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Résumé

De nos jours, l'énergie est devenue un besoin fondamental dont la demande ne cesse de
croître. Cette dernière est essentielle pour le bien-être et la survie des humains et sa disponi-
bilité est cruciale pour l'économie et la croissance nationales. Les crises sociales, géopolitiques
et écologiques se traduisant respectivement par un manque de confort thermique dans les
habitations combiné à des factures d'énergie coûteuses pour les ménages à faible revenu, la
dépendance énergétique notamment en termes d'energies fossiles, et le réchau�ement clima-
tique, exigent une réduction importante de la consommation d'énergie. En France, les systèmes
de chau�age des bâtiments représentent 45% de la consommation totale d'énergie et sont re-
sponsables de 27% des émissions de gaz à e�et de serre. L'isolation thermique dans laquelle
s'inscrit l'Isolation Thermique par l'Extérieur (ITE) permet de réduire considérablement la
consommation d'énergie ainsi que les émissions de CO2 tout en augmentant le confort ther-
mique des habitants et en réduisant leur facture d'énergie. Le mortier de façade renforcé par
la grille de �ber de verre est utilisé comme couche de protection externe des ITEs. Cepen-
dant, de nombreux défauts peuvent compromettre la performance des ITEs, en particulier la
�ssuration du mortier de façade. Le mortier à base cimentaire subit des déformations chim-
iques, thermiques et hydriques qui, lorsqu'elles sont restraintes, induisent des contraintes qui
peuvent atteindre la résistance en traction du matériau conduidant à la �ssuration du mortier.
La grille de �bre de verre est proposée comme une solution pour la �ssuration. Le comporte-
ment du mortier composite renforcé est une combinaison du comportement de chacun de ses
composants, le mortier et la grille de �bre de verre. Le premier est un matériau qui évolue
chimiquement et qui peut être a�ecté par son environnement comme son état hydrique. Le
comportement du mortier de façade est donc étudié en fonction de son âge et ses conditions
de conservation parmi d'autres paramètres. D'autre part, cette étude vise à comprendre les
mécanismes de renfort de la grille de �bre de verre dans le mortier vis-à-vis de la �ssuration.
Des essais de �exion 3 et 4 points sont réalisés in-situ dans le tomographe à rayons X et
plusieurs paramètres de renforcement sont considérés. La tomographie permet de dévoiler le
rôle de la grille de �bre de verre sur la localisation et la propagation des �ssures dans le mortier
renforcé.
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Abstract

In our times, energy has become essential for the welfare and the survival of humans and
its availability is crucial for the national economy and growth. The social, geopolitical, and
ecological, crises re�ected respectively in the lack of thermal comfort in homes combined with
expensive energy bills of the low-income households, the energy dependency especially in terms
of fossil fuels, and the global warming demand the reduction of the energy consumption. In
France, the heating systems of buildings represent 45% of the total energy consumption and
are responsible for 27% of greenhouse gas emissions. Thermal insulation including the External
Thermal Insulation Composite System (ETICS) has a big impact on the energy consumption
and CO2 emissions increasing, at the same time, the thermal comfort of the residents and
decreasing their energy bills. The �berglass mesh reinforced rendering mortar is used as the
external protective layer of ETICS. Many defects may attain the ETICS including the crack-
ing of the rendering mortar. These defects may impair the thermo-mechanical performance of
the ETICS. The cement-based mortar undergoes chemical, thermal, and hygral strain which,
when restrained, cause stress that may attain the tensile strength of the material and cause
the mortar cracking. The �berglass mesh is proposed as a solution for cracking. The behavior
of the composite reinforced mortar is a combination of the behavior of each of its components,
the mortar and the �berglass mesh. The former is a chemically evolving material which may
also be a�ected by other conditions such as its hygral conditions. The behavior of the render-
ing mortar is thus investigated with respect to its age and its curing conditions among other
parameters. In a second part, going further in the comprehension of the reinforced mortar
mechanical behavior, this study focuses on the fundamental understanding of the reinforce-
ment mechanisms of the �berglass mesh within the mortar with respect to cracking. X-ray
tomography in-situ 3-point and 4-point bending tests are carried out and several reinforcement
parameters are considered. The tomography scans enable unveiling the role of the glass �ber
mesh on crack localization and crack propagation in reinforced mortar. This work provides
physical insights on the reinforcement mechanisms of �berglass mesh on mortars contributing
to the optimization of the cement-based reinforced composites especially in ETICS.
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Chapter 1

Introduction

1.1 Ecological, geopolitical, and social context

In the midst of an ecological, a geopolitical and a social crises, energy consumption is tak-
ing a central place in the debate. The societal, economic and environmental issues related to
the comfort of humans are signi�cant. Energy has become a basic need to which the demand
is constantly increasing playing an important role not only for the welfare and survival of
citizens, but also for the nations' development. The national economy and growth depend
largely on the availability of energy that must be accessible at a competitive price and at a
regular, uninterrupted, uniform, and stable supply. Recent national and international news,
unfortunately, show that energy strongly a�ects purchasing power and plays a strategic role in
international con�icts. To respond to the major crises of our times (the global warming, the
energy dependency especially in terms of fossil fuels, and the energy bills that weigh heavily
on the purchasing power), reducing the energy consumption is key. As said by former French
Minister of Ecology, Nathalie Kosciusko-Morizet: "The best energy is the one we do not con-
sume, and moreover it can be the cheapest". According to the plan of energetic renovation
of the buildings [MTE, 2021], the �ght against climate change to achieve carbon neutrality
by 2050 requires a redoubling of e�orts to reduce energy consumption and develop renewable
energies in all sectors: buildings, transport, agricultural, industrial and tertiary production
activities, etc. Improving the energy performance of the building stock involves reducing the
energy needs of buildings, using e�cient systems to limit energy consumption and �nally the
deployment of renewable energies. Only a combined approach to these three areas will make
it possible to achieve the set objectives. At the national level, the building sector represents
45% of �nal energy consumption and 27% of greenhouse gas emissions [MTE, 2021]. On the
European level, the Europe's building stock is responsible for 40% of total energy consump-
tion and 36% of CO2 emissions [EAE, 2021]. Today, 7 million homes are poorly insulated and
14% of French people are cold in their homes. In response to these numbers, the government
wanted to accelerate the energy renovation of buildings. The objective is twofold: to lower
energy bills and reduce energy consumption in buildings [MTE, 2021]. Over the last 5 years,
the government planned to deploy around 4.2 billion euros aiming to renovate 175 thousand
housing units per year belonging mainly to modest income households [MTE, 2021].

17
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A theoretical study [Palacios-Munoz et al., 2019] investigated the impacts of 4 solutions
along a 100 year-time period applied on an existing building of 50 years old: (i) passive
energy refurbishment (PR), (ii) standard energy refurbishment (SR), (iii) demolition plus
standard new building (SD&N), and (iv) demolition plus passive new building (PD&N). The
authors conclude that PR is one of the best solutions from the CO2 emissions perspective.
Depending on the scenario, the quantity of CO2 (eq/m2 ·year) emitted is equal to about 33
in the case of PR, 36 in the case of SR, 40 in the case of SD&N, and 38 in the case of
PD&N. Another study [Galimshina et al., 2021] shows that for a building with higher heating
demand, the envelope of a building needs to be renovated regarding life cycle cost analysis
and greenhouse gas emissions. However, for a building with lower heating demand, the most
robust and optimal solution is the heating system replacement. The existing thermal regulation
by element requires the installation of products with performances higher than the minimum
characteristics when the owner decides to replace or install an insulating element [MTE, 2020].
The renovation of buildings in terms of thermal insulation concerns two categories of elements
to be renovated: (i) opaque surfaces such as walls, roofs and �oors, (ii) and glazed surfaces
such as windows. Several types of thermal insulation exist for the renovation of the external
walls of a building one of which is External Thermal Insulation Composite System (ETICS).
ETICS are also known as Exterior Insulation Finishing System (EIFS) and as Exterior Wall
Insulation (EWI).

Figure 1.1: Typical system components in ETICS [EAE, 2021].

The popularity of the ETICS technology grew due to its advantages regarding other tech-
niques of insulation. ETICS guarantees the reduction of the thermal bridges and greater ther-
mal comfort due to the higher interior thermal inertia, providing a �nished appearance similar
to the traditional rendering [Barreira and de Freitas, 2015]. From the construction point of
view, ETICS allows thinner exterior walls and increases the facades' durability. Three very
relevant aspects in the construction industry must be added to the advantages above: low
cost, ease of application, and the possibility to be installed without disturbing the building's
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dwellers, which is particularly important in refurbishment [Barreira and de Freitas, 2015].
ETICS allows saving up to 30% of the building's energy consumption by limiting heat loss
through the walls, which represent on average 25 to 30% of total losses (example of a house
dating from 1975 without insulation, according to the Agency for the Environment and Energy
Management), but also reduces the 5 to 10% of heat losses corresponding to thermal bridges
(junctions with joinery and intermediate �oors). It is therefore strongly encouraged by the
public authorities [Boughriet, 2018]. The components of an ETICS are shown in �gure 1.1.
Elements 4 and 5 combined form the �berglass mesh reinforced rendering mortar that protects
the insulating system and that will be the center of this study.

1.2 Industrial context

Fiberglass fabric market was valued USD 8.74 Billion in 2016 and is projected to reach
USD 13.48 Billion by 2022, at a Compound Annual Growth Rate (CAGR) of 7.62% between
2017 and 2022 [MaM, 2017]. The use of �berglass fabric is gaining high importance in the
wind energy, transportation, electrical and electronics, marine, construction, and aerospace
and defense, among other sectors. In the construction sector, several geometries, shapes and
dimensions of �berglass mesh are found in the market o�ering reinforcement solutions for a
very wide range of applications such as reinforcement for facades, interior wall, pro�le, marble
and mosaic, and for the rendering mortar covering the ETICS.

However, many defects may weaken the performance as well as the market of ETICS. A lit-
erature review [Kvande et al., 2018] shows several cases of defects in ETICS systems depending
on the country. In Sweden, North America and Germany, moisture defects and mold growth
were reported in timber frame walls [Samuelson, 2002, Samuelson et al., 2007,Köhler, 2008]
since the end of the 1980s. Currently, ETICS durability and moisture problems are studied
even in countries around the Mediterranean sea, even if they encounter less precipitation than
Nordic countries. A �eld investigation on 61 buildings with ETICS defects has been realized
in the period between 1993 and 2017. It shows that the rendering is the main source of de-
fect (�gure 1.2). The defects are related to the reinforcing mesh (use of insu�cient quantity
of reinforcement, placement of the mesh touching the insulator or extending too far out the
render layer) and the mortar (insu�cient thickness, faulty render mix, too much shrinkage
or thermal strain). Other causes can also be incorrect placement conditions (direct sunlight,
too much wind exposure, very low temperatures). Similar observations have been recorded in
France [AQC, 2019].

Cracking in the �berglass mesh reinforced mortar is investigated in this study. The vis-
ible cracking is critical because of two main reasons: (i) From the technical point of view,
the cracks decease the waterproo�ng capacity of the rendering. The eventual water pene-
tration inside the cracks may cause the insulator to lose its thermal properties a�ecting the
e�ciency and the durability of the system. (ii) from the marketing point of view, visible
cracking on the facades increases the complaints rate and a�ects negatively the sales volume.
Oriented and non-oriented cracking and visibility of joints are among the main anomalies
encountered [Amaro et al., 2013, Nilica and Harmuth, 2005, Pereira et al., 2018]. The glass
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Figure 1.2: Distribution of defect cases to external walls above ground depending on the
type of cladding. Taken from SINTEF Building Defect Archive (period 1993�2002 [Lisø and
Kvande, 2007].

�ber mesh is proposed as a solution for cracking known, among the professionals of the sec-
tor, for decreasing the crack width. However, the application of the the �berglass mesh is
still empirical and mainly based on the feedback and trial-and-error from construction sites.
The absence of regulations for the �berglass mesh application in ETICS shows that more
research is needed in order to establish the good practices, especially regarding the choice be-
tween mesh types and the design of new products thus a�ecting negatively the market volume.

This PhD project is part of a larger R&D vision that aims:

� The prevention of cracking in rendering mortars under environmental cyclic loading.

� The tailored choice of reinforcement types according to the application and the loading.

� The development of new products for new applications such as structural reinforcement
of walls.

� The development of experimental and numerical tools in order to design more performing
products.

1.3 Scienti�c challenges and objectives of the study

Fiberglass mesh reinforced rendering mortar is used as a protection layer for ETICS. It is
a composite material constituted by the cement base heterogeneous mortar and the �berglass
mesh. As all contentious materials, the rendering mortar undergoes continuous chemical, ther-
mal, and hygral changes causing strains which when restrained induce stress that can attain
the tensile strength of the material causing it to crack.
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Two types of zones can be di�erentiated in a rendering mortar on a facade:

� Stress concentration zones such as the window corners, the thermal joints, and the wall
corners shown in �gure 1.3. These zone are considered as geometrical singular zones
where stress is localized and where cracking may be induced.

� Plane zones on the other hand are the zone without structural geometrical singularities.
In the plane zones, the stress concentrations are governed on the microstructure of the
material. Thus the cracking in the rendering mortar may be initiated on two di�erent
levels, on the structural level in the stress concentration zones or on the microstructural
level in the plain zones.

Figure 1.3: Stress concentration zones on a facade inducing localized cracking.

On the microstructural level, cracking may be induced by the heterogeneities of the ma-
terial (i.e. the sand grains, the pores, and the �berglass mesh shown in �gure 1.4). When
the strains of the mortar are restrained, either by the substrates that constitute the ETICS
(i.e. the insulator and the wall shown in �gure 1.4) or by the rigid inclusions in the mortar
(i.e. the sand grains and the �berglass mesh), stress concentrations are induced and may lead
to cracking. The behavior of the �berglass mesh rendering mortar is a combination of the
behaviors of two materials: the mortar and the �ber glass mesh. As shown in �gure 1.4, both
are heterogeneous materials with complex microstructures. However, the interface between
both materials will play an important role as well in the overall behavior of the composite.
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This project aims to clarify the role that plays a �berglass mesh in the rendering mortar.
Since the behavior of the mortar take an important place in the behavior of the composite, and
since it is a constantly changing material due to its chemical evolution and to the hygral and
thermal exchange with the environment, the behavior of the rendering mortar is investigated
and the e�ect of several parameters such as relative humidity and age are considered. In
addition, to understand the cracking mechanisms in the reinforced rendering mortar, and
to clarify the role of the �ber glass mesh and its reinforcing mechanisms within the mortar
and with respect to cracking, mechanical tests are carried out on �berglass mesh reinforced
mortar samples. The mechanical tests are designed to be representative of either the stress
concentration zones or the plain zones in the mortar. In addition, the tests are carried out
in-situ X-ray computed tomography to investigate the 3D volume of samples and visualize
cracking within the specimens rather than the surface.

Figure 1.4: Rendering mortar in ETICS: a multi-scale heterogeneous composite material.



1.4. OUTLINE 23

1.4 Outline

This manuscript is divided in two main chapters followed by the conclusion:

� Chapter 2 investigates the behavior of the rendering mortar from its early-age to its
mature age. Early measurements including weight loss, shrinkage strains, and isother-
mal calorimetry to track the heat generation of the hydration reaction are carried out
to investigate the early-age behavior of the mortar. On the other hand, its mechanical
behavior is investigated by 3-point bending. The e�ect of several parameters such as
drying, rehumidi�cation and age in the mechanical properties of the mortar are consid-
ered.

� Chapter 3 studies the cracking mechanisms of the reinforced rendering mortar the role
of the mesh with respect to cracking, thus the reinforcement mechanisms of the �ber-
glass mesh within the mortar. In-situ X-ray tomography 3-point and 4-point bending
mechanical tests are carried out. The e�ect of several parameters such as the type of
mesh, the direction of the mesh within the specimens, and the distance between the
mesh and the tensile surface are considered.

� Finally, chapter 4 will discuss the main conclusions of this work and set perspectives for
further research and industrial development.
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Chapter 2

Behavior of the rendering mortar

The �ber-glass reinforced mortar used in ETICS is a cement composite constituted of the
mortar and the �ber-glass mesh. The global behavior of the composite material is a combina-
tion of the behavior of both, the mortar and the �ber-glass mesh, as well as the interaction
between the two materials. For this reason, although the �ber-glass mesh is in the center of
the study, the behavior of the mortar is also studied and is the topic of this chapter.
Being cementitious materials, rendering mortars are in a continuous interaction with the en-
vironment. When the relative humidity of the surrounding environment changes, the internal
hygral state of the mortar also changes leading to a modi�cation of its mechanical properties.

2.1 Introduction

As mentioned in the introduction of this manuscript, this study focuses on the mechani-
cal behavior of the �ber glass reinforced rendering mortar used as a protective layer for the
insulator in ETICS. The behavior of this composite material is a combination of the behavior
of each of its components (i.e. the rendering mortar and the �ber-glass mesh), as well as the
interaction between them. For this reason, it is important to understand the behavior of the
rendering mortar used in ETICS.

ETICS are assessed by the EOTA ETAG 004 certi�cation test [EOTA, 2013] which in-
cludes a series of tests to verify a demanding level of characteristics including (i) mechanical
resistance and stability, (ii) safety in case of �re, (iii) hygiene, health and environment, (iv)
safety in use, (v) protection against noise, (vi) energy economy and heat retention and (vii)
aspects of durability and serviceability. The hygrothermal cycles and particularly the heat and
rain cycles in �gure 2.1 are one of the tests in the EOTA ETAG 004 certi�cation during which
temperature variations (including increases up to 70°C simulating a severe heat condition) are
followed by water sprays simulating rain accompanied by a sharp temperature decrease. All
80 cycles of this test represent a portion of the environmental conditions experienced by the
ETICS that can lead to cracking in the rendering mortar protecting the insulation. However,
the internal humidity of the rendering mortar will also change. Its internal relative humidity
will therefore vary during the 80 cycles of the test a�ecting it mechanical behavior.
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Like all cementitious materials, rendering mortars are subject to cracking. The interactions
with the environment changing temperature and relative humidity lead to thermal and hygral
strains, which when restrained, may lead to stresses that can attain the tensile strength of the
material causing then the mortar cracking, thus a�ecting it's mechanical properties.

This chapter investigates the behavior of the rendering mortar from its early-age to its
mature age. This chapter is presented as follows. First, a review of the literature is carried
out focusing on the drying and drying shrinkage mechanisms in cementitious materials, the
in�uence of drying on the cracking, thus on the mechanical behavior of cementitious materials,
as well as the in�uence of additives such as polymer latex and cellulose ethers on the behavior
of mortars. Then, the experimental characterization of the rendering mortar is presented in
two parts: (i) early measurements including weight loss, shrinkage strains, and isothermal
calorimetry to track the heat generation of the hydration reaction; and (ii) the mechanical
behavior of the rendering mortar investigated by 3-point bending. The e�ect of several pa-
rameters such as drying, rehumidi�cation and age in the mechanical properties of the mortar
are considered.

Figure 2.1: Certi�cation test EOTA ETAG 004: heat and rain cycles.

2.2 State of the art

A mortar is a heterogeneous cementitious material composed of the cement paste, sand
grains and porosity at its mesoscale. Depending on their use in the �eld of structures and
buildings, performance speci�cations regarding certain properties such as viscosity, adhesion,
and mechanical resistance should be met [Coussot, 2005]. For rendering mortars, used as a
protection layer in ETICS for example, a certain workability that can facilitate their applica-
tion is demanded, as well as a su�cient adherence to the vertical substrate and a mechanical
resistance to the changing temperature and relative humidity of the environment is required.
For this reason, mortars are often adjuvanted with additives such as latex polymers and cel-
lulose ethers that impact their fresh state as well as their hardened state properties.



26 CHAPTER 2. BEHAVIOR OF THE RENDERING MORTAR

The hierarchical porous nature of the mortar makes it a material prone to drying and
resulting repercussions (drying shrinkage and cracking). The drying process of porous struc-
tures are complex and can induce several mechanisms within the structure, such as drying
shrinkage, a�ecting the behavior of the material.

In this section, a brief review of the literature is elaborated. The drying and the shrinkage
mechanisms are detailed. The drying e�ect on the mechanical behavior of cementitious mate-
rials is investigated according to several authors. Last but not least, a review of the additives
that are often used in mortars as well as their impact on the material's behavior is established.

2.2.1 Porous structure of cementitious materials

It is important to look at the porous structure of the material. Pores are the place of
"storage" of the water available within the material. Their structure has a strong in�uence on
the properties of the material in general, and on the natural desiccation in particular. A porous
structure is characterized by the total volume of porosity, the distribution of pore sizes, and
the porous network features such as the tortuosity, the constrictivity and the connectivity.
These parameters, although di�cult to characterize, play an important role in the drying
process [Shen and Chen, 2007,Van Brakel and Heertjes, 1974]. Two cement-based materials
with equal porosity might not have the same transport properties whether the porosity is
connected or not or depending on the pore size distribution. Various methods are available to
characterize the porosity including porosimetry (NF P18-459) or mercury porosimetry (ISO
15901-1: 2016). These two methods allow to quantify the total volume of pores. The second
has the advantage of giving a qualitative pore size distribution curve. Various classi�cation
norms separate the pores according to their size. In the International Union of Pure and
Applied Chemistry (IUPAC) classi�cation of pore size, the micropore width is taken to not
exceed about 2 nm, the mesopore width to be in the range 2�50 nm and the macropore
width to be above about 50 nm [Sing, 1991]. The di�erent pore classes described above
will have a di�erent in�uence on the behavior of the cementitious material. The macropores
and the mesopores will in�uence the mechanical behavior and transfer properties, while the
micropores will play a role in the long-term mechanisms such as shrinkage and creep [Kumar
and Bhattacharjee, 2003].

2.2.2 Drying mechanisms in porous materials

In porous materials, such as cementitious materials, the moisture transfer is caused by
relative humidity disequilibrium between the material and the surrounding environment. This
moisture transfer may occur at any moment during the life of the cementitious structure, be-
fore, during, or after setting, until reaching a hygral equilibrium between the two environments.

The pores that form the porous network in the material contain two phases. A liquid phase
which is the liquid water present inside the pore, and a gaseous phase that contains the dry
air and the water vapor. Depending on the hygral conditions, the pores of the material can
be more of less saturated. The movement of the moisture, whether it is liquid or gaseous, is
governed by several mechanisms that are often coupled. The importance of each mechanism
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varies depending on the degree of saturation of the material as shown in 2.2 and detailed
below.

Figure 2.2: Schematics of the water transfers depending on the environmental relative humidity
[Baroghel-Bouny, 1994].

Permeation of the liquid phase

In the porous media initially saturated, liquid water �lls the capillary network. As soon
as the relative humidity drops, a �ow is set and liquid water starts to migrate from the
interior to the exterior of the material due to a liquid water pressure gradient generated by
the evaporation on the surface of the material.

Evaporation and Condensation

When the liquid water and the gaseous water coexists in the pores at a medium relative
humidity, the continuity of the liquid phase is disturbed. Water movement continues an
exchange between the liquid water and the gaseous phase via evaporation and condensation
cycles and is coupled with a �ow in the condensed phase. The migration of liquid water, water
vapor and dry air coexist.

Gaseous and surface di�usion

At a low relative humidity, water is mainly present as vapor in the gaseous phase. Nev-
ertheless, some adsorbed liquid water can be present in the pores, creating water �lms at the
surface of the pores. A migration of the water molecules can be observed and is called surface
di�usion. When relative humidity drops to a very low level and the adsorbed water disappears,
the moisture migration is governed mainly by gaseous di�usion of the water vapor due to a
concentration gradient, as well as the advection of water vapor during the permeation of dry
air and water vapor mixture.
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2.2.3 Drying shrinkage mechanisms of cementitious materials

As a cementitious and porous material, the rendering mortar undergoes several types of
shrinkage that may occur at di�erent stages during its lifespan. From autogenous shrinkage
[Tazawa et al., 1995] at early-age to carbonation shrinkage [Houst, 1997] at a mature age, each
type can a�ect the behavior of the rendering mortar.
Drying shrinkage for instance, or more generally hygral strains, takes place at all stages of life
of the cementitious material (Figure 2.3).

Figure 2.3: Some strain causing loads during the lifespan of a cementitious material.

The drying shrinkage is the deformation caused by the desiccation of the material, or in
other terms, by the water loss.
The drying of porous materials has been studied for a long time empirically given the com-
plexity of the structures [Swanson, 1981, Kolodzie, 1980]. The drying of the material can
cause structural changes and strains which can be elastic or cause micro-cracks that can lead
to minor impacts up to the failure of the structure [Shin and Santamarina, 2011]. The �uid
transfers taking place during this phenomenon lead to the displacement of particles or ions,
which can concentrate to the point of crystallizing and deforming the porous structure or
deplete the structure [Eloukabi et al., 2013]. Thus, it becomes necessary to understand these
mechanisms [Lerouge, 2019]. Three main mechanisms have been identi�ed [Baroghel-Bouny,
1994,Baron, 1982], they are highlighted as follows.

2.2.3.1 Capillary tension

The formation of menisci in the capillary pores (see the transition area in 2.4) of the hard-
ened cement paste, when it is subjected to drying, causes tensile stresses in the capillary water.
The balance between the tensile stresses and the compressive stresses in the surrounding solid
causes elastic 1 shrinkage strains in the solid skeleton. This mechanism happens at high rel-

1Creep strains caused by the stress in th solid skeleton can contribute to drying shrinkage.
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Figure 2.4: Hindered adsorption area and the development of disjoining pressure [Idiart, 2009].

ative humidity ranges (between 50% and 100%) since it fails to explain shrinkage strains at
low relative humidity ranges [Acker, 1988,Baroghel-Bouny, 1994].

2.2.3.2 Surface tension

The molecules of solid material are in an equilibrium state because of the attraction and
repulsion forces from neighboring molecules. The molecules at the surface of the material
are subjected to a perpendicular force due to the lack of symmetry, which causes contraction
in the molecules. The tension in the surface is considered as surface tension which causes
compressive stresses in the material and leads to elastic 2 strains. The large surface-to-volume
ratios of the C-S-H particles make the volume reduction non-negligible and a�ect the water
layers adsorbed on the surface of the material. The generated compressive stresses will be
e�ective due to the presence of the adsorbed water layer causing an increase or swelling in the
volume. And then due to drying, this layer could disappear and lead to a volume reduction
or shrinkage based on the surface tension. This mechanism is valid at low relative humidity
regimes only [Wittmann, 1982].

2.2.3.3 Disjoining pressure or disjunction pressure

The local relative humidity determines the thickness of the adsorbed water layer at a �xed
temperature. Any increase in the relative humidity leads to an increase of the adsorbed wa-
ter layer thickness. When the distance between the di�erent surfaces is very small (on the
order of the size of a few water molecules), the water layers could not be fully developed un-
der the surrounding relative humidity and cause the formation of hindered adsorption areas,
where disjoining pressures develop (see area of hindered adsorption in 2.4). The developed
pressure separates the two surfaces and causes the swelling of the material. Water ordering
in small pores determines the equilibrium distance between two pore surfaces in micropores,
this distance is associated with large cohesion and is expected to be a�ected by the relative
humidity [Qomi et al., 2021]. When drying occurs, the applied pressures decrease, and the

2Creep strains caused by the stress in th solid skeleton can contribute to drying shrinkage.
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adjacent particle separation decreases leading to shrinkage strains. This mechanism could
explain the continued shrinkage for relative humidity below 40% and the hygral expansion for
relative humidity above 50% [Wittmann, 1982].

These mechanisms may be more or less coupled depending on the relative humidity of the
material as shown in 2.5.

Figure 2.5: Drying shrinkage mechanisms according to [Soroka, 1979]

2.2.3.4 Movement of interlayer water

Another mechanism could take place when the relative humidity drops to about 10%. It is
the movement of interlayer water. This interlayer water could migrate out of the C-S-H sheets
and reduce the distance between the layers and lead to macroscopic shrinkage strains [Idiart,
2009]. The driving forces for this dehydration involves the change in the hygral conditions
in the neighboring meso- and macropores, with which the interlayer pore must be in osmotic
equilibrium [Qomi et al., 2021]. This phenomenon is intimately associated with the develop-
ment of disjoining pressure described above [Qomi et al., 2021]. It must be noted however that
the dynamics of water con�ned in C-S-H is pore-size dependent, being extremely reduced in
interlayer pores (0.04% to 0.06% of the self-di�usion of bulk water [Stora et al., 2008,Honorio
et al., 2022]. This highlights the slow nature of drying processes when micropores are involved.

2.2.4 Cracking of cementitious materials due to drying shrinkage

The direct consequence of drying is drying shrinkage. The latter is associated to the
variation of the water content within the material [Benboudjema et al., 2005]. The desiccation
may lead to both surface and core degradation. Core degradation occurs due to the water
gradients and the internal restrain induced by rigid inclusions (i.e. sand grains and aggregates)
on the cement matrix. The resulting degradation will play a role in the mechanical properties
(i.e. Young's modulus, compressive and tensile strength), transfer properties, and failure
processes of mortars and concretes. Three mechanisms were identi�ed occurring at three
di�erent scales.

2.2.4.1 Macroscopic scale: gradient e�ect

Drying starts on the surface of the structures where the surface is exposed to a less humid
environment. If the structure is relatively thick, drying in the center can occur later than on
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the surface. A hydric gradient is therefore obtained between the center of the structure and
the drying surface. The hydric gradient will induce a di�erential shrinkage between the center
and the drying surface, creating tensile stresses on the surface that are self-equilibrated by
compression in the center of the structure as shown in 2.6. Tensile stresses on the surface can
lead to cracking if they exceed the tensile strength of the material [Bazant and Wittmann,
1982,Acker, 1988,Acker, 1991,Neville, 2000]. As the drying progresses, the tensile zone moves
toward the core of the material, potentially leading to the cracking of the core [Benboudjema,
2002].

Figure 2.6: Cracking mechanisms induced by the hydric gradient [De Sa, 2007]

2.2.4.2 Mesoscopic scale: aggregate restraint

Cementitious materials are very heterogeneous. They are composed of aggregates, �ne
sand, the cement paste, and the porosity. As opposed to cementitious materials, aggregates
usually display a low porosity and are usually more rigid than the cement paste. Therefore
they remain unaltered by drying and drying shrinkage, whereas the cement paste shrinks
signi�cantly especially for hight water to cement ratio mixes. A strain incompatibility between
the cement paste and the aggregates is thus induced. The shrinkage in the cement paste is
restrained by the rigid aggregates inducing tensile stresses at the interface and the transitional
zone as shown in 2.7. If the stresses attain the tensile strength of the material, radial and
circumferential cracking are initiated around the aggregate as shown in 2.8 [Bisschop et al.,
2001].

Figure 2.7: Cracking mechanisms induced by the aggregate restraint [De Sa, 2007]
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Figure 2.8: 2D projection of the X-Ray radiograph of a cement paste and aggregate sample
after 24 hours of drying at 50% RH. [Malbois, 2019]

2.2.4.3 Microscopic scale: local e�ects

The cracking mechanism described at the mesoscopic scale between cement paste and
aggregates can be observed at a nanoscopic scale. Cement paste, which is mainly made of
C-S-H, shrinks during drying. On the contrary, both portlandite and ettringite crystals shrink
with drying but only for very low relative humidities (< 10%) [Baquerizo et al., 2016,Honorio
et al., 2021, Baquerizo et al., 2015]. This leads to the same path of mechanisms and the
possible appearance of radial and circumferential cracking around portlandite and ettringite
particles [Hearn, 1999,Baroghel-Bouny, 1994,Neville, 2000]. In addition, at microscopic scale,
this phenomenon is observed between hydrated cement paste and anhydrous cement particles
as shown in 2.9 and between the cement paste and �ne aggregates or sand grains.

Figure 2.9: Radial and circumferential cracking around an anhydrous cement grain [Hearn,
1999].

In addition, microscopic arrangement of the heterogeneities (rigid inclusion or pores) is also
reported to a�ect the mechanical response. The increase in the disorder of the arrangements of
these heterogeneities lead to a degradation of the elastic modulus and strength [Laubie et al.,
2017a,Laubie et al., 2017b].
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2.2.5 E�ect of drying on the mechanical behavior of cementitious

materials

Drying have an impact on the mechanical behavior of the cementitious materials a�ecting
the elastic response and mechanical strength. In the previous section 2.2.4, several drying
induced cracking mechanisms are detailed and have indeed a negative e�ect on the mechanical
behavior of the material.
In addition, considering the hydration reaction of cementitious materials, the water present in
the material is necessary for the progress of this reaction is partially lost. Thus, the advance-
ment of the hydration is limited and the mechanical properties will not fully develop a�ecting
negatively the mechanical behavior of the material. A minimal water content is necessary to
fully hydrate the cement [Flatt et al., 2011] and the hydration of the main clinker mineral
stops below 80% relative humidity [Hansen, 1986].

Nevertheless, the compressive stress on the solid skeleton induced by the capillary tension
discussed in section 2.2.3 can have a positive e�ect on the mechanical behavior of the material.

The competitions of all factors will result in either an improvement or a deterioration
of the mechanical properties of the material. In general, it is considered that a uniformly
dry material is more resistant [Baroghel-Bouny, 1994]. The presence of adsorbed water in
C-S-H expands the C-S-H sheets and tends to decrease the surface forces between the solid
particles [Mills, 1960]. Thus, the properties of the material depend directly on its state of
saturation. This state depends on the conservation conditions as well as its duration, but
also on the geometry of the structure. Due to the low permeability of cementitious materials
and the slow phenomenon of desiccation, it is often di�cult to obtain a homogeneous state
of the material. This implies that the properties obtained during a mechanical test, with a
non-homogeneous drying state, are no longer the result of a material test only, but also of
a structural test [Hordijk and Reinhardt, 1990]. These di�erent parameters explain why the
results in the literature do not always show a consensus.

Considering the compressive strength, several authors [Butcher, 1958,Mills, 1960,Wittmann,
1968,Burlion et al., 2005] observe an increase of the compressive strength with drying, Whereas
other authors [Wittmann, 1985,Torrenti, 1987,Yurtdas, 2003] observe a decrease.
As for tensile strength obtained by direct unilateral tensile tests, [Van Vliet and Van Mier,
2000,Hordijk and Reinhardt, 1990,Brooks and Neville, 1977] report an increase of the tensile
strength with desiccation, while [Walker and Bloem, 1957] reports a decrease followed by an
increase of the tensile strength.
The same divergence is true for the splitting test, [Butcher, 1958,Mills, 1960, Pihlajavaara,
1974] �nd an increase in splitting strength with desiccation. This increase seems logical ac-
cording to [Yurtdas, 2003]. Indeed, in this type of test, the specimen is diametrically solicited.
The e�ect of con�nement of the core by the drying surface is thus more important than that
of the induced microcracking. However, divergent results are proposed by [Hanson, 1968]. He
reports an increase and then a decrease if the splitting strength in the cylindrical specimen,
subjected to drying for two years at 50% relative humidity.
Finally, as for �exural tensile strength, divergent results are also obtained. [Pihlajavaara, 1974,
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Chan, 2021] report an increase of the �exural strength with drying, while [Mills, 1960,Malbois,
2019] report a decrease.
[Soleilhet, 2018] reports an increase of the resistance for some specimens, tested in compres-
sion, direct tension, bending, and splitting, and a decrease for others with drying depending
on the surrounding relative humidity and drying duration.

Young's modulus seems to be negatively a�ected by the drying of the material. Whether
in tension [Brooks and Neville, 1977, Toutlemonde, 1994] or in compression [Torrenti, 1987,
Burlion et al., 2005,Yurtdas et al., 2006], a decrease in the elasticity modulus is observed with
drying. According to [Bucher et al., 2017], a higher degree of saturation is linked to a higher
compressibility, thus to a greater Young's modulus.

It seems that the di�erent experimental results do not present a consensus on the impact
of desiccation on the mechanical properties. This is mainly due to the di�erence between
the studied geometries (massive or �ne), the formulations and types of cementitious materials
(mortar or concrete), the hygral conditions imposed and �nally the drying duration. It is
important to remember that the positive e�ects such as the capillary pressure are in com-
petition with the negative e�ects such as microcracking. The �nal e�ect of drying on the
mechanical behavior of the material depends on whether the negative or the positive e�ects
are predominant depending on the geometry, the formulation, as well as the curing and the
testing conditions. Therefore, the competition between the two previous phenomena is speci�c
to each cementitious material, whose in�uence depends on the type of stress applied to the
material [Peng, 2009].

2.2.6 Additives in rendering mortars

2.2.6.1 Polymers in mortars

In this section, the interest is focused on Polymer Modi�ed Mortars (PMM). These mate-
rials have been developed to meet certain needs in the �eld of construction and public works.
They are used as tile adhesives, facade coatings, and as repair materials in structures and
buildings. The goal was to obtain materials that are easy to work with and have a better
performance than the regular mortars. The rendering mortar of this study used as a protec-
tion layer for the External Thermal Insulation Composite System belongs to this category of
mortars. To better understand the behavior of these materials, it is necessary to understand
the properties of the polymers alone as well as their e�ect on the behavior of the mortars from
early-age at the liquid state to the solid aging state.

For the formulation of repair or protection mortars, it is frequent to use synthetic latexes,
resulting from emulsion polymerization [Keddie and Routh, 2010]. Synthetic latexes are col-
loidal dispersions of polymer particles (i.e. polymer particles suspended in an aqueous phase,
usually water). The polymer particles size ranges from 100 to 500 nm in most cases. The
latexes used for civil engineering applications are commonly synthesized from a wide range of
monomers including acrylates, styrenes, vinyl acetates and ethylenes. These latexes are made
up of long chains of monomers, containing carbon, hydrogen or oxygen atoms. It is common to
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use latexes copolymers (e.g. styrene-acrylate, styrene-butadiene), or even terpolymers [Kar-
don, 1997,Bureau et al., 2001]. The advantage of these latexes is that they are easy to handle
(water being a non-toxic solvent, and the polymer/water mixture is not very viscous), and
they can be adjusted to the �nal properties of the material by using di�erent monomers.

E�ect of polymers on the mechanical behavior of mortars The consequences of
adding latex are visible on the rheology and mechanical properties of the early-age and hard-
ened mortar mix. The main e�ect caused by the addition of latex in the cementitious materials
is a clear improvement in its workability. This property is interesting because it allows re-
ducing the water content of the mixture when increasing the polymer content to obtain the
desired consistency [Barluenga and Hernandez-Olivares, 2004, Saija, 1995]. Thus, at a �xed
water to cement ratio, a mortar mix containing polymers is more �uid than an unmodi�ed
mortar mix.
As for mechanical properties of PMMs having the same viscosity thus di�erent water/cement
ratio, it has been shown that mechanical strength determined in tension, compression and
three point bending increases for higher polymer contents [Kardon, 1997,Chandra and Ohama,
1994, 	Ohama et al., 1964, Shaker et al., 1997], while elastic modulus decreases [Kardon,
1997, Folic and Radonjanin, 1998, Shaker et al., 1997]. Moreover, the polymer would im-
prove the water retention capability of these materials limiting their drying for the bene�t of
the cement hydration [Kardon, 1997,Chandra and Ohama, 1994,Folic and Radonjanin, 1998].
It has also been shown that PMMs are more resistant to freeze-thaw cycles and, more gen-
erally, would ensure a better protection against environmental stress [Kardon, 1997,Chandra
and Ohama, 1994, 	Ohama et al., 1964] which is particularly important when the mortar is
used as a protection layer (e.g. the studies rending mortar in ETICS). However, since both
the water/cement ratio and the polymer content are varied, it is di�cult to prove the in�uence
of the polymer on the properties of the modi�ed mortar.
Various authors [Kardon, 1997, Sakai and Sugita, 1995, Sujjavanich and Lundy, 1998, Pas-
cal et al., 2004] showed that for PMMs with identical water/cement ratio, the compressive
strength decreases for higher polymer content while the �exural strength increases. The latter
is explained by a reinforced Interfacial Transition Zone between the cement matrix and the ag-
gregates [Kardon, 1997,Ohama, 2020], and by the bridging of the cement matrix micro-cracks,
due to drying, by the polymer [Kardon, 1997,Bureau et al., 2001,Kardon, 1997]. It has been
shown by [Justnes and Øye, 1990] that for Latex rubber modi�ed mortars, the latex forms a
continuous network, that would be the origin of the improvement, for polymer contents that
exceed 10wt.%.
In the next two paragraphs, the formation of the continuous polymer network is explained by
the drying of latex and the microstructure development of PMMs.

Drying of latex and formation of continuous polymer �lms The drying of latexes
is a heterogeneous complex phenomenon [Charmeau et al., 1999, Gerin et al., 1999, Hwa,
1964]. Figure 2.10 shows the di�erent stages of polymer �lm formation during drying [Goto,
2006]. When polymer particles are dispersed in an aqueous phase (stage a) and when the
latter evaporates due to drying, the polymer particles move closer together and their volume
fraction increases. The polymer particles form a stack of spheres in contact which can be
ordered or disordered (stage b). During this step, the evaporation rate is constant until the
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contact created between the particles is irreversible. The evaporation of the remaining water
in the interstices is more di�cult, thus the evaporation rate decreases. The polymer particles
deform into dodecahedrons if speci�c temperature conditions are met (stage c). The particles
begin to coalesce, they merge until forming a continuous and homogeneous �lm of polymer
(stage d).

Figure 2.10: Schematic representation of the formation stages of polymer �lms [Goto, 2006].

Microstructure formation and in�uence of curing When the cement and the water
come into contact, the hydration of the cement is initiated, implying the consumption of this
water. This self-drying mechanism initiates, in the case of PMMs, the �lmi�cation process
of the polymer described in the previous paragraph. These two processes, which take place
simultaneously, modify the setting of the mortar-polymer composite. Many authors [Ohama,
1998,Su et al., 1996,Van Gemert et al., 2005] have been interested in the process of formation
of the microstructure of the mortar-polymer composites. These studies have led to the estab-
lishment of a theoretical model describing the various stages of formation of the microstructure
of these materials. A four-step process is represented in �gure 2.11.

Step (a): immediately after bringing into contact the cement and the water, the polymer particles
are dispersed in the aqueous phase while the cement is about to hydrate.

Step (b): while the cement continues to hydrate and forms cement gel, part of the polymers par-
ticles attach to the surface of the cement grains and aggregates. Some particles coalesce
and form �lms that partially or totally coat the cement grains.

Step (c): hydration continues with the formation of hydrates which combine with the polymers.
The formation of polymer �lms goes on under certain curing conditions, and some of
the polymers remain isolated in the matrix.

Step (d): as the water depletion progresses, the polymer �lms are formed within the hydrates.
Thus a polymer/cement co-matrix is formed.

Figure 2.12 shows the polymer �lm formation at the capillary scale of the cementitious
matrix.
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Figure 2.11: Simpli�ed model of formation of polymer cement co-matrix [Ohama, 1998].

Figure 2.12: Latex �lm formation at the capillary scale of the cementitious material [Herwegh
et al., 2006].

2.2.6.2 Cellulose ethers

Cellulose ethers are polysaccharides commonly used as admixtures in hydraulic mortars for
their water retention and homogenization properties. They are dispersed as particles within the
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mortar mixture (cement, �ller, sand, and other additives). Despite the small quantities gener-
ally used (less than 4wt.%), they signi�cantly modify the kinetics of development as well as the
morphology of the microstructure of the mortar. The types of cellulose ethers commonly used
in the construction industry are hydroxyalkyl cellulose ethers, such as hydroxyethyl cellulose
(HEC), methyl hydroxypropyl cellulose (MHPC), and methyl hydroxyethyl cellulose (MHEC).

The understanding of the behavior of cellulose ethers in simple media is still under study
due to the large number of parameters that can in�uence the interactions of the molecules be-
tween them. In the case of cementitious materials, whose microstructure and physico-chemical
features evolve rapidly at a young age, the phenomena related to the incorporation of cellulose
ethers are generally characterized macroscopically without clearly identifying the action of the
ethers at �ner scales.

Cellulose ethers, when added to cementitious materials such as mortars, can have an impact
on the behavior of the mortar at both fresh and hardened state. Several authors studied the
impact of cellulose ethers on the fresh state properties of cementitious materials. [Khayat,
1998, Knaus and Bauer-Heim, 2003, Paiva et al., 2006, Paiva et al., 2009, Lin and Huang,
2010, Lachemi et al., 2004] for example studied the e�ect of ethers on the rheology of the
material. Others [Weyer et al., 2005, Betioli et al., 2009, Pourchez et al., 2009, Peschard,
2003, Knapen and Van Gemert, 2009] studied the e�ect of ethers on the hydration. The
impact of ethers on the properties of hardened cementitious materials will me detailed in the
following paragraph.

Impact of cellulose ethers on the properties of the hardened mortar Many au-
thors [Pourchez et al., 2010, Silva and Monteiro, 2006] studied the in�uence of cellulose
ethers on the microstructure of hardened cementitious materials. According to [Knapen and
Van Gemert, 2009], cellulose ethers appear to alter the morphology of portlandite crystals.
Scanning Electron Microscopy observations show methyl cellulose �lms are formed between
the portlandite crystals. These �lms would strengthen the microstructure according to the
author.
The same study [Knapen and Van Gemert, 2009] also shows that the incorporation of cellu-
lose ethers promotes, at a mesoscopic level, the cohesion of the hardened cement matrix. For
mortar specimens conditioned for 5 days in a room at 93% relative humidity then subjected
to several days of drying at 60%, Backscattered electron observations, shown in �gure 2.13,
reveal that the cementitious matrix is less micro-cracked if the material is modi�ed.

Few studies adress the impact of cellulose ethers on the mechanical properties of hardened
cementitious materials. Most of the studies indicate that the addition of ethers descreases the
tensile strength, compressive strength, and the Young's modulus [Khayat, 1998,Knapen and
Gemert, 2009,Balayssac et al., 2011]. Tests carried out by [Khayat, 1998] on concrete stored
in water for 34 days, indicate 5 to 10% decrease of the compressive strength and about 12%
of the �exural tensile strength (three-point bending) when the materials are modi�ed with
ethers. Similarly, [Knapen and Gemert, 2009] show that for a cellulose ether/cement ratio
of 1%, the compressive strength as well as the tensile strength (by splitting test) of mortar
specimens stored for 90 days at a relative humidity of 90% decrease. In the case of these two
studies, the decrease is explained by the increase of the proportion of entrained air caused by
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Figure 2.13: Backscattered electron (BSE) image of crack formation in (a) unmodi�ed mortars
and (b) HEC modi�ed mortar [Knapen and Van Gemert, 2009].

the presence of the ethers. [Mauroux, 2011] measured a 132% increase of of the entrained air
with the increase of the cellulose ether dosage from 1wt.% to 4wt.% to.
However, [Singh et al., 2003] carried out tests on mortars with di�erent proportions of ethers.
The authors show that the impact of ethers on the development of the mechanical properties
of the cementitious materials is more complex. In addition, for mortars composed of a low
proportion of ethers (less than 0.5%), the results indicate a higher compressive strength at
91 days than those obtained for non-adjuvanted mortars. No explanation is provided by the
authors.
On the other hand, [Knapen and Gemert, 2009] show that the curing conditions have an
important impact on the tensile strength of the adjuvanted mortars. In this study, mortar
samples were kept for 91 days at 90% relative humidity in order to ensure a "complete"
hydration of the cementitious material. One part of the specimens was kept under the same
conditions for another 56 days, while the other part was placed in water for 28 days and placed
in "drying" conditions at 60% relative humidity for another 28 days. The mechanical tests
carried out on these specimens show an increase on the tensile strength of the mortar when
the specimens are placed in "drying" conditions. The authors assume that this increase is
related to the presence or not of ether �lms within the cementitious matrix. Thus, under wet
conditions, the polymer �lms are dissolved and transported into the cementitious matrix, while
under dry conditions, the ether �lms are deposited in the pore space promoting the cohesion
of the material. Nevertheless, Scanning Electron Microscopy observations did not allow these
authors to observe and validate the presence of ether �lms in the hardened material under
drying conditions.
[Mauroux, 2011] tested the e�ect of both the dosage of cellulose ethers as well as the curing
conditions on the mechanical properties of mortars. As shown in �gure 2.14, for the adjuvanted
mortar with 0.1% cellulose ethers content, a signi�cant increase of the tensile strength for the
specimens placed in drying conditions is noticed compared to the specimens placed in "wet"
conditions. No explanation is provided by the author.
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Figure 2.14: Impact of mortar conditioning on its tensile strength at 30 days [Mauroux, 2011].

2.3 Material, mixing protocol, and curing conditions

2.3.1 Material

The rendering mortar used as the protection layer in ETICS is studied. It is an industrial
premix and marketed as a basecoat for ETICS. The premix is composed of aerial lime, a
hydraulic binder, a siliceous sand, a limestone �ller, and additives (i.e. latex polymers and
cellulose ethers). Given of the con�dential character of this study, neither the reference of
the premix nor the ratios of the composition could be detailed. The mortar's microstructure
via X-ray tomography (X-ray tomogrpahy technique is detailed in section 3.2.4.1) is shown in
�gure 2.15.

Figure 2.15: X-ray tomography slice of the microstructure of the mortar - Image resolution 10
µm.

The heterogeneous and porous character of the mortar is clearly noticed in �gure 2.15. To
determine the size range of the sand used in the premix, a Particle Size Distribution (PSD)
is carried out by sieving all the components of the premix. As shown in �gure 2.16, almost
78wt.% of the premix grains have a particle size smaller than 0.63 mm, and 70wt.% of the
particle sizes are smaller than 0.4 mm. According to most of the classi�cation norms (e.g.
CSSC, USDA, System ISSS, UNIFIED, AASHO), the majority of the premix particles fall in
"Fine Sand" category [Kroetsch and Wang, 2008].
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Figure 2.16: PSD of the mortar premix by sieve analysis.

2.3.2 Mixing protocol and casting: Preliminary analysis

The mortar manufacturer recommends 6 L of water for a 25 kg bag of premix. They rec-
ommend using an electric hand mixer at 500 rpm for 3 minutes to mix the water and premix,
then letting the mixture sit for 5 to 10 minutes before application. Since an electric hand
mixer is not available and to limit the non-repeatability associated with human intervention
during mixing, an automatic stand mixer is used. Nevertheless, the maximum speed of the au-
tomatic stand mixer is lower than the 500 rpm recommended by the manufacturer, thus, some
modi�cations are required to adjust the mixing protocol of the mortar. To study the impact of
the mixing protocol on the behavior of the rendering mortar, three mixing protocols are tested.

In total, four batches are cast in order to investigate the e�ect of, not only the mixing pro-
tocol, but also the dimension of the samples as well as their curing conditions. Two dimensions
of prismatic samples are considered 4×4×16 cm3 (called thereafter 4 cm thickness specimens)
and 1×4×16 cm3 (called thereafter 1 cm thickness specimens), as well as two curing conditions,
wet and dry. Figures 2.17a and 2.17b show respectively the mean weight loss (± standard
deviation) of the three 4×4×16 cm3 and the three 1×4×16 cm3 tested specimens, stored in
drying conditions at 50%±5% relative humidity and a temperature of 25◦C±2◦C, for each
of the four cast batches. Note that the specimens were protected from drying during 1 day
before demolding, and when drying specimens dry by all 6 facets. Weight loss measurements
are chosen. They are easy to perform, reliable and representative to porosity characteristics,
drying shrinkage, and mechanical properties. The in�uence of the mixing protocol on the
weight loss curves is clearly noticeable especially on the �nal weight loss value. The 4 cm
thickness specimens cast according to protocols 1, 2, and 3 attain a �nal value of weight loss
of 12%, 10%, and 14% respectively as shown in �gure 2.17a. While the specimens of both
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batches 3 and 4 cast according to protocol 3, attain almost the same �nal weight loss value
of 14%. This shows the importance of choosing a speci�c mixing protocol with minimum
human intervention in order to insure a repeatable process and to limit the variability of the
material's properties caused by a non-repeatability of the mixing protocol, thus in�uencing
the interpretation of certain phenomena related to other modi�ed conditions. The in�uence
of mixing protocols on the properties of cementitious materials is widely studied according to
several aspects [Jézéquel and Collin, 2007,da Silva and Lordsleem Jr, 2021,De França et al.,
2019].
However, the weight loss of the 1 cm thickness specimens di�ers from that of the 4 cm thickness
specimens. As shown in �gure 2.17b, the 1 cm thickness specimens of batch 2 cast following
protocol 2 attain the same weight loss value as that of the specimens of batches 3 and 4 cast
according to protocol 3, which is not the case for the 4 cm thickness specimens that lost the
least percentage of water. This demonstrates that in addition to the in�uence of the mixing
protocol on the early-age drying of the specimens, the dimensions (i.e. the thickness in this
case) of the specimens have an impact on the early-age properties of the material. Further
early-age properties such as weight loss and shrinkage will be discussed in section 2.4.
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Figure 2.17: Mean weight loss vs. age of the specimens of the 4 cast batches (drying starting
1 day after demolding).

Adopted mixing protocol

As mentioned above, the mixing protocol of the studied rendering mortar recommended by
the manufacturer needs to be modi�ed and adopted for research purposes. The mixing protocol
needs to ensure a su�cient repeatability by limiting the human intervention in the process.
The adopted mixing protocol, detailed in table 2.1 is adapted from the mixing protocol of
mortars of the norm "NF EN 196-1".

An Ibermix normalized automatic stand mixer is used. The process starts by adding the
premix to the bowl of the mixer and mixing the premix alone at low speed (140 rpm) before
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Table 2.1: Adopted mixing protocol.

Step Speed [rpm] Duration [s]
Mixing the premix before adding water 140 60
Mixing while progressively adding water 140 60
Mixing at high-speed 300 90
Mixing with a trowel to scrape the sides NA 60
Mixing at high-speed 300 60
Leave the mixture to "rest" NA 5 to 10 minutes

adding any water in order to ensure a uniform distribution of all the components. The water
is then added gradually while mixing at low speed during 1 minute. Once the water is fully
incorporated, the mixer passes automatically to high speed (300 rpm) for 90 seconds. The
only needed intervention of the operator is to scrape the sides and the bottom of the bowl to
ensure that all the premix initially added is combined to the mix. Finally, the whole is mixed
at high speed for another 90 seconds. Before casting into the molds, the fresh mortar sits for
5 to 10 minutes as recommended by the manufacturer. The fresh mortar is then cast into
standard 4×4×16 cm3 molds and custom made 1×4×16 cm3 molds. No vibration is needed,
since the rendering mortar is never vibrated in real life conditions. The molds are immediately
protected with several layers of cellophane wrap for 24 hours until demolding.

2.3.3 Specimens and curing conditions

As mentioned earlier, this chapter aims to explore behavior of the rendering mortar at early-
age as well as at a mature age. The e�ect of several parameters (i.e. the mixing protocol,
scale e�ect, curing conditions, and age) is studied. This section details the specimens needed
as well as their curing conditions for each of the studied cases.

2.3.3.1 Mixing protocol, curing conditions, and dimensions e�ects

As mentioned and shown in section 2.3.2, the e�ect of the mixing protocol, dimensions of
the specimens, and the curing conditions on the early-age hygral behavior as well as on the
mature age mechanical behavior of the mortar are studied. Four batches are cast according
to three di�erent mixing protocols. Each batch includes two thickness specimens, 4 cm and
1 cm thickness specimens that corresponds respectively to the 4×4×16 cm3 and 1×4×16
cm3 prismatic geometries. The specimens are demolded and stored in either autogenous or
drying curing conditions 24 hours after casting, during which the specimens are protected
from drying in their molds with several layers of cellophane �lms (except D01-2 specimens,
see thereafter). The specimens in autogenous conditions are protected with three layers of
cellophane �lm and two layers of adhesive aluminum and stored in a temperature regulated
room at 25◦C±2◦C. The specimens in drying conditions are directly stored after demolding in
the same temperature and relative humidity regulated room at 50%±5% relative humidity and
a temperature of 25◦C±2◦C without any protection. The table 2.2 details the specimens of
each batch, their dimensions, their curing conditions, their curing time before the mechanical
test, their number, and their designation.
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Table 2.2: Specimens and curing conditions for studying the e�ect of mixing protocol, curing
conditions, and dimensions on hydrochemical and mechanical properties of the mortar.

Mixing
protocol

Batch
Dimensions

[cm3]
Curing conditions

Curing time
[days]

Number of
specimens

Designation

1 1
4×4×16 Drying

28±2 3 D4-1
Autogenous 3 A4-1

1×4×16 Drying 90±10 1 D1-1

2 2

4×4×16 Drying

90±10

3 D4-2
Autogenous 3 A4-2

1×4×16
Drying 3 D1-2

Drying age ZERO 3 D01-2
Autogenous 3 A1-2

3

3
4×4×16 Drying

90±10

3 D4-3
Autogenous 3 A4-3

1×4×16 Drying 3 D1-3
Autogenous 3 A1-3

4
4×4×16 Drying

40±5

3 D4-4
Autogenous 3 A4-4

1×4×16 Drying 3 D1-4
Autogenous 3 A1-4

In the table 2.2 above, the designation of the specimens is chosen according to the curing
conditions, the thickness of specimens and to the batch number. Thus, the �rst letter stand
for the curing condition of the specimens (i.e. "D" for drying and "A" for autogenous), the
second character stands for the thickness of the specimens (i.e. "4" and "1" for 4 cm and
1 cm thickness specimens respectively), the last character stands for the batch number. As
an example, the "D4-1" specimens stands for the 4 cm thickness specimens of the �rst batch
stored in drying curing conditions.
The "D01-2" specimens are the only exception. They were not protected from drying with the
cellophane �lm during the �rst 24 hours after casting. Thus, the drying of these specimens
started at age ZERO of the material which is representative of the real conditions of a rendering
mortar.

2.3.3.2 Hydration/drying competition study

Drying and hydration may occur simultaneously in cementitious materials. As soon as the
water comes into contact with the cement, the hydration is initiated. In addition, depending
on the relative humidity of the surrounding environment, the drying of the material is induced.
Thus, the free water is transported out of the material, limiting the available water for the
hydration reaction in case of a non-abundance quantity of water. In that sense, drying and
hydration are coupled. Rendering mortars for instance are subject to drying as soon as they
are applied. The complete hydration of the material may thus not be achieved. It can be
suggested that the mechanical properties of the material will therefore not be optimal. For
low water to cement ratio materials, partial hydration leads to better mechanical properties



2.3. MATERIAL, MIXING PROTOCOL, AND CURING CONDITIONS 45

since cement grains are more resistant that hydrates. Nevertheless, a su�cient hydration is
required to form enough C-S-H to glue the grains. It is not the case for high water to cement
ratio materials (e.g. rendering mortars), since cement content is low and porosity is high.
Large hydration is required to reduce porosity [Benboudjema et al., 2005]. The e�ect of the
competition between the two phenomena on the mechanical behavior of the material is thus
studied. Table 2.3 details the specimens cast for this study, their dimensions, and their curing
conditions.

Table 2.3: Specimens and curing conditions for studying the e�ect of hydration/drying com-
petition on the mechanical properties of the mortar.

Dimensions of the specimens
Curing conditions

Number of specimens Designation
7 days 7 days

4×4×16 cm3 Water Drying 3 WD4
Drying 3 D4

1×4×16 cm3

Water Drying 3 WD1
Drying 3 D1
Drying 3 D01

Two dimensions of specimens, 1 cm and 4 cm thickness specimens, are cast according to
the mixing protocol detailed in table 2.1 to study the scale e�ect on the mechanical properties
of the material on one hand. On the other hand, to study the e�ect of the drying/hydration
competition, the specimens are stored after demolding either in drying conditions for all the
14-day drying period (i.e. specimens D4, D1, and D01) during which the two phenomena are
coupled and can both occur simultaneously, or stored in water for 7 days followed by a 7-day
drying period (i.e. specimens WD4 and WD1). When specimens are stored in water, there is
no drying a�ecting hydration, thus full hydration may take place for the �rst 7 days. When in
drying conditions, the specimens are stored in a temperature and relative humidity controlled
room at 20◦C±2◦C and 35%±5% respectively. Before demolding, all specimens are protected
from drying with several layers of cellophane �lm for 24 hours except for D01 specimens that
were allowed to dry starting age ZERO to further trigger the drying/hydration competition.
Note that drying occurs on the six facets of the specimens.

2.3.3.3 Relative humidity e�ect

Depending on the environmental conditions, the kinetics as well as the degree of drying
di�er. As discussed in section 2.2.5, drying have an impact on the mechanical behavior of
the cementitious materials. To study this impact on the rendering mortar, 1 cm thickness
specimens (prismatic 1×4×16 cm3 specimens) are cast into custom made molds according
to the mixing protocol detailed in table 2.1. They are protected from drying in the molds
with several layers of cellophane �lm for 24 hours until demolding. After demolding, the
specimens are stored in various curing conditions for 14 days. "W" specimens are stored
in water, "A" specimens are stored in autogenous conditions (protected from drying with
three layers of cellophane �lm and two layers of adhesive aluminum), while "D85", "D65",
"D50", and "D35" are stored in drying conditions in desiccators containing a corresponding
salt solution that regulates the relative humidity inside each desiccator where relative humidity
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is continuously measured by sensors. Note that drying occurs on the six facets for the drying
specimens. Table 2.4 details the curing conditions of all the cast specimens for this study.

Table 2.4: Specimens and curing conditions for studying the e�ect of external relative humidity
on the mechanical properties of the mortar.

Curing conditions
14 days

Storage
Number of
specimens

Designation

Water Water 3 W

Autogenous
Cellophane �lm and
adhesive aluminum

3 A

85% ± 5%
Potassium chloride
saturated solution

3 D85

65% ± 5%
Ammonium nitrate
saturated solution

3 D65

50% ± 5%
Magnesium nitrate
saturated solution

3 D50

35% ± 5%
Magnesium chloride
saturated solution

3 D35

2.3.3.4 Wetting e�ect

Drying has an impact on the mechanical behavior of cementitious materials in general and
on the rendering mortar in particular. Nevertheless, the moisture transfer can occur from
the mortar to the surrounding environment in case of drying, but it can also occur in the
inverse direction when the relative humidity of the surrounding environment exceeds that of
the mortar (e.g. in case of rain). For this reason, the impact of re-humidi�cation after a �rst
phase of drying on the mechanical behavior of the mortar is studied.

Table 2.5: Specimens and curing conditions for studying the e�ect of re-humidifying after a
�rst phase of drying on the mechanical properties of the mortar.

Curing conditions
Number of specimens Designation

14 days 14 days
Water 3 W
Drying 3 D

Drying Water 3 DW

Table 2.5 details the curing conditions of the cast specimens to be tested for this study. 1
cm thickness specimens (prismatic 1×4×16 cm3 specimens) are cast in custom made molds
according to the mixing protocol detailed in table 2.1. The specimens are protected from
drying with several layers of cellophane �lm during 24 hours until demolding. Once demolded,
the specimens are stored either in water for 28 days ("W" specipmens), either in drying
conditions in a temperature and relative humidity controlled room at 20◦C±2◦C and 35%±5%
respectively for 28 days ("D" specimens), or in the latter drying conditions for 14 days followed
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by re-humidi�cation period of 14 days in water ("DW" specimens). Note that all surfaces of
the specimens are exposed to the surrounding environment.

2.3.3.5 Age e�ect

To further understand the behavior of the rendering mortar, the evolution of its behavior
with time studied. 1 cm thickness specimens (prismatic 1×4×16 cm3 specimens) are cast in
custom made molds according to the mixing protocol detailed in table 2.1. The specimens are
protected from drying with several layers of cellophane �lm during 24 hours until demolding.
Once demolded, are stored in drying conditions in a temperature and relative humidity con-
trolled room at 20◦C±2◦C and 35%±5% respectively for di�erent periods of time, 3, 7, 14, 28,
and 90 days before being mechanically tested as detailed in table 2.6.

Table 2.6: Specimens and curing conditions for studying the e�ect of age of the mortar on its
mechanical properties.

Drying time before mechanical test [days] Number of specimens Designation
3 3 D3
7 3 D7
14 3 D14
28 3 D28
90 3 D90

2.4 Early-age characterization

In this section, the early-age behavior of the mortar is studied. As soon as the water
comes into contact with the cement, two main phenomena are initiated, the hydration and the
drying responsible for the autogenous and drying shrinkage respectively. To understand the
early-age hydrochemical behavior of the studied rendering mortar, weight loss and shrinkage
are monitored during the early-age of the material. In addition, isothermal calorimetry is
carried out to follow the heat generation due to the hydration reaction and get information
about the hydration kinetics.

2.4.1 Weight loss and shrinkage

The weight loss and shrinkage measurements are carried out on the specimens of table 2.2
at early-age. The mass of D4 and D1 specimens of the 4 cast batches is measured to follow
the water weight loss during the drying period according to the mixing protocol and to the
dimensions of the specimens. An electronic digital scale with a 0.1 g precision is used. The
weight variation is calculated in equation 2.1. In this study, the weight variation is considered
to be negative when the material loses weight (drying corresponds to a positive weight loss),
and positive when the material gains weight in case of humidi�cation.
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∆m

m
[%] =

mt −mi

mi

× 100 (2.1)

where mt is the actual mass of the specimen at age t,
and mi is the initial mass of the specimen at age 1 day directly after demolding.

In addition, the shrinkage strains are measured for D4 and A4 specimens. The shrink-
age strains measured for D4 specimens subject to drying are a combination of drying and
autogenous shrinkage, whereas those of A4 specimens stored in autogenous curing conditions
correspond to autogenous shrinkage only. D4 and A4 specimens are cast in speci�c molds.
The sides of the molds corresponding to the bases of the specimens are pierced along the
longitudinal axis to allow the �xing by screws of the studs intended for the measurements
according to the norm "NF P15-433". To measure shrinkage strains, a digital retractometer
shown in �gure 2.18 is used. The retractometer is equipped with two probes �tted with a
recti�ed ball with a diameter between 6 and 7 mm. The procedure for measuring shrinkage
strains is in conformity with the norm "NF P15-433".

Figure 2.18: Controlab digital retractometer E0078M

The mean weight loss (± standard deviation) and the mean shrinkage strains (± standard
deviation) of D4 specimens of the four cast batches according to three di�erent mixing pro-
tocols are shown in �gures 2.19a and 2.19b, respectively. It is noticeable in these �gures the
e�ect of mixing protocol on both the weight loss and the shrinkage of the material. As shown
in �gure 2.19a, D4-1 specimens attain a �nal weight loss value of approximately 12%, D4-2
specimens attain a �nal weight loss value of approximately 10%, and D4-3 and D4-4 specimens
cast according to the same mixing protocol 3 attain the same �nal weight loss value of ap-
proximately 14%. Mixing allows to break the cement �ocs. When the mixing speed increases,
more cement �ocs are broken a�ecting the hydration kinetics and therefore the properties of
the material. In addition, when increasing the mixing speed, the quantity of entrained air
increases thus the porosity increases which directly linked to �nal value of weight loss for a
given relative humidity.

Drying shrinkage strains can be directly linked to the weight loss of the material. When
the weight loss increases re�ecting a more important drying, the drying shrinkage increases.
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Figure 2.19: (a) Mean weight loss and (b) mean total measured shrinkage strains vs. age of
D4 specimens of the four cast batches.

Nevertheless, this tendency is not obtained for the D4 specimens. As shown in �gure 2.19b,
D4-1 specimens attain a shrinkage strain of 2000 µm/m exceeding the the shrinkage strains of
D4-3 and D4-4 specimens that lost more water. This observation can be explained by the fact
that the shrinkage strains measured on D4 specimens includes both autogenous and drying
strains, thus drying and hydration are coupled during these measurement making it di�cult
to properly link the total measured shrinkage strains directly to the weight loss. In addi-
tion, autogenous strains of A4 specimens shown in �gure 2.20 shows the impact of the mixing
protocol on the measured autogenous strains re�ecting the impact of the mixing protocol on
hydration a�ecting equally the total shrinkage measured on D4 specimens undergoing both
drying and autogenous strains.

It is important to mention the signi�cant uncertainty of the measurements of the strains
using the retractometer. It was speci�cally studied in the PhD thesis of [Chan, 2021] on a large
number of specimens. Several factors may increase the uncertainty of these measurements such
as dust or grease on the probes or the recti�ed balls, loosening of the studs, and of course the
error induced by the human intervention in the process. According to the norm "NF P15-433",
if the measured length variation of one of the three specimens exceeds 0.02 mm that of the
specimen having the least length variation, the specimen should be discarded. Thus the mean
value should not include this "false" measurement. None of the measurements are discarded in
the mean values of the �gures 2.19b and 2.20 explaining some large standard deviation values
especially in the case of D4-3 measurements.

In addition to studying the mixing protocol on the early-age behavior of the rendering
mortar, the scale e�ect is also studied. To this end, 4 cm and 1 cm thickness are cast. The
advantage of working with 4×4×16 cm3 specimens is the normalized molds and processes
that can facilitate the various measurements such as the shrinkage strains measurements.
Nevertheless, in real application scenarios, the rendering mortar is applied in a thin layer of
5 mm thickness recommended by the manufacturer. For this reason, it is important to study
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Figure 2.20: Mean measured autogenous shrinkage strains vs. age of A4 specimens of the four
cast batches

the mortar's behavior on specimens whose thickness is close to that of the mortar in real
application. The 1 cm thickness of the 1×4×16 cm3 specimens is chosen according to the
drying scheme of the specimen. A 5 mm thickness mortar in a real life scenario dries only on
the exposed external surface as shown in �gure 2.21, whereas the 1 cm thickness specimen dries
on both upper and lower surfaces implying a drying length of 5 mm caused by the symmetry
of the geometry as well as that of the external hygral loading conditions.

Figure 2.21: Drying of the real application mortar compared to the that of the 1 cm thickness
study specimen.

To understand the scale e�ect on the drying of the mortar, the mean weight loss of D4
and D1 specimens of the four cast batches is plotted in �gure 2.23 as a function of

√
age/Req

where Req is the equivalent radius of the geometry of the specimen (also called the notional
size of member in code models) de�ned in equation 2.2 (Refer to appendix A). In �gure 2.23,
the age ZERO of the material corresponds to the beginning of drying which is at 1 day for D4
and D1 specimens and 0 days for D01 specimens.

Req =
2S

P
(2.2)

where S is the area of the section of the prismatic specimen de�ned as h× b
(h and b are shown in �gure 2.22),

and P is the perimeter of the section of the prismatic specimen de�ned as 2× (h+ b).
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Figure 2.22: Designation of the dimensions of the a prismatic specimen.

It is clearly noticeable in �gure 2.23 that the scale e�ect on the drying of the material
represented by its weight loss is not due to pure migration of water in the mortar. The dry-
ing of the mortar di�ers between D4 and D1 specimens in terms of its kinetics shown in the
weight loss slope, and in terms of the quantity of the lost water shown in the �nal weight loss
value. D4 specimens for instance of the batches 1, 3, and 4 shown in �gures 2.23a,2.23c, and
2.23d, respectively, show a greater weight loss slope as well as a greater �nal weight loss value
compared to D1 specimens. The drying kinetics is generally related to the liquid permeability
and vapor di�usivity of the material, while the �nal quantity of lost water is related to the
total porosity of the material for a given relative humidity. This means that D4 specimens
of batches 1, 3, and 4 have greater equivalent permeability as well as a greater porosity com-
pared to D1 specimens when both 4 cm and 1 cm specimens are supposed to have the same
properties if they are cast from the same batch 1, 3, or 4. The equivalent permeability of the
material is related to the porosity of the material, the size of the pores, and to the connectivity
of the porous structure. This highlights the di�erence in the microstructure between the 4 cm
and the 1 cm specimens. This is due to the strong coupling between drying and hydration of
the material a�ecting di�erently the microstructure of the 4 cm and 1 cm thickness specimens.

On the other hand, �gure 2.23b show the weight loss curves of the specimen of the batch
2. D4-2 specimens show a greater weight loss slope thus a greater equivalent permeability
than D1-2 specimen, but a smaller �nal weight loss value thus a lower porosity than D1-2
specimens. In addition to the drying/hydration coupling that a�ects the microstucture of the
material, the mixing protocol shows once again an impact on the drying as well as on the
hydration of the material leading to a material that have a hydral early-age behavior that
di�ers from that of a mortar cast according to a di�erent mixing protocol.
The geometry and curing conditions of D01-2 specimens are most similar to those of a mortar
in a real application where the mortar starts drying as soon as it is applied. However, the
weight loss curve of D01-2 specimens shown in �gure 2.23b demonstrates that an important
part of the drying history of the material is lost since the weight loss monitoring can not be
carried when the specimens are still in their molds. Thus, for research purposes, it is preferable
to prevent the drying of the material until it is demolded in accordance with the norm "NF
EN 196-1" that suggests to store the specimens before demolding in a moist air room where
relative humidity should be maintained at not less than 90%.
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Figure 2.23: Mean weight loss vs.
√
age/Req of the 4 cm and 1 cm thickness specimens stored

in drying conditions of the 4 cast batches.

2.4.2 Isothermal calorimetry

As mentioned earlier, isothermal calorimetry is carried out to follow the heat generation
due to the exothermal hydration reaction of the rendering mortar. The amount of heat re-
leased provides information on the kinetics and the intensity of the reactions. Isothermal
calorimetry [Wadsö, 2005] is a technique that consists in maintaining the sample at a con-
stant temperature and measuring its heat �ux released, compared to a reference placed in the
same cell. The reference contains a non reactive mixture with the same heat capacity as the
studied cimetitious material. A thermostat ensures a constant temperature which avoids the
heat accumulation problems existing in the adiabatic calorimeters and which could modify the
hydration kinetics of the heat-sensitive binder components.
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The calorimeter used in this study is an isothermal microcalorimeter "Tam Air" shown in
�gure 2.24 containing eight cells with an accuracy of ±20µW .

Figure 2.24: Adapted explanatory scheme of the TAM AIR microcalorimeter [Kaci, 2021]

After following the baseline for a duration of at least 12 hours during which the device
attain a thermal stabilization, a freshly mixed 5 g mortar sample placed in an ampoule is
introduced into the measuring cell. A 5 g non reactive reference is introduced into same cell.
In total, 8 mortar samples are introduced into the 8 cells of the calorimeter in addition to 8
references. Two types of references are used, a 5 g mixture of silica sand and water with a
water/sand ratio = 0.5 on one hand introduced into 4 cells, and 5 g of water are introduced
into the 4 remaining cells as a reference on the other hand.

Figure 2.25 shows the mean cumulative heat �ux (± standard deviation) of the 8 sam-
ples. The vertical dashed gray line on �gure 2.25 corresponds to 1 day age of the samples.
65% of the total heat generated by the hydration reaction at 28 days corresponds to the heat
generated during the �rst 24 hours of the life of the rendering mortar. This result implies
that the hydration reaction of the studied rendering mortar is fast and most of the hydration
reaction occurs during the �rst 24 hours of the life of the rendering mortar. In the case of
the samples used for the several studies mentioned in section 2.3.3, the mortar is protected
from drying during the 24 hours before demolding. This suggests that when the specimens
dry after demolding depending of their drying conditions, the competition between the drying
of the sepcimens and the hydration reaction is not high.

2.5 Mechanical characterization

2.5.1 Experimental method

The mechanical characterization of the rendering mortar is carried out on all the samples of
tables 2.3, 2.4, 2.5, and 2.6 by performing three-point bending tests using the setup detailed in
�gure 2.26. The upper support applying the load is connected to a 2 kN load cell of an Instron
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Figure 2.25: Cumulative heat �ux measured by isothermal calorimetry

testing machine. The right lower support can rotate around a horizontal axis parallel to the
length of the specimen. This rotation allows a homogeneous contact between the surface of
the specimen and the support avoiding any concentrated load caused by geometrical defects in
the specimen. The distance between the two lower supports is 12 cm. An LVDT sensor is �xed
on the lower surface of the specimen to measure the horizontal displacement called "Crack
Mouth Opening Displacement" (CMOD). The CMOD measured by the LVDT sensor allows
computing the Young's modulus of the material more reliably compared to the machine's
displacement that integrates the supports' settlements and the strains in all the elements that
transmit the load as well as the the crushing of the mortar and the friction and sliding between
elements. Since the focus of the study is the mechanical behavior of the mortar until rupture
to determine its mechanical properties (i.e. the tensile strength and Young's modulus) rather
than the fracture energy, the mechanical test is controlled by the vertical displacement.

Figure 2.26: Three-point bending test set-up
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2.5.2 Results and discussions

2.5.2.1 Hydration/drying competition and scale e�ect

The rendering mortars are subjected to drying as soon as they are applied. The water
needed to hydrate the mortar may therefore be lost by drying. The complete hydration of
the material may thus not be achieved. It can be suggested that the mechanical properties
of the material will therefore not be optimal. In addition, it has been shown in section 2.4.1
that the drying and the hydration are strongly coupled a�ecting the early-age behavior of the
rendering mortar in terms of weight loss and shrinkage. This campaign investigates the e�ect
of the competition between drying and hydration as well as the scale e�ect between two dif-
ferent dimensions of specimens the 4 cm and the 1 cm thickness specimens on the mechanical
behavior of the rendering mortar. The tested specimens as well as their curing conditions are
detailed in section 2.3.3.2.

As shown in �gure 2.27a, WD4 specimens that had a curing period in water before drying
present a higher failure force than D4 specimens that underwent drying during all the curing
period. Similarly, the same tendency goes for the 1 cm thickness specimens as observed in
�gure 2.27b. WD1 specimens present a greater failure force than that of D1 specimens. In
addition, D01 specimens that underwent drying during the �rst 24 hours before demolding
show the lowest failure force. These observations are translated in the �exural tensile strength
presented in table 2.7 as the earlier the starting age of drying the smaller the tensile strength.
The same tendency applies for the Young's modulus of the mortar presented in table 2.7.
These results can be explained by the presence of a competition between drying and hydra-
tion. During drying, the specimens lose water that can be necessary for the progression of
hydration. The optimum mechanical properties can thus not be attained. The earlier the
starting age of drying, the stronger the hydration/drying competition leading to weaker me-
chanical properties.

Table 2.7: Flexural tensile strength ft and Young's modulus E (mean value ± standard
deviation) of WD4, D4, WD1, D1, and D01 specimens.

Specimens ft [MPa] E [GPa]
WD4 2.64 ± 0.22 4.68 ± 0.56
D4 2.35 ± 0.02 4.12 ± 0.29
WD1 2.72 ± 0.22 4.19 ± 0.65
D1 1.75 ± 0.24 3.73 ± 0.63
D01 1.29 ± 0.09 2.9 ± 0.53

Considering the scale e�ect, although the di�erence between WD4 and WD1 specimens
is not signi�cant, a slight increase in the tensile strength of WD1 specimens compared to
WD4 specimens is noticed. This result is expected in mechanical testing and such size-e�ects
can be explained by the Weibull theory [Jayatilaka, 1979]. The larger the dimensions of the
specimen, the higher the probability of the presence of defects causing thus a decrease in the
tensile strength. On the contrary, the tensile strength of D4 specimens is greater than that of
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Figure 2.27: Force vs. CMOD of the (a) 4×4×16 cm3 specimens and (b) 1×4×16 cm3 speci-
mens

D1 specimens. The D1 specimens dries faster than D4 specimens. Therefore, the hydration is
expected to be lower in D1 specimens leading to higher strength in D4 specimens compared
to D1 specimens. This result shows the complexity of the material and of the coupling of
hydration and drying.

2.5.2.2 E�ect of drying on the mechanical behavior of the rendering mortar

In this section, the e�ect of drying on the mechanical properties of the rendering mortar
is studied. Dry conditions at relative humidities ranging from 30% up to 85%, as well as wet
curing conditions (in water and autogenous) are considered to determine the in�uence of the
hygral state of the mortar on its mechanical properties. The tested specimens as well as their
curing conditions are detailed in table 2.4.

The evolution of the weight of the specimens in function of their age is shown in �gure
2.28. The samples in water show a slight weight gain with time, the samples in autogenous
conditions show a constant weight, while the drying samples show a weight loss that is more or
less important depending on the ambient relative humidity. However, �gure 2.28 shows that
the samples stored at a relative humidity of 50% (D50) have lost less water than the samples
stored at a relative humidity of 65% (D65). This due to the real ambient relative humidity
in the desiccator. Since the water present in the sample migrates towards the environment of
the desiccator and because of the small volume of the desiccator, the real relative humidity
in the desiccator increases. For that reason, we will present the mechanical properties ob-
tained in the function of the weight variation instead of the theoretical relative humidity of
the desiccators. On the other hand, "W" specimens stored in water show a weight gain with
time. When stored in water, "W" specimens do not undergo auto-desiccation during which
the present water in material is consumed by the hydration reaction. This consumed water is
replaced by migrating water from the storing solution explaining the weight increase of "W"
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specimens. In addition, entrapped air bubbles created during the mixing and the casting of
the mortar may be �lled with water if they are connected to the open porosity.
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Figure 2.28: Mean weight variation vs. age of the specimens stored in di�erent curing condi-
tions

A clear correlation between the weight variation and the �exural tensile strength is noticed
in �gure 2.29a. The more the weight loss the higher the �exural tensile strength meaning the
stronger the drying the greater the resistance of the material. Moreover, the specimens stored
in wet curing conditions, autogenous corresponding to 0% weight variation and in water corre-
sponding to a positive weight variation, present a �exural tensile strength that is signi�cantly
lower than that of the specimens stored in drying curing conditions corresponding to the nega-
tive weight variation. Thus, drying have a positive impact on the mechanical resistance of the
studied industrial rendering mortar. In addition, the di�erence in the �exural tensile strength
between the specimens in the autogenous conditions and in water is signi�cant although both
categories of specimens "W" and "A" specimens are stored in wet curing conditions. This can
be explained by the excess water present in the specimens stored in water whereas the speci-
mens stored in autogenous conditions undergo the "auto-desiccation" leading to the decrease
of the free water in the material.

To further understand the e�ect of drying on the rendering mortar, the microstructure of
the mortar is investigated. X-ray tomography scan are carried out on 1 cm3 mortar samples
extracted from specimens stored in wet ad drying conditions. X-ray tomography is a non-
destructive imaging technique that provides a 3D image of the scanned object. It is based on
the variation of the absorption coe�cient along the path of the incident beam. The absorption
coe�cient is related to the density and the atomic number of the di�erent materials crossed
by the incident beam. Each of the present phases will return a speci�c gray level that will
allow to distinguish it, within the resolution of the image, in the reconstructed 3D volume.
Figure 2.15 shows a crop of a 3D X-ray image of the mortar. X-ray tomography will be further
detailed in section 3.2.4.1.
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Figure 2.29: (a) Mean �exural tensile strength ft and (b) Mean Young's modulus E vs. weight
variation

Two post-processing algorithms for tomographic images are then used. The "Multi-Otsu
Thresholding" algorithm [Liao et al., 2001] allows to perform a multi-level thresholding. It is
used to separate the di�erent phases present in the microstructure of the rendering mortar,
including the porosity. Once separated, the porosity is then analyzed by the "3D Object
Counter" algorithm [Bolte and Cordelières, 2006] which has the function of calculating several
characteristics of each 3D object selected by thresholding, including volume and surface area.
This provides the Particle Size Distribution (PSD) of the porosity of each scanned sample.
PSD of the porosity of "A" specimens stored in autogenous curing conditions as well as "D50"
specimens stored in drying curing conditions is shown in �gure 2.30, where it is noticeable
a decrease in pore size especially for the porosity of 100 µm diameter and above for "D50"
specimens compared to "A" specimens. Therefore, drying a�ects the microstructure of the
rendering mortar by decreasing the size of the larger porosity. This observation can be ex-
plained by the drying shrinkage of the material a�ecting both the solid skeleton and the pores.
In addition, in polymer modi�ed mortars such as the studied industrial mortars, drying leads
to the formation of a continuous polymer �lm that can �ll the porous network as discussed in
section 2.2.6.1.

The increase of the �exural tensile strength shown in 2.29a is not expected in cementitious
materials. As discussed in section 2.2.5, the e�ect of drying on the mechanical behavior of
cementitious materials diverge between authors. Nevertheless, in most cases, drying leads to a
decrease in tensile strength as well as the Young's modulus of cementitious materials. Several
phenomena occur during drying and can lead to a modi�cation of the mechanical behavior of
cementitious materials:

� The presence of heterogeneities and particularly the aggregates in cementitious materials
can be at the origin of the decrease of the mechanical resistance. The di�erent hygral
behavior between the cement paste and the aggregates leads to the incompatibility of
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Figure 2.30: PSD of the porosity

hygral strains. During the drying process, the aggregates restrain the drying shrinkage
strains of the cement paste. This causes tensile stresses in the cement paste. Cracks
in the cement paste or debonding between the cement paste and the aggregates can
therefore occur as discussed in sections 2.2.4.2 and 2.2.4.3 at multiple scales.

� The drying of cement materials is a slow phenomenon with an inhomogeneous character.
It is more important on the surface, zone exposed to drying than in the core. The
desiccation shrinkage is, therefore, more important on the surface than on the core.
Tensile stresses are generated on the surface and are balanced by compressive stresses in
the core. Surface cracks can appear if the stresses in this area reach the tensile strength
of the material as explained in section 2.2.4.1.

� The water present in cementitious materials is necessary for the hydration reaction to
proceed and gain strength. However, the water lost through drying can limit the hydra-
tion advancement preventing the cementitious materials from reaching their optimum
mechanical properties.
On the other hand, �gure 2.29b doesn't show any correlation between the weight varia-
tion and the Young's modulus.

In the case of rendering mortars, the increase in the �exural tensile strength of the mortar
after drying can be explained by several elements.
The negative e�ects of drying on the mechanical properties of the standard cementitious
materials mentioned above do not seem to be predominant in the case of the studied industrial
rendering mortar:

� No microcracks were observed in the tomographic images of the drying specimens within
the limit of the image resolution (10 µm). This can be explained by the small size of the
sand grains present in the mortar. The PSD of sand and aggregates can have an impact
on the microcracking related to aggregate restraint of drying shrinkage as discussed in
section 2.2.4.2.
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� The water gradient is weak because of the small thickness of the rendering mortar (the
manufacturer recommends the application of a layer of 5 mm) as well as the large total
porosity in the rendering mortar (ranging from 35 to 40% and calculated using the 3D
X-ray images) favoring a relatively rapid drying. In addition, the short linearity of the
weight loss curves of �gure 2.23 indicates that the core of the specimens starts to dry
rapidly proving the weak water gradient along the thickness of the specimens.

� Although the drying/hydration coupling has been proved in section 2.5.2.1, its e�ect on
the mechanical behavior of the mortar seems to be subsidiary compared to the positive
impact of drying on the mechanical properties of the rendering mortar. This is certainly
due to the additives present in the industrial rendering mortar used for ETICS such
as cellulose ethers that have water retaining properties as well as polymer latex. The
presence of the latter in the composition of these types of mortar is indeed one of the
main causes of the gain in tensile strength observed after drying. They are added to give
the rendering mortar more grip and �exibility. During drying, polymers in the form of
latex particles form water-resistant �lms. They are formed at the level of the capillary
pores of the cementitious matrix in structures in the form of veils binding the mineral
grains. The e�ects of the latex polymers on the mechanical behavior of cementitious
mortar are discussed more in section 2.2.6.1.

In addition, porosity size distribution carried out on drying and non-drying samples shows
a decrease in pore size for drying samples as shown in �gure 2.30. Porosity is a local defect
in the material that is a source of stress concentration in the tensile zone. The smaller the
porosity, the lower the stress concentration level for the same loading level, thus delaying the
moment of rupture.

2.5.2.3 E�ect of rehumidi�cation on the mechanical behavior of the rendering
mortar

In the previous section, drying proved to have a positive impact on the mechanical behavior
of the rendering mortar especially in terms of mechanical resistance. In this section, the
reversibility of the mechanical resistance gain due to drying is investigated. To this end,
previously dried samples are rehumidi�ed to be tested mechanically afterwards. D, W and
DW specimens of table 2.5are tested mechanically. The mechanical behavior of the specimens
stored in the three di�erent curing conditions are compared.

Figure 2.31 shows the mechanical response of D, W, and DW specimens. As discussed
in the previous section 2.5.2.2 and clearly noticeable on the force-CMOD curve of D and W
specimens in �gure 2.31, drying increases signi�cantly the failure force, thus the �exural tensile
strength, of the rendering mortar. In addition, the green curve in �gure 2.31 of DW specimens
shows that, after rehumidi�cation, the failure force of the mortar decreases, thus a part of the
strength gained after drying is lost. Nevertheless, the Young's modulus seems to be positively
a�ected by the rehumidifaction. Table 2.8 resumes the mechanical properties of the tested
specimens in terms of �exural tensile strength and Young's modulus.

The increase of tensile strength due to drying is mainly due to the formation of ether
and polymer �lms within porous structure of modi�ed mortars such as the studied rendering
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Figure 2.31: Force vs. CMOD

Table 2.8: Flexural tensile strength ft and Young's modulus E (mean value ± standard
deviation) of D, W, and DW specimens.

Specimens ft [MPa] E [GPa]
W 0.7 ± 0.03 3.58 ± 0.86
D 1.82 ± 0.25 3.9 ± 0.54
DW 1.32 ± 0.17 5.81 ± 0.34

mortars. Nevertheless, under wet conditions, the ether �lms are dissolved and transported
into the cementitious matrix, whereas polymer �lms are water resistant as discussed in section
2.2.6. This explain the loss of part of the mechanical resistance of the rendering mortar that
still greater that that of the specimens that never underwent drying.

2.5.2.4 Evolution of the mechanical strength of the rendering mortar with time

As soon as the water comes into contact with the cement, the hydration is initiated. The
hydration reaction progresses with time and is directly linked to the evolution of the mechan-
ical properties of cementitious materials. In the section, the rendering mortar is mechanically
tested 3, 7, 14, 28, and 90 days after mixing. The aim is to track the evolution of the mechan-
ical properties of the rendering mortar in terms felxural tensile strength and Young's modulus
with time.

Figure 2.32a show the evolution of the �exural tensile strength of the mortar with time.
Except the tensile strength of the D90 specimens tested at 90 days, the resistance of the
mortar seems rather stable between 3 and 28 days after mixing. This is probably due to
the highly rapid hydration reaction of this mortar as discussed in section 2.4.2, where the
results of isothermal calorimetry of �gure 2.25 show that almost 24 hours after mixing, the
cumulative heat �ux generated by the hydration reaction reaches a plateau. This means that
the mechanical properties of the material are mostly reached during the �rst 24 hours after
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mixing. On the other hand, to investigate the decease of resistance at 90 days, observations of
the surface one of the D90 specimens is carried out using Keyence digital optical microscope
that reveal, as shonw in �gure 2.33, some micro-cracking due to severe drying for 90 days at
35% relative humidity.
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Figure 2.32: (a) Mean �exural tensile strength ft and (b) Mean Young's modulus E vs. age
of the specimens

Figure 2.32b show the evolution of the Young's modulus of the mortar with time. Despite
the second point of the �gure which corresponds to D7 specimens, a small increase of the
Young's modulus of the mortar with time is noticed. Nevertheless, this increase does not
exceed the standard deviation represented by the error bar and thus might not be signi�cant.

Figure 2.33: Keyence digital optical microscope observation on a D90 specimen
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2.6 Conclusion

This chapter deals with the comprehension of the early-age hygro-chemical behavior as well
as the mechanical behavior of the rendering mortar used as the protection layer for ETICS.
This layer is composite material composed of the rendering mortar and its reinforcement, the
glass �ber mesh.

As all cementitious materials, the rendering mortar is in a continuous changing state. The
hydration reaction, on one hand, that starts as soon as the premix gets in touch with water,
a�ects the microstructure of the materials and is responsible for its mechanical properties.
On the other hand, as a porous materials, the rendering mortar is in continuous exchange
of migrating moisture with the surrounding environment depending on the relative humidity
of the later. Each of these two phenomena, hydration and drying, as well as the coupling
between them will a�ect the behavior of the rendering mortar.

In this chapter, an experimental campaing focusing on the hygro-mechancial behaviour of
the rendering mortar at early-age has been carried out in order to clarify the in�uence of the
mixing protocol, curing conditions and age on the microstructure development and mechanical
behavior of the rendering mortar.
The early-age characterization in terms of weight loss and shrinkage has been carried out to
study the in�uence of the mixing protocol, the size of the specimens, and the curing conditions
of the early-age behavior of the rendering mortar. It has been shown that a repeatable mixing
protocol with minimum human intervention is needed to limit the scatter in the early-age
measurements such as weight loss and shrinkage strains. In addition, the scale e�ect of the
drying is highlighted placing in advance the coupling between the hydration of the material
and the drying.
Isothermal calorimetry has shown that the hydration reaction of the rendering mortar is fast
and most of the hydration reaction occurs during the �rst 24 hours of the life of the rendering
mortar. This suggests that when the specimens start drying at an age of 1 day after demolding
depending of their drying conditions, the competition between the drying of the specimens and
the hydration reaction is not high. Thus, the mechanical properties of the mortar specimens
are not a�ected by the loss of water that is important for the hydration reaction.
The e�ect of coupling between the hydration and drying as well as the scale e�ect on the ma-
chanical behavior of the rendering mortar is studied in section 2.5.2.1. It has been shown that
the earlier the starting age of drying, the stronger the hydration/drying competition leading
to weaker mechanical properties. On the other hand, the scale e�ect seems to be dependent
on the curing conditions of the specimens.
The e�ect of drying at several relative humidities on the mechanical behavior of the rendering
mortar is studied and discussed in section 2.5.2.2. It has been shown that drying have a pos-
itive impact on the mechanical resistance of the studied industrial rendering mortar. A clear
correlation between the degree of drying and the �exural tensile strength of the material is
obtained showing that the stronger the drying the greater the resistance of the material. The
gain in tensile strength due to drying is attributed to the presence of latex polymer particles
and cellulose ethers that coalesce and form �lms binding the mineral grains.
In addition, the e�ect of rehumidi�cation on the mechanical behavior of the rendering mortar
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has been studied and discussed in section 2.5.2.3. Part of the mechanical resistance gain of the
rendering mortar due to drying is lost after rehumidi�cation. Nevertheless, the tensile strength
of the rehumidi�ed samples is still greater than that of the specimens that never underwent
drying. The partial loss of the resistance of the mortar is due to the dissolution of the ether
�lms that are not resistant to water unlike the polymer �lms that are water resistant.
Finally, the evolution of the mechanical properties of the rendering mortar with time is studied.
Section 2.5.2.4 shows that between the 3 days age and 90 days age, the mechanical properties
seem to be stable. This is probably due to the highly rapid hydration reaction of the studied
rendering mortar.

The main conclusion regarding the optimum mechanical behavior, in terms of �exural ten-
sile strength, of this type of rendering mortar, is to store the mortar in wet conditions for an
early-age without the intervention of drying that can a�ect the progress of hydration, then
to allow the mortar to dry to let it develop its full potential of resistance. This conclusion
is indeed research-based and applies to laboratory-size samples. In a real-life scenario, it will
be impossible to store the fresly applied mortar in water or in autogenous conditions. Nev-
ertheless, high relative humidity of the environment is preferred for an early age. Thus, we
can choose the application date of the mortar depending on the weather condition. We are
conscious of the di�culties and the deadlines imposed on-site during construction projects.
Therefore, engineers cannot always wait for the right weather conditions to apply the mortar.
Nevertheless, drying conditions allow to attain greater mechanical properties, thus they are
preferred.

Although the mechanical behavior of the rendering mortar is important to delay the crack-
ing as much as possible, cracking may eventually occur. The complementary study of the
�berglass mesh, which is the reinforcement of the rendering mortar used for ETICS, is nec-
essary. A full understanding of the cracking mechanisms of the reinforced rendering mortar,
the reinforcement mechanisms of the �berglass mesh as well as the interactions between the
reinforcement and the mortar will allow a better dimensioning of the reinforcing meshes. The
following chapter highlights these points. The aim is to limit the crack openings as much as
possible to better protect the insulator and obtain the most performing and durable ETICS.



Chapter 3

Characterization of the �ber glass

reinforced rendering mortar

Reinforced cement-based rendering mortars are used as the protection layer in ETICS. The
interactions with the environment changing temperature and relative humidity lead to thermal
and hygral strains, which when restrained, may lead to stresses that can attain the tensile
strength of the material causing then the mortar cracking. Here, we focus on the cracking
development in the reinforced mortar layer using experimental techniques. To understand the
crack initiation and propagation in the reinforced mortar layer, and the role of the �ber-glass
mesh as reinforcement inside the mortar, new mechanical set-ups are developed. These setup
are designed to perform 3-point and 4-point bending tests using in-situ X-ray tomography. The
latter allows observing the cracks inside the mortar sample shedding lights on the reinforcement
mechanisms of the �ber-glass mesh and its impact on the initiation and the propagation of the
cracks. The role of the mortar heterogeneities is also analyzed.

3.1 Introduction

Fiberglass reinforced rendering mortars are used as the protection layer in ETICS. The
interaction with the environment changing temperature and relative humidity lead to thermal
and hygral strains, which when restrained, may lead to stresses that can attain the tensile
strength of the material causing then the mortar cracking. The glass �ber mesh fabric is
proposed as a solution for cracking as the base coat reinforcement in ETICS. The previous
chapter investigated the e�ect of relative humidity on the mechanical behavior of the rendering
mortars a�ecting particularly its tensile strength. However, aside from the tensile strength
of the mortar, the thermal and hygral loading undergone by the mortar, generates strain re-
straints induced by the sand grains in the mortar, the thermal insulator, the rigid wall on
which the ETICS is installed, and the �berglass mesh that are either hydrically invariant or
have di�erent thermal properties than those of the mortar.

The reinforced rendering mortar is a composite cement-based heterogeneous material con-
taining 4 phases at its meso-scale: the cement paste matrix, the sand grains, the porosity,
and the glass �ber mesh. These heterogeneities can concentrate stress and be the source of

65
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initiation and/or localization for cracks. Nevertheless, cracking in the rendering mortar can
also be initiated at the structure scale. Geometrical singularities, such as window corners and
thermal joints, can be a source of localization of cracks.

The aim of this chapter is to investigate the cracking mechanisms of the reinforced render-
ing mortar and to understand the role of the mesh with respect to cracking, thus understand
the reinforcement mechanisms of the �berglass mesh. Ideally, the reinforced rendering mortar
should be tested under a real environmental load such as the heat and rain cycles applied
during the EOTA ETAG 004 tests [EOTA, 2013] discussed in the introduction of the previous
chapter 2.1. However, these types of tests are time-consuming and hard to implement and
can not be implemented combined with a 3D imaging technique such as the X-ray computed
tomography that we aim to use in order to properly visualize the crack within the specimen
and not only on the surface of the specimen. In addition, many conditions of restraints need
to be implemented (e.g. the restraining wall, geometrical singularities, lateral restrains) to be
able to actually create a crack in the mortar. For all these reasons, in-situ X-ray tomography
3-point and 4-point bending mechanical tests are used.

This chapter is presented as follows. First, a review of the literature is carried out focus-
ing on the types, forms and applications of �berglass, the mechanical behavior of the textile
reinforced mortars and concretes and the mechanical characterization techniques used to char-
acterize these materials, and the X-ray tomography technique as well as a brief review of the
mechanical testing methods carried-out in-situ X-ray tomography. Then, the experimental
characterization of the reinforced rendering mortar is presented in two parts: (i) the 3-point
bending tests and (ii) the 4-point bending tests. The e�ect of several parameters such as the
type of mesh, the direction of the mesh within the specimens, and the distance between the
mesh and the tensile surface are considered.

3.2 State of the art

Fiber-glass reinforced mortars belong to the family of textile reinforced composites. Com-
posites are characterized by being multiphase materials within which the phase distribution
and geometry have been deliberately tailored to optimize one or more properties [Bader, 1997].
Usually, a certain combination of �ber and matrix forms the textile reinforced composites. The
range of materials is large. However, a cementitious based industrial mortar matrix and a glass
�ber mesh reinforcement will be the subject of this chapter, as the glass �ber mesh reinforced
rendering mortar used as a protection layer in ETICS is the center of the study.

The state of the art of this chapter will cover several aspects of the �berglass, such as
the glass types, the fabrication process of the �berglass meshes, the types of glass �bers and
glass �ber textiles present on the market, the eventual coating of the glass �bers, and �nally
the �berglass mesh applications. In addition, studies coping with the characterization of
macroscopic mechanical behavior of textile reinforced composites are reviewed with focus on
the mechanical testing methods that have been deployed.
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3.2.1 Glass �ber: materials, types and forms, fabrication process,

and applications

Several types of glass and glass �bers exist on the market, each is sold and used for a
speci�c type of applications. In this section, types and forms of glass �bers as well as their
applications will be detailed.

3.2.1.1 Types of glass �bers

Depending on the constituent raw materials and their composition, the glass �bers have
the following classi�cation [Berthereau and Dallies, 2008].

� A-glass Also known as alkali glass or soda-lime glass made with soda lime silicate. It
is the most commonly available type of �berglass. A-glass or soda-lime glass is the
predominant glass used for containers and windowpanes.

� AR-glass Alkali Resistant glass made with zirconium silicates. Used in Portland cement
substrates.

� C-glass Chemical glass, made with calcium borosilicates, shows the highest resistance
to chemical impact. Used in acid corrosive environments as surface tissue for pipes and
tanks that hold water and chemicals.

� D-glass Low dielectric constant glass due to the presence of boron trioxide in its com-
position in addition to borosilicate. Due to this characteristic, D-glass is the ideal type
of �berglass to be used in optical cables and is often used in electrical appliances and
cookware.

� E-glass Commonly known as electrical glass, it is a lightweight composite material that
is used in aerospace, marine, and industrial applications. It is an industry-standard
glass that provides a balance between performance and cost. E-glass is known in the
industry as a general-purpose �ber for its strength and electrical resistance. It is the
most commonly used �ber in the �ber-reinforced polymer composite industry.

� ECR-glass An E-glass with higher acid corrosion resistance made with calcium alumi-
nosilicates. Used where strength, electrical conductivity, and acid corrosion resistance
are needed.

Other types of glass �bers are be found on the market such as R-glass, S-glass, T-glass, S2-
glass, M-glass, and Z-glass. Nevertheless, their production volume is lower, which means
that their cost is relatively higher. They are high-performance �berglass and are used only in
speci�c industries.

3.2.1.2 Fiber and fabric terminology - Forms of �berglass

The following list de�nes some of the terminology around the glass �ber and �berglass
textiles [Mobasher, 2011].

� Filament A single long and continuous �ber with a predominantly circular shape.
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� Yarn A bundle of several hundreds up to thousand elementary �bers or �laments.

� Roving A process where �laments are spun into larger diameter threads.

� Fiber fabric Web-form fabric that has both warp and weft directions.

� Fiber mats Nonwoven mats of glass �bers. They are manufactured using chopped or
continuous �bers (see nonwoven in �gure 3.1).

� Chopped �ber glass Filaments that are cut between 3 and 26 mm.

� Glass �ber short strands Filaments that are cut between 0.2 and 0.3 mm.

� Woven fabric A fabric that is manufactured by intertwining two rectangular crossing
yarn systems de�ned as warp and weft called "weaving pattern".

� Woven A fabric that is formed by weaving. Note that other fabrics manufactured with
other fabrication methods exist such as braided fabric, weft knit fabric, warp knit
fabric, and tufted fabric (see �gure 3.1).

� Warp The yarn running along the length of the loom.

� Weft The yarn running in the cross direction.

Figure 3.1: Fabrication methods of fabrics [In-house document].

Within the woven fabric category, several types of weaving exist. Figure 3.2 show the
plain weave, the twill weave, the satin weave, and the leno weave.
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Figure 3.2: Fabric weaving types [In-house document].

Several forms of glass �bers are found on the market, some are shown in �gure 3.3. A
roving is a collection of parallel continuous �laments. It is a thicker version of the yarn.
Rovings may be woven into heavy, coarse-weave fabric called woven roving. The latter
is one of many woven fabric types. Finally, nonwoven fabric called mats such as surface
mats that are very thin veils of single continuous �laments, chopped strand mats that are
formed by distributing chopped �berglass �laments onto a horizontal plane and binding them
together with an appropriate chemical binder, and continuous strand mats that consist of
unchopped continuous �laments of �berglass deposited and interlocked with a binder onto an
horizontal surface.

Figure 3.3: Forms of glass �bers [Sundar, 2020].
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3.2.1.3 Coating

When glass �bers were �rst used as reinforcement in cementitious materials, their main
weakness was their low alkali resistance. The rapid deterioration process of glass �bers in
cementitious matrices can be attributed to the breakdown of the Si − O − Si bonds, that
make up the �ber backbone, by the OH− ions that are highly concentrated in the alkaline
pore solution [Bompadre and Donnini, 2021,Vollpracht et al., 2016]. In the late 1960s, zirco-
nium dioxide ZrO2 has been added to glass raw material mixture by Majumdar [Bompadre
and Donnini, 2021,Paul, 1977]. This addition ensured a higher chemical stability in alkaline
solution to the AR-glass compared to the traditionally used E-glass. However, the ZrO2 layer
formed on the glass surface can only slow down the di�usion of the OH− ions into the glass
network, but can not prevent them to react with the silicone dioxide SiO2. Thus, AR-glass do
have a service life longer than that of E-glass �ber, nevertheless, they do not have complete
resistance to alkali attack during their service life. In addition, other mechanisms can be
responsible for the degradation in glass �ber reinforced matrices such as the microstructural
changes that occur over time in the cementitious matrix [Bentur, 2000, Butler et al., 2010].
Thus, the modi�cation of the �bers surface is commonly adopted to preserve the performance
of the composite.

A coating can be generally de�ned as a continuous or discontinuous layer of some compound
which is applied on a substrate for functional and/or decorative purposes. Three types of
surface modi�cation are distinguished.

� Sizing A thin polymeric �lm that is applied to freshly pulled glass �bers. Sizing for-
mulations usually contains an organofunctional silane, a polymeric �lm former, and a
lubricant.

� Organic coatings The application of organic coatings is widely deployed in the industry
for the modi�cation of �bers surface and �nishing of textiles [Shim, 2013, Joshi and
Butola, 2013]. A great variety of organic polymers exist on the market o�ering an
extended range of products by varying the chemical formulation of the coating to meet
speci�c needs. Originally, organic coatings were used to improve the alkali-resistance
of glass �bers. However, the impregnation of a multi-�lament fabric or textile is also
proposed to improve the stress transfer between �laments. Epoxy resins and styrene-
butadiene copolymer are used and studied as organic coatings. It has been shown that
an epoxy resin coating improved the load bearing capacity of the Fabric Reinforced
Cementitious Matrix (FRCM) [Messori et al., 2018, Hegger and Voss, 2008, Büttner
et al., 2008,Yin et al., 2015]. The increased mechanical performance observed for coated
systems, compared to the dry one, is attributed to the ability of the resin to penetrate
into the yarn, increasing the stress transfer between the single �laments (see �gure 3.4).
Styrene-butadiene coatings are reported to improve the interaction at the �ber-matrix
interface [Mäder et al., 2004,Sche�er et al., 2009,Gao et al., 2004].

� Inorganic coatings Inorganic coatings are proposed by some studies [Cohen and Peled,
2012,Homoro et al., 2020,Mechtcherine et al., 2020] to replace polymer based coatings
judged to compromise the �re resistance of the composite [Donnini et al., 2017, Silva
et al., 2014].
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Figure 3.4: Schematic representation of (a) uncoated and (b) coated yarn embedded in a
cementitious matrix [Bompadre and Donnini, 2021].

3.2.1.4 Applications of �berglass mesh

Glass �bers have a wide range of applications. They are used in food and beverage contain-
ers, in windowpanes, in optical cables, in electrical appliances, in pipes ans tanks and many
other application.
Fiberglass mesh fabrics in particular are commonly used in construction. They can be used as
a reinforcement for interior plaster walls, for facade renovations, for �ooring creed and pro�le
reinforcement, for marble and mosaic reinforcement, and as reinforcement for the rendering
mortar protecting the ETICS, which is the type of �berglass mesh studied in this project.

3.2.2 Fiberglass reinforced mortars: General mechanical behavior

Fiberglass mesh reinforced mortars belongs to the wide family of Textile Reinforced Mortar
(TRM). The stress-strain curve usually obtained for TRMs under uniaxial tensile load is
shown in �gure 3.5. It is also representative of the tensile behavior of Textile Reinforced
Concrete (TRC) which has been schematized by other authors [Colombo et al., 2013, Yao
et al., 2015,Rampini et al., 2019,Barhum and Mechtcherine, 2013]

The stress-strain curve shown in �gure 3.5 can be divided into three stages: (I) the un-
cracked stage, (IIa) the multi-cracking stage, and (IIb) the cracks widening stage. During the
stage (I), the specimen is in the elastic stage and is still uncracked. The end of the stage
(I) is marked by the the appearance of the �rst crack when the linear behavior ends. With
the load increase after the �rst crack, the specimen enters the stage (IIa) during which new
cracks appear successively, due to load transfer between the textile and the matrix, until they
are evenly distributed on the surface of the specimen. When the crack spacing is no longer
su�cient to transfer the load and create another crack, the specimen enters the stage (IIb)
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Figure 3.5: Typical stress-strain curves of TRM under uniaxial tensile load [Dong et al., 2020].

during which the cracks gradually widen with the increase of the tensile load. The matrix is
out of work and all the load is carried by the textile until its failure.

3.2.3 Mechanical testing review

Few authors investigated the mechanical behavior response of TRCs and/or TRMs. In this
section, some of the mechanical testing methods and the main results are discussed to provide
an general review. TRCs are often tested under direct uniaxial tension.

[Colombo et al., 2013] studied the tensile behavior of TRC under direct uniaxial tensile
tests. Several design parameters were investigated to de�ne their in�uence on the TRC tensile
behavior, such as the reinforcement ratio and position, the fabric geometry, the curing condi-
tions, the testing strain rate, and the size e�ect. It has been shown that a higher reinforcement
ratio of the same fabric results generally in a higher �rst crack stress. However, for the same
reinforcement ratio, the textile position in�uences both the �rst crack stress and the cracking
pattern. Two layers of the same fabric separated by a 2 mm-thickness layer of concrete ensure
a better bond between the textile and the matrix compared to two fabrics in direct contact
with each other in the middle of the thickness of the specimen resulting in a higher tense
strength for the former situation and a denser cracking pattern. The role of transverse yarn
(the yarn perpendicular to the load direction) has been highlighted as a mechanical anchor
in the matrix preventing the sliding of the textile. However, it can also act as a defect in the
matrix favoring delamination and/or crack propagation. This conclusion came after observing
that the lowest �rst cracking strength is observed in specimen with smallest weft spacing.
The in�uence of curing conditions has been also investigated. The specimen stored in wa-
ter showed the smallest �rst cracking strength and least number of cracks compared to the
air stored specimen who showed the highest �rst cracking strength the denser multi-cracking
pattern. The authors explain this results by considering that water penetration within the
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specimen damages the textile and reduces the bond strength, while desiccation shrinkage un-
dergone by the air dried specimens bene�ts the bond between the matrix and the textile. The
conclusions of the author are based on the stress-strain curves and on the cracking patterns
observed on the surface of the specimens.

[Yao et al., 2015] investigated the tension sti�ening in TRCs under high speed tensile
load. The behavior of non-reinforced mortar specimens is compared to that of a textile re-
inforced mortars, an Alkali Resistant Glass (ARG) �ber reinforced mortar, and both textile
and �ber reinforced mortar. The specimens are tested under direct uniaxial tension. A high
speed camera is installed to take images of the specimens during the tests to be analyzed
by Digital Image Correlation (DIC) technique. The textile reinforced mortar showed a �rst
cracking stress that is signi�cantly greater than that of the plain mortar highlighting, not only
the tensile sti�ening behavior of the TRM, but also the ability of the textile reinforcement to
delay the appearance of the �rst crack. Mortars reinforced with both textile and ARG did not
show a signi�cant increase of their tensile strength compared to TRM. However, the former
samples exhibit the smaller crack widths and higher post-cracking sti�ness at equivalent stress
levels. The strain �elds calculated by DIC, allow not only the crack detection but also the
identi�cation of three zones shown in �gure 3.6: (i) the localization zone which contains the
crack, (ii) the shear lag zone where the slip between the matrix and the textile is predominant,
and (iii) the uniform zone where no cracks are formed and where the slip is negligible. DIC
allows also the calculation of the crack widths and the cracks spacing.

Figure 3.6: Strain �eld (εyy) obtained by DIC allowing the identi�cation of three zones:
localization, shear lag, and uniform strain. Adapted from [Yao et al., 2015].

[Rampini et al., 2019] characterized the mechanical behavior of TRC composites compar-
ing two types of matrix and 7 fabrics. The fabrics di�er by the grid spacing varying between
5 and 38 mm as well as by their coating. Styrene-butadiene rubber (SBR) and epoxy coatings
are considered. Direct uniaxial tensile tests are carried out on the TRC specimens. The tests
are displacement controlled at 0.02 mm/s and two linear variable di�erential transformers
(LVDT) measured the longitudinal displacement of the specimens known as the crack mouth
opening displacement (CMOD) as shown in �gure 3.7. The author highlights the increase of
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the mechanical capacity of the specimens reinforced with an epoxy coated textile compared to
the SBR coated textile. The use of epoxy coating increased the number of cracks. This can be
explained by the higher matrix/textile adhesion o�ered by the epoxy coating allowing the load
transfer between the textile and the matrix. A sti�er response is obtained for dense grammage
fabrics and a greater damage control is obtained for low to medium grammage fabrics.

Figure 3.7: Textile reinforced concrete (TRC) specimens: uniaxial tensile test setups and
nominal geometries (measures expressed in mm) [Rampini et al., 2019].

Similarly, [Contamine et al., 2011] investigated TRC specimens under direct uniaxial tensile
load. Two LVDTs are placed centrally on each side of the specimen to measure the CMOD. In
addition, a camera is used to record images to be analysed by DIC. E-glass, AR-glass, Basalt,
and Para-aramid fabrics of the same geometry are compared. [Dong et al., 2020], placed an
extensometer to measure the longitudinal displacement of a TRM specimen under direct uni-
axial tension.

[Genovés et al., 2017] studied an ultrasonic monitoring technique for the detection of
cracks in glass-�ber reinforced cement (GRC) tested in 4-point bending. The mechanical
testing set-up is shown in �gure 3.8. This technique allows the detection of the moment of
the crack during the test. However, it does not allow to localize the crack nor to calculate its
crack width.

3.2.4 X-ray in-situ mechanical testing

X-ray Computed Tomography (XCT) has become a powerful tool for the acquisition of 3D
images and is widely used in material science, from static 3D images used for morphological and
quantitative microstructure characterization, to the observation of microstructural changes
caused by aggressive environment exposure or thermo-hydro-mechanical loadings. Numerous
examples can be cited for cementitious material applications for microstructure characteriza-
tion due to their high heterogeneity and complex compositions [Brisard et al., 2020]. Several
authors [Bentz et al., 1994,Garboczi and Bullard, 2004,He et al., 2010,Roubin et al., 2019]
carried out studied on the aggregate and cement paste shapes, others [Bentz et al., 2000,Lu
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Figure 3.8: Experimental layout used in the ultrasonically monitored bending test. Four
metallic angles are attached to the sides of the plate to support the elastic bands that keep
constant the pressure between the faces of the transducers and the specimen [Genovés et al.,
2017].

et al., 2006,Xu et al., 2021] studied the pore and crack networks, and [Bentz, 1997] among oth-
ers studied the cement paste morphology. Beyond the static imaging, microstructural changes
can be observed. Studies on cementitious materials subject to leaching [Burlion et al., 2006],
sulfate attacks [Stock et al., 2002], corrosion [Bernachy-Barbe et al., 2020], and water migra-
tion [Powierza et al., 2019] can be cited. An extension to this technique is the X-ray in-situ
mechanical testing as in the work of [Riccardi, 2020,Tsitova, 2022,Bouterf, 2014,Ren et al.,
2018] among others.

In the previous section, some mechanical testing methods applied on TRCs from the liter-
ature are explored. Little to no imaging techniques are used. 2D surface imaging techniques
coupled with DIC calculations are useful to measure the displacement �elds on the surface
of the specimens to locate the cracks (visible and invisible) and to calculate their "apparent"
surface width. However, a 3D imaging technique, such as X-ray tomography, can be of a great
interest to o�er a 3D image of the cracked sample, allowing to correlate the crack localization
to textile parameters for example. In this section, the X-ray tomography imaging technique
is explained, and some of the X-ray in-situ mechanical testing set-ups of the literature are
explored.

3.2.4.1 X-ray tomography

X-ray tomography is a non-destructive technique that allows obtaining a three-dimensional
image. It is an imaging technique that generates a data set, called tomogram, which is a three-
dimensional representation of the structure. Each three-dimensional point in the tomogram is
called a voxel.
In a tomography experiment(see �gure 3.9), 3D information is gathered by acquiring a series of
2D images while rotating the sample typically between 0 and 360°. Polychromatic X-rays from
a micro-focus X-ray source are used to probe the specimen and an X-ray camera is used to
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record the X-ray transmission radiograph. To generate the tomogram, a series of radiographs
are collected at di�erent viewing angles by rotating the specimen. This set of radiographs,
called projection data, are processed with a reconstruction algorithm to generate the tomo-
gram of the specimen.
X-ray tomography is based on the variations in absorption coe�cient along the path of the
X-ray beam. The absorption coe�cient is linked to the density and the atomic number of the
di�erent materials that the beam encounters as it passes through the sample. This is trans-
lated by Beer-Lambert law that links the transmit-ted beam intensity to material attenuation
coe�cient.

Figure 3.9: Principal components of conventional X-ray tomography system (cone-beam ex-
ample) [Chen, 2017].

In case of monochromatic X-ray beams, the transmitted beam intensity is calculated as:

I = I0 · exp[ Σi(−µixi) ] (3.1)

where I0 and I are the X-ray intensities of the incident and transmitted beams, µi denotes
the linear attenuation coe�cient, and xi the linear extent of the ith material traversed by the
beam. In case of polychromatic beams containing a large spectrum of energies, the beam �ux
is much higher and the exposure time is reduced. The transmitted beam intensity becomes:

I =

∫
I0(E) · exp[ Σi(−µi(E)xi) ] dE (3.2)

where both I0 and µi are related to the energy E of the incident beam.

3.2.4.2 X-ray in-situ mechanical testing brief review

To the author's knowledge, X-ray in-situ mechanical testing has not been used on textile
reinforced concrete or mortars. However, X-ray tomography imaging has been used to visual-
ize the 3D volume of the samples after being mechanically tested [Gopinath et al., 2018,Tlaiji
et al., 2020]. This method includes unloading the specimen which leads to re-closure of cracks
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modifying the real state of the specimen. In addition, when being moved from the testing
machine to the X-ray tomograph, the specimen need to be handled with care to avoid any cre-
ation of new cracks. In this section, works from the literature using X-ray in-situ mechanical
testing on cementitious materials are discussed.

[Tsitova, 2022] studied during her PhD work, the microcracking in cementitious materials.
This author carried out in-situ meso-�exural test on mortar in order to quantify damage via
Digital Volume Correlation (DVC) with heterogeneous mechanical regularization. The author
proposed a vertical 3-point bending set-up shown in �gure 3.10 inspired from the various
vertical 3-point and 4-point bending set-ups proposed by [Bouterf, 2014] who carried out
X-ray in-situ mechanical testing on gypsum specimens. However, in the proposed vertical
bending set-up, neither the actual bending force nor the de�ection of the beam is controlled.
In addition, depending on the length of the beam, buckling may occur.

Figure 3.10: Schematic and actual views of the in situ three-point �exural set-up [Tsitova,
2022].

The achievable image resolution being inversely proportional to the largest cross sectional
dimension traversed by the X-rays, a vertical con�guration is preferable with respect to a
horizontal one. Another type of vertical set-up is proposed by [Riccardi, 2020]. The author
proposed a non-conventional bending layout shown in �gure 3.11 that aims to describe the
local mechanical behavior of a Fiber Reinforced Polymer (FRP) strengthened beam-column
joint.

In this work, a new X-ray in-situ mechanical test is designed and detailed in the remaining
of this chapter.
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Figure 3.11: 3D sketch of the test con�guration [Riccardi, 2020].

3.3 Materials, casting of specimens, and curing conditions

3.3.1 Materials

This study focuses on the understanding of the mechanical behavior of the �berglass re-
inforced rendering mortar, as well as the cracking and reinforcement mechanisms. To this
end, �berglass reinforced mortar specimens are mechanically tested. The mortar used, is
the industrial premix used as basecoat for ETICS described in section 2.3.1. The glass �ber
reinforcement is an industrial glass �ber mesh designed and sold speci�cally for ETICS appli-
cations. The �laments of the glass �ber mesh are made out of E-glass type. The mesh is a
leno woven fabric as shown in �gure 3.12, and is coated with a styrene-butadiene copolymer
which have alkali-resistance properties.

Figure 3.12: Schematic geometry of a leno woven fabric.

Two glass �ber mesh references M1 and M2 are investigated and are shown in �gures 3.13a
and 3.13b. Their properties are detailed in table 3.1, where the weft spacing (We) is the
spacing in the weft direction, the warp spacing (Wa) is the spacing in the warp direction,
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and the thickness (t) is the thickness of the mesh in the third direction (see �gure 3.12).
In addition, unidirectional reinforcement is investigated. To this end, some specimens are
reinforced with longitudinal yarns only. The latter, is either weft yarns extracted from M1
fabric, either a roving yarn that has the same density as the M1 yarns and that has been
impregnated in coating in the laboratory.

(a) (b)

Figure 3.13: The two investigated glass �ber meshes (a) M1 and (b) M2.

Table 3.1: Properties of meshes M1 and M2.

Mesh
Warp spacing
(Wa) [mm]

Weft spacing
(We) [mm]

Thickness
(t) [mm]

Weight [g/m2]

M1 3.5 3.8 0.52 160
M2 8 8 0.82 219

3.3.2 Casting of specimens

The mortar is mixed according to the mixing protocol detailed in table 2.1. The mortar
is then cast into custom made molds to obtain 5 mm thickness prismatic glass �ber mesh
reinforced mortar samples of 70 mm long and 12 mm wide. The manufacturer of the �berglass
meshes recommends placing the meshes within the external half of the 5 mm thickness layer of
mortar applied on the ETICS. Thus, the �berglass mesh is positioned at either 1 mm or 2 mm
from the lower tensile surface (during the bending test) which corresponds to the unmolded
free surface while casting to investigate two positions of the mesh within the thickness of the
mortar. A schematic specimen geometry is shown in �gure 3.14.

The custom-made molds need to ensure not only the dimensions of the specimens, but also
an exact positioning of the �berglass mesh within the thickness of the specimen. For this reason
a 3 layer poly(methyl methacrylate) (PMMA) mold made by laser cutting is manufactured.
The �rst layer is the base layer, the second layer ensures the 3 or 4 mm mortar thickness, and
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Figure 3.14: Schematic geometry of a �berglass reinforced morter specimen.

the third layer ensures the 2 or 4 mm mortar thickness, respectively, for a total thickness of 5
mm as shown in �gure 3.15.

Figure 3.15: Schematic geometry of the custom made mold.

The specimens are tested in either 3-point or 4-point bending tests. Several parameters are
investigated. For the specimens tested in 3-point bending, the in�uence of only the transversal
yarn is investigated. The transversal yarn, which is a weft yarn in the case of 3-point bending,
is placed either in the middle of the specimen directly under the upper central support, either
no transversal yarn is placed in the middle of the length of the specimen meaning that the
upper central support is placed between two tranversal yarns. Table 3.2 details the specimens
tested in 3-point bending.

Table 3.2: Specimens tested in 3-point bending.

Mesh
Transversal

yarn

Cover
distance

[mm]

Transversal yarn
in the middle
of the specimen
under the upper
central support

Number of
specimens

Denomination

M1 Weft 2 Yes 1 M1-3P-M
M1 Weft 2 No 1 M1-3P
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Several parameters are investigated in the case of the specimens tested in 4-point bending
such as the distance between the mesh and the lower tensile surface (called thereafter the
cover distance), the fabric properties (M1 and M2 that di�ers by their warp and weft spacing
as well as their density), the longitudinal yarn (whether it is a weft or a warp or neither when
the mesh is rotated at 45° (see �gure 3.31)). A unidirectional reinforcement is also tested,
weft yarns extracted from M1 fabric and laboratory impregnated roving are investigated as
reinforcement to be compared to the bidirectional fabrics M1 and M2 in order to investigate
the role of the transversal yarn. The specimens tested in 4-point bending are detailed in table
3.3.

Table 3.3: Specimens tested in 4-point bending.

Reinforcement Longitudinal yarn
Cover
distance

[mm]

Number of
specimens

Denomination

M1 Weft 2 2 M1-We-2
M1 Warp 2 2 M1-Wa-2

M1
NA

Mesh rotated at 45°
2 2 M1-45-2

M1 Weft 1 2 M1-We-1
M2 Weft 2 2 M2-We-2

Longitudinal yarns only
Yarns extracted from M1

Weft 2 2 M1-L-2

Longitudinal yarns only
Yarns impregnated
in the laboratory

NA 2 2 L-2

Curing conditions After casting, the specimens are protected in the molds with several
layers of cellophane �lms during 24 hours until demolding. Then, the specimens are stored
in drying conditions in desiccators containing a magnesium chloride saturated solution that
regulates the relative humidity inside the desiccator at 65% for 28 days until the mechanical
test. The temperature in the desiccators is around 23°C ± 2°C.

3.4 X-ray in-situ mechanical characterization

To understand the cracking mechanisms of the reinforced rendering mortar and the re-
inforcement mechanisms of the �ber-glass mesh, several specimens are tested mechanically
using 3-point and 4-point bending. The tests are performed in-situ X-ray tomography allow-
ing to obtain 3D information of the cracked specimen. However, since the achievable image
resolution is inversely proportional to the largest cross sectional dimension traversed by the
X-rays, a classical horizontal bending set-up is not optimal. Thus, new inclined 3-point and
4-point bending set-ups are developed and are detailed thereafter in this section. In addition
to avoiding buckling, these tests provide the advantage of measuring the actual bending force
undergone by the specimens compared to the existing in-situ tests (cf. 3.2.4.2).
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3.4.1 Experimental methods

The rendering mortar is subject to drying shrinkage or hygral swelling in case of a decrease
or increase of the relative humidity of the surrounding air, respectively. In real life scenar-
ios, only the external surface of the mortar will exchange humidity with the surrounding air.
Therefore, only the external surface of the mortar will shrink or swell causing a "curling"
e�ect [Chilwesa et al., 2019] of the mortar layer as shown in �gure 3.16. Similar resulting
loads can be obtained with restrained thermal strains in case of an increase or decrease of the
surrounding external temperatures caused by a di�erence in the thermal expansion coe�cient
between the mortar αm and the expanded polystyrene αp (in general αp > αm). For these
reasons, we opted for bending tests on the reinforced rendering mortar samples to represent
the loading conditions of a mortar in a real life application.

The cracks in a rendering mortar can be initiated on two di�erent levels:

� On the mesoscale, where the heterogeneities of the mortar (porosity, sand particles, and
the mesh) are the sources of stress concentrations.

� On the structural scale, where the geometrical singularities such as window corners and
thermal joints take the lead of the stress concentration and crack initiation.

And so, 4-point bending tests, on one hand, are representative of the cracking that takes
place on facades without geometrical singularities where the heterogeneities of the mortar are
the main crack initiators. On the other hand, 3-point bending tests are representative of the
cracking that occurs on the geometrical singularities where the stress is localized.

Figure 3.16: "Curling" e�ect in the rendering mortar in ETICS.

The dimensions of the specimen were chosen according to several parameters:

� The 5 mm thickness of the specimen is de�ned by the manufacturer of the mortar for
industrial application in ETICS.

� The 12 mm width is chosen according to a minimum of 3 longitudinal yarns of the glass
�ber mesh.
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� The length is chosen to respect (i) the minimum slenderness of Euler-Bernoulli theory,
thus a minimum of 50 mm is required, (ii) a minimum of 5 transversal yarns of the glass
�ber mesh in the zone of interest (between the loading application points), thus 30 mm
is required for the zone of interest, (iii) a minimum anchor length is required for the glass
�ner mesh (calculated according to a reference stress in the mesh supposing a perfect
adhesion between the mortar and the glass �ber mesh), (iv) and a su�cient image
resolution is required (the voxel size should be smaller than the visible crack width).
Considering the 50 µm capacity of the human vision, at 1 m distance as a reference for
a visible crack width of 50 µm, and a 3D image size around 1000 voxels, the maximum
length allowed to be traversed by the X-rays should be 50 mm. Note that inclining
the specimen allows to relax this constraint by choosing a su�ciently long specimen,
hence respecting Euler-Bernoulli hypothesis, while decreasing the length traversed by
the X-rays.

� All dimensions have to be greater than the Representative Elementary Volume (REV)
dimensions. Nevertheless, the thickness of the material is de�ned by the industrial
manufacturer.

Note that veri�cations of the inclined bending set-up have been carried-out using �nite
element calculations. On the other hand, a vertical bending setup has been considered (e.g.
the vertical bending set-up shown in �gure 3.10 and used by the the author [Tsitova, 2022]).
Nevertheless, the applied forced is not measured and a buckling may occur for the chosen
length of the specimen.

3.4.1.1 3-point bending experimental set-up

The specimen in this particular 3-point bending setup, unlike in traditional ones, is in-
clined. This change is what allowed us to obtain better quality images since the X-ray beam
is traversing a smaller distance in the "scanned zone" shown in �gure 3.17 compared to the
total length of the specimen in case of a non-inclined bending setup. This can be related to
the equations 3.1 and 3.2 whereas the larger xi, the smaller the transmitted beam intensity I.

In �gure 3.17 detailing the inclined 3-point bending set-up, the plate 7 is directly �xed
to a 100 N load cell that will put the plate in an upward movement, hence the load is being
transmitted to the specimen by the lower supports (element 2 of �gure 3.17). Note that
supports 2, 3, 4, and 5 of �gure 3.17 are made of PMMA (poly(methyl methacrylate)) which
has a density of about 1185 kg·m−3. The density of the mortar being 1323 ± 5 kg·m−3 (mean
value ± standard deviation) making it denser than the PMMA. Thus, the PMMA is more
X-ray transparent.

The test is controlled by the displacement of the plate 7 at a rate of 1 µm.s−1. The
advantage of using a displacement controlled test compared to a load controlled one is that
the former allows getting the post-peak curve and prevents creep strains during the scans
that will complicate the analysis of displacement �elds related to cracking. Two scans are
done to compare the cracked stage of the sample to its slightly deformed elastic stage. Before
each scan, a pause period is preferred to allow the material to relax. This relaxation period
prevents di�erential strains (for instance between viscous cement paste and elastic aggregates)
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Figure 3.17: 3-point bending mechanical assembly.

that will occur during the scan hence limiting the blurred image. The in-situ inclined 3-point
bending test is divided into 6 phases that are detailed in �gure 3.18. The specimen is loaded
until contact (phase1), the load is stopped and a relaxation period (phase 2) is required before
the �rst scan (phase 3) of the slightly deformed non-cracked specimen. After the �rst scan,
the specimen is loaded until the crack (phase 4) noticed by a sudden load drop, the load is
stopped and a relaxation period (phase 5) is required before the scan of the cracked sample
(phase 6).

Figure 3.18: The schematic course of the 3-point bending test described with the load vs. time
and displacement vs. time curves.

3.4.1.2 4-point bending experimental set-up

Similarly to the 3-point bending set-up, the 4-point bending set-up is also inclined and is
detailed in �gure 3.20. Note that all the pieces of the assembly are made using the 3D printing
technique of ABS (Acrylonitrile Butadiene Styrene) which has a density of about 1055 kg.m−3.
The density of the mortar being 1323 ± 5 kg.m−3 (mean value ± standard deviation) making
it denser than the ABS. Thus, the ABS is more X-ray transparent.

Depending on the availability of the X-ray tomograph, the tests are conducted either in
the Laboratory of Mechanics of Paris-Saclay either in Saint-Gobain Research Paris. For this
reason two di�erent loading cells are used, either a 100 N load cell (the same used for the
3-point bending tests) �xed directly to the lower plate (element 5 of �gure 3.20), either to a
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20 kN load cell �xed to the upper plate of the set-up (element 6 of �gure 3.20). In the case
of the 20 kN load cell, since the accuracy of the load measurement is not su�cient to detect
the variations of the load applied on the specimens, three 50 N sensors are placed underneath
the set-up to measure the load as shown in �gure 3.19. In addition, di�erent image resolution
has been adopted. The volumes obtained in Saint-Gobain Research Paris have a voxel size
of around 15 µm and those obtained in Laboratory of Mechanics of Paris-Saclay have a voxel
size of around 40 µm.

Figure 3.19: 4-point bending set-up in the X-ray tomograph of the Laboratory of Mechanics
of Paris-Saclay.

In both cases, the test is displacement controlled at a rate of 1 µm.s−1. The course of
the test is similar to the 3-point bending test course shown in �gure 3.18. However, since the
specimen is expected to multi-crack under 4-point testing as opposed to the 3-point bending
load, phases 4, 5, and 6 of �gure 3.18 are repeated for every time a crack is detected noticed by
a sudden load decrease. Thus, a �rst scan of the slightly deformed sample at its elastic stage is
carried out (phase 3 of �gure 3.18), then, a scan is carried out after the appearance of a crack
during the multi-cracking phase. In addition, a continuous radiography acquisition (around
2 images/s) is performed during the whole loading history, thus allowing to obtain precious



86CHAPTER 3. CHARACTERIZATION OF THE FIBER GLASS REINFORCED RENDERINGMORTAR

2D information of the specimen evolution that can be analyzed by Digital Image Correlation
(DIC). Note that during all tests (3-point and 4-point bending), the specimens are protected
with cellophane �lm to prevent drying and avoid any strains caused by drying shrinkage.

Figure 3.20: 4-point bending mechanical assembly.

3.4.2 Results and discussions

(a) (b)

Figure 3.21: Representation of a (a) vertical and (b) horizontal section inside the reconstructed
3D volume of the sample.

3.4.2.1 In-situ 3-point bending

In a 3-point bending test, considering a homogeneous sample, the crack initiation is theo-
retically known to be exactly under the middle-upper support where the moment is maximum.
The crack will propagate, from the bottom surface in tension toward the upper surface, verti-
cally due to the geometrical and mechanical symmetry of the classical 3-point bending set-up.
This theoretical cracking pattern is not obtained in our 3-point bending tests. The crack
trajectory is neither located under the middle-upper support nor vertical. It is slightly shifted
from the center and inclined as shown in �gure 3.22.

The theoretical cracking trajectory described above refers to a homogeneous material and
therefore does not apply directly to heterogeneous materials. In heterogeneous materials,
the mechanical properties (elastic constants, strength) are heterogeneous �elds depending on
the constituent phases spacial distribution. Such material �eld heterogeneity disturbs the
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preferential sites for crack initiation and redirect its propagation. In the reinforced �ber-
glass mortar samples, three main categories of heterogeneities exist at the millimeter scale:
(macro)porosity, sand grains (two types of sand can be di�erentiated), and the �ber-glass
mesh. Material �eld heterogeneity results in a broadening of stress distribution in random
heterogeneous materials [Honorio et al., 2018]. The interface between inclusions and matrix
is a zone sensible to stress concentration due to property mismatch. The crack in the mortar
matrix is initiated wherever the local stress attains the mortar's tensile strength, hence not
exactly on the lower surface of the sample as in homogeneous materials, but in a domain
in the vicinity of the most tension-load zone (the size of this domain being related to the
characteristic size of the heterogeneities). Figure 3.24 shows that under a given tensile load,
stress concentration, due to the presence of a rigid inclusion (compared to mortar rigidity),
perturbs cracking propagation di�erently from a softer inclusion (e.g. pore). Considering
the quasi-brittle behavior of the mortar, the propagation of the crack once initiated is rapid.
Since the acquisition of 3D X-ray images requires a steady-state of the scanned object hence
cannot be carried out during the mechanical test but afterwards, the exact location of the
crack initiation cannot be determined. The vertical sections shown in 3.22 show the critical
in�uence of the porosity and sand grains on the trajectory of the crack: (i) it is clear how
the crack preferentially passes through several porosities on its way; (ii) sand grains, on the
other hand, are not crossed by the crack (the cracks are preferentially located at the cement
paste/sand grains interface). The �ber-glass fabric plays an important role as well.

The cracks in both samples of �gure 3.22 did not cross the �ber-glass mesh. The crack
stopped at the level of the mesh in the case of the sample M1-30-M as shown in �gure 3.22b.
However, in the case of M1-3P sample, the vertical crack stops at the level of the mesh and split
to propagate horizontally along the mesh as shown in �gure 3.22a. The �berglass mesh stops
the crack propagation and thus limits the crack opening. This �rst reinforcement mechanism
directly in�uences the durability of the ETICS. As discussed in the introduction, the potential
water leakage is limited by the smaller crack opening. In the reinforced mortar, emerging
cracks should not easily attain the thermal insulator since they do not propagate through the
entire thickness of the mortar. This is con�rmed by the horizontal sections located above the
mesh in �gure 3.23, since no cracks are visible above the mesh.

Further, the analysis of specimen M1-3P-M of �gures 3.22b and 3.23b suggests a potential
in�uence of the transversal yarn on the localization of the crack since the crack is located on the
middle transversal yarn. Nevertheless, this observation does not apply on the M1-3P sample,
the crack is located between two transversal yarns as shown in �gures 3.22a and 3.23a. It is
di�cult to presume, based on the 3-point bending test, that the transversal yarn will locate
the crack in the mortar because of the maximal bending moment in the middle of the sample.
This potential mechanism, that will be further investigated using 4-point bending (results of
4-point bending tests are discussed in the next section 3.4.2.2), might have a relevant impact
on the cracking pattern.

3.4.2.2 In-situ 4-point bending

In a 4-point bending test, considering the constant bending moment between the two upper
supports, the crack can be initiated on the lower tensile surface anywhere between the two
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(a) M1-3P (b) M1-3P-M

Figure 3.22: Vertical sections inside the reconstructed volume of the cracked samples (a)
M1-3P and (b) M1-3P-M.

upper supports. The crack will propagate, from the bottom surface in tension toward the
upper surface, vertically due to the geometrical and mechanical symmetry of the classical
4-point bending set-up. However, as discussed above for the three point bending tests in
the previous section 3.4.2.1, the inclusionary heterogeneities can induce stress concentrations
within the tensile zone as shown in �gure 3.24. In this section, vertical and horizontal sections
of the specimens (see �gure 3.21) tested in 4-point bending are shown. The e�ect of the mesh
(i.e M1, M2, or the longitudinal yarns), of the cover distance (the distance between the mesh
and the lower tensile surface), and the direction of the mesh within the specimen (i.e. the weft
yarn in longitudinal direction, the warp yarn in the longitudinal direction, or neither the mesh
is rotated at 45° within the specimen) on the cracking of the reinforced mortar specimens, in
terms of the �rst cracking load, the number of cracks, and the localization of the cracks, are
investigated. The aim is to understand the cracking mechanisms of the reinforced mortar and
the reinforcement mechanisms of the �berglass mesh. Table 3.4 details the �rst crack load
(mean value ± standard deviation), the number of cracks, and the localization of the cracks
with respect to the transversal yarn of the specimens. The force vs. time curves of the tests
of some of the specimens is shown in �gure 3.25.
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(a) M1-3P (b) M1-3P-M

Figure 3.23: Horizontal sections inside the reconstructed volume of the cracked samples (a)
M1-3P and (b) M1-3P-M.

Table 3.4: First crack force (mean value ± standard deviation), the number of cracks (at the
end of the test when the specimen touches the lower plate), and the location of the crack with
respect to the transversal yarns in the tested specimens.

Specimen
Number of
specimens

First crack
force [N]

Number
of cracks

Cracks located on
a transversal yarn

M1-We-2 4 11.02 ± 1.94 2
mainly located on
a transversal yarn

M1-Wa-2 1 11.6 1
located on a

transversal yarn
M1-45-2 2 11.1 ± 0.84 1 NA

M1-We-1 3 16.48 ± 4.9 3
mainly located on
a transversal yarn

M2-We-2 2 10.33 ± 1.37 2
not located on a
transversal yarn

M1-L-2 2 12.18 ± 1.57 2 NA
L-2 2 13.93 ± 2.43 1 NA

E�ect of fabric properties: To study the e�ect of the mesh, specimens reinforced with
fabric M1 (i.e. M1-We-2) are compared to those reinforced with fabric M2 (i.e. M2-We-2).
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Figure 3.24: Representation of the stress concentration caused by the heterogeneities in the
mortar.
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Figure 3.25: Force vs. time curves of some of the tested specimens in 4-point bending.

The main di�erences between fabrics M1 and M2 are the density of the fabric and the weft
and warp spacing. M2 is denser than M1 (see table 3.1) hence the yarns of M2 fabric are
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(a) Vertical section - Specimen 1

(b) Vertical section - Specimen 2

(c) Horizontal section - Specimen 3

(d) Horizontal section - Specimen 4

Figure 3.26: Sections inside the reconstructed volume of the cracked M1-We-2 samples: (a)
Vertical section - Specimen 1, (b) Vertical section - Specimen 2, (c) Horizontal section -
Specimen 3, and (d) Horizontal section - Specimen 4.
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thicker. In addition, the spacing between the weft yarns and warp yarns is greater in the case
of M2 fabric (see table 3.1 and �gure 3.13).

� When comparing the �rst crack force of specimens M1-We-2 and M2-We-2 detailed
in table 3.4, although the di�erence is not signi�cant given the standard deviation, it
is noticed that the �rst crack force of specimens M2-We-2 is slightly lower than that
of M1-We-2 (10.33 ± 1.37 for M2-We-2 compared to 11.02 ± 1.94 for M1-We-2). An
analytical calculation detailed in section 3.4.2.4, shows that the greater the section of the
longitudinal yarn (i.e. the greater the thickness of the mesh), the greater the �rst crack
bending moment (see �gure 3.40a). In the case of the tested specimens, the hypothesis
considered for the analytical calculation are not applicable. This result shows that a
thicker mesh, if used to delay the appearance of cracks in the rendering mortar, will not
provide the desired outcome. In the literature as in the work of [Yao et al., 2015], the
textile reinforced mortar shows a �rst crack stress that is signi�cantly greater than that
of a plain mortar. Although the reinforcing fabric may delay the appearance of the crack
in reinforced mortars when compared to a non-reinforced mortar, a greater reinforcement
ratio (a thicker and denser fabric) does not provide a greater tensile strength to composite
materials when compared to a lighter fabric.

� On the other hand, as shown in table 3.4 and in �gures 3.26 and 3.27, both M1-We-2
and M2-We-2 specimens exhibits 2 cracks during the tests. This means that both fabrics
provide somewhat the same load transmission between the matrix and the mesh. The
transversal yarns provide mechanical anchorage that can increase the load transmission.
The transversal yarns of M2 are thicker than M1 fabric. Thus, the anchorage e�ect
provided by the tranversal yarns of M2 fabric is expected to be more important. However,
the latter seems to be weakened by the smaller number of transversal yarns in M2-We-2
specimens compared to M1-We-2 specimens (the warp spacing of M2 fabric is greater
than that of M1 fabric). The crack width model of the ACI code [Frosch, 1999] illustrates
the in�uence of the transversal bar spacing on the crack spacing and width (cf. appendix
C.

E�ect of the transversal yarn: The transversal yarn may play a double role within the
specimen. On one hand, it can provide a mechanical anchorage in the matrix that prevents
sliding of the textile and promotes the load transmission between the matrix and the fabric.
This is particularly important for obtaining multiple small-width cracks as opposed to one
wide crack obtained when the load transmission between the mortar and the fabric is weak.
On the other hand, the transversal yarn can also act as a defect in the matrix and induce stress
concentrations (see �gure 3.24) a�ecting negatively the tensile strength of the composite.
To study the e�ect of the transversal yarn, M1-We-2 specimens reinforced with M1 fabric,
M1-L-2 specimens reinforced with longitudinal weft yarns extracted from the fabric M1, L-2
specimens reinforced with longitudinal roving yarns (impregnated with the same coating in
the laboratory and having the same density as the M1 weft yarn) are tested.

� Table 3.4 detailing the �rst crack force of the tested specimens, shows that the �rst
crack force of specimens M1-L-2 and specimens L-2 (12.18 ±1.57 N and 13.93 ± 2.43 N
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(a) Vertical section - Specimen 1 (b) Horizontal section - Specimen 1

(c) Vertical section - Specimen 2

Figure 3.27: Sections inside the reconstructed volume of the cracked M2-We-2 samples: (a)
vertical section - Specimen 1, (b) horizontal section - Specimen 1, and (c) vertical section -
Specimen 2.

respectively) is greater than that of M1-We-2 specimens (11.02 ± 1.94 N). This observa-
tion suggests that the presence of the transversal yarn (the case of M1-We-2 specimens
as opposed to M1-L-2 and L-2 specimens) induces weak point and stress concentration
that can decrease the tensile strength of the composite. However, the di�erence is not
signi�cant given the scatter of the �rst crack force measurement. The transversal yarn
does not seem to a�ect the �rst crack load. The stress concentration induced by the
transversal yarn is most likely to be blurred by the numerous stress concentrations of
the heterogeneities.

� Specimens M1-We-2 exhibit 2 cracks during the load with the exception of specimen 1
as shown in �gure 3.26. On the contrary, specimens L-2 exhibit only one crack during
the load as shown in �gure 3.30. The absence of the transversal yarns in the case of L-2
specimens results in the appearance of only one crack during a 4-point bending load. This
highlights the important role of the transversal yarns as mechanical anchorage increasing
the load transmission between the mortar and the fabric favoring the appearance of
multiple cracks.
Specimens M1-L-2 shown in �gure 3.29 exhibits 2 cracks. However, it is noticed that
the second crack appeared at a late stage during the loading (high de�ection and a very
wide �rst crack). The absence of the transversal yarn is somewhat compensated by the
morphology of the weft yarn of the M1 fabric. Figure 3.28a shows the intersection of
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the weft and the warp yarns of the M1 mesh. It is noticed that the thickness of the
weft yarn at the intersection is the smallest. Thus, the weft yarns extracted from the
M1 fabric, as opposed to the smooth roving yarns, present a systematically variable
thickness creating a rough surface noticed in �gure 3.28b. The rough surface increases
the load transmission allowing the appearance of the late second crack.

(a)

(b)

Figure 3.28: (a) 3D X-ray reconstructed volume of a warp-weft intersection of M1 fabric (after
thresholding to eliminate the coating); (b) Horizontal section inside the reconstructed volume
of a M1-L-2 sample.

(a) Specimen 1 (b) Specimen 2

Figure 3.29: Vertical sections inside the reconstructed volume of the cracked M1-L-2 samples:
(a) Specimen 1 and (b) Specimen 2.
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In addition, the transversal yarn may have an e�ect on the localization of the crack. In
the case of M1-We-2 specimens, as shown in �gures 3.26b and 3.26c, the cracks are located on
the level of the transversal yarns. In �gure 3.26d, it is noticed that cracks are located on the
transversal yarns, however they are not aligned on them as they are inclined in the horizontal
surface. This is also the case for the M1-Wa-2 specimen shown in �gure 3.33. Although not
perfectly aligned on the transversal yarn, the crack is localized on the latter. In the case of
M1-We-1 specimens that exhibits 3 cracks, as shown in �gures 3.35a and 3.35c, two of the
cracks are located on transversal yarns while the third is not. Generally, the transversal yarns
seem to localize the cracks. Nevertheless, it is not the case for M2-We-2 specimens. Figures
3.27a, 3.27b, and 3.27c show that none of the cracks is located on the transversal yarns.
It is expected that, since the thicker transversal yarns of the mesh M2 induce higher stress
concentrations, the tranversal yarns will localize the cracks. However, the spacing between
the warp transversal yarns of M2 fabric is greater than that of M1 fabric, leaving more room
for the heterogeneities of the mortar to in�uence the crack localization and propagation.

(a) Specimen 1 (b) Specimen 2

Figure 3.30: Vertical sections inside the reconstructed volume of the cracked L-2 samples: (a)
Specimen 1 and (b) Specimen 2.

E�ect of the mesh direction within the specimen: M1 fabric has been placed in 3 dif-
ferent directions within the specimens. The weft yarns are placed in the longitudinal direction
in M1-We-2 specimens, the warp yarns are placed in the longitudinal direction in M1-Wa-2
specimens, and M1 fabric is rotated at 45° in M1-45-2 specimens as shown in �gure 3.31.

Figure 3.31: Horizontal section inside the reconstructed volume of a M1-45-2 sample.
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� The direction of the mesh does not seem to have an impact on the �rst crack force
as shown in table 3.4 (11.02 ± 1.94 N for M1-We-2 specimens, 11.6 N for M1-Wa-2
specimen, and 11.1 ± 0.84 N for M1-45-2 specimens).

� Regarding the number of cracks during the bending load, the weft yarn in the longitudinal
direction, as it is the case for M1-We-2 (�gure 3.26), induces the more cracks compared
to other direction of the mesh (specimens M1-Wa-2 in �gure 3.33 and M1-45-2 in �gure
3.34). In the case of M1-45-2 specimens, the mesh is solicited in shearing which is its
weak point. For this reason, after the �rst crack when the load is transmitted to the
mesh, the latter falls apart which is translated in the absence of the post-crack sti�ening
usually observed in TRMs as shown in �gure 3.32. On the other hand, the absence of the
multi-cracking in the case of M1-Wa-2 specimens can be explaned by the di�ernce in the
yarn morphology between the weft and warp yarns. However, since only one M1-Wa-2
specimen has been tested, this conclusions can not be con�rmed.
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Figure 3.32: Force vs. displacement of M1-45-2 specimens.

E�ect of the cover distance: To study the e�ect of the cover distance, the same fabric
M1 is placed at either 2 mm from the lower tensile surface (specimens M1-We-2) or 1 mm
from the lower tensile surface (specimens M1-We-1).

� The �rst crack load of the M1-We-1 specimens is greater than that of M1-We-2 specimens
(16.48± 4.9 N and 11.02± 1.94 N respectively as shown in table 3.4). A simple analytical
calculation detailed in section 3.4.2.4 shows that the �rst crack bending moment increases
when the cover distance decreases (when the reinforcement is placed closer to the tensile
surface)(see �gure 3.40b). This suggests that, to delay the appearance of cracks in the
rendering mortar, the reinforcing fabric needs to be placed the closest possible to the
external surface 1. However, the scatter related to the �rst crack force shows that the

1Note that as su�cient cover distance is needed to cover the mesh and allow a matrix/fabric load trans-
mission
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(a) On the level of the mesh

(b) Underneath the mesh (between the mesh and the lower tensile surface)

Figure 3.33: Horizontal sections inside the reconstructed volume of the cracked M1-Wa-2
sample: (a) on the level of the mesh and (b) underneath the mesh (between the mesh and the
lower tensile surface).

heterogeneous microstructure of the mortar (some heterogeneities can attain the order
of size of a mm) plays an important role as well. A large porosity in the tensile zone
for example can lower the tensile strength of the composite despite the presence of the
mesh close enough to the tensile surface.

� Specimens M1-We-1 exhibit 3 cracks each during the load as shown in �gure 3.35. On
the other side, specimens M1-We-2 exhibit only 2 cracks each as shown in �gure 3.26.
This information is also summarized in table 3.4. This shows that when placed closer
to the lower tensile surface, the mesh enhances the multi-cracking of the specimen.
According to the crack prediction of the Model Code [Taerwe et al., 2013] and to the
Eurocode 2 [EN, 1992] detailed in appendix C, the crack spacing is proportional to the
cover distance and the crack width is proportional to crack spacing. This means, that
when the reinforcement is placed closer to tensile surface, the number of cracks is greater
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(a) Specimen 1

(b) Specimen 2

Figure 3.34: Horizontal sections inside the reconstructed volume of the cracked M1-45-2 sam-
ples: (a) specimen 1 and (b) specimen 2.

hence the crack spacing is smaller resulting in smaller crack width. For this reason, and
since the multi-cracking favors smaller crack width, the mesh is preferred to be placed
as closer as possible to the tensile surface.

Propagation of the crack: In most of the cases, the crack does not cross the mesh. The
latter has the ability to stop the propagation of the mesh at its level thus limits the crack
opening. This reinforcement mechanism directly in�uences the durability of the ETICS since
the potential water leakage is limited by the smaller crack opening. In the reinforced mortar,
emerging cracks should not easily attain the thermal insulator since they do not propagate
through the entire thickness of the mortar. However, in some cases, as in the case of a M1-We-2
specimen shown in �gure 3.36, the crack traversed the glass �ber mesh trough the thickness of
the mortar, but never attained the upper surface. Nevertheless, the glass �ber mesh decreased
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(a) Vertical section - Specimen 1

(b) Vertical section - Specimen 3 (c) Horizontal section - Specimen 3

Figure 3.35: Sections inside the reconstructed volume of the cracked M1-We-1 samples: (a)
vertical section - Specimen 1, (b) vertical section - Specimen 3, and (c) horizontal section -
Specimen 3.

signi�cantly the crack opening (by 50% from 140 µm just beneath the mesh to 70 µm just
above the mesh). This shows again the e�ciency of the mesh to limit the crack propagation
and reduce crack widths increasing the durability of ETICS.

3.4.2.3 Digital Image Correlation

During each of the loading periods of the experiments, radiographs are collected to obtain
continuous 3D information averaged on the width of the specimen rather than the 3D volume
obtained only when the loading is stopped. The radiographs are then processed by the Digi-
tal Image Correlation (DIC) method. The aim of this procedure is to investigate whether it
is possible to determine the crack initiation location (i.e. the lower tensile surface or the mesh).

Image correlation consists in calculating the displacement �eld u in pixels x in the region
of interest (ROI) by comparing a reference image f(x) and a deformed image g(x) [Hild and
Roux, 2008]. u(x) is calculated in equation 3.4 based on the conservation of gray levels ex-
pressed in equation 3.3. In the present study, DIC is carried out using Correli-RT3 [Tomi£ev¢
et al., 2013] developed at LMPS Laboratory. It performs global DIC analysis using �nite ele-
ment mesh with linear triangular elements and introduces mechanical regularization [Tomi£ev¢
et al., 2013] which makes it possible to track subpixel displacements. The regularization acts as
a mechanical �lter on the displacement �eld to erase high-frequency �uctuations. The advan-
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Figure 3.36: Vertical section inside the reconstructed volume of a cracked M1-We-2 sample
showing the crack propagation and width in the thickness of the specimen.

tages and limitations of DIC and DVC (Digital Volume Correlation) are detailed in [Sutton,
2013].

f(x) = g(x+ u(x)) (3.3)

u(x) = arg min
u
f(x) ‖g(x+ u(x))− f(x)‖2

ROI (3.4)

DIC results of a M1-L-2 sample are shown in �gures 3.37 and 3.38. It is noticed in �gure
3.37 the vertical displacement �eld showing the deformed stage of the beam in bending. This
veri�es that the inclination added to the bending tests does not a�ect the displacement of the
beam.

Figure 3.37: Vertical displacement �elds Ux obtained by DIC.

Figure 3.38 shows the horizontal displacement Uy at three di�erent stages of the test. At
the very beginning of the test when the specimen is slightly deformed and uncracked in �g-
ure 3.38a, the horizontal displacement is homogeneous and corresponds to very small rigid
body displacements as well as noise. Figure 3.38b show the horizontal displacement when the
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displacement discontinuity representing the crack is �rst obtained. However, it is not clear
whether the crack is initiated on the lower tensile surface or elsewhere. Few images later at
the end of the test, the displacement discontinuity is obvious in �gure 3.38c con�rming the
presence of the crack.

It seems di�cult using this technique to be able to detect the initiation location of the
crack, and that for several reasons. First, the radiographs acquisition frequency is around 2
images/s. Given the fragile behavior of the mortar, the crack initiation and propagation is
instantaneous making the image acquisition frequency not su�cient to detect the moment of
initiation of the crack. Second, the 2D information obtained in the radiograph is a mean value
of the gray level in the width of the specimen (on the propagation path of the X-ray), thus
containing 3D information. When a crack is �rst initiated, the gray level variation related to
the appearance of the crack is lost in the mean value of the gray level. The crack should be
transversely traversing and perfectly aligned with the path of the X-ray in order to induce
a detectable gray level variation. Further, the image resolution is around 40 µm. The crack
width need to be greater than the image resolution in order to be detectable which is not the
case at the beginning of the crack initiation.

(a) Elastic slightly deformed stage (b) The �rst detection of the crack (c) Cracked stage

Figure 3.38: Horizontal displacement �elds Uy obtained by DIC.

3.4.2.4 Comprehension elements: Analytical calculation

This analytical calculation considers the composite material as the combination of the
mortar as a homogeneous material and a longitudinal reinforcement as a homogeneous ma-
terial. The adhesion between the mortar and the reinforcement is considered to be perfect.
Euler-Bernoulli hypothesis is considered and all materials are considered elastic. The stress
pro�le along the cross section of the composite beam in bending is shown in �gure 3.39 where:
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h is the thickness of the beam (5 mm in the case of the studied specimens)
b is the width of the beam (12 mm in the case of the studied specimens)
c is the cover distance
h1 is the distance between the reinforcement (the mesh) and the neutral axix
h2 is the distance between the neutral axis and the upper surface in compression
Ts is the mortar's tensile strength
σc is the compressive stress on the upper surface
σm is the stress in the mortar in contact with the reinforcement
σmesh is the stress in the reinforcing mesh
Em is the mortar's Young modulus
Emesh is �berglass mesh Young's modulus
Smesh is the cross section of the longitudinal reinforcement

Figure 3.39: Stress pro�le in section of a reinforced mortar specimen in bending.

The analytical solution of the unknown variables h1, h2, σmesh, σm, σc and the �rst crack
beding moment M are given in the equations below respectively:

h1 =
−2bcEmh+ bEmh

2

2(bEmh+ EmeshSmesh)
(3.5)

h2 =
bEmh

2 − 2cEmeshSmesh + 2hEmeshSmesh
2(bEmh+ EmeshSmesh)

(3.6)

σmesh =
−2bcEmeshTsh+ bEmeshTsh

2

bEmh2 + 2cEmeshSmesh
(3.7)

σm =
Tsh1

c+ h1

(3.8)

σc =
Ts(bEmh

2 − 2cEmeshSmesh + 2hEmeshSmesh)

bEmh2 + 2cEmeshSmesh
(3.9)
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M = σmeshSmeshh1 + Ts
b

3
+ σc

b

3
(3.10)

Figures 3.40a and 3.40b shows the plot of the �rst crack bending moment vs. the longitudi-
nal reinforcement cross section (for a given cover distance) and the cover distance respectively
(for a given reinforcement cross section). The �rst crack bending moment increases when the
longitudinal yarns cross section increases hence when the mesh is thicker for a given cover
distance, and it decreases when the cover distance increases hence when the mesh is placed
closer to the lower tensile surface for a given reinforcement ratio.

(a) For a given cover distance (b) For a given longitudinal yarns section

Figure 3.40: First crack bending moment vs. (a) the longitudinal yarns section for a given
cover distance and (b) the cover distance for a given longitudinal yarns section.

3.4.2.5 Unveiling the role of the mesh and heterogeneities with Finite Element
simulations

In order to give additional elements of understanding on the e�ect of the transversal yarn
on the stress distribution in the composite, 2D Finite Element simulations are carried out on
Cast3M [Combescure et al., 1982]. A beam having the same dimensions of the tested speci-
mens (5 mm thickness and 70 mm long) is meshed with triangular quadratic elements (TRI6).
The mortar is considered to be homogeneous and reinforced with 3 node-bar elements (BAR3)
representing the reinforcing longitudinal yarn. The transversal yarns are meshed with TRI6
elements as two tangent circles on both sides of the longitudinal yarn. Figure 3.41a shows
the mesh of the geometry showing 3 cases where on the center the mortar is considered fully
homogeneous, on the left an empty inclusion is considered representing a porosity in the mor-
tar, and on the right a rigid inclusion meshed with TRI6 elements representing a sand grain
in the mortar. The e�ect of the transversal yarns on the stress distribution in the mortar is
studied in the presence of these inclusions and according to the cover distance (c). The latter
is considered to be 2 mm representing a case where the mesh is "far" from the tensile surface
and 0.5 mm representing a case where the mesh is "close" to the tensile surface. To take
some hypothesis on the other side from the previous analytical, no adhesion is implemented
between the mortar and longitudinal reinforcement. The longitudinal reinforcement (red line
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in �gure 3.41a) is linked to the transversal yarns represented with the black circles in �gure
3.41a with only one point. All materials are considered elastic with corresponding properties
(Young's modulus and Poisson's ratio). The simulations are carried out in plain stress and
until reaching the mortar's tensile strength considered to be 2 MPa for these calculations. The
Young's modulus is taken equal to 2.5 GPa for the mortar and 70 GPa for the sand grain and
the �berglass mesh.

(a) Mesh of the �berglass reinforced mortar specimen in 4-point bending

(b) c = 2 mm with a macro-pore (c) c = 2 mm without inclusion (d) c = 2 mm with a sand grain

(e) c = 0.5 mm with a macro-pore (f) c = 0.5 mm without inclusion (g) c = 0.5 mm with a sand grain

Figure 3.41: (a) Mesh of the �berglass reinforced mortar specimen in 4-point bending; stress
distribution for (b) 2 mm cover distance with a macro-pore, (c) 2 mm cover distance without
inclusion, (d) 2 mm cover distance with a sand grain, (e) 0.5 cover distance with a macro-pore,
(f) 0.5 mm cover distance without inclusion, and (g) 0.5 mm cover distance with a sand grain.
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When the mesh is "far" from the lower tensile surface at a 2 mm distance, stress concen-
trations created around the transversal yarns remain still lower than the stress on the lower
tensile surface, as shown in �gure 3.41c. This means that the crack will initiate on lower tensile
surface and propagate toward the transversal yarn. However, when an inclusion is added (a
porosity in �gure 3.41b or a sand grain in �gure 3.41d), the higher stress concentrations are
located around the inclusion that takes the lead of crack initiation. This shows the e�ect on
only one inclusion in the mortar. Considering the total �eld of heterogeneities in the mortar,
it is clear how the stress concentrations induced by the transversal yarns can be blurred by
the surrounding heterogeneities.

On the other hand, when the mesh is "close" to the lower tensile surface at 0.5 mm, the
stress concentration around the transversal yarn is the highest even when considering inclu-
sions in the mortar as shown in �gures 3.41e, 3.41f, and 3.41g. This shows that the transversal
yarns have a greater potential of in�uencing the crack initiation and/or localization when the
mesh is closer to tensile surface. Nevertheless, only one inclusion is considered in these calcula-
tions. Indeed, when considering the full �eld of heterogeneities in the mortar, the in�uence of
the transversal yarn on the crack initiation and/or localization is disturbed by the surrounding
stress concentrations induced by the inclusions.

These calculations have shown the complexity of the cracking mechanisms in the rendering
mortar given its strongly heterogeneous character. In addition, the lower tensile surface of the
mortar (or the external surface of the rendering mortar in real applications) is not smooth.
The roughness of the surface created by sand grains as shown in �gure 3.35a for example
results in small thickness variation in the tensile zone a�ecting the stress distributions and the
crack initiation.

3.5 Conclusion

This chapter deals with the mechanical behavior of the �berglass mesh reinforced rendering
mortar used in ETICS. The rendering mortar undergoes thermal and hygral strains, which
when restrained, may lead to stresses that can attain the tensile strength of the material
causing the mortar cracking. The cracking in the mortar may be initiated on two di�erent
levels: (i) on the mesoscale, where the heterogeneities of the mortar (porosity, sand particles,
and the mesh) are the only source of stress concentration and/or (ii) on the structural scale,
where the geometrical singularities such as window corners and thermal joints take the lead
of the stress concentration and crack initiation. To understand the cracking mechanisms in
the mortar and the reinforcement mechanisms of the �berglass mesh, and to represent the two
levels of cracking in the mortar, 3-point and 4-point bending tests are carried out. 4-point
bending tests, on one hand, are representative of the cracking that takes place on facades
without geometrical singularities where the heterogeneities of the mortar are the main crack
initiators. On the other hand, 3-point bending tests are representative of the cracking that
occurs on the geometrical singularities where the stress is localized. These tests are carried
out in-situ X-ray tomography allowing to visualize the cracks within the 3D volume of the
specimen rather than the surface of the specimen when using classical 2D imaging techniques.
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The bending set-up needed to be adapted for X-ray tomography leading the newly developed
inclined bending set-ups.

The 3D images of the samples revealed a material crowded with di�erent types of het-
erogeneities. Each of which can have an impact on the cracking pattern. In 3-point bending
tests, the theoretical cracking pattern is changed. The crack that should have appeared ver-
tically in the middle of samples is shifted and inclined. This observation is mainly due to the
competition between several phenomena: the maximal bending moment in the middle of the
sample, the stress concentration induced by the heterogeneities in the mortar, the presence of
the transversal yarn, and the real thickness of the mortar beneath the �ber-glass fabric caused
by an uneven and coarse lower surface. Two main observations have been made. First, the
porosities and the sand part particles dictate the trajectory of the crack. The crack will pass
through the porosities and encounter the sand particles on its way up towards the �ber-glass
mesh. Second, the �ber-glass mesh stops the propagation of the crack. The crack will not
propagate through the entire thickness of the mortar, thus limiting its opening. Therefore,
the �ber-glass mesh plays an important role in the durability of the ETICS by reducing the
potential water leakage within the thermal insulator.

In 4-point bending, several parameters have been investigated such as the mesh properties,
the transversal yarn, the direction of the mesh within the specimen, and the cover distance.
The main conclusions regarding each parameter are the following:

� The thicker mesh (M2) did not provide a greater tensile strength for the composite,
nor a�ected the number of crack induced during the test compared to the lighter fabric
(M1). In addition, as opposed to M1 fabric, the transversal yarns of M2 fabric did not
localize the crack despite their greater thickness. This can be explained by the larger
weft distance on the case of M2 fabric leaving more room for other heterogeneities (i.e.
porosity and sand grains) to in�uence the crack initiation.

� Despite the stress concentrations induced by the transversal yarn, the presence of the
latter does not decrease the tensile strength of the composite. Further, the presence of
the transversal yarn is essential to ensure the load transmission between the matrix and
the mesh through its anchorage e�ect. The transversal yarns induce the multi-cracking
in mortar, thus decreasing the crack widths.

� The direction of the mesh within the specimen (the weft yarn in the longitudinal direc-
tion, the warp yarn in the longitudinal direction, or the mesh rotated at 45°) did not
a�ect the tensile strength of the composite. However, after the �rst crack, the mesh at
45° did not provide any post-cracking sti�ness resulting from the weak resistance of the
mesh regarding a shear loading.

� The cover distance is an important factor to consider. It has been shown that the closer
the mesh to the lower tensile surface, the greater the tensile strength of the composite
and the greater the number of cracks obtained. Thus, to ensure a greater resistance for
the composite and a stronger multi-cracking behavior (meaning smaller crack widths),
the mesh must be placed as closer as possible to the external surface in real life applica-
tions.
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DIC method has been deployed on the radiographs collected during the load in order to
investigate whether it is possible to determine the initiation location of the crack in the pur-
pose of giving more information about the cracking mechanisms in the mortar. Using this
technique, it was not possible to detect the initiation of the crack given the fragile behavior
of the mortar. For this speci�c purpose, DIC showed some limitations such as the acquisition
frequency of the radiographs and the image resolution compared the crack width when �rst
initiated.
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Chapter 4

Conclusion

In this work, the �berglass mesh reinforced rendering mortar has been studied. It is used
as a protection layer for ETICS which is recommended, particularly in refurbishment, to de-
crease the energy demand of buildings thus increasing the thermal comfort of the residents,
reducing their energy bills, decreasing the energy dependency, and reducing the greenhouse
gas emissions.

Studying the mechanical behavior of the �berglass mesh reinforced rendering mortar is
signi�cant because defects such as cracking impair the performance of the reinforced mortar
with also nefast consequences for the ETICS. Being a cementitious material, the mortar is in
constant hygral and thermal exchange with the surrounding environment in addition to its
chemical evolution due to the hydration reaction. These complex hygro-thermal loading lead
to strains in the mortar which, when restrained, lead to stress that may attain the tensile
strength of the material causing the mortar cracking. The glass �ber mesh is thus proposed as
a solution to control cracking. The cracking in the rendering mortar may occur on two scales.
On one hand, on the structural scale where window corners, thermal joints, and wall corners
act as geometrical singularities that concentrate stress and eventually initiate cracks. On the
other hand, in the plain zones, the heterogeneities in the mortar, including the �berglass mesh,
can act as stress concentration elements, taking the lead for crack initiation and/or localization.

The behavior of the composite material is strongly dependent on the behavior of each
of its components (i.e. the mortar and the �berglass mesh) in addition to the mortar/mesh
interface qualities. In this work, the behavior of the non-reinforced rendering mortar has been
investigated and has been the subject of chapter 2. In addition, cracking mechanisms of the
�berglass mesh reinforced mortar as well as the reinforcement mechanisms of the �berglass
mesh with regard to cracking within the mortar have been studied in 3.

4.1 Main conclusions

Chapter 2 investigated the early-age hygro-chemical behavior as well as the mechanical be-
havior of the rendering mortar. The early-age characterization showed a signi�cant in�uence
of the mixing protocol on the early-age response regarding weight loss and shrinkage strains.

108
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These results suggest that ensuring an adequate reproducible and repeatable 1 mixing proto-
col with minimum human intervention is critical to limit the scatter and material response
variability. The early-age characterization showed that a repeatable mixing protocol with
minimum human intervention is needed to limit the scatter in the early-age measurements
such as weight loss and shrinkage strains. In addition, the scale e�ect on the drying is high-
lighted placing in advance the coupling between the hydration of the material and the drying.
Isothermal calorimetry showed that the hydration reaction of the rendering mortar is fast and
most of the hydration reaction occurs during the �rst 24 hours of the life of the rendering
mortar. In addition, it has been shown that drying of the rendering mortar is relatively fast
(around 2 days) for a 5 mm thickness mortar.

Regarding the mechanical properties, the e�ect of coupling between the hydration and
drying has been studied showing that the earlier the starting age of drying, the stronger the
hydration/drying competition leading to weaker mechanical properties. In addition, the e�ect
of drying on the mechanical properties of the mortar has been investigated. Drying have a
positive impact on the mechanical resistance of the studied industrial rendering mortar: the
stronger the drying the greater the �exural resistance of the material, explained by the pres-
ence of latex polymer particles and cellulose ethers that coalesce and form �lms binding the
mineral grains during drying. Further, to study the reversibility of the strength gain due to
drying, the e�ect of rehumidi�cation has been investigated showing only a partial loss of the
mortar's resistance due to the dissolution of the ether �lms that are not resistant to water
as opposed to the polymer �lms. Finally, the evolution of the mechanical properties of the
rendering mortar with time showed that the tensile strength of the mortar is somewhat stable
between 3 days age and 90 days age probably due to the highly rapid hydration reaction of
the studied rendering mortar.

The conclusions of chapter 2 suggests that, when combined, speci�c conditions can pro-
vide optimal mechanical properties for the mortar especially in terms of tensile strength. The
mortar is to be stored in water or in autogenous conditions to prevent drying during the
highly active period of the hydration reaction then allowed to dry to develop its full potential
resistance. However, in a real life scenario, these conditions are unrealistic. Note that drying
allow the mortar to attain greater resistance thus it is preferred.

Chapter 3 dealt with the behavior of the �berglass mesh reinforced rendering mortar. To
properly investigate the cracking mechanisms, whether in the stress concentration zones or
in the plane zones, 3-point and 4-point bending tests have been carried out. 3-point bending
tests, on one hand, are representative of the cracking in the stress concentration zones due to
the maximum bending moment induced in the center of the specimen. On the other hand,
4-point bending tests, inducing a constant bending moment between the two upper supports,
are representative of the cracking in the plane zones where no structural stress concentrations
are induced. All the tests were carried out in-situ X-ray tomography allowing to monitor the
evolution of the state of the specimens via (i) 2D radiographs during the loading periods al-
lowing to obtain continuous information to be analyzed using DIC and (ii) 3D scans after each

1these concepts are not synonyms
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crack when the loading is stopped allowing to obtain a 3D image of the sample at di�erent
stages.

The 3-point bending tests revealed the in�uence of the mortar heterogeneities on the crack
localization and trajectory. The porosities and the sand grains dictate the trajectory of the
crack. The crack will pass through the porosities and counter the sand particles on its way up
towards the �berglass mesh. A �rst reinforcement mechanism has been noticed, the �berglass
mesh stops the propagation of the crack which will not propagate through the entire thickness
of the mortar, thus limiting its opening. Therefore, the �berglass mesh plays an important role
in the durability of the ETICS by reducing the potential water leakage towards the thermal
insulator.

In 4-point bending, the in�uence of the mesh properties, the transversal yarn, the direction
of the mesh within the specimen, and the cover distance have been studied. It has been shown
that a thicker mesh does not necessarily provide a higher tensile strength for the composite,
and thicker transversal yarns, when combined with a large yarn spacing, do not in�uence the
localization of the cracks because of the heterogeneous stress �elds created by the hetero-
geneities of the mortar. In addition, the presence of the transversal yarns has been shown
to be essential to ensure the load transmission between the matrix and the mesh through
its anchorage e�ect resulting in multi-cracking in the mortar thus in the reduction of crack
widths. Further, it has been shown that cover distance plays an important role. To amplify the
multi-cracking and to provide greater resistance for the composite, the mesh is recommended
to be placed as close as possible to the tensile surface (external surface in ETICS) considering
drying shrinkage as the main source of cracking. Finally, DIC did not allow the detection of
the initiation point of the cracks.

4.2 Perspectives

Considering the mechanical behavior of the rendering mortar, the increase of its tensile
strength was mainly attributed to the presence of cellulose ethers and polymer latex particles
in the industrial premix. To con�rm this explanation, the mechanical behavior of a normalized
mortar in wet and dry conditions can be compared to that of a modi�ed mortar with di�erent
ratios of polymer latex and/or cellulose ethers.

For the identi�cation of the crack initiation source within the �berglass mesh rendering
mortar, experimental and numerical approaches are proposed.
To detect the crack initiation experimentally, Distributed Fiber Optic Sensors (DFOS) [Zdanow-
icz et al., 2022] may be used to measure strain �elds locally allowing to detect locally (on the
mesh when the �ber optical sensor is glued on the textile) the crack initiation as well as the
potential debonding at the mortar/fabric interface. On the other hand, acoustic emissions,
when small sensors distributed on the surface of the specimens as in, may be useful to a higher
resolution for the detection of the crack initiation [Boniface et al., 2020]. These two devices
have been recently bought by the laboratory. They could be used inside the X-ray tomograph.
Numerically, the X-ray 3D images can be used (threshold and Finite element mesh as in [Tsi-
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tova, 2022]) to validate a mechanical model that takes into account the heterogeneity of the
material, the interfaces of the inclusions, and the cracking patterns observed experimentally.
After validation, the mechanical model can be used to carry out a large number of numerical
simulations (Monte Carlo) on randomly generated microstructures which take into account
the PSD of sand grains and of the pores. This allows to identify numerically in a probabilistic
approach the sources of crack initiation, the �rst crack load, and crack widths for a given force
or displacement imposed after cracking.

To investigate the reinforcement mechanisms of the �ber glass mesh, an uniaxial loading
has been used through 3-point and 4-point bending. However, the mortar in real life appli-
cation as well as the �berglass mesh acts bidirectionally. A bi-axial loading such as plate
bending can be carried out.

Thermal strains in the mortar can also induce cracking. The thermal expansion coe�cient
of the insulator, which features a high thermal gradient, is around 6 times greater than that
of the mortar. The risks of cracking associated to thermal strains in ETICS should be studied.

To maximize the tensile strength as well as the multi-cracking behavior of the reinforced
mortar, it is recommended to place the mesh as close as possible to the external surface in
ETICS considering the drying shrinkage as the main source of cracking. However, the PSD
of sand grains in section 2.3.1 shows that around 22wt.% of sand grains have a particle size
greater than 0.63 mm. When the mesh is placed at a 1 mm cover distance, 22wt.% of the
sand grains have a diameter that exceeds the half of the cover distance. It can be suggested
to modify the grain distribution of the premix.

To further decrease the environmental impact of construction and/or thermal insulation
rennovations, eco-friendly materials can be studied to replace the glass in the �berglass mesh
reinforcement. The use of jute �ber [Zakaria et al., 2017] or �ax textile [Julija, 2020] may be
an eco-friendly alternative. In addition, recycled sand from concrete recycling may be used to
replace the sand in the rendering mortar premix.



Appendix A

Drying model

Drying in mature cement-based materials can be accurately modeled using mass balance
equations for liquid water, water vapor, and dry air. It is a very complex phenomenon,
since it involves permeation, di�usion, adsorption/desorption, and condensation/evaporation
[Mainguy, 1999,Mainguy et al., 2001,Thiery et al., 2007].
If porosity is assumed to be constant, gas (dry air and water vapor) permeation is neglected,
and temperature is assumed to be constant, the Richard-Fick model can be used [Hilaire,
2014, Soleilhet, 2018,Ma et al., 2020,Carette et al., 2020]. Using the saturation degree Sl as
a primary variable [Sleiman et al., 2020,Adia et al., 2020,Kinda et al., 2020], the main mass
balance equations lead to equation A.1

∂Sl
∂t

= ∇(D(Sl)∇Sl) (A.1)

where D is the global equivalent di�usion coe�cient depending non-linearly on liquid water
saturation degree (Sl). The global equivalent di�usion coe�cient is given by:

D(Sl) =
1

1− ρv
ρl

∂Pc
∂Sl

[
Keff (Sl)

φµl
+Deff (Sl)

(
Mv

ρlRT

)2

Pvsat exp

(
Pc

Mv

ρlRT

)]
(A.2)

with φ the porosity of the material, Keff the e�ective permeability of the liquid water, Deff

the e�ective vapor water di�usion coe�cient, and Pc the capillary pressure; ρl, ρv, µl are
respectively the density of the liquid water, the density of water vapor, and the dynamic vis-
cosity of the liquid water; T is the temperature, and R the perfect gas constant; Pvsat and Mv

are respectively the saturating water vapor pressure and the molar mass of water. The �rst
term in equation A.2 represents the water liquid permeation mechanism and the second term
represents the water vapor di�usion.

Using the Boltzmann transform:

u =
x2

Dt
(A.3)

Equation A.1 becomes in the case of 1D di�usion and constant global equivalent di�usivity:

u · ∂Sl
∂u

+ 2 · ∂
2Sl
∂u2

= 0 (A.4)
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Therefore, the solution depends only on the variable u. The calculation of the weight loss evo-
lution in semi-in�nite or �nite media with di�erent boundary conditions leads to the schematic
evolution displayed in Figure A.1 [Crank, 1979]. Curve 1 (in red) corresponds to a semi-in�nite
medium with a Dirichlet-type boundary condition (i.e. Sl = cst at the boundary). The slope
is proportional to the square root of the equivalent di�usivity. Thus, it gives information
about the porosity (size, connectivity etc.). Besides, for a �nite medium (curve 2 in blue), the
evolution remains linear up to the beginning of the drying in the core. Finally, if a convective-
type boundary condition is used (to take into account evaporation and/or di�usion of vapor
water in the boundary layer), a S-type curve is obtained (curve 3 in green). In cement-based
materials, such behavior is observed for small thickness and/or high value of equivalent dif-
fusivity (high water to cement ratio for instance resulting in large connected pores) [Kinda
et al., 2020], which is the case of rendering mortars.

Figure A.1: Schematic evolution of weight loss vs.
√
t in the case of semi-in�nite or �nite

media

The Boltzmann transform (equation A.4) implies also that the use of an equivalent radius
(Req) leads to the same weight loss evolution if plotted with respect to

√
t

Req
. All these elements

are being used to analyze the experimental results.



Appendix B

Stress in mortar

The risk of cracking of the mortar by drying shrinkage comes from several sources (cf.
chapter 1):

� Mortar heterogeneity (di�erential strains between cement paste and sand grains, pres-
ence of defects such as porosity);

� Di�erential strains between the �berglass mesh and the mortar;

� Di�erential strains between the mortar and the insulation (�xed on a bearing wall);

� Stress concentration zones (joint between insulation blocks, window corners etc.). This
point will not be studied hereafter.

The elastic mechanical properties of the mortar, the �berglass mesh, the insulator, and
the wall are reported in table B.1. The volume fraction of the �berglass mesh is considered
to be 1% and the drying shrinkage strains of the mortar is taken a constant and equal to
-1·10−3. When the drying shrinkage strains are totally restrained, the tensile stress in the
mortar (neglecting the evolution of mechanical properties of the mortar and creep strains) is
given by:

σ = −Em
εds

= 3MPa (B.1)

where Em is the mortar's Young's modulus and εds is the drying shrinkage strains in the
mortar.

Table B.1: Properties of ETICS elements

Wall Insulator Mortar Fiberglass mesh
Young's modulus E [GPa] 20 3×10−3 3 70
Poisson's Ratio ν 0.2 0.4 0.2 0.2

It is noticed that the stresses are greater than the tensile strength of the rendering mortar. It
should be noted that the carried out bending tests give a value of equivalent bending tensile
strength. The uniaxial tensile strength is lower than the measured value.

114



B.1. HETEROGENEOUS MORTAR 115

B.1 Heterogeneous mortar

Finite Element simulations considering a heterogeneous mortar in the ETICS system have
been carried out on Cast3M. The mortar undergoes either a thermal or a hygral loading. The
mesh of the ETICS is shown in �gure B.1.

Figure B.1: The of the ETICS considering a heterogeneous mortar

(a) Thermal loading (b) Hygral loading

Figure B.2: (a) Stress pro�le σyy within the thickness of the mortar. (b) Displacement Uy
with respect to the vertical axis y.
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The thermal loading is induced by a temperature change. The initial temperature of all
the system is considered to be 20°C. The external temperature imposed at the external surface
of the mortar is then considered to be -25°C. On the other hand, the hygral loading is drying
of the mortar from an initial imposed relatibe humidity at 99% to a relative humidity of 50%.
For both thermal and hygral loading, the Mazars damage model [Mazars, 1984] is used. The
damage �eld D is shown in �gure B.2a in the case of the thermal load, and in �gure B.2b in the
case of the hygral load. Is is notice that the damage �eld is mainly induced by the inclusions
(pores and sand grains) proving the e�ect of the heterogeneities on the crack initiation by
inducing stress concentrations. In addition the hyfral loading induces more damage than the
thermal loading.

B.2 Di�erential strains between the mortar and the ther-

mal insulator

The simulations are carried out using the CAST3M �nite element code. The studied system
and the associated mesh are represented in �gure B.3. It is composed of the rendering mortar,
an insulator (here expanded polystyrene), taking into account connection to the load-bearing
wall using an adhesive considered to be the rendering mortar.

Figure B.3: The studied system and the mesh

Di�erent scenarios are considered in the numerical simulations. The in�uence of the
insulation-wall connection on the stresses generated in the mortar is considered. The �berglass
mesh as well as the evolution of mechanical properties during hydration are not taken into ac-
count. The behavior of each material is assumed to be elastic. Figure B.5 groups the di�erent
cases, where the mesh, the deformation and the maximum principal stress are reported:
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� Case 1 (�gure B.4a) assumes a bond between the load-bearing wall and the insulation
using the rendering mortar as adhesive. The maximum principal stress σPmax is around
0.12 MPa, which is signi�cantly lower than the tensile strength of the mortar.

� The increase in bonding length in case 2 (�gure B.4b) leads to a slight increase in stress.

� Assuming a perfect connection between the insulation and the load-bearing wall in case
3 (�gure B.4c), the maximum principal stress reaches a value of 0.21 MPa. It is still
signi�cantly lower than the tensile strength of the mortar.

� In the case 4 (�gure B.4d), where it is assumed that there is no adhesion between the
insulation and the load bearing wall, the maximum principal stress becomes of the same
order of magnitude as in the case 1 where the insulation is bonded to the interior wall.
The deformation is di�erent in this case being similar to a bending deformation.

(a) Case 1 : σPmax = 0.12 MPa (b) Case 2 : σPmax = 0.14 MPa

(c) Case 3 : σPmax = 0.21 MPa (d) Case 4 : σPmax = 0.14 MPa

Figure B.4: The deformation and the stress in the mortar in the 4 di�erent cases considered.

The stress pro�le in the central zone of the mortar shows that the stresses σyy are linear
in the thickness of the mortar (B.5a), which corresponds to a linear deformation (elastic
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behavior), an assumption made in the case of the Euler-Bernoulli theory. However, the stress
pro�le is not symmetrical which is representative of a compound bending stress. On the other
hand, the horizontal displacement Ux is plotted in the �gure B.5b along the vertical axis.
A parabolic interpolation leads to a linear regression coe�cient R2 very close to 1, which is
characteristic of a 4-point bending test.

(a) (b)

Figure B.5: (a) Stress pro�le σyy within the thickness of the mortar. (b) Displacement Uy
with respect to the vertical axis y.

B.3 Di�erential strains between the rendering mortar and

the �berglass mesh

All materials are assumed to have isotropic linear elastic behavior. A parallel model is
considered as shown in �gure B.6. In the case where only incompatibilities are studied, we
obtain the equilibrium equation below:

σ = fmeshσmesh + fmσm (B.2)

where fmesh is the volume fraction of the �berglass mesh, fm is the volume fraction of the
mortar, σmesh is the stress in the �berglass mesh, and σm is the stress in the mortar.
Using the behavioral laws, we obtain the expression of the stress developed in the mortar σm
in equation B.3 and the �berglass mesh σmesh in equation B.4:

σm = −Em · Emesh
E

· εds = 0.6MPa (B.3)

σmesh =
Emesh · Em

E
· εds = −57MPa (B.4)

where Emesh, Em, and E are the Young's modulus of, respectively, the �berglass mesh, the
mortar, and the composite �berglass reinforced mesh (calculated with the parallel model).
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Figure B.6: Parallel model: rendering mortar and the �berglass mesh

It is observed that the mortar is in tension, the stress value remains lower than the tensile
strength of the mortar, but it is signi�cant compared to the values obtained previously in the
Finite Element calculations taking into account the geometry of the wall. The �berglass mesh
is in compression.



Appendix C

Crack prediction in Eurocode 2, Model

Code MC2010, and ACI code

C.1 Eurocode 2

To calculate a predicted crack width, the crack spacing must �rst be calculated. The crack
spacing is de�ned as the distance between two adjacent cracks. In the Eurocode 2 [EN, 1992],
the maximum crack spacing Sr,max is given by:

Sr,max = k3c+ k1k2k4Φ/ρp,eff (C.1)

where:

� Φ is the bar diameter or the equivalent bar diameter,

� c is the cover to the longitudinal reinforcement,

� k1 is a coe�cient that takes into account the bond properties of the reinforcement,

� k2 is a coe�cient that takes into account the distribution of strain, and

� k3 and k4 are coe�cients that may be selected by the country.

Crack width wk is thus calculated by:

wk = Sr,max(εsm − εcm) (C.2)

where:

� εsm is the mean strain in the reinforcement, and

� εcm is the mean strain in the concrete between cracks.
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C.2 MC2010

In the Model Code MC2010 [Taerwe et al., 2013] the crack width is calculated as follows:

wd = βw · k1/r · sm(εsm − εcm − ηrεcs) (C.3)

where:

� βw is a factor to convert the mean crack width to the maximum crack width (According
to [Caldentey et al., 2019], it can be taken equal to 1.7),

� k1/r is a factor to take in account the curvature of the concrete element,

� sm is the mean crack spacing of the element,

� εsm is the average steel strain over the length sm, and

� εcm is the average concrete strain over the length sm.

The mean crack spacing is thus taken equal to:

sm = kc · c+ kΦ/ρ · kfl · kb ·
fctm
τbms

· φs
ρs,ef

(C.4)

where:

� kc is an empirical parameter to take account of the concrete cover (It can be taken equal
to 1.5),

� c is the maximum concrete cover.,

� kφ/ρ is an empirical parameter to take account of the bond (It can be taken equal to
0.25),

� kb is a parameter that takes account of the casting position,

� fctm is the mean tensile strength of concrete,

� τbms is a structural parameter (the newest version of the Eurocode suggests taking it
equal to 7.2),

� φs is the steel reinforcements diameter, and

� ρs,ef is the reinforcement ratio corresponding to the tensile face under consideration of
the e�ective section.
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C.3 ACI code

The crack width model illustrates crack spacing and width as funtions of the transversal
reinforcement spacing. Thus, cracking can be controlled by limiting the transversal reinforce-
ment spacing and maximum bar spacings can be determined by limiting the crack widths to
acceptable limits [Frosch, 1999]. The maximum crack width is thus calculated by:

wc = 2 · fs
Es
· β
√
d2
c + (

s

2
)2 (C.5)

where:

� s is the maximum permissible bar spacing [in],

� wc is the limiting crack width [in],

� Es = 29000 ksi,

� fs = 1.0 + 0.08dc, and

� dc is the bottom cover measured from center of lowest bar [in].
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Résumé: De nos jours, l'énergie est devenue

un besoin fondamental dont la demande ne cesse

de croître. Cette dernière est essentielle pour le

bien-être et la survie des humains et sa disponibil-

ité est cruciale pour l'économie et la croissance

nationales. Les crises sociales, géopolitiques et

écologiques se traduisant respectivement par un

manque de confort thermique dans les habitations

combiné à des factures d'énergie coûteuses pour

les ménages à faible revenu, la dépendance én-

ergétique notamment en termes d'energies fossiles,

et le réchau�ement climatique, exigent une ré-

duction importante de la consommation d'énergie.

En France, les systèmes de chau�age des bâti-

ments représentent 45% de la consommation to-

tale d'énergie et sont responsables de 27% des

émissions de gaz à e�et de serre. L'isolation ther-

mique dans laquelle s'inscrit l'Isolation Thermique

par l'Extérieur (ITE) permet de réduire consid-

érablement la consommation d'énergie ainsi que

les émissions de CO2 tout en augmentant le con-

fort thermique des habitants et en réduisant leur

facture d'énergie. Le mortier de façade renforcé

par la grille de �ber de verre est utilisé comme

couche de protection externe des ITEs. Cepen-

dant, de nombreux défauts peuvent compromettre

la performance des ITEs, en particulier la �ssura-

tion du mortier de façade. Le mortier à base cimen-

taire subit des déformations chimiques, thermiques

et hydriques qui, lorsqu'elles sont restraintes, in-

duisent des contraintes qui peuvent atteindre la

résistance en traction du matériau conduidant à la

�ssuration du mortier. La grille de �bre de verre est

proposée comme une solution pour la �ssuration.

Le comportement du mortier composite renforcé

est une combinaison du comportement de chacun

de ses composants, le mortier et la grille de �bre

de verre. Le premier est un matériau qui évolue

chimiquement et qui peut être a�ecté par son en-

vironnement comme son état hydrique. Le com-

portement du mortier de façade est donc étudié

en fonction de son âge et ses conditions de con-

servation parmi d'autres paramètres. D'autre part,

cette étude vise à comprendre les mécanismes de

renfort de la grille de �bre de verre dans le mortier

vis-à-vis de la �ssuration. Des essais de �exion 3

et 4 points sont réalisés in-situ dans le tomographe

à rayons X et plusieurs paramètres de renforce-

ment sont considérés. La tomographie permet de

dévoiler le rôle de la grille de �bre de verre sur la

localisation et la propagation des �ssures dans le

mortier renforcé.
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Abstract:

In our times, energy has become essential for

the welfare and the survival of humans and its

availability is crucial for the national economy and

growth. The social, geopolitical, and ecological,

crises re�ected respectively in the lack of ther-

mal comfort in homes combined with expensive

energy bills of the low-income households, the en-

ergy dependency especially in terms of fossil fu-

els, and the global warming demand the reduc-

tion of the energy consumption. In France, the

heating systems of buildings represent 45% of the

total energy consumption and are responsible for

27% of greenhouse gas emissions. Thermal insu-

lation including the External Thermal Insulation

Composite System (ETICS) has a big impact on

the energy consumption and CO2 emissions in-

creasing, at the same time, the thermal comfort

of the residents and decreasing their energy bills.

The �berglass mesh reinforced rendering mortar

is used as the external protective layer of ETICS.

Many defects may attain the ETICS including the

cracking of the rendering mortar. These defects

may impair the thermo-mechanical performance of

the ETICS. The cement-based mortar undergoes

chemical, thermal, and hygral strain which, when

restrained, cause stress that may attain the ten-

sile strength of the material and cause the mortar

cracking. The �berglass mesh is proposed as a so-

lution for cracking. The behavior of the composite

reinforced mortar is a combination of the behav-

ior of each of its components, the mortar and the

�berglass mesh. The former is a chemically evolv-

ing material which may also be a�ected by other

conditions such as its hygral conditions. The be-

havior of the rendering mortar is thus investigated

with respect to its age and its curing conditions

among other parameters. In a second part, go-

ing further in the comprehension of the reinforced

mortar mechanical behavior, this study focuses on

the fundamental understanding of the reinforce-

ment mechanisms of the �berglass mesh within the

mortar with respect to cracking. X-ray tomogra-

phy in-situ 3-point and 4-point bending tests are

carried out and several reinforcement parameters

are considered. The tomography scans enable un-

veiling the role of the glass �ber mesh on crack

localization and crack propagation in reinforced

mortar. This work provides physical insights on

the reinforcement mechanisms of �berglass mesh

on mortars contributing to the optimization of the

cement-based reinforced composites especially in

ETICS.
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