment methodology applicable
to thermal mortars applied as multilayer systems. The first part of the work consists on the
development of accelerated ageing cycles, through numerical simulation, taking into account
material properties and European climatic conditions. The second part presents the
experimental results of implementing the developed accelerated ageing cycle, which
contributes to the definition of the methodological process of the new durability assessment
methodology. A general durability assessment methodology applicable to thermal rendering
systems, taking into account material properties and specific climatic conditions, represented

by the developed ageing cycles, will be presented (see Fig. 1).

Determination of the relevant Intended Identification of the Development of the most Durability
intrinsic properties of thermal ») climatic ») main degradation ») representative ») experimental
rendering system materials conditions mechanisms accelerated ageing cycles tests

Fig. 1. Durability assessment methodology.



2. MATERIALS AND METHODS

2.1. Framework

Regarding the durability assessment in the European context, the application of thermal
rendering systems in such different climates should be taken carefully. As such, building
envelopes (materials and systems) should be adapted to the environmental actions to which they
will be subjected [26, 27]Since different degradation mechanisms may occur in different
climates, an accurate adaptation of the accelerated ageing cycles (heat-cold, heat-rain and/or
freeze-thawing cycles) is of the highest relevance. One of the most used climate classifications
is Koppen-Geiger [28]. European climates are generally classified as warm temperate (C) and
snow (D), excepting some regions in Spain that are arid (B). Portuguese climate is classified as
warm temperate, summer dry and hot/warm summer (south/north of the country) [29]. The
EOTA Guidance Document [21] presents a simpler approach to classify the European climates,
according to the air temperature and the solar energy intensity. The European temperature sub-
division is performed according to the winter and summer conditions, resulting in three
temperature zones: Zone A (cold winters), Zone B (moderate winters) and Zone C (warm
winters). As such, different agents and related degradation mechanisms may have a significant
impact on fagade systems, such as freeze-thawing, in higher latitude climates, and temperature
fluctuations performed by heat-cold temperature variation. Regarding the air temperature and
the UV radiation, a simple division into moderate and severe climate is also envisaged in the
referred document. Severe climates, with higher solar exposition, may present a significant
degradation in the fagade systems due to the thermal shock in hot surfaces, caused by an abrupt
decrease of temperature originated by cold rain incidence.

Regarding the interest in developing a durability assessment applicable to thermal rendering

systems, it is important to cover a wide range of climates and, consequently, different



degradation mechanisms. Their analysis highlighted the importance of taking into account
representative accelerated ageing cycles of the different European climatic zones. As such, the
durability assessment methodology comprises the development of hygrothermal ageing cycles
through numerical simulation, which can be adapted to different European climates. The
analysis of existing ageing procedures (such as the envisaged in EN 1015-21 and ETAG 004)
combined with hygrothermal simulation led to the development of a new hygrothermal

accelerated ageing cycle, consisting of heat-cold and heat-rain cycles.

2.2. Materials

A commercial thermal rendering system, already in use by the construction industry, was
used as an example case in this work. Its adoption was intended for highlighting the
applicability of the assessment methodology and to obtain practical results. The system is
comprised of 3 main layers: thermal mortar (TR), finishing render (C) and two alternative

finishing coatings (organic — O or mineral — M), which are described in Table 1.

Table 1. Constituent materials of the studied thermal rendering system

Layer Material Binders Aggregates Layer properties
Thermal . 4+2 cm (glass fibre mesh
mortar TR Lime EPS between the layers)
Finishing c Natural hydraulic lime, cement, Mineral fillers, synthetic ~ 4 mm (glass fibre mesh
render pozzolans and polymers fibres and resins in the render)
0 Mineral fillers, resins in aqueous dispersion, pigments, and
Finishing specific additives (antifungals and others)
coating . f Mineral fillers, pigments, and 1to2mm
M Lime and hydraulic binder » DI ‘

specific additives

The thermal rendering system under study was used in the development and implementation

of the accelerated ageing cycles, as shown in Fig. 2.



Developmentofa Development Stage: Implementation Stage:

durability assessment ») Development of accelerated ageing ») Implementation of the accelerated ageing
methodology cycles cycles

Numerical simulation (Fig.3— a) Experimental test (Fig.3 — b/c)

* System:O+C+TR + System: TR+C+0O and M (+mechanical fixations)
* Substrate: ceramic brick + Substrate: ceramic brick

« Interior: Gypsum based plaster * Interior: non-considered

Fig. 2. Methodological process for the development of a durability assessment methodology
applicable to thermal rendering systems

A ceramic brick masonry with a density of 650 kg/m® and a thermal conductivity of 0.13
W/(m-°C)) was used as substrate. An interior plaster was also considered in the numerical
simulations (gypsum plaster with dry bulk density of 850 kg/m? and thermal conductivity of
0.20 W/(m-°C)) [30].

The configuration of the specimens used in the two different stages (development stage —
simulation and implementation stage — experimental) is shown in Fig. 3. The specimen for the
implementation of the developed ageing cycle, was built in a test rig with 3 x 2.5 m? of testing
surface. Two rectangular openings (0.40 m wide by 0.60 m high), consisting of the absence of
the thermal mortar on the substrate, were performed at the superior corners of the rig, positioned

at 0.40 m from the edges (Fig. 3 —b).

o+C

TR

a) b) c)

Fig. 3. Specimen configuration used in the: a) Numerical simulation; b) Implementation —
face view; ¢) Implementation — Section/cut view.



2.3. Test methods

The developed hygrothermal ageing cycles (presented in 3.1) were implemented in the test
specimen presented in Fig. 3-b), in a climatic chamber Aralab Climatest Fitoclima 700 EDTU,
available in the Portuguese National Laboratory for Civil Engineering (LNEC).

To evaluate the durability of the thermal rendering systems, several experimental tests were
performed, before and after the ageing cycles. The liquid water permeability was determined
with the Karsten tubes method measuring the absorbed water volume after 5, 10, 15, 20, 25, 30,
40, 60 and 120 min [31]. After bonding 3 tubes (10 ml) to the rendered surface, each tube is
filled with water and the drop in the water level is recorded. The dynamic elastic modulus was
determined by a non-destructive test, measuring the fundamental resonance frequency. The EN
14146 [32] method was applied using the ZRM Zeus 2005 equipment, at LNEC. The
fundamental resonance frequency is recorded after instantaneous excitation of the specimen.
The adhesive strength test is performed based on the EN 1015-12 [33]. Five circular pre-cuts
were performed, using a core drilling machine and the test using a dynamometer CONTROLS
C 215/D with manometer with a scale 0 to 5 kN with resolution of 50 N. The resistance to

impact test was based on EN13497 [34], using the Martinet Baronnie apparatus.

3. ACCELERATED AGEING CYCLES

3.1. New accelerated ageing hygrothermal cycle

The development of accelerated ageing cycles adapted to thermal rendering systems, which
replicate certain climate conditions, is the most relevant task in the present study. The
combination of the three methods presented by Daniotti, Spagnolo [20], was the base for the
development of the heat-cold cycle, applied to thermal rendering systems:

e Climatic data: using existing climatic data files and “in situ” measurements;



e Existing standards: based on EN 1015-21 and ETAG 004, applied to mortars and
ETICS, respectively;

e Preliminary degradation model: dynamic numerical simulation of the most
representative degradation mechanisms.

The principle consists in combining the effect of temperature variation and water action in
two distinct ways:

e High-temperature variation: heat-cold cycles;
e Thermal shock: abrupt decrease of a warm fagade by cold rain.

The durability assessment of the thermal rendering systems is presented with an example
focused on the South European climate context. In that way, a severe Portuguese climate was
selected, presenting a high-temperature variation with cold winters and warm summers.
Therefore, the city of Braganca, located in the interior Northeast of Portugal, fitted the
requirements, classified as Csa according to Koppen-Geiger world climate classification [35].

The heat-cold ageing cycle was developed through numerical simulation, using the
hygrothermal simulation tool WUFI Pro [30]. To maximize the temperature variation, the wall
was modelled considering a high solar absorption coefficient (¢=0.8) and the orientation with
high solar radiation incidence (southwest orientation in the studied case). In addition, the rain
incidence was not considered. The adopted methodology for the definition of the heat-cold

cycle is presented in Fig. 4.
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heat-cold cycle definition

| !
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ageing procedures measurements
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complete

Fig. 4. Adopted methodology for the definition of the heat-cold cycle.

A different climatic action implies a different exterior surface temperature and,

consequently, a distinct variation across the wall, as shown in Fig. 5.

<>

Te,heat

T(TR)

Te,cold

Fig. 5. Temperature variation across the wall due to a specific climatic action.

The effect of temperature variation across the wall, with special emphasis in the thermal

render layer, was studied. As such, being the thermal render layer the main research subject,
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the cycle is defined by the comparison of the obtained temperature, in the thermal render layer
—T(TR) —in both the simulated real climate and the heat-cold cycle. Two temperature indicators
were chosen: the 1% percentile, which is a representative value of the cold period (winter
season), and the 99" percentile, which is a representative value of the warm period (summer
season). When simultaneously the minimum temperature value of the 1% percentile and the
maximum temperature value of the 99" percentile in the cycle and in the real climate are similar,
the cycle is fixed (see Fig. 6-a)). The temperatures and respective duration were adjusted, by an
iteration process, to fit the requirements for the definition of the heat-cold cycle.

The heat-rain (HR) ageing cycle was developed through the combination of the heat-rain
cycle, included in ETAG 004, and the “in situ” temperature measurements, determined in Sa
[36]. The maximum temperature was adapted taking into account the “in situ” measurements
and the duration of each heat and rain periods, as well as the number of cycles, were defined
based on the ETAG 004 heat-rain cycle (see Fig. 6-b)). The cycle is repeated 80 times,

comprising 20 days of ageing.
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Fig. 6. Hygrothermal ageing cycle: a) Heat-cold cycle; b) Heat-rain cycle.
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3.2. Theoretical methodology for the definition of heat-cold ageing cycles in Europe

Each heat-cold cycle could be obtained knowing two exterior air temperature indicators: 1%
percentile, of the winter period (December to February), and 99" percentile, of the summer
period (June to August) since they are more representative of extreme temperatures that occur
more often. Since the climatic data should be representative of the climatic action, Test
Reference Year climatic files should be used [37]. Each period has a theoretical linear
regression, which gives the cold and heat cycle temperatures.

To obtain the theoretical linear regressions that represent the European climatic variability,
22 different European climates (referred as Group A) were chosen (see yellow markers in Fig.
9-a)). In addition, the climatic data were all in the database of the WUFI Pro software.

The WUFI Pro software was used to simulate the effect of one year exposure of the thermal
render layer, in each of the 22 climates. The already referred temperature indicators were
determined for the thermal render layer considering each climate and then compared to the
obtained with the heat-cold cycle. The stop criterion is the same as the used in the previous sub-
chapter 3.1 presented in Fig. 4: the similarity of the temperature in the thermal render between
the climate and the cycle simulations. The cycle configuration, such as the duration of the heat
and the cold periods and the ramp time, is the same. To obtain a robust theoretical regression
the similarity was defined as less than 5% of the variation between the obtained temperature
with each of the 22 climates and the respective cycle. Fig. 7 presents a schematic representation
of the methodology used to develop the theoretical regressions.

The temperature indicators variation of the 22 real climates, used to define the heat and cold
cycle temperatures considering the real climate and the heat-cycle, are lower or equal to 5%,

which were considered as a very good approximation, due to the temperature differences.
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Fig. 7. Methodology for the definition of the theoretical algorithm for the heat and cold cycles
temperatures determination.

Plotting the 1% and 99" percentiles of the exterior temperatures — real climate as a function

of the cycle — two linear regressions for each cold (1% percentile) and heat (99" percentile)

periods are determined, as shown in Fig. 8.
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Fig. 8. Theoretical linear regressions for the heat-cold cycles determination.
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Therefore, to define each temperature for the cold and heat periods, the equations (1) and

(2) are used.

Teycie(cold) = 1.2855 X T, pyo, — 8.2364 (1)

Teycre(heat) = 0.8627 X T, pogy, + 37.562 )

This allows determining any heat-cold cycle from the knowledge of the two temperature
indicators T, p1o, and T, pggo, OF @ real climate.

To validate the developed methodology, other 20 European climates (referred as Group B)
were chosen to implement the theoretical regressions, as shown in Fig. 9-b) by the yellow

markers. The choice of the 22 climates is linked to the available data files in WUFI Pro.
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Fig. 9. European climates distribution used in the theoretical linear regressions for the heat-
cold cycles determination: a) Definition — Group A; b) Validation — Group B.
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The validation was performed using the inverse methodology used in the definition process,
described in Fig. 7. Each theoretical heat-cold cycle was simulated and the thermal render
temperature compared to the one obtained with the real climate. If the temperature differences
between the real climate and the theoretical cycle are less than 10% the methodology is
validated. The percentages were defined regarding the observed residual temperature
differences. The variation of the temperature indicators of the 20 real climates used to validate
the heat and cold cycle temperatures, determined by equations (1) and (2), using the theoretical
linear regressions, are lower or equal to 10%. This was considered as a very good
approximation, due to the low temperature differences. An average temperature variation of 6%
and 4% in the cold and heat periods were obtained, respectively, which corresponds to 0.2 °C
and 1.3 °C.

In summary, the developed methodology contributes to increment the knowledge on the
thermal rendering systems, especially regarding their durability performance. In addition, the
obtained results may contribute to the development of durability assessment methodologies
applicable to thermal rendering systems, enhanced by the possibility of adaption of the analysis

to each climatic zone.

4. RESULTS OF THE IMPLEMENTATION OF THE NEW HYGROTHERMAL
AGEING CYCLE

The new hygrothermal ageing cycle (presented in Fig. 6), developed in 3.1, was

implemented on the test specimen presented in Fig. 3. The experimental results obtained in the

different tests, before and after ageing, are shown in Table 2.
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Table 2. Summary of the obtained experimental results.

Lig. water

L Dynamic Dynamic Adhesive
Ier:epract Coating pe(;r:tz?glrlll)ty modulus modulus (C) strength inl_wla;((j:tb(ci((j)%)
9y > (TR) [MPa] [MPa] [MPa] P
[ml/m?]

Organic 1415 103.5 38206 0.08 ;‘i;‘ggt'l’;%

Ee;‘:)nre Rendering
918 Mineral 334.8 1035 3820.6 0.07 perforation;
delamination

Organic 3537 150.5 2763.2 0.09 ;‘i;‘ggt'l’;%

HéEﬂR Rendering
Mineral 749.8 393.0 2573.2 0.03 perforation;
delamination

The liquid water permeability is presented by the volume of absorbed water in the two
coatings before and after the hygrothermal ageing cycles, as shown in Fig. 10.

1200
—0—S1-0 ==0=-S1-O(HC) -0+ S1-O (HC+HR)

—o—S1-M -=6=-S1-M(HC)  -+<:- S1-M (HC+HR) -~
1000

800
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V; (ml/m2)

400
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10 20 30 40 50 60 70 80 90
Vt (s95)

Fig. 10. Water permeability test results, before and after the hygrothermal cycles (HC+HR),
using the Karsten tubes method.

As it can be seen, in the studied case, the mineral coating presented, in every stage, a higher
water volume and absorption rate than the organic coating. Comparing the two ageing
procedures, after the heat-cold ageing the two coatings presented higher absorption than after
the heat-rain cycle. The heat-cold cycles promoted high-temperature variation, which may have

resulted in the rupture of the materials (such as, cracks in the coating and the capillary net

17



expansion by rupture of air voids), enabling the water to easily penetrate in the system. The
reduction of the water absorption after HC+HR, comparing to after HC, may be related to
incomplete drying of the wall.

In terms of mechanical strength, with both coatings, the dynamic modulus increases after
ageing, which means that the thermal render becomes more rigid, due to the strengthening and
also to the late hydration of the binder. After ageing, the thermal render with the mineral coating
presents a dynamic modulus 62% higher than the thermal render with the organic coating,
resulting from the higher water absorption due to higher microcracking rate. The lower the
dynamic modulus the higher elasticity and capacity of the material to absorb dimensional
variations. Becoming the thermal render with mineral coating less flexible, the stresses increase
and consequent cracking occurs. In fact, the lower elastic modulus presents greater advantages
if the mechanical strength is not compromised. Regarding the adhesive strength, the ruptures
were cohesive inside the thermal render, with the exception of one specimen using the mineral
coating, where a deficient curing of the glue was observed. Regarding the ETAG 004
requirements, the thermal render fits the adhesion requirements. Despite the low values (< 0.08
MPa in most of the cases), the test results are considered acceptable, due to the cohesive rupture
inside the thermal render. The embrittlement of the thermal render in the mineral coating system
contributes to the considerable reduction of the adhesive strength, due to the rupture of some
specimens during the attachment of the test machine. In contrast, the organic coating allows a
lower variation of the adhesive strength, which may indicate that the materials keep their
properties during more time. However, these coatings present higher degradation to UV
radiation action. Regarding the impact resistance, the organic coating results in larger cracks
and complete perforation (being the finishing render visible), especially with 10J energy impact,

while the mineral coating does not allow perforation, resulting in microcracks. However, higher
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depressions, detachment and loss of material are observed in the mineral coating. The
application of the exterior coatings, both mineral and organic, allow the increase of impact
resistance. Nevertheless, the performance is still limited, corresponding to category 111 defined
in ETAG 004.

The simulated temperature matches the monitored temperatures in the organic coating, with
a variation of 0.9% between the simulated and the measured average temperatures and
amplitude of 1.2%. Regarding the water content in the thermal render, the maximum obtained
value in the simulation is of 11.3 kg/m® and the measured after ageing is of 12.0 kg/m?, which
corresponds to a variation of 6.3%, but very similar in absolute value. Since the liquid water
transport is more difficult to simulate, comparing to the surface temperatures, the obtained

variation is acceptable.

5. DEFINITION OF A DURABILITY ASSESSMENT METHODOLOGY
APPLICABLE TO THERMAL RENDERING SYSTEMS

The characteristics and durability of thermal rendering systems, suitable for exterior
application, were highly explored in the present work. In that way, the paths to evaluate that
type of systems are schematically presented in Fig. 11.

The methodology was developed taking into account the existing requirements presented in
standards or guides, such as EN 998-1 and ETAG 004, and also in the experimental and
simulation obtained results [38]. First of all, specific criteria regarding the material properties
were defined in order to enhance the performance of the thermal rendering system.

As the trend on the development of new materials is in the lowering of the thermal
conductivity of the thermal renders, the methodology is applicable to thermal renders with low

thermal conductivity (less than or equal to 0.1 W/m.°C — T1 classification) [23]. Beyond the
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thermal conductivity, the water vapour permeability resistance factor should be less than 15
[23] and the dynamic modulus less than 500 MPa, which were obtained in the experimental
campaign in lightweight thermal renders (with EPS addition). The higher water vapour
permeability of thermal renders allows better compatibility to ancient materials, comparing to
ETICS, without compromising the thermal performance. The lower dynamic modulus also
allows the absorption of higher displacements resulting in better compatibility with rigid
substrates. Beyond the thermal render requirements, the establishing of finishing renders with
low capillary absorption is of great importance, since the durability assessment is performed to
the system as a whole that has to present an acceptable behaviour for exterior application.

One of the most important steps is the definition of climate conditions where the system is
intended to be applied. Since the same thermal rendering system presents different deterioration
to different degradation mechanisms, a material suitable for the application in a specific climate
zone may not be suitable for a different location. The climate zones were divided according to
the classification of EOTA Guidance Document 003 [21]. In that way, to optimize the durability
assessment, different ageing procedures were associated to each climatic zone, regarding the
collected knowledge of the implementation of durability methodologies, combining the existing
procedures with the developed hygrothermal cycles. Since freeze-thawing is a severe
degradation mechanism which implies a high deterioration of the system, despite the low water
absorption of the coating, its evaluation in cold climates is of great importance. In addition, due
to the ability of the thermal render to retain water, even in moderate climates, where the
evaporation process is faster than in cold climates, the water may remain longer and be
subjected to freezing conditions. The ageing procedures (freezing and thawing temperature,
duration and number of cycles) should be the same as the described in the ETAG 004 (EOTA

2013), for small-size samples.

20



Regarding the heat-cold cycles, each heat and cold temperatures can be adapted to the
climate conditions where the systems are intended to be applied. The specimen may have the
same configuration as the rig preconized in the ETAG 004. Implementing the logic of
development of the heat-cold cycle presented in 3.1, the heat-cold cycle can be defined
specifically to different European climates, as it is shown in 3.2.

The heat-rain cycle is intended to be applied after the heat-cold cycle in the same specimen.
The heating temperature should also be adapted to the maximum reached temperatures,
considering a worst-case scenario (high solar radiation incidence, high solar absorption of the
coating), obtained by hygrothermal simulation or “in-situ” measurements. Considering warm
climates, an accurate definition of the heating temperature is of great importance, since the
thermal shock could increase and present higher detrimental consequences in the systems than
in colder climates. When the durability assessment methodology were applied to synthetic
coatings, the heat-rain cycles should be performed using UV radiation during the heating
procedure, considering Zone C (warm climates). This is due to the higher degradation of these
specific coatings to solar radiation action, which is particularly severe in warm climates
emphasized by thermal shock due to rain action [39, 40]. The application of the referred
coatings in warm climates, especially in Zone C climates requires the durability evaluation to
UV radiation. However, the study of the UV radiation action in thermal rendering systems
requires further developments.

Regarding the experimental tests to evaluate the durability, a visual inspection and the
determination of the ultrasonic pulse velocity (in different areas of the specimen) for the
detection of cracks in the coating is required. The ultrasonic pulse velocity should be
determined by the ratio between the path crossed by the ultrasound wave and the time it took

to perform it [41, 42]. A fall of the ultrasonic pulse velocity reveals possible cracks. Cracking
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of the coating in the current zone is not admissible, since it demonstrates the weakness of the
system in areas without higher concentration of stresses, allowing the water penetration in the
entire system. In this case, the system should be classified as non-admissible for the tested
climate zone. If no cracks are detected or if they occurred in areas with higher concentration of
stresses and have less or equal to 0.2 mm thickness, the durability evaluation should continue
and the water permeability, elastic modulus, adhesive strength and impact resistance are
determined.

The liquid water permeability should be performed using the Karsten tubes method. This
test allows the comparison of the absorbed water volume by the system in a vertical position.
In addition, a simple setup is required, allowing quicker results. This method approximately
describes some natural actions, such as the incidence of rain with strong winds. Three different
tubes should be placed in different current areas, without cracks. The average values should be
plotted and the slope of the resulting linear regression evaluated. A slope bigger than five times
the initial slope (before ageing) is considered as potentially harmful, since it reveals that the
water absorption rate increases very fast, regarding the obtained results.

The elastic modulus compatibility between the thermal and finishing render is of major
importance, since high Eq(C)/Eq4(TR) ratio results in high stresses. As such, samples should be
collected and the dynamic elastic modulus determined by the fundamental resonance frequency
method based on EN 14146 [32]. The adhesive strength should be determined based on EN
1015-12 [33], using square pull-heads. In order to evaluate the adherence of the thermal render
to the substrate and to the finishing render two different pre-cuts should be performed. The
determination of the adhesive strength between the thermal render and the substrate implies
five square pre-cuts until the substrate and between the thermal render and finishing render five

square pre-cuts into the thermal render. The average value of each analysis should be registered.
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Since the thermal renders present in general a lower adhesive strength than current renders, low
values are acceptable if the ruptures are cohesive in the thermal render itself since it means that
the adhesive strength is greater than the test value. The impact resistance should be tested
according to the procedures defined in EN13497 [34], using the Martinet-Baronie apparatus,
since it allows the test in a vertical position. The 3J and 10J impact energies should be tested
and the results are acceptable if the finishing render is not penetrated by either of impact
energies.

The referred experimental tests are required both before and after the ageing action. These
properties should not present high variation before and after ageing, in order to have a stable
performance. The Eq(C)/Eq(TR) ratio is also recommended to be lower than 40, the adhesive
strength bigger than 0.08 MPa and the finishing render not penetrated, even before ageing.

The developed durability assessment methodology may not be applicable to all the thermal
rendering and plastering systems since the materials should present threshold values regarding
the defined properties (as observed in Fig. 11), but cover a wide range of thermal rendering

solutions and can be extrapolated to other systems with further developments.
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Intended location for application:

Definition of the climate conditions

l

Classification of the climate zones:
A, B or C (according EOTA Guidance Document 003)

Thermal rendering systems

Thermal render: A £ 0.1 (W/m.°C); p £ 15 and; Eg;,, <500 (MPa)

Finishing coating (system): A, <1.7x10°2 (kg/m2.s0-5)

l |

A —Cold climates: B —Moderate climates: C —Warm climates:
- Adapted heat-cold cycle - Adapted heat-cold cycle - Adapted heat-cold cycle
- Freeze-thawing - Freeze-thawing: if Te,daily <0 °C - Adapted heat-rain cycle

(% occurrence = 10%)

- Adapted heat (UV)-rain cycle (synthetic coatings)

+ \Visual inspection

Cracking of the coating:

Ultrasound pulse velocity (fall

No

l

l

Current zone:
non-aceptable

l

Thermal rendering system non

High stresses areas
(e.g. corners, openings)

—

Future

developments

Liquid water permeability

> Linear regression slope:

After ageing < 5x Before ageing

Elastic Modulus
E4(C)/ E4(TR) < 40

Durability tests

suitable for the intended location

Adhesive strength

> <0.08 MPa (cohesive rupture in the TR itself)
20.08 MPa

Impact resistance

Finishing render not penetrated

Fig. 11. Durability assessment methodology applicable to thermal rendering systems for exterior application.
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6. CONCLUSIONS

The prior knowledge in the durability assessment of thermal rendering systems showed to

be inadequate and incomplete. As such, a reliable durability assessment, based on measured

properties, regarding the thermal mortars and also the system as a whole was performed. The

numerical simulation proved to be a very useful and strong tool in the development of specific

hygrothermal ageing adapted to different European climates.

The proposed durability assessment methodology was based on the following principles:

Regarding the intrinsic properties and specific behaviour to water action of the
thermal and finishing mortars, such as the capillary water absorption and solubility
In water , it is possible to define if the system is suitable for interior or exterior
application;

Beyond the specific characteristics of the materials, the definition of the
environmental conditions, such as the climatic zones, is a very important stage, since
the application is adjusted to them;

The identification of the main degradation mechanisms allowed defining
representative ageing procedures of each climatic zone. The temperature and water
action were observed as the main degradation agents related to freeze-thaw,
temperature fluctuations and shrinkage degradation mechanisms;

Both cold and moderate climates may be implemented by freeze-thaw and adapted
heat-cold accelerated ageing cycles, while warm climate should also take into
account the thermal shock by cold rain action in a hot fagcade. Regarding the high
degradation of synthetic coatings to solar radiation, UV radiation must be used to

perform the heating period;
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e The hygrothermal simulation and existing “in situ” data allowed optimizing the
heat-cold and heat-rain ageing cycles to different climates, taking into account their
climatic zone.

The heat-cold and heat rain cycles allowed the activation of the temperature fluctuation
degradation mechanism and consequent cracking. In addition, the alteration of the porous
structure of the matrix, by the water action, showed to be another relevant degradation
mechanism. The freezing-thawing mechanism in thermal rendering systems requires further
investigation and development.

The heat-cold cycle development and implementation enabled developing and optimizing
specific heat-cold cycles to different European climates. The development of a theoretical
algorithm regarding the heating and the cooling periods allowed the direct determination of the
heat and cold cycle temperatures, based on the exterior air temperature of each climate.

The combination of all the referred aspects allowed developing a new durability assessment
methodology that contributes to increase the knowledge on thermal mortars and related
systems, especially regarding their durability performance, enhanced by the possibility of

adaptation of the analysis to each climatic zone.
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