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Featured Application: This paper presents a numerical methodology for the hygro-thermo-
mechanical analysis of masonry structures. The proposed approach can be used to evaluate the
hygro-thermal performance of masonry walls as well as to complement the structural assessment
considering other static or dynamic loads. The methodology can be further extended to include
durability and aging aspects, and to study the compatibility between masonry units and mortars.

Abstract: Masonry walls comprise an important part of the building envelope and, thus, are exposed
to environmental effects such as temperature and moisture variations. However, structural assessment
usually neglects the influence of these hygro-thermal loads and assumes ideal conditions. This paper
presents a hygro-thermo-mechanical model and its application to simulate the impact of temperature-
and moisture-related phenomena on the structural behavior of masonry walls. A fully coupled heat
and mass transfer model is presented and a 2D finite element model is prepared to simulate the
behavior of a brick masonry wall under various hygro-thermal scenarios. Two different mortars are
considered: namely, cement mortar and natural hydraulic lime mortar. The results are evaluated
in terms of temperature and moisture content distribution across the wall thickness. The hygro-
thermal model is further extended to incorporate mechanical effects through the total strain additive
decomposition principle. It is shown that the hygro-thermo-mechanical response of the brick masonry
wall is a complex 2D phenomenon. Moreover, the environmental loads change the natural stress
distribution caused by gravitational loads alone. Finally, the wall with cement mortar develops higher
levels of stress when compared to the one with lime mortar, due to the dissimilar hygro-thermal
behavior between the constituent materials.

Keywords: masonry; fired-clay brick; cement mortar; natural hydraulic lime mortar; multi-layered
material; heat and mass transfer; multi-physics model; environmental loads; hygro-thermal stress;
hygro-thermo-mechanical analysis

1. Introduction

Ancient and contemporary buildings use masonry as one of the most common
construction materials for both structural and non-structural applications. As an integral
part of the building envelope, masonry walls are exposed to environmental actions, such
as direct solar radiation, wind-driven rain, thermal and hygric variations, moisture con-
densation, and rising damp. The continuous exposure to environmental loads affects the
mechanical response of the material and leads to long-term weathering and degradation,
e.g., strength loss, damage (cracks) due to induced dimensional changes and internal
stresses, and spalling caused by salt crystallization and freeze-thaw [1,2]. The mechanical
behavior of masonry structures has been well-documented in the literature under both
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static and dynamic loading scenarios [3-5]. However, the structural assessment usually
neglects the influence of hygro-thermal loads and assumes ideal conditions. As a result,
there is still a limited understanding of the hygro-thermo-mechanical (HTM) behavior
of masonry:.

For the analysis of coupled hygro-thermal phenomena in masonry structures, it is
necessary to first define a multi-physics model to describe heat and mass transfer in
porous materials and multi-layered components. Several hygro-thermal models for porous
building materials are available in the literature, e.g., [6-8]. Their application to multi-
layered cases, however, demands specific requirements: namely, the need to use a driving
potential continuous across the interfaces or the consideration of interfacial effects on
the heat and mass transfer mechanisms. Perfect contact is usually assumed for heat
conduction through the interface. Consequently, the hygro-thermal models commonly
disregard interfacial effects on heat transfer. On the other hand, the simulation of moisture
transport in multi-layered cases still presents some challenges. Only a few investigations
have focused on interface modeling for mass transfer problems in masonry, e.g., [9-12],
and a unified methodology to characterize the effect of brick—-mortar interfaces has not
been achieved yet. Vereecken and Roels [13] proved that masonry can be modeled as
a homogeneous continuum with brick properties to simulate certain water absorption
scenarios. Other authors have employed a similar approach for one-dimensional (1D)
simulations, e.g., [14,15]. Conversely, for two-dimensional (2D) analyses, the most common
approach is still the differentiation of brick units and mortar joints, although the interfacial
effects are usually neglected [14,16,17]. Nonetheless, several experimental studies have
proven the impact of interfaces on water absorption in masonry [9-12,18]. Thus, further
research on the modeling of hydraulic interfaces is required.

Most of the scientific advances in heat and mass transfer in porous building materials
have come from the disciplines of Material Sciences and Building Physics. In this context,
the improvement of hygro-thermal models and the development of new numerical tools
have allowed for more complex and detailed hygro-thermal simulations. Nonetheless, the
link between the heat and moisture fields and solid mechanics has not been exploited yet.
On one hand, experimental studies on structural elements are normally conducted under
controlled, standard laboratory conditions. On the other hand, numerical simulations
usually neglect the influence of hygro-thermal loads and assume ideal conditions. The
study of HTM effects has received more attention in concrete structures, e.g., curing of
concrete for application in dams [19,20]. For masonry, some research has been devoted
to the mechanical behavior of walls under extreme scenarios such as high temperatures
during fire, e.g., [21,22]. However, the influence of temperature and moisture actions
caused by normal environmental conditions are usually disregarded and so are the hygro-
thermally induced stresses. To date, few studies have approached the mechanical response
of masonry as affected by this type of environmental conditions, e.g., [23-25].

Ramézani and Jeong [24] developed a one-way coupled HTM model to analyze the
behavior of a limestone masonry wall subjected to environmental loads. The authors created
a 2D finite element model and performed a series of non-isothermal, non-isohygral, steady-
state analyses while isolating and combining the different physics. From a comparison
between the mechanical, thermo-mechanical, and HTM results, they were able to identify
the contribution of each field to the overall response. Moreover, it was shown that the
distribution of stresses in the wall was geometry-dependent, and the highest tensile values
were concentrated in the vertical head joints and the corners of the masonry units. Transient
analyses were also performed to analyze the evolution of the moisture and temperature
distributions from the initial condition to the steady-state equilibrium. The authors did not
perform transient HTM analyses for variable environmental conditions and this type of
analysis is still missing in the literature.

Some authors have dealt with independent thermo-mechanical or hygro-mechanical
problems in masonry. For the former, most research is devoted to the mechanical response
of structural elements under high-temperature conditions. Among the hygro-mechanical
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studies, Castellazzi et al. [16] developed a multi-scale numerical framework for the analysis
of masonry walls subjected to water absorption, e.g., rising damp. In particular, the
authors employed a two-dimensional discrete coupled hygro-mechanical model to assess
the influence of the moisture field on the structural response as well as to incorporate
the effect of mechanical degradation on the moisture transport process. In line with the
hygro-mechanical studies, research on salt transport and crystallization in porous materials
has received more attention in recent years, e.g., [25-31]. The proposed models have been
proved able to predict the transport of salts and subsequent crystallization under different
environmental scenarios. An all-encompassing analysis considering the additive effects of
thermal dilation, hygric swelling, and crystallization pressure is still missing.

On the other hand, scientific works on fully coupled HTM problems in masonry are
notably scarce. Regarding this aspect, further investigation is needed to determine the
influence of moisture on the mechanical performance of the material, including linear and
non-linear behavior as well as damage. Similarly, more research is necessary to quantify
and reproduce the reverse coupling, that is, the mechanical effects (stress variation, creep,
volumetric changes, damage, cracking) on moisture transport. The studies developed by
Mertens [32] and Carmeliet [33] are worth mentioning, and they focused on the non-linear
hysteretic behavior of quasi-brittle porous materials.

Different finite element computational strategies have been developed for the me-
chanical analysis of masonry: namely, micro- and macro-modeling approaches [34]. These
strategies can be further extended to hygro-thermal analyses as presented in Figure 1. In
the case of micro-modeling, which is the focus of this work, the constituent materials (brick
units and mortar) and brick-mortar interfaces are modeled separately. On the other hand,
macro-modeling approaches assume a homogenized continuum material.

Mortar continuum
nonlinear model
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Brick continuum | (No interfaces)  gjoci continuum nonlinear continuum (No interfaces)
nonlinear model nonlinear model interface nonlinear model
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HT domain

Equivalent mortar
continuum HT domain
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Figure 1. Modeling strategies for masonry. Adapted from [35], following [34,36].

This paper presents a hygro-thermo-mechanical (HTM) model to simulate the impact
of hygro-thermal loads on the structural response of masonry walls. Moreover, this paper
provides a new insight into the HTM behavior of masonry when subjected to normal
environmental actions, considering both constant and variable temperature and relative
humidity conditions. These aspects are usually disregarded in experimental and simulation
works, and therefore, there is an evident lack of scientific knowledge. This paper is
structured as follows. First, a fully coupled heat and moisture transport model is proposed
and hygro-thermal simulations are performed using a 2D finite element model of a three-
wythe brick wall. The results of the hygro-thermal studies are evaluated in terms of
temperature and relative humidity profiles across the thickness of the wall as well as for
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different points on the external and internal surfaces. The evolution of temperature and
relative humidity obtained by transient analyses show that heat transfer is significantly
faster than moisture transport. Subsequently, the analyses were extended to incorporate
mechanical effects by the use of a one-way HTM model. For all the analyses, two different
mortars were considered for the wall: namely, natural hydraulic lime and cement mortar.
It is proven that the wall with cement mortar develops higher stresses when compared
to the one with lime mortar, due to the dissimilar hygro-thermal behavior between the
constituent materials. Moreover, the results show that the HTM response of masonry walls
is a complex 2D phenomenon. Finally, the environmental loads change the natural stress
distribution caused by gravitational loads alone and induce localized concentrations of
compressive and tensile stresses.

2. Hygro-Thermal Model

This section describes the numerical model adopted for hygro-thermal simulations.
The moisture transport model was validated by the authors in [37]. In the present paper,
this model is extended to incorporate the thermal field. Thus, the theoretical bases and
main assumptions of the extended model are briefly presented here.

Masonry is described as a porous medium made up of a matrix of interconnected
pores inside a solid skeleton. The solid phase is assumed continuous, homogeneous, inert
(no chemical reactions), isotropic, and non-deformable. Moreover, pores are assumed
cylindrical, with a homogeneous, isotropic distribution inside the material. The void
space defined by the pore system is filled with a liquid and a gaseous phase in different
proportions. The liquid phase is pure and incompressible, whereas the air phase is an ideal
mixture of dry air and water vapor at atmospheric pressure. For simplicity, advective air
flow is not implemented in the model and pressure gradients are considered negligible.
Additionally, a local instantaneous thermodynamic equilibrium is assumed between the
liquid and gaseous phases. Consequently, the contributions of liquid water and water
vapor may be combined to define a global moisture content. Nonetheless, the contribution
of water vapor to the total moisture content is negligible. Knudsen flow is not considered,
and the effect of gravity is neglected since capillary forces are dominant.

The volume fraction of (moist) air inside the porous space does not contribute to the
overall thermal conductivity and specific heat capacity of the material. The formation
of ice is out of the scope of the present work; thus, the temperature remains above the
freezing point of water. Heat flux induced by moisture transport (Dufour effect) as well
as moisture flux induced by temperature gradients (Soret effect) are considered negligible.
The coupling between heat and moisture fields will be further discussed in the following
sections.

The effect of imperfect contact interfaces in multi-layered cases is considered for
moisture transport by means of hydraulic resistances [9]. For heat transfer, the impact of
interfaces between adjacent materials is disregarded so that the temperature profiles are
continuous between layers.

2.1. Governing Equations

The heat transfer model considers conductive heat transfer according to Fourier’s Law
and accounts for the heat of vaporization:

oT

1)
pCSp = V0D + L[ LT (gpoan], 0

where pC [J/(m3K)] is the volumetric heat capacity at constant pressure, T [K] is the
temperature, t [s] is time, A [W/(m-K)] is the thermal conductivity, L, [J/kg] is the latent
heat of evaporation, J, [kg/(m-s-Pa)] is the water vapor permeability of still air, u [-] is
the water vapor resistance of the material, ¢ [-] is the relative humidity, and py s+ [Pa]
is the vapor saturation pressure. The second term on the right-hand side of Equation (1)
represents the latent heat of vaporization associated with liquid/gas phase change.
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On the other hand, the multi-phase moisture transport model stems from Fick’s laws of
diffusion and considers a combination of liquid transport by capillarity and vapor diffusion:

8w8£

0 )
% ot =V (wav§0> + V. |:Ijv(q)f)v,sat):|/ (2

d¢

where w [kg/ m?] is the moisture content, and D, [m?/s] is the liquid water diffusivity. The
modified version of the exponential expression proposed by Kiinzel [38] is used to describe
the liquid water diffusivity:

A 2 (o
Dw — /Y <a)w> 103 (wcap 1), (3)
cap

where vy [-] is a diffusivity factor depending on the material and transport process (wet-
ting/drying), Ay [kg/(m?-s%2)] is the capillary absorption coefficient, and wcap [kg/m®] is
the capillary moisture content.

2.2. Interface Modeling

The brick—mortar interfaces are assumed to have an imperfect contact for moisture
transport. Therefore, the moisture flow across the interface, g;r [kg/ (m?-s)], is modeled
through the introduction of an interface permeability, K;r [s/m], or an interface resistance
Rir [m/s], such as [9]:

)

gIP:KIF%: L 9pe _ Ape _ Bpe
x KilFAx R’

o )

ox K
where p. [Pa] is the capillary pressure, which can be related to the relative humidity using
Kelvin’s equation:

Pec = Pw'RU'T‘ln ®, ®)

with p, [kg/m?] being the density of water, and R, [J/(kg-K)] being the universal gas
constant for water vapor.

Thus, assuming the applicability of Kelvin’s equation, the moisture flow across the
interface can be defined as:

opc 0 K pw-Rv~T8£ _ PwRoT A¢ _ pw-Rv-Tﬂ

Fagox — P ox ¢ gAx ¢ R

gir=K (6)

2.3. Hygro-Thermal Coupling

Simultaneous heat and mass transfer in porous media constitutes a highly coupled
problem: that is, temperature balance and thermal properties vary according to moisture
content, while the moisture-related properties and moisture equilibrium are dependent
on temperature.

2.3.1. Moisture Dependency of Thermal Parameters

It is known that the heat capacity of a porous material is directly related to its moisture
content. In particular, if the material is wet, the effect of moisture on heat capacity can be
considered using;:

pC = ppuikCp + w-Co, @)

where py,ix [kg/ m?3] is the bulk density of the material, C,, [J/(kg-K)] is the specific heat
capacity of the dry material, and C, [J/(kg-K)] is the specific heat capacity of liquid
water. The specific heat capacity of water has a weak thermal dependence for the range
of temperatures of interest in the present study [39]. Therefore, it is taken as a constant,
Cw = 4182 ] /(kg-K), which corresponds to the specific heat capacity of water at 20 °C.
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Additionally, the moisture influence on the thermal conductivity of a wet porous
material can be determined through the following expression:

A= Ao(1+b-w/ppux) = Ao(1+ b-wg), ®)

where Ag [W/(m-K)] is the thermal conductivity of the solid matrix, and b [-] is a material-
dependent thermal conductivity supplement. The supplement b can be described as the
fractional increase (sometimes expressed as a percentage) of the thermal conductivity per
mass-percent moisture content, i.e., moisture mass per unit mass of dry material x 100.
Thermal conductivity has a minor dependence on temperature for normal environmental
conditions, and therefore, its thermal dependency is disregarded [40].

For practical applications, the thermal conductivity of porous materials is often given
as a linear relationship based on experimental values determined for different moisture
content conditions. For instance, an expression of the form A = A + B-w has been exten-
sively used in the literature to describe the thermal conductivity of brick [41-43]. In the
previous expression, the intercept A(w = 0) stands for the thermal conductivity of the dry
material, Ag. In turn, the slope of the curve represents the increase in thermal conductivity
per moisture content, and according to Equation (8), it must be equal to Ag-b/ ppy k-

2.3.2. Temperature Dependency of Hygric Parameters

The coefficient of thermal expansion of most building materials lies in the order of
1072 to 107% °C~! for normal temperatures. As a result, any volumetric change induced
by temperature variations within the normal temperature range falls outside ordinary
measurement capabilities [44]. Thus, it is generally accepted that open porosity, ¢, [-], and
bulk density, oy, [kg/ m?], can be considered as constant for the range of temperatures
of interest in this study [45]. Moreover, once the volumetric variation of the porous solid
matrix is disregarded, the influence of temperature on the saturation moisture content,
Wsat [kg/ m?3], stems solely from the water density, which has a weak dependency on
temperature with less than a 1.20% decline between 0 °C and 50 °C [46]. As a result, ws,¢
[kg/m3] can be considered as a constant independent of temperature. Here, an analogous
logic is followed for the definition of the capillary moisture content, wap [kg/ m3], which is
considered constant. However, it must be noted that a widely accepted theory to describe
the relationship between w,, and temperature is still lacking in the literature.

Apart from the saturation state boundaries, wc,, and ws,;, the equilibrium moisture
content of unsaturated porous materials is dependent on the temperature. The thermal
dependency of moisture storage implies a shift in the moisture storage function (sorption
isotherm or water retention curve). This behavior is expected since higher temperatures
are associated with higher energy levels, which cause faster transport and release of water
molecules [47]. For this reason, both adsorption and desorption curves corresponding
to higher temperatures lie below the ‘colder’ isotherms [48]. The thermal dependency
of moisture storage can be expressed analytically through temperature-dependent fitting
parameters. As an example, Castellazzi et al. [49] proposed the following expression:

olo) — BT
((P)_ cap IP(T)_(P(P/ (9)

where ¥(T) [-] is a fitting parameter dependent on temperature. It is noted that ¥ is
inversely proportional to the temperature. The correlation between ¢ and T must be
established from experimental data. However, the influence of temperature on moisture
storage has not been sufficiently studied and experimental data are scarce. The available
information suggests a negligible temperature dependency for barely hygroscopic materials,
such as fired-clay brick [44]. For the sake of simplicity, the thermal effects on moisture
storage are not considered in the simulations presented in this paper.
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The influence of temperature on vapor diffusion is partly considered through the
water vapor permeability of still air, §, [kg/(m-s-Pa)], defined empirically as [50]:

105 1.81
5, = 231107 po T , (10)
Ry'T p \273.15

where pg = 101,325 Pa is the standard atmospheric pressure, and p [Pa] is the ambient
barometric pressure.

Additionally, the saturation vapor pressure, py s [Pa], is a non-linear function of
temperature defined empirically as [51,52]:

Possat = 610.7[Pa]- 10750555 ). a5

The impact of temperature on the liquid transport term has been studied by different
authors: in particular, its effect on the water absorption coefficient, A [kg/ (m?-s%9)], or
sorptivity, S = Ay /pw [m/s%%], e.g., [44,53-56]. The reported results support the validity
of the Lucas-Washburn law, which describes the water penetration depth x [m] after a
period of time ¢ [s] as [57]:

‘e oreost Vi (12)
21

where o [N/m] is the surface tension of water,  [m] is the equivalent hydraulic capillary
radius, 0 is the contact angle, and # [Pa-s] is the viscosity of water. This expression states that
liquid water flow is influenced by a series of factors. In order to understand how the overall
liquid flow is affected by variations of temperature, it is convenient to study the impact of
temperature on each of those factors separately. First, assuming that the porous structure
undergoes negligible changes due to thermal (or hygric) expansion, it is reasonable to
assume a constant r. Moreover, temperature has only a slight impact on the contact angle 6,
so its influence can be disregarded. Therefore, the remaining temperature-dependent
parameters are the surface tension o and the viscosity 7. Comparing the definition of
the capillary absorption coefficient with the Lucas-Washburn equation, it is possible to
establish a relation of proportionality as suggested by Gummerson et al. [53]:

Ap < /T /7. (13)

Considering the previous relation, Feng and Janssen [44] fitted tabulated values for o
and 7 (temperatures between 0 °C and 50 °C) and established a linear model to describe
the relationship between A, and T:

Aw = k\/o /11 = k[0.095(T — 273.15) + 6.566], (14)

where k [kg/m?°] is a micro-structure-dependent but temperature-independent factor. As
an example, these authors studied the absorption behavior of different building materials
under several temperature conditions and determined k = 0.0059 for brick (A, = 0.052
at 22.5 °C). For cement mortars, Hanumanthu and Sarkar [56] found k = 0.0019-0.0023
(Aw = 0.016-0.020 at 20 °C), whereas for NHL mortar, the data presented by Karagian-
nis et al. [58] were reinterpreted by Feng and Janssen [55], who established k = 0.0125
(Aw = 0.106 at 20 °C).

2.4. Initial and Boundary Conditions

The hygro-thermal model is completed by introducing initial and boundary conditions.
The Dirichlet boundary condition yields:

T=T, (15)
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=9, (16)

where T [K] and (} [-] are the prescribed temperature and relative humidity at the
boundary, respectively.

Conversely, the Neumann boundary condition is defined as a flux derived from a
temperature or vapor pressure difference:

q=hr(Text = T), (17)

g = hm(Pv,ext - Pv)/ (18)

where g [W/ m?] is the convective heat flux, it [W/(m?-K)] is the heat transfer coefficient,
Text [K] is the temperature of the environment, T [K] is the temperature at the boundary,
g [kg/ (m?-s)] is the convective moisture flux, h,, [s/m] is the convective mass transfer
coefficient, and pyext [Pa] and p, [Pa] are the partial vapor pressures defined for the
environment and at the boundary, respectively. In the present work, ht accounts for the
combined effects of convection and long-wave radiation exchanges with the environment.
Thus, this lumped convective/radiative heat transfer coefficient is defined as

ht = hre+ hr,, (19)

where hr [W/ (m?2-K)] is the convective heat transfer coefficient, and ht, [W/ (m?2-K)] is
the radiative heat transfer coefficient. The heat transfer coefficient is dependent on the
local air flow conditions, the temperature, the geometry, and the orientation of the studied
element, which makes an accurate estimation very complex. For building applications, a
simplified approach is usually adopted, and the heat transfer coefficient is assumed to be
constant [38].

3. Hygro-Thermal Simulations and Discussion

The model described in the previous section is used here to simulate the hygro-
thermal behavior of a brick masonry wall. First, the main features of the numerical model
are described: geometry, material properties, and boundary conditions. Then, two sets
of analyses are performed: namely, steady-state and time-dependent analyses. Finally,
the results of the simulations are presented in terms of temperature and relative humidity
profiles, and the obtained trends are discussed. The analyses described in the following
paragraphs are based on the finite element method and were performed using the software
COMSOL Multiphysics [59].

3.1. Description of the Numerical Model

A common type of load-bearing masonry wall was selected as a case study to perform
the hygro-thermal simulations. In particular, the chosen wall is made up of bricks with
dimensions 205 mm X 95 mm x 50 mm, and mortar joints 15 mm thick. The resulting
structure is a 315 mm thick (three-wythe brick) masonry wall with a total height of 2650 mm.
The geometrical configuration of the wall is depicted in Figure 2. The described geometry
was used to prepare a two-dimensional (2D) model.

The material properties used for the hygro-thermal simulations are presented in
Table 1. Two types of mortar were considered for the analyses: namely, natural hydraulic
lime mortar (LM) and cement mortar (CM). Moreover, the brick—-mortar interfaces were
assumed to have perfect contact for heat transfer, whereas imperfect contact was considered
for moisture transport. Thus, a hydraulic resistance Rjp = 2.0 x 10° m/s was assigned to
the brick-mortar interfaces.

The wall is assumed to be located in Guimaraes (Portugal), which has an annual
average temperature ¢ = 13.5 °C and an annual average relative humidity RH = 74% [60].
Additionally, the wall is considered to have initial conditions equal to these yearly average
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values; thus, ¢ = 13.5 °C and ¢y = 0.74. One face of the wall is exposed to the exterior,
whereas the opposite face is in contact with a conditioned interior space with constant
temperature and relative humidity: namely, 20 °C and 50% RH. It must be noted that the
presented configuration is rather unusual for a building envelope in contact with a modern
habitable interior space since it lacks any type of dedicated moisture barrier or thermal
insulation. Nonetheless, this configuration is reasonable for certain historical walls and
expedient for the analyses at hand, in which thermal and moisture gradients are of interest.
In the case of a masonry wall with good insulation on the interior side, adiabatic boundary
conditions could be assumed for the internal face.
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Figure 2. Schematic geometrical configuration of the brick masonry wall: (a) transversal cross-section;
(b) vertical cross-section; (c) bond arrangement and geometry of the brick units. Dimensions in mm.

The hygro-thermal simulations were performed through both steady-state (SS) and
time-dependent (TD) analyses. The SS analysis was used to evaluate the final hygro-
thermal equilibrium attained by the wall considering constant environmental conditions as
explained in the previous paragraph. Moreover, two sets of time-dependent analyses were
defined. In particular, TD1 was performed to evaluate the evolution of temperature and
relative humidity profiles across the wall from the initial state to hygro-thermal equilibrium
with the environment. Therefore, the final stage of TD1 is analogous to the results obtained
with the stationary analysis SS. Additionally, the transient study TD2 considered the wall
already in equilibrium with the environment (the initial conditions were taken from the
results of SS or the final stage of TD1) and then imposed variable external conditions. In
particular, the external conditions for TD2 were assumed to vary with time following a
sinusoidal law, given by:

9(t) = 13.54 10- cos(2mtt — 7w/2), (20)

@(t) = 0.74 4+ 0.12-cos (27t + 71/2), (21)

for the external temperature and relative humidity, respectively, with t expressed in days.
The proposed thermal variation corresponds to the average maximum temperature excur-
sion that can be experienced in a single day during mid-season periods, i.e., A% ~ 20 °C.
Additionally, average values of the seasonal relative humidity were selected to determine
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the range of daily moisture variation, and the corresponding sinusoidal function was set to

follow an opposite trend to the one defined for the temperature.

The initial and boundary conditions used for the hygro-thermal simulations of the
masonry wall are summarized in Table 2. Neumann boundary conditions were imposed
on the external and internal faces of the wall. Therefore, heat and moisture fluxes were
defined with commonly accepted values for the convective transfer coefficients. In par-
ticular, heat transfer coefficients hr ey = 25 W/ (m2-K) and hring =8 W/ (m?-K) were
imposed at the external and internal faces, respectively [61]. It is noted that the heat transfer
coefficient selected for the external surface already takes into account the radiative contri-
bution. Furthermore, convective mass transfer coefficients iy, ext = 2.0 x 107 s/m and
Ry int = 3.0 X 1078 s/m were considered for the external and the internal faces of the wall,

respectively [61].

Table 1. Summary of material properties used for the hygro-thermal simulations.

Material Property Symbol Value Units Source
Bulk density Obulk 1900 kg/m?3
Open porosity Po 0.280 -
Capillary moisture content Weap 240 kg/m3
Fitting parameter for sorption isotherm P 1.0070 - Ramirez et al. [18]
Brick Water absorption coefficient (|| bed face) Ay 0.104 kg/(m?-s0%)
Water absorption coefficient (_L bed face) Ay, 1 0.075 kg/ (m?2-s09)
Water vapor resistance factor U 34.14 -
Specific heat capacity Cp 825 J/(kg-K)
Thermal conductivity Ao 0.59 W/(m-K) Koci et al. [62]
Thermal conductivity supplement b 12.74 -
Bulk density Obulk 2060 kg/m?3
Open porosity Po 0.230 -
Capillary moisture content Weap 190 kg/ m3
Fitting parameters for adsorption isotherm Aads 3.80 x 107° 1/Pa Ramirez et al. [18]
Myds 0.352 - '
Lime mortar Fitting parameters for desorption isotherm Ages 1.19 x 105 1/Pa
(LM) M s 0.235 -
Water absorption coefficient (isotropic) Aw, 150 0.080 kg/(m2-s09)
Water vapor resistance factor U 15.00 - Prangnell [63]
Specific heat capacity Cp 840 J/(kg-K)
Thermal conductivity Ao 0.85 W/(m-K) Kumaran [64]
Thermal conductivity supplement b 9.53 -
Bulk density Obulk 2000 kg/m3
Open porosity Po 0.210 -
Capillary moisture content Weap 180 kg/m3
Fitting parameters for adsorption isotherm :;lﬂds 1.430 >2<8150_6 1/Pa Ramirez et al. [18]
ads . -
Cement Fitting parameters for desorption isotherm Ages 2.51 x 107° 1/Pa
mc(’;j[ar M gos 0213 -
(CM) Water absorption coefficient (isotropic) Ay 150 0.060 kg/ (m?-595)
Water vapor resistance factor U 25.00 - Prangnell [63]
Specific heat capacity Cp 932 J/(kg-K)
Thermal conductivity Ao 1.72 W/(m-K) Kumaran [64]
Thermal conductivity supplement b 9.29 -

Two-dimensional quadrilateral elements with quadratic shape functions were used
for the discretization of the models. After preliminary sensitivity analyses to determine the
optimal mesh size, the average element size was set to 5 mm. The primary variables, namely,
temperature and relative humidity, were interpolated based on standard Lagrangian shape



Appl. Sci. 2023,13, 4514

11 of 35

functions. Moreover, the backward finite difference method was used for automatic time
discretization during the transient analyses. Finally, an iterative procedure based on the
Newton-Raphson method was applied to solve the non-linear differential equations. It
is noted that the finite element formulations and solution algorithms were implemented
using the existing codes in COMSOL Multiphysics [59].

Table 2. Summary of the initial and boundary conditions used for the hygro-thermal simulations.

Initial Conditions Exterior Boundary Conditions Interior Boundary Conditions
Analysis L) (0] Boxt Rt ext Pext Boext Fint hrint Pint R int
[°C] [-] [°Cl [W/(m?-K)] -] [s/m] [°Cl [W/(m?-K)] [-] [s/m]
SS 13.5 0.74 13.5 25 0.74 2.0 x 1077 20.0 8 0.50 3.0 x 1078
TD1 13.5 0.74 13.5 25 0.74 2.0 x 1077 20.0 8 0.50 3.0x 1078
TD2 SSresults’  SSresults!  Equation (20) 25 Equation (21) 2.0 x 1077 20.0 8 0.50 3.0x 1078

1 Analogous to the final stage of TD1.

3.2. Hygro-Thermal Behavior of a Brick Masonry Wall
3.2.1. Steady-State Analysis (SS)

The temperature and relative humidity profiles obtained for the steady-state analyses
are shown in Figures 3 and 4, respectively. The results show only minor differences between
the two studied cases: namely, the wall with lime mortar (LM) and the wall with cement
mortar (CM). This was expected considering that the stationary analysis focuses on the
final equilibrium state, which is mostly dependent on the external boundary conditions.
Moreover, any difference observed in the response of the wall stems from the different
behavior of the selected type of mortar, which ultimately accounts for less than 26% of the
total cross-sectional area.

It is noted that the temperature and relative humidity values obtained at the external
and internal surfaces do not reach the values defined for the boundary conditions: namely,
13.5 °C and 74% RH for the exterior and 20 °C and 50% RH for the interior. This is due to
the kind of boundary conditions imposed on the model, i.e., convective flux or Neumann
boundary conditions. Therefore, the convective heat transfer and the convective mass
transfer coefficients induce, respectively, a temperature and a relative humidity exchange
between the environment and the surface of the wall.

Regarding the thermal field (see Figure 3), the temperature profiles for both cases show
an overall linear distribution across the thickness of the wall. In a multi-layered material,
the transition between adjacent layers with dissimilar thermal conductivity translates into
a change of slope in the temperature profile before and after the interface. For the LM case,
the presence of mortar joints is barely noticeable since the thermal conductivity properties
of bricks and lime mortar are similar. On the contrary, the presence of joints is clearer
for the CM case due to the more dissimilar thermal conductivity of bricks and cement
mortar. Therefore, for the CM case, it is possible to perceive slight changes in the slope of
the temperature profiles at the location of the vertical head joints.

Regarding the hygric response (see Figure 4), the relative humidity profiles for both
models show a nearly linear distribution between the two faces of the wall. As was
mentioned for the temperature, slight disturbances in the moisture profiles reveal the
presence of mortar joints. It is noted that the CM case shows a somewhat less linear trend
and slightly higher values of relative humidity across the wall thickness. Moreover, the
presence of vertical head joints is clearer for the CM case as well. These aspects can be
explained by the marked hygroscopic nature of cement mortar, which contrasts with the
less hygroscopic behavior of lime mortar and the barely hygroscopic behavior of bricks.

Considering the results of the hygro-thermal steady-state analysis, rather homoge-
neous temperature and moisture distributions are obtained for the studied wall configura-
tion. Moreover, the differences between the two types of mortar are not significant. Thus,
a macro-modeling approach with equivalent masonry properties could be used instead
of the presented detailed micro-modeling. It is recalled that macro-modeling assumes
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a homogenized continuum domain, and therefore, implies lesser material and geomet-
rical complexity, with an associated reduction of the computational cost. Furthermore,
simplification to a 1D type of analysis would be appropriate as well.
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Figure 3. Steady-state analysis (SS). Temperature distribution across the studied three-wythe brick
masonry wall: (a) joints with lime mortar (LM); (b) joints with cement mortar (CM).



Appl. Sci. 2023, 13, 4514

13 of 35

@)

(b)

o[-
A0T72

0.66

0.56

V¥ 0.54

o[-
A0T72

0.66

0.58

0.56

¥ 0.55

3.2.2. Time-Dependent Analysis with Constant Boundary Conditions (TD1)

The previous section dealt with the steady-state equilibrium attained by the studied
three-wythe brick masonry wall considering an environment with constant boundary
conditions. In this section, the first group of time-dependent analyses, labeled TD1, focuses
on the process required for the wall to reach the same state of hygro-thermal equilibrium.
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Figure 4. Steady-state analysis (SS). Relative humidity distribution across the studied three-wythe
brick masonry wall: (a) joints with lime mortar (LM); (b) joints with cement mortar (CM).
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The evolution of temperature and relative humidity profiles obtained from the TD1
analysis is shown in Figures 5 and 6, respectively. It is worth noting the time difference
needed for both processes to reach equilibrium. On one hand, the thermal field attains the
steady-state equilibrium in about 60 h. Conversely, moisture transport is a much slower
process and hygric equilibrium is only attained after 450 days (or 11,000 h). Taking this
into account, heat transfer can be treated as an immediate process in comparison with mass
transport. Furthermore, it is possible to conclude that a real structure will not likely attain
a full hygric equilibrium considering the usual variability of environmental conditions and
the long time required for the materials to accommodate moisture processes.
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Figure 5. Time-dependent analysis (TD1). Temperature evolution across the studied three-wythe
brick masonry wall: (a) joints with natural hydraulic lime mortar (LM); (b) joints with cement mortar
(CM). Lines A-A’ (top), B-B’ (middle), and C-C’ (bottom).
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There are some differences between the wall with lime mortar (LM) and the one with
cement mortar (CM). On one hand, the temperature evolution is faster for the CM case. In
other words, the wall with cement mortar requires less time to reach thermal equilibrium.
This is consistent with the higher thermal conductivity of cement mortar in comparison
with lime. Conversely, the relative humidity evolution is slower for the CM case. This can
be explained by the transport properties as well: cement mortar has lower liquid diffusivity
and higher water vapor resistance than its lime counterpart.
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Figure 6. Time-dependent analysis (TD1). Evolution of the relative humidity across the studied
three-wythe brick masonry wall: (a) joints with natural hydraulic lime mortar (LM); (b) joints with
cement mortar (CM). Lines A-A’ (top), B-B’ (middle), and C-C’ (bottom).
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As was pointed out for the SS analysis, the presence of mortar joints can be distinguished
by slope changes in the temperature and relative humidity profiles at the location of the
brick-mortar interfaces. It is noted that the TD1 results for the CM case show the location
of the vertical head joints more evidently. Once again, this can be explained by the more
dissimilar properties between bricks and cement mortar in comparison with lime mortar.

Besides the previous analyses, a parametric study was performed in order to evaluate
the influence of the hydraulic resistance on the evolution of relative humidity. In particular,
different values of the interface resistance, Rjr, were adopted, but the results did not show
significant differences. Thus, it was concluded that the impact of the interface resistance
was not significant for the moisture conditions considered in this problem. It must be
pointed out, however, that the hydraulic resistance may become non-negligible for higher
moisture levels.

Considering the results of the time-dependent analysis TD1 for both LM and CM cases,
only slight differences are noticed between the three studied sections of the wall. Therefore,
a macro-modeling strategy with equivalent masonry properties could be used as well to
simulate the observed temperature and moisture content evolution. Notwithstanding the
loss of detail, a simplified 1D model could be considered as well with a minor impact on
the overall accuracy.

3.2.3. Time-Dependent Analysis with Variable External Boundary Conditions (TD2)

For the second group of time-dependent analyses, labeled TD2, the steady-state
equilibrium (resulting from the SS analysis or the final stage of TD1) was taken as the initial
condition of the wall. Moreover, the sinusoidal expressions for variable temperature and
relative humidity described in Equations (20) and (21) were adopted so that the effect of
time-dependent boundary conditions could be studied.

The results of the time-dependent analysis with variable boundary conditions, TD2,
are shown in Figures 7 and 8, in terms of temperature and relative humidity variations,
respectively. Note that the corresponding graphs show the imposed boundary conditions
together with the response obtained for different points on the external and internal faces
of the wall.

When considering the thermal response (see Figure 7), there are some discrepancies
between the wall with lime mortar (LM) and the one with cement mortar (CM). In particular,
the thermal properties of bricks and lime mortar are rather similar; thus, the obtained
trends show comparable temperature values for the selected points on each side of the wall.
Conversely, for the CM case, the results show different temperatures for the points located
on mortar joints and brick surfaces. Moreover, the thermal excursion on the external side of
the wall is similar in both cases. However, the temperature variation range for the CM case
is slightly greater on the internal face. This can be explained by the higher conductivity of
cement mortar. It is noted that the temperature on the outer surface shows a phase shift
with respect to the external input. There is an additional shift between the external and the
internal faces of the wall. In particular, the maximum and minimum temperature values
are detected on the internal surface around 9-10 h later with respect to the peak values
on the outer surface. The external/internal delay is shorter for the CM case, which can be
related to the higher thermal conductivity of the cement mortar mentioned above.

Concerning the moisture response (see Figure 8), there are considerable differences
between the two studied cases. In particular, the relative humidity values obtained for
the LM case show only small disparities between the external points on mortar joints and
brick surfaces. On the contrary, for the CM case, the results show significant differences
between the relative humidity values obtained for the different points depending on their
location. Furthermore, the relative humidity variation on the external side of the wall is
greater for the cement mortar joints. In this context, the slower moisture response of the
cement mortar (lower liquid diffusivity and water vapor permeability) can explain the
greater and more shifted relative humidity excursion obtained for the mortar joints on the
exterior surface. On the internal face, the CM case also shows a wider relative humidity
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range. It must be noted that for any of the cases, the moisture response obtained for the
internal face is directly related to the temperature variation, which affects the relative
humidity through the saturation vapor pressure, such as ¢ = py/posat(T). There is a
significant delay between the external boundary condition and the moisture evolution on
the external surface. It can be observed that the shift between the imposed conditions and
the response of the external face of the wall is greater for moisture than for temperature.
This was expected since mass transport is a slower process. Finally, there is an additional
shift between the external and the internal faces of the wall. The external/internal shift is
shorter for the CM case due to the shorter temperature delay mentioned before.
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Figure 7. Time-dependent analysis with variable external boundary conditions (TD2). Temperature
evolution for different points of the studied three-wythe brick masonry wall: (a) joints with natural
hydraulic lime mortar (LM); (b) joints with cement mortar (CM).

Additionally, a parametric study was performed for the time-dependent analysis TD2 in
order to evaluate the role of the brick-mortar interface on the moisture response. Consequently,
the same analysis was performed using higher and lower values of the hydraulic resistance.
Again, the results obtained with the new R;r values did not show significant differences.
Therefore, it was concluded that the impact of the hydraulic resistance is not significant for
the boundary conditions considered in this problem. Nonetheless, it must be recalled that the
influence of the interface may become non-negligible for higher moisture levels.
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Figure 8. Time-dependent analysis with variable external boundary conditions (TD2). Evolution of
the relative humidity for different points of the studied three-wythe brick masonry wall: (a) joints
with natural hydraulic lime mortar (LM); (b) joints with cement mortar (CM).

Independently of the studied case, the response of the wall stabilizes (dynamic equi-
librium) after a couple of cycles. It is noted that external/internal phase delay entails
temperature and relative humidity gradients higher than the ones expected if the shift was
not considered, and maximum and minimum values were occurring simultaneously at
one and the other sides of the wall. In particular, the maximum thermal gradient obtained
for the average temperatures between the two faces is AT = 13.0 °C for the LM case and
AT =12.4 °C for the CM case. In turn, the maximum moisture gradient obtained for the
average relative humidity values between the two faces is Ap = 0.18 for the LM] case
and A¢ = 0.17 for the CM case. Considering these aspects, a time-dependent analysis
with variable boundary conditions may produce more severe scenarios and is, therefore,
recommended for a better approximation of real environmental actions.

Considering the results described in the previous paragraphs, it is evident that the
hygro-thermal behavior of brick masonry walls depends, to a great extent, on the type
of mortar. When considering the wall with natural hydraulic lime mortar (LM), the
temperature and relative humidity trends showed comparable values for the groups of
studied points, independent of their location on brick or mortar joints. Therefore, this
type of hygro-thermal problem could be simulated for the LM case by means of a macro-
modeling approach with an equivalent masonry material or a simplified 1D model with
hardly any loss of information. Conversely, the wall with cement mortar (CM) showed
some differences in temperature and relative humidity depending on the material where
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the studied point was located. Thus, for the CM case, the macro-modeling approach or the
reduction to a 1D problem would entail a certain loss of detail and accuracy.

4. Hygro-Thermo-Mechanical Model

This section presents the numerical model employed for hygro-thermo-mechanical
analysis. The main hypotheses and simplifications previously explained for the hygro-
thermal models (see Section 2) are valid here as well. With respect to the structural mechan-
ics field, a series of new assumptions must be introduced. In general, the environmental
loads induced by normal exposure conditions are not expected to cause damage (at least
not in the short term). Thus, the materials are likely to behave within the linear elastic range
and material non-linearity is disregarded. Moreover, materials and structural elements
are considered to be in an undamaged initial state. Finally, infinitesimal strains and small
deformations and rotations are assumed.

4.1. Coupling between Heat, Moisture, and Mechanical Fields

The mechanical problem is linked to the thermal and moisture fields through the
extended Duhamel-Neumann equation or total strain additive decomposition [65]; the
total strain can be divided into different components: namely, mechanical-, thermal-, and
moisture-induced strains. This is based on the assumption of infinitesimal strains and small
deformations and rotations, which is generally applicable to masonry structures [24]:

€ = Eplgstic T €plastic + Ethermal Eswelling (22)

The mechanical strains &;;451;c and €y stic account for the effects caused by forces and
moments, either in the elastic or inelastic ranges. On the other hand, the thermal and
hygric strains are related to deformations caused by temperature and moisture variations,
respectively.

The temperature-induced strain for an isotropic material is defined as:

Ethermal = ATAT = ar (T - Tref) (23)

where a7 [1/K] is the coefficient of thermal expansion of the material, and T, [K] is the
reference temperature at which the thermally induced strain is zero.
An analogous relation may be written for the moisture-induced strain:

Eswelling = ‘XhAwg = &y (wg - wg,ref) (24)

where a;, [-] is the moisture swelling coefficient of the material, w, [kg/kg] is the gravi-
metric moisture content, and wy ¢ [kg/kg] is the reference moisture content for which the
moisture-induced strain is zero. Note that the moisture content may also appear as mass of
absorbed water per volume of dry material, w [kg/m3]. In that case, if a;, is initially given
in terms of gravimetric moisture content (dimensionless), it must be divided by the density
of the material, pp, [kg/ m?], to maintain the consistency of the units. Since the moisture
content is dependent on the relative humidity by means of the moisture storage function,
the moisture-induced strain is also a non-linear function of the relative humidity.

It is noted that the hygro-mechanical and thermo-mechanical coupling processes
defined in this way involve a two-step procedure. First, the temperature and moisture
profiles are obtained by means of the hygro-thermal analysis. Subsequently, the temperature
and moisture results are used as input for the mechanical problem. Consequently, the
proposed model consists of a one-way or unidirectional type of coupling, that is, heat and
moisture fields have an impact on each other, and the hygro-thermal results are linked to
the mechanical response, but the effects of the structural response on the temperature and
moisture fields are not considered. It must be mentioned that the development of stresses
and strains within a porous material may affect the hygric and thermal responses. For
instance, Carmeliet et al. [66] studied the so-called mechano-sorptive behavior of porous
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materials and concluded that the amount of moisture adsorbed by the material reduces as
the specimens are subjected to higher compressive stresses. Additionally, these authors
observed that the stress effect on the sorption behavior is more pronounced for higher
relative humidity values. However, these mechanically induced effects are expected to be
of minor importance for the stress limits considered in this work [23]. Thus, a schematic
diagram of the proposed HTM model is provided in Figure 9.

A direct influence of thermal variations on the mechanical properties of masonry
materials can be considered negligible for the temperature range of interest in this study.
On the contrary, the mechanical performance of porous materials is generally affected by
moisture, which may lead to a reduction of the mechanical properties [16]. Nonetheless,
considering the lack of specific research dedicated to the moisture-dependent mechanical
behavior of masonry materials, these aspects are neglected in the present study and further
works on this topic are needed.

Under the assumption of linear elasticity and the described one-way coupled problem,
the temperature- and moisture-induced strains are directly proportional to the results of
the hygro-thermal problem by means of the thermal and hygric expansion coefficients.

Temperature-dependent storage properties,
transport coefficients and driving potential

w(T); Ay (T); 6a(T); Pysac(T)

Thermal field Moisture field
T [
Moisture-dependent thermal properties
Cyo(9); M)

Temperature-induced strains Moisture-induced strains
er = ar AT & = ap Aw

Mechanical field
u

Figure 9. Schematic diagram of the proposed one-way coupled hygro-thermo-mechanical model.

4.2. Initial and Boundary Conditions

The equilibrium state of a porous building material is intimately related to the sur-
rounding environmental conditions. Specifically, temperature and moisture content in-
crements cause material dilation, whereas shrinkage takes place when temperature and
relative humidity decrease. Moreover, these material responses give rise to the appearance
and evolution of internal stresses. It is worth noting that the stresses induced by thermal or
hygric volumetric variations are necessarily associated with a deformation constraint. In
other words, if deformations are not restrained, the material will experience a free dimen-
sional change and internal stresses will not appear. Nonetheless, constraints always exist
in real applications, usually linked to the external boundary conditions or the presence of
interfaces. Therefore, internal stresses caused by temperature and moisture content varia-
tions are expected. In this context, the initial conditions of the system are usually assumed
as the initial equilibrium state. Since they are associated with no internal deformations, the
initial conditions are commonly known as free-strain or zero-strain conditions.
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5. Hygro-Thermo-Mechanical Simulations and Discussion

This section demonstrates the application of the hygro-thermo-mechanical (HTM)
model using the previously introduced brick masonry wall as a case study. First, the
description of the model is recalled, and the new parameters and boundary conditions
needed for the mechanical component are defined. Then, the results of the HTM analyses
are presented and discussed.

5.1. Description of the Numerical Model and Boundary Conditions

The same three-wythe brick masonry wall presented for the hygro-thermal simulations
was used for the HTM analyses (see description of the model in Section 3.1). Similarly,
the physical, thermal, and hygric material properties presented in Table 1 were employed
for the model definition. The newly added properties needed for the mechanical field are
introduced in Table 3. The numerical simulations were performed with a 2D plane strain
finite element model using the software COMSOL Multiphysics [59].

Two different scenarios were studied: namely, a gravitational load case and a combined
hygro-thermo-mechanical case. For the gravitational case, body forces were considered,
including a uniformly distributed load, L = 12.5 kN/m, applied on top of the wall to simulate
the weight of a simply supported roof. The HTM scenario was built upon the gravitational
case so that the body forces were included. Moreover, for the HTM case, the temperature
and moisture conditions defined previously for the time-dependent hygro-thermal analysis
TD2 (see Section 3.1) were imposed on the wall. It is recalled that the TD2 analysis considers
an initial step for the wall to reach the steady-state equilibrium with the environment. In
other words, the wall is already in a deformed configuration (initial conditions to steady-state
equilibrium) before the application of the variable boundary conditions.

Table 3. Summary of mechanical, thermo-mechanical, and hygro-mechanical properties used for the
hygro-thermo-mechanical simulations.

Material Property Symbol Value/Expression Units Source
Young’s modulus E 5580 MPa
Poisson’s ratio v 0.20 - -
Brick Compressive strength fe 19.80 MPa Ghiassi etal. [67]
e Tensile strength ft 2.00 MPa
Coefficient of thermal expansion ar 2.56 x 107 1/°C Ramirez et al. [18]
Coefficient of hygric expansion ay 1.40 x 1074/ 1080.72 - '
Young’s modulus E 3330 MPa
Poisson’s ratio v 0.20 -
Lime mortar Compressive strength fe 1.10 MPa Penas etal. [65]
(LM) Tensile strength fr 0.40 MPa
Coefficient of thermal expansion ar 3.04 x 107° 1/°C Ramirez et al. [18]
Coefficient of hygric expansion ap 3.00 x 1074/ wg0'62 - '
Young’s modulus E 2370 MPa
Poisson’s ratio v 0.20 - D’ Altri et al. [35]
Cement mortar Compressive strength fe 8.20 MPa etak
(CM) Tensile strength ft 1.50 MPa
Coefficient of thermal expansion xT 7.38 x 107° 1/°C .
Coefficient of hygric expansion «p, 1.32 x 1074/ wg0'78 - Ramirez et al. [16]

Regarding the mechanical boundary conditions, the bottom of the wall is assumed to
be fixed: that is, all degrees of freedom are constrained. Conversely, the uppermost edge is
not restrained, and all degrees of freedom remain free. The wall is assumed to be in a non-
deformed configuration before the application of the gravitational and environmental loads.
Moreover, the initial temperature and relative humidity are ¢y = 13.5 °C and ¢ = 0.74,
respectively. For these conditions, the temperature- and moisture-induced strains are zero.
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Assuming the applicability of Saint Venant’s principle, the following discussion on
the distribution of stresses focuses on a section of the mid-portion of the wall (height
around 1.20 m). In other words, the area selected for the analysis of stresses is reasonably
distant from any applied load or boundary condition that could directly influence the local
stress/strain distribution.

5.2. Hygro-Thermo-Mechanical Behavior of a Brick Masonry Wall

The results of the HTM model presented in the previous section are examined in
the following paragraphs. In particular, the behavior of the wall is studied in terms of
minimum and maximum principal stresses, 03 and ¢y, according to the type of material
and case scenario. The general sign convention is followed: thus, negative stresses indicate
compression, and positive stresses denote tension. For the HTM analyses, the moment with
maximum induced deformation (maximum horizontal displacement of the top of the wall)
was chosen for the study. The selected deformed state is shown in Figures 10 and 11 for the
LM and the CM cases, respectively, together with the history of displacements for the top
of the wall and the imposed boundary conditions. Here, u and v are the displacements in
the X and Y directions, respectively. It is recalled that the stress discussion is focused solely
on a selected mid-height section of the wall.

30 T T T T T 0.6
-— P.Ext P.Int
—— BC Ext
------- BC Int \ /
T — g
) £ PExtu u [mm]
= = Plnt u
= A 048
g ‘é’ PExtv
£ § P.Int v —= 0.5
g a ]
w)
g 2 [
&= a ¥ 0.45
[
#\ 0.4
0 ; . ; ; . 0.6 ——
0 20 40 60 80 100 120 I 0.35
Time [h] =
1.0 T T T T T 0.6 * 103
- =
—— BC Ext
= L4025
0.9 04 e BC Int T
i
- = —> [l L
; 0.8+ /\ /\ /\ /\ r0.2 g PExtu I 02
2 / / / / / E PlInt u A i
g 0.71 \ \ \ \ F0.0 g2 PExtv I ” 0.15
El / )0
<= 3 PInt v i
3 = I L4 01
g 0.6 F-0.2 % J '
© a [
~ ]
4 0.05
0.5 rmrmmr s r-0.4 Y ; [
][
0.4 . . , . . 0.6 | It Lo
0 20 40 60 80 100 120 X - vo
Time [h]
(a) (b)

Figure 10. Hygro-thermo-mechanical analysis of the three-wythe brick masonry wall with natural

hydraulic lime mortar: (a) imposed boundary conditions and displacement history measured at the

top of the wall; (b) deformed shape selected for the study (maximum horizontal displacement).

When considering the displacement history for the LM case (see Figure 10), it is possible
to observe the initial deformed configuration of the wall before the application of the variable
external boundary conditions. In particular, the wall presents a horizontal displacement to-
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Temperature [°C]

Relative humidity [-]

wards the interior caused by moisture shrinkage of the internal face (¢;,,; = 0.50 < ¢o = 0.74),
which prevails over thermal dilation (¢;,; = 20 °C > ¢ = 13.5 °C). This horizontal displace-
ment is approximately equal on the exterior and interior sides of the wall. On the other
hand, the vertical displacement is rather small and remains always below 0.1 mm during the
duration of the analysis. This vertical displacement is different on the exterior and interior
sides of the wall due to rotation of the section. When the variable boundary conditions are im-
plemented, the wall oscillates following the sinusoidal trend of the external temperature and
relative humidity. In fact, the maximum horizontal displacement occurs with some delay after
the external temperature peak (overall thermal expansion with greater dilation of the exterior
face, i.e., Oext > Uiy > ) and after the minimum value of the external relative humidity
(general shrinkage of the wall still more prominent on the internal face, i.e., @iy < @ext < @o).

The displacements obtained for the wall with cement mortar (see Figure 11) follow
the same trends described above for the LM case. However, the CM case shows larger
deformations. This was expected considering the higher thermal expansion and hygric
expansion coefficients of cement with respect to the lime mortar.
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Figure 11. Hygro-thermo-mechanical analysis of the three-wythe brick masonry wall with cement
mortar: (a) imposed boundary conditions and displacement history measured at the top of the wall;
(b) deformed shape selected for the study (maximum horizontal displacement).

The stress state obtained for the LM case under the self-weight condition (body force
plus roof weight) is shown in Figure 12. As expected, the distribution of minimum principal
stresses (see Figure 12a,b) reveals a uniform level of compression in bricks and bed mortar
joints, around —0.09 MPa for the selected area (note that compression increases with wall
depth). Conversely, a 2D effect can be seen in the vertical head joints, which experience
a lower compression level, around —0.06 MPa. A more detailed analysis of the stress
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distribution in bricks brings to light two aspects: (a) the compression stress is slightly lower,
around —0.08 MPa, in the mid-section of the header course bricks, that is, the portion of the
brick aligned with the vertical head joints; (b) higher compression values, ca. —0.10 MPa,
are found on the vertical edges of the bricks adjacent to mortar head joints. Therefore, the
brick-mortar interaction is associated with 2D phenomena that affect the distribution of
stresses within the masonry wall.

The maximum principal stresses obtained for the gravitational case reveal expected
trends as well (see Figure 12¢,d). On one hand, the positive component of the principal
stress for bricks is practically zero, whereas it presents low positive values for the vertical
head joints, around 5.0 x 10~3 MPa. Even though the obtained values are not significant,
this observation is consistent with the fact that head joints typically act as tension planes
within the wall geometry. On the other hand, the results for the horizontal joints show
small negative values for o7, around —8.0 x 10~3 MPa, which indicates that the bed mortar
joints experience biaxial compression. Moreover, the maximum principal stress in the bed
joints drops to zero in the regions near the external and internal faces of the wall.

The distribution of stresses for the CM wall under gravitational loads is shown
in Figure 13. It is noted that the obtained results are analogous to the ones of the LM
case. In this sense, the distribution of minimum principal stresses for bricks and mortar
bed joints (see Figure 13a,b) presents the same average compression, i.e., —0.09 MPa.
Likewise, the areas of the bricks aligned with vertical joints show lower stresses, ca.
—0.08 MPa. Some differences between the two cases can be pointed out as well. For
instance, the compression values on the vertical edges of the bricks adjacent to mortar
head joints are slightly higher, around —0.11 MPa. Moreover, the vertical joints show
less compressive stresses, ca. —0.05 MPa.

The distribution of maximum principal stresses for the wall with cement mortar (see
Figure 13c,d) shows some differences with respect to the LM case as well. The positive
component of the principal stress for bricks is still negligible for most of the wall, but higher
values appear close to the brick corners, between 5.0 x 1073 and 6.0 x 10~3 MPa. Furthermore,
higher 07 values can be found in the vertical head joints, ca. 7.0 x 103 MPa. Although the
obtained tensile stresses are low, they may contribute to crack propagation when cracks are
already present. On the other hand, the horizontal joints show lower negative values, around
—0.01 MPa; thus, they undergo a biaxial compression state. Finally, the maximum principal
stress in bed joints falls to zero in the regions near the faces of the wall.

In conclusion, for the two studied models, the outcomes of the gravitational case reveal
a complex 2D stress distribution derived from the multi-layered nature of the material.
Moreover, the stress distribution results for the LM and CM walls are analogous, although
slightly higher stress states are obtained for the wall with cement mortar.

Regarding the HTM analysis, the stress distribution results obtained for the LM
case are shown in Figure 14. It is recalled that the instant with maximum horizontal
displacement is selected for the analysis (see Figure 10). At that moment, the imposed
boundary conditions lead to shrinkage of the internal face of the wall. It is noted that the
corresponding deformed configuration is intimately linked to the stress distribution. As
expected, the distribution of stresses is not uniform across the wall thickness. Considering
the minimum principal stresses (see Figure 14a,b), lower compression values are found
in the middle portion of the wall, around —0.07 MPa. Conversely, higher stresses appear
near the external and internal faces, ca. —0.12 MPa. The compressive stresses in bed mortar
joints follow a similar trend with values around —0.13 MPa near the wall boundaries. On
the other hand, the results of 03 in head mortar joints show lower compression levels,
with values around —0.05 MPa and —0.04 MPa for the vertical joints located closer to
the external and internal surfaces, respectively. Finally, the bricks show the same trends
observed for the gravitational case: namely, lower compressive stresses in the areas aligned
with the vertical joints and higher concentration of stresses near the vertical edges adjacent
to mortar head joints.
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Figure 12. Hygro-thermo-mechanical analysis of the three-wythe brick masonry wall with natural hy-
draulic lime mortar. Principal stress distribution obtained for the gravitational loads alone: minimum
principal stress, o3 [MPa], in (a) bricks and (b) mortar joints; maximum principal stress, o7 [MPa], in
(c) bricks and (d) mortar joints.
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Figure 13. Hygro-thermo-mechanical analysis of the three-wythe brick masonry wall with cement

mortar. Principal stress distribution obtained for the gravitational loads alone: minimum principal

stress, 03 [MPa], in (a) bricks and (b) mortar joints; maximum principal stress, o7 [MPa], in (c) bricks

and (d) mortar joints.

The distribution of maximum principal stresses for the LM case (see Figure 14c,d) presents
a relatively uniform gradient across the wall thickness with negligible negative values near
the external surface and higher tensile stresses close to the internal side of the wall. In fact, the
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highest positive values are detected in the outermost layer of the elements facing the interior:
namely, 0.06 MPa for bricks and 0.05 MPa for bed mortar joints. The maximum principal
stresses for vertical head joints depend on the location: namely, 0.01 MPa and 0.04 MPa for
the joints closer to the exterior and the interior faces, respectively.

The HTM results for the CM wall are depicted in Figure 15. As happened with the
gravitational loads, the overall stress distribution is analogous to the one obtained for the
LM case. This was expected since the deformed shape is similar for both cases. Nonetheless,
several differences can be pointed out. The minimum principal stresses for bricks (see
Figure 15a) present a non-uniform distribution with lower values in the middle section, ca.
—0.07 MPa, and higher stress concentration near the external and internal faces: namely,
—0.14 MPa and —0.12 MPa, respectively. A similar distribution is found in the bed joints (see
Figure 15b), with greater compressive stresses near the outer surface, ca. —0.15 MPa. On the
other hand, the head joints show values around —0.07 MPa and —0.04 MPa for the vertical
joints located closer to the external and internal surfaces, respectively. As for the previous
cases, the bricks present lower compressive stresses in the areas aligned with the vertical joints
and a higher concentration of stresses near the vertical edges adjacent to the head joints.

The maximum principal stresses obtained for the CM case (see Figure 15¢,d) present
a relatively uniform gradient across the thickness of the wall. The ¢ results for bricks
(see Figure 15c) show generalized tensile stresses with increasing values for areas closer to
the internal surface, around 0.06 MPa. Furthermore, significant concentrations of tensile
stresses (values up to 0.12 MPa) appear on the brick corners adjacent to horizontal joints
near the external face. Additionally, the oy results for bed joints (see Figure 15d) show a
rather uniform stress gradient through the wall thickness, with negative values near the
external surface, ca. —0.07 MPa, and a transition towards tensile values on the internal side,
up to 0.02 MPa. It is noted that the maximum principal stress in the bed joints drops to
negligible values in the regions near the external and internal faces of the wall. Finally, the
maximum principal stresses for vertical joints are around 0.01 MPa, slightly higher on the
head joints closer to the interior boundary.

In conclusion, for both models, the imposed hygro-thermal conditions induce defor-
mations and lead to relevant changes in the stress state of the wall with respect to the
gravitational case. For the specific boundary conditions considered in this study, the shrink-
age of the internal face of the wall results in an uneven distribution of stresses across the
wall thickness. In general, lower compression values appear in the middle portion, whereas
higher compressive stresses are found in the elements near the wall surfaces. The vertical
joints show a non-symmetrical stress distribution as well, with higher compression and
higher tensile levels in the joints closer to the external and the internal faces, respectively.
For the same hygro-thermal boundary conditions, the wall with cement mortar presents
greater deformations (see Figure 11). Consequently, the HTM results for the CM case
reveal higher stress levels in comparison with the wall built with LM. In particular, larger
compression values are found on the external face, which can be explained by the higher
coefficient of thermal expansion of cement mortar.

5.3. Influence of the Initial Conditions on the Hygro-Thermo-Mechanical Response

It is recalled that the thermal- and moisture-induced strains are dependent on the
specific initial temperature and relative humidity values for which the free-strain or zero-
strain condition is assumed. As a result, the initial conditions play a major role in the
HTM analysis. For instance, the results presented in the previous section were calculated
assuming that the wall had initial conditions equal to the average temperature and relative
humidity of the exterior environment, i.e., 13.5 °C and 74% RH. However, if the initial
conditions of the wall were assumed equal to the interior space, i.e., 20 °C and 50% RH,
the obtained results would change drastically. Note that the steady-state hygro-thermal
equilibrium reached by any of these two cases would be the same. However, the deformed
configuration attained with the steady-state equilibrium does depend on the chosen hygro-
thermal conditions used as a reference, see Equations (23) and (24). For the sake of clarity,
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Figure 16 shows the maximum horizontal displacement obtained for the HTM analysis
discussed in the previous section performed on the same LM and CM cases but assuming
different initial conditions.
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Figure 14. Hygro-thermo-mechanical analysis of the three-wythe brick masonry wall with natural
hydraulic lime mortar. Principal stress distribution obtained for the hygro-thermo-mechanical case:
minimum principal stress, o3 [MPa], in (a) bricks and (b) mortar joints; maximum principal stress,
o1 [MPa], in (c) bricks and (d) mortar joints.
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Figure 15. Hygro-thermo-mechanical analysis of the three-wythe brick masonry wall with cement
mortar. Principal stress distribution obtained for the hygro-thermo-mechanical case: minimum
principal stress, 03 [MPa], in (a) bricks and (b) mortar joints; maximum principal stress, oy [MPa], in
(c) bricks and (d) mortar joints.
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It is worth recalling that the coefficient of thermal expansion, aT, has been assumed
constant. Therefore, the thermally induced strains are directly proportional to the imposed
temperature gradient, AT. Consequently, assuming AT = Ty, — Tjo, where Tpigp, > Tion,
the positive gradient leads to a positive strain and, thus, dilation or swelling. Conversely,
the same gradient with a negative sign, i.e., AT = Tjo;, — Tjig, would produce the same
absolute value for the strain but, in this case, associated with shrinkage. As a result, the
initial conditions defined for a thermo-mechanical analysis determine whether the material
undergoes dilation or contraction, but the absolute value of the resulting strain would be
the same.

On the contrary, it must be noted that the moisture-induced strains greatly depend
on the initial conditions for which the zero-strain configuration is assumed. This behavior
is due to the non-linear nature of the coefficient of hygric expansion, ;. In order to
illustrate this, the previously introduced brick wall with natural hydraulic lime mortar
can be used as an example. Assuming ¢s59 = 0.50, the coefficient of hygric expansion
for brick is a; (@s0) = 11.8 x 10~ m3/kg. Moreover, for @74 = 0.74, the corresponding
coefficient for brick is a, (¢74) = 5.6 x 107% m?/kg. Lime mortar presents a similar trend:
namely, a,(@s50) = 7.9 x 107 m®/kg and a;,(¢74) = 4.2 x 107° m3/kg. Therefore, the
coefficients of hygric expansion of both materials double for ¢so in comparison with ¢y;.
This implies that if the initial conditions are considered as the free-strain equilibrium, a
drying wall (A = @74—¢s5,) will experience greater deformations than the same material
becoming wet (A = ¢50—¢5,). In conclusion, the initial conditions defined for a hygro-
mechanical problem not only determine whether the material experiences swelling or
shrinkage but also affect the extent of such deformation. Hence, a careful examination of
the initial conditions must be considered for the analysis and interpretation of hygro-
mechanical results.
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Figure 16. Hygro-thermo-mechanical analysis of the studied three-wythe brick masonry wall: max-
imum displacement obtained for the wall with natural hydraulic lime mortar assuming initial
conditions equal to (a) external conditions and (b) internal conditions; maximum displacement
for the wall with cement mortar assuming initial conditions equal to (c) external conditions and
(d) internal conditions.
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6. Conclusions

This paper presents a hygro-thermo-mechanical (HTM) model and its application to
simulate how different hygro-thermal phenomena affect the structural behavior of masonry
elements. First, the hygro-thermal model was presented together with the coupling assump-
tions needed to link the temperature and moisture fields. Subsequently, a finite element
masonry wall was prepared and different hygro-thermal simulations were performed using
COMSOL Multiphysics. In the second stage, the hygro-thermal model was extended to
incorporate mechanical effects and a one-way coupled HTM model was presented. The
capabilities of the HTM analysis were tested on the same masonry wall studied for the
hygro-thermal analyses.

The presented work addresses the gap found in the literature regarding the impact
of normal environmental actions on the structural response of masonry elements; namely,
experimental studies are normally conducted under controlled, standard laboratory con-
ditions, and numerical simulations usually neglect the influence of hygro-thermal loads
by assuming ideal scenarios. Thus, the influence of temperature and moisture variations
caused by actual environmental conditions are usually disregarded and so are the hygro-
thermally induced stresses. Furthermore, examples of transient HTM analyses for variable
environmental conditions are still lacking in the literature.

A 2D finite element model was prepared to simulate a three-wythe brick masonry
wall under different hygro-thermal scenarios. Two types of mortars were considered:
namely, natural hydraulic lime mortar (LM) and cement mortar (CM). The corresponding
boundary conditions were defined based on the climate records of Guimaraes (Portugal).
Subsequently, steady-state (SS) analysis, time-dependent analysis with constant bound-
ary conditions (TD1), and time-dependent analysis with variable boundary conditions
(TD2) were performed. The results of these hygro-thermal studies were evaluated in
terms of temperature and relative humidity distributions across the thickness of the
wall as well as for different points on the external and internal surfaces. It was found
that for the SS and TD1 analyses, there were only minor differences between the LM
and the CM cases. Thus, for these scenarios, the wall can be simulated following a
macro-modeling approach with equivalent masonry properties. Similarly, the system
can be simplified into a 1D analysis without compromising the accuracy of results. The
evolution of temperature and relative humidity profiles obtained by transient analyses
show that heat transfer is significantly faster than moisture transport. In fact, thermal
processes can be considered instantaneous in comparison with mass transfer. Consid-
ering the transient analysis TD2, the results showed differences in the hygro-thermal
performance of the wall depending on the type of mortar. As expected, the LM case
showed a more uniform response due to the similar behavior of bricks and lime mortar.
On the contrary, the CM case presented localized behavior depending on the material.
Thus, the LM case can be simplified to a 1D macro-modeling approach, but the same
process applied to the CM wall may result in a loss of detail and accuracy. Finally, the
interface hydraulic resistance at the brick—mortar interfaces did not play a role when
considering the moisture conditions defined in this study.

The mechanical problem was coupled with the thermal and moisture fields through
the total strain additive decomposition principle. According to this principle, the total
strain can be divided into different components: namely, mechanical strains, temperature-
induced strains, and moisture-induced strains. The thermal and hygric strains stem from
the presence of a temperature gradient or a moisture gradient, respectively. Moreover, the
induced strains are proportional to thermo-mechanical and hygro-mechanical parameters:
namely, the coefficient of thermal expansion and the coefficient of hygric expansion. In the
proposed HTM model, the link between the mechanical component and the hygro-thermal
fields consists of a one-way coupled relationship. In other words, the hygro-thermal
results affect the mechanical response, but mechanical stresses/strains do not influence
heat and moisture transport. Additionally, temperature and moisture dependencies of
the mechanical properties were not considered. The HTM model was completed with
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the implementation of mechanical boundary conditions as well as the initial or free-strain
conditions. A careful definition of initial and boundary conditions is of special importance
for mechanical analyses since the appearance and distribution of stresses largely depend on
these parameters. In particular, when considering the non-linear behavior of the coefficient
of hygric expansion, the definition of the initial moisture conditions (and, therefore, the
associated free-strain state) greatly affects the stress evolution.

The three-wythe brick masonry model defined for the hygro-thermal analysis was
further used to study the internal distribution of stresses of the wall subjected to tempera-
ture and moisture gradients. In particular, the temperature and moisture results from the
time-dependent analysis TD2 were used as input for the mechanical study. The instant of
maximum displacement was chosen, and the corresponding stress distribution induced by
the hygro-thermal loads was compared with the self-weight scenario. The analysis focused
on a section of the mid-portion of the wall in order to avoid disturbances caused by the
proximity of loads or boundary conditions. It was proven that temperature and moisture
variations change the natural stress distribution of the wall subjected to gravitational loads
alone. Moreover, the brick wall with cement mortar underwent higher stress levels in
comparison with the wall with natural hydraulic lime mortar. This was caused by the
higher thermal expansion and hygric expansion coefficients of cement in comparison with
lime mortar. Although the induced tensile stresses were low, they may contribute to crack
propagation of existing cracks. Similarly, the hygro-thermally induced deformations may
add up to previous damage and magnify existing problems such as tilting in structures
with moisture deterioration at the base or soil permanent deformation. Finally, it is noted
that the hygro-thermo-mechanical behavior of the brick wall is a 2D phenomenon derived
from the multi-layered nature of masonry.

The numerical approach presented in this paper can be used to evaluate the hygro-
thermal performance of masonry walls as well as to complement the structural assessment
when considering other static or dynamic loads. The methodology can be further extended to
study the compatibility between masonry units and mortars. Taking into consideration the
everyday nature and relevance of hygro-thermo-mechanical problems, the need for further
investigation on this topic is evident. Similarly, experimental studies aimed at acquiring data
for validation of the corresponding models are needed. Future works should extend the
hygro-thermo-mechanical model to incorporate non-linear material behavior, with different
constitutive laws for tension and compression and the capacity to reproduce creep. Likewise,
improvements could be achieved by extending the simulations to 3D models, which are
more suitable to reproduce complex hygro-thermal phenomena such as thermal bridges in
envelope walls. Moreover, the study may be expanded to incorporate different heat and
moisture regimes according to specific climatic zones. Finally, considering the cyclic nature of
hygro-thermal phenomena, the study of material fatigue is strongly recommended.
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