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Análise higro–termo–mecânica de alvenaria: 

Caracterização experimental e simulações numéricas 

Resumo: As construções de alvenaria espalham–se por todo o mundo, não só em estruturas históricas 

como também em edifícios contemporâneos. As fachadas de alvenaria constituem uma parte principal 

da envolvente do edifício, enquanto as paredes portantes funcionam como parte integrante do sistema 

estrutural. Além disso, as paredes externas estão expostas a ações ambientais que afetam a resposta 

estrutural e produzem degradação a longo prazo. Neste contexto, os processos higrotérmicos são de 

especial interesse, uma vez que podem levar a danos significativos. Portanto, a prevenção e reparação 

de danos relacionados com a temperatura e a humidade na alvenaria precisam de uma compreensão 

acurada de seu comportamento higrotérmico. Esta tese investiga o comportamento higro–termo–

mecânico da alvenaria submetida a condições ambientais. A metodologia engloba a caracterização 

experimental, bem como simulações numéricas do transporte de calor e humidade e sua influência no 

desempenho mecânico da alvenaria. A investigação centra–se na alvenaria de tijolo com dois tipos de 

argamassa, nomeadamente de cal hidráulica natural e de cimento. Como resultado do programa 

experimental, um conjunto consistente de propriedades do material foi obtido e posteriormente usado 

para validação de modelos numéricos. Em relação às simulações numéricas, um modelo de transporte 

de humidade por difusividade foi usado para reproduzir os resultados experimentais de absorção e 

secagem. Foi demonstrado que a difusividade precisa de ser ajustada de acordo com o processo 

(absorção/secagem). Além disso, a interface tijolo–argamassa introduz uma resistência hidráulica para 

a absorção. Um modelo higrotérmico totalmente acoplado foi utilizado para simular a transferência de 

calor e massa em uma parede de alvenaria. O modelo higrotérmico foi alargado para incorporar efeitos 

mecânicos e um modelo higro–termo–mecânico acoplado unidirecionalmente foi utilizado para analisar 

a distribuição de tensões em elementos de alvenaria afetados por variações de temperatura e humidade. 

Demostrou-se que as condições higrotérmicas alteram significativamente a distribuição de tensões 

internas da estrutura. A investigação apresentada avança o conhecimento do comportamento higro–

termo–mecânico da alvenaria e contribui para a caracterização de materiais e estruturas. A aplicação de 

técnicas de modelação comumente utilizadas para a análise estrutural de alvenaria oferece grandes 

possibilidades para o estudo de problemas de transporte de calor e humidade. 

Palavras-chave: alvenaria; análise higro–termo–mecânica; caracterização experimental; material 

multicamadas; modelação numérica.  
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Hygro–thermo–mechanical analysis of masonry: 

Experimental characterization and numerical simulations 

Abstract: Masonry constructions are spread all around the world, not only in historical structures but in 

new buildings as well. Masonry facades make up a fundamental part of the building envelope, whereas 

load–bearing walls work as an integral part of the structural system. Additionally, the external walls are 

usually exposed to environmental actions that affect the structural response and produce degradation in 

the long–term. In this context, hygrothermal processes are of special interest since they may lead to 

significant damage. Thus, prevention and repair of heat– and moisture–related damage in masonry 

requires a thorough understanding of its hygrothermal behaviour. This thesis investigates the hygro–

thermo–mechanical behaviour of masonry subjected to environmental conditions. The methodology 

encompasses experimental characterization as well as numerical simulations of heat and moisture 

transport and their influence on the mechanical performance of masonry. The research focuses on brick 

masonry with two types of mortar, namely natural hydraulic lime and cement mortar. The experimental 

program included tests on constituent materials and multi–layered masonry specimens. As a result, a 

consistent dataset of material properties was obtained and later used for input and validation of numerical 

models. Regarding the numerical simulations, a diffusivity moisture transport model was used to 

reproduce water absorption and drying in single materials and multi–layered cases. The model was 

calibrated and validated against the experimental results. It was demonstrated that the diffusivity function 

needs to be adjusted depending on the process (wetting/drying). Moreover, the brick–mortar interface 

works as a hydraulic resistance for water absorption. A fully–coupled hygrothermal model was employed 

to simulate heat and mass transfer in a brick masonry wall. The hygrothermal model was extended to 

incorporate mechanical effects and a unidirectionally coupled hygro–thermo–mechanical model was used 

to analyse the stress distribution of masonry elements as affected by temperature and moisture loads. It 

was shown that the imposed hygrothermal conditions significantly change the internal stress distribution 

of the structure. The presented research advances our understanding of hygro–thermo–mechanical 

behaviour of masonry and thus contributes to the characterization of masonry materials and structures. 

The application of modelling strategies commonly used for the structural analysis of masonry offers great 

possibilities for the study of heat and moisture transport problems. 

Keywords: experimental characterization; hygro–thermo–mechanical analysis; masonry; multi–layered 

material; numerical modelling. 
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CHAPTER 1 

Introduction 

This opening chapter presents the general framework and motivation for this research as well as its 

principal objectives. First, a brief exposition of the background is set out in order to understand the context 

of the work. Subsequently, the main objectives of the research are listed. Finally, a succinct description 

of the contents of the thesis and its structure is provided. 

1.1 GENERAL FRAMEWORK AND MOTIVATION 

Masonry has been traditionally used as the main construction material in historical structures all around 

the world. Nowadays, brickwork is still commonly used in veneer walls and infill walls within contemporary 

concrete and steel frame structures. Due to their enveloping nature, masonry facades play a major role 

in the overall energy efficiency of buildings and control of indoor conditions. In turn, load–bearing walls 

work as an integral part of the structural system. Additionally, the external walls are usually exposed to 

environmental actions, such as solar radiation, wind–driven rain, temperature and moisture variations, 

condensation and rising damp. Such environmental exposure affects the structural response and in the 

long–term produces degradation in each constituent material as well as in masonry as a whole (Ghiassi 

& Lourenço, 2019; Bompa & Elghazouli, 2020b; D’Altri & de Miranda, 2020). Hence, hygrothermal 

processes are of special interest from a durability standpoint since they may lead to significant damage, 

e.g. cracking due to induced volumetric changes, spalling caused by freeze–thaw cycles and 

(crypto)efflorescence due to salt crystallization (Brooks, 2015; Sciolti et al., 2015). Consequently, 

prevention and repair of heat– and moisture–related damage in masonry require a thorough 

understanding of its hygrothermal behaviour. 

Considering the importance of hygrothermal phenomena on building performance, various models 

and numerical tools have been developed to simulate heat and moisture transport in porous building 

materials, e.g. Künzel et al. (2001), Straube & Burnett (2001), Hens, (2007). Most models for heat and 

mass transfer have put their focus on homogenous porous materials, whereas studies on multi–layered 

cases are still scarce. These multi–layered problems, however, are the most common scenario for 

building physics applications and demand specific requirements, such as the need to define a driving 

potential continuous across the interfaces, or the need for consideration of the interfacial impact on the 
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heat and mass transfer mechanisms. Regardless of the chosen approach, a series of material parameters 

is always necessary to describe the hygrothermal behaviour of a given porous medium. 

Although the thermal properties of building materials and the corresponding testing methods have 

been well established in the literature, a reliable characterization of the moisture–related properties still 

needs more attention (Feng & Janssen, 2016). Numerous works have documented the hygric properties 

of clay brick, e.g. Kumaran (1996), Roels, Carmeliet, et al. (2003), Scheffler (2008), Aït Ouméziane et 

al. (2021). However, the existent studies also reveal high intrinsic variability so the extrapolation of 

literature data to specific real case scenarios is not always straightforward. Moreover, most databases 

assume isotropic properties and very few references study the possible anisotropic behaviour, which has 

been nonetheless demonstrated for both moulded and extruded bricks (Gummerson et al., 1980; 

Krakowiak et al., 2011). Considering the composite nature of masonry, the analysis of mortar and brick–

mortar combinations must be included for a consistent definition of the material. The most common 

mortars used in masonry structures are lime– and cement–based mixes. Lime mortars are more 

frequently found in historical constructions. However, most characterization studies have focused on 

cement–based mixes. Similarly, the available studies on brick masonry are mostly concerned with 

cement–based mortars, and few cases tackle the combination of brick and lime–based mixes, e.g. Groot 

& Gunneweg (2010a), Nunes et al. (2017), Delgado et al. (2019a), Calle et al. (2019). Moreover, 

experimental studies generally make use of mortar specimens cast in moulds under controlled laboratory 

conditions. However, it is known that the different curing conditions obtained between bricks in masonry 

joints can influence the final quality of the mortar. 

The study of hygrothermal problems in multi–layered materials has attracted much attention during 

the last decades. The existing literature on the topic comprises experimental, analytic, and numerical 

works, which account for the interfacial effects from different points of view. More specifically, the 

experimental studies on moisture transport in layered composites have been covered to some extent in 

the literature, e.g. Wilson et al. (1995a, 1995b), Hall & Hoff (2009), Vereecken et al. (2020). However, 

the experimental works focused on moisture transport in masonry are still limited. In addition, most of 

the available research has been devoted to liquid water absorption, whereas drying has been scarcely 

studied. Likewise, only a few investigations have dealt with interface modelling for moisture transport 

problems in masonry and the conclusions from these works vary from one author to another depending 

on the adopted methodology and the eventual purpose of the study (Brocken, 1998; Derluyn et al., 2011; 

Janssen et al., 2012; Vereecken & Roels, 2013; Calle et al., 2019; X. Zhou et al., 2020). Therefore, a 

unified approach to characterize the brick–mortar interfaces has not been reached yet. 
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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 

hygrothermal models and the development of new numerical tools have allowed for more complex and 

detailed hygrothermal 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 hygrothermal loads and assume ideal conditions. The study 

of hygro–thermo–mechanical effects has received more attention in concrete structures, e.g. curing of 

concrete for application in dams (Conceição et al., 2017; Ponce–Farfán et al., 2020). For masonry, some 

research has been devoted to the mechanical behaviour of walls under extreme scenarios such as high 

temperatures during fire, see e.g. R. G. Oliveira et al. (2021). However, the influence of temperature and 

moisture actions caused by normal environmental conditions are usually disregarded and so are the 

hygrothermal–induced stresses. To date, few studies have approached the mechanical response of 

masonry as affected by this type of environmental conditions, e.g. Khoshbakht & Lin (2010), Ramézani 

& Jeong, (2011), Castellazzi, de Miranda, Formica, et al. (2015), and therefore further research is 

required. 

1.2 OBJECTIVES 

Given the context explained above, the main objective of this thesis is to investigate the hygro–thermo–

mechanical behaviour of masonry elements and structures subjected to real environmental conditions. 

Considering the broad extent of this topic, the investigation is limited to brick masonry walls built with two 

types of mortar, namely natural hydraulic lime and cement mortar. The focus is set on numerical 

simulations of heat and moisture transport and their influence on the mechanical performance of 

masonry. Additionally, the numerical investigation is complemented by the experimental characterization 

of material properties. 

The detailed objectives of the work are given below: 

▪ Build systematic knowledge for the hygro–thermo–mechanical behaviour of masonry by means 

of an integrated approach including numerical simulations and experimental tests. The final goal 

is to understand the hygrothermal response of masonry and how temperature and moisture 

variations affect the internal stress distribution of masonry structures. 

▪ Develop a comprehensive database of hygro–thermo–mechanical material properties. For this 

investigation, the focus is placed on physical and moisture transport parameters. A commonly 
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used set of masonry materials is chosen for experimental characterization, namely solid extruded 

fired–clay brick, natural hydraulic lime mortar and cement mortar. Among the main goals of the 

experimental works there is the identification of possible anisotropic response of the materials, 

different behaviour between the selected mortars, and variation of the mortar properties 

depending on the curing conditions, namely cast in moulds or cured in masonry joints. 

▪ Evaluate the impact of brick–mortar interfaces on the overall hygrothermal behaviour of masonry. 

The aim is to determine whether the hygrothermal response of masonry is equivalent to the 

simple addition of its constituent parts or if there are interfacial effects that need to be accounted 

for as well. If interfacial phenomena are detected, their impact should be calculated through 

numerical simulations. 

▪ Evaluate the existence of hysteretic effects in the moisture storage properties of the material. For 

this purpose, it is necessary to study both wetting and drying processes and assess whether the 

materials present different sorption isotherms or moisture retention curves for adsorption and 

desorption. Similarly, the presence of hysteresis in moisture transport will be assessed by 

examining the diffusion mechanisms for wetting and drying. 

▪ Define the list of input parameters necessary for the chosen hygro–thermo–mechanical model 

and its main calibration variables. Additionally, a series of sensitivity analyses will be performed 

to understand how each factor affects the overall response. 

▪ Application of different modelling strategies to the study of coupled problems in masonry. To this 

aim, several techniques commonly used for the structural analysis of masonry will be employed, 

namely micro– and macro–modelling approaches. 

▪ Assessment of the hygrothermal behaviour of masonry by means of numerical simulations. Heat 

and mass transfer will be analysed separately as well as combined in a coupled hygrothermal 

scheme. The main purpose is to establish differences and similarities between the heat and 

moisture fields in the context of masonry materials. In addition, the numerical models will be 

used to analyse the impact of different modelling choices on the overall response, e.g. the 

existence of interfacial effects or the selected type of mortar. 

Assessment of the hygro–thermo–mechanical behaviour of masonry by means of numerical simulations. 

The hygrothermal model will be extended to incorporate mechanical effects with a one–way or 

unidirectional coupling scheme. The numerical models will be further employed to evaluate the impact of 

initial and boundary conditions on the overall response. Among the goals of the numerical studies is the 
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hygrothermal compatibility analysis of constituent materials according to the induced stress levels 

resulting from heat and moisture loads. 

1.3 OUTLINE OF THE THESIS 

The contents of the thesis are organized into eight chapters, including the present introduction. 

Chapter 2 provides a brief review of the existing literature and the current state of knowledge about 

the topics included in this thesis. The literature review is primarily focused on the most relevant aspects 

of hygro–thermo–mechanical analysis of porous and multi–layered building materials. First, an overview 

of heat and mass transfer problems is presented, together with commonly used heat and moisture 

transport models adopted by various authors. A special emphasis is placed on the different formulations 

available for the so–called moisture transport diffusivity approaches. Moreover, the basic set of material 

properties necessary for the simulation models is discussed, and a compilation of hygrothermal properties 

available in the literature is collected. This is followed by a discussion on hygro–thermo–mechanical 

models and the coupling possibilities between the different fields. Consequently, the compilation of 

material parameters is extended to include mechanical, thermo–mechanical and hygro–mechanical 

properties. Finally, the review is concluded with relevant hygrothermal and hygro–thermo–mechanical 

studies on masonry materials. 

Chapter 3 presents the experimental methodology adopted for material characterization. The 

experimental investigation is mainly focused on the definition of the physical and hygric properties of the 

selected materials as well as relevant thermo–mechanical and hygro–mechanical parameters. First, a 

description of the chosen materials (extruded fired–clay brick, natural hydraulic lime mortar, and ordinary 

Portland cement mortar) is provided. Then, the configuration of the single–material and multi–layered 

masonry specimens used throughout the study is introduced. The chapter concludes with a detailed 

description of the experimental procedures. 

The results obtained from the experimental studies are reported in Chapter 4. At first, the results of 

the material characterization tests on constituent materials are presented. Special attention is drawn 

towards the orthotropic nature of extruded fired–clay brick as well as to the differences between the two 

studied types of mortar. Secondly, the tests performed on multi–layered masonry specimens are 

discussed. Thus, the characterization of the brick–mortar interface is done on the basis of capillary 

absorption and drying tests. It is noted that the experimental results presented in this chapter are 

employed as input and validation data for subsequent simulations. 
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Chapter 5 addresses the numerical analysis of moisture transport phenomena in brick masonry. 

First, a moisture transport diffusivity model is introduced and described in detail. Afterwards, a series of 

numerical simulations is presented. In particular, capillary absorption and drying processes are studied 

at the scale of the constituent materials, and then, the analyses are extended to multi–layered cases to 

evaluate the impact of brick–mortar interfaces. In this context, different model parameters are selected 

as variables for calibration and the results are validated against experimental data following an iterative 

fitting procedure. Additionally, a modelling strategy is implemented to capture the hysteresis observed 

between adsorption and desorption (wetting/drying). Lastly, the proposed model is extended to different 

modelling approaches commonly used for the structural analysis of masonry. 

Chapter 6 presents the simulation of different hygrothermal phenomena and their relationship with 

the mechanical behaviour of masonry components. Initially, the moisture transport model validated in the 

previous chapter is linked to the thermal field and a fully–coupled hygrothermal model is proposed. Then, 

hygrothermal simulations using different environmental conditions are performed to study the response 

of a brick masonry wall. Subsequently, the analyses are extended to incorporate mechanical effects. Thus, 

a one–way coupled hygro–thermo–mechanical model is presented, and its application is demonstrated 

on the previously studied brick masonry wall. 

Chapter 7 builds upon the hygro–thermo–mechanical model presented in the previous chapter and 

demonstrates its application to simulate the structural behaviour of a full–scale building. For this purpose, 

a historic masonry tower is selected as a case study. Moreover, different environmental scenarios are 

evaluated in order to assess the influence of temperature and moisture variations on the mechanical 

behaviour of the structure. 

The main conclusions of the developed research are summarized in Chapter 8, together with 

suggestions and proposals for future works. 

Finally, a series of Appendices is provided to supply additional information and extend the main 

concepts introduced throughout the thesis. 
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CHAPTER 2 

Literature review 

This chapter is devoted to the available literature concerning the theoretical and practical aspects of 

hygro–thermo–mechanical analyses of porous and multi–layered building materials. An initial overview 

is provided with focus on the specific features of hygrothermal analyses for civil engineering applications 

and the hygrothermal properties of porous building materials used in masonry constructions. Then, a 

summary of relevant mathematical models and case studies is presented, with a succinct revision of the 

assumptions, main contributions, limitations and drawbacks of each approach. Finally, the review is 

extended to the hygro–thermo–mechanical models and studies available in the literature. 

2.1 HYGROTHERMAL ANALYSIS OF STRUCTURES: AN INTERDISCIPLINARY APPROACH 

A number of structural components, such as load–bearing masonry walls, make up an essential part of 

the building envelope system and actively respond to the changes in the environment between indoor and 

outdoor conditions, namely temperature, air pressure and humidity. This results in a constant exchange 

of energy and mass (dry air, water vapour, liquid water) through the building component.  

It is known that temperature and moisture variations in porous materials are related to a series of 

mechanical effects and degradation mechanisms, such as internal stresses, deformations, volumetric 

changes, cracks, etc. Moreover, hygrothermal actions in multi–layered components may cause further 

damage due to the presence of interfaces between dissimilar materials. For instance, deformation 

mismatches between the constituent components, debonding and cracking at the interface are typical 

results of multi–layered structures exposed to temperature and humidity fluctuations. 

Therefore, it is of great importance to identify the main heat and moisture sources that affect the 

building structures as well as the different transport mechanisms associated with those hygrothermal 

actions. Moreover, it is necessary to understand how these actions affect the mechanical behaviour of 

the materials and under which conditions they may cause damage. 

The main thermal effects on building structures are linked to temperature gradients between indoor 

and outdoor conditions as well as heat gain by solar radiation. On the other hand, the moisture transport 

mechanisms through the building envelope depend on the physical state of the water and the moisture 

source (Figure 2.1). Water can affect a building component in liquid form as rising damp, rain or roof–

water leakage. At the same time, moisture may move through the structure as water vapour and condense 
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on the external/internal surfaces or at the interfaces between materials in the case of multi–layered 

components. In addition, the source of moisture may be internal, e.g. related to the formation process of 

materials such as mortar or concrete. 

 
Figure 2.1. Schematic diagrams showing the effect and distribution of moisture in the cross–section of an exposed masonry 

wall. Adapted from Künzel (1995). 

Table 2.1 provides a summary of the heat and moisture transport mechanisms that may take place in 

building components. It must be noted that not all the listed parameters are of interest to the present 

study. Several transport phenomena and their associated mechanisms will be neglected, namely airflow 

through the structure, and convection effects based on total pressure differences. The same applies to 

gravity effects, electrical fields and ion concentration gradients on moisture transport. In addition, freezing 

is outside the scope of the intended range of temperatures for the current research, and for analogous 

reasons, high–temperatures (fire conditions) are out of the discussion as well. 

In the existing literature, it is possible to find numerous hygrothermal (HT) models to calculate the 

simultaneous heat and moisture transport in building materials and multi–layered components. However, 

the number of studies devoted to the coupled hygro–thermo–mechanical (HTM) analysis is still scarce. 

Hygro–thermo–mechanics is the generalisation of a triply coupled field of the single fields of temperature, 

moisture, and displacement (Szekeres, 2014). Hence, the focus of HTM studies is set on the mechanics 

of those materials that are thermoscopic, hygroscopic, and deformable. 

According to Straube & Burnett (2001), any HTM analysis must comply with the following categories 

of information: 

1) Geometrical configuration of the element. 

2) Material properties. 

3) Boundary conditions, and time–domain in the case of time–dependent analysis. 

4) Physics of the coupled HTM problem. 

5) Performance thresholds (failure criteria). 
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Each one of the categories mentioned above is also dependent on the consideration of: 

a) Dimension, namely one–, two–, or three–dimensional (1–D, 2–D, 3–D). 

b) Time, namely steady–state, quasi–static, or transient analysis. 

c) Availability and quality of required information. 

d) Stochastic nature of each data set. 

Table 2.1. List of heat and moisture transport mechanisms, causes and driving potentials. Adapted from Künzel (1995). 

 Transport mechanism Cause and driving potential 

H
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t 
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Heat conduction Temperature 

Heat radiation Temperature in 4.th power 

Airflow Total pressure, density differentials 

Enthalpy flows through moisture movement 
Vapour diffusion with phase change and liquid 
transport flows in the temperature field 

Va
po

ur
 

tr
an

sp
or

t Gas diffusion Vapour pressure (temperature, total pressure) 

Molecular transport (Knudsen diffusion or effusion) Vapour pressure 

Solution diffusion Vapour pressure 

Li
qu

id
 

tr
an

sp
or

t 

Capillary conduction Capillary pressure 

Surface diffusion Relative humidity 

Seepage flow Gravitation 

Hydraulic flow Total pressure differentials 

Electrokinesis Electrical fields 

Osmosis Ion concentration 

 

2.2 HYGROTHERMAL BEHAVIOUR OF BUILDING MATERIALS 

The thermal and hygric properties of porous materials are generally defined by non–linear functions 

dependent on the environmental conditions, namely temperature, relative humidity and air pressure. 

Moreover, there are mutual dependencies between the temperature and moisture fields, which entails an 

additional coupled problem. It must be noted that most of the available models do not include time–

dependent hygrothermal material properties. This means that ageing, physical deterioration and 

exposure–related damage are generally not accounted for. 

2.2.1 Thermal behaviour 

Two main properties are used to describe the thermal behaviour of a building material, namely heat 

capacity and thermal conductivity. The specific heat capacity of a dry material, 𝐶𝑝 [J/(kg · K)], is defined 

as the energy required to increase the temperature of a unit mass of dry material by 1 K. If the material 
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is wet, the specific heat capacity, 𝐶 [J/(kg · K)], can be expressed as: 

𝐶 = 𝐶𝑝 + 𝐶𝑤 · (𝑤/𝜌𝑏𝑢𝑙𝑘) (2.1) 

where 𝑤 [kg/m3] is the moisture content, 𝜌𝑏𝑢𝑙𝑘 [kg/m3] is the bulk density of the material, and 

𝐶𝑤 [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 this study. Therefore, it can be taken as 

a constant, 𝐶𝑤 = 4182 J/(kg · K), which corresponds to the specific heat capacity of water at 20 ℃. For 

a detailed list of saturated water properties, the reader is referred to Appendix 1 at the end of this 

document. 

Additionally, it is useful to define the volumetric heat capacity, 𝜌𝐶 [J/(m3 · K)], which is the energy 

required to increase the temperature of a unit volume of material by 1 K. In wet conditions, the volumetric 

heat capacity can be calculated as: 

𝜌𝐶 = 𝜌𝑏𝑢𝑙𝑘𝐶𝑝 + 𝑤 · 𝐶𝑤 (2.2) 

Along with the heat capacity, the thermal conductivity of a material characterizes its thermal behaviour. 

In particular, thermal conductivity refers to the ability of the material to conduct heat. Its definition stems 

from Fourier’s Law for heat conduction, as the ratio between the heat flow at a point and the thermal 

gradient at that point in the direction of the flow (see Section 2.4.1 Heat conduction ). 

2.2.2 Hygric behaviour 

A building material is dry if it contains no water or only chemically bonded water. In practice, this state is 

only possible in non–hygroscopic materials or in hygroscopic materials subjected to drying. Otherwise, 

hygroscopic materials in contact with moist will air adsorb water molecules from the environment within 

their pore structure until reaching a state of equilibrium with the ambient humidity. Similarly, capillary–

active materials in contact with liquid water will absorb moisture by capillary suction until reaching a 

certain level of saturation. Hydrophobic materials, on the other hand, do not exhibit capillary suction. 

Depending on the environmental conditions, moisture inside a building material can appear as 

vapour, liquid, ice, or a combination of all these phases. The different physical states can seldom be 

determined separately by direct measurements and phase changes are constantly taking place under 

natural conditions. Thus, it is only useful to analyse the total sum as a whole or so–called moisture 

content. Moisture content is the amount of water contained in a material. The moisture content of a 

building material is always expressed as a ratio, either as mass of moisture per unit volume of the dry 

material, 𝑤 [kg/m3], as mass of moisture per unit mass of the dry material, 𝑤𝑔 [kg/kg], or as volume 
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of absorbed moisture per unit volume of the dry material, 𝑤𝑉 [m3/m3]. The moisture content can also 

be reported as saturation degree or percent of saturation, 𝑆𝑙 = 𝑤/𝑤𝑠𝑎𝑡 [–], where 𝑤𝑠𝑎𝑡 is the saturation 

moisture content of the material expressed in any of the formats above. 

The moisture content of a porous material varies from the dry state to a fully saturated condition, 

i.e. from null moisture content up to all the open pores filled with water (Figure 2.2). The moisture content 

corresponding to a fully saturated state is referred to as the saturation or maximum moisture content, 

 𝑤𝑠𝑎𝑡, and is only achievable if water is forced into the pore structure, e.g. under vacuum. Otherwise, the 

saturation takes place at a lower moisture content level, defined as the capillary moisture content,  𝑤𝑐𝑎𝑝. 

Between the dry condition and the saturation state, the moisture content changes to find an equilibrium 

with the water vapour pressure or relative humidity of the environment. The relation between the ambient 

humidity and the moisture content within the material is described by the moisture storage function. In 

general, moisture storage can be reported in the form of sorption isotherms or moisture retention curves. 

Sorption isotherms describe the moisture content with respect to relative humidity, whereas retention 

curves define the moisture content with respect to capillary pressure.(1). Numerous analytical expressions 

are available in the literature for the definition of these moisture storage functions. The different models 

vary in their flexibility and capacity to represent more complex moisture storage behaviour (e.g. 

hygroscopic materials and multi–modal curves), and in the number of fitting parameters. A discussion 

on the different moisture storage models is out of the scope of this review, so the interested reader is 

referred to specialized works, e.g. Sillers et al. (2001), Carmeliet & Roels (2002). 

 
(a) (b) 

Figure 2.2. Moisture storage functions of hygroscopic and non–hygroscopic porous building materials: (a) sorption isotherm; 

(b) moisture retention curve. 

.(1) For wetting liquids in porous materials, 𝑝𝑐 ≤ 0, although this sign convention is not always consistent in the literature. 

In the present work, capillary suction, 𝑝𝑠, is used as the positive–valued capillary pressure, i.e. 𝑝𝑠 = −𝑝𝑐. 
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For practical purposes, the moisture storage function is divided into three different regions. The lower 

humidity range is called hygroscopic region and is usually described by sorption isotherms. It goes from 

the dry state (Figure 2.3a) until relative humidity values of 93–98 %, depending on the material (Künzel 

et al., 2001; Kumaran, 2006; Scheffler, 2008). In the lower range (Figure 2.3b), the moisture is in an 

adsorbed state and the transport is mainly characterised by vapour diffusion. At the higher end of the 

hygroscopic regime, moisture begins to condense within the pores, starting from the smaller ones and 

initially without continuity of the liquid phase at a macroscopic level (Kumaran, 2006). With higher relative 

humidity, increasingly larger pores are filled with water and the process continues until a critical moisture 

content, 𝑤𝑐𝑟𝑖𝑡, defined as the lowest moisture content necessary to initiate moisture transport in the 

liquid phase. The region ranging from the critical moisture content to the capillary moisture content is 

defined as the overhygroscopic or capillary region (Figure 2.3c). Finally, the supersaturated region extends 

over the capillary moisture content until complete saturation (Figure 2.3d). This last state cannot be 

reached in normal conditions: it only occurs in laboratory through suction under pressure or through 

diffusion induced by temperature gradients. 

 

Figure 2.3. Moisture in idealised pores: (a) dry state; (b) hygroscopic region; (c) lower overhygroscopic region; (d) capillary and 

supersaturated region. 

Most building materials are hygroscopic and capillary–active, and thus their behaviour may be described 

by a continuous transition between the three moisture regimes. Insulation materials normally exhibit a 
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hydrophobic, non–hygroscopic behaviour, and therefore can only be in dry or supersaturated states. 

Polymeric materials, on the other hand, are normally described only within their hygroscopic range, since 

they do not possess a capillary structure able to absorb liquid water. A direct jump from the sorption to 

the supersaturated regime may be possible as well in hygroscopic, capillary–active materials after a 

hydrophobic treatment. 

The moisture storage function generally exhibits a hysteretic behaviour, which means that it is a 

process–dependent relation (Figure 2.4). In such cases, the wetting curve takes lower values than the 

drying curve. The hysteresis in moisture storage can be attributed to several factors, namely the ink–

bottle effect, and the contact angle hysteresis or rain–drop effect. The ink–bottle effect is caused by the 

non–uniform width of interconnected pores. For example, in a capillary with successive wide and narrow 

passages, the processes of wetting from an initial dry state or drying from saturation result in two different 

stable configurations with dissimilar moisture content (Figure 2.4b). Hysteresis due to the ink–bottle effect 

will be more pronounced in porous media with a wide range of pores with different shapes and 

dimensions. On the other hand, the rain–drop effect or contact angle hysteresis derives from the different 

contact angles for advancing and receding liquids (Figure 2.4c). The matter of hysteresis in the moisture 

storage of porous media has been largely debated (Scheffler, 2008). Most material models neglect this 

effect and use only the wetting curve. Some researchers postulate that the difference between wetting 

and drying branches is usually not significant (Künzel et al., 2001). Other models consider the hysteresis 

but adopt a unique branch calculated as the mean of the absorption and desorption isotherms (Straube 

& Burnett, 2001). More advanced models assume the hysteretic behaviour and employ the main wetting 

and main drainage curves as lower and upper bounds, respectively, with a series of scanning curves in 

between, see e.g. Kaluarachchi & Parker (1987), Viaene et al. (1994), Maekawa et al. (2009). 

 
  

(a) (b) (c) 

Figure 2.4. Moisture storage hysteresis: (a) typical shape of a hysteretic sorption isotherm; (b) ink–bottle effect resulting from 

the non–uniform width of interconnected pores; (c) rain–drop effect or contact angle hysteresis. 
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The number of material properties required for the simulation of hygrothermal processes depends on the 

accuracy and complexity of the chosen model. In general, a minimal set of material properties for HT 

models includes (Künzel et al., 2001; Kumaran, 2006): 

▪ Bulk density. 

▪ Open porosity. 

▪ Thermal conductivity of the dry material as a function of temperature. 

▪ Thermal conductivity as a function of moisture content. 

▪ Heat capacity of the dry material. 

▪ Heat capacity as a function of moisture content. 

▪ Water vapour permeability or water vapour resistance as a function of relative humidity. 

▪ Equilibrium moisture content as a function of relative humidity (sorption isotherm) and/or 

capillary pressure (moisture retention curve). 

▪ Water absorption coefficient. 

▪ Liquid transport coefficient, i.e. liquid water diffusivity or liquid permeability as a function of 

moisture content. 

2.2.3 Experimental research on the characterization of hygrothermal material properties 

As it was mentioned at the beginning of this section, the hygrothermal properties of porous building 

materials are not constant and vary greatly with the environmental conditions. Moreover, there are mutual 

dependencies between thermal and hygric parameters, which generally exhibit highly non–linear 

behaviour. Due to the complexity of the task, complete detailed data sets of hygrothermal material 

properties are extremely rare. On the other hand, when material data are available, the values tend to 

present a wide scatter. For reference, a summary of hygrothermal properties of masonry materials found 

in the literature has been collected in a dedicated appendix at the end of this thesis. The reader is referred 

to Appendix 2 for further details. 

Although the thermal properties of building materials and the corresponding testing methods have 

been well established in the literature, a reliable characterization of the moisture–related properties still 

needs more attention (Feng & Janssen, 2016). Several round–robin initiatives have been launched to 

define and collect hygric properties of commonly used porous building materials, e.g. IEA Annex 24 

(Kumaran, 1996) and EC HAMSTAD (Roels, Carmeliet, et al., 2003). Nevertheless, considerably large 

variations were reported for some materials, including certain types of masonry units and mortar mixes. 

The reason behind such deviations is manyfold. On one hand, ceramic products and mortars are hardly 
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free of intrinsic variability and inhomogeneities. Even industrially produced bricks can have highly variable 

properties depending on the raw materials and the forming and firing methods (Cultrone et al., 2004; 

Fernandes et al., 2010). Similarly, mortar mixes are in–situ prepared materials, and their final properties 

depend on the type and proportion of components as well as on the curing conditions. Moreover, the 

registered variation present in the literature may also come from the testing process itself, e.g. lack of a 

unified experimental setup, operator expertise and familiarity with the procedure, neglected factors such 

as temperature influence, etc. While intrinsic material variability can hardly be overcome univocally, the 

standardization and consistent implementation of experimental procedures is still a work–in–progress to 

minimize testing errors. Indeed, some works have focused on the repeatability and reproducibility of the 

testing methods to determine hygric properties (Roels et al., 2004; Feng et al., 2015, 2020). Shared 

conclusions from these studies are the importance of applying a unified approach, the value of providing 

a detailed report of testing conditions and procedures, and the need for a revision of the current vapour 

permeability testing method. In this context, a thorough material characterization contributes to improving 

the quality of available material databases as well as increasing our confidence in the reported values 

and test protocols. 

For the development and application of HT models, considering the previous scenario, it is generally 

advisable to include an initial experimental campaign in order to collect the necessary information 

required for each specific case study, as well as for validation of the available material data, in case they 

exist. As a reference, Table 2.2 collects the set of basic experiments and derived material properties 

proposed by Scheffler (2008) for the characterization of a porous material over the entire moisture range. 

2.2.4 Experimental research on the hygrothermal behaviour of multi–layered materials 

Besides the characterization of constituent materials, the hygrothermal analysis of masonry requires the 

study of possible interfacial effects derived from its multi–layered nature. Regarding the thermal field, a 

perfect contact between adjacent layers is generally assumed. In other words, heat conduction between 

consecutive layers is not hindered and any interfacial effect is disregarded. It must be noted that the 

presence of air gaps resulting from damage (cracks) at the interface could induce a thermal resistance 

and reduce the heat flux through the discontinuity. However, cracks are usually localized and have a 

negligible impact on the overall thermal response. 

In contrast, the interfacial effect on mass transfer is a more complex phenomenon. The experimental 

study of moisture transport in layered composites has been covered to some extent in the literature, e.g. 

Wilson et al. (1995a, 1995b), Hall & Hoff (2009), Nunes et al. (2017), Vereecken et al. (2020). Common 
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findings from these works are the existence of interfacial phenomena, the mismatching properties 

between material layers, and the directionality or influence of stacking order. Wilson et al. (1995a, 1995b) 

studied sorption phenomena in multi–layered building materials, namely plaster and plaster/sand 

mixtures. The authors used analytical expressions based on the sharp front model and assumed perfect 

hydraulic contact at the interface. Their experimental studies showed an overall good match with the 

analytical solutions, although some deviations were identified. The differences were explained as a 

consequence of the wet sharp front simplification. Hall & Hoff (2009) later extended this approach to 

account for imperfect hydraulic contact and introduced the interfacial resistance as an additional cause 

to explain the observed discrepancies. 

Table 2.2. List of basic characterization experiments and derived material properties. Adapted from Scheffler (2008). 

Material property / Experiment Symbol Unit 

Bulk density / Vacuum saturation 𝜌𝑏𝑢𝑙𝑘 [kg/m3] 

Open porosity / Vacuum saturation 𝜙𝑜 [m3/m3] 

Saturation moisture content / Vacuum saturation 𝑤𝑠𝑎𝑡 [kg/m3] 

Thermal conductivity / Heat flux measurement 𝜆 [W/(m · K)] 

Heat capacity / Calorimeter experiment 𝐶 [J/(kg · K)] 

Sorption moisture content / Static gravimetric test 𝑤(𝜑) [kg/m3] 

Suction moisture content / Pressure plate experiment 𝑤(𝑝𝑐) [kg/m3] 

Water vapour resistance / Dry–cup test 𝜇𝑑𝑟𝑦 [–] 

Water vapour resistance / Wet–cup test 𝜇𝑤𝑒𝑡 [–] 

Water absorption coefficient / Capillary absorption test 𝐴𝑤 [kg/(m2 · s0.5)] 

Capillary moisture content / Capillary absorption test 𝑤𝑐𝑎𝑝 [kg/m3] 

Drying data / Drying test 𝑤(𝑡) [kg/m3] 

Conductivity at effective saturation / Darcy flow measurement 𝐾𝑙(𝑤𝑠𝑎𝑡) [kg/(m · s · Pa)] 

Unsaturated conductivity data / Infiltrometer experiment 𝐾𝑙(𝑤) [kg/(m · s · Pa)] 

 

On the other hand, the experimental works focused on moisture transport in masonry are still limited. A 

possible explanation for the lack of experimental studies on this topic can be related to the intrinsic 

complexity of hygric characterization. The most accessible methods are based on direct weight 

measurement of the moisture content, being time–consuming and destructive. The measurement of 

internal relative humidity has been recognized as a more convenient and effective method for analogous 

studies in concrete (Granja et al., 2014), but its application to masonry is not straightforward due to its 

multi–layered character. Finally, the acquisition of detailed moisture profiles, e.g. via Nuclear Magnetic 
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Resonance, X-ray analysis, or Gamma-ray attenuation method, requires advanced techniques, specific 

equipment, and specialized personnel, and is therefore considerably costly. Consequently, the available 

literature on experimental characterization of mass transfer in masonry presents a significant scatter in 

terms of studied materials, specimen configurations and testing methods (see Table 2.3). In addition, 

most of the existing research has been devoted to liquid water absorption, whereas drying has been 

scarcely studied (Brocken, 1998; Delgado et al., 2019a). Nonetheless, the conclusions of the existing 

studies support the existence of interfacial phenomena between adjacent material layers. 

Table 2.3. Literature database relating hygrothermal tests in masonry. 

Author(s) Specimen type Type of analysis 
Transfer 

direction 
Results 

Brocken (1998) Fired–clay brick; cement 

mortar; cement–lime 

mortar; masonry triplets 

Isothermal moisture 

transport 

1–D Moisture content profile 

Belarbi et al. (2008) Cement–-lime mortar Non–isothermal 

moisture transport 

1–D Temperature profile, 

moisture ratio profile.(1) 

 Sandstone Isothermal moisture 

transport 

2–D Moisture ratio profile.(1) 

Qin et al. (2008) Sandstone Isothermal and non–

isothermal moisture 

transport (modified 

cup method) 

1–D Temperature profile, 

moisture ratio profile.(1) 

Qin et al. (2009) Sandstone; 

cement–lime mortar; 

sandstone + cement–

lime mortar 

Non–isothermal 

moisture transport 

1–D Temperature profile, 

moisture ratio profile.(1) 

Qin et al. (2010) Cement–lime mortar Non–isothermal 

moisture transport 

1–D Temperature profile, 

moisture ratio profile.(1) 

 Sandstone Isothermal moisture 

transport 

2–D Moisture ratio profile.(1) 

Groot & Gunneweg (2010a) Masonry wallette (fired–

clay brick + hydrated 

lime mortar/ natural 

hydraulic lime mortar) 

Isothermal moisture 

transport 

1–D Transient moisture mass 

Derluyn et al. (2011) Masonry triplet (red 

fired–clay brick + 

cement mortar) 

Isothermal moisture 

transport 

1–D Moisture content profile 

Janssen et al. (2012) Masonry triplet (red 

fired–clay brick + 

cement mortar) 

Isothermal moisture 

transport 

1–D Moisture content profile 

 (1) Slicing method (destructive) 
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Table 2.3 (Continued). Literature database relating hygrothermal tests in masonry 

Author(s) Specimen type Type of analysis 
Transfer 

direction 
Results 

Johansson et al. (2014) Masonry wall (brick + 

cement–lime mortar) 

Non–isothermal 

moisture transport 

1–D Transient temperature 

and relative humidity at 

measured points 

Guizzardi et al. (2015) Masonry wall (external 

render + clay brick + 

cement mortar) 

Non–isothermal 

moisture transport 

1–D/2–D Transient temperature 

and relative humidity at 

measured points, 

moisture content profile 

Ferroukhi et al. (2016) Red brick + polystyrene; 

red brick + plaster; 

chipboard + polystyrene; 

chipboard + plaster 

Non–isothermal 

moisture transport 

1–D Temperature profile, 

relative humidity profile 

Medjelekh et al. (2016) Masonry wall (unfired 

clay brick + earth 

mortar) 

Non–isothermal 

moisture transport 

1–D Transient temperature 

and relative humidity at 

measured points 

Sassine et al. (2017) Masonry wallette (clay 

brick, cement mortar) 

Thermal analysis 1–D Temperature profile 

Allam et al. (2018) Masonry wallette (clay 

brick, cement mortar) 

Non–isothermal 

moisture transport 

1–D/2–D Temperature profile, 

relative humidity profile 

Delgado et al. (2019a) Ceramic brick; cement 

mortar; cement–lime 

mortar; 

Isothermal moisture 

transport 

1–D Transient moisture mass; 

moisture content profile 

Calle et al. (2019) Masonry triplet (ceramic 

brick + natural hydraulic 

lime mortar) 

Isothermal moisture 

transport 

1–D Moisture content profile 

X. Zhou et al., 2020) Masonry wallettes (brick 

+ cement mortar) 

Isothermal moisture 

transport 

1–D/2–D Moisture content profile 

 

Considering the possible causes for the existence of a hydraulic resistance at the brick–mortar interface, 

a commonly accepted explanation is related to the curing conditions of the bedding mortar between bricks 

(Groot, 1997; Brocken, 1998). In particular, bricks absorb water from the fresh mortar during application, 

which leads to a drop in the water–binder ratio of the mixture. Furthermore, water extraction from the 

mortar is also connected to the transport of fine binder particles towards the interface and a stratification 

of the mortar across the joint thickness. Consequently, one would expect a denser, more compact mortar 

at the interface. However, this is not always the case since a more porous mortar near the interface may 

be equally found in real scenarios. To account for this fact, Groot & Larbi (1999) hypothesized a reversed 

water flow from brick to mortar after compaction and initial hydration of the mortar, with subsequent 
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impact on the interface development. Overall, the quality of brick–mortar interface seems to be highly 

dependent on the curing history of the mortar. Derluyn et al. (2011) and Janssen et al. (2012) studied 

the absorption behaviour of brick–cement masonry composites with different interfacial configurations, 

namely perfect hydraulic contact (kaolin layer), and wet– and dry–cured specimens. Their studies 

confirmed that the interfacial effects were proportional to the water extraction from the mortar during 

curing. Further causes for the existence of a hydraulic resistance at the brick–mortar interface can be the 

presence of air gaps resulting from damage (cracks) or due to poor workmanship during the application 

of the fresh mortar (Groot & Gunneweg, 2010a). Even if the application and curing conditions were 

optimal, a certain hydraulic resistance is expected due to the pore structure discontinuity between the 

materials (Brocken, 1998). 

2.3 HYGROTHERMAL BOUNDARY CONDITIONS 

Besides the characterisation of material properties, a comprehensive description of the boundary 

conditions is also necessary for a valid definition of the HT models. In Building Physics, these boundary 

conditions are usually classified into two groups according to the boundary location, namely indoor and 

outdoor. For indoor conditions, temperature and relative humidity are needed. For the outdoor conditions, 

temperature and relative humidity are equally necessary and depending on the complexity of the model, 

other data might be required as well, such as solar radiation, wind speed, precipitation, etc. Wind–driven 

rain is the largest source of moisture for any building structure (Karagiozis, 2001). However, it is a 

complex phenomenon, and the availability of data is still limited, so it is disregarded in many studies. The 

same applies to other phenomena commonly found in buildings, such as rising damp and roof leak. 

Besides the temperature and relative humidity, external and internal convective transfer coefficients 

(CTCs) are also necessary to define heat flux and moisture flux boundary conditions. The empirical 

determination of CTCs is a difficult task since they show dependency on the geometry of the studied 

surface as well as on local air flow, temperature and moisture conditions (Künzel, 1995). For engineering 

applications, a simplified approach is usually adopted. Thus, CTCs are assumed constant and estimated 

from analytical formulas or taken from tabulated values (Hagentoft et al., 2004; Defraeye et al., 2013). 

2.4 HYGROTHERMAL MODELS 

Simultaneous heat and moisture transfer through porous media constitutes a highly coupled problem, 

that is, temperature balance and thermal material parameters vary with moisture content while the 

moisture–related properties and moisture equilibrium are dependent on the thermal distribution. 
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Comprehensive knowledge of each problem and their basic mechanisms is therefore necessary before 

tackling the combined phenomenon. 

The heat and moisture transport approaches presented hereafter were developed on the basis of the 

continuum model theory, which assumes that “matter is a hypothetical substance that is continuous 

throughout the spatial domain it occupies and can be described in that domain by a set of variables which 

are continuous and differentiable functions of the spatial coordinates and of time” (Bear & Bachmat, 

1990). Under this assumption, a detailed definition of the exact microstructure of the material is not 

necessary. Instead, the internal structure of the material is averaged through Representative Elementary 

Volumes (REVs). In the case of porous media, the REV contains a representative configuration of the 

different phases, namely solid, liquid and gas (Figure 2.5). 

 

Figure 2.5. Schematic two–dimensional diagram of a non–saturated porous medium: representative elementary volume (REV) 

and its corresponding phases. Adapted from Pel (1995). 

2.4.1 Heat problem 

Heat transfer is the process of energy exchange due to a temperature difference. There are three main 

types of heat transfer mechanisms, namely conduction, convection and radiation. Heat always flows from 

warmer to colder substances and the flow rate depends on the temperature difference, the area exposed 

and the type of material in between. Conduction may occur within gases, liquids or solids, although it is 

generally associated with heat transfer in solid materials. In a conductive process, the heat is transferred 

by the internal vibration of molecules or the movement of free electrons inside the material. Convection 

is caused by the movement of a fluid (gas or liquid), in which the fluid carries heat from one place to 

another; as the movement progresses, the hot fluid is replaced by cooler fluid. Convective heat transfer 

is defined as free or natural if buoyancy forces alone move the fluid, but it can also be induced by 

Solid phase 

Liquid phase 

Gas phase 

REV 

REV Liquid phase 

Solid matrix Air/vapour mixture 

Liquid island 
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mechanical means (forced convection). Thermal radiation occurs through electromagnetic waves and is 

related to the energy emitted or absorbed by a body as a result of being at a certain temperature. 

Heat conduction 

In a layer of solid material with each face at a different temperature, the heat flows from the side with 

higher temperature to the one with lower temperature. The heat flux is determined by Fourier’s Law, 

expressed for the one–dimensional case as: 

𝑞𝑥 = −𝜆 
𝜕𝑇

𝜕𝑥
 (2.3) 

where 𝑞𝑥 [W/m2] is the heat flux in 𝑥–direction, 𝜆 [W/(m · K)] is the thermal conductivity, and 𝑇 [K] is 

the temperature. The heat flux is proportional to the thermal conductivity of the material and the 

temperature difference and is inversely proportional to the thickness of the layer. Note that it is also 

common to find the heat conduction properties of building materials expressed in the form of thermal 

resistance, 𝑅𝑇 = 𝑙/𝜆 [m2 · K/W], where 𝑙 [m] denotes the thickness of the material layer. 

In porous materials, heat fluxes may also be induced by moisture transport (Dufour effect). However, 

this effect has been proven negligible for the ranges of temperatures that are of interest for this research 

(Bažant & Thonguthai, 1987), and therefore it is not considered here. 

Heat convection 

The convective heat transfer between a surface and the environment is expressed by Newton’s Law of 

Cooling: 

𝑞 = ℎ𝑇 (𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑒𝑛𝑣) (2.4) 

where ℎ𝑇 [W/(m2 · K)] is the convective heat transfer coefficient. The determination of ℎ𝑇 is one of the 

main difficulties when dealing with this type of problem. Due to the lack of generalised predictive 

equations, ℎ𝑇 is generally estimated from empirical correlations as a function of wind speed (Azenha, 

2009). 

Thermal radiation 

Radiation is a heat transfer phenomenon that affects all bodies by the fact of being at a certain 

temperature. Thermal agitations within the molecular structure of any material produce energy in the 

form of electromagnetic waves, which are emitted from the surface of the body, thus carrying the energy 
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away. Radiation is the only heat transfer mechanism that can take place in the vacuum, that is to say 

without a material medium (fluid or solid). 

Emissivity, 𝜀 [–], is the capacity of a body to emit radiation and it varies from 0 < 𝜀 < 1, with 𝜀 = 1 

as an ideal radiator or black body. The Stefan–Boltzmann law is used to determine the radiation emitted 

by a body: 

𝐸 = 𝜀 𝜎 𝑇4 (2.5) 

where 𝐸 [W/m2] is the emitted radiation and 𝜎 = 5.67E–8 W/(m2 · K4) is the Stefan–Boltzmann 

constant. 

On the other hand, an object may also absorb radiation. The capacity of a body to absorb radiation 

is called absorptivity, 𝛼 [–], and analogously to 𝜀, it varies from 0 < 𝛼 < 1, being 𝛼 = 1 the ideal black 

body. The net rate of radiation on a body can be calculated by the difference between the energy that is 

emitted by the surface and the irradiated energy being absorbed from the surroundings: 

𝑞 = 𝜀 𝜎 𝑇𝑠𝑢𝑟𝑓
4 − 𝛼 𝜎 𝑇𝑠𝑢𝑟𝑟

4 (2.6) 

In the particular case of grey bodies, where 𝜀 = 𝛼, Eq. (2.6) becomes: 

𝑞 = 𝜀 𝜎 (𝑇𝑠𝑢𝑟𝑓
4 − 𝑇𝑠𝑢𝑟𝑟

4) (2.7) 

For thermal problems circumscribed to civil engineering applications, only a certain range of wavelengths 

within the whole electromagnetic spectrum is of interest, namely ultraviolet, visible and infrared. Particular 

effects related to thermal radiation such as night–sky cooling, incident direct radiation from the sun 

(shortwave) and longwave radiation are of special interest for a detailed analysis of heat problems in civil 

engineering structures. For the sake or brevity, these phenomena will not be further discussed here. 

2.4.2 Moisture problem 

The main moisture transport mechanisms in building materials are water vapour diffusion and liquid 

transport by capillarity. There is also bulk water vapour transport associated with airflow movements. 

However, the contribution of this factor to the overall moisture content is minor and it is therefore 

negligible (Scheffler, 2008). Similarly, the moisture fluxes induced by thermal gradients (Soret effect) can 

be disregarded (Janssen, 2011). 

Water vapour transport 

The main mechanism for water vapour transport in porous materials is vapour diffusion, which according 

to Fick’s First Law can be expressed as: 
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𝑔𝑣,𝑥 = −𝐷𝑣  
𝜕𝑐𝑣

𝜕𝑥
 (2.8) 

where 𝑔𝑣,𝑥 [kg/(m2 · s)] is the vapour flux in 𝑥–direction, 𝐷𝑣 [m2/s] is the vapour diffusivity or diffusion 

coefficient of vapour, and 𝑐𝑣 [kg/m3] is the vapour concentration. Diffusion may be described as a 

transport process proportional to a concentration gradient. If moist air is considered an ideal gas: 

𝑝𝑣  𝑉 = 𝑚𝑣  𝑅𝑣 𝑇 (2.9) 

where 𝑝𝑣 [Pa] is the partial vapour pressure, 𝑉 [m3] is the volume, 𝑚𝑣 [kg] is the mass of vapour, and 

𝑅𝑣 = 461.5 [J/(kg · K)] is the universal gas constant for water vapour. The previous expression can be 

rearranged to describe the water vapour concentration: 

𝑐𝑣 =
𝑚𝑣

𝑉
=

𝑝𝑣

𝑅𝑣  𝑇
 (2.10) 

Therefore, the vapour diffusion may be expressed as: 

𝑔𝑣,𝑥 = −
𝐷𝑣

𝑅𝑣  𝑇
·

𝜕𝑝𝑣

𝜕𝑥
 (2.11) 

By definition, relative humidity is expressed as: 

𝜑 =
𝑝𝑣

𝑝𝑣,𝑠𝑎𝑡(𝑇)
 (2.12) 

where 𝑝𝑣,𝑠𝑎𝑡(𝑇) [Pa] is the saturation vapour pressure dependent on temperature. Consequently, the 

vapour pressure may be defined as a function of relative humidity and temperature: 

𝑝𝑣 = 𝜑 𝑝𝑣,𝑠𝑎𝑡(𝑇) (2.13) 

Different empirical formulas have been proposed for the definition of the saturation vapour pressure (Ochs 

et al., 2008). In this thesis, an adaptation of the expression by Murray (1967) presented in Monteith & 

Shatleworth (2013) will be used: 

𝑝𝑣,𝑠𝑎𝑡 =  610.7 · 10
7.5(

𝑇−273.15
𝑇−35.85

)
 (2.14) 

Considering Eq. (2.11), the vapour diffusion coefficient, the universal gas constant and the temperature 

are usually lumped together and expressed as ‘permeability’. Hence, the water vapour permeability of 

still air, 𝛿𝑎 [kg/(m · s · Pa)], is defined as follows: 

𝛿𝑎 =  
𝐷𝑎

𝑅𝑣  𝑇
 (2.15) 
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It must be noted that the definition of the vapour permeability of air is purely empirical and may be found 

with different expressions in the literature (Börjesson, 2013). In this thesis, the expression proposed by 

Schirmer (1938) will be used: 

𝛿𝑎 =
2.31 · 10−5

𝑅𝑣 · 𝑇

𝑝0

𝑝
(

𝑇

273.15
)

1.81

 (2.16) 

where 𝑝0 = 101325 [Pa] is the standard atmospheric pressure, and 𝑝 [Pa] is the ambient barometric 

pressure. It is noted that Schirmer’s original formulation has been later adapted by other authors and it 

may appear in the literature with different forms. 

The vapour diffusion in porous materials is influenced by the pore structure of the material itself. In 

order to account for this fact, the vapour permeability of air is reduced by the so–called vapour diffusion 

resistance factor, 𝜇, which is characteristic of each material: 

𝛿𝑣 =
𝛿𝑎

𝜇
 (2.17) 

where 𝛿𝑣 [kg/(m · s · Pa)] is the water vapour permeability of the material. Due to the air pressure 

influence in Eq. (2.16), the vapour permeability of porous materials is sensitive to barometric changes. 

In particular, hygroscopic materials show increasing vapour permeability for lower air pressure values, 

whereas this effect is less noticeable for non–hygroscopic materials (M. Zhou et al., 2022). 

The vapour diffusion resistance factor, which represents the ratio of the permeability coefficients of 

water vapour in air and in the building material, may be further detailed as 𝜇 = 1/(𝜏 · 𝑎𝑉), where 𝜏 [–] 

is a tortuosity factor and 𝑎𝑉 [–] is the volume fraction of air–filled pores. The vapour resistance factor is 

independent of temperature (Tveit, 1966; McLean et al., 1990). Its dependence on the water content has 

been extensively discussed in the literature but a unified approach has not been achieved. An overall 

influence of the pore filling level seems reasonable since the increasing presence of liquid water reduces 

the pore space available for vapour diffusion (Scheffler, 2008). In effect, dry cup and wet cup test 

measurements usually result in different values of vapour permeability/resistance. On the other hand, 

some authors consider this influence negligible and treat the vapour transport coefficient as a constant 

(Künzel, 1995). 

Liquid water transport 

The liquid transport through a porous material may be explained by different approaches. The most 

common descriptions are the ones based on Fick’s Law of diffusion (diffusivity approaches) and the ones 

based on Darcy’s Law of permeability (conductivity approaches). 
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The diffusivity approaches make use of Fick’s First Law of diffusion and assume that liquid water 

movement follows a moisture concentration gradient such as: 

𝑔𝑤,𝑥 = −𝐷𝑤(𝑤) ·
𝜕𝑤

𝜕𝑥
 (2.18) 

where 𝐷𝑤 [m2/s] is the liquid water diffusivity. It is known that 𝐷𝑤 varies with temperature and is strongly 

dependent on moisture content (Künzel, 1995). Moreover, liquid diffusivity is not a pure material property 

since it not only depends on the porous medium but on the boundary conditions as well (Krus, 1996). 

More specifically, 𝐷𝑤 is expected to change depending on the process, namely adsorption or desorption, 

and therefore it also presents hysteresis (Scheffler, 2008). 

On the other hand, conductivity approaches propose an adaptation of Darcy’s Law for unsaturated 

porous media (Galbraith, 1992) and use the capillary pressure gradient as the driving potential: 

𝑔𝑤,𝑥 = −𝐾𝑙(𝑤) ·
𝜕𝑝𝑐

𝜕𝑥
 (2.19) 

where 𝐾𝑙 [kg/(m · s · Pa)] is the liquid water conductivity (also called liquid water permeability), which 

is a property of the porous medium and a function of the moisture content. 

Conductivity approaches may also use relative humidity as driving potential instead of the capillary 

pressure. Kelvin equation relates both parameters as follows: 

𝑝𝑐 = 𝜌𝑤  𝑅𝑣 𝑇 𝑙𝑛 𝜑 (2.20) 

By introducing Kelvin’s relation in Eq. (2.19) and after additional operations and simplificationsn, it is 

possible to arrive to: 

𝑔𝑤,𝑥 = −𝐷𝜑(𝜑) ·
𝜕𝜑

𝜕𝑥
 (2.21) 

where 𝐷𝜑 [kg/(m · s)] is the liquid conduction coefficient, dependent on the porous medium and the 

relative humidity.  

Note that from Eqs. (2.18) and (2.21), the following connection between diffusivity and conductivity 

approaches can be established: 

𝐷𝜑 =
𝜕𝑤

𝜕𝜑
· 𝐷𝑤 = 𝜉 · 𝐷𝑤 (2.22) 

where 𝜉 = 𝜕𝑤/𝜕𝜑 is the moisture storage capacity [kg/m3]. 

Moreover, the connection between diffusivity and conductivity approaches can be established 

through their respective liquid transfer coefficients such as: 
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𝐷𝑤(𝑤) =
𝜕𝑝𝑐

𝜕𝑤
· 𝐾𝑙(𝑤) = 𝒞 · 𝐾𝑙 (2.23) 

where 𝒞 = 𝜕𝑝𝑐/𝜕𝑤 is the derivative of the inverse moisture retention curve [m2/s2]. 

2.4.3 Numerical modelling of heat and moisture transport 

For the analysis of coupled hygrothermal phenomena in masonry structures, it is necessary to define first 

a multi–physics model able to describe moisture diffusion and heat transfer in porous materials and 

multi–layered components. Several hygrothermal models for porous building materials are available in 

the literature. These models differ in their dimension (one–, two– or three–dimensional), the type of flow 

(steady–state, quasi–static or dynamic), the variable used to describe the moisture potential (moisture 

content, capillary pressure, relative humidity, or vapour pressure), the number of parameters needed as 

input information, as well as their assumptions and limitations. Temperature is universally accepted as 

driving potential for heat transport. However, moisture transport might be defined by different potentials, 

namely the moisture content, partial vapour pressure, relative humidity, hydraulic potential, or capillary 

pressure. In general, all these potentials can be related to one another and can be used equivalently with 

the proper transformations (Straube & Burnett, 2001). 

In addition to the chosen potential, the different models may be distinguished by their particular 

means of modelling the moisture component (Celia et al., 1990). Diffusivity approaches select a driving 

potential and lump all the transport mechanisms into a single moisture diffusivity equation. On the other 

hand, conductivity approaches separate vapour diffusion from liquid transport and model the flow as a 

parallel or series process. 

The first models dealing with the hygrothermal behaviour of porous materials were developed by 

(Philip & de Vries, 1957) and (Luikov, 1964). Their approaches rely on a set of coupled governing 

equations for heat and mass transfer with moisture content and temperature as dependent variables. 

However, these studies are focused on single–material cases and their direct application to multi–layered 

systems might present some problems: in composite structures made up of materials with dissimilar 

moisture sorption and diffusion properties, the moisture content is not continuous at one and the other 

side of the interface (Künzel, 1995). In order to overcome this obstacle, several authors have proposed 

hygrothermal models based on alternative moisture driving potentials, such as partial vapour pressure, 

e.g. Qin et al. (2009), Allam et al. (2018), or relative humidity, e.g. Khoshbakht et al. (2006), Lin et al. 

(2006), which verify the interfacial continuity between layers. In the field of Building Physics, these models 
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have been further extended to incorporate air into the mass transport and thus investigate the coupled 

heat, air and moisture (HAM) transfer, e.g. Tariku et al. (2010), Belleudy et al. (2016). 

Among the different approaches available in the literature, the hygrothermal model proposed by 

Künzel (1995) and extended by Künzel et al. (2001) is of especial interest for this research: it is a well–

known approach applicable to multi–layered materials and uses transport coefficients that can be 

determined and validated through reasonably simple experimental tests. Künzel’s model considers heat 

transfer by conduction and enthalpy flow (phase change), such as: 

𝜕𝐻

𝜕𝑡
= ∇ · (𝜆 ∇𝑇) + 𝐿𝑣  ∇ · (𝛿𝑣  ∇𝑝𝑣) (2.24) 

where 𝐻 [J/m3] is the enthalpy density, 𝜆 [W/(m · K)] is the thermal conductivity, 𝐿𝑣 [J/kg] is the latent 

heat of vaporization, 𝛿𝑣 [kg/(m · s · Pa)] is the water vapour permeability, and 𝑝𝑣 [Pa] is the partial 

vapour pressure. In turn, moisture transport consists of a two–phase diffusion model, such as: 

𝜕𝑤

𝜕𝑡
= ∇ · (𝐷𝑤  ∇𝑤) +  ∇ · (𝛿𝑣  ∇𝑝𝑣) (2.25) 

where 𝑤 [kg/m3] is the moisture content, and 𝐷𝑤 [m2/𝑠] is the liquid water diffusivity. 

For the liquid water diffusivity, Künzel (1995) proposes the following exponential expression: 

𝐷𝑤 = 3.8 · (
𝐴𝑤

𝑤𝑐𝑎𝑝
)

2

· 1000
(

𝑤
𝑤𝑐𝑎𝑝

 − 1)
 (2.26) 

where 𝐴𝑤 [kg/(m2 · s0.5)] is the capillary absorption coefficient, and 𝑤𝑐𝑎𝑝 [kg/m3] is the capillary 

moisture content. It is noted that other diffusivity models have suggested different analytical expressions 

for the liquid water diffusivity, e.g. Pel et al. (1996), Krus & Holm, (1999), Carmeliet, Hens, et al. (2004), 

Carmeliet et al.(2007). The different expressions vary in their flexibility, complexity, and the number of 

required variables. For a more in–depth discussion of diffusivity approaches available in the literature, 

the reader is referred to Scheffler (2008). 

As mentioned in the section for the experimental works on multi–layered materials, a perfect contact 

is usually assumed for heat conduction through the interface. Consequently, the hygrothermal models 

commonly disregard any 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 modelling for mass transfer problems in masonry, e.g. Brocken (1998), Derluyn et al. (2011), 

Calle et al. (2019), X. Zhou et al. (2020), and a unified approach to characterize the brick–mortar 

interfaces has not been reached yet. Moreover, the conclusions may vary from one author to another 

depending on the modelling technique and the eventual purpose of the simulation. For instance, as 
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demonstrated by Vereecken & Roels (2013), modelling the whole masonry as a homogenous brick layer 

may be allowed to simulate certain scenarios. A similar approximation has been used by other authors 

for 1–D hygrothermal simulations, e.g. Jensen et al. (2020), Soulios et al. (2021). Conversely, the most 

common approach for 2–D analyses is the distinction of brick and mortar layers although any type of 

interfacial effect is usually neglected (Castellazzi, de Miranda, Formica, et al., 2015; Jensen et al., 2020; 

X. Zhou et al., 2021). Nonetheless, several studies highlight the fact that moisture transport in masonry 

walls may be strongly affected by the interface resistance (Brocken, 1998; X. Zhou et al., 2020). Thus, 

further research on the hydraulic interface modelling is required. 

From a practical perspective, the simulation tools generally used for this type of analysis may be 

divided into three categories, namely lumped models, Computational Fluid Dynamics (CFD) models, and 

Heat, Air and Moisture (HAM) transport models. The latter group is of particular interest to study damage 

and degradation phenomena of porous materials since their codes can relate to relevant degrading factors 

and mechanisms (Hendrickx & de Clercq, 2019). HAM models may be further classified into two groups 

attending to their numerical nature: Finite Element Method (FEM) and Finite Volume Method (FVM). 

2.5 HYGRO–THERMO–MECHANICAL MODELS 

Since the building materials are in constant equilibrium with the environment, internal stresses appear 

within the structures as a result of the continuous variation of temperature and moisture conditions. A 

temperature increment generally causes the material to dilate, in a proportional relation to its coefficient 

of thermal expansion, while shrinkage will take place if the temperature decreases. A similar situation 

occurs for changes in relative humidity and water content. Consequently, temperature and moisture 

distributions are related to the mechanical field and may be associated with different effects on the 

materials: internal stresses, displacements, volumetric changes, cracks, ageing, etc. 

It must be noted that the stresses related to volumetric variations are intrinsically linked to a 

deformation constraint. In other words, if deformations are not restrained, the material will undergo a free 

dimensional change and no internal stresses will appear. However, constraints always exist in real 

applications and therefore stresses are expected. Moreover, in multi–layered and composites structures 

such as masonry, the interfaces between two dissimilar materials are naturally associated with stress 

concentrations. 

2.5.1 Mechanical problem 

The mechanical problem can be linked to the hygric and thermal fields through the extended Duhamel–

Neumann equation or total strain additive decomposition (Szekeres, 2014): the total strain can be divided 
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into different components, namely mechanical strains, thermal strains 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 (Ramézani & Jeong, 2011): 

𝜀 = 𝜀𝑒𝑙𝑎𝑠𝑡𝑖𝑐 + 𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐 + 𝜀𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + 𝜀𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (2.27) 

The mechanical strains, 𝜀𝑒𝑙𝑎𝑠𝑡𝑖𝑐 and 𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐, 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 thermal–induced strain for an isotropic material is defined as: 

𝜀𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝛼𝑇 (𝑇 − 𝑇𝑟𝑒𝑓) (2.28) 

where 𝛼𝑇 [1/℃] is the coefficient of thermal expansion of the material and 𝑇𝑟𝑒𝑓 is the reference 

temperature at which the thermal–induced strain is zero. 

An analogous relation may be written for the moisture–induced strain: 

𝜀𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 = 𝛼ℎ (𝑤𝑔 − 𝑤𝑔,𝑟𝑒𝑓) (2.29) 

where 𝛼ℎ [–] is the coefficient of hygric expansion of the material, 𝑤𝑔 [kg/kg] is the gravimetric moisture 

content, and 𝑤𝑔,𝑟𝑒𝑓 is the reference moisture content for which the moisture–induced strain is zero. It is 

recalled that the moisture content may also appear as mass of absorbed water per volume of dry material, 

𝑤 [kg/m3]. In that case, if 𝛼ℎ is initially given in terms of gravimetric moisture content (dimensionless), 

then it must be divided by the density of the material, 𝜌𝑏𝑢𝑙𝑘 [kg/m3], to maintain the consistency of the 

units. Similarly, if the moisture content is expressed in its volumetric format or specific moisture content, 

𝑤𝑉 [m3/m3], then 𝛼ℎ must be multiplied by the density of water, 𝜌𝑤 [kg/m3], 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. 

Additional sources of strains can be implemented in Eq. (2.27) to represent different scenarios. For 

instance, the so–called chemical–based strain, 𝜀𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙, accounts for chemical reactions and other 

effects, namely the exothermic chemical reactions and microstructure modifications based on calcium 

dissolution, calcium leaching and salt crystallization phenomena (Ramézani & Jeong, 2011). Therefore, 

the chemical–based strain can be further decomposed into exothermic strains, dissolution–based strains, 

calcium–leaching strains and crystallization strains caused by the crystallization pressure. The analysis 

of these effects, however, is out of the scope of the current research. 
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Influence of temperature and moisture on mechanical properties 

Further hygrothermal effects on the mechanical response can be taken into account, such as the impact 

of temperature and moisture on the mechanical properties. In the case of temperature, a direct influence 

of thermal variations on the mechanical properties of masonry can be considered negligible for the 

temperature range of interest in this study. On the contrary, it is well known that the mechanical 

performance of porous materials is greatly affected by moisture, which generally leads to a reduction of 

the mechanical properties. As an example, the modulus of elasticity of sandstone diminishes with 

increasing moisture content until stabilizing into a plateau close to saturation (Castellazzi, de Miranda, 

Formica, et al., 2015): 

𝐸 =
19.06

100 · 𝑆𝑙
+ 3.12 [GPa] (2.30) 

where 𝑆𝑙 [–] is the liquid water saturation degree expressed as: 

𝑆𝑙 =
𝑤

𝜙𝑜 · 𝜌𝑤
 (2.31) 

where 𝜙𝑜 [–] is the open porosity and 𝜌𝑤 [kg/m3] is the density of water. However, Glucklich & Korin 

(1975) showed that the modulus of elasticity of cement mortar is slightly affected by changes in moisture 

content. Therefore, the relationship between moisture and Young’s modulus appears to be material–

dependent. Conversely, the Poisson’s ratio is almost independent of moisture content (Ramézani & Jeong, 

2011). 

Regarding the compressive strength, the European standard EN 772–1 (2011) suggests that the 

compressive strength of masonry units in saturated conditions should be considered 80 % of the value 

obtained for normal environmental conditions. This approach is supported by experimental studies, e.g. 

Witzany et al. (2010), Foraboschi & Vanin (2014), Matysek et al. (2016), Bompa & Elghazouli (2021), 

which concluded that there is a univocal loss of compressive strength with increasing water saturation. 

Analogous trends were obtained for masonry specimens tested in saturated conditions (Amde et al., 

2004; Franzoni et al., 2015; Bompa & Elghazouli, 2020b). These studies showed that the average 

compressive strength loss for saturated specimens was around 20 % of the strength obtained in normal 

conditions. 

With respect to the shear behaviour, similar trends were obtained by experimental studies conducted 

on masonry triplets, e.g. Franzoni et al. (2014), Bompa & Elghazouli (2020a). These studies revealed 

that higher levels of moisture content resulted in reduced interfacial strength with respect to the 

specimens tested in dry conditions. In particular, the shear strength reduction for saturated specimens 
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depended on the type of masonry units and the type of mortar, reaching up to a 20 % loss for fired–clay 

brick triplets with hydraulic lime mortar. 

Finally, the tensile strength of the material is also expected to decrease with increasing moisture 

content. Castellazzi, de Miranda, Formica, et al. (2015) proposed the following relation based on the 

experimental data collected by Glucklich & Korin (1975) for cement mortar: 

𝑓𝑡 = −7 (
𝑆𝑙 − 10

100
)

1/5

+ 21 [MPa] (2.32) 

In conclusion, the moisture–dependent mechanical behaviour of porous building materials consists of an 

overall loss of compressive, tensile and shear strengths with increasing moisture content. The extent to 

which moisture affects the modulus of elasticity seems to be material–dependent, although a certain 

decrease in stiffness is expected. Despite the obtained trends, further research is still needed to cover 

the mechanical behaviour over the whole moisture range. Likewise, further hygro–mechanical coupling 

effects, such as the influence of moisture on ductility and the post–peak non–linear behaviour of quasi–

brittle materials need to be investigated as well. For a deeper insight into these issues, the reader is 

referred to e.g. Carmeliet (2015) and references therein. 

2.5.2 Hygro–thermo–mechanical studies 

Although several hygrothermal models for porous materials and multi–layered structures are available in 

the literature, the research on hygro–thermo–mechanical (HTM) problems is rather scarce. Considering 

the general lack of benchmarking standards, the availability of verification tools for coupled HTM models 

is also limited. 

A series of HTM studies is available for timber structures, and especially the moisture–induced 

stresses in wooden components have been investigated more consistently. Jakieła et al. (2008) used a 

numerical approach to model the evolution of moisture and stress fields in a restrained wooden cylinder 

due to variations in temperature and relative humidity. Following that initial approach, Rachwał et al. 

(2012) later developed a 2–D finite element model to simulate the moisture transport and strains in 

multi–layered wood supports of panel paintings as a response to environmental changing conditions. 

Their model was then calibrated and validated by experimental data. The same study was later adapted 

and replicated by Williams–Portal et al. (2014) to validate their HTM model. 

The study of hygro–thermo–mechanical effects in concrete structures has received more attention, 

e.g. early–age behaviour (Azenha, 2009; Jendele et al., 2014), curing for application in massive 

structures such as dams (Conceição et al., 2017; Ponce–Farfán et al., 2020), ageing and long–term 
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effects such as creep and shrinkage (Jendele et al., 2014; Gasch et al., 2016), or damage (cracking) 

induced by corrosion (Seetharam et al., 2019), among others. 

In contrast, the research devoted to the hygro–thermo–mechanical analysis of masonry structures 

is still limited. Ramézani & Jeong (2011) developed a one–way coupled hygro–thermo–mechanical model 

to analyse the behaviour of a limestone masonry wall subjected to environmental loads. The authors 

prepared a two–dimensional finite element model and performed a series of non–isothermal, non–

isohygral, steady–state analyses while isolating and combining the different physics. By individuating the 

mechanical, thermo–mechanical, and hygro–thermo–mechanical results, they were able to identify the 

contribution of each field to the overall response. In particular, the self–weight condition led to maximum 

principal stresses of about 0.10 MPa; the incorporation of thermal actions slightly changed the stress 

distribution and the principal stresses reached 0.15 MPa; the later addition of hygric loads resulted in 

tensile stresses up to 0.28 MPa. 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 analyse the evolution of the 

moisture and temperature distributions from the initial condition to the steady–state equilibrium. Time–

dependent HTM analyses for variable environmental conditions were not performed and this type of 

analysis is still missing in the literature. 

On the other hand, 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 (fire) conditions, which are out of the scope of this thesis. 

Among the hygro–mechanical studies, Castellazzi, de Miranda, Formica, et al. (2015) developed a muti–

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 

in order 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. 

Related to the hygro–mechanical studies, the research on salt transport and crystallization in porous 

materials has received more attention in recent years, e.g. Koniorczyk & Gawin (2012), Derluyn et al. 

(2014), Choo & Sun (2018), among others. The investigation has been extended to masonry as well. For 

instance, Castellazzi et al. (2013) developed a coupled multi–phase model to evaluate the hygrothermal 

behaviour of masonry. The model was calibrated with respect to experimental tests on a brick masonry 

wall exposed to cyclic weathering conditions. Although the authors included the heat component in the 

model, isothermal conditions were assumed throughout the simulations. In addition, the mechanical 
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component was introduced through a simplified up–scaling procedure to predict the stresses induced by 

salt crystallization. The same approach was further extended by Castellazzi et al. (2016) to include non–

isothermal transport. In turn, Grementieri et al. (2017) successively expanded the model and proposed 

a multi–scale approach for the simulation of mechanical effects induced by salt crystallization. The 

authors employ a numerical homogenization scheme to pass from the microstructure to the mechanical 

response at the structure level. The same multi–phase approach has been used to replicate experimental 

tests on salt transport and crystallization in masonry strengthened with composites (de Miranda et al., 

2019). 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 hygro–thermo–mechanical 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 behaviour as 

well as damage. Similarly, more research is necessary to quantify and be able to reproduce the reverse 

coupling, i.e. the mechanical effects (stress variation, creep, volumetric changes, damage, cracking) on 

moisture transport. It is worth mentioning the studies developed by Mertens (2009) and Carmeliet (2015), 

focused on the non–linear hysteretic behaviour of quasi–brittle porous materials, with a special highlight 

on the effects of damage and moisture on the hysteresis. 

Taking into consideration the everyday nature and relevance of HTM 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 suggested for future research. 
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CHAPTER 3 

Materials, specimens, and experimental methods 

This chapter provides a brief overview of the studied materials, tested specimens and experimental 

methods used for material characterization. The chapter is organized in three different subsections. First, 

a general description of the chosen materials is provided. Subsequently, the configuration of the 

specimens used throughout the study is introduced. Finally, a detailed explanation of the different 

experimental procedures is given. The results obtained from the experimental tests as explained in this 

section will be introduced and discussed in the following chapter. 

Part of the information presented in this chapter has been published in Ramirez et al. (2021). 

3.1 MATERIALS 

This section presents a description of the studied materials, namely fired–clay brick (B), Portland cement 

mortar (CM), natural hydraulic lime (NHL) mortar –both moulded (LM) and from masonry bed joints 

(LMJ)– and masonry composites. A selection of the studied material samples is shown in Figure 3.1. 

 

Figure 3.1. Selection of material samples: fired–clay brick, Portland cement mortar, natural hydraulic lime mortar (moulded 

and extracted from masonry bed joints), and masonry composites. The scale bar is 20 cm long. 

3.1.1 Extruded fired–clay brick 

The masonry units selected for this study were commercial fired–clay solid extruded bricks. The extrusion 

process, as well as the drying and subsequent baking (or ‘firing’) were fully automated. According to the 

specifications of the manufacturer, the bricks were baked in a flash oven at 850 °C for 3 hours. Firing 
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temperatures below 1000 ℃ are considered low, and the resultant units are classified as ‘soft’ baked 

bricks (Fernandes et al., 2010). It must be noted that in this type of process, the actual baking 

temperature depends on the position of the units inside the oven, which may result in a certain level of 

variability between bricks of the same batch. An uneven heating of the brick mass is usually perceived 

within single units as well, which becomes apparent in the colour transition between the outer layer and 

the core (Figure 3.2). Clay particles become more sintered at higher baking temperatures, resulting in a 

lower porosity and a more intense red colour of the brick (Brocken, 1998). 

  
(a) (b) 

Figure 3.2. Cross–sections of fired–clay brick units: (a) transversal section through middle plane; (b) longitudinal section 

through middle plane. 

3.1.2 Portland cement mortar 

Portland CEM I – 42.5R, as classified by the standard EN 197–1 (2011), was used as a reference for 

comparison with the lime–based mortar used in this study. The cement mortar was prepared with a 

binder–aggregate ratio 1:5 by volume and water–binder ratio 1:3 by weight. Standard moulds with 

dimensions 160 mm × 40 mm × 40 mm were used to cast the mixture. After casting, the mortar was 

kept in controlled curing conditions, 20 °C and 90 % RH, for 48 hours. Then, the specimens were 

demoulded and immersed in water at 20 °C for more than a year. 

3.1.3 Natural hydraulic lime mortar 

The lime mixes analysed in this study were prepared using a commercial pre–mixed NHL–based mortar, 

NHL 3.5 (REABILITA Cal Consolidação). The mortar was prepared as suggested by the producer by 

blending 1 kg of the dry powder provided by the manufacturer with 0.15 kg of water. Standard moulds 

with dimensions 160 mm × 40 mm × 40 mm were used to cast the mixture. For moulded specimens, 

the freshly cast mortar was kept for 48 hours in controlled curing conditions, 20 °C and 90 % RH. Then, 

the specimens were demoulded and maintained in laboratory conditions, 20 °C and 60 % RH, for more 

than a year. 
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3.1.4 Masonry 

Masonry samples (brick + mortar) were extracted from a wall using a diamond coring wet drilling machine. 

The wall was constructed using the same bricks and NHL–based mortar discussed above. The bricks 

were docked in water before placement to prevent undesired suction of water from the fresh mortar. The 

average thickness of the mortar joints was 12 mm. Right after the wall was built, it was covered with a 

polyethylene sheet for 48 hours to prevent water evaporation. After that, the cover was removed and the 

wall was kept in laboratory conditions, 20 °C and 60 % RH, for more than a year before the cores were 

extracted. Examples of the studied masonry specimens are shown in Figure 3.3. 

  
(a) (b) 

Figure 3.3. Selection of masonry specimens: (a) cylinders for drying tests; (b) cylinders for capillary absorption tests. 

3.2 SPECIMENS 

Fired–clay extruded bricks were used in different formats depending on the corresponding test setup. 

Initially, whole brick units with nominal size 200 mm × 100 mm × 50 mm were tested. Subsequently, 

the external surfaces of the units (5 mm) were ground, and the resulting prisms were cut into smaller 

pieces for further testing (Figure 3.4). 

 

Figure 3.4. Cutting layout of brick units and mortar prisms (average dimensions in mm). 
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As for the mortars, standard moulds with dimensions 160 mm × 40 mm × 40 mm were used to cast 

the different mixes. Initially, whole mortar prisms were used. Then, the prisms were cut into smaller 

pieces for further testing (Figure 3.4). Additionally, lime mortar discs extracted from masonry bed joints 

(Figure 3.5) were analysed to determine differences with respect to the moulded counterpart. 

The multi–layered specimens extracted from the masonry wall consisted of cylinders with different 

stacking arrangements, i.e. different B+LMJ configurations (Figure 3.5). The average diameter of the 

cylinders was Ø = 51.30 mm. 

 

Figure 3.5. Lime mortar discs and multi–layered specimens extracted from masonry wall (schematic representation) (average 

dimensions in mm). 

The number and type of specimens used for the characterization of single materials are summarized in . 

Additionally, the number and configuration of masonry specimens used for the characterization of multi–

layered materials are summarized in Table 3.1. 

 



 

 

Table 3.1. Number of single–material specimens tested. 

Material Specimen Test and test direction 

 
(dimensions  

in mm) 

Vacuum 

saturation 

Immersion at 

atmospheric 

pressure 

IRA 
Sorption 

isotherm 

Capillary absorption 1–D drying test 
Vapour 

permeability 
CTE CHE 

MIP 

X Y Z X Y Z Z X X 

B 200x100x50±2 10 10.(1) 10.(1) –  5.(2)  – – – – – – – 

 40x40x40±1 15.(3) – – – 5.(3) 5.(3) 5.(3) 5.(4) 5.(4) 5.(4) – – – – 

 50x50x20±1 – – – – – – – – – – 5.(3) – – – 

 30x30x10±1 – – – 5.(3) – – – – – – – – – 10.(5) 

 160x40x40±0.5 – – – – – – – – – – – 6 6.(6) – 

CM 160x40x40±0.5 4 4.(1) – –  4.(1)  – – – – 4.(1) 4.(6) – 

 40x40x40±0.5 3.(7) – – – 3.(1) – – 3.(4) – – – – – – 

 30x30x10±1 – – – 3.(7) – – – – – – – – – 2.(5) 

LM 160x40x40±0.5 4 4.(1) – –  4.(1)  – – – – 4.(1) 4.(6) – 

 40x40x40±0.5 3.(7) – – – 3.(1) – – 3.(4) – – – – – – 

 30x30x10±1 – – – 3.(7) – – – – – – – – – 2.(5) 

LMJ ∅51.3, h = 12±1 5 – –  5 – – – – – – – – – 4.(5) 

Note: IRA is the initial rate of absorption; CTE is the coefficient of thermal expansion; CHE is the coefficient of hygric expansion; MIP Is Mercury Intrusion Porosimetry 

.(1) Same specimens used for vacuum saturation 

.(2) 5–brick unit subset chosen from the initial 10 brick units tested for vacuum saturation, immersion at atmospheric pressure and IRA 

.(3) Cut from 5–brick unit subset 

.(4) Same specimens used for water absorption 

.(5) Small pieces cut from specimens used for sorption isotherm 

.(6) Same specimens used for CTE 

.(7) Cut from mortar prism 
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Table 3.2. Number of masonry specimens tested. 

Masonry Specimen Test and test configuration 

 (dimensions  

in mm) 

Capillary absorption 1–D drying test 

+Z −Z Drying from brick Drying from mortar 

M1 Cylinder ∅51.3 

hB = 45±1, hLMJ = 12±1 
8 8 (1) – – 

M2 Cylinder ∅51.3 

hB = 45±1, hLMJ = 12±1 
8 8 (1) – – 

M4 Cylinder ∅51.3 

hB = 48±1, hLMJ = 12±1 
6 – – – 

D1 Cylinder ∅51.3 

hB = 22±2, hLMJ = 12±1 
– – 6 6 

Note: hB is the height of the brick; hLMJ is the height of the mortar joint; Z is the direction perpendicular to the bed joint and bed face of the brick 

 (1) Same specimens tested in the opposite direction 

 

3.3 EXPERIMENTAL METHODS 

Standard experimental procedures were followed in order to determine the material properties needed 

for a comprehensive hygro–thermo–mechanical characterization. The focus of the experimental studies 

was set on physical and moisture–related properties. Additionally, thermo– and hygro–mechanical 

properties were also studied to understand the material behaviour with respect to temperature and 

moisture changes. Finally, mercury intrusion porosimetry (MIP) tests were conducted to define the micro–

structure of the materials. Examples of the experimental setups are shown in Figure 3.6. 

3.3.1 Oven–drying for pre–conditioning of samples 

Most experimental methods applied in the current study required an initial pre–drying of the materials. 

Such initial pre–conditioning was performed by means of oven–drying in accordance with ISO 12570 (EN 

ISO 12570:2000 + A1:2013, 2000). Oven–drying at 105°C was used for fired–clay bricks. Conversely, 

the drying temperature was reduced to 70 °C for mortar and masonry specimens to avoid microstructural 

damage or removal of chemically bound water from the cementitious matrix (Feng et al., 2013). The 

drying process was concluded when the change of mass between two consecutive weight measurements 

with a difference of at least 24 hours was less than 0.1 % of the total mass of the specimen. 
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 3.6. Examples of test setups used to determine material properties: (a) vacuum saturation; (b) immersion at 

atmospheric pressure; (c) capillary absorption; (d) cup test; (e) coefficient of thermal expansion; (f) coefficient of 

hygric expansion. 

3.3.2 Vacuum saturation tests 

Vacuum saturation tests were performed following the recommendations of RILEM TC 25–PEM (1980) 

to determine open porosity, 𝜙𝑜 [–], bulk density, 𝜌𝑏𝑢𝑙𝑘 [kg/m3], and saturation moisture content, 𝑤𝑠𝑎𝑡 

[kg/m3]. The studied samples comprised brick units, mortar prisms, brick and mortar cubes, and bed 

joint mortar discs (Table 3.1). Due to the high variability usually shown by fired–clay bricks, a sample of 

10 randomly chosen units belonging to the same batch was analysed initially. Then, a subset of 5 

statistically comparable specimens was selected for further studies. For mortar specimens, a sample of 

4 prisms for each mortar type and 5 bed joint mortar discs were used. 

Initially, the specimens were oven–dried following the procedure previously explained (see Section 

3.3.1). The samples were left to cool down and then placed in an evacuation vessel where the pressure 

was lowered below 100 mbar to remove the air from the open pores of the material. The vacuum 

pressure was maintained for 4 hours. Subsequently, tap water at 15–20 °C was gradually introduced into 

the vessel until the water level was 1–2 cm above the specimens. Vacuum was maintained during the 
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introduction of water and for the following 4 hours. Subsequently, the system was set back to atmospheric 

pressure and the specimens were left under water for 24 hours. Finally, the immersed mass, 𝑚𝑖𝑚 [kg], 

was determined by weighing under water (hydrostatic weighing). Then, the specimens were wiped with a 

dampened cloth and weighed in air to determine the saturated mass, 𝑚𝑠𝑎𝑡 [kg]. 

The bulk volume, 𝑉𝑏𝑢𝑙𝑘 [m3], was calculated from the masses measured in air and under water: 

𝑉𝑏𝑢𝑙𝑘 =
𝑚𝑠𝑎𝑡 − 𝑚𝑖𝑚

𝜌𝑤
 (3.1) 

where 𝜌𝑤 [kg/m3] is the density of water, assumed 1000 kg/m3 in normal conditions. Consequently, 

the bulk density, 𝜌𝑏𝑢𝑙𝑘 [kg/m3], was calculated as: 

𝜌𝑏𝑢𝑙𝑘 =
𝑚𝑑𝑟𝑦

𝑉𝑏𝑢𝑙𝑘
 (3.2) 

Similarly, the open porosity, 𝜙𝑜 [–], was calculated as: 

𝜙𝑜 =
𝑚𝑠𝑎𝑡 − 𝑚𝑑𝑟𝑦

𝑚𝑠𝑎𝑡 − 𝑚𝑖𝑚
 (3.3) 

Saturation moisture content, 𝑤𝑠𝑎𝑡 [kg/m3], was derived from open porosity as: 

𝑤𝑠𝑎𝑡 = 𝜙𝑜 · 𝜌𝑤 (3.4) 

The total porosity, i.e. open + closed porosity, was not studied since the volume of closed pores does not 

take part in moisture transport. 

3.3.3 Immersion at atmospheric pressure 

Immersion tests were performed according to EN 772–21 (2011). This type of tests is meant to provide 

water absorption, 𝑊𝑠 [%] or 𝑊𝑔,𝑠 [kg/kg], and is exclusively focused on masonry units. In the present 

study, however, immersion tests were performed on mortar prisms as well. For all cases, the main 

guidelines defined by the standard procedure were followed. Initially dried specimens were placed in a 

tank with water at room temperature. After 24 hours immersion at atmospheric pressure, the specimens 

were taken from the tank, the excess of water removed with a damp cloth, and their mass was recorded. 

In the context of the present work, the main purpose of this procedure was to study the possibility of 

identifying a fixed capillary moisture content. Therefore, after the first measurement, the specimens were 

placed back in the tank and the procedure was repeated every 24 hours for several days. 
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3.3.4 Initial rate of absorption 

The initial rate of water absorption, IRA, is a parameter used in masonry as a measure of brick suction. 

It represents the weight of water absorbed in 1 minute by the bed face of the brick when immersed in a 

shallow water basin, 5±1 mm. The IRA may range from below 1 kg/(m2 · min) for low suction rate 

bricks up to 3–4 kg/(m2 · min) for high suction rate bricks (Groot & Larbi, 1999). The procedure for the 

initial rate of absorption test is established in EN 772–11 (2011). The tests were performed inside a 

climatic chamber with controlled temperature and humidity conditions of 20 ℃ and 60 % RH. The water 

used for the tests was conditioned to room temperature beforehand to avoid temperature–dependent 

phenomena associated with the change of viscosity of the water (Feng & Janssen, 2016). IRA was studied 

on the initial 10 brick units tested for vacuum saturation and immersion at atmospheric pressure. 

3.3.5 Static gravimetric tests 

The sorption isotherms (adsorption/desorption) of the materials were obtained through static gravimetric 

tests according to EN ISO 12571 (2013). The sorption isotherms represent the moisture storage capacity 

of a material in the hygroscopic range, namely from dry state, i.e. 0 % RH, to 93–95 % RH. In the over–

hygroscopic or capillary range, i.e. above 93–95 % RH, the sorption isotherms become extremely steep 

and slight variations in relative humidity result in large changes in moisture content. Thus, the higher part 

of the moisture storage curve must be completed by other means, namely pressure plate experiments or 

results derived from mercury porosimetry (Krus, 1996). 

The size of the specimens used for these tests (see Table 3.1) was chosen following the 

recommendations by Feng et al. (2013), who proved that smaller specimens help speed up the process 

without compromising the accuracy. Brick and mortar specimens were cut from the brick units and mortar 

prisms used for the previous tests (Figure 3.4): 1 brick piece from each unit (5 replicates in total) and 3 

mortar pieces from a single prism (3 replicates for each type of mortar). Additionally, lime mortar discs 

extracted from masonry bed joints (5 replicates) were tested as well. 

To define the sorption isotherms, the equilibrium moisture content of the materials was determined 

at different relative humidity levels. It must be noted that the moisture content is usually expressed either 

as mass of adsorbed water per volume of dry material, 𝑤 [kg/m3], or as mass of adsorbed water per 

mass of dry material, 𝑤𝑔 [kg/kg]. The latter format, known as gravimetric moisture content, is used for 

the static gravimetric tests. Nonetheless, both expressions are related through: 

𝑤 = 𝑤𝑔 · 𝜌𝑏𝑢𝑙𝑘 (3.5) 
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Both adsorption and desorption were studied to assess the existence of hysteresis. The adsorption 

process started with initially dry samples and then, consecutive higher RH levels were imposed. A climatic 

chamber was used to provide constant RH levels and isothermal conditions (T = 23±1 °C). For each 

level, the moisture content of the specimens was determined periodically. Equilibrium was considered 

when 3 successive weight measurements at intervals of at least 24 hours showed a relative mass variation 

below 0.1 %. Once the equilibrium was attained, the environmental RH was set to a new level. After the 

last step of the adsorption process (95 % RH), the specimens were saturated by immersion in water at 

atmospheric pressure for 3 hours until capillary moisture content, 𝑤𝑔,𝑐𝑎𝑝 [kg/kg], was reached. 

Subsequently, the desorption process began at 𝑤𝑔,𝑐𝑎𝑝, following a sequence of decreasing RH levels. 

The discrete measurement points determined with this method were then used to fit the moisture storage 

function of the materials by means of analytical expressions. 

3.3.6 Cup tests 

Dry and wet cup tests were performed on brick samples following the specifications of EN 15803 (2009), 

EN ISO 12572 (2016), and ASTM E96/E96M–22 (2022), to determine the water vapour permeability, 

𝛿𝑣 [kg/(m · s · Pa)], or alternatively the water vapour resistance factor, 𝜇 [–]. Both properties are related 

by the following expression: 

𝛿𝑣 =
𝛿𝑎

𝜇
 (3.6) 

where 𝛿𝑎 [kg/(m · s · Pa)] is the water vapour permeability of still air, defined empirically (EN 15803, 

2009): 

𝛿𝑎 =
2.31 · 10−5

𝑅𝑣 · 𝑇

𝑝0

𝑝
(

𝑇

273.15
)

1.81

 (3.7) 

where 𝑝0 = 101325 Pa is the standard atmospheric pressure, 𝑝 [Pa] is the ambient barometric pressure, 

𝑅𝑣 = 461.5 J/(kg · K) is the universal gas constant for water vapour, and 𝑇 [K] is the temperature. 

These tests are based on stationary diffusion analysis in which the studied material acts as a filter 

between two environments with different vapour pressures. The test is defined as dry or wet cup 

depending on whether the relative humidity inside the cup is lower or higher than outside, respectively. 

The gradient of vapour pressure between the internal and external surfaces leads to a vapour flux across 

the specimen. By determining this vapour flux, the vapour permeability of the material can be derived: 
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𝛿𝑣 =
𝑔𝑣 · 𝑡

∆𝑝𝑣
=

(𝐺𝑣/𝐴) · 𝑡

∆𝑝𝑣
 (3.8) 

where 𝑔𝑣 [kg/(s · m2)] is the rate of water vapour flow, 𝐺𝑣 [kg/s] is the average mass change rate, 

𝐴 [m2] and 𝑡 [m] are the exposed area and the thickness of the test specimen, respectively, and ∆𝑝𝑣 [Pa] 

is the vapour pressure difference between the two environments. The vapour pressure is calculated from 

the definition of relative humidity, 𝜑 [–]: 

𝜑 =
𝑝𝑣

𝑝𝑣,𝑠𝑎𝑡(𝑇)
 (3.9) 

where the saturation vapour pressure, 𝑝𝑣,𝑠𝑎𝑡 [Pa], is a non–linear function of temperature, 𝑇 [K], and is 

described empirically by different authors, such as (Monteith & Shatleworth, 2013): 

𝑝𝑣,𝑠𝑎𝑡 = 610.7[Pa] · 10
7.5(

𝑇−273.15
𝑇−35.85

)
 (3.10) 

In the present work, the cups were customized to the shape and dimensions of the specimens (Figure 

3.7), which were cut out from the previously studied units (Figure 3.2). 

  

 
 
 

A: Outer environment 

B: Cup environment 

1: Material sample 

2: Silicone layer 

3: Desiccant / water 

4: Sealing tape 

Figure 3.7. Cups used to determine water vapour permeability in brick samples. 

One specimen per brick was studied, thus a total of 5 tested replicates. A thin layer of neutral silicone 

was applied to the lateral faces of the specimens to guarantee one–dimensional transport. The conditions 

used for the cup tests in this study are summarized in Table 3.3. The tests were performed inside a 

climatic chamber to ensure constant environmental conditions, namely 23 °C and 55 % RH. The 

specimens were pre–conditioned in the same environment until equilibrium was reached. Then, the cups 

were prepared by placing a piece of cotton saturated with distilled water (wet procedure) or silica gel 

desiccant (dry procedure) on the bottom of the container. The specimens were then placed and sealed 

on the opening of the cup with an adhesive aluminium tape to guarantee a vapour–tight system. The time 

was recorded from the moment when the system was sealed, and the evolution of mass was registered 
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periodically. The tests were concluded when a clear linear trend (𝑅2 > 0.99) could be established using 

at least 5 successive points measured at intervals of not less than 24 hours. 

Table 3.3. Environmental conditions for cup tests. 

Method 𝜗𝑒𝑛𝑣 RH𝑒𝑛𝑣 RH𝑐𝑢𝑝 ∆𝑝𝑣 

 [°C] [%] [%] [Pa] 

Dry cup 23 55 3 1460.6 

Wet cup 23 55 98 1207.8 

 

For the processing of results, the masked edge effect was considered negligible. On the contrary, the air 

layer resistance inside the cup was taken into account as indicated by EN ISO 12572 (2016) and 

ASTM E96/E96M−22 (2022). Additionally, the air velocity above the specimens was assumed to be below 

1 m/s. Thus, an exterior surface transfer resistance was considered as well, and the corresponding 

correction was introduced according to ASTM E96/E96M−22 (2022). 

3.3.7 Capillary absorption tests 

Capillary absorption tests were performed according to the specifications of EN ISO 15148 (EN ISO 

15148:2002+A1:2016, 2016) to determine the capillary absorption coefficient, 𝐴𝑤 [kg/(m2 · s0.5)], and 

capillary moisture content, 𝑤𝑐𝑎𝑝 [kg/m3]. The tests were performed on whole brick units, brick cubes, 

mortar prisms, mortar cubes, and masonry cylinders (Table 3.1, Table 3.2). The bricks used for the 

vacuum saturation tests were used here again, i.e. 5 statistically comparable brick units. The same 

specimens were tested in all three directions: (a) header or extrusion direction, labelled X; (b) stretcher 

direction, labelled Y; (c) bed direction, labelled Z. Once the whole units were tested, brick cubes were cut 

out (Figure 3.4) for further water absorption tests. Thus, 3 cubes (1 for each testing direction) were 

extracted from each brick, resulting in 3 groups of 5 replicates for each direction. For the mortars, the 

specimens consisted of the same specimens used for vacuum saturation tests, i.e. 4 moulded prisms for 

each mortar type. The same specimens were studied in all three directions (X, Y, Z). Moreover, mortar 

cubes were cut out from a mortar prism of each type (Figure 3.4). Therefore, 3 mortar cubes were 

analysed as well (testing direction X). Finally, water absorption tests were performed on masonry cylinders 

with different B+LMJ configurations, in the direction perpendicular to the joints. 

Before the tests, the specimens were oven–dried according to the procedure previously introduced. 

After cooling down, the lateral faces of the specimens were wrapped with an adhesive aluminium tape to 

prevent evaporation and guarantee a 1–D moisture flow. Nevertheless, the bottom part of the lateral faces 
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(8–10 mm) was left unwrapped to avoid interfacial water uptake between the brick surface and the film. 

Additionally, the uppermost face was left uncovered to facilitate air evacuation. The specimens prepared 

in this way were then placed into a shallow water basin so that they were submerged 5 mm 

approximately. The level of the water was kept constant throughout the test. Note that the water used 

during the test was conditioned to room temperature beforehand to avoid temperature–dependent 

phenomena associated with the change of viscosity of the water (Feng & Janssen, 2016). The tests were 

performed in a climatic chamber with controlled laboratory conditions, namely 20 °C and 60 % RH. The 

specimens were regularly taken out of the bath, the excess of water was removed with a dampened cloth, 

and the weight was measured. The water absorption coefficient was then determined by the one–tangent 

method: the water mass inflow per unit area was plotted against the square root of time and the slope of 

the initial linear trend (first stage) was defined as 𝐴𝑤. The tests terminated when the inflow reached a 

plateau (second stage). The average value of the last three points in the plateau was defined as the 

capillary moisture content, 𝑤𝑐𝑎𝑝. 

When the same specimens were planned to be studied in different directions, i.e. brick units and 

mortar prisms, after the conclusion of each test, the specimens were unwrapped and oven–dried before 

the subsequent analysis in a different direction. For the specimens that were tested just once, i.e. brick 

and mortar cubes, a neutral silicone was chosen to cover the lateral faces. For these cases, the full height 

of the lateral faces was covered assuming that no water uptake would occur between the interface of the 

two materials, i.e. silicone and substrate. 

For the case of masonry cylinders, a transparent adhesive film was used to wrap the lateral surfaces. 

Different configurations of masonry composites were studied (Figure 3.5). The first set was made up by 

8 cylinders with 2 layers (1 interface), i.e. B+LMJ. The specimens were tested twice, once sucking up 

water from the mortar side and the second time absorbing water from the brick. The second group of 

masonry specimens was composed of 8 cylinders with 3 layers (2 interfaces), namely B+LMJ+B. 

Similarly, these cylinders were tested twice, each time sucking up the water from a different brick. The 

purpose of these tests was to verify the existence of a hydraulic resistance at the interface between the 

two materials. 

3.3.8 Drying tests 

Drying tests were carried out following the recommendations of EN 16322 (2013), i.e. subjecting initially 

capillary saturated specimens to 1–D drying from a single surface. The mass of the specimens was 

measured periodically and the moisture mass loss with time was calculated accordingly. The tests were 
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performed in a climatic chamber with controlled laboratory conditions, namely 23 °C and 55 % RH. 

These tests were used to study the drying kinetics of the selected materials. Furthermore, drying results 

may be used for identification of transport properties, such as liquid permeability, by means of inverse 

modelling (Zhang & Scherer, 2018). 

The tests were performed on a total of 15 brick cubes (5 specimens for each direction, i.e. X, Y, Z) 

and 3 mortar cubes for each mortar type (testing direction X) which were initially saturated by means of 

capillary absorption tests. Once the capillary moisture content was attained, 𝑤𝑐𝑎𝑝, the specimens were 

kept partially immersed in water and the upper face was sealed using neutral silicone (note that the lateral 

faces were already sealed with the same material prior to capillary tests). Once the silicone was dry, the 

specimens were placed in a climatic chamber with controlled environmental conditions, namely 23 °C 

and 55 % RH, to dry from the unsealed surface. The specimens were weighed periodically to establish 

the mass loss until a plateau was reached. 

Drying tests were also performed on masonry cylinders (Figure 3.5). The initial cylinders were made 

up by three layers, namely LMJ+B+LMJ. Subsequently, they were cut in half, so two pieces LMJ+B were 

obtained. The pieces were then prepared following the same procedure described for the single–material 

cubes. From each pair, one was prepared to dry from the mortar face and the other one to dry from the 

brick. A total of 12 specimens were tested, 6 per each case. 

3.3.9 Coefficient of thermal expansion 

In order to determine the coefficient of thermal expansion (CTE) of the studied materials, a set of 

specimens were prepared and placed in a climatic chamber. In particular, prismatic specimens with 

dimensions 160 mm × 40 mm × 40 mm were used. The specimens were placed on roller supports to 

allow free movement. For all the samples, the material deformations were monitored with strain gauges 

in the longitudinal direction. Moreover, half the brick specimens were instrumented with strain gauges in 

the transversal directions to consider possible orthotropic effects. 

Different temperature cycles were defined for the climatic chamber while maintaining a constant 

relative humidity of 55 %. The temperature started at 20 ℃ and was kept for 120 minutes until the 

system stabilized. Then, the temperature was lowered and kept at 10 ℃ for 120 minutes. From then on, 

the temperature was increased by 10 ℃ in a stepwise manner, maintaining each new level constant for 

60 minutes: 20, 30, 40, 50 and 60 ℃. After the last step, the temperature was set back to 20 ℃ and 

the system was dismantled. The conditions recorded inside the chamber are presented in Figure 3.8. 
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Figure 3.8. Conditions imposed for calculation of the coefficient of thermal expansion. 

Strain gauges were used to monitor the deformation of the specimens during the test. In particular, 

TML BF series strain gauges were used. The operational temperature of this series reaches up to 200 ℃ 

and it provides temperature compensation between 10 ℃ and 80 ℃ for materials with coefficients of 

thermal expansion of 3.0E–6 ℃−1, 5.0E–6 ℃−1, or 8.0E–6 ℃−1. These strain gauges were glued on 

the previously polished and cleaned material surfaces using cyanoacrylate. 

Finally, the coefficient of thermal expansion, 𝛼𝑇 [1/℃ or 1/K] was calculated as: 

𝛼𝑇 =
𝜀𝑇𝑖+1

− 𝜀𝑇𝑖

𝑇𝑖+1 − 𝑇𝑖
 (3.11) 

where 𝜀𝑇 [–] is the strain caused by the thermal difference between two consecutive steps, ∆𝑇 [K], and 

𝑇 [K] is the temperature. In the present work, the strains for each temperature interval were calculated 

as the average strain in the range where the deformations stabilized into a plateau. 

3.3.10 Coefficient of hygric expansion 

The coefficient of hygric expansion (CHE) was determined following the specifications of the European 

standard EN 13009 (2000). Basically, the material samples were placed inside a climatic chamber and 

subjected to different moisture conditions in order to induce swelling. For each exposure step, the length 

of the specimens was measured periodically until a plateau was identified. For the current studies, the 

specimens were initially measured for dry state, which was attained in a desiccator with silica gel. Then, 

the specimens were moved to the climatic chamber and subjected to isothermal conditions, 23 ℃, and 

the following relative humidity steps: 55, 80, 90 and 96 %. As a final moisture conditioning, the materials 

were immersed in water at atmospheric pressure. 

The same prismatic specimens, 160 mm × 40 mm × 40 mm, used to calculate the coefficient of 

thermal expansion were used here. The specimens were placed on roller supports to allow free 
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deformation. The specimens were measured in their longitudinal direction using a digital dial gauge in a 

fixed frame (see Figure 3.6f). The coefficient of hygric expansion, 𝛼ℎ [m3/kg] or 𝛼ℎ,𝑔 [kg/kg], was 

determined for each exposure step as: 

𝛼ℎ =
𝜀ℎ𝑖+1

− 𝜀ℎ𝑖

𝑤𝑖+1 − 𝑤𝑖
 (3.12) 

where 𝜀ℎ [–] is the strain caused by the moisture content difference between two consecutive steps, ∆𝑤 

[kg/m3], and 𝑤 [kg/m3] is the moisture content (which may be expressed as gravimetric moisture 

content, 𝑤𝑔 [kg/kg], as well). Finally, an analytical expression for the coefficient of hygric expansion, i.e. 

𝛼ℎ(𝑤), was derived from the slope of the curve relating hygric strains and moisture content: 

𝛼ℎ(𝑤) =
𝑑𝜀ℎ

𝑑𝑤
 (3.13) 

3.3.11  Mercury intrusion porosimetry 

The pore size distribution of the materials was determined by mercury intrusion porosimetry (MIP) 

according to ASTM D4404–18 (2018). The procedure is derived from fluid behaviour in an unsaturated 

medium assuming that a fluid intrusion, in this case mercury, is dependent on pressure. Hence, mercury 

is forced into the pores of the material following incremental pressure steps, and the relation between 

intruded mercury content and applied pressure is recorded.  

Assuming a cylindrical pore model (Krus, 1996), the Young–Laplace equation defines the pressure 

at which a pore fills (or empties) according to its pore opening size: 

𝑝𝑐 =
2𝜎

𝑟
· 𝑐𝑜𝑠 (𝜃) (3.14) 

where 𝜎 [N/m] is the surface tension, 𝑟 [m] is the pore radius, and 𝜃 is the contact angle. Therefore, 

knowing the pressure applied at each level and with the appropriate values of surface tension and contact 

angle for mercury, it is possible to obtain the effective capillary size and consequently the pore size 

distribution (Figure 3.9). It is noted that MIP can provide relevant information about the microstructural 

characteristic of the materials within the macro–pore and meso–pore ranges, namely 2–50 nm and 

>50 nm, respectively, according to the pore size ranges defined by IUPAC (International Union of Pure 

and Applied Chemistry) (IUPAC, 1972). However, for the lower meso–pore and micro–pore ranges, 

different methods must be used, e.g. physisorption. 
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Figure 3.9. Relation between pore size, capillary pressure, and relative humidity according to Young–Laplace and Kelvin 

equations, together with the classification of pores according to IUPAC and the measuring range of the experimental 

methods. Adapted from Brocken (1998). 

For the current study, the tests were performed using a mercury porosimeter equipment (Micromeritics 

AutoPore IV 9500 V1.07) with a range of applied pressure between 32990 psia (227.46 MPa) and 

0.53 psia (3.65 kPa), corresponding to minimum and maximum pore sizes of 0.005 μm and 345 μm, 

respectively. The contact angle for the intruding mercury meniscus was defined as 130° (Ma, 2014). In 

addition, mercury surface tension and mercury density were assumed 0.485 N/m and 13.5335 g/ml, 

respectively. 

The specimens for MIP were taken from the samples previously used for the determination of 

sorption isotherms. From each material specimen, 2 pieces were cut for MIP testing and the obtained 

results were averaged. The resulting pieces had a mass ranging from 0.90 g to 1.95 g. Before the test, 

the specimens were stored in a glass desiccator with silica gel until dry state was attained. 

Finally, with the appropriate transformations for the values of surface tension and contact angle, MIP 

results can be transformed into the (desorption) moisture retention curve. In this regard, the surface 

tension and contact angle for liquid water were defined as 0.072 N/m and 0°, respectively. 
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CHAPTER 4 

Experimental results 

The current chapter presents the results of the material characterization and experimental testing 

procedures introduced in the previous chapter. The chapter is divided into two main subsections. The 

first section is dedicated to the experimental results obtained for single constituent materials. In turn, the 

second part is devoted to the hygric tests performed on multi–layered masonry specimens. Relevant 

discussions of the experimental procedures and the obtained results are given in the corresponding 

section. The results presented herein will be used as input and validation data for the moisture transport 

simulations as explained in the following chapter. 

Part of the information presented in this chapter has been published in Ramirez et al. (2021). 

4.1 RESULTS ON SINGLE CONSTITUENT MATERIALS 

The results obtained from experimental tests in mono–material specimens are presented herein. The 

experimental campaign comprised vacuum saturation, immersion at atmospheric pressure, gravimetric 

tests to determine the moisture storage curves, cup tests, initial rate of absorption, capillary absorption, 

drying tests, tests to determine the coefficients of thermal expansion and hygric expansion, and mercury 

intrusion porosimetry. 

4.1.1 Vacuum saturation tests results 

The properties derived from vacuum saturation tests are collected in Table 4.1. In the table, CoV indicates 

the coefficient of variation. 

Vacuum saturation tests performed on whole bricks and on brick cubes extracted from those initial 

units produced the same results in terms of bulk density and open porosity. Similarly, no difference was 

observed between mortar prisms and mortar cubes cut out of them. Therefore, the use of smaller 

specimens is justified and is recommended to speed up the process and guarantee the saturation of the 

innermost spaces. 

As it was expected, the properties of the lime mortar obtained from masonry bed joints differed from 

those obtained from moulded specimens even though the mixes were prepared with the same 

composition and in the same controlled environment. Overall, LMJ showed higher bulk density and lower 

open porosity, and consequently lower saturation moisture content. 
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Table 4.1. Results from vacuum saturation tests (CoV between parentheses). 

Material 𝜌𝑏𝑢𝑙𝑘 𝜙𝑜 𝑤𝑠𝑎𝑡 

 [kg/m3] [–] [kg/m3] 

Brick 

(B) 

1900 

(2.69) 

0.280 

(6.76) 

280 

(6.76) 

Cement mortar 

(CM) 

2000 

(0.15) 

0.210 

(1.05) 

210 

(1.05) 

Lime mortar 

(LM) 

1990 

(0.81) 

0.255 

(2.53) 

255 

(2.53) 

Lime mortar joints 

(LMJ) 

2060 

(1.32) 

0.230 

(6.93) 

230 

(6.93) 

 

4.1.2 Immersion at atmospheric pressure 

The results of the immersion tests at atmospheric pressure are presented in Figure 4.1. The graphs show 

the evolution of gravimetric moisture content, 𝑤𝑔 [kg/kg], with immersion time for brick units (Figure 

4.1a) and mortar prisms (Figure 4.1b). As defined in EN 772–21 (2011), 𝑊𝑔,𝑠 [kg/kg] is determined for 

clay bricks after 24 hours of immersion at atmospheric pressure. Thus, the average value for the studied 

units 𝑊𝑔,𝑠 = 0.128 kg/kg. However, it must be noted that the bricks continued absorbing water with 

prolonged immersion time. This phenomenon is expected due to air entrapment in the pore structure 

during the imbibition process (Descamps, 1997). Thus, the saturation level of bricks at 24 hours was 

around 97.3 % the level of saturation attained after 72 hours of immersion. Conversely, the mortar 

specimens had reached ca. 99 % the final saturation already after the prescribed period of 24 hours. 

The bigger volume of masonry units is thought to be the reason for the slower saturation process observed 

in the brick material. In other words, air entrapment is more evident in bigger specimens. 

4.1.3 Initial rate of absorption 

The average initial rate of absorption (IRA) obtained for brick units was 0.30 kg/(m2 · min), with a 

coefficient of variation CoV = 15.42 %. According to the classification by Groot & Larbi (1999), this value 

indicates that the studied fired–clay bricks belong to the low suction rate category, i.e. IRA < 1 kg/(m2 ·

min). The high CoV reveals a certain scatter within the tested sample, which can be related to the 

presence of defects or irregularities in the outermost layer of the brick units. Moreover, the short duration 

of IRA tests might exacerbate any difference that could otherwise stabilize with prolonged contact with 

water. 
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(a) (b) 

Figure 4.1. Results of the immersion test at atmospheric pressure: (a) brick units; (b) cement mortar (CM) and lime mortar 

(LM) specimens. 

4.1.4 Moisture isotherm 

The data collected from static gravimetric tests are shown in Figure 4.2. The results showed clear 

similarities between brick and lime mortar, whereas cement mortar and lime mortar from joints followed 

a different trend. On one hand, B and LM hardly showed moisture adsorption until high RH values, 

revealing a low hygroscopic response. Moreover, no significant differences were found between adsorption 

and desorption. Conversely, hysteresis was observed in CM and LMJ. CM showed considerable moisture 

adsorption for lower RH levels, confirming a markedly hygroscopic nature. Likewise, LMJ showed 

moisture adsorption for lower RH levels, and therefore a more hygroscopic response than its moulded 

counterpart. 

The experimental measurements were fitted with analytical expressions found in the literature. In 

particular, the model proposed by Künzel (1995) was used to describe the sorption behaviour of B and 

LM. For CM and LMJ, the model established by Mualem (Mualem, 1976) was adopted. The expression 

proposed by Künzel can be written as: 

𝑤(𝜑) = 𝑤𝑐𝑎𝑝 ·
(𝜓 − 1) · 𝜑

𝜓 − 𝜑
 (4.1) 

where 𝑤(𝜑) [kg/m3] is the moisture content as a function of relative humidity, 𝜑 [–], 𝑤𝑐𝑎𝑝 [kg/m3] is 

the capillary moisture content, and 𝜓 [–] is a fitting parameter. Künzel’s model stems from a simplified 

form of the BET equation (Brunauer et al., 1938) and is applicable to sorption curves with a marked 

exponential trend, i.e. non–hygroscopic, capillary–active materials. 
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(a) (b) 

  
(c) (d) 

Figure 4.2. Static gravimetric tests results and fitting curves for the sorption isotherms of the studied materials at 23 °C: 

(a) brick (B), and (b) lime mortar (LM), fitted with Künzel’s model (Künzel, 1995); (c) cement mortar (CM), and 

(d) lime mortar from masonry joints (LMJ), fitted with Mualem’s model (Mualem, 1976). 

On the other hand, the model proposed by Mualem is extensible to hygroscopic materials. This model is 

a constrained form of the more generalized equation proposed by van Genuchten (1980): 

𝑤(𝑝𝑐) = 𝑤𝑐𝑎𝑝 · [1 + (𝑎 · 𝑝𝑐)𝑛]−𝑚 (4.2) 

where 𝑤(𝑝𝑐) [kg/m3] is the moisture content as a function of capillary pressure, 𝑝𝑐 [Pa], and 𝑎 [1/Pa], 

𝑛 [–] and 𝑚 [–] are fitting parameters. It is noted that capillary pressure and relative humidity can be 

related through the Kelvin equation, such as: 

𝑝𝑐 = 𝜌𝑤 · 𝑅𝑣 · 𝑇 · 𝑙𝑛 𝜑 (4.3) 

where 𝜌𝑤 [kg/m3] is the density of water, 𝑅𝑣 [J/(kg · K)] is the universal gas constant for water vapour, 

and 𝑇 [K] is the absolute temperature. 
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Considering van Genuchten’s expression, Mualem fixed 𝑚 = 1 − 1/𝑛 (Mualem, 1976): 

𝑤(𝑝𝑐) = 𝑤𝑐𝑎𝑝 · [1 + (𝑎 · 𝑝𝑐)1/(1−𝑚)]
−𝑚

 (4.4) 

The curves obtained from these analytical expressions are plotted in Figure 4.2 together with the 

experimental points. The corresponding fitting parameters for the different cases are presented in Table 

4.2 together with relevant criteria to evaluate the accuracy of the model. In this case, the accuracy was 

determined by the adjusted coefficient of determination (𝑅𝑎𝑑𝑗
2 ) and the normalised root mean square 

error (%NRMSE) between predicted and measured points. The adjusted 𝑅2 takes into account the effect 

of the number of fitting parameters and is given as: 

𝑅𝑎𝑑𝑗
2 =

(𝑁 − 1)𝑅2 − (𝑀 − 1)

𝑁 − 𝑀
 (4.5) 

where 𝑁 is the number of measured data and 𝑀 is the number of fitting parameters. 

The %NRMSE is expressed as a percentage and is defined as follows: 

%NRMSE =
1

∑ 𝑥𝑒𝑥𝑝,𝑖/𝑁𝑁
𝑖=1

√
1

𝑁
∑ (𝑥𝑒𝑥𝑝,𝑖 − 𝑥𝑝𝑟𝑒,𝑖)

2𝑁

𝑖=1
 (4.6) 

where 𝑥exp and 𝑥pre are the measured values from the experiments and the predicted values from the 

fitted curves, respectively. A lower value of %NRMSE indicates a better match. 

Table 4.2. Fitting parameters and accuracy of the modelled sorption isotherms. 

Material Künzel (Eq. (4.1)) Mualem (Eq. (4.4)) 𝑅𝑎𝑑𝑗
2  %NRMSE 

B 𝜓𝑎𝑑𝑠 = 1.0055 – 0.999 2.30% 

 𝜓𝑑𝑒𝑠 = 1.0070 – 0.999 2.49% 

LM 𝜓𝑎𝑑𝑠 = 1.0052 – 0.999 5.30% 

 𝜓𝑑𝑒𝑠 = 1.0066 – 0.999 4.49% 

CM – 𝑎𝑎𝑑𝑠  = 1.43E–6 [1/Pa] 

𝑚𝑎𝑑𝑠 = 0.285 

0.989 8.26% 

 – 𝑎𝑑𝑒𝑠  = 2.51E–6 [1/Pa] 

𝑚𝑑𝑒𝑠 = 0.213 

0.982 8.10% 

LMJ – 𝑎𝑑𝑒𝑠  = 3.80E–6 [1/Pa] 

𝑚𝑑𝑒𝑠 = 0.352 

0.990 11.63% 

 – 𝑎𝑑𝑒𝑠  = 1.19E–5 [1/Pa] 

𝑚𝑑𝑒𝑠 = 0.235 

0.999 2.42% 

 

  



Hygro–thermo–mechanical analysis of masonry: Experimental characterization and numerical simulations 

 

58 

4.1.5 Vapour permeability 

The results from dry cup and wet cup tests performed on brick specimens gave 𝜇𝑑𝑟𝑦 = 34.14 

(CoV = 12.64 %) and 𝜇𝑤𝑒𝑡 = 13.50 (CoV = 17.85 %), respectively. Vapour permeability was only 

tested in the bed direction (Z) since the cutting of the original units after removal of the outermost layer 

(5 mm) did not allow to obtain the specimens for the other directions (Figure 3.4). It must be noted that 

the results obtained from cup measurements showed the highest scatter among the tests performed in 

this study. A low reliability for this type of test has been indicated before, see e.g. Roels et al. (2004), 

Feng et al. (2015), Hens (2016), Feng et al. (2020). 

The water vapour resistance factor, 𝜇, indicates how many times lower the vapour diffusion in the 

material is in comparison with vapour diffusion in still air. By definition, 𝜇 = 1 for stagnant air. Expressing 

the water vapour permeability through the vapour resistance factor by means of Eq. (3.6) has the 

advantage of assigning the temperature and pressure dependencies of water vapour diffusion to the 

empirical term 𝛿𝑎  (𝑇, 𝑝), so that the vapour resistance factor is independent of these variables and 

becomes a constant characteristic for each material. Nonetheless, as the values for our brick specimens 

show, vapour diffusion tests performed at different relative humidity levels, e.g. dry and wet cups, usually 

result in different permeability values for the same material (Kumaran, 1996; Roels, Carmeliet, et al., 

2003). Consequently, vapour diffusion (expressed through either vapour permeability or vapour 

resistance factor) must be a function of moisture content. There have been considerable efforts in the 

literature to explain this phenomenon, e.g. Künzel (1995), Krus (1996), Scheffler (2008), but a univocal 

standpoint has not been reached. Most authors agree on the overall influence of the pore–saturation level 

since the presence of water islets in the pore system modifies the effective space available for vapour 

diffusion (Scheffler, 2008). However, the debate appears when defining the effect of moisture 

condensation in the pores for high moisture contents and subsequent reduction of the space accessible 

to vapour transport. Künzel (1995) argued that vapour diffusion might be either obstructed or (this is the 

most common assumption) enhanced through the water islets depending on the local conditions of 

temperature and moisture content inside the material. On the other hand, Krus (1996) introduced the 

phenomenon of surface diffusion, i.e. advective water transport along the adsorbed liquid film on pore 

walls, to explain the differences observed experimentally between dry and wet cup tests. Surface diffusion 

becomes noticeable at high humidity levels, but in practice, it cannot be distinguished from vapour 

transport and therefore it is lumped together with diffusion, which could cause the observed differences 

in apparent vapour permeability. The additional liquid transport superimposed on diffusion would be likely 

to increase the observed vapour permeability, therefore providing a lower resistance value for wet cup 
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measurements. Indeed, this is in agreement with the observations made for the brick specimens in our 

study. 

4.1.6 Capillary absorption 

Water uptake tests for material characterization were performed on whole units, brick cubes and mortar 

prisms along different directions. The results are summarized in Table 4.3. 

Table 4.3. Results from water absorption tests (CoV between parentheses). 

Material 𝐴𝑤,𝑋 𝐴𝑤,𝑌 𝐴𝑤,𝑍 𝐴𝑤 .(1) (2) 𝑤𝑐𝑎𝑝.(3) 

 [kg/(m2 · s0.5)] [kg/(m2 · s0.5)] [kg/(m2 · s0.5)] [kg/(m2 · s0.5)] [kg/m2] 

B units 0.118 

(8.43) 

0.090 

(5.51) 

0.068 

(7.36) 

– 250 

(2.35) 

B cubes 0.104 

(6.31) 

0.089 

(7.78) 

0.061 

(5.86) 

– 240 

(1.07) 

LM 0.237 

(1.62) 

0.234 

(1.59) 

0.233 

(1.46) 

0.235 

(1.57) 

225 

(2.05) 

CM 0.059 

(3.96) 

0.059 

(5.32) 

0.060 

(7.77) 

0.059 

(6.49) 

180 

(2.45) 

.(1) Isotropic 

.(2) Sample of 4 moulded prisms 

.(3) Average of all tests 

 

The capillary moisture content, 𝑤𝑐𝑎𝑝 [kg/m3], was determined as the average moisture content at the 

end of the water absorption tests. It should be noted that the capillary moisture content is always lower 

than the saturation moisture content defined from open porosity, i.e. 𝑤𝑐𝑎𝑝 < 𝑤𝑠𝑎𝑡, due to air entrapment 

in the pore structure during imbibition (Descamps, 1997). For prolonged imbibition or immersion times, 

𝑤𝑐𝑎𝑝 will approach 𝑤𝑠𝑎𝑡 as the air trapped in the pores dissolves into the water (Scheffler, 2008). This 

phenomenon was already pointed out in the specimens subjected to immersion at atmospheric pressure 

(see Section 4.1.2), which exhibited a slow, progressive saturation process. Thus, it can be concluded 

that 𝑤𝑐𝑎𝑝 is more a fuzzy limit than a fixed value. For the studied materials, the comparison between 

saturation and capillary moisture contents gave 𝑤𝑐𝑎𝑝 ≈ 80 % – 90 % 𝑤𝑠𝑎𝑡, which is an indication of the 

quantity of pores that can be classified as capillaries with respect to the overall open porosity. 

The results obtained for whole bricks are shown in Figure 4.3 for the three studied directions: 

(a) header or extrusion direction, labelled X; (b) stretcher direction, labelled Y; (c) bed direction, labelled 

Z. Note that each set of tests ended up in a different plateau since the exposed surface was not the same 
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for each case; nonetheless, the moisture content at the end of all tests was equivalent. The rate of 

absorption per unit area was fastest in the extrusion direction (X) and slowest in the bed direction (Z). 

Considering the bed direction as a reference (it is usually the most reported one), we obtain 

𝐴𝑤,𝐵−𝑋 ≅ 170 % 𝐴𝑤,𝐵−𝑍 and 𝐴𝑤,𝐵−𝑌 ≅ 130 % 𝐴𝑤,𝐵−𝑍. This entails that the absorption behaviour of a 

brick wall might be considerably underestimated if the properties of the bed face are generalized to other 

directions, e.g. lateral wetting from wind–driven rain. Note that the different cases analysed here made 

use of the same specimens and the geometrical parameters do not influence the absorption process 

(water inflow is normalised by area and heights are too small to produce any significant pressure head). 

Thus, the different behaviour in the three directions can only be explained by an anisotropic pore system 

or by the existence of imperfections, such as hollows, fissures or cracks within the brick mass. 

  
Figure 4.3. Capillary absorption results for brick units in the three studied directions. 

The results of the water uptake tests in brick cubes are shown in Figure 4.4 for the three studied 

directions. The same overall trends observed in full–size bricks hold for the case of brick cubes: the 

capillary absorption rate was faster in the extrusion direction (X), followed by the stretcher direction (Y), 

and finally, bed direction (Z) was the slowest one. Using the bed direction as a reference, we obtain 

𝐴𝑤,𝑏−𝑋 ≅ 170 % 𝐴𝑤,𝑏−𝑍 and 𝐴𝑤,𝑌 ≅ 150 % 𝐴𝑤,𝑏−𝑍. In this occasion, the exposed area and height were 

equal for all specimens, so any geometrical influence was discarded. Consequently, the results point at 

an anisotropic structure of the material, the presence of internal imperfections, or a combination of both. 

By careful examination of the specimens, the main cause for the anisotropic behaviour was 

associated to the existence of rifts or canals within the bulk mass of the brick. The reader is referred to 

Figure 3.2 where these imperfections are clearly visible, with a more noticeable presence in the 

longitudinal direction. Therefore, the forming process of the bricks (in this case extrusion) is deemed to 

be the reason behind the anisotropic behaviour for water absorption. Furthermore, the impact of internal 

canals on the water uptake process may be observed in brick cubes B2X and B2Y (individuated in Figure 
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4.4). For these two cases, signs of absorbed water were spotted on the upper part of the specimens very 

early on in the process, starting from a particular location and spreading from there to the rest of the 

surface. This could be linked to the presence of a discontinuity across the specimen (bottom–to–top) 

from where the water was sucked up faster. In fact, the absorption curves for B2X and B2Y show a distinct 

non–linear trend with a faster absorption rate in comparison with the rest of the cases. Such behaviour 

can be explained by the so–called ‘free–water’ transport through canals (pores with diameter greater 

than 100 μm), which is faster than water suction through capillaries (Roels et al., 2003; Carmeliet et al., 

2004; Groot & Gunneweg, 2010). 

  
Figure 4.4. Capillary absorption results for brick cubes in the three studied directions. 

Overall, the results obtained from full–size bricks and brick cubes are comparable, as expected. However, 

the capillary moisture content and the water absorption coefficients (all 3 directions) are slightly higher 

for the whole bricks. As no size effect is expected in the capillary test results (Feng & Janssen, 2018), 

these differences can be attributed to variations in the microstructure of the superficial layer of the bricks 

(which was removed in the cubes) compared to the core mass (Feng et al., 2020). The existence of an 

external layer may be associated with the different temperatures reached during firing and consequently, 

different degrees of sintering of the clay and density/porosity values. Moreover, local defects associated 

to the manufacturing process, as mentioned before, can be another reason for the observed difference 

in the capillary absorption coefficients obtained from brick units and brick cubes. Note that the brick 

cubes that showed evidence of canals were discarded for the calculation of average values although their 

curves are shown in the figures. 

The results of the water absorption tests for CM and LM are shown in Figure 4.5. In contrast to the 

bricks, the results did not show significant deviations for different directions, confirming the isotropic 

behaviour of these materials. The two mortars showed a clearly distinct behaviour: the absorption process 

in LM was the fastest, even faster than the bricks, whereas CM showed a very slow water uptake rate. 
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Taking as a reference the water absorption coefficient for the bed direction of whole bricks, we obtain 

𝐴𝑤,𝐿𝑀 ≅ 335 % 𝐴𝑤,𝐵−𝑍 and 𝐴𝑤,𝐶𝑀 ≅ 85 % 𝐴𝑤,𝐵−𝑍. Provided that these properties were directly 

applicable to multi–layered masonry walls, the expected absorption performance would vary considerably 

depending on the brick–mortar configuration. For combinations B+LM, the fastest path would be the 

mortar joint, whereas the joints in B+CM cases would act as a retardant barrier. 

  
Figure 4.5. Capillary absorption results for cement mortar (CM) and lime mortar (LM) prisms. 

Due to the small thickness of the specimens, the absorption tests on LMJ did not render reliable results 

in terms of water absorption coefficient. However, a clear plateau was reached at the end of the tests, 

from where capillary moisture content was calculated, 𝑤𝑐𝑎𝑝,𝐿𝑀−𝑗𝑜𝑖𝑛𝑡 = 185 kg/m3 (CoV = 6.47 %). 

This value agrees with the relation 𝑤𝑐𝑎𝑝 ≈ 80 % – 90 % 𝑤𝑠𝑎𝑡, observed for the other materials. 

Comparison of water absorption rates between different materials has to be done with caution. It 

must be borne in mind that the water absorption coefficient is a phenomenological parameter and does 

not describe any real physical property. After all, different pore systems may result in the same water 

absorption coefficient, e.g. a small number of coarse pores may produce the same water absorption rate 

as a greater number of small pores (Groot, 1997). 

4.1.7 Drying 

The mass loss curves obtained from drying tests in brick cubes are shown in Figure 4.6 for the three 

studied directions. The results are expressed in terms of gravimetric moisture content. Considering the 

rate of mass loss, three main stages may be distinguished in the global drying process of porous 

materials. During the initial phase or Stage I, there is a high concentration of moisture at the surface of 

the material and the drying rate is controlled by environmental conditions, such as wind speed, air 

temperature, air humidity, etc. (Hall & Hoff, 2009). At this stage, the drying rate is constant, which is 

evidenced by a linear mass loss. In this phase, moisture transport within the material is faster than the 
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mass transfer to the atmosphere at the surface. Stage II begins when the moisture supply to the surface 

can no longer balance the evaporation rate. In other words, the amount of water moved to the surface by 

capillary transport is less than the liquid being evaporated. Accordingly, the drying rate drops, and the 

drying process becomes dependent on the moisture transport properties of the material. The last phase 

or Stage III is characterized by a residual, slow drying rate, close to steady–state condition. The beginning 

of this phase is not clear–cut and is usually established as a virtual limit (Selih et al., 1996). At this stage, 

the liquid water movement is limited to the thinnest pores that remain saturated or partially saturated in 

equilibrium with the environment and the main mechanism of moisture transport is vapour diffusion 

(Azenha, 2009). 

  
(a)  (b) 

Figure 4.6. Drying test results for brick cubes in the three studied directions: (a) moisture mass loss as a function of time; 

(b) moisture content as a function of time. 

The drying curves of brick cubes (Figure 4.6) evidence the first and second stages while the third phase 

is not present. The first stage is identical for all the directions whereas slight differences appear in the 

second one. Since the second phase is dependent on the transport properties of the bricks, the differences 

between the samples can be attributed to the anisotropic behaviour previously shown. Indeed, drying 

trends are consistent with the capillary water absorption results: faster drying is observed in the extrusion 

direction (X), followed closely by the specimens oriented in the stretcher direction (Y), and finally bed 

direction (Z) specimens reached equilibrium more slowly. 

The mass loss curves obtained from drying tests in mortar cubes are shown in Figure 4.7 for the 

two types of mortar studied. Mortar specimens were tested only in one direction (longitudinal with respect 

to the original moulded prism, X) since the isotropic hygric behaviour was confirmed by the previous 

analyses. It is noticeable that the drying of CM is much slower than B or LM. Moreover, the steady–state 

condition reached at the end of the test reveals the hygroscopic nature of CM, i.e. the material still 
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withholds a certain amount of water when equilibrium at 55 % RH is reached through desorption from 

capillary saturation. This is in agreement with the observed moisture storage behaviour (see Figure 4.2c). 

  
(a)  (b) 

Figure 4.7. Drying test results (X-direction) for cement mortar (CM) and lime mortar (LM) cubes: (a) moisture mass loss as a 

function of time; (b) moisture content as a function of time. 

The drying process is highly dependent on the boundary conditions. Higher temperature or lower air 

humidity would result in enhanced mass transfer and therefore higher drying rates (steeper mass loss). 

The fact that the first drying phase is not dependent on the material is demonstrated in Figure 4.6 and 

Figure 4.7, where the initial slope of the mass loss curves is the same for all the studied cases. 

Considering equivalent environmental conditions, the duration of the first drying stage depends on the 
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first phase that finishes at ca. 70 % 𝑤𝑐𝑎𝑝. The development of the second drying stage is also indicative 

of the liquid water permeability of the material. Thus, a shorter second phase is registered for strongly 

capillary–active materials, e.g. B and LM. Conversely, a long, gradual second stage is generally observed 

in materials with a more pronounced hygroscopic behaviour, such as CM. 

Given the relation between the drying rate during Stage I and the environmental conditions, the mass 

loss during the initial phase may be used to determine the convective moisture flux by inverse calculation. 

Thus, the convective mass transfer coefficient can be calculated from the first drying phase assuming 
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ℎ𝑚 =
𝑔𝑣

𝑝𝑣(𝑇𝑠𝑢𝑟𝑓 , 𝜑𝑠𝑢𝑟𝑓) − 𝑝𝑣(𝑇𝑒𝑛𝑣 , 𝜑𝑒𝑛𝑣)
 (4.7) 

where 𝑔𝑣 [kg/(m2 · s)] is the vapour mass flow density, and 𝑝𝑣 [Pa] is the vapour pressure calculated 

from Eqs. (3.9) and (3.10) considering the temperature and relative humidity conditions at the material 

surface and in the surrounding environment, i.e. 𝑇𝑠𝑢𝑟𝑓, 𝜑𝑠𝑢𝑟𝑓, and 𝑇𝑒𝑛𝑣, 𝜑𝑒𝑛𝑣, respectively. The relative 

humidity at the material surface can be assumed 100 % (capillary saturation) during the first drying 

phase. Moreover, the surface temperature may be assumed as the wet bulb temperature corresponding 

to the conditions of drying air in the environment. 

4.1.8 Coefficient of thermal expansion 

The results of the tests to determine the coefficient of thermal expansion (CTE) of the studied materials 

are presented in Table 4.4. With regard to the thermal effects, the behaviour of extruded bricks seems to 

have a less pronounced orthotropic nature since the obtained CTE values are similar for the longitudinal 

(extrusion) and transversal directions, namely 𝛼𝑇,𝐵−𝑋 = 2.36E–6 ℃−1, 𝛼𝑇,𝐵− 𝑌 = 2.57E–6 ℃−1, and 

𝛼𝑇,𝐵− 𝑍 = 2.80E–6 ℃−1. It is noted that the extrusion direction reveals the lowest thermally induced 

deformations. Nonetheless, considering the rather small deviation between the different directions, an 

isotropic average value is proposed, i.e. 𝛼𝑇,𝐵 = 2.56E–6 ℃−1. The CTE of LM, 𝛼𝑇,𝐿𝑀 = 3.04E–6 ℃−1, 

is around 20 % higher than the average value established for B. The different thermal response of these 

two materials is associated to the development of thermally induced stresses in brick–lime mortar 

composites. Finally, the CTE value obtained for CM, 𝛼𝑇,𝐶𝑀 = 7.38E–6 ℃−1, is the highest among the 

three studied materials, nearly three times higher than the average CTE of brick. The bigger gap between 

these two values indicates a lower thermal compatibility between bricks and cement mortar. 

Table 4.4. Coefficient of thermal expansion of the studied materials. 

Material 𝛼𝑇,𝑋 𝛼𝑇,𝑌 𝛼𝑇,𝑍 𝛼𝑇,𝐼𝑆𝑂.(1) 

 [1/℃] [1/℃] [1/℃] [1/℃] 

B 2.32E–6 2.57E–6 2.80E–6 2.56E–6 

LM – – – 3.04E–6 

CM – – – 7.38E–6 

.(1) Isotropic value for brick specimens calculated as the average of all directions 
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4.1.9 Coefficient of hygric expansion 

The results for the coefficient of hygric expansion (CHE) of the studied materials are presented in Figure 

4.8, together with the fitted curves representing the CHE as a function of moisture content. It is noted 

that the CHE changes considerably for lower moisture contents, whereas the variation is small for higher 

moisture contents. The CHE obtained for B (Figure 4.8a) is much higher than the ones calculated for LM 

and CM (Figure 4.8b), which are in the same range and similar to one another. All the studied cases are 

well described by a power type (allometric) function with respect to the gravimetric moisture content. 

  
(a) (b) 

Figure 4.8. Coefficient of hygric expansion and fitting curves for the studied materials: (a) brick (B); (b) lime mortar (LM) and 

cement mortar (CM). 

In the literature, the CHE can appear as a linear relation, such as 𝜀ℎ = 𝛽(𝑤 − 𝑤0). In this context, the 

CHE is commonly known as coefficient of hygroscopic swelling (CHS). The linear assumption is generally 

valid to describe the material behaviour in a certain portion of the hygroscopic range. However, the same 

simplification may prove faulty for higher moisture contents and therefore its application is not 

recommended for cases dealing with the whole moisture range. For reference, the CHS values obtained 

for the different materials analysed in this study are presented hereunder, expressed in strain per 1 % 

moisture mass gain: 𝛽𝐵 = 0.0520, 𝛽𝐿𝑀 = 0.0098, and 𝛽𝐶𝑀 = 0.0048. These values were calculated as 

the slope of the linear regression curve relating the hygric strains and moisture contents calculated for 

55, 80 and 90 % RH. 

4.1.10  Mercury intrusion porosimetry 

The mercury intrusion porosimetry (MIP) results for the studied materials are shown in Figure 4.9, Figure 

4.10 and Figure 4.11, in terms of cumulative porosity and percentage of porous volume occupied by 
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function of pore size, respectively. The criteria defined by IUPAC is followed here to classify the pore size, 

namely macro–pores (> 0.050 μm), meso–pores (0.002–0.050 μm), and macro–pores (< 0.002 μm) 

(IUPAC, 1972). It is noted that MIP does not provide information about the lower meso–pore and micro–

pore ranges. 

As pointed out in the literature, e.g. Roels (2000), the results of the mercury intrusion porosimetry 

must be interpreted with caution. Since MIP is an invasion percolation method, it does not measure a 

true distribution of pore sizes but an ‘apparent’ pore volume distribution dependent on the connectivity 

of the microstructure. In other words, if large pores are only accessible by narrow throats (ink–bottle 

effect), they will not become filled with mercury at the expected pressure according to the Young–Laplace 

equation (see Eq. (3.14)). Instead, mercury will only reach these isolated large pores once the intrusion 

pressure has attained a value high enough to fill the finer pores (throats or passages). This may lead to 

an underestimation of the volume of large pores and an overestimation of the fine pore volume. 

  
(a) (b) 

  
(c) (d) 

Figure 4.9.  MIP analysis – Cumulative porosity and percentage of porous volume occupied by each pore size: (a) brick (B); 

(b) lime mortar (LM); (c) cement mortar (CM); (d) lime mortar from masonry joints (LMJ). 
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The percentage of porous volume is presented in Figure 4.9 for the different studied materials with the 

following distribution: (a) B: 80.54 % of the porous volume occupied by macro–pores, 16.63 % of the 

porous volume occupied by meso–pores; (b) LM: 85.03 % macro–pores, 12.03 % meso–pores; (c) CM: 

64.25 % macro–pores, 31.87 % meso–pores; (d) LMJ: 76.67 % macro–pores, 18.27 % meso–pores. 

The remaining porous volume identified by MIP is occupied by canals or pores with diameter greater than 

100 μm. 

Although the greatest portion of the porous system is dominated by the macro–pore volume, there 

is a larger number of meso–pores, as shown in Figure 4.10. The percentage of number of pores according 

to pore size is distributed as follows: (a) B: 99.39 % of pores between 0.004 μm and 0.050 μm and 

0.61 % of pores between 0.050 μm and 100 μm; (b) LM: 99.56 % meso–pores, 0.44 % macro–pores; 

(c) CM: 99.79 % meso–pores, 0.21 % macro–pores; (d) LMJ: 99.62 % meso–pores, 0.38 % macro–

pores. 

  
(a) (b) 

  
(c) (d) 

Figure 4.10. MIP analysis – Percentage of pores according to size: (a) brick (B); (b) lime mortar (LM); (c) cement mortar (CM); 

(d) lime mortar from masonry joints (LMJ). 
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(a) (b) 

  
(c) (d) 

Figure 4.11. MIP analysis – Differential intrusion or – d𝑉/d(log𝑑), with 𝑉 the intruded volume and 𝑑 the pore diameter, as a 

function of pore size: (a) brick (B); (b) lime mortar (LM); (c) cement mortar (CM); (d) lime mortar from masonry 

joints (LMJ). Note that the vertical axis scale is not constant. 

Considering the results from MIP data, the following remarks are presented as a summary of the main 

findings regarding the microstructure of the studied materials: 

a) The results for B present a broad porous distribution with most pores (75 %) between 0.02 μm 

and 2.00 μm diameter. Two intruded volume peaks (bi–modal distribution) are noticeable at 

ca. 0.10 μm and 1.00 μm, respectively (Figure 4.11a). Moreover, there is a considerable 

presence of large pores. Similar results may be found in the literature for ceramic brick, but 

they often present a more mono–modal distribution with a peak for pores around 0.80 μm to 

2.00 μm in diameter (Carmeliet & Roels, 2001, 2002; Nunes et al., 2017). 

b) LM shows a much smaller range of pore sizes, with a maximum intruded volume at ca. 0.80 μm 

(Figure 4.11b). Pores larger than 1.30 μm constitute less than 10 % of the total pore volume. 
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The rest of the pore system is made up by finer pores between 0.01 μm and 0.20 μm. These 

results are consistent with other research works, e.g. Lanas et al. (2004), Maravelaki-Kalaitzaki 

et al. (2005). 

c) The results for CM show a broad, quite uniform distribution of pores between 0.01 μm and 

1.00 μm (Figure 4.11c). The presence of pores greater than 2 μm is of little significance and 

accounts for less than 10 % of the total pore volume. Other results in the literature support the 

greater presence of finer pores, with further peaks of intruded volume between 1–10 nm 

(Depraetere et al., 1999; Derluyn et al., 2011). These works also indicate a more marked bi–

modal distribution and less presence of pores above 0.20 μm diameter. 

d) Finally, LMJ presents a more complex pore distribution with two main peaks, with a maximum 

intruded volume around 0.40 μm accounting for ca. 50 % of the pore volume, and a secondary 

system between 0.05–0.08 μm (Figure 4.11d). Moreover, there is a significant presence of 

pores bigger than 1.0 μm and up to 300 μm, which constitute around 20 % of the total pore 

volume. Furthermore, the distribution of these larger macro–pores is rather scattered. 

The different curing conditions of LM and LMJ entailed significant changes in the pore structures of the 

two mortars. Taking LM as the reference, LMJ presents a shift of the main peak towards smaller pore 

diameters together with a decrease of the intruded volume associated with this peak. Likewise, there is a 

shift of the secondary system towards slightly smaller diameters, but the range of finer pores shows an 

increase of pore intruded volume. Finally, the presence of larger pores (> 1.00 μm diameter) is more 

significant in LMJ. 

The pore size distribution of the studied materials can be associated to certain hygric properties 

discussed in previous sections. For instance, the larger presence of finer pores in CM (31.87 % of the 

porous volume is occupied by meso–pores) is directly related to its markedly hygroscopic behaviour. 

Similarly, LMJ revealed a slight hygroscopic behaviour and it shows a significant volume of finer pores as 

well (18.27 % meso–pores). On the other hand, hysteresis in the moisture storage curves, which was 

observed in CM and to some extent LMJ, may be linked to a particularly heterogeneous distribution of 

pore sizes as well as the greater presence of finer pores. In this regard, the obtained results also provide 

a good approximation of the observe trends. Nonetheless, it is recalled that MIP alone does not cover the 

whole microstructure range, so these remarks should be further complemented with detailed information 

about the fine meso– and micro–pore range. 

MIP results can be transformed into points on the (desorption) moisture retention curve with the 

appropriate transformations for the values of surface tension, 𝜎, and contact angle, 𝜃 (see Eq. (3.14)). 



Experimental results 

 

71 

In particular, for liquid water 𝜎 = 0.072 N/m and 𝜃 = 0°. The corresponding results are shown in Figure 

4.12 together with the points obtained with static gravimetric tests and the desorption isotherms fitted 

using analytical models found in the literature (see Section 4.1.4). The results are consistent with moisture 

retention curves starting from vacuum saturation, 𝑤𝑠𝑎𝑡, which is in agreement with other studies in the 

literature, e.g. Roels (2000), Qiu (2003). Consequently, the moisture retention curves lay above the 

corresponding desorption isotherms defined gravimetrically from capillary moisture content, 𝑤𝑐𝑎𝑝, 

especially for lower values of suction pressure (high relative humidity). 

  
(a) (b) 

  
(c) (d) 

Figure 4.12.  Experimental points from MIP and static gravimetric tests, and (de)sorption isotherms of the studied materials: 

(a) brick (B), and (b) lime mortar (LM), fitted with Künzel’s model (Künzel, 1995); (c) cement mortar (CM), and 

(d) lime mortar from masonry joints (LMJ), fitted with Mualem’s model (Mualem, 1976). 

Finally, the open porosity values obtained from MIP are presented in Table 4.5 together with the results 

from the evacuation method or vacuum saturation tests (see Section 4.1.1). Despite some discrepancies, 

mercury porosimetry tests provide results within acceptable ranges. 
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Table 4.5. Open porosity, 𝜙𝑜 [–], obtained from MIP and vacuum saturation tests. 

Method Material 

 B CM LM LMJ 

Vacuum saturation test 0.280 0.210 0.255 0.230 

Mercury Intrusion Porosimetry 0.321 0.181 0.228 0.225 

Error [%] 14.64 –13.81 –10.59 –2.17 

 

4.2 RESULTS ON MASONRY COMPOSITES 

The results obtained from hygric tests in multi–layered specimens are presented and discussed in this 

section. Two main group of experiments were performed on masonry specimens, namely capillary 

absorption and drying tests. 

4.2.1 Capillary absorption tests 

The results of the capillary absorption tests for two–layer (1 interface) masonry composites, are shown 

in Figure 4.13 for the two studied directions, namely LMJ–to–B, labelled M1–M (Figure 4.13a), and B–

to–LMJ, labelled M1–B (Figure 4.13b). The cross–sectional area of all the cylinders is the same so direct 

comparison of the water uptake mass is possible. Note that the tests for the configuration M1–M were 

concluded before the brick reached capillary saturation. 

  
(a) (b) 

Figure 4.13.  Water absorption results for masonry specimens M1 (B+LMJ): (a) LMJ–to–B configuration, M1–M; (b) B–to–

LMJ configuration, M1–B. Grey curves represent test results, and the black curve is the average. The location of 

the interface is estimated from the average volume of each material layer. 

By comparison of the two cases in Figure 4.13, it is evidenced that the uptake rate is influenced by the 

presence of the interface. In Figure 4.13a, the slope of the moisture inflow per square root of time falls 
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after a point. This point is identified as the interface and matches the expected capillary saturation for 

LMJ calculated as the average 𝑤𝑐𝑎𝑝,𝐿𝑀𝐽 · 𝑉𝑏𝑢𝑙𝑘,𝐿𝑀𝐽 ≅ 4.60 g. Above the interface, the uptake mass 

curves are less steep than expected from the absorption rate of B alone. Similarly, the location of the 

interface in Figure 4.13b is estimated from the capillary saturation of the brick layer calculated as the 

average 𝑤𝑐𝑎𝑝,𝐵 · 𝑉𝑏𝑢𝑙𝑘,𝐵 ≅ 23.50 g. However, the influence of the interface for the M1–B cases is less 

evident. This may be explained by several reasons, namely the smaller thickness of the mortar layer, 

which causes any difference to dissipate faster; and the higher suction capacity of the mortar, which 

counteracts the apparent retardant effect of the interface. Moreover, the further the distance of the 

interface with respect to the water source, the lower the interfacial effect (Vereecken et al., 2020). 

Dissimilar properties have been already discussed between LM and LMJ (Table 4.1). These 

differences were also evidenced in the water uptake tests for composite cylinders. Considering the first 

portion of the uptake curves in Figure 4.13a, the average water absorption coefficient for LMJ is 

𝐴𝑤,𝐿𝑀𝐽 = 0.076 kg/(m2 · s0.5) (CoV = 7.39 %), which is about three times smaller than the coefficient 

obtained for LM (Table 4.3). In turn, the average water absorption of the brick counterparts (initial slope 

of the curves in Figure 4.13b), 𝐴𝑤,𝐵 = 0.073 kg/(m2 · s0.5) (CoV = 11.25 %), was slightly higher than 

the value obtained for brick units in the same direction (bed or Z), though still in the same range (Table 

4.3). Thus, the water absorption coefficient of LMJ turned out to be similar to that of the adjacent B. 

From the results for M1–M (Figure 4.13a), it is possible to distinguish a global trend with upper 

(M1–M5) and lower (M1–M3, M1–M4) boundaries. To a greater or lesser extent, all cases revealed an 

absorption rate reduction associated with the presence of the interface. In general, two main factors may 

explain the absorption rate drop: (a) the nature and quality of the interface, namely the presence of cracks, 

voids, or discontinuities; and (b) the hydraulic affinity of the materials in contact, which has to do with the 

pore structure of each material. For instance, assuming cylindrical pores, the Young–Laplace equation 

(recalled here for clarity) defines the pressure at which a pore fills (or empties) according to its pore 

opening size: 

𝑝𝑐 =
2𝜎

𝑟
· 𝑐𝑜𝑠(𝜃) (4.8) 

where 𝜎 [N/m] is the surface tension, 𝑟 [m] is the pore radius, and 𝜃 is the contact angle. According to 

Eq. (4.8), a material with finer pores will exert higher capillary pressure and thus withhold water when in 

contact with a material with bigger pores. Furthermore, even if the material can withdraw the water from 

the previous layer, its absorption rate will be limited by the behaviour of the source material. This 

phenomenon was defined by Wilson et al. (1995b) as ‘starvation’ of the second medium. In other words, 
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the effective absorption rate will be determined by the slowest layer ‘up–the–stream’. In this sense, the 

water uptake process in multi–layered materials may be understood as a unidirectional series circuit with 

specific conductive (permeability) properties for each layer and a certain hydraulic resistance associated 

to the interfaces between them (Brocken, 1998). 

The results of the capillary absorption tests for the three–layer masonry composites, labelled M2 

(2 interfaces), are shown in Figure 4.14 for the two studied configurations, namely B(a)–LMJ–B(b), and 

the opposite, B(b)–LMJ–B(a). Direct comparison of the water uptake mass is possible since the cross–

sectional area of all the cylinders is the same. The location of the interfaces in the figure is estimated 

from the capillary saturation levels calculated from the capillary moisture content and average volume of 

each material layer. 

  
Figure 4.14.  Water absorption results for masonry specimens M2 (B+LMJ+B). Grey curves represent test results and black 

curves are the corresponding average. The location of the interfaces is estimated from the average volume of 

each material layer. 

The curves in Figure 4.14 reveal that the variability of the material response increases with the increasing 

number of elements involved. This is expected considering the more complex configuration of the 

specimens. Two main factors, namely variability of the brick layers and quality of the interfaces, give rise 

to the differences observed between the different specimens and the same specimens in the opposite 

direction. The purpose of studying the same specimens in both directions is twofold. On one hand, the 

absorption properties of each brick layer may be assessed individually from the first portion of the water 

uptake curves. This helps identifying unavoidable variability from the bricks that could otherwise obscure 

the results. Secondly, a two–way analysis provides information about the directional nature of the 

interface. Indeed, if the interface is linked to a change in pore structure, it may become apparent when 

the flow goes from one material to the other but not the opposite. By testing the same components in the 

two directions, we were able to confirm the existence of such phenomenon. 
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As it was observed for the masonry specimens M1–M (Figure 4.13b), cases with slight, medium and 

high interfacial impact were detected as well for the three–layer composites (Figure 4.14). Most 

specimens showed hardly any absorption rate reduction between the first brick and the mortar joint. Only 

two cases, namely M2–4(a–to–b) and M2–5(b–to–a) (individuated in Figure 4.14), presented a 

considerable absorption rate drop at the first interface, most probably associated to local defects. 

Conversely, a more noticeable deviation was generally observed between the mortar joint and the 

uppermost brick. This confirms the directional behaviour of the interface and points at a microstructure 

change between B and LMJ. The pore quality difference between both materials is therefore assumed to 

be the main factor affecting the suction capacity of the following layer. In this case, the porous medium 

with finer pores tends to withhold water due to the higher capillary suction and thus the liquid transfer to 

a material with bigger pores is impeded. 

Considering the average behaviour of all the cases (black curves in Figure 4.14), the response of 

masonry specimens M2 showed no significant hydraulic resistance at the first interface (water moving 

from B to LMJ), whereas the second interface (water moving from LMJ to B) involved a certain flow 

reduction. Furthermore, the match between the averages of the two tested configurations proves that the 

behaviour of the composite was independent of the analysed direction. 

The results of the capillary absorption tests for five–layer masonry composites, labelled M4 (4 

interfaces), are shown in Figure 4.15. As in the previous cases, the cross–sectional area of all the 

cylinders is the same, which allows the direct comparison of the water uptake mass. Moreover, the 

location of the interfaces in the figure is estimated from the capillary saturation levels calculated from the 

capillary moisture content and average volume of each material layer. 

 
Figure 4.15.  Water absorption results for masonry specimens M4 (B+LMJ+B+LMJ+B). Grey curves represent test results and 

black curves are the corresponding average. The location of the interfaces is estimated from the average volume 

of each material layer. 
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The trends observed in Figure 4.15 are consistent with the results obtained for M2 specimens previously 

analysed. In particular, the results for M4 confirm that the variability of the material response increases 

with increasing complexity of the configuration, as expected. Moreover, the differences between 

specimens of the same type can be directly related to the variability of the brick layers and the quality of 

the interfaces. In general, the five–layer composites showed slight absorption rate reduction when the 

moisture flow went through the brick–to–mortar interfaces, whereas a more noticeable deviation was 

observed in the mortar–to–brick interfaces. Thus, the directional behaviour of the interface associated to 

the microstructure change between B and LMJ is confirmed. 

4.2.2 Drying tests 

The drying tests performed on two–layer (1 interface) masonry composites are analysed in the following 

section. Figure 4.16 collects the results obtained for the two tested configurations, namely cylinders drying 

from the LMJ surface, labelled D1–M, and cylinders drying from the brick layer, labelled D1–B. The 

results are plotted as gravimetric moisture content with respect to the dry mass of the whole specimen 

(B+LMJ). For each case, the location of the interface is estimated from the capillary saturation level 

calculated from the capillary moisture content and average volume of the exposed layer. 

    
(a) (b) 

Figure 4.16.  Drying test results for masonry specimens D1 (B+LMJ): (a) moisture mass loss as a function of time; (b) moisture 

content as a function of time. Grey curves represent test results and black curves are the corresponding average. 

The location of the interfaces is estimated from the average volume of the exposed material layer. 

The curves in Figure 4.16 show two distinct drying trends depending on the configuration of the 

composite. The specimens drying from the brick layer experienced a long initial phase (Stage I with linear 

mass loss) and a quite fast second stage. The same trend was observed for the drying tests of B and LM 

cubes (Figure 4.6, Figure 4.7). This response means that the stacked materials have the capacity to 

effectively transport the liquid water towards the surface where evaporation takes place. Conversely, the 
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cylinders drying from LMJ showed a shorter initial drying phase and a prolonged, gradual second stage. 

This trend contrasts with the drying behaviour of B and LM and is more related to the behaviour of CM 

(Figure 4.6, Figure 4.7). Therefore, the LMJ on top rapidly exhausts its liquid transport capacity and then 

the drying behaviour slows down considerably, shifting to vapour diffusion as the main transport 

mechanism for drying. This behaviour may be explained by the presence of smaller pores in LMJ, since 

finer pores withhold water due to their higher capillary pressure. Additionally, the presence of smaller 

pores is supported by the residual moisture content at the end of the experiments, which indicates the 

existence of a hygroscopic component, which was already anticipated by the sorption isotherms for LMJ 

(Figure 4.2d). 

When comparing both cases, it is evident that the LMJ layer on top limits the drying rate of B below, 

which would be naturally faster as witnessed in the D1–B configuration. Considering the sharp front 

approximation to be extensible to drying processes, a receding drying front may be assumed (Pel et al., 

1996). Taking into account this receding moisture front, the existence of an interfacial resistance was 

expected to appear as a discontinuity in the mass loss curve, as it was observed for the water absorption 

cases in multi–layered compounds. Nonetheless, the mass loss figures reveal no clear influence of the 

interface. In general, the curves are smooth, and no significant change is perceived beyond the transition 

from Stage I to Stage II. The effect of the mortar–brick interface in the drying process was also studied 

by Brocken (1998) for brick–cement masonry specimens. Similarly, the author could not qualify the 

nature of the interface as having perfect or imperfect hydraulic contact. 

Without further certainties about the role of the interface, we may assume a perfect hydraulic contact. 

In this scenario, two causes for the observed trends may be mentioned. On one hand, it seems conclusive 

that B has higher liquid transport capacity as well as higher vapour permeability. This would explain the 

longer Stage I and a considerably rapid Stage II for the configuration D1–B. Conversely, considering the 

D1–M cases, the liquid transport capacity of LMJ wears out quicker and a likely lower vapour permeability 

further limits the drying process of the brick layer behind. The low liquid permeability of LMJ observed in 

these drying tests contrasts with the absorption capacity of the same material observed in the previous 

water uptake experiments. The disparity between absorption and drying confirms the hysteretic behaviour 

observed in moisture storage for LMJ (Figure 4.2d). 

4.3 CHAPTER CONCLUSIONS 

An extensive experimental campaign was conducted to determine the physical and hygric properties of 

brick masonry, as well as some relevant thermo–mechanical and hygro–mechanical parameters. First, 
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the constituent materials were assessed individually. Subsequently, masonry was studied as a multi–

layered composite material. The experimental program included vacuum saturation, immersion at 

atmospheric pressure, gravimetric tests to determine the moisture storage curves, cup tests, initial rate 

of absorption, capillary absorption, drying tests, tests to determine the coefficients of thermal expansion 

and hygric expansion, and mercury intrusion porosimetry. The obtained properties make up a consistent 

dataset which might be used as input for numerical models as well as for validation of simulation results. 

Regarding the testing methods to determine the hygric behaviour of porous building materials, it is 

shown that the results from the different experimental procedures are consistent and present acceptable 

variation. Nevertheless, vapour permeability measurements present poorer reliability, which has been 

documented by other authors as well, e.g. Roels et al. (2004), Feng et al. (2015), Hens (2016), Feng et 

al. (2020). 

With respect to the hygric performance of single materials, extruded fired–clay bricks show a distinct 

anisotropic behaviour, more noticeable for faster processes such as water absorption. This behaviour is 

explained by the existence of imperfections within the mass of the bricks derived from the extrusion 

process. On the other hand, there are notable differences between the hygric response of the two studied 

moulded mortars. This is most evident when comparing the moisture storage curves. LM shows low 

hygroscopicity and strong capillary–active behaviour with negligible hysteresis. Conversely, CM shows 

hygric activity in both the hygroscopic and capillary ranges with a marked hysteresis. Thus, the behaviour 

of LM is much closer to that of the studied fired–clay brick. 

The properties of the NHL–mortar prepared in moulds differ from the same mixture cured in masonry 

bed joints. The discrepancies are associated with the different water–binder ratio resulting from water 

extraction by the bricks upon placement. The vacuum saturation tests on LMJ reveal lower open porosity 

and therefore lower saturation moisture content. The moisture storage curves obtained for LMJ show a 

more hygroscopic behaviour than its moulded counterpart, with non–negligible hysteresis. Water 

absorption tests performed on masonry cylinders M1–M show slower water uptake than expected from 

LM, thus a lower water absorption coefficient is assumed for LMJ. Furthermore, drying tests on masonry 

specimens drying from LMJ reveal mass loss curves with a short initial drying stage, which is indicative 

of an enhanced water retention capacity and the presence of fine pores. Finally, the dissimilar trends 

observed for water uptake and drying processes confirm the hysteresis in moisture storage for LMJ. 

Considering the observed behaviour of multi–layered masonry specimens, the existence of an 

imperfect hydraulic contact at the brick–mortar interface is demonstrated for water absorption. The 

imperfect contact may be assumed as a hydraulic resistance and its effect varies from a slight reduction 
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to considerable retardation of the water flow. The interfacial effect is mostly detected when the water 

movement goes from LMJ to B. Thus, discontinuity in the pore structure of the materials (finer pores in 

LMJ) is assumed as the main reason for the interfacial effect, which may become more pronounced due 

to the presence of local imperfections. On the other hand, the interfacial effect on drying kinetics is not 

evident. Further studies on the drying behaviour of multi–layered masonry materials are necessary. In 

particular, more severe environmental conditions are suggested since the laboratory hygrothermal 

conditions induce reduced moisture flow, which may not be sufficient to trigger interfacial phenomena 

(Azevedo, 2019). 

Due to the existence of an imperfect interfacial contact, the hygric properties obtained individually 

from testing the constituent materials separately cannot be directly extrapolated to multi–layered masonry 

cases. Two main phenomena must be taken into consideration in order to avoid erroneous estimations, 

namely: (a) for water absorption cases, there is a hydraulic interfacial resistance derived from the 

dissimilar pore structure between the materials in contact; (b) for water absorption and drying cases, the 

impact of curing conditions on the properties of mortars cast in masonry joints must be considered. 

The results from mercury intrusion porosimetry (MIP) allow for a comparison of the microstructure 

properties of the studied materials. The percentage of porous volume occupied by macro–pores is the 

highest in LM, followed by B, LMJ and finally CM, which has a significant volume of finer pores. The larger 

presence of finer pores can be related to the hygroscopic character of the materials, especially CM and 

to some extent LMJ as well. Moreover, the different curing conditions of LM and LMJ seem to have 

entailed significant changes in the pore structures of the two mortars. LMJ presents a shift towards 

smaller pore diameters and a less accentuated distribution with a lower intruded volume peak. Likewise, 

there is a shift of the secondary system towards slightly smaller diameters and the range of finer pores 

shows an increase of pore intruded volume. In addition, the presence of larger pores is more significant 

in LMJ. Finally, MIP data can be used to describe the (desorption) moisture retention curves of the 

materials starting from vacuum saturation. The obtained results complement the sorption isotherm data 

and provide information about the higher end of the moisture storage range. 
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CHAPTER 5 

Numerical simulations I: 

Moisture transport 

The present chapter focuses on numerical simulations and discussion of moisture transport phenomena 

in brick masonry. Initially, water absorption and drying processes are studied at the scale of the 

constituent materials. Then, the analyses are extended to multi–layered cases to evaluate the impact of 

brick–to–mortar interfaces. In this context, the material parameters and experimental results presented 

in the previous chapter are used as a basis for input and validation of the simulation results. The chapter 

is organized into different sections as follows. First, a moisture transport model is introduced and 

described in detail. Then, a series of numerical simulations are presented, and the model parameters are 

calibrated in order to fit the experimental results. Subsequently, a modelling strategy is implemented to 

capture the hysteresis observed between adsorption and desorption (wetting/drying) processes. Finally, 

the proposed model is extended to different modelling approaches commonly used for mechanical studies 

of masonry. 

Part of the contents presented in this chapter has been published in Ramirez et al. (2023). 

5.1 MOISTURE TRANSPORT MODEL 

This first section presents the multiphase model adopted for moisture transport simulations. Masonry is 

described as a porous medium made up of a matrix of interconnected pores inside a solid skeleton. This 

solid phase is assumed to be continuous, homogenous, inert (no chemical reactions), isotropic and non–

deformable. On the other hand, pores are assumed cylindrical, with a homogenous, isotropic distribution 

inside the material. The void space defined by the pores is filled in different proportions with a liquid and 

a gaseous phase. The liquid phase is pure and incompressible, whereas the air phase is an ideal mixture 

of dry air and water vapour 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. Based on this, the 

contributions of liquid water and water vapour may be combined to define a global moisture content. 

Nonetheless, the contribution of water vapour to the total moisture content is negligible. Knudsen flow is 

not considered, and it is assumed that the capillary forces are dominant so that the effect of gravity is 

neglected. 
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5.1.1 Governing equations 

The chosen moisture transport model belongs to the so–called diffusivity approaches, which are based 

on Fick’s laws of diffusion: 

𝜉
𝜕𝜑

𝜕𝑡
= ∇ · (𝜉𝐷𝑤 ∇𝜑) + ∇ · (𝛿𝑣  ∇(𝜑 𝑝𝑣,𝑠𝑎𝑡)) (5.1) 

where ξ = 𝜕𝑤/𝜕𝜑 [kg/m3] is the moisture storage capacity, 𝑤 [kg/m3] is the moisture content, 𝜑 [–] 

is the relative humidity, 𝑡 [s] is the time, 𝐷𝑤 [m2/s] is the liquid water diffusivity, 𝛿𝑣 [kg/(m · s · Pa)] is 

the water vapour permeability, 𝑝𝑣,𝑠𝑎𝑡 [Pa] is the saturation vapour pressure. In turn, the water vapour 

permeability is defined as: 

𝛿𝑣 =
𝛿𝑎

𝜇
 (5.2) 

where δa [kg/m3] is the water vapour permeability of still air, and 𝜇 [–] is the vapour diffusion resistance 

factor of the porous material. 

In Eq. (2.1), the first term on the right–hand side represents liquid water transport, whereas the 

second term stands for water vapour diffusion. It must be noted that the moisture content is usually 

expressed either as mass of adsorbed water per volume of dry material, 𝑤 [kg/m3], as mass of adsorbed 

water per mass of dry material, 𝑤𝑔 [kg/kg], known as gravimetric moisture content, or as volume of 

adsorbed water per volume of dry material, 𝑤𝑉 [m3/m3], known as volumetric moisture content. The 

three expressions are related through: 

𝑤 = 𝑤𝑔 · 𝜌𝑏𝑢𝑙𝑘 = 𝑤𝑉 · 𝜌𝑤 (5.3) 

where 𝜌𝑏𝑢𝑙𝑘 [kg/m3] is the bulk density of the porous material, and 𝜌𝑤 [kg/m3] is the density of liquid 

water. 

For the sake of simplicity, isothermal conditions are assumed, thus cancelling additional thermal 

influences that could affect temperature–dependent parameters, such as relative humidity, water vapour 

permeability, etc. 

Different analytical formulations may be found in the literature to account for the liquid water 

diffusivity. For the present study, a modified version of the exponential expression proposed by Künzel 

(1995) is used: 

𝐷𝑤 = 𝛾 · (
𝐴𝑤

𝑤𝑐𝑎𝑝
)

2

· 10
3·(

𝑤
𝑤𝑐𝑎𝑝

 −1)
 (5.4) 
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where 𝛾 [–] is a diffusivity factor depending on the material and transport process (wetting/drying), 𝐴𝑤 

[kg/(m2 · s0.5)] is the capillary absorption coefficient, and 𝑤𝑐𝑎𝑝 [kg/m3] is the capillary moisture 

content. The original formulation by Künzel uses a fixed value 𝛾 = 3.80. In this work, 𝛾 is left as an 

adjustable parameter in order to accommodate a variety of material transport processes. The main 

advantage of the chosen expression comes from the fact that it is defined by means of reasonably simple 

measurable properties, namely the capillary absorption coefficient, and it has only one adjustable 

parameter, which nonetheless guarantees a great deal of flexibility. 

5.1.2 Interface modelling 

The simulation of moisture transport in multi–layered materials such as masonry requires specific 

considerations due to the combination of media with different hygric properties and the presence of 

interfacial zones between consecutive layers (Brocken, 1998; Derluyn et al., 2011; Janssen et al., 2012; 

X. Zhou et al., 2020). In the context of the present studies, the interfacial zone between bricks and mortar 

is treated macroscopically, thus a phenomenological interface with zero thickness is assumed. 

Considering the combination of dissimilar materials, due to the discontinuity between their moisture 

storage properties, a formulation based on a continuous potential, such as capillary pressure, vapour 

pressure, or (as the case here) relative humidity is necessary. Then, the type of interface contact must 

be considered. If the transition from one layer to the other has no impact on moisture transport, the 

interface is assumed to have perfect hydraulic contact. However, in most multi–layered materials, some 

retardation of the moisture flux across the interface is observed, which reveals the existence of an 

imperfect hydraulic contact. This phenomenon can be attributed to the discontinuity between the pore 

structures of the materials (natural contact), the existence of an air gap between the adjacent layers, or 

a combination of both cases (Brocken, 1998). 

In order to account for these phenomena, Brocken (1998) proposed the introduction of a parameter 

to describe the interface permeability, 𝐾𝐼𝐹 [s/m], or alternatively an interface resistance, 𝑅𝐼𝐹 [m/s]. It is 

noted that the interface (either perfect or imperfect contact) has zero thickness and no hygroscopic 

capacity. If a constant interface resistance is assumed, the water flow across the interface, 𝑔𝐼𝐹 [kg/(m2 ·

s)], can be described by: 

𝑔𝐼𝐹 = 𝐾𝐼𝐹

𝜕𝑝𝑐

𝜕𝑥
=

1

1/𝐾𝐼𝐹

𝜕𝑝𝑐

𝜕𝑥
=

∆𝑝𝑐

1
𝐾𝐼𝐹

· ∆𝑥
=

∆𝑝𝑐

𝑅𝐼𝐹
 

(5.5) 

where 𝑝𝑐 [Pa] is the capillary pressure. Therefore, the imperfect hydraulic contact translates into a drop 

in capillary pressure across the interface. Since the presented model uses relative humidity as driving 
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potential, a change of variable becomes necessary. It is recalled that Kelvin equation can be used to link 

relative humidity with capillary pressure, such as: 

𝑝𝑐 = 𝜌𝑤 · 𝑅𝑣 · 𝑇 · 𝑙𝑛 𝜑 (5.6) 

where 𝜌𝑤 [kg/m3] is the density of water, 𝑅𝑣 [J/(kg · K)] is the universal gas constant for water vapour, 

and 𝑇 [K] is the absolute temperature. Assuming the applicability of Kelvin’s equation, the water flow 

across the interface can be redefined with respect to the relative humidity: 

𝑔𝐼𝐹 = 𝐾𝐼𝐹

𝜕𝑝𝑐

𝜕𝜑

𝜕𝜑

𝜕𝑥
= 𝐾𝐼𝐹

𝜌𝑤 · 𝑅𝑣 · 𝑇

𝜑

𝜕𝜑

𝜕𝑥
=

𝜌𝑤 · 𝑅𝑣 · 𝑇

𝜑

∆𝜑

1
𝐾𝐼𝐹

· ∆𝑥
=

𝜌𝑤 · 𝑅𝑣 · 𝑇

𝜑

∆𝜑

𝑅𝐼𝐹
 

(5.7) 

5.1.3 Initial and boundary conditions 

The model is completed by introducing the initial conditions and the boundary conditions (BC). In 

particular, the boundary conditions can be of Dirichlet (also called first) or Neumann (second) type. The 

Dirichlet BC indicates: 

𝜑 = 𝜑̅ (5.8) 

where 𝜑̅ [–] is the prescribed relative humidity at the boundary. Conversely, the Neumann BC is defined 

as a flux derived from a vapour pressure difference: 

𝑔 = ℎ𝑚(𝑝𝑣 − 𝑝𝑣,𝑒𝑥𝑡) (5.9) 

where 𝑔 [kg/(m2 · s)] is the convective moisture flux, ℎ𝑚 [s/m] is the convective mass transfer 

coefficient, and 𝑝𝑣,𝑒𝑥𝑡 [Pa] and 𝑝𝑣 [Pa] are the partial vapour pressures defined for the environment and 

at the model boundary, respectively. Partial vapour pressure and relative humidity are related by: 

𝜑 =
𝑝𝑣

𝑝𝑣,𝑠𝑎𝑡(𝑇)
 (5.10) 

where the saturation vapour pressure, 𝑝𝑣,𝑠𝑎𝑡 [Pa], may be described empirically as a non–linear function 

of temperature, 𝑇 [K], as defined in Chapter 3: 

𝑝𝑣,𝑠𝑎𝑡 = 610.7[Pa] · 10
7.5·(

𝑇−273.15
𝑇−35.85

)
 (5.11) 
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5.2 NUMERICAL SIMULATIONS AND MODEL VALIDATION 

The moisture transport model described in Section 5.1 is applied in the following to simulate the hygric 

behaviour of single materials (brick and mortar) and multi–layered (masonry) specimens. The material 

properties presented in Chapter 4 are used as numerical input parameters. For the sake of clarity, a 

summary of the material properties of interest is given in Table 2.2. Similarly, the moisture storage curves 

used for each material are presented in Figure 4.2. 

Table 5.1. Summary of material properties used for moisture transport simulations. 

Material Property Symbol Value Units Source 

B Bulk density 𝜌𝑏𝑢𝑙𝑘  1900 kg/m3  Experimental 

 Open porosity 𝜙𝑜  0.280 – Experimental 

 Capillary moisture content 𝑤𝑐𝑎𝑝  240 kg/m3  Experimental 

 Fitting parameter for sorption isotherm 𝜓  1.0070 – Experimental 

 Water absorption coefficient (X–direction) 𝐴𝑤,𝑋  0.104 kg/(m2 · s0.5)  Experimental 

 Water absorption coefficient (Y–direction) 𝐴𝑤,𝑌  0.089 kg/(m2 · s0.5)  Experimental 

 Water absorption coefficient (Z–direction) 𝐴𝑤,𝑍  0.061.(1)  kg/(m2 · s0.5)  Experimental 

 Water vapour resistance factor 𝜇  34.14 – Experimental 

CM Bulk density 𝜌𝑏𝑢𝑙𝑘  2000 kg/m3  Experimental 

 Open porosity 𝜙𝑜  0.210 – Experimental 

 Capillary moisture content 𝑤𝑐𝑎𝑝  180 kg/m3  Experimental 

 Fitting parameter for adsorption isotherm 𝑎𝑎𝑑𝑠  1.43E–6 1/Pa  Experimental 

  𝑚𝑎𝑑𝑠  0.285 – Experimental 

 Fitting parameter for desorption isotherm 𝑎𝑑𝑒𝑠  2.51E–5 1/Pa  Experimental 

  𝑚𝑑𝑒𝑠  0.213 – Experimental 

 Water absorption coefficient (isotropic) 𝐴𝑤,𝐼𝑆𝑂  0.060 kg/(m2 · s0.5)  Experimental 

 Water vapour resistance factor 𝜇  25.00 – Prangnell (1971) 

LM Bulk density 𝜌𝑏𝑢𝑙𝑘  1990 kg/m3  Experimental 

 Open porosity 𝜙𝑜  0.255 – Experimental 

 Capillary moisture content 𝑤𝑐𝑎𝑝  225 kg/m3  Experimental 

 Fitting parameter for sorption isotherm 𝜓  1.0066 – Experimental 

 Water absorption coefficient (isotropic) 𝐴𝑤,𝐼𝑆𝑂  0.235 kg/(m2 · s0.5)  Experimental 

 Water vapour resistance factor 𝜇  15.00 – Prangnell (1971) 

.(1) For multi–layered cases, 𝐴𝑤,𝐵−𝑍 = 0.075 kg/(m2 · s0.5) 
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Table 5.1 (Continued). Summary of material properties used for moisture transport simulations. 

Material Property Symbol Value Unit Source 

LMJ Bulk density 𝜌𝑏𝑢𝑙𝑘  2060 kg/m3  Experimental 

 Open porosity 𝜙𝑜  0.230 – Experimental 

 Capillary moisture content 𝑤𝑐𝑎𝑝  190 kg/m3  Experimental 

 Fitting parameter for adsorption isotherm 𝑎𝑎𝑑𝑠  3.80E–6 1/Pa  Experimental 

  𝑚𝑎𝑑𝑠  0.352 – Experimental 

 Fitting parameter for desorption isotherm 𝑎𝑑𝑒𝑠  1.19E–5 1/Pa  Experimental 

  𝑚𝑑𝑒𝑠  0.235 – Experimental 

 Water absorption coefficient (isotropic) 𝐴𝑤,𝐼𝑆𝑂  0.080 kg/(m2 · s0.5)  Experimental 

 Water vapour resistance factor 𝜇  15.00 – Prangnell (1971) 

 

The simulations presented herein are based on finite element analysis and were performed using 

COMSOL Multiphysics (COMSOL, 2021). Since the analysed cases can be reduced to a 1–D 

phenomenon, linear elements with quadratic shape functions were used for the discretization of the 

model. Preliminary sensitivity analyses were performed to determine the optimal mesh size and, as a 

result, the average element size for all the models was set to 1 mm. The primary variable, i.e. the relative 

humidity 𝜑, was interpolated based on standard Lagrangian shape functions. Moreover, the backward 

finite difference method was used for automatic time discretization during the analysis. Finally, an iterative 

procedure based on the Newton–Raphson method was applied to solve the non–linear differential 

equations. 

The imposed boundary conditions are summarized as follows: 

a) Water absorption simulations; 𝜑 = 1 was defined at the base to represent liquid water, whereas 

null flux condition 𝑔 = 0 kg/(m2 · s) was imposed at the top face. The boundary condition at 

the base was introduced progressively using a smoothed step function. 

b) Drying simulations; the bottom node was insulated whereas a convective flux was imposed at 

the top face, such as 𝑔 = ℎ𝑚(𝑝𝑣 − 𝑝𝑣,𝑒𝑥𝑡), with ℎ𝑚 = 6.05E–8 s/m. The partial vapour 

pressure of the environment was defined assuming 𝜗 = 23 °C and 𝜑 = 0.55. Note that the 

value for the convective mass transfer coefficient was calculated from the drying tests performed 

on single materials, as explained in Section 5.2.2. 

Additionally, the initial conditions were taken as: 

a) Water absorption simulations; 𝜑(𝑡 = 0) = 0, i.e. dry conditions. For the multi–layered 

configurations, 𝜑 = 0 is incompatible with the definition of the moisture transfer coefficient 
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applied at the interfaces, see Eq. (5.7). Hence, for such cases a small value was assumed, i.e. 

𝜑(𝑡 = 0) = 0.01, which can still be considered equivalent to the dry state. 

b) Drying simulations; 𝜑(𝑡 = 0) = 1, i.e. capillary saturation. 

Finally, a qualitative curve–fitting process was used to estimate the necessary hygric properties, namely 

the liquid water diffusivity for drying and the interface hydraulic resistance. Thus, the average trend of the 

measured data was used for comparison against the simulated curves to calibrate the corresponding 

parameters until an optimized solution was found. It must be noted that, in this context, the accuracy of 

the model is considered based on the predictions of water uptake mass and moisture mass loss in 

capillary absorption and drying tests, respectively. Therefore, the global response of the system is used 

as a reference for validation. It is recalled, however, that a full validation would require the additional 

study of moisture profiles inside the specimens, which is out of the scope of the present work. 

  
(a) (b) 

  
(c) (d) 

Figure 5.1. Moisture storage curves used for simulations: (a) brick (B), and (b) lime mortar (LM), fitted with Künzel’s model 

(Künzel, 1995); (c) cement mortar (CM), and (d) lime mortar from masonry joints (LMJ), fitted with Mualem’s 

model (Mualem, 1976). 
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In parallel to the development of the following sections, a series of parametric studies was carried out to 

understand the influence of each model parameter in the hygric response. These parametric studies are 

collected in a dedicated appendix, where the corresponding discussion and conclusions are also 

presented. The reader is referred to Appendix 3 for further details. 

5.2.1 Water absorption in single materials 

The results for the capillary absorption tests on single materials, namely B, CM and LM, are shown in 

Figure 5.2 together with the simulated curves. From the comparison between experimental and numerical 

results, it is clear that the proposed moisture transport model can capture the observed behaviour with 

great accuracy. 

For all the absorption cases, the diffusivity factor introduced in Eq. (5.4) was defined using the 

original value of 𝛾 proposed by Künzel (1995), i.e. 𝛾𝑎𝑑𝑠 = 3.80. Two other parameters were needed to 

determine the water uptake response of the model, namely (a) the capillary absorption coefficient, 𝐴𝑤, 

and (b) the capillary moisture content, 𝑤𝑐𝑎𝑝. Note that both parameters were directly obtained from 

capillary absorption tests. As demonstrated by the numerical simulations, the capillary absorption 

coefficient is related to the water absorption rate: the higher 𝐴𝑤, the steeper the mass gain with respect 

to the square root of time. In other words, higher 𝐴𝑤 values entail a faster absorption process, as 

expected. This relation is clearly evidenced by the studied materials since 𝐴𝑤,𝐿𝑀−𝐼𝑆𝑂 > 𝐴𝑤,𝐵−𝑋 > 

𝐴𝑤,𝐵−𝑌 > 𝐴𝑤,𝐵−𝑍 ≈ 𝐴𝑤,𝐶𝑀−𝐼𝑆𝑂. On the other hand, 𝑤𝑐𝑎𝑝 determines the equilibrium plateau attained at 

the end of the absorption process, which can be verified from the volume of the specimen, 𝑉, such as 

𝑉 [m3] × 𝑤𝑐𝑎𝑝 [kg/m3]. 

5.2.2 Drying in single materials 

The results of the drying tests on single materials, namely B, CM and LM, are shown in Figure 5.3 together 

with the simulated curves. Considering the consistency between experimental and numerical results, it 

can be concluded that the model is able to reproduce the drying behaviour with excellent accuracy. 

For these cases, an adjustment of the liquid water diffusivity function (Eq. (5.4)) was needed to 

match the experimental results. In particular, the diffusivity factor 𝛾 was indirectly estimated to calibrate 

the numerical response against the experimental data. The updated values of the diffusivity factor 𝛾 

employed for drying cases, i.e. 𝛾𝑑𝑒𝑠, are collected in Table 4.4. 
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(a)  (b)  

  
(c)  (d)  

 
(e)  

Figure 5.2. Capillary absorption results for single materials: (a) B, X or extrusion direction; (b) B, Y or stretcher direction; (c) B, 

Z or bed direction; (d) CM, isotropic; (e) LM, isotropic. 
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(a)  (b)  

  
(c)  (d)  

 
(e) 

Figure 5.3. Drying results for single materials: (a) B, X or extrusion direction; (b) B, Y or stretcher direction; (c) B, Z or bed 

direction; (d) CM, isotropic; (e) LM, isotropic. 
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The adjustment of the original liquid diffusivity function is in agreement with the studies by Scheffler 

(2008), who discussed the existence of hysteretic transport functions for material models based on the 

diffusivity approach (Fick’s law). Likewise, Krus (1996) explained this phenomenon by the different 

velocities for wetting and drying processes. In other words, since drying and wetting occur at different 

rates, their corresponding liquid transport coefficients can differ. Therefore, two diffusivity functions are 

necessary, namely one for adsorption, 𝐷𝑤,𝑎𝑑𝑠, and one for desorption, 𝐷𝑤,𝑑𝑒𝑠. However, no analytical 

expression is available in the literature specifically for drying. As an indication, Künzel (1995) showed that 

for certain porous stones, the liquid diffusivity for desorption at capillary saturation could be approximately 

3–5 times (finely porous stone) to one order of magnitude (coarse porous stone) lower than the diffusivity 

for adsorption at 𝑤𝑐𝑎𝑝. Other studies demonstrated that the diffusivity for desorption can be adjusted by 

means of numerical simulations based on drying experiments (Scheffler, 2008). For instance, Krus & 

Holm (1999) proposed an analytical expression for the liquid water diffusivity as a function of moisture 

content. Their formulation can be directly applied to absorption cases, whereas for drying, a curve fitting 

process must be used to determine the diffusivity. For moisture conditions below 50 % RH, these authors 

proposed a fixed value 𝐷𝑤 = 2.0E+10 m2/s, applicable to both transport processes. For higher moisture 

contents, however, drying would require a lower liquid transport coefficient. In particular, for their studied 

set of building porous materials, the relation 𝐷𝑤,𝑎𝑏𝑠/𝐷𝑤,𝑑𝑒𝑠 at capillary saturation ranged between 1.5 

for fired–clay brick, 2.0–3.0 for natural stones and up to 5.0 for lime silica brick. 

In the present study, the relation 𝐷𝑤,𝑎𝑏𝑠/𝐷𝑤,𝑑𝑒𝑠 at capillary saturation reached 3.70 for CM and 

5.67 for LM (Table 4.4), which is consistent with the literature and points out a significantly slower drying 

process compared to wetting. In fact, the drying simulation performed for both mortars using the 

adsorption diffusivity, i.e. 𝛾𝑎𝑑𝑠 = 3.80, resulted into a much quicker mass loss with respect to the 

experimental evidence (see Figure 5.3d and Figure 5.3e). Interestingly, the behaviour of the extruded 

fired–clay brick followed a different trend. The drying simulation for the extrusion direction, BX, did not 

require any update to fit the experimental results, that is 𝛾𝑑𝑒𝑠 = 𝛾𝑎𝑑𝑠 (Figure 5.3a). For the other two 

directions, however, the numerical results obtained using 𝛾𝑎𝑑𝑠 resulted into lower mass loss rates when 

compared with the experimental data (Figure 5.3b and Figure 5.3c). Thus, 𝐷𝑤,𝑎𝑏𝑠/𝐷𝑤,𝑑𝑒𝑠 < 1 for the 

stretcher and the bed directions of the brick, BY and BZ, respectively. In other words, higher diffusivity 

values were needed to match the tests results. This behaviour seems contrary to most trends described 

in the literature for porous building materials. However, a possible explanation can be found in the 

orthotropic nature of extruded bricks due to their manufacturing process. In fact, when analysing the 

diffusivity values with respect to the extrusion direction, significant relations come to light (see Table 4.4). 
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As concluded from the water absorption simulations, the orthotropic behaviour of the studied brick is 

noticeable for adsorption, which is manifest in the relations 𝐷𝑤,𝑎𝑑𝑠,𝐵−𝑌/𝐷𝑤,𝑎𝑑𝑠,𝐵−𝑋 = 0.73 and 

𝐷𝑤,𝑎𝑑𝑠,𝐵−𝑍/𝐷𝑤,𝑎𝑑𝑠,𝐵−𝑋 = 0.34 (values calculated at capillary saturation, 𝑤𝑐𝑎𝑝). On the contrary, the 

diffusivity values for desorption show a more isotropic behaviour, namely 𝐷𝑤,𝑑𝑒𝑠,𝐵−𝑌/𝐷𝑤,𝑑𝑒𝑠,𝐵−𝑋 = 1.00 

and 𝐷𝑤,𝑑𝑒𝑠,𝐵−𝑍/𝐷𝑤,𝑑𝑒𝑠,𝐵−𝑋 = 0.93 (values obtained at 𝑤𝑐𝑎𝑝). 

Table 5.2. Updated values of the diffusivity factor 𝛾 for drying. 

Material/Direction 𝛾𝑎𝑑𝑠 𝛾𝑑𝑒𝑠 𝐷𝑤,𝑎𝑑𝑠/𝐷𝑤,𝑑𝑒𝑠 .(1) 𝐷𝑤,𝑎𝑑𝑠/𝐷𝑤,𝑎𝑑𝑠,𝐵−𝑋 .(1) 𝐷𝑤,𝑎𝑑𝑠/𝐷𝑤,𝑑𝑒𝑠,𝐵−𝑋 .(1) 

BX 3.80 3.80 1.00 1.00 1.00 

BY 3.80 5.19 0.73 0.73 1.00 

BZ 3.80.(2) 10.22.(2) 0.37 0.34 0.93 

CM 3.80 1.03 3.70 – – 

LM 3.80 0.67 5.67 – – 

LMJ 3.80 0.28 13.72 – – 

.(1) Calculated at capillary saturation, 𝑤𝑐𝑎𝑝 

.(2) For multi–layered cases, 𝛾𝑎𝑑𝑠 = 3.80; 𝛾𝑑𝑒𝑠 = 1.37 

 

In the proposed moisture transport model, the parameter that controls the mass loss rate during the first 

drying stage (linear trend) is the convective mass transfer coefficient, ℎ𝑚 [s/m], which defines the 

convective flux imposed as boundary condition. As it was mentioned in Section 4.1.7, the value of the 

mass transfer coefficient was calculated from the linear mass loss phase assuming constant vapour flux 

and constant boundary conditions (Scheffler, 2008). The formulation is reintroduced here for clarity: 

ℎ𝑚 =
𝑔𝑣

𝑝𝑣(𝑇𝑠𝑢𝑟𝑓 , 𝜑𝑠𝑢𝑟𝑓) − 𝑝𝑣(𝑇𝑒𝑛𝑣, 𝜑𝑒𝑛𝑣)
 (5.12) 

where 𝑔𝑣 [kg/(m2 ⋅ s)] is the vapour mass flow density, 𝑝𝑣(𝑇𝑠𝑢𝑟𝑓 , 𝜑𝑠𝑢𝑟𝑓) [Pa] and 𝑝𝑣(𝑇𝑒𝑛𝑣 , 𝜑𝑒𝑛𝑣) [Pa] 

are the vapour pressures defined at the exposed surface and for the environment, respectively. For this 

calculation, 𝜑𝑠𝑢𝑟𝑓 = 1 (capillary saturation) was assumed at the material surface during the first drying 

phase. Moreover, the surface temperature, 𝑇𝑠𝑢𝑟𝑓, was assumed as the wet bulb temperature 

corresponding to the conditions of drying air in the environment. Thus, after the necessary calibration, 

the convective mass transfer coefficient was defined ℎ𝑚 = 6.05E–8 s/m. In practice, ℎ𝑚 represents a 

phenomenological transfer parameter that summarizes thermo–dynamical and fluid–mechanical effects 

and is dependent on the environmental conditions, namely temperature, relative humidity and wind speed 

(Hall & Hoff, 2009). It must be noted that during the first drying stage, a temperature drop is expected at 
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the exposed surface due to the evaporation of water (Zhao et al., 2022). For the sake of simplicity, 

isothermal conditions were assumed in the simulations. Notwithstanding this approximation, excellent 

trends were obtained for the first drying stage in all the studied cases. An example of drying simulation 

with explicit account for thermal effects (hygrothermal model) is included in a dedicated appendix at the 

end of this thesis, where a set of parametric studies and the corresponding discussion and conclusions 

are also presented. The reader is referred to Appendix 4 for further details. 

On the other hand, the end of the first drying stage and the development of the second stage are 

dependent on the moisture transport properties, namely the liquid water diffusivity and to a lesser extent 

the water vapour permeability. The final state of equilibrium with the environment is defined for each 

material from the moisture storage function or sorption isotherm. 

5.2.3 Water absorption in multi–layered materials 

The results for water absorption on masonry specimens are presented in Figure 5.4 together with the 

simulated curves. The location of the interfaces in the graphs is estimated from the volume of each 

material layer and the corresponding capillary moisture content, i.e. ∑ 𝑉𝑏𝑢𝑙𝑘,𝑖
𝑛
𝑖  [m3] × 𝑤𝑐𝑎𝑝,𝑖 [kg/m3]. 

It is noted that the existence of an interface resistance as presented in Eq. (5.7) was introduced in 

COMSOL Multiphysics as an internal boundary condition or barrier to the moisture flux: 

𝛽𝐼𝐹 =
𝜌𝑤 · 𝑅𝑣 · 𝑇

𝜑 · 𝑅𝐼𝐹
 (5.13) 

where 𝛽𝐼𝐹 [kg/(m2 · s)] is the interface moisture transfer coefficient. 

As discussed in Section 4.2.1, the first set of experimental tests involved masonry samples with two 

layers, namely B+LMJ, and therefore with a single interface. The same cylinders were analysed twice, 

once absorbing water from the mortar side (Figure 5.4a, configuration M1/M), and a second time 

absorbing water from the brick side (Figure 5.4b, configuration M1/B). The presence of the interface was 

barely perceptible for the configuration M1/B. Conversely, a clear drop in the measured inflow rate was 

noticeable for the cylinders M1/M. Therefore, the existence of an imperfect hydraulic contact was 

confirmed by the change of inflow rate in M1/M samples. Moreover, the difference between M1/B and 

M1/M supports the assumption of a natural contact between brick and mortar, most surely derived from 

a discontinuity in their pore structure (smaller pores in LMJ). In other words, the impact of the interface 

depends on the direction of the moisture flux and is more pronounced when the transfer occurs from a 

finely porous material to a medium with coarser pores. 
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Figure 5.4. Capillary absorption results for masonry specimens: (a) M1/M or LMJ–B configuration; (b) M1/B or B–LMJ 

configuration; (c) M2a or B1–LMJ–B2 configuration; (d) M2b or B2–LMJ–B1 configuration; (e) M4 or B–LMJ–B–

LMJ–B configuration. 
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For the numerical simulations, the M1/M scenario was studied first (see Figure 5.4a). A model assuming 

perfect contact (no hydraulic interface) showed mass gain rates within the range expected for the 

monolithic cases, that is considering the whole cylinder was brick or mortar. Then, the implementation 

of an interface resistance, 𝑅𝐼𝐹 as in Eq. (5.13), provided accurate results. To achieve the best fit, 𝑅𝐼𝐹 

values were obtained iteratively. Three different cases were considered, as shown in Figure 5.4a: (a) low 

impact interface, 𝑅𝐼𝐹 = 0.1E+9 m/s, with only a slight retardation of the water mass inflow; (b) middle 

impact interface, 𝑅𝐼𝐹 = 1.0E+9 m/s, corresponding to the average behaviour of the experimental values; 

(c) higher impact interface, 𝑅𝐼𝐹 = 3.0E+9 m/s, which causes a more significant drop of the water 

absorption rate. Conversely, these three scenarios caused little variations of the results for the 

configuration M1/B, as shown in the Figure 5.4b where the most severe case, 𝑅𝐼𝐹 = 3.0E+9 m/s, is 

depicted against the model assuming perfect contact. This phenomenon may be explained by the 

proximity of the interface to the top face of the specimen, which implies that the water front reaches the 

interface when the material is already close to its equilibrium state, i.e. capillary saturation. In such 

circumstances, any deviation in the moisture absorption rate caused by the interface is obscured by the 

transition of the mass uptake curve towards the final plateau. 

The second group of analyses performed on masonry specimens consisted of cylinders with three 

layers, namely B+LMJ+B, thus two interfaces (Figure 5.4c and Figure 5.4d). Experimentally, the cylinders 

were tested twice, each time absorbing water from one of the opposite bricks, i.e. B1–LMJ–B2, labelled 

M2a configuration, and B2–LMJ–B1, labelled M2b configuration. For both situations, only a slight 

absorption retardation was perceived at the first interface, whereas a more noticeable drop was noticed 

when the water was moving from mortar to brick (second interface). Overall, the apparent equivalency 

between M2a and M2b cases reassured the assumption of a natural contact between the materials. In 

other words, the fact that the M2 specimens showed the same trend for both tested directions indicates 

that there are no localized defects at the interface and most surely the cause of the imperfect hydraulic 

contact is the discontinuity between the pore structure of the adjacent materials. Numerically, accurate 

results were obtained when an interface resistance 𝑅𝐼𝐹 = 2.0E+9 m/s was applied at the two interfaces. 

Finally, water absorption analyses were performed on masonry specimens with five layers, 

B+LMJ+B+LMJ+B, thus four interfaces (M4). The experimental results and the simulated mass gain 

curves are presented in Figure 5.4e. The trends observed for the previous cases are applicable to M4 

cases as well, in particular the lesser impact of the brick–to–mortar interface. It is noted that when the 

hydraulic resistance applied for M2 cases was used, i.e. 𝑅𝐼𝐹,1 = 𝑅𝐼𝐹,2 = 𝑅𝐼𝐹,3 = 𝑅𝐼𝐹,4 = 2.0E+9 m/s, 

the simulation provided an acceptable response for the first two interfaces but it failed to capture the 
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mass gain drop caused by the second mortar layer. Considering the experimental evidence and the 

simulation results, it is hypothesized that the successive appearance of interfaces gives rise to an additive 

retardation effect over the moisture flux. Consequently, a much higher resistance value was required for 

the second pair of interfaces to match the experimental data. In particular, a good fit was obtained when 

two sets of interface resistances were used, namely 𝑅𝐼𝐹,1 = 𝑅𝐼𝐹,2 = 2.0E+9 m/s for the first two 

interfaces (this value is consistent with the previously studied configuration, M2), and 𝑅𝐼𝐹,3 =

𝑅𝐼𝐹,4 = 2.0E+10 m/s for the third and fourth interfaces. 

5.2.4 Drying in multi–layered materials 

The results of drying tests and simulations on masonry specimens are presented in Figure 5.5. Two 

configurations were studied, namely cylinders drying from the brick face, labelled D1/B, and cylinders 

drying from the mortar face, D1/M. The convective mass transfer coefficient used for drying simulations 

in single materials, i.e. ℎ𝑚 = 6.05E–8 s/m, was employed for multi–layered cases as well. Overall, the 

match with the average behaviour of the experimental data is evident. 

  
(a) (b) 

Figure 5.5. Drying results for masonry specimens: (a) D1/B or drying–from–brick configuration; (b) D1/M or drying–from–

mortar configuration. 

As it was mentioned for the drying studies on single materials, updating the diffusivity factor 𝛾 was 

necessary to calibrate the numerical response of multi–layered drying cases as well. In particular, the 

calibration process consisted of a parallel iterative tuning of 𝛾𝑑𝑒𝑠,𝐵 and 𝛾𝑑𝑒𝑠,𝐿𝑀𝐽, so that the model could 

fit both experimental scenarios. Overall, it was found that the diffusivity of the material exposed to the 

environment was the most decisive parameter for each case. In other words, D1/B was more sensitive 

to variations in 𝛾𝑑𝑒𝑠,𝐵, whereas D1/M was mostly defined by 𝛾𝑑𝑒𝑠,𝐿𝑀𝐽. As a result of the updating 

process, the corresponding values for the diffusivity factors were found, namely 𝛾𝑑𝑒𝑠,𝐵 = 1.37 and 
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𝛾𝑑𝑒𝑠,𝐿𝑀𝐽 = 0.28 (Table 4.4). The diffusivity factor for LMJ showed the same trend defined in Section 

5.2.2 for the moulded mortar, LM, in this case with an even greater difference between adsorption and 

desorption (𝐷𝑤,𝑎𝑏𝑠/𝐷𝑤,𝑑𝑒𝑠 = 13.72 at 𝑤𝑐𝑎𝑝). 

For the brick material in multi–layered specimens, however, the updated liquid diffusivity followed a 

different trend compared to the drying cases of single–brick cubes. On this occasion, the factor 𝛾𝑑𝑒𝑠 

needed to be reduced with respect to the wetting diffusivity in order to accommodate a slower mass loss 

rate (𝐷𝑤,𝑎𝑏𝑠/𝐷𝑤,𝑑𝑒𝑠 = 2.77 at 𝑤𝑐𝑎𝑝). It must be noted that, despite deviating from the observations 

made for mono–layered brick cases, this behaviour is in line with the studied mortars and other materials 

reported in the literature (Künzel, 1995; Krus & Holm, 1999). Nonetheless, considering that the bricks 

used in masonry specimens showed a different capillary absorption coefficient (Table 2.2), variability of 

the material could be at the base of these dissimilarities as well. 

The possible impact of the interfaces was also studied as part of the drying response of multi–layered 

specimens. Simulations assuming both perfect and imperfect contact were performed. However, by 

considering 𝑅𝐼𝐹 values as the ones proposed for the absorption cases, the results obtained with and 

without the interface resistance were virtually the same. The imposed 𝑅𝐼𝐹 needed to be in the order of 

2.0E+10 m/s (the highest value used in the absorption simulation M4) in order to produce a slight 

deviation with respect to the perfect contact case. Therefore, it was acknowledged that the presence of 

natural contact interfaces plays a minor role in the drying process of multi–layered masonry specimens. 

This fact supports the conclusions of the experimental studies in Section 4.2.2, where no interfacial 

effects were identified on drying kinetics. In view of this, the perfect contact assumption can be applied 

to drying cases studied individually. For analyses involving both absorption and drying, the interface 

resistance must be tuned with respect to the wetting phase; it can be equally applied to the desorption 

process as it will not alter the response. For instance, the simulated curves reported in Figure 5.5 were 

obtained with an interface resistance 𝑅𝐼𝐹 = 1.0E+9 m/s, as the middle impact interface defined for the 

absorption case M1/M. 

5.3 HYSTERESIS MODEL 

In the previous section, hysteresis was observed in the moisture transport functions of the studied building 

materials. In particular, different liquid water diffusivity functions needed to be defined in order to 

represent adsorption and desorption processes. Consequently, the implementation of a hysteresis model 

becomes necessary for simultaneous wetting/drying simulations. 
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5.3.1 Numerical implementation 

Inspired by the work of Zhang et al. (2015), a hysteresis index 𝑊𝑜𝑟𝐷 (‘wetting or drying’) is introduced 

and assigned to each element during the numerical simulations. This auxiliary index ranges between 0 

and 1, and indicates the current state of each node, namely drying (𝑊𝑜𝑟𝐷 = 0) or wetting (𝑊𝑜𝑟𝐷 = 1). 

The initial value of 𝑊𝑜𝑟𝐷 must be defined manually at the beginning of the analysis according to the 

initial step of the process. Then, the index is automatically updated by examining the sign of the relative 

humidity difference between the current time step and the previous one, ∆𝜑(𝑖). Assuming initial wetting, 

if ∆𝜑(𝑖) is positive, then the material is indeed wetting, so 𝑊𝑜𝑟𝐷 is kept equal to 1. Conversely, if ∆𝜑(𝑖) 

becomes negative, then the material has changed to drying and 𝑊𝑜𝑟𝐷 transitions towards 0. Thus, the 

switching expression is defined as: 

𝜕𝑊𝑜𝑟𝐷

𝜕𝑡
= 𝑖𝑓 (

𝜕𝜑

𝜕𝑡
> 0, 𝑉𝑝𝑜𝑠, 𝑉𝑛𝑒𝑔) + 𝑆𝑡𝑒𝑝𝑁𝑒𝑔(𝑊𝑜𝑟𝐷) + 𝑆𝑡𝑒𝑝𝑃𝑜𝑠(𝑊𝑜𝑟𝐷) (5.14) 

where 𝑉𝑝𝑜𝑠 = −𝑉𝑛𝑒𝑔 are control parameters defining the transition between the target values, and 

𝑆𝑡𝑒𝑝𝑁𝑒𝑔 and 𝑆𝑡𝑒𝑝𝑃𝑜𝑠 are two correction functions. In this work, 𝑉𝑝𝑜𝑠 = 1.0E–5 and 𝑉𝑛𝑒𝑔 = –1.0E–5. 

It is worth noting that 𝑉𝑝𝑜𝑠 and 𝑉𝑛𝑒𝑔 can be tuned and set to higher values, which will make the transition 

between the two target functions more abrupt. However, a sharper transition may cause convergence 

problems. Moreover, 𝑆𝑡𝑒𝑝𝑁𝑒𝑔 and 𝑆𝑡𝑒𝑝𝑃𝑜𝑠 are defined as smooth step functions which become active 

when 𝑊𝑜𝑟𝐷 goes below 0 or above 1, and so redirect the index towards values within the pre–established 

range. As an additional safeguard, the hysteresis index may be replaced by an expression such as 

“max(min(𝑊𝑜𝑟𝐷,1)0)”. The max() and min() operators return the maximum and minimum value of the 

two arguments so they ensure that the hysteresis index cannot become smaller than 0 or larger than 1. 

Once the hysteresis parameters have been defined, the resulting index is introduced in the 

expression for the liquid water diffusivity function: 

𝐷𝑤(𝜑) = 𝑊𝑜𝑟𝐷 · 𝐷𝑤,𝑎𝑑𝑠(𝜑) + (1 − 𝑊𝑜𝑟𝐷) · 𝐷𝑤,𝑑𝑒𝑠(𝜑) (5.15) 

The implementation of this hysteresis index ensures that the proposed moisture transport model can 

adjust automatically to any arbitrary wetting/drying cycles. 

Hysteresis was observed as well in the sorption isotherms of CM and LMJ, both materials with 

marked hygroscopic behaviour. In order to capture the moisture storage hysteresis, a procedure 

analogous to the one applied for the liquid diffusivity function can be used. More specifically, an additional 

control parameter 𝐴𝑜𝑟𝐷 (‘adsorption or desorption’) must be defined as in Eq. (5.14) and applied to the 

moisture storage function of the material as in Eq. (5.15). 
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5.3.2 Benchmark models 

A simple benchmark is proposed herein in order to validate the hysteresis model proposed for the liquid 

transport coefficient 𝐷𝑤. The model is based on data collected from capillary absorption and drying tests 

for cement mortar cubes (see Sections 5.2.1 and 5.2.2). This material is chosen since it presented 

significant differences between wetting and drying responses. Hence, 1–D numerical models are 

prepared to simulate the following scenarios: (a) water absorption with subsequent drying; (b) drying 

followed by water absorption. 

Case study I: Absorption followed by drying 

An initially dry mortar cube is subjected to free water uptake; the lower end is in contact with water 

(Dirichlet BC, 𝜑 = 1) whereas null flux condition (Neumann BC, 𝑔 = 0 kg/(m2 · 𝑠)) is imposed on the 

opposite side. Once capillary saturation has been attained, the boundary conditions change so that the 

mortar undergoes drying; null flux condition is defined at the bottom, whereas a convective flux condition 

given by 𝑔 = ℎ𝑚(𝑝𝑣 − 𝑝𝑣,𝑒𝑥𝑡) is imposed at the top. The absorption conditions are maintained for the 

first 24 hours, whereas drying follows in the period 24–500 hours. Both processes take place under 

controlled environmental conditions, namely 23 ℃ and 55 % RH. 

The results obtained for the first case study, i.e. wetting followed by drying, are presented in Figure 

5.6. Three different scenarios are distinguished. First, the two processes are modelled separately, each 

one with the corresponding liquid diffusivity function, namely 𝐷𝑤,𝑎𝑑𝑠 for water absorption and 𝐷𝑤,𝑑𝑒𝑠 for 

drying. Subsequently, both processes are modelled continuously using a single diffusivity function, in this 

case 𝐷𝑤,𝑎𝑑𝑠, which corresponds to the initial wetting phase. The new drying curve shows a clear deviation 

from the results obtained with the independent drying simulation. In particular, the moisture mass loss 

is faster for the model using 𝐷𝑤,𝑎𝑑𝑠 to describe the whole process. This is expected since 𝐷𝑤,𝑎𝑑𝑠 >

𝐷𝑤,𝑑𝑒𝑠 for the case of cement mortar (see Section 5.2.2). Finally, the hysteresis model is implemented 

so that the diffusivity function is automatically updated according to the type of process. As in the previous 

case, water absorption and drying are modelled continuously. Moreover, several calculations are 

performed using different values for 𝑉𝑝𝑜𝑠 = −𝑉𝑛𝑒𝑔. In general, the obtained results reproduce the target 

behaviour accurately. In particular, the moisture mass curve obtained with the hysteresis model 𝑉𝑝𝑜𝑠 =

−𝑉𝑛𝑒𝑔 = 5.0E–5 perfectly matches the curves calculated with the independent analyses. 
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Figure 5.6. Moisture transport simulations to validate the hysteresis model. Case study I: wetting followed by drying. Note that 

two different scales are used for the horizontal axis. 

Case study II: Drying followed by absorption 

An initially capillary–saturated mortar cube is subjected to drying from a single face; a convective flux 

condition 𝑔 = ℎ𝑚(𝑝𝑣 − 𝑝𝑣,𝑒𝑥𝑡) is defined for the exposed surface, whereas null flux condition is imposed 

on the opposite side. After 500 hours, the boundary conditions change to represent capillary absorption; 

the bottom is placed in direct contact with water (𝜑 = 1), and null flux is imposed at the top. The water 

absorption conditions are maintained for 24 hours. Both processes occur under controlled environmental 

conditions, namely 23 ℃ and 55 % RH. 

The results obtained for the second case study, i.e. drying followed by wetting, are presented in 

Figure 5.7. Once more, three different scenarios are identified. First, the two processes are modelled 

separately, each one with the corresponding liquid diffusivity function, namely 𝐷𝑤,𝑑𝑒𝑠 for drying and 

𝐷𝑤,𝑎𝑑𝑠 for wetting. Subsequently, both processes are modelled continuously using a single diffusivity 

function, in this case 𝐷𝑤,𝑑𝑒𝑠 since it corresponds to the initial drying. The moisture mass curve obtained 

with the new simulation shows a clear deviation with respect to the water absorption results calculated 

independently. In particular, the moisture mass gain is slower for the model using 𝐷𝑤,𝑑𝑒𝑠 to describe the 

whole process. This is due to the lower diffusivity for desorption, i.e. 𝐷𝑤,𝑑𝑒𝑠 < 𝐷𝑤,𝑎𝑑𝑠, observed for 

cement mortar (see Section 5.2.2). Finally, the hysteresis model is implemented so that the diffusivity 

function is automatically updated according to the type of process. As in the previous case, drying and 

water absorption are modelled continuously. Moreover, different values of 𝑉𝑝𝑜𝑠 = −𝑉𝑛𝑒𝑔 are used for the 

calculations. 

It is noted that for the same 𝑉𝑝𝑜𝑠 = −𝑉𝑛𝑒𝑔 values, the hysteresis model gives less accurate results 

than for the previous case study, i.e. wetting followed by drying. This fact is not surprising since water 
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absorption is a much faster process, and a quicker transition would be necessary. Thus, higher values of 

the controlling parameters 𝑉𝑝𝑜𝑠 = −𝑉𝑛𝑒𝑔 should be used: higher values entail a quicker transition 

between both diffusivity functions and consequently produce more accurate solutions. However, as it was 

mentioned, sharper transitions between the diffusivity functions may induce numerical instabilities. 

Indeed, a model with 𝑉𝑝𝑜𝑠 = −𝑉𝑛𝑒𝑔 = 1.0E–4 was tried, but it suffered from convergence problems. 

Nevertheless, it is clear that the implementation of hysteresis implies a considerable improvement with 

respect to the scenario where only one diffusivity function is used. 

 
Figure 5.7. Moisture transport simulations to validate the hysteresis model. Case study II: drying followed by wetting. Note that 

two different scales are used for the horizontal axis. 

5.4 MODELLING STRATEGIES 

From a mechanical analysis point of view, different computational strategies have been reported in the 

literature to deal with the study of masonry and masonry structures. Figure 3.4 summarizes the most 

common approaches. In terms of complexity, there are two major types of modelling strategies, namely 

micro– and macro–modelling (Lourenço, 1996). Several phenomenological models accounting for the 

microstructure of the material represent a further development within the micro–modelling approach 

(Petracca et al., 2017). The micro–modelling strategies account for the mechanical behaviour of masonry 

by means of non–linear interface elements, continuum elements with non–linear behaviour or a 

combination of both. In turn, macro–modelling strategies assume a homogenized continuum material 

usually described by non–linear constitutive laws. Depending on the masonry texture or the level of 

complexity of the study, macro–models may assume isotropic or orthotropic continua. 

Although the focus of these structural mechanics studies is usually different, several lessons may be 

learned from a cross–disciplinary approach. In this sense, certain parallelisms may be drawn between 

the mechanical and the moisture transport (possibly extendable to hygrothermal) modelling strategies. 
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Moreover, couplings between the different fields may be created as well. For this type of multi–physics 

analyses, the link between the hygric and mechanical fields is usually established through a one–way 

simple coupling process. This implies that the moisture distribution is calculated first and the obtained 

hygric strains are used as initial input for the mechanical analysis by means of the total strain 

decomposition principle (Ramézani & Jeong, 2011). The influence of moisture content on mechanical 

properties may be considered as well (Carmeliet, 2015). 

 

Figure 5.8. Modelling strategies for masonry. Adapted from D’Altri et al. (2018), following Lourenço (1996), and Petracca et 

al. (2017). 

In Sections 5.2.3 and 5.2.4, an application of the detailed micro–modelling approach (Figure 3.4a) was 

presented and validated for water absorption and drying processes. The following subsections describe 

how the moisture transport simulations can be extended to other modelling strategies commonly used 

for mechanical studies of masonry. The same experimental data previously presented were used to 

calibrate the necessary model parameters and evaluate the accuracy of the simulations. In particular, the 

capillary absorption tests performed on masonry specimens M2 and M4 were employed as case studies. 

Thus, the corresponding moisture transport analyses were performed assuming the other strategies 

presented in Figure 3.4, namely continuous micro–modelling approach (Figure 3.4b), discrete micro–

modelling approach (Figure 3.4c), and macro–modelling approach (Figure 3.4d). Additionally, a 

comparison between the different strategies is presented in terms of accuracy, level of complexity, 

flexibility, requirements, and limitations. 

In general, an iterative curve–fitting procedure was used to calibrate the numerical parameters and 

obtain a good correlation between simulated and experimental results. In particular, the models that 

explicitly account for the interfaces (detailed micro– and discrete micro–) were calibrated by tuning the 
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interface resistance 𝑅𝐼𝐹 whereas the models without interfaces (continuous micro– and macro–) were 

calculated using the diffusivity factor 𝛾 as fitting parameter. 

Moreover, an averaging procedure was used to calculate the equivalent properties needed for the 

discrete micro– and the macro–modelling approaches, which rely on homogenization. This concept is 

based on the volume fraction of each material with respect to the total volume, in the original 

configuration. Therefore, an equivalent property 𝑋𝐸𝑄 is calculated as: 

𝑋𝐸𝑄 = ∑ 𝑋𝑖

𝑉𝑖

𝑉𝑇𝑜𝑡𝑎𝑙

𝑛

𝑖
 (5.16) 

where 𝑋 represents the original value of the studied parameter, 𝑉 is the volume, and 𝑖 represents the 

material layer in a 𝑛–layered composite. 

It must be recalled that the constituent materials, B and LMJ, have been defined in the present work 

by two different moisture storage models (Figure 4.2). In the current section, the distinction between the 

sorption isotherms was kept for the models with explicit consideration of the two materials (detailed 

micro– and continuous micro–). However, for the models with an equivalent continuum (discrete micro– 

and macro–), a simplification was employed, and the sorption isotherm of the brick alone (Künzel’s 

model) was chosen to be representative of the equivalent behaviour. It is noted that this generalization is 

applicable to capillary–active materials and absorption processes, in which the porous medium is exposed 

to high relative humidity boundary conditions. In such circumstances, mass transport is governed mainly 

by liquid water movement (Zhang & Scherer, 2018). In other words, the absorption process involves the 

uppermost portion of the moisture storage curve. However, the same generalization may prove faulty in 

drying simulations with hygroscopic materials, such as LMJ. For such cases, the equivalent behaviour 

could be captured more accurately through a Mualem’s type formulation (see Eq. (4.3)). 

5.4.1 Continuous micro–modelling 

The moisture transport equation and boundary conditions presented in Section 5.1 were applied to 

simulate the capillary absorption tests in M2 and M4 specimens by means of a continuous micro–

modelling strategy (Figure 3.4b). For the continuous micro–modelling approach, brick and mortar were 

modelled with their original properties, that is, as obtained experimentally or with the corresponding 

values taken from the literature (Table 2.2). In order to account for the interfacial impact on moisture flux, 

the diffusivity factor 𝛾 associated to the mortar joints was tuned until a good agreement with the 

experimental data was found. Hence, the necessary parameters and updated material properties are 

presented in Table 5.3 and the corresponding results are shown in Figure 5.9a and Figure 5.9b. 
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Note that when the original 𝛾𝑎𝑑𝑠,𝐿𝑀𝐽 = 3.80 is used, the problem is equivalent to the detailed micro–

model with perfect contact (no interface resistance). The best match is found when the diffusivity factor 

is reduced to a 10 % of its original value, that is 0.10 × 𝛾𝑎𝑑𝑠,𝐿𝑀𝐽. Additionally, for the M4 configuration, 

different 𝛾 values were needed to account for the incremental effect of successive interfaces. The best fit 

was obtained with 0.10 × 𝛾𝑎𝑑𝑠,𝐿𝑀𝐽 for the first interface (to be consistent with the previous case) and 

0.02 × 𝛾𝑎𝑑𝑠,𝐿𝑀𝐽. 

Table 5.3. Input parameters used for the different masonry modelling strategies (shaded cells show calibration parameters). 

Modelling 

strategy 

Case 

study 

Material/ 

Element 
Parameters 

   𝛾𝑎𝑑𝑠 𝑤𝑐𝑎𝑝 𝜓 𝑎 𝑚 𝐴𝑤 .(1) 𝜇 𝑅𝐼𝐹 

   [–] [kg/m3] [–] [1/Pa] [–] [kg/(m2s0.5)] [–] [m/s] 

Detailed 

micro– 

M2 B 3.80 240 1.0070 – – 0.075 34.14 – 

 LMJ 3.80 190 – 3.8E–6 0.352 0.080 15.00 – 

 Int.1/2 – – – – – – – 2.0E+9 

M4 B 3.80 240 1.0070 – – 0.075 34.14 – 

 LMJ 3.80 190 – 3.8E–6 0.352 0.080 15.00 – 

 Int.1/2 – – – – – – – 2.0E+9 

 Int.3/4 – – – – – – – 2.0E+10 

Continuous 

micro– 

M2 B 3.80 240 1.0070 – – 0.075 34.14 – 

 LMJ 0.40 190 – 3.8E–6 0.352 0.080 15.00 – 

M4 B 3.80 240 1.0070 – – 0.075 34.14 – 

 LMJ1 0.40 190 – 3.8E–6 0.352 0.080 15.00 – 

 LMJ2 0.08 190 – 3.8E–6 0.352 0.080 15.00 – 

Discrete 

micro– 

M2 Eq.B 3.80 234 1.0070 – – 0.076 31.84 – 

 Int.1 – – – – – – – 4.0E+9 

M4 Eq.B 3.80 232 1.0070 – – 0.076 31.21 – 

 Int.1 – – – – – – – 4.0E+9 

 Int.2 – – – – – – – 4.0E+10 

Macro– M2 Eq.B 3.04 234 1.0070 – – 0.076 31.84 – 

M4 Eq.B 3.04 232 1.0070 – – 0.076 31.21 – 

.(1) For 2–D models, B and Eq.B have orthotropic behaviour, 𝐴𝑤,𝑋 = 0.104 kg/(m2s0.5) 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 5.9. Capillary absorption simulated using different modelling strategies: (a) continuous micro–modelling, M2; 

(b) continuous micro–modelling M4; (c) discrete micro–modelling, M2; (d) discrete micro–modelling M4 

(e) macro–modelling, M2; (f) macro–modelling, M4. 

  

0 100 200 300 400 500 600 700
0

10

20

30

40

50

60

0.10·ads,LMJ

 Exp.M2

 Exp.M2 Avg.

 Sim.M2

W
at

er
 u

p
ta

k
e 

m
as

s 
[g

]

Time [sqrt(s)]

Original ads,LMJ

Int.2

Int.1

0 250 500 750 1000 1250 1500
0

15

30

45

60

75

90

0.02·ads,LMJ,2

0.10·ads,LMJ,1

0.10·ads,LMJ

 Exp.M4

 Exp.M4 Avg.

 Sim.M4

W
at

er
 u

p
ta

k
e 

m
as

s 
[g

]

Time [sqrt(s)]

Original ads,LMJ

Int.2

Int.1

Int.3

Int.4

0 100 200 300 400 500 600 700
0

10

20

30

40

50

60

 Exp.M2

 Exp.M2 Avg.

 Sim.M2 Brick

 Sim.M2 Eq. Brick

W
at

er
 u

p
ta

k
e 

m
as

s 
[g

]

Time [sqrt(s)]

Int.2

Int.1

Perfect contact

R
IF

 4E+09 m/s

0 250 500 750 1000 1250 1500
0

15

30

45

60

75

90

R
IF,2

 4E+10 m/s

R
IF,1

 4E+09 m/s

 Exp.M4

 Exp.M4 Avg.

 Sim.M4 Brick

 Sim.M4 Eq. Brick

W
at

er
 u

p
ta

k
e 

m
as

s 
[g

]

Time [sqrt(s)]

Perfect contact

R
IF,1-2

 4E+09 m/s

Int.2

Int.1

Int.3

Int.4

0 100 200 300 400 500 600 700
0

10

20

30

40

50

60

1.00·ads

 Exp.M2

 Exp.M2 Avg.

 Sim.M2 Brick

 Sim.M2 Eq. Brick

W
at

er
 u

p
ta

k
e 

m
as

s 
[g

]

Time [sqrt(s)]

0.80·ads

Int.2

Int.1

0 250 500 750 1000 1250 1500
0

15

30

45

60

75

90

 Exp.M4

 Exp.M4 Avg.

 Sim.M4 Brick

 Sim.M4 Eq. Brick

W
at

er
 u

p
ta

k
e 

m
as

s 
[g

]

Time [sqrt(s)]

0.80·ads

1.00·ads

Int.2

Int.1

Int.3

Int.4



Hygro–thermo–mechanical analysis of masonry: Experimental characterization and numerical simulations 

 

106 

In terms of requirements, the same input material parameters demanded by the detailed micro–modelling 

approach are needed for the continuous micro–model. The latter does not consider hydraulic interfaces 

and therefore the calibration must be done through the diffusivity factor 𝛾. Since there are no interfaces, 

the complexity of the model is relatively low. In general, the continuous micro–modelling approach can 

provide good accuracy of results and it may be recommended in cases where interfaces need to be 

explicitly avoided. 

5.4.2 Discrete micro–modelling 

The results for water absorption simulations using the discrete micro–modelling strategy (Figure 3.4c) 

are presented in Figure 5.9c and Figure 5.9d. The necessary parameters and updated material properties 

are presented in Table 5.3. Considering the discrete micro–modelling strategy, masonry was represented 

by the combination of two components: the bricks were modelled as a continuum with equivalent material 

properties and extended size, whereas interfaces were used to simulate the presence of mortar joints and 

brick–mortar interfaces. If the properties of both materials are known, the volume fraction of each material 

may be used to define equivalent properties. Otherwise, brick properties may be assumed without 

compromising the accuracy (see curves using brick versus equivalent brick properties in Figure 5.9c and 

Figure 5.9d). 

The main parameter used for calibration within the discrete micro–model strategy are the hydraulic 

resistances, 𝑅𝐼𝐹, imposed at the interfaces. It was found that a value 𝑅𝐼𝐹 = 4.0E+9 m/s provided a good 

fit for the M2 configuration. Note that this value is double the resistance originally used for the detailed 

micro–model. This is expected since now a single interface must stand for the two interfaces of the 

detailed micro–model. On the other hand, two sets of values were used to match the experimental results 

of M4 configuration, namely 𝑅𝐼𝐹 = 4.0E+9 m/s for the first interface (consistent with the M2 case) and 

𝑅𝐼𝐹 = 4.0E+10 m/s for the second interface. The higher value for the second interface is consistent with 

the hypothesis of an in–series interfacial phenomenon, that is the additive effect of successive interfaces. 

Once again, it is noted that the value imposed at the second interface is double the resistance used for 

the corresponding detailed micro–modelling case. 

In terms of requirements, the discrete micro–modelling approach has the advantage of needing 

fewer input material parameters than the other micro–modelling approaches. If the properties of brick 

and mortar are known, an equivalent material may be calculated by volume averaging as presented in 

Eq. (5.16). Otherwise, the model may produce considerably accurate results assuming only the properties 

of the brick (compare the curves produced using brick versus equivalent brick properties in Figure 5.9c 
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and Figure 5.9d). This simplification is valid as long as the volume proportion of masonry units is higher 

than the corresponding volume of mortar joints, which is usually the case in brickwork masonry. Due to 

the extended geometry of the bricks, the geometric definition of the system may be somewhat more 

complex than the other strategies. On the other hand, the model is simplified by assuming only one 

material. Moreover, interfaces can capture localized phenomena such as the imperfect contact between 

adjacent layers. 

Overall, the discrete micro–modelling technique provides high accuracy and is a good compromise 

between simplicity and quality of results. Its use is encouraged when mortar properties are not known. 

5.4.3 Macro–modelling 

Finally, water absorption simulations were performed considering a macro–modelling strategy (Figure 

3.4d). The results are shown in Figure 5.9e and Figure 5.9f. Following the macro–modelling approach, 

masonry was idealized as a continuum with equivalent material properties. On this occasion, the 

homogenized medium must capture the overall behaviour of the system so that it provides an average 

trend. As in the discrete micro–modelling case, the volume fraction of each material may be used to 

define equivalent properties if both brick and mortar parameters are known. Otherwise, brick properties 

may be applied to the system and similar results can be obtained (see curves using brick versus 

equivalent brick properties in Figure 5.9e and Figure 5.9f). 

The diffusivity factor 𝛾 was used as a calibration parameter for curve–fitting. The curves obtained 

with the original factor 𝛾𝑎𝑑𝑠 = 3.80 were able to capture the initial water uptake but largely overestimated 

the absorption rate as time evolved. This was expected since it is the usual response of a monolithic 

specimen (see absorption of single materials in Figure 5.2). For the M2 configuration, a reduction of the 

diffusivity parameter, e.g. 0.80 × 𝛾𝑎𝑑𝑠, was needed to produce a water uptake curve that could fit the 

overall experimental envelope. This type of correction provides an average approximation: the initial 

absorption rate is underestimated, whereas the absorption rate for prolonged times is overestimated. 

Note that the same reduction applied to M4 cases is not quite satisfactory since it deviates considerably 

from the experimental results. 

Macro–modelling approaches are commonly used for global structural analyses and their application 

to moisture transport is conveniently straightforward. The geometry is very simple and only one material 

is modelled. Moreover, the properties of brick and mortar may be used to define an equivalent medium 

or solely brick properties may be considered. Nonetheless, this strategy proves very little flexibility, and 

the simulation cannot capture the changes in moisture flux with evolving time or localized phenomena 
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such as the existence of hydraulic interfaces. Overall, the accuracy of the macro–model approach is far 

lower than the one achievable via micro–modelling. 

5.4.4 Rising damp in a masonry wallette 

To further demonstrate the capabilities of the proposed approach, a two-dimensional (2–D) masonry 

wallette was studied under capillary absorption conditions. This type of analysis is representative of rising 

damp, which is a rather common phenomenon in load–bearing masonry structures. The wallette was 

modelled using the different strategies discussed in the previous sections, namely detailed micro–, 

continuous micro–, discrete micro– and macro–modelling. The geometry of the wallette is that presented 

in Figure 3.4 for each modelling technique, assuming symmetry conditions through the middle vertical 

plane. In the original configuration, the bricks had dimensions 200 mm × 100 mm × 50 mm and the 

mortar joints were 12 mm thick. The same brick and mortar materials previously presented for the multi–

layered masonry cases and the different modelling approaches were used here (Table 5.3). Additionally, 

the orthotropic response of the bricks was considered in the 2–D simulations and the capillary absorption 

coefficient for the extrusion direction was used for brick and equivalent brick materials, namely 

𝐴𝑤,𝑋 = 0.104 kg/(m2 · s0.5) (see Table 2.2). 

The finite element mesh used for all the models consisted of quadrilateral Lagrangian quadratic 

elements with average size 2 mm. The total amount of elements for each model was around 11000. To 

represent rising damp exposure, the boundary conditions were taken as for free water absorption, namely 

direct contact with water at the base, 𝜑 = 1, and null flux, 𝑔 = 0 kg/(m2 · s), at the top face. The 

boundary condition at the base was introduced progressively using a smoothed step function. Sealed 

conditions were assumed for the lateral faces and symmetry was imposed at the mid–section vertical 

plane. Finally, ‘dry’ initial conditions were considered, 𝜑(𝑡 = 0) = 0.01. 

The results obtained with the different modelling strategies are presented in Figure 5.10 in terms of 

evolution of the internal relative humidity with time. For the models with an explicit account of the mortar 

joints (detailed micro–, Figure 5.10a, and continuous micro–modelling, Figure 5.10b), the presence of 

vertical joints became relevant. This was expected since the studied natural hydraulic lime mortar, either 

moulded (LM) or cast directly in masonry bed joints (LMJ), showed a higher capillary absorption coefficient 

than brick. Higher 𝐴𝑤 entails a higher liquid water diffusivity and consequently the joints in masonry act 

as a moisture bridge, accelerating the absorption. In the present simulations, this fact was particularly 

evident in the vertical joints, in which the moisture front advanced faster than in the adjacent bricks. Note 
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that this phenomenon is in contrast with other cases with cement mortar, where the less permeable 

cement acts as a moisture barrier (X. Zhou et al., 2020). 
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Figure 5.10. Evolution of internal relative humidity in masonry wallettes simulated using different modelling strategies: 

(a) detailed micro–modelling; (b) continuous micro–modelling; (c) discrete micro–modelling; (d) macro–

modelling. 
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Only slight differences in moisture distribution were registered for the detailed micro– (Figure 5.10a) and 

the continuous micro–modelling approaches (Figure 5.10b). The discrete micro–model (Figure 5.10c) 

could not capture the disturbances induced by the vertical joints but overall, the obtained moisture front 

evolution was comparable to the detailed micro– and continuous micro–modelling cases. Finally, the 

macro–modelling strategy (the presented results were calculated with a correction 0.80 × 𝛾𝑎𝑑𝑠) revealed 

the same flaws anticipated in Section 5.4.3 for this type of approach, namely underestimation of the 

initial moisture absorption and overestimation of the absorption rate for prolonged times. A common 

feature presented by all the models was a continuous diffusion of the moisture front with evolving time. 

In other words, the wet front (normally assumed sharp) became dimmer and dimmer as it advanced 

through the material. 

5.5 CHAPTER CONCLUSIONS 

This chapter presents a moisture transport model to study a series of moisture–related phenomena in 

multi–layered porous materials, namely water absorption and drying. First, the moisture transport model 

is presented. Then, numerical simulations based on the finite element method are performed with the 

aid of COMSOL Multiphysics. Simulation results are compared against the experimental evidence, and 

material parameters are calibrated to improve curve fitting. 

A set of physical and hygric–related material properties are needed as input for the model: bulk 

density, open porosity, capillary moisture content, capillary absorption coefficient, moisture storage 

curves (adsorption/desorption), and water vapour permeability/resistance. Moreover, two parameters 

are chosen as calibration variables to fit the experimental results. In particular, the interface hydraulic 

resistance is chosen as the calibration parameter for capillary absorption tests, whereas the diffusivity 

factor 𝛾 defined for the liquid water diffusivity function is used to calibrate drying. 

A commonly used expression for liquid water diffusivity originally proposed by Künzel (1995) is 

validated with capillary absorption and drying tests results. However, it is demonstrated that the diffusivity 

function needs to be adjusted depending on the process (wetting/drying). A diffusivity factor 𝛾 is proposed 

as an adjustable parameter to accommodate both processes. The original analytical formulation with 

𝛾𝑎𝑑𝑠 = 3.80 can be used directly for the wetting processes together with the water absorption coefficient 

calculated from capillary absorption tests. Conversely, the expression for diffusivity in desorption 

processes lacks a consistent definition, thus inverse analysis from experimental data is needed for each 

case. Since the materials exhibit different behaviour according to the type of process, validation of 
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moisture transport models should always consider both absorption and desorption. In other words, 

validation from only wetting or only drying tests would be insufficient. 

No analytical approach was found to evaluate the interface hydraulic resistance consistently. The 

interface behaviour depends on the materials in contact, the geometric arrangement of the layers and 

specific conditions of each case, such as the existence or not of previous discontinuities. In the current 

work, the interface impact is estimated for water absorption cases by an iterative process of curve–fitting. 

It is proven that for the studied conditions the interface resistance has a negligible impact on drying 

kinetics. Considering the case–specific issues derived from the interfacial contact, direct extrapolations 

of the presented resistance values must be treated with caution. Further works are needed to define a 

general approach for the study of moisture–related interface phenomena. 

A hysteresis model is defined in order to capture the observed differences between water absorption 

and drying processes. In particular, a hysteresis index is implemented to control the transition between 

adsorption and desorption liquid diffusivity functions. The results for the case where wetting is followed 

by drying perfectly match the target behaviour. Conversely, the transition from drying to wetting requires 

a much more abrupt change and the simulated results show less accuracy. Nonetheless, the obtained 

trends are still considered adequately accurate. 

Different modelling approaches commonly used in solid mechanics for masonry structures and 

materials are extrapolated to the study of moisture transport problems. Considering the higher accuracy 

and flexibility of the models with an explicit account of interfaces, the use of the detailed micro– or the 

discrete micro–modelling techniques is preferred. All the analysed moisture transport modelling strategies 

are suitable for coupling with mechanical studies to define hygro–mechanical models. 

Overall, the proposed moisture transport model is able to capture water absorption and drying 

processes in multi–layered masonry materials with considerable accuracy. In the following chapter, the 

studies will be extended to non–isothermal problems, incorporating the necessary temperature–

dependent properties. The application of transient boundary conditions (cyclic temperature and relative 

humidity) will also be implemented to reproduce applications closer to service–life conditions. Future 

works should further go in depth over the characterization of interface hydraulic resistances, with special 

emphasis on the additive effect of consecutive discontinuities. Finally, subsequent studies should also 

account for the presence of vertical joints and possible moisture bridges through open cracks. 
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CHAPTER 6 

Numerical simulations II: 

Hygro–thermo–mechanical coupling 

This chapter deals with the simulation of different hygrothermal phenomena and their relationship with 

the mechanical behaviour of masonry elements. The discussion addresses the coupling between fields 

and the role of different modelling approaches and input parameters on the simulation output. First, the 

moisture transport model presented in the previous chapter is linked to the thermal field and a coupled 

hygrothermal model is proposed. In order to understand the capabilities of the model, a brick masonry 

wall is simulated under different environmental conditions. Subsequently, the hygrothermal analysis is 

extended to incorporate mechanical effects. Thus, a one–way coupled hygro–thermo–mechanical model 

is presented, and its application is demonstrated on the wall studied previously. 

6.1 HYGROTHERMAL MODEL 

This first section presents the numerical model adopted for hygrothermal simulations. The theoretical 

bases and assumptions introduced in Chapter 5 for the moisture transport model are briefly recalled here 

for clarity. Masonry is described as a porous medium made up of a matrix of interconnected pores inside 

a solid skeleton. This solid phase is assumed to be continuous, homogenous, inert (no chemical 

reactions), isotropic and non–deformable. On the other hand, pores are assumed cylindrical, with a 

homogenous, isotropic distribution inside the material. The void space defined by the pores is filled in 

different proportions with a liquid and a gaseous phase. The liquid phase is pure and incompressible, 

whereas the air phase is an ideal mixture of dry air and water vapour 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. Based on this, the contributions of liquid water and water vapour may be combined 

to define a global moisture content. Nonetheless, the contribution of water vapour 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. Heat flux induced by moisture transport (Dufour 
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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 as presented in Chapter 5. For heat transfer, the impact of interfaces 

between adjacent materials is disregarded so that the temperature profiles are continuous between layers. 

6.1.1 Governing equations 

The heat transfer model considers conductive heat transfer according to Fourier’s Law and accounts for 

the heat of vaporization: 

𝜌𝐶
𝜕𝑇

𝜕𝑡
= ∇ · (𝜆 ∇𝑇) + 𝐿𝑣  ∇ · (

𝛿𝑎

𝜇
 ∇(𝜑 𝑝𝑣,𝑠𝑎𝑡)) (6.1) 

where 𝜌𝐶 [J/(m3 · K)] is the volumetric heat capacity at constant pressure, 𝑇 is the temperature [K], 𝑡 

[s] is time, 𝜆 [W/(m · K)] is the thermal conductivity, 𝐿𝑣 [J/kg] is the latent heat of evaporation, 𝛿𝑎 

[kg/(m · s · Pa)] is the water vapour permeability of still air, 𝜇 [–] is the water vapour resistance of the 

material, 𝜑 [–] is the relative humidity, and 𝑝𝑣,𝑠𝑎𝑡 [Pa] is the vapour saturation pressure. The second 

term on the right–hand side of Eq. (2.1) represents the latent heat of vaporization associated with 

liquid/gas phase change. 

On the other hand, the moisture transport equation presented in Chapter 5 is recalled here for clarity: 

𝜕𝑤

𝜕𝜑

𝜕𝜑

𝜕𝑡
= ∇ · (

𝜕𝑤

𝜕𝜑
𝐷𝑤 ∇𝜑) + ∇ · (

𝛿𝑎

𝜇
 ∇(𝜑 𝑝𝑣,𝑠𝑎𝑡)) (6.2) 

where 𝑤 [kg/m3] is the moisture content, and 𝐷𝑤 [m2/s] is the liquid water diffusivity. The remaining 

parameters are the same as presented in Eq. (2.1). The modified version of the exponential expression 

proposed by Künzel (1995) is used to describe the liquid water diffusivity: 

𝐷𝑤 = 𝛾 · (
𝐴𝑤

𝑤𝑐𝑎𝑝
)

2

· 10
3·(

𝑤
𝑤𝑐𝑎𝑝

 −1)
 (6.3) 

where 𝛾 [–] is a diffusivity factor depending on the material and transport process (wetting/drying), 𝐴𝑤 

[kg/(m2 · s0.5)] is the capillary absorption coefficient, and 𝑤𝑐𝑎𝑝 [kg/m3] is the capillary moisture 

content. 
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6.1.2 Hygrothermal coupling 

The variety of relations and inter–dependencies between the heat and moisture fields are discussed in 

this section. First, the moisture dependency of heat transfer parameters is addressed. Then, the thermal 

effects on mass transport properties are discussed. 

Moisture dependency of thermal parameters 

To begin with, 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 taken into account: 

𝜌𝐶 = 𝜌𝑏𝑢𝑙𝑘𝐶𝑝 + 𝑤 · 𝐶𝑤 (6.4) 

where 𝜌𝐶 [J/(m3 · K)] is the volumetric heat capacity of the material, 𝜌𝑏𝑢𝑙𝑘 [kg/m3] is the bulk density 

of the material, 𝐶𝑝 [J/(kg · K)] is the specific heat capacity of the dry material, 𝑤 [kg/m3] is the moisture 

content, and 𝐶𝑤 [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 this study. Therefore, 

it is taken as a constant, 𝐶𝑤 = 4182 J/(kg · K), which corresponds to the specific heat capacity of water 

at 20 ℃. For a detailed list of saturated water properties, the reader is referred to Appendix 1 at the end 

of this document. 

Additionally, the moisture influence on the thermal conductivity of a wet porous material can be 

determined through the following expression: 

𝜆 = 𝜆0 (1 + 𝑏 · 𝑤 𝜌𝑏𝑢𝑙𝑘⁄ ) = 𝜆0 (1 + 𝑏 · 𝑤𝑔) (6.5) 

where 𝜆0 [W/(m · K)] is the thermal conductivity of the solid matrix, and 𝑏 [–] is a material–dependent 

thermal conductivity supplement. The supplement 𝑏 is commonly expressed as a percentage as well, so 

that it represents the fractional increase [in %] of the thermal conductivity per mass–% moisture content, 

i.e. moisture mass per unit mass of dry material × 100. Thermal conductivity has a minor dependence 

on temperature for normal environmental conditions and therefore its thermal dependency is disregarded. 

For detailed information about the thermal behaviour of porous building materials, the reader is referred 

to specialized literature, e.g. Cammerer (1995). 

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 𝜆 = 𝐴 + 𝐵 · 𝑤 has been extensively used in the literature to describe 

the thermal conductivity of brick (Hagentoft et al., 2003; Janssen et al., 2007; Defraeye et al., 2013). In 

the previous expression, the intercept 𝜆(𝑤 = 0) stands for the thermal conductivity of the dry material, 
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𝜆0. In turn, the slope of the curve represents the increase in thermal conductivity per moisture content 

and according to Eq. (6.5) it must equal 𝜆0 · 𝑏/𝜌𝑏𝑢𝑙𝑘. 

Temperature dependency of hygric parameters 

The coefficient of thermal expansion of most building materials lies in the order of 1.0E–5 to 1.0E–6 ℃−1 

for normal temperatures. Consequently, any volumetric change induced by temperature variations within 

the normal temperature range falls outside ordinary measurement capabilities (Feng & Janssen, 2016). 

Thus, it is generally accepted that open porosity, 𝜙𝑜 [–], and bulk density, 𝜌𝑏𝑢𝑙𝑘 [kg/m3], can be 

considered as constant for the range of temperatures of interest in this study (Salager et al., 2007). 

Moreover, once the volumetric variation of the porous solid matrix is disregarded, the influence of 

temperature on the saturation moisture content, 𝑤𝑠𝑎𝑡 [kg/m3], stems solely from the water density, 

which has a weak dependency on temperature (see Appendix 1), with less than a 1.20 % decline between 

0 ℃ and 50 ℃. As a result, 𝑤𝑠𝑎𝑡 [kg/m3] can be considered as a constant independent of temperature. 

In the present study, an analogous logic is followed for the definition of the capillary moisture content, 

𝑤𝑐𝑎𝑝 [kg/m3], which is considered a constant. However, it must be mentioned that a widely accepted 

theory to describe the relationship between 𝑤𝑐𝑎𝑝 and temperature is still lacking in the literature. 

Apart from the saturation state boundaries, 𝑤𝑐𝑎𝑝 and 𝑤𝑠𝑎𝑡, 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 

behaviour is expected since higher temperatures are associated with higher energy levels, which cause 

faster transport and release of water molecules (K. K. Hansen, 1986). For this reason, both adsorption 

and desorption curves corresponding to higher temperatures lie below the ‘colder’ isotherms (Pavlík et 

al., 2012). The thermal dependency of moisture storage can be expressed analytically through 

temperature–dependent fitting parameters. As an example, the original function proposed by Künzel (see 

Eq.(4.1)) can be rewritten as (Castellazzi et al., 2014): 

𝑤(𝜑) = 𝑤𝑐𝑎𝑝 ·
𝜓(𝑇) − 1

𝜓(𝑇) − 𝜑
· 𝜑 (6.6) 

where 𝜓(𝑇) [–] is a fitting parameter dependent on temperature. It is noted that 𝜓 is inversely 

proportional to the temperature, i.e. 𝜓 decreases with increasing temperature. The correlation between 

𝜓 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 still scarce in the literature. 

Nonetheless, the available information suggests a negligible temperature dependency for barely 
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hygroscopic materials, such as fired–clay brick (Feng & Janssen, 2016). For the sake of simplicity, the 

thermal effects on moisture storage are not considered in the simulations presented in this thesis. 

The influence of temperature on vapour diffusion is partly considered through the water vapour 

permeability of still air, 𝛿𝑎 [kg/(m · s · Pa)], which was introduced in Chapter 3 and is recalled here: 

𝛿𝑎 =
2.31 · 10−5

𝑅𝑣 · 𝑇

𝑝0

𝑝
(

𝑇

273.15
)

1.81

 (6.7) 

where 𝑝0 = 101325 Pa is the standard atmospheric pressure, 𝑝 [Pa] is the ambient barometric pressure, 

𝑅𝑣 = 461.5 J/(kg · K) is the universal gas constant for water vapour, and 𝑇 [K] is the temperature. 

Additionally, the saturation vapour pressure, 𝑝𝑣,𝑠𝑎𝑡 [Pa], is a non–linear function of temperature, as 

it was defined in Chapter 3: 

𝑝𝑣,𝑠𝑎𝑡 = 610.7[Pa] · 10
7.5(

𝑇−273.15
𝑇−35.85

)
 (6.8) 

The impact of temperature on the liquid transport term has been studied by different authors, in particular 

its effect on the water absorption coefficient, 𝐴𝑤 [kg/(m2 · s0.5)], or sorptivity, 𝑆 = 𝐴𝑤/𝜌𝑤 [m/s0.5], 

e.g. Gummerson et al. (1980), Guizzardi et al. (2016), Feng & Janssen (2016, 2017), Hanumanthu & 

Sarkar (2021). The reported results support the validity of the Lucas–Washburn law, which describes the 

water penetration depth 𝑥 [m] after a period of time 𝑡 [s] (Washburn, 1921): 

𝑥 = √
 𝜎 𝑟 𝑐𝑜𝑠 𝜃

2 𝜂
· √𝑡 (6.9) 

where 𝜎 [N/m] is the surface tension of water, 𝑟 [m] is the equivalent hydraulic capillary radius, 𝜃 is the 

contact angle, and 𝜂 [Pa · s] is the viscosity of water. The previous expression states that liquid water flow 

is influenced by a series of factors. In order to understand how variations of temperature affect the overall 

liquid flow, 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 𝜃 (see Appendix 1), so its influence can be disregarded. Therefore, the remaining temperature–

dependent parameters are the surface tension 𝜎 and the viscosity 𝜂. Finally, by 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., 1980): 

𝐴𝑤 ∝ √𝜎 𝜂⁄  (6.10) 
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Considering the previous relation, Feng & Janssen (2016) fitted tabulated values for 𝜎 and 𝜂 (valid for 

temperatures between 0 ℃ and 50 ℃) and established a linear model to describe the relationship 

between 𝐴𝑤 and 𝑇: 

𝐴𝑤 = 𝑘 √𝜎 𝜂⁄ = 𝑘 [0.095(𝑇 − 273.15) + 6.566]  (6.11) 

where 𝑘 [kg/m2.5] is a microstructure–dependent but temperature–independent factor. As an example, 

these authors studied the absorption behaviour of different building materials under several temperature 

conditions and determined 𝑘 = 0.0059 for brick (𝐴𝑤 = 0.052 at 22.5 ℃). For cement mortars, 

Hanumanthu & Sarkar (2021) found 𝑘 = 0.0019–0.0023 (𝐴𝑤 = 0.016–0.020 at 20 ℃), whereas for 

NHL mortar, the data presented by Karagiannis et al. (2016) were reinterpreted by Feng & Janssen 

(2017), who established 𝑘 = 0.0125 (𝐴𝑤 = 0.106 at 20 ℃). 

6.1.3 Initial and boundary conditions 

The hygrothermal model is completed by introducing the initial and boundary conditions. The Dirichlet 

boundary condition yields: 

𝑇 = 𝑇̅ (6.12) 

𝜑 = 𝜑̅ (6.13) 

where 𝑇̅ [K] and 𝜑̅ [–] 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 

vapour pressure difference, such as: 

𝑞 = ℎ𝑇(𝑇 − 𝑇𝑒𝑥𝑡) (6.14) 

𝑔 = ℎ𝑚(𝑝𝑣 − 𝑝𝑣,𝑒𝑥𝑡) (6.15) 

where 𝑞 [W/m2] is the convective heat flux, ℎ𝑇 [W/(m2 · K)] the heat transfer coefficient, 𝑇𝑒𝑥𝑡 [K] is 

the temperature of the environment and 𝑇 [K] is the temperature at the boundary, 𝑔 [kg/(m2 · s)] is the 

convective moisture flux, ℎ𝑚 [s/m] is the convective mass transfer coefficient, 𝑝𝑣,𝑒𝑥𝑡 [Pa] and 𝑝𝑣 [Pa] 

are the partial vapour 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 = ℎ𝑇,𝑐 + ℎ𝑇,𝑟 (6.16) 
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where ℎ𝑇,𝑐 [W/(m2 · K)] is the convective heat transfer coefficient, and ℎ𝑇,𝑟 [W/(m2 · 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 significantly complex. For building applications, a simplified approach is usually adopted, and 

the heat transfer coefficient is assumed to be constant (Künzel, 1995). 

6.2 HYGROTHERMAL SIMULATIONS OF A BRICK MASONRY WALL 

In this section, the model described in the previous paragraphs is used to simulate the hygrothermal 

behaviour 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 or transient analyses. Finally, the results of the simulations are 

presented in terms of temperature and relative humidity profiles, and the obtained trends are discussed. 

Like the moisture transport simulations presented in Chapter 5, the analyses described in the 

following paragraphs are based on the finite element method and were performed using the software 

COMSOL Multiphysics (COMSOL, 2021). 

6.2.1 Description of the numerical model 

A common type of load–bearing masonry wall was selected as a case study to perform the hygrothermal 

simulations. In particular, the chosen wall is made up of bricks with dimensions 205 mm × 95 mm × 

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 5.2. Finally, the described geometry was used to prepare a two–dimensional (2–D) model. 

The material properties used for the hygrothermal simulations are presented in Table 2.2. Two types 

of mortar were considered for the analyses, namely natural hydraulic lime mortar (LMJ) and cement 

mortar (CM). Moreover, the brick–mortar interfaces were assumed to have perfect contact for heat 

transfer, whereas an imperfect contact was considered for moisture transport. Thus, a hydraulic 

resistance 𝑅𝐼𝐹 = 2E+9 m/s was assigned to the brick–mortar interfaces. 

The wall is assumed located in Guimarães (Portugal), which has an annual average temperature 

𝜗 = 13.5 ℃; and an annual average relative humidity RH = 74 % (Climate and Average Weather Year–

Round in Guimarães, Portugal, 2022). Furthermore, the wall is considered to have initial conditions equal 

to these yearly average values, thus 𝜗0 = 13.5 ℃ and 𝜑0 = 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, respectively 20 ℃ and 50 % RH. It must be noted that the presented 
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(a) (b) (c) 

Figure 6.1. Schematic geometrical configuration of the brick masonry wall: (a) transversal cross–section; (b) vertical cross–

section; (c) bond arrangement and brick blocks geometry. Dimensions in mm. 

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 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. 

Table 6.1. Summary of material properties used for the hygrothermal simulations. 

Material Property Symbol Value Units Source 

B Bulk density 𝜌𝑏𝑢𝑙𝑘  1900 kg/m3  Experimental 

 Open porosity 𝜙𝑜  0.280 – Experimental 

 Capillary moisture content 𝑤𝑐𝑎𝑝  240 kg/m3  Experimental 

 Fitting parameter for sorption isotherm 𝜓  1.0070 – Experimental 

 Water absorption coefficient (∥  bed face) 𝐴𝑤,∥  0.104 kg/(m2 · s0.5)  Experimental 

 Water absorption coefficient (⊥ bed face) 𝐴𝑤,⊥  0.075 kg/(m2 · s0.5)  Experimental 

 Water vapour resistance factor 𝜇  34.14 – Experimental 

 Specific heat capacity 𝐶𝑝  825 J/(kg · K)  Kočí et al. (2018) 

 Thermal conductivity 𝜆0  0.59 W/(m · K)  Kočí et al. (2018) 

 Thermal conductivity supplement 𝑏  12.74 – Kočí et al. (2018) 

 

Exterior      Interior 
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Table 6.1 (Continued). Summary of material properties used for the hygrothermal simulations. 

Material Property Symbol Value Units Source 

LMJ Bulk density 𝜌𝑏𝑢𝑙𝑘  2060 kg/m3  Experimental 

 Open porosity 𝜙𝑜  0.230 – Experimental 

 Capillary moisture content 𝑤𝑐𝑎𝑝  190 kg/m3  Experimental 

 Fitting parameter for adsorption isotherm 𝑎𝑎𝑑𝑠  3.80E–6 1/Pa  Experimental 

  𝑚𝑎𝑑𝑠  0.352 – Experimental 

 Fitting parameter for desorption isotherm 𝑎𝑑𝑒𝑠  1.19E–5 1/Pa  Experimental 

  𝑚𝑑𝑒𝑠  0.235 – Experimental 

 Water absorption coefficient (isotropic) 𝐴𝑤,𝐼𝑆𝑂  0.080 kg/(m2 · s0.5)  Experimental 

 Water vapour resistance factor 𝜇  15.00 – Prangnell (1971) 

 Specific heat capacity 𝐶𝑝  840 J/(kg · K)  Kumaran (1996)  

 Thermal conductivity 𝜆0  0.85 W/(m · K)  Kumaran (1996) 

 Thermal conductivity supplement 𝑏  9.53 – Kumaran (1996) 

CM Bulk density 𝜌𝑏𝑢𝑙𝑘  2000 kg/m3  Experimental 

 Open porosity 𝜙𝑜  0.210 – Experimental 

 Capillary moisture content 𝑤𝑐𝑎𝑝  180 kg/m3  Experimental 

 Fitting parameter for adsorption isotherm 𝑎𝑎𝑑𝑠  1.43E–6 1/Pa  Experimental 

  𝑚𝑎𝑑𝑠  0.285 – Experimental 

 Fitting parameter for desorption isotherm 𝑎𝑑𝑒𝑠  2.51E–5 1/Pa  Experimental 

  𝑚𝑑𝑒𝑠  0.213 – Experimental 

 Water absorption coefficient (isotropic) 𝐴𝑤,𝐼𝑆𝑂  0.060 kg/(m2 · s0.5)  Experimental 

 Water vapour resistance factor 𝜇  25.00 – Prangnell (1971) 

 Specific heat capacity 𝐶𝑝  932 J/(kg · K)  Kumaran (1996)  

 Thermal conductivity 𝜆0  1.72 W/(m · K)  Kumaran (1996) 

 Thermal conductivity supplement 𝑏  9.29 – Kumaran (1996) 

 

The hygrothermal simulations were performed through both steady–state (SS) and time–dependent (TD) 

analyses. The SS analysis was used to evaluate the final hygrothermal 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 hygrothermal 

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 
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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 such as: 

𝜗(𝑡) = 13.5 + 10 · cos(2𝜋𝑡 − 𝜋/2) (6.17) 

𝜑(𝑡) = 0.74 + 0.12 · cos(2𝜋𝑡 + 𝜋/2) (6.18) 

for the external temperature and relative humidity, respectively, with 𝑡 expressed in days. The proposed 

thermal variation corresponds to the average maximum temperature excursion that can be experienced 

in a single day during mid–season periods, i.e. ∆𝜗 ≈ 20 ℃. Additionally, average values of the seasonal 

relative humidity were selected to determine the range of daily moisture variation and the corresponding 

sinusoidal function was set to follow an opposite trend to the one defined for temperature. 

The initial and boundary conditions used for the hygrothermal simulations of the masonry wall are 

summarised in Table 6.2. 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 particular, heat transfer coefficients ℎ𝑇,𝑒𝑥𝑡 = 25 W/(m2 · K) and 

ℎ𝑇,𝑖𝑛𝑡 = 8 W/(m2 · K) were imposed at the external and internal faces, respectively (Hagentoft et al., 

2004). It is noted that the heat transfer coefficient selected for the external surface already takes into 

account the radiative contribution. On the other hand, convective mass transfer coefficients 

ℎ𝑚,𝑒𝑥𝑡 = 2.0E–7 s/m and ℎ𝑚,𝑖𝑛𝑡 = 3.0E–8 s/m were considered for the external and the internal faces 

of the wall, respectively (Hagentoft et al., 2004). 

Table 6.2. Summary of the initial and boundary conditions used for the hygrothermal simulations. 

Analysis 

Initial conditions  Exterior boundary conditions  Interior boundary conditions 

𝜗0  

[℃] 

𝜑𝑜  

[–] 
 

𝜗𝑒𝑥𝑡  

[℃] 

ℎ𝑇,𝑒𝑥𝑡  

[W/(m2 K)] 

𝜑𝑒𝑥𝑡  

[–] 

ℎ𝑚,𝑒𝑥𝑡  

[s/m] 
 

𝜗𝑖𝑛𝑡  

[℃] 

ℎ𝑇,𝑖𝑛𝑡  

[W/(m2 K)] 

𝜑𝑖𝑛𝑡  

[–] 

ℎ𝑚,𝑖𝑛𝑡  

[s/m] 

SS 13.5 0.74  13.5 25 0.74 2.0E–7  20.0 8 0.50 3.0E–8 

TD1 13.5 0.74  13.5 25 0.74 2.0E–7  20.0 8 0.50 3.0E–8 

TD2 
SS  

results.(1) 

SS  

results.(1) 
 

Eq. 

(6.17) 
25 

Eq. 

(6.18) 
2.0E–7  20.0 8 0.50 3.0E–8 

.(1) Analogous to the final stage of TD1 

 

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 
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interpolated based on standard Lagrangian shape 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. 

6.2.2 Hygrothermal behaviour of a brick masonry wall 

The results of the hygrothermal analyses presented in the previous section are examined in this sub–

section. First, the steady–state case is discussed, with special emphasis on the temperature and moisture 

content distributions obtained for the average environmental conditions. Subsequently, the time–

dependent studies are analysed, and the obtained results are assessed in terms of temperature and 

moisture content evolution across the wall and for different points of the external and internal surfaces. 

For each group of analyses, a distinction is made between the brick masonry wall with lime mortar (LMJ) 

and the one with cement mortar (CM). 

Steady–state analysis (SS) 

The temperature and relative humidity profiles obtained for the steady–state analyses are shown in Figure 

5.3 and Figure 6.3, respectively. The results show only minor differences between the two studied cases, 

namely the wall with lime mortar (LMJ) and the wall with cement mortar (CM). This is 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 behaviour 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 ℃ and 74 % RH for 

the exterior, and 20 ℃ 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 5.3), 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 LMJ case, the presence of mortar joints is barely noticeable 

since the thermal conductivity properties of bricks and lime mortar are quite similar. On the contrary, the 
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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. 

(a) 

 

(b) 

 

Figure 6.2. Steady–state analysis (SS). Temperature distribution across the studied three–wythe brick masonry wall: (a) joints 

with natural hydraulic lime mortar (LMJ); (b) joints with cement mortar (CM). 
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(a) 

 

(b) 

 

Figure 6.3. Steady–state analysis (SS). Relative humidity distribution across the studied three–wythe brick masonry wall: 

(a) joints with natural hydraulic lime mortar (LMJ); (b) joints with cement mortar (CM). 

Regarding the hygric response (see Figure 6.3), the relative humidity profiles for both models show a 

nearly linear distribution between the two faces of the wall. Similarly, 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 
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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 behaviour of lime mortar 

and the barely hygroscopic behaviour of bricks. 

Considering the results of the hygrothermal steady–state analysis, rather homogenous temperature 

and moisture distributions are obtained for the studied wall configuration. Moreover, the differences 

between the two types of mortar are not significant. Thus, it is concluded that a macro–modelling 

approach with equivalent masonry properties (see Section 5.4) would be expedient. It is recalled that this 

simulation methodology implies lesser material and geometrical complexity, with an associated reduction 

of the computational cost. Furthermore, the simplification to a 1–D type of analysis would be appropriate 

as well. 

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, labelled TD1, focuses on the process required for the wall to reach 

the same state of hygrothermal equilibrium. 

Considering the TD1 results, the evolution of temperature and relative humidity profiles is shown in 

Figure 6.4 and Figure 6.5, 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 

hours. Conversely, moisture transport is a much slower process and hygric equilibrium is only attained 

after 450 days (more than 10000 hours). 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 the moisture processes. 

There are some differences between the wall with lime mortar (LMJ) 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 vapour resistance than its lime counterpart. 

As it was pointed out in 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. 
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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.  

  

  

  
(a) (b) 

Figure 6.4. Time–dependent analysis (TD1). Temperature evolution across the studied three–wythe brick masonry wall: 

(a) joints with natural hydraulic lime mortar (LMJ); (b) joints with cement mortar (CM). 

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, 𝑅𝐼𝐹, were implemented but the results did not show significant differences. Therefore, it was 
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concluded that the impact of the interface resistance is 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. 

 

 

 
 (a) (b) 

Figure 6.5. Time–dependent analysis (TD1). Evolution of the relative humidity across the studied three–wythe brick masonry 

wall: (a) joints with natural hydraulic lime mortar (LMJ); (b) joints with cement mortar (CM). 

Considering the results of the time–dependent analysis TD1, for each case (LMJ and CM) only slight 

differences are noticed between the three studied sections of the wall. Therefore, a macro–modelling 

simulation with equivalent masonry properties (see Section 5.4) could be used to reproduce the observed 
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temperature and moisture content evolution. Notwithstanding the loss of detail, a simplified 1–D model 

could be considered as well with minor impact on the overall accuracy. 

Time–dependent analysis with variable external boundary conditions (TD2) 

For the second group of time–dependent analyses, labelled TD2, the steady–state equilibrium (resulting 

from the SS analysis or the final stage of TD1) is taken as the initial condition of the wall. Moreover, the 

sinusoidal expressions for variable temperature and relative humidity described in Eq. (6.18) and Eq. 

(6.19) are implemented so that the effect of time–dependent boundary conditions can be studied. 

The results of the time–dependent analysis with variable boundary conditions, TD2, are shown in 

Figure 6.6 and Figure 6.7, 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. 

 

Figure 6.6. 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 (LMJ); (b) joints 

with cement mortar (CM). 

Considering the thermal response (see Figure 6.6), there are some discrepancies between the wall with 

lime mortar (LMJ) and the one with cement mortar (CM). In particular, the thermal properties of bricks 
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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 hours 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 cement mortar 

mentioned above. 

 

Figure 6.7. 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 (LMJ); 

(b) joints with cement mortar (CM). 

Concerning the moisture response (see Figure 6.7), there are considerable differences between the two 

studied cases. In particular, the relative humidity values obtained for the LMJ case show only small 
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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 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 vapour 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 range. At this point, 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 vapour pressure, such as 𝜑 = 𝑝𝑣/𝑝𝑣,𝑠𝑎𝑡(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 is 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. 

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. However, the results obtained 

with the new 𝑅𝐼𝐹 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. 

Independently of the studied case, the response of the wall stabilizes (dynamic equilibrium) 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 are ∆𝑇 = 13.0 ℃ for the 

LMJ case and ∆𝑇 = 12.4 ℃ for the CM case. In turn, the maximum moisture gradient obtained for the 

average relative humidity values between the two faces are ∆𝜑 = 0.18 for the LMJ case and ∆𝜑 = 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 conditions. 
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Considering the results described in the previous paragraphs, it is evident that the hygrothermal 

behaviour of brick masonry walls depends to a great extent on the type of mortar. Considering the wall 

with natural hydraulic lime mortar (LMJ case), the temperature and relative humidity trends showed 

comparable values for the groups of studied points, independently of their location on brick or mortar 

joints. Therefore, this type of hygrothermal problem could be simulated for the LMJ case by means of a 

macro–modelling approach with an equivalent masonry material (see Section 5.4) or a simplified 1–D 

model with hardly any loss of information. Conversely, the wall with cement mortar (CM case) showed 

some differences in temperature and relative humidity depending on the material where the studied point 

was located. Thus, for the CM case, the macro–modelling approach or the reduction to a 1–D problem 

would entail a certain loss of detail and accuracy. 

6.3 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 hygrothermal models (see Section 6.1) are 

valid here as well. With respect to the structural mechanics field, a series of new assumptions must be 

introduced. First, 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. 

6.3.1 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 (Szekeres, 2014): the total strain can be divided 

into different components, namely mechanical strains, thermal strains 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 (Ramézani & Jeong, 2011): 

𝜀 = 𝜀𝑒𝑙𝑎𝑠𝑡𝑖𝑐 + 𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐 + 𝜀𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + 𝜀𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (6.19) 

The mechanical strains, 𝜀𝑒𝑙𝑎𝑠𝑡𝑖𝑐 and 𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐, 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: 
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𝜀𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝛼𝑇 ∆𝑇 = 𝛼𝑇 (𝑇 − 𝑇𝑟𝑒𝑓) (6.20) 

where 𝛼𝑇 is the coefficient of thermal expansion of the material and 𝑇𝑟𝑒𝑓 is the reference temperature at 

which the thermally induced strain is zero. 

An analogous relation may be written for the moisture–induced strain: 

𝜀𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 = 𝛼ℎ ∆𝑤𝑔 = 𝛼ℎ (𝑤𝑔 − 𝑤𝑔,𝑟𝑒𝑓) (6.21) 

where 𝛼ℎ is the coefficient of hygric expansion of the material, 𝑤𝑔 [kg/kg] is the gravimetric moisture 

content, and 𝑤𝑔,𝑟𝑒𝑓 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 𝛼ℎ is initially given in terms of gravimetric moisture content (dimensionless), it 

must be divided by the density of the material, 𝜌𝑏𝑢𝑙𝑘 [kg/m3], 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 hygrothermal 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 hygrothermal results 

are linked to the mechanical response, but the effects of the structural response on the temperature and 

moisture fields are not considered. Indeed, the development of stresses and strains within a porous 

material may affect the hygric and thermal responses. For instance, Carmeliet et al. (2013) studied the 

so–called mechano–sorptive behaviour of porous materials and concluded that the amount of moisture 

adsorbed by the material reduces as the specimens are subjected to higher compressive stresses. 

Additionally, the authors observed that the stress effect on the sorption behaviour 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 (Khoshbakht & Lin, 2010). Thus, a 

schematic diagram of the proposed HTM model is provided in Figure 6.8. 

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 (Castellazzi, de Miranda, Formica, et al., 2015). Nonetheless, considering the lack 
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of specific research dedicated to the moisture–dependent mechanical behaviour of masonry materials, 

these aspects are neglected in the present study and further works on this topic are suggested. 

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 hygrothermal 

problem by means of the thermal and hygric expansion coefficients. 

 

Figure 6.8. Schematic diagram of the one–way coupled hygro–thermo–mechanical model used in this study. 

6.3.2 Initial and boundary conditions 

As it has been discussed, the equilibrium state of a porous building material is intimately related to the 

surrounding environmental conditions. Specifically, temperature and moisture content increments 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 dimensional 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 variations 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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6.4 HYGRO–THERMO–MECHANICAL SIMULATIONS OF A BRICK MASONRY WALL 

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. 

6.4.1 Description of the numerical model and boundary conditions 

The same three–wythe brick masonry wall presented for the hygrothermal simulations was used for the 

HTM analyses (see description of the model in Section 6.2.1). Similarly, the physical, thermal, and hygric 

material properties presented in Table 2.2 were employed for the model definition. The newly added 

properties needed for the mechanical field are introduced in Table 6.3. It is noted that the numerical 

simulations presented in the following paragraphs were performed with a 2–D plane strain finite element 

model using the software COMSOL Multiphysics (COMSOL, 2021). 

Two different scenarios were studied, namely a gravitational load case alone 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 also included. 

Moreover, for the HTM case, the same temperature and moisture conditions defined for the time–

dependent hygrothermal analysis TD2 (see Section 6.2.1) 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. 

With regard to the mechanical boundary conditions, the bottom of the wall is assumed 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 in a non–deformed configuration before the application of 

the gravitational and environmental loads. The initial temperature and relative humidity of the wall are 

𝜗0 = 13.5 ℃ and 𝜑0 = 0.74, respectively. For these conditions, the temperature– and moisture–

induced strains are zero. 

Assuming the applicability of Saint Venant’s principle, the following discussion focuses on a section 

of the mid–portion of the wall (height around 1.20 m). In other words, the area selected for the study is 

reasonably distant from any applied load or boundary condition that could directly influence the local 

stress/strain distribution. 
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Table 6.3. Summary of mechanical, thermo–mechanical and hygro–mechanical properties used for the simulations. 

Material Property Symbol Value or expression Units Source 

B Young’s modulus 𝐸  5580 MPa  Ghiassi et al. (2013) 

 Poisson’s ratio 𝜈  0.20 – Ghiassi et al. (2013) 

 Compressive strength 𝑓𝑐   19.80 MPa  Ghiassi et al. (2013) 

 Tensile strength 𝑓𝑡  2.00 MPa  Ghiassi et al. (2013) 

 Coefficient of thermal expansion 𝛼𝑇  2.56E–6 1/℃  Experimental 

 Coefficient of hygric expansion 𝛼ℎ  1.40E–4/𝑤𝑔
0.72  –  Experimental 

LMJ Young’s modulus 𝐸  3330 MPa  Penas et al. (2008) 

 Poisson’s ratio 𝜈  0.20 – Penas et al. (2008) 

 Compressive strength 𝑓𝑐   1.10 MPa  Penas et al. (2008) 

 Flexural strength 𝑓𝑏   0.40 MPa  Penas et al. (2008) 

 Coefficient of thermal expansion 𝛼𝑇  3.04E–6 1/℃  Experimental.(1) 

 Coefficient of hygric expansion 𝛼ℎ  3.00E–4/𝑤𝑔
0.62  –  Experimental.(1) 

CM Young’s modulus 𝐸  2370 MPa  D’Altri et al. (2018) 

 Poisson’s ratio 𝜈  0.20 – D’Altri et al. (2018) 

 Compressive strength 𝑓𝑐   8.20 MPa  D’Altri et al. (2018) 

 Tensile strength 𝑓𝑡  1.50 MPa  D’Altri et al. (2018) 

 Coefficient of thermal expansion 𝛼𝑇  7.38E–6 1/℃  Experimental 

 Coefficient of hygric expansion 𝛼ℎ  1.32E–4/𝑤𝑔
0.78  –  Experimental 

.(1) Taken from moulded lime mortar (LM) 

 

6.4.2 Hygro–thermo–mechanical behaviour 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 behaviour of the wall is studied in terms of minimum and maximum principal stresses, 

𝜎3 and 𝜎1, 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) is chosen for the study. The selected deformed state is shown in Figure 6.9 and Figure 6.10 for the 

LMJ and the CM cases, respectively, together with the history of displacements for the top of the wall and 

the imposed boundary conditions. It is recalled that the discussion is focused solely on a selected mid–

height section of the wall. 
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(a) (b) 

Figure 6.9. 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). 

Considering the displacement history for the LMJ case (Figure 6.9), 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 towards the interior caused by moisture shrinkage 

of the internal face (𝜑𝑖𝑛𝑡 = 0.50 < 𝜑0 = 0.74), which prevails over thermal dilation (𝜗𝑖𝑛𝑡 = 20 ℃ > 

𝜗0 = 13.5 ℃). On the other hand, the vertical displacement is rather small and remains always below 

0.1 mm during the duration of the analysis. When the variable boundary conditions are implemented, 

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. 𝜗𝑒𝑥𝑡 > 𝜗𝑖𝑛𝑡 > 𝜗0) and after the 

minimum value of the external relative humidity (general shrinkage of the wall still more prominent on 

the internal face, i.e. 𝜑𝑖𝑛𝑡 < 𝜑𝑒𝑥𝑡 < 𝜑0). 

The displacements obtained for the wall with cement mortar (Figure 6.10) follow the same trends 

described above for the LMJ case. However, the CM case shows larger deformations. This is expected 
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considering the higher thermal expansion and hygric expansion coefficients of cement with respect to the 

lime mortar. 

 

 

 

(a) (b) 

Figure 6.10. 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 LMJ case under the self–weight condition (body force + roof weight) is 

shown in Figure 6.11. As expected, the distribution of minimum principal stresses (Figure 6.11a and 

Figure 6.11b) 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 2–D 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 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 2–D phenomena that affect the distribution of stresses within the masonry wall. 
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(a) (b) 

  
(c) (d) 

Figure 6.11. Hygro–thermo–mechanical analysis of the three–wythe brick masonry wall with natural hydraulic lime mortar. 

Principal stress distribution obtained for the gravitational loads alone: minimum principal stress, 𝜎3 [MPa], in 

(a) bricks, and (b) mortar joints; maximum principal stress, 𝜎1 [MPa], in (c) bricks, and (d) mortar joints. 

The maximum principal stresses obtained for the gravitational case reveal expected trends as well (see 

Figure 6.11c and Figure 6.11d). 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 5.0E-3 MPa. 
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Even though the obtained value is 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 𝜎1, around –8.0E-3 MPa, which indicates that the bed 

mortar joints experience biaxial compression. It is noted that 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 6.12. It is 

noted that the obtained results are analogous to the ones previously discussed for the LMJ case. The 

distribution of minimum principal stresses for bricks and mortar bed joints (Figure 6.12a and Figure 

6.12b) presents the same average compression, i.e. –0.09 MPa for the selected area. Likewise, the areas 

of the bricks aligned with vertical joints show lower stresses, ca. –0.08 MPa. On the other hand, small 

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 head mortar joints present less compressive stresses, ca. –0.05 MPa. 

The distribution of maximum principal stresses for the wall with cement mortar (Figure 6.12c and 

Figure 6.12d) shows some differences with respect to the LMJ 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 5.0–6.0E-3 MPa. Furthermore, higher 𝜎1 values can be found in the vertical head 

joints as well, ca. 7.0E-3 MPa. Although the observed 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 

2–D stress distribution derived from the multi–layered nature of the material. Moreover, the stress 

distribution results for the LMJ 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 LMJ case are shown in 

Figure 6.13. It is recalled that the instant with maximum horizontal displacement is selected for the 

analysis (see Figure 6.9). 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 (Figure 6.13a and Figure 6.13b), lower compression values 

are found in the middle portion of the wall, around –0.07 MPa. Conversely, higher stresses appear near 
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(a) (b) 

  
(c) (d) 

Figure 6.12. 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, 𝜎3 [MPa], in (a) bricks, and 

(b) mortar joints; maximum principal stress, 𝜎1 [MPa], in (c) bricks, and (d) mortar joints. 

the external and internal faces, ca. –0.12 MPa. The compressive stresses in bed mortar joints follow a 

similar trend with values up to –0.13 MPa near the wall boundaries. On the other hand, the results of 𝜎3 

in head mortar joints show lower compression levels, with values around –0.05 MPa and –0.04 MPa for 
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(a) (b) 

  
(c) (d) 

Figure 6.13.  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, 𝜎3 

[MPa], in (a) bricks, and (b) mortar joints; maximum principal stress, 𝜎1 [MPa], in (c) bricks, and (d) mortar 

joints. 

the vertical joints located closer to the external and the internal surfaces, respectively. Finally, it is noted 

that the bricks repeat the same trends obtained for the gravitational case, namely lower compressive 
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stresses in the areas aligned with the vertical joints and higher concentration of stresses near the vertical 

edges adjacent to the head joints. 

The distribution of maximum principal stresses for the LMJ case (Figure 6.13c and Figure 6.13d) 

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 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 in the joints closer to the exterior and the 

interior, respectively. 

The HTM results for the CM wall are depicted in Figure 6.14. As it happened with the gravitational 

loads, the overall stress distribution is analogous to the one obtained for the LMJ case. This is expected 

since the deformed shape is similar for both cases. Nonetheless, several differences can be pointed out 

as well. The minimum principal stresses for bricks (Figure 6.14a) 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 

horizontal joints (Figure 6.14b), 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 (Figure 6.14c and Figure 6.14d) present 

a more or less uniform gradient across the thickness of the wall. The 𝜎1 results for bricks (Figure 6.14c) 

show generalized tensile stresses, with increasing values for areas closer to the internal face, around 

0.06 MPa. Moreover, 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 𝜎1 results for bed 

joints (Figure 6.14d) show a rather uniform stress gradient through the wall thickness, with negative 

values near the external face, 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. 
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(a) (b) 

  
(c) (d) 

Figure 6.14. 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, 𝜎3 [MPa], in (a) bricks, 

and (b) mortar joints; maximum principal stress, 𝜎1 [MPa], in (c) bricks, and (d) mortar joints. 

In conclusion, for both models, the imposed hygrothermal conditions induce deformations and lead to 

relevant changes in the stress state of the wall with respect to the gravitational case. For the specific 
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boundary conditions considered in this study, the shrinkage 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 hygrothermal boundary conditions, the wall with cement mortar presents greater deformations (see 

Figure 6.10). Consequently, the HTM results for the CM case reveal higher stress levels in comparison 

with the LMJ wall. 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. 

6.4.3 Influence of the initial conditions on the hygro–thermo–mechanical response 

As it was previously mentioned, the thermal– and moisture–induced strains are dependent on 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 ℃ and 74 % RH. 

However, if the initial conditions of the wall were assumed equal to the interior environment, i.e. 20 ℃ 

and 50 % RH, the obtained results would change drastically. Note that the steady–state hygrothermal 

equilibrium reached by any of the two cases would be the same since it only depends on the external 

conditions. However, the deformed configuration attained with the steady–state equilibrium does depend 

on the chosen hygrothermal conditions used as a reference (see Eq. (6.20) and Eq. (6.21)). For the sake 

of clarity, Figure 6.15 shows the maximum horizontal displacement obtained for the HTM analysis 

discussed in the previous section performed on the same LMJ and CM cases but assuming different initial 

conditions. 

It is worth recalling that the coefficient of thermal expansion, 𝛼𝑇, has been assumed constant. 

Therefore, the thermally induced strains are directly proportional to the imposed temperature gradient, 

∆𝑇. Consequently, assuming ∆𝑇 = 𝑇ℎ𝑖𝑔ℎ − 𝑇𝑙𝑜𝑤, where 𝑇ℎ𝑖𝑔ℎ > 𝑇𝑙𝑜𝑤, the resulting positive gradient 

leads to a positive strain and thus dilation or swelling. Conversely, the same gradient with a negative sign, 

i.e. ∆𝑇 = 𝑇𝑙𝑜𝑤 − 𝑇ℎ𝑖𝑔ℎ, will produce the same absolute value for the strain but, in this case, it will be 

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. 
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(a) (b) (c) (d) 

Figure 6.15.  Hygro–thermo–mechanical analysis of the studied three–wythe brick masonry wall: maximum 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. 

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 behaviour is due to the non–linear 

nature of the coefficient of hygric expansion, 𝛼ℎ. In order to illustrate this, the previously analysed wall 

with natural hydraulic lime mortar can be used as an example. Assuming 𝜑50 = 0.50, the coefficient of 

hygric expansion for brick is 𝛼ℎ(𝜑50) = 11.8E–6 m3/kg. Nonetheless, for 𝜑74 = 0.74, the 

corresponding coefficient for brick is 𝛼ℎ(𝜑74) = 5.6E–6 m3/kg. Lime mortar presents a similar trend, 

namely 𝛼ℎ(𝜑50) = 7.9E–6 m3/kg and 𝛼ℎ(𝜑74) = 4.2E–6 m3/kg. Therefore, the coefficients of hygric 

expansion of both materials double for 𝜑50 in comparison with 𝜑74. This implies that if the initial 

conditions are considered as the free–strain equilibrium, a wall drying (∆𝜑 = 𝜑74−𝜑50) will experience 

greater deformations than the same material wetting (∆𝜑 = 𝜑50−𝜑74). 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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6.5 CHAPTER CONCLUSIONS 

This chapter presents a hygro–thermo–mechanical (HTM) model and its application to simulate how 

different hygrothermal phenomena affect the structural behaviour of masonry elements. First, the 

hygrothermal model is presented together with the coupling assumptions needed to link the temperature 

and moisture fields. Subsequently, a finite element masonry wall is prepared and different hygrothermal 

simulations are performed using COMSOL Multiphysics. In the second stage, the hygrothermal model is 

extended to incorporate mechanical effects and a unidirectionally coupled HTM model is presented. The 

capabilities of the HTM analysis are tested on the same masonry wall studied in the hygrothermal 

analyses. 

The proposed hygrothermal model combines a muti–phase diffusivity moisture transport model with 

a thermal model based on conductive heat transfer and with an explicit account for the heat of 

vaporization. Moreover, the model conforms to the so–called two–way or fully–coupled layout, that is, the 

thermal parameters are dependent on moisture content and the hygric parameters are dependent on 

temperature as well. Consequently, a series of analytical expressions are introduced to establish the 

necessary links between the two fields. It is noted that while the reliability of the thermal parameters is 

well established in general, the most accurate approach to modelling the influence of temperature on 

hygric properties is still under debate. For the definition of convective flux boundary conditions, the 

incorporation of simplified convective transfer coefficients is generally adopted. The convective heat 

transfer coefficient, ℎ𝑇, and the convective mass transfer coefficient, ℎ𝑚, are usually taken from tabulated 

values in the literature or calibrated based on experimental results, e.g. drying tests. The convective 

coefficients ℎ𝑇 and ℎ𝑚 can be calibrated separately; otherwise, ℎ𝑇 can be calibrated first, and then ℎ𝑚 

is calculated based on ℎ𝑇 by means of the Lewis analogy. Finally, for cases that include thermal radiation, 

a lumped convective coefficient accounting for the radiation component is generally used. 

A 2–D finite element model is prepared to simulate a three–wythe brick masonry wall under different 

hygrothermal scenarios. Two types of mortars are considered, namely natural hydraulic lime mortar (LMJ) 

and cement mortar (CM). The corresponding boundary conditions are defined based on the climate 

records of Guimarães (Portugal). Subsequently, steady–state (SS), time–dependent analysis with 

constant boundary conditions (TD1), and time–dependent analysis with variable boundary conditions 

(TD2) are performed. The results of these hygrothermal studies are 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 is found that for the SS and TD1 analyses, there are only minor 

differences between the LMJ and the CM cases. Moreover, for these scenarios the wall can be simulated 
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following a macro–modelling approach with equivalent masonry properties. Similarly, the system can be 

simplified into a 1–D 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. Considering the transient analysis TD2, the results show differences in the hygrothermal 

performance of the wall depending on the type of mortar. As expected, the LMJ case shows a more 

uniform response due to the similar behaviour of bricks and lime mortar. On the contrary, the CM case 

presents localized behaviour depending on the material. Thus, the LMJ case can be simplified to a 1–D 

macro–modelling approach but the same process applied on the CM wall may result in a loss of detail 

and accuracy. Finally, the interface hydraulic resistance does not play a role for the moisture conditions 

considered in this study. 

The mechanical problem is coupled with the thermal and moisture fields through the total strain 

additive decomposition principle, that is, 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 hygrothermal fields consists of a one–way coupled 

relationship. In other words, the hygrothermal 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 are not considered. The HTM model is completed with 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, considering 

the non–linear behaviour 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 hygrothermal analysis is further used to study 

the internal distribution of stresses when the wall is subjected to temperature and moisture gradients. In 

particular, the temperature and moisture results from the time–dependent analysis TD2 are used as input 

for the mechanical study. The instant of maximum displacement is chosen, and the corresponding stress 

distribution induced by the hygrothermal loads is compared with the self–weight scenario. The analysis 

is focused on a section of the mid–portion of the wall in order to avoid disturbances caused by the 
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proximity of loads or boundary conditions. It is 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 undergoes higher stress levels in comparison with the wall with natural hydraulic lime 

mortar. This is caused by the higher thermal expansion and hygric expansion coefficients of cement in 

comparison with lime mortar. Although the induced tensile stresses are low, they may contribute to crack 

propagation when cracks are already present. Similarly, the hygrothermally–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, the hygro–thermo–mechanical behaviour 

of the masonry wall is a 2–D phenomenon derived from the multi–layered nature of the material. 
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CHAPTER 7 

Case study: The Civic Tower of Pavia 

This chapter builds upon the hygro–thermo–mechanical model presented in the previous chapter and 

demonstrates its application to simulate the structural behaviour of full–scale buildings. For this purpose, 

the Civic Tower of Pavia (Italy) is selected as a case study. This historical masonry structure is chosen 

due to a series of advantages with respect to the modelling possibilities, namely its simple morphology, 

the peculiarities of its history, loading conditions and eventual failure, and the existence of previous studies 

with a comprehensive compilation of structural information and material data. 

7.1 BRIEF HISTORY AND DESCRIPTION OF THE STRUCTURE 

The Civic Tower of Pavia (Italy) is most known because of its tragic collapse in 1989 (Figure 7.1). The 

structure was located on the northwest corner of the Cathedral of Pavia. Originally, it worked as the bell 

tower for two pre–existing Romanesque churches, which were later replaced by the current Cathedral. 

The construction of the tower started in the 11th century and continued in different phases during the 

two following centuries. At the end of the 16th century, the original belfry was replaced by a new one in 

granite stone. Since then, the tower underwent minor repair works and rebuilding of the roof (Binda et 

al., 1992). On 17 March 1989, eight centuries after the beginning of its construction, the masonry 

structure failed suddenly without any apparent warning. 

  
(a) (b) 

Figure 7.1.  Civic Tower of Pavia, Italy: (a) tower and cathedral before the collapse; (b) ruins after the collapse. Images from 

Binda et al. (2007), Anzani et al. (2009). 
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After the collapse of the tower, a considerable amount of research work was developed in order to identify 

and understand the causes of the failure, e.g. Binda et al. (1992), Anzani et al. (2000), Ferretti & Bazant 

(2006a, 2006b), Lourenço & Pina–Henriques (2007), Taliercio & Papa (2007), among others. Especially 

relevant was the investigation conducted by Binda et al. (1992), who carried out a comprehensive 

experimental campaign involving the analysis of remains on site and in the laboratory. Moreover, these 

authors prepared and calibrated a finite element model that set up the basis for further simulation works. 

By the time the collapse occurred, there was not sufficient documentation to reconstruct the 

morphology of the tower. Thus, a geometric survey of the building was done after the collapse, based on 

the material remains, historical documents and photographs. The resulting geometry is shown in Figure 

7.2a and Figure 7.2b. The tower had a square plan with dimensions 12.30 m × 12.30 m and was about 

60 m high. Externally, the façades were divided into six levels or architectural orders. Inside, the tower 

had two timber floors at a height of 11 m and 24 m, approximately. Two vaults further divided the interior 

space at heights around 35 m and 46 m. Finally, the belfry had big arched openings and was covered 

by a dome and a hip roof. 

  

 

 

 
 

 

(a) (b) (c) 

Figure 7.2.  Civic Tower of Pavia, Italy: (a) geometric survey; (b) outlook of the tower and finite element mesh of the original 

model by Binda et al. (1992); (c) cross–section of the wall and detail of a retrieved wall fragment showing the 

external brick cladding. Images adapted from Ferretti & Bazant (2006a), and Binda et al. (2007). 

N 

Brick cladding Rubble masonry core 
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The load–bearing structure consisted of masonry walls, 2.80 m wide at the base. These massive walls 

were composed of a rubble masonry core and an external brick cladding (Figure 7.2c). The thickness of 

the external cladding was variable, with an average of 0.15 m. The external brick layers additionally served 

as formwork during construction for casting the core. The core was made up of a sort of conglomerate or 

‘ancient concrete’, that is, successive courses of irregular stones and brick pieces embedded in mortar 

alternating with thick layers of lime–based mortar. 

A staircase 0.80 m wide was built into the masonry walls, running clockwise along the four façades 

from the southwest corner on the ground floor up to the belfry level. The staircase divided the cross–

section of the wall into two parts, namely an external wall 1.40 m thick and an internal one 0.60 m thick. 

The external part had the same morphology of rubble core and brick cladding, whereas the internal wall 

was made up of rubble masonry alone. Finally, the stairwell was covered by a barrel vault and had small 

openings towards the external façades and the interior space of the tower. 

Blocks of masonry of different sizes and fragments of the main constituent materials (stone, brick 

and mortar) were recovered from the ruins for laboratory testing. The experimental campaign comprised 

monotonic compressive tests, uniaxial cyclic tests and creep tests. For the description of the experimental 

methodology and a more detailed discussion of the results, the reader is referred to Binda et al. (1992), 

Anzani et al. (2000). It is noted that the experiments were performed in controlled laboratory conditions, 

i.e. 20 ℃ and 50 % RH. 

The material properties reported by Binda et al. (1992) are presented in Table 7.1. The compression 

tests performed on brick specimens gave an average strength equal to 13.4 MPa (CoV = 1.9 %). In turn, 

the average compressive strength of the mortar specimens (small cubes taken from mortar joints) was 

6.4 MPa (CoV = 7.6 %). The elastic modulus of the materials was calculated as the slope of the stress–

strain relation between 20 % and 60 % of the peak stress. Thus, the elastic moduli obtained for brick 

and mortar were 1970 MPa and 900 MPa, respectively. On the other hand, the compressive strength of 

masonry specimens ranged between 2.0–4.1 MPa, with ultimate strains from 3.0E–3 to 5.5E–3. The 

Young’s modulus of masonry was calculated between 20 % and 40 % of the peak stress and resulted in 

values between 720–1800 MPa. 

Table 7.1. Mechanical properties determined experimentally from the material remains (Binda et al., 1992). 

Material property Symbol Units Brick Mortar Masonry 

Compressive strength 𝑓𝑐 MPa  13.4 6.4 2.0–4.1 

Young’s modulus 𝐸 MPa  1970 900 720–1800 
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Regarding the failure mechanism, the collapse was almost vertical with a slight inclination toward south–

west. The failure would have started from the bottom where the highest level of stress was likely to occur 

and major concentrations were expected due to the presence of the entrance and the staircase (Anzani 

et al., 2009). No evidence of sudden or differential soil settlement was found. Moreover, there were no 

records of any atmospheric or accidental event in the preceding months that could be directly related to 

the collapse. Upon inspection of the debris, it was concluded that the cause of the collapse was not 

associated with the degradation state of the building materials. Once these causes had been discarded, 

researchers turned their attention toward the time–dependent material behaviour and how the evolution 

and combination of dead and live loads might have affected the mechanical response. In this context, 

numerical models were developed to aid the investigation process and evaluate the different hypotheses. 

With the retrieved information regarding geometrical and material aspects, Binda et al. (1992) 

produced a finite element model and tested it against different loading scenarios. It was found that under 

self–weight conditions, the average normal compressive stress at the base of the tower was about 1.1 

MPa (Binda et al., 1992). However, higher compression values between 1.7–2.0 MPa were found on the 

southwest corner and at the base of the staircase, near the entrance to the tower (Anzani et al., 2000; 

Taliercio & Papa, 2007). It is noted that these stress concentrations are compatible with the compressive 

strength of the masonry determined experimentally, i.e. 2.0–4.1 MPa, although rather close to the lower 

limit. However, it is important to consider that such stress levels acting for a prolonged time could 

eventually bring the material to failure, as indicated by Taliercio & Papa (2007). These authors performed 

numerical simulations as well and confirmed that the failure mechanism (deformed shape at incipient 

failure) was defined by crushing of the corner near the entrance, in agreement with the survey of the 

tower ruins. 

Based on the collected information, researchers concluded that the accumulation of creep–induced 

damage prompted by high stress concentrations was the main cause of the collapse (Anzani et al., 2000). 

This was supported by the results of creep tests on specimens extracted from the remains, some of which 

failed at stress levels equivalent to the maximum values obtained from the numerical analyses (Lourenço 

& Pina–Henriques, 2007; Taliercio & Papa, 2007). Moreover, the combination of time–dependent 

behaviour with cyclic loads (thermal variations, wind, soil vibrations or vibrations produced by bells) 

probably contributed to the failure in a synergetic way (Binda et al., 2007). Aside from these phenomena, 

Ferretti & Bazant (2006a, 2006b) included other factors as a potential cause for the failure, namely the 

redistribution of stresses related to the non–uniform evolution of carbonation, drying shrinkage and drying 

creep, all of which derive from the slow diffusion of pore humidity in time. 
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7.2 DESCRIPTION OF THE NUMERICAL MODEL 

A finite element model was prepared in order to study the mechanical response of the tower under 

different loading conditions and environmental actions. Considering the morphological and material 

characteristics described previously, a macro–modelling approach was chosen to simulate the hygro–

thermo–mechanical behaviour of the masonry structure. It must be noted that the main purpose of the 

model was to study the stress distribution at the base of the tower, which was the most vulnerable part 

of the structure as pointed out by earlier studies. Taking this into account, only the lowest portion of the 

building was modelled. In particular, the model comprised the bottom of the tower from the ground level 

up to a height of 6 m. Windows and other openings above the ground level were not modelled since their 

presence was assumed to have a minor impact on the distribution of the stresses at the base. The non–

modelled geometry corresponding to the upper portion of the building was considered as an additional 

load applied on top of the modelled volume. Thus, the total weight applied on top of the model was 

71100 kN. This value was estimated through a calibration process so that the maximum normal 

compressive stresses obtained at the base fitted the values reported in the literature (see Section 7.4). 

 

Figure 7.3. Outlook of the tower (adapted from Ferretti & Bazant (2006a)) and geometry modelled in the present work. 

The material properties of stone rubble masonry were chosen for the model. Thus, an explicit distinction 

of the external brick layer was not accounted for. Moreover, it was assumed that the material was 
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homogeneous and isotropic, with linear elastic behaviour. In their studies for moisture diffusion and 

carbonation, Ferretti & Bazant (2006a, 2006b) treated the core material as a low–strength Portland 

cement concrete. An analogous approach was adopted for the current model and the necessary material 

parameters were drawn from specialized literature or directly extrapolated from the mortar properties 

previously analysed in this work (see Chapter 4). The resulting material properties defined for the 

numerical simulations are summarised in Table 7.2. 

Table 7.2. Material properties of masonry used in the simulations. 

Material parameter Symbol Units Value or expression Source 

Specific weight 𝛾  kN/m3  18.00 Binda et al. (1992) 

Young’s modulus 𝐸  MPa  1500 Binda et al. (1992) 

Poisson’s ratio 𝜈  – 0.10 Binda et al. (1992) 

Compressive strength 𝑓𝑐  MPa  3.10 Ferretti & Bazant (2006b) 

Tensile strength 𝑓𝑡  MPa  0.16 Ferretti & Bazant (2006b) 

Specific heat capacity 𝐶𝑝  J/(kg · K)  1000 EN ISO 10456 (2007) 

Thermal conductivity 𝜆0  W/(m · K)  1.00 EN ISO 10456 (2007) 

Coefficient of thermal expansion 𝛼𝑇  1/℃  3.04E–6 Experimental.(1) 

Capillary moisture content 𝑤𝑐𝑎𝑝  kg/m3  190 Experimental.(1) 

Fitting parameter for sorption isotherm 𝑎  1/Pa  3.80E–6 Experimental.(1) 

Fitting parameter for sorption isotherm 𝑚  – 0.352 Experimental.(1) 

Capillary absorption coefficient 𝐴𝑤  kg/(m2 · s0.5)  0.080 Experimental.(1) 

Water vapour resistance factor 𝜇  – 15.00 Prangnell (1971) 

Coefficient of hygric expansion 𝛼ℎ  – 3.00E–4/𝑤𝑔
0.62  Experimental.(1) 

.(1) Taken from mortar analysed in this study 

 

The numerical model was discretized using solid elements, namely four–node isoparametric tetrahedra. 

In order to avoid mesh–dependent results, a sensitivity analysis was carried out and different mesh sizes 

were tested, as shown in Figure 7.4. The self–weight condition was used as a reference for the sensitivity 

study and the response was analysed in terms of vertical stresses, 𝜎𝑍 [MPa], in different points of the 

base near the entrance. On the external side, the southwest corner was selected together with the point 

at the hypothetical interface between the inner core and the cladding, that is 0.15 m × 0.15 m away from 

the corner. Moreover, the opposite corner on the internal side was chosen as well as the corresponding 

point at the core/cladding interface, i.e. the point distant 0.15 m × 0.15 m from the corner. Expectedly, 

the corners lead to a geometric singularity: the solution is mesh–dependent and inconsistent stress values 



Case study: The Civic Tower of Pavia 

 

157 

are obtained for increasingly refined meshes. On the contrary, the results obtained for the points 

representing the core/cladding transition show little variation throughout the mesh refinement process. 

This means that the selected nodes are at an adequate distance from the corner and not affected by the 

singularity. Therefore, the core/cladding interface points were chosen as a reference for the analysis of 

stresses at the base of the tower. The final discretization was done with a maximum mesh size equal to 

0.40 m. As a result, the final model contains 282633 elements and 53723 nodes. 

 

(a) (b) 

Figure 7.4. Mesh sensitivity study: (a) finite element mesh with maximum mesh size 0.40 m; (b) vertical stress, 𝜎𝑍 [MPa], for 

self–weight condition in different points of the southwest corner at ground level. 

7.3 LOADING AND ENVIRONMENTAL CONDITIONS 

Different scenarios were considered for the numerical analysis, namely a gravitational load case (self– 

weight) and several hygrothermal combinations. For this group of analyses, the hygrothermal cases were 

studied independently of the gravitational loads. In other words, the analysis involving temperature and/or 

moisture did not consider the weight of the structure. Thus, the stresses obtained from the hygrothermal 

cases were compared directly against the gravitational results. It is noted that the different temperature 

and moisture scenarios were studied by means of steady–state analyses. Therefore, fixed boundary 

conditions were imposed on the vertical surfaces of the model representing the external and internal sides 

of the tower. The steady–state approach ignores the slow evolution of hygrothermal processes (especially 

in thick massive walls) but is considered a valid approximation to understand the magnitude of 

temperature– and moisture–induced stresses. 

The gravitational case included the dead weight of the modelled geometry and the weight of the 

non–modelled upper part of the tower, which was implemented as an evenly distributed load on the upper 

surface of the model. 
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Regarding the environmental scenarios, real data from the location was used to determine the 

temperature and moisture loads. According to the climate records, Pavia has an annual average 

temperature 𝜗 = 13 ℃, and an annual average relative humidity RH = 70 % (Climate and Average 

Weather Year–Round in Pavia, Italy, 2022). These yearly average values were taken as the initial 

conditions for the walls, thus 𝜗0 = 13 ℃ and 𝜑0 = 0.70. The climatic data were used as well to locate 

the coldest and warmest day of the year and define the lowest and highest expected temperatures, 

respectively. As shown in Figure 5.6a, the lowest temperature would occur on 12 January at dawn, 

𝜗𝑙𝑜𝑤 = –4 ℃. On the other hand, Figure 5.6b shows the highest expected temperature, 𝜗ℎ𝑖𝑔ℎ = 34 ℃, 

documented on 26 July during the afternoon. 

  
(a)  (b)  

Figure 7.5. Temperature records for the city of Pavia: (a) coldest day of the year; (b) warmest day of the year. Adapted from 

Climate and Average Weather Year–Round in Pavia, Italy (2022). 

The final load cases proposed for the simulations with their corresponding environmental conditions are 

presented in Table 7.3. More specifically, the values in the table were used as fixed boundary conditions 

imposed on the external and internal surfaces of the model. The highest and lowest temperatures 

previously introduced were selected for the extreme thermal cases. Additionally, a more severe summer 

scenario was considered by adding the contribution of direct solar exposure. Thus, a thermal supplement 

from solar radiation was added as indicated by Holm et al. (2004), which recorded +20 ℃ for a sunny 

summer day in a west–facing wall with dark finishing. A soaked façade after wind–driven rain was 

considered the most severe moisture condition, i.e. 100 % RH. It is worth mentioning that some of the 

presented scenarios are unlikely to occur or to sustain for prolonged times, for instance the simultaneous 

incidence of high temperature and high relative humidity (HT-HH), or the combination of high 

temperature, solar radiation and high relative humidity (HTS-HH). Nonetheless, the corresponding 

Tmin 

Tmax 
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analyses are proposed as an academic exercise to understand the impact that such severe conditions 

could have on the structure. 

Table 7.3. Load cases and environmental scenarios studied for the Civic Tower of Pavia. 

Type of exposure Label  Exterior  Interior .(1) 

  Temperature 
Solar 

radiation 

Relative 

humidity 
Temperature 

Relative 

humidity 

  [℃] [℃] [%] [℃] [%] 

No exposure (only  

gravitational loads) 
SW NA NA NA NA NA 

High temperature HT 34 NA NA 13 / 30 NA 

High temperature  

+ Solar radiation 
HTS 34 +20 NA 13 / 30 NA 

Low temperature LT –4 NA NA 13 / 0 NA 

High humidity HH NA NA 100 NA 70 / 90 

High temperature  

+ High humidity 
HT-HH 34 NA 100 13 / 30 70 / 90 

High temperature + Solar 

radiation + High humidity 
HTS-HH 34 +20 100 13 / 30 70 / 90 

Note: NA stands for ‘not applicable’ 

.(1) First number refers to a poorly–ventilated inner space; second number refers to a well–ventilated inner space. 

 

Considering its function, the interior space of the tower was assumed to lack any kind of hygrothermal 

conditioning system to control temperature and relative humidity. Taking this into account, two scenarios 

were proposed for the interior conditions, namely an indoor space with little effective contact with the 

exterior, and a well–ventilated space with a reasonable air renovation rate. In the first case, the massive 

thickness of the walls would guarantee high thermal and hygric inertia, so the internal temperature and 

relative humidity were assumed constant and equal to the annual average, i.e. 13 ℃ and 70 % RH, 

respectively. For the second scenario, the constant air renovation would bring about variable internal 

conditions, so the indoor temperature and relative humidity would stay closer to the external conditions. 

Based on monitoring data collected in other historical towers, e.g. Froli & Formichi (2002), Saisi & Gentile 

(2015), di Tommaso et al. (2021), a thermal difference ±4 ℃ with respect to the exterior temperature 

was assumed on the inner space. For the moisture conditions in the well–ventilated scenario, a common 

value of air relative humidity during a rainy day was assumed, i.e. 90 % RH. 



Hygro–thermo–mechanical analysis of masonry: Experimental characterization and numerical simulations 

 

160 

7.4 HYGRO–THERMO–MECHANICAL ANALYSIS OF THE CIVIC TOWER OF PAVIA 

The results of the analyses presented in the previous section are examined in the following paragraphs. 

In particular, the proposed model is used to analyse the distribution of stresses at the base of the tower. 

Thus, the hygro–thermo–mechanical response is studied in terms of minimum principal stresses, 𝜎3, 

according to the load case scenario. In the following discussion, the general sign convention is adopted: 

compression is indicated by negative stress values, whereas tension is represented by positive stresses. 

The gravitational case or self–weight scenario is used first to validate the model with respect to the 

normal stress values reported in the literature. As illustrated in Figure 7.6, all the points at the base of 

the tower present compressive stresses. Moreover, high stress concentrations are found on the southwest 

corner and at the base of the stairs near the entrance. The average normal compression obtained at the 

base of the tower is –0.81 MPa. It must be noted that this value refers to the area of the base 

corresponding to the core, i.e. neglecting the 0.15 m external layer in order to avoid unreliable stress 

concentrations caused by singularities. Additionally, the compressive stresses for the points at the 

interface core/cladding are –1.70 MPa and –1.11 MPa for the external and the internal studied point, 

respectively. These values are consistent with the numerical results reported by Binda et al. (1992), 

Anzani et al. (2000), and Taliercio & Papa (2007). Therefore, it is concluded that the model is able to 

reproduce the self–weight response with reasonable accuracy. 

  

 (a) (b) 

Figure 7.6. Vertical stress, 𝜎𝑍 [MPa], at the base of the tower for self–weight condition: (a) results reported by Binda et al. 

(1992); (b) results obtained with the model developed in the present work. 

In the following discussion, the effects of the proposed environmental scenarios are evaluated in terms 

of minimum principal stresses, 𝜎3 [MPa], which is the value assumed to control failure in a simplified 

σZ 
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–1.70 MPa 
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approach. The results obtained for the different load cases are presented in Figure 7.7. Note that the 

graphs are organised according to the studied element (shown in different rows) and the approach 

adopted for the internal boundary conditions of the tower due to the ventilation scenarios (left or right 

columns). 

To begin with, the stresses obtained for the point close to the external face, labelled P.Ext, are shown 

in Figure 7.7a. The results demonstrate that the environmental actions considered have a significant 

impact on the structural response. In particular, the compressive stresses induced by high temperature 

(HT) and the combination of high temperature and solar radiation (HTS) account for 38 % and 73 % of 

the stress calculated for the self–weight condition. The low temperature condition (LT) is the only action 

that causes tension on the outer surface, but its influence is negligible. The rain or high humidity case 

(HH) causes swelling, and the resulting compressive stresses are equivalent to about 62 % of the self–

weight. Finally, the most severe scenarios induce stresses that equal or even surpass the compressive 

values of the dead loads. In particular, the high temperature and high humidity combination (HT-HH) 

produces the same compressive stresses as the self–weight condition alone, whereas the simultaneous 

action of high temperature, solar radiation and high humidity (HTS-HH) results in compression levels 

×1.35 times higher than the self–weight. Nonetheless, as it was previously mentioned, these scenarios 

are unlikely to occur or to sustain in time long enough for such stresses to develop. 

The stresses for the point near the internal face, labelled P.Int, are presented in Figure 7.7c. The 

results show expected trends considering the poorly–ventilated scenario where the internal conditions are 

stable and equal to the assumed initial conditions of the walls. The low temperature (LT) case is the most 

relevant scenario and causes around 9 % of the stress value estimated from dead loads. Additionally, the 

cases HTS and HTS-HH induce minor compressive stresses, namely 6 % and 7 %, respectively, with 

respect to the stress caused by dead loads. The rest of the cases produce negligible compression below 

5 % of the value calculated for self–weight. 

The average stresses at the base are shown in Figure 7.7e. It is recalled that the presented values 

refer to the core area of the cross–section, that is without the outermost 0.15 m. The results reveal similar 

trends to the ones discussed previously for the point P.Ext near the southwest corner. This is expected 

since the environmental loads are being applied from the outside to the inside (the wall has initial 

conditions equal to the interior temperature and relative humidity), thus a point close to the outer surface 

such as P.Ext might be understood as a paradigmatic case. However, the average stress levels at the 

base induced by the environmental loads reveal smaller proportions with respect to the self–weight 

condition, which is an indication of how the perturbations caused by external variations dissipate across 
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the thickness of the walls. In other words, the environmental actions defined in this manner, i.e. fixed, 

constant internal conditions, do not have a generalized effect over the whole structure but instead affect 

local areas close to the exposed surfaces. Therefore, the cases HT, HTS and HH result in average stresses 

equal to 18 %, 35 % and 18 %, respectively, of the average stresses caused by dead loads. The external 

lowest temperature (LT) has only a minor impact on the structural response. Finally, the most severe 

combinations, i.e. HT-HH and HTS-HH, cause average compressive stresses at the base equivalent to 

36 % and 54 % of the self–weight. 

The second group of analyses with a well–ventilated inner space is discussed hereafter. First, it is 

noted that the shift of internal boundary conditions does not imply major changes in the trends observed 

at the point close to the exterior P.Ext (Figure 7.7b) nor in the average response obtained at the base of 

the tower (Figure 7.7f). It is observed, however, that the stress levels for the new scenario are higher than 

the ones calculated with the poorly–ventilated assumption. This is expected since the updated 

environmental conditions defined for the interior imply an additional perturbance (note that the initial 

conditions were kept as in the previous group of analyses equal to the annual averages 𝜗0 = 13 ℃ and 

𝜑0 = 0.70). Therefore, for the well–ventilated scenario, the compressive values calculated at P.Ext for 

the different hygrothermal cases are equivalent to the self–weight condition in the following percentages: 

HT, 42 %; HTS, 78 %; LT, –2 % (tension); HH, 70 %; HT-HH, 112 %; and HTS-HH, 147 %. On the 

other hand, the average stress at the base of the tower induced by the environmental actions is related 

to the average compressive stress of the self–weight case as follows: HT, 28 %; HTS, 45 %; LT, 8 %; 

HH, 32 %; HT-HH, 60 %; and HTS-HH, 77 %. 

As expected, the response obtained at the point P.Int with the well–ventilated indoor scenario (see 

Figure 7.7d) presents the greatest changes with respect to the poorly–ventilated assumption. For all cases 

and combinations of environmental actions, compressive stresses are found on the internal side of the 

wall. In particular, the cases HT and HTS induce 19 % and 22 %, respectively, of the compressive stress 

produced by dead loads at the same point. Moreover, the scenarios LT and HH result in lower stress 

levels, namely 10 % and 14 %, respectively, of the self–weight response. Finally, the combinations HT-

HH and HTS-HH produce similar stresses, around 35 % of the compression obtained for the self–weight. 

Considering the previous results, it is demonstrated that the mechanical response of the tower can 

be greatly influenced by the hygrothermal conditions. Apart from the least expected cases, some common 

environmental scenarios may already induce considerable stress levels. Between the most expected, 

most aggressive cases, we may point out direct solar exposure during a hot summer day (HTS), or wind–

driven rain soaking the façade (HH). 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 7.7.  Minimum principal stress, 𝜎3 [MPa], obtained at the base of the tower for different load cases: (a) P.Ext, poorly–

ventilated inner space; (b) P.Ext, well–ventilated inner space; (c) P.Int, poorly–ventilated inner space; (d) P.Int, 

well–ventilated inner space; (e) Core, poorly–ventilated inner space; (f) Core, well–ventilated inner space. 

Uncertainties and shortcomings of the model have been discussed already, namely the adequacy of 

extreme environmental scenarios, or the lack of information regarding the hygrothermal properties of the 
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material. Other limitations are, for instance, the assumption of elastic behaviour or the steady–state 

approach. For more accurate simulations, a non–linear (possibly anisotropic) constitutive model should 

be used, with different behaviour for tension and compression, and the capacity to reproduce the time–

dependent (creep) damage observed in the experimental tests (Binda et al., 1992). On the other hand, 

hygrothermal steady–state analyses deal with equilibrium states rarely achievable in real cases. As 

demonstrated by Ferretti & Bazant (2006a), the humidity field inside massive structures is not uniform 

and its evolution lasts for centuries. With respect to this topic, it might be presumed that most 

environmental loads, e.g. thermal cycles, rain or moisture variation, probably affect no more than a thin 

layer of the exposed wall surfaces. Considering the scarce amount of experimental data retrieved from 

real cases, more research on this topic is still needed. As it was previously mentioned, the results of 

thermo– and hygro–mechanical analyses are greatly dependent on the initial conditions for which free–

strain equilibrium is defined. Appropriate monitoring of the building envelope would contribute as well to 

defining more consistent initial conditions. Finally, it is recalled that the calculated temperature– and 

moisture–induced stresses are directly proportional to the coefficients of thermal and hygric expansion, 

respectively. Consequently, the results are sensitive to these parameters and appropriate material 

characterization is needed to guarantee accurate, reasonable results. 

7.5 CHAPTER CONCLUSIONS 

This chapter presents the application of a hygro–thermo–mechanical (HTM) model to simulate how 

different hygrothermal phenomena affect the structural behaviour of a massive masonry structure. In 

particular, the former Civic Tower of Pavia (Italy) is chosen as a case study. Based on the available 

documentation, a model of the tower is prepared following a finite element macro–modelling approach. 

Furthermore, material properties are taken from specialized literature or extrapolated from experimental 

data. The main purpose of the study is to evaluate the distribution of stresses at the base of the tower 

and analyse the impact of different temperature and moisture loads on the structural response.  

Initially, a mesh sensitivity study is performed, and the self–weight response is analysed. The results 

of the gravitational case are validated against stress values reported in the literature. Then, a series of 

environmental scenarios are proposed according to the climate records of the city of Pavia. For the interior 

conditions, two cases are considered, namely a closed or poorly–ventilated space and a more open or 

well–ventilated scenario. Finally, a comparative strategy is adopted to contrast the environmentally–

induced stresses with the stress levels calculated for the self–weight condition. Thus, steady–state 

analyses are performed for the different temperature and moisture cases while neglecting the contribution 
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of dead loads. It is shown that the highest concentration of thermal and hygric stresses occurs in areas 

close to the external side of the walls where the hygrothermal loads are applied. 

As evidenced by the presented case study, the hygro–thermo–mechanical response of a structure 

can be significantly affected by environmental conditions. Disregarding the most unlikely events, it is 

proven that common hygrothermal scenarios such as direct sun exposure during a hot summer day or 

particularly rainy periods can induce stresses up to 70–80 % of the stress level caused by the self–weight 

alone. This can be particularly problematic for structures already subjected to high stress levels as well 

as buildings with existing damage or material deterioration. 

The presented model constitutes a simplified approach and introduces a series of assumptions, e.g. 

linear elastic material behaviour, steady–state conditions or macro–modelling technique. A non–linear 

(possibly anisotropic) material model is recommended, with different constitutive laws for tension and 

compression and the capacity to reproduce creep behaviour. Moreover, transient analyses based on 

detailed monitored data could be used to replicate scenarios closer to real environmental conditions. 

Finally, it is recalled that hygrothermal phenomena are mostly cyclic loads. Therefore, the consideration 

of material fatigue is strongly recommended for the vulnerability assessment of similar historical masonry 

structures. Nonetheless, it is acknowledged that the consideration of all these phenomena simultaneously 

still poses great challenges due to the availability of data as well as computational limitations of available 

software. 
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CHAPTER 8 

Conclusions and future work 

This final chapter summarises the main results and conclusions of the presented works. First, a brief 

review of the research process and methodology is provided. Then, the main findings of the experimental 

and numerical works are recalled. Moreover, the reported outcomes open the door to new questions and 

possibilities in the field of hygro–thermo–mechanical analysis of masonry elements and structures. 

Consequently, some suggestions for future works are given at the end of the chapter. 

8.1 RESEARCH OUTLINE 

The investigation presented in this thesis addresses the hygro–thermo–mechanical analysis of masonry 

elements and structures subjected to real environmental conditions. The research was organized into 

different tasks including the experimental characterization of material properties, as well as numerical 

simulations of heat and moisture transport and their influence on the mechanical behaviour of masonry. 

An extensive experimental campaign was conducted to determine the physical and hygric properties 

of brick masonry together with some relevant thermo–mechanical and hygro–mechanical parameters. 

First, the constituent materials were assessed individually. Subsequently, masonry was studied as a 

multi–layered composite material. The experimental program included vacuum saturation, immersion at 

atmospheric pressure, gravimetric tests to determine the moisture storage curves, water vapour 

permeability, initial rate of absorption, capillary absorption, drying tests, tests to determine the coefficients 

of thermal and hygric expansion, and mercury intrusion porosimetry. 

Regarding the numerical simulations, a muti–phase diffusivity moisture transport model was used 

to reproduce water absorption and drying in single materials and multi–layered masonry specimens. To 

this aim, a series of finite element models were prepared using COMSOL Multiphysics. The simulation 

results were compared against the experimental evidence, and the corresponding material parameters 

were calibrated to improve curve fitting. A parametric study was conducted in parallel to analyse the 

sensitivity of the models to the different parameters involved in their definition. Similarly, a hysteresis 

model was defined in order to capture the differences observed between water absorption and drying. 

Finally, different modelling approaches commonly used for the structural analysis of masonry were tested 

in their application to moisture transport problems. 
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A fully–coupled hygrothermal model was employed to simulate heat and mass transfer in a brick 

masonry wall. The proposed model combines the previous muti–phase diffusivity moisture transport 

model with a thermal model based on conductive heat transfer with an explicit account for the heat of 

vaporization. Steady–state and time–dependent analyses were performed and the hygrothermal response 

of the wall was examined for different scenarios. Likewise, the influence of using different types of mortar 

was investigated. Subsequently, the hygrothermal model was extended to incorporate mechanical effects 

and a unidirectionally coupled hygro–thermo–mechanical model was employed to analyse the stress 

distribution of masonry elements as affected by temperature and moisture loads. The capabilities of the 

hygro–thermo–mechanical analysis were tested on the same masonry wall studied for the hygrothermal 

analyses and on a real massive masonry structure selected as a case study. 

8.2 CONCLUSIONS 

The main objective of this thesis was to advance our understanding of the hygro–thermo–mechanical 

behaviour of masonry and thus contribute to the characterization of masonry materials and structures. 

The concluding remarks on the developed research are summarised in the following subsections. The 

outcome of the experimental tasks is presented first, followed by the conclusions derived from the 

numerical investigation. 

8.2.1 Conclusions from the experimental work 

The experimental results have contributed to extend the available database on physical, moisture–related, 

thermo– and hygro–mechanical properties of masonry constituent materials, namely extruded fired–clay 

brick, natural hydraulic lime mortar and cement mortar. The obtained properties make up a consistent 

dataset which might be used as input for numerical models as well as for validation of simulation results. 

Regarding the testing methods for the moisture–related properties, it is shown that the results from the 

different experimental procedures are consistent and present acceptable variation. Nevertheless, cup 

tests showed poorer reliability and a revision of the methodology should be considered. 

With respect to the hygric performance of single materials, extruded fired–clay bricks (B) showed a 

characteristic anisotropic behaviour, more noticeable for faster processes such as water absorption. This 

behaviour can be explained by the existence of imperfections resulting from the extrusion process. On 

the other hand, there were notable differences between the hygric response of the two moulded mortars. 

Lime mortar (LM) showed low hygroscopicity and strong capillary–active behaviour with negligible 

hysteresis. Conversely, cement mortar (CM) showed both hygroscopic and capillary–active behaviour with 

a marked hysteresis. Thus, the behaviour of LM was more similar to the one of the fired–clay brick. 
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The properties of the lime mortar prepared in moulds (LM) differed from the same mixture cured in 

masonry bed joints (LMJ). The observed discrepancies can be related to the different water–binder ratio 

resulting from water extraction by the bricks upon placement. In particular, LMJ showed a more 

hygroscopic behaviour than its moulded counterpart, with non–negligible hysteresis. From the results of 

water absorption tests on masonry cylinders, it was concluded that LMJ has a lower water absorption 

coefficient in comparison with LM. Furthermore, drying tests on masonry specimens revealed mass loss 

curves with a short initial drying stage, which is indicative of an enhanced water retention capacity and 

the presence of finer pores. 

Considering the results for multi–layered masonry specimens, the existence of an imperfect 

hydraulic contact at the brick–mortar interface was demonstrated for water absorption. The imperfect 

contact manifested as a hydraulic resistance and its effect ranged from a slight reduction to considerable 

retardation of the water flow. The interfacial effect was more evident when the water moved from LMJ to 

B. Thus, discontinuity in the pore structure of the materials (finer pores in LMJ) was assumed as the main 

reason for the interfacial effect. On the contrary, the drying results from multi–layered specimens could 

not confirm the existence of interfacial effects on the drying kinetics of masonry. 

Due to the existence of an imperfect interfacial contact, the hygric properties obtained individually 

from testing the constituent materials in isolation cannot be directly extrapolated to multi–layered cases. 

Two main phenomena must be taken into consideration in order to avoid erroneous estimations, namely: 

(a) for water absorption, the dissimilar pore structure between the materials in contact generates a 

hydraulic interfacial resistance; (b) for water absorption and drying, the impact of curing conditions on 

the properties of mortars cast in masonry joints must be considered. 

The results from mercury intrusion porosimetry (MIP) allowed for a comparison of the microstructure 

of the materials and confirmed the assumptions made from water absorption and drying tests. The 

percentage of porous volume occupied by macro–pores was the highest in LM, followed by B, LMJ and 

finally CM, which showed a significant volume of finer pores. The larger presence of finer pores can be 

related to the hygroscopic character of the materials, especially CM and LMJ to a lesser degree. Moreover, 

the different curing conditions of LM and LMJ entailed significant changes in the pore structures of the 

two mortars. In particular, LMJ presented a shift towards smaller pore diameters and a less accentuated 

distribution in comparison with its moulded counterpart. 
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8.2.2 Conclusions from the numerical simulations 

The proposed moisture transport model was able to capture water absorption and drying processes in 

multi–layered masonry materials with great accuracy. The set of input parameters needed for the 

definition of the model comprises bulk density, open porosity, capillary moisture content, capillary 

absorption coefficient, moisture storage curves (for both adsorption and desorption if the material 

presents hysteresis), and water vapour permeability/resistance. Moreover, two additional parameters 

were chosen as calibration variables to fit the experimental results. In particular, the interface hydraulic 

resistance was selected as the calibration parameter for capillary absorption in multi–layered cases, 

whereas the diffusivity factor 𝛾 defined for the liquid water diffusivity function was used to calibrate drying. 

It was demonstrated that the diffusivity function needs to be adjusted depending on the process, 

namely wetting or drying. Hence, a diffusivity factor 𝛾 was proposed as an adjustable parameter within 

the liquid water diffusivity function in order to accommodate both processes. The diffusivity factor for 

desorption, 𝛾𝑑𝑒𝑠, can be calibrated from drying test results. Since the materials exhibit different behaviour 

according to the type of process, validation of moisture transport models should always consider both 

absorption and drying. 

No analytical method was found in the literature to evaluate the interface hydraulic resistance 

consistently. The results presented here for multi–layered cases were not sufficient to provide a definitive 

answer either. Nonetheless, based on the evidence collected from experimental tests and numerical 

simulations, it was possible to conclude that the interface behaviour depends on (a) the materials in 

contact, (b) the geometric arrangement of the layers, and (c) the existence (or absence) of previous 

interfaces. For the simulations of water absorption in masonry specimens, the interface impact was 

calibrated by an iterative process of curve–fitting. Moreover, it was proven that for the imposed conditions 

the interface resistance had no impact on drying. 

A hysteresis model was defined to capture the observed differences between water absorption and 

drying processes. In particular, a hysteresis index was implemented to control the transition between the 

adsorption and desorption liquid diffusivity functions. The hysteresis model was able to reproduce the 

transition from wetting to drying but showed less accuracy for the case where drying was followed by 

wetting since that situation requires a much more abrupt change between the diffusivity functions. 

Different modelling approaches commonly used for the structural analysis of masonry were applied 

to the study of moisture transport problems. Depending on the adopted model, different parameters can 

be used to calibrate the hygric behaviour. The models with an explicit account of the interfaces, namely 

detailed micro– and discrete micro–modelling, showed higher accuracy and flexibility. Conversely, the 
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macro–modelling approach required less input parameters but was less accurate as well. In turn, the 

continuous micro–modelling approach was a good compromise between accuracy and simplicity. All 

these modelling strategies are suitable for coupling with mechanical studies to define hygro–mechanical 

models. 

The hygrothermal analyses performed on the three–wythe brick masonry wall led to several key 

points according to the type of study. It was found that for the steady–state analysis, there were no 

significant differences between the wall with lime mortar (LMJ) and the wall with cement mortar (CM). 

Similarly, for the transient study with constant boundary conditions (from initial conditions until steady–

state equilibrium), only minor differences were observed between the two mortar cases. Therefore, both 

scenarios could be simulated following a macro–modelling approach with equivalent masonry properties 

or be simplified into a 1–D analysis without compromising the accuracy of the results. Furthermore, 

considering the results of the time–dependent hygrothermal study, it was observed that heat transfer is 

significantly faster than moisture transport. In fact, thermal processes can be considered instantaneous 

in comparison with mass transfer, which requires a significant amount of time to reach equilibrium. On 

the other hand, the time–dependent study with variable boundary conditions showed differences in the 

hygrothermal performance of the wall depending on the type of mortar. As expected, the LMJ case showed 

a more uniform response due to the similar behaviour of bricks and lime mortar. On the contrary, the CM 

case presented localized behaviour depending on the material. Independently of the type of mortar, the 

interface hydraulic resistance had a negligible impact for the moisture conditions considered. Thus, 

assuming variable boundary conditions, the LMJ case could be simplified to a 1–D macro–modelling 

approach but the same strategy applied to the CM wall would result in a loss of detail and accuracy. 

Considering the hygro–thermo–mechanical simulations of the three–wythe brick masonry wall, it 

was demonstrated that the imposed temperature and moisture variations significantly changed the 

internal stress distributions when compared to the gravitational loads acting alone. Moreover, the brick 

wall with cement mortar presented 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. In this sense, the studied fired–clay brick and lime mortar would 

be more compatible from a hygrothermal point of view. Furthermore, it was proven that the hygro–

thermo–mechanical behaviour of masonry is a 2–D phenomenon derived from the multi–layered nature 

of the material. Although the induced tensile stresses are generally low, they might contribute to crack 

propagation where cracks were already present. Similarly, the hygrothermally–induced deformations may 

add up to previous damage and magnify existing problems such as tilting in structures with moisture 
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deterioration at the base or soil permanent deformation. Lastly, the definition of initial and boundary 

conditions is essential for the hygro–thermo–mechanical analyses since the appearance and distribution 

of stresses largely depend on these parameters. In particular, considering the non–linear behaviour 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 numerical model of a historical masonry tower was used as a case study to analyse the hygro–

thermo–mechanical behaviour of a real scale structure subjected to normal environmental conditions as 

well as more severe scenarios. It was shown that the highest concentration of thermal and hygric stresses 

occurred in areas close to the external side of the walls where the hygrothermal loads were applied. The 

conditions chosen for the interior also had an impact on the distribution and magnitude of the induced 

stresses. Therefore, monitoring of the hygrothermal conditions inside the buildings must be done in 

parallel with the recording of local climate data. As evidenced by the presented case study, the hygro–

thermo–mechanical response of a structure can be significantly affected by the environmental conditions. 

In particular, common hygrothermal scenarios such as direct sun exposure during a hot summer day or 

particularly rainy periods can induce stresses up to 70–80 % of the stress level caused by the self–weight 

alone. 

8.3 FUTURE WORK 

The scientific contribution of this thesis represents a step in a greater framework of related research. 

Therefore, there are still critical gaps that need to be further studied. In this context, some suggestions 

concerning future works and parallel lines of investigation connected to this thesis are reported below: 

▪ Development and validation of hygro–thermo–mechanical models accounting for non–linear 

mechanical behaviour and damage. For this purpose, damage and smeared crack models are 

normally used for the definition of continuum media, e.g. Mazars’ damage model originally 

developed for concrete (Mazars et al., 2015), whereas cohesive zone modelling offers promising 

capabilities for the definition of interfaces in composite or multi–layered materials. 

▪ Further hygro–mechanical characterization of porous building materials to attain a fully coupled 

definition between the moisture and mechanical fields. This task comprises two steps, namely 

the characterization of moisture–dependent mechanical properties, and the study of moisture 

transport accounting for mechanical effects. Furthermore, the latter step can be subdivided into 

two different levels depending on whether the porous material exhibits diffuse micro–cracks or 

macroscopic cracks. In the former case, damage can be introduced into the moisture transport 
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governing equations by modifying the transport coefficients or by assuming updated physical 

properties such as the open porosity, e.g. Castellazzi, de Miranda, Formica, et al. (2015). In the 

case of materials with macroscopic cracks, few studies on moisture transport in fracture media 

may provide useful insight, e.g. Carmeliet (2001), Roels, Vandersteen, et al. (2003). 

▪ Future works should further go in depth over the characterization of interface hydraulic 

resistances in multi–layered systems, with a special emphasis on the additive effect of 

consecutive discontinuities. In this context, moisture profile measurements are recommended to 

obtain a more complete set of data and detailed information about local interface phenomena. 

Similarly, further studies on the drying behaviour of multi–layered masonry specimens are 

necessary. In particular, more severe environmental conditions are suggested since laboratory 

conditions may cause reduced moisture flow not sufficient to trigger interfacial phenomena. 

▪ Investigation of the hygro–thermo–mechanical performance of different masonry wall 

configurations, e.g. influence of the type of bond system or presence of additional layers such as 

rendering mortar, thermal isolation, water vapour barrier, etc. Likewise, future research should 

extend to other kinds of masonry units, e.g. concrete blocks, perforated/hollow fired–clay bricks, 

calcium silicate bricks, etc. Subsequent studies should also account for the presence of vertical 

head joints and possible differences with respect to horizontal bed joints. 

▪ Numerical studies on the hygrothermal compatibility between masonry and different types of 

strengthening materials and solutions. A numerical framework like the one proposed in this thesis 

can be extended to assess the development of internal stresses due to hygrothermal loads on 

strengthened masonry structures. 

▪ Experimental research on the evolution of the hygrothermal properties of porous building 

materials according to the type of environment and exposure time. For this purpose, accelerated 

ageing tests are recommended so that the long–term hygrothermal behaviour of the materials 

can be studied in a shorter period. Additionally, a real–time exposure dataset must be produced 

in order to provide a reference baseline to the accelerated ageing tests results. 

▪ Further investigation on the limitations and capabilities of the different modelling approaches 

proposed for the hygro–thermo–mechanical analysis of masonry structures. In this context, the 

focus should be put on a systematic study of the different homogenization techniques usually 

used for mechanical models and their application to heat and mass transport. 
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Additionally, a number of HTM–related topics should become the subject of future research: 

▪ Moisture transport of liquid solutions and salt crystallization in porous building materials. It is 

known that the presence of dissolved ions changes the hygrothermal performance of porous 

materials, whereas salt precipitation can lead to damage due to the internal pressure caused by 

the formation of crystals. Several authors have already contributed with significant results in this 

area, e.g. Koniorczyk & Gawi (2012), Castellazzi et al. (2016). 

▪ Assessment of building envelopes exposed to hygrothermal conditions and associated processes 

such as condensation, loss of thermal performance, mould growth and material decay, among 

others. The study of moisture–related damage risk has received more attention in recent years, 

e.g. Vereecken & Roels (2019), X. Zhou et al. (2021, 2022), but further research is still needed. 

▪ Fatigue and long–term durability of masonry elements and structures exposed to hygrothermal 

conditions. In this context, a few works have been developed for concrete and composite 

materials and can be used as a reference, e.g. Ullah et al. (2017) developed a HTM model to 

predict long–term durability and degradation of composite structures due to environmental 

ageing. 
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APPENDIX 1 

Thermophysical properties of water 

This appendix collects relevant properties of liquid water with a special emphasis on their dependence 

upon temperature. A detailed list of values is provided in Table A1.1 for temperatures 0–100 ℃. 

Table A1.1 Thermophysical properties of saturated water. Adapted from Bergman & Lavine (2017). 

Temperature Density 
Dynamic  

viscosity 

Specific heat  

capacity 

Thermal  

conductivity 

Heat of 

vaporization 

Surface  

tension 

𝑇  

[K] 

𝜌𝑤  

[kg/m3] 

𝜂𝑤 ∙ 10−6 

[Pa · s] 

𝐶𝑤  

[J/kg] 

𝜆 ∙ 10−3 

[W/(m · K)] 

𝐿𝑣  

[kJ/kg] 

𝜎 ∙ 10−3 

[N/m] 

273.15 1000.00 1750 4217 569 2502 75.6 

275 1000.00 1652 4211 574 2497 75.4 

280 1000.00 1422 4198 582 2485 74.7 

285 1000.00 1225 4189 590 2473 73.9 

290 999.00 1080 4184 598 2461 73.2 

293.15 998.23 1002 4182 600 2458 72.8 

295 998.00 959 4181 606 2449 72.4 

300 997.01 855 4179 613 2438 71.7 

305 995.02 769 4178 620 2426 70.9 

310 993.05 695 4178 628 2414 70.0 

315 991.08 631 4179 634 2402 69.2 

320 989.12 577 4180 640 2390 68.3 

325 987.17 528 4182 645 2378 67.5 

330 984.25 489 4184 650 2366 66.6 

335 982.32 453 4186 656 2354 65.8 

340 979.43 420 4188 660 2342 64.9 

345 976.56 389 4191 664 2329 64.1 

350 973.71 365 4195 668 2317 63.2 

355 970.87 343 4199 671 2304 62.3 

360 967.12 324 4203 674 2291 61.4 

365 963.39 306 4209 677 2278 60.5 

370 960.61 289 4214 679 2265 59.5 

373.15 957.85 279 4217 680 2257 58.9 
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The reader is referred to Wagner & Kretzschmar (2008) for more detailed tables with thermophysical 

properties of liquid water and water vapour. In addition to the tabulated values, some empirical 

expressions and general assumptions are presented in the following sections. 

A1.1 WATER DENSITY 

Liquid water density has a weak temperature dependence for the temperature range of interest in building 

applications. For simplicity, water density is generally assumed equal to 1000 kg/m3. In case more 

detailed calculations are necessary, the following empirical expression can be used (Kell, 1975): 

𝜌𝑤 = (999.86760 + 17.801161 𝜗 − 7.9425010 · 10−3 𝜗2 − 52.56328 ·

10−6 𝜗3 + 137.68910 · 10−9 𝜗4 − 364.46470 · 10−12 𝜗5)/(1 + 17.735441 ·

10−3 𝜗)  

(A1.1) 

where 𝜗 [℃] is the temperature. 

A1.2 WATER VISCOSITY 

The dynamic viscosity of a fluid (often simply referred to as viscosity), 𝜂 [Pa · s], is a measure of its 

resistance to deformation by shear or tensile stress at a given rate. For the viscosity of water, the following 

empirical expression can be used for the temperature range 273.15 K < 𝑇 < 413.15 K (COMSOL, 

2021): 

𝜂𝑤 = 1.3799566804 − 0.021224019151 𝑇 + 1.3604562827 · 10−4 𝑇2 −

4.6454090319 · 10−7 𝑇3 + 8.9042735735 · 10−10 𝑇4 −  

9.0790692686 · 10−13 𝑇5 + 3.8457331488 · 10−16 𝑇6  

(A1.2) 

where 𝑇 [K] is the temperature. 

A1.3 HEAT CAPACITY OF WATER 

Specific heat is the energy required to raise the temperature of a unit mass of a substance by one degree. 

In particular, the specific heat at constant pressure or specific isobaric heat capacity, 𝐶𝑝 [J/(kg · K)], is 

the energy required to raise the temperature of a unit mass of a substance by one degree as the pressure 

is held constant. 

The specific heat capacity of liquid water has a weak thermal dependence for the range of 

temperatures of interest in building applications. Therefore, it is usually taken as a constant. In the present 

work, 𝐶𝑤 = 4182 J/(kg · K), which corresponds to the specific heat capacity of water at 20 ℃. 
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A1.4 THERMAL CONDUCTIVITY OF WATER 

Thermal conductivity, 𝜆 [W/(m · K)], is the ability of a material to conduct heat and can be defined as 

the quantity of heat transmitted through a unit thickness of a material (in the direction normal to the 

surface) due to a unit temperature gradient under steady–state conditions. 

Thermal conductivity is a temperature–dependent property and presents mild variations for the usual 

temperature range in building applications. For general purposes, the thermal conductivity of water can 

be taken as a constant and assumed 𝜆 = 0.60 W/(m · K), which corresponds to the thermal conductivity 

of water at 20 ℃. For more detailed calculations, the expression proposed by Ramires et al. (1995) can 

be used: 

𝜆 = −0.90032 + 2.50055 · (
𝑇

298.15
) − 0.99385 · (

𝑇

298.15
)

2
  (A1.3) 

where 𝑇 [K] is the temperature. 

A1.5 LATENT HEAT OF VAPORIZATION 

Latent heat of vaporization (also known as latent heat of evaporation or enthalpy of vaporization), 

𝐿𝑣 [J/kg], is the energy required to transform a unit mass of liquid into gas under standard atmospheric 

pressure (101325 Pa). Moreover, the latent heat of vaporization is commonly quoted at the boiling point 

of the liquid. In the case of water, 𝐿𝑣 = 2257 kJ/kg measured at 100 ℃ and standard atmospheric 

pressure. Although the heat of vaporization is temperature–dependent, it is also common to assume a 

constant value for small temperature ranges. 

A1.6 SURFACE TENSION OF WATER 

Surface tension, 𝜎 [N/m], is the tendency of a liquid surface at rest to adopt the shape with the least 

possible surface area. At liquid–air interfaces, surface tension results from the cohesion between liquid 

molecules, which exerts a greater attraction between them than the adhesion forces to the molecules in 

the air. In order to represent the temperature dependence, Vargaftik et al. (1983) proposed the following 

expression for the surface tension of water in equilibrium with air at atmospheric pressure: 

𝜎 = 253.8 · 10−3 (
647.15−𝑇

647.15
)

1.256
(1 − 0.625 (

647.15−𝑇

647.15
))  (A1.4) 

where 𝑇 [K] is the temperature. 
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APPENDIX 2 

Material properties 

This appendix contains a summary of relevant properties of masonry materials found in the literature. In 

particular, the focus is placed on physical and hygro–thermo–mechanical properties of fired–clay bricks 

and different types of mortar, namely cement mortar (OPC), hydrated lime mortar (HL), blended cement–

lime mortar (OPC–HL), and natural hydraulic lime mortar (NHL). The compilation of hygrothermal, 

thermo–mechanical and hygro–mechanical properties of the selected materials is represented graphically 

in Figure A2.1. In turn, the corresponding values for all the studied properties are presented in Table A2.1 

through Table A2.4, organized as follows: 

▪ Table A2.1. Summary of physical and hygrothermal properties of fired–clay brick. 

▪ Table A2.2. Summary of mechanical, thermo–mechanical and hygro–mechanical properties of 

fired–clay brick. 

▪ Table A2.3. Summary of physical and hygrothermal properties of cement and lime mortars. 

▪ Table A2.4. Summary of mechanical, thermo–mechanical and hygro–mechanical properties of 

cement and lime mortars. 

It must be noted that the information presented in this appendix does not constitute a systematic review. 

Nevertheless, the number of works is sufficient to provide a general overview of the current state of the 

research on hygro–thermo–mechanical properties of masonry materials. In particular, some interesting 

conclusions can be drawn: 

▪ Besides the study of physical properties, most research works focus on a single field, i.e. thermal, 

hygric or mechanical. Few works provide a comprehensive report of physical and hygrothermal 

properties. Expectedly, the available research including physical, thermal, hygric and mechanical 

properties is even more scarce. 

▪ The results show a significant scatter. The observed deviations could be caused by intrinsic 

variability of the materials, different proportion of components and curing conditions for mortars, 

or variations derived from the testing procedure itself, e.g. lack of a unified experimental setup, 

operator expertise, neglected factors such as ambient temperature, etc. 

▪ From the selected materials, brick is the most studied masonry constituent. Regarding the 

different types of mixes, most research works have focused on cement mortar, while hydrated 
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lime mortar has been studied to some extent. Conversely, the works on blended cement–lime 

and natural hydraulic lime mixes are scarce and do not cover all the chosen properties. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure A2.1. Summary of material properties collected from the literature: (a) bulk density; (b) open porosity; (c) specific heat 

capacity; (d) thermal conductivity; (e) capillary moisture content; (f) capillary absorption coefficient; (g) water 

vapour resistance (dry cup); (h) water vapour resistance (wet cup); (i) coefficient of thermal expansion; 

(j) coefficient of hygric expansion. ‘N’ stands for number of data points in each population. Edges of the boxes 

mark 25th and 75th percentile. 
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(g) (h) 

  
(i) (j) 

Figure A2.1 (Continued). Summary of material properties collected from the literature: (a) bulk density; (b) open porosity; 

(c) specific heat capacity; (d) thermal conductivity; (e) capillary moisture content; (f) capillary absorption 

coefficient; (g) water vapour resistance (dry cup); (h) water vapour resistance (wet cup); (i) coefficient of thermal 

expansion; (j) coefficient of hygric expansion. ‘N’ stands for number of data points in each population. Edges of 

the boxes mark 25th and 75th percentile. 
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Table A2.1. Summary of physical and hygrothermal properties of fired–clay brick. 

Source 
Bulk 

density 
Open 

porosity 
Specific heat 

capacity 
Thermal 

conductivity 

Capillary 
moisture 
content 

Capillary 
absorption 
coefficient 

Water vapour 
resistance 

Moisture 
storage function 

Liquid transport 
model 

 
𝜌𝑏𝑢𝑙𝑘 

[kg/m3] 
𝜙𝑜  
[–] 

𝐶𝑝 

[J/(kg K)] 

𝜆0 

[W/(m K)] 

𝑤𝑐𝑎𝑝 

[kg/m3] 

𝐴𝑤 

[kg/(m2s0.5)] 
𝜇 

[–] 

𝑤 

[kg/m3] 
𝐷𝑤 or 𝐾𝑙 

[m2/s] or [s] 

Alawadhi (2008) 1600.0 ND 840 0.70 ND ND ND ND ND 

Bianchi Janetti & Janssen (2020) 1912.5 0.326 ND ND 210.0 ND ND Retention curve ND 

Brocken (1998)  1630.0 0.360 ND ND 270.0 0.430 ND 
Sorption isotherm 
+ Retention curve 

Diffusivity 

Brocken (1998) 1650.0 0.360 ND ND 260.0 0.420 ND 
Sorption isotherm 
+ Retention curve 

Diffusivity 

Carmeliet & Roels (2001) 2005.0 0.240 ND ND 160.0 0.165 
48.30.(1) 

31.20.(2) 
Sorption isotherm 
+ Retention curve 

Permeability 
+ Diffusivity 

Castellazzi et al. (2013) 1759.0 0.260 ND ND 264.0 0.185 23.66 Sorption isotherm 
Permeability 
+ Diffusivity 

Castellazzi, de Miranda, 
Grementieri, et al. (2015) 

1700.0 0.200 840 0.77 ND 0.185 24.53 Sorption isotherm 
Permeability 
+ Diffusivity 

COMSOL (2021) 2000.0 ND 900 0.50 ND ND ND ND ND 

de Freitas et al. (1996) 1925.0 0.280 ND ND 250.0 ND ND ND Diffusivity 

Defraeye et al. (2013) 2005.0 ND 840 0.50 157.0 ND 30.00.(1) Retention curve Permeability 

Delgado et al. (2019b) 1800.0 0.320 ND 0.40 261.4 0.100 33.10.(1) Sorption isotherm Diffusivity 

ND stands for ‘not defined’; .(1) Dry cup test; .(2) Wet cup test’; .(3) The authors provide water vapour permeability as a function of capillary pressure.  
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Table A2.1 (Continued). Summary of physical and hygrothermal properties of fired–clay brick. 

Source 
Bulk 

density 
Open 

porosity 
Specific heat 

capacity 
Thermal 

conductivity 

Capillary 
moisture 
content 

Capillary 
absorption 
coefficient 

Water vapour 
resistance 

Moisture 
storage function 

Liquid transport 
model 

 
𝜌𝑏𝑢𝑙𝑘 

[kg/m3] 
𝜙𝑜  
[–] 

𝐶𝑝 

[J/(kg K)] 

𝜆0 

[W/(m K)] 

𝑤𝑐𝑎𝑝 

[kg/m3] 

𝐴𝑤 

[kg/(m2s0.5)] 
𝜇 

[–] 

𝑤 

[kg/m3] 
𝐷𝑤 or 𝐾𝑙 

[m2/s] or [s] 

Delgado et al. (2019b) 1600.0 0.380 ND 0.38 233.1 0.190 24.90.(1) Sorption isotherm Diffusivity 

EN ISO 10456 (2007) 2000.0 ND 800 1.00 ND ND 
40.00.(1) 

30.00.(2) 
ND ND 

Feng et al. (2020)  1857.8 0.291 ND ND 191.4 0.517 
12.93.(1) 

  9.83.(2) 
ND ND 

Feng & Janssen (2016) 2081.7 0.209 ND ND 107.6 0.052 23.02.(1) Sorption isotherm ND 

Feng & Janssen (2021)  1818.3 0.326 ND ND 209.6 0.607 
12.10.(1) 

11.07.(2) 
Sorption isotherm 
+ Retention curve 

Permeability 
+ Diffusivity 

Fernandes & Lourenço (2007) 1656.0 0.275 ND ND 248.4 ND ND ND ND 

Fernandes & Lourenço (2007) 1739.0 0.304 ND ND 326.9 ND ND ND ND 

Fernandes & Lourenço (2007) 1742.0 0.330 ND ND 371.0 ND ND ND ND 

Fernandes & Lourenço (2007) 1747.0 0.292 ND ND 311.0 ND ND ND ND 

Fernandes & Lourenço (2007) 1754.0 0.263 ND ND 277.1 ND ND ND ND 

(Fernandes & Lourenço, 2007) 1800.0 0.282 ND ND 316.8 ND ND ND ND 

ND stands for ‘not defined’; .(1) Dry cup test; .(2) Wet cup test’; .(3) The authors provide water vapour permeability as a function of capillary pressure.  
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Table A2.1 (Continued). Summary of physical and hygrothermal properties of fired–clay brick. 

Source 
Bulk 

density 
Open 

porosity 
Specific heat 

capacity 
Thermal 

conductivity 

Capillary 
moisture 
content 

Capillary 
absorption 
coefficient 

Water vapour 
resistance 

Moisture 
storage function 

Liquid transport 
model 

 
𝜌𝑏𝑢𝑙𝑘 

[kg/m3] 
𝜙𝑜  
[–] 

𝐶𝑝 

[J/(kg K)] 

𝜆0 

[W/(m K)] 

𝑤𝑐𝑎𝑝 

[kg/m3] 

𝐴𝑤 

[kg/(m2s0.5)] 
𝜇 

[–] 

𝑤 

[kg/m3] 
𝐷𝑤 or 𝐾𝑙 

[m2/s] or [s] 

Fernandes et al. (2010) 
1200.0–
1900.0 

0.250–
0.350 

ND ND 240.0–300.0 0.207–0.258 ND ND ND 

Franzoni et al. (2019) 1679.0 0.430 ND ND ND 0.327 ND ND ND 

Groot (1991) 1990.0 0.250 ND ND ND 0.190 ND ND ND 

Guizzardi et al. (2016) 1550.0 0.350 840 0.68 300.0 0.187 16.00 Retention curve Permeability 

Güney & Caner (2015) 1820.0 0.270 ND ND ND ND ND ND ND 

Güney & Caner (2015) 1800.0 0.310 ND ND ND ND ND ND ND 

Güney & Caner (2015) 1800.0 0.270 ND ND ND ND ND ND ND 

Hagentoft et al. (2003) 1600.0 0.374 1000 0.68 ND ND 7.50.(1) Retention curve Permeability 

K. K. Hansen (1986) 1860.0 0.310 ND ND ND ND ND Sorption isotherm ND 

T. K. Hansen et al. (2016) 1790.0 0.360 ND 0.87 ND 0.230 14.00 ND ND 

T. K. Hansen et al. (2016) 2060.0 0.250 ND 1.00 ND 0.100 19.00 ND ND 

ND stands for ‘not defined’; .(1) Dry cup test; .(2) Wet cup test’; .(3) The authors provide water vapour permeability as a function of capillary pressure.  
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Table A2.1 (Continued). Summary of physical and hygrothermal properties of fired–clay brick. 

Source 
Bulk 

density 
Open 

porosity 
Specific heat 

capacity 
Thermal 

conductivity 

Capillary 
moisture 
content 

Capillary 
absorption 
coefficient 

Water vapour 
resistance 

Moisture 
storage function 

Liquid transport 
model 

 
𝜌𝑏𝑢𝑙𝑘 

[kg/m3] 
𝜙𝑜  
[–] 

𝐶𝑝 

[J/(kg K)] 

𝜆0 

[W/(m K)] 

𝑤𝑐𝑎𝑝 

[kg/m3] 

𝐴𝑤 

[kg/(m2s0.5)] 
𝜇 

[–] 

𝑤 

[kg/m3] 
𝐷𝑤 or 𝐾𝑙 

[m2/s] or [s] 

T. K. Hansen et al. (2016) 1713.0 0.380 ND 0.52 ND 0.310 12.00 ND ND 

Janssen et al. (2007) 2005.0 ND 840 0.50 157.0 0.141   ND.(3) Retention curve Permeability 

Jensen et al. (2020) 1643.0 ND ND 0.60 ND 0.278 16.90.(1) ND ND 

Karaman et al. (2006) 1710.0 ND ND ND 296.7 ND ND ND ND 

Knarud et al. (2021) 2166.0 ND ND ND 116.7 0.044 40.78.(2) ND ND 

Knarud et al. (2021) 1723.0 ND ND ND 255.7 0.188 13.36.(2) ND ND 

Kočí et al. (2018) 1831.0 0.279 825 0.59 ND 0.262 
22.10.(1) 

  8.80.(2) 
Sorption isotherm Diffusivity 

Koniorczyk & Gawin (2012) 1834.0 0.293 ND 0.77 ND ND ND Retention curve Permeability 

Kumaran (1996)  1780.0 0.315 840 ND 220.0 0.119   ND.(3) Sorption isotherm Diffusivity 

Kumaran (1996) 1800.0 0.110 920 1.00 ND ND 
7.50.(1) 

7.50.(2) 
Sorption isotherm 
+ Retention curve 

Diffusivity 

Kumaran (1996) 1980.0 0.250 ND ND ND ND 
17.75.(1) 

  8.50.(2) 
Sorption isotherm Diffusivity 

ND stands for ‘not defined’; .(1) Dry cup test; .(2) Wet cup test’; .(3) The authors provide water vapour permeability as a function of capillary pressure.  
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Table A2.1 (Continued). Summary of physical and hygrothermal properties of fired–clay brick. 

Source 
Bulk 

density 
Open 

porosity 
Specific heat 

capacity 
Thermal 

conductivity 

Capillary 
moisture 
content 

Capillary 
absorption 
coefficient 

Water vapour 
resistance 

Moisture 
storage function 

Liquid transport 
model 

 
𝜌𝑏𝑢𝑙𝑘 

[kg/m3] 
𝜙𝑜  
[–] 

𝐶𝑝 

[J/(kg K)] 

𝜆0 

[W/(m K)] 

𝑤𝑐𝑎𝑝 

[kg/m3] 

𝐴𝑤 

[kg/(m2s0.5)] 
𝜇 

[–] 

𝑤 

[kg/m3] 
𝐷𝑤 or 𝐾𝑙 

[m2/s] or [s] 

Kumaran (1996) 1676.0 ND ND 0.42 270.0 0.112 ND ND Diffusivity 

Kumaran (1996) 1890.0 ND ND ND ND ND ND Sorption isotherm ND 

Kumaran (1996) 1800.0 ND ND ND ND 0.330 35.50.(1) Sorption isotherm ND 

Kumaran (1996) 1676.0 ND ND ND ND ND 
17.30.(1) 

13.50.(2) 
ND ND 

Kumaran (2001) 1670.0 ND 840 0.40 195.4 0.110   ND.(3) Sorption isotherm 
Permeability 
+ Diffusivity 

Künzel (1995) 1600.0 ND ND ND ND ND 
9.50.(1) 

8.00.(2) 
ND ND 

Laaroussi et al. (2014) 1777.0 ND 820 0.35 ND ND ND ND ND 

Laaroussi et al. (2014) 1652.0 ND 820 0.35 ND ND ND ND ND 

Lucchi (2017) 1487.0 ND 830 0.48 ND ND ND ND ND 

Moonen et al. (2010) 2086.5 ND 900 1.00 130.0 ND   ND.(3) Retention curve Permeability 

Nunes et al. (2017) 2000.0 0.330 ND ND ND ND ND ND ND 

ND stands for ‘not defined’; .(1) Dry cup test; .(2) Wet cup test’; .(3) The authors provide water vapour permeability as a function of capillary pressure.  
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Table A2.1 (Continued). Summary of physical and hygrothermal properties of fired–clay brick. 

Source 
Bulk 

density 
Open 

porosity 
Specific heat 

capacity 
Thermal 

conductivity 

Capillary 
moisture 
content 

Capillary 
absorption 
coefficient 

Water vapour 
resistance 

Moisture 
storage function 

Liquid transport 
model 

 
𝜌𝑏𝑢𝑙𝑘 

[kg/m3] 
𝜙𝑜  
[–] 

𝐶𝑝 

[J/(kg K)] 

𝜆0 

[W/(m K)] 

𝑤𝑐𝑎𝑝 

[kg/m3] 

𝐴𝑤 

[kg/(m2s0.5)] 
𝜇 

[–] 

𝑤 

[kg/m3] 
𝐷𝑤 or 𝐾𝑙 

[m2/s] or [s] 

Pavlík et al. (2012) 1675.0 0.360 ND ND 250.0 ND ND Sorption isotherm ND 

Prangnell (1971) 1560.0 ND ND ND ND ND 8.00 ND ND 

Raimondo et al. (2007) 1840.9 0.253 ND ND ND ND ND ND ND 

Raimondo et al. (2007) 1773.2 0.320 ND ND ND ND ND ND ND 

Roels, Vandersteen, et al. (2003) 2004.8 0.240 ND ND 157.0 0.184 ND Retention curve Permeability 

Roels et al. (2004) 2002.9 0.238 ND ND 147.5 0.160 
12.30.(1) 

10.60.(2) 
ND ND 

Sassine et al. (2017) 1640.0 ND 703 0.69 ND ND ND ND ND 

Soulios et al. (2020) 1886.1 0.312 ND ND 208.0 0.607 
11.60.(1) 

10.20.(2) 
ND ND 

Soulios et al. (2021) 1643.0 0.290 942 0.63 275.0 0.320 11.90 ND ND 

Sýkora et al. (2012) 1690.0 ND 840 0.25 229.3 0.510 16.80 Sorption isotherm Diffusivity 

Vivancos et al. (2009) 1634.0 ND 843 0.24 ND ND ND ND ND 

ND stands for ‘not defined’; .(1) Dry cup test; .(2) Wet cup test’; .(3) The authors provide water vapour permeability as a function of capillary pressure.  
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Table A2.1 (Continued). Summary of physical and hygrothermal properties of fired–clay brick. 

Source 
Bulk 

density 
Open 

porosity 
Specific heat 

capacity 
Thermal 

conductivity 

Capillary 
moisture 
content 

Capillary 
absorption 
coefficient 

Water vapour 
resistance 

Moisture 
storage function 

Liquid transport 
model 

 
𝜌𝑏𝑢𝑙𝑘 

[kg/m3] 
𝜙𝑜  
[–] 

𝐶𝑝 

[J/(kg K)] 

𝜆0 

[W/(m K)] 

𝑤𝑐𝑎𝑝 

[kg/m3] 

𝐴𝑤 

[kg/(m2s0.5)] 
𝜇 

[–] 

𝑤 

[kg/m3] 
𝐷𝑤 or 𝐾𝑙 

[m2/s] or [s] 

Wasik et al. (2019) 2087.0 ND 840 ND 130.0 ND 24.79.(1) Retention curve Permeability 

Zhao et al., (2022) 1952.2 0.263 863 0.96 161.0 0.142 19.40 Retention curve Permeability 

X. Zhou et al. (2018) 2005.0 ND 840 0.50 157.0 ND 30.00.(1) Retention curve Permeability 

X. Zhou et al. (2021) 1600.0 ND 1000 0.68 373.5 0.262   7.50.(1) Retention curve Permeability 

ND stands for ‘not defined’; .(1) Dry cup test; .(2) Wet cup test’; .(3) The authors provide water vapour permeability as a function of capillary pressure.  
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Table A2.2. Summary of mechanical, thermo–mechanical and hygro–mechanical properties of fired–clay brick. 

Source 
Young’s 
modulus 

Poisson’s 
ratio 

Compressive 
strength 

Fracture 
energy in 

compression 

Tensile  
strength 

Fracture 
energy in 
tension 

Flexural 
strength 

Coefficient of 
thermal 

expansion 

Coefficient of 
hygric 

expansion 

 
𝐸 

[MPa] 
𝜈  

[–] 

𝑓𝑐  

[MPa] 
𝐺𝑐  

[N/mm] 
𝑓𝑡 

[MPa] 

𝐺𝑓
𝐼  

[N/mm] 

𝑓𝑏  

[MPa] 
𝛼𝑇 

[1/K] 
𝛼ℎ 

[–] 

Bellini et al. (2019)  ND ND 18.59 ND 2.59 ND 4.66 ND ND 

Bellini et al. (2019)  ND ND 23.05 ND 3.14 ND 4.86 ND ND 

Brooks (2015)          

Carvill (1993) ND ND ND ND ND ND ND 5.0E–6 ND 

COMSOL (2021).(1) 17000 0.20 ND ND ND ND ND 6.0E–6 ND 

D’Altri et al. (2018) 16700 0.15 11.50 ND 3.50 ND ND ND ND 

D’Altri & de Miranda (2020)  4000 0.20 4.00 9.00 1.20 0.80 ND ND ND 

D’Altri & de Miranda (2020)  1785 0.20 7.50 10.00 2.00 1.00 ND ND ND 

Fernandes et al. (2010).(1) 200–350 × 𝑓𝑐 ND 6.7–21.8 ND 0.03–0.10 × 𝑓𝑐 ND ND ND 0.1–0.2 % 

Franzoni et al. (2018) ND ND 20.30 ND 3.16 ND ND ND ND 

Gentilini et al. (2019) 6200 ND 18.70 ND 1.60 ND ND ND ND 

Ghiassi et al. (2012) 1120 ND 19.80 ND 1.95 ND ND ND ND 

ND stands for ‘not defined’; .(1) Hygrothermal properties in Table A2.1.  
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Table A2.2 (Continued). Summary of mechanical, thermo–mechanical and hygro–mechanical properties of fired–clay brick. 

Source 
Young’s 
modulus 

Poisson’s 
ratio 

Compressive 
strength 

Fracture 
energy in 

compression 

Tensile  
strength 

Fracture 
energy in 
tension 

Flexural 
strength 

Coefficient of 
thermal 

expansion 

Coefficient of 
hygric 

expansion 

 
𝐸 

[MPa] 
𝜈  

[–] 

𝑓𝑐  

[MPa] 
𝐺𝑐  

[N/mm] 
𝑓𝑡 

[MPa] 

𝐺𝑓
𝐼  

[N/mm] 

𝑓𝑏  

[MPa] 
𝛼𝑇 

[1/K] 
𝛼ℎ 

[–] 

Ghiassi et al. (2013)  5580 0.20 19.80 12.50 2.00 0.19 ND ND ND 

Güney & Caner (2015).(1) ND ND ND ND ND ND ND 5.0E–6 ND 

Güney & Caner (2015) .(1) ND ND ND ND ND ND ND 8.0E–6 ND 

Güney & Caner (2015) .(1) ND ND ND ND ND ND ND 7.6E–6 ND 

Koniorczyk & Gawin (2012) 4000 0.18 ND ND 1.00 ND ND ND ND 

Krakowiak et al. (2011) 2000 ND 42.60 ND ND ND ND ND ND 

Maljaee et al. (2016a) ND ND 15.38 ND ND ND ND 1.5E–5 ND 

Maljaee et al. (2016b) ND ND 16.76 ND ND ND ND ND ND 

Moonen et al. (2010) 16605 0.15 ND ND 2.00 ND ND 1.2E–5 ND 

Muñoz & Lourenço (2019) 9700 ND 19.90 ND 2.10 ND ND ND ND 

D. V. Oliveira et al. (2006) 12700 ND 56.80 ND ND ND ND ND ND 

Vermeltfoort et al. (1999) ND ND ND ND ND ND ND 5.7E–6 ND 

ND stands for ‘not defined’; .(1) Hygrothermal properties in Table A2.1.  
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Table A2.3. Summary of physical and hygrothermal properties of cement and lime mortars. 

Source 
Type of 
binder 

Proportion 
(C:L:S;WC) 

Bulk 
density 

Open 
porosity 

Specific 
heat 

capacity 

Thermal 
conductivity 

Capillary 
moisture 
content 

Capillary 
absorption 
coefficient 

Water 
vapour 

resistance 

Moisture 
storage 
function 

Liquid 
transport 

model 

   
𝜌𝑏𝑢𝑙𝑘 

[kg/m3] 
𝜙𝑜  
[–] 

𝐶𝑝 

[J/(kg K)] 

𝜆0 

[W/(m K)] 

𝑤𝑐𝑎𝑝 

[kg/m3] 

𝐴𝑤 

[kg/(m2s0.5)] 
𝜇 

[–] 

𝑤 

[kg/m3] 
𝐷𝑤 or 𝐾𝑙 

[m2/s] or [s] 

Brocken (1998)  OPC–HL 1:0.7:4.5; 1.2 2000.0 0.250 ND ND 220.0 0.160 ND 
S. isotherm 

+ Retention c. 
Diffusivity 

Bromblet (1999) HL 0:1:3; 0.25 ND 0.383 ND ND 307.5 0.203 ND ND ND 

Bromblet (1999) HL 0:1:3; 0.20 ND 0.323 ND ND 222.0 0.107 ND ND ND 

Bromblet (1999) HL 0:1:3; 0.24 ND 0.359 ND ND 289.5 0.158 ND ND ND 

Cardani et al. (2015) HL 0:1:3; ND 1902.0 ND ND ND 228.2 0.279 ND ND ND 

Castellazzi et al. (2013) NHL ND 1603.6 0.210 ND ND ND 0.179 23.66 
Sorption 
isotherm 

Permeability 
+ Diffusivity 

Castellazzi, de Miranda, 
Formica, et al. (2015) 

OPC ND 2053.0 0.230 ND ND ND 0.015 9.86 
Sorption 
isotherm 

Permeability 
+ Diffusivity 

Coelho et al. (2018) HL ND 1600.0 0.300 850 0.70 ND ND 7.00 ND ND 

Corinaldesi et al. (2011) OPC 1:0:3.(1); 0.60 2031.0 ND ND 0.74 ND ND ND ND ND 

Cerný et al. (2000) OPC 1:0:3; 0.50 2250.0 0.146 750 2.20 ND ND 57.25 ND Diffusivity 

Delgado et al. (2019b) OPC–HL 1:1:6; 1.08 1878.0 0.200 ND 0.79 228.6 0.150 23.90.(2) 
Sorption 
isotherm 

Diffusivity 

ND stands for ‘not defined’; .(1) Proportion by weight; .(2) Dry cup test; .(3) Wet cup test’; .(4) The authors provide water vapour permeability as a function of capillary pressure.  
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Table A2.3 (Continued). Summary of physical and hygrothermal properties of cement and lime mortars. 

Source 
Type of 
binder 

Proportion 
(C:L:S;WC) 

Bulk 
density 

Open 
porosity 

Specific 
heat 

capacity 

Thermal 
conductivity 

Capillary 
moisture 
content 

Capillary 
absorption 
coefficient 

Water 
vapour 

resistance 

Moisture 
storage 
function 

Liquid 
transport 

model 

   
𝜌𝑏𝑢𝑙𝑘 

[kg/m3] 
𝜙𝑜  
[–] 

𝐶𝑝 

[J/(kg K)] 

𝜆0 

[W/(m K)] 

𝑤𝑐𝑎𝑝 

[kg/m3] 

𝐴𝑤 

[kg/(m2s0.5)] 
𝜇 

[–] 

𝑤 

[kg/m3] 
𝐷𝑤 or 𝐾𝑙 

[m2/s] or [s] 

Delgado et al. (2019b) HL 0:1:3; 1.05 1810.0 0.210 ND 0.80 186.6 0.120 14.25.(2) 
Sorption 
isotherm 

Diffusivity 

Depraetere et al. (1999) OPC 1:0:3; 0.58 2000.0 0.220 ND ND 200.0 0.073 ND 
Retention 

curve 
Diffusivity 

Depraetere et al. (1999) OPC 1:0:5; 1.15 1850.0 0.280 ND ND 238.0 0.109 ND 
Retention 

curve 
Diffusivity 

Derluyn et al. (2011) OPC ND 2166.0 0.160 ND ND 120.0 0.015 35.86 
Retention 

curve 
Permeability 
+ Diffusivity 

EN ISO 10456 (2007) NHL ND 1600.0 ND 1000 0.80 ND ND 
10.00.(2) 

  6.00.(3) 
ND ND 

EN ISO 10456 (2007) OPC ND 1800.0 ND 1000 1.00 ND ND 
10.00.(2) 

  6.00.(3) 
ND ND 

Faria & Silva (2019) NHL 0:1:3; 1.23 1502.0 0.250 ND 0.57 133.0 0.387 ND ND ND 

Fort et al. (2018) HL 0:1:3.(1); 0.50 1755.5 0.330 ND ND ND 0.175 10.28.(2) ND ND 

Franzoni et al. (2019) OPC ND 2005.0 0.225 ND ND ND 0.020 ND ND ND 

Franzoni et al. (2019) NHL ND 1898.0 0.266 ND ND ND 0.054 ND ND ND 

Güney & Caner (2015) HL ND 1660.0 0.350 ND ND ND ND ND ND ND 

ND stands for ‘not defined’; .(1) Proportion by weight; .(2) Dry cup test; .(3) Wet cup test’; .(4) The authors provide water vapour permeability as a function of capillary pressure.  
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Table A2.3 (Continued). Summary of physical and hygrothermal properties of cement and lime mortars. 

Source 
Type of 
binder 

Proportion 
(C:L:S;WC) 

Bulk 
density 

Open 
porosity 

Specific 
heat 

capacity 

Thermal 
conductivity 

Capillary 
moisture 
content 

Capillary 
absorption 
coefficient 

Water 
vapour 

resistance 

Moisture 
storage 
function 

Liquid 
transport 

model 

   
𝜌𝑏𝑢𝑙𝑘 

[kg/m3] 
𝜙𝑜  
[–] 

𝐶𝑝 

[J/(kg K)] 

𝜆0 

[W/(m K)] 

𝑤𝑐𝑎𝑝 

[kg/m3] 

𝐴𝑤 

[kg/(m2s0.5)] 
𝜇 

[–] 

𝑤 

[kg/m3] 
𝐷𝑤 or 𝐾𝑙 

[m2/s] or [s] 

Güney & Caner (2015) HL ND 1610.0 0.310 ND ND ND ND ND ND ND 

Güney & Caner (2015) HL ND 1720.0 0.340 ND ND ND ND ND ND ND 

Hall & Tse (1986) OPC–HL 1:3:10; 3.20 1760.0 0.364 ND ND ND 0.250 ND ND ND 

Hall & Tse (1986) OPC–HL 1:2:8; 2.20 1860.0 0.346 ND ND ND 0.178 ND ND ND 

Hall & Tse (1986) OPC–HL 1:1:5; 1.55 1830.0 0.328 ND ND ND 0.169 ND ND ND 

Hall & Tse (1986) OPC–HL 1:0.5:4; 0.93 1990.0 0.273 ND ND ND 0.072 ND ND ND 

Hall & Tse (1986) OPC–HL 1:0.25:3; 0.85 2020.0 0.265 ND ND ND 0.071 ND ND ND 

Hall & Tse (1986) OPC 1:0:7; 1.15 1740.0 0.334 ND ND ND 0.152 ND ND ND 

Hall & Tse (1986) OPC 1:0:6; 1.10 1820.0 0.326 ND ND ND 0.080 ND ND ND 

Hall & Tse (1986) OPC 1:0:5; 0.95 1830.0 0.291 ND ND ND 0.066 ND ND ND 

Hall & Tse (1986) OPC 1:0:3; 0.63 1930.0 0.262 ND ND ND 0.044 ND ND ND 

ND stands for ‘not defined’; .(1) Proportion by weight; .(2) Dry cup test; .(3) Wet cup test’; .(4) The authors provide water vapour permeability as a function of capillary pressure.  
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Table A2.3 (Continued). Summary of physical and hygrothermal properties of cement and lime mortars. 

Source 
Type of 
binder 

Proportion 
(C:L:S;WC) 

Bulk 
density 

Open 
porosity 

Specific 
heat 

capacity 

Thermal 
conductivity 

Capillary 
moisture 
content 

Capillary 
absorption 
coefficient 

Water 
vapour 

resistance 

Moisture 
storage 
function 

Liquid 
transport 

model 

   
𝜌𝑏𝑢𝑙𝑘 

[kg/m3] 
𝜙𝑜  
[–] 

𝐶𝑝 

[J/(kg K)] 

𝜆0 

[W/(m K)] 

𝑤𝑐𝑎𝑝 

[kg/m3] 

𝐴𝑤 

[kg/(m2s0.5)] 
𝜇 

[–] 

𝑤 

[kg/m3] 
𝐷𝑤 or 𝐾𝑙 

[m2/s] or [s] 

K. Hansen (1986) OPC 1:0:4; 0.80 2000.0 0.220 ND ND ND ND ND 
Sorption 
isotherm 

ND 

T. K. Hansen et al. (2016) HL ND 1800.0 0.300 ND 0.82 ND 0.130 12.0 ND ND 

Janssen et al. (2012) OPC ND ND ND ND ND 147.0 0.019 ND ND ND 

Jensen et al. (2020) OPC–HL ND 1739.0 ND ND 1.05 ND 0.495 28.3 ND ND 

Jensen et al. (2020) OPC–HL ND 1878.0 ND ND 0.80 ND 0.036 36.9 ND ND 

Knarud et al. (2021) OPC–HL 1:1:12.2.(1); ND 1805.5 ND ND ND 230.5 0.025 ND ND ND 

Kumaran (1996)  OPC ND 1870.0 ND 840 0.85 283.0 0.042   ND.(4) 
Sorption 
isotherm 

Diffusivity 

Kumaran (1996) OPC ND 2050.0 ND 932 1.72 ND ND 
70.50.(2) 

11.70.(3) 
Retention 

curve 
Diffusivity 

Kumaran (1996) OPC ND 2210.0 ND 980 1.71 ND ND ND ND ND 

Kumaran (1996) OPC ND 1786.0 0.327 ND ND ND ND 30.75.(3) 
S. isotherm 

+ Retention c. 
Diffusivity 

Kumaran (1996) OPC 1:0:4; 0.70 2000.0 ND ND ND ND ND ND 
Sorption 
isotherm 

ND 

ND stands for ‘not defined’; .(1) Proportion by weight; .(2) Dry cup test; .(3) Wet cup test’; .(4) The authors provide water vapour permeability as a function of capillary pressure.  
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Table A2.3 (Continued). Summary of physical and hygrothermal properties of cement and lime mortars. 

Source 
Type of 
binder 

Proportion 
(C:L:S;WC) 

Bulk 
density 

Open 
porosity 

Specific 
heat 

capacity 

Thermal 
conductivity 

Capillary 
moisture 
content 

Capillary 
absorption 
coefficient 

Water 
vapour 

resistance 

Moisture 
storage 
function 

Liquid 
transport 

model 

   
𝜌𝑏𝑢𝑙𝑘 

[kg/m3] 
𝜙𝑜  
[–] 

𝐶𝑝 

[J/(kg K)] 

𝜆0 

[W/(m K)] 

𝑤𝑐𝑎𝑝 

[kg/m3] 

𝐴𝑤 

[kg/(m2s0.5)] 
𝜇 

[–] 

𝑤 

[kg/m3] 
𝐷𝑤 or 𝐾𝑙 

[m2/s] or [s] 

Kumaran (1996) OPC 1:0:4; 0.80 2000.0 0.220 ND ND ND ND ND 
Sorption 
isotherm 

ND 

Moonen et al. (2010) OPC ND 2371.0 ND 840 1.95 97.0 ND   ND.(3) 
Retention 

curve 
Permeability 

Mosquera et al. (2006) HL 0:1:3; ND 1896.0 0.269 ND ND ND ND 10.89 ND ND 

Mosquera et al. (2006) NHL 0:1:3; 0.50 2022.0 0.224 ND ND ND ND 11.98 ND ND 

Nunes et al. (2017) HL 0:1:3; 1.01 1900.0 0.330 ND ND ND ND ND ND ND 

Pavlíková et al. (2019) HL 0:1:3; 1.00 1742.0 0.324 827 0.88 ND 0.307 12.20.(2) ND ND 

Penas et al. (2008) NHL 0:1:3; 0.11 1740.0 ND ND ND ND 0.232 7.48 ND ND 

Penas et al. (2008) NHL 0:1:3; 0.12 1710.0 ND ND ND ND 0.194 7.02 ND ND 

Penas et al. (2008) NHL 0:1:3; 0.12 1730.0 ND ND ND ND 0.155 7.34 ND ND 

Prangnell (1971) OPC ND 2015.0 ND ND ND ND ND 37.43 ND ND 

Prangnell (1971) NHL ND 1960.0 ND ND ND ND ND 10.30 ND ND 

ND stands for ‘not defined’; .(1) Proportion by weight; .(2) Dry cup test; .(3) Wet cup test’; .(4) The authors provide water vapour permeability as a function of capillary pressure.  
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Table A2.3 (Continued). Summary of physical and hygrothermal properties of cement and lime mortars. 

Source 
Type of 
binder 

Proportion 
(C:L:S;WC) 

Bulk 
density 

Open 
porosity 

Specific 
heat 

capacity 

Thermal 
conductivity 

Capillary 
moisture 
content 

Capillary 
absorption 
coefficient 

Water 
vapour 

resistance 

Moisture 
storage 
function 

Liquid 
transport 

model 

   
𝜌𝑏𝑢𝑙𝑘 

[kg/m3] 
𝜙𝑜  
[–] 

𝐶𝑝 

[J/(kg K)] 

𝜆0 

[W/(m K)] 

𝑤𝑐𝑎𝑝 

[kg/m3] 

𝐴𝑤 

[kg/(m2s0.5)] 
𝜇 

[–] 

𝑤 

[kg/m3] 
𝐷𝑤 or 𝐾𝑙 

[m2/s] or [s] 

Sassine et al. (2017) OPC ND 1863.0 ND 1077 1.41 ND ND ND ND ND 

Silva et al. (2014)  HL 0:1:3; 1.52 ND 0.259 ND ND 187.8 0.139 13.18 ND ND 

Silva et al. (2014) NHL 0:1:3; 0.82 ND 0.235 ND ND 219.3 0.094 27.28 ND ND 

Silva et al. (2015) NHL 0:1:5; 1.35 ND 0.240 ND ND 176.2 0.254 17.61 ND ND 

Silva et al. (2015)  OPC 1:0:3; 0.60 ND 0.188 ND ND 142.9 0.034 46.12 ND ND 

Silva et al. (2015) OPC 1:0:6; 1.26 ND 0.216 ND ND 148.6 0.212 19.57 ND ND 

Siwinska & Garbalinska, 
(2011) 

OPC 1:0:3; 1.80 2066.0 ND ND 1.11 ND ND ND ND ND 

Soulios et al. (2020) HL ND 1804.3 0.312 ND ND 227.0 0.258 
11.70.(2) 

  5.10.(3) 
ND ND 

Sýkora et al. (2012) HL ND 1670.0 ND 1000 0.45 160.0 0.820 9.63 
Sorption 
isotherm 

Diffusivity 

Xu & Chung (2000) OPC 1:0:1; 0.35 2040.0 ND 642 0.58 ND ND ND ND ND 

ND stands for ‘not defined’; .(1) Proportion by weight; .(2) Dry cup test; .(3) Wet cup test’; .(4) The authors provide water vapour permeability as a function of capillary pressure.  
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Table A2.3 (Continued). Summary of physical and hygrothermal properties of cement and lime mortars. 

Source 
Type of 
binder 

Proportion 
(C:L:S;WC) 

Bulk 
density 

Open 
porosity 

Specific 
heat 

capacity 

Thermal 
conductivity 

Capillary 
moisture 
content 

Capillary 
absorption 
coefficient 

Water 
vapour 

resistance 

Moisture 
storage 
function 

Liquid 
transport 

model 

   
𝜌𝑏𝑢𝑙𝑘 

[kg/m3] 
𝜙𝑜  
[–] 

𝐶𝑝 

[J/(kg K)] 

𝜆0 

[W/(m K)] 

𝑤𝑐𝑎𝑝 

[kg/m3] 

𝐴𝑤 

[kg/(m2s0.5)] 
𝜇 

[–] 

𝑤 

[kg/m3] 
𝐷𝑤 or 𝐾𝑙 

[m2/s] or [s] 

X. Zhou et al. (2018) HL ND 1785.0 ND 850 ND 247.6 0.153 15.00.(2) 
Retention 

curve 
Permeability 

X. Zhou et al. (2021) HL ND 1623.0 ND 850 0.63 146.0 0.195 19.00.(2) 
Retention 

curve 
Permeability 

ND stands for ‘not defined’; .(1) Proportion by weight; .(2) Dry cup test; .(3) Wet cup test’; .(4) The authors provide water vapour permeability as a function of capillary pressure.  
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Table A2.4. Summary of mechanical, thermo–mechanical and hygro–mechanical properties of cement and lime mortars. 

Source 
Type of 
binder 

Proportion 
(C:L:S;WC) 

Young’s 
modulus 

Poisson’s 
ratio 

Compressive 
strength 

Fracture 
energy in 

compression 

Tensile 
strength 

Fracture 
energy in 
tension 

Flexural 
strength 

Coefficient  
of thermal 
expansion 

Coefficient  
of hygric 

expansion 

   
𝐸 

[MPa] 
𝜈  

[–] 

𝑓𝑐  

[MPa] 
𝐺𝑐  

[N/mm] 
𝑓𝑡 

[MPa] 

𝐺𝑓
𝐼  

[N/mm] 

𝑓𝑏  

[MPa] 
𝛼𝑇 

[1/K] 
𝛼ℎ 

[–] 

Arandigoyen & Alvarez (2007)  OPC 1:0:3; ND ND ND 18.90 ND ND ND 3.60 ND ND 

Arandigoyen & Alvarez (2007) HL 0:1:3; ND ND ND 1.80 ND ND ND 0.80 ND ND 

Bellini et al. (2019) NHL ND ND ND 6.01 ND ND ND 2.76 ND ND 

Bromblet (1999) HL 0:1:3; 0.25 ND ND 1.70 ND ND ND 0.50 2.7E–6 2.4E–4 

Bromblet (1999) HL 0:1:3; 0.20 ND ND 1.35 ND ND ND 0.70 6.3E–6 1.5E–4 

Bromblet (1999) HL 0:1:3; 0.24 ND ND 1.20 ND ND ND 0.70 5.3E–6 2.0E–4 

Cardani et al. (2015).(1) HL 0:1:3; ND ND ND 1.40 ND 0.40 ND ND ND ND 

Carvill (1993) OPC ND ND ND ND ND ND ND ND 11.0E–6 ND 

Cerný et al. (2000) OPC 1:0:3; 0.50 ND ND ND ND ND ND ND 11.5E–6 2.5E–4 

Corinaldesi et al. (2011).(1) OPC 1:0:3; 0.60 ND ND 32.00 ND ND ND 12.00 ND ND 

D’Altri et al. (2018) OPC ND 2300 0.15 8.20 ND 1.50 ND ND ND ND 

Delgado et al. (2019b).(1) OPC–HL 1:1:6; 1.08 ND ND 10.00 ND ND ND 2.90 ND ND 

ND stands for ‘not defined’; .(1) Hygrothermal properties in Table A2.3.  

 

200 

  

H
ygro–therm

o–
m

echanical analysis of m
asonry: Experim

ental characterization and num
erical sim

ulations 

 



 

 

Table A2.4 (Continued). Summary of mechanical, thermo–mechanical and hygro–mechanical properties of cement and lime mortars. 

Source 
Type of 
binder 

Proportion 
(C:L:S;WC) 

Young’s 
modulus 

Poisson’s 
ratio 

Compressive 
strength 

Fracture 
energy in 

compression 

Tensile 
strength 

Fracture 
energy in 
tension 

Flexural 
strength 

Coefficient  
of thermal 
expansion 

Coefficient  
of hygric 

expansion 

   
𝐸 

[MPa] 
𝜈  

[–] 

𝑓𝑐  

[MPa] 
𝐺𝑐  

[N/mm] 
𝑓𝑡 

[MPa] 

𝐺𝑓
𝐼  

[N/mm] 

𝑓𝑏  

[MPa] 
𝛼𝑇 

[1/K] 
𝛼ℎ 

[–] 

Delgado et al. (2019b).(1) HL 0:1:3; 1.05 ND ND 1.30 ND ND ND 0.60 ND ND 

Faria & Silva (2019).(1) NHL 0:1:3; 1.23 3540 ND 0.70 ND ND ND 0.70 ND ND 

Franzoni et al. (2018) NHL ND ND ND 12.70 ND ND ND 2.80 ND ND 

Güney & Caner (2015).(1) HL ND ND ND ND ND ND ND ND 5.5E–6 ND 

Güney & Caner (2015).(1) HL ND ND ND ND ND ND ND ND 8.2E–6 ND 

Güney & Caner (2015).(1) HL ND ND ND ND ND ND ND ND 8.3E–6 ND 

Lanas et al. (2004) NHL 0:1:1; ND ND ND 6.50 ND ND ND 2.20 ND ND 

Maravelaki-Kalaitzaki et al. 
(2005) 

NHL 0:6:14.(2); 0.54 7120 ND 3.80 ND ND ND ND ND ND 

Moonen et al. (2010).(1) OPC ND 2371 0.20 ND ND 0.40 ND ND 10.4E–6 ND 

Muñoz & Lourenço (2019) NHL 0:1:2.5; ND 2200 ND 1.40 ND 0.40 ND ND ND ND 

Pavlíková et al. (2019).(1) HL 0:1:3; 1.0 2500 ND 1.08 ND ND ND 0.79 ND ND 

Penas et al. (2008).(1) NHL 0:1:3; 0.11 2143 ND 1.20 ND ND ND 0.40 ND ND 

ND stands for ‘not defined’; .(1) Hygrothermal properties in Table A2.3.  
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Table A2.4 (Continued). Summary of mechanical, thermo–mechanical and hygro–mechanical properties of cement and lime mortars. 

Source 
Type of 
binder 

Proportion 
(C:L:S;WC) 

Young’s 
modulus 

Poisson’s 
ratio 

Compressive 
strength 

Fracture 
energy in 

compression 

Tensile 
strength 

Fracture 
energy in 
tension 

Flexural 
strength 

Coefficient  
of thermal 
expansion 

Coefficient  
of hygric 

expansion 

   
𝐸 

[MPa] 
𝜈  

[–] 

𝑓𝑐  

[MPa] 
𝐺𝑐  

[N/mm] 
𝑓𝑡 

[MPa] 

𝐺𝑓
𝐼  

[N/mm] 

𝑓𝑏  

[MPa] 
𝛼𝑇 

[1/K] 
𝛼ℎ 

[–] 

Penas et al. (2008).(1) NHL 0:1:3; 0.12 1415 ND 0.70 ND ND ND 0.17 ND ND 

Penas et al. (2008).(1) NHL 0:1:3; 0.12 3327 ND 1.10 ND ND ND 0.40 ND ND 

Pineda et al. (2017) HL ND 500 0.20 ND ND ND ND ND ND ND 

Silva et al. (2014).(1) HL 0:1:3; 1.50 ND ND 0.48 ND ND ND 0.24 ND ND 

Silva et al. (2014).(1) NHL 0:1:3; 0.80 ND ND 3.70 ND ND ND 1.20 ND ND 

Silva et al. (2015).(1) NHL 0:1:5; 1.35 ND ND 0.60 ND ND ND 0.30 ND ND 

Silva et al. (2015).(1) OPC 1:0:3; 0.60 ND ND 24.80 ND ND ND 4.75 ND ND 

Silva et al. (2015).(1) OPC 1:0:6; 1.26 ND ND 2.15 ND ND ND 0.80 ND ND 

ND stands for ‘not defined’; .(1) Hygrothermal properties in Table A2.3. 
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APPENDIX 3 

Parametric studies 

In Chapter 5, a moisture transport model was used to simulate water absorption and drying processes in 

masonry materials. Based on the experimental results and back–calculated parameters discussed there, 

this section investigates how possible uncertainties in material properties and model configuration may 

affect the predictions of moisture–related phenomena. First, the main hygric parameters (material 

properties and boundary conditions) are studied for absorption and drying cases of mono–layered 

materials. Then, a series of sensitivity analyses are performed to assess the impact of uncertainties in 

multi–layered assemblies. 

The following sections focus solely on moisture transport simulations and the associated hygric 

parameters. For sensitivity studies on the parameters affecting heat transport and the thermal response 

of porous building materials, the reader is referred to Li et al. (2013). 

A3.1 PARAMETRIC STUDIES FOR MONO–LAYERED MATERIALS 

A sensitivity analysis consists of an exploratory process for assessing the sensitivity of a model with 

respect to specific variables. The scope is to identify and characterise the influence that each parameter 

has on the numerical response. Therefore, the response of the system is studied with respect to fixed 

variations in certain parameters included in the model. 

For the current parametric studies, the properties of fired–clay brick were chosen as reference. The 

one–at–a–time sensitivity analysis procedure was applied, which means that tor each set of simulations, 

only one material parameter was changed while the other properties were kept with their default value. 

The results obtained from each parameter variation were then contrasted with the reference case. In 

particular, the response of the system was analysed in terms of moisture mass variation, namely mass 

gain and mass loss for absorption and drying cases, respectively. 

The material properties used for the single–material sensitivity analyses are summarised in Table 

A3.1. In general, each material parameter was shifted to values 50 % below (lower bound, LB) and above 

(upper bound, UB) the reference value (REF). Note that a 50 % variation is an extreme case, much higher 

than the usual uncertainties expected for parameter estimation. Nonetheless, such a high value was 

chosen on purpose to obtain clearer outcomes. For drying cases, the influence of the boundary conditions 

was also analysed. 
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The following analyses consist of 1–D moisture transport simulations on brick cubes with dimensions 

40 mm × 40 mm × 40 mm. The imposed initial and boundary conditions are summarized as follows: 

a) Water absorption simulations. Initial condition, 𝜑(𝑡 = 0) = 0, i.e. dry conditions. Boundary 

conditions, 𝜑(𝑡 > 0) = 1 to represent liquid water at the base and 𝑔 = 0 kg/(m2 · s) or null 

flux condition at the top face. The boundary condition at the base is introduced progressively 

using a smoothed step function. 

b) Drying simulations. Initial condition, 𝜑(𝑡 = 0) = 1, i.e. capillary moisture content. For the 

boundary conditions, the bottom node is insulated whereas a convective flux is imposed at the 

top face, such as 𝑔 = ℎ𝑚 (𝑝𝑣– 𝑝𝑣,𝑒𝑥𝑡), with ℎ𝑚 = 6.50E–08 s/m. Laboratory conditions are 

assumed for the surrounding environment, that is 23 ℃ and 55 % RH. 

Table A3.1. Model parameters used for the mono–layered material sensitivity analyses. 

Process Parameter Lower 

bound (LB) 

Reference 

value (REF) 

Upper 

bound (UB) 

Water absorption Capillary moisture content, 𝑤𝑐𝑎𝑝 [kg/m3] 220 240 260 

and drying Sorption isotherm fitting coefficient, 𝜓 [–] 1.0040 1.0080 1.0120 

 Water vapour resistance factor, 𝜇 [–] 10 20 30 

 Water absorption coefficient, 𝐴𝑤  [kg/(m2 · s0.5)] 0.050 0.100 0.150 

 Height, 𝐻 [mm] 20 40 60 

 Exposed surface, 𝐴𝑐 [mm2] 28.3 × 28.3 40.0 × 40.0 49.0 × 49.0 

Drying Temperature, 𝜗 [℃] 10 23 36 

 Relative humidity, RH [%] 30 55 80 

 Convective mass transfer coefficient, ℎ𝑚 [s/m] 4.0E–8 6.5E–8 9.0E–8 

 

A3.1.1 Sensitivity analysis for the capillary moisture content 

The capillary moisture content, 𝑤𝑐𝑎𝑝 [kg/m3], indicates the saturation capacity of a porous material in 

contact with water under atmospheric conditions. In the proposed moisture transport model, 𝑤𝑐𝑎𝑝 is 

mainly associated with the liquid transport term since it appears within the analytical expressions for the 

sorption isotherm, 𝑤(𝜑) (see Eqs. (4.1)–(4.3)), and the water diffusivity function, 𝐷𝑤(𝜑) (see Eq. (5.3)). 

Figure A3.1a and Figure A3.1b compare the results obtained by modifying the capillary moisture 

content for absorption and drying cases, respectively. As expected, 𝑤𝑐𝑎𝑝 is related to the saturation 

plateau at the end of the water absorption process and the total mass loss at the end of drying. It is noted 
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that variations in 𝑤𝑐𝑎𝑝 do not influence the water absorption rate. Likewise, the mass loss rate during the 

first stage of drying is always the same for different limits of 𝑤𝑐𝑎𝑝. 

  
(a) (b) 

Figure A3.1. Sensitivity analysis for the capillary moisture content: (a) water absorption; (b) drying. 

A3.1.2 Sensitivity analysis for the moisture content curve 

Assuming Künzel’s model to describe the moisture storage curve (see Eq. (4.1)), the fitting parameter 𝜓 

controls the shape of the exponential function. Since 𝜓 must be greater than unity, only upper and lower 

bounds for the decimal component are considered for the sensitivity analysis. The reference sorption 

isotherm as well as the curves obtained with the upper and lower values of 𝜓 are shown in Figure A3.2. 

 
Figure A3.2. Sorption isotherms employed in the sensitivity analysis for the moisture content curve. 

The results obtained by modifying the moisture content curves are shown in Figure A3.3a and Figure 

A3.3b for absorption and drying cases, respectively. The variations associated to the fitting parameter 𝜓 

have no impact on absorption. Similarly, the drying curves obtained with different values of 𝜓 are nearly 

identical. This negligible impact on the drying process can be explained by the fact that the final 

equilibrium state, i.e. 55 % RH, translates into a similar moisture content value for the three studied 
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cases (see Figure A3.2). More significant deviations would be expected for the upper range of moisture 

content, for instance drying in an environment with 80 % RH. 

  
(a) (b) 

Figure A3.3. Sensitivity analysis for the moisture content curve: (a) water absorption; (b) drying. 

A3.1.3 Sensitivity analysis for the water absorption coefficient 

In the proposed moisture transport model, the water absorption coefficient, 𝐴𝑤, is the main factor 

controlling the liquid diffusivity (see Eq. (5.3)). The results obtained by modifying this parameter for 

absorption and drying cases are shown in Figure A3.4a and Figure A3.4b, respectively. It is evident that 

𝐴𝑤 has a significant impact on both processes. For water uptake, 𝐴𝑤 is directly related to the rate of 

absorption: higher 𝐴𝑤 causes faster mass gain and vice versa. For drying cases, 𝐴𝑤 is related to the 

duration of the first drying phase and the mass loss rate of the second phase: higher 𝐴𝑤 values extend 

the initial drying stage and produce faster mass loss rates, whereas the opposite happens for lower 𝐴𝑤. 

  
(a) (b) 

Figure A3.4. Sensitivity analysis for the water absorption coefficient: (a) water absorption; (b) drying. 
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A3.1.4 Sensitivity analysis for the water vapour resistance 

In the proposed model, the water vapour resistance factor (or alternatively the water vapour permeability, 

see Eq. (3.6)) is the main parameter controlling vapour diffusion. The results for the imposed variations 

on 𝜇 are shown in Figure A3.5a and Figure A3.5b for water uptake and drying cases, respectively. The 

impact on the absorption process is negligible. For drying, changes in the water vapour resistance affect 

the second phase of the process: expectedly, higher resistances reduce the mass loss rate. 

  
(a) (b) 

Figure A3.5. Sensitivity analysis for the water vapour resistance: (a) water absorption; (b) drying. 

It must be noted that 𝜇–values found in the literature present a great variability, even for the same 

material. Since the imposed variations caused minor deviations on the drying results, a much higher 

resistance (𝜇 = 80) was analysed as well but the overall response did not fall too far from the original. In 

conclusion, the vapour resistance factor may be used to tune the second drying phase, but it cannot 

change the overall behaviour significantly. 

A3.1.5 Sensitivity analysis for the geometry of the specimens: Height and exposed surface 

The dimensions of a specimen define the overall moisture volume that the porous material can absorb. 

In order to analyse this and other possible geometry–related effects, the present section presents a series 

of parametric analyses with focus on the height and the exposed surface of the specimens. 

The first group of analyses related to the height are shown in Figure A3.6. The simulations for free 

water uptake are shown in Figure A3.6a. The height of the specimen is mainly associated with the final 

amount of absorbed water but it does not change the slope of the water uptake curve with respect to the 

square root of time. This fact would discard any uncertainty stemming from the specimen height in the 

calculation of the water absorption coefficient. It is noted that the transition from the first absorption stage 

to the saturation plateau is relatively slower for higher specimens.  
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(a) (b) 

Figure A3.6. Sensitivity analysis for the height of the specimen: (a) water absorption; (b) drying. 

Subsequently, Figure A3.6b shows the drying results for different specimen heights. As in the previous 

case, height is related to the total amount of moisture that the specimen may contain and consequently 

lose by drying. It may be pointed out that the initial mass loss rate (drying stage I) is constant and equal 

for all cases, thus height is not a factor involved in this drying phase. Conversely, the duration of the first 

drying stage (end of the linear mass loss) may be associated with height. In general, the first linear portion 

of the mass loss curve is shorter for shorter specimens. Nonetheless, the first drying stage is longer for 

shorter specimens when compared to the total duration.. In other words, for shorter samples, the first 

drying phase occupies a bigger portion of the total drying duration. Finally, the higher the specimen, the 

larger the development of the second drying stage. This trend implies that higher specimens take 

proportionally much longer to reach equilibrium with the environment than thinner samples, as expected. 

The second group of parametric studies involving the geometric features of the specimens focused 

on the exposed surface of the materials, see Figure A3.7. As it was mentioned for the height parameter, 

the surface of the specimen is directly related to the total volume of moisture that the material may 

contain. Figure A3.7a shows the results for water absorption for specimens with different exposed surface 

areas (remember that height is kept constant in all these cases). Expectedly, specimens with greater 

exposed surfaces absorb more water, and their mass gain is faster. However, since area and time are 

taken into account in the definition of the water absorption coefficient, 𝐴𝑤 [kg/(m2 · s0.5)], all the cases 

result in the same 𝐴𝑤 value. 

The results for 1–D isothermal drying of specimens with different areas are shown in Figure A3.7b. 

Note that the initial mass loss rate (first drying stage) does change according to the amount of surface 

exposed to the environment. On the contrary, the duration of this first phase (constant mass loss rate) is 
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the same for all. Likewise, the development of the second drying stage and the total amount of time 

necessary to reach equilibrium is analogous for all the specimens. 

  
(a) (b) 

Figure A3.7. Sensitivity analysis for the exposed surface of the specimen: (a) water absorption; (b) drying. 

In conclusion, the derivation of 𝐴𝑤 is independent of the geometry. The dimensions of the specimens do 

not play a significant role in the water uptake process, having only a minor influence in the transition 

between the first and the second absorption stages: slightly slower for higher specimens and smaller 

areas. On the contrary, the dimensions of the specimens have a significant impact on the overall drying 

behaviour. The exposed area is one of the parameters controlling the initial mass loss rate. Moreover, the 

height of the specimen is associated with the duration of the first drying stage and the development of 

the second phase: higher specimens have a longer non–linear stage and take more time to reach 

equilibrium with the environment. 

A3.1.6 Sensitivity analysis for the boundary conditions in drying cases: Temperature and 

relative humidity 

Boundary conditions (BCs) are key parameters to determine the response of any system. In absorption 

processes, the temperature determines the viscosity of water, which in turn influences the water 

absorption coefficient (Feng & Janssen, 2016). The sensitivity analysis for 𝐴𝑤 has already been presented 

so no more attention will be devoted to this matter. On the other hand, the external temperature and 

relative humidity conditions have direct implications on drying cases. Both parameters are related 

through: 

𝜑 = 𝑝𝑣/𝑝𝑣,𝑠𝑎𝑡(𝑇) (A3.1) 

where 𝑝𝑣 [Pa] is the partial vapour pressure, and 𝑝𝑣,𝑠𝑎𝑡(𝑇) [Pa] is the saturated vapour pressure, which 

is defined through the following empirical formulation: 
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𝑝𝑣,𝑠𝑎𝑡 = 610.7[Pa] · 10
7.5(

𝑇−273.15
𝑇−35.85

)
 (A3.2) 

For the current one–at–a–time sensitivity analysis, both variables will be treated independently. However, 

their actual inversely proportional non–linear relation should be considered when dealing with real cases 

with varying temperature and relative humidity. 

The results for 1–D isothermal drying of specimens subjected to different temperature and relative 

humidity BCs are shown in Figure A3.8a and Figure A3.8b, respectively. Note that the reference values 

correspond to standard laboratory conditions. Lower and higher bounds are established to represent more 

severe environments. 

  
(a) (b) 

Figure A3.8. Sensitivity analysis for the boundary conditions in drying cases: (a) temperature; (b) relative humidity. 

According to the results, the external temperature controls the mass loss rate of the first drying phase, 

that is the slope of the initial portion of the mass loss curve. The influence of the temperature is slightly 

noticeable in the development of the second drying phase as well. On the other hand, the external relative 

humidity is also related to the mass loss rate of the first drying phase. Moreover, the environmental 

relative humidity controls the level of the final plateau (moisture content in equilibrium with the 

environment). Finally, the curves show the inversely proportional relation between the two factors: higher 

temperature and lower relative humidity result into faster drying, and the opposite occurs for lower 

temperature or higher relative humidity. 

A3.1.7 Sensitivity analysis for the boundary conditions in drying cases: Convective mass 

transfer coefficient 

The convective mass transfer coefficient, ℎ𝑚 [s/m], is the proportionality constant in the moisture 

convective flux boundary condition: 
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𝑔 = ℎ𝑚 (𝑝𝑣 − 𝑝𝑣,𝑒𝑥𝑡) (A3.3) 

In reality, ℎ𝑚 is a phenomenological parameter that takes into account a series of environmental 

conditions, namely temperature, relative humidity and air velocity, as well as certain properties of the 

material, such as surface roughness. However, in practice it is seldom possible to separate the 

contribution of each of those factors and most analytical expressions in the literature only link it with the 

air velocity. 

The drying curves obtained by changing the convective mass transfer coefficient are shown in Figure 

A3.9. According to the results, ℎ𝑚 controls the mass loss rate during the first drying phase, that is the 

slope of the initial portion of the mass loss curve. The same trend was observed for the external 

temperature and relative humidity. However, opposite to the temperature and moisture boundary 

conditions, the impact of ℎ𝑚 is only noticeable during the first drying phase. 

 
Figure A3.9. Sensitivity analysis for the convective mass transfer coefficient in drying cases. 

A3.1.8 Sensitivity analysis for the initial moisture content in absorption and drying cases 

Like the boundary conditions, initial conditions can also have a strong influence on the response of the 

system. The results from absorption and drying simulations with different initial conditions are shown in 

Figure A3.10a and Figure A3.10b, respectively. 

For absorption cases, the initial moisture content has some influence on the overall water uptake 

process. There is a minor impact on the water absorption rate, which is only noticeable for high initial 

moisture contents: the water uptake rate diminishes as the material is closer to saturation. Moreover, the 

final plateau at the end of the absorption process is also related to the initial moisture content as it marks 

the quantity of water absorbed to reach saturation: the higher the initial moisture content, the least water 

the material will need to attain capillary saturation. Note that all the cases take approximately the same 

amount of time to reach the plateau, so that the initial moisture content does not play a major role on the 
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total duration of the process. In practice, we may conclude that the uncertainties derived from the initial 

conditions of a specimen during a water absorption test are negligible (at least for barely hygroscopic 

materials). 

For drying cases, minimum variations in the initial moisture content of the material have a great 

impact on the response. For instance, a reduction in the order of 1E–4, i.e. 𝜑(𝑡 = 0) = 0.9999, is 

already visible in the plot for moisture mass loss. Opposite to the water absorption test, drying experiments 

are especially sensitive to the initial conditions. This is explained by the exponential trend of the sorption 

isotherm for the upper moisture range (see Figure A3.2). Considering the mass loss, the initial drying rate 

is the same for all the studied scenarios. Moreover, the second drying phase is analogous for all the 

cases, but it is moved up/down the line defined by the initial drying rate. 

  
(a) (b) 

Figure A3.10. Sensitivity analysis for the initial moisture content: (a) water absorption; (b) drying. 

A3.2 PARAMETRIC STUDIES FOR MULTI–LAYERED MONO–MATERIAL ASSEMBLIES 

Beyond the monolithic level, several uncertainties may appear at the multi–layered scale, namely the 

existence of a hydraulic interface resistance, the arrangement of the assembly (relative proportion and 

stacking order), and the difference between the material properties of each constituent layer. To better 

distinguish each case, the corresponding parametric studies are firstly focused on multi–layered 

configurations of the same material. In the following section, the sensitivity analyses will be extended to 

assemblies made up of different material layers. 

For mono–material assemblies, 1–D moisture transport simulations were performed on cylinders 

with diameter 51.3 mm and different heights depending on the focus of the study. The imposed initial 

and boundary conditions are summarized as follows: 

a) Water absorption simulations. Initial condition, 𝜑(𝑡 = 0) = 0.01. This small value is chosen 

because the expression for the hydraulic resistance (see Eq. (5.6)) is incompatible with 𝜑 = 0. 
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Nonetheless, the proposed initial condition can still be considered equivalent to the dry state. 

Boundary conditions, 𝜑(𝑡 > 0) = 1 to represent liquid water in contact with the base and 

𝑔 = 0 kg/(m2 · s) or null flux condition at the top face. The boundary condition at the base is 

introduced progressively using a smoothed step function. 

b) Drying simulations. Initial condition, 𝜑(𝑡 = 0) = 1, i.e. capillary moisture content. For the 

boundary conditions, the bottom node is insulated whereas a convective flux is imposed at the 

top face, such as 𝑔 = ℎ𝑚 (𝑝𝑣– 𝑝𝑣,𝑒𝑥𝑡), with ℎ𝑚 = 6.50E–08 s/m. Controlled laboratory 

conditions, 23 ℃ and 55 % RH, are assumed for the surrounding environment. 

A3.2.1 Sensitivity analysis for the interface hydraulic resistance in two–layer mono–

material assemblies 

In multi–layered assemblies, the contact area between neighbouring layers may introduce additional 

uncertainties. In particular, the type of interface between adjacent media will determine the overall 

behaviour of the system. If perfect hydraulic contact is assumed, the moisture driving potential, namely 

capillary pressure or relative humidity, will be continuous across the interface. Consequently, an assembly 

made up of layers of the same material with perfect hydraulic contact will be analogous to the monolithic 

case. However, the perfect contact case is mostly theoretical, and an imperfect contact is more likely to 

occur. An imperfect hydraulic contact will cause a driving potential drop across the interface. The moisture 

flux across an interface with imperfect hydraulic contact is determined by Eq. (5.6). In order to study the 

transport effects associated with this type of contact, absorption and drying models were prepared with 

different hydraulic resistance values, 𝑅𝐼𝐹 [m/s]. The results obtained from these models were then 

compared with the monolithic scenario or multi–layered case with perfect hydraulic contact. It is noted 

that two–layered brick cylinders 40 mm + 40 mm height were used for these simulations. 

Figure A3.11a and Figure A3.11b compare the results obtained for different interface hydraulic 

resistances in absorption and drying cases, respectively. For water absorption, resistance values in the 

order of 1.0E+09 m/s already entail a noticeable mass uptake retardation. As expected, higher resistance 

values produce larger deviations with respect to the monolithic case. For drying cases, the presence of 

an imperfect contact does not play a relevant role and only significantly high resistance values produce 

slight deviations with respect to the monolithic case. 
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(a) (b) 

Figure A3.11. Sensitivity analysis for the interface hydraulic resistance in two–layer mono–material assemblies: (a) water 

absorption; (b) drying. 

A3.2.2 Sensitivity analysis for the stacking arrangement of multi–layered mono–material 

assemblies 

The present section aims at understanding how the arrangement of different layers influences the overall 

behaviour of a multi–layered assembly with imperfect hydraulic contact. In other words, the focus is set 

now on the geometry of the layers and therefore the location of the interface within the assembly. To this 

purpose, parametric analyses are performed on a two–layer brick assembly with imperfect hydraulic 

contact and different stacking layouts. Two different scenarios are proposed, namely fixing the dimensions 

of the first layer and the second layer, respectively. For each set of analyses, the same interface hydraulic 

resistance is assumed, and the results are compared with the perfect hydraulic contact (no–interface or 

monolithic) case. The studied configurations are summarised in Table A3.2. 

Table A3.2. Model parameters used for the multi–layered mono–material sensitivity analyses. 

Interface scenario Layer Height [mm] 

No Interface (perfect contact or monolithic) I 40 40 40 40 20 30 40 50 

 II 20 30 40 50 40 40 40 40 

𝑅𝐼𝐹1 =  1.0E+09 [m/s] I 40 40 40 40 20 30 40 50 

 II 20 30 40 50 40 40 40 40 

𝑅𝐼𝐹2 = 2.0E+09 [m/s] I 40 40 40 40 20 30 40 50 

 II 20 30 40 50 40 40 40 40 

 

In the previous section, the impact of moderate 𝑅𝐼𝐹 values on drying was proven to be negligible. It follows 

that the drying response of a multi–layered assembly with imperfect hydraulic contact is equivalent to its 
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analogous monolithic (or perfect contact) counterpart. The effect of geometric features on drying of 

single–material specimens has already been discussed (see Section A1.1.5), thus drying cases will not 

be further addressed here. 

The obtained results are collected in Figure A3.12 and Figure A3.13 for the models with a fixed first 

layer and a fixed second layer, respectively. 

  
(a) (b) 

Figure A3.12. Sensitivity analysis for the stacking arrangement of multi–layered mono–material assemblies with imperfect 

hydraulic contact: (a) fixed first layer, 𝑅𝐼𝐹 = 1.0E+09 m/s; (b) fixed first layer, 𝑅𝐼𝐹 = 2.0E+09 m/s. 

The cases with a fixed first layer reveal a consistent response for all the configurations. As expected, the 

absorption curve deviates from the monolithic behaviour when the interface is reached. Moreover, after 

the interface, the slope of the water uptake mass with respect to the square root of time is parallel for all 

the cases, independently of the height of the second layer. 

  
(a) (b) 

Figure A3.13. Sensitivity analysis for the stacking arrangement of multi–layered mono–material assemblies with imperfect 

hydraulic contact: (a) variable first layer, 𝑅𝐼𝐹 = 1.0E+09 m/s; (b) variable first layer, 𝑅𝐼𝐹 = 2.0E+09 m/s. 

On the contrary, the cases with a variable first layer reveal a more complex behaviour. The curves 

produced by interfaces with the same 𝑅𝐼𝐹 but located at different heights are not perfectly parallel to each 
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other with respect to the square root of time: the closer to the water plane, the lower the slope. In other 

words, the sooner the water front encounters the interface, the more the curve deviates from the 

monolithic behaviour. In conclusion, the location of the interface (or alternatively the geometry of the 

layers) plays a role in the overall behaviour. 

A3.3 PARAMETRIC STUDIES FOR MULTI–LAYERED MULTI–MATERIAL ASSEMBLIES 

In multi–layered assemblies, besides the existence of an interface and the effects derived from the 

geometry of each constituent layer, the transition from one porous medium to an adjacent one with 

different properties may induce the appearance of specific transport phenomena. In order to assess the 

impact of each material parameter within the assembly, a two–layer composite is modelled, and generic 

brick properties are assigned to both layers. Then, a series of sensitivity analyses are performed by 

changing only one parameter of each layer at a time. In this way, the relative change of properties between 

adjacent layers may be distinguished and weighed. The material properties used for the sensitivity 

analysis on these heterogeneous two–layer material assemblies are summarised in Table A3.3. 

Table A3.3. Model parameters used for the multi–layered multi–material sensitivity analyses. 

Parameter Layer I.LB I.REF I.UB II.LB II.REF II.UB 

Sorption isotherm fitting parameter 𝜓 [–] I 1.0040 1.0080 1.0120 1.0080 1.0080 1.0080 

 II 1.0080 1.0080 1.0080 1.0040 1.0080 1.0120 

Water vapour resistance factor, 𝜇 [–] I 10 20 30 20 20 20 

 II 20 20 20 10 20 30 

Water absorption coefficient, 𝐴𝑤 [kg/(m2 · s0.5)] I 0.050 0.100 0.150 0.100 0.100 0.100 

 II 0.100 0.100 0.100 0.050 0.100 0.150 

 

For the sensitivity analyses on heterogeneous multi–layered assemblies, the basic geometric features of 

the mono–material assemblies were used as well as the same initial and boundary conditions (see 

previous section). Note that perfect hydraulic contact between the layers is assumed for all the cases. In 

the following, we assume that the first layer or Layer I is the one in contact with the water for absorption 

simulations and in contact with the environment for drying simulations. 

A3.3.1 Sensitivity analysis for the moisture content curve of adjacent materials in a two–

layer assembly 

The first set of parametric studies for heterogeneous assemblies is focused on the moisture content curve 

of the constituent materials, in particular the fitting parameter 𝜓 for the sorption isotherm (see Eq. (4.1)). 
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The reference sorption isotherm as well as the curves obtained with the upper and lower values of 𝜓 are 

shown in Figure A3.2. The results obtained by modifying the moisture content curves of the upper and 

lower material layers are shown in Figure A3.14a and Figure A3.14b for absorption and drying cases, 

respectively. 

  
(a) (b) 

Figure A3.14. Sensitivity analysis for the moisture content curve of adjacent materials in a two–layer assembly: (a) water 
absorption; (b) drying. 

For the studied absorption cases, the sorption isotherm of each constituent layer has a different impact 

on the absorption behaviour depending on the layout configuration. Note that the deviations with respect 

to the reference cases are only perceivable for longer times but not during the first hours. Considering 

the reference value for the first layer, the absorption process is faster when the second layer is more 

hygroscopic (higher 𝜓) and slower in the opposite case (lower 𝜓). If the second layer adopts the reference 

value, a more hygroscopic first layer (higher 𝜓) results in a slower process, whereas first layer with a less 

hygroscopic material (lower 𝜓) enhances the water uptake rate. 

On the other hand, the drying behaviour of the studied assembly changes significantly depending on 

the moisture content curve of each constituent material. Assuming reference values for the first layer, the 

mass loss rate is slower when the second layer has a more marked hygroscopic behaviour (upper bound 

of the sorption isotherm), whereas the fastest drying occurs when the second layer presents a less 

hygroscopic behaviour (lower bound of the sorption isotherm). If the properties of the second layer are 

considered fixed instead, drying is faster for a more hygroscopic first layer (upper bound of the sorption 

isotherm) whereas the slowest drying results from a less hygroscopic first layer (lower bound of the 

sorption isotherm). 
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A3.3.2 Sensitivity analysis for the water absorption coefficient of adjacent materials in a 

two–layer assembly 

The effect of combining materials with different water absorption coefficients is analysed in this section. 

The results of the parametric analyses for absorption and drying cases are presented in Figure A3.15a 

and Figure A3.15b, respectively. 

  
(a) (b) 

Figure A3.15. Sensitivity analysis for the water absorption coefficient of adjacent materials in a two–layer assembly: (a) water 

absorption; (b) drying. 

The water absorption coefficient is intimately linked to the water uptake process and therefore it greatly 

influences the absorption behaviour. In heterogeneous assemblies, the properties of each layer contribute 

to the overall response. The sorptivity of the second layer becomes noticeable after the water front reaches 

the interface: lower 𝐴𝑤 causes slower absorption and vice versa. Additionally, the water absorption 

coefficient of the layer in contact with the water shapes the overall trend of the system: a high initial 𝐴𝑤 

allows for a fast absorption process, whereas lower 𝐴𝑤 values result in equally lower absorption rates. 

The water absorption properties of the different layers play a significant role in the drying process. 

In particular, the water absorption coefficient of the first layer greatly influences the overall behaviour: 

lower 𝐴𝑤 produce a considerably slower process (shorter first drying stage and longer development of 

stage II) whereas higher values result in faster drying (longer first drying phase and shorter stage II). On 

the contrary, the sorptivity of the second layer has a much lower impact. Nonetheless, lower 𝐴𝑤 values 

for the second layer produce a noticeable decrease in mass loss rate (slower drying). 
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A3.3.3 Sensitivity analysis for the water vapour resistance of adjacent materials in a two–

layer assembly 

The impact produced by dissimilar vapour resistance factors for adjacent layers in an assembly is 

analysed now. Using the parameters defined in Table A3.3, a series of parametric analyses are performed 

and the results are shown in Figure A3.16a and Figure A3.16b for absorption and drying cases, 

respectively. 

  
(a) (b) 

Figure A3.16. Sensitivity analysis for the water vapour resistance of adjacent materials in a two–layer assembly: (a) water 

absorption; (b) drying. 

As it happened with the single–material cases (see Section A1.1.4), the water vapour resistance does not 

play a role in the absorption process for multi–layered heterogeneous assemblies. 

For drying cases, the vapour resistance factor of the second layer is not relevant. Moreover, the 

vapour resistance of the first layer has a slight impact on the development of the second drying phase: 

lower resistance causes faster drying and vice versa. 
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APPENDIX 4 

Hygrothermal simulation of drying 

In Chapter 5, the drying process of several building materials was simulated using a moisture transport 

model. As it was mentioned in the corresponding section, drying is expected to cause a thermal variation 

due to the latent heat of vaporization. This is particularly important during the first drying stage (linear 

mass loss or constant drying rate), when a temperature drop is likely to occur at the exposed surface due 

to the evaporation of water. Although the first drying stage can be approximated with a mass transfer 

model alone, a fully coupled hygrothermal simulation is expedient. Hence, this section deals with the 

simulation of drying by means of a hygrothermal model. Additionally, a series of sensitivity analyses are 

performed in order to evaluate the influence of the convective heat and mass transfer coefficients on the 

drying process. First, the hygrothermal model is introduced together with the prescribed boundary 

conditions. Subsequently, the results of the parametric studies are presented and discussed. It is noted 

that the experimental results presented in Chapter 4 are used as a reference for the simulations. 

A4.1 HYGROTHERMAL MODEL 

The hygrothermal model presented in Chapter 6 is recalled here for clarity. The heat transfer and moisture 

transport governing equations are given as: 

𝜌𝐶
𝜕𝑇

𝜕𝑡
= ∇ · (𝜆 ∇𝑇) + 𝐿𝑣  ∇ · (

𝛿𝑎

𝜇
 ∇(𝜑 𝑝𝑣,𝑠𝑎𝑡)) (A4.1) 

𝜕𝑤

𝜕𝜑

𝜕𝜑

𝜕𝑡
= ∇ · (

𝜕𝑤

𝜕𝜑
𝐷𝑤 ∇𝜑) + ∇ · (

𝛿𝑎

𝜇
 ∇(𝜑 𝑝𝑣,𝑠𝑎𝑡)) (A4.2) 

where 𝜌𝐶 [J/(m3 · K)] is the volumetric heat capacity at constant pressure, 𝑇 [K] is the temperature, 

𝑡 [s] is time, 𝜆 [W/(m · K)] is the thermal conductivity, 𝐿𝑣 [J/kg] is the latent heat of evaporation, 

𝑤 [kg/m3] is the moisture content, 𝜑 [–] is the relative humidity, 𝐷𝑤 [m2/s] is the liquid water diffusivity, 

𝛿𝑎 [kg/(m · s · Pa)] is the water vapour permeability of still air, 𝜇 [–] is the water vapour resistance of 

the material, and 𝑝𝑣,𝑠𝑎𝑡 [Pa] is the vapour saturation pressure. 

Moreover, the boundary conditions are defined by means of convective heat and convective mass 

fluxes, such as: 
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𝑞 = ℎ𝑇 (𝑇 − 𝑇𝑒𝑥𝑡) (A4.3) 

𝑔 = ℎ𝑚 (𝑝𝑣 − 𝑝𝑣,𝑒𝑥𝑡) (A4.4) 

where ℎ𝑇 [W/(m2 · K)] is the convective heat transfer coefficient, and ℎ𝑚 [s/m] is the convective mass 

transfer coefficient. 

A4.2 PARAMETRIC STUDIES 

Considering the previous model, a series of parametric studies were performed in order to evaluate the 

influence of the convective heat and mass transfer coefficients on the drying process. In particular, two 

sets of sensitivity analyses were designed: (a) fixing ℎ𝑚 and recalculating the drying process with different 

values of ℎ𝑇; (b) varying both coefficients in parallel by use of the Lewis analogy, i.e. ℎ𝑚,𝐿𝑒 = 7.7E–9 ℎ𝑇. 

It is worth noting that the heat and mass transfer analogy is extensively employed in the literature, e.g. 

Bianchi Janetti et al. (2018), X. Zhou et al. (2022), among others. The case of brick drying in the extrusion 

direction (Figure 4.6 in Chapter 4) was selected as a reference for the hygrothermal simulations. 

Consequently, the physical, thermal and hygric properties of fired–clay brick were used for the definition 

of the model (see Table 6.1 in Chapter 6). The obtained results are presented herein in terms of moisture 

mass loss and surface temperature evolution as a function of time. 

A4.2.1 Parametric study I 

The results of the first group of sensitivity analyses are presented in Figure A4.1. It is shown that for a 

fixed value of ℎ𝑚, the variation of ℎ𝑇 produces changes in the mass loss rate during the first drying stage. 

As expected, the heat transfer coefficient affects the surface temperature and its evolution during the 

drying process. It is noted that the duration of the first drying stage varies according to the imposed 

boundary conditions. In particular, the end of the first drying phase is marked by increasing surface 

temperature, which eventually balances with the environment as the material reaches moisture 

equilibrium. Thus, higher ℎ𝑇 represents faster thermal transfer and entails a shorter first drying stage, 

whereas lower ℎ𝑇 implies slower thermal exchange and consequently a longer first stage. 

The previous analysis exemplifies the assumption of instantaneous thermal equilibrium with the 

environment considered in the moisture transport model. In other words, thermal variations are assumed 

to dissipate instantly so that the system is in constant thermal equilibrium with the environment. As it is 

shown in Figure A4.1, if the convective mass transfer coefficient is kept fixed as the value calibrated for 

the moisture transport model alone, higher heat transfer coefficients approach the solution of the moisture 
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transport model. Moreover, the temperature variation also diminishes for higher ℎ𝑇. Note that the 

solutions reach a plateau for high values of the heat transfer coefficient. Therefore, the moisture transport 

model is analogous to a hygrothermal model with an infinite convective heat transfer coefficient (any 

temperature difference dissipates instantly). 

 

Figure A4.1. Hygrothermal simulation of drying using a fixed convective mass transfer coefficient: (a) moisture mass loss as 

a function of time; (b) temperature at the exposed surface as a function of time. Note: The experimental results 

of brick cubes drying in the extrusion direction are used as a reference. 

A4.2.2 Parametric study II 

The results of the second group of sensitivity analyses are presented in Figure A4.2. It is shown that the 

parallel variation of ℎ𝑇 and ℎ𝑚 following the Lewis analogy also affects the mass loss rate during the first 

drying stage. Interestingly, the parallel variation does not affect the temperature drop at the exposed 

surface of the material, merely the duration of such temperature decrease. As in the previous case, the 

end of the first drying stage is marked by increasing surface temperature. 

Assuming the validity of the Lewis analogy, the best-fitting value of ℎ𝑇 lies around 25 W/(m2 · K), 

therefore ℎ𝑚,𝐿𝑒 = 1.93E–7 s/m. With these convective transfer coefficients, the simulated mass loss 

evolution matches the experimental results quite accurately and the surface temperature falls around 

17 °C, which is the expected wet bulb temperature according to the environmental conditions. 

In conclusion, the hygrothermal model can be used to simulate drying processes with great accuracy. 

Nonetheless, the first drying stage must be ultimately calibrated by means of both the convective heat 

and convective mass transfer coefficients. If the Lewis analogy is assumed, the calibration can be done 
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with the heat transfer coefficient alone. In practice and considering the agreement of mass loss results 

between both models, the hygrothermal methodology is equivalent to the use of a moisture transport 

model with the convective mass transfer coefficient employed as the main variable for calibration. 

Provided that the analysis of temperature is not a major objective of the work, the moisture transport 

model is still preferred for the simulation of drying processes. 

 

Figure A4.2. Hygrothermal simulation of drying considering the Lewis analogy: (a) moisture mass loss as a function of time; 

(b) temperature at the exposed surface as a function of time. Note: The experimental results of brick cubes 

drying in the extrusion direction are used as a reference. 
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