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Summary. This study investigates the hygrothermal transport mechanisms in brick 

masonry, focusing on the applicability of different modelling approaches, namely detailed 

micro-modelling, continuous micro-modelling, discrete micro-modelling, and macro-

modelling. The research addresses the challenge of balancing computational efficiency with 

accuracy in simulating heat and moisture transport within masonry structures. By examining a 

representative cross-section of a brick masonry wall subjected to external environmental loads, 

the study evaluates the effectiveness of these models in predicting hygrothermal behaviour. 

While thermal transport can be adequately represented by simplified models due to the 

relatively homogeneous distribution of thermal properties, moisture transport presents a greater 

complexity. In particular, the detailed micro-modelling approach highlights the limitations of 

simplified models in capturing localized moisture effects. A significant challenge arises in 

calibrating models for moisture transport parallel to the bed joints, where continuous lime 

mortar joints act as preferential moisture paths. This leads to discrepancies when applying 

calibration parameters derived from experiments on transport perpendicular to the bed joints. 

The findings of this study underscore the need for further research to refine calibration methods, 

explore different material combinations, and improve the accuracy of homogenization 

techniques, ultimately enhancing the reliability of hygrothermal simulations in masonry 

structures. 
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NOTATION 

𝐴𝑤  Capillary absorption coefficient [kg/(m2·s0.5)] 𝑡  Time [s] 

𝑎  Fitting parameter for adsorption isotherm [1/Pa] 𝑉  Volume [m3] 

𝐶𝑝  Specific heat capacity [J/(kg·K)] 𝑤  Moisture content [kg/m3] 

𝐷𝑤  Liquid water diffusivity [m2/s] 𝑤𝑐𝑎𝑝  Capillary moisture content [kg/m3] 

𝑔  Moisture flux [kg/(m·s2)] 𝛿𝑎  Vapour permeability of still air [kg/(m s Pa)] 

𝐾𝐼𝐹  Interface permeability [s/m] 𝛾  Diffusivity factor [–] 

𝑚  Fitting parameter for adsorption isotherm [–] 𝜆  Thermal conductivity [W/(m K)] 

𝑝𝑐  Capillary pressure [Pa] 𝜇  Vapour resistivity of material [–] 

𝑝𝑣,𝑠𝑎𝑡   Saturation vapour pressure [Pa] 𝜑  Relative humidity [–] 

𝑞  Heat flux [W/m2] 𝜙𝑜  Open porosity [–] 

𝑅𝐼𝐹  Interface resistance [m/s] 𝜓  Fitting parameter for sorption isotherm [–] 

𝑅𝑣  Universal gas constant [J/(mol K)] 𝜌  Density [kg/m3] 

𝑇  Temperature [K] 𝜗  Temperature [ºC] 

1 INTRODUCTION  

The study of hygrothermal phenomena in building structures is a crucial component for 

understanding the broader field of building physics. These phenomena significantly impact 

various aspects of building performance, including thermal comfort, energy efficiency, and 

sustainability [1–3]. Moreover, the presence of moisture within masonry can profoundly 

influence the durability and structural integrity of the building [4,5]. Given these concerns, 

considerable efforts have been dedicated to developing sophisticated hygrothermal models 

(e.g., see [6]) capable of simulating the complex interactions between heat and moisture in 

porous building materials, such as masonry.  

To achieve efficient simulations, however, it is often necessary to make assumptions and 

simplifications in an attempt to reduce the computational burden while maintaining accuracy. 

One of the most effective approaches in this regard is the use of homogenization techniques 

These techniques involve averaging the properties of heterogeneous materials to create a 

simplified, equivalent homogeneous material that can be analysed more easily. In the field of 

structural mechanics, homogenization has been extensively applied for the modelling and 

analysis of masonry, enabling engineers to predict the behaviour of complex structures with 

greater computational efficiency [7,8]. This approach has proven effective for structural 

analysis, and its potential applicability to hygrothermal simulations deserves exploration. By 

applying the principles developed in structural mechanics, it may be possible to create more 

efficient and accurate models for simulating heat and moisture transport in brick masonry.  

In the modelling of masonry structures, various approaches have been developed to address 

the balance between computational efficiency and model accuracy. These approaches are 

categorized as detailed micro-modelling, continuous micro-modelling, simplified micro-

modelling, and macro-modelling (Figure 1):  

▪ Detailed micro-modelling involves a highly detail representation of masonry, where each 

component of the masonry, including individual bricks, mortar joints, and brick-mortar 

interfaces, is explicitly modelled. This approach provides the most accurate simulation of 
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the material behaviour, including interfacial effects, but requires significant computational 

resources.  

▪ Continuous micro-modelling simplifies the system by representing brick and mortar with 

their original properties, while neglecting explicit interfaces. This method, which requires 

detailed material properties, slightly reduces complexity while still providing a high level of 

accuracy, especially in cases where explicit interfaces are to be avoided.  

▪ Discrete micro-modelling further simplifies the masonry by modelling bricks as a continuum 

with equivalent properties, while interfaces simulate mortar joints and brick-mortar 

boundaries. This approach offers a balance between simplicity and accuracy, making it 

suitable when mortar properties are unknown, though it requires more geometric 

consideration due to the extended brick geometry.  

▪ Macro-modelling approaches represent the entire masonry as a continuum with 

homogenized material properties. This method is less complex and computationally 

demanding but provides lower accuracy, particularly in capturing localized phenomena or 

interfacial effects.  
 

 

Figure 1. Modelling approaches for the simulation of masonry (adapted from [9], after [7,8]).  

 

These approaches, while well-established in structural mechanics, have yet to be fully 

explored in the context of hygrothermal analysis. This study seeks to investigate the 

applicability of these modelling techniques to simulate the heat and moisture transport in brick 

masonry, evaluating their potential to provide accurate and efficient simulations in this new 

domain. For this purpose, the cross-section of a brick masonry wall was modelled to study 

moisture and heat transport under external environmental loads, such as wind-driven rain and 

solar radiation. The analysis considered the different modelling strategies to evaluate how each 

approach influences the accuracy and computational efficiency of simulating these 

hygrothermal phenomena.  
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2 METHODS  

2.1 Hygrothermal problem  

This section outlines the numerical model used for hygrothermal simulations and its 

underlying assumptions. The material is assumed as a porous medium composed of a network 

of interconnected pores within a solid structure. The solid phase is continuous, homogeneous, 

inert, isotropic, and non-deformable. The pores are assumed to be cylindrical, uniformly 

distributed, and isotropic throughout the material. The pore spaces are occupied by a liquid and 

a gaseous phase in varying proportions. The liquid phase is pure and incompressible, while the 

gaseous phase is modelled as an ideal mixture of dry air and water vapour at atmospheric 

pressure. The model does not include advective air flow, and pressure gradients are considered 

negligible. A local instantaneous thermodynamic equilibrium is assumed between the liquid 

and gaseous phases, allowing for a combined definition of global moisture content, though the 

contribution of water vapour to this total is negligible. The model excludes Knudsen flow, and 

neglects gravity effects, as capillary forces are assumed to be dominant.  

The heat transport model employed in this study is defined as:  

𝜌𝐶
𝜕𝑇

𝜕𝑡
= ∇ · (𝜆 ∇ 𝑇) (1) 

Additionally, the moisture transport model is described as:  

𝜕𝑤

𝜕𝜑

𝜕𝜑

𝜕𝑡
= ∇ · (

𝜕𝑤

𝜕𝜑
𝐷𝑤  ∇ 𝜑) + ∇ · [

𝛿𝑎

𝜇
 ∇ (𝜑 𝑝𝑣,𝑠𝑎𝑡)] (2) 

In the previous expression, 𝐷𝑤 is an updated version of the liquid diffusivity expression 

defined by Künzel [10], which incorporates a diffusivity factor 𝛾 (in the original formulation 

𝛾 = 3.80) to account for material characteristics and type of process (wetting/drying):  

𝐷𝑤 = 𝛾 · (
𝐴𝑤

𝑤𝑐𝑎𝑝

)

2

· 10
3·(

𝑤
𝑤𝑐𝑎𝑝

 −1)
 (3) 

The interfaces between brick and mortar are assumed to have perfect contact for heat 

transport, whereas imperfect contact is assumed for moisture transport. As a result, moisture 

flux across the interface, 𝑔𝐼𝐹, is modelled by introducing an interface permeability, 𝐾𝐼𝐹, or an 

interface resistance 𝑅𝐼𝐹, as follows:  

𝑔𝐼𝐹 = 𝐾𝐼𝐹

𝜕𝑝𝑐

𝜕𝑥
=

1

1
𝐾𝐼𝐹

𝜕𝑝𝑐

𝜕𝑥
=

∆𝑝𝑐

1
𝐾𝐼𝐹

∆𝑥
=

∆𝑝𝑐

𝑅𝐼𝐹

, 
(4) 

In this expression, the capillary pressure 𝑝𝑐 is related to relative humidity through Kelvin’s 

equation:  

𝑝𝑐 = 𝜌𝑤 · 𝑅𝑣 · 𝑇 · ln 𝜑, (5) 

Therefore, assuming the validity of Kelvin’s equation, the moisture flux across the interface 

can be expressed as:  

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

. 
(6) 
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2.2 Description of the model  

The studied model represents the cross-section of a 3-wythe brick masonry wall, with a total 

width of 310 mm. The bricks have dimensions of 200 mm x 95 mm x 50 mm, and the lime-

based mortar joints are 15 mm thick. Figure 2 illustrates the geometry of the cross-section.  
 

 

Figure 2. Geometry of the studied wall (dimensions in mm).  

 

The materials properties of brick and mortar employed for the simulations are presented in 

Table 1. Additionally, the interfaces were characterized with a hydraulic resistance value 

𝑅𝐼𝐹 = 2.0E+9 m/s. These properties were collected from relevant studies in the literature [11–

14]. It is noted that the sorption isotherm for brick is defined by the following expression:  

𝑤(𝜑) = 𝑤𝑐𝑎𝑝 ·
(𝜓 − 1) 𝜑

𝜓 − 𝜑
 (7) 

On the other hand, the expression proposed by Mualem [15] is used for the equilibrium 

moisture content curve of the mortar:  

𝑤(𝑝𝑐) = 𝑤𝑐𝑎𝑝 · [1 + (𝑎 · 𝑝𝑐)1/(1−𝑚)]
−𝑚

 (8) 

 

Table 1. Material properties used in the models.  

Property Symbol Unit Brick Lime mortar 

Bulk density 𝜌 kg/m3 1900 2060 

Open porosity 𝜙𝑜 – 0.28 0.23 

Capillary moisture content 𝑤𝑐𝑎𝑝 kg/m3 240 190 

Fitting parameter for sorption isotherm 𝜓 – 1.0070 – 

Fitting parameter for adsorption isotherm 𝑎 1/Pa – 3.8E-6 

Fitting parameter for adsorption isotherm 𝑚 – – 0.352 

Water absorption coefficient 𝐴𝑤 kg/(m2·s0.5) 0.075 0.080 

Water vapour resistance factor 𝜇 – 34.14 15.00 

Specific heat capacity 𝐶𝑝 J/(kg·K) 825 840 

Thermal conductivity 𝜆 W/(m·K) 0.59 0.85 
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2.3 Initial and boundary conditions  

The initial conditions were set to 𝜗0 = 20 °C and 𝜑0 = 0.5. Symmetry was applied to the 

upper and lower boundaries of the wall segment under study. For the thermal analysis, an 

external temperature of 𝜗𝑒𝑥𝑡 = 60 °C was imposed on the outer surface of the wall, whereas a 

zero-flux condition, 𝑞0 = 0 W/m2, was applied to the inner surface. Similarly, for the moisture 

analysis, a relative humidity of 𝜑𝑒𝑥𝑡 = 1.0 was imposed on the exterior surface, with a zero-

flux condition, 𝑔0 = 0 kg/(m2·s), on the inner face. It is important to note that these boundary 

conditions do not represent a real-case scenario, but they were selected to facilitate a clearer 

analysis of heat and moisture transport in building materials.  

For the sake of simplicity, isohygral conditions were assumed to study heat transport, with 

the external and internal relative humidities kept constant and equal to the initial value, 

𝜑𝑒𝑥𝑡 = 𝜑𝑖𝑛𝑡 = 𝜑0 = 0.5. Conversely, for the moisture transport analysis, isothermal conditions 

were assumed, 𝜗𝑒𝑥𝑡 = 𝜗𝑖𝑛𝑡 = 𝜗0 = 20 °C.  

2.4 Homogenization approaches  

The heat and moisture transport analyses were conducted by applying a series of calibration 

measures according to the type of modelling approach. An averaging procedure was utilized 

for the discrete micro- and macro-modelling approaches. This procedure involves calculating 

equivalent properties based on the volume fraction of each material relative to the total volume 

in the original configuration. The equivalent property 𝑋𝐸𝑄 is determined as follows:  

𝑋𝐸𝑄 = ∑ (𝑋𝑖

𝑉𝑖

𝑉𝑇𝑜𝑡𝑎𝑙

)
𝑛

𝑖
 (9) 

Consequently, the equivalent properties for these modelling strategies were calculated based 

on the parameters presented in Table 1, considering a volume fraction of 0.73 for brick and the 

respective volume fraction of mortar equal to 0.27.  

Subsequently, some calibration parameters were employed to analyse the same scenarios 

considering the continuous micro-, discrete micro-, and macro-modelling approaches. The 

calibration parameters used in the present study were calculated and validated in a previous 

work concerning moisture transport on multi-layered masonry specimens [16]. It must be noted 

that the previous case consisted of water absorption perpendicular to the bed joints, and as it 

will be shown later, further adjustments would be required to adapt the simulations to transport 

parallel to the bed joints and thus incorporate the intrinsic orthotropic nature of brick masonry.  

For the continuous micro-modelling approach, the brick and mortar were modelled using 

their original properties. To account for the interfacial impact on moisture flux, the diffusivity 

factor 𝛾 associated with the mortar joints was adjusted accordingly to 𝛾∗ = 0.61.  

In the discrete micro-modelling approach, masonry was represented by a combination of two 

components: bricks were modelled as a continuum with equivalent material properties and 

extended size, while interfaces were included to simulate mortar joints and brick-mortar 

boundaries. The primary calibration parameter in this approach was the hydraulic resistance 

𝑅𝐼𝐹 applied at the interfaces, which was updated to 𝑅𝐼𝐹
∗ = 6.0E+9 m/s.  

The macro-modelling approach idealized the masonry as a continuum with homogenized 

material properties. Similar to the discrete micro-modelling approach, the continuum 

homogenized material was given equivalent properties calculated using the volume fraction of 
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each original material. Then, the diffusivity factor 𝛾 was used as the calibration parameter, with 

an updated value of 𝛾∗ = 3.08.  

3 RESULTS AND DISCUSSION  

The thermal analyses are presented and discussed first. As mentioned above, perfect contact 

was assumed between the bricks and mortar, thereby neglecting any interface effects. 

Consequently, the detailed micro- and continuous micro-modelling approaches provide 

equivalent results, and the same applies for the discrete micro- and macro-modelling 

approaches. The results obtained using these different strategies are shown in Figure 3, 

illustrating the evolution of temperature over time.  
 

 

  

1h 

  

3h 

  

12h 

  

24h 

  

48h 

  

96h 

(a) (b)  

Figure 3. Evolution of temperature in the cross-section of the wall according to different modelling strategies: 

(a) Detailed micro- and continuous micro-modelling; (b) Discrete micro- and macro-modelling.  

 

The temperature maps reveal a rather homogeneous distribution, which is expected given 
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the similar thermal properties of the constituent materials. Additionally, the results obtained 

from the different approaches are very close, supporting the potential for simplification in the 

study of heat transport in this type of material.  

The thermal analysis results are further illustrated in Figure 4, which shows the temperature 

profile evolution across the thickness of the wall. It is noted that the profiles for the detailed 

micro- and continuous micro-modelling approaches represent the average of three horizontal 

lines at different representative sections, namely one line through the middle of each course and 

a third line through the middle of the bed joint. This approach is considered representative due 

to the homogeneous temperature distribution. The close agreement between the temperature 

profiles obtained by the different models supports the validity of the approaches and their 

applicability to thermal problems in such scenarios.  
 

 

Figure 4. Temperature profiles along the cross-section of the wall according to different modelling strategies: 

(a) Detailed micro- and continuous micro-modelling; (b) Discrete micro- and macro-modelling.  

 

The moisture transport results obtained from the different modelling strategies are presented 

in Figure 5, which depicts the evolution of internal relative humidity over time. It is shown that 

the detailed micro-modelling provides the most complex relative humidity distribution. This 

complexity diminishes as further simplifications are introduced into the model. Additionally, 

the continuous micro-, discrete micro-, and macro-modelling approaches tend to underestimate 

the rate of moisture advancement through the cross-section, which is faster according to the 

detailed micro-modelling results. This discrepancy can be attributed to the calibration strategies 

used in this study, which were originally validated in moisture absorption tests conducted 

perpendicular to the bed joints. Consequently, the calibration strategies for those cases aimed 

to reduce the moisture diffusivity of the mortar and increase the hydraulic resistance of the 

interfaces in order to reduce moisture flow. However, in the present case, moisture transport is 

dominated by uninterrupted flow through the bed mortar joint, which, in the case of lime mortar, 

may even exhibit higher moisture diffusivity than brick. Thus, calibration strategies devised for 

transport across the bed joints may be less effective here. 
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(a) (b)  (c) (d)  

Figure 5. Evolution of relative humidity in the cross-section of the wall according to different modelling 

strategies: (a) Detailed micro-modelling (for reference); (b) Continuous micro-modelling; (c) Discrete micro-

modelling; (d) Macro-modelling.  

 

The moisture transport results are further illustrated in Figure 6, which shows the total mass 

gain in the cross-section area of the wall. The mass gain profiles confirm the visual analysis of 

relative humidity evolution, highlighting how the implemented simplifications underestimate 

the speed of moisture ingress into the wall.  

For moisture transport, it is clear that the calibration factors derived from experiments 
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conducted perpendicular to the bed joints cannot be directly applied to cases involving moisture 

transport parallel to the bed joints. In the former cases, the presence of mortar joints 

perpendicular to the flow gives rise to interfacial phenomena and the need to artificially reduce 

the flow through calibration parameters in the simulations. However, for moisture transport 

parallel to the bed joints, the continuous lime mortar joints serve as preferential paths for 

moisture ingress, making the previous calibration parameters to reduce the flow ineffective. On 

the contrary, better results can be obtained when the calibration factors are neglected, and the 

original properties of the constituent materials (averaged properties for discrete micro- and 

macro-modelling) and interfaces are used instead (see Figure 7). In practice, this means 

retaining the original values 𝛾 = 3.80 and 𝑅𝐼𝐹 = 2.0E+9 m/s. 
 

 

Figure 6. Total mass gain in the cross-section area of the wall according to different modelling strategies.  

 

 

Figure 7. Total mass gain in the cross-section area of the wall neglecting the calibration factors for the different 

modelling strategies.  
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4 CONCLUSION  

This paper presented the development and application of numerical models to simulate 

hygrothermal transport in brick masonry. The methodology involved various modelling 

approaches, including detailed micro-modelling, continuous micro-modelling, discrete micro-

modelling, and macro-modelling. Each approach was developed and adjusted based on existing 

literature to assess the thermal and moisture transport through a representative masonry cross-

section subjected to fixed external environmental loads. For simplicity, the heat problem was 

studied under isohygral conditions, while isothermal conditions were assumed for the study of 

moisture transport. The models considered perfect interface contact for heat transport and 

imperfect contact for moisture transport.  

The results revealed that thermal transport in masonry can be effectively simulated with 

simplified models due to the relatively homogeneous distribution of thermal properties across 

materials. However, moisture transport presented a more complex behaviour, especially in the 

detailed micro-modelling approach, which highlighted the limitations of simplified models in 

capturing localized effects. A key limitation identified in this study is the reliance on calibration 

parameters derived from experiments on water absorption perpendicular to the bed joints, which 

may not accurately reflect moisture transport parallel to the bed joints. This further underscores 

the intrinsic orthotropic nature of brick masonry. It is also noted that the conclusions derived 

from the present study are highly influenced by the choice of materials, namely fired-clay brick 

and lime-based mortar, both of which have similar thermal and hygric behaviour. Studies on 

more dissimilar components, such as clay brick and cement mortar, could yield different 

outcomes. Despite these limitations, the study demonstrates the potential of simplified models 

to balance computational efficiency and accuracy.  

Future research should address the identified limitations through the study of different 

material combinations, the incorporation of orthotropic properties for bricks, and the evaluation 

of scenarios under non-isohygral and non-isothermal conditions. Additional experimental 

validation of moisture transport parallel to bed joints is critical to refine the calibration of the 

presented models. Moreover, exploring alternative homogenization techniques could enhance 

the accuracy of macro-modelling approaches, particularly in capturing interfacial phenomena. 

These advancements would expand the applicability of the models and improve their reliability 

in predicting the hygrothermal performance of masonry structures.  
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